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The development of efficient photoanodes that reduce external energy requirements for the electrochemical
conversion of CO, to formate is essential for the future implementation of this technology. In this work, we
explore different photoanode structures based on electrodeposited BiVO4 onto transparent FTO substrates to
achieve a more efficient PEC reduction of CO2. Among the tested structures, the photoanode incorporating a
BiyO3 underlayer, which enhances the BiVO4-FTO interface by reducing electron-hole recombination, exhibits
the best PEC performance. Integrating this photoanode into a CO; photoelectrolyzer with back visible light
illumination achieves an impressive current density of —29 mA cm™2 at constant —1.8 V (vs. Ag/AgCl). Using a
Bi/C GDE as the cathode, the system produces up to 56.2 g L ™! of formate with a Faradaic efficiency of 96 %. In
terms of energy performance, illuminating the photoanode reduces energy consumption by nearly 40 %, bringing
it down to 317 kWh kmol %, with an energy efficiency of 38 %. The external bias can be further decreased by
increasing the irradiation intensity to 2.5 suns using concentrated solar light, resulting in an additional 10 %
reduction in energy consumption (290 kWh kmol ™), while maintaining high conversion efficiencies for CO5 to
formate (over 95 % Faradaic efficiency). Besides, energy efficiency improves by 12 %, as the cathodic potential is
reduced to —1.65 V (vs. Ag/AgCl). These results represent significant progress in reducing the external bias
required for CO; to formate conversion in PEC systems, marking a step toward the industrial application of CO2
conversion technology.

1. Introduction viability include high current densities (200 mA cm™2), high formate
concentrations (above 21 % wt.), and low energy consumption (below
100 kWh per kmol of formate) [4].

In this regard, gas phase operation at the cathode, where a humified

The rise in CO; emissions from sectors such as energy, industry, and
transportation has increased atmospheric CO, concentration to over

420 ppm, necessitating urgent decarbonization strategies [1]. While
renewable energy generation and industrial electrification are key ap-
proaches, some industrial activities require advanced alternatives like
carbon capture, utilization, and storage (CCUS) [2].

Among CO; utilization methods, electrochemical conversion into
value-added products is a promising approach, enabling CO, recycling,
circular economy integration, and energy storage in chemical bonds [3].
CO; electroreduction to formate/formic acid is particularly advanced,
with applications in industries such as leather tanning, animal feed, and
pharmaceuticals [3,4]. Key performance indicators (KPIs) for industrial

CO4 stream is fed, has demonstrated its potential to reach high formate
concentrations (over 30 % wt.) at high current densities [5]. However,
one of the main challenges is the high overpotential required to break
the stable C-O bonds in the CO5 molecule, which directly increases the
overall energy consumption [6]. Moreover, the oxidation reaction
occurring at the anode significantly impacts the system’s energy con-
sumption. In the case of the Oxygen Evolution Reaction (OER), the en-
ergy allocated to this reaction can represent up to 90 % of the external
energy input [7].

One of the most promising strategies for decreasing energy
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consumption in the anodic compartment is combining the electro-
chemical process with the irradiation of a photoactive surface in the
anodic compartment (photoanode), thereby harnessing solar energy as a
renewable energy source. Switching to a photoelectrochemical (PEC)
system with illumination on the anodic surface reduces OER energy
requirements and overall consumption, thus improving electron avail-
ability at the cathode for a more energy-efficient CO, reduction [8,9].

A typical PEC reactor consists of two independent electrodes: the
anode and the cathode, which are separated by an ion exchange mem-
brane [10]. This membrane avoids the re-oxidation of the reduction
products and facilitates the charge species flow [11].

Among the different PEC electrolyzer configurations [10], the
photoanode-cathode (dark) configuration simplifies the reaction mech-
anism and the overall operation where the photoanode has two main
functions: (i) providing an extra electron flux to the cathode by exciting
electrons from the valence to the conduction band of the n-type semi-
conductor upon illumination, which are then transported to the cathode
by the external electrical circuit [12], and (ii) promoting the oxidation
reaction, usually water oxidation, which supplies the protons and elec-
trons needed for the CO, reduction reaction [13,14]. Despite the
promising outcomes of PEC electrolyzers for CO2 reduction, further
research efforts must be made to increase the operating current density
to close the gap with industrial implementation, as most reported studies
operate below industrially relevant current densities [10].

BiVO, is particularly noteworthy for its OER applications due to its
favorable band alignment with water redox levels and activity under
visible light irradiation [8]. Besides, BiVO,4 is non-toxic, stable, and
inexpensive, and has a narrow bandgap (2.4-2.7 eV) [15]. However,
several challenges must be tackled in the broader implementation of
BiVO4 surfaces in PEC applications, including the stability of the pho-
toelectrodes, which is dependent on the anolyte pH, the attainable
current densities, and the onset potential [16], which currently do not
meet the requirements for long-lasting electrodes with high current
densities.

Moreover, Transparent Conductive Oxides (TCOs) have gained
importance as supports for depositing thin films that serve as photo-
electrodes [17]. These substrates allow the electrode to be illuminated
from both sides. Fluorinated Tin Oxide (FTO) is a competitive TCO
substrate due to its low cost and stability [18]. Additionally, the use of
these substrates allows for higher current densities compared to carbon-
based photoanodes [19,20], which expands the range of CO2 reduction
products that can be obtained. Carrera-Crespo et al. [21] evaluated the
combination of FTO with a BiVO4 thin film and examined the effects of
illumination on photoelectrode performance. They found that back-
illumination operation led to an improved PEC activity, as front-
illumination is hindered by the BiVO,4 layer blocking light transfer to
the substrate, thereby limiting electron generation in the FTO [18].
Nevertheless, FTO becomes activated when the photoanode is back-
illuminated, enhancing the PEC activity of the FTO-BiVO4 junction.

Electron-hole pairs are generated within the light’'s maximum
penetration depth, electrons then move towards the FTO-BiVO4 inter-
face, while holes are transported to the electrolyte interface [22].
However, the rate of charge transfer is lower for electrons passing
through the FTO-BiVOy, interface due to the electronic structure of the
catalyst [22]. This leads to electron accumulation, making them prone to
recombination with unpaired holes [23]. The interaction between the
FTO and the BiVOj4 thin film is therefore crucial for the PEC activity of
the photoanodes [24]. Different strategies have been proposed to modify
the FTO-BiVOy interface to reduce charge recombination and improve
PEC activity [24-27]. One promising approach is placing a metal oxide
layer between the FTO and BiVOy4 thin film. This acts as a “hole mirror”,
preventing holes from reaching recombination centers at the FTO-BiVO4
interface [22,28]. It also maintains the BiVO4 band-bending, enhancing
the catalyst’s capability to carry out the OER. Bi»Og is an efficient metal
oxide for improving the FTO-BiVOy interface, as oxygen vacancies in the
heterostructure formed by Bi»O3 and BiVO4 improve the separation of
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the generated electron-hole pairs [29,30]. The more positive valence
and conduction band levels of the Bi;O3 shift electrons from BiVO4 to
BiyO3, directing them to the electron collector (FTO substrate), while
unpaired holes migrate to the electrolyte interface to carry out the OER
[31].

Furthermore, the method used to fabricate BiVO,4 thin films on the
FTO substrate can also impact the electron transfer to the current col-
lector. A homogeneous deposition of the catalyst, avoiding particle
agglomeration, ensures close contact at the FTO-BiVOy, interface [32],
thus enhancing electron transfer and minimizing electrical resistance.
Electrodeposition is particularly notable for its simplicity, ability to
produce highly homogeneous and stable catalyst thin films, and versa-
tility, allowing the fabrication of photoanodes in almost any
morphology [33]. This electrically driven process involves depositing
metal ions from an electrolyte onto the FTO substrate surface to form a
thin photoactive film.

All in all, this work presents the preparation and application of
BiVOy4-based photoanodes, which are active under visible light, for
energy-efficient PEC solar-driven CO3 reduction to formate in the gas
phase. The BiVO4-based photoanodes, in which the OER takes place, are
engineered and fabricated through electrodeposition and integrated into
a photoelectrolyzer that utilizes a transparent FTO substrate as the
electron collector, allowing for back-illumination of the photoelectrode.
Different strategies are used to optimize PEC activity [34], including
modifications to the thickness of the thin BiVO4 film and incorporating a
metal oxide interlayer (Bi;Os) to improve electron-hole separation.
Concentrated solar light is then used to enhance the system’s energy
efficiency by reducing the external bias needed for PEC CO; reduction to
formate. The design and development of the improved photoanode
structures, as well as the optimization of operational conditions for these
photoanodes, enable operation at higher current densities, bridging the
gap toward achieving industrially relevant conditions for PEC COq
electrolyzer operation. This advancement has the potential to facilitate
the large-scale implementation of integrated PEC solutions driven by
sunlight, thereby improving the sustainability and energy efficiency of
CO; conversion systems.

2. Methodology
2.1. (Photo)electrodes fabrication

The photoanodes are fabricated with a geometric area of 10 cm?. To
synthesize the BiVO4 electrodes, different electrodeposition methods
followed by thermal treatment are employed, as shown in Fig. 1.

The electrochemical bath is prepared by dissolving 0.97 g of Bi
(NO3)3 and 3.32 g of KI in 50 mL of MiliQ water. Then, 0.5 g of p-
benzoquinone is dissolved in 20 mL of ethanol and mixed with the
previous solution. In the first electrodeposition step, BiOI is electro-
deposited onto FTO-glass substrates by applying two potentiostatic
pulses, the first at —0.35 V vs. Ag/AgCl/KCl (3.5 M) for 1 min, followed
by a second pulse at —0.1 V vs. Ag/AgCl/KCl (3.5 M) for 3 min, using a
Biologic VSP300 potentiostat. Then, the BiOI electrodes are cleaned
with deionized water and air-dried.

To synthesize Photoanode A, a vanadium precursor solution (0.2 M
vanadyl acetylacetonate in DMSO solvent) is spray-coated onto the
electrodes while heating. Then, thermal treatment is applied at 450 °C
for 2 h with a heating ramp of 2 °C min~!. After cooling, excess V,Os is
removed by cleaning the electrodes with a 1 M KOH solution for 3 min,
followed by rinsing with water and air-drying.

To synthesize Photoanode B, additional electrodeposition of BiOlI is
done before the addition of vanadium precursor and thermal treatment.

For the synthesis of Photoanode C, a thermal treatment without va-
nadium is applied at 550 °C for 2 h. Then, a second BiOI layer is elec-
trodeposited, and the vanadium precursor is applied, followed by
thermal treatment at 450 °C.

A bismuth (Bi)-based gas diffusion electrode (GDE) is employed as a
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Fig. 1. Schematic representation of the steps followed in the fabrication of the different tested BiVO4-based photoanodes.

dark cathode to facilitate the use of gas-phase reactants, such as CO9, by
maintaining high concentrations within the reaction zone and enabling
operation at high current densities [35]. Carbon-supported Bi nano-
particles (Bi/C) [5] are selected as the electrocatalyst due to their high
selectivity for producing formate during the CO, reduction reaction [3].
The electrocatalyst is deposited onto carbonaceous support to form a
GDE, which consists of two distinct layers: (i) a gas diffusion layer
(GDL), composed of a carbon paper substrate and a microporous layer
(Sigracet 39 BB, Fuel Cell Store) to enhance CO, mass transfer to the
catalyst, and (ii) the catalyst layer, which is produced through an
automated spray pyrolysis technique [36]. In this process, a catalytic
ink, comprising Bi/C nanoparticles, isopropanol (laboratory reagent
grade, >99.5 %, Fisher Chemicals) as the solvent, and Nafion D-521 (5 %
wt dispersion, Ion Power) as a binder, is sprayed onto the GDL to achieve
a catalyst loading of 0.75 mg cm™2, representing the optimal best trade-
off between formate concentration and minimal catalyst amount usage

[5].
2.2. Physicochemical characterization

The photoanodes A, B, and C structural and optical properties are
characterized using various techniques. A Field Emission Scanning
Electron Microscopy (FESEM) on a JEOL J-7100 coupled with energy
dispersive spectroscopy (EDS) is employed to characterize the
morphology of the samples. X-ray diffraction (XRD) patterns are deter-
mined using a PANalytical X’pert PRO diffractometer with mono-
chromatized Cu Ko radiation (A = 1.5406 A), operating at 45 kV and 40
mA in a Bragg-Brentano configuration. UV-vis spectroscopy (UV-vis) is
performed on a Lambda 950 UV-vis-NIR spectrometer (PerkinElmer)
equipped with a 150 mm Integrating Sphere and Spectralon standard.
Transmittance and reflection measurements are carried out separately
for each sample over a wavelength range of 100— 800 nm, with a 5 nm
step, and the band gap is determined using a Tauc plot. Raman spec-
troscopy measurements are carried out using a Jovin Yvon LabRaman
HR800 in the 100-1000 cm ™! range using a laser with a wavelength of
528 nm and are calibrated with a silicon reference.

The morphology and particle size distribution of the Bi/C electro-
catalyst are analyzed using Transmission Electron Microscopy (TEM)
with a JEOL JEM-2010 operating at 200 kV and a JEOL JEM-1400 at
120 kV. Additionally, the Bi/C GDEs are examined through powder X-
ray diffraction (PXRD) using a Philips X’PERT PRO system at 40 kV and
40 mA. The electrode microstructure is investigated via Scanning Elec-
tron Microscopy (SEM) with a JEOL JSM-7000F operating at 10-20 kV,
while the distribution of Bi across the GDE is assessed through elemental
EDX mapping, performed with a HITACHI S-3000 N SEM equipped with
a Bruker Xflash X-ray detector at 20 kV.

2.3. Photoelectrochemical characterization

The PEC characterization is conducted using an adapted filter-press
reactor (ElectroCell) with a transparent plate at the anodic compart-
ment (PMMA methacrylate, 92 % transparency). The photoanode sur-
face is irradiated from the back side, to maximize the photocurrent
generated [18], using visible light (Ipeak at 450 nm) from a LED lamp
(Photolab LED 365-3/450-3, Apria Systems) with an intensity of 100
mW cm ™2 at the surface. A platinized-titanium plate electrode (Elec-
troCell) is employed as the dark cathode for PEC characterization.

An aqueous 0.5 M KHCOg solution (ACS reagent, Thermo Scientific)
is fed to both cathodic and anodic compartments at a constant flowrate
of 0.57 mL min~! cm 2 as the reaction medium. The slightly alkaline pH
(8.7) of the electrolyte helps prevent the chemical degradation of the
BiVO,4 surfaces. The cell compartments are divided by a Nafion 117
cation exchange membrane (0.180 mm thick, > 0.9 meq g~ ! exchange
capacity, Ion Power) to avoid product crossover between the cathode
and photoanode [37]. A leak-free Ag/AgCl 3.4 M KCl electrode serves as
the reference electrode in the anode compartment.

Each photoanode is subjected to different PEC tests, including
chronoamperometry analyses at a constant voltage of —1.8 V (vs. Ag/
AgCl) for 30 min, under on and off illumination. The applied potential is
controlled with an Autolab PGSTAT 302 N (Metrohm Hispania) poten-
tiostat. The voltage is chosen as the most suitable for the CO, reduction
to formate [36]. After determining the photocurrent density for each
photoanode, Linear Sweep Voltammetry (LSV) is conducted between
—2.2and —0.8 V (vs. Ag/AgCl), at a scan rate of 10 mV s * to determine
the most suitable potential window under illumination. Electrochemical
Impedance Spectroscopy (EIS) is used to determine the electrical resis-
tance, at a constant voltage of —0.8 V (vs. Ag/AgCl) with frequencies
ranging between 10 kHz to 0.1 Hz.

2.4. PEC COg reduction performance

The continuous PEC CO; reduction is carried out at room tempera-
ture and ambient pressure in the same adapted filter-press reactor
(ElectroCell), with a Bi/C GDE as the dark cathode (Fig. S.2). The GDE is
placed in close contact with the ion exchange membrane to form a
Membrane Electrode Assembly (MEA). The cathode compartment is fed
with a humified pure CO stream (via home-made bubbler) at a flowrate
of 200 mL min . Meanwhile, an aqueous anolyte (0.5 M KHCOs3) is
pumped into the anode compartment at a constant flowrate of 0.57 mL
min~! em ™2

PEC CO4 reduction tests are carried out by duplicate for 90 min at a
constant voltage of —1.8 V (vs. Ag/AgCl), which has been found to be
optimal for the selective production of formate [18,36]. The formate
produced in the cathode during the experiments is determined by ion
chromatography (Dionex ICS 1100, using NapsCOs as eluent with a
concentration of 4.5 mM and a flow rate of 1 mL min ). The relative
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standard deviations are below 10 % for the formate concentration
determination.

For tests with concentrated solar light, the photoanodes are illumi-
nated by means of a solar simulator (LSH-7320 ABA LED Solar Simu-
lator, Newport). Different light intensities are reached regulating the
distance from the light source to the photoactive surface, thus control-
ling light intensity from 1 to 2.5 suns. To evaluate the photoanode
response under solar concentration, continuous COs reduction to
formate is carried out at galvanostatic conditions, with a constant cur-
rent density of —29 mA cm 2. The performance of the PEC system is
evaluated by considering the following figures of merit [10,18,36]:

- Formate production rate, r, the amount produced at the cathode per
unit of geometric area during the experimental period (Eq. 1):
mol Np
) F 1
r(mzs) A )
Where N is the molar flux of formate (mol s 1) and A is the cathode
geometric area (mz).

- Faradaic Efficiency, FE, selectivity of the external current supplied
toward the production of formate (Eq. (2):

FE(%) — w « 100 @

Where z is the number of electrons exchanged, in the case of formate
is 2, F is the Faraday constant (96 485C mol ™), Ny refers to the molar

flux of formate (mol s’l), and I is the total current provided to the system

(A).
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- Energy efficiency, EE, portion of the total energy supplied that is
harvested in the CO, reduction to formate (Eq. (3):

E
EE(%) = FE o —~ 3)
Cathode

Where FE is the Faradaic Efficiency to formate (%), Et is the theo-
retical potential for the CO, reduction to formate (—0.68 V vs. Ag/AgCl),
and Ecqhode is the external voltage supplied to the cell.

- Energy Consumption, EC, external energy input required by the PEC
system to produce a given quantity of formate (Eq. (4):

kwh |4
EC (kmol) TNy “)

Where I and Nr have the same significance as in Eq. (1) and Eq. (2)
and V is the overall cell potential (V).

- Energy-to-fuel conversion efficiency, ETF, defined as the chemical
energy produced for formate relative to the total energy supplied to
the electrochemical cell (Eq. (5):

e ® AG°

External

ETF(%) = 100 5)

Where rr is the formate rate (mol 571 m’z), AG® (J mol 1) is defined
as the Gibbs free energy for the conversion of gaseous CO2 to formate
(0.00543 J mol’l), and Pgxternat (W cm2) is the external power density
provided to the photoelectrolyzer.

Photoanode A

Fig. 2. Cross-section and surface SEM images of the fabricated photoanodes, a) Photoanode A:BiVO,4, b) Photoanode B: Thick BiVO,, and c¢) Photoanode C:

BiVO,/Biy03.
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3. Results
3.1. Photoanode characterization

The different BiVO4-based surfaces prepared underwent different
electrodeposition processes to coat the FTO transparent substrate,
resulting in distinct morphologies and microstructures, as shown in SEM
images (Fig. 2).

The cross-sectional images of the photoanodes reveal that the
different electrodeposition processes impact the thickness of the BiVO4
layer on the FTO layer. For photoanode A (Fig. 2.a), the thickness is the
smallest, approximately 250 nm, as the electrodeposition is only carried
out in one cycle. In contrast, the electrodes subjected to two electrode-
position cycles (photoanodes B and C), have a thicker catalyst layer of
around 600 nm, as observed in Fig. 2.b and 2.c. However, despite the
same thickness, the morphology of the BiVO4 layers differs. Photo-
anodes A and B present a more homogeneous catalyst distribution, as
confirmed by surface SEM analysis in Fig. 2.d-f, although some potas-
sium impurities are detected during fabrication, as indicated by the
elemental analysis of points A; and A, (Table S.1 and Fig. S.1, as shown
in the Supporting Information). Photoanode C also displays a homoge-
neous distribution, but the surface also shows Bi-rich material agglom-
erations, likely due to the subsequent electrodeposition of BiVO4 over a
BiyOs layer, as indicated in Fig. S.1 and Table S.1.

The alterations in morphology and structure among the photoanodes
may influence the photoactivity and surface response under visible
illumination [38]. To assess their optical properties, a VIS-absorbance
analysis is performed for each photoanode. Fig. 3 shows the absorp-
tion spectra and the corresponding Tauc plot to determine the optical
bandgap.

The combination of the BiVO4- BisO3 in the photoanode C forms a
heterojunction that improves the optical properties of the photocatalyst
[39]. As the Conduction and Valence bands of Bi;O3 are positioned
lower than those of BiVOy, a Type II heterojunction is formed (Fig. S.1)
[40,41]. In this photoanode, Bi»Os acts as an interlayer between the FTO
substrate and the active BiVOy to facilitate charge separation and elec-
tron transport to the cathode [29]. This results in an enhancement of the
VIS-absorbance spectra (Fig. 3.a), compared to photoanodes A and B, the
additional Bi»O3 layer beneath the BiVO4 enhances light absorption,
particularly above 500 nm, due to the lower bandgap (Fig. 3.b). All three
electrodes display an absorption edge at approximately 500 nm, with

100
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bandgaps between 2.5 eV for photoanode A, and 2.4 eV for photoanode
C, consistent with the absorption edge of BiVO4 powder (506 nm, 2.45
eV) [18].

Fig. 4.a. shows that photoanode C leads to the highest current density
reached at the cathode, with —-33 mA ecm ™2, in contrast to photoanodes A
and B which reach -22 and —29 mA cm ™2, respectively. This fact can be
related to the flake-like nanostructures that can improve the charge
separation, resulting in enhanced OER activity [42]. Moreover, the
BiyO3 layer coated under the BiVOj, acts as “hole mirror” preventing the
fast charge recombination near the interface between FTO and BiVO4
[22], allowing more electrons to effectively reach the current collector,
and then the cathode through the external circuit. This, along with the
higher absorbance shown by photoanode C, supports the results reached
in chronoamperometry tests in terms of an enhanced attainable current
density. On the other hand, photoanode B results in a better PEC per-
formance in comparison with photoanode A, despite having similar
absorbances. In this case, the larger amount of catalyst loading in pho-
toanode B (as seen in Fig. 2) allows more active sites to be light-excited,
enlarging the possible electron flux to the cathode, thus resulting in
higher photocurrent density [19].

Fig. 4.b reveals that photoanode B presents lower electrical resis-
tance, even though the PEC activity is not favored by this low charge, as
discussed before (Fig. 4.a). Photoanode A also presents lower electrical
resistance than photoanode C. As previously reported [18], lower elec-
trical resistance does not always favor the PEC activity. For instance, in
photoanodes A and B part of the particles deposited may be acting as
recombination centers instead of active sites, therefore hindering the
overall PEC performance, as there is a high recombination rate while
exhibiting low electrical resistance [43]. In agreement with previous
literature [18,43], the improved interface of photoanode C improves the
hole-electron pair separation, allowing more electrons to reach the
cathode, achieving higher current densities despite its higher electrical
resistance compared to photoanode B.

3.2. Continuous PEC COg reduction to formate

The fabricated photoanodes are integrated into the filter-press pho-
toelectrolyzer for a more efficient conversion of CO; into formate in a
gas phase configuration. TEM images reveal a spherical morphology
with a narrow particle size distribution of approximately 9.3 nm, as
depicted in Fig. S.4 [44]. The morphology of the synthesized GDEs is
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Fig. 3. A) vis-absorbance spectra, and b) tauc plot of the fabricated photoanode. (red line, photoanode a bivos; Green line, Photoanode B: Thick BiVOy; Blue line,
Photoanode C: BiVO,4/Bi»03). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. A) chronoamperometry results at—1.8 V vs. Ag/AgCl, and b) EIS of the electrodeposited photoanodes. (Blue, Photoanode A: BiVO,4; Red, Photoanode B: Thick
BiVOy,; Yellow, Photoanode C: BiVO4/Biz03). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

further examined through SEM imaging. Top-down SEM and EDX
mapping (Fig. S.5) confirm a uniform dispersion of the catalyst across
the GDE surface [36,44]. Cross-sectional analysis reveals that the GDE
thickness ranges from 275 to 290 pm. Lastly, XRD analysis (Fig. S.6)
indicates that the majority of the GDE surface consists of carbon-based
materials, with weak Bi-related signals, with weak Bi-related signals,
as expected for Bi nanoparticles supported on carbon [36]. Fig. 5 dis-
plays the FEs toward formate and the current densities reached under
both light and dark conditions as a function of photoanode composition.

Photoanode C demonstrated the best PEC CO; reduction perfor-
mance, as expected based on characterization results. Compared to dark
conditions, light exposure increased the current density by 52 % (—29
mA cm™2). This is lower than the current density achieved during the
characterization tests, explained by a reduced conductivity in gas phase
tests. A similar effect is observed in Photoanodes A and B, where current
densities under illumination are —23 and —26 mA cm™2, with an en-
hancement of 27 % and 44 %, respectively. Therefore, photoanode C,
under illumination, exhibited an additional photocurrent of —10 mA

100
90
80

X 70

>
S 60
Q

S

£ 50

L

= 40

©

©
= 30

(N
20
10

0

Light Dark
A

Light Dark

Current density (mA cm2)

Light Dark
C
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cm 2, associated with an improved electron flow from this photoanode
to the cathode. This increased electron availability enhanced the COy
reduction reaction at the cathode, producing formate concentrations of
up to 59.2 g L™, which results in a significant improvement in com-
parison with a concentration of 38.8 g L™! obtained under dark
operation.

The light exposure also results in a notable effect on the FE toward
formate. As observed in Fig. 5, all photoanodes achieved higher FEs
under illumination, indicating that the extra electron flow is effectively
used in the CO; reduction to formate. This increase is likely due to
improved reaction kinetic from enhanced electron availability at the
same applied potential [45]. Photoanode C achieved an outstanding FE
of 96 % under illumination, representing an increment of 33 %
compared to dark operation. Additionally, the formate production rate
increased significantly due to enhanced reaction kinetics. The use of
photoanode C leads to a formate rate in the cathode of 1.44 mmol m ™2
s~1, nearly double the 0.77 mmol m~2 s~! observed under dark condi-
tions (Table S.2).

Regarding energy consumption, integrating a photoactive surface on
the anode reduced overall energy requirements and improved energy
efficiency. The effect of irradiating the different photoanodes on energy
output is presented in Fig. 6:

As expected, EC in the photoelectrolyzer decreased significantly
when the photoanodes are illuminated, with a reduction of 30-40 %,
linked to the decreased cell potential due to the fact that the anodic
potential for the OER is reduced by the illumination. Photoanode C
exhibited the best performance under illumination, reducing energy
consumption to 317 kWh kmol ™!, comparable to previous works on PEC
CO; reduction to formate [18], representing a promising alternative for
reducing energy consumption compared to conventional CO; electro-
lyzers, which ranges between 250-300 kWh kmol ! when working at
low current densities. In terms of EE, there is a marked improvement
when using the photoanodes, closely related to the increased FE. The
amount of the total energy provided to the PEC cell that is used for the
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CO4 reduction to formate augments from 23-29 % in dark operation to
32-38 %, under illumination, as the photoelectrocatalytic activity re-
duces the anode overpotential for the OER [46], making more energy
available for the cathode to carry out the reduction of CO5 to formate.
Photoanode C exhibited the highest EE among the fabricated photo-
anodes, reaching up to 38 %, representing a significant advancement in
PEC systems and improving upon previous CO reduction to formate
reduction studies [18]. Compared to conventional CO; electroreduction,
these results place energy efficiency among the best reported for formate
production [3], with an EE in the range of 35-40 %. Furthermore,
photoanode C showed the highest energy-to-fuel conversion efficiency,
reaching 4.75 %.

Finally, as the stability of the photoanodes is a key aspect in potential
PEC electrolyzer applications, fresh and used photoanodes are charac-
terized to study any possible alteration that may have occurred during
the OER reaction.

No detachment of catalytic material from any of the photoanode
surfaces was observed from SEM (Fig. 7.a), demonstrating the me-
chanical stability of the electrodeposited catalyst layer. However, post-
experiment images revealed salt deposits, primarily related to the for-
mation of carbonate and bicarbonate on the photoanode surface under
anodic oxidation conditions. XRD analysis (Fig. 7.b) confirmed the
presence of these deposits, identifying them primarily as potassium
carbonate (K2CO3) and bicarbonate (KHCOs3), with some potassium
hydroxide (KOH) also detected, consistent with the use of KHCOj3 as the
anolyte for OER. XRD analysis also confirmed the stability of BiVO4
under reaction conditions, with no significant changes in its crystalline
structure before and after the experiments. It should be noted that the
XRD spectrum of BiVO,4/Bi;O3 photoanode does not exhibit any Bi;O3
diffraction peaks, likely due to the amorphous nature of the layer.
However, Raman analysis is more sensitive to the microstructure and as
seen in Fig. S.7, it revealed the presence of Bi-O bonds in BiVO4/BixO3
that are absent in pure BiVO4 electrodes.

Fig. 8 shows that for Photoanodes A and B, no significant changes in
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absorbance were observed before and after the operation. However,
photoanode C exhibited a reduction in absorbance, particularly at the
absorption edge. This suggests that the behavior of photoanode C can be
related to the degradation of the BiyOg layer, as this photoanode after
use showed an absorbance level similar to both photoanodes A and B.
Additionally, Raman analysis (Fig. S.8) shows that previously identified
Bi-O peaks disappear after use, corroborating the BiyO3 layer degrada-
tion. After multiple operational cycles, a decline in the cathodic current
density is observed, as shown in Fig. S.9, which might be attributed to a
degradation of both dark cathode and photoanode. However, within
each cycle, the current density remains stable under illumination. The
systems stability is not only influenced by the photoanode, thus the GDE
plays an important role, as its deactivation can reduce both the current
density and CO, reduction performance, mainly due to salt precipitation
and electrode flooding [47].

Finally, the use of concentrated solar light is proposed as a strategy to
further improve energy efficiency and therefore the overall energy
performance of the PEC CO5 reduction system. It is necessary to consider
the various drawbacks that an increase in solar irradiation intensity may
generate, such as the saturation of the photocatalyst due to a higher
recombination rate, which prevents an increase in intensity from
improving the generated current density [48]. Additionally, the tem-
perature rise can affect both the kinetics of the OER and the generation
and detachment of O, bubbles on the surface of the photoanode [49],
which hinders charge separation and reduces the overall efficiency of
the system. Furthermore, it must be evaluated whether the improvement
in process performance due to the increase in solar intensity compen-
sates for the costs required to implement the auxiliary systems to in-
crease irradiation intensity. In this sense, photoanode C is selected to
evaluate the effect of sunlight irradiation, according to the best PEC
performance results. Experiments are carried out in galvanostatic con-
ditions at a constant —29 mA cm 2, based on previous results employing
this photoanode under 100 mW cm ™2 of visible light illumination. The
focus is paid on the decrease of the energy consumption for formate
production and energy efficiency, as depicted in Fig. 9.

The higher photon flux reaching the photoactive surface of the
photoanode due to the increased solar irradiation intensity enhances the

number of excited active sites, which in turn lowers the overpotential
needed for OER [50], and consequently, there is an extra electron flow to
the cathode. Lowering the anode overpotential results in a smaller value
of cell voltage. The performance of the system for CO, reduction to
formate remains constant under the operation at —29 mA cm ™2, with
formate concentrations ranging from 55-60 g L' and FEs between
93-98 % for every solar intensity (Table S.2). The overall energy con-
sumption for formate production is lowered from 318 to 290 kWh
kmol %, thus increasing 2.5 times the solar irradiation achieves almost
10 % reduction in the energy requirements of the system. On the other
hand, the cathode potential is also lowered when applying higher solar
irradiations, which results in improved energy efficiencies. In the case of
working at 2.5 suns intensity, the cathode potential is reduced to —1.65
V (vs. Ag/AgCl), resulting in an EE value of 40.9 %, which represents a
12 % increase compared to the baseline case under 100 mW cm ™2 illu-
mination. In contrast, the ETF is reduced from 4.74 % (1 sun) to 4.45 %
(2.5 suns), as a larger amount of energy is supplied to the system, but
this extra electron flux is not fully harvested in the CO5 conversion to
formate.

Moreover, the potential of the developed system for PEC CO»
reduction is compared with previous studies conducted by the research
group on the electrochemical reduction of CO; to formate under relevant
current densities (> 90 mA cm™~2). The comparison with previous results
is carried out using two approaches. In the first case, comparative data of
conventional CO; electroreduction systems to formate are presented,
either using a liquid catholyte (LC) [44,51], or a humidified CO; feed in
gas phase operation (GC) [5,47,52]. In these cases, the reaction taking
place at the anode is the OER with a DSA anode. Additionally, a com-
parison is made with previous studies focused on reducing the energy
consumption of the electrolyzer. In this case, there are two approaches:
first, coupling glycerol oxidation (GOR) instead of the OER [53], and
second, previous works where photoanodes are integrated to carry out
the OER [18]. Both the GOR and PEC studies consider a humidified gas-
phase CO, feed at the cathode side. Fig. 10 shows the trade-off between
the FE and EE achieved in the different above-mentioned approaches.

This work, with a gas-phase PEC approach using solar concentration,
significantly improves the trade-off between production and energy
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performance compared to conventional gas phase CO; electroreduction
systems, achieving FEs over 90 % while maintaining higher EEs.
Conversely, liquid-phase operation can achieve higher EEs at lower FEs
due to reduced cell voltages (3-4.5 V), attributed to an improved con-
ductivity of the liquid catholyte. However, the lower formate production
rates and concentrations achieved in liquid-phase configurations, be-
tween 2-18 g L™}, disadvantage them as viable solutions compared to
the PEC CO; conversion developed. Lastly, the coupling of glycerol
oxidation in the anode with the electroreduction of CO, in the cathode
can represent a competitive alternative for enhancing system energy
performance, as it leads to higher EEs, close to 50 %, as the GOR reduces
the anode overpotentials compared to the OER, and it will be part of our
future work in PEC systems.

Overall, the results demonstrate the potential of PEC and solar con-
centration techniques to reduce energy input requirements, offering a
pathway toward unbiased PEC CO; conversion in industry.

4. Conclusions

Three different photoanode structures are proposed: photoanode A,
with a single BiVO4 deposition, photoanode B, with doubled BiVO4
loading by a second deposition, and photoanode C, in which a Bi,O3
underlayer improves the FTO-BiVO, interface, acting as a hole-mirror to
reduce the electron-hole recombination. All three photoanode structures
have demonstrated remarkable PEC performance for the reduction of
CO, to formate in gas phase operation. Among these, photoanode C

exhibited the highest current density during PEC characterization (-33
mA cm~2) and the highest absorbance in the visible light range. Addi-
tionally, its defect-like surface morphology increases the surface area
available for the OER, making photoanode C the best alternative for an
efficient PEC CO- reduction to formate.

Coupling photoanode C with the CO; reduction to formate in gas
phase at the cathode exhibits excellent results under visible light, as the
formate concentration obtained is 59.2 g L™, with a FE of 96 %,
meaning that the selectivity of the reaction towards formate is maxi-
mized thanks to the extra electron flow provided by light. In this sense,
PEC performance increase by around 33 % compared to the conven-
tional dark operation. Furthermore, evaluating the energy requirements
in each case reveals, that integrating the illuminated photoanode C al-
leviates the external bias needed, as the energy consumption is reduced
by almost 40 %, achieving a remarkable 317 kWh kmol L. On the other
hand, the EE is also enhanced to 38 %, mainly thanks to the increase of
the FE due to the coupling of photoanode C with the CO, conversion. In
addition, the post-experimental characterization demonstrates the
chemical stability of the electrodeposited photoanodes, highlighting this
as one of the benefits of this fabrication technique.

Nevertheless, the cell external bias can be further reduced by
increasing the incident light with solar concentration. In this case, with
photoanode C, there is a notable reduction in the anodic overpotential,
which leads to a 10 % energy consumption reduction (290 kW kmol 1)
when working with 2.5 solar intensity, while maintaining the cathode
formate production up to 60 g L™! and 96 % FE. The trade-off between
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FE and EE shown by the PEC operation under solar concentration
demonstrates the potential for improving the energy management of this
alternative compared to the conventional CO, electroreduction in gas
phase, closing the gap with respect to energy performance that is
considered industrially relevant.

All in all, this work continues advancing toward the future scale-up
of the CO, PEC reduction technology.
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