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Abstract

Using the electrochemical catalytic method, 2d@duction reaction (C#RR) has become
practicable process with a low eneiggnsumption. The products generated from theRFO

are normally low carbon containing compounds, which can be directly used as fuels or
feedstock for chemical industry. This is considered as a clean and sustainable cycle. However,
low activity, poor seledtity and durability of electrocatalysts, limitation of @@ass transfer,

and competing hydrogen evolution reaction (HER) in the agueous media cause significantly
reduced Faradaic efficiency (FE) towamlsctrochemical reduction reactioeaGQORR). To

make such technology become industrially viable, suppression of HER, good selectivity and

high reaction efficiency towards desired products are under high demands.

The main achievement of this work is about the cells design fosRRHerewe researched

on novel, high performance and lesost catalysts, in order to enhance the selectivity and
activity of targeted products. We conducted the reactor renovation, and made a new
electrochemical cell design, which was adopted advanced gas diffusion electrode (GDE
technology using carbon paper. These have enhanced thm&®transfer therefore increased

the FE values. We also developed a new strategy of using a pofleyeB&DE, and achieved
dramatically increased reaction efficiency, enhanced selectivitgystem durabilitySeveral
advanced nansetructured catalysts have been involved for gRR) including CeO nane

cube, Graphene supported Cu oxides, indium ragtganic framework, commercial antinomy

tin oxide and indium tin oxideCO production usinthe synthesized GO catalyst reached an

) YDOXH RI DQG D FXUUHQ¥%at®.BQxslraversikle hydroges + F P
electrode RHE). Formate production using ATO catalyst reached an FE value of 84.54% and
D FXUUHQW GHQVLWN-IRIV vs. RAE.1ThBse new catalysts, processes and

strategies has contributed significantly on future development ofRRO
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Chapter 1  Introduction

1.1 Background andilotivation

The increasing demand of energy has induced high consumption of fossil fuels and drastic
increase in green gas emission. It has been reported than@s3ion has been increased from

118.93 million metric tons in 1840s to 36.57 billion metric tons in 2018 believed that the
combustion of fuels process combines carbon in fuel and oxygen in air, and then produce
carbonaceous waste, released into the atmaospBarbon dioxide (C£is now regarded as a

key pollutant for the greenhouse probfent is undeniable that, modern civilization is
establshed based on the cost of a large amount ofranewable resources, which will cause
environmental and energy issues for a long term. It is reported that, based on the current rate

RI HQHUJ\ FRQVXPSWLRQ WKH DSSURJLPDwatdraDgasHwiLPHV R
coal reserves are 50 years, 52.8 years, and 153 years, respectiveelfore, the energy

problem has always been the most prominent problem in the 21st éentury

From the chemical industry aspect, the most promising solutions are to capture anbdereuse

CO; emission to produce value added energy carrier fuels. In ambient temperatuhgsGO

stable triatomic molecule which consists of one carbon and two oxygen atoms. The carbon is
ERQGHG ZLWK R[\JHQ E\ RQH 1 DQG E ERQ3Ipmiitdihg] WZR &
DQG Nt-barfiRgenergy, which is higher than the bonding energies of C=C a@d

C-H. Meanwhile, CQ molecule has asymmetric stretching and bending vibrational modes,

which allow it to absorb and emit infrared radiation atwaMd Q JW KV R @G P
could capture the reflection energy from the €amtoreover, CQ can be dissolved into the

ocean forming carbonic acids which cause ocean acidification, thus decreasing the pH value of

sea water and affecting the life cycles of marine organisms and the subsequent foéd chains



It is reported that the Cmissions have been increased by 90% from 1970s to 2011 and the
fossil fuel combustion and industrial activities contribute 78% of the emnigsiThe data
published from NASA reported that the concentratb@0, in atmosphere has been increased

from 378.21 ppm in Jan. 2005 to 413.25 in Feb. 20Pbis has induced the globakrming

as a consequence, and led to the melting of glacier in polar regions and the rising of sea levels.
Fig. 1.1 shows the global climate change, and it is obvious that the global average temperatures

have been increased by abot€ kince the industl revolution®

Figurel.1 a) Global surface temperature changes (red line) and the Sun's energy that Earth receives
(yellow line) in watts (units of energy) per square meter since 1880. The lighter/thinner lines show the
yearly levels while the heavier/thicker lines show theyédr average trenél®) Household emissions

in UK in 1990, 2017 and 2050, Source: Climate Change Committee/BEIS?2019

Due to the severe situation, it has drawn much attention for the environmental problems, and
more governments policies have been annedriowards strict control of G@mission. In

2015, the Paris Agreement was passed and announced to combat climate change and adapt to
its effects, and its aim is to keep a global temperature rise bel@vabove prendustrial

levels in this centuryl. Governments are taking actions for the targets, and UK government
has announced that the greenleogas emissions in the UK will be cut down to almost zero by

20502,



In order to solve the energy crisis and greenhouse effect, research ooaftOre and
utilization (CCU) has become a popular topic..Big shows a circular economy which can be

established to convert waste €iBto carbon source in replacement of fossil feedsfock

Figurel1.2 Schematic representation of a carbon dioxide capture and utilisation ptocess

During this cycle, CQis separated and captured from industrial or household tail gases. Then
the collected C@will be partly used for C&gas storage (for soft drink or fire extinguisher
etc.), or converted to high vahkaelded fuels of utilization primary energy from renewable
energy resourcé$ (e.g. solar, wind etc.). The COwill be emitted to atmosphere after

utilization and will be captured for GQitilization cycle.

The most challenging stepmory this cycle is CQuitilisation for commercialization (e.g., to

convert value added renewable prasiicWhile based on the development of science and
technology, the bottleneck of G@&duction such as energy efficiency, reaction activity will be
overcome.In the flowing sections, we will discuss about the methods applied for CO

utilization so far.



1.2 CO, Capture, and Utilization Methods

1.2.1 CO, Capture

Several measures have been implemented to reduce theo@€entration into atmosphere.
An agreement held by Intergovernmental Panel on Climate Change (IPCC) in 2005 gives the
definition of Carbon Capture arstorage (CCS), where CCS consists of three basic stages:

separation of C@) transportation and stordge

Postcombustion is one of the key technology options for. @&pturé®. It presents the
advantages as the existing combustion methods can be used without radical*éhsliage's
separation methods could be employed with4gostbustion capture methods. These include:

a) Adsorption, which is a phyal process that CQvas attached onto the adsorbents, such as
activated carbon, alumina, metallic oxides and zedfitdd Physical absorption, which is
basically the physical absorption of €i@to the solvent without chemical reaction, the typical
solvents such as Selexol (dimethyl ethers of polyethylene glycol) and Rectisol (méthajol)
Chemical absorption, where the solvent reacts witht6®om weakly bonded intermediatés

(in which CQ can be regenerated with the help of heat); d) Cryogenics separation, which
separates the Gdrom flue mixture gases by condensation ¢Gsondenses at56.6°C),
normally under high C® concentration circumstance due to the concern of?%os)
Membrane abgption, where a membrane separates the flue gas and liquid solvent. The
membrane may or may not provide an additional selectivity, and avoid the flooding,

entrainment, channelling or foaming probfém

Transportation methods for G@an be pipelines, marine tankers, road and rail tankers, and

then the CQ@can be either stored or directly converted to value added chenktgisical



storage strategies such as deep ocean sequestratigeological storagécan transfer C®

from atmosphere to undergraljrwhich cannot resolve the problem permanently.

1.2.2 CO, Utilization

The treatment of C&XFig. 1.3) can be a physical isolation, such as deep ocean sequestration,
geological storage and reduce the usage of, @@ere these methods cannot fundamentally
solvetheproblem. Another way is the utilizationof GOZKLFK LV pWXUQLQJ ZDVWH
It can be classified into two categories including-@Dect usage (physical utilization) and

CO. conversioR®. For physical utilization, direct uses of g€@hclude soft drinks, fire
extinguisherdry ice and refrigerant etc., while these applications are limited in small scale and
have little effects for C@abatemerit. In industries, C@can be used to enhance the processes

in enhanced oil recovery (EOR), enhanced gas recovery (EGR) and enhanced geothermal
systems (EGSS. Compared with the direct use, €nversion is regarded as a promising
solution which can consume G@hile producing renewable fuels. Recently, &Onversion

can be realised using chemical mettfod$ 27 photocatalyti¢®3? and electrocatalytic

approach?.



Figure1.3 Three pathways of CQreatment # 25 32 Physical utilization, where Ge directly used
as resource of products. Physically isolation, whergi€@olated geologically. Chemical conversion,
where CQis chemically converted to useful products.

x Chemical Method
Thermochemical Cohydrogenation is one of the commonly used methods to produce carbon
fuels. CO is primarily formed by reversed waggis shift reactiott (RWGS), present in Eq.

1.1
%IE*s L BIE *c1&*s-4 L vsd G,IKH Eqg.1.1
Then the CQcan be further reduced into methanol (EQ)
%IEU L %31*E*gla*s-4 L FV{iG,IKH Eq.1.2

From a thermodynamic aspect, Eq. 1.1 is endothermic, which requires both a high reaction

temperature (506750 'C) and a low pressure-@®bar), e.g., stringent reaction conditidhs

The Eg. 1.2 is an exothermic reaction, in which more hydrogen gases are required for reactant,

but this brings more challenges of this method. Due to the high energy consumption during



chemical reactions and the rapid degradation of the instruments, eidiision is not

economically variable to be widely applied for industrial level applications.

Apart from the above methods, photocatalytic electrochemical reduction and electrochemical

reduction of CQare reported to be more efficient methods, whicldaeussed as below.

X Photocatalytic Reduction of GO
In nature, photosynthesis processes of plants can absorb and conyvértoGQCO, CH and
other organic moleculet® sustain the energy for life (Fig. 1.4a). A bionics concept of CO
photocatalytic redmn is believed to have the potential by utilization of solar energy, where it
mimics the natural photosynthetic cycle in the agriculture piarts It can simply convert

CO; into hydrocarbon fels, according to the following procé$s® (Fig. 1.4b).

Figure 1.4 a) Photosynthesis of nature lea¥eand b) schematic illustration of the photocatalytic of
CQO;, reduction reaction

For semiconductor photocatalysts, their band structures determine their capabilities to absorb
light, and also their redox reactions on the surface (Fig. 1.4b). Therefore, the research on band
structure is regarded as a possible strategy to enhance ftbée Mdight activity of

photocatalyst§. Typical photocatalysts can be classified into six groups, including:



X Metal oxide, which is the most common type of photocatalyst materials, consists of
transition metal cations (e.g. T, Zr0,%9)

x Metal sulphide (e.g. Cd%°, ZnS")

x Metal nitride (e.g. TaNs*, GaN®)

x Layered double hydroxide (LDH), where the general formula is M [M3*«(OH),]
[An fyn-mH20] (M?*, M3*, and Ar are divalent ation, trivalent cation, and interlayer
anion, respectively). It is layered materials with positively charged metal hydroxide
layers and balancetharged anions between each 1&8de.g. Tibased LDH&)

X Metal-organic framework (MOF), MOFs emerge as noMmaterials which have high
porosity and their singlenetal site dispersion with open structures consists of metal
ions or clusters coordinated with organic ligdidg.g. MIL-125-NH2*®)

x Metal-free material (e.g. graphitic carbon nitride-@sN4*°)

The mechanism of photocatalytic retlon of CQ is that the electrons are excited from the
valence band (VB, the highest energy band occupied by ele@rtmshe conduction band

(CB, the lowest energy band with no electron at the ground$tiageabsorbing photons which
FRQWDLQ KLJKHU HQHUJ\ WKDQ WKH VHPLFRQGXFWRUYV E
generated in the CB simultaneously. Then theelaehole pairs are separated and transported

to trigger the surface catalytic redox reaction. In the photocatalytic€eiDction system, both

COz photereduction and water (or sacrificial agent) photadation happens simultaneously,
thus reducing C®into CO, CHOH and CH?® 3¢ However, the low conversion rate and
efficiency are far from industrial applications. Rbe photocatalytic designing strategies, the
research is focused on enhancing the visible light activity of photocatalysts as mentions
previously, using strategies such as cation dofjiramion doping', nanestructural desigit

and heterostructure desijnto obtain lower CB and higher VB.



x Electrocatalytic reduction of GO
Electrocatalytic reduction of COs regarded as the most promising Qf@lization method
because of its mild reaction conditions and the desired products can be easily obtained from
controlling the reaction conditions, e.g. CO, £K2Hs, HCOOR*. It can be realized in a
simple fuel cell type device which is called &&ectrolyzet* 5 and theelectricity applied
for the eCORR can be generated from renewable sources such as wind 6t 80lGor the
basic electrochemical reaction, €@ reduced on cathode, and the only consumpsiaveter.

The eCGRR on cathode has the chemical reaction as follows:
BIETAET*>\ %HE%11%90% Eq.1.3

where CQ FDQ EH UHGXFHG WKURXJK WZR IRXU VL[ DQG HL.
monoxide (CO), forrate or formic acid (HCOQ HCOOH), methane (CH, methanol

(CH3OH), ethylene (CHCH,), ethanol (GHsOH) etc®, by applying different reaction

conditions. Although it has moderate reaction conditions and variable products, the low
efficiency of system, low activity and selectivity of products, poor mass transfer problems are

the main concerns which prohibit itsceessful commercializatiomherefore, development of

advanced catalysts, enhancement of mass transfer and carefully controlled reaction conditions

are required for better performance of eRR.

1.3 Aim andObijectives

In current stage of CQutilization usingthe electrochemical method, the bottleneck is the
energy efficiency problem, which prohibits its commercial application. To facilitate this
concept to become a reality, development of high quality electrocatalysts and good reaction

electrolysers are theel issues. In my PhD studslectrochemicatatalysts will be developed

9



and evaluated, and electrolysers special for &RFOwill be designed and manufactured. My
study also tries to shed a light on improving88 from engineering design point of view.
By combining with advanced catalysts, a low energy consumption, robust, and industrialisation

possible CQto fuel conversion system will be explored.

The aim of this research is to establish a complete gD system and reduce @
renewable fuels. To Aeve this concept, the first part will aim to develop a pghformance
catalyst and specific process including nanoscale catalyst synthesis, physical characterization
and electrochemical evaluation. The second part will aim to design and manufacture an
advanced reactor with elevated mass transport which will improve the performance of overall

reaction.

The Objectivesof this thesis include:

x Development of Electrocatalyst
(OHFWURFDWDO\VW SOD\V DQ LPSRUWDQW L@ Whik@ SURGX
low performance of catalysts prohibits its development. Hence apleigrmance and cost
effective catalyswill be designed, synthesized, and optimizedthis work, controlling of
particle size and morphology of electrocatalysts are the key points for enhancement of catalyst
properties.

x Design of electrolyser
Mass transfer of reactants, especially-@0@mportant for high reactioactivity andefficiency.
However, the low solubility of C&in electrolyte reduces the reaction efficiency. Therefore,
high-quality cells with good mass transfer of reactants will be studied to reduce the internal
resistanceln this work, advancedtructured GDE cells are designed for eRR, to overcome

the CQ mass transfer limitation.
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X Investigation of influenced parameters
Selection of electrolyte, applied potential, assembly of working electrode have impacts on
overallreaction mechanism, efficiency and products selectivity, while the effects are not clear
so far. This study will optimize the reaction system by investigating the effects of these

parameters.

1.4 Outlines ofThesis

This thesis is presented as a seriesigit chapters.

Chapter 1 3, QW URGXFWLRQ  LQWUR G X% pridblfenyd, KidysEt® liNzé TR X Q G R
and the aims and objectives of this thesis. Chapté/ W HUDWXUH VXUYH\" SURYLC
literature review of electrocatalyst, electrochemicall cahd electrode. Chapter- 3
SOHWKRGRORJ\" Sdétailéd. GhtarvhatddhK &bout chemicals, catalyst synthesis
technology, electrode fabrication, cell design technology, electrochemical methods used to test

the catalyst, and characterization techniques.Chapter 4 3 &-Xontained catalysts for

eCQ 55 “commercial and hommade Cu and Cu oxidéswve been useas electrocatalysts,

and Hcell and CPcell have been usddr formation of CO. In Chapter5$72 ,72 DQG ,Q
MOF as catalysts foreGB 5"~ W K HITP7ahd InMOF have been useas electrolytes. |

will also demonstrate the influence of €@ass transfer, concentration of electrolyte, pH of
electrolyte, and achieve a high conversion efficiency of formate production. In Chapter 6

3* UDSKHQH-$BVRUHRVLRQ /D\HU ([SORUDW grRp@ene aezdgé O V\Q W
(GA) DQG VWXG\ *$V PRUSKRORJ\ DQG FHFRRBGIXGFWDVLWANX\MLR
Electrode Allows Directional Gas onto the Catalyst Bed for EnhancedE@0orochemical
5SHGXFWLRQ ™ , ai-layer GDH 8drfigiwatidhKiiamatically enhances the @ass

transfer in eC@RR, and improve its durability as a result of electrolyte permeation prevention,

and also study the FE of eGRR products and comparettvithat of conventional +ell. In

Chapter83& RQFOXVLRQV DQG )XWXUH :RUN" RI P\ 3K'" WKHVLV
11



Chapter 2  Literature Survey

2.1 Overview of CO eCORR

Research towards eGRR has been carried out to improve the reaction performance using
novel catalysts with a higtatalytic activity and low cost. New types of electrodes have been
used to improve mass transfer, and alternative reactor design and fabrication have been
explored to realize high efficiency and high selectivity of eRR. Fig. 2.1a shows the main
researh pathway, which include catalyst synthesis and characterization, renewable energy for

eCORR, electrochemical evaluation, and product analysis.

Figure2.1 a) eCQRR research cycteb) sketch of electrochemical reaction principle

The fundamental principle of eGRR is schematically illustrated in Fig. 2.1b. The input
current is supplied from external power sources, and the electrons are transferred from anode

to cathode.
*1FtA \ t*> E 14 Eqg.2.1

As the above equation indicated, the reaction happened @mdide side is the oxidation of

water, where one ¥D molecule lost two electrons and release two protons and an oxygen.
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Then the released protons are transferred onto cathodic side through the electralyse. CO
constantly supplied to cathode, then meetk mrotons and electrons. Finally, €3 reduced

to the renewable products (Eq. 1.3).

However, the actual circumstance is much more complicated than the ideal model of Fig. 2.1b.
As the main final product of carbarontaining fuel, C@molecules are inmeand stable. From

the thermodynamic aspect, Taldd compares halell electrochemical reactions (cathodic)

and their standard potentials (potential vs. standard hydrogen electrode, PHS/128m.).

Some of the reactions (e.g. those with4OEbH4) seem more favourable than HER. The actual
process is much more difficult because of the formation of intermediate’ @@on radical,

which can be initiated af..90 Vwith large kinetic barrief§: 5% 60

Table2.1 eCORR standard potentials in aque@ystem, potential vs. standard hydrogen electrode
(SHE)

Reaction equation E°[V] vs. SHE at PH 7
%IEAN \ %1 -1.90 V
%IEt*> EtA \ *%11* -0.61V
BIEt*> EtA \ %IE*41 -0.52V
t%dEst*” EStA \ %*g Ev*gl -0.34V
%IEV*> EVA \ *%*1E *41 -0.24 V
WIEX*" EXA \ %% 1*E*gl -0.38 V
IEZz*”EzAN \ %EEt*gl -0.24V
t*> EtA \ *4(HER, side reaction) -0.42V

Formation of CQ@ ~imposes a significant overpotential to the reaction, which requires more

energyinput and is believed as the rate determine®st&oreover, reduction products of O
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could be numerous. From commercializatiopexs, one or two main produdts different

phases are desirable, which means the selectivity of products should be considered.

A proper electrocatalyst is required to reduce the energy barrier and enhance the
electrochemical process. Catalysts with haghvity, high selectivity and long lifetime need to

be developed. Moreover, design of eBB reaction cell is an indispensable aspect which will
influence the mass transfer of the reactants, conductivity, and stability of the system. It
determines thewrent density and FE of the overall reactfoBased on these concerns, an
eCQORR research system can be described as shown in Fi§. %.Z0 achieve a high
efficiency reaction system, we should focus on catalyst development, reaction cell design and

electrochemical evaluation.

Figure2.2 eCORR research system

2.2 Electrocatalyst

Catalysts are usually used to reduce the activation enegggyfing chemical reactions, and
enhance the reaction réteFor electrochemistry, a good electrocatalyst needs to exhibit both
high energyefficiency and high current density of the electrochemical re£€tf8rirhese will

reduce the overpotential with an enhanced reaction rate (corresponding to high current density
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and high activity), enhanced selectivity and efficiency of aimed prodstshown in Fig. 2.3,

the solid line indicates the reaction without the catalyst, wileeeenergy difference between
CO; and CQ"indicates the activation energy throughout the reaction, refleeksvantlyhigh
overpotentialduring electrochemical evaluationWhile the dashed line shows the reaction
where catalyst participates in a reactitne existence of catalyst reduces the activation energy

presentsnuch loweroverpotential.

Figure2.3 Schematic of eCERR activation energy in presence of catalyst (dash line) and absence of
catalyst (solid line), more activation energy (overpotential) is required without catalyst, adapt ffom ref
An ideal electrocatalyst presents loveeerpotential in eCeRR.

Much research effort has been devoted on designing novel catalysts, by introducing different
metals, various morpholo8y controlled crystallizatidif andparticle siz& for the purpose of

catalysis property enhancement.

2.2.1 Metallic Catalysts

Elemental metals are the earliest and most investigated eledlystia e CORR. Based on

the reduction products, the metals can be divided to three groups from the readion
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aspect’. The main products including CO, HCQ®@ydrocarbons, alcohols etc. are shown in

Fig. 2.4.

Figure2.4 Reaction pathways for eGRR on metaf$

X Sn, In, Hqg, Pb, Sbtc.

This group of postransition metals or metalloid are classified to mainly produce H@DO
HCOOH, due to their weak bonding with €Q0intermediaté’. As shown in the following
equations, the C£ intermediate can hardly be absorbed and it tends to be protonated at the
carbon atom, thus forming HCOQE(q. 22). The intermediate receives one electron and

ultimately transforms into formate or formic acid as the major reduction product (Eg. 2.3).
%P E*>\ *%1Y Eq2.2

*H1YE*>EAN\ *%11* Eq2.3
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A typical catalyst such as Tin (Sn), presents a high FE towards formate but a low efficiency
(current density) due to its rapid oxidation upon exposure to air. The surface oxide layer would
greatly influence the electrochemical process. Htral” reported to use Sn in eGRR
application, where they tested Bulk metal in 1 M KHCQ-1.4 V vs. SHEwith 65.5%- 79.5%

FE of formate, while the current density is 355 + F?PIt shows a relevantly low activity of
electrocatalysis due to low active sites of bulk metal and surface oxidation behaviour. To
enhance the properties of Sn catalyst, Zheingl’* used tin oxide nanocrystals loaded on
carbon black and graphene to obtain mawgve site for eCeRR, and achieved an enhanced

FE of formate to 93% in 0.1 M NaHG@t-1.8V vs. saturated calomel electrd@E), where
WKH FXUUHQW GHQVIPWZXhaoét & &s¥dNan elecddpsited method to
enhance the properties of Sn catalyst, and achieved 91% FE of formate and a current density
R P $fffed in 0.1 M KHC®at -1.4V vs. SCE. However, the low activity of Sn

based catalyst has still not been fulkgolved.

Indium (In) is another potential catalyst for formate production, it is low toxic and
environmentafriendly. However, In has not been fully developed in eRR® due to its low
stability and low current density. Xiet al’® reported a dendritic In foams in 0.5 M KHEO
(pH=7.2) at-0.86 V vs. RHE, and yielded a considerakitedf formate up to 86%, where the
FXUUHQW GHQVLAN-bhsed cataRsis présent a low current density and require
restricted reaction conditions which limits its application, thus more advaticetured

catalysts are required.

x Au, Ag, Pd, Zn, Bi etc.

The second group of metals including Au, Ag, Pd, Zn and Bi. These metals can tightly bind

with HCOO intermediate (Eq. 2.4). Once the HCO@ceives a proton from the electrolyte,
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CO intermediate will be generated from the catalyst surface, then the CO will be produced as

the predominant product (Eq. 2°5)

%E& E*>\ *%1Y ? Eq.2.4
*l1lH ?2EAN\ BIEY ?E1*? Eq.25

This type of catalysts has been proved to have high FEs of CO sR&CQoble metals such

as Ag and Au show considerable catalytitvaites in 0.1 M KHCQat an ambient condition.

The FEs for CO production are 64.7% (Ag, 99.98%) and 81.5% (Au, 99.95%paV vs

Ag/AgCI’ In a recent study, Cherag al’® employed highly porous gold films supported on

silver foil in 0.1 M KHCQ electrolyte. They have achieved increased surface area of catalyst

and obtained K H )( IRU &2 ZLWK D FXUUH GVit-GFH\Q/.ISOE. R | P
However, the cost of noble metal is high, thus alternative catalysts with lower cost are required

for commercialization concerns.

Comparing with noble metals, a low cost andtleabundant metal such as zinc (Zn), is
regarded as a promising electrocatalyst with high selectivity towards CO production. However,

its stability and activity are the hurdles to overcome. Hagtoal 8% 8lexplored to use bulk Zn

and obtained 70% FEof COat 9 YV $J $J&0 ZLWK D FXUUHWW¢ GHQVLYV
the rapid oxidation of bulk Zn surface reduced the reaction efficiency. Therefore, nanosized

Zn, such as the electrodegited dendrites were developed to enhance H{é Flowever, the

low stability of Zn caused the inevitable oxidation during electrolysis, and the morphology of

catalyst such as particle size, shape, crystallinity etc. should be controlled.
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Copper is the only metal which is capable of converting. @@ high value added
carbonaceous and alcofBP. It is capable of binding *C@termediates and converting them
into alcohols or other hydrocarbons from *COH or *CHO intermediates via dimerization

pathway&® based on the following reactions.
U% IEV*> EVA \ %51+ Eq.2.6
UBIE*EAN\ U%1%~ 0%*1 Eq.2.7

U% 1%~ U%*IET* ETA \ *%* 1800 5@6* s 04*. AP?  EQ.2.8

The G (onecarbon molecules) products such as methanok@EH can be produced through
hydrogenation pathway. For example, Jarangtlal®” demonstrated the formation of @PH
pathway through *COH or *CHO intermediatesetlang CHs) and methanal (HCHO) were
generated vidormation of *COH or *CHO. G (two-carbon molecules), L£(threecarbon

molecules) products weproceededia dimerization of *CO intermediates.

Higher energy density of CC, and G products made them become more favourable for
industrial production. However, its low selectiviggtivity degradation, and relevantly large
overpotential (nearly 1 V) are the hurdles for practical applicéfidiisHori et al.”® employed

a 20 mmu20 mm Cu sheetin 1 M KHG&t-1.39 V vs. SHE and obtained mixed results with
reduced products of formate (FE: 1514.5%), CO (FE: 1.53.1%), CH (FE: 37.1+40.0%).
Jaramilloet al®® demonstrated 16 different G&duction products on copper surfaces across

a range of potentials. However, great efforts should be made in order to enhance the selectivity,

stability, and reduce the overpotential.
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2.2.2 CatalystDesign Strategies

Based on the metallic catalysts discussed above, several design strategies are identified to
enhance the catalytic performance.

X Nanoparticles
As the most common and popular approachieghod, nanetructuring is believed to promote
the performance of cataly$t$®. By reducing the catalysis particle size to nanoscale, the active
sites are dramatically increased by its considerable surface area. The minimized catalytic
thickness can reduce the transfer barrier aftegds to active sites, which can achieve a lower
overpotential®. Moreover, precisely controlling afatalyss morphology at an atomic scale
with various nanostructures such as nanotubes, nanosheets, nanowires etc., is believed to
enhance the catalyst property in eBB. These nanostructured catalysts bring structural
defects such as vacancies or grain boundaries, which are served as active sitesRB*%eCO
For example, Dagt al® reported an ultrstable Cu/Ni(OH) nanosheets, and achieved a low
overpotential reaction by using hybrid catalytic structure, and obtained a high FE for CO (92%)
DW DQ RYHUSRWHQWLDO RI 9 YV 6& (220K MaHERU UHQW G
Ma et al®® introduced a Cu nanowire for eGRR, by increasing the lerigbf the catalyst, and
the selection of €products was enhanced. When the length of Cu nanowires was above 2.4 +
0.56 mm, rpropanol was detected with CO, HCOOH anti£ Whereas when the length of

nanowire isabove 7.3 + 1.3 mm, 4Els formation was obseed along with ethand.

x Doping or Alloying
Employing foreign atoms by doping or alloying method is an effective way to adjust the
binding energy of C®intermediates, thus the activity and selectivity of eRR can be
modulated’. Stronger C@" binding elements (e.g. Ni, Co and Pt based catalystfer

formatting CO productyhile weaker C@- binding elements (e.g. Sn, Hg and Pb based
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catalysts) promotes the formation of fronf&t8y combining these two types of elements, an
intermediate C@" catalyst interaction can be achieved that promotesotineation of higher

value reduction products.

X Metalcarbon Hybridization
Electron transfer is one of the key aspects in #80 where electricity drives the catalytic
reactions. Therefore, a large surface area and conductive carbon substrate (e.ge’§raphe
carbon nanoparticlé¥, carbon nanotub&¥, carbon fibre¥? can greatly benefit the electron
transfer to/from electrocatalysts and serve as the supporting material for a better metallic
disperson. Moreover, the interactions between electrocatalyst and substrate may also supply
strong activity and selectivity enhancement. However, the involved carbon materials could
promote the HER reactions. This competitive reaction will consume the readta@&»&R
(protons and electrons) and reduce the Canhversion efficiency. Therefore, the balance of

benefit and sideeaction problem should be concerned.

X Metalorganic Framework

MOF has its novelty due to its ordered structure, high porosity and single metal site dispersion.
It allows for free permeation of protons and dissolving of, @@ the MOF, where MOF
shows a great potential for eeRR application¥* %4 Moreover, the high cryallinity of the

MOF can be employed as a platform to investigate the active sites and reaction pathway, which
can be developed into higdfficient electrocatalysts. Hoet al% reported a Fgorphyrin

based MOF films and achieved 50% For CO at-1.3 vs. SHE. in organic solution (1M
tetrabutylammonium hexafluorophosphate or TBAREIimethylformamide or DMF). As one

of the common MOF, zinc imidazolate MOF (Z8 presents good activity and selectivity of
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CO, and 65% E for CO has been achieved-at8 V vs. SCE in 0.5 M NaCl, reported by Wang

et al

2.2.3 Development of Catalyst in thi¥oject

There are differentypes of electrochemical catalysts as introduced so far. However, -a high
performance catalyst is required for ef/RR. In order to achieve this, firstly, naszed
catalysts can be introduced, aiming to increase the active sites on catalyst surfacam@cel enh

the catalysis activity. Secondly, the formate and@ favoured metals can be selected as the

key metals during catalyst synthesis, because these products have a higher energy density
compared with CO. Thirdly, the catalyst structure should be negig order to achieve its

best property.

Based on this, coppeontained catalystacluding commercial Cu and &0, seltsynthesised
CwO and graphene supported Cu oxidese employed in my research, aiming to obtain high
valueadded products with gal reaction activity angelectivityof determined product3he
performance of Cibased catalyst is dependent on catalyst morphplogsstallinity and

coordination number ef€® 1°7 which are carefully concerned in this study.

Antimony tin oxide (ATO): Antimony oxide and tin oxide are reported to have good activity
on generating format&1% while ATO has not been reported in eBR. This bimetal oxick
catalyst can also adjust the binding energy of @@ rmediates which benefit the selectivity
and reaction activity. flerefore, nansized ATO was used in this study, and G&#lswere

also introduced to enhance the mass transfer. The aim is to isssetigity and efficiency of

formate.
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Indium tin oxide (ITO): Indium is a nenoble metal which has emerged as aRR catalyst

IRU VHOHFWLYH IRUPDWLRQ RI IRUPDWH ZLWK KLJK )(
formation of formate. Howeverhé activity of indium is usually low. In this study, we used
nanasized ITO in GDE cell, and the aim is to achieve high efficiency and high activity reaction

system for eCERR from mass transfer aspect.

Indium MOF: Indium is believed to have high seleityi of formate with a low activity. MOFs

are porous coordinating polymers or networks, made up with a metallic component, pore space
and the organic linker. This advanced structure can enhance treaOre and provide more
active point for CQreductian, which can help to develop the overall reaction efficiéfcin

this study, we introduced an indium MOF (this catalyst was synthesized by Inorganic
Chemigry Group from Manchester University) and then used the GDE cell for electrochemical
evaluation. The aim is to achieve a high efficiency and high activity reaction system with a low

energy consumption.

2.3 Electrochemical Cell

Design ofelectrochemical cell is an essential aspect for theeBE@rocess. A new design of

gas flow channel/chamber, and improved gas diffusion electrode could dramatically influence
the FE and stability of the chemical reactfn#\ typical CQ electrochemical reaction in
electroltic cell normally consists of four components: e.g., a cathode with catalyst foR&:CO

an anode for oxygen evolution reaction, an electrolyte providing the path for reactants and/or
products mass transfer, and a polymer membrane to separate catholgr@obmewith ion
selectivity’?. During the eCERR, ions are transferred across the membrane, and electrons are
driven by an external power source. Meanwhile, a reference electrode (normally inserted in

catholyte) is used for potentimheasurement. From the cell design aspect, selection of
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membrane andlectrolyte, reaction condition, cell structure presents great influences on the
reaction process. The reduction reaction results can be varied due to the differences in mass

transfer of reactants and reaction mechanism, even though the same catalgst is use

2.3.1 Types of Cells for eCERR

Many cells for eC@RR have been designed and reported in literature, includitygpéicell,
gas diffusion electrode cell, polymer electrolyte membrane flowrmaltofluidic flow cell etc.
Different cells present the uniqueoperties for eCeRR.

x Conventional Htype cell (Hcell)
H-cell is one of the most commonly used-&dale reactors for eGRR. Within the cell, the
working electrode and counter electrode are assembled in cathodic chamber and anodic
chamberrespeadvely. These two chambers are separated by arexshange membrane to
separate the products. Electricity is supplied by external power sources for the reaction. The
RYHUDOO DVVHPEO\ VKRZV D W\SLFDO p+Y VKDSH DV LOOX
canbe chosen from metal sheet, foil, mesh, or powder catalyst supported on a conductive
substrate (e.g. carbon paper). During the electrochemical testgia8@& constantly supplied
into cathode chamber and dissolved in the catholyte. Then thediff@sesto the catalyst
surface and is reduced into the final products. The gas products are collected from gas outlet,
and liquid products are collected form electrolyte after electrochemical process for further

analysis.
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Figure2.5 A schematic of the conventionattype cell, Zhaat al’™

However, HER is a competitive reactishich also happens in the¢€I*!%. The low solubility

of COr in the aqueous system will cause a-®aass transfer, and result in the HER and will
reduce the FE for the eGRR. Moreover, a long distance between working electrode and
counter electrode will result in a relevant high electrolyte resistance and also a higher

overpotential.

To solve these problems, Kugll al®® designed and fabricated a compact electrochemical cell
(Fig. 2.6) with a large working electrode and small electrolyte volume. Manpotential and
enhanced current density have been achieved owning to large surface area of electrodes to
electrolyte volume ratio, narrowed distance between working electrode and counter electrode.
The concentrations of liquid products were also incietdse to the low chamber volume, and

the minor products could be detected.
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Figure2.6 Schematic of the compact electrochemical cell designed byéehl®°

x Gas Diffusion Electrodgypecell (GDE-cell)
The GDE electrode is typically used for the flow cell within eRRreactors. It has a porous
structure and the GDE is usually prepared by depositing electrocatalyst onto a gas diffusion
layer (GDL). In this configuration, the gas reactant could reach to the interior of electrode with
catalyst layer and contact with eleyte to form threeSKDVH LQWHU 3D kddid pJDV &
(electrolyte} VROLG FDWDO\WW § 7KLV FRQILIXUDWLRQ VLJQLIL
CO.. GDEcell (Fig. 2.7) is a combination of GDE anddell, where its cell configuration is
similar with H-cell, combined with cathode hatell and anode hatfell. The cathode hatfell
consists of a gas chamber and a catholyte chambeatalyst coated GDL is introduced to
separate these two chambers as working electrode, apng Canstantly sudpd from the gas
chamber. The C&xhen diffuses across GDL then reaches the catalyst layer. An ion exchange
membrane is placed between catholyte and anolyte. The reference electrode is placed in
catholyte. The counter electrode can be platinum wire oe,phdtich is immersed inside the

anolyte.
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Figure2.7 Schematic diagrams of GBEell in agueous eCRR systerk!

x Polymer Electrolyte Membrane Flow CEHEMFC)
The concept of this cell construction is originated from proton exchange memluaheell
This configuration has its potential for e@®R mass transfer enhancement, which could
VLIQLILFDQWO\ HQKDQFH WKH FXU U Qdmp&rid @ the WeelW R RYHU
the flow cell can overcome the mass transfer problems through a continuous circulation of
electrolyte. Its large electrode surface area vs. electrolyte volume could reduce the transfer
distance of reactants which helps to reduce the idteesastance. Besides, the higher £O
concentration at the catalyst surface and the lower liquid products in catholyte will promote the
eCQORR? % The structure of GDE flow cell (Fig. 2.8, refeal by Narayanast al'!? is
similar to the PEMFC, where membrane is sandwiched between cathode and anode. This
construction is called membrane electrode assembly (MEA). Adjacent to the electrodes are the

current collectors and flow field plates.
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Figure2.8 Schematic of polymer membrane electrochemicatéell

Although the polymer electrode membrane enhances the mass transfer of reactants to a certain
extent, the low C@molar concentration still causes the problem such as a low solubility of the
reactant. In order to solve this probleanGDE configuration has been introduced in flow cell

(Fig. 2.9), and the PEM, cathode GDE and anode GDE are formed as an MEA. The material
of GDL is a conductive and porous structure composed of carbon paper or carbon cloth. It is
hydrophobic which allow gas to crossover and prohibit the liquid. Based on this construction,
CO could directly reach to the catalyst surface without dissolving into the solution and also
contact with the bulk electrolyte to form a thyglease interface. By solving the masmsfer

problem of CQ, the reaction of hydrogen evolution is limited and the FE of RRJrocess

is enhanced.
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Figure2.9 Schematic of gas diffusion electrode type polymer electrolyte membrane flét¥ cell

X Microfluidic flow cell (MFC)
The configuration based on an MFC consists of a very thin (< 1 mm) flow electrolyte channel
with a 0.5 x 2 cm window placed between two GDHEsich separates the anode and cathode
without any membrane. In this configuration, gaseous i€Qupplied into dhode side then
diffuses through a porous GDL and finally reacts at the catalyst/electrolyte interface. The
products can be diverted out of the cell with an electrolyte stream. Compared with other
reactors containing with PEMs, this cell effectively sefgmahe reduction and oxidation
products through diffusion of products. The reference electrode is normally assembled in the
outlet of the electrolyte stream or inserted in the electrolyte sttéalschematic drawing of

MFC cell is shown in Fig. 2.10.

Figure 2.10 Schematic of microfluidic reactor, G@s supplied into cathode then it diffuses to the
catalystelectrolyte interface. oxygen evolution reaction take place at the anode and is ventéd to air
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x Other type of cells
Apart from the cells discussed above, some other types of cells were developed by the
researchers. One of them is solid oxide electrolyser cell (SOEC), which is operated at a high
temperature (> 873 Katherthan ambient conditidt*. Differential electrochemical mass
spectrometry (DEMS) cell is specially designed for analytical technique, which utilizes
pervaporation to continuously separate and collect electrochemical reaction products

efficiently in real time and analyse productspproximately one secotid

2.3.2 Coneept forElectrochemicalCell Design

The Table 2.2 shows the applied conditions for R

Table 2.2 Different substrate for electrodes, €@eding types, membrane types and operation
temperature for variouslasses of cell in C&&lectrereductionprocesses.

Cells type Substrate CO2 feeding type | Membrane type teonﬁ);(:é?gt?; r;e
6
H-cell (i;arsk;sé);]cagbgﬁp ’ CO; saturated CEM*!16. 117 Ambient
Metal ?oillom : solutiont16118 AEM118 condition
Carbon papét?, .
GDE-cell Graphene Gas fee! 119 CEM?1. 119 Ambient
19 condition
aerogel
CQO; saturated Nafion'!2 .
2 )
PEMFC Carbonlgoa?zéf ’ solutiort*? AEM112 121 Ambient
GDL*" Gas fee#d 121 CEML20 condition
MFC GDL66 122 S"f'gggg 985 | Nafiorfs, AEM122 gﬂg;ﬁg;
SOEC Thetﬁl'oee‘fﬁgo'yte Air + CO, gad?? N/A 800 °C

Among the electrolysers intraded above, GDIeell is a promising type with promising GO
mass transfer mechanism, ambient reaction condition and easiest cell construction. In my PhD
thesis, an eC&RR electrolyser was designed and manufactured based on the GDE cell

configuration. Therthe property of designed cells was evaluated. The simulation technology
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was also applied to analysis the O@ass transfer, overpotential, current density to maximize
the efficiency. Design of cells was done using the SOLIDWORIKSd the 3Dprinting

techngue was employed for cell manufacture.

2.4 Electrode Design for eCBR

In the eCORR process, the working electrode forms the function of catalyst substrate and
conductor, angupplies the place for the reduction reaction. Design of electrode can greatly
influence the mass transfer of reactants, surface area towards the electrolyte and internal
resistance of céft*. Therefore, design of a higherformance working electrode should be
explored. Several types of electrodes are concluded in the following sections, such as metal

sheet electrode, metal mesh electrode, GDE etc.

2.4.1 Type of Electrodes

X Metal Sheet Electrode
Metal sheet electrode is one formation of electrode for&REROIt is normally immersed in
electrolyte where its 2D surface provides large surface areas faREC@ is commonly
reported in Hcell and GDEcell. Metal sheet electrodes can be classifiedpote foil, porous
foil and nanoparticles supported foil. The process treatment of electrodes causes the foil with

different surface areas.

Pure metal foil electrode was reported in early stage research. For examplet, &6ti 12°
discovered that ethane and ethylene can be produced at Cu electrode in 0.5 M XHGE®©
FXUUHQW GHQVLW\ ZDV R @ith ® EE0HT abdRt G5k at @£} &k,

with 20% at 40 °C. Kimet al*?® reported the reduction of G@ CH, on Cu foils at room
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temperature using Cu foil as electrode. They prepared Cu polycrystahieets in 0.5 M
KHCOs at-0.50 V vs. SCE under the ambient condition, achieving the transition ptdCO

CHs ZLWK D FXUUHQW GHQVLW\ RI P$tFP

Researchers have also found that the £80is limited by lacking mass transport, and they
found a largesurface area could provide more active sites which can contribute larger current.
Seddoret al?” employed gold thin film spun onto polymer sheets with thickness of 1 and 4
pum as shown in Fig. 2.11. By enhancing diffusional transport to a finite electrode surface under

microscopic size, the current has been significantly increased.

Figure 2.11 SEM of the thin layer photoresist edge of a polymide/gold/photoresist image with 1 pm
thickness of gold filr¥”.

Oxidation treatment of metal sheet is another method for electrodes preparation. Metal oxides
provides good chemical functionality, which can stabilize the incipient negative charge on CO
and mediating the electron transfér For example, Let all? reported that cuprous oxide

thin films have obtained 43% FE of GR+ ZLWK —2R Tht MBrphology of this

catalyst is shown in Fig. 2.12. When the HCO species forms, carbon atom contributes protons
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and electron transfer reactions will resulttie formation of HCO'. Following this pathway,
the last proton transfer to the®O" species adsorbates for ¢férmation. In the case by the
presence of cuprous oxide, it will benefit the ability df $phecies coordinated with surface

bound oxygen to fon CHOH.

Figure2.12 Electrodeposited cuprous oxide film a) before reaction and b) after ré&ttion

Porous structured metal sheet electrode was reported ®t aid*°, and they showed an
alloy/dealloy method can manufacture naporous film in order to get high surface material.
They used an electrodeposition method to obtain several types gbosne metal films. The
process introdeed electrodeposition of Zn on metal film including Cu, Ag and Au, then these
surfaces were then therri@ated and immersed into the etching solution to get-panuus
patterns. In this case, porous structure provides a large surface area, thus eti@naimiper

of active sites and mass transfer of electrons. @heh!*! developed a porous Au structure

on Ag film, which obtain a large surface area and promote the ion tréiAgfe?.13).
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Figure2.13 Fabrication ana@haracterization of porous gold films. a) Schematic illustration of the key
steps in fabricating porous gold films. b) Optical images of the polycrystalline Ag foil (left), black
AgCI-Au precursor 4 and porous gold film lying on the Ag foil (right). ¢) SieMge of the porous
AgCI-Au precursort,

X Metal Mesh Electrodes
Metal mesh electrodes with a microporous structure allow the gas to across over and form gas
(CO)-liquid (electrolyte)solid (catalyst layer) threghase interface (Fig. 2.74¥ 133 Ogura
et al 132 B34developed a threphased design assisted with a mesh structure. They established
a vertical assembled cell and performed the f@Quction at its threphase interface. Gvas
recycled constantly in the device which enriclied CQ concentrations on the interface,
therefore enhancing the performance of éRR). In their study, a CuBmediated Cumesh
was applied as the working electrode, and the result indicates 90% obG¥&rsion rate with

75% selectivity for GHa.
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Figure2.14 Schematic representation of thuglease (gas/liquid/solution) interfaée

X Gas Diffusion Electrodes
Gas diffusion electrodes (GDEs) have been firstly proposed in fuel cell application since
19673, GDL are normally involved in GDE type cells for e@@R™, and the material are
normally carbon paper, carbon clothroetal foam. This concept is inspired from PEM
design, and GDL are involved in e@RR application aims to enhance the Lfass transfer
111137 |n recent studies, Higginst al 1*% ¥%indicated that GDEs present excellent mass
transport properties compared with conventional aqupbase CQ@reaction, therefore, the
poor solubility problems of C&£n the aqueous electrodes can be solved. They supplied CO
to cathode through gas phase rather than aqueous phase (Fig. 2.15), which is a solution for
resolving the performance and solubility challengit also provides a robust support for
catalysts, gas permeability, which prevent the electrode being flooded by electrolyte and

provides electron transfer pathwdy).
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Figure 2.15 Different eCORR reactorschemes. a) Agueous phase eRR, where CQ is first
solubilized in an aqueous electrolyte and then reduced at a catalyst surfacefedap@ORR
employing an b) aqueous or c) polymer electrdfite

Carbon paper is a commonly used material as GDL in GDE assembly. It is typically
hydrophobic. In practical use, 2D structured carbgepa permeated after loigrm reaction.

The surface and pores are blocked by electrolyte which impedes the gas mass transport to

catalyst laye¥l. Therefore, a new material should be explored for better performance of

durability.

2.4.2 Carbon for Electrode Assembly

Carbon based materials are commonly used for electrode assembly, aimingrtozendixe
surface area and enhance the conductivity, to facilitate mass transfer of reactants and therefore
promote the eCERR. Here we introduce three carbon materials employed in my study.
x Carbon Black
Carbon blacks have been widely applied into theowarfields of electrochemistry due to their
high mesoporous distribution, good electrical properties, low cost, and high avaift&bility

They are widely used in eCRR, aiming to facilitate the mass transfer of 0d promote
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the reduction reaction. Kusane al'*® studied the eCERR in an aqueous media thi
crystalline Cu phthalocyanine supported on carbon black, and achieved highly selective and
reactive eC@RR to GH4 with FE of 25%.

X Graphene
Graphenas regarded as a promising 2D material with excellent electronic conductivity, good
optical transmittace, large specific surface area, and superior chemical stdfiilitjerefore,
fabrication of graphene based electrocatalyst has the poterdiieve higiproperty catalyst.
Zhanget al. reported a Tin oxide nanoparticle supported on graphene in aqueous BlaHCO
solutions and achieved the F& formate production of >93% with high stability and current
GHQVLWLHV Rl ! P$tFP

x Graphene aerogel
Graphene aerogel, as a metamaterial, is suitable to be used as electrodes for electrochemical
devices!® 146 *$qV KLJIK FRY Fig.RWaay)dnwhigh porosil§® (Fig. 2.16b and
2.16c) enable its applications for GDL, current collector and catalyst support. It can be made
into any shape and highly compressibté (Fig. 2.16d). Therefore, it could be used as a
VLPSOLILHG HOHFWURGH KRVW DV WsKtransgdit ofe GBRHGAW UR G H L
has an excellent organic solvent absorbeéfity®. Liu et al>°reported the feasibility of using
GA in direct methanol fuel cells, because its high organic solvent absorbency allows the
HOHFWURGH WR DFW DV D plXHO FRQWDLQHUY WKXV UHGXI
concentratiomethanolln the eCORR, GA can be inserted in the chamber, which allows CO
to diffuse within high porous GA rather than passing through the gas chamber. The high

porosity from GA offers a large surface area and a considerably good condudtit@yScnr

hI51 which make it a suitable alternative material as a catalyst substrate.
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Figure2.16 *$1V D HOHFWULF FRQGXFWLYLW\ DQG 6(0adssriblHV RI E
method®% c) GAFC electrode prepared using melamine form template)awuper lightweight GA=.
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Chapter 3  Experimental

This chapter presents the detailed information about chemicals, catalyst synthesis technology,
electrode fabrication, cell design technology, electrochemical methods used to test the catalyst,

and characterization techniques.

3.1 Materials and Reagents

All materials and reagents involved this study, along with their suppliers are listed below in
Table 3.1. Most of these were used ifreseived forms, unless specially mentioned.

Table3.1 List of the materialaind reagents

Type Chemical reagents / materials Supplier
Gas N2 BOC
CO, BOC
H2 Air Products
CO Air Products
CHa Air Products
Organic solvents Ethanol, absolute Fisher Scientific
Isopropanol Fisher Scientific
Acetone FisherScientific

Ethylene glycol

Fisher Scientific

Nafior® 117 containing solution SigmaAldrich
Formic acid, formate Liquid products
Metal precursor Copper sulfate pentahydrate, 98% SigmaAldrich
Copper acetate, 98% SigmaAldrich
Pt on carborblack, nanepowder Fisher Scientific
Carbon Carbon black, VulcdhXC72R CABOT
Graphene oxide, suspension Goodfellow
Graphene oxide, powder SigmaAldrich
Reducing agent L-ascorbic acid, 99% Alfa Aesar
Glucose, powder SigmaAldrich
Polyvinylpyrrolidone, wt. 10000, powde| SigmaAldrich
Sodium hydroxide, pellets SigmaAldrich
Surfactant Sodium dodecyl sulfate (SDS) SigmaAldrich
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Electrolyte Potassium hydroxide, 90%, flakes SigmaAldrich
Potassium hydrogen carbonate Alfa Aesar
Commercial catalyst Antimony tin oxide, nanoparticles SigmaAldrich
17-28 nm Indium tin oxide, nano powde NanoTek
Dendritic Cu powder SigmaAldrich
EPRUI
Ltd.
Materials Stainlesssteel RS Components
Silicone rubber sheet Silex Ltd.
Silicone tubing Silex Ltd.
Carbon paper, H23C6 Freudenberg
xi Technol
Graphene aerogel GaOCO.?Etd.O 09y
Clear resin, FLGPCL04 Formlabs
White resin, VeroWhite Plus fullcure 83 OBJET
Electrodes Pt counter electrode ALS Co. Ltd.
Ag/AgCl reference electrod®S5B BASI
Reference electrode for alkaline electrot BAS|
RE-61AP
Glassy carbon electrode ALS Co. Ltd.
Proton exchange Cation exchange membrari€dB-PK-130 FUMA-Tech
Membranes
Nafion membrane 117 Chemours

3.2 Apparatus

3.2.1 Hot Plate and Heating Mantle

Hot plate and heating mantle are the apparatu€tdraseccatalysts synthesis under an ag/N

atmosphere, as schematically shown in Fig. 3.1, where the chemical reactions will occur.
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Figure3.1 Schematic diagram of apparatus used for catalyst synthesis, a) open air reaction b) nitrogen
purged reaction

3.2.2 Ultrasonic Bath

Ultrasonic bath is an effective method for the dispersion of solids and emulsification into
liquids. The mixing of the reagenésd the catalyst can generate fine particles/droplets in a
very short time. By reducing the particle size, the total surface area of phases increases. For
many materials, ultrasonic treatment can produce fine particles and dreptdten

significantly bdow 100 nm, which is a practical method for naratalyst preparatids.

3.2.3 Freeze Dryer

Freeze drying is a solvent removal process. It works by free0d¢) the material and then

leave it under vacuum, which allows the frozen solvent sublimated from the material and has
advantages for structural integrity. Tiieeze drying occurs in three steps, including freezing,
sublimation and adsorptié® ,Q WKH IUHH]LQJ VWHS WHPSHUDWXUH L
triple point to ensure that sublimation rather than melting, where the sublimation will preserve

its physical form. Theexond step is sublimation, in which the pressure is lowered, and heat is
applied for sublimation of the sample. Itis a slow process and about 95% of water in the sample

is removed. In the final adsorption step, the temperature is increased above thessgeon

where ionically bounded water molecules are removed by breaking the bonds between the
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material and the water molecules. After this process, the fdrézk materials retain a porous
structure, with 15% residual moisture. In myhP study, a freezéryer (Alpha 24 LDplus)

was utilized for synthesis of porous graphene aerogel from graphene oxide.

3.2.4 Centrifuge

Centrifuge is a laboratory process that is commonly used for the separation of solid, liquid or
gas, based on the density difference of camepts. It works by using the principle of
sedimentation, where substances are separated according to the density difference under the
influence of gravitational force. In my PhD study, it is applied for separation of the synthesized

catalyst from the agques suspension.

3.2.5 Oven

Laboratory oven (drying oven) was applied for drying of materials under a fixed temperature

in my PhD study.

3.3 Chemical Synthesis

3.3.1 Synthesis of &0 Nanocrystal Electrocatalyst

As discussed in Chapter 2, Cu is a promising elementayitbtential to convert CQo high
valueadded products. GO is one of the commonly used catalysts for eRR with good
electrocatalytic properties and a simple synthesis method. Therefe@ wais chosen as one

of the catalysts evaluated in my PhD stuaihd CO and formate were the target products.

CwO nanoparticle catalyst was prepared using a hydrothermal method based on the following
stepd®6. 200 mg of copper acetate (Sigikrich, 98%), 50 mg polyvinylpyrrolidone (Sigma
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Aldrich, wt. 10000) and 100 mteionizedwater were added in@250 mL beaker. Then the
mixture was stirred and dissolved at a stirring rate of 400 rpm under the ambient condition. 200
mg NaOH (Sigma&Aldrich, 98%, in 20 mLdeionizedwater) solution was added drop wisely

into the mixture while stirring. A dark blue qaension was formed. Next, 150 mepkcorbic

acid (Alfa Aesar, 99%, in 15 mileionizedwvater) solution was added into the beaker precisely.
After 30 min, an orange colour suspension was obtained and the sample was collected using
centrifuge. The sample wagshed using ethanol (Fisher Scientific) and centrifuged again to
remove any residual solvent. Then the sample was dried in laboratory oven before transferred

into a glass valil.

3.3.2 Synthesis of Graphene Support@doxide Electrocatalyst

Graphene supportedu oxide (CwuOy/Graphene) is another Cu based catalyst developed for
eCQORR in this study. Cy/Graphene is generally synthesized using polyol method in a
reducing environment, where the polyol with metal precursors is suspended in a glycol solvent
as sufactant, and the suspension is subsequently heated to a refluxing temperatGr&{80

'C). As shown in Fig. 3.1b, a condenser is attached on the top neck of flask, and the vapour is
continuously cooled and produced back into liquid form in the condenk&h prevents the
reagents from escaping. This technique is commonly used to synthesize metallic, oxide, and

semiconductor nanoparticlé$

In this study, the specific synthesis steps are listed as follddwng of graphene oxigewder
(SigmaAldrich), 3 mL 0.1 gL L-ascorbic acid (AlfaAesar) and 10nL ethanol(Fisher
Scientific)were added into a 20 mL vial and sonicated undeé€7dr 2 h. Then the suspension

was moved into 250 mL three neck flask and 75 mL of ethylene glycol was added. 0.078 g

(mol ratio C:Cu 2:1) CuS£6H20 (SigmaAldrich) was dissolved into 10 mdeionizedwvater
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and then added into the mixture drop wisely. The mixture was stirred at a speed of 400 rpm,
under70- 95 'C for 2 hin N (BOC). After reaction, the mixture was washed and centrifuged
with ethanol to removany residual solvent. Then the sample was dried in laboratory oven
before transferred into a glass vail.xOyGraphene catalysts with various Cu contents were

obtained based on the above processes.

3.3.3 Synthesis of Graphene Aerogel

Graphene aerogel was s$igasized following a typical procedd?® 0.72 g L-ascorbic acid

(Alfa AesariwaV DGGHG LQWR D P/ EHDNHU FR'@Mpbdn®dxide P/ R
agueous solutiorfGoodfellow) within an ultrasonic bath for 2 hours under the ambient
condition. Then the mixture was placed in oven at@and left for two days to form graphene
hydrogel. The graphene hydrogel was taken out from the beaker and purified in distilled water

for one week (replace new distilled water per day) and freeze drié® & for one day to

remove the water. Then a graphene aerogel was obtained.

3.4 Techniquedor Characterization

The techniques involved in this thesis are listed in Taldle

Table3.2 Technigues and applications in this thesis

Techniques Applications
Crystallographic structur@and valenceanalysis off
catalysts, nystalline structure and the metallig
valenceof catalyst can greatly affect the selectivity
reduced product
Analysis of the microstructure morphology 3
Scanning Electron Microscope | particle size of catalysts, the surface/volume rai
corresponding toatalysis active sites

Qualitative analysis of the elements in the mater
to determine the identity of observed particles

X-ray diffraction

Energy Dispersive Spectroscopy
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Hydrophobicity analysis of electrodes,
Drop Shape Analysis hydrophobicity can affect the durability of reacti
system

3.4.1 X-ray Diffraction (XRD)

XRD is one of the most important techniques in the study of catalysts and it can determine the

crystal phase and the size of crystallites existed in an&i¥tes

The principle of Xray diffraction is based on the characteristic property of waves which can
interfere with the other waves. This meansnaneased wave amplitude can be achieved when
WKHLU GLVSODFHPHQWY DUH DGGHG ZKLFK LV FDOOHG pFI
DPSOLWXGH LV REWDLQHG ZKHQ WKHLU GLVSODFHPHQWYV D!

as shown in Fig..2a.

Figure 3.2 a) Interfere of two waves (red lines), line 1: constructively, enhanced amplitude, line 2:
destructively, reduced amplitud® b) a schematic illustration of XRD

The intensity of electromagnetic radiation is proportional to the square of the amplitude of the
waves, thus the region of constructive and destructive interferences presents as the region of
enhared and diminished intensities. The diffraction phenomenon is the interference caused by
existing objects in the wave path, and the resulted pattern of varying intensity is called
diffraction pattern. Once the diffracting objects are comparable to thaticadivavelength,

the diffraction occurg®. X-rays are electromagnetic radiatidfis 12 and it is comparable to
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bond length in molecules and the spacing atom in crystals, so it can be used to diffract the

patterns.

On an Xray diffracion instrument, sample and detector are placed with a distance of D as
shown from the sketch in Fig. ®.2Incident Xrays pass through the sample and then
refringence phenomenon happens. The propagation direction is changed, with an angle (2
theta). IntLV FDVH RQO\ LI WKH DQJOHV RI LQFLGHQW UD\V R
phenomena could happen. Here, the Bragg Equation can be used for calculating the reflection

of X-rays from two planes of atoms in crystals.

JALt@OEJa Eq.3.1

wheren (integer) is diffraction order, is incident Xray wavelengthd is d-spacing (inter

plane distance) andis incident angle.

In eCQRR, the XRD results were captured using Siemens D500@yBfa UH QWD QR
configuration), equipped with a Cu-pdy tube (CeK . IRU WKH FU\WVWDO VWL
results will be used to investigate the microstructures of the electrocatalyst. It is a functional

tool for crystalline catalysts characterizatid-or the testing, an incident beam ofrays

filtered by a nickel filter was used, then the samples were placed on a plastic sample holder in
WKH GLIITUDFWRPHWHU 7KH VDPSOHV ZHUH VFDQQHG IURP

40 mA. Finally, theecorded patterns were analysed using the Jade software.
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3.4.2 Scanning Electron Microscope with Energy Dispersive Spectroscopy
(SEM/EDS)

The SEM is a functional instrument for analysis of the microstructure morphology and particle
size of chemical compositionghe principle of the SEM is schematically illustrated in Fig.

3.3. A narrow beam of electrons is accelerated by an electron gun, and then passes through the
electron lenses. It is finally brought to a focus on the surface of the specimen stage, then is
scanned across the sample surface like a television raster. The generated secondary electrons
by the interaction of the probe with the sample is collected, amplified and displayed on a
monitor. The electron energy of the beam used in scanning electrorsooigyois usually of

the order of 80 ke\t®3, EDS is commonly used for qualitative analysishef elements in the
materials. Typically, SEM is equipped with an EDS system for elemental analysis. It can detect
the elements with the concentrations ranging frebd Wt%. This can be indicated in elemental
mapping images, which is practical to deterenthe identity of particles observed in SEM

image®.

Figure3.3 Schematic of the principle of SEM
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In this study, a SEM/EDX (MIRA 3, TESCAN) was employed for tiséudy of catalysts, gas
diffusion layer (GDL) and assembled electrodes, and helped to analysis the morphology of

electrocatalysts, surface and crgsstionof assembled working electrodes.

3.4.3 Hydrophobicity Analysis by Drop Shape Analysis (DSA)

DSA is a powerful imageanalysing method used for the characterisation of interfacial
properties (contact angle, hydrophobicity) from the shape of $ropasically, the shape of

a liquid drop is influenced by surface tension and gravity effects. Surface tension tends to make
the drop spherical and the gravity tends to elongate a pendant drop or flatten a sessile drop.
When the gravitational energy and suedension is balanced, the surface tension can be
determined from the analysis of the shape of the drop. In my PhD study, DSA was employed
to measure the hydrophobic properties of-dedigned gas diffusion layer by analysing the
contact angle. As shown Fig. 3.4, the contact angle is given by measuring the contact angle
between calculated drop shape and sample surface. Larger contact angle means more

hydrophobic properties of the sample surface.

Figure3.4 Measurement of contact angle by DSA
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3.5 Techniques for Product Analysis

3.5.1 Gas Chromatography (GC)

GC is one of the most useful method for quantification of organic compounds that can be
vaporized without decompositi#fi. It is commonly used for quantificah of the gaseous and
alcoholic liquid specig§” %8 A gas chromatography (Shimazu Tracera-ZBQ0) wa

employed for this research.

For gaseous product analysis, a gas sampling bag is employed to collect the outlet gas for
analysing the gaseous products by a GC. Then the collected outebgasgected into the
chromatographic column and transported through the column by the flow of an inert, gaseous
mobile phase (e.g. helium with Grade CP N5.0, 99.999%). The column contains a liquid or
polymer stationary phase which is adsorbed onto tiface of an inert solt@® Then these
chemical constituents pass through the column and are separated with different elution orders
and retention times. At the end of column, a detector will record the process and & time
intensity plot will be obtained. Fajuantitative analysi, the amount of the species can be
calculated by analysing the integral area of each chromatography peak. Fig. 3.5 presents a

schematic illustration of GC.
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Figure3.5 Schematic of a GC apparattfs

In GC apparatus, a proper detector is required for detection ofREC@roducts. Thermal
conductivity detector (TCD) and flame ionization detector (FID) are two snas#d detectors

in GC. TCD can be used to detect both organic and inorganic compounds, and the detection
method is based on changes of the thermal conductivity of the column effluent when another
compound is present. FID is more sensitive than TCD andoeamsed for analysing low
concentrations of CO and hydrocarbons. The sample will pass through a hydrogen flame and
the produced ions will be measured by burning the sample. The shortage of each detector is
obvious. The TCD is lack of a sensitivity wherélas TCD cannot detect the concentration of

H2, which is related to the sideaction (hydrogen evolution reaction) commonly existed in

eCORR.

In this research, a barrier discharge ionization (BID) detector was used to analyse the gas
products. For pradct detection, He plasma are generated by applying a high voltage to a quartz
dielectric chamber, then the eluted compounds are ionized by He plasma and captured by the

collection electrodes, revealing by the generation of peaks. In analysis of mixtunragahic
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and organic compounds, the BID can detect component at the ppm level. Compared with TCD

and FID, it has over 2 folds higher sensitivity than FID and over 100 folds than TCD.

Figure 3.6 a) Princpal of ionization reaction b) schematic of GC plot, 10 ppm concentration of each
species in He®
For the column used in this research, ShinCarbon ST micropacked column 80/100 (Restek)

was applied to quantitatively analyse the permanent gases and light hydrocarbon products.

The area of the detected signal depends on the product being analysed ptuphbrigsonal to

the gaseous concentration. For quantitively analyse, internal standard method is applied using
a standard mixture gas (BOC), which containg1000%), CO (1.000%), CH0.500%), CQ
(96.000%), GHa (0.500%), GHs (0.500%), and €Hs (0.500%). Finally, FE for each

component can be calculated using the following equation:

‘®®

ZKHUH . LV QXPEHU RI WUDQVIHUUHG HOHPBWadiRt@NoSHU PRC
CO; to HCOOH), n is molar mass of the product, F is the Faraday's constant (96483)C mol

and Q is the overall applied charge. The detailed calculation steps are shown in Appendix 1.
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3.5.2 lon Chromatography (IC)

IC is a type of liquid chromagwaphy employed to separate the ions from aqueous solutions,
which is based on their affinity to different types of ion exchanger. This method can be applied

to analyse most of the charged molectffes

The schematic setp and process of IC test are shown in Fig 3.7. The samples are injected and
carried by the elent flow to ion exchange column, and then interacted with fixed ions of
RSSRVLWH FKDUJHYV 7KHQ WKH LRQVY IORZV DUH VORZHG C
Next, the ions reach to the suppressor separately, and the suppressor exchangegiatishe

for hydrogen ions before they reach the detector in order to reduce background noise and
increase the sensitivity for the analytes. The detector measures the electrolytic conductivity and

sends signals to the data acquisition system

Figure3.7 Schematic of an IC apparatus

For applications of eC&RR in this research, an ion chromatography (Eco IC, Metrohm)
HTXLSSHG ZLWK WKH 30(752+0 " FROXPQ ZDV HPSOR\F

and formic acid.
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3.6 Electrochemical Evaluation

3.6.1 Electrochemical Instruments and Apparatus

The electrochemical evaluation was performed in commercialcbfif and homemade 3D
printed cells, including Kell and GDEype cell, which will be explained in more details in
Section 3.7 All the electrochemical reactions and measurements were performed using the
Autolab potentiostat/galvanostat (Metrohm Autolab PGSTAT128N). Cyclic voltammetry (CV)

and chronoamperometry (CMere carried out for electrochemical evaluations.

In this prgect, Ag/AgCl (RS5B, BASI, 3M NaCl, 0.197V vs. SHE) and alkaline reference
electrode (ARE, REB1AP, BASI, 0.117V vs. SHE) were used in a three electrode system and
the potential value was converted to RHE using3Egjand 3.4. All the potentials statedhis
project have been converted to RHE. KOH, KH®ath different concentration solution were

applied as catholyte, and 1 M KH@@nd 5 M KOH solutions were used for anolyte.
IEA%L'00001A[Er${)8EraW{§HL* Eq33
"tayl ‘ogy,Erd&sBEraw{8HL* Eq.3.4

Three types of ion exchange membrane (IEM) were introduced in cells assembly initially.
Nafion® membrane can only allow proton transfer through the membrane, which limits the
current of the overall reaction. Anion exchange membrane can allow all anions to transfer
through the membrane, where the organic anions (e.g. HG00ld transfer from catlue
chamber to anode chamber, and it will influence the tests of liquid products. Among them,
cation exchange membrane (CEM, FREB-130, FuMATech, 11.3 mS crj could allow

cations to transfer through the membrane (including protons and metal catioacstiie),
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and this could maximum the current of the reaction system. Therefore it was employed as ion

exchange membrane (IEM) in this study.

3.6.2 Cyclic Voltammetry (CV)

CV is the most widely used electrochemical analysis methods, which is employedid&br init
investigation of electrocatalyst, identification of potentials, thermodynamic and kinetics of
redox processes of electroactive species. Normally, the current is measured with a potential
sweep from an initial potential (Bwhere have no reaction, thii$s expected that the system

has not been affected) to a chosen potential(ch is relevant to the sample be investigated).
The potential is swept from EBwards to a positive or negative direction (depending upon the
nature of the species under examination, normally,-8&Rdowards negative direction). It is

then increased above the standard potentfilofifredox couples studied, finally reaches to E
Once Kk is reached, the sweep direction is reversed back, tawith reverse reaction taking

place in current response. A schematic of CV is show in Fig. 3.8a.

Figure 3.8 a) Potential scan vs. time for & 172 b) reversible cyclic voltammogram, where arrows
indicate the potential sweep directién

Fig. 3.8bshows the typical reversible cyclic voltammogram. CV is a lhsgagep voltammetry
(LSV) with the scan continued in the reverse direction at the end of the first scan, and this cycle
can be repeated several times. The potential is scanned linearly vantinhés swept from an

initial potential (E) to the final potential (§ at a certain potential scan rate (generally0b
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mV 1. Current response can be observed during the potential sweep and it is dependent on
the charge transfer processes taklaggat the surface of the working electrode. In g
this method can be applied before eRR test to confirm the reaction onset potential, and also

help to determine the redox behaviour of electrocatalyst.

3.6.3 Chronoamperometry (CA)

CAis atimedepenlent electrochemical technique used to examine the electrochemical activity
and stability of the electrocatalysts. The constant potential is applied to the working electrode,
and the current is measured as a function of time. Fig. 3.9 shows a typicaiCplat; where

an initial potential Es applied to minimal the current flows without any reaction. Then the

potential is increased to a set potentighihere the electrochemical reaction happens.

Figure3.9 Potential scheme for C&

In eCQRR, CA provides enough time for the charging of the double layer near electrode
surfacé’? and can be used for driving electrochemical reactions and collection of the products.
Meanwhile, the difference between theafd P is known as overpotential, which provides
the information of extra input energy to drive thectemn. By providing the input charge and

processing time of the electrochemical process in CA, Eheffhe electrochemical reaction
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can be obtained, if combined with the gaseous/liquid products measurement and molar mass

calculation.

3.7 Electrochemical AeSetup

In eCORR, cell design is a crucial part which influences the overall efficiency of the system.
The eCGRR is usually performed using a conventionadéll 1’>1°>with a working electrode
made by porous materials, e.g. carbon papand metal mesf’. Recent advancement in
electrode design has used the GDE to enhance the mass transfesRRe@Bere the GDE

is widely used in protoexchange membrane fuel cells. In the GDE configuration, the gas
diffusion in porous media could lead to €f@tention within the electrodes with extended
saturation on the catalyst bed. Therefore, this enables a desired mass transpgtodinGO

hydrogen evolution and impreveaction rate of eC4RR for higher FE and selectivity.

In this project, differentypes of cells were employed, including commercial cells and
homemade 3Bprinting cells, in order to optimize the mass transfer influence orRRO
process.

x Half-Cell
A commercial threeslectrode glass haffell (CH Instrumentdnc.) was utilized in early stage,
with one example shown in Fig. 3.10. The catalyst was loaded on glass carbon in a rotating
disk assembled as the working electrode. Platinum wire and Ag/AgCl were used as counter
electrode and reference electrode, respelgt All electrodes were injected into thyéasscell

for electrochemical evaluation.
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Figure3.10 Commercial glass cell assempWE (working electrode), RE (reference electrode), CE
(counter electrode)

X H-cell
Compact H-cell: A compact Hcell was designed by SOLIDWORKS® (details of 3D design
and printing shown in Section 3.10) for e§RR. Comparing with conventional-eell* >, this
compact Hcell presents an improved optimization by suppling more areas for the working
electrode but less spaces between cathode and anode (ca. 1 cm), which will result in lower
electrdyte resistance (causes overpotential) for electremical behawur!’’. Fig. 3.11c
shows the construction of working electrode, where éiteyst is coated on gas diffusion layer,
and then assembled with titanium (Ti) wire using a conductive resareferencelectrode

and counter electrode are injected in cathode chamber and anode chamber, respectively.

However, this type of gas supply will inevitably cause poor €a@nsfer caused by the low

solubility of CQ in electrolyté’® while HER will also happen and reduce the £@duction
efficiency!’>. Meanwhile, CQVXSSO\LQJ PHWKRG EDVHG RQ WKH LGHD R
will be likely to occur to destabilize the system, where some l&iDbles will stick on the

surface of working electrode and block the pathway of prétanspowtionto the catalyst
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surface. These will cause less electrode areas for reactions, thus leading to a significantly

reduced current density.

Figure3.11a) Schematic of ktell, b) multicomponents, working electrode c) frariéw, carbon paper
coated with catalyst d) back view, connect with conductive resin and epoxy resinek)asisembly

4-part H-type cell (4pcell): 4p-cell was designed in an earbfage which consists of 4
individual printed cell parts with two chambers. The catalyst coated carbon paper was
compressed with current collector as the working electrode, and the reference electrode was
injected in cathode chamber from the top. Pt coeéeldon paper was compressed with current
collector as counter electrodeNafion® membrane was placed between the anode and cathode

chambers to allow Hto pass through.
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Figure3.12 a) Multi-components ofip-cell, b & ¢) 4pcell assembly

X GDE cells
A construction concept was borrowed from PEMFC and named as GDE cell, in whical€O
be directly diffused from a gas phase to catalyst surface. A traditional GDE is made from
porous carbon paper coated withadgst layer as shown in Fig 3.13a. An advanced graphene
aerogel assisted GDE was used in this work to study mass transfer influence on the overall cell

performance. Based on these, three GDE cells with different electrode assembly were designed

(Fig. 3.13)
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Figure3.13 Electrodes design in GDE cells

Carbon paper GDE cell (CRcell):

Conventional carbon paper GDL was served as the current collector and physical substrate for
catalyst called Cfeell. Here the cathode chamber was divided into gas chamber and catholyte
chamber. A hydrophobic carbon paper (Freudenberg H23C6) was used to separate the gas
liquid phases and served as working electrode. Reference electrode was immersed in catholyte
and counteelectrode in anode chamber. However, the structure of carbon paper was decayed
after a longterm reactio, and the permeation of water easily happened in this type of cell to
trigger HER as well as the Dblockage of L£@ansport pathway. Additionally, an

inhomogeneous CQyas flow was often observed in carbon paper base GDE design.
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Figure3.14 a) Schematic of Gleell, b) multtcomponents, ctarbon papebased working electrode
assembly, d) Clell assembly

Graphene aerogel GDE cell (GAcell):
Graphene aerogel (GA, Gaoxi Technology Co., Ltd.) was inserted in the chamber and allowed
CQ; to diffuse within high porous GA rather than passing through thgtyeohamber. The

high porosity from GA offers a large surface area and a considerably good conduétiifty (

S cm)®L which make it a suitable alternative material as a catalyst substrate. Moreover, the

3D structure of GA could resist the permeation of electrolyte effectively. However, the high
URXJKQHVV RQ *$TV VXUIDFH FRXOG EH SURdtaPdeLF GXU
DW D KLJKHU ORDGLdlter Riface Brdatret. THsads to the formation of a

coarse structure by exposing GA to the electrolyte. In this study, the GA was fully filled in the
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gas chamber supported with catalyst. The worlahegtrode and reference electrode were

immersed in catholyte and counter electrode in anode chamber, respectively.

Figure3.15a) Schematic of GAell, b) multtcomponents, c) GA based working electrodeeably,
d) GA-cell assembly

Hybrid graphene aerogel carbon paper GDE cell (GACRell):

The GACP cell was designed based ondelP and GAcell. This design overcomes the
drawbacks of those two cells. It consists of three chambers. The gas chambéefirhidred

side contains GA, where the €flbws into the gas chamber and diffuses through GA and then
CP, and finally reaches to the catalyst layer. The middle chamber is filled with catholyte, where
the cathode coated with catalyst is exposed to thelgtghand a reference electrode is inserted

in this chamber. The right chamber is the anode chamber with anolyte and the inserted counter
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electrode (Pt wire). A cation exchange membrane is placed between the anode and cathode

chambers to allow the catiots pass through.

All the components with gaskets were firmly connected and sealed to ensure a good contact

without any leakagerhewhole cell was designed to reduce the electrolyte resistance.

Figure 3.16 a) Schematic of GACRell, b) multtcomponents, c¢) COmass transfer pathway, GO
transfer through GA (black), CP (grey) and catalyst layer (yellow)

x Polymer electrolyte membrane compact flow cells (PE&M)
PEM-cell with large electrode surface area vs. electrolyte volume could reduce the transfer
distance of reactants and help to reduce the internal resistance. Besides, a higher CO
concentration at the catalyst surface and lower liquid products in catholyte will prdraote t

eCQORR? %0 Fig. 3.17 shows the design and printed PE&MSs.
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Compact PEM flow cell (absence of reference electrode)

Figure3.17 a) Schematic of membrane electrode assembly (MEA) b) structure of compact PEM flow
cell ¢) multtcomponents

Compact PEM flow cell (+ reference electrode):

Figure 3.18 a) Multi-components of PEMlow cell (with reference electrode) b) counter kel c)
current collector d) flow channel

3.8 Electrode Assembly

3.8.1 Catalysts Ink Preparation

X Ink for brush painting
PJ RI WKH VSHFLILHG FDWDO\VW SR hGetHanol/BeptopanBIL[HG Z L
(Fisher ScientificL.Q D P/ VDPSOH WXEH DQG WKHQ VRQIUuE®WHG IR

(5 wt.%, SigmaAldrich) was added into the tube and the ink was soedckor 1 h.

X Ink for spraying and dropping
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40 mg of catalyst (or 16 mg catalyst + 4 mg carbon black) was mixed with 2 mL
ethanol/isopropandFisher Scientificand 1 mL deionized water into 5 mL sample tube and
VRQLFDWHG IRU P L Q® SotidrQ)(5 wt.%, Sipnm#ARIEh) was added into

the tube and the ink was sonicated for 1 h. Typically, the ink for spraying and dropping has
been diluted thoroughly than the ink for painting, because of the significant organic solvent

vaporisation during spying treatment.

3.8.2 Electrode Preparation

Loading catalysts onto the GDL as a working electrode is one of the important processes in
electrode assembly. Here we used polytetrafluoroethylene (PTFE) andssdeggleeated
carbon paper as the GDL to suppbe electrocatalyst.
x Electrode in half cell
In half cell testing, the catalyst was supported on a rotating disk electrode made from glassy
FDUERQ $/6 &R /WG 7KH SUHSDUDWLRQ PHWHRR&ILY H[SO
ink was dropped onto ¢hglassy carbon, which was placed in the fume hood for 5 min under
the ambient condition. Once the ink was dried, and a smooth layer was covered on the whole
GC area, and then the electrode was ready to use.
x Catalyst+GDL assembly
For carbon paper basedG electrode, the aprepared ink (for painting) was sonicated for 30
min, then it was bruspainted onto the carbon paper (H23C6, Freudenberg) layer by layer with
an effective surface area of 2 ¢rit was dried at 50 °C for ~2 min after each layer wastqul.
WKH SURFHVV ZDV UHSHDWHG XQWLO2W&BARESY¥WVGDRIQFUHDYV
electrode, the agrepared ink (for spraying) was sonicated for 30 min and then transferred into
the ink cup of spray gurkgolution AL plus, Harder & Steenbecklhen it was feed by Ngas

at about 30 psi and sprayed onto the graphene aerogel layer by layer, within an effective surface
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area of 2 crh Drying (50 °C, ca. 30 s) was applied between each layer. The patdiying
processes were repeated until massit¢tDVH GP LV DERXW PJIFP

x Electrode £Current collector assembly for traditionaldell
In H-cell, the working electrode was immersed in catholyte, which was consisted of a carbon
paper supported catalyst layer clumped on a conductive wire (titanig)) @ demonstrated
in Fig 3.19. Fig. 3.19a shows a schematic illustration of the working electrode, where the as
prepared ink was painted on a carbon paper (catalyst layer surface are&, ¥ &1.9c) to
UHDFK D ORDGL Q¥ tdéh\& HanRun wire vag &tached to the back of the carbon
paper using conductive epoxy resin. Finally, epoxy resin was fully covered the conductive resin
to insulate the back of the electrode from the catholyte (Fig. 3.19b). The electrode assembled

in a cell is sbwn in Figs. 3.19@nd 3.12.

Figure3.19 a) Schematic of working electrode assembly indH. b) Backview of electrode c¢) Top
view of electrode; d) and e) schematic and 3D printed electrode assembbethf H

x Electrode current collector assembly for GEtigpe cell
In GDE-type cell, carbon pa supported catalyst was simply compressed with a current

collector as the working electrode as shown in Fig. 3.20. The carbon paper was cut into 2 x 2.3
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cn? and placed in the middle of current collector. The catalysts were painted with a loading
rate of P J 1 Edhto the centre of the GDL (1.8 x 2.1%mand one piece of thin gasket was

used to cover the exposed carbon at the edge of the carbon paper.

Figure3.20 Electrode assembly in GDBé&ell

Two different methods (painting and spraying) were applied to load theepared catalyst
ink onto the carbon paper as shown in Fig. 3.21. We also did the surface characterization and
compared the surface morphology diffieces between the painting and spraying method, the

detailed analysis results will be discussed in Sectidd 4.

Figure3.21a) Painting of catalyst onto carbon paper, b) spraying of catalyst onto caxem p
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3.9 Electrochemical C® Reduction Reaction Electrochemical
Systems

A lab-scale eCGRR system has been established as shown in Fig. 3.22. All the electrochemical
reactions and measurements were carried out at ambient temperature and pressure, where the
cell was selfdesigned and hormade as illustrated in Section 3.7. The external driving force

for the reaction was electric power, which was supplied from the potentiostat/galvanostat. A
constant CQ@gas was supplied into cathode chamber with a preasalyolled flow rate using

a flowmeter. A cathodic pump was required to transfer the liquid products and maintain the pH
value of catholyte. For product analysis, gaseous products were collected using a gas sampling
bags from outlet of cathode chamber dahd analysed using the GC. The reduced liquid

products were analysed by GC and IC.

Figure3.22 Flow diagram of eC&RR system
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Figure3.23 Photo of eCERR system

3.10 3D-Printing Technology

The manufacture of electrochemical cells was achieved using tpeiiing technology. The
cells were firstly designed using SOLIDWORKShen the designed structures of comgnts
were printed under computer control to produce a 3D product. ThgriBfing resin was
extruded and lasarured layer by layer. This process is suitable for additive manufacturing
(AM) processes as well as rapid prototyping processes. Two type®-pfirBer were
employed in my PhD study, as illustrate below:

x Form 2, Formlat®
The Form 2 3D printer was used to prinicklls and all GDE cells, and the printer was fed
with clear resin (FLGPCLO04, Formlal)s The printed objects by this printeresented good
tensile strength of 2.8 GF4 and it also presented good gas tightness and insulation properties.

x Objet 30 Pro, Objét
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The accuracy of Objet 30 Pro is down to 0.1 ¥imwhich presents a higher accuracy than
Form 2. The resin material (Vero White plus, Stratasys, Ltd.) used in Objet 30 Pro has lower

strength (5665 MP&®?) than Form 2, thus it is feasible to print small and precise objects.
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Chapter4  Cu -contained Catalysts for eCORR

Low activity, low durability and low selectivitgf electrocatalyst are the key hurdles limiting
the overall energy efficiency in eGRR. In this chapter, commercial and hemade Cu and

Cu oxides were introduced as electrocatalysts for-®BOC13O nanecubes were synthesized
with regularly cubic crystastructure and hugely active catalytic surface area. The efficiency
and selectivity of the nancube catalysts were investigated using electrochemical methods and
product analysis. We have carried out experiments usiogllnd CPcell, in order to exmre

the mechanism of mass transfer during &&R). In addition, the electrode preparation method

and concentration of electrolyte were investigated to enhance the efficiency /#RCO

4.1 Introduction

As illustrated in Chapter 2, Cu has its potential conngrtCQ into highvalue added
carbonaceous and alcohol under environmental conditithsHowever, electrochemical
properties of bulk Cu present relatively low selectivity, low activity, low durability and high
overpotential, which are hurdles for its practical userdter to reduce the energy consumption

and improve the energy efficiency, advancedb@sed catalysts with novel microstructures

are demanded for improving the catalytic propertiegapBends a promising 2D material with

its remarkable properties, incimg excellent electronic conductivity, good optical
transmittance, large specific surface area, and superior chemical and mechanical stability.
Therefore, fabrication of graphene based electrocatalyst has been regarded as one of the
feasible strategies improve the performance of eGRR'®3 Based on these, we prepared a
series of graphene supported.Ou(CuOy/Graphene)aiming to find a higkefficient catalyst

for eCORR.
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Among all yields from eC&RR process, CO can be directly used as ftelsntermediate
products for many industrial applicatiod®" '8 While the electrocatalysts for the GO
conversion into CO are mostly the noble metals and their oxides, such as Au, AG%&H#.Pd
They are costlyand often have problems such as low durability. Therefore, acdmiv

substituted electratalystwith good energy efficiency and high selectivity of CO is in demand.

In this chapter, we firstly employed several-€@ntained catalysts, including commetcia
dendritic Cu, homenade CwO nanecubes, commercial GO nano particles as listed below,
by adjusting the reaction conditions (including electrolyte, applied potential and reaction cells).
The aim is to obtain a high selectivity and high Faradaic efifigief CO and establish a high
performance eC§RR reaction system.

x Dendritic Cu
The commercial dendric Cu was produced by an electrolytic method. Compared with bulk Cu,
dendritic Cu presents a porous structure with a high aspect ratios{@fgce/volume). In
eCORR, a large surface area means more active sites, while a porous structure could enhance
the CQ mass transfer. In this work, vemployedcommercial dendritic Cu powder (Sigma
Aldrich) in our study.

X CwO
CwO is reported to havegood selectivity with a low overpotential in eeRR, where Cu(l)
species play a critical rofé 18 1% Here we synthesized @b nano particles (named as Syn.
CwO) usihng a hydrothermal method as illustrated in Sec8dhl. The morphology of the
nanoparticles we synthesized is nabes. In comparison, we also used a commercigDCu

powders (Comm. GO, EPRUI Nanoparticles & Microspheres Co. Ltd.) for comparisons.

Additionally, we prepared a series of XOWGraphene electrocatalysts for efRR. By

controlling the reaction conditions, four types of catalysts with different particle sizes and
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morphology were developed, including nameedle shaped GQDy/Graphene (n
CuOy/Graphene), nanbundles shaped GOy/Graphene #CuOy/Graphene), melted
CuOy/Graphene (RCwOy/Graphene) and narftower shaped C,/Graphene
CuOy/Graphene). The electrochemical properties of synthesized were tested using the

designed Kcell and CPcell.

4.2 Dendritic Cu and GO in eCQRR

4.2.1 Hydrothermal Methods for Synthesis of L£u

The synthesis of GO nano particles was carried out using a hydrothermal method. Copper
precursor (copper acetate, Siglarich, 98%) potassium hydroxide (NaOH, Sigraddrich,

98%), reducing agent §HsOs or L-ascorbic acid, Alfa Aesar, 99%) and surfactant
(polyvinylpyrrolidone, Sigma&Aldrich, wt. 10000) were mixed with a mass ratio of 4:4:3:1 in

a glass beaker for 30 mins under thebant condition. The detailed reaction procedure has
been discussed in Section 3.3.1. The formation process.0f Raneparticles composes the

following consecutive reactiofrs:

WO EtL1*?\ % *g] Eq.4.1
%BA*gE%* 1.\ %B Et*ql E%*. 157 Eq.4.2
t%® E%*. 187 E*51\ % E%*. 1. Et*> Eq.4.3

The reactions were carried out in an aqueous solution at the ambient condition with a stirring
rate of 400 rpm. An obvious colour change can be observed during thengaasiGchown in

Fig. 4.1.
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Figure 4.1 Synthesis of CepO nanecube, observed colour change during reaction, a) Formation of
Cu(OHY, (light blue) suspensiomfter adding of reducer-ip Cu(OH) reduced to GO (dark red), j)
Cu0 precipitation

In these reactions, Guwas reacted with OHn the alkaline solution, and a blue coloured
Cu(OH) was firstly observed. After adding the reducing agent, the suspended Gu{as)
gradually reduced into GO. After further reaction for 30 min, @0 precipitation was
obtained. The precipitates were washeddbionised water for three times, centrifuged and

dried in the oven. Then the synthesized nano catalyst was ready to use.

4.2.2 Electrochemical Methods

0.5 M and 1 M KHCQ@were used as the catholyte and 1 M KH®@s applied as the anolyte.
Ag/AgCl and a Platinum wire were used as the reference electrode and counter electrode,
respectively. Before the electrochemical test, the catholyte was purged wi(BGO 99.99%)

for 30 min.For all the CFcell, there is nmeed to preourge CQ into electrolyte because GO

will diffuse through gas phase rather than being dissolved in electrolyte. ThgaSQvas
constantly supplied with a flow rate during testing, controlled using a flow rf@&téxParmer
TMR1-010462) withD IORZ UDWH R P/fPLQ
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To evaluate the reaction behaviaine CA tests were performed-at2 V,-1.4 V,-1.6 V,-1.8

V and-2.0 V vs. Ag/AgCI (0.47 V,-0.67 V,-0.87 V,-1.07 V,-1.27 V vs. RHE for 1000 s.

The current densityjX was recorded ahthen the gas/liquid products were collected for
composition analysis using the GC and IC, for analysing gaseous and liquid products,

respectively.

CV tests of three catalysts were performed with a-¢tellf (details are explained in Section
3.7), wherecatalyst was assembled with a rotating disk as working electrode, Pt as counter
electrode, and Ag/AgCl as reference electrode. The scapategtials were ranged frofh.6

Vto - 9 YV $J $J&0 ZLWK D VFDQHKKCD;VOSHEHHWE 1RI) wa P9tV
employed as the electrolyte and was purged withid CQ for 30 min before the test$he

gasflow rate was controlled using a flow me{@ole-Parmer TMR1010462) with a flow rate

RI P / ¥ Rluifg testing.

The electrochemical evaluation parametef dendritic Cu and GO are listed in Table 4.1.

Table4.1 Lists of electrochemical evaluation parameters of dendritic Cu ay@ €atalysts

No. Cell Catalyst Catholyte Anolyte Method
1 | Half-cell | Dendritic Cu 0.5M KHCGs' CV
2 | Half-cell | Comm. CuO 0.5M KHCGs' CV
3 Half-cell Syn. CuO 0.5M KHCGs' cVv
4 H-cell Dendritic Cu | 0.5M KHCGO; | 1M KHCOs CA
5 H-cell Comm. CyO | 0.5M KHCG; | 1M KHCO3 CA
6 H-cell Syn. CuO 0.5M KHCG; | 1M KHCOs CA
7 H-cell Syn. CuO IM KHCOs | 1M KHCOs CA
8 CP-cell Dendritic Cu | 0.5M KHCG; | 1M KHCOs CA
9 CP-cell Comm. CuO | 0.5M KHCG; | 1M KHCO3 CA
10 CP-cell Syn. CuO 0.5M KHCG; | 1M KHCOs CA
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11 CP-cell Syn. CuO IM KHCOs | 1M KHCGOs CA
*Only one chamber ialf-cell

4.2.3 Characterization of Catalysts

The commercial and synthesized-Gased catalysts were characterised using XRD and SEM,

and the aims are to identify their morphology and crystal structures.

Figure4.2 SEM images of a&b) Commercial dendritic Cu, d&e) CommerciallZCg&h) Synthesized
CwO nanecubes. XRD patterns of ¢c) Commercial dendritic Cu f) CommercigDQuSynthesized

Cw0 nanecubes.

Fig. 4.2 shows the Chased catalysts wittliifferent morphology and particle sizes. Those of
the commercial dendritic Cu are shown in Fig. 4.2a and 4.2b with average sizes of T

Their XRD patterns (Fig. 4.2c) exhibit characteristic diffraction peaks of Cu (111 )pau2°,
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Cu (200) at 2 of 51° Cu (220) at 2 of 74°, indicating a typical face centred cubic (FCC)
structuré®’. The homemade CuO presents regular nasmoaibes with an average length of ca.

200 nm as shown in Fig. 4.2g and 4.2h. The diffraction peaks in Fig. 4.2i. are observed at 2
=30, 3@, 422, 61° 74 and78 which are related to (110), (111), (200), (220), (311) and (222)
reflections of CrO, respectively. The peak positions are consistéhtthe standard document

of CiO (JCPDS No. 0B667)° indicating that the prepared material is crystallineGCu
Meanwhile, no diffraction peaks of other possible impurities (such as Cu and CuO) are detected,
demonstratingtat the product is the pure £t°, In comparison, commercial @D presents

DQ LUUHJXODU VXUIDFH PRUSKRORJ\ FD P PLFURVSKHU
4.2e), and its XRD pattern (Fig. 4.2f) shows a@phase (C#D (110) at 2 of 30°, CO

(111) at 2 of 36°, C,eO (220) at 2 of 61°, C,eO (311) at 2 of 74, CO (222) at 2 of 78&)

with minor Cu phase (Cu (111)* at &f 43, Cu (200)* at 2 of 51°, Cu (220)* at 2 of 74°).

4.2.4 Effects of Electrode Assembly

Electrode assembly is the process to load catalyst batGDL surface. Good cataly&DL
interface and evenly distributed catalyst on GDL are the key points which can significantly
influence the internal resistance and active sites on catalyst sulattee meantime, the
hydrophobicity of electrodes relakedto permeate properties of electrode which will directly
influence the stability of electrod&o explore the wettability of electrodes using different
preparing methodshtee electrodes were prepared by loading the commerci@l Catalyst

onto the cason paper using dripping, painting and spraying method, and their surface

morphologies were compared by SEM images (Fig. 4.3).

The PTFE particles can be observed on the original carbon paper surface due to the PTFE

hydrophobic coating treatment on carbjpaper surface (Fig. 4.3a). An obvious crack was
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observed on drippintreated sample surface under a high magnification SEM image (Fig. 4.3b),
where the cracks may cause catalysts felling off from the carbon paper surface during the
electrochemical reactio Meanwhile, from the inset in Fig. 4.3b, the catalyst was stacked
together showing its uneven distribution. Compared with that from the dripping treatment, the
paintingtreated sample shows a flat surface with minor grooves on its surface and a better
distribution of catalyst (Fig. 4.3c). Spraying treatment sample presents a wavy catalyst layer,

and no cracking is observed under a high magnification SEM image (Fig. 4.3d).

Figure 4.3 Surface morphology of a) original carbon paper (blargerimeny, b) catalyst dropped
electrode, c) catalyst painted electrode, d) catalyst sprayed electrode. Scale bar of insert images: 200
P *URRYH EHWZHHQ \HOORZ DUURZV

To further compare the propies of electrodes obtained using different preparation methods,

the wettability of electrodes was analysed by DSA (details in Section 3.4.3) and the contact

78



angle between droplet and sample surface was measured. Sample images are displayed in Fig.
4.4. Alarger contact angle means more hydrophobic properties of the sample surface. Original
carbon paper presents the highest contact angle due to a PTFE coating on its surface. After
catalyst loading on carbon paper, the GDLs partly lose their hydrophoBiotyng them, the
dripping-electrode shows its best hydrophobicity, which is due to its higher surface roughness,

while painting and spraying electrodes presents similar hydrophobicity properties.

Figure4.4 DSA contact angle test of carbon pagleD VHG HOHFWURGH GURSOHWYV

Based on the evaluation of electrode demonstrated above, painting and spraying are promised
electrode assembly method rather than dropping. In practical workingamethod is easier
to control the loading and surface area of catalyst. Therefore, painting method is used in this

chapter.

4.2.5 Electrochemical Evaluation in Hadfell

CV results of each sample were obtained using adedlifat N and CQ atmosphere,

regpectively, as shown in Fig. 4.5.
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Figure4.5 CV results of a) dendric Cu b) commercial.Ouand c) synthesized & in half cell,
potential scan fror0.6 V to-1.6 V vs. Ag/AgCl (0.13 V t60.87 V vs. RHE)n 0.5 M KHCGQ:.

From the CV results, no obvious redox peaks were found within the scanned potential range.
Among them, the dendritic Cu presents the highest current density under NP $ $ HRnd

CO, P$tPARAt-1.6 V vs. Ag/AgCI (0.87 V vs. RHEFig. 4.5a), where the high current
density is mainly due to its high conductivity. It also has a high activity as to the lowest onset
potential, which could be caused by its high dendric morphology with a large surface area. The
onset potential of the dection reaction was observed to4iel V vs. Ag/AgCI €0.37 V vs.

RHE). While it presents a high current density undgnithich means the dominant reaction

at-1.6 V vs. Ag/AgCl is HER rather than eCRR.

The CV results of commercial @0 areshown in Fig. 4.5b. A very low HER activity is
observed underN P $ B Rnd the current density under COV P $2whieh is due
to its relevantly low surface/volume ratio and low reduction activity. The onset potential of

eCORR was observed foe-1.2 V vs. Ag/AgCI ¢0.47 V vs. RHE).

The synthesized G2 SUHVHQWYV D ORZ UH D FiVun&edthD Ratro¥phate, P$FI
EXW D KLJK FXUUHQW G HQuvdevwhe CRd&mokphere. R $How® a good
potential for eCGRR with lowactivity for HER. The onset potential of eeRR was observed

to be-1.2 V vs. Ag/AgCl.
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The potential conversion between Ag/AgCl and reversible hydrogen electrode (RHE) is shown

in Eq. 4.4:

viiL eeeecErdu Eq.4.4

4.2.6 Electrochemical Evaluation in-eell

The eCGRRs were carried out with-gell using the CA electrochemical method at specific
fixed potentialdncluding -1.2 V,-1.4 V,-1.6 V,-1.8 V,-2.0 V vs. Ag/AgCl (0.47 V,-0.67

V,-0.87 V,-1.07 V, -1.27 V vs. RHE), with a fixed reaction time of 1000 s for each individual
constant potential scaithe CQ was constantly supplied into catholyte and its ftas rate

during testing was controlled using a flow meteole-ParmeTMR1-010462) with a constant
IORZ UDWH Rt ThePcathede@hamber and anode chamber were filled with 0.5 M
KHCOs and 1 M KHCQ, respectively. Higher KHC@concentration in the anode chamber

can help to enhance the cation mass transfer. A gasiegrply was used to collect the exit

gas for analysing the gaseous products using GC, and the catholyte were collected after reaction

and tested by IC. The electrochemical results-cel are shown in Fig. 4.6
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Figure 4.6 Faradaic efficiency profiles of 4dell using a) dendritic Cu, b) Commercial 0y ¢)
Synthesized GO catalystin 0.5 M KHCeelectrolyte of eCERR with products including CO (yellow,
bottom), Formate (blue, middle)kgreen, top); dYotal current density, e) Current density of CO and
f) Current density of formate for results irca

As shown in Fig. 4.6a, HER dominates the reaction in dendritic Cu, and only a small amount
of CO has been produced. Although it has the highest cureestity (Fig. 4.6d) due to its
high conductivity and dendritic morphology, the current densities for CO and formate (Fig.

4.6e and 4.6f) are relevantly low. Its FE values of CO at potentials.»fV t0-2.0 V vs
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Ag/AgCl (-0.47 V t0-1.27 V vs. RHE) are 00%, 0.95%, 1.50%, 1.80%, 2.49%, and no
formate are obtained. Compared with those using the dendritic Cu, commeg€asiaws a

lower total current density due to its irregular surface morphology with smaller surface area,
while it shows higher activitghigher current density as shown in Fig. 4.6e and 4.6f) towards
CO and formate. From the product analysis, the FE for carbonaceous products for the
commercial CeO are slightly higher than those using the dendritic Cu. The FE values of CO
are 3.90%, 7.6598.56%, 12.48% 13.90% at potentialsb® V to-2.0 V vs Ag/AgCl. Minor
contents of formate are detected, with FE of formate at potentiatk.2fV t0-2.0 V vs
Ag/AgCl are 0%, 0%, 0.51%, 0.87% and 1.14% (Fig. 4.6b). Among these catalysts, the home
madecubic CuO shows the highest FE of CO and formate (Fig 4.6c) with a moderate total
current density, mainly due to its naoobe structure with considerably large surface areas.
The FE of CO are 3.99%, 3.17%, 7.88%, 15.14%, 14.16% at potenttdl2 &f 0 -2.0 V vs
Ag/AgCl, and FE of formate are 0%, 0.51%, 0.89%, 1.30%, 1.21% at potential® &f to-

2.0 V vs Ag/AgCI (detailed data in Appendix 2).

All these catalysts present low activities towards ¢RI} where the HER dominates the
reaction inall tests using ktell. Therefore, the mass transfer issue should be considered. A
low concentration of catholyte could limit the mass transfer of protons, which could reduce the
overall reaction. The solution is to enhance the concentration of cathaljde: solubility of

CQOzin H-cell could limit the C@mass transfer and reduce the efficiency of gk therefore,

a better cell design should be considered.

Based on the results and discussion above, higher concentration of catholyte (1 M)KHCO

was enployed using synthesized &, and the obtained results are shown in Fig. 4.7.
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Figure 4.7 a) Faradaic efficiency profiles of-ekell using synthesized @D catalyst in 1 M KHC®@
electrolyte of eCERR with products including CO (yellow, bottom), Formate (blue, middle)green,

top) b) Total current density c) Current density of CO and d) Current density of formate of synthesized
CwO in 0.5 M KHCQ (blue) and 1 M KHC®(red).

Compared with the FE resulté the synthesized GO in 0.5 M KHCQ (Fig. 4.6c), there has

no obvious enhancement of e€RR activity by increasing the concentration of catholyte (Fig.
4.7a). From Fig. 4.7b, only minor increase of totakentdensity is observed, which is due to

a higher HER activity caused by an enhanced proton mass trafefigh higher concentration

of electrolyte, but there is no significant enhancement of FE of CO or formate (Fig. 4.7c and

4.7d).

From the results above, it can be concluded that the HER is dominant for the overall reaction

with low CO; mass transfer prodi in Hcell. Enhancing the concentration of electrolyte
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enhanced the proton transfer in electrolyte, but no significant enhancement of FEs for
carbonaceous products was observed. Therefore@Ss transfer is the key problem which

limits the overall eftiency of eCORR.

4.2.7 Electrochemical Evaluation in Gégell

Based on the results in Sectior2.8, HER domains the reaction indg¢ll and reduces the
efficiency of eCORR due to the low performance of €@ass transfer. Therefore, the-CP

cell was introduced to explore the mass transfer effect inLRROHere we use the catalysts
carried out by CA electrochemical method in the¢@R. The parameters setting of scanned
potential, concentration of electrodyand reaction time were the same with those of thelH

while CO gas was constantly supplied from the inlet of gas chamber then diffused through
GDL and reached to the catalyst surface. The flow rate ofW@3 controlledwvith a same

YDOXH RI n' PHeddctrochemical results in @ll are shown in Fig. 4.8

It is obvious that the FE results of carbonaceous products has been enhanced wsig CP
due to the enhanced G@ass transfer. Sufficient GOouldfacilitate the eCERR andsupress

the HER. Meanwhile, the properties of catalysts influence the efficiency and selectivity of
products. The results of dendritic Cu are shown in Fig. 4.8a. The obtained FEsabf H
potentials of-1.2 V t0-2.0 V vs Ag/AgCl, are 81.44%, 79.20%, 73.79%, 71.63%92%,

which domains the overall reaction. The FE of CO at potentials ¥ to-2.0 V vs Ag/AgClI

are 2.56%, 2.64%, 5.60%, 8.16% and 7.98%, respectively. The FE of formate has a significant
enhancement at the potentials-df2 V t0-2.0 V vs Ag/AgC| which are 16.00%, 18.16%,
20.61%, 20.21% and 19.10%, respectively. It is also noticeable that the current density of

dendritic Cu in the Cfeell is lower than that of the-Eell, which is influenced by the supressed
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reactions of hydrogen revolution. Isa has the highest current density of formate as shown in

Fig. 4.8f.

Fig 4.8b shows the results of commerciab@uwhere it presents the lowest current density at
all tested potentials. From the results, it has considerable FE of carbonaceous modubts,
FE values of CO at the potentialsdf2 V to-2.0 V vs Ag/AgCl, are 26.61%, 34.46%, 46.80%,
48.27%, 45.52%. The FE values of formate at the potentials 2V t0-2.0 V vs Ag/AgCl,

are 14.99%, 13.38%, 16.37%, 19.08%, 14.84%. It has lowelkttotant density but moderate

current densities of CO and formate.

The synthesized GO has a considerable FE and current density of CO as shown in Fig 4.8c
and 4.8e. The FE values of CO at potentialsla? V to-2.0 V vs Ag/AgCl, are 35.08%,
49.10%,50.89%, 54.80%, 55.42%, which domain the reactions at all the tested potentials. The
results also show that the synthesized@aatalyst has less selectivity of formate, and the FE
values of formate at potentials €f.2 V to-2.0 V vs Ag/AgCl, are 5.66%5.92%, 6.88%,

7.04%, 7.62%.
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Figure 4.8 Faradaic efficiency profiles of G&ell using a) dendritic Cu, b) Commercial Ly ¢)
Synthesized GO catalyst in 0.5 M KHCegxelectrolyte of eC@RR withproducts including CO (yellow,
bottom), Formate (blue, middle).kgreen, top); d) Total current density, e) Current density of CO and
f) Current density of formate for results irca

From the above results, it is concluded that the FE saiieverallreaction is controlled by
catalyst and C®mass transfer. By enhancing the £&ipplying method, the HER can be

supressed and thus the FE value of carbonaceous products can be enhanced.
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In order to explore the electrolyte influence in-G#l, 1 M KHCQ was used as catholyte to

enhance the proton transfer.

Figure4.9 a) Faradaic efficiency profiles of @tell using synthesized @0 catalyst in 1 M KHC®
electrolyte of eCERR with products including CO (yelwv, bottom), Formate (blue, middle); kyreen,

top) b) Total current density c) Current density of CO and d) Current density of formate of synthesized
CwO in 0.5 M KHCQ (blue) and 1 M KHC®(red).

Compared with those using the 0.5 M KHE @e result bsynthesized GO in 1 M KHCG
presents better reaction activity and selectivity of CO. The FE values of CO at potentials of
1.2 Vto0-2.0 V vs Ag/AgCl, are 41.07%, 50.98%, 55.80%, 57.85%, 61.31%, and FE values of
formate at potentials 61..2 V t0-2.0 V vs Ag/AgCl, are 5.42%, 5.49%.42%, 6.10%, 7.87%,

respectively. Higher total current density on formation of CO can be observed in Fig. 4.9c.
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Clearly better results can be obtained by enhancing mass transfer of reactantaa&0O

transfer and proton mass transfer).

4.3 ElectrochemicaEvaluation of @xO,/GraphenéNanoparticles

4.3.1 Reduction of Graphene Oxide

Graphene oxide was introduced as a precursor to produce graphene nanosheet, which can be
used as the substrate. Here we use CV test to find the electrochemical properties of graphene
oxide before and after reduction reaction. Graphene oxide and reduced graphene were brush
painted on carbon paper (with PTFE sinfglee coating) anthe electrochemical properties
wastested using a hatfell, with 0.5 M KHCQ as electrolyte The obtainedesults are shown

in Fig. 4.10.

Figure4.10 Cyclic Voltammogram of a) Graphene oxide, b) Reduced graphene in 0.5 M K&tCO
potential range from 9 WR 9 YV $J $J&0 WKH VFDQ UDWH LV P9tV

The CV plot in Fig. 4.10 shows that a peak appearf.d@tvs. Ag/AgCl. Peaks ad.7 V and-
0.36 V vs. Ag/AgClI show a gradual decrease on current density, which could be the reduction

of GO to graphene.
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4.3.2 Morphology Control of CyO,/Graphene

The substrate can significantly affect the morphology and catalyst properties of the catalysts.
As a novel material, graphene presents an extremely large stofagkime ratio, owning to

its 2D nature and singlatom thickness. Moreover, its high chemicalbgity and ultrahigh
thermal conductivity could potentially facilitate the high loading of catalytically activéSites

In order to investigate and develop a hmgrformance catalyst for eGRR, the reaction
temperature was controlled. SEM was employed to characterise thbotugy changes of the

CwOy/Graphene catalysts.

Four catalysts with different morphologies were obtained by controlling the reaction conditions.
We firstly developed an-@uOy/Graphene, which was synthesised at the temperature'cf 80
and standard pssureconditions(Figs. 4.11a and 4.11b). Naneedle shaped particles were
obtained under this reaction condition, with ca. 500 nm longitudinal length and ca. 100 nm

diameter.

Higher temperature was then applied aiming to obtain a catalyst with a kigfieceto-

volume ratio. Therefore, the reaction temperature was raised '©. 0nanebundle shaped

catalyst was observed-@u.Oy/Graphene, Fig. 4.11c and 4.11d) with2 P ORQJLWXGLQ|
length, and 800 nm diameter for these bundles. The exigenicbundles significantly

increases the surface area of catalyst.

In order to obtain larger surface area/volume ratio of the catalyst, a higher reaction temperature

was applied during reaction process, to further split the -bandles. However, once éh

reaction was increasedto 10& )LJV HDQG | D puPHOWHGY SDUWL
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CuOy/Graphene,2 P ORQJLW XG L Q DnorizorthQengthy, which fhay be caused

by the deconstruction of microstructure at such a high temperature.

Then we employed 1g sodium dodecyl sulfate (SDS) as the surface surfactant mixed with Cu
precursor before reaction, and obtained-&uO,/Graphene as shown in Fig. 4.1dmd 4.1h.

Compared with thedCuOy/Graphene, this-fCuOy/Graphene has thinnéttle bundles with

FD QP GLDPHWHU DQG WKH RYHUDOO ORQJLWXGLQDO Ot

surface areas which are beneficial for eRR.

Figure4.11 SEM images of synthesized {&y/Graphene particles under different reaction conditions
ab) nCuOy/Graphene, 8C c¢d) b-Cu.0Oy/Graphene, 9T ef) m-CuOy/Graphene, 10€ gh) f-
CuwOy/Graphene, 9 with surfactant

4.3.3 ElectrochemicaMethods

In order to nvestigate substrate influences of catalyst, we appliedut®(Graphene catalysts

in H-cell and CPcell, respectively. Their electrochemical behaviours were compared with the
synthesized GO catalyst (states in Sectior2d. TheCV tests were performed with a hakll

at potentials range frori.2 V to 0.6 V vs. Ag/AgCl with scanning speed of P 9 £.\ThePt

wire was used as the counter electrode and the Ag/AgCl as reference el€ckdd&HCO;
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was employed as the electra@ydand was purged with2dind CQ for 30 min before the tests.
The CA tests were performed-at2 V,-1.4 V,-1.6 V,-1.8 V and-2.0 V vs. Ag/AgCl ¢0.47
V,-0.67 V,-0.87 V,-1.07 V,-1.27 V vs. RHEfor 1000 s. The current densijy was recorded

and tren the gas/liquid products were collected for composition analysis using the GC and IC,

for analysing gaseous and liquid products, respectively.

The electrochemical evaluation parameters foiGia@®y/Grapheneare listed in Table 4.2.

Table4.2 List of electrochemical evaluation 6Oy/Grapheneatalysts

No. Cell Catalyst/material Catholyte Anolyte Method
1 H-cell | n-CuOy/Graphene| 0.5M KHCOG: | 1M KHCOs | CV, CA
2 H-cell | b-CuOy/Graphene| 0.5M KHC®: | IM KHCOs | CV, CA
3 H-cell | m-CuOy/Graphene 0.5M KHCO:; | 1M KHCOs | CV, CA
4 | H-cell | f-CwO,/Graphene| 0.5M KHCOs | 1M KHCOs | CV, CA
5 | CPcell | n-CuO,/Graphene| 0.5M KHCO; | IM KHCO; | CA
6 | CPcell | b-Cu0,/Graphene| 0.5M KHCO; | 1M KHCO; | CA
7 | CPcell | m-CwOy/Grapheng 0.5M KHCO; | IM KHCOs | CA
8 | CPcell | f-CwO,/Graphene| 0.5M KHCO; | IM KHCOs; | CA

4.3.4 Electrochemical Evaluation in-gell

The performance of G@y/Graphene catalysts were firstly evaluated by CV uskuogHin 0.5
M KHCOs catholyte and 1 M KHC®anolyte. The potential ranges were fre6 V to -1.6

V vs. Ag/AgClI (0.13 V to

9 YV 5+(
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Figure4.12a) CV of CuO,/Grapheneatalysts in FHcell b) total current density of Q0,/Graphene
in H-cell

From the CV results shows in Fig. 4.12a, all the@ylGraphene catalysts present low current
densities, and no obvious redox peaks can be observed. Among thert,ulg/Graphene
SKRZV WKH KLJKHVW FXUUH)Q Wov@wer vdmpared with A& JoF the
synthesized G2 P $ 33 R lower current density has been obtained. The explanation
of this lower value is the less loading of Cu oxides t@ufO,/Graphene comparedith
synthesized Gi©. Therefore, less active sites on tHeukO,/Graphene surface results a lower

activity of eCORR.

To further evaluate its selectivity and efficiency, the catalysts were evaluated using CA method
and products analysis. Fig. 4.12bwisadhecurrent density results. There are no carbonaceous

products are detected, which means that only HER happens.

4.3.5 Electrochemical Evaluation in Ceell

We further employed a Gé&ell for eCORR and product analysis. The FEs of products and

current dengy in CRcell are presented in Fig. 4.13.
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Figure4.13 Faradaic efficiency profiles of G&ell using an-CuO,/Graphene, b)4€Cu0,/Graphene,
¢) mCuO,/Graphene d)-CuO,/Graphene catalyst in 0.5 MHCO:s electrolyte of eCERR with
products including CO (yellow, bottom), Formate (blue, middle)(dieen, top); d) Total current
density, e) Current density of CO and f) Current density of formate for resuits in a

The HER domains the overall reactiand the catalysts present a low activity for eRR.

Here graphene plays an important role as an efficient HER catalyst which boosts the hydrogen
productiort®®. Moreover, HER is happened at lower oveentital €0.41 V vs. SHE) compared

with carbonaceous products such as @6@ V vs. SHE) and formated(61 V vs. SHEY,
therefore HER is triggered rather than eRB. Among CuOy/graphene catalysts, the f

CwOy/Graphene shows the highest\#ues as shown in Fig 4.13d. Its FEs of CO at potentials
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from -1.2 V t0-2.0 V vs. Ag/AgCI, are 5.43%, 9.84%, 15.26%, 25.42%, 10.94%. FEs of
formate at potentials frorl.2 V to-2.0 V vs. Ag/AgCl, are 1.93%, 1.43%, 2.82%, 2.30%,
1.95%. However, the FEseamuch lower compared with those of the synthesize® Ckig.

4.8c). All detailed data is available in Appendix 3.

4.3.6 Characterization of Catalysts before/after eRR

In order to further reveal the catalyst behaviour in ¢ we have performed EDS €ot
mapping after the overall reaction, in order to analyse the electrochemical corrosion and
elemental distributions of GOy/Graphene catalysts. Meanwhile, XRD was used to analyse the

crystal structure of synthesized ,Qy/Graphene catalysts.

95



Figure 4.14 SEM/EDS dotmapping (Cu element distribution) of a&bjGu.O,/Graphene, c&d)-f
CuO,/Graphene before eGRR. SEM of fCuO,/Graphene catalyst e) before anl)fafter 1000 s
reaction of eCERR, at-1.8V vs Ag/AgCl. i) EDS mapping (Cu element distribution) of f
CuwOy/Graphene after eGRR. XRD patterns of j) blank carbon paper {3d.O,/Graphene loaded
carbon paper

The EDS doimappings of FCuOy/Graphene and Cu.Oy/Graphene are shows in Figd4a
d, where the observed white particles are Cu. The catalysis corrosion behaviour happens during

reaction can be observed in Figs. 4.1g 8efore the eCERR, the fCuOy,/Graphene catalyst
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was loaded onto the 2D graphene surface forming-flan@r shaped particles. While after
1000 s of the electrochemical reaction, the nano flowers were turned into bulk particles.
Therefore their surface areas and active sites are reduced, which could lower the catalyst

activity for electrochemical reactions.

The XRD analysis of the carbon paper was done first and the results is shown in Fig. 4.14j as
a reference. The XRD pattern of catalyst loaded carbon paper is shown in Fig. 4.14k, which
exhibits characteristic diffraction peaks of20u(CwO (111) at 2 of 37°, CuweO (220) at 2 of

62°), and minors mixture of Cu (Cu (111)* at@f 43, Cu (220)* at 2 of 74°). After reactions,

the intensities of GAD peaks are decreased, and those of Cu peaks are increased. It means the
CwO was partially reduced into Cu. Tieéore, it can be concluded that .OQy/Graphene
catalyst has lost its nafftower shapes and are partially changed its crystal type aftenaumre

eCQORR, which could reduce its catalyst properties for gk

4.4 Conclusion

In this study, several Goontaing catalysts have been developed using two different cells, and
different concentration of electrolytes were studied. According to the experimental results, the

influence of catalyst and mass transfer o,€&n be concluded.

The results suggested th@abP-cell with CQ supplied through gas diffusion presents a higher
selectivity for carbonaceous products and the suppression of HER comparaeeitoMih CQ
purging into electrolyte. Higher concentration of electrolyte could enhance the reaction amtivity f

a certain degree, while it can only promote the HER if S@nsufficient.
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All catalysts present a low activity for eGRR in H-cell. Dendritic one presents a moderate activity
on formation of formate in GBell, while the HER domains tleerall reaction. Commercial @D
present relevantly low activity in all tests due to its low surface aera compared with other two

catalysts.

Synthesized G shows its considerable selectivity and activity on CO products. This is mainly
due to its nanaized particles with large surface areas, which supplies sufficient active sites for
eCQORR. Meanwhile, its specific crystal structure supressed the HER, thus enhanced the reaction
efficiency of CO. By combining synthesized Quwith GDE type cell, the F&Bf CO can be up to
61.31% at2.0 V vs Ag/AgClin 1 M KHCGQ. The results are promising for further development

and scalaup.

We also used the graphene as substrate aims to enhance the catalyst activity and selectivity for
eCQORR. However, from the resujtshe graphene promotes the HER reaction rather than
eCQORR and results in a poor catalyst performance of carbonaceous products. Further
development is necessary such as enhancing the loading of Cu on graphene, which could
enhance the active sites. Findvay to eliminate the HER, such as using high concentrated
electrolyte to reduce the'th electrolyte can also be considered. Other method includes to

promote the C@mass transfer and enhance the gRR®behaviour.
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Chapter5 ATO, ITO and In-MOF as catalysts for

eCORR

Several electrocatalysts with two different reaction cells for ZRBOwere investigated in
Chapter 4. Results suggested that analysis using theelCpresents the best electrochemical
performance with considerable FE of CO. Formate is anothervaigle addedproduct in
eCORR, and is commonly used in industries, such as tanning industry, textiles industry,
pharmaceutical industry and rubber processing indiist/ Formate can also be used in
direct formate fuel cells as a feed stock of renewable energy for electricity prodiicBased

on this, we researched a reaction system with commeanalsized ATO, ITO, and advance
structured IAMOF (collaboration with Manchester University) as electrocatalyst, aiming to

establish digh yield reaction system for formate product.

5.1 Introduction

In 1985, Horiet al.”® investigated thelectrochemical reduction of GQ@sing various metal
VKHHWY DW FRQVWDQW FXUUHQW VFDB)(QbWXHEEORBMRSRWH
to 60 min. Among the results, Sn and In electrodes present considerable FE of formate (Sn:
65.5 £79.5 % at1.40 + 0.04 V vs. SHE, In: 92.7 to 97.6% &1 £+ 0.05 V vs. SHE), which

are the most active catalysts towards eRR in aqueous electrolytes for formate products.

They also have high overpotentials for HER, and negligible CO adsdftiamich show

great potentials to achieve a high FE of formate productieatrechemically. However,

several challenges remain for these catalysts. For Sn, it is observed that organometallic
complexes were formed on the electrode surface during theREC@hich promoted the HER

and led to the declined FE of eg®R' The low durability of this catalyst also needs
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consideration for further improvement. For In, the electrochemical results ofI®e
QDQRSDUWLFOHVY SUHVHQW D ORZ FXU% HeatseGHEOQY LW\ R
conversion is hindered his low catalyst activit§?>. A Sb-containing catalyst was reported by

Li et al?®L, They developed a sandwiched Sb nanosheet mixed in graphene #RRCMd

obtained 88.5% FE of formate at a potentiallo®6 V vs. RHE. However, thaurrent density
DFKLHYHG ZDV R.@eanwhirsthéyRlso demonstrated that the bulk Sb present a

ORZ FXUUHQW GHQVL%W\ OHVV WKDQ P$tFP

In order toovercome these drawbacks of monometallic and mono metal oxide catalysts during
eCQORR, here we employed two-lnetal oxide catalysts for eGRR, including ATO and ITO.

ATO and ITO arewidely used to produce solar panel, TV/monitor display coagbgsTteir
nanosized ones are promising materials whichiegrerted in solar cellsnzymatic fuel cetf?
sensor®s, water electrolysét* and direct methanol fuel cél? etc. However, they have not
beerreported for applications in eGRR. Meanwhile, In, Sn and Sb all have a good selectivity

of formate, thus ATO and ITO have the potentialbdave good performance towards eRR.

As In shows active eCBR performance, we tested an-NfOF with a porous three
dimensional framework structure in egRIR. Theywere reported to have high adsorption and
selectivity towards Cg) thereforepromoting the activation and conversion for eRE67°°.
However, IRMOFs present poor electricabnductivity in an aqueous conditidh which
results a low current density and thus a low reaction efficiency. Therefore, in this chapter,

carbon black was adden In-MOF with the propose of enhancing its conductivity.

Finally, we considered the influence of pH of the electrolyte. The electrolyte foRICS a

crucial part and influences the whole system and the results oREE® A high pH alkaline
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electrolyte has its advantages in eR8. Its hydroxide ions (Ofiplays an important role in
modulating active catalytic active sitas reported by Dinlet al?°. It can also supress the
HER because of slow kinetics of the Volmer step, thus loweringHthabsorption and

influencing the subsequent Tafel and Heyrovsky $tep¥

Volmer step: *>ESNE/ \ I* g« Eq.5.1
Tafel step: I* ax\ t/ E*g:% Eq.5.2
Heyrovsky step: *> ESN E/* gx\ | E*g:%0 Eq.5.3

Here M is the surface metal active sites. However, a high pH electrolyte is not acceptable in
the conventional Ktell, where CQ dissolved in a higipH electrolyte will rapidly react,
forming a neutrapH carbonate mixturdn contrast, in a GDE cell, CQliffuses directly to
catalyst surface for reaction before it is converted into carbonate. Therefore, the GDE cell make
it possible for eCERR to occur in alkaline conditioff8. In order toevaluate the pH effect as

illustrate above, 1 M KOH alkaline solution was employed for electrochemical evaluation.

5.2 Electrochemical Evaluation of ATO

5.2.1 Working Electrode Assembly

20 mg ATO powder was placed into 2 mL vial and 5003dpropanoivas addedhto the vial.

Then thevial was sonicated in an ultrasonic sound bath for 10 mins. 40 pl (10% wt.) Rafion
solution (5%) was then added into the vial and further sonicated for 1 h. Then the ink was brush
painted onto a carbon paper with an effective af@acnf 7KH ORDGLQJ RI $72 FDWD

LV PXLFP
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5.2.2 Electrochemical Apparatus Setup

The performance of ATO catalyst was evaluated in both tbelkand CPcell. 0.5 M KHCG;

and 1 M KHCQwere employed as catholyte and anolyte, respectivelyteference electrode
was RE61AP (ARE, BASI) in catholyte, and the counter electrode was Pt wire mounted in
anolyte. The pH value of 0.5 M KHG@Ilectrolyte was 9.04, and the conversion gag€an

be calculated from:
"eAawl ogyEr&ws Eq.5.4

The catalyst assembled with two cells were firstly CV scanned at potential rangel fdovh

WR 9 YV 5+ ( bsdan rat®@ntiafNand CQ condition (one electrode scanned in

N2 and then C@. Then the systems were tested using CA.4tV,-0.6 V,-0.8 V,-1.0 V and

-1.2 V vs. RHE for 1000 s at each potentizdch time when the CA scan was finished, the
catholyte was removed and collected, then new catholyte (0.5 M KHE&3 added for the

next testing. The gas products were collected using a gas bag from the outlet of cell, then the
catholyte was collected after reaction and sent to IC for liquid products analysis. ThasCO

flow rate was controlled with a value of B/ 1 P i @lectroctemical evaluation has also been

conducted in 1 M KOH as catholyte, and the results will be shown in Chapter 7.

5.2.3 Results and Analysis

The catalyst performance was evaluated using CV weéllPand the results are shown in Fig.

5.1a. From the results, a texion peak of ATO can be found at a potentiai(o8 V vs. RHE

under N atmosphere. It is noticeable that the current density value lmadlireached to 80

P $ £ FPPwhich is higher than the current density in.C@ P $ $#%.Fhe HER happens

under N atmosphere which increases the current density, whereas less HER reaction happens

under CQ, because the existence of £€&uld supress the HER. The onset potential of the
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reaction is0.15 V vs. RHE. The current density of ATO electrode underi€60.7 m$ + F P
2which is much higher than those of any pure Sb or Sn reported so far. The high current density
is attributed from the following reasons. (1). The nanosized catalyst induces large surface areas

with abundant surfaeactive sites; and (2). HER happesl contributes the current density.

In order to study its selectivity and activity of formate, CA scanning and products analysis were
further performed. After CV evaluation, the catalyst was assembldecell andCP-cell for

CA scanning. The results show a >17 folds FE difference betweesll land CPcell, as
demonstrated in Figs. 5.4b In H-cell, HER dominates the reaction, and only a small amount

of carbonaceous products were detected (Fig. 5.1d). The reasiom limv FE of carbonaceous
products is due to its poor G@ass transfer caused by the lowZ0Olubility in electrolyte.

The dissolved C®was easily reacted and consumed by alkaline electrolyte. Looking at the
current density, the {dell presents a higtotal current density (Fig. 5d}, while its current
GHQVLWLHV RI IRUPDWH JHQHUDWL R.Qn theLlCPcell (Fig. .Ab) OHVV W |
an enhanced mass transfer results in a high FE of formate at potential§ #ovhto-1.2 V

vs. RHE, wiich the FEs are 35.10%, 47.99%, 51.11%, 52.98%, 56.76%. The current densities
of formate in CFcell are shown in Fig. 5.1c, which arel 7P $ + F°P P$#FR.5
P$1FP348 P$TFP P $ £FThe results of CRell confirm that ATO is active
towards eCGRR due to the presence of antimony oxide and tin oxide. Its nanostructure
provides more active sites and lower resistance, thus higher current density of formate (Fig.
5.1c) has achieved. Meanwhile, comparing with the datadalHand CFRcell, the results again

prove that the enhancement of O@ass transfer can benefit the overall FE of carbonaceous
products and supress the HER. By combining the advanced electrochemicall @Rh a

good electrecatalyst, a high reaction activity, high FE dngh selectivity reaction system can

be establishedlhe detailed data is available in Appendix 4.1.
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Figure5.1 a) CV results of ATO in CRell, at potential scan frori.0 Vto 1.0 V vs. RHE in 0.5 M
KHCO:s. FE profiles of b) CReell and d) Hcell using ATO catalyst in 0.5 M KHC{®lectrolyte, with
products including CO (yellow), Formate (blue),(green). d) Total current density for results in b and
d.

However, it is noticeable that the FEs of formate inrdeR is lower than the reported results
(normally > 7092 2%) by Horiet al.and Liet al. From my results, the FE of HER is 62.69%,
46.24%, 43.33%, 38.55%, 34.78% in-C&ll, which consumes a large proportioretectrons.
Therefore, an effective way to supress HER is necessary. Due to this reason, we designed a
GACP-cell which can prevent water penetration through the CP electrode. Details are shown

in Chapter 7.
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5.3 Electrochemical Evaluation of ITO

5.3.1 ElectrochemickbSetup

We then evaluated ITO for eGRR. We prepared ITO ink as the catalyst using the same
method detaileth Section 5.2.1, and the ink was printed on a piece of carbon paper GDL. The
CP-cell was again employed to evaluate its electrochemical perfoen®adous electrolytes
including 1 M KHCQ and1 M KOH were employed as catholyte, and 5 M KOH was used as
anolyte. High pH electrolytes were used aiming to supress the HERefEnence electrode

was RE61AP (ARE, BASI) in catholyte because this is atipalar type reference electrode
which was designed for strong alkaline environment, and the counter electrode was Pt wire

injected in anolyte.

Firstly, CV measurement of ITO was evaluated in acElPat potential from1.0 V to 1.0 V

vs. RHE withasc® UDWH Rt Thédetivolyte was purged by for 30 minutes, and

then a CV scan under:invironment was performed. Then £@as purged for 30 minutes,

then another CV was performed with a constant supply of D& D IORZ UDWH RI P/
Next, the eCORR performance of catalysts were tested by CA measurement, at a specific
potential range frorr0.4 V to-1.2 V vs. RHE. Due to the main product of catalysts is formate,

we collected the catholytes after each test, and the results were analysgethe IC.

5.3.2 Results and Analysis

CV results are shown in Fig. 5.2a. Underadtmosphere, clear redox couple of peaks can be
observed at potential range @4 V and 0.2 V vs. RHE. Under G®aturated atmosphere,

while scanning toward negative potefdjaa drastic increase in the current density was
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observed at lower onset potential®.4 V vs. RHE), thus reaching a current density of

DSSUR[LPDWH®at-1.0F¥<. RAE.

To further explore the electrochemical performance of ITO, CA measutevasrperformed
using a CReell at potentials 0f0.4 V-0.6 V,-0.8V,-1.0 V and-1.2 V vs. RHE holding for
1000 sin 1 M KHC®@and 1 M KOH catholyte. The FE results are shown in Fig 5.2b. The FE
values of formate in 1 M KHC&and 1 M KOH present similaiesults. The FE values of
formate in 1 M KHCQ@atpotentialganging from0.4 V to-1.2 V vs. RHE are 9.53%, 57.32%,
64.54%, 56.02%, 67.54%. In 1 M KOH electrolyte, the FE of formate are 18.70%, 57.77%,

63.74%, 67.26%, 74.24%.

Figure5.2a) CV of ITO in 1 M KHCQ, CPcell; b) FE profiles of ITO in 1 M KHC@&X(blue) and 1 M
KOH (green) electrolyte of eGRR with products of formate; c) Total current density, e) Current
density of formate foresults in b).
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Comparing with 1 M KHC®electrolyte, those at 1 M KOH electrolyte shows a higher reaction
activity with higher total current density absolute values as shown in Fig. 5.2c. The reason of
higher current density in the 1 M KOH is that theare transfer resistance/electrolyte
resistance is decreased with a higher concentration of hydroxid§*{®Hhe results shown

in Fig. 5.2d indicates that the current densities of formaleNnKOH is higher than in 1 M

KHCO:s. All detailed data is available in Appendix24

In this section, we demonstrated ITO as electrocatalyst fo,RROGn CRcell with two

different electrolytes. From the results, a high value of FE of formate (74.24%cheeved

at potentials of 9 YV 5+( LQ 0 .2+ ZLWK KLIJKHVW FAUUHQW G
The results also proved that a high pH electrolyte in GDE cells could improve th&RCO
performance to a certain degree by supressing HER. Howeverl] ghetws 3050% FE

towards HER. Therefore, future studies should be focused on high performance catalyst with

ability of CO» adsorption, high porosity (more active sites), high product selectivity etc.

5.4 Electrochemical Evaluation of INMOF

5.4.1 Ink Preparation of Electrode

In-02) ZzDV REWDLQHG IURP <DQJYV JURXS LQ ODQFKHVWH
conductivity of MOF materials, carbon black/@lcarf® XC72R) was added in the IMOF

during the ink preparation. 16 mg-MOF powder and 4 mg carbon blkawere placed into 2

mL vial and 500 pLisopropanoWwas added into the vial. Then the vial was sonicated for 10

mins. 40 pl (10% wt.) Nafiof solution (5%) was added into the vial and then further mixed

for 1h. Then the ink was painted onto a carbon pagir an effective area of 2 édnThe
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5.4.2 Electrochemical Evaluation of IMOF in KHCG; Electrolyte

The eCGRR performance of WOF was evaluated by CAIl detailed data is available in
Appendix 4.3.In order to verify the electrolyte influence, we firstly employed 0.1 M, 0.5 M
and 1 M KHCQ as catholyte in eC4RR. The FEs and current density-@#4 V to-1.2 V vs.

RHE are shown in Fig. 5.3.

Figure5.3 a) FEs and total current density of In MOF in a) 0.1 M KH(8) 0.5 M KHCQ, ¢) 1 M
KHCO:; electrolyte of eCERR with products of formate; c) Current density of formate for results in a
C.

The FE and current density results ofMIOF in 0.1 M KHCQ are shown in Fig. 5.3a, where

the low concentration of electrolyte limits the proton mass transfer in electrolyte and results in
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low current densities. The FE values are 13.17%, 17.65%, 31.55%1%144.90% at
potentials ranging from0.4 V to-1.2 V vs. RHE. Once the concentration of electrolyte was
increased to 0.5 M, an increased current density at higher potentials was observed (Fig. 5.3b).
The FE values in 0.5 M KHCSare slightly higher twards formate, which are 20.64%, 57.57%,
50.81%, 64.84%, 53.99%, at potentials ranging from V to-1.2 V vs. RHE. Fig 5.3c shows

the results of FE and current density in 1 M KHC@here the current density presents a
dramatic increase at higher potait# in particular at1.0 and-1.2 V vs. RHE. Moreover, the

total current density atl.2 V is three folds higher than the current densiti 4t V, and the

FEs are 20.48%, 58.51%, 60.67%, 81.45%, 72.46% at potentials ranging #ovhto-1.2 V

vs. RHE. From these results, it can be concluded that a higher concentration of electrolyte can
enhance the proton transfer of reactants in the electrolyte at higher potentials and result in a

less electrolyte resistance. Therefore, a higher reaction effidesclpeen achieved.

According to the results above, higher concentrations of 2 M KHe@ 0.1 M KOH with

higher pH as electrolyte were chosen for further testing. The FE results in 2 M XM€EO
shown in Fig. 5.4a. A similar current density of formateliM and 2 M KHCQ@ can be
observed as shown in Fig 5.3d and Fig. 5.4c. However, the FE values of formate are 39.08%,
61.77%, 64.97%, 58.07%, 63.59%, at potentials ranging f6odnV to-1.2 V vs. RHE, which

are lower than those in 1 M KHGOIt means altbugh they have similar activities on
producing of formate, the 2 M KHG®resents a higher total current density than that of 1 M

KHCO:z at all tested potentials. This also indicates that HER has been enhanced in 2 M. KHCO
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Figure5.4 a) FEs and total current density of In MOF in a) 2 M KHC) 0.1 M KOH electrolyte of
eCQORR with product of formate; ¢) Current density of formate for results in a and b.

While in 0.1 M KOH, the results show relevantly I&&s and low current density (Fig. 5.4b).
Because the MOFs are pH sensitive, the structuresMfdfs were often damaged and their
catalytic properties were vanisiét Therefore, a low performance ofMOF was observed

in 0.1 M KOH.

The durability test was conducted at the reaction condition which produdegitest FE. We
performed the eCSRR at-1.0 V vs. RHE in CReell and 1 M KHCQ with a constant C®
VXSSO\ ZLWK I0RZ UpnvideRd analipskettiels@ubility of this reaction system.
The experiment was proceeded for 1 hours first and thepavs®ed to analysis the catholyte.
After this, new 1 M KHC@was injected inside the solution and the test was done for another

1 h. The total reaction time was 4 h.
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Figure5.5 a) Stability test of In MOFni 1 M KHCG;, CPR-cell, 4 hours reaction. b) working electrode
penetration after 4 h eGRR

The stability test results are shown in Fig. 5.5a. The FE valuesM®lr in the first two hours

are 82.41% and 83.02% 4.0 V vs. RHE. After 2 h reaction, the R&lues are slightly
decreased to 79.40% (after 3 h reaction) and 76.76% (after 4 h reaction), which indicates that
the InMOF presents a good stability towards electrochemical testing in 1 m Kel€€rolyte

at-1.0 v VS. RHE. The slightly increasedabturrent density shows that the decrease of FEs
are mainly caused by HER, which is due to electrode permeation after-setongeaction.

Fig. 5.5b shows an image of the back of working electrode, where the electrolyte passed
through the carbon paperrfoed as liquid drops. This caused much less areas diggat

solid threephase interfaces, thus reduced the propertie€ 0fRR.

From the results above, a high value of FE of formate (83.02%) has achieved at potentials of
1.0Vvs.RHEiINn1MKOHDQG WKH FXUUHQW GHQVLWY RietedutP DWH ZL
also demonstrated that the electrolyte concentration influences the overaRRC® low
concentration of electrolyte could limit the proton transfer in electrolyte, thus limit the current

density and lower the FE of formate.
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5.5 Conclusion

In this chapter, results showed the increased FEs up to 56.76%, 74.24% and 83.02% towards
formate production using ATO, ITO and-MOF, which are higher than previously reported
values in literature. For ATQOye introduced Fcell and CPRcell to evaluate the COmass
transfer influence of eCBR, where we proved that an efficient mass transfer of €@
promote the FE of carbonaceous products, meanwhile supress the HER. For ITO, we
considered the influence of pH in catholyte, and the results showed that a high pH value of
electrolyte could reduce thek electrolyte, therefore suppressed the HERafcertain degree.

For InMOF, we studied the concentration of electrolyte, and concluded that increase of the
concentration of electrolyte could promote the proton transfer, thus the better FE results were
obtained. Moreover, nanostructured catalyst witire active sites (ATO, ITO) and advanced
structed IAMOF enhanced the selectivity and activity of reaction, which is important for

eCORR.

Based on these concepts, we achieved the highest FE of formate up to 83:020/ais.

RHE by InMOF, withacu UH QW G H Q V L W Y. R has beenpoydhRhat the selected
nanoparticles perform well as eeRR catalysts with relatively high FEs in our efRR
reaction system. Both the ATO and ITO are readily available with relevantly low lost compared
with novel metal catalyst. WMOFs are easy to be synthesized. Therefore, they have great

potentials for further scale up and commercialized.
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Chapter 6  Graphene Aerogel - New Gas Diffusion

Layer Exploration

6.1 Introduction

In Chapters 4 and 5, we have developederal electrocatalysts which have been tested using
H-cell and CPcell. We evaluated their electrochemical properties under different reaction
condition and have discovered that a low-@@ass transfer in Hdell resulted high FE of H
generation from thelER which competes the eGRR. We also obtained a high FE of desired
products with minimised HER (below 40%) using the«&R. This is achieved with enhanced

COz mass transfer mechanism, in which 49diffused from the gas phase to catalyst layer
surfece rather than dissolved in the liquid electrolyte, and then transferred to the catalyst surface.
However, HER still happens in all reactions in-&, and an inhomogeneous £@as flow

is often observed, mainly because the 2D structure of carbon papeéreasily be penetrated

by electrolyte and then the HER will be triggered. ThereforeGRL with better

electrochemical and mechanical properties is required.

GA is a group of carbon metamaterials with unique characteristics including large suréace aer
with tuneable porosity, good conductivity, ultralight weight and excellent organic solvent
absorbency*>14%:212 |ts 3D porous structure gives its potential to benefit ther@&s transfer.

In this chapter, we introduced the GA as GDL (Fig. 6.1), focused on evaluating the mechanical
and electrochemical properties including conductivity, watganic absorption ability,
hydrophobicity, density and tensile test. We also synthesised aisiy grgphene oxide

agueous solution and its morphology was observed by SEM.
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Figure6.1 GA used in our experiment

6.2 Preparation of the GA Electrode

GA was supplied by Gaoxi Technology Co., Ltd..Owanoparticles show a good eGRR
performance as discussed in Chapter 4. Therefore, they are adopted as the catalyst and made
as ink then loaded onto the surface of GA using spraying coating method (Section 3.8). The

catalyst loading state will be checked oa BA surface.

6.3 Morphology of the GA and Electrode

Fig. 6.2 shows typical SEM images of GA. It can be seen from Fig 6.2a that the morphology
of the aerogel is uniform in the large scale and exhibit a 3D network of randomly oriented
sheetlike structures.tlis rich in the hierarchical pores, and achieves an ultralow bulk density

of H J & ®hich is onlyH6.6% of that of carbon paper (0.44 g¢rforay TGPHO060)
and H0.16% of that of graphite block H1.82 g cm®)'®C In Fig. 6.2b, the catalysts

agglomerates can be observed on the GA layer surface rather than a full homogenous coverage.
In eCORR, the exposed graphene layer could promote HER. Therefore, the catalyst directly
supported on GA does not show any merit towarlabitation of HER. According to this, we
combined the carbon paper and GA into a hybrid GDL and designed a graphenecetmyel

paper GDE cell (GACRell) for eCORR (all the details will be shown in Chapter 7).
114



Figure 6.2 SEM scanning of GA, a) large scale scan b)GCcatalyst supporte@A layer

6.4 Conductivity

The conductivity of GA (without catalyst) was obtained from measuring the voltage and current
using Autolal8 potentiostat/galvanostat as shown in Fi§8a and 6.3bThe clips were
connected to the two ends of GA samples, then applied the potential randge\réorD.2 V.

A current vs. potentigblot was collectedy potentiostat and the conductivity of GA were

calculated by Eq. 6.1.

o A

In this equation, the resistance R and be calculated by linear fitting the current vs. potential
plot, where the 1/R is the slope of the linear line. L is the sample I&figtAnce between the

clips), and the S is the cross section (blue square region shows in Fig. 6.3) of GA.

The result in Table 6.1 indicates a competitive conductivity of GA, if compared to those of the

other commonly used electrodes and current collector materialsf @RiH060 carbon paper
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we also assessed the conductivity under mechanical compression. Interestingly, the
conductivity of GA remained unchanged when we applied thepmesrion strain along the
longitudinal direction as shown in Fig. 6.3c, and along the horizontal direction as shown in Fig.

6.3d. Table 6.2 lists all the data of the conductivity.

Figure6.3 Scheme of condiivity test method, the crosection area is 10 x 10 mnthe length of GA
in test a) is 30 mm (to simulate-phane), in test b) is 10 mm (to simulate throymiéine). Conductivity
test of GA under compression with different direction c) vertical corsfmesd) side compression, the
conductivity data was analysed against the strain

Table6.1 Conductivity of GA using the setp in Fig. 6.3a and 6.3b, TGP®60 carbon paper and
graphite block (Fuel Cell Grade GID) are used as comparison.

Method | Cross Section Area / nfm| Length/mm| & RQG XFW LY
GA a) 100 30 0.153
b) 100 10 0.471
a) 100 30 0.125
TGPHO60 b) 19 0.19 1.724
Graphite a) 100 30 0.171
Block b) 100 10 0.509
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Table6.2 Conductivity of GA under compression, using thewgein Fig. 6.3c and 6.3d, result shows
conductivity does not response with the strain

Method GA Conductivity Response to Strain
0 Strain / % 0% 10% 20% 30% 40% 50%
Conductivity / Smt | 0.15 0.15 0.15 0.15 0.16 0.16
q Strain / % 0% 10% 20% 30% 40% 50%
) Conductivity / Smt |  0.47 0.42 0.47 0.43 0.41 0.42

6.5 SeltAssembly Preparation Method for New Graphene Aerogel

The synthesis of GA was carried out using the methods as illustrated in Section 3.3.3. The
VIQWKHVLVY VWHSY DUH VKRZQ L®grapkkne oxide aduéos|solutidrJ £ P /
and L-ascorbic acid was added into a 200 mL beaker (Fig. 6.4a), andtsahior 2 hours (Fig.

6.4b). The mixture was placed in an oven at@@or two days, and a graphene hydrogel was
obtained as shown in Fig. 6.4c. Fig. 6.4d shows the graphene aerogel after freeze drying for
one day, and there are highly porous structofEerved on its surface after the hydrogel is
fully dried. Fig. 6.4e shows the prepared graphene aerogel, which can stand itself on a piece of
filter paper. The microstructure of GA from the Emage is shown in Fig 6.4f, in which
randomly oriented nanoshts of reduced graphene aerogel can be observed, with macropores
between the nano layers. Howev8A synthesized using the selfsembly method presents

very low mechanical strength. It was easily crashed with a low compression strain applied,
which is mpossible to be utilize as GDL. Therefore, more research is required to synthesis GA

with better properties.
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Figure 6.4 Synthesis of graphene aerogel. a) graphene oxide aqueous solutiorasrotiic aid

before reaction b) ultrasonic bath for GA preparation c¢) synthesized graphene hydrogel d) synthesized
graphene aerogel e) graphene aerogel with-ldtvadensity supported on a filter paper f) SEM image

of GA

6.6 Conclusion

In this chapter, we have disagsl and evaluated several properties of GA, and demonstrated
that the commercial GA have a high porosity and a good conductivity, which is a desired
material for GDL. Based on this, we employ@4 into GDE cell for eCGRR, which the cells
design isdemonstrated in Fig. 3.15 and 3.16, and its #&0properties will be studied in
Chapter 7. We also tried to synthesize a GA by reducing graphene oxide, while its mechanical
and chemical properties are not sufficient of being an electrode foRFCOheréore, further

research oA synthesis is needed.
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Chapter 7 Hybrid Gas Diffusion Electrode Allowing
Directional Gas onto Catalyst Bed for Enhanced C©

Electrochemical Reduction

Comparing to the mssive efforts in the innovation of catalyst matesgktems and
technologies, structural design of cells has attracted less attentions on the road towards high
performance eC§RR. Here, we propose a hybrid gas diffusion electiwated reaction cell

by using highly porous carbon paper and GA, which is erpleo offer directional diffusion

of gas molecules onto the catalyst bed and sustain a higlt@®ersion performance. The
above hypothesis has been approved by both the experimental and simulation results, which
show that th&€arbon paper GA combinedconfiguration increases the FE from ~60% to over
94% towards CO and formate production compared with a CP only cell. It also suppresses the
undesirable side reactierydrogen evolution over 65 times than the conventioreéH By
combining with advanak catalysts with high selectivity, a 100% FE of the cell with a high
current density could be realised. This described strategy sheds a light on future development

of eCQORR in structural manners.

7.1 Introduction

In this chapter, we introduce anousbi-layer design with interface of two porous materials,
with expectation to create alternative mass transfer by establishing the circulation/diffusion
sub-cycle for improving the overall eGEBR performance. We firstly design and compare four
types of electrochmical reactors (Fig. 3.11, 3.43116), in which the first design is a compact
H-cell (Fig. 3.11). Comparing with the conventionaicell*’>, this compact ktell presents

incremental optimization by suppling more areas fer working electrode but less spaces
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between cathode and anode (ca. 1 cm). This can result in adlesidyte resistance (causing

an overpotential) for electrehemical behaviodf’. This type of gas supply will inevitably

enable poor C@transfer caused by the low solubility of €i@ electrolyté’8, while hydrogen

evolution reaction will also happen and reduce the @Quction efficiency’®. Meanwhile,

CO VXSSO\LQJ PHWKRG EDVHG RQ WKURIGOWMRE pEB REEH IOQ N |
to destabilize the system, where some.>®@@bbles will stick on the surface of working

electrode and block the pathway of proton transfer to the catalyst surface (Fig. 7.1). These will

yield less electrode areas for reastipthus leading to a significantly reduced current density.

Figure7.1 a) CQ transfer in aqueous phase by dissolving in electrolyte-bypk cell. b) purged CO
bubble block the catalyst surface bytype cell ¢c) CQtransfer through gas diffusion layer (GDL) by
GDE type cell.

The corestructurefor the second design (&fll) is a conventional carbon paper based GDE

which serves as a current collector and substrate to support the catalyst layel 8&alg. The

integrated CReell design is illustrated in Fig. 3.14, where the catalyst layer with an average
WKLFNQHVV RI P LV KRPRIJIHQRXVO\ IDFLOLWDWHG RQ W|
structure of carbon paper will decay after a kbagn reation, and the permeation of water

easily happen in this type of cell to trigger HER as well as the blockageah@s€3 transfer

pathway. Additionally, an inhomogeneous £3fas flow is often observed in carbon paper base

GDE design.
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Figure7.2 a) Crosssection view of bilayer with catalyst layer b) Catalyst on graphene aerogel

GA is a promising material that has been usedraelectrode material for different scenarios,

due to its bespoken porosity and stability. Our group has previously developed a direct
methanol fuel cell (DMFC) technology with a higher mass power density by using GA to
replace carbon papét. The concept of GA GDE is introduced in tH&design (Fig. 3.13b)

with an integrated cell design (Geell) shown inFig. 3.15, where th&A is inserted in the
chamber and allows GQo diffuse within the highly porous GA rather than passing through
the empty chamber. The high porosity from GA offers a large surface area and a considerably

good conductivity H10 S cmt)®L, which make it a suitable alternative material as a catalyst

substrate. Moreover, the 3D structure of GA could resist the permeation of electrolyt
HITHFWLYHO\ ,W VKRXOG EH QRWHG WKDW WKH KLJK URXJ
GXULQJ WKH FRDWLQJ SURFHVV IRU FDW D%k 4fter sfxcd Q DW D

treatment, thukadng to a coarse structure and exposing the GA to the electrolyte (Fig. 7.2b).

Next, we create a porous-kiyer design (GACRell) by combining GA (without catalyst) to

the CP GDE. A schematic of thisllaiyer GDE configuration and an integrated cell design ar
shown in Fig. 3.13c and Fig. 3.16, where an interface effect is expected to increase the mass
transfer of CQwith a guided diffusion on the catalyst layer (Fig. 3.16c¢). We used 3D printing

technique to create the parts with the design details of G#dCBnd then fully assemble of
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the whole device. The GACekll consists of three chambers. The gas chamber in tHealedt

side contains GA, where the €@ows into gas chamber, diffuses through GA and then CP,

and finally reaches to the catalyst laydneTniddle chamber is filled with catholyte, where the
cathode coated with catalyst is exposed to the catholyte, and a reference electrode is inserted
in this chamber. The right chamber is the anode chamber with anolyte and the inserted counter
electrode (Pwire). A cation exchange membrane is placed between the anode and cathode
chambers to allow Hto pass through. All the components with gaskets are firmly connected
and sealed to ensure a good contact without any leakiagevhole cell was designed txduce

the electrolyte resistance.

Since the pore sizes in the carbon paper and graphene aerogel are more than 10 ug, the CO
mass transfer in these two media is through gas flow. When the@®oaches to catalyst

layer, there is a gas concentration geatlnear the catalyst layer as result of gas diffusion,
ZKLFK FDQ EH SUHGLFWHG E\ WKH )LFNTV VHFRQG ODZ DV D

and timé13

1Y,
e

1Y
1é

L & Eq.7.1

whereC is the CQ FRQFH QW U DYV L R @me R4}, D:ti$ the molecular diffusion
coefficient in air (1>-s'!), andx is the distance along the axis of flow (L). Compared with the
CP-cell, the GA cells provide a uniform GG@ow before the gas approach to catalyst layer.

This will lead to a homogenously digtuted and increased G@olar concentration. Moreover,

the interface between the CP and GA play a key role as the boundary for the gas transfer, where
a subcirculation of gas is expected to enhance the g3 diffusion and also prevent the water

penetrabn.
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7.2 Results and Discussion

To explore and compare the mass transfer for the designed cells, CEMS®Ulation
(Detailed information in Appendix 5.1) of real time g£@olar concentrations along the
cathode catalyst layer has been performed for theglPGA-cell and GACFcell (Fig. 7.3).
The simulation results areased on the following assumptions. (1). There is no inflationary
effects of heating; (2). Sufficient GQs supplied from the inlet; (3). CQs reacted once

reaches the catalyst layer; (#Fheinternalpressure will not cause membrane rupture

Figure 7.3 COMSOL® simulation on C@molar concentration along the cathode catalyst layer for a)
CP-cell b) GA-cell and c) GACReell

Detailed parameters, settings and conditions in the COMSOL simulations are listed in Tables
S5.1 and S5.2. In the &fll (Fig. 7.3a), C@molar concentratiors generally lower than those

of the other cells. The Gaell (Fig. 7.3b) shows a high G@nolar concentration around the

inlet with a fast decreasing gradient, and the rest of the electrode shows a nearly constant CO
molar concentration, which is sligithigher than that of the CP cell. The GA increases CO

gas diffusion within the electrode and slows down its speed when leaving the chamber. The
gas flow is effectively enhanced in the GACElI, where the GA forms Ceedstock supplies
reactant more eanly through its body to the catalyst layer. A clear improvement in the
uniformity of CQ molar concentrations along the electrode surface is obtained as shown in

Fig. 7.3c, in which a homogeneous distribution is seen along all the electrode surface.
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Abundant supply of reactant improves the mass transfer. As a consequaigiesraalue of

FE and a better eGBR performance can be achieved.

The catalyst systermasedin this research are homemade-Guwand commercially available
ATO nanoparticles. It was repged that the G has a high electrocatalytic activity to produce
CO with a high value of FE under ambient conditi8r$4 and antimony oxide and tin oxide
have good activity on generating formid#%. Therefore, ATO is used in this study to assess
high value of FE of formate for both gas and liquid productions. Trataé/st were coated

RQWR WKH VXUIDFH RI FDUERQ SDPSHU ZLWK D ORDGLQJ RI

Figure 7.4 Faradaic efficiency profiles of a) Gfll, b) GAcell, ¢) GACRcell and d) Hcell using
CwO catalyst in 1 M KOH electrolyte of eGRR with products including CO (yellow, bottom),
Formate (blue, middle), Hgreen, top); e) Total current density; f) Current density of CO for results in
a-d).

The FE results of Geell, GA-cell, GACRcell and Hcell are shown in Figs. 7.4h(more data
inputs for calculating FE and random errors are listed in TablesSS668 where the green

bars representHyenerated from HER, yellow bars represent CO, and the blue bars represent
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formate. The total current density and current density of CO generated from Autolab
potentiostat are shown in Fig. 7.4e and 7.4f (more datadriputalculating current density
values and random erraaselisted in Tables S5.7 and S5.8). It can be seen from Fig. 7.4d that
the HER dominates the reaction in theeéll, and only a small amount of CO and formate are
produced at-0.4 V vs RHE. At lov potentials, the main product is hydrogen as the
overpotential of HER in the alkaline environment is near to 0 V vs. RHE. There is an increase
of FE value for the CO when increasing potential, but that of the formate remains unchanged.
For the Hcell, in the aqueous media, G@as is dissolved in catholyte and form £49;.),

which is then transferred from the catholyte to surface of the catalystfayelow solubility

will limit CO 2 supply ad the HER will happen when there is absence of. T@is will lead

to a low FE of carbonaceous prodiéts

Increasing the solubility of C£n electrolyte has been seen as one of the promising means to
enhance C@mass transfer in 4dell, in which CQ was supplied under high pressure and high
temperature to address the solubility isstfesHowever, the nommbient processing
conditions may destabilise the system and are keasilfie for scaleip application. A re
configuration of the liquid C®supplying is desirable for mass transfer problem from above
perspectives. Although the above solutions may improve the mass transfer by enhancing the
solubility of CQ, it is theoreticly relied upon CQ in liquid phase devices for eGRR.
Therefore, the solubility issue cannot be easily solved. Besideis &lectrolyte would be

easily bound onto the electrode and prohibit,@®fusiont!: 213 which leads to the overalll

reaction turning into water splitting.

The CRcell shows a muthigher FE value of CO than that ofddll as shown in Fig. 7.4a. Its

FE values of CO at potentials €1.4 V,-0.6 V,-0.8 V,-1.0 V1.2 V, are 55.13%, 65.71%,
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60.19%, 64.23%, 58.93%, and the FEs of formate at potenti€sio¥ -0.6 V,-0.8 V,-1.0 V,
-1.2 'V, are 2.95%, 2.83%, 2.42%, 1.54%, and 2.19%, respectively. The decreased FE values
towards HER are resulted from the minimised exposure of carbon paper and the creation of
three phase boundaries which improve the @@ss transfer. As shown in Fig2a of the
crosssectional view of the CP GDE, the catalyst is formed a uniform layer with a thickness of

P DQG WKH -gcated ih BTEFH layer to block the water. In this configuration,
the CQ gas can directly reach to the catalyst layeustlovercoming the gas diffusion

limitations in the electrolyte.

Among these thre&DE type cel, the GAcell presents the lowest FE value of formate as

shown in Fig. 7.4b. A large amount of graphene is exposed while printed with the catalyst ink,

and ths results in an inhomogeneous catalyst layer. It can be seen in Fig. 7.2b, even with a
KLJK FDWDO\VW ORDWKGURILVPUWEP O H[SRVXUH RI *$ uVNH
takes part in HER. Mreover, the organifriendly GA may absorb the formasad reduce its
concentration, which can be detected in the IC test. The FE values of CO are 29.97%, 12.34%,

13.62%, 9.86%, 4.17% at potentials fred V to-1.2 V.

Once a plain GA is attached at the back of the CP GDE, the &A&ICR constructed. IRig.

7.4c, the FE values of CO are enhanced to 79.58%, 80.41%, 84.20%, 83.54%, 81.91% and the
FE values of formate are increased to 8.47%, 9.73%, 9.81%, 11.35%, 10.73%, respectively, at
-0.4 V to-1.2 V potentials for the GAGPEell. This new cell suppress the FE values of H

from HER to 11.95%, 9.86%, 5.99%, 5.11%, 7.36%0at V to-1.2 V, which is 11 times
improvement compare to those of thecéll. Compare with CP cell, GACP cell presents a
higher current density (Fig. 7.4e) in the potential rarfgeh -0.4 V t0-0.8 V vs. RHE, and

the Hcell shows a higher current density at a larger negative potential. This shows the evidence
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that the HER is dominated the reaction. From the current density of the desired product CO
(Fig. 7.4f), it is obvious thathe GACRcell presents the highest current density for CO
production. Such experimental results confirmed our prospective that the improvement in mass
transfer induces a higher G@olar concentration, and it also agrees well with the simulation

results.

COMSOL® simulation results of ovegpotential (OP) distribution along the cathode catalyst
layers for CPcell, GA-cell and GACPcell are presented iRig. 7.5. All the results show a
mixed distribution of the OP ranges freth2 V to 0 V. The HER occurs &P near to 0 V.
Generation of CO and formate from efE® provides the OPs €9.11 V and0.20 V vs. RHE
(pH=7), respectively. An increasing trend of the absolute value of OPs can be observed with
the sequence order for the €8I, GA-cell then GACPcell. This means a higher production

of CO and formate for both the Geell and GAPCcell which agrees well with our
experimental results. However, the @GAll shows a different profile for both results of £0
molar concentration and OP simulations, duéht unavailability of defining the exposure of

graphene on GA during COMS®Isimulations.

Figure7.5 COMSOL simulation of overpotential distribution on catalyst surface for a)ellP
b) GA-cell and c) GACReell. The assumption of pH of the electrolyte is 7.
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To analyse the stability of G&ell and GACFcell, we performed the eGRR under1.0 V vs.

RHEin 1 M KOH with a constant COJDV V XSSO\ 7). FhefdRralfity test results

for both these cells are shown in Fig. 7.6. The {targn experiment was proceedied 4 hrs

first and then it was paused to analysis the catholyte for liquid produ&s.alhew solution

of 1 M KOH was added inside, and the reaction was continued for anotherThétsil gas

was collected by gas bag to analyse the gaseous products during each 4 hrs electrochemical
test. From the reaction efficiency CA diagram in Figaarand the FE results shown in Fig.
7.6b, the FE values of CO are reduced from 63.28% to 22.93%, and the FE valuesef H
increased from 34.92% to 75.53% &10 V for the CFRcell. The FE values of CO are reduced
from 83.36% to 79.27%, and FE valug-bfincreased from 5.74% to 12.50% &t0 V for the
GACP-cell. It is found that the GACEell presents a better stability than the-&&R, due to

the homogenous distribution of @@dduced by porous Hayer. Meanwhile, the catalyst layer

is protected fron peeling off from the carbon paper during the reaction, which leads to less
carbon exposed to the electrolyte. GA also prevents the permeation of electrolyte through the

GDL which leads the CP lost its GDE function.
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Figure7.6 Durability test results under 1 V vs. RHE of €8 and GACPcell a) CA plot for durability

test b) Faradaic efficiency results c) and e) SEM of the catalyst surface of-Gs@®@efore durability

test and d) after durability test, f) XRD pattern of £ucoated carbon paper

7KH VA\VWHPYfV GXUDELOLW)\ FR Xoongpeingréartior bf HERI @QHQFH G |
durability test, we found the catholyte was partially permeated through the CPwhizh

will lead to a higher FE value forthe CPHOO WRZDUGV +(5 *$V K\GURSKRE

the liquid penetration, which sustains a high Fiue towards the eGRR. The catalyst
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morphology of GACRcell before durability tests are shown in Figs. 7.6¢ and 7.6e. The XRD
patten of CeO coated carbon paper is shown in Fig. 7.6f. The SEM image of electrode surface
after durability test is illustratein Fig. 7.6d. CeO nano cubes were found to uniformly
distribute on the carbon papbkeforeand after the durability test, which indicates that the
structure of catalyst layer has not been destroyed without much loss of the catalyst loading.
However, CgO appears to be slightly corroded because of electrochemical corrosion, which
could reduce its catalyst properties. This phenomenon could explain well the decrease of the
FE value in the GACRell. Detailed data of durability teahd relevant random errarelisted

in Table S5.9.

We then use the commercially available ATO nanoparticles as theREC@atalyst to
investigate the feasibility of using GA@G# Il to produce formate, which is in a liquid form.
The performance of four types of cells are presemtédg. 7.7. Within the potential range of
-0.4 V to-1.2 V vs. RHE, the ktell (Fig. 7.7a) presents the lowest FE values of formate and
CO but the highest current densities because the HER dominates the reactions:cElie CP
(Fig. 7.7b) shows a higheEFvalues towards eGBR, and the GACRell obtained the highest

FE values from all potentials. From the result, the FE values of formate in toellCite
45.98%, 53.66%, 55.91%, 59.71%, 49.36% at a potential range-@rtdnv to-1.2 V, where

FE values bformate in the GACRell (Fig. 7.7d) are 70.10%, 76.91%, 78.11%, 82.98%,
84.54%, respectively. The full set of data for FEs and random errors are listed in Table S10
S15. For the GAell (Fig. 7.7¢), the exposed skeleton will only benefit water splitimg) a
lower FE value of eC&RR is observed. Figs. 7.7e and 7.7f show the total current density and
formate partial current density. Thedell presents the highest current density towards HER,
and the lowest current density of formate product. The otitee ttypes of devices present

similar current densities, and the GACE@I shows the highest current density of formate. The
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results agree with our simulation results, and they can also be confirmed by the results using

CwO catalyst

Figure 7.7 Faradaic efficiency profiles of a)-ekll b) CRcell c) GAcell d) GACRcell using ATO
catalyst in 1 M KOH electrolyte of eGRR with products including formate (blue, bottom),(green,
top) and CO (yellow, middle). e) Total Current density for resutty, f) Current density of formate
for results ad)

7.3 Conclusion

In this chapter, we demonstrate to achieve a high FE of over 94% for CO and formate
generation through improving the mass transfer of fé@ctant within the electrode. Results
from the GACPcell configuration shows the highest €@olar concentration along the
electrode surface. By using two types of catalysts, it has been confirmed that ourc€lACP
can be applied for both gas and liquid products. The influence ps@8ply is mainly duect
device design which can enhance overall R performance and realise low cost and high
efficiency eCORR. This study also shed a light on improving eRR from engineering

design point of view.
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Chapter 8  Chapter 8 Conclusions and Future Work

8.1 Conclusions

In this PhD study, | have demonstrated the merits of &EOtechnique for fuel generation.
Several strategies have been employed to establish a high efficieneiRRG&Pstem and
results showed achievements of dramatically increased FE. | firstly focused on high
performance and lowost catalysts, in order to enhance the selectivity and activity of targeted
products. Higkactive catalysts were explored and evaluated ddesegned and homemade
GDE based electrochemical cells. The concentration and pH of eléetriofve also
investigated to enhance the overall efficiency of eRR Finally, we have established an

eCORR system with considerable FE and reaction activity.

The following issues were addressed in this study.

x Enhanced selectivity and activity cérlbnaceougroducts in CReell

In Chapter 4, several Gbased catalysts were evaluated using both tHoelHand CPcell.
Compared with Ftcell, CP-cell with CQ supplied through gas diffusion electrodes show that a
higher mass transfer induces a better s$@igcfor CO production and an improved suppression
of HER. Among the results, a homemade>Ownanoparticles with high surface area, which
supplies sufficient active sites for e@RR, showed a considerable selectivity and activity
towards CO producTheFE reached to 61.31% &.0 V vs Ag/AgCl ¢1.27 V vs. RHE) in 1 M

KHCOQO:s.

In Chapter 5, commercially available ATO, ITO andM©®F (supplied by Manchester

University) were employed as electrocatalyst for eRR We have demonstrated the £0

132



mass transfer influence using ATO in-Cé&ll, and a >17 folds FE increase has been achieved
compared to the results in-¢¢ll. This has clearly proved the e@ass transfer effect for
eCORR. Then we evaluated the pH influence in€&f using ITO as calgst, and the results
indicated that high pH electrolyte in GDE cells could improve the.BBRperformance though
supressing HER. Finally, IMOFs were evaluated in KHGCelectrolyte with different
concentrations. Using higher concentration of electrolygéter FE results has been obtained
with an enhanced proton transfer in electrolyte, therefore a reduced electrolyte resistance. A
)( RI IRUPDWH XS WR ZLWK D FXUhbHE e aBhie@d LsMy R

In-MOF at-1.0 V vs. RHE.

TheCO, mass transfer has been found as the key reason through the studies on electrochemical
cells design and manufacturing. A concept of gas diffusion electrode was used &®RCO
and several GDE cells were designed and fabricated usingriBiing technige, which

achieved a great enhancement on @1@ss transfer.

X Hybrid gas diffusion electrode cell (GA&GtIl) for the enhancement of e@RR

In Chapter 6, | prepared and evaluated the mechanical and electrical performance of GA, which
was then employed fomaadvanced new cells structure in Chapter 7. A hybrid gas diffusion
electrode was designed and utilized in eRR. It combines the advantages from both carbon
paper and GA to dramatically improve the FE. Graphene aerogel was filled in the gas chamber,
redirected CQ flow pathway and improved the mass transfer. Carbon paper as the substrate
supported the catalyst layer. Finally, we have achieved a high FE of over 94% for CO and
formate generation using synthesized@and ATO reported in ChaptefsThis isattributed

to the hybrid GDE cell with enhanced €@ass transfer.
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We showcase the performance achiewelthis work as listed in Table 8.Which presents the
exploration paiway. By concern about the catalysts, electrolytes and cells etc, the FE has

enhanced significantly.

Table 7.1 Some electrochemical results in Chapter, 4vith enhanced FE and current density by
reaction condition control.

Partial
Main C | Applied Current | Chapter
No. | Catalyst | Cell | Electrolyte products | potential FE density | or Ref.
(mAcm?)

Dendric 05M -2.0Vvs. 0

1 Cu H-cell KHCOs CoO Ag/AgCl 2.49% 2.99 Chap. 4
0.5M -1.8Vvs. .

2 CwO H-cell KHCOs CoO Ag/AgCl 15.14% 10.49 Chap. 4

3 ATO H-cell IBHEES'\C/I)g Formate '1'§|_\|/EVS' 3.17% 10.6 Chap. 5
0.5M 2.0V vs. .

4 CwO | CPe<cell KHCOs CoO Ag/AgCl 55.42% 66.50 Chap. 4
0.5M 2.0V vs. .

5 ATO | CP-cell KHCOs Formate Ag/AGC] 56.76% 51.1 Chap. 5
1M 2.0V vs. .

6 CwO | CPe<cell KHCOs CoO Ag/AgCl 61.31% 85.96 Chap. 4

7 | ITO | CPecell Klﬂéﬂos Formate '%Q’EVS' 67.54% | 33.64 | Chap.5

-1.2 Vvs.

8 ITO CPcell| 1M KOH | Formate RHE 74.24% 68.04 Chap. 5

9 | cwoO G,sec”n 1MKOH | CO '1'&:/'5"3' 83.54% | 125 | Chap.7

10 | ATO G,sec”n 1 MKOH | Formate 'LéXE"S' 84.54% | 115 | Chap7

8.2 Future works

This studyfocusedon improving eC@RR from engineering design point of view. However,
further enhancement on e@RR are still under high demands to realize its commercialization.
The critical issues include development of loast and stable catalyst, improvement of cells

and scaling up ahe system.
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X Simulation assisted design of GDE cells for eRR

Simulation of CQ mass transfer and reaction results could greatly assist the design of cell
before manufacturing. In the future, COMS®OWill be used to improve the cell design, to

improve the C@mass transfer, and to reduce the charge transfer resistance in cell.

X Scalng up of the current system

Currently, all the designed cells are still in a lab scale. To aim for commercialize, scale up of
cells is necessary. However, there are a lot of challenges for scaling up, such as the lifetime of
cells, and ease of operatiar fvorkers, etc. Therefore, more strategies should be taken to solve

these problems.

x Development of gas diffusion electrade

Low water resistance ability always occurs after iemgn eCORR in GDE cells. This
phenomenorieads to electrolyte permeatioand the GDE cells will therefore lost its gas
diffusion function. To overcome this problem, advanced masestaduld be discoverefbr
GDL, with good hydrophobicity, good porosity for @€apture and mass transfBreparation
of catalyst layer should ade carefully concerned, enhancement of porpsigductivity and

hydrophobicity of catalyst layerre effective methods for eGRR.
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Appendix

Appendix 1 FE calculation

The calculate steps fealculaing FE from CV plot and GC, IC resulsfiown as following:

Data from GCo#

A customized standard mixed gas (BOC) withabmponents of {1.000%), CO (1.000%), CH
(0.500%), CQ(96.000%), GH4 (0.500%), GHs (0.500%), and €Hs (0.500%) was used as the
reference standard for the GC to analyse gas. Area normalization method was used to calculate the
concentration of each cgmanent in the sample gas.
Step 1:Calculation of m%
To calculate nole maspercentag®f each componemh%,

L BH
wherem is the concentration of the component X in mix dg&scorrection factgrandA is the
peakareaof X.
Hypothesizdn=1, thus

| 4 L B ®&4
Where A is the peak aera obtained from GC result of standard mixed gas sample.
For one certain componeint

| gL B®#gy
Then

B ®&4
B ®y

| y@B ®4
| 4 ®Hy

LA,
NV

BL
In standard mix gas: C@h1%, C(CO)=1%, C(CH)=0.5%, C(CQ)=96%, C(CH4)=0.5%,

C(CzHe)=0.5%,
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LE g
% ST #Hyu

wherei% is the concentration percentage of component

Then mole concentratids:

« (€= e
e Eq. S1.1

Step 2:Combine FE equation and ideal gagquation of states:

FE equation:

where . isnumber of transferred electrqmss mol massF isFaraday numbet istheaverage
currentof CA testand t is reaction time.

Ideal gas equation:

Le &
‘Ve—feot fholf-TtW a
i, Ei, <a586=%9 . 3
_aL_E Lm“ll_ tv¥yxv «‘Z Eq512
whereP is pressurgV is gasvolume nis mol massR is constant valu8.314and T isKalvin
temperature

Then set CQflow rate isx ml/min, therefore theotal volume of collected gas:

= Eq. S1.3

Combine the Equation S1.2 and Equation Sh&role of componentni)is

Jgb L HI g ; tvarxy Eq. S1.4

Therefore, the FE can be calculated:

@@ 10550 OWRYe tef@®  UWRYe
orqlL — L — L
u®s u®s u
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Data from IC o#

Firstly, several formate solutions were prepared with a gradient concent@dicondly the
standardsamples were tested in IC and the peaks of foriffa)ewere obtained. Thirdlya
ConcentratiorPeak aera plot was made. Finally, the concentration of tested samples can be

calculated by the concentratiéteak aera plot.

66Li®®f|_"®a®®
u®s U

Where . is number of transferred electromss mol massC is theconcentration of tested
samples, V is the volume of tested sample, F is Faraday constant, | is the average current of

CA and T is the reaction time.
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Appendix 2 Supplementary Information @déndritic Cu, commercial

Cw0O and synthesized @D in Chapterd

*All potential presents in this chapter vs. Ag/AgCl

**Error in brackets, sample standard deviation

2.1 Data of Electrochemical Evaluation inddll

TableS21 Dendritic Cu Faradaic efficiency data inddll, 0.5 M KHCQ

Faradaic

. -1.2V -1.4V -1.6V -1.8V 2.0V
efficiency

Ho 100.00% 99.05% 98.50% 98.20% 97.51%
(0.00%) (0.04%) (0.05%) (0.03%) (0.06%)

co 0.00% 0.95% 1.50% 1.80% 2.49%
(0.00%) (0.04%) (0.05%) (0.03%) (0.06%)

HCOOH 0.00% 0.00% 0.00% 0.00% 0.00%
(0.00%) (0.00%) (0.00%) (0.00%) (0.00%)

TableS22 Commercial CrO Faradaic efficiency data in-Eell, 0.5 M KHCQ

Faradaic 12V 14V 16V 18V 2.0V
efficiency
) 96.10%  92.35%  90.93% _ 86.65% __ 84.96%
(0.06%) (0.11%) (0.19%) (0.79%) (1.71%)
co 3.90% 7.65% 856%  12.48%  13.90%
(0.06%) (0.11%) (0.17%) (0.73%) (1.62%)
HCOOH 0.00% 0.00% 0.51% 0.87% 1.14%
(0.00%) (0.00%) (0.04%) (0.07%) (0.09%)

Table 2.3 SynthesizedCu,O Faradaic efficiency data in-ekll, 0.5 M KHCQ

Faradaic 12V 14V 16V 18V 20V
efficiency
a0, 96.01%  96.32%  91.23% _ 83.56%  84.63%
(0.15%) (0.15%) (0.97%) (0.51%) (0.92%)
co 3.99% 3.17% 7.88%  1514%  14.16%
(0.15%) (0.14%) (1.05%) (0.65%) (0.75%)
HCOOH 0.00% 0.51% 0.89% 1.30% 1.21%
(0.00%) (0.05%) (0.09%) (0.16%) (0.17%)
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Table 2.4 Total Current density data in-eell, 0.5 M KHCQ

Current 12V 1.4V 16V 1.8V 2.0V
density

o 42.2 61.8 85.5 101.7 120
Dendritic Cu (L5) (3.2) (4.9) (8.0) (8.9)
51 11.2 19.5 28.4 38.8

Comm.Ctz0 (0.6) (1.0) 0.7) (1.5) 2.1)
10.5 30.2 49.8 69.3 75.2

Syn.CeO (0.3) 2.3) (3.2) (4.0) (3.7)

8QLW PS$AFP

Table 2.5 Current density of CO data in-¢é€ll, 0.5 M KHCQ

gu”?”t* 12V 1.4V 1.6V 1.8V 2.0V

ensity

Dendritic Cu 0.00 0.59 1.28 1.83 2.99

Comm.Cw0 0.20 0.86 1.67 3.54 5.39
Syn.CwO 0.42 0.96 3.92 10.49 10.65

Unit: PSAFEP

Table 2.6 Current density of formate data irdéll, 0.5 M KHCQ

Current

density* -1.2V -14V -1.6V -1.8V 20V
Dendritic Cu 0.00 0.00 0.00 0.00 0.00
Comm.Cuw0 0.00 0.00 0.10 0.25 0.44
Syn.CweO 0.00 0.15 0.44 0.90 0.91

8QLW PFS$AFP

Table 2.7 SynthesizedCu,O Faradaic efficiency data in-eell, 1 M KHCG;

Faradaic 12V 14V 16V 18V 2.0V
efficiency
o, 98.20%  97.51%  94.94%  89.20% __ 85.62%
(0.05%) (0.16%) (0.39%) (1.30%) (1.36%)
co 1.80% 1.97% 4.76% 9.83%  13.07%
(0.05%) (0.21%) (0.40%) (1.25%) (1.32%)
HCOOH 0.00% 0.52% 0.30% 0.97% 1.31%
(0.00%) (0.09%) (0.01%) (0.09%) (0.06%)
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Table 2.8 Current density data of synthesizedGun H-cell, 1 M KHCG

gw@t 12V 1.4V 1.6V 1.8V 2.0V
ensity
13.2 40.1 57.3 83.7 90.1
Total 0.3) (1.1) (1.1) (4.3) (5.5)
CcO 0.24 0.79 2.73 8.23 11.78
Formate 0.00 0.21 0.17 0.81 1.18

8QLW PS$AFP

2.2 Data of Electrochemical Evaluation in-Cé&ll

Table 2.9 Dendritic Cu Faradaic efficiency data in€@ll, 0.5 M KHCQ

Faradaic

o -1.2V -1.4V -1.6V -1.8V 2.0V
efficiency

Ho 81.44% 79.20% 73.79% 71.63% 72.92%
(1.65%) (2.76%) (0.44%) (0.91%) (1.86%)

co 2.56% 2.64% 5.60% 8.16% 7.98%
(0.51%) (0.56%) (0.36%) (0.35%) (0.35%)
HCOOH 16.00% 18.16% 20.61% 20.21% 19.10%
(1.40%) (2.31%) (0.61%) (0.68%) (1.55%)

Table 2.10 Commercial CeO Faradaic efficiency data in @fell, 0.5 M KHCQ

Faradaic

o -1.2V -1.4V -1.6V -1.8V 2.0V
efficiency

Ho 58.40% 52.16% 36.83% 32.65% 39.64%
(2.61%) (1.81%) (1.38%) (0.61%) (1.39%)
co 26.61% 34.46% 46.80% 48.27% 45.52%
(1.06%) (1.56%) (1.74%) (0.41%) (0.90%)
HCOOH 14.99% 13.38% 16.37% 19.08% 14.84%
(1.55%) (0.48%) (0.37%) (0.29%) (0.73%)

Table 2.11 Synthesized G Faradaic efficiency data in @rll, 0.5 M KHCQ

Faradaic

. -1.2V -1.4V -1.6V -1.8V 2.0V
efficiency

Ho 59.26% 44.98% 42.23% 38.16% 36.96%
(0.53%) (1.52%) (1.29%) (1.69%) (1.28%)
co 35.08% 49.10% 50.89% 54.80% 55.42%
(0.26%) (1.20%) (0.97%) (1.48%) (1.25%)

HCOOH 5.66% 5.92% 6.88% 7.04% 7.62%
(0.28%) (0.43%) (0.65%) (0.26%) (0.37%)

Table .12 Total current density data in &fll, 0.5 M KHCQ
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Current

e -1.2V 1.4V -1.6V -1.8V 20V
density
" 30.1 48.2 60.1 70.7 90.0
Dendritic Cu (1.2) 2.4) 2.2) (3.5) (4.6)
9.9 17.5 30.5 53.6 61.3
Comm.Cuz0 (1.0) (0.8) (0.6) 2.4) 2.5)
13.5 29.6 61.2 98.2 120.0
Syn.CLeO _(0.3) 0.7) (1.3) (2.4) (3.3)
8QLW PFP$AFP
Table 2.13 Current density of CO data in @fell, 0.5 M KHCQ
Current 12V 1.4V 1.6V 1.8V 2.0V
density
Dendritic Cu 0.77 1.27 3.37 577 7.18
Comm.Cu0 2.63 6.03 14.27 25.87 27.90
Syn.CwO 4.74 14.53 31.14 53.81 66.50
8QLW FS$AFP
Table 2.14 Current density of formate data in €Ell, 0.5 M KHCQ
gw@ﬁ 12V 1.4V 1.6V 1.8V 20V
ensity
Dendritic Cu 4.82 8.75 12.39 14.29 17.19
Comm.Cu0 1.48 2.34 4.99 10.23 9.10
Syn.CweO 0.76 1.75 4.21 6.91 9.14

8QLW PS$AFP

Table 2.15 Synthesized w0 Faradaic efficiency data in Gell, 1 M KHCG

Faradaic

- -1.2V -1.4V -1.6V -1.8V 2.0V
efficiency

H, 53.51% 43.53% 37.78% 36.05% 30.82%
(2.39%) (1.00%) (1.08%) (0.16%) (1.70%)
co 41.07% 50.98% 55.80% 57.85% 61.31%
(2.11%) (0.70%) (1.14%) (0.38%) (1.46%)

HCOOH 5.42% 5.49% 6.42% 6.10% 7.87%
(0.29%) (0.32%) (0.07%) (0.39%) (0.33%)

Table .16 Current density data alynthesized G@ in CRcell, 1 M KHCG
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Current

e 1.2V 1.4V 1.6V 1.8V 2.0V
ensity
21.0 32.6 68.7 112.6 140.2
Total 0.8) (1.1) (1.2) (1.9) (7.2)
CcO 8.62 16.62 38.33 65.14 85.96
Formate 1.14 1.79 4.41 6.87 11.03

8QLW FS$AFP
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Appendix 3 Supplementary Information©é,O,/Graphene ilChapter

4

*All potential presents in this chapter vs. Ag/AgCl

**Error in brackets, sample standard deviation

3.1 CA test in Hcell

Table S31 Current density data of Q0y/Graphenecatalysts irH-cell, 1 M KHCG;

Current density* -1.2V -1.4V -1.6V -1.8V 2.0V
0.4 1.5 6.0 12.1 23.4

n-CuxOy/Graphene o, 0.1) (0.0) 0.2) 0.1)
1.2 4.8 13.7 24.8 455

b-CuxOy/Graphene (", 0.1) (0.4) (0.6) (1.0)
1.0 2.3 8.0 13.7 28.3

m-CuxOy/Graphene (), 0.1) (0.5) (1.2) (1.0)
1.2 4.3 15.0 26.1 51.7

f-CuxOy/Graphene 7 (0.3) 0.7) (0.5) (1.2)

8QLW FS$AFP

3.2 CAtest in CReell

Table S n-CuOy/Graphend-aradaic efficiency data i@P-cell, 0.5 M KHCQ

Faradaic 12V 14V 16V 18V 2.0V
efficiency
o, 96.34%  90.92%  91.07% _ 9057% _ 92.78%
(0.09%) (0.46%) (0.48%) (0.60%) (0.44%)
co 2 .66% 8.27% 7.73% 8.53% 5.31%
(0.14%) (0.48%) (0.52%) (0.51%) (0.41%)
HCOOH 1.00% 0.81% 1.20% 0.90% 1.91%
(0.05%) (0.04%) (0.13%) (0.10%) (0.12%)
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Table S33 b-CuOy/Graphend-aradaic efficiency data in Gell, 0.5 M KHCQ

Faradaic 12V 14V 16V 18V 2.0V
efficiency
o, 95.65%  92.76%  89.57%  75.36%  84.55%
(0.22%) (0.23%) (0.22%) (0.52%) (0.62%)
co 3.35% 6.23% 9.09%  22.47%  14.18%
(0.30%) (0.18%) (0.12%) (0.36%) (0.66%)
HCOOH 1.00% 1.01% 1.34% 2 17% 1.27%
(0.12%) (0.06%) (0.10%) (0.20%) (0.04%)

Table S3 m-CuO,/Graphend-aradaic efficiency data in Gg&ll, 0.5 M KHCQ

Faradaic

o -1.2V -1.4V -1.6V -1.8V 2.0V
efficiency

Ho 97.45% 89.55% 89.20% 90.45% 94.01%
(0.10%) (0.45%) (0.83%) (0.73%) (0.48%)

co 2.55% 8.96% 9.38% 8.45% 5.12%
(0.10%) (0.49%) (0.90%) (0.62%) (0.53%)

HCOOH 0.00% 1.49% 1.42% 1.10% 0.87%
(0.00%) (0.05%) (0.07%) (0.14%) (0.06%)

Table S3 f-CuOy/Graphend-aradaic efficiency data in Ggell, 0.5 M KHCQ

Faradaic

- -1.2V -1.4V -1.6V -1.8V 2.0V
efficiency

Ho 92.64% 88.73% 81.92% 72.28% 87.11%
(0.46%) (0.16%) (0.77%) (0.95%) (0.87%)
co 5.43% 9.84% 15.26% 25.42% 10.94%
(0.38%) (0.30%) (0.77%) (0.56%) (0.89%)

HCOOH 1.93% 1.43% 2.82% 2.30% 1.95%
(0.25%) (0.18%) (0.16%) (0.40%) (0.17%)

Table S36 Total current density data 6fu.O,/Graphenen CP-cell, 0.5 M KHCQ

g:r::tr;i 12V 1.4V 16V 1.8V 20V
n-cuiG 02 9 i ) o
P-eu/e 07 s s P iy
m-Cu/G o5 o) oy on PN
UG o o ne  @n  Ga

8QLW FPS$AFP
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Table S37 CO current density data €uOy/Graphenen CP-cell, 0.5 M KHCQ

Current density* -1.2V -1.4V -16V -1.8V 20V
n- CuxOy/Graphene 0.13 0.56 0.90 1.97 1.67
b- CuxOy/Graphene 0.34 1.03 2.54 8.79 9.97
m- CuxOy/Graphene 0.21 0.94 1.55 3.09 2.40
f- CuxOy/Graphene 0.54 1.80 4.09 12.20 9.31

8QLW FPS$AFP

Table S33 Formate current density data©éO,/Grapheneén CP-cell, 0.5 M KHCQ

Current density* -1.2V -1.4V -16V -1.8V 20V
n- CuxOy/Graphene 0.05 0.06 0.14 0.21 0.60
b- CuxOy/Graphene 0.10 0.17 0.37 0.85 0.89
m- CuxOy/Graphene 0.00 0.16 0.23 0.40 0.41
f- CuxOy/Graphene 0.19 0.26 0.76 1.10 1.66

8QLW FPS$AFP
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Appendix 4 Supplementary Information ©hapter 5

*All potential presents in this chapter vs. RHE

**Error in brackets, sample standard deviation
4.1 Experimental data of ATO

Table S41 ATO Faradaic efficiency data in-eell, 0.5 M KHCQ

Faradaic 0.4V 0.6V 0.8V 1.0V 12V
efficiency
o, 98.26%  9550%  95.42%  95.16%  94.74%
(0.07%) (0.38%) (0.45%) (0.16%) (0.21%)
co 0.00% 1.90% 1.58% 2.03% 2.09%
(0.00%) (0.35%) (0.28%) (0.11%) (0.08%)
HCOOH 1.74% 251% 3.00% 2.81% 3.17%
(0.07%) (0.28%) (0.17%) (0.07%) (0.15%)

Table S42 ATO Faradaic efficiency data in Gell, 0.5 M KHCQ

Faradaic

. -0.4V -0.6V -0.8V -1.0V -1.2V
efficiency

Ho 62.69% 46.24% 43.33% 38.55% 34.78%
(0.61%) (1.45%) (1.98%) (1.09%) (1.27%)

co 2.21% 577% 5.56% 8.47% 8.46%
(0.20%) (0.19%) (0.21%) (0.39%) (0.30%)
HCOOH 35.10% 47.99% 51.11% 52.98% 56.76%
(0.63%) (1.29%) (1.81%) (0.83%) (1.14%)

Table S43 Total current density data of ATO in¢¢ll and CFecell, 0.5 M KHCQ

Current

density* -0.4V -06V -0.8V -1.0V -1.2V
H-cell 35.6 65.5 128.6 163.2 199.9

(1.7) 2.9) (2.5) (10.2) (13.0)

20.2 35.1 42.1 65.6 90.1

CP-cell (0.4) (0.4) (0.6) 2.1) (2.0)

8QLW FPS$AFP
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Table S#4 Formate current density data of ATO inddll and Ckcell, 0.5 M KHCQ

Current

d - -04V -0.6 V -0.8V -1.0V -1.2V
ensity

H-cell 0.9 54 9.9 13.9 10.6
CP-cell 7.1 16.8 21.5 34.8 51.1

8QLW FPS$AFP
4.2 Experimental data of ITO

Table S45 ITO Faradaic efficiency daf@grormate)n 1 M KHCOs; and 1 M KOH electrolytes

Faradaic

. -0.4V -0.6 V -0.8V -1.0V -1.2V
efficiency
9.53% 57.32% 64.54% 56.02% 67.54%
1MKHCO (0.05%) (0.31%) (0.46%) (1.04%) (0.89%)
1 M KOH 18.70% 57.77% 63.74% 67.26% 74.24%
(0.35%) (0.21%) (0.66%) (0.98%) (1.64%)

Table S46 Total current density daf@&ormate)of ITO in 1M KHCO3z; and 1 M KOH electrolytes

Current 0.4V 0.6V 0.8V 1.0V 12V
density*
28 85 207 388 49.8
1MKHCOs (0.1) (0.8) (1.0) (1.8) (2.6)
10.4 23.3 49.5 53.9 91.6
1 M KOH (0.1) (0.2) (1.1) (1.0) (2.4)

8QLW FP$AFP

Table S47 Formate current density data of ITO iMIKHCOz; and 1 M KOH electrolytes

Current 0.4V 0.6V 0.8V 1.0V 1.2V
density

1MKHCOs  0.26 4.85 13.33 21.72 33.64

1 M KOH 1.94 13.46 31.58 36.27 68.04

8QLW FPS$AFP
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4.3 Experimental data of {IMOF

Table S48 In-MOF Faradaic efficiency data in @fell

Faradaic

- -0.4V -0.6V -0.8V -1.0V -1.2V
efficiency
13.17% 17.65% 31.55% 41.41% 44.90%
0.1 MKHCOs (0.05%) (0.10%) (0.14%) (0.12%) (0.20%)
20.64% 57.57% 50.81% 64.84% 53.99%
0.5 M KHCOs (0.13%) (0.23%) (0.21%) (0.24%) (0.31%)
1 M KHCO 20.48% 58.51% 60.67% 81.45% 72.46%
3 (0.09%) (0.45%) (0.63%) (1.09%) (1.34%)
2 M KHCO 39.08% 61.77% 64.97% 58.07% 63.59%
3 (0.42%) (0.78%) (1.15%) (1.01%) (1.84%)
0.1 M KOH 11.07% 14.35% 28.57% 38.67% 36.02%
' (0.83%) (1.02%) (1.10%) (1.36%) (1.32%)
Table S49 In-MOF total current density data in &ll
Current 0.4V 0.6V 0.8V 1.0V 1.2V
density*
4.6 4.6 8.9 13.5 16.0
0.1 MKHCOs (0.1) (0.1) (0.2) (0.3) (0.2)
3.1 13.0 27.1 48.9 62.0
0.5 M KHCOs (0.1) (0.2) (0.2) (0.5) (0.8)
4.2 6.8 35.0 54.2 140.4
1 MKHCOs (0.1) (0.4) (0.7) (1.4) (2.6)
6.6 17.9 38.8 82.9 157.0
2MKHCOs (0.5) (0.8) (1.0) 1.1) (2.5)
2.3 4.1 6.0 10.7 16.0
0.1 MKOH (02 (0.3) (1.0) (1.2) (1.6)
8QLW PFPS$AFP
Table S410In-MOF current density of formate data in-Cé&ll
gm@ﬂ 0.4V 06V 08V 1.0V 1.2V
ensity
0.1 M KHCOs3 0.6 0.8 2.8 5.6 7.2
0.5 M KHCOs3 0.6 7.5 13.8 31.7 33.5
1 MKHCO3 0.9 4.0 21.2 44.1 101.7
2 M KHCO3 2.6 11.1 25.2 48.1 99.8
0.1 M KOH 0.3 0.6 1.7 4.1 5.8

8QLW FP$AFP
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Table S411In-MOF durability test data in GEell

Time 0-1h 1-2 h 2-3h 3-4h
FE 82.41% 83.02% 79.40% 76.76%
(1.07%) (1.18%) (2.29%) (2.91%)
- 53.1 57.0 58.1 60.1
Total Current density (1.5) (1.4) 2.1) 2.3)
Current density of formate 43.7 47.4 46.6 46.1

8QLW FS$AFP
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Appendix 5 Supplementary Information of Chapter 7

5.1 COMSOL Simulation Parameters

Table S51 Physical model parameters

Model Value Unit

CP width 18 mm

CP height 21 mm
CP depth 0.25 mm

GA width 18 mm
GA height 21 mm
GA depth 4 mm
Gas input radius 3 mm
Gas output radius 3 mm

Table S&2 Parameter for physical properties, second current density and transfer of concentration
spices

Simulation calculation

Value Unit
parameters
electrolyte conductivity 1 S/IM
CP conductivity 125 S/IM
GA conductivity 153 S/IM
CPporosity 0.3
GA porosity 0.8
T 293.15 K
Eeq.re(T) 0.197 Vv
Cr 0.005
Co 1
io,re(T) 0.005 A/M"2
a 0.5
v 1€ 1/m
electrolyte potential -0.18 \%
electric potential 0 \%
PA 1 Pa
Meeg2 0.044  kg/mol
Me+g22+ 0.046  kg/mol
u 10 m/s

163



diffusivity sSAFw %0

Eeqre(T) is reference equilibrium potential k@& reduced species expression, i€ oxidised
species expression,#(T) is reference exchange current density, Mis CO molar mass,

M ¢ +& 228 HCOOH molamass, u is gas inlet velocity. All physical modelling parameters are
presented in Table53l. Secondary Current Distribution (SCD) module was used to calculate
overpotential change, and molality was simulated by Transfer of Concentrated Species (TOCS)
modue. Parameters in Table&b2 are used to calculate the simulation model. Diffusivity is a
function of gas composition, in the simulation, £&hd products follow Maxwelbtefan
diffusion. The value used is a default value from COMSOL.

The potential changs calculated based on Nernst equation

‘gal "pagib; F— H A

At the same time, the Butl&folmer dynamic expression was used to express the local current

distribution, and this expression was also calculated based on The Neat&irequ

« 1.5 PO

Rad B:1S1—— 6pFi | 76 p;
V,Lb(a & UO(& y
L Bagif:% 151 46‘2’“F¢ 46‘2’5

S .
WhereE L Bggi6;% %', L JF Whand sgd 'oF 'zagib;
The distribution of the amount of matter in therous electrode under the influence of the

Nester Equation follows the following function

RE
J(

Where Ris stoichiometric coefficient andis coupled reaction from the porous electrode

4y L —=

reaction in the previous step.
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5.2 Experimental data

*All potential presents in this section vs. RHE

Experimental data of eGAR by using Ce0O as catalyst:

(Error in brackets, sample standard deviation)

Table S53 Cw,O Faradaic efficiency in CPEell

Faradaic 0.6V 08V 1.0V 1.2V
efficiency
Ho 41.92% 31.47% 37.38% 34.23% 38.88%
(1.57%) (1.50%) (2.14%) (3.68%) (0.20%)
co 55.13% 65.71% 60.19% 64.23% 58.93%
(1.6%) (1.5%%) (2.72%) (3.3M) (0.22%)
HCOOH 2.95% 2.83% 2.42% 1.54% 2.19%
(0.40%) (0.31%) (0.74%) (0.50%) (0.27%)
Table S% CwO Faradaic efficiency in Gaell
Faradaic
- -0.4V 06V -0.8V -1.0V -1.2V
efficiency
Ho 70.03% 87.65% 86.04% 89.97% 95.56%
(2.12% (1.49%) (1.70%) (1.96%) (1.11%)
co 29.67% 12.34% 13.62% 9.86% 4.17%
(2.12%) (1.49%) (1.8%%) (1.96%) (1.10%)
HCOOH 0.00% 0.01% 0.34% 0.17% 0.27%
(0.00%) (0.00%) (0.20%) (0.09%) (0.04%)
Table S% Cw,0O Faradaic efficiency in GACEell
Faradaic 0.6V 0.8V 1.0V 12V
efficiency
Ho 11.95% 9.86% 5.99% 5.11% 7.36%
(1.6%%) (0.77%) (0.26%) (0.38%) (0.29%)
co 79.58% 80.41% 84.20% 83.54% 81.91%
(2.13%) (1.07%0) (0.33%) (0.47%) (1.10%)
HCOOH 8.47% 9.73% 9.81% 11.35% 10.73%
(0.50%) (0.39%) (0.53%) (0.14%) (1.11%)
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Table S5 CuwO Faradaic efficiency data in-eell

Faradaic —  , 0.6V 08V 1.0V 1.2V
efficiency
Ha 98.58% 87.07% 83.83% 84.57% 86.50%
(0.69%) (0.90%) (0.53%) (1.55%) (2.43%)
co 0.00% 11.45% 14.76% 14.33% 12.63%
(0.00%) (0.91%) (0.71%) (1.34%6) (2.46%)
HCOOH 1.42% 1.49% 1.42% 1.10% 0.87%
(0.69%) (0.02%) (0.20%) (0.22%) (0.08%)
Table S57 Total current density of GO based eC&RR
Current
d - -0.4V -06V -0.8V -1.0V -1.2V
ensity
H-cell 34.5 55 92.5 150 210
(2.5) (7.0) (4.5) (8.0) (7.5)
17.5 44 58.5 123 142.5
CP-cell 2.0) (3.5) (4.0) (5.5) (2.5)
19 52 82.5 125 170
GA-cell (3.0) (4.5) (2.5) (6.0) (10.5)
375 65.5 99 125 151
GACP-cell (15) (2.0) (3.0) (2.5) (15)
Unit: mA &m2
Table S53 CO current density of GO based eCERR
g””‘?”t* 0.4V 0.6V 0.8V 1.0V 1.2V
ensity
H-cell 0.0 6.3 13.6 21.5 26.5
CP-cell 9.6 28.9 35.2 79.0 84.0
GA-cell 57 6.4 11.2 12.3 7.1
GACP-cell 29.8 52.7 83.4 104.4 123.7
Unit: mA Am2

Table S Faradaic efficiency of durability test using <€€ll and GACPcell

Faradaic CPcell 4 h CPcell8h GACPcell4h GACP-cell 8 h
efficiency
H, 34.92% 75.53% 5.74% 12.50%
(2.60%) (2.73%) (0.80%) (1.69%)
co 63.28% 22.93% 83.36% 79.27%
(2.9%%) (2.57%) (1.66%) (2.02%)
1.80% 1.54% 10.90% 8.23%
HCOOH (0.40%) (0.15%) (0.86%) (0.34%)
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Experimental data of eCAR by using ATO

(Error in brackets, sample standard deviation)

Table S510 ATO Faradaic efficiency in ell

Faradaic

efficiency -04V -06V -0.8V -1.0V -1.2Vv
Ha 98.44% 97.65% 97.36% 96.59% 96.45%
(0.09%) (0.12%6) (0.13%) (0.25%) (0.26%)
co 0.53% 1.02% 0.76% 1.25% 1.05%
(0.03%) (0.07%) (0.08%) (0.119%) (0.02%6)
HCOOH 1.03% 1.33% 1.88% 2.16% 2.50%
(0.04%) (0.13%) (0.13%) (0.13%) (0.26%)
Table S511 ATO Faradaic efficiency in Geell
;ﬁgﬁ‘gﬁg 04V 06V 08V 1.0V 12V
Ho 46.47% 32.86% 33.76% 28.88% 41.85%
(1.80%) (0.99%) (0.31%) (1.85%) (0.8%%)
co 7.55% 13.48% 10.33% 11.41% 8.79%
(0.52%) (0.47%6) (0.59%) (1.56%) (0.71%)
HCOOH 45.98% 53.66% 55.91% 59.71% 49.36%
(1.420) (0.56%) (0.47%0) (0.6240) (0.62%0)
Table S512 ATO Faradaic efficiency in GAsell
5?.2?3?5 04V 06V 08V 1.0V 12V
H 80.04% 73.18% 65.92% 68.86% 68.71%
2 (0.61%) (1.45%) (1.60%0) (1.95%) (1.3026)
co 1.42% 2.21% 4.28% 5.35% 4.64%
(0.11%) (0.25%) (0.40%) (0.30%) (0.65%)
HCOOH 18.54% 24.61% 29.80% 25.79% 26.65%
(0.520) (1.34%0) (1.20%) (1.65%) (1.51%)
Table S513 ATO Faradaic efficiency in GACEell
gf";‘lfl‘gr?(':‘; 0.4V 0.6V 0.8V 1.0V 1.2V
H 23.38% 12.99% 9.68% 5.59% 5.95%
2 (1.520) (1.51%) (0.58%) (0.29%) (0.44%)
co 6.52% 10.10% 12.21% 11.43% 9.51%
(0.29%) (1.2%%) (0.71%) (0.70%) (1.49%)
HCOOH 70.10% 76.91% 78.11% 82.98% 84.54%
(1.3%%) (0.5%%) (L.17%) (0.47%0) (1.3™0)
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Table S514 Total current density of ATO based e

Current 0.4V 0.6V 0.8V 1.0V 12V
density*
H-cell 32 1255 200 235 315
(2.0) (6.0) (9.0) (13.5) (15.0)
15 33.5 55 80.5 102.5
CP-cell (2.0) (2.0) (3.5) (4.5) (2.5)
17 42.5 71 94 105
GA-cell (1.0) (1.0) (2.0) (2.0) (4.0)
225 35 64 96 115
GACP-cell (1.5) (0.5) (2.0) (3.0) (3.0)
Unit: mA A2

Table S515 Formic current density of ATO based efRR

g:r::ft;i 0.4V 0.6V 0.8V 1.0V 1.2V
H-cell 0.3 17 3.8 5.1 7.9
CP-cell 6.9 18.0 30.8 48.1 50.6
GA-cell 3.2 105 21.2 24.2 28.0
GACP-cell 15.8 26.9 50.0 79.7 97.2
Unit; mA &m?2
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