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The work included in this PhD thesis covers part of the research developed between 2014 and
2019 by the PhD candidate Carles Ros Figueras at the Catalonia Institute for Energy Research
— IREC, in Sant Adria del Besos, Barcelona. The research has been performed under the
framework of the Nanoscience PhD program from University of Barcelona (UB), and
supported by an FPI grant (BES-2015-071618) from the Spanish Ministry of Economy and
Competitivity on the project TNT-FUELS (MAT2014-59961-C2-1-R), the WINCOST
project (ENE2016-80788-C5-5-R) and the LUXHOR industrial project.

The research has been focused on development of stable and efficient photoelectrodes for
solar fuels production, specifically on efficiency enhancement of metal oxide photoelectrodes
and stabilization of efficient short band gap photoabsorbers by protective layers. This
dissertation covers all the aspects from synthesis optimization and characterization to long-
term degradation analysis.

This thesis includes a general introduction as Chapter 1, where the topic is presented and the
objectives formulated. The introduction has been written so to be published shortly in a peer-
revewed journal as a review article. The core of the dissertation, Chapters 2 to 5, is based on
four published articles and two submitted works in peer-reviewed journals where the PhD
candidate is first author, in agreement with the requirements of the Nanoscience doctoral
program of the University of Barcelona for a thesis presented as a compilation of publications.
A final chapter contains the main conclusions and future work. In the annex, two additional
works performed in the topic of the thesis in collaboration with other authors are included,
with specific contributions of the PhD candidate. A patent developed during the thesis is also
included in the annex.
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Summary of results

The excessive consumption of non-renewable energy sources such as fossil fuels has lead the
world to a global climate change, urging for new energy consumption habits together with
developing cost-effective alternative renewable technologies. Photoelectrochemical (PEC)
water splitting allows for direct conversion of solar light and water into hydrogen and oxygen,
storing energy into chemical bonds, solving the storage problem of photovoltaic technology.

PEC water splitting has demonstrated to produce pure hydrogen and oxygen in significant
efficiencies, although this technology is not ready for market implementation due to lack of
efficient, stable and scalable photoelectrodes. In this work, we undertake a journey from
improving the efficiency of stable metal-oxide-based photoanodes to stabilizing efficient
photovoltaic materials by the introduction of protective, transparent, conductive and catalytic
layers. Efforts have focused on using cost-effective and scalable materials and techniques.

The thesis is structured in five chapters, starting from Chapter 1, Introduction. In this chapter,
the topic is first presented to the reader together with an extensive review of the research on
photoelectrochemical water splitting up to this thesis, and the main objectives of this thesis
research are defined. Firstly, the global energy paradigm is analyzed and the possibilities of
PEC technology in facing energy storage challenges, together with some fundamental
concepts of semiconductor physics and electrochemistry. The most significant strategies
followed during decades to enhance metal oxide photoelectrodes are reviewed, including
optimal material selection, band gap tuning, nanoscale structuration, electronic modifications
and catalyst and overlayers introduction. The efficiency limitations of metal oxide
photoelectrodes are discussed, and the need to study semiconductor materials used by the
photovoltaic industry is introduced, together with the corrosion problems of many short band
gap materials in acidic or alkaline electrolytes. Thin film protective overlayers are capable to
avoid the electrolyte from contacting the semiconductor photoabsorber, but several
parameters must be adjusted like transparency, conductivity and stability to enable efficient
and durable devices. Highlighted materials and deposition techniques used so far to protect
short band gap semiconductors are presented. Finally, tandem-cell and reactor possible
configurations are discussed.

The Chapter 2 is focused on metal oxide based photoanodes efficiency enhancement by
synthesis and post-treatments optimization. Metal oxide candidate TiO is reported stable in
alkaline electrolytes and at anodic potentials, but they present low photon to current
conversion efficiencies. This is due to excessively large band gap, absorbing small part of the
visible spectra, and small electron and hole mobility. Its efficiency is increased both by
microstructuring the substrate and nanostructuring the thin film into nanorods, and by
modifying the electronic structure with a reductive H» treatment, enhancing potential drop
inside the nanorods. This chapter includes the publication “Hydrogenation and Structuration
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of TiO, Nanorod Photoanodes: Doping Level and the Effect of [llumination in Trap-States
Filling”.

In Chapter 3 the strategy is shifted into stabilizing highly efficient short band gap
semiconductor materials used by the photovoltaic industry. Silicon based photocathodes are
protected by TiO, overlayers grown by atomic layer deposition (ALD). The deposition
parameters are optimized and temperature is found to play a key role for both efficient film
conductivity and stability, being this caused by polycrystalline films formation if sufficient
thermal energy is available for crystalline reorganization. ALD enabled high thickness control
and pinhole-free layers, together with lower crystallization temperatures (starting at less than
200 °C) than other techniques. The TiO,-Si interface is studied by high resolution transmission
electron microscope (HRTEM) imaging and thin 5 nm Ti interlayer is found to suppress
detrimental native SiO; formation and enhance TiO; nucleation, both beneficial for efficient
charge transport from n'-Si to TiO». This chapter includes the publication “Charge transfer
characterization of ALD-grown TiO; protective layers in silicon photocathodes”.

Chapter 4 is devoted to implementing thin film chalcogenide solar cells into PEC water
splitting. Copper-indium-gallium-selenide (CIGS) solar cells fabricated on flexible stainless
steel substrates are protected from corrosion by TiO, ALD protective layers. The transparent
conductive oxide (TCO) already used in solar cells is found necessary for efficient p-n
junction formation and charge transport to the hydrogen evolution reaction. Copper-zinc-tin-
sulfide/selenide (CZTS/Se) solar cells, where scarce indium and gallium are substituted by tin
and zinc, are implemented for PEC devices with TiO, overlayers too. Modifying the S/Se
ratio, band gap can be tuned, an especially interesting characteristic for designing tandem
PEC devices. The maximum deposition temperature is found at 200 °C, due to affecting the
optimized crystallographic imperfection distribution of original cells, particularly affecting
the pure sulfide one. Thanks to the possibility to fabricate both solar cells and PEC electrodes
based on the same structure, the TiO; overlayers and catalyst contributions to electrical and
electrochemical charge transfer can be measured, and a series circuit model is presented. This
chapter includes the publications “Conformal chalcopyrite based photocathode for solar
refinery applications” and “Turning earth abundant kesterite-based solar cells into efficient
protected water-splitting photocathodes™.

In Chapter 5, the last one of this thesis, the performance of ALD deposited protective layers
is studied in anodic polarizations and alkaline electrolytes. Silicon is used as reference
photoabsorber thanks to being unaffected by the used deposition temperatures, 100-300 °C
both for TiO; and NiO films. In the first work, silicon photoanodes are protected by 100 nm
TiO; films and 5 nm NiFe is used as catalyst. By varying the deposition temperature of TiO»,
completely amorphous, mixed amorphous and crystalline and fully crystalline films are
deposited, and a clear conductivity increase is observed correlated to crystallization. By
conductivity atomic force microscopy (c-AFM) preferential conductivity paths are observed
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inside crystalline grains, proposed to be related to crystalline defects and grain boundaries.
Few hundred hours stability tests revealed significant photocurrent decrease, with no observed
dissolution of the Si photoabsorber by scanning electron microscope (SEM). Electrochemical
impedance spectroscopy (EIS) revealed an increase of the capacity corresponding to TiO»
depletion increase. This is attributed to oxidative potentials and electrolyte hydroxides
diminishing the n-type semiconductor behavior of TiO, and forming a barrier to charge
injection into the oxygen evolution reaction. UV superimposed illumination partially
recovered conductivity, a persistent photoconductivity effect which could be used to improve
photoanodes stability. In the second work included in this chapter, NiO films are ALD-
deposited on Si photoanodes. The temperature deposition is studied and conductivity is found
to decrease when temperature is increased from 100 to 300 °C, simultaneous to a change in
preferential crystal growth direction. Both effects are attributed to a higher stoichiometric film
being formed when increasing temperature, decreasing Ni** vacancies, responsible of the p-
type semiconductor behavior. 100 °C deposited films permitted impressive over 1000 hours
stability measurements in highly alkaline electrolyte and at anodic potentials. Periodic cyclic
voltammetries are found necessary to avoid partial deactivation of the photoanodes, attributed
to chemical modifications at the surface in such highly oxidative conditions. This chapter
includes two works just submitted in peer-reviewed journals at the moment of finishing this
thesis, “Insight into the degradation mechanisms of Atomic Layer Deposited TiO; as
photoanode protective layer” and “About degradation and regeneration mechanisms of NiO
protective layers deposited by ALD on photoanodes”.

The last chapter of this thesis includes the conclusions of the research. In the annex, two other
works published in collaboration and a patent are included, which are considered better suited
outside the main part of the thesis, since they are the result of collaborative work coming from
the knowledge gained through the development of the PhD work.
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Resum de la tesi

L’excessiu consum de fonts d’energia no renovables, com ara els combustibles fossils, ha
portat el mon cap a un canvi climatic que ens urgeix a canviar els habits de consum energetic
i a desenvolupar tecnologies alternatives que siguin renovables. La fotoelectrolisi de 1’aigua
(PEC) permet una conversié directa de la llum solar i I’aigua en hidrogen i oxigen,
emmagatzemant 1’energia en I’enllag quimic, resolent el problema d’emmagatzematge de la
tecnologia fotovoltaica.

La fotoelectrolisi de I’aigua ha demostrat la produccio6 eficient d’hidrogen i oxigen purs, pero
no esta preparada per ser implementada a escala de mercat per manca de fotoelectrodes
eficients, estables i escalables. En aquest treball recorrerem el cami des de millorar I’eficiéncia
de fotoanodes estables basats en 0xids metal-lics cap a I’estabilitzacio materials fotovoltaics
estables mitjancant capes protectores, transparents, conductores i catalitiques. Els esfor¢os
s’han centrat en utilitzar materials i técniques escalables i rentables en cost-eficiéncia.

La tesi esta estructurada en cinc capitols, comengant pel Capitol 1, Introduccio. En aquest
capitol, el tema es presenta al lector juntament amb una revisid extensa de la recerca en
fotoelectrolisi de ’aigua fins al punt d’aquesta tesi, 1 es plantegen I’ambit i els objectius
d’aquesta tesi. Inicialment s’analitza I’estat del model energetic global i les possibilitats de la
fotoelectrolisi davant els reptes de I’emmagatzematge de 1’energia, juntament amb conceptes
fonamentals de la fisica i I’electroquimica. S’analitzen les estratégies més destacables que
s’han utilitzat durant les ultimes deécades per millorar els fotoeleéctrodes basats en oxids
metal-lics, incloent la seleccié de materials optims, I’adaptacio de I’ample de banda prohibida,
I’estructuracié a escala nanomeétrica, les modificacions de I’estructura electronica i la
introduccié de catalitzadors i capes extres d’altres materials. Les limitacions en quant a
eficiéncia dels oxids metal-lics es discuteixen, i s’introdueix la necessitat d’estudiar materials
semiconductors dels utilitzats per la industria fotovoltaica, juntament amb els problemes que
aquests materials d’ample de banda petit presenten en quant a corrosio en electrolits acids i
alcalins. Les capes fines protectores poden evitar que 1’electrolit entri en contacte amb el
semiconductor fotoabsorbidor, perd hi ha diversos parametres que cal complir com
transparencia, conductivitat i estabilitat per permetre dispositius eficients i duradors. Es
presenten els materials i técniques més destacats per protegir semiconductors d’ample de
banda petit. Finalment, es discuteixen les possibles configuracions de cel-la en tandem i del
reactor.

El Capitol 2 es centra en la millora de I’eficiéncia de fotoanodes basats en oxids metal-lics
via I’optimitzacid dels métodes de sintesi i els post-tractaments. Els fotoanodes de TiO, son
coneguts com a estables en electrolits alcalins i a potencials anodics, perd manquen
conversions eficients dels fotons en corrent. Aix0 es deu a un ample de banda excessivament
gran, que absorbeix només una petita part de 1’espectre visible, i una reduida mobilitat
electronica 1 dels forats dins del material. S’incrementa [’eficiéncia tant mitjancant
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I’estructuraci6 micrometrica del substrat, la nanometrica de la capa en nanobarres, i
modificant I’ estructura electronica via un tractament reductiu en H, que incrementa la caiguda
de potencial dins la nanobarra. Aquest capitol inclou la publicacié “Hidrogenat i estructurat
de fotoanodes de nanobarres de TiOx: nivell de dopatge i I’efecte de la il-luminacio6 en saturar
estats trampa”.

En el Capitol 3 Destrategia es reorienta cap a estabilitzar materials semiconductors eficients
d’ample de banda petit. Fotocatodes basats en silici son protegits per capes de TiO» crescudes
per diposit de capa atomica (ALD). S optimitzen els parametres i es troba que la temperaura
es clau tant per bona conductivitat com estabilitat de la capa, causat per la formacid de capes
policristal-lines si es disposa de suficient energia térmica per la reordenacio cristal-lografica.
L’ALD permet un elevat control del gruix de la capa i minimitzar-ne els forats, aixi com
temperatures de cristal-litzacié menors (comengant a menys de 200 °C) que altres técniques.
La interfase TiO>-Si s’estudia per microscopia de transmissio electronica d’altra resolucio
(HRTEM) i s’observa com les capes intermedies de 5 nm de Ti eviten la formacio de SiO»
nadiu i incrementen la nucleacio del TiO,, ambdues coses beneficials per una transferéncia de
carrega eficient del n"-Si al TiO,. Aquest capitol inclou la publicaci6 “Caracteritzacié de la
transferéncia de carrega de capes protectores de TiO- crescudes per ALD en fotocatodes de
silici”.

El Capitol 4 es dedica a implementar cel-les solars de capes fines de calcogenurs en la
fotoelectrolisi de 1’aigua. Cel-les solars de coure-indi-gal-li-seleni (CIGS) fabricades en
substrats flexibles d’acer inoxidable son protegides de la corrosié de I’electrolit mitjangant
capes protectores de TiO, fabricades via ALD. L’0xid transparent i conductor (TCO) ja
present a la cel-la solar és necessari per la formaci6é d’unions p-n eficients i pel transport de
carregues a la reacci6 d’evolucié d’hidrogen. Cel-les solars de coure-zinc-estany-sofre/seleni
(CZTS/Se), on els materials escassos indi i1 gal-li son substituits per zinc i estany son
implementades per la fotoelectrolisi també amb capes de TiO,. Variant el rati de S/Se es pot
modificar I’ample de banda, una caracteristica especialment interessant per formar cel-les en
configuraci6 tandem. La temperatura maxima de dip0sit va resultar 200 °C, ja que afecta la
distribucio cristal-lografica optimitzada d’imperfeccions de les cel-les originals, afectant
especialment la mostra de pur sofre. Gracies a la possibilitat de fabricar cel-les solars i
electrodes fotoelectroquimics basant-nos en la mateixa estructura, es poden mesurar les
contribucions de la capa protectora de TiO2 i del catalitzador a la transferéncia de carrega
electrica i1 electroquimica, permetent-nos presentar un model de circuit electric en série.
Aquest capitol inclou les publicacions “Fotocatode basat en calcopirites conformals per
aplicacions en refineria solar” i “Convertint cel-les solars basades en estructura kesterita i
materials abundants en fotocatodes protegits i eficients per 1’electrolisi de I’aigua.

En el capitol 5, I'altim d’aquesta tesi, s’estudia el comportament de capes protectores
dipositades via ALD en condicions de treball de polaritzacio anddica en electrolits alcalins.
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El silici s’utilitza com a fotoabsorbidor de referéncia gracies a que no es veu afectat per les
temperatures de diposit emprades, entre 100 i 300 °C tant pel TiO2 com pel NiO. En el primer
treball d’aquest capitol es protegeixen fotoanodes de silici amb capes de 100 nm de TiO21 5
nm de NiFe s’utilitza com a catalitzador. Modificant la temperatura de diposit del TiO,, es
dipositen capes completament amorfes, barreja d’amorfa i cristal-lines i completament
cristal-lines, i s’observa un clar augment de la conductivitat correlacionat amb la
cristal-litzacio. Mitjangant microscopi de for¢a atomica de conductivitat (c-AFM) s’observen
camins de conductivitat preferent dins dels grans, on es proposa que estan relacionats amb
defectes de cristall i fronteres de gra. Els tests d’estabilitat de pocs centenars d’hores mostren
una caiguda significativa de la fotocorrent, sense mostrar dissolucio del Si en ser observat via
microscopi electronic d’escombrat (SEM). Les mesures d’espectroscopia d’impedancia
electroquimica (EIS) mostren un increment de la capacitat corresponent a la deplecid en la
capa de TiO». S’atribueix a que els potencials d’oxidacio i la incorporacié d’hidroxils a la
capa redueixen la caracteristica de semiconductor tipus-n del TiO,, formant una barrera per
la injeccio de les carregues a la reaccio d’evolucié d’oxigen. Un extra de llum UV recupera
parcialment la conductivitat, un efecte de fotoconductivitat persistent que es podria utilitzar
per millorar I’estabilitat dels fotoanodes. En el segon treball d’aquest capitol es dipositen
capes de NiO mitjancant ALD en fotoabsorbidors de silici. S’estudia la temperatura de diposit
i s’observa una reduccio de la conductivitat en augmentar de 100 a 300 °C la temperatura de
diposit, simultani a un canvi de direcci6 preferent de creixement cristal-lografic. Tots dos
efectes s’atribueixen a la fabricaci6 de capes més estequiométriques en augmentar la
temperatura, reduint el nombre de vacants Ni*, les responsables del comportament com a
semiconductor tipus-p. Les capes dipositades a 100 °C van permetre mesures d’estabilitat de
més de 1000 h en electrolits altament alcalins i potencials oxidatius. Es va trobar que dur a
terme voltametries cicliques de forma periodica evita una desactivacid parcial dels
fotoanodes, atribuida a canvis quimics en la superficie en condicions altament oxidants.
Aquest capitol inclou dos treballs que, al moment d’acabar aquesta tesi, estan pendents
d’acceptacio en revistes reconegudes internacionalment, “Percepcions sobre els mecanismes
de degradacio del TiO, dipositat via diposit de capa atomica com a capa protectora per
fotoanodes” 1 “Sobre els mecanismes de degradacio i regeneraci6 de les capes protectores de
NiO dipositades per ALD en fotoanodes.”.

L ultim capitol d’aquesta tesi inclou conclusions de la recerca realitzada. A 1’annex,
s’inclouen dues altres publicacions fetes en col-laboracid i una patent.
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1. Photoelectrochemical water splitting: introduction

Since the beginning of the industrial revolution, economic growth has been driven by a
continuous increase of power consumption', which has been possible thanks to the
availability, high energy density and low price of fossil fuels. The counter part of its
exponential consumption increase has been significant alterations of our planet, some of them
irreversible. Global climate change attributed to anthropogenic greenhouse gases emission to
the atmosphere, rising sea level and temperatures causing ecological unbalance and
exponential growth of species extinction rate are examples. In addition, mineral extraction up
to scarcity of some specific elements and the consumption of fossil fuels overcoming the
“Peak Oil”, the maximum extraction rate (only sustained nowadays by extremely aggressive
techniques such as “fracking”) means fossil fuels and some elements easy and cheap
extraction is close to come to an end. Some scientists have considered it a new geological era,
the Antropocene, due to the scale of human-caused modifications on Earth’s crust and its
ecosystems”.

Renewable energy sources and energy saving strategies should be implemented globally,
which must be favored by new legislations and technological improvements. Wind, solar and
other clean energy sources have in common their intermittent energy production and thus, the
need of energy storage technologies to balance energy production and consumption.
Converting the surplus energy into chemical bonds such as hydrogen gas allows for later
usage, grid distribution or long-periods storage. Being the sun one of the most abundant
energy sources, the photoelectrochemical (PEC) water splitting is postulated as one of the
most interesting technologies due to worldwide water availability and pollution-free products,
enabling hydrogen as a clean energy vector. Currently, most hydrogen gas feedstock is being
produced by methane steam reforming, producing CO, as by-product’, so clean
methodologies are of great impact in this field.

Photoelectrochemical (PEC) water splitting was discovered in the 70’s by Fujishima and
Honda*, where TiO,, an n-type semiconductor material with 3 eV band gap, in contact with
an electrolyte, was able to absorb photons and generate enough potential to split the water
molecule into hydrogen and oxygen, storing solar energy into chemical bonds, named “solar
fuel™. A PEC device can directly convert solar energy into hydrogen and oxygen (Figure
1.1a), although nowadays photovoltaic (PV) cells can be directly coupled to water
electrolyzers, such as alkaline electrolysis cells (EC) or proton-exchange-membrane (PEM)
electrolyzers®, both techniques consisting in mature technologies, as presented in Figure 1.1b.

1’ 25

However, one of the main advantages of PEC is being designed to work at lower current
densities, in the range of tens of mA-cm?, reducing electrochemical overpotentials. This
results in lower operation voltages in front of commercial electrolyzers, designed to operate
with two orders of magnitude higher currents and thus, significantly higher efficiencies are
possible’. Lower current densities enable also low cost and earth abundant alternative
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catalysts. In addition, PEC approach is a simpler architecture, reducing capital investment
costs and transportation losses. However, PEC technology has remaining challenges to
overcome: as the device will be in direct contact with the electrolyte, corrosion must be
avoided, and device configuration is more limited’. For a large-scale implementation of these
technologies, costs must be lower than hydrogen produced by fossil fuels, although
environmental regulations and taxes could help in this direction. Nowadays, coupled PV-
electrolyzer costs are not expected to reduce significantly, but PEC systems have a lot of
possibilities ahead®”.

a. b.

PEC PV Electrolyzer

Figure 1.1. a) Scheme of a PEC system immersed in the electrolyte, where one of the electrodes
is photoactive. b) scheme of a photovoltaic panel connected to an electrolyzer with the option to
give or take current to the electrical grid.

The main requirements to achieve competitive PEC water splitting are: (i) absorption of broad
part of the solar spectra. (ii) Efficient photogenerated electron-hole excitation and separation.
(ii1) Minimized transport losses to the back contact and semiconductor-electrolyte surface.
(iv) Minimal overpotential on performing the hydrogen evolution reaction (HER) or the
oxygen evolution reaction (OER). (v) Long term stable operation. (vi) Scalable device
fabrication techniques. (vii) Utilization of cost-effective and (viii) earth abundant materials.

The aim of this introduction is to show the progress of recent decades investigations in PEC
water splitting with a special attention to the main key parameters to drive PEC technology to
be upscaled: high productivity, long-term stability and cost-effective materials and
techniques. Despite been a significant amount of publications in the field, focus has been put
on works with disruptive ideas in the path of obtaining high productivity and stability
photoelectrodes capable to fulfill market implementation '°. Metal oxides enhancement are
reviewed, together with protective strategies for unstable semiconductors capable to generate
higher productivities. Finally, cell implementation strategies and reactor configurations are
analysed, as well as future prospective challenges for efficient, stable and scalable PEC cells
are discussed.
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2. Fundamental concepts

Photoelectrochemical water splitting is a complex process, including several phenomena
which must be optimized for an efficient device design. In this section, most fundamental
ones are explained and depicted in Figure 1.2: a) light-matter interaction, b) electron-hole pair
generation, c) charge separation and transport, d) catalytic charge transfer to the electrolyte
and e) the water splitting reaction. As a result of photoelectrochemical water splitting, a
current flow (f) is obtained between both electrodes.

E fl
A e
*—> *—>
hv
e) e
_E(HYH)
1.23eV
E? (H,0/0,)
[ 4
<
Photoelectrode electrolyte electrode X

Figure 1.2. Scheme illustrating the principal phenomena of photoelectrochemical water splitting,
where a photoanode is immersed in an aqueous electrolyte. a) light-matter interaction, b)
electron-hole pair generation, c) charge separation and transport, d) catalysis and e) the water
splitting reaction. f) photocurrent associated to the photoelectrochemical (PEC) water splitting.

a) Light-matter interaction

When light strikes on matter it can be absorbed, reflected or transmitted (Figure 1.3a). Across
certain media such as liquid electrolytes, light can be slightly absorbed or reflected (scattered),
what is considered attenuation. Thus, short propagation distances through the electrolyte is
necessary to avoid significant losses. At the interface between two different media with
different dielectric constant a fraction of the incident light can suffer reflection, propagating
back in the initial media. Strategies to modulate the divergence between dielectric constants
are used in several fields, called “antireflective coatings”, useful to minimize reflection for
specific wavelengths range. Once inside the material, photons can be absorbed if its energy
is higher than the band gap. In this case, photon energy will be transferred to atomic electrons,
generating an electron-hole pair. The penetration depth is a measure of how deeply an
irradiation can penetrate into a medium. It is defined as the depth at which the photons are
absorbed by 1/e (37%), and is an important parameter in thin film semiconductors, as can
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range from 2 um for Si (at 555 nm wavelengths) to down to few nanometers for iron oxide.
The non-reflected or absorbed light is considered transmitted.

b) Electron-hole pair excitation

If a material absorbs a photon, the energy is transferred to an electron, which is excited to a
higher energy level. In a semiconductor’s case, electron states from individual atoms have
an overall average energy state distribution forming a valence band (E£y) and a conduction
band (E¢), highest energy states occupied and lowest energy vacant states at absolute zero
temperature, respectively. The energy difference between these two bands, where no states
are present, is the forbidden energy region, named the band gap (E,).

After photon absorption, some of the valence band electrons (¢) are excited into the
conduction band leaving an empty state in the network of covalent bonds, considered a “hole”
(h"). If photon’s energy is larger than the band gap, the electron will dissipate that extra energy
(“thermalize”) until stabilizing in the conduction band, giving that extra energy to neighbor
atoms in the form of thermal vibration and thus, not storing all original photon’s energy in the
excited electron-hole pair.

For semiconductors at a certain temperature, some of these atoms are spontaneously ionized,
where electrons are excited to the conduction band and holes are created in the valence band.
The nature of the majority carriers formed, i.e. free electrons or vacancies in the covalent
structure, determines the n- or p-type semiconductor behavior. This is normally governed by
alterations in the crystal lattice material covalent network, where modifying the amount of
acceptors (accepting a free electron) or donors (giving free electrons) is named “doping” the
semiconductor, and there are several forms to do it. Among them, the presence of an element
with different number of valence electrons (i.e.: a boron atom with 3 electrons in the external
shell in a silicon covalent structure consisting on 4-links per atom results in an electron
missing in the covalent bonding) or the formation of a sub-stoichiometric material (i.e.:
oxygen vacancies in TiO; are the responsible of n-type semiconductor behavior). The average
states distribution energy is called the Fermi level (Er). If Fermi level is closer to the valence
band and majority carriers are holes it is considered a p-type semiconductor, and if it is closer
to conduction band and electrons are majority carriers, an n-type one.

¢) Charge separation and transport

Light-induced electron hole pairs need to be separated to avoid eventual recombination, the
process in which the excited electron releases its energy, “filling” a hole back in the valence
band. High recombination rates make impossible to extract any current from photogenerated
charges, thus efficient charge separation is needed. Thus, an external potential can be applied,
or an internal built-in potential can be used to spontancously separate photogenerated
charges and consequently, to create a photovoltage and a photocurrent. By putting in contact
a p-type and an n-type semiconductors a p-n junction is formed, where the average amount
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of free electrons or holes (Fermi levels) is equilibrated by charges diffusing from one to the
other, forming a space-charge or depletion region where there is a strong electric field
(Figure 1.3b).

There are several structures forming built-in electric fields, among them:

- p-n homojunction, where a semiconductor has two regions with different type
character (i.e. p-type and n-type silicon).

- p-n heterojunction, where two different materials of different type character are in
contact (i.e. n-type TiO, and p-type silicon).

- Schottky junction, where a semiconductor equilibrates with the free electrons energy
level of a metallic film (i.e. Ni metal and n-type silicon).

- A semiconductor-liquid junction (SCLJ), where the semiconductor equilibrates
with the ions adsorbed in the surface, forming a Helmholtz double layer (i.e. n-type
TiO; in an alkaline electrolyte).

a.

Incident Reflected

2. =i
\Transmitted

b‘ y e Conduction band, E,

Band gap, E,
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Figure 1.3. @) Scheme of a light beam incident on a two different mediums interface with different
refractive index, depicting incident, reflected, absorbed and transmitted light and the formation
of an electron-hole pair. b) Energy band diagram of a p-n junction presenting a photon absorbed
and the movement of the electron and hole under the built-in electric field, together with the
photogenerated voltage between Fermi levels.

Formed electric fields will drift generated charges to opposite directions, i.e. electrons to
surface and holes to the back contact (Figure 1.3b). For efficient charge transport, high
conductivity is needed. Conductivity is governed by both carrier mobility and carrier
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concentration. Carrier mobility highly depends on impurities and defect concentration:
electrons and holes highly scatter on crystallographic defects such as interstitial atoms or
vacancies, plane dislocations, stacking faults or grain boundaries, losing some energy and
changing direction. Meanwhile, carrier concentration is determined by the doping level,
temperature and illumination intensity. All these parameters will be reflected in a higher
resistance to charge transport.

d) Catalysis and catalyst introduction

Once the electrons/holes reach the surface of the photoabsorber, a chemical reaction takes
place. In water splitting, the hydrogen or oxygen evolution reaction, respectively. So, not only
the charge separation and transport of electrons/holes to the surface is crucial but also, the
efficiency of the water splitting reaction and how the electrons are transferred to the reactants
to obtain the products. In this sense, catalysts play an important role, accelerating a chemical
reaction.

An electrocatalyst is defined as a material repeatedly enhancing a certain reaction without
being consumed. Catalysts introduce alternative reaction paths with lower activation energy
through forming alternative intermediate species on its surface. As the reaction will happen
on the surface, normally very small amounts of catalysts are needed.

e) The water splitting reaction

The water splitting reaction (2H,0 — 2H,(g) + 0,(9) (eq.1)) is a non spontaneous
reaction. At room temperature, water can be split by applying an electrical potential between
two electrical contacts, a cathode and an anode, immersed in an aqueous electrolyte, to drive
two half-reactions, the hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) (Figure 1.1a and Figure 1.4a). The complete reaction has a Gibbs free energy of 237.18
kJ per mol of produced H,, corresponding to a thermodynamic reversible potential of 1.23 V.
However, this value is theoretical, assuming ionic concentration of 1 molar, gases pressure of
1 atm. and 298 K, for different conditions, the potential value will vary following the Nernst
equation. For instance, at different pHs, the HER and OER standard potential values are:

HER:
pH=0 4H" +4e” - 2H, Ey, =0V vs SHE (eq.2)
pH =14 4H,0 + 4e” - 2H, + 40H~ E,=—-083VvsSHE (eq.3)

OER:
pH=0 2H,0 = 0, + 4e™ Ey =123V vs SHE (eq.4)
pH =14 40H™ - 0, + 2H,0 Ey = 0.4V vs SHE (eq.5)

Also, to drive kinetically efficient these reactions, additional potentials are necessary for the
catalysis, Nyggr and nogr, named as overpotentials (~0.4 V at ~10 mA-cm™ currents for state
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of the art catalysts''™'"). The overpotential need to drive the reaction efficiently depends not
only on the electrocatalyst nature, but also on the basic or acidic character of the electrolyte,
the abundance of hydroxides (OH™) or protons (H*), which plays a role on the water
dissociation kinetics'®. In addition, ionic conductivity is necessary between the two electrodes,
which can introduce another extra potential (9;onic cona.) for large distances or reduced ion
concentration/conductivity, resulting in an ohmic loss. Gases should be separated to avoid
back-reactions if they diffuse to the opposite polarized electrode.

Adding all contributions, a minimum required voltage (V;,;;,) is obtained:

Vinin () = 1.23 eV + nygr() + 10erU) + Nionic cona.(J)

Record values down to ~1.4 V for a current of around 10 mA-cm™ have been obtained !,
f) Photoelectrochemical (PEC) water splitting

In PEC water splitting, photons absorbed by the semiconductor create electron-hole pairs,
which are separated by the built-in electric field inside the photoelectrode, generated in the
semiconductor-liquid junction (SCLJ) by semiconductor and electrolyte Fermi level
equilibration. A double layer is formed, first described by Helmholtz*' nowadays extended by
other authors® formed by ions physically adsorbed to semiconductor’s surface and a diffuse
outer layer with exponentially decreasing potential. Electric neutrality is obtained by band
bending generated inside the semiconductor®. The built-in electric field can separate electron-
hole pairs, generating photovoltage (V) and photocurrent, as depicted in Figure 1.4a and b.
In a photoanode, holes are driven to photoelectrode’s surface and perform the oxygen
evolution, meanwhile electrons are collected by the back contact and close the circuit
performing the proton reduction reaction in the counter electrode. Similarly, if the
semiconductor built-in electric field drives electrons to the surface to perform the hydrogen
evolution, it is considered a photocathode. For a significant photocurrent injected into the
electrolyte to perform the water splitting reaction, photogenerated electron-hole pairs will
suffer overpotentials for charge-separation (7)., ) and for charge transport (7¢rqns) across the
semiconductor, from the back contact and other elements in the circuit. Some authors have
calculated a minimum band gap (E; pin) of >2.04 ¢V>*** based on:

Eg min = NMtrans T Nsep T Vinin

If the photopotential is generated by a single photoelectrode is not enough, an external bias
can be applied to complete the reaction. This way, external power would be used, but it can
help in extracting more power from the photoelectrode too.

Independent analysis of each electrode is possible by measuring in a “three electrode” cell
configuration (or half cell) (Figure 1.4c), where a reference electrode is used (at a fixed
potential in respect to the electrolyte). In this disposition, the required current is applied in the
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counter electrode by an external power supply or potentiostat so that between the working
electrode and a reference electrode the desired potential is applied”. With this half-cell
configuration, the incoming light conversion efficiency into gas given by this single electrode
can be measured, named half-cell solar-to-hydrogen (HC-STH) conversion efficiency®.

Jpn X (Enz0/02 — E) y

Psun

100

HC — STH (%) =

Where jpp, is the photocurrent density obtained under an applied bias (E), Eyz0/02 is the

equilibrium redox potential of oxygen evolution reaction (1.23 V vs. NHE) and Py, is the
standard solar irradiation, 100 mW-cm™.

a. b.
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Figure 1.4. a) Absolute current versus voltage of the water splitting reaction with the
overpotentials for HER and OER depicted (left) and the shape of the water splitting reaction if
one of the electrodes is photoactive (right). b) Energy bands diagram of a photoanode in contact
with an alkaline electrolyte, consisting on (left to right) an n-type semiconductor, light-induced
electron-hole pair being separated by the space-charge region in the semiconductor-liquid
junction (SCLJ), the adsorbed molecules from the electrolyte forming the Helmholtz double layer
and the OER redox potential. ¢c) A 3-electrodes measurement system consisting on a working
electrode (WE), a reference electrode (RE), a counter electrode (CE) and a potentiostat
measurement system, schematically consisting on a voltmeter, a current meter and a power

supply.
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3. Metal oxide photoelectrodes and enhancement strategies

Metal oxides present several interesting characteristics for PEC compared to other
semiconductors, such as earth abundance and a relatively large bandgap that results in high
photovoltage, required for water splitting. TiO» was the first studied PEC semiconductor, back
in the 70’s*. It is an earth abundant and inexpensive material which has a high stability in
alkaline environments and favorable band edge alignment for the OER reaction®®, but for
decades obtained photocurrents were far below 1 mA-cm™. This was mainly caused by a 3.2
eV bandgap, absorbing under a 5% of the solar spectrum corresponding to UV light significant
recombination rates and low conductivity due to crystallographic and electronic defects’.

To overcome the intrinsic limitations found for TiO,, several strategies were applied
following decades™: alternative metal oxide candidates, band gap modification, nanoscale
material structuration, controlling electronic defects by new synthesis techniques and post-
treatments, surface-decorating with catalysts, creating heterojunctions, etc. With these
modifications, significant advancements have been obtained.
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Figure 1.5. Self-oxidation (red bars) and self-reduction potentials (black bars), and conduction
(blue bars) and valence bands (green bars) relative to NHE and vacuum potentials for various
semiconductors at pH = 0, 298.15 K and I bar. Reproduced from Chen et al.?!
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3.1. Metal oxide photoelectrode candidate materials

Among all possible metal oxides, TiO, (n-type, 3.2 eV)**>7° has been always present as one
of the most investigated materials, and other candidates have been widely studied too such as
Fe,0; (n-type, 2.2 eV)’"*°, ZnO (n-type, 3.3-3.4 eV)***!, WO; (n-type, 2.6-2.8 eV)**,
BiVO4 (n-type, 2.3-2.5 eV)* ™ NiO (p-type, 3.4 eV)* and Cu,O (p-type, 2.0 eV)*". More
materials have been tested but without remarkable success, as there are several criteria to be
met: corrosion potentials less favorable than HER/OER reactions, proper band alignment for
large photovoltage generation, and favorable band position for the desired redox reaction.

As it can be observed in Figure 1.5, some materials are not useful for water splitting due to
unfavorable band alignment, with band edges far from water redox potentials®'. To perform
the HER reaction, conduction band must be at more negative potentials relative to NHE than
the H'/H, potential (black dashed line), and for the OER, at more positive potentials than
0,/H,0 (red dashed line). For a bias-free reaction, both conditions must be met.

1.2 and other works have discussed in which conditions corrosion

Bard et al.”!, Gerischer et a
reactions are less energetic and thus, thermodynamically more favourable than the HER/OER
reaction. S. Chen and L. Wang calculated thermodynamic oxidation and reduction potentials
of several semiconductors and compared them to the OER/HER reaction, finding a significant
portion of them require protection from corrosion (Figure 1.5) *'. Generally, a photoelectrode
is stable to electron reduction if the self-reduction potentials are more negative relative to
NHE than either the H/H, or conduction band minimum, and to holes oxidation if self-

oxidation potentials are more positive than O»/H,O or valence band maximum.

Some of these oxides, having 3 eV or higher band gaps limit their theoretical maximum
current to values lower than 1.8 mA-cm?, such as NiO, TiO or ZnO. Alternative interesting
candidates in relation to the mentioned parameters are BiVO4, WO3, Fe;O3 and Cu,O, with
2.0-2.5 eV band gaps and theoretical photocurrents over 10 mA-cm™2°*>%; but they are prone
to crystallographic disorder, presenting significant electronic drawbacks: abundant superficial
and internal recombination states, low carrier mobility and lifetime. Hence, optimized
fabrication of these materials where electronic drawbacks can be overcome has turned into
one of the main investigation fields. As an example of photoanode optimization, reducing
Fe,Os thickness or their nanostructuration can overcome the extremely short charge diffusion
length and lifetime, reaching up to 4.3 mA-cm™at 1.23 V vs RHE, a 34% of its theoretical
maximum photocurrent’’. Also, WOs; nanocrystals all grown with a (002) facet orientation
have demonstrated to avoid multiple surface energies, and thus, OER overpotentials and
kinetics*.

Even expecting high stability, thoughtful investigations have observed chemical and
performance degradation by high pH electrolytes in photoanodes such as BiVOs when
protective overlayers or cocatalysts are not used”™. Further increasing materials complexity
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by multiple metal oxides have shown unprecedented photocurrents up to 2.4 mA-cm™ at 0.4
V vs RHE for CuFeO, combined with NiFe/reduced graphene oxide layers, although much
more work is needed in this path.

3.2. Band gap modifications

Large band gap metal oxides have energy band positions prone for water splitting, but lack
significant visible light harvesting. Thus, many attempts have been made to modify their
bandgap and increase their visible light absorption®’. Creating new states at energies inside
the band gap by forming oxygen vacancies or doping with non-metals or transition metals
enable shorter energy differences, thus narrowing the optical band gap. As examples, nitrogen
and hydrogen doping on TiO, was performed by Wang et al, giving a yellowish material and
enhancing quantum efficiency in the previously inactive energy wavelengths of 450-600

am%

, or S doping occupied oxygen vacancies and narrowed the band gap achieving visible
light absorption®’, among others®'. However, these improvements have not reached more than
a few % efficiency increase, as creating states inside the band gap also creates detrimental
recombination paths for photogenerated electron-hole pairs. Similar studies on bandgap

modification by doping have been performed to other materials such as WO;°*% and ZnO%"
66

3.3. Nanoscale material structuration

Controlling material optical and electronic properties gave metal oxide photoelectrodes a
significant push, but optimizing material’s morphology by controlling growth process at the
nanoscale enabled a completely new field. Nanoscale structuration increases the surface area
in contact with the electrolyte, reducing electrochemical kinetic overpotentials by lower
current densities. Light absorption and charge transport are also enhanced thanks to
decoupling light penetration depth and photogenerated charges diffusion length with
nanostructures, facilitating charge transport to the electrolyte by enhanced active surface.
Planar devices require thicknesses sufficient to absorb of a significant portion of the incident
light, and photogenerated charges require diffusion lengths (Lp) enough to reach the surface.
In nanostructured devices, the absorption distance for photons is decoupled from the diffusion
length of photogenerated charges and thus, allow for higher absorptions meanwhile reducing
current loss (Figure 1.6a)®". 3D structures such as micrometer-size TiO anodization®*>*%7,
rutile TiO, nanorods hydrothermal growth’"™, WO; nanowires and nanoflakes*”’*, ZnO
nanorods***%>%¢ Biv0,* Cu,0** and Fe,0;*"” have been fabricated with enhanced PEC

performance.

For instance, Cu-Ti-O nanotube arrays formed by anodization demonstrated increased active
surface (tube length, pore and wall thickness) and light absorption by changing the Cu-Ti
percentage, giving photocurrents from 0.035 to 0.065 mA-cm™ at -1 V vs Ag/AgCl1’. Cu0
nanowires protected with ZnO/TiO»/RuO present increased light absorption and charge
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separation thanks to nanostrcturation, 5 mA-cm® for planar and 8 mA-cm? when
nanostructured at 0 V vs RHE**”’. By macro-mesoporous optimal structuration, BiVOj
photoanodes obtained photocurrents of 2 mA-cm™ compared with 0.5 mA-cm™? at 1 V vs
Ag/AgCl of the disordered porous films’®. Reducing and controlling material thickness can
shorten the electrical path for photogenerated charges. l.e., Fe,O hematite photoanodes, due
to few nanometers carrier diffusion lengths, require nanometer-scale thicknesses to minimize

recombination loses’”**’.

Combining substrate structuration and nanoscale material deposition light absorption and
photogenerated charge collection can be improved. High Mo-doped BiVO4 deposition control
in nanocone-shaped substrates, together with Fe/NiOOH catalyst and appropriate phosphate
buffered electrolyte achieved up to 6 mA-cm™ at 1.23 V vs RHE®',

3.4. Controlling electronic structure and surface states

To overcome problems such as inefficient charge separation and transport, generating higher
and localized potential gradients through electronic doping is key. Metal doping, oxygen
vacancy control or hydrogen and nitrogen doping have been studied. a-Fe,Os has been doped
with several cations such as Si, Ti, Pt, Cr, and Mo, finding a decrease of the recombination
rate by increasing charge transfer and grain-boundary passivation®™ ™. Also, partially
electrochemical reduction to Fe,O4 (a more conductive phase) can form beneficial conduction
paths and reduce recombination®. BiVO, has been modified both with W and Mo dopants
and by hydrogen treatment to form oxygen vacancies. For example, porous BiVO4 can double
photoactivity with a 2% Mo incorporation®’ and potential gradient can be enhanced by gradual
incorporation of W during deposition (Figure 1.6b)*, or from 0.5 up to 4 mA-cm? at 1.2 V
vs Ag/AgCl by hydrogenation at 300 °C thanks to increased donor density, enhancing
electron-hole separation and transport®. TiO, electronic band structure has also been
intensively studied, where the depletion region was optimized in nanorod structures by
vacancy formation under ammonia atmosphere’*.

Also, minimizing superficial electronic states, which act as trap states, is interesting to reduce
photogenerated electron-hole recombination and thus, enhancing PEC efficiency. This can be
achieved controlling the synthesis and post-treatments, and incorporating other metals on the
surface to fill the traps and to act as OER catalysts. Fe,O3 photoanodes surface recombination
can be reduced by Co0O,”, Ga,0;°*"! or TiO,” surface states passivation. TiO, surface
recombination rate was improved by removing detrimental chlorine atoms (blocking oxygen
evolution active sites) by a 250 °C annealing treatment’', or by increasing hydroxyl groups
acting as hole trap sites after ammonia treatments’. Depositing atomically-thin films covering
the surface is also a very effective strategy to supress detrimental superficial states, avoiding
recombination paths and contributing to shifts in the band positions of the metal oxide
photoelectrode respect to the electrolyte, enhancing obtained potentials®.
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Figure 1.6. a) Planar devices requirements for light absorption and charge diffusion lengths (Lp)
(left). In nanostructured devices, the absorption distance for photons is decoupled from the
diffusion length of photogenerated charges (vight). b) Energy band diagrams of different W
doping configurations of BiVOy, photoanodes, enhancing charge separation and transport.
Reproduced from Abdi et al.®® c) Overpotentials for 10 mA-cm™ currents of several OER and
HER catalysts in acidic and basic electrolytes. Reproduced from McCrory et al.**

3.5. Surface decoration with cocatalysts
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Photoelectrodes such as Fe,O3, CuO; or TiO have suitable surface states to directly perform
the desired reaction, but the use cocatalysts can enhance their performance thanks to
favourable superficial energetics, improving reaction kinetics. Examples of these catalysts are
Pt, MoS; or RuOx for the HER reaction and Ni/FeOOH, CoPi or IrOy for the OER (Figure
1.6¢)'**%57 Some of these cocatalysts are noble metals (Pt, Ru, Ir...), scarce and expensive
for large-scale deployment, what has pushed investigation in earth-abundant alternative
efficient electrocatalysts'****, In the HER case, photocathodes such as Cu,O have been
decorated with Pt (best performing HER catalyst) and RuO,>, and also earth abundant Mo$S;
cocatalysts'>?. Tilley et al used RuOx or Pt as catalysts and an AZO/TiO, protective layer
(also forming an heterojunction) to obtain over 0.55 V vs RHE onset potential and 5 mA-cm”
% photocurrents for Cu,O photocathodes®. Amorphous MoS, allowed earth-abundant Cu,O
for up to 5.7 mA-cm™ at 0 V vs RHE at pH 1'%,

OER reaction is a complex four electron process, with slow kinetics in most of the surfaces™.
Enhancing reaction kinetics or reducing potential barriers thanks to cocatalysts have improved
the performance of TiO, and Fe,O; photoanodes'®”. For example, hierarchically
nanostructured TiO, photoanodes decorated with Au particles doubled photocurrent up to 2
mA-cm? at 1.23 V vs RHE'®; or a-Fe,O; ones obtained up to 15 % current increase and over
200 mV cathodic shift with Cobalt phosphate (Co-Pi) electrocatalyst'®. Co-Pi also improved
BiVO, photoanodes performance up to 1.7 mA-cm™**" and FeOOH catalyst incorporation
ina 0.1 M KH,PO4 + 0.1 M Na,SO; electrolyte, increased BiVO4 anodic photocurrent to 2.0
mA-cm™ at 1.23 vs RHE*.

3.6. Metal oxide heterojunctions

Up to now, potential improvements of single metal oxides have been analysed, but their
combination opens a whole field of opportunities. By the introduction of other materials layers
or substrates, charge separation can be improved by forming an heterojunction.

For photoanodes, several authors have studied the WO3/BiVOs heterojunction, obtaining up
to 4 mA-cm? at 1.23 V vs RHE, almost doubling productivity obtained by each oxide
separately’*'**. The band energy difference of the two materials enhances charge separation,
and different band gaps allow for increased light absorption. Also, a BiVO, photoanode with
ZnFeO overlayer increased its photocurrent and decreased the onset potential, making it
resistant to alkaline electrolytes, sustaining 3 mA-cm™ at 1.23 V vs RHE®.

For photocathodes, a Cu,O photoelectrode was covered with an AZO/TiO,/Pt multilayer
grown by atomic layer deposition (ALD), obtaining stable and up to 2 mA-cm photocurrents
at 0 V vs RHE””. Similar structures but on Cu,O nanowires and with RuOy as catalyst
increased the photocurrent up to 8 mA-cm™ at 0 V vs RHE, almost the double than the same
Cu,0/AZ0/Ti0,/RuOy structure on planar photoelectrodes™. Cu,O is a good example on how
combining nanostructuration, synthesis optimization, multilayer heterojunction and
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cocatalyst decoration it is possible to approach to theoretical maximum photocurrent of 14
mA-cm™? **. Extra layers also protected the photoabsorber from corrosion (which would

reduce to metallic Cu, as the redox potentials of monovalent copper oxide lie within the
bandgap)”’.

LMl -Si n-si

n'-Si
<m>

H,0
HYH,
1.250V
0./H,0

Figure 1.7. a) Scheme of an np*-Si/WOs tandem structure including an ITO film in-between
forming an ohmic contact (left) and its corresponding band diagram (right). Reproduced from
Shaner et al'%® b) SEM image of TiO, nanorods grown on n-Si microwires to form an
heterojunction and its corresponding band diagram. Reproduced from Noh et al.'® c) Fully
integrated tandem structure with the top part of Si microwires covered by TiO, nanorods and
bottom part not, forming a “tree” tandem structure. Reproduced from Liu et al.'"
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Other works have used 3D nanostructuration combined with heterojunction formation with
different bandgap material use to create core-shell structures to obtain the best of each part.
For example, porous WO; layers grown on top of Si microwires have been deposited,
enhancing light absorption and photogenerated charge collection and transport (Figure
1.7a)'%%!% C Liu et al. demonstrated a Z-scheme photoelectrode depositing TiO» nanorods
on the top of Si microwires, making each of the tree-like structures a bias-free
photoelectrode'””. TiO, nanorods on top of Si microwires combine large and small bandgap
materials too (Figure 1.7b and c)'**'”’, although much work is still needed to overcome
interfacial detrimental charge recombination paths. The strategy to use small band gap
semiconductors such as Si opens a completely new field of scheme possibilities, increased
productivities and new challenges, which will be discussed in following sections.
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4. Short band gap semiconductors for PEC water splitting

In the previous section, strategies to overcome the main drawbacks presented by metal oxide
photoelectrodes for water splitting were discussed. The successful materials obtaining
photocurrents higher than 8 mA-cm™? with significant photovoltages are very few. In parallel
to PEC water splitting development, science and industry of the photovoltaic field (PV) have
optimized photoabsorbers and fabrication techniques up to commercial devices with minimal
recombination and transport losses. PV productivities have been based on short band gap
materials (1-1.5 eV) capable of absorbing the majority of visible spectrum, with materials
achieving large carrier mobility thanks to minimized defects and disorder'® ',
Monocrystalline silicon-based solar cells, giving photocurrents over 40 mA-cm™ and 700 mV
open circuit photovoltages are nowadays largely dominating the market thanks to relatively
cheap price and material abundance, several years operation stability and efficiencies over
22%. Monocrystalline silicon has not been the only photoabsorber commercialized:
polycrystalline and amorphous silicon, together with CdTe, GaAs and CIS/CIGS have been
already commercialized, and other semiconductors such as perovskites or CZTSSe are
emerging rapidly (Figure 1.8)'%.
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Figure 1.8. 2019 plot of highest-recorded photovoltaic efficiency by year of various photovoltaic
devices classified by technology (colours). Prepared by the National Renewable Energy
Laboratory (NREL, www.nrel.gov).

During the last decade, implementing short band gap materials in PEC water splitting has
attracted much interest, thanks to all the knowledge and development from PV industry and
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thus, the possibility to obtain significantly higher outputs than with metal oxides. Although,
the use of these photoabsorbers presents extra challenges added to the photovoltaic ones. Not
having a large band gap, and thus photovoltage, will require a tandem structure combining
~1.1 and 1.6-1.8 eV semiconductors photovoltages or an external bias to use all of their
capacity, as it will be reviewed in section 8.2, tandem PEC devices. Moreover, monolithic
photoelectrodes must be immersed in the electrolyte, preferably in acidic or alkaline
electrolytes where the electrochemical activity is highly enhanced. But these electrolytes are
normally corrosive for most of the presented photovoltaic materials. Strategies to overcome
these instabilities must be found to enable these materials for PEC water splitting.

4.1. Fundamentals of materials corrosion

In PEC devices, years-long photoabsorber sustained activity will be necessary for cost-
effective devices, thus materials facing the electrolyte have to be thermodynamically stable
in the selected electrolyte or extremely low corrosion kinetics must be involved, as discussed
in section 3.1.
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Figure 1.9. Examples of Pourbaix diagrams of a) gold (Reproduced from Huayhuas-Chipana et

al.'3) b) nickel (Reproduced from Huang et al.''*) and c) titanium (Reproduced from Parsons.''%)
in aqueous electrolytes.

Some possible corrosion mechanisms can be material dissolution into the electrolyte,
superficial insulator layer formation, or chemical detrimental modifications of the
photoabsorber, all of them capable of disabling PEC activity. Pourbaix diagrams, where the
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electrochemical stability for different redox states of an element as a function of pH is plotted,
present a first approximation to predict the theoretical thermodynamic stability of a certain
material in an aqueous environment''®. They provide data if there will be a state of oxidation
change (i.e. passivation) and/or a phase change (i.e. dissolution) of a certain material when

varying the applied potential or electrolyte’s pH. Some examples are presented in Figure 1.9.
4.2. Small band gap semiconductors corrosion examples in aqueous electrolytes

Each material is affected by corrosion in different ways, depending on most favourable
reaction governed by pH or applied potentials, so it must be analysed in its specific conditions.
For example, silicon, by far the most used PV photoabsorber, has been reported to corrode
through different processes depending on the used electrolyte''’'?!. Both in HER or OER
potentials, silicon stability will depend on pH, being oxidation in acidic or dissolution in
alkaline. The self-limiting passivation reaction of Si forming a thin SiO, layer in acidic
electrolytes (pH ~ 0)'*?, a transparent but highly insulator layer, will eventually stop charge
injection into the water splitting reaction. Whereas, formed SiO, dissolves in alkaline
electrolytes (pH ~ 14) and will continuously etch the photoelectrode forming recombination
paths for photogenerated charges or even dissolving the p-n junction, rapidly losing
photocurrent 7118122 Thys, self-limited SiO, formation in specific sites will not significantly
affect if the rest of the surface is still protected'? , but pinholes in protective layers in alkaline
electrolytes will not stop etching the silicon, and thus, will be fatal for the photoelectrode.

Regarding other PV cells based on photoabsorbers such as cadmium-telluride (CdTe), copper-
indium/gallium-selenide (CIS/CIGS/CGS) or its earth-abundant alternative, copper-zinc-tin-
sulphide/selenide (CZTS/Se), their own structure is based on a multiple materials stack, also
containing transparent conductive oxides (TCO, like In:SnO, (ITO) or Al:ZnO (AZO)) and
n-type CdS, forming the p-n junction. ZnO'**'* and Sn0,'**'**!'*’ are not stable in highly
acidic or alkaline electrolytes or reductive potentials, as they form soluble species'**'?’.
Regarding CdS'** ' and also CdTe"!, Cd dissolves in highly acidic and alkaline
electrolytes'®, and is thermodynamically stable only at significant cathodic overpotentials,
not attained without applied bias. Cu-based photoabsorber (CIS, CIGS, CZTS...) are complex
multielement films, highly electronically sensible to vacancies, and would be significantly
degraded in contact with electrolytes, although losing the p-n junction is the main degradation

factor.

Among other emerging photovoltaic materials'®, there is none expected to be highly stable
for PEC applications under direct contact with the electrolyte. Cells fabricated with silicon,
no matter if it is monocrystalline, polycrystalline, HIT, amorphous or micro/nanocystalline'*?
will suffer from dissolution or passivation when exposed to alkaline or acidic electrolytes,
respectively, as discussed previously. Perovskites, a highly promising PV material, have a
main drawback: significant degradation under humidity, what would require encapsulation

efforts'**, especially if put to work in contact with aqueous electrolytes. Organic solar cells
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have been implemented in PEC'*® but require careful selection of redox couples, limiting their
efficiency and pointing in stability problems. Dye sensitized solar cells (DSSC) or Gritzel
cells, molecular dye decoration of a MOy framework as an intermediate to OER/HER catalyst
presents significant instability of the molecular dye in the used potentials and electrolytes
ranges. Thus, low productivities are expected'*, or full cell encapsulation would be required,
then further connected to the electrolyte with an external circuit, forming a PV-EC device

configuration'®’.
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5. Protective Layers to implement photovoltaic photoabsorbers into water
splitting

Several strategies are possible to implement highly active photoabsorber materials into PEC
water splitting avoiding their corrosion. Some authors have functionalized the surface of
semiconductors with organic reagents like two-step chlorination/alkylation** or by an
alkylation through the halogenation/Grignard route'*’ to suppress corrosion, with relative
success, but the majority of efforts have been put on depositing inorganic layers onto the
photoabsorber to separate it from direct contact with the electrolyte’'*’. Protective ultrathin
layers of any material must consider even very slow dissolution rates (chemical or
mechanical) for long-term operating devices, especially when considering flow systems and
direct contact with gas bubbling.

These protective layers must allow electrical conduction, be thermodynamically stable, and
optically transparent. M. F. Lichterman et al. stated all the properties under the acronym
“SABOR”, meaning “Stable in the thermodynamic, kinetic, and mechanical senses when
incorporated onto the semiconductor, immersed in the electrolyte, and operated at the
potentials of interest; Active catalytically for the OER/HER, either possessing intrinsic
catalytic activity or integrating the activity of a co-catalyst; capable of providing Built-in
electronic asymmetry to allow for the separation of electrons and holes, or to allow for a
separate buried junction to perform efficiently; Optically transparent to provide optical
properties that are optimized for the transmission of light; and, capable of providing low
Resistance, to allow for charge-carrier conduction with minimal performance loss due to iR
drops” ',

With protective layers incorporation, device’s complexity increases but photovoltage will
now be governed by a solid-state junction rather than by the photoabsorber-electrolyte
junction, increasing the possible materials candidates to be used. The extra layer can be used
either to form an heterojunction, or to protect a buried junction. In addition, if the protective
layer is not catalytic, an extra catalyst (layer or particles) must be added to reduce
overpotentials. Although several interesting heterojunction strategies have been demonstrated
for PEC water splitting electrodes with more or less success, focus will be put on extracting
maximum efficiency from the photoabsorbers, using these extra layers to protect the
photovoltaic-like junctions and the different techniques to deposit them.

5.1. Thin film deposition techniques

Thin film technology has become one of the main fields of study last decades, from basic
sciences to industrial processes. Controlling material deposition at the nanoscale opens a
whole new world of possibilities by combining physical and chemical properties from single
or multiple element materials with overcoming intrinsic limitations due to phenomena only
happening at the nanoscale'**. For example, titanium dioxide, a wide band gap metal oxide,
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considered insulator at the macroscale, is conductive at the nanoscale; or metals, highly
visible-light reflective and absorptive, can be turned into transparent if deposited few
nanometers thick. There are a large amount of deposition techniques and variations among
them for diverse applications, but some of the most used ones for inorganic thin film
protective layers have been selected.

There are many non-vacuum liquid and chemical-based thin film deposition techniques, but
not all of them are used to synthesize protective layers for different reasons. Among the liquid-
based thin film deposition techniques, dip coating, spin coating or chemical bath deposition
(CBD)'* are the more used ones, but require direct contact of the (maybe) sensible
photoabsorber with a liquid, which can alter its superficial chemical state and thus,
performance. In addition, liquid-based techniques normally produce either porous, not
homogeneous at the nanoscale or abundant-pinhole films compared to vacuum technologies,
and to eliminate precursor residues or crystallize them they require thermal post-treatments,
which can create cracks in the protective layer or affect the photoabsorber. For example,
solution-deposited TiO, by spin-casting or spray pyrolysis presented significant pinholes,
allowing electrolyte to penetrate and dissolve the photoabsorber, being fatal for the device
even with 80 nm thick layers'*.

Electroplating is one of the oldest techniques to form metallic thin films since the 19™ century.
Generally known as electrochemical deposition'*, a conductive substrate (in our case, the
photoabsorber) is introduced in an electrolyte containing the desired thin film precursor ions
and, under controlled polarization, a redox reaction occurs, forming a film of electrodeposited
material in the surface of the electrode (Figure 1.10a). It can be extended to any material
capable to be deposited in a certain potential window that will depend on the electrolyte
media, and is very interesting thanks to its easiness and the wide range of materials possible
to be deposited, from metals to metal oxides and sulphides, even with nanoscale morphology
control. It requires no vacuum, usually it is carried out at room or moderate temperatures, and
with affordable infrastructure, like a power supply, lab equipment and the precursor materials.
As drawbacks, it is highly depending on the substrate, that needs to be conductive, and has a
moderate throwing power (the capacity to deposit an uniform film over an irregular substrate),
not suitable for nanostructured substrates where a high aspect ratio is required. In some cases,
nucleation promote the formation of particles rather than a layer, such as electrodeposited Ni
oxide/hydroxide, a transparent, chemically resistant and catalytic material, that forms porous
layers'®'*6, not isolating the substrate from electrolyte, whereas NiO deposited by sputtering
creates a solid impermeable layer'*’. Also, the substrate will be in direct contact with the
electrolyte and its properties can be affected. Many works have used electrochemical
techniques to deposit catalytic particles or films to enhance OER or HER kinetics on already
previously protected semiconductors'*®,
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Figure 1.10. Representative schemes of thin film deposition techniques by a) electrochemical
deposition, b) thermal evaporation and d) sputtering.

Vacuum technologies allow for an inert and controlled atmosphere deposition, favourable for
more homogeneous deposited films and process-control'”. Among the physical vapour
deposition (PVD) techniques, thermal evaporation is one of the simplest, where a crucible
is heated to high temperatures, vaporizing the materials contained'**'*’. Evaporated particles
will travel and solidify forming a film on top of a substrate (Figure 1.10b). However, as
different elements vaporize at different temperatures, the technique is useful for single
element metals but has reduced stoichiometry reproducibility for mixes elements. Evaporated
metallic films have been used as intermediate, protective or catalytic layers in water splitting.
Sputtering deposition'*"'"! is based on an inert gas (i.e. argon) being ionized and accelerated
towards a blank, impacting with high energies and removing particles which will travel until
being deposited in our substrate (Figure 1.10c). Direct current (DC) sputtering is useful for
conductive blanks (materials to be deposited), and radio-frequency (RF) sputtering allows
insulator materials deposition. In reactive sputtering, other gases can be introduced at low
pressures in the chamber, reacting with the traveling particles before being deposited (i.e. the
oxygen presence can be controlled to tune metal oxides stoichiometry and with this, electrical,
optical or other characteristics). Sputtering has been widely used to deposit catalysts'** and
protective layers, thanks to the material possibilities, among them stoichiometry-controlled
oxides such as TiO,'**'** or NiO'” and no dependence on used substrate. Some authors have
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required layers such as 8 nm Ti to prevent damaging sensible photoabsorbers such as
amorphous Si during the sputtering process, as the process is energetic and the deposition-
atmosphere could also affect the absorber'”?, and some have reported arcs during plasma
attack the deposited film, forming pinholes and more electronically-defective material'*'.
Other less used PVD techniques are pulsed laser deposition (PLD)">>'*_ where very high
energy laser pulses vaporize blank’s surface with very high stoichiometry control, and
molecular beam epitaxy (MBE)"""'**| a slow and expensive technique where material is
formed atomically depositing layer by layer. As PVD techniques are based on high vacuum
directional depositions, obtained layers are not conformal, what would not protect highly

rugose photoabsorbers or 3D structures.

d.

ALD

Figure 1.11. Representative schemes of thin film deposition techniques by a) chemical vapour

deposition (CVD) and b) atomic layer deposition (ALD).
Chemical vapour-based deposition (CVD) techniques are usually based in temperature-
controlled vacuum chambers where introduced precursor gases react, creating the desired
products in solid form deposited on a substrate'*’ (Figure 1.11a). Single or multiple element
layers can be deposited, nitrides, oxides, metals or any other meanwhile the selected
precursors react forming a solid product. Plasma enhanced-CVD (PECVD) is a variation
where precursor gases react or decompose due to an ionizing plasma, arc discharge or
microwave excitation, allowing different reactions, precursors or products independent of
temperature'®
protective layers.

. There is wide experience on metal oxides deposited by CVD, also as
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Atomic layer deposition (ALD) is a variation of CVD in which precursors are introduced in
the chamber sequentially, first reported in the 60’ by researchers in the Soviet Union under
the name “molecular layering”'®'. One of the precursors is introduced to the chamber in an
inert gas flow, saturating substrate’s surface with the precursor, and then all the non-
chemisorbed precursor is removed by the gas flow (Figure 1.11b). A second gas is then
introduced (normally H>O, Oz or NH3), reacting and forming a conformal submonolayer of
the final desired product. This way, control of the layer growth in the sub-nanometer scale is
attained, where final thickness depends on the number of cycles of this process'®?. ALD is
maybe the best candidate to ensure complete surface coverage thanks to saturated deposition
steps and thus, to obtain a pinhole-free protective layer'®. ALD also presents lower
temperature crystallization due to absorbed molecule mobility but is much more time
consuming than CVD®"'**, It has been used for many photoabsorbers and protective materials,
even in industrial scale as essential part of high-k gate dielectrics manufacturing, although
much more work is needed'®. For covering 3D nanostructures, ALD is the best candidate,
due to the self-limited conformal deposition, and has been used in high ratio structures®’.

5.2. Strategies and materials for protective films

There are many paths to protect semiconductors from corrosion. In Figure 1.12 it was
summarized the protective strategies, classified according to an increase in device complexity.
From stable semiconductors forming SCLJ with the electrolyte (a), the introduction of
metallic layers (thin enough to be transparent) as catalysts and/or to form Schottky junctions
(b). Few nanometers thick oxide layers, thin enough to be tunneled, were introduced to
increase stability in harsh environments (c). For further stability, thicker transparent films
(usually oxides) several tens of nanometers thick can be used, also capable to form an
heterojunction with the photoabsorber (d). To maximize charge separation and thus,
photoelectrode efficiency, buried junctions can be used, where the protective layer will mainly
act as a conductor (e). Finally, the next logical step is use a cable as conductor, forming a non-
monolithic device where the photovoltaic part can be located outside of the electrolyte and
connected to the electrocatalyzer in a PV-EC configuration(f).

5.2.1. Metallic thin films

Some of the first protective layers used for short bandgap photoelectrodes were metallic
(Figure 1.12b), which in contact with the photoabsorber created a Schottky junction, being

165

mandatory proper band alignment to extract maximum photovoltage *. Noble metals such as

platinum, palladium, silver, rhodium, ruthenium and gold were sputtered or
thermally/electron-beam evaporated on silicon'®'"® and on other photoabsorbers such as n-
GaP'"! p-WSe!"! or p-InP'”, not achieving significant stabilities. Maier et al.'”* demonstrated
60 day stability of a electrochemically deposited Pt-protected p-Si photocathode in acidic

conditions, although significant series resistance was observed due to SiO, interface caused
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by acid oxidation, presenting 0.3 V vs RHE onset potential and photocurrents of 10 mA-cm™
at 0 V vs RHE, far from Si possibilities.

£

Electrolyte
Stable semiconductor
Back contact
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+ Metallic layer
- Catalyst
- Schottky junction
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+ Ultrathin oxide layer
—> MIS junction

+ Thick oxide layer
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- Protective layer as
ohmic conductor

)

+ external connection
- semiconductor not
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Figure 1.12. Schemes summarizing significant steps in photoelectrode device complexity
regarding protective strategies.

Kenney et al.'” fabricated a Ni-protected a silicon photoanode and found that non electrolyte-
permeable thick enough metallic layers were also too thick to allow light to reach the
photoabsorber. Electrolyte intermixing in the metallic layer (partially oxidized, Ni/NiO) also
helped to increase the built-in potential for 2 nm Ni layers, compared with the > 5 nm Ni/n-
Si Schottky junction (Figure 1.13a and b). To achieve a good (> 80 h) stability, a K-borate +
Li-borate solution (pH 9.5) was used. Metallic film permeability in the few nanometers scale
was used by Laskowsk et al.'” to form an n-Si/5nm-Ni/10nm-Au dual working electrode to
simultaneously track Ni redox potentials. In another work, Sartori et al. enhanced a p-Si
photocathode’s built in potential, and thus onset potential, with a simple 5 nm-Ti protective
layer together with Pt catalyst particles'’®. Obtained photocurrent reached over 25 mA-cm™,
but stability was poor. Feng et al. used similar structure but with Ni as catalyst, obtaining

more overpotential for the HER reaction'”’.
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Figure 1.13. a) Scheme of n-Si photoanodes protected and catalysed by few nanometer-thick Ni

films, demonstrating the effect of extremely thin layers compared to thicker ones. Reproduced
from Kenney et al.'™ b) Cyclic voltammogram response of the same Ni-protected silicon
photoanodes with different Ni thicknesses, presenting higher photopotential for ~2 nm films and
light absorption if thicker than 10 nm. c) Scheme showing photogenerated charges being
collected by the depletion formed between a semiconductor and metallic isles embedded in an
insulator transparent protective layer. Reproduced from Lewerenz et at.'*

Although interesting results have been obtained with a metallic protective layer, the full
potential of the photoabsorbers in long-term stabilities cannot be exploited due to insufficient
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stability, significant light absorption in the metallic layer and significant recombination in the
Schottky junction due to extra states in the interface and Fermi level pinning, lowering

photovoltage'”®.

To overcome metallic film transparency limitations, some works have proposed
microstructured surfaces, with Pt islands (~30 nm thick) in contact with p-Si, and SiO;
covering the rest of the surface, in a balance between surface coverage of catalytic metal and
oxide-protected light absorption regions'? (Figure 1.13c).

Regarding the limitations of metal-photoabsorber Schottky junctions, Seger et. al.'”

proposed
a buried silicon p-n homojunction in 2012 to maximize electron-hole separation, with a thin
Ti metallic film which partially oxidized to TiO; in the acidic electrolyte and using MoS; as
catalyst. This way, up to 16 mA-cm™ were obtained at 0.2 V vs RHE (with 0.6 V
photovoltage) and 1 h stability. Similar buried junction structure was used by Mei et. al.'*
using 2-6 nm Ir/IrOx as protective layer in acidic electrolyte, avoiding detrimental SiOy

formation.
5.2.2. Tunnel-thick protective films

Insulator thin films (Figure 1.12c), mainly oxides, have been studied to protect water splitting
photoelectrodes thanks to their chemical stability. However, the system must still be capable
to inject the photogenerated charges across the insulator layer and into the electrolyte to
perform the water splitting reaction efficiently. For that, tunnelling-distance-thick films in the
few nanometers scale have been combined with catalytic films or particles, forming a metal-
insulator-semiconductor (MIS) or semiconductor-insulator-semiconductor (SIS) scheme.
Advantages of these structures are the passivation of photoabsorber surface states and the
suppression of Fermi level pinning'®""'®, but insulator oxides must be maintained under 3 nm
thick to avoid significant tunnelling resistances'®’. ALD allows the fabrication of ultrathin

conformal oxides, expected to be pinhole-free'™,

Silicon dioxide (SiO») was first studied due to its natural occurrence when Si is exposed to
acidic electrolytes on a n-Si/SiO»/Pt photoanode, with poor results'®. Esposito et al.'®
fabricated a 2 nm thick SiO; protected MIS photocathode by controlling the oxidation with
rapid thermal oxidation (RTO) and depositing 30/20 nm Ti/Pt islands. Pt was used as HER
catalyst, but Ti, with lower work function, enhanced photovoltage and also served as adhesion
layer. Although 20/30 nm metallic islands are not transparent, controlling the pitch distance
and diameter they could maximize light absorption and catalysis up to photocurrents of 20
mA-cm™? at 0 V vs RHE and 0.55 V vs RHE onset potential in 0.5 M H,SOs, with reported 2
h stability.

n-type silicon photoanodes were fabricated with SiO, and Ir as catalyst with photovoltages
exceeding 500 mV and saturation photocurrents about 30 mA-cm, although an ultrathin TiO»
protective layer was needed to stop rapid further Si oxidation at oxidative potentials and
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stabilize for over 8 h the photoanodes in acidic, neutral or basic media'**'®® (Figure 1.14a and
b). Planar and nanopilar p-InP was 3 nm n-TiO»-protected and 2 nm Ru film was added as
catalyst, achieving significant photocurrents of 35 mA-cm™ stable for some hours and 0.75 V
vs NHE onset potentials'®’. Photoanodes without the TiO, degraded rapidly during the first
hour. In this scheme, increasing TiO, layer thickness turned into lower trap-mediated
thickness-dependent conductivity indicating the importance of using a thin TiO; layer for
efficient tunnelling-mediated electron transport'®*'®1%° 490 mV photovoltage was also
obtained substituting ultrathin TiO, by AL,Os, finding that tunnelling layers of a thickness >
2 nm introduce an intermediate resistance, lower than insulator SiO, but higher than defect-
conductive TiO,'""'*2. Crystalline TiO, was found to reduce insulator-thickness-dependent
photovoltage loss in metal-insulator-semiconductor (MIS) type photoanodes, in comparison
with amorphous TiO; (ALD-fabricated at 170 °C), due to dielectric constant increase, with a
record photovoltage of 623 mV'**. TiO, was proven as one of the best candidates, highly
protective, and has been identified to be conductive for thicker than 10 nm layers, where
tunnelling is highly non-probable. Indeed, hopping via trap states situated ~1 eV below the
conduction band was considered the conduction mechanism in photoanode’s case'™,
following Campet et al “defect band” first proposed conductivity'”®, and will be further
discussed in the next section together with other thicker conductive oxides protective layers.

Ultrathin oxides, like metallic thin films, are difficult to fabricate being impermeable and
pinhole-free for devices lasting hundreds of hours, and majority of the presented works lack
long-term stabilities and device fail mechanisms over large device’s area.

5.2.3. Conductive transparent oxides and other protective films

Increasing the protective layers thickness (Figure 1.12d and e) can overcome the stability
limitations present in ultrathin metallic or insulating coatings, by avoiding possible electrolyte
permeability or reducing pinholes and cracks probability. For films thicker than 5 nm,
tunnelling conductivity is not possible, thus material electronic properties (interfacial
potential barriers, band alignment, charge mobility, band bending, etc) must be taken into
account, in addition to chemical stability (as explained in section 4). Also, protective layers
must be intrinsically transparent and conductive, reducing candidates to mid band gap (2-5
eV) semiconductors, transparent to significant part of the visible spectra while not being
insulator materials, such as Al,O3; and SiO, (E; > 9 eV). Luckily the majority of metal oxides
studied for protective layers are earth abundant and non-toxic as needed for device
scalability'®°.

For an efficient conductivity through protection layers, minimal losses in bulk resistance and
semiconductor-electrolyte interface must be attained. The protective layers do not need to be
as conductive as conventional transparent conductive oxides as only vertical (some tens of
nanometers) conductivity is needed, not in-plane several hundred microns as in solar cells. In
general, n-type metal oxide semiconductors have been used to protect photocathodes, based
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on electrons migrating from the photoabsorber, through the protective layer, and injected in
the HER. Fermi level close to the conduction band should help both to form a p-n
heterojunction and for favourable alignment with the n-type part of the p-n buried junction.
Likewise, p-type semiconductors have been proposed for photoanodes and have efficient
OER catalytic surfaces’”'**'%!%7 The role of cocatalysts on top of the protective layer and
the electrolyte is majorly governed by the pinch-off effect, where with few nanometers thick
layers, cocatalysts do not really form a Schottky barrier, and rather what is called “adaptive
junctions”'”®. Although, material specificities and the formation of recombining contacts have
made materials such as TiO» highly versatile, multiple strategies are possible controlling
deposition conditions, oxygen stoichiometry and other metals incorporation for better
conductivity or catalysis'®’. Transparent and conductive oxides used in the microelectronics
industry, such as ITO and AZO, were expected to have good band offsets and conductivity,
but their stability and performance resulted very poor'*>'”. With thick oxides protective
layers such as TiO,, NiO, CoOx and MnO, among others, better results have been achieved in
terms of productivity and stability, with tens of mA-cm™, minimal resistances introduced and
several hundred hours, even thousands, of operation tests.

a) TiO;

Titanium dioxide has been one of the most studied materials as protective layer for small band
gap photoelectrodes thanks to its transmittance, relatively good electrical properties and
chemical stability. It is an earth abundant metal oxide found in nature and with several
fabrication routes, such as anodization, hydrothermal, sol-gel and, for protective layers,
mostly known to be fabricated by sputtering and ALD, giving compact layers in comparison
with other solution-deposited ones'**. TiO, is a n-type semiconductor with ~3.2 eV band
gap! 3200
thanks to its good chemical stability some works have used it also for back-illuminated
photoelectrodes®'. Its n-type semiconductor behaviour is known to be caused by oxygen

, permitting almost complete optical transmittance for visible light spectra, although

vacancies and thus, Ti*" states with energy levels close to the conduction band, giving free
electrons. TiO; is known to have significant oxygen mobility under polarization or under
different atmospheres annealing, locally forming conductive filaments acting as degenerate
n-type material across the whole layer, explaining various mechanisms reported depending

on fabrication and working conditions'®".
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Figure 1.14. a) TEM image of an ultrathin ALD-TiO, + SiO: protective layer for a silicon
photoanode. b) Equivalent energy band diagram under illumination. Reproduced from Chen et
al.'® ¢) Energy band diagram of a 5 nm Ti/100 nm-TiO: protected silicon photocathode having
a buried p-n junction under illumination. Reproduced from Seger et al.**® d) SEM images of a
<100> Si TiOs-protected and unprotected after immersion in 1 M KOH for 3 days. e) Schematics
of the anisotropic etching process forming characteristic inversed pyramids. Reproduced from
Bae et al.'2.
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Photocathodic protection with thick (~100 nm) sputtered TiO, was first reported in 2013 by
Seger et al.** in a pn'-Si/(5 nm)Ti/(100 nm)TiO»/Pt structure, where favourable band
alignment between n'-Si, Ti/TiO> and TiO»/Pt interface (behaving like an ohmic contact due
to high dopant density of TiO, and high energy sputtered Pt, rather than like a Schottky
junction®”*?**) introduced negligible resistance or overpotential (Figure 1.14c). These findings
show the system acting equivalently to a solar cell in series with the catalyst metal. They
demonstrated conductivity through the conduction band, also explained to be electron polaron
hopping through the Ti** states close to the conduction band (~0.3 eV)**, although the
transition temperature between both mechanisms is reported to be about 300 K (room
temperature)*® and probably both mechanisms are simultaneously active. Seger et al.
introduced a 5 nm Ti layer previous to TiO; reactive-sputtering deposition to prevent Si
substrate from oxidation, a strategy followed by other works'?%!>*21-27 based on oxygen
migration to lowest Gibbs oxide formation energy and thus, oxygen scavenging from Si to
Ti***?%, Up to 20 mA-cm™ at 0.3 V vs RHE and 70 h of stability were obtained under
illumination, corroborating the photoabsorber-protective layer strategy. In following works,
durability was studied, reporting the need of 400 °C post-annealing to ALD-TiO, protective
layers synthetized at 200 °C to reach from 8 to 480 h of stability at 0.3 V vs RHE in 1 M
HCIO4*". An increase of doping level under the 400 °C annealing was considered to be the
reason of significantly higher conductivity, reducing depletion barrier between the TiO, and
electrolyte, allowing electrons to tunnel through®'', in similar results to Liang et al.*'?
increasing donor level by hydrogen doping upon deposition. Deposition techniques such as
high power impulse magnetron sputtering (HPIMS)'** have been used to increase layer’s
density and thus, minimizing pinholes to avoid electrolyte penetration and anisotropic etch
corrosion by KOH (Figure 1.14d and e). TiO, conduction band is close to the HER potential,
and with sufficient dopant levels (i.e. oxygen vacancies), electrons can overcome by
tunnelling the small potential barrier formed and reach the catalyst’®. Platinum, an expensive
noble metal, has been widely used due to its superior cost-efficiency trade-off, and some
works have demonstrated the scalability of very small amounts of platinum nanoparticles to
drive the PEC water splitting industry to the terawatt level*"*.

Regarding photoanodes, although TiO, should not be expected to be a good hole-conduction
layer, in 2014, Hu et al.'** discovered that depositing amorphous TiO; on Si, GaAs, and GaP
conduction was possible for films up to 143 nm thick (grown by ALD at 150 °C and Ni
coated). Energy states about 1 eV inside the forbidden band were observed by high resolution
XPS (Figure 1.15a). Conductivity through intra-band gap levels was also explained by K.
Sivula as “Leaky titania” (Figure 1.15b)*"%, based on the concept theorized by Campet et al.
time ago'”’, and following works performed thoughtful energy band calculations to explain
it'**2!% Deeper studies are necessary, as weak traces of anatase have been reported down to
140 °C*'S. McDowell et al.'>* found TiO, films conduction behaviour not unique to amorphous
phase (Figure 1.15¢) and with no relation to carbon or nitrogen impurities, although high
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temperature treatments turn the system insulator by forming a more-stoichiometric material,
reducing available electronic states. Several works have studied thermal treatments under
different partial pressures of oxygen and forming gas to understand how conductivity is
affected by it'**'®!. Nb doping could be a strategy to increment TiO, conductivity*'”*'®, but
very good conductivity has already been demonstrated if properly fabricated. Other
photoabsorbers such as CdTe have been protected with “leaky” amorphous TiO,, with 21
mA-cm™” and 435 mV photovoltage®'’. Nickel overlayer was found to be mandatory for proper
contact with the conductive TiO,'** pinning TiO, energies to Ni states and removing the
rectifying space-charge region from the TiOx/solution interface'*'*?; this is known for Ni as
“adaptive” catalyst'*®. Up to 100 h stability and 40 mA-cm™? at 2 V vs RHE were obtained in

1 M KOH, with 100 nm Ni islands as catalyst'**.

Although, in 2015, B. Mei et al.'>® designed TiO,-protected by sputtering at 400 °C
photoanodes (and photocathodes) where conduction band electron transport was proposed
instead of intra-bandgap hole conduction. In the highly doped p'/TiO, interface holes from
the photoabsorber would recombine with electrons from the conduction band of crystalline
TiO, and metallic catalyst avoiding TiO»/electrolyte rectifying junction*'' and would allow
efficient OER (Figure 1.15d). In a solid-state measurement for PV applications, Man et al.**!
studied n-Si and p-Si devices with amorphous TiO» deposited by CVD at 100 °C, and found
a clear hole blocking behaviour, what would support conduction-band conductivity. Since
then, ALD-TiO,-protected silicon nanowire photoanodes stability has been pushed up to >

2000 h with 40 nm NiCrOj catalyst film in 1 M KOH?*.
b) NiO

Several works have also studied nickel oxide (NiO) protective layers for water splitting
photoelectrodes due to its abundance and chemical resistance, stability, transparency and
catalytic properties. With a 3.8-4 eV bandgap®*****
light, although significant defects on NiO structure (Ni reduced atoms) can reduce
213225227 even presenting electrochromism in specific cases caused by Ni**

it is not expected to absorb any visible

transparency
species such as NiOOH'#%_ It has been mainly used for photoanodes protection due to its
p-type semiconductor behaviour*”® prone to hole conductivity (and electron-blocking
properties®®?) with relatively low resistivity??’***. NiO has high valence band position as it is
based on a d-orbital rather than typical O2p®', being slightly reductive to O, evolution
potential, where an accumulation layer will be formed introducing no band bending
overpotential *%.
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Figure 1.15. a) XPS spectrum of 44 nm-TiO: presenting states inside the band gap. Reproduced
from Hu et al."** b) Schematic energy band diagram to explain the “Leaky” conductivity through

intra-band gap states for TiO,-protected photoanodes. Reproduced from Sivula.

214

¢) Alternative

energy band diagram proposed by Mei et al. where electrons are injected into the conduction
band and recombine with p*-Si in an ohmic contact. Reproduced from Mei et al.*>?> d) HRTEM
images of as-deposited TiO; 100 nm layers, and Air annealed and forming annealed samples

presenting crystallinity. Reproduced from McDowell et a
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Although, few works have used it for photocathodes, i.e. a CuxO electrode 10 nm-NiO
protected”®* with 70% retained current after 20 min in neutral pH, NiO is reduced in acidic
electrolytes and cathodic HER potentials®*. Its p-type semiconductivity is given by point
defects and Ni** vacancies, and is explained by the Mott-Hubbard insulator theory'*?. The
Ni?* vacancies contribute with extra oxygen in the structure, which is compensated by
oxidation of nickel sites to Ni’" states, electron acceptors®>>*. Changes in these favorable
imperfections due to atomic reorganization caused by temperature treatments, oxygen partial
pressure or different layer growth process are crucial in achieving a conductive layer (Figure
1.16a)!32224:227235.239.290 " ith significant defects portion affecting on transparency. NiO films
are known to present oxygen anions migration under polarization®"!, up to filament
formation®*?, which must be taken in account as stoichiometry modifications can reduce or

enhance conductivity.

Also, nickel is known to be one of the best earth-abundant OER catalysts in alkaline media®**,

where it is highly stable (but not in acid'*?). First trials on nickel-based protective layers were
performed directly depositing metallic Ni on top of the photoelectrode and letting it oxidize
in contact with the electrolyte, but the hydroxide formed is highly porous and permeable***-
24 after oxy-hydroxide species restructuration (migration) during initial operation**,
hydrating up to 10 nm deep. Thicker Ni films, to protect the semiconductor beneath, would

still contain a metallic layer, partially absorbing light and reducing photocurrent'”*,

First NiO protected silicon p-n junction was performed in 1987 presenting several high
overpotential®’’. In 2014, Mei et al.**® used reactive sputtering to deposit 50 nm thick NiO
layers on a buried np’-Si homojunction previously protected with 5 nm Ni, inactive to OER
if no pre-treatment in Fe-containing electrolyte was performed (Figure 1.16b). This achieved
over 300 h stability of silicon photoanodes in 1 M KOH with 14 mA-cm-2 at 1.3 V vs RHE.
Soon after, Sun et al.'*’ reported 75 nm thick RF-sputtered NiO-protected photoanodes giving
30 mA-cm™at 1.73 V vs RHE over 1200 h (Figure 1.16¢ and d), where some defects attributed
to arc-discharges during RF-sputtering were observed and partial oxygen pressure during
synthesis is highly important in resulting conductivity?**. I1I-V semiconductors such as InP
could also be protected with the same kind of layers for over 48 h**® or CdTe, HTJ-Si or a-
Si:H over 100 h***. Significant advance was obtained compared with previous attempts from
2012 with sol-gel NiO reaching ~1 mA-cm™ and losing 50% of performance in 1 h ** or 2013
NiRuOx sputtered to form an heterojunction with n-Si giving over 1 h stability with not much
photovoltage''®. ALD has only been used for NiO electroactive films few times*’, with
Ni(Cp). and O3 as precursors at 275 °C deposition temperature. 3-18 nm thick films were
found more resistive when ALD deposited than by other techniques together with the need of
Fe atoms incorporation for sustained OER current (Figure 1.16e and f).
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Figure 1.16. a) Cyclic voltammograms of NiO layers in 0.35 M Fe(CN)s/0.050 M Fe(CN)s*™ in
1.0 M KCI as supporting electrolyte, demonstrating higher oxygen partial pressure during
deposition reduces conductivity. Reproduced from Sun et al.*** b) Cyclic voltammograms of Fe-
treated NiO thin films on p*n-Si photoanodes presenting initial activation. Reproduced from Mei
et al.*®® ¢) Cyclic voltammograms and d) stability at 1.73 V vs RHE measurement of NiO layers
protecting n-Si and np*-Si photoanodes, where higher photopotential can be observed with a
buried junction and up to 1200 h stability. Measurements in 1 M KOH and 1 Sun illumination.
Reproduced from Sun et al.'¥’ e) Cyclic voltammograms and f) stability measurements of anodes
ALD NiO coated with traces (blue) and saturated (purple) Fe present in the 0.1 M KOH
electrolyte, where higher activity and stability is obtained with more Fe present. Reproduced
from Nardi et al.*>°
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Nickel-based electrocatalysts are known to be enhanced after cycling at positive potentials'*’,

related to NiO hydration to NIOOH?** and incorporation of other metal traces, like Fe**>>!-32
(with higher activated-state stability with higher amount of Fe incorporated®’), Co** and
Ru''®. The surface of nickel oxide is affected in its surface by alkaline electrolytes, forming
oxy-hydroxides and porous nanoflakes with high surface area****® although it is stabilized by
the presence of Co, partially inhibiting oxyhydroxide formation and restructuration®*’. These
hydroxides (Ni(OH),) and oxy-hydroxides (NiOOH), important in various fields of chemistry
and physics**, are not expected to create significant potential barriers with NiO beneath due
to the porous and adaptive junction thanks to abundant electronic states and electrolyte
penetration on first nanometers'***>*. Also, it is known to be the responsible of the efficient

OER catalysis.
c) CoOy

Cobalt oxide (CoOy) is a metal oxide similar to NiO in many aspects. With p-type
semiconductor behaviour and high conduction band edge, it is favourable to hole conductivity
and as electron blocking layer'*?. It is expected to be transparent to large part of visible spectra
due to its ~2.3 eV band gap®**>. It is hydroxylated in contact with alkaline media into
CoOOH, a known stable and active catalyst for O, evolution (OER)*®, forming
nanosheet/nanoflake structures®’*® (Figure 1.17a). Its OER catalysis is highly enhanced by

»% with low

fabricating it already containing Fe** or incorporating Fe from the electrolyte
overpotentials (~250 mV @ 10 mA-cm™), close to NiFe®*’. Depositing few nanometers ALD
CoOy on np*-Si photoanodes up to 30 mA-cm™ were obtained by Yang et at al at 1.4 V vs

RHE in 1 M NaOH and 1 sun illumination stable for 24 h*°,

Bae et al.”** sputter-deposited 50 nm thick NiCoOy protective layers on back-illuminated
photoanodes, reaching stabilities over 72 h and 22 mA-cm™ at 1.23 V vs RHE at pH 14 and

further enhanced by Fe traces incorporation from the electrolyte. Xing et al.”®

co-sputtered
CoOx with 3-8% vanadium 70 nm thick layers on 2 nm Cr protected p'n-Si textured
photoanodes, with almost 30 mA-cm™ at 1.23 V vs RHE. Zhou et al.”*' CoOy protected by
ALD an n-silicon photoanode containing a thin SiO, layer to form a SIS heterojunction,
reaching 570 mV photovoltage and 30 mA-cm™ at 1.23 V vs RHE and stable for up to 2500
h at 1.63 V vs RHE in 1 M KOH (Figure 1.17b, ¢ and d). Burke et al.**® cathodically
electrodeposited Coi-xFex(OH), ~50 nm thick finding that the incorporation of Fe reduced up
to 100 times OER overpotential compared to pure CoOOH thanks to strong Co-Fe coupling
up to 60% Fe, but at higher amounts, conductivity was reduced and the layer dissolved as
FeOOH is soluble in basic mediums unless incorporated in NiOOH or CoOOH. This would
suggest CoOOH acts as “conductive, chemically stable, and intrinsically porous/electrolyte-
permeable host for Fe, which substitutes Co atoms and serves as the (most) active site for
OER catalysis”. Other metals such as Ru or Rh have been combined with CoOy to further
reduce its OER?*. Tung et al.> found one of the causes of long-term instability is volume
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expansion on phase change due to hydroxylation to CoOOH, and thus, nanoscale structuration
can prevent detachment and efficiency loss.
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Figure 1.17. a) SEM image of Co(OH); electrodeposited for 2 min. Reproduced from Jiang et
al.®” b) High resolution cross section TEM images of polycrystalline CoO-protected n-Si
photoelectrode. c) Stability measurement at 1.63 V vs RHE and d) cyclic voltammogram of the

CoOx-Protected n-Si photoelectrode under 1.1 sun illumination in 1 M KOH. Reproduced from
Zhou et al.?!

d) Other conductive protective layers

Back in 1987, Kainthla et al.*** protected n-Si with MnO achieving stable photoanode for 650
h giving 1 mA-cm™ at 1.3 V vs NHE in 0.5 M K,SO; solution. In 2012, up to 20 nm ALD
MnO films were used by Strandwitz et al.''” to protect n-Si and obtained almost 30 mA-cm™
at 1.5 Vvs RHE in 1 M KOH and 550 mV photovoltage, but not stable for more than 10 min.
They also found film thickness increase introduced significant resistance, affecting fill factor.

Transparent and conductive thallium oxide (TLO3) was deposited 3-4 um thick by Switzer et
al.*® protecting an n-Si photoanode. A SIS junction was formed, with over 500 mV
photovoltage and 33 mA-cm™ photocurrent with a Fe(CN)s*"*" redox couple, although
thallium is an expensive material with quite low abundance®®.

~100 nm sputtered n-type Nb,Os formed an heterojunction with p-type GaP in a work by
Malizia et al.**®, achieving 710 mV photovoltage, although its stability was found less than
TiO; protective layers in 1 M HClO, attributed to Nb,Os detachment and thus, Pt cocatalyst
loss (Figure 1.18a). Avoiding pinholes corroding photoabsorber beneath is important, as some
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267

materials such as Nb,Os, with expected good stability in acidic environments=’, will not stop

corrosion from beneath.

For GaP nanowires, Standing et al. *® directly grew a 20 nm electrochemically produced oxide
Ga,0s slightly increasing photovoltage and enhancing stability before depositing either Pt or
MoS;, HER catalysts. The list of possible protective layers will probably increase following
years, as other authors have proposed other combinatorial metal oxides such as CuWOu,
C0304, SnO,, WOs, Ta,0s for photoanodes or BaTiO; and Ta,Os for photocathodes’.

a. C.
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Figure 1.18. a) Stability measurements of GaP photocathodes unprotected (red) Nb:;Os (green)
and TiO, protected (blue) in 1 M HCIO,. Reproduced from Malizia et al®®® b) Stability
measurement of a GalnP photocathode with and without 3 nm MoS: catalyst and protective layer.
Reproduced from Britto et al*® c¢) SEM cross section image of a Cu,O photocathode
AZO/TiO/MoS>+x protected. Reproduced from Morales-Guio et al.'®

Non-oxide materials have also been studied. Among them, MoS,/MoSx, one of the best
performing earth-abundant catalyst for the HER reaction””’, has been used few times not just
as catalyst, but also as protective layer. 1-5 nm of MoS, increases GalnP and Si
photoelectrodes stability (Figure 1.18b)** in acidic electrolytes. However, in 2012 Seger et
al.'” protected an n'p-Si homojunction with 9 nm Ti and 35 nm MoSy, and they attributed
protection to Ti, on a self-limited oxidation to TiO,. Other authors have combined up to 100
nm MoS;x with TiO, to protect Cu,O photocathodes (Figure 1.18¢c) '°**"!. Laursen et al.*’?
protected with MoS; a silicon photocathode by sputtering 10 nm Mo and reactive-annealing
it with H,S at 450 °C, obtaining stable photocathode for 120 h in 1 M HCIO4. Recently, King
et al.?” protected a n'p-Si with 3.7 nm SiO; and ~11 nm MoO,/MoS; (metallic Mo is
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sputtered and further H,S atmosphere annealed) achieving up to 62 days (1638 h) stability
with > 10 mA-cm™ photocurrent at 0 V vs RHE in 0.5 M H,SOs.
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6. Heterojunctions with the protective layer

Creating effective short band gap photoelectrodes requires highly conductive, transparent,
stable and kinetically efficient protective layers and catalysts, but also to maximize the
photovoltage of the system. For sensible-to-corrosion photoabsorbers, the electrolyte will not
be in contact with the photoabsorber due to the introduction of the protective layer in between
and thus, a semiconductor-liquid junction (SCLJ) will not be present to create an electric field
to separate and extract photogenerated charges.

Forming an electronic junction between two different materials (at least one of them a
semiconductor) forms an heterojunction. In this case, the maximum photovoltage of the
photoelectrode is governed by the electronic properties of protective layers, photoabsorbers
and interfacial energetics. Introducing heterojunctions results in a more complex device
(Figure 1.12b-d), meanwhile it opens the possibility for higher photovoltages thanks to a
larger amount of candidates available. Among them, three types of heterojunctions are
considered: Schottky junctions (formed between a metal and a semiconductor), metal-
insulator-semiconductor (MIS) junctions and semiconductor-semiconductor heterojunctions
(composed of different materials).

6.1. Schottky and MIS junctions

In section 5 has been analysed how thin (few nanometers) metallic films can protect a
semiconductor from corrosion, forming a Schottky junction (Figure 1.12b). However with
limited stability and with significant recombination rates and Fermi level pinning caused by
states in the metal-semiconductor interface, limiting electron-hole pseudo-Fermi level
separation and thus, the photovoltage'’®. Even so, selecting appropriate metals with work
functions low for photoanodes and high for photocathodes is mandatory to obtain significant
photocurrents and photovoltages'®. Very small photovoltages are obtained from just directly
depositing Pt or Ni on p-Si, meanwhile 200 mV more can be generated with a p-Si/5nmTi
contact previous to Pt catalyst (Figure 1.19a)'”*!'7 or Ni catalyst'’’ thanks to higher Schottky
barrier created by the favourable work function of Ti.

Introducing few nanometers of insulator materials between the semiconductor and the metal
film (Figure 1.12c), such as SiO, or Al,0;'"*?™, can passivate interfacial electronic states and
enhance energy level separation in the heterojunction (forming a metal-insulator-
semiconductor junction, MIS). Specifically, Al,Os3 is favourable to unpin the Si Fermi level,
giving extra built-in potential. Regarding selected metal, Pt has higher work function than Ni
and increases photovoltage in n-Si photoanodes (Figure 1.19b)*’*. Laskowski et al.'” suggest
high barrier regions are formed when Si is oxidized to SiO, due to electrolyte (pH 9.8 K-
borate buffer) permeability in very thin (~3-5 nm) Ni films, avoiding Ni/n-Si Fermi level

pinning and thus, increasing photovoltage (Figure 1.19¢ and d).

69



Chapter 1 C. Ros

Following this, several works have focused on the passivation of Si surface states with
ultrathin semiconductor layers (0-12 nm) such as TiO, although the junction is formed
between the metallic film on top and the silicon, and thicker intermediate layers will increase
metal to semiconductor separation, reducing formed photovoltage'®’. SrTiO; epitaxial films,
MBE-deposited by Ji et al.?’>*"® on p-Si with patterned 50 nm Ti/Pt catalyst formed a stable
(>35 h in 0.5 M H,S04) and effective photocathode (35 mA-cm™ at -0.4 V vs NHE, 450 mV
photovoltage) when only few unit cells (4-6, ~1.6 nm) of the strontium titanate were
deposited. The space-charge region is formed between the p-Si and metallic Ti, with lower
work function than Pt, as it has a work function similar to p-Si, and would generate small
photovoltage. Although, these insulator layers introduce significant tunnelling resistance if
thicker than 3 nm'®' and do not significantly increase stability to corrosion.
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Figure 1.19. @) Cyclic voltammogram of p-Si photoanodes where higher photovoltages can be
observed if 5 nm Ti is used to form the Schottky junction and Pt on top as HER catalyst.
Reproduced from Sartori et al.'’® b) Cyclic voltammograms of n-Si photoanodes presenting
higher MIS photovoltage if AL:O;s is used as ultrathin insulator layer and Pt as the metal
intervening thanks to its work function, together with Ni as OER electrocatalyst. Reproduced
from Digdaya et al.* c) Cyclic voltammogram and d) scheme depicting the formation of
adventitious interfacial ultrathin SiO; preventing Fermi level pinning due to electrolyte (pH 9.8
K-borate buffer) penetration, and thus, forming higher photovoltage. Reproduced from
Laskowski et al.'™
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6.2. Semiconductor—semiconductor heterojunctions with thick oxides

Similar schemes can be formed with thicker conductive oxides semiconductors instead of
metals (Figure 1.12d), overcoming metal films limitations on thickness and transparency. In
this case, heterojunctions between two semiconductor materials will be formed, where a thin
insulator film can be introduced in the interface avoiding Fermi level pinning if necessary
(forming a semiconductor-insulator-semiconductor (SIS) junction). Similar electronic
structure to section 3.6 will be formed, but doing so with a short band gap material and a wide
band gap metal oxide has a great benefit: the major part of photon absorption will occur in
the short band gap one, collecting large portion of the visible spectra. Also, short band gap
materials such as Si, GaAs or CIGS are very good photoabsorbers, with minimal
recombination and transport losses.

Thicker-than-tunnelling metal oxides have been widely used both to protect short band gap
semiconductors and to generate a built-in electric field. N-type wide band-gap semiconductors
such as ZnO, WOs3 or TiO have favourable energetics to form a heterojunction with p-type
photoabsorbers such as Si, InP or CIGS in a similar strategy to SIS solar cells*”’. In 1996,
Yoon et al. tested a different thickness n-type WO; on p-Si, achieving a better photovoltage
by controlling resistivity, carrier concentration and surface band bending (Figure 1.20a)*’%. In
19987 they electron-beam evaporated 50 nm WOj3 on top of p-Si with 1-2 nm Pt as catalyst,
and the role of a more efficient built-in field is clearly observed when introducing WO3, with
a better HER catalysis when Pt is incorporated (Figure 1.20b). Although, WO3 was found not
to be stable if Pt was not blocking direct contact of WO; with the acidic electrolyte (0.1 M
H,SO4). By the introduction of an indium-doped tin oxide (ITO) layer, Coridan et al.**
demonstrated not such a good interface is formed between WO3 and Si, and the ITO layer
could also act as an ohmic contact, allowing them to create a tandem cell. Wang et al.**' also
demonstrated Fe>O3 heterojunction with n-Si and p-Si photoelectrodes.

Transparent conductive oxides (TCO) such as ITO and AZO were tested, as theoretically
should be good conductive and transparent n-type semiconductors for photocathodes and thus,
form good p-n heterojunctions. ZnO (~3.1 eV) was deposited by Sun et al. as a film and as
nanorods on planar p-Si and nanowire-grown p-Si**, achieving better light absorption and
active surface area thanks to the nanostructures and HER catalysis enhanced by Ni, Pt and Pd
cocatalysts (Figure 1.20c). p-type CuxO electrodes can also form an heterojunction with n-
ZnO reaching more than 7 mA-cm™, although TiO, was required for higher stability even in
1 M NaySOy at reductive potentials””'®. Although, stability was limited to few minutes as

ZnO is an amphoteric metal oxide unstable in alkaline and even more in acidic electrolytes®,
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Figure 1.20. @) Scheme of a p-Si/n-WOj3 heterojunction. Reproduced from Yoon et al.?’® b) Cyclic
voltammgrams of a p-Si, a p-Si/n-WO3 and a p-Si/n-WO3/Pt catalysed photoelectrodes.
Reproduced from Yoon et al*”® ¢) Schemes (top) and energy band diagrams (bottom) of p-Si (left)
p-Si/n*-ZnO (center) and p-Si/n*-ZnO/ZnO-NW (right). Reproduced from Sun et al.***

Designing a photocathode with TiO, as n-type semiconductor and transparent protective
oxide forms a p-n junction when put in contact with a p-type photoabsorber such as Si, InP or
CIGS. Seger et al.>'' deeply studied the built-in fields generated between p-Si and TiO,, and
in the TiO;-electrolyte interface (Figure 1.21a-c), with depletions only possible to be tunneled
through if doping levels are high enough. Lin et al.”* demonstrated the junction formed
between p-InP and 10 nm n-TiO, (Figure 1.21d). Azarpira et al.”*> deposited ~100 nm n-type
Pt-doped anatase TiO; on p-type Cu(In,Ga)Se to form the heterojunction of a photocathode,
with Pt also enhancing HER catalysis (Figure 1.21e and f). 300 mV photovoltage was
achieved, with onset potential at ~ 0.23 V vs RHE but photocurrent saturation (37 mA-cm™)
at -0.3 V vs RHE, significantly worse than a commercial CIGSe PV cell. This is because
directly depositing one on top of the other does not take into account interfacial
recombination, states passivation, etc, which have been circumvented in CIGSe PV devices
by highly optimized superficial pre-treatment, n-type CdS chemical bath deposition and
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multilayer TCO top contact®®®. Thus, directly depositing TiO in top of a short band gap

photoabsorber is a simpler strategy but maybe not so effective as protecting a buried solar

cell?®’,
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Figure 1.21. The effect of annealed and unannealed TiO, protective layers on detrimental
superficial band bending at different potentials a) +0.77 V vs RHE, b) +0.2 V vs RHE and c) 0.0
V vs RHE. Reproduced from Seger et al.*'' d) Heterojunction formed between a p-CIGSe and n-
TiO:Pt film. Reproduced from Azarpira et al*® e) enerby band diagrams and f) cyclic
voltammograms response of an InP/TiO; heterojuncton. Reproduced from Lin et al.*®*

Metal oxide protective layers acting as part of the heterojunctions for photoanodes also
introduce some benefits. Transition metal oxides such as CoOx'****? or NiO*** have high work
function due to oxygen vacancies and cation oxidation states®® what can be used when
designing photoelectrodes heterojunction to increase built in electric field and also as hole
transporter and electron blocking layers. 37 nm sol-gel nickel oxide can form a 300 mV
photovoltage ** and 75 nm sputtered NiO ~350 mV'*” on n-Si. Although, these photoanodes
are far from the photovoltages obtained with buried p-n junctions (550-600 mV)"*" due to
Fermi level pinning in the Si-MOy interface. Almost no photovoltage is obtained with a p-
NiO/n-InP heterojunction due to strong pinning, whereas with a buried p n-InP ~700 mV
were obtained®*®. Zhou et al.”® coated n-Si photoanodes having ~2 nm SiOy or ~2 nm SiOy/
2-3 nm ALD-CoOx with ~100 nm sputtered NiO, and found the thin CoOy interlayer
introduces up to 165 mV extra photovoltage reaching 560 mV helped by the de pinning caused
by the thin SiO, (Figure 1.22a and b). CoOy increases band bending at the interface due to
120 mV larger work function of CoOy in respect to NiO. This way, photovoltages close to
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n'p-Si junctions and 30 mA-cm™ stable for 1700 h (70 days) were obtained. Other p-type
semiconductors such as Fe,03%**?! have been used to form heterojunctions with n-Si.
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Figure 1.22. a) HRTEM cross section and b) cyclic voltammograms of an n-Si/SiO./CoO,/NiOx
SIS junction (green), where higher photovoltage is obtained thanks to 120 mV greater CoO, work
function. Reproduced from Zhou et al.”®® ¢) Band diagram of an n-Si/SiO»/TiO»/Metal/Electrolyte
photoanode presenting hole hopping through TiO; intra-band gap states. Reproduced from
Scheuermann et al.** d) Cyclic voltammograms of n-Si/TiO»/Ni photoanodes treated at various
temperatures, showing SIS junction detrimental effects with high temperature treatments by
reducing states availability in TiO,. Reproduced from McDowell et al.'>*

As explained in section 5.2.3.a), TiO,, although being an n-type semiconductor, has been
reported to be efficiently conductive for water oxidation when grown amorphous, with mid-
bandgap states (~1 eV below the conduction band) allowing hole conductivity by hopping
through them'?*2'4222% after tunnelling through the thin SiO, interface. These energy states
are considered to equilibrate with n-Si Fermi level, generating photovoltage (Figure 1.22c¢).
Ni catalyst was reported to be mandatory for properly contacting these estates through a less
defective TiO; surface and thus, allowing connexion with the OER catalysis'®"'**. The
fabrication process (ALD, sputtering) and specific doping conditions of TiO; (caused by post-
annealing process modifying the Ti states density, carbon contaminants, etc) has been
reported to be highly related to final SIS junction photovoltage in a n-Si/TiO,/Ni photoanode
(Figure 1.22d)'**. Heterojunctions with the amorphous TiO, have also been fabricated with
other photoabsorbers, such as n-CdTe/TiO,/Ni, with 435 mV photovoltage and 21 mA-cm’
2219 If protective layers do not have the optimal energy band levels and interface energetic
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states, degenerately doped layers will screen metallic catalyst work function and limit
performance'®’. Meanwhile, slightly doped protective layers, if thicker, will introduce
overpotentials from electrical resistivity, proportional to metal oxide thickness. To prevent
this, buried junctions can maximize the obtained photovoltage by themselves, not depending

on the protective layer.
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7. Buried homojunctions to maximize efficiency and cell flexibility

As it has been analysed in previous section many efforts have been put in forming
heterojunctions to directly create a built-in field between the metal oxide protective layer and
a short band gap semiconductor. So far, even the achieved photovoltages have been
significant, they are not as high as the ones for short band gap semiconductors reported for
photovoltaic solar cells (with open circuit potentials of up to 750 mV) '"'***, Buried p-n
junctions (Figure 1.12¢) have been proven to generate higher built-in electric fields than SCLJ
or Schottky junctions, decoupling photoabsorbers Fermi level from that of the metallic or
oxide protective layer or electrolyte, also removing a constrain on the catalyst required work
function value'®**. This way, a more flexible device design is possible as each component
(photoabsorber, protective layer and catalyst) can be selected more independently as it can be
observed in Figure 1.23a and b. Thus, several groups have shifted the strategy and worked on
adapting solar cell p-n junctions for water splitting, obtaining the highest reported

performances of PEC cells'*.

Several photovoltaic-used schemes have been studied, being silicon the most implemented
one by far. Not only because is the most used one for solar cells, dominating the solar panels
market, but also because of the simple and robust cell obtained: a monocrystalline silicon
solar cell can be fabricated several tens of centimetres wide, few hundred microns thick and
is robust, not requiring any substrate. Also, as p-n junctions are fabricated in silicon wafers
by dopant diffusion and incorporation in its crystal lattice at fabrication temperatures of up to
1025 °C'3, further thermal steps applied at medium temperatures (up to 500 °C) will not
damage the p-n junction and will retain original output. In a buried junction electrode,
photogenerated charges will migrate to the catalyst/electrolyte interface through protective
layers, acting as conductive contacts: n-type semiconductor protective layers should be
expected to be prone for electron conductivity in photocathodes (Figure 1.23c), and p-type
semiconductors for holes in photoanodes (Figure 1.23d). Although, other strategies such as
mid-band gap states in n-type semiconductors have been proposed for hole conduction (Figure
1.23e) or recombining contacts (Figure 1.23f), as will be reviewed later. As example,
photovoltages as high as 630 mV have been obtained for silicon with buried p-n junctions®*.
Other semiconductors have been tested apart from silicon with same protective and catalyst
strategies, proving these to be highly reproducible in other photoabsorber materials,

increasing device flexibility?**.

1 189 1 296

As it was reported by Scheuermann et a and Wang et. al.”", once a buried junction is
introduced in our device, the requirements of the protective layer or the co-catalyst metallic
film are reduced. Optimal work function metallic films or cocatalysts to create high electric
field with the photoabsorber are no longer needed, widening material selection possibilities.
The protective layer just needs to be chemically stable, highly conductive, transparent and the
surface must not create electronic barriers with the electrolyte, together with being kinetically
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efficient for the HER or OER reactions, normally achieved by the addition of co-catalyst
particles or films. What is equally necessary, though, is that no electrical barriers formed
between the top contact of the p-n junction and the protective layer.
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Figure 1.23. Energy band schemes of a) a junction depending on the photoabsorber/electrolyte
interface or intermediate layers (i.e.: SCLJ, Schottky, MIS, SIS...) and b) a buried junction, only
dependent on the semiconductor materials forming the junction quality (i.e.: n-Si/p-Si,
CIGS/CdS...). ¢) Photocathode protected with an n-type semiconductor layer. d) Photoanode
protected by a p-type semiconductor hole transporting layer. Photoanodes protected with n-type
semiconductors layers thanks to e) mid-band gap states conducting holes and f) contact for
electrons recombining with holes from the photoanode.

Several works have obtained this by creating degenerately doped ohmic contacts, the most
used case for silicon being p'/n" (acting like metals) top contacts in the
photoanode/photocathode buried junction, shielding the built-in electric field from protective
layer’s interaction. Even if an upward band bending is present on the n*/p* surface, its depth
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would be limited to few nanometers due to the high doping level, easily permitting charge
tunneling through these depletions, facilitating the ohmic contact '8“2°%2% Seger et al.
introduced a metallic 5 nm Ti film between n"p-Si and MoS,'” or Ti0,'****, to form an ohmic
contact and to prevent Si oxidation into detrimental insulator SiO, (Figure 1.24a), meanwhile
in a photoanode, for Mei et al.'>* a similar structure acted as an ohmic recombining contact
between holes from p*-Si and electrons from TiO conduction band (Figure 1.24b).

1.% where

An example of the benefits of a buried junction is the work by Scheuermann et a
they tried to maximize n-Si photoanodes with few nm SiO; and SiO,/TiO; layers and Ir
catalyst, reaching maximum 500 mV highly sensible to SiO; thickness, whereas with a buried
n'p-Si junction independent 630 mV were obtained. Similar maximum photovoltages for n-
Si/p-Si  and n'p-Si/p'n-Si  PEC  electrodes  were  obtained by  other
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Figure 1.24. Metallic thin Ti films on degenerately-doped silicon assuring ohmic contacts in a)
a photocathode (Reproduced from Bae et al.'*?) and b) a photoanode, where holes recombine
with electrons from the conduction band of the protective layer (Reproduced from Mei et al.?>?).

Likewise solar cells prospects'®, decreasing fabrication costs by depositing thin film
photoabsorbers on flexible substrates can help on reducing device costs and facilitating
technology implementation”®. CIGS-CdS buried junctions have been adapted for water
splitting®®723%2 " together with their earth-abundant’® equivalent CZTS*3%3% and
In,S5°*3%7 or ZnS**3% to substitute toxic CdS. The capacity of these cells band gap and thus,
photovoltage, to be tuned by compositional variations (1.0-1.5 eV)*® reaching record 741 mV
photovoltages and 37.8 mA-cm™ can help to form tandem cells*'*>"*. Metallic Mo/Ti films
have been used on CIGS/CdS and increased both photocurrent and onset potential, together
with laterally transporting charges and avoiding detrimental interfaces with CdS or Pt
particles, and also helped to protect the p-n junction (Figure 1.25a and b)**’. Efficiently
extracting photogenerated charges in polycrystalline defective materials such as CIGS is
important to enhance photovoltage and current, as charge diffusion lengths are significantly
lower than in silicon®*. In addition, it is known for solar cells that degenerately doped
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transparent conductive oxide (TCO) such as i-ZnO/Al:ZnO have significantly increased
photovoltage®®. For PEC, directly protecting the p-n junction proved for earth abundant
CZTS significantly less effective’'® than including a degenerate TCO in between n-CdS and
TiO; protective layer®®>* (Figure 1.25c¢).

In recent years, several other examples of buried junctions can be found, resembling solar cell
structures with other materials. In 2014, Kast et al.””’ protected a commercial textured n'p
silicon solar cell with 10 nm Ti/50 nm F:SnO»/50 nm TiO; and 2 nm Ir as HER catalyst to
form a photocathode, obtaining onset potentials ~0.6 V vs RHE and >30 mA-cm™. 610 mV
photovoltages were produced by a CoOy protected p'n-Si photoanode® or >550 mV with a

radial np junction on Si nanowires”.

Also, Bae et al. fabricated a silicon photoanode®* and a thinned photocathode (Figure 1.25d
and e)*' to be back-illuminated, a configuration which would easy creating a tandem between
two electrodes for a bias-free reaction. For it, they used similar strategies as previously
reported: degenerately doped p*/n” Si surfaces with 50 nm NiCoOx / 5 nm Ti-100 nm TiO»-
Pt respectively for efficient OER/HER reactions. In back-illumination there is no need for
transparent protective layers, although several tens of nanometers metal oxide layers are some
of the best candidates to chemically protect from corrosion and to catalyze the OER reaction.

In the path of burying the photoactive part of the solar cell, 300 nm thick amorphous silicon
p-i-n junctions could be adapted and protected with 80 nm TiO,, producing 930 mV
photovoltage '*2. Both a HTJ-Si (p*-a-Si|i-a-Sijn-c-Si|i-a-Sijn*-a-Si) and an n-i hydrogenated
amorphous Si (a-Si:H) buried junctions were protected with transparent and catalytic reactive-
sputtered 75 nm p-NiO***, with several hundred hours stability in 1 M KOH and photocurrents
of 35 and 5 mA-cm™, respectively, similar to equivalent solar cell ones. In another work, an
amorphous/crystalline silicon heterojunction (a-Si/c-SiHJ) was fabricated both as photoanode
or photocathode, just inverting where the cell is contacted (Figure 1.25f and g), with > 600
mV photovoltages®'®. This structure reported up to 13.26% solar-to-hydrogen conversion
efficiency, one of the highest achieved so far.

Moreover, by molecular beam epitaxy (MBE) depositing a 100 nm thick p'-InP layer on top
of n-InP (1.3 eV band gap), Sun et al.??® fabricated a photoanode, further protected with
sputtered 70 nm NiO, which was capable to generate 700 mV, whereas thinner InP p" layers
produced ~350 mV. An amorphous p-i-n silicon carbide (a-SiC) buried junction was also
protected with 25 nm TiO, and converted into a photocathode using NiMo as catalyst by
Digdaya et al.*'’, obtaining the 0.8 V photovoltage expected for the buried junction although
limited stability of less than one hour in 1 M KOH was obtained.

Thus, complex buried junction schemes are proven to be readily adapted to PEC with metallic
or degenerately doped intermediate layers, confirming the flexibility and advantages of
protecting buried junctions *%°.
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Figure 1.25. a) Charge transfer diagram from the n-type CdS layer to HER catalyst particles
(top) and with an intermediate metallic conductive film enabling lateral conduction (bottom) and
b) corresponding cyclic voltammograms in 0.5 M Na>SO4 0.25 M NaHPO, and 0.25 M
NaH>POy (aq.) (pH values adjusted to 6.8 by NaOH addition under AM 1.5G irradiation.
Reproduced from Kumagai et al.*® ¢) Energy band diagram of a CZTS/CdS buried heterojunction
protected with AZO/TiO: layers and Pt catalysed. Reproduced from Rovelli et al>® d) Back
illuminated photoelectrode before thinning and e) after thinning to properly illuminate the p-n
Jjunction energy band diagrams. Reproduced from Bae et al.**! Energy band diagrams of p-i-n
amorphous silicon f) a photoanode and g) a photocathode showing the role of ohmic contacts,
enabling the possibility to easily invert the photoelectrode’s structure by simply inverting the
buried junction and selecting different catalysts. Reproduced from Wang et al '
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8. Cell implementation strategies and reactors

In this work, focus has been put on front-illuminated metal oxide or protected photoelectrodes,
the strategy followed majorly by authors in the field. Although, solar energy can be used to
drive an electrochemical reaction in different implementation strategies, with different grade
of external control and device complexity.

8.1. Photoelectrode configuration

Jacobsson et al.>*

have methodically described all the possible transitions from an independent
monolithic PEC device to an electrolyzer powered by Grid-photovoltaic energy, what is

depicted in Figure 1.26.

From a monolithic PEC device (a), the first step is separating with an external circuit the
second electrode (b). It is depicted as a metal, but the second one could be photoactive too,
combining photovoltage in a tandem design (its characteristics will be discussed later). The
second step is introducing a protective layer between the photoabsorber and catalyst, where
the junction can be formed between the photoabsorber and the electrolyte/catalyst or the layer
can intervene in forming a p-n junction (c). A third step is considered if a vertical catalyst
structure is perpendicularly set on the photoabsorber (electrically connected), meanwhile the
rest of the surface has the protective layer (d). This way, light can still reach the photoactive
semiconductor, meanwhile it is no longer possible to form the depletion with the electrolyte,
thus a p-n junction is necessary. Once the vertical catalyst is introduced, next step is directly
encapsulating the photoactive part (i.e. into polymer) instead of using a protective layer (e).
Once completely isolated, there is no more the need of having the photoactive part inside the
electrolyte, and connecting the independent catalyst with a wire to the semiconductor allows
freely locating the absorber inside the electrolyte or outside (f). Last step consists of
substituting the external photoactive semiconductor with connecting the two remaining
catalyst structures with grid photovoltaic (or not) electricity, resulting in a PV-electrolyser
setup (g). Jacobsson et al. have implemented several of the mentioned designs in CIGS

photoelectrodes™”

. As the reader may have realized, the technology readiness is not the same
for all configurations”: both photovoltaics and electrolysers are already commercialised
technologies, compared to PEC ones which are still under significant investigation. But as
discussed in section 1, PEC is designed to work at lower current densities, reducing

electrochemical overpotentials and enabling higher conversion efficiencies.

Throughout the whole introduction the vast majority of research has been focused in
configurations (b) and (c). In-plane electrodes have been reviewed in increasing complexity,
a path to increment its built-in electric field, its photon absorption, stability and catalytic
efficiency.
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Figure 1.26. Scheme of the possible transitions from a monolithic PEC device to a Photovoltaic-
grid powered electrolyser. Reproduced from Jacobsson et al.?

8.2. Tandem PEC devices

For non-externally biased (unassisted) single light absorber electrodes, only large band gap
semiconductors will create enough photovoltage to break the water molecule, meanwhile a
dual absorber tandem structure permits absorbing a larger portion of the solar spectra (Figure
1.27a and b)***'*, As Hu et al.’" calculated, efficiencies higher than 25% should be obtainable
(taking into account earth abundant catalysts overpotential and resistance losses) if band gap
semiconductors of ~1.1 and 1.6-1.8 eV with high performance are found. The short band gap
ones are easy to propose, as candidates are already commercial or under development: Si,
GaAs, CIGS or perovskites, but the ones with larger band gap still requires more research.
Chalcogenides such as CIGS and CZTS have proven the possibility to tune its band gap from
1.0 to 1.6 eV'09:298309320321 "3 also some perovskites®??, what can help in perfect absorption
match for both electrodes to be working in the maximum power point.
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The possible configuration parameters to form a tandem device are vast, and other authors
have already performed thoughtful discussions®®*!#319323324 Eor example, both electrodes can
be photoactive, combining their performance through the external circuit (Figure 1.27c), or
one can be a multijunction photoelectrode, coupled to a metallic counterelectrode (Figure
1.27d). Also, the two photoelectrodes can be connected back-to-back (as in Figure 1.27b) or
both may require frontal illumination (Figure 1.27c). Also, either the HER or OER water
splitting reaction can be performed in front of the short band gap semiconductor or the large
one, what must be decided based on the protection strategy and stability and catalyst selected.
Back-illuminated photoelectrodes are good candidates if the large band gap absorber must be
deposited on top of them?*'** and, in principle, do not require transparent protective layers
or catalysts, facilitating the search of appropriate low cost and earth abundant materials.
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Figure 1.27. a) AM 1.5G solar flux as function of photon wavelength and photon energy. The
colored areas represent the portion that can be harvested using a single band gap absorber
(vellow) or a tandem one (orange + purple) to perform the bias-free water splitting reaction. b)
Tandem monolithic structure with two SCLJ, one front and the other one back illuminated.
Reproduced from Sivula et al.3'® Cyclic voltammograms simulation of c) a two front-illuminated
photoelectrodes tandem PEC device and its schematics (inset) and d) a multijunction
photoelectrode and a metallic counter electrode with its schematics (inset).
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8.3. Electrolyte pH and membranes

Another significant design parameter is the electrolyte pH. As it is commonly known, an
alkaline electrolyte enhances the OER, whereas an acidic the HER one. In half-cell lab
measurements, this is not a problem, but in a full device electrolytes must be either separated
with a membrane or the same electrolyte must be chosen for both electrodes. Also, if no gas-
separator-membrane is present, detrimental back reactions can happen of dissolved gases and
explosive Oy/H, mixtures formed, where a highly pure H, and O, stream is desired'’.
Regarding catalysts availability, Pt, Ir and Pd, or phosphides such as NiP have 100 times
higher H-binding energy in acid (beneficial for HER reaction), and only few earth abundant
metallic catalysts such as Ni-Mo have been found effective for HER in alkaline media®
(Figure 1.6¢). Meanwhile, few expensive catalysts (Ir or Ru) are known to be stable in acid
for the OER and all others including earth abundant Ni(Fe)OxHy require basic conditions*>.
Also, if same electrolyte is used for both reactions, one of the catalysts will have to drive the
water dissociation into H" and OH" before OER and HER can happen, introducing significant
overpotentials, as described in section 2 e).

Regarding this aspect, bipolar membranes allow different electrolytes to be used for each
semi-reaction®?, to have ideal local pHs. These membranes are composed of anion and cation
selective layers transporting OH™ and H', respectively, which reacting in the interface. This
way no gas or electrolyte crossover is present, and respective pH are maintained allowing the
HER and OER to be performed most efficiently. Although, very few studies have been
performed in full-cell membrane-divided schemes.

8.4. Reactor schemes

Lab-scale measurements, with devices ranging at most few cm?, do not have the problem of
current distribution inside the reactor, but large scale devices (several tens of cm?) must take
in account the ionic conductivity of the liquid, and minimize the distance from one electrode’s
surface to the other. Lewis®® identified four possible reactor schemes to implement monolithic
“intrinsically safe” (where H> and O, are generated in separated compartments) PEC
electrodes (Figure 1.28a-d). Nano/microwire electrodes grown integrated with the membrane
would introduce almost null ionic resistance, as ions must only travel micrometer distances.
Some of these include solar concentration of up to 500 times'’, a strategy to minimize device
costs, expected to be significantly higher than bare photovoltaics***. The main drawback of
concentration is increasing the current density on the catalytic surface, which will turn into
significant extra overpotential, together with the trade-off on an increase of temperature,
enhancing electrocatalysis but reducing photovoltaic efficiency. Several other reactor
structures have been analyzed by Minggu et al.**’, for monolithic PEC electrodes or tandem
separated ones, set one behind the other or one next to the other (Figure 1.25e-g).
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Figure 1.28. a-d) Four possible reactor schemes of monolithic PEC reactors with H> and O
generated in separated compartments. Reproduced from Lewis et al.** e) Non-biased PEC

electrode, f) PV-biased electrodes and g) lateraly-connected tandem electrodes with solar
simulator. Reproduced from Minggu et al. 3?8
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9. Resume, perspective and challenges

Renewable energy sources will eventually be implemented globally, together with energy
carriers capable to be distributed and used when necessary. PEC water splitting has
demonstrated to produce hydrogen from solar energy and water with significant efficiencies,
although this technology is not ready for market implementation due to lack of efficient, stable
and scalable photoelectrodes.

In this introduction, the pathway of last decades investigations on PEC water splitting cells
has been analysed. After first discovery of the semiconductor-liquid junction producing few
pA-cm™ photocurrents on TiO,, several other semiconductor materials have been tested and
modified in the search of an efficient, stable and scalable device, with significant advances
obtained. Other metal oxides such as Fe;O3, WO3, BiVOy, or CuO have been nanostructured
and treated to maximize the built-in electric field to enhance electron-hole separation and
transport, together with co-catalyst decoration for a more efficient HER/OER reaction. Metal
oxide photoelectrodes present good stability in oxidizing environments and are scalable due
to earth abundant materials and low cost deposition techniques, but up to now have lacked of
significant photocurrent efficiency.

An alternative approach to overcome this has been adapting short band gap materials such as
the ones used for the photovoltaic industry into PEC, mostly I1I-V semiconductors like GaAs,
CdTe or InP, or earth abundant Si, CIGS and CZTS. 1.0 to 1.8 eV band gap semiconductors
are capable to absorb broad part of the solar spectra, and some of these materials are band gap
tunable by composition variations like In/Ga for CIGS and S/Se in CZTS, easing
implementation in tandem devices. Although, their main drawback is the instability in
aqueous acidic or alkaline electrolytes.

During las decade, metallic films have been deposited on top both as catalysts and to prevent
corrosion, but few nanometer thick layers, thin enough to be transparent, were not passivating
enough. Tunnel-distances-thick oxides present similar problems, as resistance increases
dramatically if more than ~5 nm are deposited. But protecting short band gap photoabsorbers,
containing a buried junction, with semiconductor metal oxide transparent conducting and
protective layers several tens of nanometers thick has enabled more than 1000 h stable
electrodes, with photocurrents and photovoltages resembling photovoltaic cells. TiO, and
NiO have been the most studied and best performing protective layers, the former with Pt or
Ni as HER/OER catalysts and the latter being OER catalytic too.

Yet, electron or hole conduction mechanisms across protective layers are still not fully
understood, in photoabsorber-film interface, across the layer or in the layer-catalyst-
electrolyte electrolytic surface. Especially for TiO, but also for NiO protective layers, the
nanoscale disorder and thus, deposition process and temperature have presented significant
variations among different studies. Moreover, intrinsic stability for these materials for very
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long experiments, intermittent day/night polarization variations, and for all possible
crystallographic structures should not be directly assumed. Especially in highly oxidizing or
reducing electrolytes, as metal oxide protective layers conductivity relies on cationic or
oxygen-deficient electronic structure.
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Figure 1.29. Table presenting best-performing PEC devices reported solar-to-hydrogen
conversion efficiencies by year, and classified by materials used and number of junctions.
Reproduced from Ager et al.'°

In addition, few works have presented complete PEC cells capable to perform bias free solar
water splitting efficiently. As can be seen in Figure 1.29'°, systems based on III-V
semiconductors have achieved 15-18% solar-to-hydrogen (STH) efficiencies, meanwhile
earth abundant materials (silicon or oxides, among others) have reached around 10% STH
quite recently. As examples, Licht et al.**’ obtained 18% conversion efficiency with
AlGaAs/Si tandem cells with RuO,/Pt vertical catalysts, and Peharz et al.**° close values with
GalnP cells connected to an electrolyser with a polymer electrolyte membrane as separator
and under up to 500 suns illumination. Although, III-V semiconductors are grown by very
expensive techniques and thus, scalability is difficult due to price and scarcity. Some authors
have studied reactor schemes and costs, where among several strategies, solar concentration
is expected to facilitate the amortization of costly cells, reactors, gas separator membranes
and pumping systems®. In recent years, more works have published high efficiencies with
earth abundant materials like silicon, oxides or emerging photovoltaic materials'®. The
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Department of Energy (D.O.E.) of the United States fixed a road map for PEC water splitting
pointing at 15% STH and $17.30 per kg H> by 2015, 20% STH and $5.70 per kg H, by 2020,
and ultimately 25% STH and $2.10 per kg H,'. Efficiencies close to the 2015 and 2020 goals
have been obtained nowadays, but on lab-scale devices and with high cost materials.

In order to implement PEC water splitting at industrial scale, efforts must be put into the
fabrication of efficient, stable and scalable photoelectrodes. Stable semiconductor materials
fulfilling these requirements must be researched and, although some examples like WSe have
shown promising results®*!, the best strategy nowadays is protecting photoabsorbers as such
used in PV for long term operation. TiO,, NiO or CoOx have been the best performing
protective layers so far, fabricated by reactive sputtering, CVD or ALD to minimize pinhole
formation. The substitution of high vacuum deposition and time consuming techniques would
reduce fabrication costs if non-pinhole layers can be assured, meanwhile self-limited
corrosion candidates such as native SiO; in silicon protected electrodes in acidic environments
must be found (where it is passivated only where pinholes are present in the protective
layer)'*?. Using the protective layer as antireflective layer will for sure help in increasing
photoelectrodes productivity'®’.

More full cell reactor field tests should be performed for sure next decade to fully understand
complete device stability and degradation mechanisms*?, especially in less-controlled
environments, under day/night intermittent operation, temperature changes and mechanical
impact caused by bubbling or electrolyte pumping®******. Regenerative strategies like
electrocatalyst re-deposition in dark conditions at night could reduce a constrain, increasing

available material candidates®’*3>3%,

Although some authors have claimed demonstration or early-stage commercial devices would
be possible with noble metals if cost-efficiency is matched, earth abundant alternatives must
be researched for large scale deployment®. Bias-free tandem cells will require medium band-
gap semiconductors to be coupled with short ones, and chalcogenides or perovskites (band
gap tunable by composition control) have shown promising results for solar cells'”. In
addition, finding earth abundant transparent and conductive catalysts, especially inexistent for
OER in acid and HER in alkaline, would reduce the constrains on selecting electrolytes and
reactions performed on each side. Protective layers with superficial energetics prone to
enhance HER or OER catalysis would simplify even more the structures. NiO protective
layers surface incorporates Fe and forms Ni(Fe)OOH in alkaline media, one of the most
efficient earth abundant OER catalysts'*’, or MoS; protective and transparent layers have been

recently grown and reported stable in acid with good HER catalysis?”.

Furthermore, during last decade some authors have used photoelectrochemistry for other
reactions besides water splitting. Carbon dioxide reduction reaction (CO,RR) is far more
complex than water splitting, but enables the possibility to extract the greenhouse gas CO»
from the atmosphere and turn it into a reusable fuel or chemical. Commercial products like
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methane or ethanol production from CO, reduction have been studied, which could directly
be incorporated into the actual carbon-based fossil fuels marked, and several other molecules
are possible with appropriate catalysts. The possibility of obtaining liquid products is
especially interesting, as highly simplifies distribution and storage (some of the main
drawbacks for H as energy vector implementation). Main challenges for CO, reduction are
finding appropriate catalysts and stable semiconductors to be placed in direct contact with the
reaction, as the higher required reductive potentials (~1 extra volt) enhance materials

corrosion®*7-3%8,
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10. Scope of this research

The main objective of this thesis is to study efficient and stable photoelectrodes for PEC water
splitting as renewable energy conversion and storage technology for Solar Fuels, using cost-
effective materials and scalable techniques. The thesis is mainly focused on improving the
efficiency of metal oxide photoelectrodes and on stabilizing efficient photoabsorber
semiconductors with protective layers. This includes studying earth abundant efficient
materials already known from photovoltaics and optimizing its adaptation into PEC water
splitting, mainly charge separation and transport to the electrochemical reaction while
avoiding degradation. Some of the specific objectives of this thesis have been:

. Finding appropriate band gap materials to work as photoanodes or photocathodes,
with special interest in earth abundant materials, capable of high productivities
and long lasting stabilities in harsh acidic and basic electrolytes.

. Maximizing the productivity of metal oxide-based photoelectrodes by
nanostructuration and modifying the electronic structure.

. Adapting semiconductors already known from photovoltaic technology as both
photocathodes and photoanodes. This includes monocrystalline or other
configuration silicon cells and alternative semiconductors.

. Inhibiting corrosion of unstable photoabsorber candidates in highly acidic or
basic electrolytes by deposition of protective layers, with special concern on
avoiding detrimental affectations on the photoabsorber efficiency.

. Studying atomic layer deposition as protection technique. Controlling the effect
of deposition parameters to obtain transparent, conductive and stable protective
films.

. Identifying key parameters for efficient conductivity through protective layers

both macroscopically and at the nanoscale. Characterizing protective layers
before and after long-term operation, with special concern on intrinsic
instabilities in harsh electrolytes. This includes identifying the role of introduced
overlayers and interfaces.

. Characterizing protected semiconductors as PEC water splitting photo electrodes,
identifying the elements limiting productivity related to electrical transport and
electrochemical activity.

. Studying the main degradation mechanisms to efficient and long stable
photoelectrodes and identifying possible ways to revert them.
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This chapter is devoted to metal oxide based photoanodes efficiency enhancement by
deposition and fabrication optimization and post-synthesis treatments, capable to modify the
semiconductor light absorption, charge separation and injection into the electrochemical
reaction. Titanium dioxide (TiO») has been de selected to fabricate the photoanode as it is an
n-type semiconductor material known for significant PEC response. As it was discussed in
Chapter 1 section 3, TiO- is reported stable in alkaline electrolytes and at oxidative potentials,
capable to form a SCLJ with the electrolyte, but the significant band gap and high
recombination rates limit their performance. The article included in this chapter focuses on
facing the specific detrimental aspects to maximize their performance.

2.1. Hydrogenation and Structuration of TiO: Nanorod Photoanodes: Doping
Level and the Effect of Illumination in Trap-States Filling

TiO; is a 3.2 eV band gap metal oxide, capable to absorb a reduced part of the solar spectra
corresponding to the UV part. It was the first discovered photoelectrochemically active
semiconductor' and has been one of the most studied PEC candidates®, but the small portion
of visible light converted into photocurrent and relatively high recombination rates are main
challenges we will face.

Rutile TiO, nanorods hydrothermally grown have achieved significant crystallographic order
and thus, enhanced charge mobility. Nanostructured photoanodes allow for significantly
higher TiO» area in contact with the electrolyte to perform the water oxidation, together with
increased light capture. Hydrothermal growth has demonstrated among best performing
synthesis routes for TiO», being a relatively facile and inexpensive route requiring a heated
autoclave containing the precursor materials and the FTO seeding substrate where the
nanorods will hierarchically grow’.

In the first part of this article, we optimized the synthesis by selecting the optimal precursor
concentration in the solution, what increased the nanorods packaging and also film thickness.
Too high concentration resulted in film detachment. As can be observed in Figure 2.1, the
hydrothermal deposition route permits microstructured substrates to be properly covered by
TiO, nanorods, further enhancing the active area and light absorption. Hydrothermal
deposition also includes HCI to create the optimal environment and with CI” ions, known as
responsible of the hierarchical growth, and requires thermal post-treatments (previously
optimized in our group) to eliminate the major part of these ions, incorporated in the
crystalline structure”,
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Figure 2.1. a) SEM image of a microstructured TiO, photoanode. b) SEM zoomed image,
revealing TiO; nanorods covering the FTO substrate.

During experiments, incident photon-to-current efficiency (IPCE) measurements revealed
significant differences in monochromatic low illumination conditions due to non-filled trap
states, and the presence of a light bias was found to increase the effective available charge
carriers and to fill trap states. This allowed IPCE measurements better resembling real
working conditions (Figure 2.2a).

In a second part of this article, hydrogen post-treatment is used to optimize material’s doping
level through a reductive process, generating oxygen vacancies. Temperature is optimized so
that the hydrogenation caused the optimal states quantity. Depletion layer width adapting to
rod’s thickness (and thus, the electric field inside the rod) is proposed as the responsible of
enhancing charge extraction (reducing recombination and back-reactions), and thus, overall
performance, together with increased conductivity by higher doping level (Figure 2.2b). IPCE
also revealed the increment in the photogenerated current has been shown to come from a
better conversion in the UV part rather than creating states capable to reduce band gap and
permit visible light absorption and conversion into photocurrent. Optimized photoanodes
reached photocurrent values up to 1.2 mA-cm™.
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Figure 2.2. a) IPCE conversion efficiencies of a TiO> photoanode taken with (empty circles) and
without light bias (solid circles). IPCE was measured at 0 V vs Ag/AgCl in a 1 M NaOH
electrolyte. Photocurrent densities from integrating the IPCE values to the solar AM 1.5G solar
spectra are calculated and indicated. b) Scheme presenting band-bending model for TiO;
nanorods with an average radius of 100 nm: (a) without any treatment, (b) with the optimal

treatment, and (c) with an excessive treatment.
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ABSTRACT: Both electronic properties and light absorption

are key features in materials engineering to achieve efficient ”

photoelectrodes for water splitting. Adjusting the potential "

drop inside the nanostructured semiconductor material - .' '-._, i s

through modification of the electronic properties is mandatory 33 50 I'-*Sh‘ bias | 1

to drive efficiently the photogenerated charges. In this work, a w Ly ’ \

hydrogen reduction treatment on titanium dioxide rutile B s i \

nanorod based photoanodes has been performed in order to T = S \

adjust the donor density to maximize electron—hole 10 \:
0

separation. Also, incident photon-to-current efficiency
(IPCE) measurements and the effect of a light bias have
been elucidated, finding relevant differences in low illumina-
tion conditions due to nonfilled trap states. A physical model is
proposed to show the role of the donor density on the overall performance of the photoanodes under study. The obtained
productivity was enhanced by structuring the conductive glass substrates where TiO, nanorods were grown, resulting in a 20%
increase of the photocurrent density.
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Wavelength / nm

1. INTRODUCTION spectrum is harvested.”* Nonetheless, TiO, is still attractive
because, thanks to its excellent performance as protective layer
and good photoelectrochemical properties toward oxygen
evolution reaction (OER), it is being used in the most
advanced photoelectrodes recently developed.'"*™*

Among the plethora of nanostructured TiO, synthetic routes

In the 1970s, Fujishima and Honda demonstrated the capability
of TiO, to perform photoelectrochemical (PEC) water
splitting, absorbing UV light and dissociating water into
hydrogen and oxygen in a single step.' Since then, much
research has been done toward photoinduced water split- iz
ting,”~* but PEC requirements are sgll so stringent that thefe is dew_'eluped during the past years,”" dense and vertically a!igned
not yet any single cost-effective material capable of overcoming rutile nanorods grown by hydrothermal methods on fluorinated

the 10% solar to hydrogen (STH) efficiemcy needed to make tin oxide (FTO)-coated glass substrates have proven to be one
5 of the most successful processes in terms of STH efficiency.

This configuration maximizes the active surface area and
reduces the number of TiO,/substrate interface recombination
centers,”" as the substrate (i.e., fluorinated tin oxide, FTQ) acts
as a seed layer for an epitaxial growth. Furthermore, relying on
the high temperature and pressure involved in the hydro-

the technology marketable.”” Among these requirements, at
least a 1.8 eV band gap material, no corrosion in aqueous
environments, and appropriate conduction band and valence
band positions that straddle water oxidation and reduction
potentials are conditions that have reduced the possible
materials to a few.""

Among them, metal oxides such as T10p -1l Fe,0, 12-14 thermal process, the crystallinity of the obtained TiO, is of
BNOJ,'““ and WO, 19=21 Lo B anctretsd o be somiaof extreme quality, which hinders the amount of defects along the
the most reliable matcrials to be implemented in PEC systems, nanorods.
where the former one presents the highest stability and reduced
cost.”* However, rutile titanium dioxide has a 3.0 eV band gap, Received: December 19, 2017
limiting the maximum STH efficiency to a mere 22%" Revised:  January 23, 2018
(corresponding to 1.8 mA em™), as only 5% of the solar Published: January 23, 2018
V ACS Publications  © 2018 American Chemical Society 3295 okt Cﬂ?;.g?l&\]r;;.»;;;;t;;;i
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In an attempt to enhance the electronic and absorptive
properties of TiO,, scientists have tried to tune its band gap
using additives or do})ams such as Nb, W, or Fe'™ or by
ammonia treatments’"** but the results obtained so far have
not been conclusive and their performance underwhelming.
Other authors have also tried to modify electronic properties of
titania by electroreducing the material. e

Some studies have proven that hydrogenated TiO, nano-
powders show an enhanced visible liﬁht absorption by adding
disorder into the crystal lattice,””" ™" thus creating intraband
gap energy levels;"' ™" however, the role of these levels has not
been completely elucidated. In fact, the increased efficiency of
hydrogenated 110, photoanodes has been attributed to the
increment of charge carrier density by oxygen vacancies****
and the introduction of surface states auspicious for the
OER“H.-!{.

In this work, we present an optimization of TiO, nanorods
photoanodes growth process and heating treatment under a
hydrogen reductive atmosphere of different duration and at
different temperatures, together with substrate patterning for
higher active area. A full photoelectrochemical characterization
was carried out, paying special attention to the incident photon-
to-current efficiency (IPCE) measurements and the effect of a
light bias, which is analyzed to be significantly influenced by the
extra donors created by the hydrogenation treatment. Working
under 1 sunlight bias presented noteworthy differences,
pointing out to the need of a light bias for IPCE measurements
due to nonfilled states in low light conditions. These findings
should encourage other authors to study the need of a light bias
in their experiments, or results not representative of the device’s
working conditions may be obtained. Proper IPCE measure-
ments are especially important for large band gap materials, as
these measurements are independent of the used spectra and
commercial light sources can have significant deviations from
AMLS5G spectra in the UV range.”""" Substrate structuration is
known from photovoltaics'” but has been analyzed for the first
time in water splitting photoanodes up to our knowledge, and
we report it is enhancement of device’s productivity.

According to the obtained results, we also proposed a model
to explain the relation between the increase of charge carrier
density and the efficiency improvement of the treated
photoanodes.

Combining the strategies of optimization of the growth
process, application of a reductive hydrogen treatment, and
substrate structuration, we were capable to fabricate a TiO,
photoanode with photocurrents up to 1.2 mA em™ and IPCE
conversion efficiencies over 65%.

2. MATERIALS AND METHODS

2.1. Photoelectrodes Fabrication. TiO, nanorods were
grown by hydrothermal synthesis on fluorine-doped tin oxide
(FTO) conductive substrates of 20 cm? (4 X 5 cm?). Substrates
were previously cleaned by sonication for 15 min with a
deionized (DI) water, acetone, and isopropanol {1:1:1)
solution followed by abundant rinsing in DI water and finally
dried under a nitrogen stream. Electrical contacts were made by
partially covering the substrates with a Teflon film (1 X § cm?)
prior to TiO, deposition. Teflon was chosen due to its
resistance under acidic and moderate temperature conditions.”’

Teflon-covered FTO substrates were set at an inclination of
45° with the conductive side facing down in a 250 mL Teflon
cylindrical reaction chamber. A 100 mL solution was
introduced, 18.5 vol % HCI with either 1.36 or 1.53 mL of

3296

titanium butoxide to achieve 40 and 45 mM precursor
concentrations, respectively. The Teflon container was sealed
into a stainless steel reactor (Parr Instruments Co.), heated up
to 200 °C at 2 °C/min, maintained at 200 °C for 120 min, and
cooled down to room temperature. Samples were then
sonicated in DI water for 10 min and annealed at 500 °C for
120 min under air conditions to remove any residuals from the
synthetic process.''

We grew two sets of samples using a 40 mM titanium
butoxide precursor solution and two more with a 45 mM one.
Higher concentrations created thicker TiO, layers that
detached from the FTO substrate.

These samples were then cut into 40 smaller samples (~1 %
2 em?) with part of the FTO exposed for electrical contact. All
samples were fully characterized and measured in a quartz PEC
cell before being subjected to further treatments in order to
compare each sample before and after the modifications.

Ten of the samples were annealed under a pure H,
atmosphere in a sealed Alumina furnace, which was purged
with Ar for 15 min, filled with H, for 15 min, and heated at
different temperatures ranging from 210 to 430 °C with 5 °C/
min ramp rate and two different dwell times of 30 or 60 min.

Samples were labeled as TNR—precursor concentration
(mM)—dwell time (min)—temperature treatment (°C) (ie.,
TNR-40-30-320).

To obtain the structured substrate, S00 nm of polycrystalline
silicon was deposited by chemical vapor deposition (CVD) on
a quartz wafer, followed by deposition of a photoresist exposed
with a mask having a pattern of 10 ym in diameter circles
separated 90 um in a square configuration. A wet etching
procedure with a HNO, and HF solution was used to transfer
the pattern to the polysilicon. A second wet etching process
with HF (40 vol %) for 24 min was conducted to pattern the
quartz prior to FTO and TiO, deposition. The structured
substrate was covered with a 550 nm thick layer of FTO (10
Q/square) by CVD.

2.2. Characterization. TiO, nanorods morphology was
observed with a Zeiss Series Auriga field effect scanning
electron microscope (FESEM). Structural characterization was
carried out by X-ray diffraction (XRD) in a D8 Advance Bruker
equipment with a Cu Ker radiation source working at 40 kV and
40 mA. The XRD spectrum has been normalized to the TiO,
peak. X-ray photoelectron spectroscopy (XPS) measurements
were recorded on a PerkinElmer 5600ci spectrometer at a
pressure lower than 107 mbar, using a nonmonochromatized
Al Ka excitation source (1486.6 eV). Transmission spectrum
was obtained with a Pekin-Elmer UV—vis—NIR Lambda 950
spectrometer.

The photoelectrical measurements were obtained with a
Princeton Applied Research PARSTAT 2273 potentiostat using
saturated Ag/AgCl/KCl as reference electrode and a platinum
mesh as counter electrode. The quartz PEC cell was filled with
100 mL of 1 M NaOH electrolyte. Mott—Schottky measure-
ments were collected with a Biologic VMP-300 potentiostat at a
frequency of 500 Hz in dark conditions.

Cyclic voltammograms and (at a scan rate of 20 mV/s),
saturation, and Faradaic efficiency measurements were obtained
using a 300 W xenon lamp with an AM L5 solar spectrum filter
under the appropriate distance to receive 100 mW cm™ (1
sun). Faradaic efficiency is measured collecting the generated
H, bubbles with and inverted buret and calculated as presented
in Supporting Information. IPCE measurements were per-
formed with an Abet 150 W xenon lamp coupled with an Oriel

DOl 10.1021/acs jpoc. 7b12468
4. Phys. Chem. C 2018, 122, 3295-3304
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Figure 1. (a) Top view and (c) cross section SEM images of TNR-40 samples. (b) Top view image of a TNR-45 sample and (d) cross section. We
can see an increase in density and length of the nanorods with higher precursor concentration.

Cornerstone 260 monochromator, using light pulses of 100 s
with 20 s dark, and a light spot smaller than the sample. Light
biased IPCE measurements were performed with monochro-
matic light reaching the sample from the TiO, side and 1 sun
illumination from the substrate side, as detailed in Figure 1.
IPCE is calculated as

12410 3 (nm % pW x A™) x ke (A)

IPCE (%) = x 100

7 (nm) X Py (W)
(1)
where j, is the photocurrent generated by the monochromatic
light, 4 is the wavelength, and Py, is the light intensity
absorbed by the sample coming from the monochromator.
The half-cell solar-to-hydrogen (HC-STH)™' conversion
efficiency is given by
jon % (Eno/0, = E)
HC-STH (%) = 2= P"‘ :

sun

x 100
(2

where ji;, is the photocurrent density obtained under an applied
bias (E), Ey o0, is the equilibrium redox potential of oxygen
evolution reaction (1.23 V vs NHE), and P, is the standard
solar irradiation, 100 mW cm ™

3. RESULTS AND DISCUSSION

3.1. Characterization Prior to Hydrogen Treatment.
SEM images of the samples grown from 40 and 45 mM
precursor solution concentrations presented TiO, tetragonal
nanorods over FTO substrates (Figure 1). The increasing
precursor concentration resulted in a longer (5 and 6 uym for
TNT-40 and TNT-45, respectively) and denser concentration
of nanorods. In both cases we observed a dispersion in the
nanorods diameter, from tens of nanometers up to few hundred
nanometers. Looking closer, the nanorods seem to be formed
by a mesh of thinner square-section fibers. The nonverticality
and disperse thickness can be attributed to the rough FTO
substrate.” The rutile phase is more favorable to grow on the
FTO substrate due to lower lattice parameter mismatch (<2%)
than anatase (~19%)."" By Xray diffraction spectroscopy
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(XRD) the rutile phase is confirmed together with FTO, with
no traces of other TiO, phases. Upon annealing treatments, no
structural modifications could be seen (Figure 2).

——TNR-40
109 — TNR4s
o 0.5+
£
°
E 0.04 >
=
0.5+
44 A2 70 08 08
10 : . Etvi‘llu 0
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Figure 2. Cyclic voltammograms under 1 sun illumination of TiO,
nanorods with 40 mM precursor concentrations (black) and 45 mM
(blue) with a scan rate of 20 mV/s in 1 M NaOH as electrolyte. Inset:
voltammaograms in dark conditions.

In Figure 3, UV—vis transmittance spectra of TNR-40 and
TNR-45 samples are presented, where a 3.0 eV bandgap can be
measured, as expected for TiO, nanorods having rutile crystal
structure. All UV wavelengths shorter than the band gap are
totally absorbed by the sample (0% transmittance). From the
visible region, we observe a 70% transmitted light. This
absorption can be attributed to light scattering coming from the
TiO,, the FTO layer, and the glass substrate. TNR-45 has a
slightly lower transmittance, attributable to higher scattering
from a thicker and denser layer.

All samples were photoelectrochemically characterized before
hydrogen treatment. In Figure 2, two cycles of cyclic
voltammograms under illumination and in the dark (inset)
for rutile nanorods samples are presented. In dark conditions,
the reduction peak corresponding to traces of dissolved oxygen

appeared in the —1 V vs Ag/AgCl region. This peak is assigned

DOl 10,102 1/acs jpec.7b12468
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Figure 3. IPCE profiles of TNR-40 (2) and TNR-45 (b) samples with
(empty circles) and without light bias (solid circles). IPCE was taken
at 0 V vs Ag/AgClin a 1 M NaOH electrolyte. Photocurrent densities
from IPCE integration are indicated.

to surface-related electron trapping occurring at interparticle
grain boundaries, corresponding to trap sites with energies
inside the band gap;m"\: this confirms the active area effect, as
with thicker and longer nanorods for TNR-45 more grain
boundaries are present.

Under 1 sun illumination, an anodic current is obtained in
both samples confirming the n-type semiconductor behavior. A
higher photocurrent density is achieved in the case of the 45
mM concentration sample. As it was previously mentioned, a
higher surface area is pointed out by the cathodic peak
presented in Figure 2 inset, related to surface states. Together
with the thicker and denser layer shown in Figure 1, meaning a
higher TiO, mass load, photocurrent increment with precursor
concentration is attributable to a better light absorption and
conversion, as less photons will reach the FTO layer and more
active area is available for the electrochemical reaction.

TNR-40 samples presented an average photocurrent dcnsi?
of 0.76 mA cm™, whereas TNR-45 reached 0.90 mA cm™.
These values are in the same range of photocurrent for
nontreated TiO, photoanodes among the literature,' ' *#53%¢
In Figure 4, the photocurrent density values of all samples with
both precursor concentrations are presented, measured at 0.6 V
vs Ag/AgCl, which consistently confirms the increment of
photocurrent density at higher precursor concentration.

IPCE of two representative samples from both TNR-40 and
TNR-45 are plotted in Figure 3. We can clearly see that both
samples show similar IPCE profile as they are both bare TiO,
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Figure 4. Cyclic voltammograms under 1 sun illumination of TNR-40
before and after treatment at 320 °C for 30 min with a scan rate of 20
mV/s in a 1 M NaOH electrolyte. Inset: voltammograms in dark
conditions,

nanorods, but TNR-45 performs slightly better in the UV
region (Figure 3b). We also measured the IPCE under 1 sun
illumination. In these conditions, we report significantly
different IPCE profiles for both samples, obtaining a quite
flat efficiency profile at wavelengths lower than the band gap
(higher energy), with slightly higher values for TNR-45 (as
expected as these samples give higher total photocurrent
density).

From IPCE spectra integration (see Supporting Information,
eq 1) the photocurrent density we should get under 1 sun
illumination was calculated. Both samples presented signifi-
cantly reduced photocurrent densities without light bias (0.56
mA cm™ for TNR-40 and 0.44 mA ecm™ for TNR-45), which
are far from the experimental results obtained from
voltammetric measurements, corresponding to 0.75 mA cm™
for TNR-40 and 0.87 mA cm™ for TNR-45. When a light bias
is applied to the system, the calculated photocurrent densities
from IPCE measurements are closer to those obtained from the
cyclic voltammograms, being 0.83 mA cm™* for TNR-40 and
0.86 mA cm ™ for TNR-45 (Table 1).

Table 1. Photogenerated Currents at 0 V vs Ag/AgCl
Measured by Cyclic Voltammograms, Integrated IPCE, and
Integrated IPCE under a Light Bias

sample jov (mA em™)  jpoy (A em™) i per (mA em™)
TNR-40 0.75 0.36 0.83
TNR-45 0.87 0.44 0.86

Light bias affects in the same way to samples from both
precursor concentrations. This can be attributable to variations
only in the layer morphology giving higher surface, with no
significant modifications in the electronic structure.

Applying a light bias to TiO, generates extra photoexcited
electron—hole pairs. In a defective material such as titania, the
presence of trap states is expected from oxygen vacancies and
hydroxyl groups.””" Trap states are detrimental for charge
extraction, as they will act as recombination centers, reducing
the measured photocurrent under very small illuminations
(such as the few microwatts illumination generated by the
monochromator for a single wavelength). A 1 sunlight bias
creates electron—hole pairs which fill trap states, allowing free
electrons and holes to be measured as photocurrent. This
phenomenon has been previously observed in other semi-

DOl 10.1021/acs jpec. 7b12468
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conductor materials.”*** Having these trap states occupied
significantly reduces the recombination rate, leading to more
realistic IPCE measurements. The described phenomenon is
more remarkable for the shortest wavelengths which are
absorbed within the first nanometers of the TiO, surface, where
the density of defects is higher due to crystallographic
terminations, reducing IPCE conversions for wavelengths
shorter than 380 nm. Thus, it is essential to perform IPCE
measurements under a light bias, closer to real operation
conditions, or we will be underestimating the photogenerated
current, especially in the near-UV region (330—380 nm).

We also tested the capacity of these TiO; nanorods to be
used under higher illumination intensities, obtaining no
saturation up to 500 mW em™ (5 suns) for TNR-45;
meanwhile, TNR-40 seems to start saturating after 4 suns
(Figure 5). This also corroborates the higher area of the TNR-

304
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Figure 5. Relative increase of the photocurrent density after hydrogen
treatments at different temperatures for 30 min (empty circles) and 60
min (solid circles). Treatment at 430 °C for 60 min (arrow) degraded
the FTO substrate, significantly decreasing the sample’s performance.
Measurements at 0.6 V vs Ag/AgCL

45 sample. High saturation intensities would allow these
photoanodes to work under solar concentration and would be
meani?gfui to reduce full-device fabrication and integration
costs.™

3.2. Characterization after Hydrogen Treatment. All
samples were subjected to hydrogen treatment, at different
temperatures ranging from 210 to 430 °C and at two different
dwell times of 30 or 60 min. At temperatures above 370 °C,
FTO substrates started getting darker and decreasing its
conductance. This effect is commonly accepted to be due to a
reduction of the tin (Sn) present in the FTO substrate from
$n** (Sn0,) to Sn (metallic) or other nonconductive suboxides
such as SnQ. As a result, the substrate resistance is increased (at
430 °C) as well as its roughness, leading even to a detachment
of the FTO from the glass (at 470 °C), what destroys the
sample.”’

We could also note that TiO, nanorods did also change its
color, looking yellowish white at 320 °C and grayish at higher
temperatures, although this is difficult to distinguish over the
FTO change to dark gray.

UV—vis transmission spectra (Figure 6) confirmed that
treatments did not modify the band gap of the samples. On the
other hand, a reduction of transmitted light for energies lower
than the band gap (in the visible region) can be observed for
samples treated at higher temperatures (320 and 370 °C). This
is considered to be caused by the creation of deep levels inside
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Figure 6. IPCE profiles at 0 V vs Ag/AgCl with (empty circles) and
without (solid circles) light bias for samples (a) TNR-40-30-320 and
(b) TNR-40-30-430. Photocurrent densities from IPCE integration are
indicated in the graph.

the band gap that can be inferred from the 10% increased
absorption at 425 nm compared with a 3% at 650 nm.

In Figure 4, cyclic voltammograms of an untreated (TNR-
40) and treated sample at 320 °C (TNR-40-30-320) are
presented. In dark conditions (inset), the treated sample shows
a wider peak at —=0.9 V vs Ag/AgCl. As previously mentioned,
this peak is attributed to the filling of trap sites related to grain
boundaries, and its widening is related to surface traps having
deeper energy levels inside the band gap.'”™ Under 1 sun
illumination, an improvement of the open circuit potential
(V) of the treated sample is observed. This shift of the V. to
negative potentials can be attributed to a rising in the Fermi
level, as the donor density increases with the reduction process
caused by the annealing under a H, atmosphere. By its
reductive action, extra oxygen vacancies are created in the
surface and nearby positions, promoting shallow donors near
the conduction band and thus shifting the Fermi level closer to
the conduction band.'""*" Indeed, in Figure 7 is represented all
V,. before and after hydrogen treatments for each sample
showing an average shift of 45 mV toward more negative
potentials. Moreover, the shift of the V. was translated into an
increase in the photocurrent density respect to the nontreated
sample. In order to evaluate the hydrogen treatment effect at
different temperatures and times on the photocurrent density
of the photoanodes, in Figure 5 the ratio between photocurrent
densities before and after the treatment for each temperature
and both sets of dwell time is depicted.

DOl 10.1021/acs jpec. 7b12468
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Figure 7. IPCE profiles of the same sample before (solid circles) and
after (empty circles) the treatment at optimal parameters (30 min and
320 °C), in both cases under 1 sun bias and at 0 V vs Ag/AgClin 1 M
NaOH.

In Figure 6, the IPCE measurements of two representative
photoanodes, light biased and nonbiased, are compared. At the
top part, the results of a photoanode which had undergone a
moderate treatment (TNR-40-30-320 (Figure 6a) are pre-
sented, in which we can appreciate a notable increment on the
near-UV region (320—380 nm). This sample presented a
photocurrent density of 0.89 mA em™ in cyelic voltammogram
measurements under real conditions while by integrating the
IPCE curve without bias, only 0.63 mA cm™* is obtained;
meanwhile, under light bias, 0.90 mA cm™ is obtained.

On the other hand, a photoanode treated at higher
temperatures (TNR-40-30-430 (Figure 6b) led to photocurrent
densities of 0.81, 0.81, and 0.85 mA cm™ from the
voltammetry at real conditions, integration of IPCE with no
bias, and integration of IPCE with bias, respectively. The reason
for such a small difference in the IPCE between the heavely
treated sample with and without light bias can be explained as
follows: heavily treated samples (Figure 6b) introduce

A maximum relative increment was found at temperatures
around 320 °C for both 30 and 60 min treatments. However,
lower relative increments were observed in all samples treated
for 60 min. This effect is due to a time-dependent reductive
effect, where more superficial TiO, is reduced and a higher
number of surface vacancies were created for longer periods
under a H; atmosphere.''*”*** This raises the Fermi level but
also creates extra recombination centers, where photogenerated
carriers can recombine, reducing the capacity of the material to
effectively separate and transport the photogenerated electron—
hole pairs. We must consider that the substrate degradation
under reductive atmospheres starts at 370 °C, which makes it
impossible to determine if the H, temperature treatment has a
maximum of performance at 320 °C or other substrates capable
of resisting such conditions could allow even higher photo-
currents increase without being reduced its conductive
performance.

We measured IPCE of all hydrogenated samples (Figure 8)
at different temperatures and treatment times, with two
representative photoanodes presented in Figure 6. It can be
initially seen that zero IPCE conversion is measured at
wavelengths below the band gap for all treatment temperatures;
thus, the intra-band-gap levels detected in Figure 6 (which
absorb light and give its darker color to the treated samples) are
inactive, and so no photocurrent comes from the visible region.
These intra-band-gap levels are significantly below the H,O/H,
reduction potential.””

significant oxygen vacancies, meaning a very high donor
density, shifting the Fermi level closer to the conduction
band, and filling some of the trap sites without the need of light
bias.

To confirm this increment of the donor density in the treated
samples, Mott—Schottky measurements were performed,
presented in Figure 7. The hydrogenation process is found to
increase donor density from 3 x 10" em™ for a pristine sample
to 1 X 10" em™ with an optimal treatment (320 °C). Treating
the sample with higher temperatures gives less photocurrent
increment (as seen in Figure 5) and presents a different Mott—
Schottky plot, with higher donors density active in the —0.3 to
0 V vs the Ag/AgCl region.

To summarize all the obtained results, a model is presented
in Scheme 1 to illustrate the proposed mechanism as a function
of the donor density level (low, optimum, and too high),
similar to the one presented by Pesci et al.”’ The depletion
width (W) in a semiconductor is calculated following eq 3!

[26qe,10.1

eNp

W:
(3)

where &, is the relative dielectric constant of the semiconductor
(170 for rutile Ti0,""), & is the vacuum permittivity (8.85 X
1072 C* N™' m™), ¢ is the fundamental electric charge (1.602
x 107" C) and fy is the maximum potential drop in the
depletion layer, and at 0 V vs Ag/AgCl, ¢ = 0.8 V vs flat band
potential. For nontreated samples, a donor density for bare
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Figure 8. XPS measurements of TNR-40-60 samples in the Ti 2p and O s regions.
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Scheme 1. Band Bending Model for TiO, Nanorods with an
Average Radius 100 nm: (a) without Any Treatment, (b)
with the Optimal Treatment, and (c) with an Excessive
Treatment”

a) Non doped b) Optimally doped

¢) Excessively doped

“W is the depletion region width, E, is the conduction band edge, Ej. is
the de Fermi level energy, and @ is the potential drop within the
depletion region.

TiO, of 3 X 10" cm™ was considered. A depletion width of 71
nm is obtained, being larger than half of the nanorod diameter
(75—100 nm diameter). This gives fully depleted nanorods
(Scheme la). The potential drop inside the nanorods will be
lower for fully depleted semiconductors, as dimensions are
smaller than the depletion width. With weaker electric fields,
the electron—hole separation is hampered, and consequently,
higher recombination rate and back-reaction surface rates are
derived.

After the reductive treatment, extra oxygen vacancies are
created, increasing the free electron density in the semi-
conductor. With a higher donor density, corresponding to the
samples treated at 320 °C, the Fermi level is raised and the
depletion width is decreased. Calculating the depletion width
with eq 3, with a donors density of 1.05 X 10" em™,
dimensions of around 40 nm are achieved, giving fully depleted
nanorods but with a potential drop similar to the bulk case
(Scheme 1b). This means the presence of higher electric fields,
which increase the electron—hole separation and thus less
recombination, enhancing the photogenerated current.

When samples are treated under higher temperatures (370
°C and beyond), the donors density increases even more.
Taking a donor density of 1.45 X 10'? em™, a depletion width
of 32 nm is estimated. As Figure 9 shows, the Mott—Schottky
plot for an overtreated sample presents two slopes, pointing at
deeper change under excessive treatment. Under this condition,
the depletion region width is thinner than the diameter of the
nanorods, resulting in higher recombination rate, especially in
the inner region where no electric field is developed. Combined
with the FTO substrate degradation, the photogenerated
current is lower in this case.

In Figure 7, a comparison of the [PCE measurements under a
light bias is presented for the same sample before and after the
treatment at the optimal values, 320 °C for 30 min. The
integrated IPCE increment achieves 0.9 mA em™?, really similar
to the 0.88 mA cm™ measured in cyclic voltammetries at 1 sun
illumination and 0 V vs Ag/AgCl (Figurc 4), proving very good
accordance of both measurements. Comparing our results with
Wang et al,,™ without the light bias when performing the IPCE,
conversion efficiency calculated from the IPCE data and from
measured photocurrent have a 30% mismatch. This is a similar
difference to the one found in Figures 3a,b and 6a of our work
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Figure 9. SEM image of a structured substrate with grown TiO,
nanorods.

when no light bias was used during the measurement,
confirming the need of a light bias for proper IPCE
measurements.

In addition to the optimization of the doping level and band
bending within the semiconductor, other effects on the surface
caused by the hydrogen treatment must be taken into account.
From the XPS measurements (Figure 8), we clearly see how
this treatment creates hydroxyl groups (OH™). This is shown as
a broadening in the O 1s region, more specifically at 532
eV.""** This corresponds to the Ti—O—H bond, significantly
increased in TNR-40-60-320 sample (the one with higher
performance of its set). The presence of hydroxyl groups in the
surface of TiO, photoanodes has been reported by many
authors as related to faster kinetics for OER reaction, through
the creation of favorable surface states.””"*

Finally, we evaluated the hydrogen production rate and
Faradaic efficiency of the best performing sample (TNR-40-30-
320) under 1 sun illumination (Figure 10). We obtained a
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Figure 10. Cyclic voltammograms of TiQ, nanorods grown on a flat
substrate (black), on a structured one (blue), and on a structured
substrate and further treated under a hydrogen reductive atmosphere
at 320 °C for 30 min (red), under 1 sun illumination with a scan rate
of 20 mV/s in a 1 M NaOH electrolyte.

94.3% current to H, conversion, very close to 100% and stable
for over 2 h, with a hydrogen production rate of 15 gmol cm™
h under 1 sun exposure. Having a H, saturated and pure NaOH
electrolyte, together with the widely known stability of TiO, in
alkaline conditions, this Faradaic efficiency discrepancy must be
attributed to a nonperfect H, collection.

DOl 10.1021/acs jpec. 7b12468
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We applied the optimal treatment (320 °C for 30 min) to
one of the best samples grown with 45 mM precursor
concentration. Combining the precursor concentration opti-
mization and the hydrogen reductive treatment, we were
capable to overcome 1 mA cm™, reaching 1.02 mA em™* under
1 sun illumination at 0.6 V vs Ag/AgCl and a HC-STH
conversion efficiency of 0.48%.

In an attempt to increase light absorption and the active
surface, the substrate was patterned prior to deposition of the
FTO contact and TiO, hydrothermal growth, applying the
TiO, growth conditions previously optimized.

From SEM images (Figure 9) it can be observed how the
substrate was patterned with 45 pm radius holes in a square
packaging, with circles of 8 um in depth. Using this
configuration, a 15.6% increased active area is expected
(illustrative figures (Figure S11) and calculations can be
found in the Supporting Information). Cyclic voltammograms
from a flat sample, a structured one, and a structured one after
hydrogen treatment can be seen in Figure 10, and photo-
currents of 0.86, 1.0, and 1.20 mA ecm ™ at 0.6 V vs Ag/AgCl
are obtained, respectively. The photocurrent increase with
substrate structuration was 20%, in the order of the surface area
increment. The small disagreement can be attributed to other
effects caused by the microscale structuration, such as better
electron—hole generation and transport due to lateral incidence
to the tilted TiO, nanorods. As can be seen in Figure S12, no
differences in light absorptance are observed between
structured or flat surfaces, being close to 100% in both cases.

Following both strategies, hydrogenation treatment and
substrate structuration, the maximum obtained photocurrents
reached 1.2 mA ecm™ at 0.6 V vs Ag/AgCl corresponding to
HC-STH conversion efficiency of up to 0.64%.

4. CONCLUSIONS

In this work, optimization of growth process and structuration
of the substrate are conducted with the aim of achieving the
highest photocurrents for TiO, nanorods grown by the
hydrothermal process. Also, the effect of a light bias when
measuring the IPCE under low monochromatic illumination
intensity has been found to increase the effective available
charge carriers and filling trap states, thus giving integrated
IPCE currents much more similar to real-operation photo-
currents. This gives IPCE a better usability as a comparison
parameter independent of the used solar simulator, as they vary
significantly in the UV range.

With the temperature treatment under a hydrogen
atmosphere, we have demonstrated that the surface oxygen
vacancies created by the reduction of TiO, increase the doping
level. This allowed us to tune the depletion width and to
achieve a fully depleted regime. With this, the potential drop
inside the nanorods is maximized, optimizing the electron—hole
separation and reducing the recombination and back-reaction
rates. The increment in the photogenerated current has been
shown to come from a better conversion in the UV part of the
spectra rather than an enhanced conversion of photons with
energies smaller than the band gap. The detected intraband gap
levels have shown to absorb visible light, but they are not
involved in the photocurrent generation, as they are expected to
be located under the H,/H,0 reduction potential. Substrate
structuration increased the available surface area, giving extra
total photocurrent and showing there is still way for larger
photocurrents increasing active area. Further work can be
directed on achieving longer nanorods, finding substrates
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capable to resist the highly reductive atmosphere and
optimizing the substrate patterning.
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Integrating the areas under the IPCE graph

,;;,,,:e[fp('ﬁ(/t)f,..u)d/l )

0
Where /;(4) is the incident photon flux passed by the monochromator when set to wavelength 4, IPCE the

quantum efficiency of the cell and ¢ is the electronic charge.

Supplementary material:
osowen % s
=

Fig. S. 1: Graphical description of the experimental configuration for the light biased IPCE measurements. |
Sun AM 1.5G illumination reaches the sample from the back side. Monochromatic illumination, used to
generate the IPCE graph, reaches the sample directly in the TiO- nanorods.
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Fig. S. 2: XRD plot of a pristine sample and three treated ones at 260, 320 and 370 °C, representing a small
treatment, an optimal one and an over-treated sample. a) Stack graph presenting only the rutile TiO, peak and
the FTO SnO, one. b) Zoom in the rutile TiO, peak, showing no visible modification to the TiO, peak under
hydrogenation treatments.
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Fig. S. 3: UV-vis transmittance spectra of a TNR-40 sample (black) and a TNR-45 (blue).
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Fig. S. 4: Photogenerated currents of 10 samples grown with 40 (solid circles) and 45 mM (empty circles)
precursor concentration. The average photocurrent of each set clearly shows a 0.14 mA/cm2 increase for higher
precursor concentration.
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Fig. S. 7: Open circuit potential of all TNR-40 samples under 1 sun exposure, before and after hydrogen
treatments.

Fig. S. 6: UV-Vis Transmission spectra of all hydrogenated samples for 30 minutes at 210, 260, 320, and 370
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Fig. S. 8: IPCE measurements of all samples after a reductive treatment for a) 30 min and b) 60 min, at different

temperatures. Measurements at 0 V vs Ag/AgCl.

Calculating the donors density of hydrogenated Titanium Dioxide Nanorods
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Fig. S. 9: Mott-Schottky plot of a pristine sample and three treated ones at 260, 320 and 370 °C, representing a
small treatment. an optimal one and an over-treated sample. Results presented in Table S.1 correspond to the
fitted region between -0.3 and 0 V vs Ag/AgCl. Measurements were performed in 1M NaOH in dark conditions.

Sample Slope Ng/em™ W /nm
F>v'cm
TNR-40 2.75E+11 3.01E+18 70.66
TNR-40-260-30 1.29E+11 6.41E+18 48.44
TNR-40-320-30 7.86E+10 1.05E+19 37.75
TNR-40-370-30 5.70E+10 1.45E+19 32.14
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Table S. 1: Mott-Schottky plot of a pristine sample and three treated ones at 260, 320 and 370 °C, representing a
small treatment, an optimal one and an over-treated sample. Results presented in Table S.1 correspond to the
fitted region in Fig S.7 between -0.3 and 0 V vs Ag/AgCl.

Calculating the Faradaic efficiency of Titanium Dioxide Nanorods:

The charge, Q measured by the potentiostat is converted into moles, m of H, using Faraday’s constant, F and #,
the numbers of electrons per molecule, 2 in H, case:

m(mol) = F (mol)

T Fxn

Where F = 96485.3 C /mole. Now, the volume corresponding to the measured number of moles of H, can be
calculated following:

m(mol) X T(K) X R(L - Pa-mol™* - K1)
Pyp(Pa)

V(ml) =

Where R is the gas constant, T the temperature and Py, the hydrogen gas partial pressure.
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Fig. S. 10: Hydrogen evolution of the TNR-40-30-320 sample and the corresponding theoretical evolution
calculated from total charge considering a 100% faradic efficiency. Measured at 0 V vs Ag/AgCl.
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Fig. S. 11: graphical representation of a structured substrate with grown TiO, nanorods.

The initial area of a unit cell is:
Ay = 4r? = 8100 um?

And the area of the initial square unit cell minus the etched circle is:

Ay = (4 —m)r? =1738.3 um?
The flat central part of the etched circle is:

A, = m(r — h)? = 4300.8 um?
And half the area of the external part of a thorus is:

A; = m?(r — h)h + 2wh? = 3323.5 pm?

Which gives a final area increment of:
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Fig. S. 12: UV-vis absorptance measurements 4(%) = 100 — R — T, where R is reflectance and T the
transmittance. No appreciable difference can be observed between TiO, nanorods samples grown on structured
or flat substrates.

139



Chapter 2 C. Ros

140



Chapter 3

Titanium dioxide as conductive and
protective layer for silicon-based
photocathodes



Chapter 3 C. Ros

142



C. Ros Titanium dioxide as conductive and protective layer for silicon-based photocathodes

In previous chapter efforts were put into enhancing the productivity of metal-oxide based
photoanodes, but even after extensive research last decades and combining substrate
microstructuration, nanorods growth and electronic modifications to the semiconductor,
obtained photocurrents were below 2 mA-cm™. If significant productivities are to be obtained,
semiconductors with smaller band gap and more efficient in charge separation and extraction
are to be used.

This chapter is focused on implementing silicon p-n junctions to form photocathodes through
protecting them from corrosion with ALD-grown TiO» protective layers. The strategy has
been used for some years, as reported in Chapter 1 section 7, where an homojunction in a
short band gap material, highly prone for charge separation and transport (resembling already
commercial strategies for photovoltaic technologies) is prevented from contacting the
corrosive electrolyte by a conductive, transparent and protective layer. This way, the electron-
hole generation and charge separation and extraction can be almost independently optimized
in the photoabsorber. The protective layer, thus, must only be highly efficient in transparency
and conductivity.

TiO> has been selected as protective layer for its large band gap (3.2 eV), transparent to major
part of visible light and its known stability and semiconductor n-type behavior, permitting
electron conductivity. ALD has been chosen as deposition technique as it permits high
deposition thickness control and conformal coverage of any rugosity, minimizing pinholes
which would permit the electrolyte to corrode the substrate’. 100 nm thick layers were
selected to assure good protection and to exclude possible tunneling conductivity, thus
focusing our analysis on conductivity intrinsic to TiO2. The slow deposition process and its
relation with TiO, layer crystallization will be studied, together with its implications in
conductivity and stability.

3.1. Charge transfer characterization of ALD-grown TiO: protective layers in
silicon photocathodes

In the first article included in this chapter, the aim was to elucidate the fabrication parameters
of ALD TiO, layers governing especially conductivity and stability in photocathodic
hydrogen evolution. Acidic media was selected as it is more prone for the HER reaction
together with platinum as highly efficient catalyst. Silicon was chosen as photoabsorber for
our photocathodes (Figure 3.1a), as it has long demonstrated efficient light to current
conversion of wide part of the solar spectra, and its p-n homojunction is not sensible to the
fabrication steps used in this work. This allowed us a study with an invariant photoabsorber
part.

Layers were fabricated at deposition temperatures of 100 to 300 °C, and characterized, finding
significant morphological, crystallographic and conductivity changes. Layers were
homogeneous, amorphous and highly resistive at 100 °C, meanwhile increasing to 200 °C
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grains in the anatase-crystalline form of TiO, were found to appear, together with significant
improvement on photoelectrodes performance. Further increasing temperature to 300 °C
improved crystallinity, gran coverage and electrode’s performance (Figure 3.1b). A 5 nm Ti
layer on top of HF-cleaned silicon was introduced to avoid SiO; formation due to atmospheric
or H O ALD pulses exposure, but was found to enhance anatase-TiO- crystallization, thus
pushing for more stable and conductive TiO; films.
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Figure 3.1. a) Energy band diagram model of an n*p-Si/Ti/TiO»/Pt photocathode. b) Cyclic
voltammograms of different photocathodes with protective layers grown at 100, 200 and 300 °C,
presenting significant performance increment at higher ALD deposition temperatures.

Deeper analysis by conductivity AFM confirmed the relation between crystallization and
conductivity, revealing the crystalline grains present in the deposited film were responsible
of electron conductivity (Figure 3.2a). After 300 h stability test in acidic media at reductive
potentials, the amorphous regions were found to dissolve, meanwhile fully crystalline layers
suffered no alterations (Figure 3.2b). These results are of highly importance for further ALD
fabricated TiO; protective layers for water splitting photocathodic applications.

Optimizing ALD deposition temperature, highly conductive and stable TiO; films were
obtained, permitting efficient photocathodes with 20 mA-cm™ photocurrents, 640 mV
photovoltages and up to 8.1 % HC-STH conversion efficiencies.
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Figure 3.2. a) Cross section SEM image of a TiO; layer grown directly on Silicon. Inset: c-AFM
map showing conductivity is detected where there is a crystal, and no conductivity on amorphous
regions. b) Cross section SEM image of a TiO; layer after 300 h stability test in acid, presenting
dissolution of the amorphous regions.
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ABSTRACT: A critical parameter for the implementation of
standard high-efficiency photovoltaic absorber materials for
photoelectrochemical water splitting is its proper protection
from chemical corrosion while remaining transparent and
highly conductive. Atomic layer deposited (ALD) TiO, layers
fulfill material requirements while conformally protecting the
underlying photoabsorber. Nanoscale conductivity of ALD
TiO, protective layers on silicon-based photocathodes has
been analyzed, proving that the conduction path is through the
columnar crystalline structure of TiO,. Deposition temper-

04 02 00 02 04
VIV

ature has been explored from 100 to 300 °C, and a temperature threshold is found to be mandatory for an efficient charge
transfer, as a consequence of layer crystallization between 100 and 200 °C. Completely crystallized TiO, is demonstrated to be
mandatory for long-term stability, as seen in the 300 h continuous operation test.

KEYWORDS: PEC cells, silicon, protecting overlayers, water splitting, solar hydrogen production, titanium dioxide,

atomic layer deposition

1. INTRODUCTION

As society faces the problems derived from global warming,
harvesting solar energy and storing it into chemical bonds is
one of the most promising paths in the so-called solar fuel
economy' combined with the introduction of renewable
energies. Between them, photoelectrochemical (PEC) water
splitting offers the possibility to directly convert water and solar
energy into hydrogen and oxygen with competitive efficiencies.”
Estimating the actual photovoltaic conversion efficiency and the
current commercial electrolyzer yield, the direct conversion of
solar energy into chemical energy (solar-to-hydrogen, STH),
starts to be competitive above 10%.’

Although this technology has been known for decades,” still
many of the published values show conversion efficiencies too
low, and only few long-term durability tests have been reported
up to now. Combining efficiency and stability, while being cost
effective, is the most relevant challenge to overcome.

During the last years, many works have been focused on
understanding the capacity of different nonexpensive metal
oxide materials, such as TiO,,’ WO\,," BiVO,,” or Fczog,” or
oxynitrites, such as TaO,N,,” with band gaps large enough to
split the water molecule but still capable of harvesting a
significant portion of the solar spectra, all of them being

< ACS Publications  © 2017 American Chemical Society

17932
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photoanodes due to their n-type semiconductor.
parallel, many standard electronic semiconductor materials,
such as Si, GaAs, CdTe, or chalcogenides,”"'; have also been
explored as electrode materials with high photon absorption
coefficients for tandem configurations,'® although with many
electrochemical stability limitations, which have required
different protection and surface catalyst coating strategies.
Many of these semiconductors are well known from the
photovoltaic or microelectronic industry, with silicon being the
most commercially developed due to its performance and
abundance. Nevertheless, silicon, like other standard electronic
semiconductors, when exposed to acidic electrolytes has a high
surface oxidation rate, limiting its long-term electrochemical
performance.'”'® To enable silicon to be used as a front-
illuminated photocathode for long-term hydrogen evolution,
transparent, protective, and conductive coatings are requirl:::l.].l
The coatings must be stable in aqueous electrolytes, must be
transparent to solar spectra to maximize photon absorption,
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and must have a proper band alignment to facilitate minority
carrier injection.”

One of the proposed coating candidates is titanium dioxide
(TiO,), as it is known to be stable in a wide range of pH.***'
Moreover, TiO, has a 3 eV band gap for rutile and 3.2 eV for
the anatase crystalline structure, allowing excellent optical
transmittance, making TiO, an excellent candidate as a
protection layer for photocathodes.”™*® In the case of
photoanodes, ultrathin (2 nm) TiO, has been used to protect
them for some hours while conducting by tunneling,” and
recently, thanks to an electronically “leaky” behavior, over 100
nm thick TiO, layers were reported to be conductive and stable
for over 100 h by the Lewis group despite a large valence band
offset between the Si and TiO,, attributed to Ti*'-related
midband states closely aligned with the Si valence band,”™"'
although there is some controversy on the conduction
mechanism.” In the case of photocathodes, it should be
taken into account that TiO, has n-type semiconductor
electrical characteristics due to oxygen vacancies, with its
conduction band energetic level almost aligned with the silicon
photoabsorber material for an efficient electron transport
toward the electrolyte interface for a hydrogen evolution
reaction (HER). In this context, other works have deposited
TiO, by sputtering and some via atomic layer deposition
(ALD), all of them requiring a further postannealing process at
at least 400 °C for relevant stability.”® ALD has attracted much
attention during the last decade as it allows depositing thin and
conformal layers with minimal pinholes, and recently, this
technique has been upgraded to industrial production. In spite
of these powerful capabilities, there are only few studies about
the characteristics of ALD-grown TiO, for photocathodic
hydrogen evolution.*"** Recently, we have demonstrated the
feasibility of using ALD for the fabrication of photocathodes
using a CIGSe chalcopyrite absorber,” where it was proved
that, to attain a high STH conversion, optimizing charge
transfer processes is required. Although some other works also
have used ALD-grown TiO, a better understanding of the
growth process and evaluation of the final TiO, properties as a
transparent, protective, and conductive layer is needed. The
growth of TiO, by ALD is known to produce amorphous or
crystalline phases depending on the temperature, precursors,
impurities, substrate material, or film thickness®” and hence the
charge transfer characteristics from the absorber silicon to the
electrolyte through this layer become a function of its
deposition parameters.

To the best of our knowledge, there is no detailed
microscopic analysis on the influence of electrical characteristics
and deposition conditions of ALD coating layers on the final
PEC characteristics of TiO,-protected photocathodes. Among
them, temperature is one of the critical factors, with the ALD
crystallization temperature being normally lower than that
reported for postannealing processes, owing to the surface
mobility of intermediate reaction species;"”"“’ Reducing the
process temperature while maintaining optimal properties is
highly desired to decrease the fabrication costs and to enable
novel ghotoabsorbing materials that are sensitive to temper-
ature.”

However, one of the main concerns is relative to the internal
interface between silicon and the coated layer. Si native
oxidation forms a narrow SiO, layer. In previous works,
controlled SiO, has been used to maximize the photovoltage
owing to the creation of an MIS junction,”** but in our case
the photovoltage is created by the buried n"—p silicon junction.
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To aveid $i0, being formed, which in our case would act as a
series resistance, a thin metallic titanium layer is deposited on
the cleaned silicon surface before TiO, deposition to inhibit
ambient or ALD-process’” oxidation of Si, assuming a small
light shielding of the metallic film, and by high-resolution
transmission electron microscopy (HRTEM), it is confirmed
that no SiO, is formed. TiCl, has been selected as the precursor
material owing to its wide deposition range™ compared with
other precursors known for ALD Tio, ™

In the present study, to understand the role of the
crystallographic structure on the charge transfer across these
coated layers and its stability, TiO, layers have been grown by
ALD at different deposition temperatures on different silicon-
based substrates using TiCl, as the precursor. The growth
temperature has been modified from 100 to 300 °C, and a
model is presented to explain the charge transfer mechanism
across the ALD layer.

2. EXPERIMENTAL SECTION

ALD TiO; has been grown on n'—p silicon buried junctions and
simultaneously on n' degenerately doped silicon, to simulate direct
injection under dark conditions.

n*-Si samples were created by cutting a degenerately doped silicon
wafer (0.001 © em) into 1 X 1 cm® pieces, and 50 nm of Al was
thermally evaporated as a back contact. To prevent the formation of
any native 5i0, and avoid its potential negative effects, 5 nm of Ti was
thermally evaporated on top of some of these samples (Ti/n'-Si). The
thickness of titanium was controlled by a quartz microbalance.

For the Ti/n"p-Si samples, a 1 cm® active area was lithographically
defined by SiO, passivation on a silicon p-type wafer (0.1-0.5 Q cm
resistivity). Boron was implanted in the defined front surface and
activated by rapid thermal annealing, creating a 200 nm n' region on
top of the p-type substrate. The sample’s front surface was dipped in
HF and immediately coated with 5 nm Ti by sputtering. As back
contact, | gm Al/0.5% Cu was sputtered on top of 30 nm Ti to form a
proper Ohmic contact.

n'-Si, Ti/n"-8i, and Ti/n"p-Si samples were sonicated for 5 min in a
1:1:1 isopropanol, acetone, and deionized (DI) water cleaning
solution, followed by abundant rinsing and further 5 min sonication
in DI water. Samples were simultaneously introduced in a R200
Picosun Atomic Layer Deposition system. TiCly was selected as a
precursor due to its wide temperature stability range. TiCl; and H,0
precursors at 19 °C were used in successive pulses at 8 mbar in a N,
flow atmosphere, with 0.1 s pulses and 10 s purges. Under these
conditions, layers have been grown at deposition temperatures of 100,
200, and 300 °C for 3700 cycles, corresponding to roughly 100 nm
layers for 200 °C. The layer thickness was measured by evaluating the
reflected spectra with a Sensofar interferometer device with +0.2 nm
error. Finally, platinum was deposited either by thermal evaporation
(corresponding to 1 nm measured by a quartz microbalance) or by
drop casting 50 uL of 6.5 mM H,PtCly in isopropanol. The samples
were then soldered to a Cu wire using Ag paint and were epoxy-
protected, leaving the front area exposed. For -V measurements, 100
nm of Au was thermally evaporated on TiO,/Ti/n"-Si samples with a
circular mask 0.55 ¢cm in diameter.

Surface and cross-section morphology was observed with a Zeiss
Series Auriga field effect scanning electron Microscope. Structural
characterization was carried out by X-ray diffraction (XRD) in a D8
Advance Bruker equipment with a Cu Ka radiation source working at
40 kV and 40 mA with a 3° offset angle. Crystalline domains are
calculated following the Scherrer equation: I = 0.94/(f cos ), where
4 is the X-ray wavelength (1.5406 A), ff is the full width of the
diffraction line at half-maximum (FWHM), and f is the Bragg angle.
HRTEM, high-angle annular dark field, scanning TEM, and electron
energy loss spectroscopy (EELS) spectrum imaging were performed
using a TECNAI F20 operated at 200 kV with a point to point
resolution of 0.14 nm. AFM and conductivity-AFM measures were
taken with a Park Systems XE-100 with platinum conductive
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cantilevers. Owing to the n'p-Si built-in voltage, only the samples on
n'-Si substrates were measured by conductivity-AFM, The PEC
measurements were obtained with a Princeton Applied Research
PARSTAT 2273 potentiostat using Ag/AgCl/KCl (3 M) (E° = 0.203
Vige) as the reference electrode and a platinum mesh as the counter
electrode. A quartz cell with flat faces was used with 100 mL of 0.5 M
H,50, electrolyte and a 300 W xenon lamp with an AM 1.5G filter at
an appropriate distance to receive 100 mW/cm?, calibrated using a
silicon diode (XLPF12-38-H2-DO; Gentec-EO).

The half-cell STH (HC-STH) efficiency was calculated from the
linear sweep voltammograms using the equation HC-STH = lj| x
(Epste = Enopmz)/Pygq X 100%, where j, is the photocurrent density
obtained under an applied bias of Egyg, Eyy, 44 is the equilibrium redox
potential of hydrogen (0 Vgyg), and P, is the power density of the
incident solar energy (100 mW em™?), I-V curves were obtained with
the potentiostat, connecting the working electrode on the back contact
and the counter and reference electrodes on the top Au contact. PEC
fill factor (FE) was defined equivalently as in photovoltaics assuming
the onset potential as the open circuit voltage and the current density
at 0 Vi as the short circuit current.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Characterization. To optimize the
charge transfer process of an n'p-Si photocathode, it is needed
to consider that the electron injection will be from the doped
n*-Si to the electrocatalyst through the protective TiO, layer.
Then, to avoid the resistive effect of the diode under dark
conditions, degenerately doped n* 0.001 £ cm Si substrates
have been used instead of illuminating n*p-Si junctions, some
of them being protected with Ti.

n*-Si and Ti/n*-Si substrates with nominal TiO, growth
(100 nm) at different temperatures were tested as electrodes
for hydrogen evolution using Pt as an electrocatalyst in sulfuric
acid media (0.5 M H,80,) in a 3-electrode configuration. The
overall current obtained under polarization is influenced by the
intrinsic conductivity of the TiO, and a possible extra SiO,
interlayer and also the surface charge transfer rate, which is
assumed to be constant as the HER-deposited catalyst is the
same. Thus, any variation in the measured current is
attributable to the TiO, or the presence of a resistive SiO,
interlayer. As seen in Figure 1, polarization curves show a clear

—— Ti0,{100 °C)/Tifn"-Si
—— Ti0,{200 °C)Tifn"-Si
—— Ti0,(300 *C)/Tifn"-Si
= = -TiO,(100 °C)/n"-Si
- = - Ti0,(200 °C)in"-Si
- = -Ti0,(300 °C)in"-Si

1 L

0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

I 1

E/Vie

Figure 1. Polarization curves of TiO, layers grown at different
temperatures on Ti/n"-Si substrates (solid lines) and n*-Si (dotted
lines) ranging from 100 to 300 °C. Pt (1 nm) was evaporated on top
as the HER catalyst. Measurements were made in 0.5 M H,50, with
Ag/AgCl as the reference electrode and Pt as the counter electrode in
a 3-electrode ¢ ation with no illuminati

5

influence of the ALD deposition temperature. Regardless of the
titanium layer presence, the current density reached at the same
polarization is higher as the growth temperature increases.
Comparing the results obtained with both substrates, n*-Si and
Ti/n*-8i, it can be observed that, under the same experimental
conditions, higher current densities were obtained in samples in
which the TiO, layer was grown on Ti/n"-Si. On bare n'-Si, the
presence of a native SiO, layer is expected, introducing
significant resistance to the system and lowering the obtained
electrochemical current. This native layer can thus be avoided
with the metallic 5 nm Ti layer.

3.2. Morphological and Structural Characterization.
No visible pinholes have been detected by direct analysis of the
SEM images of the TiO, layers grown by ALD (Figure 2a—c)
on Ti/n"-Si substrates. Increasing the temperature from 100 to
300 °C shows remarkable variation in the film topography,
which is proven by XRD to correspond to TiO, crystalline
growth, starting between 100 and 200 °C and presenting an
anatase structure. The deposition temperature range was set up
to 300 °C to obtain complete layer crystallization on all
substrates.

For ALD layers deposited on Ti/n’-Si substrates, XRD
shows that at 100 °C amorphous layers are grown, whereas
anatase TiO, is obtained at 200 and 300 °C (Figure 2d). This is
in agreement with electrochemical charge transfer shown in
Figure 1, with amorphous layers inhibiting charge transfer;
meanwhile, crystallization enables current flow, and more stable
TiO, phases further reduce electrical resistance. The prefer-
ential growth direction with the 25.5° peak is shown at 200 °C
but not at 300 °C, as the higher nucleation rate inhibits
preferential directions to dew]oy."" This phase transition is in
accordance with other studies.™

Samples without the intermediate Ti layer (where Si was
exposed to air, creating a native SiO, layer) show the same
behavior but shifted to higher temperatures (Figure S2a—c),
with samples grown at 300 °C still showing preferential growth
directions (Figure $3).

Crystal nucleation is favored as the temperature increases,
starting at a temperature higher than 100 °C, as seen in SEM
images. At 200 °C, grains measuring 180 nm in diameter can be
seen on n'-Si substrates, whereas those less than 20 nm in
diameter can be seen at 300 °C on Ti/n"-Si, with a higher grain
density and size dispersion due to increased nucleation and
competitiveness. Higher thermal energy enhances nucleation
kinetics by overcoming its activation energy, favoring
nucleation in front of growth and resulting in more and
smaller grains. Increasing the temperature is also expected to
improve the atomic order in the crystal structure. From XRD
data and using the Scherrer equation, the mean size of the
crystalline domains has been calculated. Sizes of 33.2 nm at 200
°C and 25.9 nm at 300 °C on n*-§i, and 26.3 and 22.2 nm at
200 and 300 °C, respectively, on Ti/n"-Si substrates have been
obtained. The calculated crystallite size suggests that multiple
crystallographic domains are present in the same observable
grain, The crystal size is reduced when the deposition
temperature increases, as is expected for higher nucleation.

The thickness of the layer is also dependent on the
crystallographic phase. As can be seen in the cross-section
SEM image (Figure 3), grains are thicker than the amorphous
layer. We should expect thinner layers where they crystalize
into more compact phases, as far as the amount of the
precursor is kept constant. However, the anatase phase is more
favorable to OH™ adsorption, and higher superficial OH™
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Figure 2. SEM images of TiO, layers grown by 3700 ALD cycles of TiCl, and HyO on Ti/n*-Si substrates at (a) 100 °C, (b) 200 °C, and (c) 300
°C. (d) XRD patterns of TiO, layers grown on Ti/n'-Si substrates at 100, 200, and 300 °C.

Figure 3. Cross-section SEM image of a 3700-cycle TiO, layer on n'-
Si grown at 200 °C.

density increases the growth per cycle by a higher ALD
reactivity, thus generating thicker layers where there is a
crystallized zone,™

As seen in the HRTEM cross section (Figure 4) of a
processed Ti/n"p-Si sample, a native 3.5 nm TiO, overlayer is
formed on metallic Ti when exposed to air. This layer seems to
enhance nucleation and hence, due to growth competition
among different grains, reduction of the crystallite size by
crystal overlapping takes place. Lower lattice mismatch is the
cause of enhanced nucleation on TiQ,/Ti substrates compared
with $i0,/5i, leading to crystallization temperature reduction,
as TiO, is known to start growing in the amorphous phase for
the initial ALD cycles.” By AFM, it was discarded to be caused
by higher substrate rugosity (Figure $4).
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From the HRTEM image of TiO, on Ti/n'p-Si, it is
confirmed that the presented ALD crystal has an anatase
crystallographic phase (Figure 4). The observed metallic Ti on
silicon is 5 nm thick, and its native TiO, layer is 3.5 nm. Ti
presents a polycrystalline structure with preferential {1070}
planes parallel to the (001) Si substrate. The native layer is
amorphous, as the 200 °C annealing caused by the ALD
deposition process is not enough to crystallize it. EELS TEM
imaging (Figure S5) confirms progressive reduction of the
oxygen content in the native layer, with 5 nm of metallic Ti
remaining after ambient exposition during laboratory manipu-
lation and processing, proving that it is thick enough to act as
an oxidation barrier, avoiding oxygen diffusion toward the Si
photoabsorber. This 5 nm Ti layer is expected to partially block
light from reaching the Si, and thus significantly reducing the
photon-to-current conversion efficiency.

It is important to note that the bottom part of the ALD layer
was crystalline, meaning nucleated crystals not only propagate
upward but also laterally.” The substoichiometry of the native
oxide layer must prevent its recrystallization. Reciprocal space
phase filtered HRTEM presents columnar epitaxial growth
from the base to the top of the ALD layer (Figure 4).

3.3. Solid-State Electrical Characterization. A con-
ductivity AFM was used to visualize the conduction path
across the TiO, layer, similar to the measurements performed
by Wang's group on hematite."” From the topography image of
a sample grown at 200 °C on bare n'-Si substrates (Figure 5a),
we can see that successive ALD deposition formed isolated
grains, as seen in the SEM image (Figure 3). From conductive
measurements (Figure 5b), it is perfectly seen that the whole
grain structure is the path for the current flow, with similar
current intensities at a fixed voltage. Comparing topography

DOk 10.1021/acsami. 7h0 2996
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Figure 4. HRTEM images of a Ti/n'p-Si substrate (a) before ALD deposition (b) with 3700 ALD cycles of TiO, grown at 200 °C. (c) Reciprocal
space phase filtered HRTEM image composition, Crystals starting on the native Ti0), and propagating vertically in a columnar configuration can be

seen.
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Figure 5. AFM and ¢-AFM images of TiO, ALD layers on an n*-Si substrate. (a) Height map of a sample grown at 200 °C, and (b) current intensity
image of the same sample. (c) Height map of a sample grown at 300 °C and (d) its current intensity map.

and conductivity AFM measurements, and as suggested by the
Scherrer equation, multiple crystallite boundaries can be seen in
each grain as more resistive regions. No current is detected
from the amorphous regions, as atomic disorder gives
significantly reduced electron mobility and larger resistance
than crystalline TiO,. From a sample grown at 300 °C on Ti/
n*-Si (Figure 5c,d), where no amorphous phase is present,
similar current intensity is detected from all grains. Also, grain
boundaries are much less conductive.

Columnar grain growth together with conductivity through
the crystalline grains is the key for a good electrical transport
from the photoabsorbing material to the catalyst to perform the
HER. No grain boundaries are seen by HRTEM in the vertical
direction, those being one of the main electron mobility
barriers for polycrystalline conductive materials. Increasing the
deposition temperature increases the number of grain
boundaries in the lateral but not in the vertical direction and
also enhances the crystallographic order, a parameter for higher
electron mobility. This is in accordance with obtaining higher
conductivity in the samples grown at higher temperatures.

17936

To deeply analyze and quantify the conduction across ALD-
grown TiO, layers on Ti/n"-Si, 100 nm of Au were deposited
by thermal evaporation to form a top, highly conductive and
defined contact (Figure 6a). As seen in Figure 6b, a nonlinear
behavior and higher currents for negative polarization can be
distinguished, meaning that our system presents a rectifying
behavior: a Schottky barrier junction, formed between the TiO,
and the Au top contact. The degenerately doped n*-Si/Ti
junction and the progressive interface between Ti and TiO,
(due to the oxygen chemical affinity of Ti) form Ohmic-like
contacts, injecting electrons from the n*-Si conduction band
into the TiO, conduction band."” The conductivity increment
with higher ALD growth temperatures is clearly shown,
presenting the same trend determined by previous electro-
chemical measurements (Figure 1).

Samples grown at 200 and 300 °C present a reversible switch
between a high resistivity (HR) and a low resistivity (LR) state.
Anatase-crystallized TiO, is known to behave as an n-type
semiconductor due to oxygen vacancies, regarded to be fully
ionized even at room temperatures, giving free electrons to act
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Figure 6. (a) Scheme of the stack. (b) I-V and (c) log—log curves of
the Au top-contacted TiO, layers grown at 100 °C (black), 200 °C
(red), and 300 °C (blue). Numbered arrows show the direction of the
polarization curve in (b), and the slope in (c) is indicated for each
different segment of the log—log graph. Measurements were recorded
at 50 mV/s.

as charge carriers. These changes while cyc[ing_ have been
explained by some papers during the last decade’ ™' and are
attributed to ionic diffusion of the oxygen atoms due to
polarization, leaving extra free charges (oxygen vacancies) that
enhance the electronic conductivity.” Current flow through
defects on the crystallographic structure can create local
heating, enhancing ionic diffusion and forming highly
conductive paths or filaments, giving the LR state. Reversing
the polarization returns the oxygen ions, destroying the
filaments and resetting the sample to the HR state. The
sample grown at 300 °C has an almost immediate change in the
resistivity state, whereas the sample fabricated at 200 °C has a
more progressive one. This difference could be justified by the
poor crystallographic quality at 200 °C, lowering the ionic
mobility together with a general lower conductivity, which gives
less local heating,
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From the log—log plot (Figure 6c), an Ohmic dependence (I
a V) is observed for all samples on small polarization potentials.
Further increasing the potential causes an increase in the slope
for all samples. This behavior fits to a space charge limited
conduction mechanism (I @ V?),°* together with the Au/TiO,
Schottky Barrier junction. For polarization values inside the
Ohmic regime, we can measure resistances from 221 £ cm? for
the sample grown at 100 °C, to 41 and 21 £ em® for 200 and
300 °C-grown samples. If we measure the potential drop in the
layer at S mA/ cm?, we obtain 430 mV for 100 °C, 213 and 151
mV for HR and LR states at 200 °C, and 118 and 112 mV for
HR and LR at 300 °C.

3.4. PEC Characterization. ALD-grown TiO, layers were
used to protect n'p-Si substrates having a thin ~5 nm Ti layer
(Ti/n*p-Si) at deposition temperatures of 100, 200, and 300
“C. When exposed to AM 1.5G illumination, the p—n junction
properly separates the electron—hole pairs, giving an onset
voltage around 0.6 V versus RHE (Figure 7). More than 100
mV/dec potential losses should be expected by the electro-
chemical kinetics of hydrogen evolution, even when using
platinum as a catalyst.*

The layer growth temperature influences significantly the
sample’s efficiency. Samples grown at 100 °C show a highly
resistive response (with a FF of 0.26); meanwhile, FF is
significantly improved on increasing the growth temperature.
At 200 °C, which corresponds to samples with polycrystalline

@
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Figure 7. (a) Polarization curves and (b) HC-STH calculations of
TiO, layers grown at different temperatures on Ti/n"p-Si substrates
ranging from 100 to 300 °C. Pt (1 nm) was evaporated on top as the
HER catalyst. Measurements under 1 Sun AM 1.5G illumination in 0.5
M H;50, with Ag/AgCl as the reference electrode and Pt as the
counter electrode in a 3-electrode configuration.
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anatase layers combined with amorphous regions, an FF of 0.66
is obtained. At 300 °C, the slope of the j—V curve is slightly
increased, together with the FF, up to 0.73 (Table 1).

Table 1. Photogenerated Current Densities and Voltages
under 1 Sun Illumination of the Samples Grown at Different
Temperatures

growth temperature jat 0V, Vos HC-STH
(°c (i cat (Viow)  FE (%)
100 19 0.59 0.26 0.25
200 206 0.63 0.66 7.60
300 203 0.64 0.73 810

This enhancement in the saturation slope is directly related
to the growth temperature via reduction of the resistivity of the
deposited layer. With such improvement, a HC-STH
conversion efficiency of up to 8.1% can be reached. The effect
of TiO, layers with different resistivities on the band diagrams
of silicon photocathodes is schematically represented in
Scheme 1. For highly resistive layers, the voltage drop across
the protective layer causes a decrease in the FF. For the more
crystalline and less resistive layers, the lower voltage drop
allows an optimum electron transfer. Therefore, the main
factors contributing to the FF characteristics of the polarization
curve are the buried p—n junction and the platinum HER
overpotential.

Long-term stability experiments were performed under 1 Sun
AM L.5G illumination at 0.3 Vi in 0.5 M H,SO, with n’p-Si
photocathodes protected with either an almost-completely
crystalline TiO, layer and a fully crystalline one.

After examining the almost-completely crystalline TiO, layer
by SEM (Figure 8ab), we can clearly see how the top view is
similar to the as-grown layers (Figure 2b), with darker zones
between the crystals. The cross-section SEM image evidences
that those gaps are missing TiO,. At reductive potentials and

using an acidic electrolyte (0.5 M H,S0,), the amorphous TiO,
phase dissolves but the anatase crystals do not, leaving inversed
conical structures only attached to the Si by the tip. Moreover,
silicon is not attacked, and SiO, is known to be formed,
protecting the silicon from further oxidation but electrically
passivating the surface, Fully crystalline TiO, layers present no
visible dissolution, showing compact columnar crystals by
cross-section SEM, proving that the stability of TiO, shown in
its Pourbaix diagram™ is only attributable to the crystalline
anatase TiO, crystal phase. This shows the need to use
crystallized ALD layers, together with the conductivity
improvement with temperature, as previously shown.

A stability measurement of a photocathode protected with a
fully crystalline TiO, layer was performed for over 300 h, as
shown in Figure 8a. The sample maintained 90% of the initial
photocurrent without significant changes in the FF, as seen in
Figure 56. This slight current reduction over time has been
attributed by other authors to the loss of the poorly attached
platinum catalyst.”*** To the best of our knowledge, there are
no reports presenting several days’ stability of TiO,-protected
photocathodes fabricated at temperatures lower than 400 °C.

4, CONCLUSIONS

In conclusion, we have demonstrated that the ALD growth
temperature plays a fundamental role on the charge transfer
across protective TiO, coatings for front-illuminated silicon
photocathodes due to reduced resistivity with increasing
deposition temperatures. A minimum growth temperature is
required for an efficient charge transfer, as a consequence of
layer crystallization between 100 and 200 °C.

From conductive AFM images, we have proven that the
conduction path is through the crystalline structure of TiO, and
that amorphous layers and grain boundaries are highly resistive.
Conduction across the protective layer can be increased by
using higher deposition temperatures with more stable TiO,

Scheme 1. Charge Transfer Model in Working Conditions with (a) High-Resistance and (b) Low-Resistance TiO, Layers

More resistive

(2)

Less resistive

(b)
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Figure 8. (a) Top and (b) cross-section SEM images of an almost-crystalline TiO, layer after a stability test, wherein dissolution of the amorphous
region between crystals can be seen. (¢} Cross-section of a fully crystallized layer after 300 h stability in 0.5 M H,SO,, with no visible dissolution. (d)
Current measurement of the fully crystalline TiO, sample for 300 h at 0.3 Vgyye under 1 Sun AM 15G illumination.

phases and by reducing defects and charge traps and obtaining
higher FFs up to 0.73. The thin titanium layer used to protect
silicon from oxidation has an important role also in enhancing
the TiO, nucleation and crystallization, though reducing light
transmission. The formation of a TiO, layer contributes to the
nucleation of the TiO, ALD layer, thus enhancing crystal
density. The negative formation of a resistive SiO, layer is
avoided. In addition, fully crystallized TiO, is demonstrated to
be mandatory for long-term stability, as seen in the 300 h
continuous operation test.

Future studies should be addressed on achieving higher
crystallization at lower temperatures, to implement ALD-grown
TiO, as protective, conductive, and transparent layers for
photoabsorbing materials sensitive to temperature processes.
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Figure S.1: picture of a Ti/n'p-Si sample with 3700 ALD cycles grown at 300 °C,

soldered and epoxy protected.

H

Figure S.2: SEM images of TiO, layers grown by 3700 ALD cycles of TiCls and H,O
on n’Si substrates at a) 100 °C, b) 200 °C and ¢) 300 °C. Comparing with the substrates
with 5 nm Ti, we can see crystallization is retarded in temperature when the Ti layer is

missing.
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Figure S.3: XRD patterns of TiO- layers grown on n"Si substrates at 100 °C, 200 °C

and 300 °C.
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Figure S.4: topography AFM images of the n'-Si substrates a) without and b) with 5 nm
Ti. We can confirm that the rugosity is the same on both substrates prior to ALD

deposition.
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Figure S.5: STEM-EELS image of a Ti/n"p-Si substrate with 3700 ALD cycles of
TiO; grown at 200 °C showing the ALD grown layer, the carbon rich layer on top of the

amorphous native TiO; layer, the un-oxidized Ti and the Silicon n'p photoabsorber.
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Figure S.6: polarization curves of a fully crystalline sample before (red) and after (blue)
300 h continuous operation at 0.3 V vs RHE. Measurements under 1 sun AM 1.5G
illumination in 0.5 M H,SO, with Ag/AgCl as reference and Pt as counter electrode in 3
electrodes configuration. Waves seen in the saturation region of the polarization curves

were caused by the lamp used for stability measurements.

160



Chapter 4

Adapting protective layers for thin
film chalcogenide photoabsorbers



Chapter 4 C. Ros

162



C. Ros Adapting protective layers for thin film chalcogenide photoabsorbers

In chapter 3, the titanium dioxide protective films were optimized and characterized using
silicon as photoabsorber for photocathodic hydrogen evolution. As was mentioned, silicon
could be used as a reference semiconductor thanks to its stability, but other emerging
photovoltaic semiconductors' have shown promising results and present interesting features.

Chalcogenide based photoabsorbers are part of thin film photovoltaic semiconductors, with
thicknesses ranging few micrometers thanks to high absorption coefficient and thus, have the
possibility to be deposited on glass or on flexible substrates such as steel, aluminum or a
polymer, permitting roll-to-roll fabrication®. Thin films permit few material consumption and
less fabrication costs, pushing for cheaper devices compared to other photovoltaics while
achieving high efficiencies®. Moreover, chalcogenide photoabsorbers electronic structure is
defined by a complex structure of Cu vacancies acting as electron acceptors and In, Ga, Se
substitutions and defects and, by adapting the elemental ratio, its band gap (and thus,
photovoltage/saturating photocurrent) can be significantly modified*.

Among them, CIGS and CZTS have 1.0 to 1.8 eV variable band gaps variating In/Ga or S/Se
ratio respectively. CIGS have already been commercialized and have presented about 20%
conversion efficiencies®, while CZTS over 10% with only abundant and non-toxic elements
(indium and gallium are replaced by zinc and tin)°. The p-n junction is formed normally with
n-type CdS or InS ~50 nm layers and ZnO transparent conductive top contact. However, TCO
layers are not protective enough against corrosion in acid or alkaline media due to Zn** and
Sn*" forming soluble species® and thus, require further protective layers.

Although, due to the mentioned primordial role of structural imperfections in defining the
electronic structure, thermal treatments during late fabrication steps like protective film
deposition will significantly influence the photovoltaic efficiency’. Thus, optimal coupling of
both technologies is of primordial concern. TiO, was demonstrated highly stable and
conductive for cathodic applications in previous chapter, requiring a crystalline film. For it,
ALD is one of the best candidates: thanks to its slow deposition and intermediate species
mobility, the necessary TiO; crystalline structure can be obtained at lower temperatures than
other deposition techniques, often requiring ~400 °C*’.

4.1. Conformal chalcopyrite based photocathode for solar refinery applications

In the first article of this chapter, chalcopyrite CIGSe/CdS p-n heterojunctions on stainless
steel (SS) foil were studied as flexible photocathodes. Due to the known instability of TCO
films in acidic conditions, TiO, protective layers were applied to analyze the possibility of
substituting the TCO. Platinum was used as HER catalyst. Both i-ZnO and AZO layers are
found to enhance protected photocathodes efficiency by helping in p-n junction charge
separation and film conductivity (Figure 4.1).
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Figure 4.1. a) Cross section SEM image of a CIGS photocathode, with all intermediate layers
and thicknesses identified. b) Cyclic voltammogram of CIGSe/CdS/i-ZnO photocathodes with and
without an AZO intermediate layer and protected with 100 nm TiO; and Pt as catalyst, measured
in 0.5 M H:SOq and 1 sun illumination.

10, 50 and 100 nm TiO, protective overlayers were deposited. ALD was maintained at 200
°C to prevent damaging the heterojunction. Resistive effect of a 10 nm thin layer is less
relevant than 50 nm ones, probably due to tunneling effect and thinner film. Increasing the
thickness creates more conductive layer (Figure 4.2a), as more deposition time allows crystals
to laterally propagate'’. Cross section SEM shows grainy 100 nm TiO> films, with nucleation
enhancement expected due to high substrate rugosity.

SS/CIGSe/CdS/i-ZnO/AZO/TiO»/Pt lab-grown and commercial-based CIGSe cells were
protected and adapted into relatively stable photocathodes with up to 40 mA-cm™ at 0 V vs
RHE photocurrents and over 400 mV photovoltages, meaning up to 6.6% HC-STH
conversion efficiencies. Although, post-stability characterization revealed significant cracks
in the protective layers, apparently caused by tension on flexing. These cracks do not affect
significantly an encapsulated solar cell, but are deadly in a corrosive electrolyte environment,
dissolving the cell below the TiO; protective layer (Figure 4.2b).
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Figure 4.2. a) Scheme describing the possible conduction paths of a 10 nm TiO: layer presenting
tunneling, a 50 nm one with limited crystal coverage and a 100 nm one, where deposition time
gave crystals time to develop and cover significant part of the layer. b) Cross section SEM image
of a photocathode after 1h stability, presenting significant cracks and detached film. Inset shows
a flexed device.

4.2. Turning earth abundant kesterite-based solar cells into efficient protected
water-splitting photocathodes

In this article, the compatibility of ALD-TiO, layers to protect earth-abundant
copper—zinc—tin—chalcogenide (CZTS/Se) kesterite-based devices is studied, as alternative to
CIGS that uses indium, limited in availability. Different stoichiometry CZTSe, CZTSSe and
CZTS photoabsorbers, with 1.0, 1.15 and 1.5 eV band gaps are fabricated by modifying the
chalcogenide S/Se ratio. Following previous article, CdS/i-ZnO/ITO/100 nm TiO»/Pt
overlayers were deposited for efficient photovoltaic behavior and charge transfer to the
electrolyte (Figure 4.3a).

Chalcogenide kesterites as photoabsorbers show high performance thanks to highly complex
structure based on specific phases, lattice parameters, elemental substitution and diffusion and
defects distribution, sensible to few hundred Celsius’. Temperature-caused alterations on
kesterite electronic structure were studied by variating TiO» deposition temperature from 200
to 300 °C. As can be observed in Figure 4.3b, 200 °C is the maximum before significantly
affecting the CIGSe/CdS junction performance, and over one hour stability was obtained
thanks to the TiO; protective film. ALD was proven as one of the few techniques capable of
protecting kesterite chalcogenides thanks to the low crystallization temperature.
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Figure 4.3. a) Colored cross sectional SEM image of a CZTSe-based photocathode. b) Cyclic
voltammograms of three CZTSe-based photocathodes protected with TiO; deposited at different
temperatures, from 200 to 300 °C, presenting p-n junction degradation if higher than 200 °C is
used. Inset: Stability measurement presenting over 1 hour performance with minimal
degradation. Three electrodes measurements in 0.5 M H,SO, and 1 sun illumination.

The second part of this article was focused on a comparative study thanks to the possibility to
measure operational kesterite-based solar cells before and after protecting them to be
implemented as photocathodes (Figure 4.4a). Thus, cell and introduced TiO, film series
resistance, HER Pt catalytic kinetics and solar cell performance alterations (photovoltage or
photocurrent variations) could be identified and quantified. The series-circuit model proposed
allows for further extrapolations of other photoabsorbers, protective layer materials or HER
catalysts combinations in the pursuit of best coupling tandem photoelectrodes (Figure 4.4b).

With this work, we demonstrate the possibility to fabricate band gap tunable photoelectrodes
resembling efficient solar cells performance with minimized loses thanks to ALD with over
450 mV photovoltages, 37 mA-cm™ and conversion efficiencies up to 7%. Although, pure-
sulfide kesterites (CZTS) were more severely affected by the thermal process as was
structurally analyzed by Raman, losing its characteristic high photovoltage.
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Figure 4.4. a) Cyclic voltammogram PEC measurement of a TiOs-protected and Pt catalyzed
photocathode (black), photovoltaic I-V curve of a TiO,-deposited solar cell (red) and the
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calculated HER behavior of the Pt catalyst by subtracting the black curve to the red one (in blue).
b) Scheme of the full photocathode electric series circuit presenting all the calculated electrical
elements.
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ABSTRACT

Photoelectrochemical properties of conformal photocathodes based on chalcopyrite built-in on flexible
stainless steel foils are shown to give current density level higher than 30 mAcm # (0 Vige). These
conformal photocathodes can become elements for developing new concepts for PEC cells to obtain solar
fuels. The influence on the PEC characteristics of the protective anticorrosion layer based on TiO, film
deposited by atomic layer deposition technique at very low temperature, 200 °C, and using TiCl, pre-
cursor are analyzed and discussed particularly taking into account the charge transport mechanisms
through this layer. Likewise, buffer layer between the used n-type layer and the protective one such as i-
ZnO and AZO layers have also been considered to facilitate high efficient photocathode design adaptable
for new solar refinery applications for water splitting or CO, photoreduction. Improved photocurrent
values are obtained with TiO, protective values of 100 nm.

Water splitting
Solar hydrogen production
Stainless steel

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The identification of stable and inexpensive p-type photo-
cathode materials constitutes a key issue for developing photo-
electrochemical (PEC) cells available for implementing new con-
cepts of solar refinery producing hydrogen from water splitting as
well as other fuels or chemicals from carbon dioxide reduction.
Aside reliable and enduring materials and/or photocathode
structures, the development of reliable PEC cells and modules is
open to new concepts beyond the usual planar structures com-
monly reported up to now in the literature. Furthermore, aside
these aspects, for commercially viable PEC devices, the overall
solar-to-chemical conversion efficiencies are not the only essential
parameter. Indeed, other crucial features such as the stability of
the device, the use of inexpensive available materials or the
manufacturing process employing easily scalable, reproducible,
and economical techniques become essential too.
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** Corresponding author at: Catalonia Institute for Energy Research, IREC, Jardins
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0927-0248(= 2016 Elsevier BV, All rights reserved.

In this panorama, despite silicon band gap, 1.1 eV, does not fit
adequately with the theoretical band gap for having maximum
absorption from the solar spectra [1], P-type silicon has been
extensively investigated as a candidate material [2,3]. Likewise,
tunable band gap systems, like -V semiconductors such as
GalnP; or, alternatively some metal oxides such as Cu,0 can also
be optimized to act as reliable photocathode [4,5]. Nevertheless,
any of these proposed materials gather all the requirements for
fulfilling conditions -efficiency, low cost, flexible layers,...- for
developing adequate conformal enduring electrode structures.

Unlike the previous shown materials, chalcopyrite-type thin
film materials, exemplified by CulnS;, Culn,Ga; .S (CIGS) or
Culn,Ga, _ ,Ses(CIGSe), are Cu-based materials that offer band gap
energies around 1.5 eV and thus higher potential solar conversion
efficiency. CIGSe has recently shown promising activity as a PEC
photocathode [6] as well as the kesterites CZTS [7] which is
composed of only inexpensive and readily available elements,
since indium and gallium are replaced by zinc and tin which
makes it very attractive in view of large scale applications for
replacing CIGS or CIGSe. This alternative is structurally similar to
CIGS or CIGSe and has also a direct band gap of ca. 1.5 eV although,
nowadays, its solar efficiency is still limited below 16% [8,9]. As
thin film layers, they can be growth on different substrates such as
glass, FTO or flexible metallic foils to define conformal cathode
structures. In fact, these photocathodes based on p-type
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chalcopyrite layers prepared by inexpensive and scalable techni-
ques need also the presence of n-type buffer layers to promote
charge separation through the resulting p-n heterojunction.
Typically very narrow CdS layers and the less commonly used ZnS
or In,S; are used as n-type overlayers. These layers can, in turn, be
completed with some protective and conductive layers usually
based on zinc oxide with different doping level, aluminum is often
used, for facilitating the electron extraction and hence improving
the PEC photocurrent for inducing reduction at the cathode sur-
face. However, these layers are not protective enough against
corrosion in acid media. Consequently, in all cases, these chalco-
pyrite based cathode structures require a complementary antic-
orrosive overlayer that must also be compatible with the flexibility
imposed by the metallic foil substrate.

Herein, we report a study on chalcopyrite based photocathodes
prepared by inexpensive and scalable techniques on flexible sub-
strate for having conformal cathode structures for future PEC cell
design in solar refinery applications. We investigate the role of the
different layers used to complete the heterojunction and we fur-
ther demonstrate the ability to improve and stabilize the photo-
current delivered by chalcopyrite electrodes by protecting their
surface using atomic layer TiO, deposition overlayers at low
temperature for preventing any temperature effect on the previous
deposited layers and maintaining the mechanical robustness
required for the use of flexible metallic foil.

According to the efforts performed in the photovoltaic field to
fabricate chalcopyrite absorbers different technological approa-
ches can be used being electrodeposition and sputtering proce-
dures ones of the best performing considering cost and efficiency.
Likewise, different chalcopyrite compositions can be used mod-
ifying their semiconductor properties. Among them, CIGS, CIGSe
and CZTS kesterites based on abundant elements are the most
highlighted. Due to their high absorption coefficients, tunable
band gap values (1.0-2.4 eV) by changing In/Ga and/or Se/S ratios,
and suitable band alignment for water reduction, these materials
are also attractive to be used as photocathodes for H, production
from water.

In this contribution, focused in optimizing the functionality of
TiO,, layer deposited by atomic layer deposition (ALD) as protective
layer for chalcopyrite, we have centered our efforts on CIGSe layer
deposited by sputtering as p-type absorbing layer. As ohmic
electrical contact we have used molybdenum according the stan-
dard route used for the photovoltaic thin film industry. So, for
having a flexible structure, these layers were implemented on a
molybdenum coated stainless steel foil cover with a chromium
buffer layer [10].

To complete the photocathode structure, a PN junction is
formed depositing a thin n-type CdS layer following the same
criteria than those justifying to design the chalcogenide based
photovoltaic device, facilitating the electron hole pair separation
induced by the electric field of the space charge zone. This
approach involves an appreciable improvement of photocurrent as
well as onset potential compared to those of unmodified films.

However, unlike the photovoltaic device, the photoelectrochemical
functionality requires to be coated by an anticorrosion protective
layer that, at the same time, guarantees the highest values of minority
carrier transference from the absorber chalcopyrite layer to the
electrolyte,

In this context, TiO> is recognized as an adequate material as
protective layer due to their characteristics in acid and basic
electrolyte and also presents an adequate alignment of its con-
duction band with the CIGSe/CdS structure [7,11]. Nevertheless, it
is well know that at room temperature, considering the wide band
gap of the Ti0; ( = 3 eV}, the charge transport mechanisms of this
material corresponds rather to a nearly insulator dielectric in
which the electrical conductivity is very low, that can induce
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electrical performance losses modifying the expected photoelec-
trochemical properties. It should be observed that the conduction
current of these layers, at normal applied electric field, could be
very small because conductivities could inherently be low
depending on the defect densities (i.e. oxygen vacancies).
Assuming TiO, film thicknesses between 10 and 100 nm, electrical
fields around 10°-10° V/cm can be estimated through the film,
being enough to have noticeable conduction current through the
film. So, the conduction mechanisms through these layers could be
electrode-limited or bulk-limited. The former mechanism depends
on the electrical properties at the electrode-dielectric interface
whereas the bulk-limited conduction mechanism depends on the
electrical properties of the dielectric itself. Bulk-limited conduc-
tion is directly related to the trap level, trap spacing, trap density,
carrier drift mobility, dielectric relaxation time, and the density of
states in the conduction band. These parameters concern to the
film thicknesses as well as to the deposition conditions.

On the other hand, substrate flexibility and mechanical
robustness, number of layers and thickness could also be a para-
meter to take into account.

Therefore, several relevant questions concerning TiO, thickness
itself, or the need to maintain the ZnO buffer layer and AZO top
contact to increase charge transfer efficiency arise in order to
define the best flexible Cu-chalcopyrite based photocathode
configuration.

2. Experimental

Photoelectrodes were fabricated onto flexible stainless steel
(SS). Consequently, samples with/without i-ZnO and AZO (Al:ZnO)
layers, and with TiO, layer thicknesses of 10 nm, 50 nm and
100 nm were prepared in order to evaluate the effect of these
layers on the final PEC performances. Thicknesses and character-
istics of the CdS and ZnO layers have been chosen from the
background of photovoltaic routes.

a) Chalcopyrite layer deposition on flexible substrate: CIGSe
absorbers were prepared onto 0.3 mm thick stainless steel foil
substrates (coated with Cr and Mo) via sequential DC mag-
netron sputtering deposition (AC450 Alliance Concepts) using
Cu, Cu-Ga (50-50%) and In targets (99.99% purity all of them).
Reactive annealing under Se atmospheres of the sputtered
metallic stacks was used to produce the absorbers. The final
compositions were: Cu/(In+Ga)=0.90 and Inf(In+Ga}=0.28,
and was kept constant in this study. After the thermal
annealing, the CIGS absorbers were etched by the classical
KCN route (aqueous solution 10% m/v, 25 °C, 120 s}, in order to
remove possible unwanted Cu,Se secondary phases at the
surface [12].

CdS deposition: CdS was deposited 60 nm thick by Chemical
Bath Deposition (CBD) from CdSO, and thiourea precursors
aqueous solutions, at 75 °C and pH=11, using the methodol-
ogy reported elsewhere [13].

AZO and ZnO deposition: immediately after CdS growth, the
solar cells were completed by DC-pulsed sputtering deposition
of i-Zn0 (60 nm} and AZO (Al:ZnO, 300 nm) as transparent
conductive window layer (Alliance CT100).

Protective TiO, overlayer deposition by ALD: samples were
simultaneously introduced in a R200 Picosun Atomic Layer
Deposition system at 200 °C using TiCl; and H,0 precursors at
19 °C in successive pulses in a 8 mbar Nz flow atmosphere,
reaching a growth rate of 0.27 A/cycle. Some samples were
grown simultaneously on silicon substrates to complete
characterization of TiO» overlayer. Layer thickness was mea-
sured by evaluating the reflected spectra with a Sensofar
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interferometer device with +0.2 nm error and verified by
cross section in a Zeiss Series Auriga Field Effect Scanning
Electron Microscope (FESEM). Structural characterization was
carried out by X-ray diffraction (XRD) in a D8 Advance Bruker
equipment with a Cu Ko radiation source working at 40 kV
and 40 mA with a 3° offset angle.

Photoelectrochemical (PEC) measurements were obtained with a
Princeton Applied Research PARSTAT 2273 potentiostat in a three-
electrode configuration, using Ag/AgCIfKCl (3 M) (E°=0.203 Vgue)
as reference electrode and platinum mesh as a counter electrode.
Linear sweep voltammograms were adquired at a scanning rate of
30mVs " A quartz cell with flat faces was used with 100 ml of
0.5M H,504 as electrolyte and a 300 W Xenon Lamp to provide
simulated AM 1.5G solar light {1 sun, 100 mW cm 2), calibrated using
a silicon diode (Gentec-EQ, XLPF12-35-H2-D0O). The half-cell solar-to-
hydrogen efficiency (HC-STH) was calculated from the linear sweep
voltammograms using the equation HC-STH=jpnl * (Epie— Enis piz) [
Py = 100%, where ji, is the photocurrent density obtained under an
applied bias of Epyr, En. mz is the equilibrium redox potential of
hydrogen (0 Veye) and Py, is the power density of the incident solar
energy (100 mW cm~2). Before measurements, platinum as HER
catalyst was generally deposited by HyPtCls drop casting (which
corresponds to a Pt load of 133 pgfcm?) or by thermal evaporation.
Then, samples were scratched to expose the SS substrate, soldered to
a Cu wire with Ag paint and protected with an epoxy resin.

3. Results and discussion

TiO: layers with different thickness have been deposited
simultaneously on the CIGSe photocathodes and on silicon sub-
strates in order to analyze the morphology and structure of the
deposited TiO> ALD layers under the defined conditions. Fig. 1
shows a scanning electron microscopy image of one of these
samples deposited at 200 °C with a thickness of 100 nm using the
silicon substrates. Nearly circular crystals can be seen dispersed in
a still amorphous layer. The insert in Fig. 1 shows the cross section
of one of these anatase crystallized columns embedded in the
amorphous layer, where phase composition was depicted from
XRD analysis (Fig. 51). Crystallized surface coverage and column
diameter size changes with the deposition time and hence with
the thickness. Crystallized zones being thicker than the amor-
phous layer is known from the higher hydroxyl affinity of the
anatase crystallographic phase, thus giving a higher ALD growth
rate [14].
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Fig. 1. SEM image of the TiO; ALD deposited layer morphology on silicon substrate.
Insert: cross section detail of the anatase crystallized vertical column.
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heterojunctions with a 10 nm {green), 50 nm (dark blue) or 100 nm (light blue)
Ti0; top layer and 1 nm evaporated Pt as HER. Electrolyte: 0.5 M H;504. All of the
curves have been normalized to the maximum photocurrent at 0 Vyye. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 3. Linear sweep vol under illumination {1 sun) of CIGSe/CdS/i-

Zn0 heterojunctions with a 10 nm (green), 50 nm (dark blue) or 100 nm (light
blue) TiO; top layer and 1 nm evaporated Pt as HER. Electrolyte: 0.5 M Hz50,. All of
the curves have been normalized to the maximum photocurrent at 0 Vi, (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

To preserve the reliability of the chalcopyrite based structure,
the growth temperature was not exceeding 200 °C, Then, it is
plausible that under the used conditions, the electrical transport
properties of the deposited TiO, ALD layer can be different at
different thickness due to different layer crystallization state,

The influence of the TiO; thickness on the photoelec-
trochemical performance of the chalcopyrite based structure (55/
Cr/Mo/CIGSe/CdS} without or with a i-ZnO buffer layer is shown in
Figs. 2 and 3 respectively. For clarity, the obtained photocurrent is
plotted normalized versus the value of the 100 nm thickness at
0 Vgue. These data show the effect of different thickness deposited
Ti0; layers. In both cases the maximum photocurrent values are
obtained at a thickness of 100 nm with absolute photocurrent
value at 0 Vgue in the range of 15-20 mA cm 2 as it will be
shown below,

Likewise, in both cases, the resistive effect of a 10 nm thin layer
is less relevant than 50nm likely due to this thickness still
allowing a tunnel conduction through the layer whereas at 50 nm
the poor charge transport properties of the layer is preventing to
attain a high level of photocurrent due to higher resistance and
consequently introducing higher electrical losses. The higher
blocking effect in this case is decreasing the charge transfer
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capability. Consequently, the photogenerated carriers have a
higher residence time in the chalcopyrite based structure before
being transferred to the electrolyte and, hence, the recombination
rate is increased diminishing the effective photocurrent level.

It can be observed that these resistive effects are much less
significant when the i-Zn0O buffer layer used in photovoltaic
devices for facilitating electron-hole separation is used too, pre-
venting surface recombination. Without the i-ZnO layers, the
sample with 50 nm TiO, (dark blue line, Fig. 2) approximately
transfers 20% of the photocurrent whereas using i-Zn0 layer (dark
blue line, Fig. 3) there is more than double of the current level.
Similar effect exists if we compare the current level for the sam-
ples coated with 10 nm of TiOs.

On the other hand, for these cases of 10 and 50 nm, it is also
remarkable the effect of the introduce resistance due to the layer
observing the strongly modification in the polarization curve
shape especially when i-Zn0O layer is not present.

For thickness of 100 nm these limiting effect of the TiO. layer
with small thicknesses is overcome. High level of photocurrent,
charge transport efficiency and better fill factor are recovered
pointing out that, at this thickness value, with the low tempera-
ture deposition conditions (for preserving chalcopyrite based
structure materials stability), the transport properties of the TiOa
become suitable as protective coating. Furthermore, these results
also suggest than it is much better to keep the i-ZnO layer like it is
used in the photovoltaic device to facilitate the electron transport
and injection through the i-ZnO/Ti0; interface.

In this direction, we have also analyzed if the introduction of an
underlayer of aluminum doped ZnO (AZO) could still improve the
final efficiency. In Fig. 4 it is show the positive effect obtained in
using the full configuration in extracting electrons according to the
fabrication route implemented in photovoltaic devices. Keeping in
mind that ALD-TiO; has an anatase-amorphous composition with
different conductivities (Figure $2), the intermediate layer of the
conductive oxide (AZO) between i-Zn0 and ALD-TiO; is facilitating
electrons to find the most conductive pathways of the protective
TiO; layer, similar to what was proposed by Domen et al. [15]. As it
can be seen in Fig. 4, a 26 mA cm 2 photocurrent level (0 Vgur)
has been obtained using the Zn0O-AZO configuration, proving the
benefits in using the AZO layer too. The fast electron transfer was
also validated by measuring the open circuit voltage of the pho-
toelectrodes shown in Fig. 5, where the open circuit voltage decay
is higher for the samples without the Zn0-AZO layer, whereas
with the layer a virtually constant open circuit voltage was
observed, proving that interfacial recombination is suppressed by
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0.1 0.0 0.1 0.2 0.3 0.4 0.5
Ef Ve

Fig. 4. Linear sweep vol under illumination (1 sun) of CIGSe/CdS/i-
ZnO/heterojunctions with 300 nm of AZO {blue) or without the underlayer (red),
subsequently protected with 100 nm TiO; ALD layer and 133 pgem—? of drop
casted Pt as HER. Electrolyte: 0.5 M H250,. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Open circuit potential measurements of CIGSe CdS heterojunctions with
Zn0-AZ0 layers {red) and without the (black) and with 100 nm TiO; top layer and
1 nm Pt evaporated layer as HER. Measurements under chopped illumination {1

sun) in 0.5M H;504 (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. Linear sweep veltammograms under illumination (1 sun) of CIGSe/CdS/i-
ZnO{AZ0 heterojunctions (blue) or an industrial solar cell {(green) with a 100 nm
Ti0; top layer and 1 nm evaporated Pt as HER. Insert, solar to hydrogen (HC-5TH)
efficiency of the industrial C1GSe/CdS/i-Zn0OfAZO[TiO /Pt photocathode. Electrolyte:
0.5 M Hz504. {For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

facilitating charge migration through the ZnO-AZO underlayer
According to these analyses it is not suitable to simplify the
already optimized electron extraction system and it is mandatory
at 200°C to use a TiO; ALD layer of at least 100 nm. We have
moved this fabrication recipe to the full standard photovoltaic
fabrication route replacing the final metallization step by the ALD
deposition, The same has been done for a sample fabricated in an
industrial production line. In one case the catalytic platinum was
implemented in a different way, which introduces little difference,
which origin will be analyzed elsewhere, In Fig. G it is show that
photocathodes based on chalcopyrite deposited on flexible stain-
less steel foils are feasible with a very promising photocurrent
level density in the range of 30-40 mAcm 2, giving a solar to
hydrogen (HC-STH) conversion efficiency of 6.6% at 0.23 Vg,
which is in the range of the record HC-STH efficiencies of CIGSe
photocathodes using buffered neutral or alkaline electrolytes [15]
Also, stability measurements prove these flexible samples can
stand at least for 1 h continuous hydrogen evolution at 0 Vgye
giving 20-30 mA cm~? (Fig. 7), in acid electrolyte where it was
already reported stability issues [G]. Likewise, the combination of
In/Ga or alternatively S/Se or even the use of alternative layers to
the CdS opens many options for improving the open circuit voltage
as well as the overall photoelectrochemical characteristics of this
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AZO} with 100 nm ALD Ti0s and 1 nm evaporated Pt HER layer. Measurement at
0 Ve under 1 sun illumination in 0.5 M H;504.

Cu-chalcopyrite system. To our knowledge, the observed PEC
water splitting activity is clearly competitive among chalcopyrite-
based photocathodes reported so far and it is the first time
reported on a flexible substrate. Nevertheless, further studies to
improve it are now in progress for a second generation of flexible
photocathodes.

4. Conclusions

It has been shown the feasibility of the fabrication of highly
efficient photocathodes based on Cu-chalcopyrite deposited on
flexible stainless steel foil substrates. These cathode structures can
take all the advantages of the previously developed thin film
technology around the chalcogenides driving new disruptive
options for combining different compositions 5/Se or Ga/ln or just
using kesterites systems.

Likewise, it has been proved that atomic layer deposition of
TiO, deposited at low temperature, 200 °C, using TiCly precursor
can accomplish all the requirements for achieving the objective of
maximum efficiency from the used p-type absorber layer. For this,
electron transport mechanisms through the deposited TiOs film
has a paramount importance and must be considered to avoid
restricting conditions which block charge transfer, accumulating
carriers at the interface, increasing the recombination ratio and
hence reducing the effective photocurrent. A thickness of at least
100 nm has been demonstrated to be necessary to achieve the
maximum charge transfer efficiency. Likewise, it has been proved
that, onto the n-type layer of CdS, the use of i-ZnOJAZO (Al:Zn0)
layers such as it is used for photovoltaic chalcogenide thin film
technology for facilitating the electron extraction is also strongly
recommendable for PEC applications in order to achieve photo-
current level, open circuit voltage and fill factor near of those
presented for equivalent photovoltaic devices.

The feasibility of cu-chalcopyrite based photocathodes onto flex-
ible stainless steel foil drives novel PEC cell design towards new
conformal developments oriented to develop low cost and high
volume applications of multi PEC cell modules under the concept of a
solar refinery for obtaining high throughput solar fuels.
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Figure S1. XRD pattern of the TiO, ALD deposited layer morphology on silicon substrate.

Red vertical lines corresponds to JCPDS card 1-0562 (anatase).

Figure S2: AFM images (conductive tip) of a 200 °C grown TiO, ALD layer on an n'-Si

substrate. Topography image (left) and intensity image (right).
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Turning Earth Abundant Kesterite-Based Solar Cells Into Efficient
Protected Water-Splitting Photocathodes
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ABSTRACT: CZTS/Se kesterite-based solar cells have been
protected by conformal atomic layer deposition (ALD)-
deposited TiO, demonstrating its feasibility as powerful
photocathodes for water splitting in highly acidic conditions
(pH < 1), achieving stability with no detected degradation and
with current density levels similar to photovoltaic productiv-
ities, The ALD has allowed low deposition temperatures of
200 °C for TiO, preventing significant variations to the
kesterite structure and CdS heterojunction, except for the
pure-sulfide stoichiometry, which was studied by Raman
spectroscopy. The measured photocurrent at 0 V vs reversible
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hydrogen electrode, 37 mA-cm™, is the highest reported to date, and the associated half-cell solar-to-hydrogen efficiency reached
7%, being amongst the largest presented for kesterite-based photocathodes, corroborating the possibility of using them as
abundant low-cost alternative photoabsorbers as their efficiencies are improved toward those of chalcopyrites. An electrical circuit
has been proposed to model the photocathode, which comprises the photon absorption, charge transfer through the protective
layer, and catalytic performance, which paves the way to the design of highly efficient photoelectrodes.

KEYWORDS: kesterite, CZTS, protective layer, TiO,, hydrogen, water splitting, photocathode

B INTRODUCTION

Since the discovery of the photoelectrochemical (PEC) water
splitting,I much effort has been addressed to develop materials
for an industrial scale deployment. The photoelectrode stability
and material cost, abundance, and toxicity have become key
parameters, together with process efficiency and productivity.

From photovoltaic (PV) point of view, several candidate
materials for high solar to current conversion efficiency are
known, silicon being one of the most studied. Implementing
them in PEC water-splitting devices could overcome the
productivity limitations of metal oxides.”™" To overcome
material consumption and production costs, second-generation
thin-film solar cells are moving to affordable and scalable
materials, maintaining high conversion outputs.” Among them,
kesterite CZTS/Se (Cu,ZnSnS,/Se,) solar cells are promising
low-cost alternatives,”'” similar to CIGS (Culn,_.Ga,Se,)
ones'' ™" but replacing scarce gallium and indium by tin and
zinc, which are more abundant, inexpensive, and environment-
friendly metals. In this case, cell heterojunctions are formed
with a highly n-type CdS layer for an efficient charge
separation, normally deposited via chemical bath deposition, a
room-temperature process giving excellent results but signifi-
cantly sensitive to thermal treatments. Additionally, distribution
of Cu'* and Zn™" cations in the crystal structure of kesterite has
significant impact on the interface carrier recombination and
final performance of the photovoltaic device,""'* and it is also
very sensitive to postdevice fabrication thermal processes.

< ACS Publications  © 2018 American Chemical Society

13425

These two facts limit the processing temperature of the PEC
device to below 250—300 °C.

On the other hand, another advantage of kesterite-based
solar cells is that band gap modification is possible by changing
the sulfur—selenium composition, moving from a 1.0 eV band
gap pure-selenium CZTSe up to 1.5 eV when substituting
selenium by sulfur, allowing 300 mV photovoltage modifica-
tions,'® especially interesting to match the optimum coordina-
tion in a tandem device.'” The CZTS/Se kesterite devices
stand for cheap and earth-abundant-materials-based photo-
cathodes, fitting the requirements for the small band gap
photoelectrode in tandem cells configuration for large-scale
implementation.

One of the main problems faced in implementing kesterites
as PEC devices concern the instability of used materials under
water-splitting conditions, which require highly acid or basic
electrolytes. Moreover, it has recently been demonstrated that
for PEC applications, the integration of the absorber based on
chalcogenides in the photocathode is improved keeping the top
contact transparent layers (normally indium tin oxide (ITO) or
aluminum doped zinc oxide (AZO)) typically used in the PV
device. This way, these layers contribute to facilitate the charge
transfer of photogenerated electrons from the absorber to the
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hydrogen evolution reaction (HER) catalyst particles."
However, these layers lack the chemical stability under working
conditions; therefore, the development of layers fulfilling the
required properties of pinhole-free, conductivity, transparency,
and stability in wide range of pH and electrochemical potentials
and compatibility with the kesterite technology are mandatory
to implement them into photoelectrochemical systems."”

In this contribution, we analyze the viability of atomic layer
deposition (ALD) of protective layers compatible with the
earth-abundant copper—zinc—tin—chalcogenide kesterites
(Cu,ZnSnS,/Se,)-based devices.””™™* These chalcogenides
show a complex structure with different phases and lattice
parameters under temperature treatment variations, together
with diffusion and different distribution of anions (S, Se) and
cations (Cu, Zn) already taking place at few hundred
celsius.” ™" The main consequences of alterations in these
characteristic defects are the modification of the effective band
gap values, the change in the open circuit voltage, performance
losses in the fill factor, or the variation in the short circuit
currents modifying the solar cell characteristics and, hence, its
functionality as an active component of a photocathode."* In
this scenario, once kesterite films are fabricated and the p—n
junction formed, low thermal processes are required to
overcome these difficulties. However, the protection layer
needs some conditions for guaranteeing its functionality.” ™"’
Thus, proper coverage, chemical stability, and high electrical
conductivity are simultaneously needed. Furthermore, any
electrical resistance introduced by this extra layer must be
minimized to avoid efficiency losses.

Here, ALD TiO, films have been used as protective coatings,
with thicknesses around 100 nm. These layers present excellent
results in terms of protection, transparency, and drift
conductivity both for anodic and cathodic water-selittin
conditions”' ™" and photoabsorbers such as Si, LAl
Cu0,,"*** Fe,0," or CIGSe.'” ALD can rule out pinhole
generation” and has lower crystallization deposition temper-
atures than sputtering or chemical vapor deposition, thanks to
intermediate species mobility and a slow layer-by-layer
conformal deposition, crystallization being a key characteristic
for efficient conductivity.”"***" These ALD characteristics
open the possibility to use it to protect photoabsorbing
materials, which would degrade under widely used post-
deposition crystallization annealing at moderate temperatures
(~400 °C)."*

In this work, to fulfill the above-described requirements,
kesterite-based solar cells'” have been protected with at least
100 nm thick ALD TiO, polycrystalline layers. These TiO,
layers separate the photoabsorber from the corrosive electro-
Iyte, but they can also introduce a certain resistance to the
current flow,”" reduce the number of photons reaching the
photoabsorber (although having a band gap larger than 3 eV),"'
and its deposition process can alter the layers beneath. The
kesterite-based photocathodes have been fabricated to resemble
the conversion efficiencies of photovoltaic kesterite solar cells
while being stable in highly acidic electrolytes. ™

Significant performance differences have been found between
the sulfur-based and selenium-based samples I(V) curves, which
have also been corroborated by Raman analysis, pointing out
that pure-sulfur samples are especially sensitive to long ALD
processes due to the loss of beneficial copper vacancy defects.
The photoelectrochemical and photovoltaic behaviors have
been compared and individual electrical components have been

analyzed assuming an electrical circuit model.""” Finally, the
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performance and stability are tested to obtaining 37 mA-cm™
at 0 V vs reversible hydrogen electrode (RHE) and the onset
potentials up to 450 mV vs RHE, giving a photocathode
conversion efficiency of 7% for a CZTSSe kesterite. These
values enhance this technology to be a very promising and low-
cost approach, as kesterite-based PV efficiencies have increased
during the last years up to 12.6%," which is beyond the
efficiencies used in this work. This gives promising expectations
to achieve the conversion efficiencies above 10% using
kesterite-based photocathodes in the near future.

B EXPERIMENTAL SECTION

Preparation of CZTS/Se Thin Films. CZTSe layers were
synthesized on Mo-coated soda lime glass by annealing the Cu/Sn/
Cu/Zn metallic multistacks in a reactive atmosphere with §, Se, or the
combination of § and Se. Precursor absorber films were approximately
800—840 nm thick, with composition ratios of Cu/(Zn + Sn) = 0.77—
0.87 and Zn/Sn = 1.24—1.49. When combining S and Se, a mixed
atmosphere post-treatment was used, resulting in a sulfur/selenium
ratio $/(S + Se) = 0.166, fabricated as in previous works.'™" The as-
prepared absorbers were then subjected to several etching processes to
remove the secondary phases and passivate the surface, as reported
elsewhere.”""" Afterward, the solar cells are finished by a chemical bath
deposition of a CdS buffer layer (60 nm), followed immediately by
pulsed direct current (DC)-magnetron sputtering deposition of 50 nm
intrinsic ZnO and 450 nm In,0;/Sn0, (90/10 atom %) window layer
(CT100 Alliance Concepts).

For simplicity, complete solar cells including the Cu,ZnSnS,/Se,
photoabsorbing material, the CdS, the i-Zn0, and the top contact ITO
will be named based on the photoabsorber, namely, CZTSe, CZTSSe,
and CSTS. CZTS/Se will be used to mention the chalcogenide
compounds with mixed S/Se stoichiometry used in this work.

Protection with Transparent Conductive TIO,. The samples
were introduced in a R200 Picosun Atomic Layer Deposition system at
the deposition temperatures T; = 200, 250, and 300 °C using TiCl,
and H,O precursors at 19 °C in successive pulses in a 12 mbar N, flow
atmosphere, similar to previous works,”' reaching a growth rate of 0.43
A per cycle, with a fixed number of 3300 cycles. Some samples were
grown simultaneously on silicon substrates for complete character-
ization of the TiO, overlayer. The annealing processes simulating ALD
conditions were performed in the same ALD chamber in N, flow
vacuum, but with no precursor being introduced during 18 h (the time
corresponding to 3300 ALD cycles).

HER Catalysts. Before measurements, platinum as HER catalyst
was deposited by drop-casting using 6.5 mM H,PtCly in isopropanol
(corresponding to a Pt load of 66 _ugvcm"), Then, the samples were
scratched to expose the Mo substrate soldered to a Cu wire with an Ag
paint and protected with a nontransparent epoxy resin, leaving no
scratched border exposed to electrolyte.

Structural Characterization. TiO, layer thickness was measured
by evaluating the reflected spectra with a Sensofar interferometer
device with +0.2 nm error and verified by cross section in a Zeiss
Series Auriga field effect scanning electron microscope. The structural
characterization was carried out by X-ray diffraction (XRD) in a D8
Advance Bruker equipment with a Cu Ka radiation source working at
40 kV and 40 mA. The XRD diffractogram has been normalized to the
Ti0, peak. The crystalline domains are calculated following the
Scherrer equation: D = 0.9 X A/(FWHM X cos #), where 4 is the X-
ray wavelength (1.5406 A), full width at half-maximum (FWHM) is
the full width of the diffraction line at half-maximum and # is the Brag
angle. The Raman scattering measurements were performed in
backscattering configuration with 785 and 532 nm excitation
wavelength using an IREC developed Raman setup based in an
iHR320 Horiba Jobin Yvon spectrometer system. All the measure-
ments were performed with a spot diameter of around 70 um and
keeping the power density below 100 W-cm™. All the spectra have
been calibrated using a reference monocrystalline silicon sample and
imposing the Raman shift of the main peak at 520 cm™.

DOk 10,1021 /acsami BbO0062
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Figure 1. SEM images of CZTSe solar cells (a) as finished and with 3300 cycles of ALD-TiO, deposited at (b) 200, (¢} 250, and (d) 300 °C.

Photovoltaic and Photoelectrochemical Characterization.
Photovoltaic [—V measurements were performed with an AAA class
ABET 3000 Solar Simulator under AM 1.5 conditions. The
photoelectrochemical (PEC) measurements were obtained with a
Princeton Applied Research PARSTAT 2273 potentiostat in a three-
electrode configuration, using Ag/AgCl/KCl (3 M} (E = 0.203 Vi)
as the reference electrode and platinum mesh as the counter electrode.
0.5 M H,50, (pH = 0.3) was used as the electrolyte. Linear sweep
voltammograms were acquired at a scanning rate of 30 mV:s™, A
quartz cell with flat faces was used with 100 mL of electrolyte and a
300 W xenon lamp to provide simulated solar light (AM 1.5G filter, 1
sun, 100 mW-cm™*) calibrated using a silicon diode (Gentec-EO,
XLPF12-35-H2-DO).

The performance and quality of the prepared photoelectrodes were
determined by measuring the half-cell solar-to-hydrogen efficiency
(HC-STH) using a three-electrode configuration. It was calculated
from the data obtained in the linear sweep voltammograms using the
equation HC-STH = lji| X (Egug = Epyjn,)/Poy X 100%, where jy, is
the photocurrent density obtained under an applied bias of Egpy,
Eyyju, is the equilibrium redox potential of hydrogen (0 Vi), and
P,,,, is the power density of the incident solar energy (100 mW-cm?).
Shunt (R,,) and series (R.) resistances have been calculated as the
slope in the I(V) curve in short-circuit and open-circuit conditions,
respectively.

B RESULTS AND DISCUSSION

Influence of the Structural, Morphological, and
Electrical Parameters. TiO, layers ranging between 130
and 140 nm in thickness (depending on the growth
temperature) have been deposited on CZTSe/CdS/i-ZnO/
ITO solar cells at 200, 250, and 300 °C. At least 100 nm thick
TiO, layers are highly recommended for proper crystallization
of the ALD-grown TiQ, in the anatase phase, as reported in our
previous work.'” The deposition temperature was tested up to
300 °C to obtain more crystalline layers, which would increase
its conductivity and stability and enhance the solar-to-hydrogen
conversion efficiency.”** From the scanning electron micros-
copy (SEM) images (Figure 1), we can see grains of around
200 nm diameter when grown at Ty = 200 °C (Figure 1b), and
the size is reduced and nucleation enhanced when the

deposition temperature is increased to 250 and 300 °C (Figure
le,d). The surface appearance becomes less rugose. From the
cross-sectional SEM (Figure 2) of a sample deposited at Ty =
200 °C, we corroborate the proper coverage of the ITO layer
by TiO,.

Figure 2. SEM cross-sectional image of a CZTSe device protected
with a 3300 cycles TiO, layer grown at 200 °C. We can identify
CZTSe (brown), CdS (yellow), i-ZnO/ITO (blue), and TiO, (green).

The XRD analysis confirms the presence of the anatase TiO,
phase (25.5° peak) (Figure 3). According to the XRD
diffractogram, the crystalline domain (D) is reduced, together
with increase in the residual compressive strain, at higher
deposition temperatures. The increase in layer strain is caused
by higher nucleation and nanocrystal growth competition.
Higher nucleation is a direct and known effect of increasing
deposition temperature, facilitating atomic ordering, in this
case, of intermediate species of the ALD deposition process.
All these results are resumed in Table 1.

From the photoelectrochemical (PEC) measurements of the
samples with TiO, layers grown at different temperatures
(Figure 4a), we can see how the onset potential of our samples
was reduced, from 0.43 V vs RHE for T; = 200 °C to 0.33 V vs
RHE for Ty = 250 °C and almost nothing for T; = 300 °C.
Thus, the deposition process, consisting on 18 h in the ALD,
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Figure 3. XRD diffractogram of the complete device around one of the
TiO, peaks for a sample before the TiO, deposition (black) and with
the protective layer grown at 200 (red), 250 (green}), and 300 °C
(blue). The anatase reference peak is shown with a dark green bar.

Table 1, Peak Maximum Position, Full Width at Half-
Maximum (FWHM), Crystalline Domain (D), Interatomic
Planar Spacing (d), and Compressive Strain Measured from
the XRD Diffractogram Presented in Figure 3

FWHM D strain, Ad/d, ¢
26 () (*) (nm)  d (A) (%)
TiO, ref 53 2528 35191
TiO, 200 °C  25.5091 0.1506 534 34877 0.89
TiO, 250 °C 255495 0.1829 44.0 34824 1.04
TiO, 300 °C 255604 0.2194 36.7 3.4808 Lo9

has a negative effect on the buried p—n junction of the thin-film
kesterite solar cell for temperatures above 200 °C, as well as on
the structure of the buried kesterite layer. At these temper-
atures, especially the CdS but also the TCO n-type semi-
conductor layers are modified by defect redistribution and
recrystallization,”* which changes the electronic parameters and
degrades the device performance. This effect has been seen in
sulfur- and selenium-based kesterite solar cells when 250—300
°C post-treatments are applied.”"** For this reason, the
temperature for further experiments was kept at 200 °C. The
sample grown at 200 °C was tested in 0.5 M H,SO, for stability
at 0 V vs RHE and showed over 1 h stability, giving almost 27
mA-cm™* with no significant losses (Figure 4b). After 1 h, when
the sample started to loose current, we stopped the experiment.
It was not possible to measure the stability of the same device
without the TiO, protective layer, as acid-sensitive upper layers
(ITO™ and CdS™) are completely corroded inside the
electrolyte in few seconds, inhibiting any measurable photo-
electrochemical current.

We present in Figure 5 images of an unprotected device
before, during, and after a 0.5 M H,S0, droplet was put on top,
where significant corrosion can be seen in 1 min. TiO,-
protected photocathodes presented small circular regions with
different colors after 1 h stability measurements (Figure Sb,
top). By SEM (Figure 5b, down), we can corroborate that these
visually different regions correspond to defects in the protective
layer, where the electrolyte corroded the layers beneath the
TiO,. The backscattered SEM images allow us to see regions
where the layers beneath the TiO, have been dissolved. Point
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Figure 4. (a) Polarization curves of CZTSe devices with TiO, layers
grown at different temperatures ranging from 250 to 300 °C. (b)
Stability measurement of the sample with TiO, grown at 200 °C. Pt
was drop-casted on top as HER catalyst. Measurements under 1 sun
AM 1.5G illumination in 0.5 M H,50, with Ag/AgCl as reference and
Pt as counter electrode at 0 V vs RHE.

defects or cracks due to thermal stress should be taken in
account for an industrial-scale production.

Once the deposition temperature has been determined, to
check the variations in the kesterite layer properties due to
thermal treatment at 200 °C during 18 h, we compared the
photovoltaic I(V) curves of as-fabricated CZTSe solar cell
(CZTSe with no TiO, layer), an identical solar cell without
TiO, layer after an 18 h postannealing treatment at 200 °C and
after the ALD TiO, deposition at 200 °C lasting 18 h (Figure
6). We can see the overall cell performance is enhanced with
the thermal treatment, with a 49 mV and 1 mA-cm™ increase
in the open-circuit potential (V) and the short-circuit current
density (J..), respectively. The thermal treatment also reduced
the series resistance (R,) and enhanced the shunt resistance
(R.). This enhancement in the heterojunction performance has
been attributed by Neuschitzer et al.”" to a slight Cu depletion
taking place mainly in the grain boundaries and to a Zn
enrichment of the CZTSe absorber surface, together with an
increase of the Cu content inside the CdS layer. In our case, the
top TiO, coating layer introduces extra resistance up to 3.7
and lowers by 2.7 mA-em™ the short-circuit current density
(together with significantly lowering the shunt resistance),
slightly reducing the fill factor of the cell. All these results are
summarized in Table 2.

It is plausible to consider that the thermal effects on the solar
cell heterojunction are similar both for ALD TiO, deposition
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(a)

Figure 5. (a) Left to right: a CZTSe device before, during, and after
depositing a droplet of 0.5 M H,S0, electrolyte, completely etching
the upper layers in a 1 min experiment. (b) Visual (top) and SEM
(down) images of a photocathode after 1 h stability at 0 V vs RHE.
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Figure 6. J(V) curve of an as-finished (black) CZTSe solar cell after an
18 h annealing process inside the ALD (red) and with a deposited
protective layer of ALD-TiO, (blue).

Table 2. Open-Circuit Potential, Short-Circuit Current
Density, Total Series Resistance, and Shunt Resistance of as-
Finished CZTSe Solar Cells after an 18 h Annealing Process
or after the Deposition of 3300 Cycles of TiO, by ALD

Voo (mV)  Jo (mAam™) R o (2) Ry (Q)
CZTSe 379 311 258 210
CZTSe + 18 h 428 32.1 135 696
CZTSe + ALD 394 294 37 299

and by the equivalent time and temperature treatment with no
deposition. Then, it is possible to estimate the resistance

introduced by the protective layer (TiO,) as the difference
between the series resistance after the two processes, which is
235 €. The short-circuit current loss can be attributed to
nonoptimal antireflective coating by the introduction of the
TiO, layer. The effect of TiO, protective layers on extra series
resistance (2.35 £2) and incident light transmittance (92%) are
in agreement with the previous results found on silicon.”’

Contribution of the photovoltaic and electrochemical
components to the overall photoelectrochemical system.

As this TiO,-introduced layer plays a role as intermediate
layer between photon absorption and electrochemical charge
transfer, it is highly interesting to identify the contribution of
each component on the overall photoelectrochemical perform-
ance. Some authors have performed similar analyses;'"”
however, for photocathodes requiring protective layers, it is
highly interesting to identify its role. By subtracting the
photovoltaic J(V) curve of a device coated with TiO, to the
PEC curve in 0.5 M H,50,, we can isolate the deposited HER
catalyst’s behavior and deduce its Tafel slope (Figure 7a). To
perform this calculation, we assumed the electrical circuit
model presented in Figure 7b and considered the voltage drop
of each component to depend on the current. We drop-casted

(2)

T T T T T T

35 ——CZTSe + TiO, + Pt (PEC) -
——CZTSe + TiO, (PV)

15 452 mividec i

j ! mA-cm?

Mo

Ry,

Figure 7. (a) Graph combining a polarization curve of a CZTSe PEC
device, TiQ, protected and Pt decorated in a 3-electrode cell, with 0.5
M H,50, electrolyte, Ag/AgCl as the reference electrode, and Pt as
the counter electrode, corrected to RHE (black), J(V) curve of a
CZTSe solar cell TiO, protected (red), and the difference between
black and red curves (blue). (b) Scheme of the complete PEC device.
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platinum on top of the TiO, protective layer and compared the
photoelectrochemical performance, obtaining a 28 mV over-
potential (#7.,) at 1 mA-cm™ and a Tafel slope () of 45.2
mV-dec™", which is in the range of 33—51 mV-dec™ found in
the literature for platinum HER catalysts in 0.5 M H,80,.7%
Following this independent-component approach, it is possible
to separate the contribution of each element to the final
performance of the PEC device, proving that the electro-
chemical performance is maintained and photovoltaic charac-
teristics are only partially affected, having a few ohms extra
resistance due to the introduced anticorrosion TiO, layer.
Band Gap Modification. To maximize the coordination
between a photocathode and a photoanode in a tandem
configuration, it is important to match the maximum output of
each component. Thanks to the possibility to modify the
sulfur/selenium composition of the kesterite photoabsorber, we
were able to fabricate solar cells with 1, 1.12, and 1.5 eV band
gaps (Figure 8a). It is important to note that the state-of-the-art
kesterite solar cells outperform the ones used in this work with
efficiencies over 11%, thanks to a better fill factor and short-
circuit currents up to 35 mA-em™.°" Similar to the previous

jImA-cm?

1/ mA-cm?

0.0 0.1 02 0.3 0.4 05 06 0.7
v

RHE

Figure 8. (a) J(V) curves of CZTSe (black), CZTSSe (red), and
CZTS (blue) solar cells as synthesized and (b) polarization curves of
the same solar cells protected with TiO, layers grown at 200 °C and Pt
drop-casted on top as HER catalyst. All the measurements were
performed under 1 sun AM 1.5G illumination and photoelectrochem-
ical polarization curves in 0.5 M H,50, with Ag/AgCl as the reference
electrode and Pt as the counter electrode.
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electrode, our solar cells were further ALD-TiO, protected, Pt
deposited, and measured in 0.5 M H,SO, (pH = 0.3). The
resulting photocathodes showed conversion efficiencies of 6.2,
7, and 3.6% for CZTSe, CZTSSe, and CZTS (Figure 8b),
respectively.

Analyzing the polarization curves, we can observe that
CZTSe and CZTSSe photoabsorber-based photocathodes have
similar fill factors to the photovoltaic J(V) curves. The
improvement in the CZTSe and CZTSSe photocathodes
compared to the original photovoltaic cell is caused, as it was
presented above, by the formation of the widely known copper
depletion region in the kesterite surface.” Meanwhile, the
sulfur-based cell (CZTS) has a significant loss of photovoltage.

To investigate why the sulfur-based samples are sensitive to
the ALD process, the CZTS PV devices have been analyzed by
Raman spectroscopy before and after the TiO, deposition at
200 °C under nonresonant (532 nm) and preresonant (785
nm) excitation conditions (Figure 9). The analysis of the

—— Before TiO, deposition
~——18h ALD-TiO, @ 200°C

= h,, =532nm

0

c

2

=

®

E

2
= Before TiO, deposition
~——18h ALD-TiO, @ 200°C

%‘ %, = 785nm

c

2

=

o

E

S

Z

250 300 350 400 450
Raman shift (cm™)

100 150 200

Figure 9, Raman spectra of a CZTS finished solar cell before ALD
deposition (dark green and red) and after 3300 cycles of TiO, ALD at
200 °C (bright green and red) using a 532 nm (top) and 785 nm
(bottom) laser light.

spectra acquired under the 785 nm shows clear differences
between before and after the TiO, deposition. Similar changes
have been attributed by Scragg et al.”” to the reordering of the
Cu and Zn in the kesterite structure. The comparison of the
Raman spectra of the CZTS devices before and after the TiO,
deposition suggests the improvement of the crystal quality by
the reduction of the Cuy, and Zng, antisite defects.”” On the
other hand, the analysis under 532 nm excitation wavelength
also detects small variations in the Raman spectra features:
changes in both FWHM of the main A" mode (337 cm™) and
intensity of the 278 cm™' peak. The reduction of the FWHM is
a clear indicator of the improvement of the CZTS crystal
quality,”* whereas the increase in the intensity of the 278 cm™
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peak requires a more detailed discussion. Similar peak
modifications under postannealing treatments have been
analyzed for the selenium-based kesterite (CZTSe) in other
works,”" and the increase in the intensity in the second main
peak observed at 175 cm™" has been reported as the reduction
of the Vi, defects concentration. This change can be observed
after a soft annealing process (<250 °C), as it has been reported
by Dimitrievska et al.”* Additionally, the intensity changes in
the peak linked with the V., concentration are correlated with
the modification of the Ve of the PV devices.”** In the CZTS
case, the peak observed at 278 cm™' is assigned to the same
origin as the CZTSe peaks at 175 cm™'; therefore, the
interpretation of the changes in the 175 em™ peak in the
CZTSe to the 278 cm™' peak of the CZTS spectra can be
extended, attributing the changes in this peak to a variation in
the V., defect concentration. All these changes observed in the
Vi, defect concentration are variations from the optimized
solar cell and have been correlated to significant Ve
variations,”® like we can see reflected in the protected CZTS
photocathodes onset potential loss (Figure 7a).

To sum up the Raman characterization, the TiO, deposition
by ALD process on the CZTS device at 200 °C induces a
reduction in the V-, defects concentration and a reduction in
the disorder induced by the Cuy, and Zn, antisites, which
promotes an improvement of the crystal quality (reduction of
the FWHM of the dominant Raman peak). These effects have a
strong impact on the electrical properties of the material
modifying the doping (defects) and the electronic energy levels
among other effects, and can contribute significantly to
lowering the V¢ and, thus, the degradation of the PV device
performance after the TiO, deposition. Pure-sulfur samples
being more affected by the 200 °C temperature process have
not been studied, but point in the direction that the efficiency
vs temperature plateau between 175 and 250 °C presented for
selenium-based CZTSe in Figure 2 of Dimitrievska et al.”' is
expected at similar temperatures. This effect needs to be
corroborated and is currently under investigation, but is out of
the scope of this work.

To date, very few works have deployed a heterojunction
approach using these chalcogenide-based materials capable of
achieving high photocurrents densities,” and most of them
have used buffered neutral or alkaline pH electrolytes to avoid
corrosion.” " To our knowledge, this is the first time when a
protected kesterite-based heterojunction has been used as a
photocathode and measured in acidic conditions to achieve
over 1 h stability with no detected degradation, with currents
comparable to photovoltaic productivities. The measured
photocurrent at 0 V vs RHE is the highest reported to date,
and the HC-STH efficiency reached 7%, being among the
largest presented for kesterite-based photocathodes. "%
Likewise, according to the analysis performed on individual
elements, it is plausible to think that as the kesterite solar cell
efficiency increases in the near future, so will the PEC
efficiency, even being feasible to overcome the 10% efficiency
barrier.

B CONCLUSIONS

We have demonstrated the possibility to implement earth-
abundant CZTS/Se-based kesterite thin-film photovoltaic cells
into photoelectrochemistry through protection with chemically
stable, transparent, and conductive TiQ, layers. ALD has been
used to deposit crystalline protective layers at lower temper-
atures (200 °C) than other methods, such as DC sputtering

(normally 400 °C). Low-temperature synthesis has been
proven to be mandatory to avoid defect redistribution and
recrystallization in the CdS but also the TCO layers, which
degrades the p—n heterojunction and final device performance.
By tuning the band gap through modification of the §/Se
stoichiometry and with TiO, protective layers and Pt as HER
catalyst, we were able to obtain up to 7% HC-STH conversion
efficiencies. Specifically, the CZTS/Se photovoltaic cells are
limited to thermal treatments up to 200 °C, which still
enhances its efliciency through defects reorganization. For
devices with sulfur-based kesterite photoabsorbers (CZTS), it
was not possible to avoid a significant efficiency loss due to
nonoptimal thermal treatment even with treatments at 200 °C
and, thus, less efficient defect distribution, meanwhile
maintaining crystalline TiO, deposition temperatures, as PV
device is optimized for shorter thermal treatments. However, it
has been pointed out that the introduction of a partial
percentage of sulfur slightly improves the photovoltaic and the
photoelectrochemical characteristics.

A series circuit model has been applied to separately analyze
the role of each component: the photovoltaic part, the
protective layer, and the HER catalyst. The series resistance
and transmittance losses from the TiO, protective layer have
been identified to represent roughly 2.35 € and 8% loss of
photocurrent, which can be attributed not only to TiO,
absorbance but also to changes in thin film reflectivity.
Individually measuring the inner elements allowed us to isolate
the catalyst behavior, overpotential, and Tafel slope, allowing
easy calculations of a final Pt-free device with other HER
catalysts.

Future studies should be directed toward achieving
appropriate conversion of sulfur-based CZTS solar cells into
photoelectrodes and to analyze other S/Se stoichiometries and
their synergistic influence to facilitate the band gap adaptation
for tandem configuration of PEC cells, designed both as
photoanodes and photocathodes.
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In this chapter, focus is put into protective layers for photoanodes in alkaline electrolytes,
more prone for the OER reaction. Silicon as photoabsorber has been previously studied and
used as reference material in chapter 3 thanks to the high performance and not being affected
by post-treatments at few hundred Celsius as they are fabricated at ~1000 °C'. In addition, as
was discussed in chapter 1 section 4, alkaline electrolytes corrode silicon with significant
anisotropic etching dissolution, thus corrosion can be observed and used to characterize the
protective capacity of the overlayers.

Silicon is a highly versatile semiconductor. A p-n junction designed so that the HER or OER
are performed on its frontal side only requires inverting the n or p-type extrinsic doping order.
By using n-type wafers with a p” top region, holes are conducted to the electrolyte. Protective
layers thus should be favorable to hole conduction and energetically aligned to avoid forming
any detrimental barrier with p’-Si or the OER electrocatalyst. Although, this is not the only
way'.

Two strategies were followed in this article, both using ALD thanks to its minimal-pinholes,
layer thickness control and low deposition temperatures, among others. The first one is using
TiO,, an n-type semiconductor proven with some works to be highly conductive for anodic
current, and with scientific debate on which is the specific conductivity mechanism. NiFe-
based catalysts will be used. The second one is based on NiO protective layers, a p-type
semiconductor that forms, in contact with alkaline electrolytes, favorable oxyhydroxides
highly catalytic to the OER.

5.1. Insight into the degradation mechanisms of atomic layer deposited TiO: as
photoanode protective layer

In the first article of this chapter, n-type TiO; as protective layer for silicon photoanodes in
alkaline electrolytes is characterized. Two aspects are studied: first, the conductivity
mechanism, considered mid-band gap states mediated hole conductivity through amorphous
TiO; in some works® or conduction band electron transport in crystals in others', and the
second is the stability of these oxygen-defective layers in highly oxidative electrolytes and
potentials.

ALD wide temperature window is used to fabricate completely amorphous layers (deposited
at 100 °C), and partially crystalline (150 °C) and fully crystalline ones (300 °C) on p n-Si
photoelectrodes and further 5 nm NiFe decorated. PEC measurements revealed strong
correlation of performance and deposition temperature, with no photocurrent at 100 °C and
significant photodiode saturation of >20 mA-cm™ at 300 °C (Figure 5.1a). HRTEM and
Raman characterization revealed multicrystalline TiO; grains at already 150 °C deposition
temperatures (Figure 5.2b), and c-AFM maps showed preferential conductivity regions only
in the crystalline parts.
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Figure 5.1. a) Cyclic voltammograms of p*n-Si photoanodes protected with 100 nm TiO; layers
grown at 100 °C, 150°C and 300 °C, with 5 nm of nickel-iron thermally evaporated as OER
catalyst. b) Cross section HRTEM image of a 150 °C grown TiO; layer, presenting a crystalline
grain where several grain boundaries inside can be observed, embedded in an amorphous
homogeneous TiO; film.

In the article a conductivity scheme is proposed, based on electron injection from the OER
adaptive oxidized NiFeOOH catalyst into the conduction band of defective TiO, regions
acting as preferential conductivity paths. ~2 nm SiO» detected by HRTEM, inherent of the
fabrication process, would help unpinning TiO./p’-Si bands and achieving an ohmic
recombining contact (Figure 5.2a).

Stability measurements presented significant logarithmic decay over 480 h, a possible sign of
metal oxide self-limited oxidative passivation. Electrochemical impedance spectroscopy
(EIS) measurements allowed for in-situ tracking of the electrical components affecting charge
transfer (Figure 5.2b), and over-time increase of a solid-state depletion region attributed
within the TiO; protective layer was observed. As TiO, conductivity highly depend on its n-
type semiconductor behavior, given by structural defects and oxygen vacancies, it can be
highly affected by the direct contact with oxidative electrolyte OH ions and OER potentials.
Extra UV superimposed illumination was used to partially recover TiO; film conductivity,
attributed to altering the density of states within the TiO; electronic structure. Persistent
photoconductivity was observed, as the de-occupation of localized states will eventually be
compensated and oxidized again.

These findings highlight the need to take in account the degradation mechanisms of TiO, in
alkaline OER conditions.
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Figure 5.2. a) Band diagram of a p*n-Si photoanode, TiO; protected and with cycled Ni(Fe) OOH
OER catalyst. b) Nyquist plot of the electrochemical impedance spectroscopy (EIS) data from a
300 °C TiO:-protected photoanode obtained every 12 h under potentiostatic conditions at 1.8 V
vs RHE. The inset shows the equivalent electric circuit used to fit the EIS data.

5.2. About degradation and regeneration mechanisms of NiO protective layers
deposited by ALD on photoanodes.

In the second work included in this chapter ALD-grown NiO layers on silicon photoanodes
have been studied. NiO was selected as a candidate, expected to be intrinsically stable to
oxidation conditions as it is a p-type semiconductor material, caused by point defects such as
cationic Ni** vacancies®. In addition, a nickel-based protective layer in contact with alkaline
electrolytes is expected to form OER-favorable oxyhydroxides in the surface’, enhancing the
catalysis kinetics and thus, not requiring any extra added catalyst.

ALD was selected as deposition technique due to low temperature crystallographic transitions
and their consequent changes in electric behavior for other materials (as reported in previous
chapters) and as it had not previously been studied to deposit NiO protective layers on
photoanodes. ~50 nm thick layers at 100, 200 and 300 °C were deposited.

Morphological, electrical and photoelectrochemical characterization revealed a transition in
crystalographic orientation caused by temperature, together with relative resistance to charge
conduction significantly increased with higher deposition temperatures (Figure 5.3). This is
caused by a more stoichiometric ALD-NiO fabrication when increasing deposition
temperature, forming a less Ni-deficient material (the cause of Ni*" acceptor-doping states).
ALD, basing its deposition on surface precursor saturation, produced more stoichiometric
films than other techniques.
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Figure 5.3. a) Cyclic voltammograms of silicon photoanodes ALD-protected with NiO deposited
at 100, 200 and 300 °C showing significantly higher performance at low deposition temperatures.
b) Corresponding XRD patterns of NiO films where the same crystalline structure is observed
with a change in the orientation between 100 and 200 °C.

Thanks to the very high conformal deposition of ALD, minimal etched sites caused by
pinholes were detected after over 1000 h of >10 mA-cm™ continuous oxygen evolution in 1
M KOH. Deactivation was detected over several tens of hours, although with periodical
cycling a regeneration was possible, proving exceptional protection capabilities of NiO layers
(Figure 5.4).

Figure 5.4. a) Stability measurement of a silicon photoanode protected at 100 °C performed
under 1 sun illumination and 1 M KOH as electrolyte. Cyclic voltammograms were performed
during the stability at different intervals, temporally recovering the performance of the
photoelectrode. b) SEM images of the same photoelectrode after 1000 h stability in 1 M KOH,
presenting very few etched sites, related to pinholes caused by defects present during fabrication.
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ABSTRACT

Around 100 nm thick TiO; layers deposited by atomic
layer deposition (ALD) have been investigated as
anticorrosion protective films for silicon based
photoanodes decorated with 5 nm NiFe catalyst in
highly alkaline electrolyte. Completely amorphous
layers presented high resistivity, meanwhile the ones
synthetized at 300°C, having a fully anatase crystalline
TiO, structure, introduced insignificant resistance,
showing direct correlation between crystallization
degree and electrical conductivity. The conductivity
through crystalline TiO layers has been found not to be
homogeneous, presenting preferential conduction paths
attributed to grain boundaries and defects within the
crystalline structure. A correlation between the c-AFM
measurements and grain interstitials can be seen,
supported by HRTEM cross sectional images presenting
defective regions in crystalline TiO; grains. It was found
that the conduction mechanism goes through the
injection of electrons coming from water oxidation from
the electrocatalyst into the TiO, conduction band. Then,

electrons are transported to the Si/SiOW/TiO, interface
where electrons recombine with holes given by the p'n-
Si junction. No evidences of intra band gap states in
TiO: responsible of conductivity have been detected.
Stability measurements of fully crystalline samples over
480 h in anodic polarization show a continuous current
decay. Electrochemical impedance spectroscopy allows
to identify that the main cause of deactivation is
associated to the loss of TiO; electrical conductivity,
corresponding to a self-passivation mechanism. This is
proposed to reflect the effect of OH" ions diffusing in
the TiO; structure in anodic conditions by the electric
field. This fact proves that a modification takes place in
the defective zone of the layer, blocking the ability to
transfer electrical charge through the layer. According
to this mechanism, a regeneration of the degradation
process is demonstrated possible based on ultraviolet
illumination, which contributes to change the
occupancy of TiO; electronic states and to recover the
defective zones conductivity. These findings confirm
the connection between the structural properties of the
ALD-deposited  polycrystalline layer and the
degradation mechanisms, and thus highlight main
concerns towards fabricating long-lasting metal oxide
protective layers for frontal illuminated
photoelectrodes.

1. INTRODUCTION
Our society faces a significant challenge regarding

energy production and climate change, where renewable
energy sources are called to be crucial. However, the

195



Chapter 5

C. Ros

high variability on renewables such as wind and solar
power is one of the main drawbacks nowadays. Storing
solar energy into chemical bonds is an interesting
candidate to face this variability, the so called “solar
fuels”.'-* Among them, hydrogen produced from water
electrolysis is a promising candidate as energy vector,
substituting natural gas as heat source’ or fossil fuels
used for transportation.® Photoelectrochemical (PEC)
water splitting was discovered by Fujishima and Honda
in the late 70’s, 7 but solar to hydrogen (STH)
efficiencies have been far from industrial requirements
for decades, although remarkable efforts have been put
in understanding and enhancing photoactive metal
oxide semiconductors and catalysts to perform the water
splitting reaction. ®'8

With the significant increase in productivity and cost
reduction of the photovoltaic industry, which has led to
its large scale implementation, many authors have put
their attention into implementing these semiconductor
materials and fabrication methods in PEC water
splitting. 2! Many  materials such as
monocrystalline and amorphous silicon, *
chalcogenide-based compounds,?®?7 1-v
semiconductors®®=2 and even perovskites®® have been
proposed. However, all of these semiconductors face a
common problem: the chemical stability of such
materials when exposed to the highly acidic or alkaline
electrolytes necessary for kinetically-efficient oxygen
and hydrogen evolution reactions (OER and HER).?® To
overcome this, the use of protective layers was
suggested, avoiding the contact between the electrolyte
and the sensible photoabsorber materials, but their
fabrication routes should assure that the photoabsorber
suffers no harm or alteration. In addition, protective
layers for frontal illuminated photoelectrodes need to be
conductive, transparent, chemically stable. These
requirements reduce the candidate materials and
methods. Among them, TiO; is found to be one of the
best performing candidates,>**% and among
deposition techniques, atomic layer deposition (ALD)
allows high layer thickness control, conformal layers
almost pinhole free, and low crystallization
temperatures thanks to intermediate-species mobility,
avoiding alterations of inner layers of the
photoelectrode.’®** For instance, recent studies have
reported interesting characteristics of ALD-TiOz such as
increased adhesion on Si photoanodes* or enhanced
plasmonic resonance in photovoltaic devices**.

22-24
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Photocathodes protected with polycrystalline TiO» have
been widely reported as the conduction band alignment
between the silicon and the TiO; metal oxide facilitates
the electron transfer from the photocathode to the
electrolyte through the TiO; layer that is n-type. 264350

Regarding TiO; protecting silicon based photoanodes,
there is a totally different casuistic. In this case, the
photo-generated minority carriers, holes, must be
transferred to the electrolyte through a protective n-type
TiO, layer. Different works have studied TiO, as
protective layer for photoanodes, mainly using silicon
as the photoabsorbing material, either forming an
heterojunction between the TiO, and the n-Si¥1-¢
with a buried p*-n junction in silicon. 27 Under these
boundaries, as a n-type metal oxide layer was expected
to be highly resistive when thicker than the tunnelling
distance, first works with TiO, grown via ALD as
protective layer were using thicknesses ranging of only
31.52,56,58,59 However, these
assumptions were put in evidence by the studies carried
out by Hu et al. 2 These authors used layers with
thicknesses over 100 nm which were found to have
conductivity enough to validate the use of TiO, for
photoanodes as feasible. They propose state-mediated
hole transport through intra-band gap levels as the
conduction path caused by the disorder of amorphous
TiO; (“electronically leaky layer”), in alignment with
the silicon valence band, following the same mechanism
postulated decades ago by Campet et al.  Hu et al.
attribute these electronic defects arise from amorphous
structural disorder and/or chemical impurities from
ALD precursors tetrakis- dimethylamidotitanium
(TDMAT) and water.

or

few nanometers.

Other authors that claim not identifying this mid
bandgap levels in their samples have proposed a
mechanism based on a MIM-like (Metal-Insulator-
Metal) structure defined by a TiO, layer between the
photoabsorber and the electrocatalyst. Thus, Mei et al.
57 proposed that electrons were conducted through the
conduction band for a p'-Si/Ti/TiO»/Pt structure. So,
under this model, electrons from the oxygen evolution
reaction are easily injected to the conduction band of the
sputtered titanium dioxide layer through the
electrocatalyst. Through it they are transferred to the
internal Si/TiO; interface at the photoanode where they
recombine with the photogenerated holes. However,
these  works

generally do not consider the
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polycrystalline nature of the TiO; layer and neither their
degradation mechanisms, which they are often
overlooked.

So, there is still significant controversy in the field
whether the conduction mechanism through TiO; layers
is based on the crystalline or amorphous structure of the
film. Moreover, debate is open on if it is related to the
role of the precursor contaminants some processes such
as ALD can have, although McDowell et al.3* found
TiO, films conduction behaviour not unique to
amorphous phase and with no relation to carbon or
nitrogen impurities. Surprisingly, insufficient studies
have used TiCly as precursor for TiO; protective films,
although it can be applied in a significantly wider ALD
regime of 100 to 500 °C than other precursors TDMAT®
and TTIP®. TiCly is also a less complex molecule,
requires no precursor pre-heating and has a lower cost.%
Moreover, some works have considered amorphous
films at ALD deposition temperatures of 150 °C?,
although weak traces of anatase have been reported
down to 140 °C®. Thus, deposition temperatures to be
considered amorphous films might require to be lower,
together with more sensible characterization techniques.

In this context, this work aims at revealing the role of
the amorphous / polycrystalline nature of the atomically
deposited TiO, layer using TiCly as precursor,
considering its defective zones, to determine the
electrical conductivity pathways and their evolution
over time as a consequence of the degradation
mechanisms that take place, which determines the
endurance to the use of the protective layers based on
TiO; in silicon photoanodes for water splitting.

2. EXPERIMENTAL SECTION

TiO; coatings have been grown by ALD on p*-n silicon
buried junctions and simultaneously on p* degenerately
doped silicon, to simulate direct injection of carriers in
dark conditions.

p*-Si samples were created by cutting a degenerately
doped silicon wafer (0.001 Q-cm) in 1x1 c¢m? pieces,
and 50 nm of Al were thermally evaporated as back
contact.

For the p'n-Si samples, a 1 cm? active area was
lithographically defined by SiO, passivation on a silicon

n-type wafer (0.1-0.5 Q.cm resistivity). Boron was
implanted in the defined front surface and activated by
rapid thermal annealing, creating a 200 nm n” region on
top of the n-type substrate. As back contact, | pm of
A1/0.5%Cu was sputtered on top of 30 nm of Ti to form
a proper ohmic contact.

p*-Si and p*n-Si samples were sonicated for 5 min in a
1:1:1 isopropanol, acetone and DI water cleaning
solution, followed by abundant rinsing and further 5 min
sonication in DI water. Before ALD deposition, front
surface was cleaned with 0.1M HF for 5 min, rinsed in
DI water and immediately introduced in the ALD
chamber.

A R200 Picosun Atomic Layer Deposition system was
used to grow TiO, layers. TiCly was selected as
precursor because of its wide deposition window and
lower cost compared with other metalorganic
compounds. Thus, TiCls and H2O precursors at 19 °C
were used in successive pulses at 8 mbar in N, flow
atmosphere, with 0.1 s pulses and 10 s purges. Under
these conditions, layers were grown at deposition
temperatures of 100, 150 and 300 °C for 3300 cycles,
corresponding to roughly 100 nm layers. Layer
thickness was measured by evaluating the reflected
spectra with a Sensofar interferometer device with + 0.2
nm error. Finally, nickel-iron (NiFe) was deposited by
thermal evaporation using an Oerlikon Univex 250
equipment, with a thickness of 5 nm measured by a
quartz. microbalance. Samples were then soldered to a
Cu wire using Ag paint and epoxy protected leaving the
front area exposed (Figure S1).

Surface morphology was observed with a Zeiss Series
Auriga Field Emission Scanning Electron Microscope
(FESEM). Structural characterization was carried out by
X-ray diffraction (XRD) in a D8 Advance Bruker
equipment with a Cu K, radiation source working at 40
kV and 40 mA with a 3 ° offset angle. Raman
spectroscopy was performed using a Horiba LabRam
HR 800 with 532 nm laser light with a 100x objective
and an output power of 5 mW, 10 s acquisition time and
10 accumulations. High
electron microscopy (HRTEM), high angle annular dark
field (HAADF) scanning TEM (STEM) and electron
energy loss spectroscopy (EELS) spectrum imaging
(S.1.) were performed using a TECNAI F20 operated at
200 kV with a point to point resolution of 0.19 nm, with

resolution transmission
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Figure 1. Top view SEM images of n' p-Si photoanodes protected with 100 nm Ti0: grown at 100 °C (a), 150 °C (b) and 300 °C
(c). (d) XRD spectra of Ti0): lavers grown at 100 °C (black), 150 °C (red) and 300 °C (blue) compared to the reference anatase

pattern RRUFF RO60277.9 (green).

a coupled GATAN QUANTUM EELS detector.
HRTEM samples were prepared using a focused ion
beam (FIB) to select the desired region to image,
previous protecting the surface with deposited Pt. AFM
and conductivity AFM (c-AFM) measures were taken
with a Park Systems XE-100 with platinum conductive
cantilevers biasing the sample at +1 V. Due to the p'n-

Si built-in voltage, only the samples on p*-Si substrates
were measured by c-AFM. The photoelectrochemical
measurements (cyclic voltammetries,
chronoamperometries and electrochemical impedance

spectroscopy) were obtained with a Biologic VMP-300
potentiostat using Ag/AgCI/KCI (3M) (E° = 0.203
Vrue) as reference electrode and platinum mesh as
counter electrode. A quartz cell with flat faces was used
with 100 ml of 1M KOH electrolyte and a 300 W xenon
lamp with an AM 1.5G filter adjusted to 100 mW/cm?,
calibrated using a silicon diode (Gentec-EO, XLPF12-
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38-H2-DO). 20 mW-ecm™ 365 nm UV light is obtained
from a 200 W Hg-Xe Hamamatsu LC8 light source
lamp. I-V curves were obtained in two-electrode
configuration depositing 50 nm of Au as top contact.

3. RESULTS AND DISCUSSION
3.1. Morphological and structural characterization

In this work, we have fabricated silicon photoanodes
protected with TiO; layers prepared by Atomic Layer
Deposition (ALD) in a temperature range from 100 to
300 °C from TiCly precursor, which permits a wide
temperature deposition window.%*

Figure 1 shows SEM surface images of the ALD TiO»
coatings synthetized at the different temperatures. For
the film obtained at 100°C (Figure la), a homogeneous
coating is observed with no presence of grains, whereas
using deposition temperatures of 150 °C some regions
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Figure 2. (a) Optical image of a protected silicon with
Ti0: grown by ALD at 150 °C. Right inset, counts map
of the Eg Raman shift of the indicated region. (b) Raman
shift spectra of two different positions of image a)
corresponding to an amorphous region (1, black) or a
crystalline grain (2, red). ¢c) Raman shift spectra of ALD-
TiO:> layers grown at 100 °C (black), 150 °C (red) and
300 °C (blue). The presented Raman shifi spectra for the
sample synthesized at 150 °C corresponds to a position
where a TiO:z grain can be seen. Peak maximum position
is indicated for 150 and 300 °C.

with different contrast appear, corresponding to grains
embedded in an amorphous matrix (Figure 1b). Further

increasing deposition temperature up to 300 °C (Figure
I¢), yields to a highly crystalline surface with smaller
grain sizes. These grains are related to the TiO; anatase
phase, as can be seen in the XRD diffraction pattern for
the sample synthetized at 300°C (Figure 1d). The TiO:
anatase phase is more favourable to OH" adsorption and
thus causing higher ALD growth rate.”*** No anatase

XRD peaks or other crystalline phases are detected at
100 or 150 °C, as previously observed in literature.®%

As it can be seen in the SEM image for the sample
synthetized at 150°C (Figure Ib) the density of
embedded crystals is rather low, and therefore XRD
measurement does not allow the identification of the
crystalline structure, being below the resolution. We
used Raman spectroscopy equipped with an optical
microscope, in order to carry out a more localised
analysis. Optical view of the Si chip with an ALD-TiO,
layer grown at 150 °C is shown in Figure 2a, were it is
seen the presence of dark spots embedded in a
homogenous grey film, which may be attributed to the
submicron size crystals identified by SEM. * Figure 2b
presents the Raman spectra of two different spots, with
a clear appearance of an intense peak in the darker spot.
corresponding to the Eg mode of anatase located at
141.4 em™. The peak is red-shifted with respect to the
expected 144 cm™' value,” being a sign of tensile stress,
probably caused by partial amorphousness of the
interface and reduced crystalline size.” A Raman
mapping scan of the Eg main peak is shown in the inset
of Figure 2a, which allows us to correlate the dark spots
seen in the optical image with anatase crystallographic
order presence.

Complete analysis by micro Raman spectroscopy of
TiO; layers grown at 100, 150 and 300 °C is shown in
Figure 2c. None of the spots analyzed of the sample
synthetized at 100°C present the anatase peak, whereas
is present at any spot at 300 °C samples, confirming the
existence of a fully polycrystalline layer, in accordance
with the XRD results and SEM. A deeper analysis of the
Raman spectra shows a more intense peak for 300 °C
layers compared with 150°C crystalline zones, and a
blue shift of the Eg mode (of 10.3 cm™), that can be
attributed to either surface pressure or phonon
confinement effect that usually exist in nanometer-sized
materials.”! As seen in SEM images (Fig. lc),
nucleation is enhanced with increased deposition

199



Chapter 5

C. Ros

()

25 T T T T
—— 100 °C + NiFe
20} ——150°C +NiFe
—— 300 °C + NiFe
G 15} 1
E
9
‘“E: 10 1
= Gl |
0
L 1 i L
0.8 1.0 12 14 1.6
(b) E/ Ve
1.5
- 150°C
= 300°C
1.0} ——150°C + NiFe 1
—— 300 °C + NiFe

j I mA-ecm?

08 10 12 14 16 18 20 22
E!VRHE

Figure 3. (a) Cyclic voltammetries (1 sun AM 1.5G) of p n-
Si photoanodes protected with 100 nm TiO: layers grown
at 100 °C, 150°C and 300 °C, with 5 nm of nickel-iron
thermally evaporated as OFER catalyst. (b) Cyelic
voltammetries in dark of p -Si substrates protected either
with 150°C or 300 °C TiO: layers and decorated or not with
5 nm of thermally evaporated nickel-iron. 1 M KOH was
used as electrolyte.

temperature and smaller grains are obtained by
competitive growth.

3.2. Electrochemical characterization

In Figure 3a, cyclic voltammetries of three illuminated
pn-Si homojunctions are shown. The photoanodes,
previously cleaned with HF (to eliminate the SiOy) and
immediately ALD-protected with TiO» grown at 100,
150 and 300 °C were then coated with a S nm film of
thermally evaporated NiFe, to act as OER catalyst. For
samples grown at 100 °C, no photocurrent can be
observed. However, for samples deposited at 150°C and
300°C the same onset potential is obtained (around 0.96
V vs RHE) and whereas significant photocurrent is
obtained for the former, highly increased currents are
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observed for the later. This fact, together with the
saturation regime reached at more anodic potentials for
the 150 °C sample, indicate a more resistive layer. The
saturation current value, 22.5 mA/cm?, is given by the
photovoltaic quality of the prepared silicon-based

homojunctions that were not optimized, and the lack of
adjusted antireflective strategies.™

In dark conditions, the same tendency observed for
photoanodes is obtained in TiO,-protected p*-Si anodes:
increasing deposition temperature from 150 to 300 °C
enhances OER current (Figure 3b). The nickel-iron
catalyst is necessary for efficient charge injection into
the electrolyte %77, and if it is not present, no
oxidative current is obtained in the studied range of
potentials (dotted line in Figure 3b). In fact, Ni(Fe)OOH
is the real catalytic phase obtained after cycling in
alkaline electrolytes such as standard KOH solutions,
one of the earth-abundant OER catalyst with lower
overpotentials **77%_ The voltage difference between
oxidative and reductive redox peaks of Ni
hydroxide/oxyhydroxide is decreased when increasing
TiO, deposition temperature (0.592 and 0.216 V for 150
and 300 °C). This fact is in accordance with the slopes
of the OER current both in photoelectrodes (Figure 3a)
and electrodes (Figure 3b), and it is related to higher
series resistance in the system. Likewise, Ni*"/Ni*"
redox peaks present smaller area for the 150 °C sample
than for the one synthesized at 300 °C, which indicates
less active catalyst in the former sample, as the
deposited NiFe quantity is the same in both samples.
This fact may point out that charge transfer is boosted
in the 300°C sample in comparison with the 150°C one.

3.3. Conduction pathways in TiO:-ALD protected
photoanodes

In Figure 4, we present the topography and conductivity
atomic force microscopy maps (c-AFM) of ALD-TiO»
samples grown on degenerately doped p*-Si substrates
at 150 °C and 300 °C with 5 nm NiFe thermally
evaporated on top. Measurements of TiO./NiFe layers
were performed at +1 V, simulating the electron flow
from the tip to the substrate across the layer, like in OER

anodic conditions. Without NiFe catalyst, no current
could be measured in the used range of potentials. As it
can be seen in Figure 4 e-f, there is a correlation between
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topography maps and regions where current signal is
detected: crystalline boundary regions, more abundant
in the 300 °C sample than in the 150 °C, and no current
in the amorphous regions. Additional images pointing
in the same direction are presented in supporting
information Figure S2. Localized conduction of TiO,-
ALD layers observed by c-AFM has been also reported

by other works. To explain the preferential conduction
paths, Yu et. al® suggested the presence of
crystallographically metastable regions, and Murakami
et. al.®® assumed an inhomogeneous distribution of
oxygen vacancies (Vox) known to be mobile under
applied potentials and capable to agglomerate, defining
preferential electron trap-assisted tunneling
conductivity paths or conductive filaments, or Magneli
phases in the grain boundaries such as it has been
identified in the development of TiO> memristors,3%??

Figure 5 shows the HRTEM images of the cross section
obtained by FIB for the samples synthetized at 150 and
300°C, where multiple crystal orientations, grain
70 nm

Figure 4. AFM height map of TiO: + NiFe layvers grown at
150°C (a) and 300 °C (b), and its respective current
intensity maps, (c) and (d) obtained at +1 V. (e} and (f)

shows the overlays of the topography and current maps for
each sample.

boundaries and twin-like defects can be seen, embedded
in an amorphous matrix for the 150 °C sample . Thus,
unevenly distributed defects and oxygen vacancies
should be expected, affecting the electrical states
distribution. More HRTEM analysis is further depicted
in Figure S3.

Columnar grains are present in both samples
synthesized at 150 and 300 °C, but nucleation is
significantly different. The HRTEM image of the
sample grown at 150 °C shows that TiO: is crystalline

(a)

Figure 5. HRTEM cross sectional images of TiO: lavers
grown by ALD at 150 °C (a) and 300 °C (b). A Pt layer was
deposited on top to protect the sample during the FIB
sample preparation pracess.
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only in a few-nanometer dome-like region close to the
substrate, while the rest of the TiO, layer remains
amorphous. However, the one prepared at 300 °C shows
that the whole TiO, layer is crystalline. This can be
attributed to the higher deposition temperature used,
which enhances nucleation and lateral crystal
propagation, together with crystal competition.*!

The TiO2/NiFe interface can be analysed by HRTEM
EELS. In those as-prepared samples, the ~5nm
apparently homogeneous NiFe catalyst layer can be
seen (Figure S4a). After cycling in 1 M KOH (Figure
S4b), a thicker layer can be observed, and the oxygen
presence throughout the whole NiFe layer is increased,
indicating oxidation of the metallic layer and OH-
incorporation, as reported in other works, where a
restructuration of the NiFe towards a three dimensional
nanoflakes porous layer takes place.”> Moreover, there
is no presence of Ni or Fe incorporation in the TiO:
crystalline structure, or O or Ti concentration gradient
can be detected above the EELS system resolution
threshold, neither in the amorphous or crystalline
structures nor the grain boundaries (Figures S5, $6).

To study the surface chemical composition of the laver,
XPS analysis was performed, which is discussed in the

: 1Y

7 H00,
NiFeOOH

supplementary information and Figure S7 and Table S1.
To sum up, for as prepared samples, a 2.8:1 Ni:Fe ratio
is observed, natively oxidized before anodic cycling and
with higher oxygen content afterwards, caused by OH"
intercalation and oxidation of the coatings. Ni 2p spectra
presents Ni(0) metallic peaks before but not after
immersion in the electrolyte. For the cycled sample,
multiple Ni(II) and Ni(IIl) peaks can be fitted (Figure
S7a), probably by the presence of multiple chemical
states such as NiO, Ni(OH), and NiOOH, not easy to
differentiate by XPS*, and also correlated to Fe(III)

forming  Ni(Fe)OOH, as
38,74,93,95-97

reported in  other
works

XPS analysis also allows to obtain valence band (VB)
positions of the superficial electrons, through the
density and occupancy of electronic states of the surface

(Figure S8). On one hand, as prepared TiO, layers at
150 and 300 °C present valence band potentials of ~2.75
eV under Fermi level, pointing at a higher n-type
behaviour for the sample grown at 300 °C (larger Fermi
level to valence band energies). On the other hand, no
signal from intra-bandgap states is detected with a fine
analysis of the 0-3 eV region in accordance with another
works %%, although the small signal-to-noise ratio could

(b)

H,0/0; oH NiFeOOH
TiO
i T N
JZ[ e | i
e
z
-
ECB
E
f 0%
Vvt
TiO
E

Scheme 1. (a) Band diagram of ap n-Si photoanode, TiO: protected with cyeled Ni(Fe)OOH catalyst. (b) Cross section diagram
with electron and holes flow paths depicted. ¢) Energy and cross section diagram corresponding to a preferential path or
defective region, showing how extra states in interfacial defects generate a preferential path.
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be hindering the detection (Figure S9). Also, the
oxidation of the metallic NiFe layer after immersion in
the electrolyte at anodic potentials is revealed by the
XPS spectra, still presenting slight free electrons
behaviour. The most significant result is the excellent
band alignment between TiO: conduction band and the
Ni(Fe)OOH catalyst, that justify the injection of
electrons from the oxygen evolution catalyst to the TiO,
conduction band. The results obtained can be
summarized in the mechanism proposed in Scheme 1,

basing the conductivity in preferential charge transport
pathways. The increased conductivity pathways density
present for 300 °C deposited samples with respect to 150
°C ones (Figure 4 e-f) must be especially highlighted. in
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Figure 6. (a) Chronoamperometry of a p -Si anode
protected with ALD-deposited TiO> at 300 °C and NiFe
decorated in | M KOH at a fixed potential of 1.8 V' vs RHE.
(fluctuations are due to daily temperature changes). (b)
Nvguist  plot  of the electrochemical  impedance
spectroscopy (EIS) data from the same sample obtained
every 12 hunder potentiostatic 1.8 V'vs RHE potential from
1 Hz to 50 kHz and an amplitude of 25mV. The inset shows
the equivalent electric circuit used to fit the EIS data.

agreement with reported data in Figure 3. In addition,
several features can be underlined:

1) The Si-TiO; interface has been found not to
introduce significant electrical barrier to charge
transport. A recombining contact for holes from the p*-
Si valence band and electrons from the TiO; preferential
paths conduction band is expected, facilitated by
tunnelling through the ALD-caused SiOy similar to the
schemes proposed by other authors.*

2) The transversal section to charge transport has
been proven to be not homogeneous. Lower resistivity
regions detected by c-AFM are attributed to more
defective crystalline TiO. regions than bulk crystal
grains, forming preferential conductivity paths through
the grain boundaries and defects within the crystalline
structrure.®

3) There is a favourable electron transfer from the
Ni(Fe)OOH to the TiO; conduction band. This is
facilitated by the permeable to electrolyte and
energetically adaptive characteristics of the catalyst due
to ionic diffusion, avoiding the energetic barrier formed
between TiO; and the electrolyte and facilitating OER
reaction. ™%

3.4. Endurance test: degradation mechanisms and
stability

Crystalline TiO.-protected p'-Si anodes and p'n-Si
photoanodes were tested for stability in a | M KOH
electrolyte at anodic potentials. The obtained current
density values show significant decay for both
electrodes (Figures 6 and 7). To further analyse these
samples, Electrochemical Impedance Spectroscopy
(EIS) was applied before and during stability test.

For the p'-Si anode in dark conditions, the current
measured for more than 480 h at 1.8 V vs RHE, shows
an exponential decay (Figure 6a), which indicates a
degradation of the electrode. The EIS measurement
shows two clear semicircles increasing over time
(Figure 6b) revealing degradation correlated with two
processes in series defined by different RC time
constants, which allows us to propose an equivalent
electrical circuit shown in Figure 6b. As seen in Figure
S10 and Table S2, the first semicircle (R./Cs) is
independent from the applied potential and the second
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Figure 7. a) Chronoamperometry measurement at 1.3 Vvs RHE of a p n-Si photoanode protected with TiO> ALD-
deposited at 300 °C and NilFe under solar irradiation and superimposed UV light, afier 333 h of stability test b)
EIS measurement at OCP of a UV temporarily illuminated degraded photoanode, partially recovering the
photocurrent via light-induced states. Measurements performed under 1 sun illumination, using 1 M KOH as

electrolyte.

Following these equations, if R, « log(t) as it has
been demonstrated in Figure S11, and substituting in eq.
2, we obtain Ry o< t .

In his turn, capacitance of the TiO, semicircle is not
significantly modified as expected, as it corresponds to
the thickness and dielectric constant of the TiO, and
these are maintained.

Similar stability test was performed with a p*-n-Si
photoanode with TiO» deposited at 300 °C and NiFe
decorated. Likewise, after 333 h at 1.3 V vs RHE
photocurrent has been reduced significantly (Figure
S14).

To validate the previously described degradation
mechanism, superimposed UV illumination was used to
modify the density of states within the TiO,electronic
structure, achieving a significant recovery of the
photocurrent (Figure 7a). This can be explained by the
photoconductivity effect on TiO'* where the UV
photons create electron-hole pairs changing the
occupation of localized states, causing a significant
reduction of R» (Figure 7b, Table S3).!% Switching off
UV light gave a few-seconds decay followed by a
several minutes persistent photoconductivity (PPC).
These states created by oxygen desorption will
eventually be compensated again by OH diffusing
inside the material, as illustrated in Scheme S1. This

UV-light effect should only be expected in the near-
surface region of TiO, due to small UV photon
penetration  depth, precisely where higher OH-
interaction would be. More studies should be performed
regarding TiO, degradation and recovery in the near
future to fully understand this phenomena.

4. CONCLUSIONS

TiO, protective layers grown by ALD have been
deposited on silicon photoanodes to avoid corrosion,
while allowing charge transfer to the electrolyte to
perform the oxygen evolution reaction using a NiFe
earth abundant catalyst.
approximately 100 nm have been grown at 100, 150 and
300 °C, corresponding to completely amorphous,
partially crystalline and fully crystalline TiO..

Layers consisting of

Completely amorphous layers presented high
resistivity, meanwhile the ones synthetized at 300°C,
having a fully anatase crystalline TiO, structure,
introduced insignificant resistance, showing direct
correlation between crystallization degree and electrical
conductivity. The conductivity through crystalline TiO»
layers has been found not to be homogeneous,
presenting preferential conduction paths attributed to
grain boundaries and defects within the crystalline
structure. A c-AFM
measurements and grain interstitials can be seen,

correlation between the
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supported by HRTEM cross sectional images presenting
defective regions in crystalline TiO; grains.

A conduction mechanism has been proposed assuming
electrons coming from water oxidation are injected into
the TiO; conduction band in preferential regions
through the electrocatalyst. Then, electrons are
transported to the Si/SiO/TiO: interface where
electrons recombine with holes given by the p™n-Si
junction. No evidences of intra band gap states in TiO-
responsible of conductivity have been detected.

On the other hand, current decay under continuous
polarization was found, where OH" ions are considered
to diffuse into TiO; under anodic conditions and alter
conduction paths conductivity. These changes were
analysed under long-time (> 480 h) stability
measurements at fixed voltage, which presented current
decay over time. Deeper EIS analysis show two
different time constant RC elements changing during
endurance test, and allowed to track electrical variations
in a series circuit structure. Associated TiO; resistance
increases logarithmically over time, as expected for
metal oxide surface passivation, corroborating a self-
limited degradation. A 5 times increase on the EIS
measured resistances associated to TiO, conductivity
and OER catalysis is in accordance with the total current
reduction observed after 480 h stability test in anodic
polarization.

To corroborate this model, UV illumination was used to
modify states occupancy, presenting persistent
conductivity thanks to the partial recovery of the
electronic states lost under working conditions. Further
studies focused on higher resolution analysis than this
work are needed to identify OH" diffusion into TiO;
structure and states loss, specifically in preferential
regions. UV illumination constitutes a promising
method to partially recover degradation. This confirms
that the degradation mechanisms of TiO; still needs to
be taken into consideration to enhance its long term use
endurance as a transparent conductive and protective

layer for frontal illumination water splitting
photoanodes.
ASSOCIATED CONTENT
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AFM, HRTEM, XPS, and EIS supplementary data,
together with a photo of a finished device and a scheme
of UV recovery, are supplied in an additional document
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Figure S1. Picture of a n*p-Si photoanode presenting the 1.2 x 1.2 cm? Si chip with an active area of 1
x 1 cm?, defined by a perimeter of 100 nm of SiO, thick insulator layer. The Si chip was protected by
TiO,-ALD and Ag paint soldered to a Cu wire, and further encapsulated with epoxy resin.

300 °C

Figure S2. AFM height map of TiO + NiFe layers grown at 150 °C (a, b, e, f) and 300 °C (c, d, g, g)),
and its respective current intensity maps, at potentials of 1 (e, h) and 1.5 V (f; g) in different sample

regions.
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Figure S3. HRTEM image of the TiO,-300 °C interface with Si chip. Insets present the FFT of
indicated regions: in yellow, anatase TiO2 crystal planes are observed; in red, the silicon

monocrystalline substrate.

An intermediate 1.5-2 nm amorphous SiOx native oxide layer can be seen between Si/TiO; interface.
As Si photoanodes had been HF-etched immediately before ALD-TiO; deposition, the formation of
this observed SiOy is be attributed to the ALD process, when H,O pulses first reach Si during

synthesis.

(2) (b)

Figure S4. EELS maps (Ti in green and Ni in red) of a p'n-Si photoanode protected with TiO, ALD-
deposited at 300 °C and NiFe decorated a) after fabrication, b) after 100 cycles in 1 M KOH and c)
after 400 h stability test in 1 M KOH at 1.3 V vs RHE under 1 sun illumination.
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HAADF-STEM

(b)
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Figure S5: HAADF-STEM image and EELS maps of a p'n-Si photoanode protected with TiO> ALD-
deposited at 150 °C and NiFe decorated before (a) and after electrochemical cycling (b)
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Figure S6: HAADF-STEM image and EELS maps of a p'n-Si photoanode protected with TiO> ALD-

deposited at 300 °C and NiFe decorated, as synthetized (a), after electrochemical cycling (b), and after
stability (c)
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XPS analysis.

Table S1: XPS detection percentage of selected elements for photoanodes with different ALD growth
temperature and NiFe decorated, as prepared and after cycling in 1 M KOH.

C1s (%) O1s (%) Ti2p (%) Fe2p (%) Ni2p (%)
150 °C + NiFe 52.47 34.09 0.19 3.13 10.12
150 °C + NiFe cycled 39.93 41.5 0.35 4.93 13.29
300 2C + NiFe 47.75 35.89 0.37 4.67 11.32
300 oC + NiFe cycled 35.56 45.56 0.47 4.95 13.46

The catalyst presents an average Ni:Fe ratio of 2.8:1. An increase of the oxygen content can be detected
after cycling, pointing at oxidation of the catalyst layer by the alkaline electrolyte, OH" intercalation
and the anodic electrochemical potentials applied during cycling, corroborating the previous results

obtained by HRTEM and EELS.
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Figure S7. XPS spectra of samples with 150 °C and 300 °C deposited TiO; layers and NiFe catalyst as
prepared and after cycling in 1 M KOH of a) Ni 2p b) Fe 2p ¢) O 1s and d) Ti 2p peaks.

Analyzing the electronic core-level photoemission peaks more in detail, significant differences are
observed for samples with TiO, deposition temperatures of 150 and 300 °C and after cycling them in 1
M KOH (Figure S7).

Analyzing the Ni2p3/2 peak, we can observe at bonding energy of ~853 eV the presence of the Ni(0)
metallic peak in the samples as prepared, which indicates the incomplete native oxidation caused by
atmospheric oxygen' and completely disappearing after cycling, which indicates complete oxidation,
also corroborated by the increase in the Ni(IT) and Ni(IIl) peaks (~ 856.2 eV). Apart from this, fitting
the Ni2p peaks to a specific Ni(II) or Ni(II) chemical state is difficult, as NiO, Ni(OH),, and NIOOH
share various peak energies?, but differ on the ratio between these peaks®. The high percentage detected
for the peak at ~856.2 eV (> 40%) correlated with Ni(OH)»/NiO/NiOOH species, demonstrates that

most probably, the catalytic film is composed of all of these chemical states*>.

218



C. Ros Conductivity and endurance of protective layers in alkaline anodic conditions

Concerning the Fe2p3/2 peak, there is no presence of metallic iron, and the signal can be attributed to
Fe (III) species as the binding energy is around 711,5 eV, and for Fe(Il) species this value is lower.
After cycling, peaks suffer a slight shift towards higher energies (~0.5 eV). The signal-to-noise ratio,
although showing Fe(IIl) peaks, does not allow us to differentiate between NiFe,Os, FEOOH or
Fe>0;%7. As Fe is almost 3 times less abundant than Ni in these samples, all of it can be expected to be

intercalated forming mostly Ni(Fe)OOH.

Ols signal is mainly attributed either to Ni or Fe coordination. Two clear peaks can be seen for
uncycled samples, one corresponding to metal oxides (~529.5 eV) and another one which could be
ascribed to metal hydroxides (~531.5 €V)*. In the cycled samples, a third peak is detected at 533.1 €V,
which is attributed to physisorbed water (533.5 eV)>. Also, the hydroxide peak becomes much more
predominant over the oxides, as it should be expected"®, together with absolute higher oxygen content

detected, caused by the oxidation of the metallic Ni-Fe and the corresponding OH intercalation.

Regarding the Ti2p peaks of all samples, the main peak at ~458.7 eV can be attributed to the Ti (IV)
2p3/2 with the corresponding 2p1/2 peak at 464.3 eV,

Valence Band Studies. After 5 nm NiFe coating is thermally evaporated on top of TiO, grown at 150
and 300 °C, metallic behaviour is detected. NiFe layer before cycling has mainly a metallic nature with
a partial contribution of a native oxide, which predominantly oxidized afterwards but still with free
electrons, being former ones the responsible of signal at lower than 0 eV. Two slopes can be assigned
for cycled samples (Fig.S8 cyan and pink), one to p-type semiconductor and another one to free
electrons at energies slightly lower than 0 eV. The active catalyst, named as nanostructured Ni(Fe)OOH
presents electronic structures significantly different from bulk NiO due to significant interaction with
the alkaline electrolyte, surface states, three dimensional flakes nanostructure, and porosity’. The
slightly higher Fermi level for 300 °C sample is translated to lower energies for all cases, as all Fermi
levels must equilibrate. Samples with NiFe have around ~3 eV lower energy than bare TiO- ones. This
matches TiO; valence band plus TiO; band gap, meaning there is a good band alignment between TiO,

conduction band and the NiFe catalyst.
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Figure S8. XPS spectra of samples with TiO, protective layers ALD grown at 150 and 300 °C, without
NiFe catalyst, with it, and with the catalyst after cycling to oxidative potentials in 1 M KOH under 1

sun illumination.
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Figure S9. Fine XPS analysis of the 0-3 eV region presenting no visible intra-band gap states such as

other works have shown'® for samples grown at 150 and 300 °C.
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Figure S10. a) EIS measurements of a p*-Si anode TiO, protected at 300 °C and NiFe decorated set to

1.8 V vs RHE (Working Conditions) and to open circuit potential (OCP) in dark and in 1 M KOH as

electrolyte. The first semicircle is independent of applied potential and the second one varies

significantly, proving a non-Ohmic dependence of this second one. b) scheme of the electrical circuit

used to fit measured impedance data.

Table S2. Fitted values of Figure S10
Ry R; C; R3 CPE; a3
() () (F- em?) () (F- em? -s*1)
1.8 VVS RHE 4.148 27.8 1.59E-06 21.79 2.67E-04 0.85
4.108 23.51 1.50E-06 3.15E+05 2.99E-05 0.87316

ocCp
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Figure S11. Variation of resistances over time in linear scale (a) and linear-log scale (b) for a p*-Si
anode protected with TiO, ALD-deposited at 300 °C and NiFe decorated in 1 M KOH at a fixed
potential of 1.8 V vs RHE.

Figure S12. HTREM analysis of the SiOy layer a) before and b) after the stability measurement of a
photoanode after 400 hours of stability at 1.8 V vs RHE. No significant growth can be observed.
Increase of the SiO; interlayer could be a reason to dramatically increase tunnelling resistivity'!, as

reported in other works!2,
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Figure S13. Representation of fitted values in Table S3, log(1/R3) as a function of R2.
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Table S3. EIS fittings in open circuit potential (OCP) conditions corresponding to Figure 7b measured

data.
#measure Ri R: C: R CPE3 A3
(Ohm'cm*) (Ohm'em?) (F-em?) (Ohm-em?)  (F: em™” -S4
1 5.49 4753.0 1.95-10°  3581.0 1.85-10° 0.817
2 4.50 167.2 1.79-10°¢ 118.3 3.97-10* 0.561
3 4.49 145.2 1.77-10°¢ 113.4 5.44-10* 0.530
4 5.27 3686.0 1.76-10°° 1948.0 4.79-10° 0.742
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TiO,

Tio,

Tio,

Scheme S1: energy and cross section diagram corresponding to a preferential path region, showing a)

extra states in interfacial defects generate a preferential path, b) OH diffusion and oxygen vacancy

occupation and ¢) UV excitation of these states, partially recovering the initial oxygen vacancy

abundance.
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Figure S14. a) Current stability measurement of a p*n-Si photoanode protected with TiO> ALD-
deposited at 300 °C and NiFe decorated at a fixed potential of 1.3 V vs RHE (Observed ondulations
every 24h are caused by lab temperature variations at night and day). Measurements performed under

1 sun illumination, using 1 M KOH as electrolyte.
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ABSTRACT

The use of high pH electrolytes requires protective
layers to avoid corrosion in photoanodes based on
semiconductors like silicon. NiO is one of the
materials that complies the requirements of
transparency, conductivity, chemical stability and
catalysis on its surface in contact with the
electrolyte. Here, these layers have been deposited
by atomic layer deposition (ALD) at low
temperatures, and their stability is analyzed over
1000 hours. Due to the layer structure
characteristics, best overall performance has been
achieved at 100 °C deposition temperature due to
increased native defects and Ni**
Progressive time dependent degradation under
anodic working conditions is observed, attributed to
the formation of higher nickel oxidation states at the
electrode/electrolyte interface, resulting in an OER
overpotential increase. A regeneration process based
on an in situ periodic cyclic voltammetries, bringing
the electrodes to cathodic conditions every 3, 12 or
48 hours, has shown to partially recover the main
degradation mechanism achieving 85% of stability
over 1000 hours with over 11 mA-cm?
photocurrents.

vacancies.

INTRODUCTION

As our society turns in the direction of a renewable
based energy system, new challenges appear'. To
store one of the most abundant energy sources, the
sun, to be used when it is not available,
photoelectrochemical (PEC) water splitting offers a
clean and direct path>*. The produced hydrogen can
be either stored for further conversion into

electricity with fuel cell technologies™® or used in

chemical process such as CO, revalorization” and
other chemical products fabrication.

For many years metal oxides have been investigated
and optimized, but efficiencies are limited and far
from productivity requirements to industrialize this
technique*®!". During the last decade significant
efforts have been put into using already known
efficient photovoltaic materials such as Si'*!4,
InP'>1¢ GaAs'™", CIGS/CZTS?-2* but corrosion
in highly acidic or alkaline electrolytes must be
avoided. Covering the photoabsorbing materials
with chemically resistant, electrically conductive,
optically transparent and catalytic layers has given
significant results, but there is still room to reduce
degradation, device fabrication complexity, costs
and adaptation to photoabsorber limitations*25-28,

TiO, has been the most used protective layer for
photoanodes during last years, always combined
with a catalyst layer or particles such as IrO,, Pt, Ni,
or Ni-Fe!®262%-3_|n a recently submitted article, we
have shown our findings on the role of the
conduction mechanisms of TiO, concerning the
identified instability over long periods when in
contact with alkaline environments at anodic
oxidative potentials. The mechanisms related to the
OH- diffusion inside TiO. and passivation of Ti
states, changing the conductivity through the
protective layer, are analyzed. Following this
finding, there is still room for alternative materials
which can assure better performance for very long-
term under OER conditions.

In this study, we use NiO layers grown by atomic
layer deposition (ALD) on silicon p-n junctions to
efficiently fulfil all the required parameters as
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protective layers for PEC water splitting in alkaline
environments (chemical resistance, photoabsorber
protection, conductivity, transparency and catalytic
effectivity for the oxygen evolution reaction (OER))
in a single step at low temperature fabrication
process. NiO has a 3.8-4 eV band gap®', with
expected low visible spectra absorption coefficient.
Moreover, it is also expected to be highly stable in
alkaline media, forming nickel compounds in its
surface, some of them more favorable for the OER
water splitting reaction®?, Likewise, NiO is known
to have p-type semiconductor behavior®, although
some works report even three orders of magnitude
lower conductivity than titanium dioxide™ ™.

A standard silicon based frontal photoanode has
been selected as supporting electrode for this study.
ALD allows for very conformal and pinhole-free
layers, characteristics highly favorable for protective
layers®. Low crystallization temperature is also a
characteristic of ALD'*??, and is needed to avoid
degradation of sensible photoabsorbers such as
CIGS and CZTS as we demonstrated in other
works?24,

In this work we report the degradation and
regeneration mechanisms over 1000 hours anodic
photocurrent of the NiO protected layers deposited
at low temperature (100 °C) in a single-step ALD
deposition. However, due to higher crystallinity and
stoichiometry  with increasing  deposition
temperature (100 to 300°C), reducing acceptors
density, the higher electrical conductivity has been
found to the lower temperature. Although, at this
lowest temperature, the optical transmittance is
smaller. Likewise, NiO regeneration capabilities are
shown with an in situ periodic cyclic voltammetry
process, bringing the electrodes to cathodic
conditions after periods of different duration. Under
these procedures, a partial recovery has been shown,
achieving 85% of stability over 1000 hours. This
opens a route for potential self-regeneration
strategies of the catalyst/protective layers.

MATERIALS AND METHODS

ALD NiO has been grown on laboratory standard
p'n silicon buried junctions prepared as frontal
photoanodes and simultaneously on p* degenerately
doped silicon, to simulate direct injection in dark
conditions.

p*-Si samples were created by cutting in Ix1 cm?
pieces a degenerately doped silicon wafer (0.001

ohm-cm), and 50 nm Al were thermally evaporated
as back contact.

p'n-Si samples were fabricated as in previous
works'*® where a 0.5 cm? active area was
lithographically defined by SiO; passivation on a
silicon n-type wafer (0.1-0.5 ohm-cm resistivity).
Boron was implanted in the defined front surface
and activated by rapid thermal annealing, creating a
200 nm p* region on top of the n-type substrate. As
back contact, 1 pm Al/0.5%Cu was sputtered on top
of 30 nm Ti to form a proper ohmic contact.

p™-Si, and p'n-Si samples were sonicated for 5
min in a 1:1:1 isopropanol, acetone and DI water
cleaning solution, followed by abundant rinsing and
further 5 min sonication in DI water. Before ALD
deposition, sample’s front surface was dipped in 0.1
M HF for 5 min, rinsed in DI water and immediately
introduced in the ALD chamber.

A Cambridge Savannah 100 Atomic Layer
Deposition system was used to grow NiO layers.
NiCp: (nickelocene, bis(cyclopentadienyl)nickel)
was selected as precursor and ozone (Os) as
reactant®®*", NiCp; container was heated at 80 °C
during the process. Successive pulses in Ny flow
atmosphere were introduced to the chamber, 4 s
pulses, 10 s maintained in the chamber (“expo”
mode) and 20 s purges for NiCpz, and 20 s pulse and
40 s purge for Os. Under these conditions, layers
have been grown at deposition temperatures of 100,
200 and 300 °C for 1000 cycles, corresponding to
roughly 50 nm layers, too thick for real protective
layers but robust enough for manipulation during the
degradation experiments. Samples were then
soldered to a Cu wire using Ag paint and epoxy
protected leaving the front area exposed (Fig. S. 1).

Surface morphology and cross section were
observed with a Zeiss Series Auriga Field Effect
Scanning Electron Microscope (FESEM). Structural
characterization was carried out by X-ray diffraction
(XRD) in a D8 Advance Bruker equipment with a
Cu Ka radiation source working at 40 kV and 40 mA
with a | ° offset angle. Crystalline domains are
calculated following the Scherrer equation: D = 0.9
* A/ (B * cos 0), where A is the X-ray wavelength
(1.5406 A), B is the full width of the diffraction line
at half maximum (FWHM), and 6 is the Bragg angle.
High resolution transmission electron microscopy
(HRTEM) was performed using a TECNAI F20
operated at 200 kV with a point to point resolution
of 0.14 nm. AFM and conductivity AFM (c-AFM)
measures were taken with a Park Systems XE-100
with platinum conductive cantilevers and biasing the
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sample at +1.5 V respect to the tip. Due to the p'n-
Si built-in voltage, only the samples on p'-Si
substrates were measured by ¢-AFM. The
photoelectrochemical measurements were obtained
with a Biologic VMP-300 potentiostat using
Ag/AgCIKCl(sat) (E* = 0.197 Vgue) as reference
electrode and platinum mesh as counter electrode. A
quartz cell with flat faces was used with 100 ml of |
M KOH electrolyte and a 300 W xenon lamp with
an AM 1.5G filter under the appropriate distance to
receive 100 mW/cm?, calibrated using a silicon
diode (Gentec-EO, XLPF12-38-H2-DO).
Electrochemical impedance spectroscopy was
obtained with 25 mV amplitude and scanning from
100 kHz to | Hz.

I-V curves were obtained depositing 50 nm of Ni
and measuring with the potentiostat, connecting the
working electrode on the back contact and the
counter and reference electrodes on the top Ni
contact.

RESULTS AND DISCUSSION

Photoelectrochemical, electrical and

morphological characterization

NiO layers grown by ALD were fabricated at 100,
200 and 300 °C deposition temperatures on top of
p'n-Si, p*-Si, FTO and glass. This range was
selected to investigate low deposition temperatures,
as some photoabsorbers require avoiding high
temperatures in order to prevent any alteration®24,

HILAAUILU UL UILAL SQUIPIVA. U1 UAIR VUEHAIUUID,
measurements were performed using layers
deposited on top of p° silicon anodes, and, under |
sun simulated illumination, using layers deposited
on top of p'n-Si junctions. A clear dependence can
be seen in both cases, with significantly higher
currents when depositing at 100 °C than at 200 °C,
further reduced when increasing to 300 °C. Clear
Ni**/Ni** peaks can be seen more cathodic than the
OER onset potential, corresponding to Ni active
sites™ 44 presenting steady increase with cycling.
Transmittance on top of glass substrates was
measured to be in the range of 40 to 80% (Fig. S. 3),
reduced with lower deposition temperatures®. NiO
is known to be less transparent when increasingly
defective *#4 This is expected to be directly
translated into reduced maximum saturation
photocurrent for photoanodes under illumination.

(2)

(b)

j 1 mA-cm®

j/ mA-cm?

RHE

12 14 16 18 20
E/V,.
-
0 12 14 16 18
E/V

Fig. 1: cyclic voltammograms in 1 M KOH of a)
p -Si anodes protected with ALD deposited NiO
layers at 100 °C (red) 200 °C (blue) and 300 °C
(green), cycles 1, 10, 50 and 100 from darker to
clearer color. Zoom in the 200 and 300 °C is
presented in Fig. S. 2. b) p -n Si photoanodes
under 1 sun illumination.

j I mA-ecm?

4r ——bare Si .

——100°C
2l —200°C ]

300°C
3 e
-
2} |
B oo .
4} 2 oml
. ‘ e 4
-04 -0.2 0.0 0.2 04
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Fig. 2: I-V measurements of NiO layers grown on
p -Si al ALD deposition temperatures of 100, 200
and 300 °C and further 50 nm Ni deposited as top
contact. A sample with Ni directly deposited on
top of p -Si is considered as reference.
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To exclude any influence of the electrolyte contact,
Ni metallic contacts were deposited on top of p*-Si
devices and I-V measurements were also carried out.
In Fig. 2 it can clearly be seen conductivity to
depend on deposition temperature as it has been seen
in Fig. 1. Likewise, 100 °C deposited layers are
significantly more resistive than the p'-Si/Ni contact
with a rectifying behavior.

From SEM analysis (Fig. 3, a-c), we do not observe
any significant upon  deposition
temperature. Samples present complete surface
coverage, with a measurable thickness by cross
section of around 50 nm, as predicted (Fig. 4). A
granular rugose
deposition temperatures in the range of ~20 nm,

differences

surface is observed for all

close to the resolution limit of the SEM, slightly
more pronounced for 300 °C deposition temperature.
Main differences are deduced from the XRD spectra.
Bunsenite crystallographic structure is measured for
all the deposition temperatures, but major
orientation changes happen when increasing it. At
100 °C a single exposed crystallographic facet is
measured, with a diffraction angle of 37.37 °
associated to the 111 direction. On the contrary, for
the 200 and 300 °C deposition temperatures, a
preferential peak of 43.48 ©is measured. Crystalline
interplanar spacing (d) was measured to be reduced
at higher temperatures, together with the full width
at half maximum (B, FWHM). Using the Scherrer
equation, crystalline domains (D) are measured to be

(d)

Counts / normalized
8
A |

Fig. 3: SEM images of NiO films grown on top of Si at a) 100 b) 200 and c) 300 °C. d) XRD patterns of NiO
films grown at different temperatures, compared to reference data JCPDS 00-047-1049.

from bunsenite NiO, corresponding to JCPDS 00-047-1049. Crystal orientation change can be observed

between 100 and 200 °C.
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18.8, 14.7 and 24.1 nm for 100, 200 and 300 °C. All
this is information is resumed in Table 1. The
variation with temperature are difficult to analyze,
as there is a simultaneous change in the dominant
orientation from 111 to 200. These trends are
coherent with the results found for the sputter-
deposited NiO films, which nucleate and grow
preferentially in the (111) plane direction at room
temperature if sufficient oxygen is available,
whereas they show a (200) crystal orientation if
deposition temperature is increased =7, The slight

shift to higher diffraction angles from 200 to 300 °C
can he attributed to compressive stress or to
reducing the cell
volume (interplanar spacing, d)*®.

stoichiometry enhancement,

[101] NiO

HRTEM of NiO layers grown at 100 °C and 200 °C
(Fig. 4) present polycrystalline layers matching the
bunsenite structure, with observed crystals being 10-
20 nm, in the same range as crystalline domain (D)
measured by XRD. FFT filtered images show
crystals longer in vertical growth direction than
horizontal, some of them propagating from substrate
to surface.

Likewise, the HRTEM analysis reveals the existence
of an unwanted SiO: layer of about 5 nm thick,
independent of deposition temperature. This
parasitic layer is expected to introduce an extra
tunnelling resistance to the system*’, and is
attributed to the use of ozone, oxidizing the Si
substrate during the first stages of the ALD
deposition®®, as it is known to be an aggressive

Fig. 4. HRTEM images of NiO films grown on Si at 100 (a and ¢) and 200 °C (b and d). SiO; films of ~ 5 nm
can be observed, not modified with temperature. NiO grains can be observed in colored FFT filtered HRTEM,
few of them being columnar from base to top. Non-flat surface of Si chips is caused by successive etching
steps from masked p-n junction formation and isolation process.
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oxidant>'*2, Although it should be avoided in order
to improve the overall protected photoanode
performances, it does not prevent the endurance
analysis of these layers.

Current mapping was measured by AFM. Again,
lower conductivity is determined as deposition
temperature is
tendency as for cyclic voltammograms (Fig. 1) and
-V measurements (Fig. 2). No current is detected in
grain boundary zones, which are observed much
thinner when increasing deposition temperature,
prohably by a better crystallization (such as it has
been determined by XRD). For 100 °C, all grains
appear as conductive, with a +/- 30% current
dispersion. For 200 and 300 °C, smaller grains are
the ones appearing to be more conductive, although

increased, following the same

overall conductivity is lower compared to 100 °C
(observe the different current scale). NiO is known
to present oxygen anions migration under applied

|
|

0.0

8.0

6.0

4.0

20
0.0

14.0
12.0
10.0
8.0
6.0
4.0

0.0

10.0 nm

16.0 nm

potentials®, up to filament formation®*, although is
not observed in our potential range.

Gathering all these results, we find a relation
between the deposition temperature, the crystal
orientation and the conductivity, determining the
overall benefit in using 100 °C deposited layers. As
can be seen in Fig. 3d, increasing deposition
temperature in ALD changes the preferential growth
direction too. Higher deposition temperature gives
more thermal energy, allowing the adsorbed atoms
to diffuse longer distances and minimize surface
energy to form more thermodynamically stahle
crystal structures, shifting from (111) XRD
preferential plane orientation to the (200) one,
improving crystallinity (Fig. 3d). This reduces point
defects such as cationic Ni’>* vacancies, responsible
of creating Ni*" states® =7 acting as acceptors.

Changes in these favorable imperfections due to
atomic

reorganization caused by

" i
6.0 nA
& d 5.0
4.0
3.0
2' 20
: 0.0

temperature

1.00 nA
0.80
0.60
0.40

0.20
0.00

Fig. 5. Topography (a, c, ) and current (b, d, f) AFM images of NiO layers grown at 100 (a, b), 200(c, d) and
300 °C (e, f). Grain size and distribution is not observed to vary, but rugosity increases with deposition
temperature. Overall conductivity is reduced when deposition temperature is increased, with some crystals more

conductive than others and grain boundaries observed as not conductive. Measurements performed biasing the

sample at +1.5 V rvespect to the tip.



C. Ros

Conductivity and endurance of protective layers in alkaline anodic conditions

treatments or different layer growth process are
crucial in achieving a conductive layer*>®'. This
diminishment on Ni** vacancies with increasing
deposition temperature reduces NiO available
acceptor levels, which are the majority charge
carriers in p-type semiconductors, thus reducing
film conductivity?343-4758,

Scheme | describes a band structure where the
photogenerated holes are injected into the NiO
valence band through the tunnel barrier introduced
by the parasitic SiO: layer. These injected holes
must travel to the NiO/electrolyte interface
overcoming the internal voltage loses caused by the
low NiO layer conductivity.

When immersed in alkaline electrolytes and at
anodic potentials, the NiO surface reacts with OH-
to form NiOOH and Ni(OH)z, known to modify the
OER catalyst performance of the NiO surface’®,
Moreover, residual Fe ion traces are known to be
incorporated from electrolyte impurities, being
beneficial for efficient OER*!. With the valence
band maximum located below the water oxidation
level, there is no resistance expected as NiO surface
has an accumulation zone in contact with the
catalytic region’®,

Electrochemical and  photoelectrochemical

stability characterization.

. H:0/0,

¢ Ni(OH), /
NiOOH

Scheme 1: Energy band diagram of a p n-Si
photoanode, with the Os-caused SiO; layer and
ALD-NiO protected and with Ni(OH)/NiOOH as
OFER catalyst.

100 °C sample was analyzed by electrochemical
impedance spectroscopy (EIS), and two semicircles
were observed (Fig. 6a and Table S. 1). The one at
high frequencies (left) is attributed to a depletion
barrier in NiO film in its internal interface and the
one at low frequencies (right) to OER catalysis. This
one is drastically reduced at potentials more anodic
than OER (~1.6 V vs RHE). Comparing with the EIS
of a Ni foil in the same conditions, a single
semicircle is observed for the metallic foil, with
similar R and C values (at similar current) to the low

(@) o,
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Fig. 6: a) EIS measurements at potentials from
1.1 to 1.9 Vvs RHE in 1 M KOH of an ALD
protected p -Si with 100 °C NiO. The fitted circuit
is represented in the inset. Obtained fitted values
are presented in Table S. 1. b) 24 h stability
measurement of the same sample at 1.9 V vs RHE
in 1 M KOH. ¢) Periodical EIS measurements at
1.9 V vs RHE corroborating non-significant
changes after initial decay. Obtained fitted values
are presented in Table S. 3.
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frequency arc of NiO, confirming it can be attributed
to OER catalysis (Fig. S. 4 and Table S. 2).

100 °C sample was left 24 h in stability at 1.9 V vs
RHE (Fig. 6b) and initial anodic current decay was
observed from 3 towards 2 mA-cm? during first two
hours, then stabilized. This decay points toward a
logarithmic dependence of current on time (Fig. S.
5), and could suggest the formation of a self-
passivation layer and its corresponding introduced
charge transfer resistance, lowering the current. The
increase in resistance is also observed in periodical
EIS (Fig. 6¢ and Table S. 3). Due to the temperature
fluctuations in the laboratory affecting reaction
kinetics, some variations are observed in current.

Thus, SEM images of 100 °C sample revealed the
presence of ~200 nm bumps formed on the surface
after electrochemical testing (Fig. 7a and b), which
were confirmed by EDX to be elementally
composed of Ni and O (Fig. S. 6 and Table S. 4). 200
and 300 °C ones presents no
morphological changes (Fig. S. 7) after cycling (Fig.
1a) together with no significant measured current.
These rounded porous structures are known to be
characteristic of Ni(OH), %, Cross section SEM

observable

Fig. 7: a) SEM images of a NiO layer grown at
100 °C on top of a p -Si anode in 1 M KOH after
finishing the stability measurement and b) cross
section.

revealed the NiO film does not show any evidence
of significant variation of initially deposited ~50 nm.

Stability measurements were performed using a p'n-
Si photoanode, protected by a 100 °C grown NiO
layer (Fig. 8). Sample was polarized to 1.7 V vs
RHE, the lowest potential to be considered in
saturation regime. Initially, this photoanode was
cycled 6 times (voltage inversion from cathodic to
anodic conditions) in 12 h intervals under 1 sun AM
1.5G illumination. After 500 h, the cycling period
was increased to 48 h. Under these conditions, a
higher current density decay can be observed from
12 to 9 mA-cm™. If the cycling is reset to 12 h, the
photocurrent recovers up to 1 1 mA-cm™, and further
reducing it to 3 h gives a slightly extra photocurrent
reaching 12 mA-cm?at 1.7 V vs RHE (Fig. 8a). This
test measurement was performed during 1000 h,
where we stopped the experiment to be capable to
further characterize the sample. Constant decay of 1
mA-cm? every 500 h over the whole experiment
was observed. Also some small fluctuations are
visible (especially in Fig. 8b) due to lab temperature
variations, which affect the catalysis kinetics.

These results reveal the more frequent application of
cyclic voltammograms allows increased partial
recovery of the passivation layer, and density current
values are recovered.

Worthy information about these degradation and
regeneration mechanisms can be deduced from a
detailed analysis of the cyclic voltammograms
measured during the 1000 h stability test (Fig. 8, ¢
and d), presenting  several  remarkable
characteristics.

First, an increase of the Ni*"/Ni** redox peaks, which
suggests a progressive increase of the nickel
involved in the reaction, related bumps and flakes
formed as observed comparing Fig. 3a and Fig. 7.

Second, a decrease of the electrochemical activity
giving by a lowering of the slope in the 1.4-1.8 V vs
RHE range. This lower slope reveals either an
increase of internal voltage losses or points out an
increase of the electrochemical overpotential due to
the modification of the Ni(OH):/NiOOH catalytic
surface.

Third, a decrease of the saturation current, which
must be attributed to a decrease of the amount of
light reaching the photodiode. For NiQ, it is reported
the existence of electrochromic darkening caused by

surface ion adsorption*® or electrochemical
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Fig. 8: p n-Si photoanode protected with NiQ deposited at 100 °C and measured under 1 sun illumination in 1
M KOH. a) 1000 h stability measurement at 1.7 V vs RHE cycled 6 times every 12, 48 or 3h as indicated. b)
Zoom of the region cycled every 48 hand 12 h, corresponding to the arrows. c) Cyclic voltammograms measured

during first 500 h of the stability test, showing saturation current decrease and small hysteresis increase. d)
Cyclic voltammograms starting on the last 48 h interval, where the sample was most degraded, and further

recovered by smaller cycling intervals.

formation of less transparent NiOOH, with more
Ni*" in the surface, having lower optical band gap

and higher absorption coefficient than NiO and
Ni(OH); . This deactivation was discarded to be
related with transmittance variations caused by NiO
deactivation, as we demonstrated on a NiO-

protected FTO substrate (Fig. S. 8). We attribute the
constant decay over 1000 h to slow electrolyte
impurities absorbed in the
transparency.

surface reducing

Other authors have related similar degradations to
chemical changes of the electrocatalytic surface,
caused by less active Ni-Fe oxides being formed or
Fe dissolution in alkaline electrolytes®”-8. Observing
the electrode potential-pH (Pourbaix) phase map
diagram of NiO in aqueous electrolytes®, our anodic
applied potentials are close to the NiO, region,

where nickel oxyhydroxides (most favorable phase
to OER catalysis) is no more the principal nickel
phase.

Finally, the SEM analysis presents few spots where

the silicon beneath had been etched, 5 in a 1 mm?
area (Fig. S. 9a-c), after 1000 h stability tests.
Analyzing them closely, we can see the protective
layer is still present, and the alkaline electrolyte
found a path in few specific spots to reach the silicon
etching it. On these few spots, in one case a particle
was present and in the other one a hole, both of them
exactly in the center. So, these pinholes in the
protective layer can be attributed to extrinsic or
unwanted fabrication defects and not to intrinsic
instability of the protection film, and thus, should be
eliminated with optimal fabrication.
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CONCLUSIONS

NiQO transparent, protective, conductive and
catalytic films grown by ALD have been used to
avoid corrosion on frontal illuminated silicon
photoanodes in alkaline electrolytes and anodic
potentials while performing the oxygen evolution

reaction.

Layers grown at 100, 200 and 300 °C with
thicknesses in the range of 50 nm present a
polycrystalline  structure with a change in
preferential orientation when increasing from 100 °C
to 200 and 300 °C, correlated with conductivity
diminishment and transparency slight increase. The
sample grown at 100°C presents the best electrical
conductivity and optical transparency compromise.

Stability measurements on best-performing 100 °C
NiO-protected photoanodes present degradation
mechanisms. Current density decays following a
logarithmic time dependency, pointing at the
formation of a self-passivation layer. This is
attributed to the interaction of the NiO layer and the
alkaline electrolyte anodic  working
conditions, forming of higher nickel oxidation states
at the electrode/electrolyte interface, resulting in an
OER overpotential increase.

under

Nevertheless, the application of periodic cycling
ranging from anodic to cathodic voltage conditions
corroborates the existence of a recovery procedure
based the cathodic scans promoting the reduced
forms at the surface of the NiO layer.

Applying this methodology under 3 hours cycling
periodicity, over 1000 h stability measurements
were possible with over 11 mA-cm photocurrents,
an 85% of the initial photocurrent.

The few corrosion spots observed have been
correlated to extrinsic origin and thus, NiO ALD
was demonstrated as a successful technique for
long-lasting protective layers in anodic and alkaline
conditions, avoiding corrosion of Si
photoelectrodes. Such low deposition temperature
(100 °C) would allow for temperature-sensitive
photoabsorbers to be implemented in anodic
conditions.

Consequently, this procedure opens a promising
strategy for driving stability in photoelectrochemical
devices. This regenerative protocol represents less
than 1% of the working time under anodic
conditions. However, there is still room to fully

understand regenerative pathway’s and to enable
very long stability, and thus should be studied also
in other materials suffering from electrochemical
deactivation.
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Supporting Information

Fig. S. 1: p*n-Si photoanode, where a 0.5 cm? active area (darker region) was
lithographically defined by SiO: passivation on a silicon n-type wafer (0.1-0.5 ohm.cm
resistivity), ALD-protected and further Ag paint soldered to a Cu wire and isolated with
thermoplastic.
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Fig S. 2: Zoom in the 200 and 300 °C region of cyclic voltammograms presented in Fig. 1,
in 1 M KOH of a) p*-Si anodes protected with ALD deposited NiO layers at 100 °C (red)
200 °C (blue) and 300 °C (green), cycles 1, 10, 50 and 100 from darker to clearer color.
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Fig S. 3: transmittance measurements of NiO layers grown at 100 (black), 200 (red) and
300 °C (blue) on top of glass substrates.
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Vvs RHE RI1/Ohm R2/Ohm C/F R3/0hm CPE3-T/F-$*!
1.1 2.293 426.9 1.40E-06  3.01E+18 1.01E-04
1.2 2.229 428.9 1.39E-06  5.10E+11 1.38E-04
1.3 2.093 419.1 1.38E-06 7244 4.89E-04
1.4 2.407 430.1 1.37E-06  6.46E+11 4.43E-04
1.5 2.054 430.5 1.36E-06 6104 3.11E-04
1.6 2.13 371.1 1.35E-06 447.9 2.74E-04
1.7 2.223 246.1 1.32E-06 179.2 2.39E-04
1.8 2.366 144.7 1.25E-06 97.5 1.93E-04
1.9 1.822 82.2 1.19E-06 56.59 2.05E-04

Table S. 1: EIS fitted values of Fig. 6a using the modelled circuit presented in Fig. 6a

(inset).

50 I T T
—e—p"-SiNIO 1.9 V. /2.5mA-cm?
40 + ——NiFoil 165V, _/25mAcm? |
=
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Fig. S. 4: EIS measurements of a Ni Foil and a protected p*-Si with 100 °C NiO by ALD
at similar current values and thus, at different potential using the modelled circuit
presented in Fig. 6a (inset). Results are presented in Table S. 3.
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t/h R1/0Ohm R2/0Ohm C2/F R3/Ohm CPE3-T/F-S%! A3
Ni Foil 2.15 0 0 26.04 8.92E-04 0.89
100 °C Nio p*-Si 2.99 41.96  1.16E-06 18.9 3.80E-04 0.78

Table S. 2: EIS fitted values of Fig. S. 3 using the modelled circuit presented in Fig. 6a

(inset).

t/h R1/0Ohm R2/0Ohm C2/F R3/0hm CPE3-T/F-S$*!
0 2.9 41.9 1.16E-06 18.9 3.80E-04
1 3.6 52.8 1.16E-06 36.3 2.63E-04
3 3.5 54.3 1.14E-06 35.8 2.48E-04
6 3.6 55.2 1.14E-06 35.7 2.51E-04
9 3.8 57.1 1.13E-06 35.3 2.36E-04
12 3.6 55.7 1.16E-06 34.3 2.46E-04
15 4.0 59.7 1.12E-06 37.1 2.41E-04
18 3.5 57.7 1.18E-06 35.8 2.56E-04
21 3.7 56.8 1.14E-06 33.8 2.40E-04
24 3.8 56.1 1.13E-06 32.8 2.45E-04

Table S. 3: EIS fitted values of Fig. 6¢ using the modelled circuit presented in Fig. 6a

(inset).
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Fig. S. 5: Stability measurement of the same sample represented in Fig. 6b in a logarithmic
time scale and the correspondent fitting of the measured values, polarized at 1.9 Vvs RHE
in 1 M KOH.
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Fig. S. 6: selected spots where the EDX measurements presented in Table S.1 were
performed.
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Spectrum 2 Spectrum 3
Element | Weight%  Atomic% Element | Weight%  Atomic%
CK 15.84 28.17 CK 30.38 48.55
OK 15.34 20.49 OK 8.57 10.28
FK 7.06 7.94 FK 1.73 1.75
AlK 0.29 0.23 AlK 0.00 0.00
Si K 52.31 39.79 Si K 56.13 38.36
SK 0.14 0.10 SK 0.08 0.05
Ni K 9.01 3.28 Ni K 3.12 1.02
Totals 100.00 Totals 100.00

Table S. 4: EDX quantifications of spots selected in Fig. S. 4, presenting significant extra Ni

and O where bumps are visible by SEM.

Fig. S. 7: SEM images of NiO layers grown on top of Si at deposition temperatures of 200

°C (left) and 300 °C (right) after 100 cycles between 1.1 and 2 V vs RHE in I M KOH

electrolyte in dark conditions. No morphology changes can be seen.
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Fig. S. 8: a) Stability measurement of a FTO covered with 50 nm of NiO at 100 °C and under
stability for 18h at 1.9 V vs RHE in 1 M KOH. b) In-situ transmittance measurement of the
FTO and NiO layers showing no apparent variation after 18 h stability and ~40% current

decay.
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Fig. S. 9: a) SEM top view image of the n'*p-Si photoanode NiO protected at 100 °C presenting
very few etched regions. Zoom in two of the etching regions, where b) a few tens of nanometers

hole can be seen and c) a particle is present, both probable fabrication defects of the NiO
layer allowing KOH to etch the silicon beneath.
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The main objective of this thesis has been to study efficient and stable front illuminated
photoelectrodes for photoelectrochemical water splitting, with special attention on cost-
effective materials. Focus has been put on characterizing materials performance and stability
for the two considered configurations, metal oxide based photoelectrodes and protective
layers on unstable short band gap photoabsorbers. The protection of silicon and chalcogenide
based photoelectrodes resulted in significantly superior productivities than studied metal
oxide photoanodes, thus centering most of our efforts. For better understanding of protective
layers characteristics, conductivity and degradation analyses were also performed at the
nanoscale level.

In the first part of this thesis, titanium dioxide (TiO>) based photoanodes are studied, giving
to the following conclusions:

e Performance increases with thicker and denser nanorods film, caused by higher active
area, which is obtained with increasing precursor concentration during hydrothermal
growth. There is a maximum precursor concentration of 45 mM, over which TiO;
film detaches from substrate.

e Substrate microstructuration further enhances productivity by increased direct and
scattered light absorption and electrode’s area.

e A thermal treatment in a reductive H, atmosphere increases the n-type semiconductor
level. This way, the seminconductor-liquid junction (SCLJ) was optimized to
maximize nanorods potential drop, enhancing charge separation and transport and
thus, increasing photoanodes performance.

e By incident photon-to-current efficiency (IPCE) it was corroborated that the
performance increase after the H» treatment was caused by a better charge extraction
in the UV range rather than absorption of visible light by treatment-created states
inside the band gap.

e Collaterally, it was observed remarkable different spectral response of TiO;
photoanodes with and without a light bias, increasing effective available charge
carriers and filling trap states active under low monochromatic illumination
intensities. This finding helps for more reliable future IPCE measurements.

e Up to 1.2 mA-cm™ photocurrent at 1.23 V vs RHE was obtained by these
morphological, microscopical and electronic modifications, which corresponds to
about a 65% of its theoretical maximum photocurent.

A 3.0 eV semiconductor is limited to absorb a ~5% of the solar spectra, the UV part. Even
with the triple strategy followed to enhance TiO» photoanodes performance, results are
limited. More complex configurations, involving more efficient and short band gap
semiconductors, must be implemented to obtain higher productivities.
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In the second part of this thesis, buried short band gap semiconductor junctions, already

known from photovoltaic technology, are implemented for photocathodic hydrogen evolution
in acidic electrolytes, to favor the hydrogen evolution reaction (HER). Atomic layer deposited
(ALD) TiO; protective layers are used to inhibit corrosion of unstable photoabsorber
candidates, first optimized on silicon. Platinum is used as a model HER catalyst since its

overpotential is close to 0, thus studying catalysts was not the scope of this work. The main
conclusions of this section are:

The deposition temperature is found to be a key parameter for stability and
conductivity, directly related to crystallization, starting between 100 and 200 °C.
Films deposited at 300 °C presented high conductivity, transparency, and
polycrystalline morphology, allowing over 20 mA-cm™ at 0.4 V vs RHE stable for
over 300 h in 0.5 M H,SO..

Crystalline grains are responsible for electron conduction, revealed by conductive
atomic force microscopy (c-AFM), unlike amorphous zones where no current can be
measured.

Amorphous TiO» regions present in mixed amorphous-crystalline films are found to
dissolve in cathodic conditions and acidic electrolytes, exposing the substrate to the
electrolyte.

5 nm Ti intermediate layer between Si and TiO; is found to help in ALD-TiO;
crystalline nucleation and to prevent native SiO- detrimental formation at the Si/Ti0O,
interface.

These protective layers are also deposited on chalcogenide photoabsorbers, from which it
were depicted the following conclusions:
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Copper-indium-gallium-selenide (CIGS) photoabsorbers on flexible stainless steel
substrates can be converted in efficient PEC devices with over 40 mA-cm™
photocurrents and 450 mV photovoltages.

The use of the complete multilayer stack (n-CdS/i-ZnO/AZO) used for CIGS solar
cells is needed for efficient charge separation and electron transport to the hydrogen
evolution reaction.

Devices fabricated on flexible substrates result in detrimental cracks in the protective
layer, allowing acid to corrode the photocathode.

Indium and gallium can be substituted by zinc and tin, earth abundant elements. These
kesterite-structured copper-zinc-tin-sulfide/selenide (CZTS/Se) based solar cells can
also be transformed into photocathodes by ALD-TiO, protection and Pt catalyst
decoration.

By modifying the sulfur/selenium ratio, the optical band gap can be tuned (1.0-1.5
eV), together with the final cathode photovoltage. This characteristic is highly
interesting to form tandem PEC devices.
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The kesterite-based cells electronic structure and p-n junction, defined by optimized
distribution of copper vacancies and Cu/Zn antisite defects, is highly sensible to
thermal post treatments, limiting ALD deposition temperatures to 200 °C. ALD is
especially interesting deposition technique due forming crystalline films at such low
deposition temperature, given by intermediate species mobility and slow deposition.
Pure-sulfide kesterites suffer from partial band gap decrease even at 200 °C.

ALD has demonstrated to protect kesterite-based solar cells on glass substrates giving
over 25 mA-cm™ stable photocurrent for more than 1 h in acidic electrolyte.

Thanks to the possibility to measure solar cells with and without the protective layer,
the electrical resistance and changes in its performance can be measured and the
catalytic response calculated, allowing us to describe a series circuit model including
the role of each component.

In the last part of the thesis, TiO, and NiO protective layers are studied in anodic conditions
and alkaline electrolytes (favorable for the oxygen evolution reaction, OER). Silicon (with

buried homojunctions) is used as reference photoabsorber as it is unaffected by the range of
temperatures used for ALD deposition (100-300 °C).

In the first work, TiO- layers are deposited, followed by 5 nm NiFe as catalyst (which is
hydroxylated to Ni(Fe)OOH in contact with alkaline electrolytes, one of the best catalyst for
oxygen evolution). The main findings are:

Conductivity is enabled when crystallinity is present. This is demonstrated by
depositing completely amorphous, mixed amorphous-crystalline and completely
crystalline TiO; films. Preferential paths in crystalline grains are observed to be the
responsible of conductivity in TiO» by micro-Raman and c-AFM measurements. This
points towards electron injection from the catalyst to the conduction band of TiO» and
a tunneling recombining contact constituted by the p*-Si/2.5 nm SiO,/TiO; interface.
HRTEM analysis presents polycrystallinity inside the observed grains, and
preferential conductivity paths are attributed to grain boundaries and defects within
the crystalline structure.

TiO-based protective films present logarithmic current decay under continuous
polarization over 480 h stability tests. Electrochemical impedance spectroscopy (EIS)
corroborates an increase of the capacity attributed to depletions inside the TiO, film.
OH" ions are considered to diffuse into TiO; under anodic conditions and alter
semiconductor’s conduction paths conductivity

UV superimposed illumination partially recovers conductivity of the film, considered
a persistent photoconductivity effect on TiO, due to modifications on states
occupancy.
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Alternatively, a one-step ALD deposition of NiO films at 100, 200 and 300 °C creates
protected photoanodes with optimal catalytic surface in contact with alkaline electrolytes,
where:

o The most conductive layers were formed at low deposition temperature of 100 °C,
attributed to less stoichiometric films, with more Ni** vacancies, responsible of the
p-type semiconductor conductivity. Temperature increase was found to result in a
crystalline growth direction variation, simultaneous to conductivity reduction.

e Current density decays following a logarithmic time dependency, pointing at the
formation of a self-passivation layer. This is attributed to the interaction of the NiO
layer and the alkaline electrolyte under anodic working conditions, forming of higher
nickel oxidation states at the electrode/electrolyte interface, resulting in an OER
overpotential increase.

e Nevertheless, the application of periodic cycling ranging from anodic to cathodic
voltage conditions corroborates the existence of a recovery procedure based the
cathodic scans promoting the reduced forms at the surface of the NiO layer.

e Applying this methodology under 3 hours cycling periodicity, over 1000 h stability
measurements were possible with over 11 mA-cm™ photocurrents, an 85% of the
initial photocurrent.

In conclusion, the works included in this thesis are significant contributions to the study of
fundamental properties of materials and more specifically, stable and efficient
photoelectrodes for photoelectrochemical water splitting and their degradation mechanisms.
A broad study is performed on ALD deposition of metal oxides and the relationship of these
protective thin films with buried semiconductor p-n junctions. The results included have
allowed a great improvement of IREC’s both maximum productivities and knowledge on
short band gap semiconductors and protective layers for harsh chemical environments. In the
end, the presented results contribute in the multidisciplinary field of photoelectrochemistry,
and should bring stable and efficient photoelectrodes a step closer to commercial application.

Future work:

Nevertheless, despite all the knowledge gained during recent years, efficient and long-stable
photoelectrochemical devices have still some challenges to overcome for their large-scale
implementation. Silicon presents optimal characteristics for absorbing the red part of visible
spectra in tandem structures, but efficient ~1.7 eV band gap earth abundant candidates
(absorbing only the blue and green part of the visible spectra) must be found. In this direction,
chalcogenide-based photoelectrodes have been demonstrated especially interesting due to the
possibility of adapting their band gap by varying the chalcogenide composition. Simplifying
the multilayer structure for chalcogenide based PEC devices, i.e. with chemically stable metal
oxides acting directly as TCO, might increase their stability in harsh electrolytes and reduce
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fabrication costs. The substitution of high vacuum deposition and time-consuming techniques
would reduce fabrication costs if pinhole-free layers can be assured. Optimizing the protective
layer thickness as antireflective layer will surely help in increasing photoelectrodes
productivity. Very long-term stability measurements, in intermittent day/night operation will
be necessary to prove protective layers strategy viable in years-lasting devices.
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In the annex chapter of this thesis three works are included, which are considered better suited
outside the main part of the thesis, since they are the result of collaborative work coming from
the knowledge gained through the development of the PhD work. In the first article, related
to hematite photoanodes, the contribution of the thesis author has been minor, related to the
TiO,-ALD deposition prior to anneal treatment, to form the Fe,TiOs superficial layer helping
to control surface states and electronic interface coupling. In the second one, the n'p-
Si/T1/Ti0O; photocathodes described in Chapter 3 are implemented in another energy storage
technology, vanadium redox flow batteries. Due to the evident divergence with water splitting
focus of this thesis it has been considered better suited in the annex. The third work included
in this chapter is a patent published in collaboration with an industry, where interdigitated
back contact (IBC) solar cells are implemented for PEC water splitting with different
protective strategies, one of them ALD-deposited TiO: films. Due to intellectual property
reasons, only the patented content of the work related to this study is reprinted here.

A.1. Enhanced photoelectrochemical water splitting of hematite multilayer
nanowire photoanodes by tuning the surface state via bottom-up interfacial
engineering

In the first article included in this chapter a sequential study on detrimental interfacial
electron-hole recombination of hematite based photoanodes is performed. Multilayered
nanowires ITO/Fe>O3/Fe,TiOs/FeNiOOH are fabricated, with optimized deposition and post-
treatments, to facilitate charge transport from the electrochemical reaction into the back
contact.

Fe>O3 nanowires were grown by a hydrothermal process on and different-thickness indium-
doped tin oxide (ITO) covered or no-ITO FTO substrates. Further post-treatments and
quenching in air with none or few nanometers ALD-TiO; on top allowed forming the Fe;TiOs
superficial layer. FeNiOOH nanodots are later photoelectrodeposited on top. The
characterization of the photoelectrodes with and without extra interfaces helped elucidating
the role of each one.

The systematic electrochemical measurements, and extensive HRTEM and STEM-EELS
analysis permitted defining the elemental distribution inside the nanostructures and modeling
the electronic interface coupling (Figure A.la). Epitaxial growth and optimal control of
thermal treatments help improve the ITO/Fe;O; interface, with Sn diffusing as doping in
Fe20; structure, reducing back contact recombination. ALD-TiO; followed by thermal post-
treatments formed Fe,TiOs, with favorable energetics for charge separation and Ti atoms
passivating detrimental sites in a core-shell nanowire structure. Together with FeNiOOH
nanodots increasing electrochemically active sites for OER, electron-hole recombination rates
are reduced.
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With reported interface coupling optimization, an order of magnitude photocurrent
enhancement has been obtained from 0.205 to 2.2 mA-cm™ at 1.23 V vs RHE (Figure A.1b),
also presenting high stability.
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Figure A.1. a) STEM ADF and EELS images of an ITO/Fe;03/Fe;TiOs/FeNiOOH photoanodes
nanowire. b) Cyclic voltammogram (inset is the magnified plot) for the Fe;Os ITO/Fe>0s,
ITO/Fe;03/Fe;TiOs, and ITO/Fe;O3/Fe;TiOs/FeNiOOH electrodes.

A.2. Role of Bismuth in the Electrokinetics of Silicon Photocathodes for Solar
Rechargeable Vanadium Redox Flow Batteries

In the second article of this chapter, described n"p-Si/Ti/TiO, photocathodes (Chapter 3), with
no Pt as catalyst, were used for a different electrochemical reaction rather than water splitting.
The silicon photocathodes were used to perform the vanadium V**/V** redox reaction, using
solar light to recharge the redox battery in the so-called solar-powered electrochemical energy
storage (SPEES)'. As vanadium redox flow batteries operate in acidic environments, silicon
must be protected from corrosion.

TiO,-protected silicon photocathodes supplied photovoltage, reducing the necessary potential
for the redox reaction, with significant current conversion. A scheme is depicted in Figure
A.2. Moreover, the TiO>-finished surface is not favorable for the H'/H; reaction, parasitic for
redox flow batteries, restricting H, formation by strong proton adsorption®. This way the
faradaic efficiency to the desired vanadium reaction is enhanced, increasing the efficiency on
charging the battery.

In this article, bismuth is used as additive, catalyzing the V*"/V*" redox reaction and
increasing its reversibility while retarding the HER. Lower charge transfer resistance is
detected in Nyquist open circuit plots with the additive. With bismuth, less negative voltages
are necessary for the vanadium redox and thus, less reductive potentials will be applied in

260



C. Ros Annex

working conditions in the TiO, protective layer, increasing its stability. Although, Bi’
deposition on the TiO; surface is detected, partially reducing light absorption and maximum
photocurrent.

Figure A.2. Scheme illustrating electron-hole pair generated by light in the buried junction and
thus, photovoltage; V3*/V?" reaction occurring by injected electrons, the HER reaction inhibited
and Bi’ deposition, together with a counter electrode performing the opposite V?*/V3* reaction.

261



Annex C. Ros

A.3 Substrate-electrode (SE) interface illuminated photoelectrodes and
photoelectrochemical cells

In the third work included in this annex chapter (patent WO/2017/109108, first page reprinted
in page 327), interdigitated back contact (IBC) solar cells are implemented for PEC water
splitting. Selectively, a resin layer isolates one of the back contacts (collector) from
performing any reaction with the electrolyte. The non-isolated one (emitter) charges are
conducted through a passivation layer and reaching electrocatalyst, performing the desired
reaction. In one of the strategies presented in this patent, ALD-grown TiO- layers as reported
in Chapter 3 are used as protective, conductive layers together with platinum as HER catalyst.
In this strategy, the transparency of these layers is not an issue as IBC solar cells are
illuminated from the substrate-electrode (SE) interface side. The possibility of this scheme is
demonstrated, together with high current densities equivalent to the photovoltaic ones and
over one hour stability.
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The optimization of multiple interfaces in hematite (a-Fe,Os) based composites for photoelectrochemical water
splitting to facilitate charge transport in the bulk is of paramount importance to obtain enhanced solar-to-fuel
efficiency. Herein, we report the fabrication of ITO/Fe,Os/Fe,TiOs/FeNIOOH multi-layer nanowires and a series of
systernatic experiments designed to elucidate the mechanism underlying the interfacial coupling effect of the
quaternary hematite composite. The hierarchical [TO/Fe,O3/Fe;TiOs/FeNIOOH nanowires display photocurrents
that are more than an order of magnitude greater than those of pristine Fe,Oz nanowires {from 0.205 mA em™?
to 22 mA cm~? at 123 V vs. RHE and 1 Sun), and higher than those of most of the recently reported state-of-the-
art hematite composites. Structural, compositional and electrochemical investigations disclose that the surface
states (SS) are finely regulated via the atomic addition of an Fe,TiOs layer and FeNiOOH nanodots, while the
upgrading of back contact conductivity and charge doner densities criginate from the epitaxial relationship and
Received 26th May 2017, enhanced Sn doping contributed from the ITO underlayer. We attribute the superior water oxidation perfoermance
Accepted 18th July 2017 to the interfacial coupling effect of the [TO underlayer (Sn doping and back contact conductivity promoter), the
DOI: 10.1039/c7ee01475a atomic level Fe,TiOs coating (Ti doping, surface state density and energy level modulation) and the FeNiOOH
nanodot electrocatalyst {regulating surface state energy level). Our work suggests an effective pathway for rational
rsc.li/ees designing of highly active and cost-effective integrated photoanodes for photoelectrochemical water splitting.

Broader context

Conversion of solar energy to hydrogen energy using photoel hemical (PEC) water splitting is one of the key technologies to tackle serious energy and environmental
bl Hi ite is a promising candidate for PEC | des as its bandgap is well-suited for absorpti ofd'lesulnrspemum Hmver,]ssueslllwpoordm‘ge

u'anspcn., surface charge recombination, and slow ch.nrge transfer kinetics have limited its practical app]ncadm In light of this, an i ing number of i T

have focused on hematite heterostructures that incorporate a second material to tackle some of the i material limitati While individual P of these

heterostructured materials have been studied independently, there remains a wealth of untapped knowledge concerning the integration strategy. Herein we report the

design and fahu'u:anm of ITO/Fe,0,/Fe, TiOy/FeNiOOH multilayer nanowires which display greatly enh d PI-JC perf By ically comparing the pristine

and lel des, we shed light on the working mech of the integrated j b des. The function of each component in the

mwgmted photoanodes has been identified, as well as the ways in which they couple wgether © regu.lane the donor density and surface state density. Additionally, the

investigation of the charge transfer kinetics at the semicond lectrolyte interf: ighlights the role of the surface state density/donor density ratio in determining

the charge transfer effici ‘This report p a more plete and clear picture with which to und, 1 the integrated pl les for PEC water splitting.
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1. Introduction

Hematite based photoanodes have been intensively investigated
on account of several promising properties which make them a
potential candidate as a water splitting photoanode. Hematite
materials are low cost, and environmentally friendly owing to
their high natural abundance. More importantly, in terms of its
applications in PEC, hematite possesses high photo-chemical
stability, a narrow bandgap (1.9-2.2 eV), and a theoretical maxi-
mum solar-to-hydrogen (STH) efficiency of 15.4%, corresponding
to 12.5 mA cm 2 at Air-Mass 1.5 Global solar illumination, which
exceeds the STH benchmark efficiency of 10% required for
practical applications."” However, its relatively low absorption
coefficient, short excited-state lifetime (107° s),>* poor oxygen
evolution reaction kinetics, short hole diffusion length, and poor
electrical conductivity lead to multiple electron-hole recombina-
tion pathways occurring in the bulk, interfaces, and surfaces and
significantly limit the photoelectrochemical (PEC) activity of
hematite.” Since rapid charge transport and transfer between
the back substrate, photoactive semiconductor, catalyst and electro-
Iyte is necessary for efficient STH performance, the electronic and
structural properties of back substrate/semiconductor/catalyst/
electrolyte interfaces play a vital role in PEC performance.”™'°
The electron-hole recombination at the interface of the back
substrate and hematite is critical for electron transport from
bulk hematite to the current collector and thus affects the
overall PEC photocurrent response.>*''™** For instance, Zheng
et al. reported an integrated hematite, TiO, and FeOOH photo-
anode and obtained a photocurrent of around 1.5 mA em ™% which
is still much lower than the theoretical value (12.5 mA cm™?) of
hematite."> Even though this design simultaneously reduces
charge recombination in the bulk and surface of hematite, the
obtained photocurrent response suffers from intensive back
electron-hole recombination between hematite nanowires and
the FTO substrate. This phenomenon is likely derived from the
Sn loss in the FTO substrate during the high temperature
(1000 “C) sintering treatment which leads to poor electron
conductivity in the back contact.'®'* Therefore, it is essential
to optimize the back interface of the FTO substrate and
hematite. This may be accomplished by introducing a conductive
buffer layer, such as an ITO underlayer between hematite and the
FTO substrate. Moreover, the energetic and electronic structures
of hematite can be tuned by forming an advantageous hetero-
junction interface, which can reduce the charge recombination
at the semiconductor junction interface and thus facilitates
hole transport to the electrolyte for the oxygen evolution reac-
tion (OER).">"> Recently, we prepared a mesoporous hematite-
Fe,TiOs heterojunction film, with an optimized 10% TiO, doping,
which possessed a 15-fold photocurrent increment (up to
1.3 mA em ™ at 1.23 V vs. RHE).'® Furthermore, iron-nickel oxide
hydroxides (FeNiOOH) have attracted widespread attention as
oxygen evolution catalysts (OEC) due to their unique structure
and good OER activity in alkaline medium, whose OER activity can
be adjusted according to film thickness."*"” Coupling FeNiOOH
OECs on hematite photoanodes is supposed to effectively suppress
the electron-hole pair recombination and accelerate reaction
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kinetics at the photoactive semiconductor/electrolyte interface
(SED)."*" In light of this, it is therefore of high interest to design
an integrated quaternary multilayer photoanode with a high
electrical conductive underlayer (ITO layer, to protect against Sn
loss from the FTO substrate), an advantageous heterojunction
(Fe,04/Fe,TiO5),"" and an efficient OEC layer (FeNiOOH) to
simultaneously reduce the interfacial, bulk and surface charge
recombination as well as to enhance its PEC performance.

On the other hand, the kinetic process of water oxidation at
the SEI'*°* and the identification of the active sites*™ for
water splitting have drawn the attention of many researchers.
Peter et al. employed photoelectrochemical impedance spectro-
scopy (PEIS) for the kinetic analysis of the multistep water
oxidation reaction and proposed that the OER in hematite
involves high-valent iron states formed at the surface.>” Water
oxidation on the hematite surface is a 4-electron process, which
occurs following eqn (1-4), with the holes being ‘stored’ in the
Fe(v) and Fe(v) intermediate states.>”

hu— h' +e” )

Fe(m) + h" - Fe(1v)qus (@)

Fe(v)surt + h" — Fe(V)surt (3)
2Fe(V)gurr + 2H,0 — 2Fe(m)gof + O, + 4H" 4)

Hamann et al. illustrated a general physical model and system-
atically discussed the suitable equivalent circuit for illustrating
the EIS data for the hematite electrode, including surface states
(SS) at the SEI where holes accumulate.” Most recently,. Hamann
et al. investigated the water-oxidation reaction on hematite via
in situ infrared spectroscopy; and the existence of an Fe™=0
group (an intermediate in the PEC water oxidation reaction) was
directly observed, which is the origin of the presence of hematite
surface states.”® Moreover, our previous investigation proposed a
charge transfer mechanism through hole trapping at the surface
state and its isoenergetic transfer to water for a hematite/Fe,TiOs
composite system and demonstrated that the surface state den-
sity of hematite can be tuned by controlling the amount of TiO,."
In addition, it is well established that SS exist due to the
termination of lattice periodicity at the species’ surface, and the
unpaired electrons in the dangling bonds of surface atoms
interact with each other forming an electronic state with a narrow
energy band (mid band) at the semiconductor band gap.”””* In
this regard, we propose that, by integrating the hematite nano-
wires with an ITO underlayer, and Fe,TiO; and FeNiOOH coating
layers step-wise, the SS would be finely regulated because the
chemical environment of Fe'Y=0 present at the SEI will vary
slightly during the water oxidation process.?™

2. Results

Based on the wealth of reported band gap information for In,0;,
hematite, Fe,TiO; and FeNiOOH,'>** a type 1I band alignment
composed of multiple ITO/hematite/Fe,TiOs/FeNiOOH interfaces
can be constructed vig gradual incorporation of ITO, Fe,TiOs
and FeNiOOH layers in hematite nanowires.>’** As illustrated
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Scheme 1 Top: Thermodynamic scheme for the charge transfer processes at 1.23 V vs. RHE of SEI under illumination for the Fe,Os, ITO/Fe 05,
ITO/Fe,Os/Fe,TiO,, and ITO/Fe O 4/Fe,TiOL/FeNiIOOH electrodes. The black arrows indicate the bandgap of In O (ITO matrix), hematite and Fe,TiOs,.
The dark blue arrow refers to the hole transfer process at the heterojunction interfaces. The purple arrow refers to the electron transfer process present
at the heterojunction interfaces. For simplicity, interfacial charge transfer is considered to occur through the £y and/or Ec states directly, without the
intervention of interfacial SS. In all photoanodes, 4 electron—hole couples per visible active semiconductor are depicted. In,O3z (main ingredient of ITO
matrix): green; Fe Oz red; Fe,TiOs: indigo; FeNiOOH: yellow. Bottom: The atomic supercell models illustrate the interfaces existing at In,O3 (ITO matrix),

hematite, Fe;TiO5 and FeNiOOH species in the integrated electrodes

in Scheme 1, upon light illumination, the pristine Fe,O;
electrode suffers from a large recombination rate that yields a
low photo-current, as holes are sluggishly transferred to water.
For the ITO/Fe,0; electrode, since both In,0O; and hematite are
n-type semiconductors with different work functions, a hetero-
junction with a potential barrier will form at their interface. In,0;
(main ingredient of ITO) has a lower work function compared to
hematite, thus the electrons in the Fermi level (Ey) of In,0; will
migrate to the E¢ of Fe,O; until their Er equalize.”® At the
equilibrium state, an electron depletion layer (marked as double
layer charge between hematite and In,O,) will be generated at the
heterojunction interface and thus a built-in electron field will be
formed, which will accelerate the separation of photo-generated
charge carriers and reduce the recombination rate and thus
result in enhanced photocurrent.””* Since Fe,TiO; and hematite’s
relative conduction band (CB) and valence band (VB) edge
positions enable a cascade of charge migration, holes are trans-
ferred from Fe,O; to Fe,TiO; and conversely electrons are trans-
ferred from Fe,TiO; to Fe,O; in a conveyor belt fashion.'® Upon
coating of ultrathin Fe,TiO; onto ITO/Fe,0; nanowires, the
hematite nanowires can accommodate the ultrathin pseudo-
brookite phase shell at the surface, forming the advantageous
Fe,0;3/Fe,Ti05 heterojunction. The heterojunctions in the
ITO/Fe,05/Fe,TiO; electrode reduce the grain boundary recom-
bination by preventing charge accumulation in the nanowires
and at the interfaces, and thus are expected to further enhance
the photocurrent response. Finally, there is consensus that
coupling FeNiOOH on photoanodes effectively suppresses the

2126 | Energy Environ, Sci, 2017, 10, 2124

charge recombination and accelerates reaction kinetics at the
SEL***? The deposition of FeNiOOH onto the ITO/Fe,0,/Fe,TiOs
nanowires should further increase the surface work function,
resulting in a remarkable enhancement of the barrier height and
built-in electric field for the migration of photogenerated holes to
the electrode surface.**** With this in mind, an ITO/hematite/
Fe,TiO;/FeNiOOH heterojunction nanowire was designed and
fabricated via a combination of sputtering, hydrothermal, ALD
and photo-electrochemical deposition techniques, as displayed
in Fig. 2 (top).

2.1 XPS spectrum

The surface electronic states and composition of each electrode
were analysed by XPS and all binding energies were corrected
for sample charging effects regarding the C 1s line at 284.6 eV.
Fig. 1 and Fig. S1 (ESI}) present the Sn 3d, O 1s, Fe 2p, In 3d,
Ti 2p and Ni 2p core level XPS scans at higher resolution over
smaller energy windows. The Fe 2p,, and 2p;, peaks at the
binding energies of 710.39 eV and 724.00 eV confirm the presence
of the Fe element in these four electrodes. Additionally, two
satellite peaks of the Fe 2p main line are present at approximately
8.1-8.5 eV lower energy than the main line, indicating the
presence of Fe** species.’®®* A positive shift of the Fe peaks
after the sputtering of the ITO underlayer reflects a decrease in
the electron density of the Fe,O; due to electron transfer from
Fe,0; to the ITO layer. Conversely, a negative shift of the Fe
peak is detected after the deposition of Fe,TiO; and FeNiOOH
layers. These shifts can be ascribed to the surface binding
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Fig. 1 High resolution XP5 spectra of Fe 2p, Ti 2p, Ni 2p and O 1s, from the
FeyOs, ITO/Fe,05, ITO/Fe,04/Fe,TiOs, and ITO/Fe,O; /Fe,TiOs/FeNiOOH
electrodes.

interaction between ITO, Fe,0;, Fe,TiO; and FeNiOOH, which
induces an electron transfer in the integrated photoanode
following the order: FeNiOOH — Fe,TiO; — Fe,0; — ITO as
depicted in Scheme 1.** The Sn 3d,, and Sn 3ds, peaks
(Fig. S1, ESIY) at 494.80 and 486.26 eV with a splitting energy
of 8.54 ev are consistent with reported values of Sn*".**"?
Furthermore, the In 2p,,, and 2p;,, core level XPS spectrum
(Fig. S1, ESIt) has two weak, broad peaks around 451.60 and
444.76 €V, in good agreement with In,0,.** Compared with the
strong intensity of the Sn 3d peaks, the relatively weak intensity
of the In 2p peaks means that the formation of In*" ions is
closer to the substrate, indicating that Sn doping dominates
the Fe,0; nanowires rather than In doping. The Ti 2p,;; and
2psz peaks at 463.26 and 457.27 eV reveal the successfully
coating of Fe,TiO; for ITO/Fe,0;/Fe,TiO; and ITO/Fe 0,/
Fe,TiO;/FeNiOOH electrodes.'” Coinciding with the observed
shift of Fe 2p peaks, after the FeNiOOH deposition, the Ti peaks
shift in the negative binding energy direction, again implying
electron transfers from the FeNiOOH to the Fe,TiO; layer.
Moreover, the presence of Ni in FeNiOOH was also investigated.
The weak Ni 2p,,, and 2p;;,; core level XPS peaks located at
872.60 eV and 854.86 eV and the associated satellite peaks at
862.14 eV and 879.40 eV are observed in the ITO/Fe,0,/Fe,TiOs/
FeNiOOH electrode, confirming the presence of FeNiOOH."
The O 1s XPS spectrum of the ITO/Fe,0;/Fe,TiOs/FeNiOOH
electrode is compaosed of three peaks. The low binding energy
at 529.41 eV and the higher binding energy component at
531.05 eV are attributed to the coordination of oxygen bound
to iron atoms from the Fe,0; moiety and surface absorbed OH
groups, respectively.’® The shift behaviour of these two O 1s
peaks of Fe,0; is in accordance with shifts observed for the
Fe 2p and Ti 2p peaks. Whereas, the 531.00 eV O1s peak can be
assigned to the OOH bonding likely to the FeNiOOH species.”
The consistent shifts in the binding energy observed in the XPS
data for these electrodes indicate charge transfer processes
that benefit electron-hole separation, further supporting the
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well-constructed multiple ITO/hematite/Fe,TiO;/ FeNiOOH
heterojunction with type 11 band alignment.

2.2 Structural characterization

The morphology and crystal phase evolution of these electrodes
were monitored by SEM, EDS, XRD, TEM and STEM-EELS maps.
Vertically aligned Fe,0; nanowires were grown on an FTO or
105 nm ITO coated FTO substrate (the corresponding SEM images
of these two substrates are displayed in Fig. 518, ESIT) via a
previously reported hydrothermal method.” The Fe.O; nanowires
have a diameter range of 50 to 100 nm (Fig. 2A-D). Subsequently,
an ultrathin TiO, layer was coated onto the ITO/Fe,0; nanowires
by ALD (30 cycles). The surface TiO, was subsequently trans-
formed into Fe,TiO; through a post-quenching process in ambi-
ent atmosphere at 750 "C for 30 min. As displayed in Fig. 2E
and F, the Fe,TiO; coating onto 1TO/Fe,0; is homogeneous with
no change in the nanowire configuration. Interestingly, the
ITO/Fe,0,/Fe,TiO; nanowires appear to be straighter than the
ITO/Fe;0; nanowires; this is likely due to the confinement
effect from the ultrathin Fe,TiO; layer (this phenomenon is
similar to the function of SiO, in the fabrication of mesoporous
Fe,0; reported by K. Sivula et al.)."® When 10 mC FeNiOOH was
further photo-electrodeposited onto the ITO/Fe,0;/Fe,TiOs
nanowires, no visible nanostructure could be observed on the
nanowire surface (Fig. 2G and H), indicating its ultrathin con-
figuration. The crystal phase and elemental information were
characterized by XRD (Fig. S2A, ESIY) and EDS (Fig. S3, ESIt),
confirming the presence of In,0;, hematite, pseudobrookite
and FeNiOOH in the corresponding electrodes.

FTOATO FTOATORe,0,
e
rsseiaanan,
—

Frm'm.v.,,u,n?lo,m

Fig. 2 Top: Atarmic supercell modelillustration of the synthetic procedure
for the ITO/Fe,O5/Fe,TiOL/FeNIOOH integrated photoanodes. Bottom:
SEM images (top view) of the Fe,Os (A and B), ITO/Fe,O3 (C and D),
ITO/Fe,05/Fe,TiOs (E and F), and ITO/Fe;03/Fe,TiOs/FeNiOOH (G and H)
electrodes.
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To identify each crystal phase vie HRTEM and probe the
spatial distribution of these components in the integrated
electrodes, we created crystal models based on the single crystal
data in the Inorganic Crystal Structure Database (ICSD), as dis-
played in Fig. S4 (ESIT). With these crystal models, the diffrac-
tion patterns visualized from different zone axes of each phase
can be simulated. Then, the simulated diffraction pattern is
compared with the power spectrum (FFT) obtained on the
atomic resolution HRTEM experimental images for the identi-
fication of the crystal phases in the composite electrodes.
Fig. S5 (ESIt) shows low magnification TEM images of the Fe,O;
electrode with nanowire-like morphology, while its HRTEM and
detailed atomic structure are displayed in Fig. 3A. The corres-
ponding temperature coloured power spectrum (Fig. 3A right)
indicates that the structure corresponds to the trigonal Fe,O;,
[R3-CH]-space group 167, also known as hematite, with lattice
parameters of a = b = 0.50342 nm, ¢ = 1.37483 nm, and « = i = 90°
and y = 120° as visualized along the [21—2] direction. The HRTEM
and atomic structure detail of the ITO/Fe,O; electrode in Fig. 3B
demonstrate that the modification of the FTO substrate with a
105 nm ITO underlayer does not alter the crystal phase of the
Fe,O; nanowires. The temperature coloured power spectrum
(right of Fig. 3B) of the ITO/Fe,0; electrodes indicates that the
nanowires retain their single crystal hematite nature as visualized
along the [110] direction; this is further supported by Fig. S6
and S7 (ESI}). Fig. 3C (left) shows the HRTEM image of the edge
region of a single ITO/Fe,0;/Fe,TiO; nanowire extracted from the
ITO/Fe,0,/Fe,TiO; electrode nanowire array. The corresponding
power spectrum (Fig. 3C right) shows that the nanowire is com-
posed of a hematite core (Fe,0;) and a Fe,TiO; shell ((BBMM]-
space group 63, with lattice parameters of a = 0.9793 nm,
b =0.9979 nm, ¢ = 0.3732 nm, and o = f§ =y = 90°), as visualized
along the [42—1] and [001] directions, respectively. RGB coloured
phase filtered images corresponding to the selected area of the
ITO/Fe,03/Fe,TiO; electrode in Fig. 3C are exhibited on the right.
Fig. S8 and S9 (ESIt) clearly confirm the homogenous coating
of the Fe,TiO; layer on the surface of the Fe,O; nanowires.
Moreover, the atomic density profile in the inset of the left
HRTEM image in Fig. 3C, reveals that the thickness of the
Fe,TiO; shell is 0.78 + 0.02 nm, in agreement with the estimated
0.81 nm from the ALD process. Fig. 3D displays a HRTEM image
(left) of the electrode after the deposition of FeNiOOH to form
the quaternary ITO/Fe,0;/Fe,TiOs/FeNIiOOH structure. The
presence of hematite and pseudobrookite phases was identified
from their power spectrum (Fig. 3D middle). It is noteworthy
that the crystal diffraction spots of FeNiOOH, while visible, are
weak showing few crystallites (low magnification TEM images
are displayed in Fig. S10, ESI}), consistent with the XRD results
indicating that it is primarily amorphous.****"*> Moreover, the
corresponding RGB phase filtered image (Fig. 3D right) illus-
trates the localized presence of hematite (nanowire core),
pseudobrookite (shell) and FeNiOOH nanodots (surface crystal-
lites in blue, showing a 0.256 nm plane distance corresponding
to its (021) plane).”>™>

The chemical compositions of the interfaces in the
ITO/Fe,03/Fe, TiO5/FeNiOOH electrodes were investigated by
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EELS mapping using the K edge for O, M edges for In and Sn,
and L edges for Fe, Ti and Ni. The STEM-EELS composition maps
of the Fe,0; (Fig. S11 and $12), ITO/Fe,0; (Fig. S13 and S14)
and ITO/Fe,0s/Fe, TiO; (Fig. $15 and S16) electrodes are included
in the ESLT As displayed in the STEM image of Fig. 4, the Fe,05/
Fe,TiOs/FeNiOOH composite nanowire (green squared region) is
grown directly onto the ITO matrix (brighter bottom region). The
individual Fe, Sn and Fe + Sn RGB composite EELS maps in Fig. 4
show that the Sn from the ITO matrix diffuses into the hematite
nanowires, revealing an intensive Sn doping throughout the
ITO/Fe,0;/Fe,TiO5/FeNiOOH electrode as compared to the
weak Sn signal detected in the nanowires corresponding to
the Fe,0; electrode (Fig. S11 and S12, ESI}). By contrast, In, in
the form of In,0;, is only present in the bottom region of the
electrode corresponding to the ITO underlayer, as supported by
the individual In and O EELS mappings shown in Fig. 4 and
HRTEM result in Fig. S6 (ESI{). Together with the STEM-EELS
maps obtained in the ITO/Fe,0; electrode (Fig. S13 and S14,
ESIT) and the ITO/Fe,0;/Fe,TiO; electrode (Fig. S15 and S16,
ESIt), these data demonstrate that there is almost no In doping
into the Fe,O; nanowires upon the sputtering of the ITO
underlayer, which is consistent with the XPS result. The Fe, Ti
and Fe + Ti RGB composite EELS elemental maps obtained on
the ITO/Fe,05/Fe,TiO5/FeNiOOH electrode (Fig. 4) show com-
plete coverage of the ultrathin Fe,TiOs shell over the Fe,0;
nanowires. The individual Fe, Ni, and O EELS elemental maps
illustrate the presence of discontinuous distributed FeNiOOH
species decorated on the nanowires, in good agreement with
the nanodot-like FeNiOOH structure observed in Fig. 3D and
Fig. S10, S17 (ESIT). RGB composite EELS elemental maps of
In + Fe, In + Fe + Ti and In + Fe + Ti + Ni together illustrate the
successful construction of the quaternary ITO/Fe,03/Fe,TiO5/
FeNiOOH heterojunction nanowires via step-wise incorporation
of ITO, Fe,0;, Fe,TiO; and FeNiOOH.

2.3 PEC performance characterization

To determine the optimum conditions for the integration of
ITO/Fe,0;/Fe,TiO5/FeNiIOOH electrodes, different synthesis para-
meters, including ITO thickness, TiO, cycles, post-quench sintering
conditions and FeNiOOH deposition charge, were examined
(for details see Fig. S18-S27 and associated discussions in the
ESIt). The PEC performance measured for the optimized four
representative photoanodes is displayed in Fig. 5. The CVs of
pristine Fe,0O; nanowires (Fig. 5A) show a relatively low photo-
response over the whole potential window with a photocurrent
density of 0.205 mA cm ™ at 1.23 V vs. RHE, the thermodynamic
potential for the OER. Upon introduction of the ITO underlayer,
the photocurrent density increases to 1.05 mA cm > at 1.23 V vs,
RHE. The onset potential of ITO/Fe,O; still remains at 0.85 V,
which is the same as that of the pristine Fe,O; electrode.
Besides, the CV curve of Fe,0; and ITO/Fe,0; electrodes at high
potential region (over 1.7 V) exhibits the same trend, indicating
the presence of a similar Fe,0;]electrolyte interface.'”® In con-
trast, the ITO/Fe,0,/Fe,TiO; electrode exhibits an anodic shift in
the onset potential to 1.0 V vs. RHE, along with an increase in
the photocurrent density to 1.56 mA cm™> at 1.23 V vs. RHE.
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Fig. 3 HRTEM, power spectrum and RGB coloured phase filtered structural images of the Fe Oz (A), ITO/Fes0: (B), ITO/Fe;Ox/Fe;TiO; (C) and
ITO/Fe,03/Fe,TIOs/FeNIOOH (D) electrodes.
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Fig. 4 EELS chemical composition maps obtained from the green
rectangled area on the ADF-STEM micrograph selected on one of the
nanowires extracted from the ITO/Fe,Qz/Fe,TiOs/FeNiOOH electrode
sample. Individual Fe (red), O (green), Sn (blue), In (purple). Ti (indigo) and
Ni (yellow) maps and their RGB composite.
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Fig. 5 (A) Cyclic voltammetry (the inset shows its magnified plot), (B) chopped
light photocurrent-potential curves, (C} IPCE and (D) photoelectrochemical
stability test operated at 1.23 V vs. RHE for the Fe O3, ITO/Fe 04, ITO/Fe0Os/
Fe,TiOg, and ITO/Fe,Ox/Fe,TiOs/FeNiOOH electrodes. All polarization poten-
tials reported here are relative to the reversible hydrogen electrode (RHE), and
current densities are per geometric area.

The positive shift in the onset potential upon coating Fe,TiO; onto
the hematite nanowires is consistent with the result reported by
Zhong et al.,”® which is probably due to the suppressing of the
surface state density at a potential lower than 1.0 V vs. RHE when
compared with that of the ITO/Fe,O; electrode, as displayed in
Fig. 7A. While, the CV curve of the ITO/Fe,05/Fe,TiOs electrodes at
high potential (over 1.7 V) is somehow suppressed compared with
that of the Fe,O; and ITO/Fe,O; electrodes, illustrating its SEI
variation. Despite some improvement, the PEC performance for the
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ITO/Fe,0,/Fe,TiO; nanowires remains unsatisfactory, likely caused
by the slow water oxidation kinetics.” Thus, an optimized OEC
(Fig. $24 and $25, ESIT), 10 mC FeNiOOH, was deposited on the
surface of the ITO/Fe,04/Fe, TiO; nanowires. In the case of the ITO/
Fe,04/Fe,TiO;/FeNIiOOH electrode, a cathodic shift in the onset
potential for the OER to 0.95 V is observed relative to the 1TO/
Fe,04/Fe,TiO; electrode. Its photocurrent density of 2.2 mA cm ™ at
1.23 V vs. RHE represents the highest value among these four
photoanodes, and is even higher than the photocurrent response of
recently reported state-of-the-art Fe,0; composite photoanodes
(Table S2, ESIF). The tremendous increment of the photocurrent
at high potential (over 1.6 V, dominated by the dark current
response from the OEC) implies the successful combination of
the merits of the photocatalytic activity of ITO/Fe,0,/Fe,TiO; and
the electrocatalytic activity of FeNiOOH.'® Besides, there is a photo-
current plateau for all electrodes, which is derived from the
transition of the hole acceptor from OH ™ to water in the electrolyte
according to the report of Zhao et al** Furthermore, transient
photocurrent measurements, based on the CVs under chopped
light illumination, were performed for each photoanode. As shown
in Fig. 5B, all electrodes exhibit a prompt and reproducible photo-
current response with respect to the irradiation signal ON-OFF
cycles. The current density of these electrodes under illumination
follows an ascending order of: Fe,0; < ITO/Fe;0; < ITO/Fe;0;/
Fe,TiO; < ITO/Fe,0,/Fe,TiO;/FeNiOOH photoanodes. This is in
good agreement with the CV results and further demonstrates the
enhancement in PEC performance provided by addition of ITO,
Fe,TiO; and FeNiOOH to hematite nanowires.

The incident photon-to-current conversion efficiency (IPCE)
was measured to understand the relationship between the photo-
catalytic activity and light absorption. All samples exhibit photo-
catalytic activity in the visible light region (Fig. 5C). The maximum
IPCEs obtained at 350 nm for Fe,0;, ITO/Fe,0;, ITO/Fe,0,/Fe,TiO;,
and ITO/Fe;0;/Fe;TiO;/FeNiOOH photoanodes are 2.1%, 14.8%,
18.6%, and 28.7%, respectively. The large enhancement of IPCE for
the ITO/Fe,0,/Fe,Ti0;/FeNiOOH nanowires further supports the
integrated coupling effect of ITO, Fe,TiO; and FeNiOOH to the PEC
performance. Additionally, the IPCE curves for all of these electro-
des correlate with the UV-Vis absorption spectrum of Fe,O; pre-
sented in Fig. S2B (ESIt), indicating that the Fe,0; indeed acts as
the sole visible light responsive semiconductor material. Thus, the
enhanced PEC performance is preliminarily attributed to a syner-
gistic effect between ITO, Fe,0,, Fe,TiO; and FeNiOOH rather than
the primitively tandem function of each semiconductor material.
The photoelectrochemical stability is operated by chronompero-
metric response at a constant applied working potential of 1.23 V
vs. RHE, as shown in Fig. 5D. The photocurrent of Fe,O; slightly
decreases from 0.205 mA cm ™~ to 0.17 mA cm ™~ over the course of
the 2 h experiment. In contrast, no photocurrent degradation was
observed for the ITO/Fe,04/Fe,TiO;/FeNiOOH electrode during the
stability test and it maintained a photocurrent of 2.2 mA cm ?
throughout.

2.4 PEIS and OER mechanism investigations

All the above results illustrate that the incorporation of ITO,
Fe,TiOs and FeNiOOH largely improves the PEC performance

This journal is © The Royal Society of Chemistry 2017
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of the hematite nanowire photoanode. A physical model of the
illuminated SEI for SS-mediated, indirect hole transfer has
been well established and occurs in two consecutive steps:
(i) hole trapping by SS, and (ii) hole transfer from SS to water
102322 1o gain further insight into the
mechanism of this interfacial coupling effect, primary PEIS
(Fig. S28 and S29, ESI{) has been employed to identify the
functions of the ITO, Fe,0s, Fe,TiO; and FeNiOOH in the inte-
grated ITO/Fe,0;3/Fe,TiOs/FeNiOOH electrodes. PEIS measure-
ments were performed at potentials ranging from 0.65 V vs.
RHE (before the onset of photocurrent) to 1.36 V vs. RHE
(before the light-flux limited photocurrent region) because the
effect of SS is more prevalent when unaffected by the light-flux
limited and dark oxygen evolution factors.'® The obtained PEIS
data was fitted based on the equivalent circuit displayed in
Scheme S1A (ESIf).

Typically, the R;, series resistance, includes the resistance at
the interface between the FTO substrate, or ITO underlayer, and
Fe,0; nanowires.””" A substantial reduction in R, is observed
from ca. 70 Q cm ™2 for the pristine Fe, 05 electrode to ca. 35 Q em ™2
for the composite Fe,Oj; electrodes modified with the ITO under-
layer, as displayed in Fig. 6A. These results mean that the ITO
underlayer is able to efficiently improve the back electrical
contact and facilitate the electron transport from Fe,0; to the
FTO substrate. This improvement is attributed to the enhanced
Sn doping in hematite nanowires'*'? and the epitaxial relation-
ship between the Fe,O; and In,O; phases, as demonstrated
by the HRTEM and STEM-EELS map results. However, the
capacitance associated with charge accumulation in the bulk
(Couiks Fig. S30, ESIT) was measured to be on the same order
of magnitude for these electrodes with the exception of
an abrupt peak at ca. 0.9 V for the ITO/Fe,0,/Fe,TiO;, and

molecules at the SEIL.
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Fig. 6 Equivalent circuit parameters obtained from fitting IS data for the
Fe;0s, ITO/Fe 05, ITO/Fe0s/Fe:TiOs, and ITO/Fe;0s/FesTiOs/FeNiOOH
electrodes in contact with 1 M NaOH electrolytes under 1 Sun illumination.
Rg (A), Rieap (B), Rettrap (C) and Cyrp (D) as a function of the applied potential
R., resistance associated with the electric contacts of the electrode, electro-
lyte, etc. Ryapping. resistance associated with charge trapping at surface
states. Req trap, resistance associated with the charge transfer process from
surface states. Cyap, Capacitance associated with charge accumulation on
the surface states.
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ITO/Fe,0,/Fe,TiO;/FeNiOOH electrodes. It may be due to the
addition of the ultrathin Fe,TiO; shell, which slightly changes
the electronic state of the electrodes.®® Fig. 6B shows the lowest
value of Recapping for the ITO/Fe,05/Fe, TiO;/FeNiOOH electrode
as compared to the Fe,Os;, ITO/Fe,03 and ITO/Fe,05/Fe,TiO;
electrodes at the potential window (0.9 V to 1.36 V).'° This is
consistent with the correlation of a dip in the Re; ¢ap and a pealk
in the Cy.p profile resulting in more efficient charge transfer
kinetics during PEC.”® Work by Hamann and coworkers"*%*”
suggests that a large Cirap and a low Regerap would eventually
render larger photocurrents, provided that the charge is trans-
ferred from the SS to the electrolyte. As shown in Fig. 6C, for
each of these four electrodes, a gradual decrease in Req rap is
observed as the applied potential increases implying a incre-
ment of the associated photocurrent response. Notably, the
ITO/Fe,05/Fe,TiO;/FeNiOOH photoanode possesses a relative
MINiMUM Reg rap from 0.9 V to 1.25 V, in line with the larger
photocurrent variation at this region dominated by SS (Fig. 5A).
The Ret trap at 1.25 V for the ITO/Fe,0,/Fe, TiO;/FeNiOOH photo-
anode is ca. 34 times lower than that of the pristine Fe,O;
nanowires, further evidencing its best photocurrent response.
Meanwhile, the Cpyyc (Fig. 30, ESIT) and Cirp (Fig. 6D) show
opposite tendencies. With the potential increase, the Cpui
decreases, whereas the Cir,p, increases, implying a larger per-
centage of charge located on SS; similarly, a relative optimum
value (Crap/Chuic at 1.23 V vs. RHE) is observed in the ITO/
Fe,05/Fe,TiO;/FeNiOOH electrode. Fig. $31 and Table S1 (ESIt)
reveal that the bulk donor density for the ITO/Fe,0; electrode
(2.75 x 10" em™?) is 6 times higher than that for the pristine
Fe,0j; electrode (4.60 x 10"** em ™). This effect is derived from
the enhanced Sn doping in the hematite nanowires that results
from the addition of the ITO underlayer (Fig. 513 and 514, ESI{)
and is in good agreement with the significantly improved photo-
current response of the I'TO/Fe,0; electrode.'*'* With the coating
of Fe,TiO; onto the ITO/Fe,0; electrode, the bulk donor density is
further improved to 5.80 x 10""” em™?, indicating that there may
be a small amount of Ti doping in the Fe,0; nanowires and thus
additional photocurrent enhancement (1.56 mA em ™’} observed
for the ITO/Fe,0,/Fe,TiO; electrode.'”

The general behaviour of the integrated multi-layer nanowires
has been interpreted and phenomenologically correlated with the
58; a deeper investigation of the photo-induced processes (ie. charge
generation and the subsequent transport to and transfer from the
interfaces) is required to elucidate the interfacial charge transfer
mechanism. In order to highlight the role of 55 in the interfacial
charge transfer process, we calculated the values for their density of
surface states (DOSS) from the Cyp, using eqn (5):1**

Ngs(E) = ctr:lp{E)"lq (5)

where Ngs(E) is the DOSS (em™* eV~ ') as a function of applied
potential and g is the electron charge (1.602 x 10 *° C). As
shown in Fig. 7A, it is possible to observe the SS energy
distribution located below the photocurrent onset with its
Fermi level pinned at the SS.*!

Our previous report'® demonstrated that there is a direct
correlation between the percentage of available filled surface
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Fig. 7 (A) Density of surface states (DOSS) as a function of the applied
potential on the Fe.Os ITO/Fe:0s, ITOMFe 0:/Fe:TiOs, and ITOFe 05/
Fe,TiOs/FeNIOOH electrodes. Error bars stem from the goodness of the
EIS data fittings. (B} CV curves scanned in the dark at 20 mV s ' imme-
diately after holding the electrode potential at 1.85 V vs. RHE for 1 min
under illumination of the Fe>O3, ITO/Fe;Os, ITO/Fe203/Fe,TiOs, and ITO/
Fe,03/FeTiOs/FeNIOOH electrodes. (The inset shows its magnified plot.)
(C) Total surface state density (Nss), donor density (Ng), and their ratio
(Nss/Ng) for the Fe,Os, ITO/Fe;O3 ITO/Fe03/Fe,TiOs, and ITO/Fe;Os/
Fe,TiOs/FeNIOOH electrodes. Ny was estimated from the slopes of the
Mott-Schottky plots in the dark (Fig. $31, ESIY), whereas Nss was obtained
from integration of the DOSS profiles (A). Colour bar with a unit of um is
plotted on the right Y axis for Nss/Ng. (D) Ratio of the charge transfer rate
constant (k.) and the sum of k., and trapping rate constant (kiapging) at
different potentials, calculated with egn (6)

states (larger DOSS) near the thermodynamic potential for the
OER, and the observed photocurrent response at 1.23 vV vs. RHE
due to the required isoenergetic hole transfer process at the
SEL>"** As displayed in Fig. 7A, the N, of the four photoanodes
follows the order: Fe,0; < ITO/Fe,0; < ITO/Fe,0;/Fe,TiO5 <
ITO/Fe,0s/Fe,TiO;/FeNiOOH across the entire SS dominated
region (0.9 V to 1.36 V). The extended SS distribution from
0.65 V to 1.36 V in Fe,0; and ITO/Fe,0; electrodes probably
spans inside the CB and triggers a deleterious Fermi level
pinning at SS, which could be responsible for their relatively
low photocurrent response. Moreover, the potential of the DOSS
peak for the photoanodes shifts to more positive values, e.g.,
0.9 V, 0.95 V, and 1.25 V for the Fe,0;, ITO/Fe,0;, ITO/Fe,03/
Fe,TiO; electrodes, respectively. Interestingly, the DOSS curve for
the ITO/Fe,0,/Fe,TiO;/FeNiOOH electrode displays two peaks
located at ca. 1.1 V and 1.3 V. This peak splitting phenomenon
displayed by the ITO/Fe,0;/Fe,TiO;/FeNiOOH photoanode was
further investigated by obtaining the CV curves scanned in the
cathodic direction in the dark at 20 mV s~ " of these electrodes
immediately after holding the electrode potential at 1.85 V s,
RHE for 1 min under illumination to photoelectrochemically
oxidize the surface states.”®***° As displayed in Fig. 7B, for the
ITO/Fe,0,/Fe,TiOs/FeNiOOH electrode, two cathodic peaks
appear at around 1.05 V and 1.35 V, which is relatively con-
sistent with the DOSS peak positions for the ITO/Fe,O;/Fe,TiO,/
FeNiOOH electrode. Besides, Hamann et al. quantitatively
correlated the Ci,p measured by both cyclic voltammetry and
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impedance spectroscopy with the absorption peak at 572 nm
via operando UV-vis experiments, corresponding to the forma-
tion of an Fe(w) intermediate.*” The splitting of one C,, peak
into two Cyp,, peaks was also observed upon coating an ultra-
thin ALD aluminium layer onto the hematite film, which is
derived from the insufficient covering of the aluminium over-
layer and partial exposure of the hematite film.* Moreover, Irie
et al. investigated preliminary in situ UV-vis absorption spectra
of FeNiOOH; and the incorporation of Fe into NiOOH was
found to induce an increase in the absorption peak similar to
that observed for the hematite electrode, demonstrating the
formation of an Fe(iv) intermediate in the FeNiOOH during the
electrochemical test.”” In our case, the DOSS peak splitting
performance of the ITO/Fe,0,/Fe,TiO;/FeNiOOH electrode can
be attributed to the incomplete coverage of FeNiOOH nanodots
on the nanowire surface in a manner consistent with the
aluminium coated hematite reported by Hamann et al.*® The
peak located at 1.1 V vs. RHE likely arises from Fe™—0 surface
intermediates on the partially exposed Fe,TiO; coating,*" as the
same DOSS peak is observed for the ITO/Fe,0;/Fe, TiO; electrode.
The DOSS peak located at 1.3 V can then be assigned to the
Fe™=0 intermediates localized on the discontinuously distri-
buted FeNiOOH nanodots.?® In brief, the atomic level of the
Fe,TiO; and FeNiOOH nanodot coatings can regulate the sur-
face state density and energy level of the hematite nanowires,
which is probably attributed to the chemical environment
variation of Fe™ =0 intermediates. After all, the identification
of OER active sites in the integrated hematite photoanode® and
further insights into the evolution of Fe™ =0 intermediates in
these electrodes will need in situ TEM experiments,® which is
beyond the scope of this work.

A combined comparison of the Ny, Ng and Ngs/Ny ratio is
presented in Fig. 7C and Table S1 (ESIT). A large Ngy/Nq ratio
does not ensure good photoactivity because the number of
donors in the hematite nanowires may not be high enough to
endow the nanowires with good conductivity. This is demon-
strated by the pristine Fe,O; electrode which displays a high
Ngs/Ny ratio but poor PEC performance. In stark contrast, the
ITO/Fe,0; and ITO/Fe,0;/Fe,TiO; electrodes display a relatively
low Ngg/Ngq ratio, and possess enough donors in the nanowires
to provide good conductivity, but a lack of surface reactive sites
still limits the PEC performance of these electrodes. In the case
of the ITO/Fe,0;/Fe,TiO5/FeNiOOH electrode, a relatively high
Nss/Ng 1atio corresponds to a scenario in which Ny, and Ny are
both numerous enough to give a larger photocurrent response.
In addition, the charge transfer efficiency at the SEI is estimated
through {eqn (6)):">*°

Transfer efficiency(%) = ko = Ricanpine

ket + klrupping Rcl‘lrup + erupping

{6)

where k.. and Kirapping are the charge transfer and trapping rate
constants, respectively. The charge transfer efficiency obtained
from the PEIS data is shown in Fig. 7D. The abnormally high
transfer efficiency (TE) in the low applied potential region
(before the onset potential) might be due to deviations of the
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charge transfer kinetic models at the region, where the effect of
SS is less prevalent.'”** In essence, although the application of
the ITO underlayer provides an additional Sn doping amount,
it does not affect the rate of surface electron-hole recombina-
tion at the Fe,Ojy|electrolyte interface, evidenced by the same
trend of TE values in the Fe,O; and ITO/Fe,O; electrodes.
In both cases, significant surface electron-hole recombination
is expected. The surface electron-hole recombination in the
ITO/Fe,04/Fe,TiO; and ITO/Fe,03/Fe,TiOs/FeNiOOH electro-
des has been suppressed; and in the case of the ITO/Fe,0;/
Fe,TiO;/FeNiOOH electrode, over 80% of the holes are being
transferred into the electrolyte at 1.23 V vs. RHE. The calculated
TE values of these electrodes also agree well with the steady-
state current-voltage relationship (Fig. 5A). Our result here
highlights the effectiveness of the atomic level Fe,TiOs; and
FeNiOOH nanodot coating on regulating the surface state density
and energy level of hematite nanowires as well as reducing the
surface electron-hole recombination rate to speed up the water
oxidation rate.

3. Conclusions

In summary, an ITO/Fe,0,/Fe,TiO;/FeNIOOH nanowire electrode
with a quaternary multilayer heterostructure has been successfully
integrated by stepwise deposition of an ITO underlayer, ultrathin
Fe,TiO; and FeNiOOH nanodots onto Fe,O; nanowires. The
resulting quaternary multilayer nanowires exhibit significantly
enhanced PEC performance, including a large photocurrent
(2.2 mA em™?) and a high stability. A deep and careful investiga-
tion into the mechanism responsible for the enhanced PEC
performance has been conducted. These studies show that:
(i) the ITO underlayer is used as a high quality electrical back
contact to reduce the back-contact interface charge recombination
and as a Sn doping source for tuning the donor density, (ii) the
atomic level Fe,TiO5 coating serves as the surface state density
and energy level modulation layer, and effectively suppresses the
charge recombination at the semiconductor junction interface,
and (iii) the FeNiOOH nanodots increase the surface active sites,
and thus accelerate the OER kinetics at the SEL The interfacial
coupling effect between the ITO underlayer, the ultrathin Fe,TiO;
and the FeNiOOH nanodots in the ITO/Fe,03/Fe,TiO;/FeNiOOH
photoanodes simultaneously enhances the charge separation and
water oxidation efficiency, and suggests a path forward to design
improved integrated photoanodes.

4. Experimental
4.1 Chemicals and materials

All commercially available reagents and solvents were used as
received without further purification unless otherwise indicated.
All chemical reagents were purchased from Sigma-Aldrich.
If not specified, all solutions were prepared with Milli-Q water
(ca. 18.2 MQ cm resistivity). The fluorine-tin-oxide (FTO) coated
glass substrate (735167-1EA, 7 Q sq~ ') was purchased from
Sigma-Aldrich.

Energy & Environmental Science

4.2 Electrode preparation

FTO substrates were cut into small pieces with 1 cm x 3 cm
area and washed by sonicating in a (1:1:1) mixture of acetone
(Sigma-Aldrich, 99.9%), isopropanol (Sigma-Aldrich, 99.9%) and
water. After rinsing the FTO substrates thoroughly with distilled
water, the substrates were washed in ethanol (Fluka, 99.8%) and
then dried in air at 300 °C for 1 h (heating rate: 8.5 °C min™").
A part of the substrates (ca. 1 em x 2 cm) was covered using a
polymer tape (Kaptons'" Foil, VWR International) prior to the
following process. The uncoated part of the FTO was later
employed as the electric contact for the electrodes in the
photo-electrochemical cell.

Fe,0; electrodes. Hematite nanowires were prepared following
a slightly adapted procedure.”” A 200 ml Teflon-lined stainless
steel autoclave was filled with 60 ml of an aqueous solution
containing 0.15 M ferric chloride (FeCl;, 97%) and 1 M sodium
nitrate (NaNOs, 99%) and 316 pl hydrochloric (HCI, wt 37%). Six
pieces of washed FTO substrate were put into the autoclave and
heated at 95 “C for 4 hours. A uniform layer of iron oxyhydroxide
(FeOOH) nanowires was formed on the FTO substrate, as displayed
in Fig. $32 (ESIf). The FeOOH-coated substrate was then washed
with deionized water to remove any residual salt, and subsequently
sintered in air at 550 °C (heating rate: 8.5 °C min™") for 2 hours.
During this pre-sintering process, the FeOOH nanowires were
converted into hematite nanowires without deterioration of the
nanowire structure, as shown Fig. S33 (ESIT). To further reduce the
surface defective sites, the hematite nanowires were treated at
750 °C for an additional 30 min and subsequently quenched in air
within 1 min (post-quenching process).

ITO/Fe,0; electrodes. Different thicknesses (49 nm, 105 nm,
149 nm, 196 nm and 245 nm) of indium doped tin dioxide (ITO,
In, 03 : SN0, = 90/10 wt%) were deposited onto the FTO substrate
by DC-pulsed sputtering according to our previous report.®* After
that, the ITO coated FTO substrates were subjected to the same
hydrothermal and pre-sintering process for Fe,O, electrode as
described above to grow hematite nanowires on the surface
of the ITO/FTO substrates. For the post-quenching process of
ITO/Fe,03, a quenching condition at 750 °C for 30 min has
been employed.

ITO/Fe,0;/Fe,Ti0; electrodes. The obtained ITO/Fe,0; samples
after the pre-sintering process were further subjected to a TiO,
atomic layer deposition (ALD) process.*" The ALD was performed
in an R200 Picosun Atomic Layer Deposition system at 150 °C
with TiCl, (Sigma-Aldrich, 99%) and water as the precursors in
an 8 mbar N, flow atmosphere, reaching a growth rate of
0.27 A cycle™. The typical pulse time for the TiCl, and water
was 0.1 s and the purge time was 10 s. The TiO, thickness of the
ITO/Fe,0,/Fe,TiO; electrode was controlled by changing the
number of deposition cycles, i.e., 15 cycles, 30 cycles, 50 cycles,
100 cycles and 150 cycles. After that, a varying quenching time
slot (10 min, 30 min, 40 min and 80 min) at 750 °C has been
tuned to optimize the sintering conditions and transform the
ALD TiO, into Fe,TiO;.

ITO/Fe,0;/Fe,TiO;/FeNiOOH electrodes. The optimized ITO/
Fe,03/Fe,TiO; electrodes were further coated with FeNiOOH via
photo-electrodeposition. %41 photo-electrodeposition of
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FeNiOOH on the ITO/Fe,05/Fe,TiO; electrodes was carried out in
a mixture solution containing 0.01 M FeSO,4-7H,0 (>99%) and
0.1 M NiSO,-6H,0 (99%). Prior to the photo-electrodeposition of
FeNiOOH, the solution was purged with nitrogen gas for 30 min.
A three-electrode cell was used, composed of an ITO/Fe,O5/
Fe,TiO; electrode (work electrode), Pt wire (counter electrode),
and Ag/AgCl (3 M KCl, reference electrode). A 150 W AM 1.5G
solar simulator (Solar Light Co., 16S-300-002 v4.0) with an
incident light intensity set at 1 Sun {100 mW c¢cm™?) was used
as the light source, and the light density was calibrated using a
thermopile (Gentec-EO, XLPF12-3S-H2-DO) coupled with an opti-
cal power meter (Gentec-EO UNO). The light was illuminated
through the glass side (back-side illumination) and the light
intensity was 100 mW c¢cm™> For clarification, the FeOOH grown
on the back side of the FTO glass during the hydrothermal
process has been carefully removed for all samples by lens wiping
paper before the sintering treatment. To facilitate the photoelec-
trodeposition, an external bias of ca. 0.25 V vs. Ag/AgCl (3 M KCl)
was applied. During illumination, the holes generated in the
valence band of Fe,0; were used to oxidize Fe?'/Ni** ions to
Fe’*/Ni*" ions, which precipitate as FeNiOOH on the surface of
the ITO/Fe,0,/Fe,TiO; electrode (Fe*"/Ni*(aq) + h* + 30H™ —
FeNiOOH(s) + H,0)."*>" Various deposition charges (i.e., 5 mC,
10 mC, 15 mC and 20 mC) were deposited onto the surface of the
ITO/Fe,0;/Fe,TiO5; nanowires by controlling the deposition time.
The fabrication process of the ITO/Fe,O3/Fe,TiO;/FeNiOOH
electrode is displayed in Fig. 2 (top).

4.3 Optical, structural and morphological characterization

The grazing incidence X-ray diffraction (XRD) analyses were
performed on a Bruker D4 X-ray powder diffractometer using
Cu Ko radiation (1.54184 A) and a 1D Lynkeye detector, which
is equipped with a Gobel mirror in the incident beam and
equatorial Soller slits in the diffracted beam (51 incidence angle,
2" step™'). Optical properties of all electrodes were characterized
by using a UV-vis spectrophotometer (Lambda 950, Perkin Elmer)
equipped with an integrating sphere (150 mm diameter sphere
covered with Spectralon as the reflecting material, Perkin Elmer).
Absorbance (4) measurements were obtained from measured
reflectance (R, %) and transmission (T, %), using a wavelength
range of 350 to 800 nm and a step of 5 nm, respectively. The
morphology of the films was characterized using a field emission
gun scanning electron microscope (FE-SEM, Zeiss Series Auriga
microscopy) equipped with an electron dispersive X-ray spectro-
scopy (EDX) detector. X-ray photoelectron spectroscopy (XPS) was
performed with a Phoibos 150 analyser (SPECS GmbH, Berlin,
Germany) in ultra-high vacuum conditions (base pressure 4 x
107*° mbar) with a monochromatic aluminium K X-ray source
(1486.74 eV). The energy resolution as measured by the FWHM of
the Ag 3d;,, peak for a sputtered silver foil was 0.8 ev. All the
samples for HRTEM and STEM were prepared by using a
mechanical process, as displayed in Scheme S2 (ESIt) and
published elsewhere.®> HRTEM and STEM images have been
obtained by using a FEI Tecnai F20 field emission gun micro-
scope with a 0.19 nm point-to-point resolution at 200 kv
equipped with an embedded Quantum Gatan Image Filter for
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EELS analyses. Images have been analysed by means of Gatan
Digital Micrograph software. Atomic supercell modelling was
performed by the Eje-Z, Rhodius and JMOL software packages
with the corresponding crystal phase parameters of each species
obtained from ICSD, which were verified by HRTEM and STEM-
EELS mapping.®>®*

4.4 Photo-electrochemical measurements

Photocurrent (j, mA cm™?) vs. potential (E, V) curves were taken
using an undivided three-electrode cell. The working, counter
and reference electrodes were the aforementioned composite
hematite nanowires (1 cm? geometric area), a Pt wire and an
Ag/AgCl (3 M KCl) electrode (Metrohm, E = 0.203 vs. NHE),
respectively. The electrolyte was a 1 M NaOH solution (pH 13.6).
The electrolyte was purged with N, during the experiments. CV
was taken using a computer-controlled potentiostat (VMP3,
BioLogic Science Instruments). The potential was scanned from
—0.45 V vs. Ag/AgCl to 0.85 V vs. Ag/AgCl, with a scan rate of
20 mV s'. The photocurrent density is referenced to the
geometric area. All potentials were corrected at 80% for the
ohmic drop, which was determined using the automatic cur-
rent interrupt (CI) method implemented by the potentiostat,'
and are converted and reported with respect to the reversible
hydrogen electrode (RHE): E (V vs. RHE) = E (V vs. Ag/AgCl) +
0.0592 x pH + 0.203. Light illumination was performed using a
150 W AM 1.5G solar simulator (Solar Light Co., 165-300-002 v
4.0) with an incident light intensity set at 1 Sun (100 mW cm ~2),
as measured using a thermopile (Gentec-EO, XLPF12-3S-H2-
DO) coupled with an optical power meter (Gentec-EO UNO). In
the PEC characterization, the light came from the front side
(electrode-electrolyte interface, front side illumination). PEIS
data were acquired with an alternate current (AC) perturbation
of 5 mV in amplitude and a 100 mHz to 1 MHz frequency range,
both in the dark and under illumination, and under selected
direct current (DC) potentiostatic conditions (—0.45 to 0.85 V vs.
Ag/AgCl). Nyquist plots (imaginary vs. real components of impe-
dance, Zi, vs. Zg.) were fitted to the corresponding equivalent
circuits using Z-fit (BioLogic Associates). Fitted capacitances
and resistances are referred to the electrode geometric area
(1 em x 1 cm). Error bars stem from the goodness of the EIS
data fittings.

4.5 Incident photon to current efficiency (IPCE)

IPCE was characterized using a xenon light source (Abet 150 W
Xenon Lamp) coupled with a monochromator (Oriel Cornerstone
260 1/4 m monochromator). The wavelength was scanned from
350 to 800 nm (step: 10 nm step ') keeping the voltage fixed at
1.23 V vs. RHE. To calculate IPCE, the following relation was
used:™

IPCE (%) = (1240/2) X (IJiignt) X 100 (7)

where I is the photocurrent density (mA cm™2) obtained using
a potentiostat (mentioned earlier) recording the i~¢ curve at
1.23 V vs. RHE, / is the incident light wavelength (nm) from
monochromatic light, and Jjign. (MW cm™?) is the power density
of monochromatic light at a specific wavelength. A source
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meter (Keithley Instruments Inc., model no. 2400) coupled with
the standard Silicon Photodiode (Thorlabs, S120VC) was used
to measure the power density of monochromatic light.
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Figure S1. High resolution XPS spectra of C 1s, Sn 3d and In 3d of the Fe,03, ITO/Fe,05 ITO/Fe,0;/Fe,TiOs, and
ITO/Fe,03/Fe,TiOs/FeNiOOH electrodes.
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Figure S2. (A): Grazing incidence XRD patterns of the Fe,03 ITO/Fe,0;3 |1TO/Fe;03/Fe,TiOs, and
ITO/Fe,05/Fe,TiOs/FeNiOOH electrodes. (B): Absorptance of the Fe,0;, ITO/Fe,03 ITO/Fe,0; /Fe,TiOs, and

ITN/Ea_N_/Ea_TiN_/EaNinNU alartradac: thic nlat wiac ahtainad fram trancmittanca T %) and tatal raflartanca
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Figure $3. EDS obtained on the Fe,0; (A), ITO/Fe,0; (B) ITO/Fe,0,/Fe,TiOs (C), and ITO/Fe,05/Fe,TiOs/FeNIOOH (D)

electrodes.
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Figure S4. 1*1*1 unit crystal model of hematite, In,03, Fe,TiOs and FeNiOOH based on the crystal data in ICSD and
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T

Figure $5. Low magnification TEM images of a nanowire from the Fe,0; electrode. Left: low magnification TEM
micrograph shows the nanowire morphology of the Fe,0; electrode; Right: several TEM images showing the
detailed structure of the Fe,03 nanowire.
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[42-1] Fe,0,

Figure S6. HRTEM, FFT spectrum and IFFT images obtained on a nanowire extracted from the ITO/Fe;0; electrode.

Top rows: left: the low magnification TEM micrograph shows the morphology of a small Fe,0; nanowire directly
grown on ITO matrix; Right: the detailed crystal structure of different regions of the small nanowire.

Bottom rows: left column: the power spectrum of the red squared area indicating its single crystal structure
corresponding to trigonal Fe,03, [R3-CH]-Space group 167, also known as hematite, with lattice parameters of a=b
=0.50342 nm, ¢c= 1.37483 nm, and a ==90° and y=120° as visualized along the [42-1] direction; and the IFFT image
of the red squared area. Middle column: the atomic HRTEM and temperature colored HRTEM of the blue squared
area shows the ordered structure of hematite. Right column: the HRTEM of the green squared area and the
corresponding reduced FFT spectrum indicates that the species can be assigned to Trigonal In,0;, [R3-CH]-space
group 167, with lattice parameters of a = b = 0.5438 nm, ¢= 1.4474 nm, and a = = 90° and y=120° as visualized
along [42-1] direction.
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Figure S7. HRTEM, FFT spectrum and IFFT images corresponding to nanowire-like structures extracted from the
ITO/Fe,05 electrode. Top rows: left: low magnification TEM micrograph shows the distribution of several nanowires;
Right: the magnified TEM images of these nanowires. Middle rows: left: HRTEM obtained on the red squared area;
Middle: the detailed structure obtained on the blue squared area and its corresponding power spectrum indicating
its hematite single crystal structure as visualized along the [110] direction; Right: atomic IFFT image of the green
squared area. Bottom rows: left: HRTEM micrograph corresponding to the orange squared area; Middle: detail
structure in the yellow squared area and the corresponding power spectrum indicating its hematite single crystal
structure as visualized along the [110] direction; Right: atomic IFFT image of the purple squared area.

As can be seen from Figure S6, Trigonal In,0; phase is identified at the bulk matrix, where the
small Fe;O3 nanowires are directly grown onto. It is noteworthy that the Fe,O; nanowires
grown with a ITO under layer presents single crystal hematite phase, as confirmed by the FFT
spectrum and atomic resolution HRTEM displayed in Figures S6 and S7. The improved crystal
quality of Fe,0; nanowires may be derived from the epitaxial relationship between Fe,03 and
In,0; phase since they belong to the same Space group-167 [R3-CH] and with similar crystal
constant. Besides, Figure S7 indicates that even the nanowire structure shows a slightly

curved-shape, the nanowires crystal orientation does not vary at different regions.
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Figure S8. HRTEM and RGB IFFT images of ITO/Fe,0,/Fe,TiO; electrode. left: low magnification TEM image showing
a Fe,03/Fe,TiOs composite nanowire directly grown on the ITO matrix; Middle: detail of structure at the red
squared area; Right: the corresponding power spectrum indicating it is composed of hematite and pseudobrookite
visualized along [42-1] and [001] directions, respectively; and the RGB IFFT images of hematite, pseudobrookite and
their composite, indicating the homogenously coating of pseudobrookite on the surface of the hematite nanowires.
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images together demonstrate the homogeneously coating of Fe,TiO; onto Fe,0; nanowires in
the case of ITO/Fe,03/Fe,TiOs electrode.
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100 nm

Figure S10. Several TEM images showing the distribution of FeNiOOH nanodots on the surface of Fe;04/Fe,TiOg
composite nanowires of ITO/Fe,0,/Fe,TiOs/FeNIOOH electrode.
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Figure 513. EELS chemical composition maps obtained from the red rectangled area of the ADF-STEM micrograph in

Figure 514, EELS chemical composition maps obtained from the red rectangled area of the ADF-STEM micrograph in
the nanowire-like structure extracted from ITO/Fe,0; electrode. Individual Fe {red), O (green), Sn (blue) and In
(purple) maps and their composite.
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Figure 518. SEM images of the pristine FTO substrate, ITO-105 nm, ITO-245 nm, ITO-105 nm-Fe,0; and ITO-245 nm-
Fe,03 electrodes.
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Figure 519. Top: the atomic model for optimized ITO/Fe;0; electrodes. Bottom: Left: CV curves of the ITO/Fe;05
electrodes with different ITO thickness sintering on 750 °C for 30min under illumination; Right: the photocurrent

296



C. Ros Annex

Figure $20. SEM images of the ITO/Fe,0;3/Fe,TiOs electrodes with different ALD cycles (TiO, thickness), e.g. 15 cycles,
30 cycles, 50 cycles, 100 cycles and 150 cycles.
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Figure S21. Top: the atomic model for optimized ITO/Fe,0:/Fe,TiO; electrodes. Bottom: Left: CV curves of the
ITO/Fe,0,/Fe,Ti0Os electrodes with different ALD TiO, cycles (thickness) sintering on 750 °C for 30 min under
illumination; Right: the photocurrent density at 1.23 V vs. RHE related to the ALD TiO, cycles (the error bar
stemmed from the standard deviation of statistic data collected at least three repeated electrodes).

Figures S20 and 521 correlate the photocurrent response of the ITO/Fe,03/Fe,TiOs electrodes
with the ALD TiO, deposition cycles. Figure S21 exhibits the photocurrent of the ITO/Fe,0,/
Fe,TiOs electrodes varies with the increment of ALD TiO, deposition cycles. At 30 ALD TiO,
deposition cycles, the ITO/Fe,0;:/Fe,TiOs electrode possess the highest photocurrent of 1.56

mA cm’, indicating suitable coating of the Fe,TiO< onto the ITO/Fe,0: electrode, without
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Figure 522. SEM images of the ITO/Fe,01/Fe,TiOs-30 cycles electrodes with different sintering time at 750°C, e.g. 10
min, 30 min, 40 min and 80 min.
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Figure 523. Top: the atomic model for optimized ITO/Fe,04/Fe,TiOs electrodes. Bottom: Left: CV curves of the
ITO/Fe;0;/Fe,;Ti0s-30 cycles electrodes with different sintering time on 750 °C under illumination; Right: the
photocurrent density at 1.23 V vs. RHE related to the sintering time (the error bar stemmed from the standard
deviation of statistic data collected at least three repeated electrodes).

In order to reduce the surface defects, enhance the Sn doping and retain the nanostructure
texturing of hematite nanowires at the same time, an optimization of sintering time for the
ITO/Fe,0s/Fe,Ti0Os-30 cycles electrode has been performed, as shown in Figures 522 and S23.
Figure S22 reveals the sintering time substantially affect the morphology of the Fe,03/Fe,TiO5
nanowires. As the sintering time over 30 min at 750 °C, the Fe,03/Fe,TiOs nanowires initiate
the deformation and finally evolve into a film-like structure, which somehow reduce the
surface area exposure to electrolyte. The monitoring of the PEC performance in Figure $23

indicates the highest photocurrent response of the ITO/Fe,03/Fe,TiOs-30 cycles electrode can

be obtained with sintering parameter at 750 °C for 30min.
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Figure $24. SEM images of the ITO/Fe,0,/Fe,TiOs/FeNiOOH electrodes with different FeNiOOH deposition charge,
e.g. 0 mC, 5mC, 10 mC, 15 mC and 20 mC.
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Figure $25. Top: the atomic model for the optimized ITO/Fe,0,/Fe,TiOs/FeNIOOH electrode. Bottom: Left: CV
curves of the ITO/Fe,03/Fe,TiOs/FeNiOOH electrodes with different FeNiOOH deposition charge under illumination;
Right: the photocurrent density at 1.23 V vs. RHE related to the FeNiOOH deposition charge (the error bar stemmed
from the standard deviation of statistic data collected at least three repeated electrodes).
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Figure $27. Top: the atomic model for the optimized Fe,03/Fe,TiOs-30 cycles electrode. Bottom: Left: CV curves of
the Fe,03/Fe;TiOs-30 cycles electrodes with different sintering conditions under illumination; Right: the
photocurrent density at 1.23 V vs. RHE related to the sintering conditions {the error bar stemmed from the standard

deviation of statistic data collected at least three repeated electrodes).

As a proof of the necessity of ITO underlayer between FTO substrate and Fe,0i/Fe,TiOs

nanowires, the Fe,03/Fe,Ti0s-30 cycles electrode was also fabricated and the sintering

condition has been optimized, as presented in Figures S26 and S27. According to Figure S27,

the optimization sintering condition for the Fe,0,/Fe,TiOs-30 cycles electrode is 750°C for 30

min and the corresponding photocurrent is 0.81 mA ¢cm™, which is much lower than 1.56 mA

cm? of the ITO/Fe,05/Fe,TiOs-30 cycles electrode and thus further confirm the beneficial

function of the ITO underlayer.
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Schematic S1. A: Equivalent circuit (EC) for the charge transfer process of hematite composite under illumination,
the hematite composite/electrolyte interface is mediated by surface states. R,, resistance associated with the
electric contacts of the electrode, electrolyte, etc. Riqpuing resistance associated with charge trapping at surface
states. Cpy, Capacitance associated with charge accumulation in the bulk. Ry (p, resistance associated with the
charge transfer process from surface states. Cy.,,, capacitance associated with charge accumulation on the surface
states. B: simple Randles circuit for the charge transfer process of hematite composite under dark. R;, resistance
associated with the electric contacts of the electrode, electrolyte, etc. In this case, the Cg,pand R, are eliminated
because there is no surface states mediated process under dark.
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Figure $28. Nyquist {Imaginary vs. Real component of impedance) plots under light illumination of the Fe,0s,
ITO/Fe,05, ITO/Fe,05/Fe;TiOs, and ITO/Fe,03/Fe,TiOs/FeNiOOH electrodes at -0.35, -0.3, -0.25, -0.2, -0.15, -0.10, -
0.05, 0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 and 0.35 V vs Ag/AgCl reference electrode. (Electrolyte: 1 M NaOH. AC
amplitude: 5 mV. Frequency range: 100 mHz - 1MHz.)
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Figure S29. Nyquist (Imaginary vs. Real component of impedance) plots in the dark of the Fe,0;, ITO/Fe,0;
ITO/Fe,05/Fe;TiOs, and ITO/Fe,03/Fe,TiOs/FeNiOOH electrodes at -0.45, -0.4, -0.35, -0.3, -0.25, -0.2, -0.15, -0.10, -
0.05, 0.00 and 0.05 V vs Ag/AgCl reference electrode. (Electrolyte: 1 M NaOH. AC amplitude: 5 mV. Frequency range:
100 mHz- 1MHz.)
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Figure $30. Cy, of the Fe,03, ITO/Fe,05 ITO/Fe;05/Fe,TiOs, and ITO/Fe,03/Fe,TiOs/FeNiOOH electrodes as a
function of the applied potential obtained from fitting EIS data in contact with 1M NaOH electrolytes under 1 sun
illumination. Error bars stem from the goodness of the EIS data fittings.
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dark to a classic Randles circuit (i.e. resistance and capacitance in parallel). Linear fittings (obtained in the 0.55-1.05
V vs. RHE potential range) are also depicted on each case. Electrolyte: 1 M NaOH. AC amplitude: 5 mV. Frequency
range: 100 mHz - 1 MHz.

In order to gain further information on the bulk of hematite nanowires, impedance
measurements were performed in the dark to derive the corresponding Mott-Schottky plots.

Upon fitting the Nyquist plots to a Randles circuit (Schematic 1B), the potential-dependent

HHIUUTI HTUIUD, TYUALIVIT {1] 1D UDTU LU TIL LT PIVLD,

= e E = Epp =) M

c2 ees,-Np

where N, is the charge donor density (cm®), Ep is the flat band potential (V), ¢ is the vacuum
permittivity (8.85x10 F m™), g, is the relative dielectric constant of hematite (g,= 32), k is

the Boltzmann constant (1.38 x 102 ) K") and T is the absolute temperature (K).

Table S1. Flat band potential values (Ex), bulk donor densities (Ng) and total surface state
density (Ng) of the Fe,0s, ITO/Fe,0s3 ITO/Fe,03/Fe,TiOs, and ITO/Fe,03/Fe,TiOs/FeNiOOH
electrodes. Eg, and Np values were respectively estimated from the x-intercepts (at C? = 0} and
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Figure $32. SEM images of FeOOH nanowires on FTO substrate.

5 5 £ i 20.00kV. 3.0 199 mm 1 SE 8 ym

Figure $33. SEM images of FeOOH nanowires on FTO substrate after sintering at 550°C for 2h.
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e e o B e FeNHON

Schematic S2 The sample preparation process of FTO/ITO/Fe,03/Fe,TiOs/FeNiOOH electrode for TEM and STEM-
EELS characterization.

In order to avoid the chemical contamination from the solvent (ethanol, hexane etc.} and

intensive mechanical damage (ultrasonic dispersion) during the TEM sample preparation, we

meanwhile other nanowires were still adhered to the ITO matrix.
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Table S2. Photoelectrochemical performance comparison of hematite based electrodes.

Reference Materials Fabrication methods Photocurrent at
no. 1.23Vvs RHE
{mA/cm?)
[6] Fe,0s/Fe,TiOs sol-gel 135
[12] Fe,0s/molecular Ir catalyst Hydrothermal, soaking reaction 0.66
[13] Fe,0a/NiOx Hydrothermal, photoelectrodeposition 0.6
[14] Fe,0s/Fe-Pi Hydrothermal, furnace heating 0.8
[15] Fe,05/Ti0, Hydrothermal, CBD 13
[16] Fe,Os/graphene Hydrothermal, CBD 0.5
[17] Fe,0, Hydrothermal 0.8
[18] C/Co30,4-Fe,0; Hydrothermal, electrodeposition 1.48
[19] Fe,0,/Ti0, Thermal oxidation, lithography 0.45
[20] Mesoporous Fe,03 Chemical etching 0.61
[21] Fe,0; film Spray pyrolysis 0.65
[22] Fe;03/FeO0OH PLD, photodeposition 0.85
[23) TiO,/Fe,03/Ni{OH), ALD, hydrothermal, dipping 03
[24] Fe,0:/TiOx/FeQOOH Hydrothermal, electrodeposition 15
[25] Co-N,| P doped Hydrothermal, chemical bath 2.15
carbon/graphene/Fe,0;
[26] Acid etched Fe;0; Chemical etching 1.0
[27] Fe,0:/FeQOH Hydrothermal, chemical bath 1.21
[28] Fe,0,/TiO, PE-CVD, ALD 18
[29] Fe,04/Zr0,/Co-Pi Hydrothermal, ALD, photo-electrodeposition 1.87
[30) Fe,0s3/1r04 Hydrothermal, Soaking 0.7
[31] Fe,0s Electrodeposition 1.0
[32] Fe;05/Fe;TiOs Hydrothermal 1.4
[33] Fe,0s/cobalt phosphate Reactive ballistic and photo depositions 2.0
[34] Fe,03/NiO Hydrothermal, photodeposition 0.6
[35] Fe,03/Si0,/Sn doping Hydrothermal, Chemical bath 2.0
Our work ITO/Fe,03/Fe,TiOs/FeNiOOH Sputtering, Hydrothermal, ALD, 2.20

photoelectrodeposition
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https://doi.org/10.1002/cssc.201701879. thode based on a n”-p silicon buried junction (see the Sup-
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1oNS are sNOWN In Figure | A. In The TIFSt situation, the mea-  dark conaimons, the 1iU,/n ' -p-51 photocatnodes were evaluat-

ed under illumination as shown in Figure 1B. First, a potential
3 shift for all redox reactions toward the anodic direction was at-
15]A tained owing to the photovoltage (close to 0.6 V) provided by
1.0 > " the TiO,/n"-p-5i photocathode. Second, similar behaviors to
0s] the dark conditions were found in presence and absence of
004 BiCl;: poor reversibility for the V**/V*" redox pair in the oxida-
054 tive part (reaction 2'), and a significant improvement after Bi**
40 addition, increasing from 4.7 to 92.4% (see Table 52). The same
;z improvement is translated into a decrease of the peak separa-
6] 3 tion, changing from 0.76 to 022V in presence of bismuth.
0] Third, the redox peaks associated to the Bi*'/Bi® reactions (in
black) measured in absence of V" are clearly observed and
besides the potential shift induced by the the photovoltage, a
decrease in the separation of peaks is also evidenced in com-
parison to the dark test with the cathode, going from 0.31 to
0.08 V. Fourth, regarding the current differences between the
dark current () and photocurrent (j), a significant variation can
be observed in the voltammogram in absence of BiCl,. On the
one hand, a cathodic photocurrent of around 2.6 mAcm ? at
the peak maximum for the V?*/V?" reaction is attained, where-
as the cathode in dark only provides 1.2mAcm ? at much
more negative potential. It is important to highlight that
almost negligible currents are obtained with the TiO,/n"-p-Si
photocathode under dark (dotted line in Figure 1B), indicating
that all the current is due to a photoactivation mechanism. On
the other hand, in presence of bismuth, the differences in the
current densities are less pronounced, changing from 2.6 to

JI maAcm?

ji mAcm?

HER X ) [ 04
04 02 0D 02 04 08 08 10 2.5mAcm? under dark and light conditions, respectively, for

ol the V¥*/V** reduction. However, the reverse V' */V** reaction
is more positively affected by bismuth addition as previously
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difference in both situations is the copresence of V** in the
electrolyte. Therefore, the influence of bismuth on the HER de- 0 J‘d‘d‘d‘d‘d‘dﬂﬂ‘d‘d“ M
pends also on the V' species. This situation can be explained 3
through the reactions proposed by Suérez et al., ' related to %] Dark Light
the electrochemical formation of BiH, species, which possess 2
high reducing power and are able to reduce V** and liberate P
H", according to reactions (1) and (2). Therefore, this is not a =
competitive reaction with the HER. On the contrary, in absence 5" A 005V,.|B 005V,
of V*7, the deposition of Bi’ and even the possible formation B e S T T S R T I
of BiH, do compete with the HER, besides passivating the elec- =0
trode surface. b

5
xH" +Bi" + xe~ — BiH, (1) "
BiH, +x V" — x V¥ 4 xH* +B° (2) 2

e e2vp 02V

It is also clear that the TiO, passivation layer can also play a 5 10 15 20 25 30 35 40 45 5 1D 15 20 25 30 35 40 45

role on the HER. It has been demonstrated that it can effective- ths
Iy hinder this reaction thanks to the strong proton adsorption  gigure 2. Chronoamperometric \ts at different potentials with
An tha TiN wihick minkt ractvict H farmatine 10 Hawauar hao e g o e L et R i A bk e e SR R Y
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one of the main drawbacks of this technology is the poor elec-
trochemical activity performed by the negative reaction side.
In current systems working without photc d processe:
the HER directly competes with the V**/\*" reaction, causing
imbalances in both compartments, increment of the overall
cell polarization, loss of performance limiting the capability
rate, and in consequence, low power values, For this reason,
controlling the electrochemistry of the process becomes also
important in a photoassisted system.

The electrochemical study of photoassisted cathodic side for
a V" V™2 redox pair with crystalline silicon under simulated
solar irradiation shows that the addition of bismuth leads to
important improvements reflected in decreased onset poten-
tials, higher reversibility, and more stable transient photocur-
rents. A significant enhancement of the electrokinetics is ach-
ieved in comparison to the system without bismuth. The im-
portance of studying the interface and of assessing the under-
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Experimental part
Photocathode preparation:

N*- p silicon buried junction with a thin layer of TiO, deposited by Atomic Layer Deposition
(ALD) were used as photocathodes (TiO,/n*-p-Si). The preparation details of this sample is
described elsewhere.! Briefly, Boron was implanted in a defined surface of a silicon p-type
wafer (0.1-0.5 ohm-cm resistivity) and activated by rapid thermal annealing in order to create a
200 nm n* region. As back contact, an ochmic contact with a 1 pm Al/0.5%Cu was sputtered.
Before the ALD process, a thin Ti film (5 nm) acting as buffer layer was deposited by thermal
evaporation, after which the samples were sonicated for 5 min in a 1:1:1 isopropanol, acetone
and water mixture. The TiO; deposition was carried out in a R200 Picosun ALD system, with
TiCls as Ti precursor and H,0, used in successive pulses at 8 mbar in N, atmosphere, with 0.1
and 10 s pulses and purges, respectively. The temperature growth was 3002C and the
thickness of the layer 100 nm.

Cathodes consisting in n* degenerately doped silicon with the TiO; layer were used (TiO,/n*-Si)
for simulating the direct injection under dark conditions, during the blank tests.

Samples characterization:

The morphologic and EDX analyses of the samples after cycling were carried out in a Zeiss
Auriga FESEM microscope.

(Photo)Electrochemical characterization:

All the electrochemical analyses were performed in a three-electrode cell with
Hg/HgS04/K:S04 (saturated) and Pt-mesh as reference and counter electrodes, using a VMP3
BiolLogic potentiostat. For the photoelectrochemical measurements, a solar simulator with a
300W Xe arc lamp and AM 1.5G filter was used. The power density was calibrated for having
100mW-cm (1 Sun) irradiance.

Potentiostatic electrochemical impedance spectroscopy (PEIS) data were acquired with an
alternate current (AC) perturbation of 10 mV in amplitude and a 100 mHz-1 MHz frequency
range, both in the dark and under illumination, and under open circuit or selected direct
current (DC) potentiostatic conditions.

Different conditions were used during the measurements, including the blank tests. In general,
all the mixtures contained 1 M H,SOs as base electrolyte, and some of them also had either
0.05 M V3, either 1 mM of BiCl; as Bi additive or both. All the electrolytes were deaerated
before the tests and the {photo)electrochemical tests were performed under N, atmosphere.

The corresponding V3* solution was prepared through an electrochemical process in a VRFB
single-cell using as catholite and anolyte solution 1 M VOSO, (Alfa Aesar} in 3 M H,S0a (Aldrich,
98%) solutions. The resulting solution in catholite part was 1 M V* in 3 M H,SOs, which is
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diluted to obtain the concentration 0.05 M V3 in 1 M H,S04. The design of the VRFB single-cell
has been described in previous published works.?
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Table S1. Values obtained in the electrochemical measurements in dark with the TiOy/n*-Si
cathodes.
Electrolyte Eonset (VI/VH) | Emax (VI/VH) | Q(VZ*/VZ) /| Q(VR/V¥*)/ | Reversibility | Emax
/ Vare / Vrue mC-cm™? mC-cm™ (%) (Bi**/Bi%)
/Vene
H2SO4 + Bi** - - - - - 0.12
H>S04 + V3* -0.45 -0.70 6.0 0.8 13% -
H2SO04 + V3 + Bi®* -0.20 -0.56 8.7 6.0 69% 0.18
~
£ -10
-12
-14
8Lt ¥m—r——
0.3 -0.2 -0.1 0.0 0.1 0.2
E/V

Figure S1. Voltammograms obtained with the TiO,/n*-p-Si photocathodes during the blank
tests with different electrolytes under illumination.

Table S2. Values obtained in the electrochemical measurements under illumination with the
TiO2/n*-p-Si photocathodes.

Electrolyte Eonset Ermax Q Q(V*/V¥) | Reversibility | Peak
(VB2 [ V) ] (VB VEY ) | / mCem'? (%) separation
Vrie ViHe mC-cm* /v
H2S04 + V3* 0.2 0.04 10.6 0.5 4.7 0.76
H,504 + V3* + Bi®* 0.4 0.18 6.1 6.6 92.4 0.22
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Figure S2. Linear scan voltammetries under chopped light (dark/light pulses of 2 s) with the
TiO2/n*-p -Si photocathodes in 1 M H,S0, + 0.05 M V** electrolyte, in absence and presence of

1 mM Bi**.
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Figure S3. SEM and EDX analyses of the TiO,/n*-p-Si photocathodes after measurements in
absence (A) and presence (B} of Bi.
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Figure S4. Potentiostatic electrochemical impedance spectroscopy in absence and presence of
Bi** for different situations: illuminated photocathodes at 0.2 Vgue (A) and cathodes in dark
conditions at -0.5 Veye (B).
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