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Abstract

Growing global emission of carbon dioxide gas (CO2) reflects the world’s energy
dependence on fossil fuels. The conversion of CO; emission into value-added
products, like fuels completes a circular CO, economy which requires a renewable
energy conversion and storage system. Amongst a few, photo/electrochemistry has
been particularly appealing thanks to its energy efficiency and enormous potential
for industrial applications. Formic acid (HCOOH) production from CO: reduction
appears as an alternative energy storage option based on the commercialization of
this process. Herein, stable and selective catalysts working at low overpotential are
needed to reduce CO,. Likewise, cell design is critical to have improved CO; mass
transport for obtaining high conversion efficiencies and to achieve feasible

production yields.

The initial work was conducted on the design and understanding of operational
parameters of an electrochemical flow cell (ECf-cell) such as flow rates and
electrode potentials. For CO; reduction at the cathode site, two different gas
diffusion electrodes were produced by electrodeposition: Sn-GDE and Cu-GDE. An
optimum potential range was established to control HCOOH selectivity. The
complementing reaction at the anode site, oxygen evolution reaction (OER), was
studied using Mn-Co oxide nanoparticles to replace expensive DSA: Ir-Ta oxide
catalyst. Subsequent efforts were devoted on the assembly of a
photoelectrochemical flow cell (PECf-cell) which enabled coupling of Sn-GDE as
cathode vs. TiO; nanorods as photoanode. This led to nearly 1/3 reduction in overall
cell voltage reaching an energy efficiency up to 70 %. The solar-to-fuel (STF)
conversion efficiency was 0.25 % which was one of the highest efficiencies reported
amongst the data obtained from a cell in device level. The results proved that
optimized system efficiency could be achieved with a large bandgap photoanode

having superior stability and a GDE cathode with improved CO2 mass transfer.

The deployment of renewable energy sources will require new technologies to
emerge. The photoelectrochemical flow cell developed in this work can store energy
from intermittent electricity sources (i.e. wind and solar) in a sustainable manner.
This may pave the way for commercialization of this process and moving towards a

circular CO; economy.
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Resumen

La creciente emisién mundial de diéxido de carbono (CO-) refleja la dependencia
energética mundial en los combustibles fésiles. La conversidn de emisiones de CO-
en productos de valor afiadido, como los combustibles, completa una economia
circular de CO; que requiere de un sistema de conversién y almacenamiento de
energia renovable. Entre algunas opciones, la foto/electroquimica ha sido
especialmente atractiva gracias a su eficiencia energética y su enorme potencial
para aplicaciones industriales. La produccién de acido férmico (HCOOH) a partir de
la reduccién de CO; aparece como un almacenamiento de energia alternativo para
la comercializaciéon de este proceso. Sin embargo, se requieren catalizadores
estables y selectivos que puedan reducir el CO; a bajo sobre potencial. Ademas, el
diseno de la celda es critico para mejorar el transporte de masa de CO; y obtener
elevadas eficiencias de conversion, alcanzando rendimientos de produccion viables.

En este trabajo se centré en primer lugar en el disefio y la comprension de los
parametros operativos de una celda de flujo electroquimica (ECf-cell), tales como
caudales y potenciales de electrodo. Para la reduccion de CO; sobre el catodo, se
emplearon dos electrodos de difusién de gas diferentes por electrodeposicion: Sn-
GDE y Cu-GDE. Se establecié un valor de operaciéon 6ptimo para controlar la
selectividad a HCOOH. Se estudié también la reacciéon de complementaria en el
anodo, reacciéon de evolucién de oxigeno (OER), empleando nano particulas de
6xido de Mn-Co para reemplazar el elevado coste del catalizador de 6xido de DSA:Ir-
Ta. Finalmente, los esfuerzos se dedicaron al montaje de una celda
fotoelectroquimica de flujo (PECf-cell) que permitié el acoplamiento de Sn-GDE
como catodo frente a TiO2 nanorods como fotoanodo. Esto condujo a cerca de 1/3
de reduccion en el voltaje total de la celda alcanzando una eficiencia energética del
70 %. El rendimiento de la conversion de energia solar a combustible (STF) fue de
0,25%, siendo una de las eficiencias mas altas registradas entre los datos obtenidos
a partir de configuraciones de celda completas. Los resultados demuestran que se
puede lograr una eficiencia optimizada del sistema con un fotodnodo de amplio
ancho de banda que tiene una buena estabilidad y un catodo GDE para favorecer la
transferencia de masa de COs.

El despliegue de fuentes de energia renovables requerira la aparicién de nuevas
tecnologias. La celda de flujo fotoelectroquimica desarrollada pueden este trabajo
permite almacenar energia de fuentes de electricidad intermitentes (por ejemplo,

edlica y solar) de una manera sostenible. Esto podria ser una solucién para la

comercializacion de este proceso y avanzar hacia una economia circular de CO».
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CHAPTER 1

Introduction

—

gas plant tidal power wave power hydroelectricity

In this chapter, the key numbers of CO; economy were described initially. Most of
the figures were obtained from international agencies and their latest reports on
the climate and energy issues accessible to public. Later, CO; capture, use and
conversion methods were explained with an emphasis on catalysis technologies.
The electrocatalyst technologies mainly used in the frame of this work were
highlighted including photo-assisted methods. The chapter was concluded with the

scope of the research.
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Introduction

1.1 Key Figures of Sustainability

A part of heat delivered by solar irradiation is adsorbed on earth’s crust; a part in
our earth’s atmosphere by greenhouse gases, while the rest is released to space.
This balance keeps the planet warm enough to live comfortably. However growing
amount of greenhouse gases, such as carbon dioxide (COz), methane (CH4), nitrous
oxide (N20) etc., trap too much heat which lead to climate change also known as
"global warming". This imbalance causes a break down in planet’s ecosystem such
as extreme weather changes, desertification, ocean acidification, etc. which makes
life difficult for living beings - or impossible in the future. Figure 1-1 shows a recent
global temperature update by Hansen et. al.! showing the frequency of local June-
July-August temperature anomalies (relative to 1951-1980 mean) for Northern
Hemisphere land in units of local standard deviation (horizontal axis). Temperature
anomalies in 1951-1980 match closely the normal distribution (green curve), which
is used to define cold (blue), typical (white) and hot (red) seasons, each with
probability of 33.3%. The observational data show that the frequency of unusually
warm anomalies has been increasing over the past three decades. Global surface
temperature measured in 2012 was +0.56 °C warmer than the 1951-1980 base
period average. In their review, the authors associated the long-term warming
trend, including continual warming since the mid-1970s, with the human-made

greenhouse gases which began to grow substantially early in the 20t century.

Another figure often mentioned is the concentration of CO; by parts per million

(ppm) in the atmosphere and usually compared to the period before industrial

0.

1951-1980 1981-1991
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Figure 1-1. The shifting distribution of summer temperature anomalies adopted from Ref [1]
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Chapter 1

revolutioni with a concentration of 270 ppm that elevated to 400 ppm today?2. Global
surface temperature compared to that era raised nearly +2 °C.3 Proceeding on this
issue, the world leaders have held a session in Paris, France for 2015 United Nations
Climate Change Conference following the 1997 Kyoto Protocol*. The main objective
was to set an international action to prevent global warming less than 2 °C till 2050
by undertaking rapid reductions for anthropogenic greenhouse gas emissions.
However, the results from a recent study of McGlade et. al.2 showed that globally,
1/3 of oil reserves, 1/2 of gas reserves and over 80 % of current coal reserves
should remain unused from 2010 to 2050 in order to meet the target of 2 °C.
Nevertheless, the fast development of the economy and rapid growth of the
population create a continuous increase of energy demand leading to an aggravated

energy crisis. This demand must be supplied by non-fossil fuels, e.g. renewable

energies.
a Mtoe (million tonnes of oil b TwWh
equivalent) (terrawatts hour)
Hydropower, 2.4 Other, 6.3
Other, 1.4
Nuclear, 4.8 Hydropower, Coal,
164 40.8
Biofuel
te, Coal,
was 28, 6
Nat Nuclear,
10.6
216 .
0il, 31.3 0il, 4.3

Figure 1-2. (a) Shares of world total primary energy supply till 2014. 100 % corresponds to 13,699
Mtoe (million tonnes of oil equivalent) (b) Shares of world electricity generation till 2014. 100 %
corresponds to 23,816 TWh (terawatt hour) *Other includes geothermal, solar, wind, heat and etc.
Adopted from “2016 Key world energy statistics” report pg. 6, from International Energy Agency
(IEA) Ref.[5]

According to International Energy Agency (IEA) 2016 report, the world relied on
renewable sources for almost 14 % (10.3 % biofuels, 2.4 % hydropower and 1.4 %

other alternatives) of the primary energy total ~14K Mtoe (million tonnes of oil

i The transition to new manufacturing processes in the period from about 1760 to sometime between
1820 and 1840.
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Introduction

equivalent) by the year 2014, Figure 1-2 (a). This number is the sum of the energy
equivalent of wind power, solar power (thermal, photovoltaic and concentrated),
hydroelectric power, tidal power, geothermal energy, biofuels and the renewable
waste in Mtoe unit. The total energy produced in terms of terawatts hour (TWh)
shows a different aspect of the energy distribution where renewables accounted for
almost 23 % (16.4 % hydropower and 6.3 % other alternatives) of the total world
electricity generation, ~24K TWh, Figure 1-2 (b). These plots effectively summarize
our dependence on oil in transportation, e.g. land, marine and aviation, and coal in
residential or industrial purposes. In both categories, natural gas is the second
alternative, to be used in manufacturing, heating/cooling and transport, with nearly
% of the total share. Considering the excessive depletion of fossil fuels and their high
carbon footprint, alternative energies are inevitable for the future of our ecosystem.
Since a report on all the alternative solutions are beyond the scope of this work,
further reading on the low carbon footprint solutions (carbon capture and storage,
nuclear power, energy efficiency and renewable energy sources) could be found

elsewhere®.

1.2 CO; Valorisation Methods

From a materials science point of view, numerous advancements in catalysis?, solar
energys, batteries, fuel cells and supercapacitors® have been conducted to create
alternatives towards the aforementioned problems on energy. Increasing rate of
renewable energy projects!0 11 is a promising start but the share of renewable
sources in total energy production is still low (~6 % excluding hydropower).
Besides these are intermittent energy sources which are dependent on geographical
site and season so energy conversion and storage technologies must be concerned.
Pumped hydro, for example, is perhaps the least expensive large-scale energy
storage system but is very site specificl2. Large scale batteries!3 are another option
to level the electricity output and there are several successful projects on sitel4. But
their high cost of raw materials vs. low energy density is still a limiting factor, for
instance, the storage of electricity with batteries have an energy density by volume
(or even by mass) ranging from 0.3 to 2.8 GJ-m 3, depending on the kind of battery
considered (the most efficient ones are Li-ion batteries). Figure 1-3 gives a

comparison of chemical energy conversion methods with batteries and carbon
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Chapter 1

derived fuels. Chemicals such as methanol or gasoline have an energy density that
is from 10 to even 100 times higher than that of batteries?>. Therefore, a direct and
effective action should be applied on the reduction of atmospheric CO; and

industrial CO, emissions.

The first question in mind would be “How much useful could CO; be for the industry
in its initial form?” In general, CO; is used as refrigerant for food preservation,
beverage carbonation agent, inert medium (such as fire extinguisher), pressurizing
agent, supercritical solvent, chemical reactant (urea, polymeric materials,
carbonates etc.). But for all those applications to increase the value of CO», its purity

is of importance.

Diesel ! 36
Bio-diesel from algae : J 36

Gasoline ) 34
Carbon coke J 30
e |
Bown coal 18

Methanol —— 17
Bio-oil from algae M 13
Ha) ) 9
Methane (g) — 3
Hy 20MPa O 2
Batteries | .33

0 10 20 30 40
VOLUMETRIC ENERGY DENSITY (G] m™3)

Figure 1-3. Volume energy density of batteries compared to that of different classes of chemicals.
Image reproduced from Ref [7P] Copyright 2013, American Chemical Society.

The second question would be “Is it possible to valorise CO, emissions by their
conversion to another form?” There are two main challenges in its valorisation;
separation/capture and conversion. The first challenge (separation and capture) is
capturing CO; from flue gasses to produce a pure stream of CO; from natural gas or
industrial processes for use in food processing and chemical industries. The main
limitation is the quality of CO; gas because the attractiveness of CO; capture from a
source depends on its volume, concentration and partial pressure. Most the
emission sources have concentrations of CO; lower than 15 % by volume. However,

a small proportion of the CO; emitting industry (less than 2%) have concentrations
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that exceed 95 %, making them more suitable for CO; capture!s. The data of selected
worldwide large CO; stationary sources emitting more than 0.1 Mt CO; per year are
given in Table 1.1. For example, effluents from power stations (coal, natural gas, fuel
oil etc.) are the largest source of CO, emission ~104 Mt CO; equivalent to ~79 %.
Unfortunately, low partial pressures and concentration of CO; require a separation
of oxygen from air after fossil fuel combustion. In that respect, valorisation of CO-

emissions from petrochemical industry seems more attractive.

Table 1.1. Profile of worldwide large CO2 stationary sources emitting more than 0.1 Mt CO2 per year,
adapted from Ref [15 7b]

Process CO2z % vol. in gas stream Emissions (MtCOz/yr.)
Power
Coal 12 -15 7084
Natural gas 3-10 752 -759
Fuel oil 3-8 326 - 654
Cement production 20 932 -1000
Refineries (crude oil) 3-13 798 - 900
Iron and steel industry 15 630-900
Petrochemical industry
Ethylene 12 155-300
Ammonia: process 100 113-160
Ammonia: fuel combustion 8 5
Ethylene oxide 100 3
CO2 from Biomass
Bioenergy 3-8 73
Fermentation 100 17.6

After its separation from the flue gases, the second challenge arises which is the
conversion of CO.. It is a linear molecule with the carbon at highest oxidation state
(+4) making it a very stable molecule (AGf mation = —396 K] mol™%). Its
conversion into oxidation state +2 or lower values requires a large amount of
energy. In other means, it is an energy-demanding process when CO; is used as a
single reactant. In some processes, energy requirements are thermodynamically

smaller when CO; used with a co-reactant e.g. Ha.
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Chapter 1

0, - CO +1/20, AH® = +293 k] - mol~? (1.1

CO, + H, - CO + H,0 AH® = +51kJ - mol™?! 12)
At this point, there are several methods for reduction of CO; including
electrochemical, photochemical, biochemical and thermochemical methods, which
has been intensively studied?s 16. Figure 1-4 (adapted from Centi et. al.7¢) illustrates
the reaction routes for CO; conversion on the basis of desired end-product. The first
expectation is the renewable energies that could be used directly to produce syngas

and other low carbon species, e.g. solar thermal or photoelectrochemical routes.

SNG Fuel cells
U CH30H 53, CH3OCH3
_H,0 CH, S Gasoline _

+H%RW/_%\¥ ! Fr- C2,C3olefins
+H2 -Hzo 1_

COZ EROTE CO+H\2 'ﬂ;énw [CHZ]n>c1a/coho/s \
wa«? /T{ -[CH5),- = = Diesel

; +H, . bioroutes /:/;:27 >C1 hydrocarbons

HCOOH — Fuel cells ----» Electrochemical routes

2 T

Hydrogen storage/transport Solar thermal routes

Chemical routes :  FT : Fischer Tropsch (FT* modified FT)
= DR: Dry reforming
(catalytic) RWGS: Reverse water gas shift
SR: Sabatier reaction

Figure 1-4. Schematic overview of the COz conversion routes to including renewable energy routes.
Image taken from Ref [7¢] Copyright 2013, Royal Society of Chemistry.

In some specific conditions, those methods could produce C2 hydrocarbons but
with very low yield and poor catalyst stability. On the other side, indirect methods
can be considered to integrate renewable routes to present technologies. For
instance, production of sustainable H; and streaming to the following process such
as reverse water gas shift could be an option to reach high value hydrocarbons.
Here, hydrogen is one of the main co-reactant in many different steps shown in
Figure 1-4 so production of H, from renewable energy can be a key point to decrease
the carbon footprint of the overall system. Additionally, H20 in vapour or liquid form

is generally the product of the reaction except for solar thermal and
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Introduction

photo/electrochemical routes where water is used as a reactant for protonation of

CO; species.

[tis evident that renewable routes e.g. biochemical, electrochemical, photochemical
routes, are limited to low carbon end-products such as O/C and H/C ratio is below
4. On the other hand, thermo-chemical routes (often with a catalyst) are the main
routes to reach larger hydrocarbons which have higher economic values such as
ethanol (C;HsOH), n-propanol (C3H;OH), octane (a constituent of gasoline with
formula of CgHig) etc. In that respect, Aresta et. al.”b classify the CO2 conversion
reactions in two categories which require low or high energy. In the low energy
processes, CO; maintains its +4 oxidation state forming various organic molecules
(urea, carbonates, polycarbonates, polyurethanes, carboxylates etc.) by
homogenous reactions. In the high-energy processes, CO, goes down to oxidation
states +2 or below to form hydrocarbons and alcohols. The former category mainly
constitutes organics for the chemical industry and the latter is the fuel derivatives.”
Syngas and short-chain carbons (C2-C3) are the main fuel derivatives for
petrochemistry and have a market size ca. 12—14 times larger than that of the
former thus suited targets for the conversion of large volumes of CO. Figure 1-5
shows an example of a plant producing fuels from flue gases using solar energy -
carbon capture - CO; conversion system, in other terms solar fuel production. The

modules in the imagined solar refinery operate for,

Harvesting sunlight
Capturing, purifying and releasing CO-
Direct solar-driven CO; reduction by H0 into fuels

Solar activation of CO,/H0 to CO/Ha, respectively, and

v N

Catalytic conversion to fuels via traditional processing (i.e. methanol

synthesis, hydrogenation, water gas shift or Fischer-Tropsch).

The goal for solar fuel production would be exploiting photocatalytic or
photoelectrochemical routes in ambient conditions (unit-3, Figure 1-5). If the
energy of the photons reaching the reactor would be the only input power then
secondary solar electricity/heat units could be omitted (solar heat and solar

electricity in unit-1, Figure 1-5). This could be realized by the design of an
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electrochemical reactor which can operate with direct solar illumination which is

the core of this study and discussed further in the next chapters.

. SHEEeTReR “"birectco L T—
=@= Solar Utiites | I Reductions -
////,,,\\\'\\\\ : { q »{Eleciocatayic | | Fuels
3 ‘:iml
[ Photo-catatyse
s |
ower Plant || _ Solarkeat— > F
i o | 3 e | I CO,&H0
ﬁ} b3 7 .| Activation Catalytic
N 22— o

H,O Pipeline

Figure 1-5. Schematic that illustrates the constitution and operation of a solar refinery for on-site
capturing and transformation of solar fuel feedstocks (COz, Hz20, sunlight) into conventional fuels
by: (1) Solar utilities, (2) CO2 capturing, (3) Direct CO2 reduction, (4) COz & H:0 activation, (5)
Catalytic conversion. The approximate temperature requirements for the solar-driven conversion
processes are color-coded with red and yellow for high and ambient temperature, respectively.
Reproduced with permission of Ref [17] Copyright 2015, Royal Society of Chemistry.

In brief, water splitting cells with direct semiconductor/liquid contacts are
attractive because they avoid significant fabrication and systems costs involved
with the use of separate electrolysers wired to p-n junction solar cells. If catalyst
selectivity and conversion yield is great enough to produce high value fuels such as
methane, methanol or ethanol; catalytic conversion step (unit-5) can be bypassed
as well. Such system would be similar to plant’s photosynthesis where a positive
change in the Gibbs free energy is accompanied by solar illumination and a catalyst
loop producing sugar and oxygen!s. In fact photosynthesis is a very complex
mechanism with five integrated, membrane-bound assemblies involving thousands
of atoms bound in thylakoid membrane of chloroplasts and is coupled with the
Calvin cycle for CO; reduction!8. Plants and some living organisms (algae and
bacteria) do photosynthesis since a billion year and it is a an inspiration to valorise

excess CO; but it has a low efficiency (below 1 %)19. Thanks to intensive research,
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this value has been improving for solar water splitting exceeding 10 % solar-to-
hydrogen conversion efficiencies using multi-junction semiconductors integrated in
a photoelectrochemical cell, besides photovoltaic-electrolysers systems have been
pushing the limits even further20. Although H; is an important fuel and chemical
feedstock, a desirable alternative is to target the direct production of carbon-based
fuels. In terms of energy efficiency in solar-to-fuel conversion from CO; gas, the
values are much lower < 1 %21 for C1-products —except some works published in
the last three years, ~4.5 % 22 23 and 10 % 24 for formic acid and 6.5 %25 for carbon
monoxide. Hence the results show that solar powered CO; reduction is currently
lagging far behind solar driven H;0 splitting and more research is needed to
improve the activity of the catalysts and design novel reactors to increase the
overall system efficiency. For instance, recent analysis by Herron et. al.1” on CO;
conversion into methanol (CH30OH, a high value fuel) showed the gap between
photocatalytic reaction and commercial production rates. The photocatalytic
reaction rates are ~0.1 - 10 pmolproduct * Zear ! + h'! while commercial CH30H
synthesis rates by hydrogenationi with Cu/Zn/Al;O3 catalyst are 7800-39000
MOl product * Geat 1+ h7L. This is nearly 4-fold higher rate in comparison. Thus, the use
of solar energy may lower the carbon footprint but the cost of the required catalyst
and electrode area is quite significant (>10%) with today’s catalysts. In that respect,
catalyst (or electrode) formation and reactor design are the two key points for
energy conversion reactions in electrocatalysis which are CO; reduction and O;
evolution. Next sections provide the general principles and results of the state-of-

art in that fields.
1.3 Electrochemical Methods
Two approaches of electrochemistry have been realized:

e electrocatalysis in dark conditions (e.g. electrolysis cell)
e photo-assisted electrocatalysis under light illumination (e.g.

photoelectrolysis cell).

it 498 K, 50 bar, gas hourly space velocity at 10K range from 0.3-1.5 kgmethanol - Lcat—1 -
h—1 using a bulk catalyst density of 1.2 g-cm—3
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Next sections would expand the fundamentals of electrochemical and
photoelectrochemical catalysis. Additionally, a general overview of the state-of-the-

art in photo/electrocatalysis field are included.

1.3.1 Fundamentals of electrochemistry

Electrochemistry is the study of chemical reactions occur where the charge transfer
and adsorption/desorption of species take place between the boundary of an
electrode (conducting or semiconducting solid) and an electrolyte (ionically

conducting phase).

Potential and Thermodynamic of the Cell. In order for a reaction to happen, the
reaction must be energetically feasible and thermodynamically favourablezé. This
depends on the energy balance of the reaction. For a chemical reaction that is
thermodynamically favourable, the Gibbs free energy must be negative AG® < 0.1n
an electrolyte, such a reaction would imply an electron transfer between electrodes
so the free energy could be used (in the form of electricity). For a chemical reaction
that is thermodynamically unfavourable, the Gibbs free energy is positive (AG? >
0). The energy difference needs to be supplied to start the reaction or shift it
towards the desired side of the equilibrium, Figure 1-6. If there is no change in Gibbs
energy (AG® = 0), the reaction is either not happening or the reaction is in a
chemical equilibrium, i.e. the reaction occurs in both direction at the same rate.2¢
The Gibbs free energy can be expressed in terms of kilojoules per mole (kJ-mol-1)
and converted to the cell voltage. The relationship between the Gibbs Energy and

the equilibrium cell potential is given by,

AGYy = —n -F-EJ (1.3)

where n is the number of transferred electrons per mol of the reactant in the
reaction, F is the Faraday constant (96485 Coulombs-mol-1) and qu is the

thermodynamic potential at equilibrium.

A typical reaction in an electrochemical cell consists of two half-cell reactions where
an oxidation process taking place at the anode and a reduction process at the
cathode. The electron is transferred from the anode to the cathode through an

electrical wire while the cell balance is maintained by the ionic charge transfer with
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the electroactive specie through the solution i.e. the electroactive species is

oxidized/reduced by the electron transfer at anode/cathode, respectively.

A
g ............................................. _A
o
c
L
3 AGeq+
| gt S AN - - A
AG}
- y__XY
electrode Helmholtz doublelayerl electrolyte
>

Reaction Coordinate

Figure 1-6. Free energy of redox system at the electrode-electrolyte interface where the redox
system is at equilibrium (black) and at polarized state (red curve). AGeg-and AGeq+ denote the
activation energies for the cathodic and anodic reactions, respectively under equilibrium. AGZ and
AG} denote the activation energies for the cathodic and anodic reactions, respectively, for applied
bias conditions. a is the transfer coefficient and 7., is the overpotential for charge transfer. The
figure is adapted from Ref. [27]

The product of the reactions can be liquid or gaseous and leave the surface or it can
be solid and deposit on the surface. The reactions at both electrodes are
interconnected and contribute to the overall cell reaction of the electrochemical cell.
The oxidation of water (H20) and reduction of carbon dioxide (CO2) could be an
example for such reaction couple. For instance, CO, would be converted into formic
acid (HCOOH) with uptake of two electrons and protons at the cathode (CO2RR)
whereas water oxidation to O gas takes place at the anode supplying the electrons

(OER). The half-cell reactions and the cell reaction would be written by,

Cathode CO2(aq) + 2H* 4+ 2~ — HCOOH (1.4)
Anode Hz0q) — 2H" + Oyg) + 2€7 (1.5)
Cell Reaction CO2(g) + H,0q) — HCOOH + 0,(g (1.6)
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Now considering the full cell reaction, most electrochemical reactions operate at
potentials well above the thermodynamic equilibrium potential as calculated by
Eq.(1.3), due to various losses in the electrochemical cell. A certain current passing
through a conductor faces a certain resistance of the conductor so a slightly higher
potential must be applied to overcome this resistance. The same accounts for the
electrolyte resistance, where the conductivity of the electrolyte is the main factor.
Additionally the electrolyte conductance depends on the cell geometry (area and
distance between electrodes) and molarity and type of ions, the solution viscosity,
the operating temperature etc. Consequently, the total cell voltage for a given
current density (j) is the sum of thermodynamic equilibrium potentials E® of
cathode and anode reactions, including their kinetic
overpotentials Ncathode or anode (j)» and the cell polarization losses Adj), which are a

factor of the operational current density. This equation is given by,

Ecell () = Eanode — Ecathode + Nanode (j) — Necathode () T Adionic j) (1.7)
+ Adelect.(j)
Kinetics of Electrode Reactions. Eq. (1.7) shows that the current is a major factor in
final cell potential. The factors effecting the current density should be considered
while designing an electrochemical system. At low overpotentials, the current
density is controlled by electrical charge transfer defined as the activation limitation

region and given by Butler-Volmer and Tafel equations28

o a;-zi'F 1.8
ji= 0 exp [ AT (5 )| o

where “i" stands for products of anode (or cathode) reaction,j{ and o is the
exchange current density and charge transfer coefficient for reaction product “i"
respectively. R is the universal gas constant (8.314 ] mol~*K™1) and T stands for
absolute temperature (298 K). E is the potential established at the electrode under

w:n

equilibrium and E? is the thermodynamic equilibrium potential of “i". By taking the

logarithm of Eq.(1.8), once can obtain the Tafel equation?8 given by,

E-E)=n;=b" log <]]—(1)> (1.9)

1
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Table 1.2 shows the charge transfer coefficients calculated from a series of Tafel
slope values. Usually, cyclic (or linear sweep) voltammetry curves are plot in
current versus applied potential, j = f(E). On the other hand, Tafel slopes are
presented in form of E = f(j) that correspond to the overvoltage required for one

decade increment of current (or current density).

Table 1.2. Selected Tafel slope values calculated from Eq.(1.8) for adirect 1, 2 and 4 electron transfer
at the rate determining step (RDS), R = 8.314 ] mol™*K~! and T = 298 K.

Tafel slope a (charge transfer coefficient)
mV 1-dec mV-dec-?
j=1(E) E =1(j) #e- at RDS

le- 7 E 4e-

4 250 0.24 0.12 0.06

5.0 200 0.3 0.15 0.07
8.5 118 0.5 0.25 0.13
16.9 59 1.0 0.5 0.2
33 30 - 1.0 0.5

The lessening of Tafel slope value indicates a faster reaction kinetic due to the firm
current response by a small overvoltage increment. A representative Tafel plot is

given in Figure 1-7.

(I —-ap) -z -F

slope = 23 R-T

Figure 1-7. Representative Tafel plots for anodic and cathodic branches of a logarithmic current
versus potential curve

The unit of the slope value is mV per decade, which contains information about the

kinetics of the reaction mechanism. In general, low Tafel values (<60 mV-dec?) are

27



Chapter 1

correlated with fast electron transfer where the reaction is limited by another
phenomenon, i.e. a rate determining step such as re-organization of the molecule or
uptake of an ion such as protonation. Figure 1-8 (a) shows a model?° of current
versus electrode potential curves for an ideal system driven from Eq.(1.9) where
both half-cell reactions (CO2RR and OER) exhibit fast reaction kinetics and do not

limited with mass transport. The half-cell reactions are given in Eq.(1.4) (EgoZRR =

—0.225 Vgyg) and Eq.(1.5) (E3gr = 1.23 Vgyg), respectively. Consequently, the
equilibrium cell voltage would be 1.45 V and exponentially increase with the
required current value according to Eq. (1.8). In Figure 1-8(a), the point-lines
present the standard redox potentials, E®. The dashed-curves show an example of
overpotentials (77) required for each reaction to continue respect to the Butler-
Volmer parameters given in Figure 1-8 comments. It is evident that a and ip (or
current density, jo) are the main factors of the overpotential. For instance, to reach
10 mA-cm™2 current density over 10 cm2 geometrical surface area, the cathodic and
anodic voltage would be —0.825 and 1.407 Vrug, respectively, corresponding to a cell
voltage of 2.23 V according to an ideal model shown in Figure 1-8. Only the
contributions of kinetic losses from both electrodes are nearly 800 mV, an

overvoltage to the standard value for Eq.(1.6).

. —2:
a. b. JS:lO cm’ (mAcm )
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Figure 1-8. (a) Current versus applied voltage modelled?° for half-cell reactions: an ideal anode for
OER in a 0.1 M KOH solution (¢ = 1.0 or 60 mV-dec! and i, = 0.1 mA) versus a hypothetical
cathode with 100 % CO:zRR conversion efficiency in 0.1 M KHCO3 solution (@ = 0.29 or 200
mV-dec~!and i, = 0.1 mA) (b) Electrochemical load curve of the full-cell showing the contributions
of ionic and electronic losses; 5 and 2 Q, respectively.
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Figure 1-8(b) shows the corresponding electrochemical load curve of the full cell
including ohmic losses from the electrolyte and contacts i.e. ionic and electronic
contributions, respectively. The largest contribution is derived from the mass
transfer limitations and ionic resistance which depends on the type of the
supporting electrolyte and its concentration. This effect is more noticeable in large
cells that operate at larger currents (>100 mA). Therefore, industrial cells utilize
highly concentrated electrolytes (1-3 M) contrary to laboratory cells (0.1-1 M).
Additionally, the kinetic loses due to the cathodic and anodic overvoltage is a major
product on the overall cell voltage, which is highlighted with shaded areas in Figure
1-8(a-b).

Mass Transfer Limitations. The electrochemical reactions are dependent on the
concentration of the electroactive species which are in molecular distance to the
electrode surface, thus transport processes close to the solid/liquid boundary must
be considered. In order to have a continuous reaction in a cell, the species
participating in the reactions must be continuously absorbed on the electrode’s
surface, therefore the mass transport in the electrolyte cell is of importance.
Meanwhile, reactants must be supplied to the surface and the products would be
removed from it simultaneously. Therefore three modes of mass transfer must be

revised which are; diffusion, convection and migration.2é

Diftusionis the movement of a species due to a concentration gradient. If the species
reacts on the surface leading to a decrease of their concentration at the vicinity of
the electrode, there is an unequal concentration which leads to a mass transport of
reactant towards the electrode. However, diffusion is a rather slow process which
might lead to mass transport problems especially at large overpotentials.
Convection is the movement of a molecule due to density or temperature
differences within the electrolyte. It arises either from external forces in the
electrochemical cell like vibrations, flushing the solution with a gas or a mechanical
stirrer. Migration is the movement of charged molecules in the electrolyte due to
potential gradients. The electrons flow from the anode to the cathode and
accumulate at the electrode/electrolyte junction. In the meantime, negatively (or
positively) charged ions (dissociated in the electrolyte) are attracted towards the

anode (or cathode) which creates a potential difference in the solution between the
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cathode and anode. This overall mass transfer to an electrode is explained by the
Nernst-Planck equation?6, written for one-dimensional mass transfer along the x-

axis as,

. 0Ci(x) z-F 0p(x)
jix) = _DIT_ﬁ i'CiT‘HCi'V(X)
§ o (1.10)
Dif%ﬁsion Mié;ation Con\;éction

“w:n
1

where ji(x) is the flux of species “i” (mol-s—1-cm~2) at distance x from the surface, D;
is the diffusion coefficient (cm?-s-1), dC;(x)/0x is the concentration gradient at
distance x, d¢p(x)/0x is the potential gradient, z; is the charge (dimensionless) and
Ci is concentration (mol-cm~3) of species “i" and ¢ is the electric field. Finally, v(x)
is the velocity (cm-s—1) with which a volume element in solution moves along the x-

axis.

Considering a redox reaction such as Eq.(1.4) (ESOZRR = —0.225 Vgyg) and Eq.

(1.5) (EQgr = 1.23 Vgyg), Nernst equation is often used to provide a linkage
between electrode potential , E and the concentration of participants in the

electrode process by,

E = +ﬂ-1n(COX) (1.11)
n-F Crea

where C,, can be CO; specie which gains electrons, and would be reduced according

to Eq.(1.4). Considering the reverse reaction, C,.; can be HCOOH specie which loses

two electrons and is oxidized back to CO;. The same relation can be done with

02/H:0 couple as oxidant/reductant according to Eq. (1.5). If a system follows the

Nernst equation or an equation derived from it, the electrode reaction is often said

to be thermodynamically or electrochemically reversible (or Nernstian ).30

Whether a process appears reversible or not, it depends on one's ability to detect
the signs of disequilibrium?é. To detect this difference, some components of the
reactions would be omitted so that the system can attain equilibrium rapidly
enough compared to measuring time. In that respect, electrochemical systems are
frequently designed so that one or more of the contributions to mass transfer are

negligible3!. For example, the migration component can be reduced to negligible
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levels by addition of an inert electrolyte (a supporting electrolyte) at a
concentration much larger than that of the electroactive speciesii. Convection can
be avoided by preventing stirring and vibrations in the electrochemical cell26. Under
these circumstances, the rate of the reaction will be determined by the diffusion of
the species and the current density is limited by the diffusion of the reactants to the
electrode surface. This mode of mass-transfer condition can be written by a
simplified form of Fick’s law26

. zi - F-D;
Jlim,i =T'Ci

(1.12)

where jjjy, ; is the limiting current density, D; is the diffusion coefficient, & is the
diffusion layer thickness. This section would be expanded in Rotating Disk Electrode
section which was used in Chapter 5 for O reduction reaction with Mn-Co
nanoparticles. Throughout this study, we will be concerned with the interface
between an electrode (electronic conductor) and an electrolyte (an ionic
conductor) studied with electrochemical cells. These systems are designed mostly
in two or three electrode configurations as illustrated in Figure 1-9(a) and (b),
respectively. The electrode potentials are controlled with a potentiostat which can
alter the direction and the rate of charge transfer according to the reactions of
interest. In general, for two electrode cells, the focus is the overall cell performance,
e.g. cell potential, current and stability. For instance, Figure 1-9(a) illustrates a
water splitting reaction where hydrogen evolution (HER) and oxygen evolution
reactions (OER) occur at the cathode and anode, respectively. If the individual cell
potentials or a reaction mechanism would be investigated, three electrode cells can
be used which employs a reference electrode placed at the vicinity of the working
electrode. The reaction of interest is studied at this electrode and its potential is
followed by reference electrode which has a stable potential throughout the
experiment. Figure 1-9(b) demonstrates a similar three electrode set-up but
particularly design for electrocatalysis of CO; where its reduction (CO2RR) occurs

at the cathode.

iii e,g. potassium pyrophosphate in electrodeposition of tin as in Chapter 3 or sodium bicarbonate ions
in CO2RR experiments as in Chapter 3 & 4 or potassium hydroxide in OER experiments as in Chapter
5.
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Figure 1-9. (a) Two electrode cell separated with a proton exchange membrane. HER and OER
occurs at cathode and anode, respectively. (b) Three electrode cell separated with either cation or
anion exchange membrane. CO2RR and OER occurs at cathode and anode, respectively. Electrons
flow from anode to cathode direction and “V” is the symbolic voltage reading at the potentiostat
that controls the direction and rate of electron transfer. CO2 is continuously bubbled before and
during the electrocatalysis reactions.

The electrolyte solution is bubbled with CO; before and during the experiments so
the maximum saturation of the gas in the electrolyte could be maintained. The end-
products of the cathode reaction could be either in the gas form (CO, CHs4, C2H4 etc.)
leaving the cell with unreacted CO; or they could be in liquid form (HCOOH, CH30H
etc.) to be analysed later by taking samples from the catholyte. The complementary
reaction, O evolution reaction (OER) at the anode, would be the sink of electrons.
The electrons flow through a wire between anode and cathode and electron
exchange must be compensated with the ion exchange through the solution. Often,
the alkali metal salts are added to increase its ionic conductivity of the electrolyte.
An ion exchange membrane separates both compartments to prevent re-oxidation
of CO; end-products and their dilution by the counter reaction products, i.e. O>.
Those membranes are made of a polymeric material attached to a charged ion group
that could be selective to cations (Ht) or anions (OH") depending on the mobility of
the functional group32. To achieve large-scale electrolysis in an efficient manner;

abundant, stable and active catalyst materials should be developed. In addition to
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those requirements, the overall system design is critical to decrease the energy
losses such as ohmic drop due to ionic and electronic resistance of the electrolyte
and electrode contacts, respectively. The following sections provide general insights
and a summary of the results for the both side of the reactions, CO2RR at the cathode

and OER at the anode.

Cathode Reaction: CO; reduction reaction
The electrocatalytic reduction of CO> is a multistep reaction that requires electrons
(>2) and simultaneous proton uptake. The potential values of the half reactions

involved in the CO2RR are given by,

CO, + e~ — CO,°" E° = —1.90 Vyg (1.13)
CO, + 2H* + 2e~ — HCOOH E® = —022Vgyeg (114
CO, + 2H* + 2e~ — CO + H,0 E® = —011Vgyy (115
CO, + 6H* + 6~ — CH;O0H + H,0 E° = +0.02 Vg (1.16)
CO, + 8H* + 8e~ — CH, + 2H,0 E® = 4017 Vggg (117
2C0, + 12H* + 12e~ — C,H, + 4H,0 E® = +0.08 Vgyg (1.18)

2C0, + 12H* + 12e~ — C,H:OH + 3H,0  E® = +0.09 Vryg (1.19)

On several occasions carbon-carbon coupling is necessary to form larger
hydrocarbons such as ethylene (C;Hs) and ethanol (C;H4OH). To perform these
tasks, a catalyst must be able to absorb and stabilize intermediate species, transfer
the electrons, cleave C—0 bonds and/or form C—H bonds. Additionally, reduced
species must be able to desorb from the catalyst surface without further
blocking/poisoning those active sites. Hence it is clear that a catalyst with a high
electrical conductivity and surface energy is necessary to perform those tasks. The
metals are the initial candidates which have been studied for many years33. A
pioneer in this field is Hori and his coworkers34 that classified metal electrodes into

four categories in accordance with the product selectivity shown in Figure 1-10.

The 1st group metals include Pb, Hg, In, Sn, Cd, Tl, and Bi which have high H:
overvoltage, negligible CO adsorption properties, and high overvoltage for the

initial electron uptake of CO; to form CO;°* radical. The weak stabilization of CO,*~
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radical give formate ion, HCOO™ (or formic acid, HCOOH in acidic media) as the

major product3s.

The 2nd group metals include Au, Ag, Zn, Pd, and Ga. They have medium H;
overvoltage and weak CO adsorption properties. They can cleave the C—0 bond and

allow CO desorption so their major product is CO.

The 3rd group metals include Cu (and in some studies ruthenium as well). Cu is
unique for production of CO; reduction CHs, C;Hs4 alcohols and aldehydes in
quantitatively reproducible amounts by its ability to stabilize and react CO to more

reduced species.

The 4t group metals do not practically give product from CO; reduction
continuously34d, but H; evolution occurs in water. They can be divided into two sub-
groups as semi-inert and inert. The former sub-group include Ni, Fe, Pt, and Ti,
which do not exhibit useful catalytic properties under typical reaction conditions
however, this situation can change when the conditions are modified e.g. high
pressure or organic electrolytes/ionic liquids. The latter sub-group include Ta, Mn,

and Al which heavily form H; even if the reaction conditions are altered.36

o o

Pb, Hg, In, Sn, Cd, TI, Bi

“ Weak CO » Desorption

adsorption before reduction
(M]

e__,Strong CO = Poisoning by CO
M] adsorption

Ni, Fe, Pt, Ti ' . '

e
“ Optimum CO J Intermediate steps of CO2RR
[M] adsorptlon i.e. protonation *CHO or *COH

e

Figure 1-10. (a) Electrode materials and their selectivity in accordance to reaction products of CO2
reduction36 37 34d 35 38 (t semi-inert because modified conditions such as high pressure or in ionic
liquids showed COzRR activity3¢ # inert because even if the reactions conditions are modified no
CO2RR activity was found.) (b) Schematic illustration of metal and surface bound CO2 and CO
interactions. The first one is weak CO bonding leading to desorption before its further reaction,
second is strong CO adsorption leading to surface poisoning and the last figure is the optimum CO
adsorption for further electron and proton uptake to form intermediates species.

At this point, a choice should be made for the selection of the catalyst to be work

with. As discussed earlier, the total conversion efficiency (yield) of CO- is 4-fold
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lower than the commercial methods today. In a simpler meaning, from 100 unit of
CO; gas entering to an electrochemical system, broadly 0.1 unit of CO; gas could be
converted with electrocatalysis while the rest 99.9 is the unreacted CO, —in
comparison to hydrogenation. This is mainly the result of the charge density
devoted to CO; end-product. If we would design a system to electrochemically
reduce CO; in one-pass, all the gas entering to the system should be converted to
obtain a feasible gaseous end-product. However, the recovery of the accumulated
liquid products at the electrolyte beaker would be more feasible if one builds up a
closed CO; gas loop which circulates continuously to obtain liquid end-products
instead of a gas product which is highly diluted with unreacted CO,. Therefore, a
catalyst choice in Figure 1-10 leads us to 1st and 314 group metals. Cu is the only
choice in the 31 group while there are several alternatives in the 1st. There are
numerous studies that use either pure metals or their alloys of the 1st group which
could give >90 % faradaic efficiency3? but there are concerns for an electrolysis set-

up regarding its sustainability.

Table 1.3. Selected properties of some post-transition metals with high H2 overpotential.

Bi [ P H
ity Sn i n b g
. Silver Silver Silvery- Silvery-grey Silver
App((ia_arance at  ambient solid solid white solid solid metal liquid
conditions metal metal metal metal
6.99 9.8 7.31 11.34 13.55
Density (g/cm3)
N N N ligh A
Hazards under GHS* ot ot ot Slight cute
1 . .02
Exposure Limit under NIOSH > 0 0.05 0.025
IDLH, TWA** (mg/m3)
13-21 15-27 720-745 1.56-2.11 2.9-8.7

Price low-high ($/kg)

GHS: Globally Harmonized System of Classification and Labelling of Chemicals

TWA: A threshold exposure limit (used in the workplace) measuring the average exposure to a substance over an 8-
hour work day or a 40-hour work week.

NIOSH IDLH: The National Institute for Occupational Safety and Health Immediately Dangerous to
Life or Health

Firstly, Pb and Hg are environmentally more toxic than Sn metal and secondly, the
cost of those metals are higher. So far, Sn metal has proven a good faradaic efficiency

for HCOOH (=70%)% which is the only liquid phase product. For instance,
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compared to Cu, Sn metal facilitates post-valorisation of the electrosynthesis
because only water and formic acid would be separated in the steam boiler. Selected

properties of those metals are given in Table 1.3 for comparison.

Sn-based electrocatalysis of CO:

An early effort on formic acid production through CO2RR was performed with a fix-
bed reactor providing 90% formic acid efficiency but following a decrease of
faradaic efficiency to 30% due to re-oxidation of formic acid #!. Authors in essential
used an ion exchange membrane to separate two redox reactions preventing re-
oxidation of products. Li & Oloman 42 used Sn deposited on Cu mesh electrodes
having 50 - 86 % HCOOH conversion at a high expense of —4 to —5.8 V reactor
voltages. The low catalytic stability in their former work (catalyst deteriorating
after about 20 min operation) was related to the loss of Sn from the mesh surface.
Their latter work showed the significant effect of reactor design reaching up to 3
hours operational stability which may be attributed to the lower reactor voltages
—2.7 to 4.3 V. Wu et al. made noteworthy contributions 43 achieving 72 % HCOOH
conversion efficiency on Sn sprayed on GDE with 20 wt. % Nafion which was found
to be the percolation threshold for binder loading. The decrease of faradaic
efficiency (above 20 wt. % Nafion loading) was attributed to “a blockage of catalyst”
sites reducing gas permeation#. Along with a statistical analysis, another valuable
report by Alvarez et. al.** was 70.5 % HCOOH efficiency with a Sn catalytic ink again
including Nafion, with a binder to water ratio (1:1) resulting in 90 min of
operational stability. A recent study reported by Wang et. al. 45 also utilized Sn
catalyst ink with 50% wt. Nafion sprayed on GDE and obtained 72.9 % HCOOH
conversion efficiency over CO; for 30 min of operation time. The most similar
approach to our study was made by Lee & Machunda. They also utilized Sn
deposited on GDE as working electrode to reduce humidified CO; gas realizing an
electrolyte free reactor. A low formic acid faradaic efficiency with 12 % was
obtained at -2 mA.cm2 with -1.6V as the cell voltage while H, gas fed to the Pt

counter electrode.

Cu-based electrocatalysis of CO;

The electroreduction of CO2 on copper (Cu) metal and its oxide derivatives (Cu.0

and CuO) is one of the most attractive research areas due to their abundancy, non-
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toxicity and unique ability to produce a large variety of hydrocarbons. Previous

studies tried to highlight which parameters govern the activity and selectivity of the

copper metal by using experimental and/or computational methods*6. A summary

of that extensive study of the pioneers in the field is given in Table 1.4 in Chapter 1.

Despite many ambiguities to explain the mechanism towards its unique catalytic

property, main assumptions generally accepted so far by the community are:

(D initial electron transfer (CO:°® ~ radical) is the initial rate determining

step (RDS)

(ii) CO and HCOOH originated from different pathways 46d. 46e, 46g

(iii)  COisassumed to be the key intermediate for hydrocarbon production3a

47 e.g. C2-C3 derivatives, and

(iv)  proton concentration (or local pH disturbed by side product: OH") at the

electrode surface has a great influence on selectivity*® i.e. higher

hydrocarbons promoted by protonation and particularly for copper

oxides.

The most of the authors in Table 1.4 indicated that active sites for reaction

intermediates play a key role to selective CO2RR.

Table 1.4. Mechanistic pathway for CO2RR /CORR on Cu proposed by different authors. The asterisk
“*” indicates that this compound is adsorbed at the surface. Underlined arrows (=) indicates the

RDS - rate determining step.

Hori

1997-2016 342, 34b, 34d, 47a, 49

experimental

HCOOH CO2—- CO2* —+H+/ads—
HCOOH

co CO2—= COz* ~+Ht/ads— CO +
OH-

C2H4 CO-> CO*->C-OH+ H+—
CH2-CO

CHa4 CO = COH* —» (COH)~

Petersson & Durant &
Norskov

2010-2012 46b, 46¢

experimental / computational
CO2 = CO2* — — COOH* (-F)

€02 - C0z* - »0CHO* (-C)
COOH*— CO*-OH — CO* (-C)

COOH* - CO* —» CHO* (-C)

CO* » CHO* —» CH20* - CH30*

Schouten & Koper

2011-2013 464,50

experimental

CO2 = CO2*
—+H+/2ds - HCOOH

CO2—> CO2*
—+H+/ads— CO +
OH-

CO - CO=*C-0
(C2)

CO=C-0+H-
CHO* (C1)

CO2* 7, radical anion of CO2, —HCO¥*, surface-bound formyl; —COH¥*, surface-bound formly; —CH>*,
surface-bound methylene; —CH2*, surface-bound methoxide; -F, formate and -C, carboxyl

intermediate pathways;
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Therefore formation and stabilization of key intermediates are shown to be more
favourable on particles with rough surfaces having defects5! and/or step sites52.
Particularly defect sites such as grain boundaries are invoked as catalytic sites that

can stabilize CO2RR intermediates#6e.

Gas diffusion electrodes

The products and rates of CO2RR are influenced also by the electrode formation39b.
43a, 53 (catalyst loading, its conductive additives and electrode support). The
conventional practice is to form a catalyst ink to deposit onto a conductive
substrate. The vacuum deposition methods can also be used to grow metallic films
i.e. sputtering, evaporation, and physical or chemical vapour deposition. On the
other hand, electrodeposition could be a good alternative providing simpler
operational conditions.5* This is due to the fact that porous electrodes are preferred
rather than flat electrodes in catalysis reactions which can provide larger amount
of active sites, e.g. fuel cells55, supercapacitorss6, redox flow batteries’’ and

electrocatalysis36-37.

PTFE

Eer Triple phase:
— Gas+Catalyst+Electrolyte

Carbon matrix
+

metal particles

Figure 1-11. Schematic diagram of a gas-diffusion electrode active layer adapted from Ref[3¢]
Copyright 2001, International Union of Pure and Applied Chemistry.
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The motive of using gas diffusion electrodes (porosity > 75 %) are more significant
due to sluggish kinetics of CO2RR vs. HER. In COzRR, the aqueous electrolyte salts
are generally used as a proton source, and for the motivation of overall process
feasibility i.e. electrolysis at ambient conditions, non-flammable and abundant? 34b.
34d, 48, Therefore it is essential to promote CO2RR over competing HER in aqueous
electrolytes. In this context, low CO2 solubility (0.034 M) is the limiting factor which
requires a gas diffusion electrode (GDE) with disperse catalyst immobilized at its
backbone. Such approach would minimize the mass transport limitation and
improve the availability of the three phase interfaces (TPI) which would be the
meeting point of CO; gas - liquid electrolyte - electrode for COzRR to take place as
illustrated in Figure 1-11. By this way, high density of active sites would be available
in a three-dimensional net of conductive supporting material allowing
simultaneously; diffusion CO, gas and transfer of the electrical charge. Recent
efforts and approaches39b. 39¢, 39, 432, 44-45, 58 have been paid on the implementation of
GDE for CO2RR. The obtained results of faradaic efficiency for C1l-carbons are
ranging between 65 to 73 % using inks prepared with Sn—Nafion and/or carbon
additive mixed with binders and deposited on gas diffusion layers3. 43-45, Likewise,
more recently, catalyst layer consisted of commercial Sn or SnO; powder5? mixed
with additives (such as Nafion solution and powder of either carbon blacks® or
carbon nanotubes6t! or graphene6?) sprayed on a gas diffusion layers enhanced
faradaic efficiency due to the use of nano-sized electrocatalyst/additives although
overall energy consumption and stability remains to be solved. Consequently, an
important effort is still needed for simultaneously improve endurance against
degradation, maintain high faradaic efficiencies and final concentration. In parallel
the overall energy of spent should be closer to theoretical values to reduce energy
consumption. All these conditions must be fulfilled to satisfy the minimum
requirements for its industrial applicability foresight39 63 considering the final

concentration of the liquid end-products in the electrolyte.

Anode Reaction: O; evolution reaction
The electrocatalytic oxidation of H,0 could be performed in acid or basic solutions.

It is a 4e” reaction to form one O; molecule and it is an inherently sluggish process.

HZO(I) — 2HT + % OZ(g) + 2e” E° = +4+1.23 VRHE (120)
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The acidic electrolytes (1 < pH < 7) are advantageous for proton exchange
membrane electrolysers that works above room temperature (~90°C)¢4 thanks to
high electrolyte conductivity and superior kinetics of HER at the counter side.
However the challenge is to find an anodic OER catalyst with fast kinetics and good
stability in low pH values.65 On the other hand, the use of basic electrolytes for
electrocatalytic oxidation of H,O (or OH™ oxidation for 7 < pH < 14) is kinetically
easier owing to dissociated form of water into hydroxide ion according to Pourbaix
diagrame¢¢. Besides a large variety of metals could be used due to their high
corrosion stability at this pH. Over the years, extensive investigations have been
performed to find an active, non-toxic and earth-abundant catalyst for O, evolution
reaction (OER) that could work efficiently in aqueous electrolytesé’. Bifunctional
property is essential in rechargeable metal-air batteries and regenerative low
temperature fuel cells, but specific activity towards OER is critical for electrolysis

cells dedicated to produce solar fuels, i.e. water splitting to produce O at the anode.

0.0 I I I I

-0.5p-

N A

| ] | ]
=1 0 i | 2 3 4
AGy ,-AGy o JoV—

Figure 1-12. Volcano plot; Theoretical overpotential for OER vs. the difference between the standard
free energy of two subsequent intermediates (4G,, — 4Gy, .) in electron volts for various binary
oxides adapted from Ref[¢8] Copyright 2014, Royal Society of Chemistry.

v 0z evolution and reduction reactions; OER and ORR
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Several predictions on the intrinsic OER activity have been proposed to understand
its slow reaction kinetics and reactions mechanism?28b. 69 70, The generally accepted
theory is the Sabatier principle?! that the interaction energy between the metal and
surface bond oxide should be neither too weak nor too strong. According to DFT
calculations by Man and coworkers?2, in the case of surfaces that bind oxygen too
weakly, intermediates cannot easily react and the potential is limited by the
oxidation(—HO = e + —HO*). In the opposite case of strong oxygen bonding, the
intermediate states and the adsorbed products are quite stable and the potential is
limited by the formation of HOO* species (—0* +—HO = e + —HOO0*). The optimum
case is therefore a mean bonding strength concluded by Man, Jaramillo, Norskov
and Rossmeisl et. al.”3 with Figure 1-12. Here, we would highlight the most
promising catalysts for basic electrolytes in terms of their performance and
abundancy for a sustainable energy conversion and storage system. These can be

group by the type of metal/metal oxide:

(i) Rare-earth metals/metal oxides

a. IrO4 or RuOy based catalyst

b. Perovskite (mixed oxide) based catalyst
(i) Earth-abundant metals

a. Co-based catalyst

b. Ni-based catalyst

c. Mn-based catalyst

d. Fe-based catalyst

Rare-earth metals for water oxidation reaction

The best materials known so far to offer a stable catalytic activity at a low
overvoltage respect to Eq. (1.20) are based on a mixture of Ir-, Ru- and Ta-oxides
coated on titanium or nickel/stainless steel mesh electrodes for OER70 These
precious transition metal oxides are able to oxidize H,0 with onset potentials as low
as of 1.44 V and 1.34 V, respectively, and Tafel slopes of 40 mV-dec 174 The use of
scarce and pricy rare-earth metal catalyst represents a severe cost constraint that

strongly limits the large-scale deployment of water splitting electrolysers.

The perovskites are ABO3 structures where A is the larger cation such as lanthanide

or strontium (or an alkali metal dopant such as sodium or calcium) and B is the
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smaller cation usually a transition metal such as nickel, iron or cobalt surrounded
by six oxygen atoms forming an octahedral, BOs. There are many discrepancies
between the studies about the role of perovskite in OER which generally suggest the
essential role of oxygen vacancy in BOe octahedral contributing to B-OH bond
strenghts> and higher number of d-electrons at the B metal improving the charge

transfer.67f

Earth-abundant metals for water oxidation reaction

Earth-abundant metals have been shown!-® as promising candidates for both
ORR/OER in alkaline media associated with their multiple possible oxidation states,
off-stoichiometric compositions, defects and vacancies. The most promising
transition metals can be found in the 4t row of the periodic table (the so-called 3d
elements) especially Mn, Fe, Co and Ni. Among them, the most accepted catalytic
activity trend is reported as Ni > Co > Fe > Mn. 65 Most of those metals form an
oxide-oxyhydroxide layer in alkaline media. Upon cycling they form a layer of
M(OH), with several phases (e.g. a-, - and y-) on top of MO layer and increase in
thickness by time. A huge spectrum of Tafel slope values have been reported from
about 40 to 130 mV-dec ! with overpotentials higher than 0.3 V.65 The thickness of
the hydroxide layer is time-dependent and its type is strongly linked to the material
processing (synthesis, post-treatment and cycling potential). For nickel, f-NiOOH
reported to be the optimal phase for OER which is formed by the oxidation of -
Ni(OH).. 75 76 77 The alloying of Ni with Fe showed increased OER activity and Tafel
slopes lower than 60 mV-dec™! have been reported for Fe content varying from 5 to
40 mole %.%5 The cobalt based catalysts undergoes several oxidation steps; Co*2,
Co*3 and even mixed state Cot3/+* before OER. The most reported Tafel slope at low
overpotentials is around 42 mV-dec 1.65 For Fe-catalyst, Joiret et. al.”8 showed Fe304
phased at the surface which y-FeOOH and y-Fe;Os grows onto at higher OER
potentials. Another study showed that?? alloying with Co- and Cr- enhances Tafel
slope values as low as 40 mV-dec !. Manganese based catalyst performances
towards OER vary depending on the synthesis methods as well. Dau et.al.8% and
Jaramillo et. al.81 reported MnOy deposition by cyclic voltammetry being more stable
versus constant potential deposition (MnO;; Mn+4) and they linked Mn+*3 valence
for improved OER activity. Chemically prepared Mn-phases by Dismukes et. al.82 and

electrochemically deposited Mn-oxides by Nocera et. al.83 supported this
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perspective that oxides contain Mn*3 and Mn+2 mixed states showing the highest
OER performance. The reported values for Mn-oxides vary from 77.5 to 160
mV-dec ! depending on the substrate, preparation method, type of the electrolyte
salt and operating potentials. 67d 67h. 84 The recent studies showed that spinel
structures formed by Co addition to Mn (Mn3xCox04; 0<x<2) greatly improve the
reaction kinetics and stability in alkaline media that can improve Tafel slope values
5567b 6767g, 8185 and 8567¢ mV-dec ! with overpotentials between 0.3 and 0.55 V vs.

standard potential of OER.

1.3.2 Fundamentals of photoelectrochemistry

Photoelectrocatalysis follows similar principles as electrocatalysis with the aim of
supplying the required energy directly from sunlight. For this physical
phenomenon, a material that can response to an external excitation e.g. photons
from sun irradiation must be used, such as semiconductors. In general, the electrons
are restricted by atomic forces to just a few bands of energy. The alignment of those
bands and their electron occupancy levels give rise to three class of materials;

metals, semiconductors, and insulators shown in Figure 1-13.

i Conduction | E
H Band H 4
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Metal Semiconductor Insulator
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Figure 1-13. The schematic electron occupancy of allowed energy bands for a conductor,
semiconductor and insulator. The shaded areas indicate the regions filled with electrons. The upper
edge of the valence band is marked by Ev and lower edge of the conduction band by E.. Ebg, is the
bandgap energy expressed in electron volts (eV).

In metals, the valence and conduction bands overlap each other so electrons can
move freely in the lattice. In semiconductors and insulators an energy gap called

“band gap” exists between the lowest point of the conduction band and the highest
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point of the valence band. If the bandgap energy is small enough (<3.0 electron-
volts, eV), the energy of the incoming photon from solar irradiance can bridge the
gap for a small fraction of charge carriers i.e. electrons or holes. This behaviour of
semiconductors relies on the photoelectric effectv that an excited electron (from the
valence band) can be transferred into a higher energy state (to the conduction
band) by absorbing a "photon" (by solar light) within at least the band gap energy.s8¢
The excitation of the electrons into the conduction band is balanced with the equal
number of holes generation at the valence band. The Fermi level position is related
to the concentration of the generated electrons and holes, ¢+ = c,-, so the Fermi
levelvi of an intrinsic semiconductor is located approximately in the middle of the
energy gap illustrated in Figure 1-13.86 Intrinsic semiconductors (such as Si) can be
doped with a different element having more or fewer valence electrons (such as
phosphorus or boron, respectively) than the atoms they replace in the intrinsic
semiconductor. The donor or acceptor doped semiconductors are called extrinsic

semiconductors respectively and given in Table 1.5.

Table 1.5. Charge carriers in intrinsic and extrinsic semiconductors

intrinsic n-type p-type
Doped with - Donor impurity Acceptor impurity
Majority carriers - e h*
Minority carriers - h* e~
Example Si, Ge P (group V) B, As (group III)
GaAs, GaN Se, Te Be, Zn, Cd

The effect of n and p doping is to change the concentration of the charge carriers so
the Fermi level would shift toward the conduction or valence band edges,
respectively. The dominant charge carriers for n-type semiconductors are the

electrons (donor doped), alternatively those where the holes make the majority are

v The main distinction is that the term photoelectric effect is now usually used when the
electron is ejected out of the material (usually into a vacuum) and
photovoltaic/photoelectrochemical effect used when the excited charge carrier is still
contained within the material. 86.Kittel, C., /ntroduction to solid state. John Wiley & Sons:
1966.

vi The electrochemical potential of the electrons from the energy of the top most filled level
at absolute zero. 86 Ibid.

44



Introduction

referred to as p-type semiconductors (acceptor doped). In Figure 1-14(a), the
oxidation states of a redox couple in solution are schematically represented as
strongly fluctuating energy levels. The levels reflect either the tendency of that
specie to release electrons (from occupied level) or to accept electrons (to
unoccupied level) when it gets in contact with the electrode. The species which
prefer to donate an electron are called reducing species (Ereq), those which prefer
to accept an electron are called oxidizing species (Eox). Eox and Ereq are the ionic
energy levels for the ideal case of a non-oscillating solvent. For a single redox system
with equal concentrations of oxidizing and reducing species, the redox energy level
(E°redox) in solution is at half-way between the energy level of the oxidizing and

reducing agent.
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Figure 1-14. Schematic illustration of (a) energy levels in an intrinsic semiconductor and an
electrolyte containing a redox couple shown on a vacuum reference scale. (b) The position of band
levels for an n-type semiconductor before contacting an electrolyte, in contact at equilibrium under
dark and light conditions (c) same as in (b) but for a p-type semiconductor

Figure 1-14(b-c) illustrates a schematic of the electronic energy levels at the
interface of n and p type photoelectrode in vacuum and after inside an electrolyte
containing a redox couple under dark and light condition. When the photoelectrode
is brought in contact with redox electrolyte, the charge transfer takes place directly

across the interface. Eredox is below Er of the photoelectrode so the electrons will be
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transferred to the oxidized species in solution. The band bending occurs until the
equilibrium is reached and Fermi energy of the electrons in the solid (Er) is equal
to the redox potential of the electrolyte (Eredox). This region where the charge
distribution differs from the bulk is called space-charge layer or depletion layer.
Under illumination, the system departs from equilibrium due to the change of the
concentration of the electrons and holes at the surface and their chemical potentials
become different from each other if the energy of the photons are sufficient. Photons
with energy less than Epg, will not separate electron-hole pairs and simply pass
through the photoelectrode. Photons with higher energy than E,; generates an
electron-hole pair. For n-type materials, holes migrate to the surface where they
oxidize H20 to O2. The electrons drift through the bulk to the back contact where
they would travel to counter electrode by the external circuit. A similar condition
may apply for p-type materials where electrons migrate to the surface reducing H,0
to Hy, and holes drift to the back contact. The use of either n or p-type electrodes in
an aqueous electrolyte could mimic photosynthesis if specific conditions are met

which are explained from now on.

The foremost example of a light driven catalysis is the photosynthesis performed by
plants, fungi, algae etc. One approach to mimic plant photosynthesis is called
“photocatalysis” and has been proven with the use of colloidal semiconductor
particles®’. This simplifies the overall set-up since OER and HER occur at the surface
of same photocatalyst material which is dispersed in water. However, an electron
or a hole scavenger is often required for a better charge separation and to avoid
reverse reactions. On the other hand, the separation of evolved H; and O in the
same container is problematic. A second approach is called “photoelectrochemical
catalysis” where the anode or cathode (explained in electrocatalysis part
previously) would be instead made of a semiconductor material for light induced
oxidation or reduction (and rephrased as photoanode or photocathode

respectively).
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Photo-assisted electrocatalysis

CO, + gas pr;oducts 0, gas
ssiisiiiss  Photoanode + OER cat.
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Figure 1-15. Schematic illustration of photoelectrochemical cell with a photoanode for OER against
a metal cathode used for COzRR. The reference electrode is placed near metal cathode and COz was
bubbled through the solution during the tests.

Many distinct tandem cell configurations for water splitting and artificial
photosynthesis are possible and have been discussed recently8’. The schematic
given in Figure 1-15(a) is an example of an n-type photoelectrode used as
photoanode for OER versus a metal cathode used for CO:RR. Likewise, metal
cathode could be replaced with a p-type electrode decorated with a catalyst active
for CO2RR to construct a photocathode. There are many successful designs with the
implementation of both semiconductor types for water splitting reaction20c [OER
+HER] whereas real artificial photosynthesis [OER+ CO2RR] is challenging because
a stable photocathode providing low on-set potential and high photocurrent density
for CO2RR has not been revealed yet. Figure 1-16(a) shows the theoretical on-set
potentials for OER (1.23 Vrug) and CO2 reduction to HCOOH (—0.225 Vggg) for pH~O0.
The broken lines represent the catalysis in dark conditions with a catalyst on the
electrodes. The full lines show the shift of the on-set potentials for photoelectrodes
under solar light illumination. The point where the two photoelectrodes cross each
other is called “zero-bias” where the full cell can provide a current density without

an external voltage.
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Figure 1-16. (a) j-E plot of a hypothetical n- and p-type semiconductor under AM 1.5G solar light
illumination in an aqueous electrolyte to catalyse OER and CO2RR. Rest of the curves are plotted
with the parameters of Figure 1-8. (b) j-E plot and photoconversion efficiency of n-type
semiconductor (TiOz nanorods in 0.1 M KOH) under AM 1.5G solar light illumination employed for
OER.

The semiconductors with the right set of properties, i.e. bandgap, catalytic activity,
stability and etc., can be employed as photoelectrodes (as cathode or anode or both)
in an aqueous electrolyte under sunlight irradiation88, as shown in Figure 1-16(a).
In this line, the photon energy can be converted to chemical energy, and the solar
energy would be stored in chemical bonds as a more stable reserve, for example the
reduction of CO; into hydrocarbons. This is a very sustainable form of energy
storage and conversion like plant photosynthesis, but careful calculations are

necessary due to its complexity.

During the study of half-cell reactions (photocathode or photoanode studies), the
first important parameter representing the quality of photoexcitation is the “fill
factor” or FF. The FF determines the maximum power of the semiconductor (Figure
1-16(b)), indicating how severely voltage will change beyond the maximum usable
potential under current loading given by,

Ivp * V)
FF o = MPYMP 0 (1.21)

Isc - Vocv
where Iyp and Vyp are the maximum point for current and voltage, Vocy and Ig¢ are

the short circuit current and open circuit voltage. The second parameter that needs
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to be calculated in half-cell reactions is the photoconversion efficiency (n %) of the

photoelectrode given by,

EIO‘EV - |Eapp| 100 (1.22)

0

and,

1.23
Eapp = Emeas — Eocv ( )

where j, is the photocurrent density (mA-cm2), E?ev is the standard reversible
potential (E%, = 1.23 V for Eq.(1.5)) and E,pp is the applied potential. Eye,5 is the
working electrode potential vs. reference electrode measured under illumination
(Io in mW-cm™2) and Egcy is the electrode potential vs. reference electrode under

open circuit conditions, under the same illumination and in the same electrolyte.

In full cell reactions, the main figure-of-merit to consider is the solar to fuel
efficiency (STF). This would be referred as solar to hydrogen efficiency (STH), if
water splitting reaction is under study and H; is the main target for sustainable fuel
production. STF efficiency describes the overall efficiency of a photoelectrochemical
cell exposed to solar light (Air Mass 1.5 Global illumination, abbreviated as AM 1.5G)
under zero-bias condition. Zero-bias means that there is no applied voltage between
the working electrode (WE) and counter electrode (CE), and all of the energy in
process is being supplied by sunlight88. Eventually STF efficiency is the ratio of
chemical energy of the produced fuel divided by the solar energy input from AM
1.5G solar light given by,

7rugL(mmol -s™) - AHgye(J - mol™) (1.24)
[Psolar flux (MW - cm~2)] - Area (cm?)

STF (%) =
AM 1.5G

where AHg, is the free energy of enthalpy per mol of the produced fuel (e.g. Ho,
HCOOH, CO or CH30H), Psolar fiux is the power generated by the solar light simulator,
e.g. 100 mW-cm™. Eq.(1.24) calculates the power output (at the numerator) based
on the direct measurement of the true fuel production measured by a gas or liquid

chromatography method.

On occasions that the photovoltage provided by the semiconductor is not enough to

drive the electrochemical reaction so an extra bias should be applied. The
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application of a bias generally increases the current drawn from the device
providing insight into the functionality and limitations of a material/device. This
term is called Applied Bias Photon-to-Current Efficiency (ABPE) and its equation is

given by,

lj (mA - cm™2) | X [E® — |Epjas| (V)] ) (1.25)
[Psolar flux (mW : Cm_z)] X 77HCOO‘( A))

where j is the photocurrent density obtained under applied bias, Epias. E? would be

ABPE (%) =

overall cell voltage.

To underline, the lack of proper photocathodes for CO2RR obliges us to use metal
electrodes and in that condition, the full cell system requires an external voltage
called as “bias voltage” - that is around 1 V in this theoretical example. Under
operation of such system (photoanode vs. metal cathode), the photogenerated
electrons diffuse to the back contact and travel to the metal cathode for CO2RR while
the remainder charge carriers, holes, would flow to the surface for OER. One other
possibility could be to utilize a photoanode providing a very large on-set voltage
(>2 V) so that current-voltage curve (blue full line) of the photoanode could cross
the metal electrode current-voltage curve (red dashed line) in Figure 1-15(b).
Overall single junction photoelectrodes are not able to generate such photovoltage
and harvest the full solar spectrum at the same time. Therefore, using a single
semiconductor wired to a metallic cathode would require an external bias (Vpias) for
solar fuel production. The photovoltage required for a cell generating
simultaneously COzRR and OER, a theoretical minimum is around 1.5V (1.23 V -
—0.225 V) but due to the sluggish kinetic reactions larger than 2.0 V is needed,
practically.8? A list of semiconductors are shown in Figure 1-17 according to their
band positions. The colour codes present the downsides when they are used in
aqueous solutions. In theory, n- and p-type photoelectrodes could be wired to
convert solar energy into fuels i.e. H> or CiH,O; if they can sustain some specific set
of properties. Those are firstly, an electronic band gap that will be narrow enough
for an efficient photon collection from the solar spectrum (<2.2eV) with correct

position of the valence and conduction bands to oxidize H,0 and reduce CO..
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Figure 1-17. The band positions of several semiconductor materials in contact with aqueous
electrolyte respect to pH ~0. The red and green lines represent the upper edge of the valence band
and lower edge of the conduction band, respectively. The standard potentials of CO2RR, HER and
OER are adjusted to RHE scale.

Meanwhile, the materials must be stable and resistant to photocorrosion. Such
requirements restrict the list of available semiconductors materials to a few — Sij,
Fe;03, W03, BiVO4, Cuz0 etc. Amongst them, titanium dioxide (TiO) is one of the
most extensively investigated for photovoltaic cells for solar electricity generationvi
and photoelectrochemical cells for sunlight driven water splitting reaction. The first
report dates to 1968 by Boddy et. al.90 with rutile-TiO, but most of the work today
would be related to the discovery of Fujishima and Honda®! in 1972 revealing TiO>
as a stable semiconductors demonstrating water splitting with solar light. Its
stability has been one of the strongest points however its large bandgap and activity
to only UV-part of the solar spectra limits its applicability. A huge effort was devoted

to increase its solar to electricity/fuel conversion efficiency by introducing dopants

vii Such as dye sensitized solar cells, DSSC.
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in the form of metals during synthesis??2 or in the form of gas during post-

treatment/calcination?3.

a.
]

Figure 1-18. (a) In a planar device, photogenerated carriers must traverse the entire thickness of
the cell ~1/a (where « is the absorption coefficient), before collection. (b) In a 2D-array structure,
carriers must only reach the rod surface before recombination. Lp is the diffusion length of the
photogenerated minority carrier (open circle).

t1/a

—
~2Lp

Additionally, the most appealing strategy would be the use of nano-structuring to
improve charge separation and to avoid recombination during charge transfer, as
illustrated in Figure 1-18 — a planar and two-dimensional array structure. Two
dimensional structuring (2-D) could be obtained by different methods such as sol-
gel and vacuum deposition methods®2 but a good control and aspect ratio were
reported by many groups®t using hydrothermal synthesis. The results showed
that% photo-induced charge separation occurs on a length scale of a few
nanometres, so higher levels of defects and impurities can be tolerated for 2-D
structures than in planar devices, where the minority carriers are required to

diffuse several microns.vii

1.4 Scope of this research

The scope of this dissertation is the optimization of both components of the
photoelectrochemical (PEC) cells; CO; reduction and H»O oxidation reactions as

well as on the optimization of the whole device.

From a research point of view for catalysis: In one hand, the optimisation of the
electrocatalytic carbon dioxide reduction process (CO:RR) focusing on the

reduction of the overpotential is needed at a faradaic efficiency near unity. On the

viii See Chapter 6 for further details.
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other hand, the optimisation of the photoanode (and anode) towards oxygen
evolution reaction (OER), is required in the same manner since this complementary
reaction is the sink of electrons to the cathode to carry out the electroreduction.
After developing a know-how for both reactions, the focus is to design catalysts in a
cost-effective manner which can be up-scalable and applicable to different
substrates, e.g. by electrodeposition. The optimized catalyst with such method must

be selective and stable during CO2RR.

From a development point of view for electrolyser: In plant’s photosynthesis, both
reactions occur at different sites simultaneously, i.e. Photosystem I-II in light
reactions for OER and Calvin cycle to convert CO; into sucrose and starch. Therefore,

the steps need to be achieved are:

1. the physical separation of the water photo-dissociation from CO reduction
stages via photoelectrochemical (PEC) approach,

2. integration of gas and liquid flow to overcome mass transport limitation
caused by low CO; solubility in aqueous solutions (0.033 mol-L 1) and to
minimize pH gradient at the vicinity of the electrodes

3. employment of a filter press stack cell design having a large photoelectrode
incorporation (~10 cm?) to establish a greater electrode/electrolyte area to

decrease ohmic losses and boost the overall energy efficiency

Finally, the techno-economic analysis of the whole process and evaluation of the

benefits for using PEC flow cell is looked-for.
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Experimental Methods

(02(3) +H20

—)HCOOH+5 (0]
2

0]

Coq(aq.)*QH.«Qe‘——»Hcqu &

This chapter can be divided into three parts which provides a general explanation
for (i) electrode preparation techniques, (ii) electrochemical methods used and (iii)
gas and liquid product characterisation for CO, reduction. The first part describes
the methods to produce electrodes active for CO, reduction and H,O oxidation
reactions. The second part provides the electrochemical methodology and basic
principles of electrochemistry including formulas, calculations and methods used in
this work. Besides, details on the assembly of the filter-press flow cell for dark and
light-assisted conditions were given in this part. The third part of this chapter
outlines details about the detection and quantification of products from CO;

reduction reaction to determine the faradaic efficiency of the process.
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2.1 Electrode Preparation

In first section, electrodes realized for carbon dioxide reduction reaction (CO2RR)
are described. The electrodeposition of Sn and Cu metal on gas diffusion electrode

are explained to give insights on the “cathodes”, used in Chapter 3, 4 and 6.

The second section, metal oxides for either anodes or photoanodes for water
oxidation reaction to evolve O, gas (OER) are described. Mn-Co oxide nanoparticle
synthesis and ink preparation are expanded to be tested on “glassy carbon disk” for
RDE tests and as “anodes” for ECf-cell experiments in Chapter 5. Next, the
hydrothermal synthesis of TiO, nanorods on a conductive glass substrate is

explained which termed as “photoanode” (Chapter 6).

2.1.1 Electrodes for COz reduction

Cathode: Sn on gas diffusion electrode

Set-up. Tin gas diffusion electrodes (Sn-GDE) were obtained by direct current
electrodeposition using conventional three electrode cell configurations, Figure
2-1(a). A sheet of carbon paper (Toray® carbon paper, TGP-H-60) with a size of 30
x 34 mm was used as catalyst support (working electrode), the counter electrode
was 40 x 40 mm graphite foil (0.5mm thick, 99.8%, Alfa Aesar) and Ag/AgCl/KCl
(3M) (E°=0.205 Vsug) was used as areference electrode. The electrodeposition was
carried out using a Biologic SP-150 potentiostat working under galvanostatic mode,
applying a current density of 15 mA-cm-2 during 5 minutes at room temperature.
After electrodeposition, each electrode was thoroughly rinsed with deionized water
and dried in vacuum oven (25 Torr, Ar atmosphere) at 70°C for 2 h. The digital
pictures of GDE with different dimensions (10, 5, 2, and 1 cm?) were cut after

electrodeposition shown in Figure 2-1(b).

Electrolyte. A pyrophosphate bath% containing three reactants was used as
electrolyte for tin electrodeposition. 0.40 M potassium pyrophosphate (K4P207),
0.09 M tin pyrophosphate (Sn;P207) and 0.05 M tartaric acid (C4He¢O0¢) were mixed
together in a glass beaker with 250 mL Milli-Q deionized water (18.2 MQ-cm at
25 °C) under vigorous stirring, giving a final pH value about 8.3. To enhance mass
transport and prevent side reactions such as oxygen reduction reaction (ORR), Ar

gas was continuously bubbled during the plating process.
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A\ e

Figure 2-1. (a) 3-electrode set-up of tin pyrophosphate batch, Toray® carbon paper (GDE) is
working electrode (WE), two short-circuited pieces of graphite foils are counter electrodes (CE)
and Ag/AgCl/KCI(3M) is the reference electrode (RE) (b) Different GDE dimensions (10, 5, 2 and 1
cm?) before and after (10 cm?2) electrodeposition of tin catalyst.

Cathode: Cu on gas diffusion electrode

Set-up. Copper deposited gas diffusion electrodes were obtained by means of direct
current (Cu-DE) and pulsed current electrodeposition (Cu-PCE) technique from an
electrolyte of CuSO4 using a conventional three electrode cell set-up, similar to
Figure 2-1(a). A sheet of carbon paper (Toray® carbon paper, TGP-H-60) was used
as catalyst support (working electrode) to form a gas diffusion electrode (GDE). The
geometrical dimensions of GDE was 1.5 cm x 2.3 cm, and its area was 6.9 cm? taking
into account both sides in contact with the deposition solution. Figure 2-2 shows
the digital pictures taken before and after electrodeposition on small and larger GDE
supports. The counter electrode was 40 x 30 mm copper foil (0.5 mm thick, 99.9%,
Alfa Aesar) to maintain the copper ion concentration inside the bath during
electrodeposition. The reference electrode for all the deposition experiments were
Ag/AgCl/KCl (3M) (Ee = 0.205 Vsug) and tests performed using a Biologic SP-150

potentiostat.

Electrolyte. Before the preparation of the deposition bath, DI-H,0 was de-aerated
with Ar gas for 30 min to remove dissolved O2. 100 mL electrolyte volume of was
prepared by first dissolving 50 g-L-! of ammonium sulphate ((NH4)2.SO4, Reagent
Plus®, >99.0% Sigma-Aldrich) in de-aerated DI-H20. After vigorous stirring for 5
minutes, 40 g-L-! of copper (II) sulphate pentahydrate (CuSO4.5H,0, 99.995% trace
metals basis, Sigma-Aldrich) was added slowly during stirring. Subsequently, 30
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g-L1 of citric acid (ACS Reagent >99.5% Sigma-Aldrich) was added gradually also

during stirring of the solution, giving a final pH value about 2.17.

S i

®

Figure 2-2. Different GDE dimensions (10 and 2 cm?2) before and after electrodeposition of copper
catalyst. 3-electrode set-up is similar to Figure 2-1 (a) except that counter electrode (CE) was a
copper foil.

2.1.2 Electrodes for H20 oxidation

Anode: Mn-Co oxide nanoparticles

Synthesis. The synthesis scheme was illustrated in Figure 2-3(a). Mn304 NPs were
produced by decomposing 1 mmol manganese (II) acetate (Mn(OAc);) in the
presence of xylene (15 mL), oleylamine (0.82 mL, OLA) and oleic acid (0.16 mL, OA)
in a 50 mL three-neck flask. Under air conditions, this solution was heated to 90 °C
with a rate of 5 °C/min, temperature at which deionized water (1 mL) was injected

and the reaction mixture was maintained at 90 °C for 100 min to form Mn304 NPs.

Mn—Co oxide heterostructured (MC) NPs, were formed when 1 ml aqueous solution
of 0.5<x<2 M cobalt (II) perchlorate (Co(Cl04),:6H20) was used as a second-step
process. The core-shell type NPs (MC-Cl) were formed when 1.0 M of cobalt (II)
chloride (CoClz-6H,0) was used instead of cobalt (II) perchlorate. Both reactions

were continued for additional 300 min.
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2ND STEP
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Figure 2-3. (a) Schematic illustration of the controlled synthesis of Mn304, and Co304in 1st step, MCx
and MC-Cl NPs synthesized in the 2nd step (b) Digital pictures of the NPs dissolved in xylene,
oleylamine, oleic acid mixture at the end of 300 minutes aging.

The pictures of solutions with dissolved NPs at the end of the aging after 300
minutes are shown in Figure 2-3(b). As an initial observation, it was presumed that
the cation exchange between cobalt and manganese was successful owing to their
colour change. Finally, the solutions were cooled to room temperature and NPs
were purified by multiple precipitation/re-dispersion steps using toluene as

solvent and ethanol as the non-solvent.

Ink preparation and nanoparticle immobilization. The as-synthesized nanoparticles
were mixed with carbon powder (Vulcan XC-72) with a weight ratio of 30% through
sonication of NPs and carbon in chloroform and ethanol mixture (1:1) to form a
nanoparticle-carbon composite before the ink preparation. The NP+VC composite
was washed several times with chloroform or acetone for later to be treated under
air atmosphere at 180 °C for 5 h to remove surface organic ligands.2 The catalyst ink
for electrochemical measurements was prepared by two steps sonication. First, 5
mg of NP+VC, 0.5 mL of deionized water and 0.5 mL of isopropanol (IPO) were

sonicated for 20 minutes. After, 17.5 ul 5 wt. % of Nafion solution were added in the
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second stepix. The sonication was continued for 10 minutes more to form the final
catalyst ink, Figure 2-4(a). A thin-film was obtained by drop casting a suspension of
the electrocatalysts ink onto an inverted glassy carbon disk electrode followed by
the rotational drying, Figure 2-4(b). The centrifugal force during rotational drying
causes the ink to spread evenly from the centre to edge of the substrate producing
a uniform electrocatalyst thin-film free of “coffee rings” which has a great effect on
electrochemical performance and reproducibility of RDE measurements.3 Later on,
catalyst loaded electrodes were left in Ar flushed low vacuum oven (25 mbar) at 40
°C for 1 hour for complete desorption of surface groups left from the ink, e.g. organic
groups from the solvents used. Glassy carbon electrode was introduced to RDE
rotator and set at various rates, i.e., 400, 900, 1200, 1600, and 2000 rpm to study
ORR activity. The voltage window of the tests was tuned to obtain a well-defined,
quasi-steady state mass transport regime at a scan rate of 5 mV-s™.. NPs were
investigated in 0.1 M KOH electrolyte pre-saturated with Ar or O; at least 30 min
before each test (pH = 13.3). OER tests were conducted at a scan rate of 10 mV-s™!
under 1600 rpm rotation speed because it rapidly eliminated O, bubbles formed

during water oxidation.

Figure 2-4(c) shows the illustration of the protocol for two step spin coating of
nanoparticles on a carbon fibre substrate (CFS). 1 mL of the catalyst ink was
pipetted on CFS which was fixed with a double-sided tape at the tip of the rotator.
The first spin was conducted at 500 rotation per minute (rpm) for 30 seconds and
the auto-control program instantly switched to the second spin step which was for
15 seconds at 2000 rpm. Then, the samples were soft-baked at 80°C for 5 minutes
on a hot-plate inside the fume hood —ambient conditions. This corresponds to spin
coating of nanoparticles for 1 layer. The repetition of this protocol for 2 and 5 times
were labelled as 2 and 5 layers, respectively. A darker colour for NPs-CFS (due to
the Vulcan carbon additive) was observed with increasing number of layers which
is an initial confirmation for the higher amount of particle loading. Next diagram

shows the integration of the NPs-CFS, in the ECf cell assembly. A platinized titanium

ix Two steps sonication was shown to minimize particle agglomeration by trials.
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plate (Pt/Ti, DSA/H,, Electrocell S/A) was used as counter electrode which was for

hydrogen evolution reaction, (HER).

Ink Preparation

a.
( EP‘ sonicationﬁ 2nd sonication ﬁ
20 min 10 min

Catalyst ink Catalyst ink Catalyst ink
[NPs+VC] [NPs+VC]+[Nafion] NPerVCaNali
in [IPO+DI-H,0] in [IPO+DI-H,0] [NPs afion]

b. Drop casting on GCE
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at 500 rpm Arflushed
‘ Vacuum oven

Rotating Disk Electrode experlments
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Figure 2-4. Protocol for the (a) two steps of ink [NPs:VC:Nafion] preparation of NPs (b) Schematic

illustration of drops casting on GCE and RDE experiments (c) two steps of spin coating of ink on
carbon fibre substrate (CFS) following its assembly in EC-flow cell.

Pt / Ti-plate
(HER)

Photoanode: TiOz nanorods
Titania nanorods (TiO2 NRs) have been directly grown over an FTO substrate (35 x
40 mmz2, Sn0;/F coated glass slide ~8 Q-sq.”t, Sigma-Aldrich Co.) shown in Figure

2-5(a) by using a hydrothermal reaction synthesis following by calcination.
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b.
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Figure 2-5. (a) Digital pictures of FTO-glass with Teflon® sealing at the edges, before (left) and after
(right) the hydrothermal synthesis. (b) Schematic illustration of the protocol for the hydrothermal
synthesis (c) Digital pictures of the Teflon® beaker, stainless steel autoclave and electrical furnace.

Hydrothermal synthesis. The steps of hydrothermal synthesis are illustrated in
Figure 2-5(b). FTO substrate was dipped in a Teflon® beaker with a liquid having
active reactants and the beaker was placed in a metal sealing case. Next, the metal
case was held inside a furnace, Figure 2-5(c), for a constant time and temperature
creating a pressure higher than ambient condition. Eventually, the reactant within
the liquid would activate and react with the substrate surface to form a

nanostructured deposit.
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The reactor (Teflon® beaker with stainless steel cased autoclave, 125 mL, Parr
Instrument Co.) was filled with 100 mL of solution which was prepared as follows?7:
50 mL of HCI solution (Hydrochloric acid, ACS reagent 37 %, Panreac) was added
drop wise to 50 mL Milli-Q deionized water (18.2 MQ-cm at 25 °C) under vigorous
stirring. After an hour stirring, 3 mL of titanium butoxide (Ti(OC4Ho)s, Fluka) was
introduced to this solution as Titania precursor. The reaction was carried out on
FTO glass slide masked with Teflon® tape at the edges for electrical wiring, to
prevent TiO, nanorod growth at the contact sites, Figure 2-5(a). The conductive
glass substrate was facing down with a 45° angle to favour nanorod formation on
FTO site only. Hydrothermal reaction was performed in an electrical furnace at
200°C for 2 hours. A controlled cooling process to room temperature was held by

using a water bath.

Post annealing. As-synthesized samples were cleaned by sonication in water and
dried under nitrogen stream. Then, a thermal treatment for 1 hour at 450°C in air
(20% 02, 80% N2) was applied to remove any residues from the prior synthetic
procedure. These samples were labelled as TiO;-0; photoanodes due to their post
annealing under air atmosphere. Another set of samples were prepared from as-
synthesized TiO2 NRs by thermal treatment under reductive hydrogen atmosphere

(10% Hz, 90% N2) at 450 °C for 1 hour, and labelled as TiO:-H: photoanodes.
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2.2 Test Methods

Conventional three electrode cell

A simple electrochemical cell consists of three electrodes and an electrolyte. An
ionically conductive electrolyte is needed to complete the inner circuit and balance
the electrons passed by the external electrical circuit. The first of the three
electrodes are the indicating electrode also known working electrode. This is the
electrode at which the electrochemical phenomena (reduction or oxidation) being
investigated. The second functional electrode is the counter electrode which serves
as a source or sink for electrons to complete the charge balance. The final functional
electrode is the reference electrode. This is the electrode whose potential is
constant enough that it can be taken as the reference standard against which the
potentials of the other electrodes present in the cell can be measured. Commonly
used reference electrodes are the silver-silver chloride electrode (Ag/AgCl/KCl
(3M), E = 0.205 Vsug) or the calomel electrode (Hg/HgCl/KCl (satd.), E = 0.242
VsHE).

The standard material for cell construction is a Pyrex glass for reasons both of
visibility and general chemical inertness. The image in Figure 2-6 shows the
conventional three electrode cells used during this thesis work. Figure 2-6(a) is a
three-electrode cell displaying the working electrode (right, Sn-GDE), reference
electrode (left, Ag/AgCl/KCl (3M)) and the counter electrode (behind facing the
working electrode, a Platinum wire). The cell lid is made from resistant PTFE plastic.
A gas line for bubbling the solution with CO; or Ar is also evident. Figure 2-6(b) is
an undivided photoelectrochemical cell in three electrode configuration, made of
Quartz class in order to minimize absorption of solar illumination since Pyrex is a
glass made of silica sand with higher mineral impurities such as Ca0O and Na»0.88 In
order to characterize the state of the electrode surface and its electrochemical
behaviour of the reactant, voltammetric experiments were initially carried out in

such undivided conventional three electrode cells.
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Counter
Eid.

Figure 2-6. (a) Three electrode cell to study CO2RR of cathodes and (b) photoelectrochemical three
electrode cell to study OER of TiOz photoanodes. The counter electrode for both cells is a Pt wire
and the reference electrode is a silver-silver chloride electrode (Ag/AgCl/KCl (3M)). Both cells have
a separate inlet for gas bubbling during the test, e.g. CO2, Ar or Oa.

Rotating disk electrode
The rotating disk electrode (RDE), illustrated in Figure 2-7, is an example of a device
that can be used to obtain an electrochemical reaction in a quasi-steady state. This
condition corresponds to a state where the system reach a current-voltage point
that does not change with time?,

aC; (2.1)

. 0 .
for vi; FTn 0 but possibly, x *0

w:n

Eq.(2.1) explains that the concentration of species “i" do not change with time for
an electrochemical system at “steady state”. But there could be a concentration
gradient throughout the electrolyte and for a practical point of view, one should
use the more accurate term of “quasi-steady state”?8. This notion is different than
the notion of “equilibrium”. In other words, the system could be; either in a quasi-

steady state where the current-voltage curves are steady throughout the duration

x This phenomenon is illustrated in Figure 9-2 in the section of Koutechky-Levich plots
where a quasi-steady state mass transfer is attained.
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of the experiment with a concentration gradient in space; or in a constant state
where the overall net current is zero and there is not concentration gradient varying
with time (t) and space (x) e.g. equilibrium at open circuit voltage. To secure a

quasi-steady state, two conditions are important,

) The electrolyte volume must be large enough to ensure overall
electrolyte composition be kept practically unchanged,
(i) A dynamic motion of electrolyte that the reactants are continuously

fed and products are being simultaneously evacuated.

Figure 2-7 presents the main steps for RDE experiments which are; preparation of

an ink, drop casting of the ink on a glassy carbon disc and RDE testing.

Ink Preparation Drop Casting Rotating Disk Electrode testing

= Electiic

Linear Sweep Voltammetry

Tafel Plots (mV-dec™)

ORR
0, OH" Koutecky-Levic Plots (n,)
OER Current Retention / Stability

Figure 2-7. Main steps for an electrochemical study with Rotating Disk Electrode set-up; (i) Ink
Preparation (ii) Drop casting of the ink to the glassy carbon (iii) Rotating disk electrode testing (iv)
Data to be exploited for an electrochemical reaction such has Oz reduction reaction (ORR) and Oz
evolution reaction (OER)

Briefly, RDE is a hydrodynamic working electrode used in a three-electrode system.
It has a cylindrical shaft at one end which is attached to an electric motor ensuring
the rotation of the electrode around its axis. The only metallic part in contact with
the electrolyte is the glassy carbon disc section. With the rotation of the electrode
around its axis, some of the solution (reactants) flows up, perpendicular to the
electrode, from the bulk to replace the boundary layer and then flings the solution

(products) away from the centre of the electrode. The sum result is a laminar flow
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of solution towards and across the electrode. The rate of the solution flow can be
controlled by the electrode's angular velocity (w) and modelled mathematically.
This flow can quickly achieve conditions in which the quasi-steady state current
(convective-diffusion) is controlled by the solution flow rather than only diffusion.
02 reduction reaction (ORR) and O evolution reaction (OER) are often studied with
RDE set-ups. In these experiments, aqueous solution contains an excess of
supporting electrolyte (e.g. 0.1 M KOH) so the ionic migration component in
Eq.(2.1) can be neglected*. The mathematical models employed mainly in Chapter

5 are explained in Annex 2.

Filter-press photo/electrochemical fow cell

Carbon dioxide electroreduction (CO2RR) experiments were carried out in a filter-
press type electrochemical cell (Micro Flow Cell, Electrocell A/S) which comprises
different individual units stacked to form a complete cell. It operates with the use of
a porous electrode (e.g. gas diffusion electrode) as cathode; under continuous
recirculation of electrolytes, gaseous CO; and resulting products from CO2RR.

End plate Gasket Gas flow Cathode Cathode: Catholyte flow  Membrane & Anolyte

channel holder Sn-GDE channel & Ref. Eld flow channel
— ' S

'CO2RR

End plate Anode: Photoanode: Teflon holder Gasket End plate
DSA/OER TiO,JOER & sealing

Figure 2-8. Digital pictures showing the stacking of the filter-press photo/electrochemical cell end
to end order from cathode to anode compartments. CO2RR occurs at the cathode compartment and
OER at the anode. ECf cell employs a DSA as anode whereas PECf cell operates with TiO2 nanorods
as a photoanode.

xi The natural convection of the species to the concentration gradient can be neglected in
dilute concentrations: COz and Oz dissolved in aqueous solutions are 3.3x10-3 and 1.2x10-3
M, respectively
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ECf cell refers to operations under dark conditions when a dimensionally stable
anode plate (Ir0;-Ta;0s/Ti, DSA/O, Electrocell S/A) was used as anode. PECf cell
refers to operations under light conditions when a photoelectrode (e.g. TiO:
nanorods) was used as anode and activated by back illumination. The stacking of
layers is shown in Figure 2-8. Both electrodes had a geometric surface area of 10.2
cm? except in Chapter 6 where anode and cathode electrodes have a surface area

ratio comprised from 1:1 to 1:0.1.

Dark: Electrochemical flow cell (ECf-cell).

Figure 2-9 shows a schematic illustration of electrochemical flow cell (ECf cell) set-
up. The cathodic compartment was equipped with at least two distributor frames
dedicated for gas and liquid flow, along with a cathode holder made of titanium
metal (Ti, ASTM Grade 1) to place GDE in. The anodic compartment was equipped
with one fluid distributor frame and a dimensionally stable anode plate. An ionic
transport membrane (Nafion® 117 or Selemion® AEM) divided the cell two
separate compartments. A leak-free Ag/AgCl/KCl (3M) reference electrode
(Warner Instruments) was assembled in a polytetrafluoroethylene (PTFE) frame of

the cell, placed very close to the cathode surface.

ECf - DARK

Sn-GDE or
Cu-GDE

RE (Ag/AgCl) Membrane

.............

Cathode

oo >4
‘r ) Catholyte holder

Figure 2-9. Scheme of ECf cell where cathode is a porous gas diffusion electrode with an
electrodeposited metal (M-GDE) for CO2RR and anode is a Dimensionally Stable Anode for OER.
Anode and cathode compartments were separated with an ion exchange membrane. The liquid
electrolyte was continuously circulated with electrical pumps at a flow rate of 10 mL-min~1. CO2 gas
flow was controlled with a mass flow controller at a flow rate of 10 mL-min~! unless otherwise
specified.
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Ethylene propylene diene monomer (EPDM) gaskets were placed between each
piece and at lateral ends of the compartments to prevent the gas and liquid leakage.
Electrolytes (anolyte and catholyte) were kept in two separated tanks and
recirculated continuously to the cell by a dual peristaltic pump (Major Science, MU-
D02) to accumulate liquid products. A mass flow controller (Bronkhorst F-201CV)
was used to control CO; flow rate entering the system, measured downstream by a
volumetric digital flowmeter (Agilent ADM 2000). The flow of CO; gas and
electrolytes were kept at 10 mL min-! unless otherwise specified (gas-to-liquid ratio
of 1). Once assembled, the cell was closed and fitted with 2 Nm torque with 6 bolts

and screws to assure mechanical robustness and fluidic watertight.

Light: Photoelectrochemical flow cell (PECf-cell)

Figure 2-10 shows a schematic illustration of photoelectrochemical flow cell (PECf
cell) set-up. The cathodic compartment of PECf cell was the same as ECf cell except
for the study in Chapter 6 where the cathode size was re-adjusted to compensate
the energy demand of COzRR as much as possible from the sun light illumination.
On the other hand, the anodic compartment comprised anode to cathode ratio from

1:1to 1:0.1

s ess )

el
(-
‘ Catholyte

Figure 2-10. Scheme of PECf cell where cathode is a porous gas diffusion electrode with an
electrodeposited metal (M-GDE) for CO2RR and anode is an n-type semiconductor (TiO2 nanorods)
for OER. Anode and cathode compartments were separated with an ion exchange membrane. The
liquid electrolyte was continuously circulated with electrical pumps at a flow rate of 10 mL-min-1.
CO2 gas flow was controlled with a mass flow controller at a flow rate of 10 mL-min-! unless
otherwise specified.
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In the previous digital pictures given in Figure 2-8, the anode compartment was
redesigned to replace DSA/OER anode with an n-type semiconductor active

towards OER. At this part of the study, there were several parameters to engineer:

1. Illumination: Solar light illumination must enter from the back site of the
anodic compartment of the cell.

2. Electrical contact: In one hand, a good electrical contact must be maintained
with FTO part of the glass support to minimize contact losses. On the other
hand, the liquid must not penetrate and contact to electrical circuit.

3. lonic contact: The electrolyte must flow through smoothly and be in full
contact with TiO; nanorod layer so that there will not be any dead-zone for
photoelectrochemical reaction.

4. Mechanical Stability: The photoactive layer (TiO2 nanorods) was grown on
a glass substrate to allow solar irradiance enter from the back site. The glass

support is extremely fragile if it is under a small and imbalanced stress.

To overcome those challenges, a series of modifications were engineered. At first,
we used a Cu conductive tape (0.07mm, 0.005 ohm, 3M™ 1181 Tape) which is
flexible and sturdy. The use of Cu tape, solely, was not successful due to electrolyte
leakage corroding Cu tape which brings copper ions into the electrolyte. Later, a
gold contact (Au) was utilized owing to its good stability against corrosion and
dissolution. A fine Au wire (0.1 mm in diameter, 99%, Sigma Aldrich) was placed in
between FTO and PTFE holder for electrical contact. Although PTFE has a fair
flexibility to sustain a fine Au wire, the electrolyte leakage could not be prevented
at a cell assembly pressure of 2 N-m. At higher pressures to tighten up the cell (2.5
or 3 Nm), the photoanode (FTO-glass) would break.

Finally, we have used a sandwich of several layers to maintain the electrical contact
and at same time prevent electrolyte leakage which was an effective but

cumbersome solution:

71



Chapter 2

> Electrolyte flow

Teflon layer
(for mechanical stress)

Kapton tape
(for insulation)

™ Cu tape
(for electrical contact)
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...................................... = Teflon layer
R S (for mechanical stress)
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Figure 2-11. PECf flow cell set-up under continuous flow and illumination. The flow directions of
the gas, catholyte and anolyte are highlighted. The experiment run with two channels of the
potentiostat in master-slave configuration.

1. Cu adhesive tape was first attached to the FTO contact sites with a specific
distance to TiO; layer

2. A polyimide film (DuPont™ Kapton®) was put on top of Cu tape for sealing
from strong alkaline electrolyte and humidity in PECf cell.

3. A Teflon® frame was cut with the same dimensions of that contact site and
placed on top of Kapton® film

4. Another Teflon® frame was cut and placed at the rear-side of FTO-glass to

sustain the cell assembly pressures and prevent the breaking of FTO-glass

Figure 2-11(a) shows an illustration of the sandwich layers engineered to have a
good electrical contact and mechanical stability along with isolation of the contacts

from corrosion by leakage /humidity. The digital pictures of the layers’ assembly are
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given in Figure 2-11(b). The contact sites were completely dry after a long-term
test. The PECf cell set-up under operation is also shown in Figure 2-11(c). Cu tape
did not show any colour change, so it was evident that Cu-tape was not in contact

with the anolyte or not affected by the humidity.

Electrolysis method

The term “Chronoamperometry” was used when an electrochemical test conducted
under a fixed potential (Eappl) where the current or current density versus elapsed
time (j = f(t)) was investigated. The term “Chronopotentiometry” was used when
the experiment was under a fixed current control (I.pp1) and the change of the

potential (E = f(t)) was investigated.

The tests were carried out with chronoamperometry mode in two-electrode
configuration, applying a voltage between anode and cathode, using a
potentiostat/galvanostat Biologic VMP3 (Channel 1: master channel). A second
potentiostat/galvanostat Biologic VMP3 channel was set to open circuit voltage
(OCV) mode in three-electrode configuration to monitor the voltage of each
electrode versus the Ag/AgCl reference electrode (Channel 2: slave channel). For
the sake of clarity, potential was transformed to the reversible hydrogen electrode

(RHE) scale given by,

E(Vrug) = E(Vag/agc) + 0.0592-pH + 0.203 (2.2)

Pre-electrolysis

The pre-electrolysis is critical to decrease the amount of trace metals of the
electrolyte which could poison the catalyst and decrease the catalyst stability.63
Therefore, anolyte (0.5M NaOH or 0.1M KOH, Panreac, >98%) and catholyte (0.5M
NaHCO3, 0.5M KHCO3 or 0.1M KHCO3 Merck >99.9%) were pre-electrolysed at —2 V
under nitrogen bubbling to remove metal impurities by using two platinum meshes
(as anode and cathode). The Pt electrodes were pre-cleaned with 0.1 M HCI
following rinsing in triple deionized water. The glass beaker used in pre-electrolysis

was pre-cleaned with 0.1 M HCI and rinsed with triple deionized water.

Solar light simulator, calibration and bench set-up
All photoelectrochemical experiments were conducted using a solar simulator

(16S-150-002, Solar Light® Co.) equipped with a 150 W Xenon Arc lamp and AM.
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1.5 G filter, in Figure 2-12(a). The single output produces full spectrum sunlight of
Air Mass 1.5 Global illumination (AM. 1.5G). The calibration of the solar light
intensity (100 mW-cm2) was conducted with a power detector shown in Figure
2-12(b) (UP19K-15S-H5-D0, Gentec-EO) which operates with an array of

thermocouples connected in series to increase the sensitivity?°.

1SUN 2SUN

Figure 2-12. (a) Solar light simulator, XPS power supply and bench set-up during PECf cell test under
illumination. The positions to increase the solar light power (1 sun to 10 suns) was calibrated with
power detector before each test. (b) The digital picture of the power detector used to calibrate the
intensity of the solar light for the exact position of PECf-cell.

The solar light radiation heats the absorber in the centre and creates a temperature
difference between the centre and the edge. The thermocouples generate a voltage
corresponding to this difference. The voltage response is converted to incoming
power by a Gentec-EO monitor. The 150 W lamp is ignited at the touch of a switch
on the power supply (300 W XPS Power Supply) and after a 10 minute “warm-up”
period, the source is ready to use. The spot size is 5.7 cm in diameter with 1 sun
output intensity. Additionally, the position of the solar simulator was brought closer
to PECf set-up shown in Figure 2-11(a). By doing so, we were able to accumulate
the light irradiance and increase the sun power from 100 to 1000 mW-cm 2
(abbreviated as 1 and 10 Sun). The effect of this modification (solar light

concentration) is expanded in Chapter 6.
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2.3 Product Analysis and Quantification

In this part, analytical instruments that could be used to measure the content of CO,
reduction products are described. Since CO, can be reduced to several products
(HCOO7, CO, CHy4, C2H4 and etc.) while simultaneous H;0 reduction is the competing
reaction producing H; gas. In order to evaluate the performance of a catalyst owing
to the various end-products in gas and liquid phase, the faradaic efficiency of each
specie was obtained by converting the molar concentrations taking into account the
number of transferred electrons required for that specie. In general, the electrical
energy spent during the electrocatalysis must be equal to chemical energy of

“w:n

formation for that chemical specie “i” which is given by,

n-F - [n
Faradaic efficiency of R, % = % (2.3)

where n is the number of electron exchanged to produce “i", F is the Faraday’s
constant (charge in coulombs of one mole of electrons), #; is the number of moles

for “i" species, I is the net current flux of the reaction in amperes and t is time of

electrocatalysis in seconds.

2.3.1 Gas phase analysis and product quantification

One of the challenges to tackle for CO; electroreduction reaction is the experimental
difficulty in studying the reaction because of the need to quantify each product by
multiple analysis methods. In comparison to water splitting reaction where only
two products are formed (H: and O; gas), CO; electroreduction reaction can
generate several carbon derivatives (Cx-Hy-O,) in gas and liquid form,
simultaneously. Hence, apart from electrochemical analysis (current or potential
controlled methods), we used on-line gas chromatography where directly attached
to the gas outlet of the catholyte beaker. While the catholyte circulates through the
cell, CO; gas meets with the liquid phase at the cathode surface, flowing back to the
beaker, shown in Figure 2-13(a-c). When GC loop begins, a certain amount of gas
sample is allowed to enter inside the pre-chamber to be analysed during the course
of the electrolysis for the detection and quantification of any gas phase product, i.e.

CO, CH4, C2H4 and C2H6.
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Figure 2-13. (a) Digital picture of Micro-GC 490 from Varian Instruments (b) The segments of the
gas chromatogram in working order (c) Digital picture of PECf cell coupled to Gas Chromatogram
for on-line product analysis from CO2 reduction reaction. (d) The examples of gas chromatograms
presents the peaks detected for Hz, CO2, CO in the first GC machine (shown in the picture), CH4 and

C2H4 in the second GC machine (not shown here).
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The fundamental of gas chromatogram depends on adsorption. According to the
working order where the injected sample flow through, the segments of the gas

chromatogram is shown in Figure 2-13(b). The gas flow directions is;

1. COz mass flow controller outlet — PECf cell inlet

2. PECfcell inlet (CO; reactant) — PECf cell outlet (CO2RR products)
3. PECf cell outlet — Gas-tight Catholyte beaker

4. Gas-tight Catholyte beaker - Gas Chromatogram

which is shown with markers and arrows in Figure 2-13(c). Once a known volume
of an effluent is injected into the column, the carrier gas sweeps the molecules of
the sample through the column. The adsorption of the molecules at the column
walls or packing material cause a retention time for specific to that molecule. A
thermal conductivity detector (TCD) analyses the molecules at the end of the
column. TCD is a universal detector which is based on detecting differences in
thermal conductivity of a gas stream and compares it to the thermal conductivity
of a reference gas, as in our case argon and helium. The thermal conductivity is
dependent on the temperature and thus temperature of the detector must be well
adjusted. For instance, thermal conductivity of CO vs. Ar and H; vs. He at 400° K
differ greatly, thus column #1 was used to detect CO and column #2 used for H»
gas. The selected parameters are given in Table 2.1. Nevertheless, different
detectors can be used to analyse gaseous molecules such as instance flame
ionization detector (FID) which is limited to detection of flammable products. The
output signal of a GC chromatogram shows the detector resonance on the x-axis
and the time on the y-axis, as in Figure 2-13(d). The time corresponds to the

retention time of the gas in the column system.

Table 2.1. Thermal conductivity (k) of selected gases at 400° Kelvin

Detection

Compound Formula Kk (mW-mK-1) Column

#1, Ar Cco
Arg0n100 Ar i““ 22.6

He i #2, He H

Helium100 E 1906 ’
Hydrogen101 Hz L 2304 i
Carbon monoxide02 co 322
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Analysis. A Teflon® pipe was attached to the top of the gas tight beaker and the pipe
was connected to GC inlet. An automated sample loop injected aliquots every 15
minutes (14th, 29t 44th and 59t mins and so forth) during the electrolysis
experiments. Once a sampling ended, the gas stream continues to flow from the
back-outlet of the gas chromatograph. Two types of equipment were used in this
thesis. The first one was a multichannel Agilent 490 Micro-GC with two columns
(Molsieve 5A-8m, (M5A_BF) Ar/He, Agilent Technologies Co.). The first column
works with Ar and the second one with He as the carrier gas with a TCD detector.
This machine was used for experiments when Sn-GDE was used as cathode, which
evolved mainly Hz, CO. The second equipment was a multichannel Varian 490 Micro-
GC with three columns and only helium as the carrier gas using a TCD detector as
well. This equipment was used for experiments when Cu-GDE was used as cathode
which produce C2-C3 type of hydrocarbons. Its first column was also a Molsieve
type similar to the previous machine but the second column was PPQ column
(PoraPLOT Q-10m, PPQ Agilent Technologies Co.) which is able to detect C2-type
hydrocarbons. The third column was (CP-Sil 5 CB-6m, Agilent Technologies Co.)
which is able to detect C3-type hydrocarbons and alcohols, nevertheless we used
only the first two channels because the on-line experiments were conducted at

room temperature ~25 °C where most alcohols are in liquid phase.

Quantification. Both GCs were calibrated to quantify H,, CO, short chain
hydrocarbons (CH4, C2H4 and C;He) from some reference gas bottles (Abell6-Linde).
The concentrations of the reference bottles were <1% for all of them except H2. 1%
and 3 % for CO and H; bottle were also used to increase the calibration range. For

CHa, 20% bottle in He was used for the large range of concentrations.

The faradaic (current) efficiency of a CO2 reduction product “R” was calculated from

the GC peak area given by,
ipeakarea 10™°Lyeg Li (L mol,eq ) < _ ) .
[(@(calb. area) X HLred |’ Lmix *\RT Lred * nnel_o] % (F.A5)

ppm
1
(Iavg. at sampling time» A) X L.
flow rate, “s“"

FE % = (2.4)
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where ¢ is the conversion factor obtained from the calibration curves, P is the
ambient pressure (1 atm), R is the gas constant (0.082 L-atm-mol-1-K-1), T is the
temperature (273.15 K), n.. are the electrons involved to obtain the product “R”, F
is Faraday’s constant (96485 C or A-s) and flow rate is the gas flow injected into the

electrochemical cell in L-s—1.

2.3.2 Liquid phase product quantification

The liquid phase products were detected and quantified by three different methods
depending on the catalyst employed. When Sn-GDE was used, the main product was
formic acid dissolved in the electrolyte which can be detected by UV-visible-near
infrared spectroscopy method (UV-Vis). When necessary, high pressure liquid
chromatography (HPLC) was used owing to higher precision at ppm levels below
100. In case of copper catalyst nuclear magnetic resonance (NMR) method, which
is a more extensive procedure, was followed due to the diversity of possible
products containing C, O and H. Henceforth, sample preparation and the internal

calibration of those methods are explained.

Diffuse Reflectance Ultraviolet - Visible Spectroscopy

Analysis. The electrons in a molecule interact in three types: namely o (single bond),
m (multiple-bond), or non-bonding (n- caused by lone pairs).103 These electrons,
when imparted with energy in the form of light radiation, get excited from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). The resulting species is in the excited state or anti-bonding state,
Figure 2-14(a). Between the different electronic energy levels are the vibrational
energy levels caused due to vibrational changes within the system. UV-visible light
can excite molecular vibrational levels and as a result of this phenomenon, there is
not one sharp peak obtained in the UV-Visible spectra, but rather a smooth curve
shaped peak for absorption is obtained in recorded charts.194 The ultraviolet-visible
spectroscopy instrument used in this study was UV-1800, Shimadzu
Spectrophotometer shown in Figure 2-14(b). It works with the principle of the
intensity of light passing through a sample, and compares it to the intensity of light

from a blank measurement.
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Figure 2-14. (a) Transitions between the bonding and anti-bonding electronic states when light
energy is absorbed in UV-Visible Spectroscopy. Vibrational energy levels cause ultraviolet-visible
spectra to be smooth and not sharp peaks. (b) Digital pictures of UV-Visible Spectroscopy machine,
sample and reference cuvettes (c) Illustration of working principle for UV-Visible Spectroscopy
analysis

The Beer-Lambert Law103 states that the concentration of a substance in solution is
directly proportional to the absorbance (A) of the solution when monochromatic

radiation passes through a homogeneous solution in a cell given by,

A=k-C-L=logio(ly/D (2.5)
where L is the thickness of the sample’s path that light pass through, C is the
concentration of the solution and k is the extinction coefficient- a constant
dependent only on the nature of the molecule and the wavelength of the radiation.
Io is the intensity of the incident light at a given wavelength, I is the transmitted
intensity. The law is only true for monochromatic light and the physical or chemical

state of the substance does not change with concentration. The ratio I/Io is called
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transmittance. This is sometimes expressed as a percentage and referred to as

transmittance (%T) given by,

A = log;,(100/T) (2.6)
The working principle of UV-Vis spectroscopy is illustrated in Figure 2-14(c). In a
double-beam instrument, the light is split into two beams before it reaches the
sample. One beam is used as the reference; the other beam passes through the
sample. The reference beam intensity is taken as 100% T (or 0 A), and the
measurement displayed is the ratio of the two beam intensities. The presence of a
molecule such as formic acid (HCOOH) can give a response to be proportional to its
concentration. For accurate results, the instrument's response to the sample should

be compared with the response to a standard by the use of calibration curves.

Quantification. The initial quantification method of HCOOH concentration was
conducted with UV-Vis spectroscopy (UV-1800, Shimadzu). 5 mL sample was
collected at the end of each electrolysis and 500 uL of an internal sulfuric acid
solution (4M H;S04) was added to convert formate ions (pH ~ 7.4) into formic acid
(pH ~ 2). Next, the samples were sonicated for 20 minutes to reduce the
background contributions of dissolved CO. Figure 2-15(a) presents an example of
the UV-Vis absorption spectra for samples taken from Cu-GDE after 2 hours of
electrolysis, from Chapter 4. The pristine electrolyte solution, 0 mM HCOOH
(acidified 0.1 M KHCO3) is given to show the difference (black dotted curve). Figure
2-15(b) shows UV-Vis absorption spectra for different concentrations of
commercial formic mixed in 0.1 M KHCOs. The dashed arrow is the selected
wavelength at 215 nm to represent HCOOH maxima. Additionally, two more
calibration curves (at 210 and 220 nm) are given in Figure 2-15(c) to calculate the
standard deviation, Figure 2-15(d). The faradaic (current) efficiency of HCOOH can
be calculated once its amount is found from UV-Vis spectroscopy analysis given by,
[(HCOOH, ‘f—é\g) X (Vely_,L)] X (nri_;)x (F,A-s)
(1, A) X (telectrolysis: S)

2.7)

Faradaic eff. of HCOOH, % =

where the number of electrons, n, is taken as two for electroreduction of CO; into

HCOOH and rest of the symbols and units are identical to Eq.(2.4)
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Figure 2-15. Quantification procedure of formic acid by UV-Vis spectroscopy. (a) UV-Vis absorption
spectra for samples taken from Cu-GDE after 2 hours of electrolysis (b) UV-Vis absorption spectra
for different concentrations of commercial formic acid and (c) its calibration curve for three
different representative wavelength (d) for calculation of the standard deviation (220, 215 and 210
nm)

High Pressure Liquid Chromatography (HPLC)

Analysis. High Pressure Liquid Chromatography (HPLC) is relatively slower in
terms of analysis time (several hours) compared to UV-Vis spectroscopy (several
minutes). However, the accuracy (or sensitivity) of HPLC is significantly higher due

to the high pressure used to generate the flow through a packed column resulting

in species retention.

To explain briefly, the liquid phase is pumped at a constant rate to the column
packed with the stationary phase i.e. small spherical silica particles around 5 um in
diameter, Figure 2-16(a). Before entering the column, the analysis sample is
injected into the carrier stream. Inside the column, the sample components are
selectively retained based on physico-chemical interactions between the mobile

phase with solvent molecules and the stationary phase, Figure 2-16(b). Molecules
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must freely enter and exit into the pores to be separated. Largest molecules elute
first, followed by intermediate size molecules and finally the smallest molecules
elute. Figure 2-16(c) shows the working principle of HPLC analysis where the eluted
species are detected by a UV-detector similar to the principle in the previous

section.

The mobile phase moving at a steady rate and the molecules in the solvent elute,

causing a retention time for each specie based on the operating conditions such as,

7
°

the pressure used (because that affects the flow rate of the solvent)

3

S

the nature of the stationary phase (not only what material it is made
of, but also its particle size)
+» the exact composition of the solvent

+ the temperature of the column

a. __— Aand B enter the pores
| Packing pore
b.
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Figure 2-16. (a) An electron microscope image of silica particles and depiction of species retention
due to the particle size vs. pore size relation (b) Illustration of the species entering the column with
the flow of the mobile phase at time zero and after 10 minutes (c¢) The scheme of working principle
for HPLC system. The images are taken from Ref [105]
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A good separation prevents the interference of solvent molecules (i.e. bicarbonate

ions), grants a lower background noise giving better peak shapes.

Quantification. 5 mL sample was collected at the end of each electrolysis and 500 pL
of an internal sulfuric acid solution (4M H»S0.) was added to convert formate ions
(pH ~ 7.4) into formic acid (pH ~ 2). Next, the samples were sonicated for 20
minutes to reduce the background contributions of dissolved CO». The HPLC system
used in this study was a Perkin Elmer Flexar SQ300MS equipped with a Rezex ROA-
Organic Acid H+ (8%) column (300 x 7.8 mm, Phenomenex), with an isocratic pump
(2.5 mM H;S04, 6 mL min') and a UV Detector set at 210 nm. The result of HPLC

chromatograms for HCOOH analysis is presented in Figure 2-17.
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Figure 2-17. HPLC product analysis results of liquid phase samples generated from electrochemical
CO:2 reduction. Carbonic acid and HCOOH were observed with retention time of 7.86 and 14.9
respectively.

The carbonic acid peak starts to elute at 7th minute and its peak height vary between
10 - 20 mAU. The formic acid peak has a higher retention time near 15 minutes and
its peak height is in good correlation with the electrolysis conditions. Once the
amount of HCOOH is found from HPLC analysis, the faradaic efficiency can be

calculated from the same formula in Eq.(2.7).
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Nuclear Magnetic Resonance (NMR)

NMR was proven#¢e to be a very useful detection method for a variety of C1 - C3
products, despite the challenges of strong water peak coming from the aqueous
electrolyte. One advantage is that analysis can be performed directly on the
electrolyte and the peaks of different products and the reference molecule for
internal calibration can be seen in the one spectrum. To avoid problems arising from
the aqueous electrolyte sample giving a strong proton peak, so/vent suppression
technique could be applied to decrease the size of the proton peak which could be
over 1000 times stronger than the signal of interest. It is a common technique for
NMR realized by mixing the aqueous sample with heavy water (deuterium oxide,
D:0) i.e. samples usually dissolve in 90% H»0 / 10% D0 solution instead of 100%
H:0.
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Figure 2-18. (a) The illustration of NMR system (b) spin polarization of nuclei under an applied
magnetic field (c) sample position between the magnetic coils. The images are taken from Ref[106]

In NMR test, the sample is positioned in the magnetic field in the bore part, shown
in Figure 2-18(a). When the sample is under a magnetic field and is subjected to
radio-frequency (RF radiation energy), nuclei in the sample can absorb the energy
at the appropriate frequency. RF necessary for absorption depends on three
things107; (i) type of nucleus e.g., 1H or 13C, (ii) chemical environment of the nucleus

(iii) homogeneity of the magnetic field. In the absence of a magnetic field, nuclei are
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randomly oriented but when a field is applied they line up parallel to the applied
field, either spin aligned or spin opposed shown in Figure 2-18(b). Under magnetic
field and the sample is excited by RF pulsations, Figure 2-18(c). The realignment of
magnetic fields induces a radio signal in the output circuit which is used to generate
the output signal. Fourier analysis of the complex output produces the actual
spectrum. The pulse is repeated as many times as necessary to allow the signals to

be identified from the background noise.

Analysis. 1D 1H-NMR spectra was acquired by applying a hard pulse solvent pre-
saturation pulse sequence with 2 second saturation delay, 2 second relaxation
delay, 2.5 seconds acquisition time, and spectral window of 6400 Hertz. Typically, 8
scans were collected and the peak areas were integrated in order to calculate the
concentration of the solutes by taking into account the difference in the number of

protons in the reference compound with respect to that electrolysis product.

Quantification. The samples for NMR analysis were conducted on 700 pL samples of
the electrolyte containing CO; reduction products after long electrolysis tests, i.e.
200 coulombs or minimum 2 hours. This sample was mixed with 40 uL of an internal
standard solution to compare the peak areas for quantitative analysis. The internal
standard solution is ~10 mM dimethyl sulfoxide (DMSO) and ~50 mM phenol in
D;0. The characteristic proton peaks of the selected standards, DMSO and Phenol,
do not interfere with the products of CO2RR and they are not volatile in ambient
conditions. The internal standard solution (~5 mL) was stored inside a cold fridge
to prevent any change in its concentration and used for the measurements
throughout this study. Considering that only 40 uL from that 5 mL internal standard
solution was used for each sample, ~125 samples could be tested by using the same
internal standard solution. An example of the NMR spectra is shown in Figure 2-19
where internal standard solution and several commercial products were

intentionally added to 0.1 M KHCOs to identify their peak locations.

In Figure 2-19, there is a shift of the baseline, due to the water peak appear at a
frequency about 4.8 which is in the middle of the spectrum. Therefore, the product
peak area at right side of the water peak was compared to the area of DMSO, and
the areas at the left side of the water peak was compared to the area of Phenol to

calculate the specific product concentration according to the standard formula,
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mgsTp . #HSTD . Ared . ered
mggy #H™4 © Agpp - MWgrp

% R = puritygp x x 100 (2.8)

where “R" is the specie from CO2RR, STD is the internal standard chosen (Phenol or
DMSO), #H is the number of protons involved in NMR analysis (2 and 6 protons for
Phenol and DMSO, respectively), A is the area of the peak and MW is the molecular

weight in gram per mole.
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Figure 2-19. NMR spectra of known amount of commercial samples in 0.1 M KHCO3 and internal
standard solution containing Phenol and DMSO. Due to the shift in the baseline, Phenol and DMSO
standards are used for left and right part of the water peak in the NMR spectra, respectively.

The coulombs needed to produce that concentration of each product was calculated
and divided by the total coulombs passed at the end of the CO2RR to determine the

current efficiency.

Faradaic Eff, R %

lppm  mg/L 1 B
~ (%R)'WX ppm X Wx(vely_,L) X n% x(F,A-s) (2.9)

(I: A) X (telectrolysis' S)
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where the symbols and units are identical to Eq.(2.7) and the number of electrons,

n, for electroreduction of CO; to “R" would be different for each species given in

Table 2.2.

Table 2.2. Selected parameters of CO2RR products and internal standards used in NMR

measurements
Compound Formula Oxidation State e - /EpH » Mogla/‘fni\iass
Formic Acid CH20: 2 2 022 46.02
Methanol CH30H ) 6 0.03 32.04
Ethanol C2HsOH (CH3CH20H) -2 12 0.09 46.07
Acetone C3HeO (CH3CH3CO) 3 16 014 58.08
n-Butanol C4+HoOH -3,-2,-2,-1 24 0.18 74.12
Phenol CsHeO - ) ) 94.11
DMSO C2He0S - ) i 78.13
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Dark-CO2RR: Sn-GDE in
ECf-cell
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This chapter focuses on the use of a gas diffusion electrode, based on carbon fibres
decorated with electrodeposited submicron tin catalyst (Sn-GDE). This electrode
was employed as cathode for electroreduction of CO; to formate (HCOO-) without
incorporating, unlike other approaches, any additive or binder. Moreover, CO; gas
and liquid electrolyte flow rates were studied parameters in this proposed
electrochemical flow cell to define the ideal conditions. The system performance
and the effective production yield over surface-time units were identified by mol-m-
2.s'land by supplied energy per mole of formate, Wh-mol-1. The energy cost was
reduced below 250 Wh-mol-! with formic acid faradaic efficiency as high as 71 +

1.1 % being fully stable during 6 hours.
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3.1 Experimental Remarks

The electrodeposition of tin on gas diffusion electrode (GDE) was conducted in a
glass beaker with a three-electrode configuration as explained in Chapter 2. COzRR
tests were performed in the electrochemical flow cell set-up (ECf-cell). As seen in
Figure 3-1 the cell had three inputs (catholyte, anolyte and CO2) and two outputs
(catholyte+CO; and anolyte). 0.5 M NaOH as anolyte and 0.5 M NaHCO3 as catholyte
were kept in two separated tanks and recirculated continuously to the cell by a dual
peristaltic pump. The gas and liquid phase enter to the cell from different inlets but
they meet at GDE surface. The reference electrode was approximately 2 - 3 mm
from the cathode electrode. Nafion membrane transfers Na+ ions and separates

working and counter electrode compartments.

The faradaic efficiency to formate is the percentage of the total charge supplied that
is used to produce formate. For its quantification, a total charge of 4 C-mL! of
catholyte (typical 50 mL) was employed for the electrolysis to assure a measurable
quantity of formate at every potential. Analogously, carbon monoxide and hydrogen
faradaic efficiencies were calculated using the analysis of the outlet gas by gas

chromatography (GC).

ECf - DARK
Sn-GDE RE (AQ/‘}SCU Membrane DSA

( . .l -l Q

!
o

Catholyte Anolyte

Figure 3-1 Sketch of the electrochemical flow cell and experimental setup used in COzRR tests, using
a cathode formed by Sn electrodeposition on gas diffusion electrode. DSA is a commercial
dimensionally stable anode for Oz evolution reaction, IrO2-Taz0s catalyst immobilized on Ti plate.
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3.2 Results and Discussion

3.2.1 Sn electrodeposition & COzRR activity

Tin catalysts (Sn-GDE) were obtained by electrodeposition on carbon fibres using a
pyrophosphate bath. One of the advantage of the pyrophosphate solution is its pH
close to neutrality (pH = 8) and then tartaric acid additive as complexing agent5+
108 a]lows deposits to be obtained with a uniform morphology by favouring Sn metal
reduction over hydrogen evolution (HER). As seen in the cyclic voltammetry in
Figure 3-2(a), the reduction of Sn*2 to Sn on carbon fibre electrode starts at -0.13
Vrur close to its standard redox potential (-0.1375 Vrugr)199 while HER is significantly

retarded.
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Figure 3-2 (a) Cyclic voltammogram recorded for Sn deposition and stripping on gas diffusion
electrode in the pyrophosphate bath (pH 8.3) at a scan rate of 20 mV's-! and (a)-(in-set) is the
chronoamperometry test of Sn deposition at 15 mA-cm-2 (b - f) FE-SEM images at different current
densities from 1 - 30 mA cm2, respectively. Scale bars; (b - ¢) 20 um, (d) 40 pm and (e —f) 100 um.
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Cathodic scan of the cyclic voltammogram shows a plateau near —20 mA-cm-2
because of tin reduction reaches a limiting current density. Later, a significant

hydrogen formation was detected from —1.32 Vggg.

In order to understand the deposition mechanism, we have applied five current
values ranging from 1 to 30 mA cm-2. For all deposited samples the charge density
was kept constant (4.5 C-cm2). Depending on the used current densities, the
nucleation and distribution of the layer deposited onto the carbon fibres changes as
well as the depth of the achieved coverage. High current densities gave rise to
coverage of the carbon fibres located mainly in the front part of GDE support. Due
to the nucleation, growth and deposition rates, the procedure from 1 to 6 mA-cm-2
did not uniformly cover the fibres, Figure 3-2(c-e), and, complementarily, higher
current densities than 30 mA-cm™2 gave rise to needle like Sn deposits with poor
mechanical adherence due to concomitant hydrogen evolution Figure 3-2(f)
(deposits peel off under N; gas stream and also when electrode was dipped inside a
solution). In the range 10 to 30 mA-cm™2, 15 mA-cm 2 deposition was estimated to
be the best current density for a uniform distribution over the carbon fibres, Figure
3-2(e). Under this condition, a thickness around 1 pm on a single carbon fibre was
confirmed by FE-SEM image shown in Figure 3-3(a-b). This could be related to the
advantages of the pyrophosphate solution mentioned earlier (near neutral pH and
tartaric acid as complexing agent). The morphological analysis of 15 mA-cm 2
deposit conducted by FE-SEM showed compact and granular morphology with
submicron size between 800 nm - 3 um, Figure 3-3(c). The thickness of the deposit
layer (~1um) was similar to the average size of individual grains which can be an
evidence of an equilibrium between the rate of nucleation and grain growth. X-ray
diffraction (XRD) pattern was performed right after the vacuum drying of Sn-GDE
to prevent any modification of the film, Figure 3-3(d). In the XRD spectra, only
detected phase was metallic tin in tetragonal structure. The (200) and (101) peaks
were the strongest peaks observed for the polycrystalline film and all the other

peaks well corresponded to the reference patterns.
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Figure 3-3. (a-b) FE-SEM images of carbon toray fibres of Sn-GDE. Images taken from different sites
of Sn-GDE cross-section which shows a granular deposit with a thickness around 1 pm. (c) Top view
of a fibre with Sn deposit displaying a compact and pore-free Sn grains (d) corresponding XRD
pattern of B-Sn and graphite peaks —from the GDE support.

Line Profile Scanning (Figure 3-4) also confirmed that Sn film formation at 50 + 5
um inside the porous electrode (190 um total electrode thickness) and indicated
that nearly 1:3 in volume of the backbone was covered by catalyst film. Profile depth
from top to down by 50 pm into the GDE by 3D Profilometer colour gradient
confirmed the uniform distribution in FE-SEM, Figure 3-4(d). The average Sn
loading on GDE measured by ultrasensitive microbalance weighting was 2.6
mg.cm 2 (by neglecting a fine SnO layer which is formed as soon as the deposit was
taken out from the electrolyte). Consequently, the average faradaic efficiency of Sn
electrodeposition was 94 %. The film thickness agreed well with the value

calculated from the total columbic charge passed (4.5 C-cm 2).
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Figure 3-4. 3D Optical Profiler - Line Profile Scanning presenting the profile depth of (a) pristine
GDE and (b) Sn-GDE and corresponding top view. Arrows indicate the direction of the line scan (c)
Cross-section views of GDE and Sn-GDE (d) FE-SEM of Sn-GDE cross-section, mean GDE thickness
was 150 + 15 pm and Sn coverage from top to bottom, 50 + 5 pm.

Figure 3-5(a) presents a comparison of polarization curves for CV test conducted
on glassy carbon (GC) electrode, pristine-GDE, and Sn-GDE in 0.5 M NaHCO3
electrolyte buffer under Ar or CO; bubbling. The difference between GC and GDE in
their current density verified the large and active surface area of porous electrode
vs. a planar electrode. Next, nearly two times higher current density of Sn-GDE
under Ar and CO; bubbling (grey and red line, respectively) was attributable to
COzRR. The cathodic peak with an on-set voltage at -0.13 Vgrgg in the 15t scan was in
agreement with the reversible standard potential of Sn2+/Sn (at —0.1375 Vgug).26.
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Figure 3-5. (a) Cyclic voltammogram on glassy carbon (GC), GDE and Sn-GDE under 10 mL-min!
Ar and CO2 gas flow at scan rate 20 mV-s™1 in 0.5 M NaHCO3 electrolyte (only GC electrode was
tested vs. Pt mesh in a glass beaker with 0.5 M NaHCOs electrolyte), (b) Current vs. potential curves
for Sn-GDE compared to nanostructured SnOx 1% and Sn (5 nm) catalyst 46

The standard potentiall10 of CO; reduction to HCOOH (or HCOO™ for neutral pH) and
CO are highlighted in Figure 3-5(a) and the half-reactions are given by,

COy(aq) + 2H" + 2e” — HCOO™:H* E= —0.225Vgyy D

COzaqy + 2H* + 2e™ — CO + H,0 E= -0103Vrue (3:2)

Hence the overpotential of CO; reduction was only 400 and 490 mV for CO and
HCOO™. In comparison to Ar saturated solution, the current density under CO, gas
had increased by 3 times at an overpotential of only 0.8 V. Compared to a recent
result with a 5 nm size Sn-catalyst, our Sn-GDE required 250 mV less energy
regardless of up-scaling challenges to produce larger electrodes, Figure 3-5(b). The
red line in the figure was in ECf-cell operated at 10 mL-min™ CO; gas flow through
Sn-GDE having 10 cm? geometrical electrode area. The black line was after ohmic
drop (iR) correction, R = 1.24 (). Usually ohmic resistances between 1 and 5 Q might
not be very significant in a laboratory scale device however our ECf-cell was
delivering a total current up to 0.1 A. It might be possible to reduce the overvoltage
even further in an electrolyte with higher molarity than > 0.5 M as in industrial

electrolyzers?!1.
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Figure 3-6. Chronoamperometry tests conducted at —0.85 VruE to check the inertness of (a) GDE
towards CO2RR and (b) to verify that the CO2 gas is the main product that is reduced.

Before going onto the targeted electrolysis experiments, we conducted further
analysis on the inertness of carbon fibres and final product contribution of the
carbonate buffer, Figure 3-6(a) and (b) respectively. Previous studies showed!12
that carbon surface alone (glassy carbon, activated carbon and etc.) could reduce
CO; at sufficiently high potentials. Therefore, at first, chronoamperometry tests
were conducted with similar flow cell CO2RR conditions for 10 hours onto pristine
GDE under 10 mL-min"t CO; gas flow at —0.85 Vye to validate the inertness of GDE
towards CO; electroreduction. Secondly, Sn-GDE were tested under the same
conditions expect gas flow was changed to 10 mL-min! Ar to confirm that CO; in
gas form was the true reactant not only between liquid-electrode but also at the TPI
(gas-liquid-solid; triple phase interface) sites. As shown in Figure 3-6, at the end of
10 hour experiments, 2 and 3 umol-h™t of HCOO™ was detected for GDE and Sn-GDE
electrodes, respectively. Those values were equivalent of 24.8 and 36.6 ppm which
were within the error limit of HPLC protocols towards formic acid detection (< 50
ppm). The blank test results confirmed that gaseous CO, was the reduced specie

only in the existence of Sn-GDE.
3.2.2 COz2reduction products and Tafel plot analysis

Figure 3-7(a) shows the total faradaic efficiencies towards formation of HCOO™ and

CO/H; as liquid and gaseous products, respectively.
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Figure 3-7. (a) Total faradaic efficiency of CO2 reduction products at the end of 200 C charge passed
from the external circuit and (b) corresponding Tafel plots for production of HCOO-, CO and Hz (c)
HPLC formic acid analysis: formic acid peak retention starts at 15t minute (d) CO and Hz peak
retention is after 0.3 and 1.15 minutes, respectively. In half an hour, accumulation of the gaseous
products reaches to an equilibrium

The working electrode potential versus CO conversion to CO or HCOO- frequently
produces an “elbow” shape!!3 which appeared in our results also. As discussed
earlier by several authors#1b.43,62,110,114 this implies a critical limiting step within an
aqueous system where the end products are being limited by formation of CO, ™"
radical and it is somewhat independent from the type of the metal catalyst. Most of
those studies*3b.45.115 revealed a Tafel slope value around 120 mV-dec ™ which could
be correlated to 1le™ transfer at the rate determining step (RDS-e) according to
Butler-Volmer equation (Table 1.2 in Fundamentals of electrochemistry). Other
studies found smaller Tafel slope values>? 116, e.g. between 70-90 mV-dec ™}, linking
to a rapid transfer of the initial electron following chemical rate determining step of
a concurrent proton—electron uptake (RDS-c). As a conclusion, they postulated a
selectivity criteria by two competing RDS for HCOO or CO depending on protonation
at Cvs. 0 of CO,"™ given by,

COz(g) — COgagy (3.3)
COpaqy + € — €O, RDS-e (3.4)
CO,"” +H*+ e~ — CO+ OH™ RDS-c (3.5)
CO,"™ +H* + e~ — HCOO™ RDS-c (3.6)
HCOO™ + H* — HCOOH (3.7)
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Tafel slopes of CO; reduction reactants were calculated from the similar data
obtained by chronoamperometry tests until 200 Coulombs. Figure 3-7(b) shows the
Tafel slope values of HCOO-and CO giving 89 and 78 mV-dec ! at the low potential
range, respectively. As expected, H; gave a higher Tafel slope value, 254 mV-dec™?,
which was due to the low adsorption capability of Sn towards H; resulting in higher
overpotential and sluggish HER kinetics. Those findings were in good correlation
with Tafel values of Kannan et. al.>® which found 74 and 77 mV dec-! for HCOO- and
CO, respectively. Our slightly bigger value for HCOO- reduction could be attributed
to the quantification limitation of very low formic acid concentrations by our HPLC
protocol. Nevertheless, our comparable findings of Tafel slope and on-set voltage
were the indicator of a competing chemical rate determining step following to initial

electron transfer to CO. 59 117

There was a (1:1:1) product ratio voltage zone at —0.65 Vzug where Sn-GDE could
convert CO, to HCOO- by 30 + 2.8 % and to CO by 32 + 2.7 %, whereas the rest was
H; detected by an online GC set-up. The highest faradaic efficiency for HCOO- was
71+ 1.1 % reaching to 82 + 2.0 % of total CO; conversion including CO (6 + 4.5 %).
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Figure 3-8. Conversion efficiency of CO2 and H20 into syngas (CO : Hz) in 0.5 M NaHCO3 electrolyte
solution and 10 mL-min~? CO2z and electrolyte flow rate.

Beyond —1.2 Vgyg selectivity shifts towards H; production. Figure 3-8 highlighted

the ratio control on syngas (CO : H;) with a reliable stability for 2 hours at voltages
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between —0.65 to —0.105 Vrue. At extreme ends (very low or high overpotential) H»
gas was the dominant product. This result also indicated that CO; adsorbed at the
surface would be activated at a range of overpotential where an uptake of a proton
and electron was favoured e.g. between —0.75 to —0.105 Vgryue. Once a stable catalytic
response had been reached after the first 20 minutes, 1:1, 1:1.5 and 1:2 ratio of
syngas could be obtained between —0.85, —0,75 and —0.65 Vgug, respectively. At
—1.15 Vgug, there was a few amounts of CO gas (7.2 + 5.5 %) and most of the
coulombs passed through the cell spent most likely for HCOO- together with H;
evolution, indicator of a favoured intermediate path, e.g. protonation at C site of

€O, " in Eq. (3.6).
3.2.3 Effect of hydrodynamic conditions

After verifying the catalytic performance of electrodeposited Sn on carbon fibre
based gas diffusion electrode, next step was to take advantage of the possibility of
tuning the flow system, i.e., ratio of gas and liquid flows, and observe how mass
transport can affect CO; reduction. The influence of hydrodynamic conditions on
mechanisms involved in the reaction intermediates has been well studied.30 These
conditions may occur where electrode itself is in motion respect to the solution, i.e.
rotating disk electrode, and/or there is a forced solution flow passing through a
stationary electrode, i.e. channel electrodes or bubbling electrodes.26 The advantage
is that; a steady state is attained very quickly meaning a diffusion layer would be
formed at a certain distance from the electrode (diffusion layer, §) by forced
convection. In that state, the current can be related to flow rates, by means of flux of
CO2 gas and the electrolyte acts as proton source. Therefore, changes in formate
production rate could take place by modifying hydrodynamic conditions (gas -
liquid flow) and electronic energies (applied potential or current) if some of these

parameters are limiting these processes.

Initially, cyclic voltammetry test was conducted at different CO, to Ar proportions,
and CO; gas amount was increased from 0 to 100 %. A clear distinction can be seen
in the current density vs. potential plots in Figure 3-9(a). The increment of CO; gas
flow from 10 to 100 % resulted in one-fold higher current density (0.69 to 8.3
mA-cm™2) when the current generated under Ar was subtracted from CO; to obtain

partial current devoted to CO; gas, as shown in Figure 3-9 (b). Furthermore, net
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current density reached to 8.13 mA-cm 2 for pure CO; feed at —1.1 Vrug once the gas
and liquid flow rates were equal (g/L = 1). Next, liquid flow was fixed at 50
mL-min ! and CO; flow was increased (100 and 200 mL-min 1) above the liquid flow
rate (g/L = 2 and 4). This showed a minor increase in the current density, 8.47 and
8.58 mA-cm™2. These results proved that not only the increase of the CO; gas but also
g/L flow was essential to promote higher current densities. Here, the conversion of
CO; into HCOO- must be in relation to the liquid flow because the electrolyte was
the critical component for the protonation of the intermediate specie shown in Eq.

(3.6).
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Figure 3-9. (a) Increasing the amount of gas by CO2z percentage in Ar gas flow (total flow 50
mL-min1). For G/L 2 and 4, 100 and 200 mL-minof gas flow was used. Each CV scan was recorded
at 20 mV-s71in ECf-cell in 0.5 M NaHCOs (electrolyte flow fixed at 50 mL-min™?1) (b) Histogram of
net current density for CO2 reduction obtained by subtracting the current density value of Ar from
COz at—1.1 Vrue in the CV scans.

For a further understanding, electrolysis tests of 200 C were conducted at different
cell currents (1, 5 and 10 mA-cm 2) and cathode potentials was recorded during
electrolysis. Gas to liquid flow rate (g/L) were also adjusted systematically. For the
selected current densities, we have explored 5 different g/L ratios by modifying
volumetric flow of CO2 gas and electrolyte from 5 to 50 mL-min ! resulting in: 0.5,
1,2 and 5 in terms of g/L flow ratio. A thorough product analysis by HPLC revealed
a dependence of g/L ratio vs. electrode potential which was given in Figure 3-10. All
the lines showed an arc shaped dependence of HCOO™ efficiency to electrode

potential. The most significant effect could be seen for the red and black curve, 0.2
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and 0.5 g/L ratio, that the amount of CO; gas was not sufficient for reaching the

overpotential required to convert CO; into HCOO™.
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Figure 3-10. Faradaic efficiency of formate against Sn-GDE electrode potential in a full cell
experiments for g/L ratio (a) higher and (b) lower than 1 - conducted under current densities of 1,
5and 10 mA cm2in 0.5 M NaHCOs for 200 C (c) CO2 gas to 0.5M NaHCOs electrolyte flow ratio effect
on Sn-GDE voltage (d) Schematic of gas and liquid flow through Sn-GDE, at flow ratio lower and
higher than 1, left and right parts respectively.

While ratio of 1 provided higher current efficiency, still the reaction was under a
rate control mechanism. The further increase of the gas to liquid ratio gave a lower
faradaic efficiency for formate in a related trend: 1 > 2 > 5. This may be due to the
shorter residence time at higher CO; flow rates affecting CO; absorption onto the
active sites.118 Another remark should be given for the rising electrode potentials
with the increment of g/L value, shown by a column plot in Figure 3-10 (c). It is
well-known that, higher turbulence at the electrode-electrolyte interface hinders
the complete utilization of the electrode surface. High amount bubbles most

probably accumulated and locally blocked the active sites of the tin catalyst. With
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excessive turbulence, some of the CO; molecules entering the reactor left without
undergoing electrochemical reaction, leading to a low yield of formate at high flow
rates. This could be supported with the increase of the electrode potential. Strong
turbulence would contribute to the electrolyte resistance at the vicinity of the
electrode depicted in Figure 3-10 (d). Lastly, the improvement in faradaic efficiency
must be highlighted for 0.2 compared to 0.5. At low g/L flow ratio, where the liquid
stream was superior to gas flow, there was sufficient time for the adsorption and
stabilization of CO; at the electrode surface before the consecutive step of electron
uptake. Also, several (experimental and computational) studies highlighted that
protonation of CO,"” radical could be a rate determining step and the faradaic
efficiency for producing formate was promoted by proton existence at the surface

layer i.e. protonation at C of CO,"~, as shown previously in Eq. (3.3)—(3.7). 41b 434,
117a

3.2.4 Stability and feasibility of formate production

The catalytic activity of Sn deposit was tested for 6 hours and results were given in
Figure 3-11 (a) where the dotted line corresponds to 100 % faradaic efficiency of

formate conversion from COs.
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Figure 3-11. (a) Long term catalytic activity of SnGDE conducted under different current densities:
10, 5 and 1 mA.cm2 (b) EDX scan and FE-SEM; images of Sn-GDE before and after electroreduction
of COzin EC flow cell at —1.1 Vrug in 0.5 M NaHCOs electrolyte while both gas and liquid were flowing
at 10 mL-min1.

A stable formate production yield was attained (at 1 to 10 mA-cm 2 applied current
densities) during the whole experiment. Moreover, experiments at 1 and 5 mA-cm 2

were held to longer times to maintain the analytical protocol by preventing a high
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product saturation altering the acidity of the electrolyte. The longstanding activity
was attributed to the chosen deposition batch providing a catalyst coating free of
impurities shown by the EDX scan in Figure 3-11(a-b) and compact catalyst film.
There were not any sulphur traces usually reported to be originated from Nafion
additives and linked to poisoning of the catalytic sites i.e. in PEMFC!19, Also, we
haven’t observed any significant exfoliation of the catalyst from the backbone of
GDE during the simultaneous flow of gas and liquid after the full cell test. Likewise,
we haven’t observed any significant catalyst losses in weight. It seems that there
was not any internal stress at the grain boundaries of Sn deposit since no long crack
formation was observed. The highest catalyst material loss was calculated to be less
than 6.2% which was for the test conducted at 50 and 10 mL-min ! gas and liquid

flow, respectively.
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Figure 3-12. (a) Energy consumption of CO2 reduction to HCOO™ using Sn-GDE in ECf-cell at different
production rates. Data from this work and Ref. [39¢ 58],

Among the different potential sub-products of CO,RR, HCOOH has been receiving
great industrial attention because of its versatility in various applications (e.g.,
direct formic acid fuel cells120; leather, textile, chemical and food industries).
Likewise, its synthesis from CO; appears as a powerful alternative if it can be

obtained at high concentration with minimum energy consumption during electro-
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synthesis. For the procedure of concentration after CO2RR, the consumed energy at
the distillation column would be in the form of steam in the reboiler to reach the
background purity of a commercial formic acid at a target of typically 85% in
weight!21, This parameter is significantly important for the economic viability of the
process. Moreover, to decrease investment costs further, the use of inexpensive
electrode materials with high degradation endurance is necessary. HCOOH price for
metric ton is currently around 1000 € with an estimated annual increase of about
2%. In this scenario, according to the existing literature3b. 3%h 44, 115b nowadays, high
faradaic efficiency values have been obtained with energy consumptions greater
than 300 Wh-mol-! whereas its combustion energy under standard conditions is
254.6 kJ-mol-1 (70.7 Wh-mol-1). Accordingly, the final figure of merit to be
highlighted is the energy efficiency of the process shown in Figure 3-12. Considering
the combustion energy associated to formic acid (70.7 Wh-mol-1), a threshold of 250
Wh-mol-! can be set, since the energy efficiency of the process would be 33%. The
results of this work were compared with previous literature that use a similar cell
configuration and a Sn-GDE obtained by spraying an ink (Sn nanoparticles +
Nafion® solution) on C-Toray.!22 As it has been shown that for the same applied
current density, a wide range of values could be seen. Here, besides the current
density, the faradaic efficiency of the process had a direct impact on the energy
efficiency that, higher F.E. implies a higher HCOO- rate and, consequently, lower
energy consumption. Besides this, our binder free Sn-GDE electrode showed a
lower resistance (1.2 Q) resulting in alower iR drop, whereas reported values range
from 5 to 7 Q using ink-based electrodes*3a. In our process, there was an optimum
point in the range from 2 to 4 x 1074 mol-m 2:s"! where the required energy can be
lower than 200 Wh-mol™ (whereas results from the bibliography show higher
production yields up to 1 mmol'm2-s! but were associated to an energy

consumption higher than 250 Wh-mol™, which limits its practical application).
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3.3 Conclusions

The electrodeposition of tin catalyst on carbon fibres, free of additives and up-
scalable for gas diffusion electrodes, has been proved as a successful alternative
methodology for preparing gas diffusion electrodes feasible for CO;
electroreduction to HCOOH (or HCOO™ in neutral pH). The highest faradaic
efficiency for HCOO™ detected by HPLC was 71 + 1.1 %, being fully stable at least for
6 hours, reaching to 82 + 2.0 % of total CO; conversion to C1-products (HCOO™ and
CO). In the electrochemical flow cell, faradaic efficiencies were also dependent on
the gas to liquid flow ratio, due to the turbulence promoted at the electrode by CO>
gas flow. At low gas to liquid flow ratio; greater electrolyte flow provided higher
faradaic efficiency (0.2 > 0.5) which could be due to the residence time of the
adsorbed CO,"” intermediate specie. As this process demands high energy, it is
relevant to equilibrate its production yield with the energy consumption. According
to the reported data, by taken care of the electrocatalyst synthesis procedure on gas
diffusion electrode, we obtained an energy consumption below 200 Wh-mol ™. In
the meantime, relatively high production yield was maintained (2-4 mmol-m2-s71)
which promotes the electroreduction method into a significant and competitive

alternative for formate production while decreasing CO, emissions.
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Dark-CO2RR: Cu-GDE in
ECf-cell

- i
=30 S e
g 1=20 3 40
0 | B g 10 19,

1. 2. .3
v-island diametar (Um)

9]

This chapter focuses on the effect of electrodeposition methods on CO2RR with Cu-
GDE. Cu-islands with nanocrystalline structure obtained by pulsed current
electrodeposition (PCE) method. A correlation between the pulse sequence and
particle size was obtained and PCE offered better coverage of porous GDE compared
to continuous electrodeposition (CE). Additionally, a change in selectivity for CO;RR
was observed with PCE electrodes. Cu deposits with smaller diameter (~700 nm)
promoted HCOO- production (47 + 4.7 % faradaic efficiency) while higher CO
production (28 + 8.1 %) was favoured with larger Cu-islands (~2 pm).
Corroborated by the analysis FE-SEM images, selectivity difference of CO:RR was
attributed to preferential CO; binding sites between the perimeter and surface of Cu
islands. This easily scalable catalysts immobilization method on porous GDEs (Cu-
PCE) offered 21.7 % energy efficiency towards CO; conversion to HCOO- which was
5 times higher than the value (4.2%) obtained with Cu-CE.
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4.1 Experimental Remarks

Copper deposited electrodes were produced on gas diffusion electrode’s carbon
fibres by means of direct and pulsed electrodeposition technique as explained in

Chapter 2. Electroplating bath parameters are given in Table 4.1.

Table 4.1. Summary of experimental data for electrolyte used to deposit copper catalyst

Experimental parameters

pH T [°C] Hydrodynamic condition
2.1(40.1) 40 mechanically stirred at 100 rpm
Bath compositiont
CuSO04 (NH4)2S04 Citric acid
40 50 30

t Amount of additives in the electrodeposition bath are given in g-L-t

In continuous electrodeposition (CE), the driving force for producing a depositis in
the form of continuous potential or current applied to the electrode. The difference
in pulsed-current electrodeposition (PCE) is creating pulses with a ratio between
ON and OFF times during electrodeposition, known as “duty cycle” defined in
percentage (%) given by,
Duty Cycle = ﬁx 100 (4.1)

A duty cycle of 100 % corresponds to CE because OFF time is zero. In PCE, four
variable parameters are central; peak current density during ON time (jgy ), average
current density of one cycle (jayg), ON time (tgy) and OFF time (topg). The sum of
ON and OFF times constitute one pulse cycle and the average current density under

pulse deposition conditions defined as,
jave = Jjon x (Duty Cycle) (4.2)

Atfirst, a set of copper samples were prepared by continuous electrodeposition (Cu-
CE) at potentials from —0.2 to —0.8 V vs Ag/AgCl until 2.7 C-cm-2 amount of charge
was reached. Next, using the same plating bath, another set of electrodes was
prepared by pulsed current electrodeposition (Cu-PCE) respecting the same
amount of charge. PCE was carried out galvanostatically using cathodic current
square wave pulses by turning the current off periodically. The ON-time was fixed

to 0.02 s while OFF time was varied between 2 and 0.5 s. Table 4.2 shows a summary
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of electrodeposition parameters which was performed in PCE method for duty

cycles, 1, 2,4 and 7 % and CE method for an applied potential of —0.7 Vagjagci.

Table 4.2. Experimental data for pulsed electrodeposition of copper for CO2RR in the this study

Direct Electrodeposition Parameters (DE) Catalyst
Sample Qtotal java. ton Duty Pulse Eappl. Morphology
C mA-cm? S % Vagiaga  Granular film
Cu-CE 20 —-17.4 170 100% 1 —-0.7 2—4 ym
Pulsed Current Electrodeposition Parameters (PCE) Catalyst
Qtotal jave.  ton@)  torr(2) Duty Pulse joN (1) Morphology
C mA-cm? S S % A-cm2z  Island growth
Cu-PCE1 20 —4.35 0.02 2 1 330 0.43 740 nm
Cu-PCE2 20 —4.35 0.02 1 2 654 0.22 850 nm
Cu-PCE4 20 —4.35 0.02 0.5 4 1282 0.11 1.78 pm
Cu-PCE7 20 —4.35 0.02 0.25 7 2469 0.058 2.16 um

The unit of time (ton (1), torr (2) and teinal) is given in seconds. javc. is in mA-cm=2; jon (1). is in A-cm—2
; multiplication of the current applied during the ON period with duty cycle is equivalent to average
current density of the electrodeposition. Electrode area, 6.9 cm2 as described in experimental
section previously.

Carbon dioxide electroreduction (CO2RR) experiments were carried out in ECf-cell
configuration, described in Chapter 2 except a different the ion selective membrane
and GDE dimension was used. Once Cu-GDE (with 6.9 cm? geometrical area) was
placed onto the titanium electrode holder in the cathode part of the ECf-cell, a top
frame that fitted tightly onto the holder defining Cu-GDE surface area of 10 mm x 20
mm (2 cm? geometrical area). In the previous part (Chapter 3)4°, GDE area was 10
cm? so the cathode geometrical area would be five times smaller in this part of the
thesis. There were two reasons of this alteration. First, current limit of our
potentiostat was exceeded in pulsed-current electrodeposition testsxi on larger
electrodes, therefore a geometrical area of 2 cm? was used instead of 10 cm?2.
Secondly, previous studies in our group showed that Cu plate or Cu mesh required
a high energy (beyond 1 V overvoltage) to produce C2 - C3 hydrocarbons, affecting
the counter electrode and so cell potential as well. Thus, smaller surface area would

locally accumulate the total energy and provide better conversion efficiency. This

xi GDE geometrical area >5 cm? required a pulse current around 1.25 A while current
ranging of potentiostat was 10 pA to 800 mA
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would lessen the rate of CO, conversion (mol per time) but was expected to increase

the selectivity and energy efficiency of the complete cell.

In order to maintain electrode area to gas flow ratio as 1:1, CO; flow was adjusted
to 2 mL-min-! for the active electrode geometrical area; 2 cm2. The ion selective
membrane, dividing the cell in two separated anodic and cathodic compartments,
was Selemion AEM (styrene-divinylbenzene copolymer type anion-exchange
membrane, 0.13 mm thickness: Asahi Glass Co. Ltd). Selemion® AEM allows the
passage of OH™ ions so pH equilibrium was maintained at both sides at pH ~6.82.
The electrolyte flow was kept at 10 mL-min-! while CO, gas stream was 2 mL-min-!
to obtain a smooth flow. CO2RR experiments were carried out under potentiostatic
conditions applying a voltage between cathode and reference electrode during 2

hours using a potentiostat/galvanostat Biologic VMP3.

The gas products were detected and quantified by gas Chromatography and liquid
products were analysed by NMR and UV-Vis spectroscopy. The details of the
methods for CO2RR products can be found in Chapter 2.

4.2 Results and Discussion

4.2.1 Continuous electrodeposition of copper

For electrochemical characterization of Cu formation, cyclic voltammetry (CV) test
was conducted on glassy carbon electrode and gas diffusion electrode, as shown in
Figure 4-1. In a CV experiment of electrodeposition, a significant concentration of
the product, e.g. Cu®, would be generated near the electrode on the forward scan.
When the scan direction was reversed, Cu® would oxidize back to the original
starting material (Cu® = Cu2t 4+ 2¢€) or go through a different electron transfer
reaction (Cu® —» Cut + e). Accordingly, the difference of CV profiles between the
non-porous (flat) electrode (as glassy carbon) and highly porous electrode (as GDE)
in citric-sulphate solution was noticeable. The calculation of the deposition and
stripping efficiency of reactions from CV curves of glassy carbon and GDE gave 93.8
% and 54.7 %, respectively. For glassy carbon (black curve), the on-set potential of

Cu deposition was at —0.05 Vagaga and beyond this voltage, the cathodic current
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started to increase by forming the peak currentxiii of —23 mA-cm=2 at —0.15 Vagaga
followed by mass transport limitation. The reaction responsible for the peak current

would be given by,

Cu?*t +2e~ o Cu’ E% = 0.34 Vgyg 123 (4.3)
Nernst equation?23 from the mathematical expression in Eq. (1.11) can be written

to recalculate the redox potential, ,

E = E° 4 0.0592 log[Cu?*] (4.4)
E = 0.34 + 0.059210g[0.16] (4.5)
E = 0.293 Vsyg (4.6)
E = 0.293 — 0.205 = 0.087 Vagjagci (4.7)

The current density of electrodeposition on GDE (purple curve) showed a less steep
reduction profile compared to glassy carbon. The transport time of Cu2+ species to
the electrode surface would be the reason due to their diffusion through the pores
of GDE. In the region between —0.2 to —0.4 Vagjagci, Cu deposition on GDE was under
mixed control (activation and mass transport) favourable for the nucleation and

phase growth of Cu 54.
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Figure 4-1. Cyclic voltammetry of glassy carbon and GDE in 0.16 M CuS0Os, 0.15 M citric acid and 0.38
M ammonium sulphate solution. Scan rate is 20 mV-s-1

Between —0.4 and —0.8 Vagjagc was the region limited by the mass transport where

deposit growth was related to ion diffusion through the electrode pores. Beyond

«it Current limited by the rate of formation of electroactive species which is Cu?+ ions in the
solution obtained by dissolution of CuSO4 in the aqueous electrolyte
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—0.8 Vagagc, water electrolysis (hydrogen evolution reaction) current prevailed
which decreased the efficiency of the electrodeposition and created irregular

depositsiz4,

In order to examine the deposit morphology, we conducted chronoamperometry
tests between —0.2 and —0.8 Vagaga until 2.7 C-cm2 was reached. Figure 4-2(a)
shows the current density (j) over time (t) for various voltages applied on GDE. It
was evident that the current raised much faster at higher voltages and gave shorter
electrodeposition times, between 3 to 10 minutes. The oscillation of the current
density was due to the mild stirring (100 rpm), argon bubbling and continuous

change of GDE surface area during the formation of Cu nanoparticles.
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Figure 4-2. (a) Continuous electrodeposition of Cu at different potentials applied as a function of
time —chronoamperometry. Total charge per unitarea is 2.7 C-cm2. In contrast to CV experiments,
mild stirring (100 rpm) was applied during plating experiments to improve Cu ion diffusion into
the GDE pores by convection. Additionally, N2 gas was bubbled into the electrolyte beaker to
eliminate the Oz bubbles generated at the counter electrode. (b) FE-SEM images of Cu deposits
formed on GDE at the end of the chronoamperometry tests

The current profile was linear for —0.2 Vagagai and beyond that potential, current
density increased to a certain value and stabilized in 2-minutes; indication of a mass
transport limitation expected from the cyclic voltammetry profile (limited current
density region beyond —0.4 Vagjaga1). At the end of the electrodeposition, Cu-GDE
were rinsed with double ionized water (DI-H,0) and dried under N; before their
morphological analysis with FE-SEM, shown in Figure 4-2(b). At —0.2 Vagagas,

sparsely populated particles formed a rectangular shape with sharper edges. An
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earlier study showed that, Cu deposits obtained at lower voltages showed a faceted
particle formation indicating that surface diffusion plays a significant role
influencing island morphology.12> At —0.3 and —0.4 Vagagec, a granular rocky
particles were observed without a specific orientation. At potentials —0.5 Vagjagai
and beyond, the morphology was changed to spherical features forming overlapped
nano-particles with populated grain boundaries between each other. These
observations indicated that the deposition potential influenced Cu-island formation
mechanism. At lower potentials, Cu ions were likely to reduce onto the pre-formed
Cu-island by surface diffusion. At higher overvoltage, Cu nucleation and growth on
GDE-carbon fibre would be promoted by the availability of higher electron density

at the surface, illustrated in Table 4.2.
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Figure 4-3. Illustration of the nuclei formation and grain growth of the deposits under (a) higher
rate of surface diffusion at low deposition potentials and (b) higher rate of nucleation at higher
deposition potentials.

To expand further, the growth mode for Cu deposition on carbon fibres followed an
island growth mechanism similar to Volmer - Webber island growth which usually
occurs in deposition of metals onto foreign substrates!2é. The probability of a Cu ion
to be reduced on Cu metal was greater due to the interaction energy between the
“Cu-adatoms and the native-Cu” (Ecy,,,—cu) being larger than “Cu-adatoms and
carbon fibres”(Ec,,,,—c)- For that reason, (Ecy, ,—cu > Ecu,q4,-c), the driving force

of Cu-deposition was to segregate on the carbon surface where only sufficient

nucleation energy was provided by the local electrons. Hence higher number of Cu-
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islands were observed at greater deposition potentials with smaller sizes. In the
opposite case (Ecy,,,—cu < Ecu,y,—c), deposition would form a monolayer of Cu
(underpotential deposition) at potentials positive to the equilibrium potential, i.e.

observed in Cu deposition on Pt metal (Ecy, . —cu < Ecu,gs-pt)-
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Figure 4-4. (a) Effect of electrodeposition potential on the particle distribution (analysed by FE-
SEM) of deposited Cu at potentials from —0.2 to —0.8 Vagjagai. Solution conditions: 0.16 M CuSOs,
0.15 M citric acid and 0.38 M ammonium sulphate; pH 2.1. Copper deposition equivalent to 2.7
C-cm? (b) Schematic presentation of phenomena involved during Cu nucleation and growth on GDE
by DE ata potential (Egep,) lower or higher than the peak potential (Eigé’ak) (c) Representation of the

boundary layer on the carbon fibres (dashed line) and concentration gradient of Cu particles
between carbon fibre surface and bulk of solution. Red and blue curves represent the concentration
gradient of Cut2 ions and Cu adatoms/deposited metal, respectively.

Due to the mismatch between Cu-adatoms and GDE-carbon fibres, surface diffusion
led Cu reduction to progress on the pre-formed Cu particles. This resulted in faceted
morphology of Cu-islands at lower potentials and a granular island-like morphology
at high potentials. In a previous study!25 with in-situ TEM of Cu deposition showed

a change from a faceted particles to circular shaped islands which supports our
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present definition. The distribution of Cu particles over a larger area of GDE
obtained by CE is given in Figure 4-4(a). At potentials, lower than peak current value
(—=0.2, —0.3 and —0.4 Vagagc), Cu-deposition was governed by the nucleation rate
and surface diffusion of the adsorbed ions since there had been sufficient amount of
Cu ion to diffuse into GDE openings. Higher voltages (—0.6, —0.7 and —0.8 Vagjagc)
promoted the number of active sites for Cu deposition by local electron density at
the carbon fibre surface. Low and high potential deposition conditions of CE were
illustrated in Figure 4-4(b-c). The build-up of a diffusion zone at the front layer of
GDE readily consume all Cut2ions and generated a concentration gradient along the
GDE. These results showed that the increase of deposition potential had a positive
effect on nucleation density to obtain smaller and more compact particles. This was
confirmed by Radisic et. al. 125 that Cu-island density increased exponentially for the
potentials where deposition was in the diffusion limited regime. To promote smaller
Cu particles, it was advantageous to apply higher energy (current or potential).
However, CE was not suitable to apply higher potential or current in magnitude
during electrodeposition on GDE. Because only front side of GDE was covered with
Cu due to the concentration gradient and an extra effort would be required to
control the particle size difference between the front site and inside of the GDE.
Particularly, carbon fibre based GDE have >75 % porosity and the geometrical size
of the electrode had relatively large area (geometrical area = 6.9 x 2 cm?) contrary
to the electrode size often used in the literature (< 1 cm?). Our aim was to increase
electrode/electrolyte superficial contact area as much as possible in ECf-cell to react
all the gaseous CO; entering to the cathode chamber and accumulate higher amount
of CO2RR product. Therefore, a full deposit coverage around the carbon fibres of a
large GDE was essential while preserving the morphology, distribution and catalytic
property of Cu deposit. To make complete use of GDE porosity and to activate these
sites with Cu catalyst, we have conducted pulsed current electrodeposition (PCE)

technique which is explained in the following section.

4.2.2 Pulsed current electrodeposition of copper

Compared to conventional deposition methods, pulsed current electrodeposition
(PCE) has received great interest in electronics field for its feature filling capability

i.e. for filling trenches and paths of silicon interconnectors and in automotive sector
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for enhanced uniformity at complex three-dimensional parts with improved

hardness i.e. engine components!?7.

Table 4.3. Experimental data of the selected literature with pulsed current electrodeposition of Cu
for CO2RR

Year & Author Method # Parameters t COzRR Ref.

joy=-58 twy=0.1 50% duty n—propanol 128
2016Renetal.  ppc j»=29 t@=01  600s 10.8%

joy=-2.0 tu=0.25 16% duty formic acid 129
2016 Chunget.al.  gpe j2=-30 t@=005 5h 28.6 %
joo=—-49 tun=01 50% duty ethylene 52

2015 Chenet.al.  PRC jo=24 tp=01  3000cycles ~15%

Tj in mA-cm~2 and t in seconds.
# PRC and SPC stands for pulsed reversed current and superimposed pulsed current
electrodeposition, respectively.

Herein, the plating parameters had a strong influence on the nanostructure of the
deposit which would determine its physical and chemical property, e.g. hardness,
conductivity or chemical stability. Recent studies of nanostructured Cu deposits
formed by PCE technique was applied for catalysis of CO2RR and gave promising
results by varying deposition parameters, given in Table 4.3. The end-products vary
between the studies but the conclusion of the authors was mainly focused towards

the influence of defects sites formed by PCE.

Usually in PCE tests, joy is fixed and toy/topr ratio can be altered. In this work,
ton was fixed and jon /torr Was altered. As indicated previously, high current pulses
were targeted for PCE tests because CE showed that a high energy (in the form of
potential) would increase the nucleation rate and promote a smaller particle size.
For that reason, higher current densities were set at tgy period to achieve a higher
nucleation rate. Simultaneously, torr period was altered to keep jayg same for each
sample (—4.35 mA-cm 2). Figure 4-5 shows the fixed tgy as 0.02 seconds and the
change in tgpp amongst values of 0.25, 0.5, 1 and 2 seconds, giving duty cycles of 7,
4, 2 and 1 %, respectively. From these figures, it was observed that the size of Cu
particles decreased atlower duty cycles. Because jony was increased during fixed tgoy
for each sample, topr time had to be adjusted. Thus, the increment of joy value
resulted in larger potentials and promoted an increment of nucleation sites for

copper.
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Figure 4-5. (a - b) Potential vs. time plot of the pulsed electrodeposition of copper at different duty
cycles; 7, 4, 2 and 1 % respectively. The in-set picture is FE-SEM of a carbon fibre decorated with
Cu—islands. (e) Potential vs. time plots of PD are overlapped in a single graph to highlight the
increment of relaxation time, tyrr in accordance to deposition potential driven by peak current
density during t,y period. (f) Particle diameter plotted as a function of duty cycle applied during
pulsed electrodeposition. The effect of duty cycle shows an exponential profile on the Cu—island
diameter.

PCE to obtain nanostructures would be associated with two important factors: (i)
“nucleation rate” triggered by current density and (ii) the crystal growth affected
by inhibiting molecules of the electrolyte30. High rate of Cu deposition could be
achieved by depleting all Cut2ionsin tgy period with a very high current which will
be compensated in the following torr period with bulk diffusion to the vicinity of
the carbon fibres. This depends on the capacity of the pulse to give an effective
diffusion layer which follows the micro-profile of the surface so closely that the
resulting deposits could be regular and evenly distributed!3l. The microscopic
investigation of the top layer and cross-section of Cu-PCE have shown a very good
accordance to this behaviour. Figure 4-6 (a) shows FE-SEM images from the top and
cross-section of GDEs. Their particle size distribution was calculated from over 200
particles collected from images taken from four different sites including the cross-

section images.
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Figure 4-6. (a-d) FE-SEM images of copper deposit formed on carbon fibres at 1, 2, 4 and 7% duty
cycle, respectively (all scale bars are 50 um); (e) Particle size distribution calculated from FE-SEM
images.

The mean radius of spherical Cu-islands decrease nearly three times, from 2.16 pm
to 740 nm, when a larger current in amplitude was applied. (The calculations of
Image-] graphic analysis were given in Annex 4.1). The morphology of Cu deposits
followed Volmer — Webber island growth mechanism similar to the deposits in CE
method. Conversely, it became possible to control the diameter and obtain a narrow
particle size distribution of Cu islands throughout GDE. The particles at the front
site of GDE were in the same size as the deposits formed in the interior porous sites.
This also validates that a homogenous Cu catalyst distribution was achieved with
PCE method exempt of concentration gradient limitation contrary to CE.

Corresponding schematic presentation of the phenomena during PCE and the
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Dark-CO2RR: Cu-GDE in ECf-cell

boundary condition adjacent to the carbon fibre surface was illustrated in Figure
4-7. There were three different stages of PCE: steady state (I), pulsed (II) and
relaxation period (III). At the beginning of electroreduction (Condition I), the
electrolyte solution was at steady state having a constant concentration profile
along GDE. When the electrode potential was driven to values below Cu+2/Cu redox
potential, the number of Cu atoms deposited on the carbon fibre surface was a
function of Cut+2 concentration available for adsorption and ability to form a
nucleation centre. CE method showed that only front surface of GDE was covered,
while the rest of the GDE stay intact —Figure 4-4. This region would be inert towards
CO2RR and prone to H; evolution reaction (HER). The catalytic activity of CO2RR on

Cu-CE and Cu-PCE samples were studied in the next section to investigate this claim.
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Figure 4-7. Schematic illustration of the phenomena during steady state, ON and OFF states and
corresponding boundary condition between carbon fibre surface and bulk of the solution.

4.2.3 Effect of electrodeposition in CO2RR

The effect of Cu-island morphology and distribution on CO2RR was investigated in
an ECf-cell operating with continuous gas and liquid flow. 0.1 M KHCO3; was
circulated at 10 ml'min! and CO; gas flow was set to 2 ml-min! for all the
experiments to obtain a smooth flow through GDE geometric area (2 cm?). Figure
4-8(a-b) shows that the major products of CO2RR at —1.0 Vrue on Cu-CE and Cu-
PCEs were both CO and HCOO- with a small contribution of higher carbon

derivatives (C2H4 and CH.), consistent with the results reported in the literature!24
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132, Cu-CE produced between 5 - 10.6 % HCOO- faradaic efficiency at the end of 2-
hour electrolysis. Nearly 15 % CO faradaic conversion was obtained at —0.8 Vrug
with increasing selectivity to ethylene (C2H4) at higher potentials, in a similar trend
with the findings of Hori et. al.#8. Cu-PCEs provided nearly three times higher
faradaic efficiency for CO and HCOO- compared to Cu-CE at —1.0 Vgrge. This
increment of CO2RR products could be related to suppression of H, as a result of

improved coverage carbon fibres prone to HER.
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Figure 4-8. Faradaic efficiency of CO2RR products for (a) Cu-CE samples tested at different
potentials and (b) Cu-PCE tested at —1.0 Vrue during 2 hours with 0.1M KHCO3s electrolyte flow at
10 ml'min-! and 2 ml'min-t COz gas bubbling through GDE (d) X-ray diffraction patterns (220-
reflections) of Cu-CE and Cu-PCE samples.

Between Cu-PCE samples, higher selectivity towards HCOO- production was also

observed with smaller and more compact Cu-islands formed at smaller duty cycles.
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Dark-CO2RR: Cu-GDE in ECf-cell

Grain size of deposits were calculated from their X-ray diffraction peaks according

to Scherrer equation?33

Dpia = K+ 2/(Bpyq - cos 8) (4.8)
where “Dy;;” is the crystallite size in the direction perpendicular to the lattice
planes, “hkl” are the Miller indices of the planes being analysed, “K” is a numerical
factor frequently referred to as the crystallite-shape factor, “A” is the wavelength of
the X-rays, “Byy”, is the width (full-width at half-maximum) of the X-ray diffraction
peak in radians and “8” is the Bragg angle. Cu-PCE electrodes with smaller duty
cycles had small and well-defined grains ranging from 25 to 40 nm (220 < 200 <
111). Peak shift was observed in lower duty cycles, noticable in 220 crystallites. The
most typical diffraction peak aberrations are shifts, broadening and asymmetries
which occur due to the dislocations, stacking fault, twinning and grain boundaries,
commonly known as strain sources!34. Stacking faults and twin boundaries
primarily cause lattice parameter changes or shifts of Bragg reflection. This was the
first evidence for creation of defect sites active towards CO, molecule. Previous
studies in the literature has also confirmed the effect defect sites and surface
roughness on COzRR. Sen et. al.124 obtained nearly 40% formic acid, 5% CO and
around 1.5% C2H4 by electrochemical reduction of CO; at moderate overpotentials
with Cu-foams having hierarchical porosity. Li et. al. 135 prepared Cu;0 layers on Cu
foil electrodes correlating high HCOO- (38.8 %) and CO (41.4%) faradaic efficiency
to active surface area distinct from the structures of high index facets.#%a The
increment of overall CO; faradaic efficiency (CO+HCOO") with PCE method might
be linked to the nanocrystalline geometry with defect sites. Those high coordination
sites such as grain and twin boundaries were invoked as catalytic sites for CO-
absorption136, These results may confirm that increased density of defect sites

would be able to lower those barriers by their stronger adsorption energies.

In this line, HCOO- selectivity vs. CO between different incremental duty cycles
suggested that Cu-island size and its GDE coverage might play a critical role on the
reaction pathway of CO,. A model was developed from the area vs. perimeter
calculations obtained from FE-SEM images of the samples given in Annex 3 and 4.
The initial observation to support this phenomenon is presented in Figure 4-9(a).

At first, it is important to mention that the first step in electrochemical reduction of
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COg; is to form CO2*- radical which occurs at more negative voltages than the onset
potential of CO; reduction!l® which explains the requirement of a moderate
potential. The electrocatalytic reaction concerning HCOO- showed a dependence to
the Cu-island perimeter. Conversely, CO selectivity was increased when the Cu-
island surface was superior to its perimeter. Hence, a significant insight into this
catalytic process could be outlined that two sites of the catalyst play a different role
in CO2RR. First, importance of the perimeter of Cu-islands for the catalyst process
of HCOO~ would be the triple phase points where CO;-electron-proton would meet
each other. Secondly, in respect to catalyst processes for CO and H, production from
COz and H»0 molecules, respectively, there might be a competition for an available
active site. The importance of Cu-islands area for this behavior still needs further
study to fully understand its origin. Nevertheless, Cu-CE samples showed that a
large portion of current density spent for H, evolution where uncovered carbon

fibers in those samples were the active site for HER.
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Figure 4-9 Faradaic efficiency of formate (a) and carbon monoxide (b) as a function of Cu-island
diameter, and related pathways occurring on PCE1 and PCE7 for CO2RR (c) through formate (F)
intermediate and (d) carboxyl (C) intermediate

Meanwhile, well-covered carbon fibers richer in Cu-surface in Cu-PCE samples

might be the evidence of active sites for CO. The theoretical calculations on COz*~
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Dark-CO2RR: Cu-GDE in ECf-cell

radical by several authors3# showed that 84.3 % of unpaired electron occupancy
would be on “C” site which influence the next reaction as the active site. The two
possible pathways following this step are “C” site reacts with the surface of the
catalyst as a proton attack on the “0” site prior to electron uptake to give CO and
H:0, or “C” site undergoes through a proton-coupled-electron-transfer mechanism

towards HCOO- pathway*és as illustrated in Figure 4-9(b).

Moreover, traces amount of CH4 and C;H4 was detected by gas chromatography. For
higher hydrocarbons, residence and re-coordination period would be required for
proton-coupled-electron-transfer (or dimerization). At this point, the effect of the
dynamic flow on the reaction pathway must be considered. The earlier studies by
Frese et. al. and Hori et. al.#8¢ showed that when the electrolyte was stirred, the
weakly adsorbed CO desorbed easily from the surface giving higher CO % faradaic
efficiency. at ambient conditions. Similarly, experiments of Sakata et. al.137 affirmed
enhanced yield of CO (30.4%) and HCOOH (43.8%) with stirring the solution, while
trace amount of CO and 6.2% HCOO was obtained without stirring. As evidenced in
the product results of Cu-CE and Cu-PCE, the amount of CO gas was clearly larger
than C;Hs4 or CHs The formation of those hydrocarbons were the following
pathways of CO with the additional proton and electron uptake or chemical
dimerization step of CHO* proposed by several groups#éb 46c. However, the
continuous flow of gas (2 ml-min™) and liquid (10 ml-min™!) phases might render
this pathway at —1.0 Vg, giving higher FE % CO via improved CO desorption from
the surface. In our previous work with Sn-GDEs, we found that the flow rate of the
gas and liquid affected the residency time of the intermediate species and modified
the reaction rate for HCOO- production from COzRR. Our experimental observations
in accordance with the previous results confirmed that mid-products of CO2RR
could be more liable to desorb under the influence of dynamic conditions, as was
compatible with the moderate adsorption of CO on the electrode surface34d,
Consequently, flux of gas (CO2) and electrolyte (0.1 M KHCO3) may also be a factor

to determine the product selectivity.

4,24 Feasibility of formate production
The increasing selectivity towards HCOO- (PCE 4% < PCE 2% < PCE 1%)

drastically reflected on their HCOO-partial current density. Cu-CE exhibited a Tafel
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plot value of 165 mV-dec! in accordance with the recent reports on CO2RR with Cu
metal given in Figure 4-10(a). Amongst the literature results, electrode selectivity
usually shifted to a mixture of C;—hydrocarbons and H; at higher potentials which
leads to an extra separation cost, impairing product value. In this study, the flow cell
design enabled us to operate at larger currents without a compromise of extreme

polarisation losses unlike conventional H-shaped electrochemical cells.
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Figure 4-10. (a) Schematic illustration of the continuous electrochemical flow cell with the
individual stacks of the cathode, membrane and anode parts are displayed from left to right, (RE:
Reference Electrode, AEM: Anion Exchange Membrane, DSA: Dimensionally Stable Anode) (b)
Digital image of pristine GDE and Cu-PCE1 sample (scale bar length is 20 mm). (c) The comparison
of partial current density of HCOO- (formate) obtained from this work vs. state-of-the-art for Cu-
modified catalyst electrodes to reduce COz into formate, 0.1M KHCOs3 (d) Amount of formate
concentration accumulated at the catholyte per hour and same data taking into account the Cu-
loading on GDE on the left axis. The dashed line corresponds to 80 % in vol. formate concentration.
The right axis is the energy cost per hour for one mole of formate and dashed green line represents
formic acid formation energy; 76.6 Wh-mol-1.

Eventually a higher current density increased the product rate and the final product
concentration inside the beaker (catholyte compartment). Cu-PCE obtained with 1
% of duty cycle delivered ~3.6 mA-cm2 partial current density for HCOO- at an
expense of around ~0.8 V of overvoltage (2.6 and 1.8 mA-cm-2 for 2 and 4 % duty

cycle, respectively).
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The industrial realization of photoelectrochemical CO, conversion (artificial
photosynthesis) demands high rate product formation as long as the selectivity is
met. Once the side reactions (e.g. H> evolution and higher carbon production) was
restrained as tackled here by an effective GDE coverage and particle control, the
second objective was to raise the formate concentration. The product feasibility
would be achieved if formate purity is near 80 % inside the beaker. Figure 4-10(b)
shows the CO:RR performance of Cu-PCE samples at —1.0 Vrueg where the final
concentration of HCOO- was given (i) in unit time (hours) and (ii) per Cu-catalyst

loading (grams) calculated according to Eq. (4.9)

mol HCOO™x MW ycpo—
P HCOO~ X LE]y.

txXmcy

Productivity rate HCOO™ = (4.9)

“«_n

where MW is the molecular weight of formate, “p” is the density of formate, and L is
the catholyte volume in the beaker. “t” is the time spent during electrolysis and m is
the catalyst loading on GDE. Accordingly, the highest HCOO- concentration reached
was 0.02 % HCOO—h-t and 12.6 % HCOO—-h-1-gca~! for Cu-PCE1 electrode. This
value could be increased by higher current densities attained from a larger ratio of
electrode-to-electrolyte superficial area. The effect of the catalyst loading was also
a significant parameter since only 0.95 mg-cm? of catalyst was deposited on the
GDE. Considering the unit price and toxicity of other catalyst that offer higher
formate efficiency, such as In and Hg or Pb, our PCE method re-designing Cu metal
seems to be a feasible and sustainable alternative. The cost of energy spent for
HCOO- production was calculated from the multiplication of cell voltage (in volts)

with the amount of charge (in coulombs) passed from the cell (watts per hour, Wh).

Energy = VCELLX Q = VCELLX (I X t) (410)
The molar amount of formate measured by UV-Vis and NMR analysis was divided

to that total energy.

- _ VCELLXIXt W_h
Cost of HCOO™ = —CELXIXL (mol) (4.11)

Only the energy spent on the full cell was taken into consideration, neglecting the
energy consumption of the liquid pump and gas flow controller. The energy
requirement between the samples were slightly different due to the small variations
in their current density during 2 hour CO; electrolysis. Therefore, we normalized

the product yield in terms of Wh per mole of HCOO-. As we discussed earlier in
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Chapter 3, we would set 100% process energy efficiency to formic acid formation
energy; 70.7 Wh-mol-1. The lowest cost of formate production was with Cu-PCE1
electrode, 325 Wh-mol-1. This corresponds to 21.7 % energy efficiency towards CO-
conversion to HCOO- which is 5 times higher than the value (4.2%) obtained with
Cu-CE.

4.3 Conclusion

The mechanism of continuous (CE) and pulsed-current electrodeposition (PCE) of
Cu from a citric-sulphate based electrolyte was explained. The rest period (torr)
during PCE improved Cu ion diffusion to GDE pore openings resulting in an evenly
distributed catalyst throughout carbon fibres with nearly three times smaller Cu-
island deposits. CO2RR tests revealed a morphology dependent selectivity between
HCOO- and CO for PCE samples. Smaller Cu-island deposits gave rise to a higher
perimeter/area ratio favouring HCOO- corresponding to 47 % Faradaic efficiency.
There was a competition between CO and H; on Cu-island area. CO was promoted
with coarser Cu-islands presumably facilitating OH™ uptake to form CO product - 28
% at a moderate potential where C;H4 and CH4 were below 5 %. CO selectivity over
C:Hs and CHs was correlated to improved desorption of CO under dynamic
conditions of ECf-cell. Those results would suggest that it is crucial to evaluate the
catalytic performance of CO2RR in an industrial electrochemical flow cell which may

affect the final product amount significantly.
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Dark-OER: Co-Mn oxide
NP in ECf-cell

Mn,O0,@CoMn,0O,- CoO Iro,

AE

j=-3t010 mA.cm?

’7at -3mA.cm? n at 10mA.cm?

This chapter focuses on use of cobalt doped manganese oxide (Co-Mnz0.)
nanoparticles as an alternative catalyst to replace dimensionally stable anode (DSA)
for oxygen evolution reaction in our electrochemical flow cell. Two different
nanoparticles were the main candidates; core/shell Mn30.@CoMn;0s and
heterostructured Mn30,@CoMn;04—Cox0y. Initial characterization of their
electrochemical performance was performed with rotating disk electrode (RDE)
measurements. Heterostructured NPs with Co:Mn molar ratio of 1 (MC1),
outperformed platinum (Pt) catalyst in oxygen reduction reaction (ORR) and
iridium oxide (IrO;) catalyst in oxygen evolution reaction (OER) in RDE
experiments. Therefore, a catalyst ink of “MC1: Nafion: Vulcan Carbon” was
immobilized on carbon fibre substrate (CFS). MC1-CFS can deliver a current density
of 10 mA -cm~-2 at 1.9 Vrye in 0.1 M KOH solution, which is similar in comparison to
DSA electrode. 70% current retention in 1 hour under 10 mL-min-! flow of 0.1 M
KOH was correlated to de-attachment of nanoparticles from CFS under electrolyte

flow.
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5.1 Experimental Remarks

The anode (counter electrode) in experiments of Chapter 3 and 4 were performed
with a state-of-the-art DSA; a commercial electrode formed by Taz0s-IrO-
immobilized on Ti-plate. This anode plate was custom design electrode by the cell
manufacturer (Micro Flow Cell, Electrocell A/S) aligning with the gaskets and
Teflon frames at the anodic compartment of ECf-cell assembly. DSA is a flat
electrode limiting the full function of an electrochemical flow cell so we aimed to
use a CFS loaded with an earth-abundant OER catalyst. The initial choice of this
catalyst was from one of the nature’s design in water splitting reaction. In some
higher plants and bacteriasi82a OER occurs in the oxygen-evolving complex of
photosystem II (PS II) in the form of Mn4CaOs complex. This Mn-based cluster is
responsible for the catalytic water splitting reaction with different oxidation states
and molecular binding features. In view of that, Co doping of Mn30.4 could create
mixed oxide states of manganese (MCx-NPs) by using different molar ratio of Co/Mn
(0<x<4). A set of catalyst with different loadings and oxidation states could provide
insight for ORR/OER mechanisms.

Mn-Co based nanoparticles were obtained from Andreu Cabot group. The
electrochemical tests and characterization of nanoparticles were performed in our
group. At first, MCx-NPs was immobilized on a carbon fibre substrate to evaluate
their oxygen reduction and evolution reaction (ORR and OER) catalytic properties
against benchmark catalysts, Pt and IrO.. A large focus was devoted to ORR to
understand the kinetic properties of the catalyst, since common intermediates can
play a key role for both OER and ORR. For example, surface adsorbed peroxide
(HO; ™ ,4¢) is an intermediate which has an oxidative property that can result
oxidation of the catalyst and carbon support leading to their corrosion and

dissolution.

After initial RDE test, NP catalyst with highest OER activity was selected and
immobilized on CFS by spin coating to be tested as anode in EC-flow cell. The water
splitting tests in EC-flow cell were conducted under both static (no electrolyte flow)

and dynamic mode (electrolyte flow at 10 mL-min-1).
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5.2 Results and Discussion

5.2.1 Effect of cobalt (II) chloride precursor: MC1-Cl NPs

The synthesis of partial cation exchange is explained in Figure 2-3 in Chapter 2.
Figure 5-1(a-b) shows transmission electron microscopy (TEM) micrographs of the
initial Mn304 produced in the 1st step and MC1-Cl that produced after adding an
equivalent molar amount of CoCl; in the 2nd step ([Co]/[Mn]=1; MC1-Cl).
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Figure 5-1. (a-b) TEM micrographs of Mn304 NPs (a) and MC1-Cl NPs (b). (c) ADF-STEM image and
EELS elemental mapping of MC1-Cl NPs and compositional line profile of Mn, Co and O elements
recorded along the arrow in the STEM images. (d) HRTEM micrograph of a MC1-Cl NP, power
spectra of the blue squared region and colourful structural map showing the distribution of Mn304
(red) and CoMn204 (green) phases.

Upon Co addition, the initial octahedral-shaped Mn304 NPs were slightly rounded
without undergoing significant growth even for [Co]/[Mn] ratios up to 5. Annular
dark field scanning TEM (ADF-STEM) in combination with electron energy loss
spectroscopy (EELS) showed a core-shell type Co and Mn distribution with core and
shell compositions compatible with Mn304 and CoMn;04 stoichiometry — Figure

5-1(c-d). All Co concentrations with [Co]/[Mn] ratios above one resulted in core-
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shell type structures with similar shell thickness. High resolution TEM (HRTEM)
analysis showed Bragg reflections from two body centred tetragonal Mn3z04 phases
(space group = I41/amd) with close lattice parameters. Upon filtering, a

crystallographic epitaxial core-shell distribution was preserved.

5.2.2 Effect of cobalt (II) perchlorate precursor: MCx NPs
Mn304 produced in the 1ststep as explained previously and MCx was produced after
adding an equivalent molar amount of cobalt perchlorate (Co(Cl04)2-6H20) instead

of chloride CoCl; in the 2nd step.
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Figure 5-2. (a-c) HRTEM micrographs of MC0.5 (a), MC1 (b) and MC2 (c) NPs. TEM (scale bar =100
nm) (d) ADF-STEM image and EELS elemental mapping of MC2 NPs and compositional line profile
of Mn, Co and O elements recorded along the arrow in the STEM image. (¢) HRTEM micrographs of
a MC1 NP, details of the red and green squared regions with the corresponding power spectra, and
colourful structural map showing the distribution of body cantered tetragonal Mn304 (red) and face
cantered cubic CoO (green) phases.
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This led to MCx-NPs (0 < x < 2) with rougher surfaces shown in Figure 5-2 (a-c).
Upon Co(Cl04); addition, a clear increase of the NP size was observed, with a final
diameter depending on the amount of Co precursor used; 12.5, 13.5 and 15 nm for
MCO0.5, MC1 and MC2, respectively. In Figure 5-2 (d-e), HRTEM and EELS mapping
displayed a clear core-shell type element distribution with a central core phase and
composition consistent with Mn304 and a Co-rich shell. At the NP surface, several
crystallites with a CoO phase were evidenced —Figure 5-2 (e). Figure 5-3 illustrates
the particle formation mechanism concluded from the structural and chemical
characterization. Both Co precursors tested (Co-chloride and Co-perchloride), a
partial cation exchange between Mn and Co takes place at the outer surfaces of
Mn304 to form a CoMn;04 shell.1® Besides, when compared with the Co-chloride, the
lower coordination ability of the perchlorate promoted a relatively higher reactivity
of the Co ions in solution, resulting in the nucleation of a cobalt oxide phase,
identified as CoO, at the NP surface. On the other hand, the lower reactivity of Co2+
in the presence of chlorine ions prevented the nucleation of CoxOy phase and

constrained the Co incorporation to a self-limited partial cation exchange reaction.

. E_(
A 2+ 2+ . ' Eh“"
Mn?* by Co?* cation exchange
+Co,0, nucleation

Figure 5-3. Scheme of the formation of the Mn304@CoMn204 and Mn304@CoMn204—CoxQOy
nano-heterostructures when using either a cobalt chloride or a cobalt perchlorate solution. Green
arrows in the bottom point at CoxOy nanocrystal nucleation sites.
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5.2.3 Rotating disk electrode analysis of NPs for ORR & OER

To study their electrocatalytic properties toward ORR and OER, NPs were mixed
with carbon powder (Vulcan XC-72) with a weight ratio of 30% through sonication
of NPs and carbon in chloroform and ethanol*v. NP/VC nanocomposites were then
thermal treated under air atmosphere at 180 °C for 5 h to remove organic ligands.
The carbon additive was mixed before thermal treatment to avoid NPs
agglomeration after the removal of ligands. Otherwise ligand-free NPs would
collapse into each other and would not be accessible for carbon additive to create

an unbroken network of electronic conduction.

X-ray photoelectron spectroscopy (XPS) showed the presence of a main Co2+
component (purple and blue lines) and an additional Co3+ contribution (green
lines), Figure 5-4(a), which evidenced partial oxidation of CoO crystallites to Coz04
during the thermal treatment. For different chemical state of Co atoms, the binding
energies in vacuum (E}) strongly overlap to each other such as in Co304 and CoO
which are both observable at ~779 and ~797 eV for Co2ps, and Co2pisz,

respectively 139,

MC1 Co2ps,
Co2py, CSZ%/Z (CoO)
satellite ( 0 ) Cozfslz
= (CoO\ (Co0)
8
P £
S . ,
o AN
© Co2p,, 7
(Coz0,) Co2p;N\§
(Co30,)
810 800 790 780 770

Binding Energy (eV)

Figure 5-4. (a) XPS spectra of Co-oxide crystallites on MC1 NPs and (b) TEM micrograph MC1 NPs
which was supported on carbon black (red arrows point at some of the NPs)

Yet, it is possible to distinguish Co oxidation states using satellite features of Co-
2p1,2 spectrum because a single valence state (Co+20Q) gives a stronger satellite

feature than a mixed state. In addition, commercial CoO samples often display an

xiv Further details are given in Chapter 2.
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oxidized Co304 surface in XPS even though powder XRD spectrum showed only CoO
diffraction peaks. This appears to be a common surface activity of Co showing Coz04
oxidized surfaces for CoO. TEM micrograph of the MC1/VC composite was given in
Figure 5-4(b) revealing MC1 NPs were uniformly dispersed around carbon additive
in the loading-annealing process. The red arrows show the individual MC1 particles
that preserved their heterostructured morphology that their agglomeration was

prevented as a result of carbon additive before the ligand removal.

Analysis of Kinetic Parameters

Electrochemical activity of the NPs was studied using linear sweep voltammetry
(LSV) in a three-electrode cell coupled with a RDE configuration (see Chapter 2,
Rotating disk electrode for further details). The initial sweep was performed
without rotating (Orpm) and O bubbling caused a noisy current density signal, grey
plot in Figure 5-5(a). Consecutive sweeps were performed with six different

rotating speeds — from 400 to 2000 rpm.

Figure 5-5(a-d) could be considered as a step-by-step guideline in order to perform
a kinetic study for ORR. The given plots were for MC1/VC sample for clarity and this
protocol was applied for each sample rigorously*v. The initial step was to perform
LSVs for a sample immobilized on CFS, as illustrated previously in Figure 2-4,
Chapter 2. LSVs recorded for MC1/VC can be seen in Figure 5-5(a). The first feature
observed was the overpotential (~0.3 V) respect to redox potential of ORR, 1.23
Vrue. The initial rise of the disk current (ig;gx) at this overvoltage (between dashed
lines) was almost independent of the electrode rotation rate, e.g. potential range of
0.85—1.0 Vrue. This suggested that the current density in this narrow potential
range was under pure Kinetic control. In these conditions, the electron-transfer rate
at the electrode surface was much smaller than that of the diffusion—convection
limiting rate (ik<<iairr) and therefore, the disk current density was almost equal to
kinetic current density, (ik=iask) 140.Meaning that, if the kinetic rate of a catalyst
would be fast (ko>>0.02 cm-s—1); one could observe a very steep rise of the current
until all the ions at the boundary layer are depleted (like a current jump of a

capacitor under polarization). With further polarisation, the current would either

x In the next section, figures would show the comparison of all samples extracted from this
step-by-step protocol.
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remain stable or fall back to a lower value —due to the mass transfer from the bulk

towards the vicinity of electrode, where the ions were depleted. In fact such

behaviour could be seen in 0 rpm LSV scan (grey plot in Figure 5-5(a)) that the

current density tends to fall slightly but O, bubbling improved mass transfer

keeping the current relatively constant.
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Figure 5-5. (a) Current-potential curves at different electrode rotating rates, recorded for MC1/VC
on glassy carbon disk electrode (0.196 cmz) using a potential scan rate of 5 mV-s-1in O2-saturated
0.1 M KOH aqueous solution; (b) the Levich plot and it’s equation; (c) the Koutechky-Levich plots
at different electrode potentials and corresponding equations for find kinetic current(jx) and
electro-transfer rate constant (&); and (d) plot of E vs log(jk). The measurement was carried out at

25C and 1.0 atm oxygen pressure

When the potential was beyond 0.85 Vgyg, disk current (igjsi) would be dependent

on the rotating speed of the electrode. Here, the disk current was limited to a certain

value (igjsk1) by both electrochemical kinetic current and O diffusion (ix>>iaifr). At
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potentials lower than 0.85 Vgug, the kinetics were faster but the limiting factor on
the current was the diffusion determined by rotating rate (isirr=idisk1), SO the total
flux of current was under convection and diffusion control. Ifigsk; of a fixed
potential was taken from each LSV such as red circles in Figure 5-5(a) and plotted
vs. the rotating speed as in Figure 5-5(b), iaiski would be proportional to two
parameters: Oz concentration (C}) and rotating speed (w'/?), formulated by Levich

equation,

5.1
iLC:0.62-n-F.A.Dé/3_wl/Z.V—1/6_C6 (5.1)

where “i} . is the limiting current (A), “n” as the number of electrons transferred,
“F” as Faraday’s constant (96485 C), “Dy” is the diffusion coefficientxi (cm2:s-1), w
“” as rotating speed (rad-s—1), “v” as kinetic viscosity of the electrolyte) and “Cg”", is
the concentration of the species “0” (03 gissolved = 1.2 X 107°). Figure 5-5(b) shows
that slope of the plots used to determine the electron transference number, “n.”,
which was the number of electrons transferred under steady-state conditions (0.4
- 0.85 Vgug). The theoretical value, exchange of 4 electrons to reduce O; into OH-,
was plotted as well for clarity. For potentials between 0.6 and 1 Vrug, there were
large deviations from the theoretical 4 electron path, suggesting the steady-state
condition was not applicable for all potentials. Therefore, we needed to look for n;
value between 0.4 and 0.6 Vgpue by either taking the average of n, values or
considering the best fitting slope compared to Levich theory. Those values for
MC1/VC are 3.95, 3.91, 3.82 and 3.63 for 0.45, 0.5, 0.55 and 0.6 Vrug, respectively.
We can initially say that MC1/VC favoured 4e- path for ORR at large overpotentials
and a small portion of the reaction would undergo to 2e- reduction to H,0, which

would be explained later on.

A key question in Figure 5-5(b) could simply be, “Why at the potentials between 0.6
and 1.0 Vrue do not follow the Levich formulation?” To remind that, the reversible
reactions provide very fast kinetics, j-E wave for a reversible reaction is

1/2 it must

independent of w at the activation region. Thus, when igjg | varies with w
be valid at any potential contrary to points at higher potentials in Figure 5-5(b). So,

the deviation of the plots between 0.6 and 1.0 Vrue from the straight Levich line

WiDg, =19x 107° cm? - s and VoM kog = 0.01cm? - s7*
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intersecting the origin would suggest that a kinetic limitation (rate determining
step) was involved in the electron-transfer reaction. This required further
interpretation by using Koutechky-Levich equation and plot (Figure 5-5(c))

dedicated for quasi-reversible and irreversible reactions given by,

(5.2)
1 11 1 1
lgisk (E + E) B (H'F'A'k*'CB + : 1 )

2
0.62n'F-A-D3 w2V 6:Cy

(5.3)
1 1 1 1
ldisk (n-F-A-k*-C’{)) + < Z 1 _1)

nF-AD3 v 6.Ct W2
0.62:n'F-AD3v76-Cy @

where i and k™ are the kinetic current and kinetic rate constant, respectively and
rest of the symbols stand the same as Levich equation. Here the kinetic current, i,
resembles the reaction mechanism in the absence of any mass-transfer effects, that
was, the current would flow under the pure kinetic control if the mass transfer were
efficient enough to keep the concentration at the electrode surface equal to the bulk
value, regardless of the electrode reaction2s. As a result, a plot of 1/igjgk Vs. 1/w!/?
(Figure 5-5(c)) should be linear and can be extrapolated to find the kinetic current
from the intercept by w!/? = 0 yielding 1/iy. The change of current is related
exponentially to the applied overpotential explained by Tafel?8a. Thus,
corresponding potential of each iy could be used to plot logiy vs. 1 to evaluate the
kinetic parameters, Figure 5-5(d). The transfer coefficient, « could be found from

Tafel slope and its intercept would give log(i®). The standard rate constant of the

reaction, k® could be estimated from Butler'41-Volmerz2sb equation,

= 0[] (54

log(iy) = log(i®) + (52T .y (5-2)

i®=n-F-A-k%-C} (5.6)

Comparison of ORR Activity

The comparison of NPs activity vs. ORR was conducted for 1600 rpm rotation,
shown in Figure 5-6(a). The kinetic and diffusion controlled region between mixed-
Co/Mn NPs were significantly different than their forming oxides (Mn30s and
C0304). This region corresponded to the voltage range of 0.95—0.7 Vrug for MCx NPs
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(0.5<x<2) and 0.85—0.5 Vgrue for Mn3z04 and Cos04 respectively. When the
electrodes were polarized to higher overpotentials, the reaction was under mass

diffusion control determined by the rate of O, transport to the diffusion layer.

b. 0.95
0.90""
~. 0.85
=z
> 0.80
&)
0.75
84 06 08 10 12 070 1 0 1
E (V. log j (mA-cm™)
0.6
C.
S E
= E
5 sl 105 &
< 5
g <o
>
o = =
2.0 0.4
o 2 3 5 § o &
: p—
s 3 g = =3

Figure 5-6. (a) ORR polarization curves of MC/C, Mn304/C, Co304/C and Pt/C in O2-saturated 0.1
M KOH at 1600 rpm using a scan rate of 5 mV-s™1. (b) Corresponding Tafel plots derived of ORR
polarization curves (c) Kinetic current densities at half-wave potential (red) and overpotentials
(blue)

The diffusion limited current (ig;sy ;) of Co304 (—5.5 mA-cm~2) was relatively higher
than Mn304 (—4.5 mA-cm~2) but with an expense of extra 0.2 V compared to MC1
and MC2. We might conclude that Co-cation exchange improved the kinetics of the
ORRreaction, according to the improvement of on-set voltage and steep current rise

in the mixed-region, MC0.5>MC2>MC1.xi Further investigation of electrochemical

xii SVs of all samples at different rotation speeds are given in Annex 5.1
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kinetics were assessed from Tafel slopes, shown in Figure 5-6(b) obtained from the
region closer to their on-set potentials, where the limitation by O diffusion in the
active layer was negligible. Two different Tafel behaviour between 0.95 and 0.7 Vryg
would imply similar reaction mechanism for spinel nanoparticles (MCx) and
commercial Pt. MC1 exhibited favourable kinetics than MC1-Cl and even benchmark
Pt (52,95 and 76 mV-dec*, respectively). Their forming oxides showed a stronger
irreversible behaviour due to their high Tafel slope values; Mn304 (100 mV-dec1)
and Co304 (124 mV-dec?).

Figure 5-6(c) displays two ORR figures of merit, the current density at half-wave
potential and the required overpotentials to reach —3 mA-cm-2. When compared
with Mn304 and Co304, ORR current densities and overpotentials clearly improved
with the presence of CoMn;04 shell (MC1-Cl), but an additional enhancement was
observed in presence of the CoxOy crystallites on MCx (0.5 < x < 2). In particular,
the MC1 catalyst outperformed the rest, showing the highest half-wave current
densities, —2.77 mA-cm~2, and the lowest overpotential, 0.4 Vgue. Higher CoxOy
concentrations (MC2) maintained the large current density in the diffusion limited
region with a slightly higher overpotential. MCO0.5 required even larger
overpotential to reduce oxygen suggesting sluggish reaction kinetics for ORR.
Firstly, these observations indicated a trend between amounts of cation exchanged
vs. ORR activity. Secondly, interaction of core/shell embodiment would influence

ORR reaction path between 2 and 4 e".

In alkaline solution, the oxygen reduction reaction (ORR) can follow (i) a direct four
electron pathway, (ii) a two electron pathway, or (iii) a sequential four electron

pathway.140

i.  The direct 4e— pathway entails conversion of 0, to OH™ via two electron
transfer in two steps,

0, + 2H,0 + 2e~ = 20H,4 + 20H" (5.7)

20H, 4, + 2e~ = 20H" (-8)

and overall reaction would be,

0, +2H,0 + 4e~ 2 40H™  E3_ou- = 0.401 Viyg (pr=14) (5.9)
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ii.

iii.

The 2e- pathway converts O, to HO, and OH™ via single electron transfer
path in two steps,

0, + H,0 +e” = HO,,,  + OH~ (5.10)

HO,, . + €~ = HO,~ (-11)

and overall reaction would be,

0, + H,0 + 2e” = HO, ™ + OH™ E§_ /0.~ = 0.076 Vrupprzrey  (5:12)

The peroxide ion (HO, ™) may either desorb from the catalyst surface (Eq.
5.12), or it may persist enabling a further 2e- reduction to OH™. This second
step completes 4e- transfer (Eq. 5.9) of the sequential mechanism,

HO,™ + H,0 +2e~ = 30H™ E}o,-/on- = 0.88 Vrup(pr=14) (5.13)

For an electrochemical cell, 4e- transfer of 0,/OH™ redox couple is preferable to

prevent catalyst corrosion by oxidative peroxide ion!42 so it would be useful to

compare electrons transference number (n;) of different catalysts by Levich

equation?? described previously in Eq. (5.1).
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Figure 5-7.(a) K-L plots at 0.5 Vrur. The standard lines for 2 and 4 electron pathways are also plotted
as a guideline (b)  at different potentials.

Figure 5-7 (b) shows Levich slopes and n, as a function of electrode potential from

the slope at potentials from 0.45 to 0.7 Vgue. The presence of CoMn;04 shell around

Mn304 surface (MC1-Cl) had a minor influence on ny, which increased from 3.35 for

bare Mn304/C to 3.43 for MC1-Cl/C at 0.5 VgruE.
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The observation that n; for MC1-Cl and its constituent oxides were neither exactly
2e” nor 4e” suggesting a simultaneous reduction of oxygen through both pathways.
MCx (0.5<x<2) catalysts with CoxOy crystallites displayed higher n, than others. It
was plausible that the presence of Cox0y at the Mn30.@CoMn,04 surface facilitated
a rapid electron transfer, clearly shifting the ORR mechanism toward 4e~path as
evidenced by the increase of n;values for MC0.5/C < MC2/C < MC1/C,
respectively. To expand further, depending on the mode of adsorption of oxygen
molecule on metal surface, different mechanistic steps can occur as proposed by
various authors!#3. A modified scheme proposed by Wroblowa et al.144 has been

very much accepted in the literature given in Figure 5-8.

ky(raeT)
[ e 2Ty b
diff. ko(+2¢ k (+2.P )
Oy(b) — Oy* 2: = 205(a) —> H,0
\_2/
H,0,*
diff.
H;04(b)

Figure 5-8. The proposed scheme of ORR pathway by Wroblawa et. al., (Image obtained from Ref.
[144], with permission J. Electroanal. Chem.,, Elsevier)

In this scheme, at high potentials, ki > k;, the portion of direct 4e™ reduction of
oxygen to water will be more than 2e™ reduction to peroxide; at intermediate
potentials, the decrease in ki/k; ratio will indicate an increase in the portion of
2e” reduction to peroxide; and at lower potentials ki/k, becomes lower than 1.
However, if k3 increases, a further reduction of peroxide to water will happen before
it desorbs to solution. This observation proposes the formation and stabilization of
high-energy intermediate at the surface, peroxide, would be very critical for further
reduction to H;O. This is often related to the high stability of the 0—0 bond, which
has a dissociation energy of 494 k]-mol-1, while this value is only 146 k]-mol-! for
H0; (peroxide). According to increment of n; values upon Co cation exchange with
Mn indicated an improvement for the adsorption of O, molecule and stabilization of

H,0; intermediate if a sequential 2e” was the reaction path, Eq. (5.13). After careful
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characterization of nanoparticle catalysts by ADF-STEM image and EELS elemental
mapping and XPS analysis of the surface, we proposed a generally accepted mode of
0, adsorption which was either “end-on” or “bridge” model of interaction,
illustrated in Figure 5-9(a). The charge transfer for the end-on interaction of O, with
the metal has been related to electron donating ability created by multivalent metal
cations84. Table 5.1 shows the valence state of the nanoparticle catalysts calculated
by the stoichiometry obtained by XRD spectra and relative comparison of cations in
EELS elemental mapping. The coexistence of multivalent Mn states (+2 to +4) is
due to CoyMn,_, 0,4 shell layer. It could be difficult to assign one “x” value even with

high resolution microscopy, we assumed that values from 0.5 to 2 can generate a

mixed valence state at the crystal lattice of the shell.

Table 5.1. The valence state of nanoparticle metal cations

Core Mn;0, Mni? Mnj? 032
Shell CoyMn,_,0, Coi2 Mn}2/*3 Mn}3/** 0;2
CoO0 Co*t? 072
Crystallites
Co50, Co*? Co3® 032

Nevertheless, all Co-doped Mn304 nanoparticles exhibited a shell layer found from
HR-TEM and XRD studies. This brought up the second question about the intrinsic
activity of the crystallites formed on the shell layer, CoyMn,_,0,. This intrinsic
activity, in fact, would be a result of the kinetic properties which could be studied
by a comparison of their standard rate constants (k°) and electron transfer
coefficients (a). The values obtained from K-L plots and Tafel/Butler-Volmer
equations were plotted in Figure 5-9(b-c). The first indication, in Figure 5-9(b) was
k%of MCx NPs that lie in the quasi-reversible region, as well as Pt benchmark
catalyst. The fastest rate of ORR reaction would belong to MC1 catalyst, 1.74 x 1073
cm-s—! followed by Pt, 9.46 x 10 * cm-s—1, indicating an improved stabilization of
peroxide. This would also linked to the mode of adsorption that a bridge bonding
would be favoured at MC1 NPs because earlier studies!4s indicated that the bridge
interaction would likely to occur on noble metals such as Pt, where O; was reduced

to water with little or no peroxide formed.
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Figure 5-9. () Possible configurations of dioxygen interaction with NPs (b) limiting current density
and kinetic rate constants of ORR for NPs extracted from the intercept of K-L plots and Butler-
Volmer equations - different regions of reversibility for heterogeneous electrochemical reactions
are highlighted (c) transfer coefficient () of catalyst NPs extracted from their slope of Tafel plots,

“«. n

n” is the number electrons exchanged per mole of O,

Moreover, their limiting current density showed a similar trend confirming that
calculations were accurate. The second indication about the reaction mechanism
was the values of electron transfer coefficients () given in Figure 5-9(c). Generally,
electrochemical systems exhibit a value of 0.3 < a-n < 0.7 for one-step one-
electron transfer reactions (n = 1). The higher a value corresponds to a faster
reaction kinetics and a =1 considered for a totally reversible reaction.
Nevertheless, this would not be the case in many heterogeneous reactions due to
the fact that catalysis reactions usually require the stabilization of the reductant
(chemical step), not only a charge transfer (electrochemical step). For “an” in
catalysis of O, to OH™, this n is different from that of the electron transference
number (n;). Here n is the number of electrons that could be transferred in the rate-
determining step (RDS). As highlighted previously in Eq. (5.7) to (5.13) for ORR, n
has been recognized to have a value of 2Ze™ for RDS involving peroxide intermediate
145 therefore, an = 0.87 and a would be 0.43 whereas n = 2 for MC1 suggesting
2e +2e” path giving Eq. (5.9).
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Catalyst stability is a critical requirement for practical applications. MC1 and MC2
catalysts showed current retention above 95% of the initial current after 20 hours,
displayed in Figure 5-10(a). Mn304, Co304, MC1-Cl and Pt catalyst lost nearly half of
their current density within the first 20 hours while MCO0.5 preserved nearly 80 %
of the initial current after 2 %2 days, Figure 5-10(b). The direct Oz reduction path (ki
in Figure 5-8) implied a progressive decomposition activity against deteriorating
peroxide species (contrary to ks, k3 and ks in Figure 5-8) which was beneficial for
holding a stable catalytic activity. n; values of MC1 and MC2 were close to 4 and
transfer coefficients of 0.5 < an < 1.0 revealed that ORR mechanism would be
mostly (but not totally, see Figure 5-9 (c)) oriented toward ki path, direct 4e” path
again giving Eq. (5.9).
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Figure 5-10. (a) Constant potential test performed at 0.8 V in Oz-saturated 0.1 M KOH for all the
nanoparticles for 20 hours and (b) MCO0.5, MC-Cl and Pt for 60 hours (c) TEM images of MC0.5 and
Pt NPs after 60 hours stability test. MCO.5 NPs were stable showing as dark spots covered with
Vulcan carbon and Pt NPs were pulverized with Vulcan carbon additive due to oxidizing species
formed during ORR.

On the contrary, for Pt catalysts, Oz reduction into OH- by direct 4e” competed with
2e” path yielding HO,~ species which was proven to induce electrode corrosion21.22
Figure 5-10(c) displays TEM images taken after 60 hours ORR test. A strong
pulverization of carbon support of Pt catalyst, along with an increment of its
amorphous structure, verified a deformation of the catalyst particles by strong

oxidizing character of peroxide species.

Comparison of OER Activity

OER activities of NPs are given in Figure 5-11(a-b), showing LSVs and Tafel plots.
The amount the active ion (OH-) in alkaline solution (0.1 M KOH) for OER is near
infinite compared to low solubility of O, (1.2 x 10-3 M) in ORR. Therefore, the
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diffusion limitation was much less of a factor and it was relatively simpler to

evaluate Tafel slop in low overpotential region.

Co304 showed state-of-art values, with an excellent catalytic activity, clearly
outperforming that of Mn304, Figure 5-11(a). Pt catalyst was not stable in OER23 due
to severe oxidation evident from the broad peak in LSV following its dissolution
with carbon support. For that reason, IrO;-based commercial anode was tested as
OER benchmark catalyst. As expected, this material showed exceptionally a low
overvoltage (0.25 V) and high current density. On the other hand, all MCx catalysts
showed similar OER performances close to the Co3z04 and IrO; references, with low
overpotentials (e.g. 0.31 and 0.41 V for MC1/C and Co304). In particular, MC1
exhibited the faster OER kinetics¥ii with a Tafel value of 95.2 mV-dec-1, clearly
below that of Mn304, but also of Co304 and even IrO,-DSA.

The presence of CoxOy crystallites facilitated a faster reaction kinetics according to
the improvement of the on-set potential. Similar to ORR catalysis, the degree of
adsorption/desorption of 0,/OH™ is of importance in OER. The improvement of
catalytic activity proven in ORR (4e- path via OH™) would in parallel provide
available active sites that have stronger affinity for both molecules O, and OH™.
Surface metal cations (M) are usually the active sites which proceeds via a series of
intermediates by the adsorbed oxygen atom (M—0) in OER, e.g. M—OH bond - M—0
— M—0OH — M—0O0 6%, Therefore, a synergy of both Mn- and Co- atoms at the
surface layer might be the active sites for M—O0 bond. In that respect, activity trends
of mixed metal oxides were often explained by the Sabatier principle?!. It states that,
the interactions between the catalyst and the substrate should be just right; that is,
neither too strong nor too weak. Hence, “volcano” plots have often been employed
to resemble the relationship between OER activities vs. M—0 bond strength. Those
studies usually suggested that an optimal M—O bond interaction would lie at the top
of the volcano. If M—O bond strength would be too strong or too weak, OER ability
would be at the bottom sides of the volcano, meaning a lesser extend of catalytic

activity.

wiit Ap extended summary of the electrochemical data is presented with a table in Annex 5.1.
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Figure 5-11. (a) OER polarization curves of Mn304/C, Co304/C, MC/C, Pt/C, DSA and glassy carbon
(GC) in Oz-saturated 0.1 M KOH at a scan rate of 5 mV/s. (b) Tafel plots derived from OER
polarization curves. (c) Linear polynomial regression of the LSV scans with a scale zoomed to on-
set potentials (d) Comparison of ORR and OER activities of MC2 NPs before and after 20 hours
durability test in 0.1 M KOH solution. The rotation rate is 1600 rpm during ORR & OER

For instance, initial works of Delahay et.al and Hickling et. al.1#6 showed a decreasing
OER trend of Co = Fe > Cu > Ni correlated to M—OH bond strength. Later Trassati
et. al.692.147 proposed a unified approach to determine OER activity trend of RuO; >
Ir0; > MnO > NiO > C0304 > Fe304, correlated with the oxygen uptake of the active
surface site of the metal, in accordance with M—O bond strength. If Mn-site
presented the enhanced affinity to M-OH adsorption, then a decrease of OER activity
was not surprising at MC2 due to the shielding of Mn-surface sites by CoxOy
crystallites. A correlation between Co content and turn-over-frequency (TOF) at an
overpotential of 450 mV was shown the support this explanation, Figure 5-11(c).

1:1 ratio of Mn to Co was at the top of the volcano and both ends gave a trend for
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high Mn or Co content. Only Co304 did not fit exactly to the right end of the volcano
plot and displayed significantly higher OER activity than Mn304. Higher electrical
conductivity of Co-oxides are well known and widely studied in energy storage
systems, i.e. batteries%a 148, [ts high intrinsic activity could be seen from the low on-
set potential and Tafel value (110 mV-dec™) proposing faster kinetics compared to
Mn;30.. In a recent study, Burke et. al. presented the effective conductivity of first-
raw transition metals using an interdigitated array electrode in 1 M KOH solution.
The results showed a dramatic decrease of electrical conductivity from CoOxHy >>
NiFeOHy > NiO Hy >> MnOxHy which could also be correlated to the difference in
kinetics between Mn- and Co-oxide NPs.70.149 LSV scans before and after a 20 hours
test, Figure 5-11(d), showed no significant change either in the on-set voltage or in
current density of both ORR and OER for MCx (0 < x < 2). Even a slight
improvement of OER current density was observed, probably due to the penetration

of electrolyte into the film nano-pores.

Eventually, MC1 catalyst was chosen as the only candidate to employ at the anode
side of ECf-cell. In order to realize this test, we first had to form a catalyst-electrode

assembly by spin coating method which would be explained in the next section.

5.2.4 DSA vs. NPs/CFS in ECf-cell

Nanoparticle immobilization on carbon fibre substrate

After rotating disk experiments MC1 catalyst were tested in ECf-cell set-up by
immobilizing nanoparticles on carbon fibre substrate (CFS size: 1.5 cm x 1.5 cm) by
spin coating method. An ink containing MC1 NPs was deposited on CFS by spin-
coating method in two steps as illustrated in Figure 5-13(a). After drying in Ar
vacuumed oven at 802C for a night to completely remove the organic solution in the
nano-pore cavities, MC1-CFS assembly was placed in the anode supporting plate. In
the counterpart (cathode), a Pt coated Ti-plate was used for hydrogen evolution
reaction (HER). 0.1 M KOH and 0.1 M KHCO3 was used as anolyte and catholyte,
respectively, and the cell was separated by a Nafion® membrane enabling the
transfer of protons or potassium ions for ionic balance of the water splitting

reaction. According to pH adjustment, cell reactions occurred according to,

Anode 40H™ = 0, + 2H,0 + 4e~ (pH = 13.5) (5.14)
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Eo, on- = 0.431 VRyE (pH=13.5)

Cathode 2H* 4+ 2e~ = H, (pH=0) (5.15)
4H,0 + 4e~ = 2H, + 40H~ (pH = 8.3)

EH+/H2 = —0.49 VRHE (pH=8.3)

CELL H,0 = 2H, + 0, (5.16)

ECELL =-092V

Three different catalyst loading were applied on CFS by spin coating, Figure 5-12(a-
b). MC1 NPs presented a fair distribution on CFS, immobilizing mostly at the cross-

sections of the carbon fibres. Figure 5-13 shows FE-SEM image of MC1-CFS with 2

layers of spin coating.

a. Catalyst ink 1 mL ink
NPs+VC+Nafion 15T spinning 2ND spinning Soft Baking Reference Eld
v 500 rpm 2000 rpm 80 °C

30s 15s 5 min

[ x2: 2 Layers ] (HER)

x5: 5 Layers

5 Layers

200 nm* EHT = 500 kv
H /  wo-samm

2 Layers

200 nm* EHT = 5.00 kv 200 nm* EHT = 500KV

’\ WD = 53 mm

-t wozeimm

Figure 5-12. (a) Schematic illustration of [NPs:VC:Nafion] ink preparation and two step spin coating
on carbon fibre substrate (CFS) following EC-flow cell assembling (b) FE-SEM images of MC1-
CFS/1L, 2L and 5L electrodes. Magnified areas are shown by red squares.

Agglomerates of NPs varying from 20 to 60 nm were formed after 2nd layer which
could be due to Nafion ionomer used as a binder additive in the catalyst ink
formulation. The mass loading of spin coated samples have been calculated as 0.6,

1.3 and 3.2 mg-cm~2 for MC1-CFS/1L, MC1- CFS/2L and MC1- CFS/5L, respectively.
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Da2=4647 nm

Figure 5-13. FE-SEM coupled with Charge Compensation method to investigate agglomerated
nanoparticles of MC1-CFS/2L

OER activity of MC1-CFS in EC-flow Cell

Figure 5-14(a-d) presents OER activity of benchmark DSA (Ta,0s-1rO,/Ti-plate)
electrode under two different electrolyte modes. Initially, the liquid electrolyte
(0.1M KOH) was pumped to the cell for almost 1 minute, until a steady flow is
maintained. Then the pump was stopped and a CV was recorded at 5 mV-s-1 scan

«_n

speed (black lines). This mode was referred as static mode “s” due to the electrolyte
residing still in the anode (0.1 M KOH) and cathode parts (0.1 M KHCO3). After these
tests, liquid pump was fixed to a flow rate of 10 ml-min-! and kept flowing during a
second CV test. This mode was referred as dynamic mode “d”. During the assembly
of ECf-cell, the gaskets and flow channels defined an active area for anode and
cathode. Therefore mass-transport properties could be manipulated by changing
two pieces of the assembly (gaskets and flow channels) and work with same
electrode but having different geometric active area with an easy modification of

assembly. The effect of diffusion and convection on electrochemical reactions were

broadly studied in the previous section, so the initial results of ECf-cell were not a
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surprise in terms of electrochemical principles, but highly informative about the

applicability of OER catalysts to industrial electrochemical cells.
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Figure 5-14. CV scans of DSA electrode with a defined geometrical area of (a) 10 cm? and (b) 1 cm?
under static electrolyte mode “s” meaning no flow, and (b) dynamic mode “d” meaning 10 ml-min—1
electrolyte flow (c) Tafel slopes of 10 cm2 and (d) 1 cm2 DSA electrode in static and dynamic modes

To start with s-mode (black lines) in Figure 5-14(a-b), the difference of CV shape
between DSA-10 and 1 (black lines) was due to the mass-transport limitation. In the
still solution, the concentration of OH™ species drastically decreased at the surface
of 10 cm? electrode, evident from a maximum in OER current. Beyond this point,
concentration of OH™ species at the electrode surface were almost zero and OER
reaction was under diffusion control. For 1 cm? electrode area, this effect was still
noticeable butless pronounced. In fact, the main reason was the small volume of the
electrolyte reservoir at the anolyte compartment around 2 ml (10 cm x 10 cm x 0.2
cm). For instance, in rotating disk electrode tests, the geometrical area of glassy

carbon electrode was 0.196 cm? while the volume of the liquid in beaker is ~80 ml.
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This corresponds to a large difference between GCE/RDE tests and DSA/ECf-cell
tests, shown in Table 5.2 in terms of volume to area ratio (ml electrolyte/cm?
electrode) of 2-fold smaller for 1 cm? and 3-fold for 10 cm? DSA plate in s-mode.
Nevertheless, this issue could easily be overcome by employing the d-mode and
fixing a pump speed to increase the concentration of OH™ species by forced

convection (e.g. 10 ml-min-! electrolyte flow), red lines in Figure 5-14(a-b).

Table 5.2. Dimensions of electrode area and anolyte volume inside the ECf-cell

Electrodes
Glassy carbon CFS (1 cm?) CFS (10 cm?)
Anolyte volume (ml) 80 2 2
Electrode area (cm?) 0.196 1 10
Ratio (ml/cm?) 408 2 0.2

It is also important to mention that Tafel slope value significantly improved when
cell was working under d-mode, Figure 5-14(c-d). The Tafel value is a factor of
electrode kinetics and independent of diffusion control, therefore some explanation
for electrolyte flow influence on Tafel parameter would be required. This could be
related to an enhancement of local pH at the electrode surface. OER consumes
OH™ species to produce 0, which eventually increases the local H concentration
at the surface. Since OER is a pH dependent reaction, evident from Pourbaix
diagram,150 it would require extra energy in terms of overpotential for O, evolution
with the shift of local pH. Besides, the desorption H* species from the surface to
bulk of the electrolyte and their migration towards counter electrode to
complement the counter reaction (HER) could be reasonably slow in a still solution.
The constant flow of electrolyte would be expected to enhance the overall current,

and could be associated to lower Tafel values in Figure 5-14(c-d).

Figure 5-15(a-b) shows CVs and corresponding Tafel slopes of CFS, MC1-CFS vs.
DSA-1 electrode for OER activity under d-mode (10 ml-min-! flow of 0.1 M KOH).
The overpotential required for 10 mA-cm—2 along with the current density
normalized to geometrical area and catalystloading amount were given in Table 5.3.
The results showed that a lower amount of catalyst loading on CFS immediately

shifted OER on-set potential from 1.8 to 1.55 Vgue. Moreover, current density
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increased nearly 50 times thanks to faster kinetics of MC catalyst. In comparison of
loadings, an improvement in Tafel value was observed at lower catalyst loadings,
MC1-CFS 1L > 2L > 5L. This could be correlated to the accessibility of active sites

around a single NP at low loadings compared to agglomerated particles at higher

loadings.
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Figure 5-15. (a) CV scans of benchmark DSA electrode and MC1/CFS with different loadings; 1, 2
and 5 layers. In-set image shows necessary OER overpotential for DSA and MC1/CFS/5L (b)
Corresponding Tafel slopes and FE-SEM images of MC1 NPs covering carbon fibres after (c) 1 layer
and (d) 5 layers obtained by spin coating protocol.

In Figure 5-15(c-d), FE-SEM images of 1 and 5 layers of spin coating indicated that
the coverage around carbon fibres were improved at 5L but we found coarser
particles bundled with amorphous Nafion ionomer. There were two main roles of
Nafion as ink additive in catalysis. First role was to act as a binder to sustain the
particles on the support and the second role was to promote ion transport
(desorption of H or enhancing H,O transport in the boundary layer!5t) forming a

triple phase interface. Nafion is electronically insulating and it was possible to cause
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an electrical resistance between NPs and carbon fibres if a large amount of Nafion
ionomer would cover the fibre surface (or even block the electron path between NP

and Vulcan® carbon additive)?52.

Yet, according to the data in Table 5.3, at a higher potential such as 2.0 Vrur (or
larger current density, 10 mA-cm~2), MC1-CFS/5L performed better towards OER
compared to lower loadings. At higher polarizations, the electrical charge at the
anode surface could attract more OH™ species that requires extra amount of catalyst

for O, evolution.

Table 5.3. OER parameters of MC1-CFS electrodes and benchmark DSA electrode in 0.1 M KOH
under 10 ml-min-1 liquid flow

Sample n Tafel jgeo jeravm catalyst
mV t mV-dec-1 mA-cm-24 mA-mg-1 mg-cm-2
MC1-CFS/1L 707 113 12.02 18.49 0.65
MC1-CFS /2L 697 120 12.33 9.41 1.31
MC1-CFS/5L 683 151 12.85 3.91 3.28
DSA-1-d 668 165 11.83 n/a n/a

tfor 10 mA-cm—2,2at 2.0 Vrue

As long as NPs are electrochemically accessible, higher catalyst mass loadings could
sustain a larger current density at a given overpotential. Another significant value
in Table 5.3 is the gravimetric current density which was obtained by normalizing
the OER currents with the corresponding catalyst loading on CFS. It is clear that
nearly ~5x larger OER activity in terms of current could be obtained by applying a

single layer of spin coating on CFS.

After CV tests, MC1-CFS/5L electrode was tested for long term stability (5 hours) at
2.0 Veue in ECf-cell under d-mode, Figure 5-16. The initial current density (12.51
mA-cm-2) under constant potential was well correlated to the value in CV
experiments (12.85 mA-cm~2). However, a rapid decay of current density over time
was observed. Nearly ~70% retention of the initial current density has been shown
at the end of the first hour, Figure 5-16(b). One reason could be the poor attachment

of NPs on CFS that was evident from periodic decay of the current density for 5
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hours electrolysis. This appears to be a significant parameter that needs to be
evaluated further considering that a constant OER activity is necessary if MC1-CFS
electrodes would be used to complement CO2RR in the future. CO2RR is a potential-
sensitive reaction, contrary to OER which can only undergo to O, evolution in
aqueous solutions. However in CO;RR experiments, for instance employing a
working electrode with Cu catalyst, 3 or 4 different products can be produced for
overpotentials between 0.2 - 1.0 V (at low overpotentials, CO and HCOO- and high

overpotentials, mainly C;Hs and CHa).
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Figure 5-16. (a) Stability test of MC1-CFS/5L under constant potential (~2.0Vrur) during 5 hours in
0.1 M KOH under 10 ml-min—1 liquid flow (b) Normalized OER current activity with an emphasis on
the first hour of electrolysis. Dash-dotted line represents 70% current retention.
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5.3 Conclusion

It was found that cation ion doping and nano-crystallite surface decoration have
provided relatively low onset potentials and faster kinetics for spinel structures by
increasing the availability of catalytically active sites3 providing higher affinity for
0,/0H™ absorption.10 In particular, the electrocatalytic activity of Co-Mn-0 spinel
particles were correlated with the oxygen binding ability on the catalyst surfaces3.
The kinetic study of ORR mechanism suggested a 4e” pathway via an initial 2e”

transfer to O; (a4s) giving two OHas) proceeding with another 2e™ uptake thanks to

enhancement of OH,4s adsorption on multivalent Co-Mn oxide sites (1:1 ratio with
transfer coefficient value an = 0.87 and a = 0.4). These findings indicate that, in
such complex catalyst, composition should be carefully adjusted to optimize
performance in the both reactions, ORR/OER, in agreement with the state-of-the

arto.

The presence of CoxOy crystallites allowed reaching OER performances above those
of Co0304. Clearly, both MnCo;04+ and CoxOy played a key role in the overall
performance as demonstrated by the weakening of the synergetic effect of the
composite catalyst at high CoxO, loadings displayed with a volcano plot. We would
postulate these improvements to i) a higher active site density after CoxOy
nucleation; ii) enhanced charge transfer by highly conductive CoxOy phase’?; and iii)
modified adsorption affinity for 0,/OH~ which could be supported with

computational modelling.

Although Mn304,@CoMn;04-Co0 nanoparticles were promising in terms of their low
cost, abundance and good catalytic activity, further work will be required to
improve the immobilization method compared to benchmark DSA. This is a main
drawback for their practical use in industrial electrochemical flow cells because the
selectivity of CO2RR is highly effected by current - voltage changes. For instance, in
the previous sections (Chapter 3 and 4), the selectivity of Sn-GDE and Cu-GDE
catalysts changed depending on the applied overvoltage. If anode compartment led
to continues changes in its potential (and current) value, it would greatly influence
the cathodic reaction and eventually the overall cell performance. Therefore,
benchmark DSA will be used as the anode in the following studies until the stability

of the NPs would be attained which could be the subject of another investigation.
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Light-CO2RR & OER in
PECf-cell
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In this chapter, O, treated TiO2 nanorods and electrodeposited Sn on gas diffusion
electrode (GDE) have been studied in a photoelectrochemical flow cell (PECf-cell)
under visible light irradiation. 1.2 V extra voltage was required for CO2RR and OER
overpotentials, yielding to very low CO; to formate (HCOO~-) efficiencies, ca. 15 %.
Two strategies were proposed to boost the efficiency which were (i) adjustment of
cathode dimensions and (ii) concentration of solar light on photoanode. The former
method gave above ~40 % faradaic and energy efficiency for HCOO- near 6 hours
while those values were increased beyond 65 % by introducing the second
approach. Using H; treated TiO2 nanorods as photoanode, same HCOO- efficiency
was accomplished at a lower bias potential, 0.95 V. The strategies followed here
exhibit a maximum of 0.16 % applied bias photo-conversion and 0.25 % solar-to-
fuel efficiency for HCOO- beyond 5 hours. Those results prove that a decent system

efficiency could be realized in industrial solar fuel synthesis.
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6.1 Experimental Remarks

Titania nanorods (TiO2 NRs) have been directly grown over a conductive substrate
(35 x 40 mm? FTO-glass pieces) by using a hydrothermal process explained in
Chapter 2. TiO, nanorods with different post annealing (under O, or H;) were

employed as photoanode in PECf-cell.

The engineering of photoanode assembly such as electrical wiring of the contacts,
mechanical constraints of FTO glass substrate, isolation layers for electrolyte
leakage, full stacking of PECf-cell and solar light concentration method were

explained in detail in Chapter 2.

CO2RR electrode was Sn-GDE so the main products of the reaction were formic acid,
HCOOH (or formate, HCOO™, according to pH) and carbon monoxide (CO) according
to our previous results in Chapter 3. HPLC method was used to analyse the total
amount of HCOO™ in the catholyte beaker after long electrolysis tests. The efficiency
calculations (faradaic, energy and applied bias photo-conversion) were made from
the number of moles and total number of coulombs at the end of the electrolysis,

which was described in Chapter 2.

6.2 Results and Discussion

Among the different metal oxide photoanodes, as seen in Figure 6-1, compared to
DSA anodes working in dark-conditions, TiO, photoanode could have the largest
shift of the onset potential of oxygen evolution reaction (OER) under illumination
thanks to titania large band gap and appropriate band edge positions7> which
would enable a lower cell potential. Besides, BiVO4 photoanodes can be a good
alternative for having higher conversion efficiencies than TiO; but its chemical
stability limits the pH range of the electrolyte.153 Thus, TiO; was selected for this

study due to its robustness and photo-corrosion resistance.

One method that has been widely studied® 87. 15¢ to improve charge collection
efficiency is through the high aspect ratio structuring. Figure 6-2(a) shows the light

absorption and separation of photoinduced free charge carriers in a photoelectrode.
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Figure 6-1. The standard redox potentials of HER (0 Vrue) and OER (1.23 VruE) are given with
straight lines. The y-axis were set at standard redox potential for CO2R to HCOO~ (—0.225 VRHE)
The illustration of theoretical current - potential plots of a cathode performing CO2R, > 400 mV
overvoltage and a series of metal oxide type photoanodes performing OER under light irradiation.
The illustration of an OER anode (DSA) is also given envisaging that >300 mV overvoltage is
required.

Several studies of modelling and experimental demonstrations showed that!55 rod
array like semiconductor structures were able to reduce the distance that minority
carriers need to travel regardless of their short diffusion lengths (Lp). TiO: is an n-
type semiconductor where the minority carriers are the holes which have short
diffusion lengths. They must travel to electrode/solution interface to be collected
by water molecules for OER. Vertically oriented 1-dimensional (1D) rutile titania
nanorods can be obtained by hydrothermal synthesis which is shown in Figure
6-2(c-d). The cross-section FE-SEM images shows titania nanorods (TiO2 NRs)
grown by the hydrothermal process onto FTO covered glass substrates. The
nanorods grew to a final rod length around 2.5 - 3 pm in a tetrahedral shape with a
square tip. Higher magnification SEM images showed that each nanorod (150 + 50

nm) was formed by a bundle of smaller nanorods.
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L 1/a

Figure 6-2. (a) In a planar device, photogenerated carriers must traverse the entire thickness of the
cell,~1/a (where a is the absorption coefficient), before collection. (b) In a rod-array cell, carriers
must only reach the rod surface before recombination. Lp is the diffusion length of the
photogenerated minority carrier (open circle). (¢) Top and (d) cross-section image of TiO2-NRs
synthetized by hydrothermal method.

6.2.1 Reaction at the anode side: OER
Figure 6-3(a) shows the OER activity of DSA and TiO,-NRs to compare by using LSV
and CV techniques. DSA electrode gave 1.47 Vgue on-set voltage under dark

condition which corresponds to 0.24 V overvoltage given by,

0 _
2H,0 = 20, + 4H* + 4e” E” =1.23 Vrug (6.1)

Under light conditions, n-type behaviour of TiO; electrodes was revealed with
anodic photocurrent starting at ~0.21 and ~0.26 Vgue for TiO2-O; and TiO2-Hy,
respectively. Compared to DSA on-set voltage, illuminated TiO; photoanodes were
able to shift OER on-set by 1.0 V to the negative direction thanks to its large band
gap97b, ~3.0 eV. The maximum photocurrent detected was 0.83 mA-cm-2 for H;
treated TiO2 photoanode in front illumination condition. Additionally, H, treatment
improved the fill factor (FF) in front (0.44 to 0.50) and back (0.52 to 0.64)

illumination conditions.
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Figure 6-3. (a) OER analysis by linear sweep voltammetry of DSA/OER (IrO2-Taz0s/Ti) along with
cyclic voltammograms of TiOz electrodes with Oz and Hz post-annealing treatment under EE (front)
and SE (back) illumination. (b) Assisted photocurrent efficiency (7 %) of TiO2-Oz and TiO2-H2
electrodes Electrolyte: 0.5 M NaOH, AM 1.5G, ca. 1 sun and potential sweep rate is 20 mV/s.

Post-annealing of TiO, NRs have showed that the density of oxygen vacancies
(donor density) would increase under reducing gas atmosphere such as H; 93 or
ammonia®’ (NHs). So, the improvement of FF and j, would be correlated to the

enhancement of the electrical conductivity and charge separation.

Table 6.1. Electrochemical activity of Dimensionally Stable Anode (DSA) under dark conditions
and, TiO2-02 and Hz photoelectrodes at a sun intensity of 100 mW-cm~-2 AM 1.5 G towards OER in
0.5 M NaOH

[lum. jp Eon-set n jmp Emp FF
mA-cm~2 VRHE % mA-cm—2 VRHE
TiO2-02 Front 0.79 0.215 0.36 0.56 0.59 0.44
TiO2-Hz Front 0.83 0.254 0.41 0.67 0.62 0.50
TiO2-02 Back 0.59 0.203 0.32 0.45 0.52 0.52
TiO2-Hz Back 0.60 0.269 0.37 0.51 0.50 0.64
Anode j Eon-set EA
mA-cm—2 VRHE VRHE
DSA 0.02 1.46 1.52

[llum. is illumination condition; jp, (or j) is photocurrent and current density at 1.23 Vgrue
respectively; 7is the assisted photocurrent efficiency; jmpand Emp are the photocurrent and voltage
at max 7, respectively; FF is the fill factor of the photo-electrode. E 2 is the voltage of DSA at 0.6
mA-cm~—2

Figure 6-3(b) shows the increase in photocurrent efficiency, 7 %, from 0.36 to 0.41

% after the H; annealing. Nearly ~20 % of change in photocurrent at maximum
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power (jmp) between front and back illuminated electrodes were due to the light
absorption at the FTO coated silicate glass. A summary of OER parameters are given
in Table 6.1. In PECf assembly, TiO2 photoelectrode would be placed in back-
illuminated arrangement due to its interaction with the electrolyte-membrane-
cathode parts for ionic charge transfer. Therefore, we would take back illuminated
values into consideration for overall current and potential values in the full cell

assembly.

6.2.2 Energy balance of full cell: Sn-GDE vs. Ti20-NR

Same area ratio

In a CV experiment, a lesser amount of the product would be generated near the
vicinity of the electrode which would be consumed in the reverse scan. However,
the dynamic flow disturbs the reactant to product ratio. This might lead to
misinterpretation for a steady-state mode, because several mV-s-1 scan rate would
be relatively short period to evaluate electrode potential values. Therefore, the
voltage-step tests were conducted by taking the average of electrode potential
values during 5 minutes under a fixed cell bias by using two channels in master &
slave configuration. Briefly, the master channel (2-electrode mode) was responsible
for overall cell current between the anode and cathode, while slave channel (3-
electrode mode) would only follow the electrode potentials respect to reference

electrode.

Once assembled, with the TiO; photoanode (10 cm?) in the anodic compartment and
Sn-GDE (10 cm?) at the cathodic one, the cell was polarized for 5 min at different
cell potentials from 0.4 to 2.4 V. As can be observed in Figure 6-4, contrary to what
occurs in the process under dark conditions, under irradiation of the photoanode,
cathode polarized at applied cell voltages lower than 1.8 V. When the cell voltage
increased, then photoanode polarization increased. Nevertheless, contrary to what
it is observed in the process under dark conditions, wherein increasing the cell
voltage, then higher cathode polarization occurs, in the photoelectrochemical
process, it is observed that between 1.2 V and 1.6 V, the cell voltage increase is
invested in polarizing the photoanode while the cathode polarization remains
constant. Therefore, working with this photoelectrode and the Sn cathode above 1.2

V (Ecen) will not be translated into an improvement of the faradaic efficiency of the
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photoelectrochemical process. Above 1.8 V (outside the working range of the
photoelectrochemical cell), the photoanode no longer limits the process and again

the cathode polarization increases with increasing the cell voltage.

Master Channel Slave Channel
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Figure 6-4. Voltage step tests in master-slave configuration under (a-b) dark condition and (c-d) AM
1.5 G solar light illumination condition.

A photoelectrolysis test was done at an applied cell voltage of 1.2 V for
quantification of formate by HPLC and a faradaic efficiency to formate of around 16

% was obtained.

Different area ratio and sunlight concentration

In photo-assisted electrochemical cells, energy balance was obtained by
maintaining the optimum operation potentials of both electrodes. For OER, the
maximum photocurrent efficiency using the TiO, NRs will be achieved between -0.5
and -0.3 Vagjaga providing 0.5 mA-cm~2. This corresponds to an intensity of ca. 5 mA
respect to TiO for an electrode of 10 cm?. On the other hand, the most suitable
potential for CO2R over HER would be between —1.4 and —1.6 Vagjagal providing
from 3 to 5 mA-cm~2. Thus, this potential range would provide 30 - 50 mA on the
10 cm? cathode (Sn-GDE10) in PECr assembly. These calculations indicate that net

currents at both electrodes must be balanced, which could be achieved with the
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selected electrodes by two strategies, (i) decreasing the Sn-GDE geometrical area to
confine a higher energy density at the cathode or (ii) increasing solar flux on TiO;

photoanode by solar concentrators to uplift the photocurrent.
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Figure 6-5. Electrode potentials and current value of voltage step tests collected from slave and
master channels, respectively. Sn-GDE area was decreased from 10 to 1 cm? whereas the sunlight
illumination was changed from 10 to 1 sun intensity (1 sun intensity = 100 mW-cm-2 AM. 1.5G)

Therefore, the photoelectrochemical cell was adapted to accommodate different
cathode sizes (10, 5, 2, and 1 cm?) while maintaining the photoanode size fixed at
10 cm?. Figure 6-5 shows the evolution of the individual cathode and photoanode
potentials at different radiation fluxes from 100 mW-cm-2 (1 sun) to 1000 mW-cm-
(10 suns) and for an anode-to-cathode area ratio of 1, 2, 5 and 10 cm?. It was
observed that in all cases increasing the radiation flux increased the photoanode
polarization, as seen also for the current intensity (photocurrent) and cathode
polarization; besides cathode polarization increased as with smaller cathode area

and thus higher cathode potentials were obtained. Since the absolute value of
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applied voltage is the difference of both electrode polarizations, Sn-GDE potential
could be shifted to more negative potentials by either increasing the radiation flux
or adjusting the geometrical area of the cathode, to avoid the drawback of reaching
the limiting photocurrent of TiO, where further polarization lies just at the
photoanode and not at the cathode. Considering the results of dark electrolysis, the
correlation between the cathode polarization values and the cathode current
intensity ranges required to obtained different faradaic efficiencies allow us to

estimate the faradaic efficiency range that could be expected in each case.

The individual values of current and potential values of each step was plotted for
SnGDE10 and SnGDE1 vs. TiO2-0.. Figure 6-6 shows the first strategy which was the
decrease of Sn-GDE geometrical area from 10 to 1 cm?in order to localize the energy

density given by,

I(mA) (6.2)
area (cm~2) EW

Energy Density (mW - cm™2) =
By doing so, the photo-current at TiO, photoanode provided by 1 sun solar flux (AM
1.5G, 100 mW-cm~2) shifted the cathode potential to an energetically more
favourable potential range for CO2RR. The photocurrent density of TiO, gave earlier
on-set potentials at lower cell bias values but the saturation current was similar in
both systems at larger bias values. It appears that Sn-GDE cathode dimension could
not be larger than 1 cm?, otherwise FE% would substantially fall. Besides, larger
bias values (beyond 1.2 V) were not beneficial because all the polarization voltage

have spent by TiO2-0; photoanode’s current under saturation until the dark current

would prevail.

The cell currents were obtained by a chronoamperometry method at 1.2 V cell bias
at the master channel and current values were normalized respect to geometrical
area of Sn-GDE (left y-axis in Figure 6-6 (b)) in order to highlight the effect of energy

localization between two systems.
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Figure 6-6. (a) j and E points recorded by voltage-steps test of Sn-GDE (1 or 10 cm2) vs. TiO2-NRs
under 1 sun (AM 1.5 G) solar illumination, including the points recorded from Sn-GDE10 vs
DSA/OER voltage-steps test (b) Long term stability test under the same conditions but at fixed cell
potential of —1.2 V (¢) Schematic image of the stack assembly for cathode and anode parts showing
the flow directions of gas and liquid. TiOz -NRs are illuminated from back (glass) side.

The individual electrode potential values were followed with a leak free micro-
reference electrode and recorded by the slave channel (right y-axis in Figure 6-6
(b)). At the end of the tests, HPLC analysis over the electrolytes samples showed
that F.E. % for HCOO- was increased nearly 2.5 times (from 17 to 42 %). The current
and potential values remained constant during the entire stability test (~11 and ~6

hours for Sn-GDE10 and Sn-GDE1).
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Figure 6-7. (a) j and E points recorded by voltage-steps test of Sn-GDE(2 or 5 cm?) vs. TiO2-NRs
under 2 or 5 suns (AM 1.5 G) solar illumination, respectively, including the points recorded from
Sn-GDE vs DSA/OER voltage-steps test (b) Long term stability test under the same conditions but
at fixed cell potential of —1.2 V (c) Schematic image of the stack assembly for cathode and anode
parts showing the flow directions of gas and liquid. TiO2-NRs are illuminated from SE (back) side
with 2 or 5 suns (AM 1.5 G) by solar concentration.

As outlined previously, the net current requirement of a larger cathode would be as
high as 30 mA to obtain an efficient reduction of CO; at SnGDE ~ 10 cm2. Besides,
the increment of the cell bias would not provide higher current density owing to the
limitation by photocurrent saturation. Figure 6-7 shows the second strategy for
further increment of faradaic efficiency in parallel with the solar light power. Our
measurement on voltage steps tests showed that, net photo-current of TiO:
nanorods could be increase but up to a certain value of solar power. The maximum
photocurrent cannot be increased to values beyond 30 mA even 10 times higher
solar flux (1000 mW-cm~2) would be concentrated on the photoanode reaching to

faradaic efficiency of 64 % and energy efficiency of 70 % which is discussed in the

next section.
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6.2.3 PECf system efficiency

In PEC cells, solar-to-fuel efficiency, STFxix is the most used figure of merit to
describe the overall system efficiency88. In our system, this would be the ratio of
output power (chemical energy stored in terms of formate) to input power (AM

1.5G solar light and applied bias) given by,

(mol HCOO™ /s) - (254,721 ] /mol) (6.3)
[Psolar flux T Phias (W ' m—Z)] * Area (mZ)

STF* (%) =

where Psolar fiux 1S the power generated by the solar light simulator and Pyias is the
bias produced by the potentiostat and pH difference. The advantage of Eq. (6.3)
would be the reliability of the power output (at the numerator) based on the HCOO-
production rate detected by HPLC. The results of the calculations were given in

Table 6.2 that both strategies provided similarly high STF efficiency, ~0.25%.

Most of the results in the literature are based on half-cell reactions covering only
CO2R or OER under light illumination. Amongst a few studies on full cell
configuration, a photoelectrochemical flow cell is first of its kind so far, that
minimizes the electrolyte gap and optimizes solar to fuel conversion by adjusting
the operational working conditions of the photoelectrochemical cell (irradiance and
anode-to-cathode area ratio). Among the data, coupling of Sn-GDE - TiO; in PECs
shows the highest faradaic efficiency (45-64 % HCOO-) for reduction of CO; to
HCOO- with the lowest cell bias, such as in BiVO4 coupled with Cu?>¢ or W03 coupled
Sn/SnOy 157 where the faradaic efficiency was limited to 44.3% (CO+HCOO") since
the cell was not rationally optimized. Moreover, 0.25% solar conversion is one of
the highest efficiencies reported amongst the data obtained from full cell

configurations (e.g. 0.14 % efficiency obtained with SrTiOs photoanodes )

Table 6.2 summarizes the system efficiencies after long term experiments ranging
from 2 - 11 hours. The increment of final formate concentration and energy

efficiency, demonstrate that solar light concentration could be a feasible strategy.

xix STF is used for solar-to-fuel but in this section, produced fuel is formate, HCOO- so STF* would be
solar-to-formate efficiency.
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Table 6.2. PECf cell conditions and system efficiencies of discrete electrolysis (charge accumulated
4C/mL)

Ecell Area jcathode Irradiance F.E. E.E. STF*
\ie cathode (mA cm-2) (mW-cm-2) (%) (%) (%)
W (cm2)

1.2 10 0.5 100 17 19 0.11
1.2 5 29 500 64 70 0.25
1.2 2 3.4 200 53 58 0.24
1.2 1 4.0 100 42 46 0.22
0.95 1 4.1 100 42 58 0.23

Ais solar flux of A.M. 1.5 in mW-cm~2 and j is the cell current normalized for Sn-GDE geometrical
area in mA-cm~2, [M] is the molarity in mmol HCOO™ per litre. ABPE is applied bias photon-to-
current efficiency and is a direct comparison of dark vs. light system. STF is solar-to-fuel efficiency

and contains the chemical bias in the denominator in Eq. 6.10 (as input power).

The use of concentrated light for solar energy conversion is an extensively studied
field, especially on high intensity photovoltaics and solar thermal electricity
generation. For instance, commonly used solar concentrators in the industry
include heliostats, parabolic reflectors and Fresnel lenses 158, This provides a wealth
of experience available in the solar energy industry for the design and construction

of concentrated solar systems for photoelectrochemical cells.

Another promising feature of this system would be the ease of different
photoelectrodes implementation at the anode compartment. For instance, we have
conducted several tests with TiO -H; nanorods which could provide slightly higher
current density than conventional O; treated photoelectrodes. Under 1 sun
illumination, faradaic and energy efficiency for formate production were enhanced
at the same bias value, 1.2 V. Additionally, PECf system was able to operate at even
lower bias values such as 0.95 V with TiO -H; photoanode, which provided highest
ABPE with 0.16 %. This could be explained with the improvement of FF (0.52) after
hydrogen treatment (0.64 given in Table 6.1). Most of the results in the literature
have been based on half-cell reactions covering either CO:RR or OER under light
illumination. Amongst a few studies on full cell configuration, a
photoelectrochemical flow cell is first of its kind so far. The cell potentials reported
for a complete photoelectrochemical cell grasping CO:RR and OER are given in
Table 6.3.
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Table 6.3. PECf cell conditions and system efficiencies shown in Fig. 6-6 and Fig. 6-7

Cathode (CO2RR)

p-InP/Ru
complex
(1>400 nm)

Sn/SnOx
(1 cm2)

Pt-rGO/Ni
(7 cm2)

Carbon cloth
/Ru complex

CuxO nanowires

H-Si-NW/Rh-
mediator
/NADH

Pd/C
(0.04 cm2)
(2.8M KHCO3)

Sn-GDE
(5 cm2)

Sn-GDE

(1 cm2)

Anode (OER)

SrTiO3
(0.25 cm2)

WOs3
(4 cm2)
(A4>420 nm)

Ti02-NT/Pt
(7 cm2)
(UV-Vis/Xe arc lamp)

IrOx/SiGe-aSi-3jn
(0.25 cm2)

W03

(0.25 cm2)

3-jn-Si/ITO/CoPi

(A>420 nm)

GaAs/InGaP
/ TiO2 /Ni
(0.03 cm2)

(1M KOH)

TiOz -02

(10 cm2)

(500 mW/cm2)
TiOz -Hz

(10 cm2)

(100 mW/cm2)

Cond.

ocv

~0.7 Ve

2.0 V(cELL)

ocv

~1.0 Ve

1.8 V(cELL)

ocv

~1.2 Ve

~0.95 V ey

HCOO~
F.E.
% STF %
71 0.14
27 -
~45 -
94 45
1.5 -
16 -
94 10
64 0.25
42 0.25
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This study

This study

A is the solar flux and OCV is bias free condition where the cell is at open circuit voltage.

There are several examples listed which use UV light illumination at photoanode for

OER or organic molecules at photocathode as CO2RR promoters (i.e. Ru- or pyridine

complexes). As highlighted in a recent study, relatively small active device area had

to be used due to the instability of photoelectrodes by pinholes and other defects at

large electrode areas which cause active dissolution and degradation24, whereas our

electrodes ensured more than 2-fold geometrical active area. This would be a

critical parameter considering rate of conversion from a continuous flow of CO, gas

into a solar fuel product. Amongst the data, coupling of [Sn-GDE vs. TiO,-02/H:] in
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PECf shows an outstanding faradaic efficiency (45-64 % HCOO-) for reduction of
CO; to HCOO-, including the lower bias potential (0.95 V) than that of [WO3 vs.
Sn/Sn0x] 157 (1.5 % HCOO- 1.0 V).
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6.3 Conclusions

A photoelectrochemical flow cell working under continuous flow of gas and liquid
was constructed for simultaneous COzRR and OER. Under external bias of 1.2 'V, Sn
coated carbon fibres of GDE (Sn-GDE) exhibited a sturdy electrocatalytic activity for
CO2 conversion to HCOO-. Faradaic efficiencies of 45-65 % for HCOO- production
were obtained under a cell bias of 1.2 V when coupled with TiO,-0; photoanodes,
whereas Faradaic efficiencies of 42 % were achieved at a lower negative potential
(0.95 V) for TiO2-H> photoanodes. After long term stability tests, maximum HCOO-
production by assisted solar illumination reached 0.25 % STF were calculated after
5.5 h. PECf system demonstrated a stable rate of HCOO- production from CO2RR
under prolonged solar illumination reaching 11 hours, despite a small change in the
alkalinity of the anolyte. Those results prove that, even though the cathode and
anode do not perfectly match in terms of current density or on-set potential to run
in zero-bias mode, these results provide strategies for materials scientists to modify

cell designs which provide comparable results for producing solar fuels.
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Conclusion & Perspectives
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This chapter summarizes the results between Chapter 3 and 6. The main principles
and key figures are underlined to complement experimental findings. The best
results from each chapter are given with a table to compare the advantages and
drawbacks of each system modification. Two cell configurations that work under
dark and light conditions are compared in terms of the energy consumption vs. final
product amount, formic acid (HCOOH). Finally, an outlook and future perspectives

towards CO; reduction reaction are highlighted.
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7.1 Conclusions

The main contribution of this work was to bring fundamental and functional
understanding in domain of artificial photosynthesis at device level. One of the most
important challenge in a solar-to-fuel conversion device is to confirm a positive
monetary and net energy balance over their lifetimes to be viable for large scale
deployment. In this line, catalyst materials ensuring high selectivity and stability for
carbon dioxide (CO2) reduction to formate (HCOO-) in aqueous electrolytes have
been implement and studied in a filter press photoelectrochemical cell. A special
attention was devoted for HCOO- production for its modest energy requirement and
utilization in various applications (e.g., direct formic acid fuel cells!29; leather,
textile, chemical and food industries). The parameters addressed and optimized for
this system cover; gas and liquid flow rates (5 to 50 ml-min1), electrocatalytic
activity of different metal/metal oxides (Sn, Cu metals and MnCo-oxides), active
area of electrodes (1 to 10 cm? for one site) and solar light concentration on the
photoelectrode (100 to 500 mW-cm~-2). Hence, effective coupling of electrodes and
operational parameters allowed us to reach a maximum of 0.25 % solar-to-fuel
(STF) efficiency for conversion of CO2 into HCOO- which is one of few prototype STF
value to be reported at device level. The disclosed information in this thesis can be
valuable for the future deployment of artificial photosynthesis from device level to

industrial levels.

e Chapter 3

In comparison of bicarbonate electrolytes, catholyte with 0.5 M KHCO3 showed 200
mV improvement over 0.5 M NaHCOs3 in overall cell voltage. Electrolyte cation size
is known to influence the electrochemical reduction of CO, over metals which could
either be attributed to specific adsorption and steric hindrance of increasing cation
sizel62 or be related to higher buffering effect of larger cations maintaining a
favourable pH and local CO; concentration.®3 The effect of hydrodynamic
conditions (flow rate of CO; gas and liquid electrolytes) were also evaluated in this
chapter by testing three different values (5, 10 and 50 mL-min™1) systematically.
Our findings showed that the residence time of CO2 molecule at the active site of the
catalyst plays a key role in the initial adsorption and consecutive electron-proton

uptake. This was supported with the increase of cathode potentials at higher flow
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rates creating a local turbulence and hindering active sites. Nevertheless, 1:1 ratio
of gas to liquid gave the highest faradaic efficiency (~71 and 74 %) and proved to

be stable beyond 6 hours, therefore following tests were conducted with this ratio.

e Chapter4

The same cell set-up but with CuGDE as cathode for CO;RR and Selemion membrane
which allows the diffusion of anions (OH") instead of. This allowed us to maintain a
pH balance (~6.8) utilizing bicarbonate electrolyte at both sites with a compromise
of higher cell voltage value 3.2 V due to lower ionic conductivity and unfavourable
OER kinetics in this electrolyte. The pulsed current electrodeposition (PCE) method
employed in this chapter showed a remarkable particle nucleation & growth on the
fibres inside GDE including a good control on the Cu-particles size creating Cu-
islands. This was attributed to the improved Cu ion diffusion into the GDE pores
during the OFF time of PCE. Moreover, a trend between Cu-island size and product
selectivity was found. Smaller Cu-islands (~700 nm) promoted HCOOH while
selectivity shifted to CO with larger Cu-islands (~1.5 - 2 um). The defect sites were
suggested to act as active sites in CO2RR 124,128,136, 164 thus increased amount of grain

boundaries with smaller Cu-islands could be responsible for this improvement.

e Chapter5

Mn3z04, C0304 and Mn304@CoMn;04—Co0x0, mixed oxides nanoparticles were
studied to replace a commercial anode of Ta;0s-IrO,. First, kinetic studies were
conducted to gain an insight on the electron transfer mechanism. The result
suggested a quasi-reversible 4e” transfer pathway which was attributed to
enhancement of OH,4s adsorption on multivalent Co-Mn oxide sites in the
heterostructured nanoparticle (Mn:Co ratio 1, MC1). OER performance of MC1 also
showed fast kinetics with a low Tafel slope value (95.2 mV-dec™) and overpotential
(310 mV). Consequently an ink of MC1:Vulcan carbon:Nafion was deposited by spin
coating on GDL and tested in ECf-cell under continuous flow of liquid electrolyte
(0.1 M KOH). The initial Tafel slope and potential values were similar to RDE tests
(113 mV-dec ! and ~350 mV) but a rapid activity decay of current density was
observed. The initial conclusion was the particle detachment from GDL substrate
however further work could be performed to find an alternative deposition method

to improve longevity.
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e Chapter6

TiO2 nanorods were grown with hydrothermal method on 10 cm? FTO glass
substrate and used as photoanode to exploit solar energy input for PECf-cell. This
photoanode could provide a low on-set potential around 0.6 Vrug for OER, whereas
cathode on-set potential was for ca. -0.6 Vgug for CO2RR corresponding to 1.2 V bias
voltage and ca. 0.5 mA-cm~2 under 1 sun illumination. The resulting faradaic
efficiency (F.E.) was 17 % for CO2 conversion to HCOO-. Two strategies were
applied to increase this value. The decrease of SnGDE area from 10 to 1 cm?2 which
tripled F.E. to 42 % HCOO- while increase of solar flux from 1 to 5 sun quadrupled
this value, 64 % HCOO- along with 0.25 % solar-to-fuel conversion efficiency. The
post-annealing of TiO, nanorods under reductive H, atmosphere offered 20 %
enhancement of the fill factor playing a significant role on the lessening of overall

cell voltage from 1.2 V to 0.95 V bringing 42 % F.E. and 0.23 % STH for HCOO-.

e Overview of economic analysis for ECf-cell vs. PECf-cell

In comparison of the best resultsx, there are several advantages and drawbacks in
each one of them. For instance, ECf-cell system of Chapter 3 employing SnGDE
provided the highest gas-to-fuel conversion yield at 4%, while this value decreased
in other configurations due to the lower partial current density and electrode vs.
electrolyte contact area. Gas-to-fuel yield is a very important figure for large scale
deployment of this process so ECf design coupled to an array of solar collectors
seems more feasible. On the other hand, PECf design offered a lower partial current
density for HCOO- but the energy efficiency (E.E.) of the system up increased from
33 % (ECf-cell in dark) to 70 % (PECf-cell under light). Considering energy
efficiency, introduction of solar energy with PECf design seems more interesting.
Meanwhile, in terms of energy consumption per unit of product, the evolution in
this dissertation study shows a remarkable cost reduction for HCOOH synthesis
from CO; gas. Using a solar light assisted flow cell system (PECf-cell design), HCOOH
fuel cost was reduced by half (ca. 234 to 100 Wh-mol ) close to its combustion

energy, 70.7 Wh-mol-1.

xx See Table 9.2 in Annex
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7.2 Future Perspectives

The three main targets of any catalytic reaction are the selectivity, stability and cost.
Unfortunately, CO2RR cannot provide all at the same time. Expensive metal catalyst
such as Au or Ag can provide high selectivity towards CO above 90 % whereas Hg
metal can produce HCOOH beyond 95 % faradaic efficiency. The cost ($/g) and
stability of such metals remains to be solved. Cu is the unique catalyst that forms
higher carbon derivatives from electroreduction of CO; and Cu metal is relatively
cheaper than former metals but its selectivity for one product (> 90 %) has not been
demonstrated yet. Apart from metal catalysts, organic compounds such as pyridine
and Ru/Re(bipy)-complexes could offer high selectivity for CO but their low current
density and high cost is another challenge. In this respect, research and
development should focus on specific aspects of electrocatalytic reactions by

dividing the concepts into four categories:

1. Electrode - catalyst formation
2. Electrolyte - additives effect

3. Cell - reactor design
4

Reaction mechanism - in-situ methods and computational analysis

In the first category, there are plenty rooms to study from nano-materials (e.g.
graphene supported metals) to nano-alloys (e.g. bottom-up synthesis of two
different metals with low and high CO bonding) and mixed metal oxides (e.g.
perovskite family with oxygen or carbon end-group). Apart from the catalyst
material, the immobilization methods are also important. Deposits with a high
roughness factor and good mechanical resistance are of particular interest. Gas
diffusion electrodes are vital for flow reactors, therefore firm attachment of the
catalyst on GDE under dynamic flow conditions are required. Electrodeposition or
chemical vapour deposition methods could be optimized to form mixed

metal/metal oxides with precise stoichiometry.

The aqueous electrolytes limit CO, reduction to a lower current density due to
competitive HER but the solubility of most organic electrolytes is much higher than
water. CO; solubility in dimethyl sulfoxide (DMSO) and acetonitrile (CH3CN) is 4
times; propylene carbonate (PC) is 8 times; and dimethylformamide (DMF) is 20

times that in water. Additionally, the additives such as pyridine is a hot topic that it
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can provide coordination sites for the fixation of CO intermediates. The challenge
here is to overcome low ionic conductivity of those solvents and finding suitable

agents to the complementary anode reaction to realize a full cell configuration.

The third category must be the optimization of the full cell. Our approach was to
increase electrolyte vs. electrode contact area and maximize gas-liquid-catalyst
junction sites. This approach could be developed by altering the reactor design
further. Micro-fluidic reactors or nano-porous catalyst supports with the space
between two walls of a few micron apart, so-called nano-space effect can exist
where the reaction conditions mimic high pressure. Enhanced CO; adsorption can
be obtained with the deposition of metal catalyst on those micro/nano channels to

realize higher efficiencies.

Additionally, fundamental research for mechanistic aspects of CO2RR with in-situ
analysis methods is needed. The electroreduction of intermediate species (formate,
glyoxal, formaldehyde, oxalic acid etc.) can be conducted to understand the reaction
mechanism (e.g. recent works of Koper group working with on-line electrochemical
mass spectrometer on Cu metal). On the other hand, computational methods needs
progress to elucidate kinetic limitations of CO2RR. (e.g. the computational hydrogen

electrode model developed by Norskov group)

To conclude, a gas- and liquid-tight photoelectrochemical cell needs attentive study
on its components i.e. electrodes, membranes and electrolytes. To address those
challenges, we proposed this special designed flow cell integrated with a light
harvesting semiconductor electrode as photoanode. Further work towards the
design of PECf-cell could use a different candidate as photoanode which can supply
a large enough photovoltage and photocurrent that CO2R cathode could work at
short circuit voltage. This approach could mimic photosynthesis in plants and
realize a concrete solar-to-fuel conversion device which is under development in

our group.
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8.1 INRS, Montreal - CANADA
2015

8.1.1 Introduction

This research stay was done under the framework of WIROX project in partnership
with INRS (Institut National de la Recherche Scientifique — Canada). Nano(meter)-
Femto(second) Lab (NFL) group led by Prof. Federico Rosei performed studies on
TiO; electrodes for solar hydrogen productiontés. Particularly they had experience
on the synthesis of nanoparticles and quantum dots of metal chalcogenides, i.e. PbS,
CdS, CdSe. As indicated in their first email (from Dr. Haiguang Zhao), they supported
TiO, photo-electrodes with “Giant Quantum Dots” (core/shell nanoparticles of
CdS/CdSe) to obtain higher quantum efficiency. We had expertise on 1-D TiO:
structures, i.e. nanorods and nanotubes, which have several advantages over
granular-TiO; structures. Therefore, TiO; nanorods from IREC were taken to INRS
Canada to be supported by quantum dots to obtain higher quantum efficiency
thanks to their improved charge separation compared to granular TiO, particle

films.

8.1.2 Objective

The objective was to increase the photocurrent density of TiO, nanorods (TiO»-
NRs) under A.M. 1.5 solar light. Due to the wide band gap of TiOz (3.2 eV), it only
absorbs UV radiation (wavelength range of 400-320 nm for UVA and 320-290 nm
for UVB). In order to utilize this photocatalyst and at the same time exploit visible
light, TiO2 must be combined with appropriate sensitizers active in visible region of
the light spectrum (wavelength range of 700-400 nm). In the meantime, the choice
of a photo-catalyst should be dictated by the position of its conduction and valence
band levels, while determining its oxidation and reduction capacities. The control
on the nanorod growth, higher specific surface area and the effective charge
separation are some main advantages of TiO,-NRs, despite of its known
disadvantage; wavelength absorption range. Therefore, the objective of the

secondment was to demonstrate an approach to use visible-light-absorbing
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sensitizers (CdS, CdSe or ZnS) on TiO,-NRs with two methods; electrophoretic
deposition (EPD) and successive ionic layer adsorption and reaction (SILAR)

method.

8.1.3 Experimental Activities

Initially, TiO2-NRs were produced in IREC by hydrothermal reaction synthesis and
afterwards calcination step as explained previously in Figure 2-5. Table 8.1 shows
the method and properties of the electrodes transferred to INRS. The current-

voltage values were measured in 0.1 M KOH electrolyte under A.M. 1.5 solar.

Table 8.1. TiO2 nanorods produced by hydrothermal reaction at IREC.

T ID Size Reactants Hydrothermal = Annealing Rod Size Current Density
ype Condition Condition Length/ atVoltage *
Width
NR TiO2- 15 cm?2 3mL  TiBu, 200°C 2h 450°2C1h 3.5pm / £0.82 mA-cm2at
NRs FTO 50mL  HCl, ~200nm 0.2 Vaglagal
50mL DI b (0.7 mA-cm2 at
(100mL) 0.2 Vagjagal

* “f” is donated as front illumination which is the electrolyte-electrode side and “b” is when the

substrate-electrode side was illuminated.

The following experimental methods and results from this part forward were
conducted in INRS laboratories. Electrophoretic deposition process (EPD) is a
deposition technique performed with a suspension of particles in a solvent. Under
high electric field, the charged colloidal particles move toward and deposit onto the

oppositely charged electrodes.

QDs dispersed in Two pieces of FTO with EPD parameters Rinse in Toluene Dry with
Toluene TiO2-NRs film were E=200V N2 (to remove unbound
attached with contacts t =120 min QDs)

o= dfe §
N BT = I <
x] X] FTO / TiO,-NRs

Figure 8-1. The illustration of electrophoretic deposition (EPD) process to immobilize CdSe/CdS
core/shell quantum dots on TiO2-NRs
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As schematized in Figure 8-1, giant quantum dots (QDs) were dispersed in toluene
and vertically aligned pair of TiO2-NRs / FTO slides were immersed in the QDs
solution with nanorod sites facing each other. The distance in between them was
adjusted to 1 cm. A direct voltage of 200 V was applied for 120 min¢¢. To wash off
unbound QDs after EPD process, samples were rinsed several times with toluene
and dried with N, at room temperature. The SILAR deposition cycle is shown in
Figure 8-2. Initial cycle for Cd2+ ions have been deposited from an ethanoic solution
0of 0.05 M Cd(NO3)2:4H>0. The sulphide source was 0.05 M solution of Na»S-9H,0 in
methanol/water (50/50 in vol). An aqueous solution of 0.1 M Zn(NO3):
(Zn(NO3)2-6H:0, 98%, Sigma-Aldrich) was used as Znz+ source. The sulphide source
was 0.1 M solution of Na;S-9H0 in DI water. A single SILAR cycle consisted of 5 min
of dip-coating of TiO2-NRs / FTO slides into the metal precursors (Cd2+ or Zn2+) and

subsequently into the sulphide solutions¢.

Iﬂﬂﬂlf(> 0.05M Cd(NO,), in EtOH Iﬂﬂﬂlf(> 0.05M Na,S in MetOH:H,0 (1:1) Illlﬂﬂlf(> 1 cycle
(5min & N, dry) (5min & N, dry) CdS monolayer

Iﬂﬂﬂé> 0.05M Zn((NO,), in EtOH Iﬂﬂﬂé> 0.1M Na,S in MetOH:H,0 (1:1) IIHUEZ> 1 cycle
(5min & N, dry) (5min & N, dry) ZnS monolayer

O Cation @ Anion

Figure 8-2. Successive ionic layer adsorption and reaction (SILAR) conducted for CdS and ZnS
immobilization on TiO2z -NRs film grown on FTO glass slides.

After each bath, the photoanode was thoroughly rinsed by immersion in the
corresponding solvent to remove the chemical residuals from the surface and then
drying with a nitrogen gun. A single repetition of SILAR cycle would correspond to
a single layer so each sample was successively dipped to immobilize 4 layers of CdS
ad 2 layers of ZnS, illustrated in Figure 8-2.Three out of four TiO,-NRs were

sensitized:
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e Sample #1 was left untreated to be used as pristine electrode for
comparison.

e Sample #2 was sensitized with 4 layers of CdS and 2 layers of ZnS by SILAR
method. Four successive cycle of CdS were applied to obtain a good
distribution of CdS quantum dots (QDs) on the nanorods to gain absorbance
in the visible spectrum.

e Sample #3 had 2 more ZnS layers to inspect if ZnS would provide a stable
photocurrent by preventing charge recombination.

e Sample #4 was first sensitized with Giant Quantum Dot particles which had
a CdSe-core and CdS shell layer by EDP method. Then, 4 layers of CdS and 2
layers of ZnS were immobilized by SILAR method.

All the samples were tested in three-electrode configurations in an aqueous solution
containing 0.25 M Na,S and 0.35 M Na,S03 (pH = 13) serving as the sacrificial hole
scavenger. A platinum wire and Ag/AgCl electrode encapsulated in 3.5 M KCI
solution were used as a counter and reference electrode, respectively. The cyclic
voltammetry was conducted between —1.4 and 0 V vs Ag/AgCl with a scan rate of
20 mV s1. The experimental methods and theoretical energy levels of the
semiconductor materials are shown in Figure 8-3(a-b). The difference of the film
colour after EDP or SILAR deposition can be seen in Figure 8-3(c). The deposition
of more layers gave darker films, where TiO; was white-grey and 4CdS/2ZnS was
bright yellow and 4CdS/4ZnS was getting pale yellow. This was the initial evidence
that CdS and ZnS deposition by SILAR was successful that the visible light
absorption must be improved. The cyclic voltammetry results were tested in a
Na,S/Na,SO0s sacrificial electrolyte. In the absence of a sacrificial agent, CdS and ZnS
would undergo oxidation because photogenerated holes were trapped by Cd+2 or

Zn+2 metals, called as photocorrosion by self-oxidation168.
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Figure 8-3. (a) Experimental method to produce sensitized electrodes (b) Energy levels of
semiconductors and redox potentials of the electrolytes. CdS and CdSe are shown as sensitizers by
Fermi level alignment with TiOz and ZnS layer acts as a coating layer to improve the stability. The
band gap values correspond to quantum dot nanoparticles and are larger than in bulk
semiconductors. (c) the digital pictures of the samples to highlight the colour change

8.1.4 Results & Discussion

All the experiments have been performed with the illumination from the front (EE

= electrode - electrolyte side) and back (SE= substrate - electrolyte side) part of
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the electrode. The photocurrent from the back illumination was lower than the front
site in all tests (Figure 8-4(a)) suggesting that some part of the light spectra was
absorbed by 500 nm thick FTO layer + 3 mm thick silica glass. Compared to the
results in our laboratory at IREC in 0.1 M KOH electrolyte (0.7 and 0.82 mA-cm2),
the maximum photocurrent of pristine TiO,-NRs was lower; 0.15 and 0.22 mA-cm 2
at 0.2 Vagjagal from back and front side, respectively. TiO; is well-known to produce

an hydroxide layer facilitating water oxidation reaction.

A slight increase was obtained after deposition of CdS - ZnS layer by SILAR method
Figure 8-4(b-c). Several consecutive scans were performed in the front illumination
mode to inspect the charge transfer and surface stability by time. In Figure 8-4(b),
Sample #2 gave a few large current peaks between 1 - 2 mA-cm™2 at the 1st and 3rd
cycle of the front illumination mode. However, those values were not stable and did
not appear in the reverse scan. In Figure 8-4(c), noisy current signals were obtained
in the 1st cycle of Sample #3 which did not appear in the reverse scan and

consecutive scans.

Table 8.2. TiOz nanorods results for photocurrent under AM 1.5 illumination in 0.25 M NazS and 0.35
M Naz2S03 (pH = 13) at 20 mV s-! scan rate

S | Active area Front Back
ample cm-2 mA cm-2 mA cm-2
1. .82 7
TiO2- NRs - pristine (IREC) > 08 0.70
. 24 17
Sample #1 TiO2- NRs - pristine (INRS) 05 0 0
0.5 0.35 0.19
Sample # 2 TiO2-NRs / 4CdS / 2ZnS
0.5 0.29 0.17
Sample #3 TiO2-NRs / 4CdS / 4ZnS
0.5 0.14 0.17

Sample # 4 TiO2-NRs + CdSe-CdS QDs / 4CdS / 2ZnS

On the other hand, EDP method did not show any enhancement in the photocurrent
density as seen from Figure 8-4(d). These observations suggest a poor charge
separation or transfer throughout all the electrodes. A summary of the data is given

in Table 8.2.
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Figure 8-4. TiO2-NR samples; (@) pristine TiO2-NRs; (b) SILAR deposited 4 cycles of CdS and 2 cycles
of ZnS; (c) SILAR deposited 4 cycles of CdS and 4 cycles of ZnS; (d) EPD+SILAR deposited core/shell
CdSe-CdS Quantum Dots and 4 CdS+2 ZnS. The consecutive scans were obtained in an aqueous
solution containing 0.25 M NazS and 0.35 M NazSO3 (pH = 13) while sample was illuminated from
front “f” and back “b” side (€) comparison of photocurrent densities in front illumination mode.

Further investigation would be necessary to understand the poor charge separation

problem. Due to the short time span of the secondment, we have managed to
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perform only a single characterization method on the samples after CV scans. The
initial suspicion was perhaps CdS, ZnS layers were not well attached to the rods at
the SILAR method and they fall off during electrochemical tests. Hence, high
resolution transmission electron microscope (HR-TEM) was used to inspect some
scratched samples from the surface of the electrode; Figure 8-5 (a) TiO2-NRs
pristine vs. (b) TiO2-NRs + QDs + 4CdS/2ZnS. The high-resolution images of the
rods showed that pristine sample has a good crystalline structure with well-aligned
lattice growth along [001] direction whereas core/shell quantum dot (CdSe/CdS)
sensitized sample by EDP method showed a very poor crystallinity and also an
amorphous surface layer. Most probably the high voltage applied during EPD
process (200 V during 2 hours) caused lattice distortions and decrease the

crystallinity of the rods creating in trap states as suspected in the CV scans.

TiO,-NRs

~ amorph
surface layer

[001] direction
crystalline domains

TiO,-NRs + QDs + 4CdS/2ZnS

107 A 10 nm

Figure 8-5. (a) (sample #1) pristine TiO2-NRs and (b-c) (sample #4) TiO2-NRs sample sensitized
with EPD and SILAR

A stability test of half an hour was performed on Sample #4 under a fixed potential
of 0.2 Vagjaga. As mentioned before, the electrolyte contains sacrificial agent Na.S
and Na;S0s3 therefore we did not apply a longer time to change the concentration of
the agent. The current retention was above 90%, with an initial current of 0.13 and

final pointat 0.11 mA-cm2.
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Figure 8-6. The stability test of Sample #4 which has been sensitized with CdSe/CdS (core/shell)
quantum dots and SILAR method.

8.1.5 Conclusions

In summary, TiO2-NRs were fabricated by hydrothermal synthesis at IREC. The
core/shell CdSe/CdS giant quantum dots were deposited via electrophoretic
deposition and CdS/ZnS nanoparticles were deposited on TiO,-NRs via successive
ion layer adsorption. These formed heterojunctions of TiO2-NRs/(CdSe)/CdS/ZnS
and TiO2-NRs/CdS/ZnS NPs. Pristine TiO2-NRs exhibited both good visible light
photoelectrochemical properties in 0.1 MKOH but gave lower photocurrent density
in Na;S/Na,S0z electrolyte. This might be due to excited electrons injected into TiO»
which would be trapped at the hydroxide layer formed in KOH tests. Also, TEM
images showed an amorphous layer which could be the evidence of the hydroxyl
layer. EDP method to attach giant quantum dots would impaired an efficient
electron-hole separation due to the high voltage giving rise to defect sites in oxide
lattice (Sample #4). However, CdS/ZnS nanoparticles deposited by SILAR method
doubled the photocurrent (Sample #2) of the pristine electrode (Sample #1).
Meanwhile, a shift of the on-set potential was achieved to more negative values
(Sample #3), around —1.1 Vagjagal. This performance was attributed to electron-hole

separation with increasing the SILAR cycles of ZnS layers.

A significant experience was gained on two different methods (SILAR and EPD) on
nanoparticles deposition. This work provided insights for forming heterojunctions
of CdS NPs and TiO,-NRs which is a promising way to fabricate material applied in

the solar energy conversion.

185



ETH Zurich - 2016

8.2 ETH Zurich, Honggerberg - SWITZERLAND
2016

8.2.1 Introduction

This research stay was conducted in Advanced Catalysis Engineering (aCe) group in
Institute for Chemical and Bioengineering, ETH Zurich. aCe group led by Prof. Pérez-
Ramirez who holds a solid expertise on heterogeneous catalysis and reactor
concepts including carbon dioxide valorization with sustainable technologies. In
this line, our institute (IREC) had proven and disclosed its expertise on
photo/electrochemical reduction of CO, via journal articles and international
patents. Following the research activities and expertise of both groups, a period of
three months visiting stay was agreed to conduct research on a family of Cu-based

materials for electrochemical reduction of CO,.

8.2.2 Objective

The propose of this visiting stay has been focused on testing a family of Cu-based
materials for electrochemical reduction of CO, (CO2RR) in aqueous electrolyte to
produce syngas (CO/H>). A recent discovery on a unique equilibration process was
unveiled in one of the members of the Cu-based material family by aCE group.
Accordingly, the objective was to explore other similar compounds to check
whether the findings could be a general phenomenon. The work was primarily
focused on determining catalytic performances, with further emphasis on deep non-

electrochemical characterization in case of promising results.

8.2.3 Experimental Activities

The experimental methods used during this visiting stay was described by Gaston
et.al.1¢? Briefly, the electrodes were prepared by airbrushing a catalyst ink (50 mg
catalyst, 5 ml DI-H20, 5 ml 2-propanol, 50 pl, 5 wt.%, Nafion) on a gas diffusion layer

(GDL) untill 1 to 2 mg-cm~2 of loading was achieved (a geometric area of 2.25 cm?2).

Two compartments gastight glass cell separated by a Nafion® 212 membrane was
used for all electrochemical experiments. The measurements were carried out at
room temperature with an Autolab PGSTAT302N potentiostat, using a Pt wire as
the counter electrode and a Ag/AgCl reference electrode. The electrochemical

techniques such as cyclic voltammetry, galvanostatic and/or potentiostatic
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experiments have been applied to evaluate CO2RR. The on-line analysis of gaseous
products was conducted with a SRI 8610C gas chromatograph (GC) equipped with
packed HayeSep D and Molecular Sieve 13X columns, a methanizer, and thermal
conductivity and flame ionization detectors. An automated sample injection was
initiated every 15 min into the GC column from the headspace of the electrochemical
cell. At the end of the electrolysis, a liquid sample was collected and the formate
concentration was determined by high-performance liquid chromatography
(HPLC) in a Merck LaChrom system equipped with a Bio-Rad Aminex HPX-87H
column and a refractive index detector. A schematic illustration of the set-up was

given in Figure 1-9(b) in Chapter 1.

8.2.4 Results and Discussion

Delafossites have the general chemical formula ABO; where A is metal cation with
+1 valence (such as Na, Cu, and Ag) and B is a Group III metal (e.g. Fe, Al, and In).
Figure 8-7(a) shows structure model of the delafossite structure where each Cu
atom (A site) is linearly coordinated with two O atoms, forming 0—Cu—O
dumbbells parallel; while the cation at the B site (Al Cr, Ga, Fe, Mn) forms distorted
edge-shared MOs octahedra with M in the central position. Alternative layer
stackings are possible, resulting in a hexagonal (space group P63/mmc) or

rhombohedral (space group R-3m) unit cell.

a. CuMO, CuMnO, b.
M= Al Cr, Ga, Fe
o—&—0 z o @ Q@
Li Be
v%fofv
o/ 0 & —Cu—o @ NaMg
I3[3(3 9He Rb St Y Zr NbMo
A 5 Q. &4 Cs Ba La Hi [l w
: 4 , Ra '« Th - U
¢ 0090

Figure 8-7. (a) The rhombohedral structure of CuAlOz, CuCrOz, CuGaOz, and CuFeO: and the
monoclinic structure of CuMnOz. (b) The periodic table where the elements used in this part of the
study is highlighted.

Due to the excellent p-type mobility, resistance to oxidative corrosion, stability in
aqueous solution and potential application in catalysis; the delafossite family is a
subject of recent interest in the literaturel?0. For that reason, a study on the CO:R
activity of selected delafossite materials as a function of the nature of B site (M+3

cations of Al, Cr, Ga, Fe, Mn) have been conducted in a two-compartment
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electrochemical cell. Figure 8-7(b) shows the selected B site metals which could be

divided into two categories that are;

1. Iron (?6Fe), manganese (2°Mn) and chromium (24Cr) are elements that lie in
the same period (4t period) but different groups (VIII, VIIA and VIA group,
respectively).

2. Indium (#°In), gallium (31Ga) and aluminium (13Al) are elements that lie in

the same group (I1IB) but in different periods (5%, 4th and 34 period).

The consecutive two-hour electrolysis tests of cuprous delafossite catalysts;
CuFeO,, CuCr0z and CuMnO; from the 1st category and their ex-situ XRD scans after
the test are given in Figure 8-8(a-b), (c-d) and (e-f), respectively. The XRD spectra
of gas diffusion layer (GDL) to support the delafossite catalysts were also included
(in grey colour). The fresh electrodes first underwent a potentiostatic run of
electrochemical reduction at —0.6 Vgrug in COz-saturated 0.1M KHCOs3 electrolyte
solution during 2 h. The closed symbols represent the total current of the cell (j)
that was stable for CuCrO, and CuMnO; whereas a sharp decrease has been
observed for CuFeO; in the first run. A significant change in the peak intensity of
CuFeO; phase can be seen in Figure 8-8(b). Nearly 1-fold decrease of the current
density during Run1 was attributed to the transformation of CuFeO; structure that
most of the charge was spent for its reduction to Cu and Fe metal, as well as Fe;03
and CuO phases evidenced by ex-situ XRD scans. When the current of CuFeO, was
merely stabilized around 3 mA-cm-2, carbon monoxide current density (jco) started
to increase which could be due to creation of active sites such as Cu and CuO during
the reduction of the delafossite phase. Most of the current efficiency has been spent
on H; evolution reaction (faradaic efficiency of = 85 %) which could be due to Cu
and Fe sites that was stable and active in the consecutive runs as well. Contrary to
CuFeO, phase which have almost disappeared after 1st run, CuCrO; and CuMnO;
delafossites have showed outstanding stability owing to their XRD peak positions
and intensity. Between the latter two, CuCrO, seemed to be the most stable
delafossite providing a stable jco of 0.005, 0.17 and 0.54 mA:.:cm?2 at each
potentiostatic run from —0.6, —0.8 and —1.0 Vrug, respectively, even though the rise

of the overall current in Run4 only contributed to the efficiency of H, evolution. On
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the other hand, CuMnO; exhibited a partial reduction giving a mixed phase of Cu-Mn

alloy after the initial run and following the appearance of Cu metal after Run2.
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Figure 8-8. Total current density of the electrode (closed symbols) and partial current density of
CO (open symbols) during CO: electrolysis under constant potential with (a) CuFeO2 (c) CuCrOz (d)
CuMnO:z sprayed on GDL (Conditions: 0.1 M KHCOs saturated with COz, pH=6.75) along with their
XRD scans at the end of each potentiostatic run for (b) CuFeO2 (d) CuCrOz (e) CuMnOz2. The colour
of each XRD scan corresponds to the spectra obtained at the end of that potentiostatic “Run”

These results confirm that delafossite structures alone do not provide a high

faradaic efficiency for CO2 reduction into CO (or even formate ion HCOO-) however
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in-situ reduction of the delafossite phase give rise to active sites towards CO2R in

line with their XRD analysis.

The delafossite catalyst of the second category had their B site metal (in ABO>) in
the same group (IIIB). CuAlO; and CuGaO; phases were stable throughout the
potentiostatic runs for COzR expect for CulnO, which have shown some distinct
evolution of different phases given in Figure 8-9. The increase of the applied
potential on CuAlO; was in line with j and jco in favour of CO production reaching up
to 28 % at -1.0 Vrue. The stability of the main delafossite phase may confirm that a
synergy between Cu and Al in this type of delafossite could favour higher conversion
efficiencies for CO2R. Several post-treatments on the powder of CuAlO; were applied
to evolve a mixed alloy of Cu and Al. However, the extraordinary stability of
aluminium oxide (Al203) phase did not yield to Cu-Al mixed alloy, even though we
have applied a temperature-programmed reduction under Hz or CO (1 atm)
atmosphere (TPR at 900°C for 8 h). Further treatment of CuAlO, with high pressure
(50 bars) H; treatment at 300°C for 72 h also resulted in formation of Cu metal and
Al;03 phases. At this point, we would presume that for CuAlO; delafossite, the
stabilizing influence of Al on Cu* species would be ascribed to steady activity versus
CO formation throughout the potentiostatic runs1¢. The fresh electrode of CuGaO-
catalyst exhibited oxides of gallium and copper which did not present a gradual
change in their peak intensity in their XRD scans. The potentiostatic runs from 1 to
3 at —0.6 Vrue showed gave 0.02 mA-cm-2 for jco with a decrease to nearly half of this
value, suggesting the poisoning of active sites by CO. As the potential step increased,
partial current of CO increased to 0.16 mA-cm-2 which is corresponds to 11.6 %
faradaic efficiency for COZR to CO. In the following runs (Run5 and Run6) where
higher potentials were applied, faradaic efficiency of CO decreased to 8.7 and 7.7 %.
The effect of CO poisoning is unclear since the potentiostatic run at —1.2 Vryg did
not alter the peak reflections of secondary phases so it was elusive to assign CO2R
activity to delafossite phase solely. Contrary to the former delafossite structures,
CulnO2 underwent major structural changes and gave promising CO partial current
at low overvoltage. The current density of Run1 was around 3.4 mA-cm-2 following
a decrease to 2.9 mA-cm2 at Run5 after 8 hours. This was also corresponding to the
transformation CulnO; delafossite phase into a mixed Culn and CuzIn alloys along

with evolution of In(OH)3; phase. These results confirmed that the interaction
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between copper and indium phases have led to the suppression of HER from 70 %

to 25 % faradaic efficiency of H; between Run1 and Run 6, respectively.
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Figure 8-9. Total current density of the electrode (closed symbols) and partial current density of
CO (open symbols) during CO:z electrolysis under constant potential with (a) CuAlOz2 (c) CuGaOz (d)
CulnO2 sprayed on GDL (Conditions: 0.1 M KHCOs3 saturated with CO2, pH=6.75) along with their
XRD scans at the end of each potentiostatic run for (b) CuFeOz (d) CuCrOz (e) CuMnOz. The colour
of each XRD scan corresponds to the spectra obtained at the end of that potentiostatic “Run”

The last electrolysis at —0.8 Vrue (Run7) gave rise to evolution of CuO phase and a

slight decrease of CO faradaic efficiency from 55 % to 40 % whereas formate
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(HCOO-) efficiency had increased from ca. 20 % to 33 %. The faradaic efficiency of
HCOO- was measured by HPLC from the aliquots taken between each potentiostatic
run for all the samples. The faradaic efficiencies of CO, HCOO- and H; after COzR in
aqueous electrolyte for all delafossite catalysts tested at —0.6 and —0.8 Vgug are
given Figure 8-10(a) and (b), respectively. The values of total faradaic efficiencies
did not converge exactly to 100 % because of the standard deviation in the average
current density of each run (5 % and higher at larger applied potentials) and peak
area estimation from the gas chromatograms (maximum ca. 2 % for CO and ca. 7 %
for Hy). At first glance, the faradaic efficiency of CO was in an increasing trend
moving from CuFeO; to CulnO; except for CuCrO; which could provide 14 % CO

efficiency at —0.8 Vrur with a compromise of a lower current density than the rest.
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Figure 8-10. The comparison chart of faradaic efficiency (coloumns) and total current density
(circles) at (@) —0.6 Vrur and (b) —0.8 Vrur along with (c) Tafel slopes of CO for delafossites catalysts

Figure 8-10(c)shows the Tafel slopes of cuprous delafossite structures. In the 1st
category elements where B site metals lie at the same period (4t), the increase of
CO efficiency would be present in an order of Fe < Cr < Mn for potentiostatic run
under —0.6 Vgye. In line with this, 2nd category elements where B site metals lie at
the same group (IIIB), an order of Ga < Al < In elements would be evident at both
potentials. However, in terms of catalytic performance, Culn02 outperformed rest
of the catalyst both in total current density and faradaic efficiencies. On course of
the electroreduction, most of the delafossite structures either showed some minor
transformations resulting in the formation of metals prone to poisoning such as Cu,

Fe and Mn. On the other hand, the delafossites which do not reduce or evolve,
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exhibited a decreasing efficiency towards CO;R. At this point, it was only CulnO,
which could evolve and pursue an efficient catalytic property. These results suggest
in-situ formation of active sites (by the gradual segregation of Cu and In)17! do not
bind CO too strongly so that poisoning of those sites could be inhibited. Meanwhile,
undue H; evolution seemed to be retarded by the formation of indium oxide phase

showing a synergetic effect between In(OH)3 and the metallic phases.
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Figure 8-11. The selectivity plot for CO to Hz ratio as a function of the working electrode potential
of delafossites with B-site element (ABO2) in the (a) same period and (b) in the same group

Figure 8-11(a) and (b) shows the selectivity of CO versus H; for the delafossites
which were in the 1st and 2nd category as indicated previously. In line with the
previous findings from consecutive potentiostatic runs and ex-situ XRD patterns,
the selectivity and the nature of the B site element are connected. In the 1st category,
moving from right to left site of the periodic table, the B site elements that lie at the
4t period presented the tendency to give higher CO selectivity over H; evolution. A
similar tendency was more prominent between fresh-In, Ga and Al derived
delafossites of the 2nd category. Nevertheless, CulnO, where its B site element is
below the other two delafossites in IIIB group, underwent a phase transformation.
It exhibited the highest CO selectivity over H; therefore its evolved form does not

follow that trend of selectivity.
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8.2.5 Conclusion

A family of cuprous delafossite materials (ABO;) were studied as a potential catalyst
for electrochemical reduction of CO; into C1 group molecules. Three of the
delafossite had their B-site elements in 4th period (CuFeO,, CuCrO, and CuMnO)
while the other three were in the same group, I1IB (CuAlOz, CuGaO; and CulnO3).
The consecutive two-hour electrolysis tests and ex-situ XRD analysis provided
structural insights such as importance of the catalyst evolution during CO2R tests.
Amongst the six delafossite catalyst, only CuFeO; and CulnO, underwent a major
reduction where the former showed comparatively low performance for COzR. Only
the selectivity of CulnO; shifted from H; to CO and increased upon successive
potentiostatic electrolysis tests, forming a highly active and stable CuxIn (x =1 or 2)

and In(OH)3 phase.

The other delafossite catalysts which do not reduce or evolve into a different phase,
have shown a trend in the selectivity of CO over H; in line with their order in the

periodic table - considering the initial run of fresh-CulnO; only.

A significant experience was gained on a new class of materials such as cuprous
delafossites. This work provided insights for the development of transition metal-
oxide based electrocatalysts for CO, reduction and provided extensive experience

on experimental methods (ex-situ) for studying the evolution of CO2R.
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Annex 1. Surface Area Calculation

At first, the fluorine doped tin oxide coated silicate glass (FTO) was cut into 35 x 40
mm dimensions. The edges are isolated with Teflon tape to wire an electrical contact
via FTO layer. Next, the digital pictures of the samples were taken with a mobile
phone (SONY Z5) having a 10 MP high definition camera that could make a macro-
focus for close-up photo shooting. The digital picture of FTO before and after

hydrothermal synthesis of TiO; Nanorods is given in Figure 9-1.

w TR

| |
9 10 S{HE.

Figure 9-1. (a) Digital image of FTO/Silicate Glass before and after hydrothermal
synthesis of TiO2 nanorods, the metal ruler is for scale. (b) The highlighted active surface
area of FTO is where TiO2 nanorods would be grown by hydrothermal method, the metal
ruler is for scale.

Once the digital picture was transferred to the computer, the geometrical surface
area of a sample was found by using two different software: Paint.net and Image J.
The active surface of an electrode was highlighted with red colour by using
Paint.net, “Magic Wand” tool. The highlighted image was saved with a different
nomenclature and opened by using Image-] analysis software. After the adjustment
of the pixel-to-mm scale and tuning colour threshold, the active surface area was
determined by selected area vs. pixel analysis. Finally, the active surface area of FTO
that will be used in hydrothermal synthesis was found to be 10.478 cm?. The total
surface area was found to be 14.230 cm?, so nearly an area of 3.75 cm? from the
edges was isolated by Teflon tape. The place to install the FTO inside the PECf set-
up is 35 x40 mm (14 cm). The plastic gasket is placed on top of the electrode-holder
assembly and limits the surface area to 30 x 34 mm (10.2). The dimensions after
cutting of the FTO glass and Teflon lining for isolation seems to fit well to the cell-

assembly dimensions.
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Annex 2. Equations used for rotating disk electrode tests

Solution of the Convective-Diffusion Equation. Now we consider a situation where
an electroactive species such as “0O” transported by convective-diffusion to an

electrode surface where it undergoes an electrode reaction:

ks
0O+ne” =R G-

where n is the number of electrons transferred, ks and %, are the forward and
backward Kkinetic rate constants. When a forced convection is imposed to such
system in RDE experiment, the diffusion layer has a time-independent thickness
which was explained by Levich et. al'72, This theory formulates the simplified model
of the Nernst layer and provides a mathematical equation to express the thickness
of that layer as a function of the system parameters. Accordingly, the thickness of

the diffusion-layer (6,) can be found from,

9.2
8o = 1.61 -DY* - w 1/2 - y1/6 ©2

where §q stands for diffusion layer thickness (cm), Dg is the diffusion coefficient

(cm2-s-1), w as rotating speed (rad-s—1), v as kinematic viscosity of the electrolyte

(cmz2-s-1).

According to this model, the concentration of O at the diffusion layer is equal to the
initial concentration until the Nernst layer, Snernst Shown in Figure 9-2. At Syernst »
a reversible reaction would follow the Nernst equation (blue line in Figure 9-2)
which is given in Eq.(1.11) previously in Fundamentals of electrochemistry section.
When the real profile (red line) shows a deviation from the Nernst model, it

indicates a limiting step in the reaction kinetics, i.e. irreversible reaction.
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Figure 9-2. Concentration profile of species “0” consumed in a system under convective-diffusion

The number of electrons transferred at the Kinetic step can be found under
convective-diffusion conditions. This could be realized by the relationship between
the measured limiting currents (ijjy ) at various rotating speeds (w) under fixed

potentials and can be expressed on the basis of Levich equation,

9.3
ilim,c:O-62' n'F'A'Dé/3'u)1/2-\)_1/6-C6 (9:3)

where ijjy, . is the limiting current in amperes, n is the number of electrons
transferred, F as Faraday’s constant (96485 C), and C, is the concentration of the
species “0” (O3 gissolved = 1.2 x 107°). This equation applies to the total mass-
transfer-limited condition at the RDE and predicts that ij;,  is proportional to Cg

and w/?

. By plotting ijjm . = f(w!/?), the slope of this plot would provide the
electron transference number, “n.” if the diffusion coefficient of species “0” and

kinetic viscosity of the solution are knownxxi, The slope of this plot would be,

9.4
slope=0.62-nt-F-A-Dé/3-v_1/6-C6 4

A deviation of a plot of ijjy, ¢ = f(w/?) from a straight line intersecting the origin

suggests that a kinetic limitation is involved in the electron-transfer reaction.

2

i For ORR, those parameters are, Dy, = 1.9 x 10 em? - s and vo.1Mm KoH = 0.01 cm? -

S—l

II1



Chapter 9

Reversible rxn

] A l lim
t t Levich line

i independent of w1/2
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Irreversible rxn

[ 3 i)
[ : |

>
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Figure 9-3. (a) Linear sweep voltammograms of a RDE experiment for a reversible (blue line) and
irreversible (red line) reactions (b) Variation of i with w'/2 for an electrode reaction with fast
kinetics (blue dashed line) and slow kinetics (red line) due to the deviation from Levich line.

Koutechky-Levich equations. C(, in Eq.(9.3) and (9.4) stands for fixed concentration
at Onernst 1ayer. According to this model, the concentration at the bulk of the
electrolyte is equal to the initial concentration till the border of Syernst - At quasi-
steady state this model leads to a mathematical discontinuity in the concentration
profile at this Syernst distance from the electrode, shown in Figure 9-3. This implies
that apart from the diffusion, there is another phenomena such as a kinetic
limitation and Levich equation alone is not sufficient to model. After the
arrangement of Levich equation to define two separate regions, one can obtain the

Koutechky-Levich equation,

(9.5)

1_ (1 1)_ 1 N 1
l_ ik ilC B nFAka’(") 2 1 1
' 0.62-n-F-A-D3 - w2 v 6CH

Here, i represents the current in the absence of any mass-transfer effects, that is,
the current that would flow under pure kinetic limitation of that individual

potential-current point.
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Figure 9-4. (a) Concentration profile of species “O” consumed in a system with forced convection
(b) Koutechky-Levich plots at potential E1 where electron transfer is a limiting factor and at E2
where the electron transfer is fast

The slope of the plot would be similar to Levich line in Eq.(9.3). The intersection of
the plot would be used to calculate the kinetic parameters e.g. kinetic rate constant
(kr), standard rate constant (ko) and electron transfer coefficient at the rate

determining step (o). Considering the irreversible one-step, “n” electron transfer

reaction, the disk current is given by,

. - 9.6
i=n-F-A-ke(E)-C5?0 ©-6)

and

—o-F , 9.7)
K¢(E) = k%-exp T (E—E%)

where R stands for ideal gas constant. Eq.(9.6) and Eq.(9.7) can be used together to
find kinetic rate constant (k) where the concentration of species “0” at x=0, is so

“_n

small that we can neglect Cg . Also “n” can be used for overpotential term instead of

(E — E®) given by,

CaF 9.8)

i, = n-F-A-kO-exp(—-n)-C*]
5 [ R-T © Jax=0
Once k? is found from Eq.(9.8), one can derive a Tafel plot where the system is under

pure Kinetic limitation given by,

(9.9)

K = KO- expl(—2F).
£ Pl{ ) M
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by taking the logarithm, a plot of k¢ vs. 1 would give the intrinsic rate constant,

ke and transfer rate coefficient, a given by,

(9.10)

log(ke) = 10g(k") + (55 =)
These calculation models offer a brief description of the theory used for RDE
experiments. The application of the models to O, reduction reaction (ORR) and 0>
evolution reaction (OER) kinetics are elucidated in Chapter 5, which may provide a

profound understanding on the use RDE technique.
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Annex 3. Analysis of copper oxide phases with in-situ XRD

HCOO- selectivity vs. CO between different duty cycles suggested that Cu-island size
and its GDE coverage might play a critical role on the reaction pathway of CO.. First
at all, we must consider the concept of activity to evaluate the behavior of a catalyst
like copper. This concept gives us the produced quantity of final product normalized
to the time unit and total available quantity of catalyst. This unit can be summarized
by partial current density of each product. Different duty cycles of PCE using offered
Cu-island radius ranging from few hundred of nanometers to a few microns.
Assuming semispherical islands, we can estimate the number of particles
considering the total area of the electrode divided by the cross section of the grain

as n_‘_[Rzn'
Nparticles = Electrode area/mR? (9.11)

If the catalysis process takes place in the perimeter of the grain where there are

triple phase points, then the total perimeter would be given by “2TR X Nparticles”

Then the activity would be inversely related to the radius of the particles,
Activity ~R™1 (9.12)

This situation is highly probable when we need to combine different active sites
which occurs in the Fischer-Tropsch processes!?s. If the catalysis process takes
place in the surface of the Cu-island, then available total area would be given by

“niR? x Nparticles - In this case the activity would be constant,
Activity ~ R® = constant (9.13)

It should be noted that two different situations can happen depending whether
there are or not competition between CO; and H,0 molecules for absorption site. If
there is one, then we should consider the total activity for the active sites at the
surface area of the Cu-islands instead of the perimeter that should be given by the

overall absorption of water molecules plus that of CO2 molecules.

The initial observation to support this phenomenon was presented in Figure 4-9(a).
At first, it is important to mention that the first step in electrochemical reduction of
€O is to form CO,*~ radical which occurs at more negative voltages than the onset

potential of CO2 reduction. This could explain the requirement of a moderate
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potential (—1.0 Vrug). The electrocatalytic reaction for HCOO- showed a slight
dependence to the Cu-island perimeter. Additionally, CO selectivity was decreased
when the Cu-island perimeter was superior to its surface area. Hence, a significant
insight into this catalytic process could be outlined by their electrocatalysis
undergoing at two different sites of the catalyst. Importance of the perimeter of Cu-
islands for the catalyst process of HCOO~ would be the triple phase points where

COz-electron-proton would meet each other.
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Annex 4. Particle size analysis with Image-]

Image] is a very powerful software especially for researchers working on analysis
related to microscopy. It not only counts the number of particles, it can also analyse
the size of each particle. The software can also analyse if the particle is a semi-circle,
full circle or rocky particles and so it can eventually provide additional information
such as diameter. The two features are very critical and it mainly depends on the

resolution (quality) of the image; (i) particle separation and (ii) segmentation.

i.  Automatic particle counting can be done if the image does not have too many
individual particles touching. In order to prevent misinterpretation, we also
counted the particles one-by-one from FE-SEM images. Nearly ~20 manual
particle counting was done using software that comes with the SEM
machine, Bruker particle size analysis.

ii. ~ Segmentation, or the ability to distinguish an object from its background,
can be a difficult issue to deal with. Once this has been done, however, the

object can then be analysed as shown below.

Let's say that we want to take the following image and gather information about the
dark inclusions. The first step is to duplicate the image, then Threshold the
duplicated image. We duplicated the image so that the Binary Mask we create from

the copy can be used to sample the original for pixel intensities.

m & Threshold b
o) v 7|82

| o
I | 1ss

|Default x| |Baw =l

[~ Dark background [~ Stack histogram

_Auto | apply | Reset| set|

Figure 9-5. Image | analysis for contrast threshold

This creates region of interest (ROIs) based on pixel intensity. In this example dark
pixels will be selected: Thresholding results in a "binary" image. Black pixels are the

ROIs; white pixels are background.
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Figure 9-6. (a-d) Binary ROI - B&W images and corresponding particle analysis of Cu-
PCE1, 2,4 and 7, respectively.

Selecting Set Measurements tells Image] what data to collect. In this case we want
the ROI area and average pixel intensity. Selecting "Redirect To" instructs Image]

uses the ROI data from the binary image, but gathers intensity values from a
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different window. This analysis was performed on 4 different sites of the GDE to

obtain a homogenous size distribution and neglect the diffusion effect occurred

during electrodeposition process. Table 9.1 shows an example of a data report

obtained by Image ] for only one single site. Therefore minimum 100 particles were

counted for size distribution analysis.

Table 9.1. Example of particle analysis obtained from several binary B&W images of Cu-PCE1

Area
1 0.442
2 0.426
3 0.484
4 0.433
5 0.436
6 0.426
7 0.535
8 0.478
9 0.464
10 0.46
11 0.484
12 0.433
13 0.488
14 0.543
15 0.439
16 0.407
17 0.47
18 0.402
19 0.571
20 0.438
21 0.474
22 0.428
23 0.43
24 0.47
25 0.477
26 0.434
27 0.401
28 0.434
29 0.458
30 0.431

r2, radius (um)
0.140693
0.1356
0.154062
0.137828
0.138783
0.1356
0.170296
0.152152
0.147696
0.146423
0.154062
0.137828
0.155335
0.172842
0.139738
0.129552
0.149606
0.127961
0.181755
0.13942
0.150879
0.136237
0.136873
0.149606
0.151834
0.138146
0.127642
0.138146
0.145786
0.137192

XI

r, radius (um)
0.375091
0.368239
0.392507
0.371252
0.372536
0.368239
0.412669
0.390067
0.384312
0.382652
0.392507
0.371252
0.394126
0.415743
0.373816
0.359933
0.386789
0.357716
0.426327
0.37339
0.388431
0.369102
0.369964
0.386789
0.389659
0.371681
0.357271
0.371681
0.381819
0.370394

diameter (um)
0.750181
0.736478
0.785015
0.742504
0.745072
0.736478
0.825338
0.780134
0.768624
0.765304
0.785015
0.742504
0.788252
0.831486
0.747631
0.719867
0.773578
0.715432
0.852655
0.746779
0.776863
0.738205
0.739928
0.773578
0.779317
0.743361
0.714541
0.743361
0.763638
0.740788
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Annex 5. Verification of Image-] analysis by Bruker-SEM

Besides Image-] particle size analysis, manual size operation was performed in
scanning electron microscope (SEM) software. Bruker-SEM software can provide

the necessary measurement to verify the obtained results, presented in Figure 9-7.

&
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Figure 9-7. (a-d) FE-SEM image of Cu-PCE1, 2, 4 and 7, respectively.
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Annex 6. Linear sweep voltammetry scans and K-L plots
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Figure 9-8. Rotating-disk voltammograms recorded on different catalyst-modified electrodes in O2-
saturated 0.1 M KOH solution at different rotation rates as indicated: (a) Mn304/C, (b) MCO0.5/C, (c)
MC1/C, (d) MC2/C, (e) Co304/C, (f) MC1-Cl/C. All those values for ORR and OER were calculated by
interpolation and analysis of the wave form at both ends. The wave analysis was made according to
two straight lines, defined using a linear regression fit. The software (EC Lab, Biologic Instruments)
automatically finds the two parts of the curve with the shallowest slope for the fit.
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Figure 9-9. K-L plots of different HNPs samples at 0.5 V vs RHE: (a) Mn304/C, (b) MC0.5/C, (c)
MC1/C, (d) MC2/C, (e) MC1-Cl/C, (f) Co304/C.

Summary of the ORR/OER catalytic performance revealed from Tafel Plots and

Koutechky-Levich plots.

ORR
}l,c
NE-E.q mA ne
-cm™2
Mn304 0.35 -4.64 3.2
MC1-Cl 0.34 -5.50 3.5
MCO0.5 0.38 -5.14 3.6
MC1 0.31 -5.71 4.0
MC2 0.34 -5.73 3.8
C0304 0.41 -5.40 3.4
Pt/DSA} 0.34 525 35

Tafel
mV

-dec”

100
95
81
52
83

124
76

A Values extrapolated from Tafel slopes;
# Difference between the potential at ORR current density of —3 mA-cm2 and that at OER current

density of 10 mA-cm-2;

T ORR values for Pt and OER values for DSA;
Q) Potentials difference of Pt ORR and DSA OER performance.

1
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EQ
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Annex 7. Overview of the general data obtained in each section of this thesis work

Table 9.2. Selected results according to the highest faradaic efficiency for conversion of COz into HCOOH (FE % HCOOH). The results are taken from chapters where CO2
reduction reaction were studied using full cell set-up, ECf and PECf.

Thesis Cathode vs. Anode (Ely) Ecen

\'
Chapter3 SnGDE:10 vs. DSA:10 (Na") .2.8 ‘.87.5 ‘

Chapter3  SnGDE:10 vs. DSA:10 (K") s

Chapter4  CuGDE:2 vs. DSA:10 (K") U 15.4

Chapter 6 SnGDE:1vs. Ti0,-0,:10 (Na") El.z

Chapter 6 SnGDE:2 vs. Ti0,-0,:10 (Na®) Dl.z H 6.8
Chapter 6 SnGDE:5 vs. Ti0,-0,:10 (Na®) EI.Z I] 15.0

Chapter 6 SnGDE:1 vs. TiO,-H,:10 (Na") EO.‘)S H

Leen time VE FE EE Rate
mA h % % % mol-h™?
0.7 47 7l \E3 I 0.0010
07 51 7 [ 00011
2 41 47 E 20 H 0.0001
4.0 5.7 110 |;42 46, Ho.oooo4
35 110 E53\ H 0.00008
18 110 | 64 \H).ooom
41 5.5 139 L42 Uo.00004

Concentration in beaker

CO, flow rate

Gas-to-fuel yield Rate turnover Energy Consumption

mol - L™
0.021
0.022
0.005
0.009
0.011
0.013
0.009

%

Bo0sy |

Boosy

.:I 0.02%
03%

oo

B olos

mL-min™ mol - h™

0.027

HCOOH/CO,  %-h'g" Wh - mol™

o Ssw B 10
|

1.4% 125
B sy 104
| YT 98
B sy 100

Ecen and Icen is cell voltage and current; VE, FE and EE is voltage, faradaic and energy efficiency, respectively; 1, 2, 5 and 10 are the geometrical area of the electrodes in
cm?; 1 mL-min!is equal to 0.06 L-h™! which is equal to 0.026 mol-h1 for an ideal gas (according to 22.4 L-mol ! at standard temperature and pressure); molecular weight
and density of HCOOH is 46.0254 g-mol™* and 1.22 g-mL™, respectively.
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Glossary

Common abbreviations

Acronym Meaning

ABPE Applied Bias Photon-to-Current Efficiency
AC Alternating current

aka. as known as

AM Air mass

ca. circa (approximately)

CE Counter electrode (Secondary electrode)
CO2RR Carbon dioxide reduction reaction

Ccv Cyclic voltammetry

DC Direct current

EC Electrochemical cell

ECf Electrochemical flow cell

et. al. et alios (and others)

FTO Fluorine doped tin oxide

HER Hydrogen evolution reaction

HPLC High pressure liquid chromatography
IREC Institute Recarca Energia de Cataluna
LSV Linear sweep voltammetry

OER Oxygen evolution reaction

PEC Photoelectrochemical cell

PECf Photoelectrochemical flow cell

RE Reference electrode (Auxiliary electrode)
RHE Reversible hydrogen electrode

RT Room temperature (~25 °C or 298 °K)
SHE Standard hydrogen electrode

STH Solar to hydrogen

uv Ultra violet

UV-Vis Ultra violet visible light spectroscopy
WE Working electrode

Formula abbreviations

Symbol Description Unit
b Tafel slope mV
E Potential of an electrode versus a V

reference or electromotive force of a
reaction
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Glossary

qu Standard potential at equilibrium
Edep Potential of electrodeposition of ametal V
ion
i eak Cathodic peak potential \Y
FF Fill factor
| Current mA or A
j Current density mA-cm~—2
jo Exchange current density mA-cm-2
AG° Standard Gibbs free energy kJ-mol-1
Q Coulombic charge of electricity C
R Resistance Q
t Time S (or min or
h)
T Absolute temperature Kor°C
zZ Charge number (of transferred
electrons)
A Charge number (of transferred
electrons) for species i
Greek symbols
Symbol Spelling (EN UK) Description Unit
o alpha Cathodic charge
transfer coefficient
B beta Anodic charge transfer
coefficient
) phi electric field
Nanode (j) itha Anodic  overpotential mV
for a current density of j
Ncathode ()  itha Cathodic overpotential mV
for a current density of j
Q ohms unit of  electrical
resistance
v Scan rate of a CV test mV-s™1
Chemical symbols
Symbol IUPAC name
H> Hydrogen
02 Oxygen
Hz0 Water
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Glossary

CO; Carbon dioxide
HCO3~ Bicarbonate ion
COs3—2 Carbonate ion
co Carbon monoxide
HCOOH Formic acid
HCOO- Formate ion
CH, Methane
CH30H Methanol
CzH: Acetylene
C2H4 Ethylene (Ethene)
C2He Ethane
C2HsOH Ethanol
C3HsOH Propionaldehyde
CszH,0H 1-propanol
C4HsOH n-butanol
C4H1o Butane
CsHis Octane
Constants
Molar constant R = 8314462 1(75) J-mol-1-K-1
Elementary charge e = 1.602176565(35)x 107" C
Faraday constant F = 96 485.3365(21) C-mol-!
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