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PREFACE

The aim and purpose of this thesis derive their origin from the environmental science and
engineering, whereas, the approach to tackle the challenges is a combination of chemical engineering
and chemistry. The thesis tries to find the solution for the two major problems of today’s world — the
increasing CO, concentration in the atmosphere, and the reducing conventional fossil fuels. The idea
is to use CO, itself to convert into fuels using non-conventional energy sources, so that, both the
problems can be targeted simultaneously. The thesis explains in detail about the urgency of the
problem and accordingly, the investigations have been made to understand and report the various
know-how of the process, along with the development of new and effective electrocatalysts for the

conversion of CO, into fuel kind of products.

The basic knowledge about the current situation of the atmosphere is dealt in chapter 1, along with
the details of the process of electrochemical reduction of CO, for the production of fuel kind of
products. The chapter also discusses the issues which need to be addressed for the successful

application of this process.

To understand the present status of the electrochemical reduction of CO,, a thorough literature survey
is carried out emphasizing the use of electrocatalysts and the details are presented in chapter 2. This
chapter critically analyzes the various advantages and shortcomings of the already employed
electrocatalysts, which helps to focus on the thrust areas which need clarification and know-how
where further developments can be done. Based on the literature survey, objective of the present

research work is formulated and given at the end of the chapter 2.

Chapter 3 discusses the various experimental procedures, which are common throughout the thesis.
The principle of the various characterization techniques, both ex-situ and in-situ, are discussed along

with the procedure to perform them. The chapter also illustrates the developed experimental set-up
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and electrochemical reactor to perform the experimental work. The method of calculation of Faradaic

efficiency, rate of the reaction, and selectivity is also discussed in detail.

Chapter 4 is dedicated to the results and discussions of the pure metals which have been chosen as the
electrocatalysts for the electrochemical reduction of gaseous CO,. The chapter includes the synthesis
and characterization of the pure metal electrocatalysts (cathode), along with the synthesis, treatment,
and characterization of the anode and solid polymer electrolyte. The chapter is very important as it
also describes about the catalytic activity protocol which is required in light of the various mismatch
and confusing results presented by various literature during cyclic voltammetry experiments. In order
to clarify and clear the doubts, the protocol was developed and used for the initial screening of the
electrocatalysts in all the further chapters. At the end, the chapter generalizes various results and

proposes a layout of work for the subsequent chapters.

Based on the results obtained in chapter 4, it is found necessary to treat the various pure metals in
some way so that their efficiency can be increased. This is done through the formation of oxides of all
the pure metals, which is dealt in chapter 5. The chapter clarifies the reason for the better performance
of some of the oxides over their pure metal counterparts. The chapter also covers the comparison of
the metal oxides with the metals at the end. However, in cases where the oxides could not be able to

improve the performance, a new treatment method is proposed at the end of the chapter.

To have an insight of the science behind the metal complexes, a ligand is synthesized in which metals
are incorporated. The syntheses and characterizations of these metal complexes are detailed in chapter
6. These metal complexes are employed as the electrocatalysts and the Faradaic efficiency, and
selectivity are calculated for the direct electrochemical reduction of gaseous CO,. A reaction
mechanism is also proposed for the CO, reduction process using these metal complexes. At the end of
the chapter, the efficiency of the metal complexes is compared with the metals and found to be far

better than their pure metal counterparts.
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Chapter 7 describes about another class of electrocatalyst viz. bimetallic electrocatalyst which is
investigated for the CO, electroreduction. This was the second attempt to improve the catalytic
performance of the cobalt metal using silver metal. The synthesis and relevant characterizations for
the bimetallic electrocatalyst are detailed in the chapter. The performance of this bimetallic
electrocatalyst is quantified in terms of Faradaic efficiency, reaction rate, and selectivity. The
comparison is also made at the end of the chapter to showcase the better performance of the

bimetallic electrocatalyst over the pure metal.

All the results in totality are summarized in the chapter 8. The chapter also includes the future scope
of work in this field. It will probably help the new researchers to formulate their objectives for
working in the field of electrochemical reduction of CO; in order to improve the performance of the

process upto a next level.

In this thesis, | have attemped to include and refer all the significant literature available, which has
been relevant to the work presented here. However, the unrelated scientific reports have not been
considered in the thesis. | have tried to shape the thesis in a manner so that it can be proved beneficial
for the new researchers in understanding the role of various electrocatalysts in the field of direct
electrochemical reduction of gaseous CO,, and to formulate and design better electrocatalysts for the

further progress of dERC.

(Surya Singh)
Centre for the Environment
T Guwahati
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ABSTRACT

To find the solution for many of the environmental problems is need of the hour. Therefore, the
research community all over the world is taking up environmental challenges with the hope to
maintain the sustainability and integrity of the environment for the future generations. To deal with
the increasing CO, concentration in the atmosphere is one such challenge which needs to be
addressed judiciously. Hence, this thesis aims to focus over this subject for the mitigation of CO,
through its utilization. Electrochemical reduction of CO, has been found to be a suitable technology
which not only helps in utilization of the CO,, but at the same time produce such reaction products
which have the high calorific value. Thus, these reaction products can be used as fuels, which will
also help to combat the problem of decreasing fossil fuel reserves. With this aim, the CO, is

electrocatalytically reduced and converted into a variety of products.

The thesis begins with the study of a few metals which are chosen to check their reactivity for the
direct electrochemical reduction of gaseous CO, (dERC). Four metals, namely, Cu, Zn, Ni, and Co
are used after their electroplating over the gas diffusion layer. These metals are tested in
electrochemical reactor after being characterized through in-situ and ex-situ methods. The in-situ
methods involved characterization using cyclic voltammetry. However, it is found that cyclic
voltammetry is not able to determine clearly about the activity of the electrocatalysts for CO,
reduction. Moreover, contradictory literature results are available. Hence, the development of a
catalytic activity protocol is undertaken which can help in the screening of the electrocatalysts
without undergoing full cell reaction. The protocol is devised with the aim to ease the judgement for
the selection of electrocatalysts, since the full cell reaction is too cumbersome and time consuming.
Therefore, protocol helps to select useful electrocatalysts from the group of many at the initial stage
itself. The ex-situ characterizations included XRD, SEM, and EDX techniques. These electroplated

metals served the purpose of cathode in the electrochemical reactor. For the anode, Pt/C is deposited
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over the gas diffusion layer through spraying technique. Nafion-117 is used as the solid polymer
electrolyte, which provides the passage for H* ions from anode to cathode. Gaseous CO is directly
fed into the reactor at the cathode side, while water is fed at the anode side of the reactor. The
electrical energy is supplied to the reactor, in lieu of the renewable energy which helps to reduce the
CO, into variety of products. Not all the chosen metals proved to be very reactive for CO,
electroreduction, but some metals show the potential to be improved. All the metals resulted in the
formation of CH, and CO. Cu is found to be quite selective for CH, formation while Zn is found to be
selective for CO formation. These 4 metals can be arranged in decreasing trend of Faradaic efficiency
as Co > Zn > Cu > Ni. Moreover, the Faradaic efficiency is not much appreciable in any of the cases
and hence it is necessary to introduce some changes in the physical or chemical form for increasing
the Faradaic efficiency of these metals towards dERC. Various means have been tried to improve the
performance such as formation of metal oxide, metal complex, and bimetallic electrocatalyst, based
on individual merit of these moieties. Metal oxide is chosen because of its basic nature, which will
enhance the adsorption of CO, (Lewis acid) on the surface. Occupation of more catalytic sites by CO,
will eventually help in the increased reduction of CO,. The reason for studying metal complexes is
that the redox properties of these moieties help in the efficient transfer of electrons between CO, and
electrocatalysts. Increased rate of electron transfer leads to the faster kinetics and improved
electroreduction of CO,. As far as bimetallic electrocatalyst is concerned, the aim is to study the

effect of the combination of metals for the CO, electroreduction.

Metal oxides are synthesized for all the 4 metals — CuO, ZnO, NiO, and Co30, using suitable methods
and characterized using XRD, FTIR, BET, FESEM, and EDX techniques. The results confirmed the
physical nature and formation of the synthesized electrocatalysts. In-situ characterizations are also
carried out using cyclic voltammetry and catalytic activity protocol tests for CuO, ZnO, and Co30,.
However, the electrochemical behaviour of NiO is not studied, because no suitable solvent could be

found for the preparation of its catalytic ink. The 3 metal oxide electrocatalysts are found to be
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suitable for electrochemical reduction of CO, which led to their further studies using full
electrochemical reactor. As expected, CuO proved to be very efficient electrocatalyst with the
Faradaic efficiency of CH, formation as 60% at 2 V. CuO also resulted in the formation of CO and
C,H,4. On the other hand, the efficiency of ZnO is also found good but to a lesser extent as compared
to CuO. ZnO results in the formation of either CH, or CO depending upon applied voltage, with
Faradaic efficiency of 18.8% and 10.34%, respectively. An unfavorable feature of ZnO is its unstable
nature in CO; electroreduction reaction conditions. ZnO gets converted into Zn electrochemically
during the reaction and hence it is difficult to assess the overall performance and stability of ZnO for
ERC. As far as Coz04 is concerned, it is not better than Co; rather its efficiency is lesser than Co.
Total Faradaic efficiency for CO, electroreduction using Co30, is 4.16% at 2 V. The exact reason for
its poor performance could not be elucidated, but it can be said that the variable oxidation states in
reducing medium may be a reason for the under-performance of this electrocatalyst. Overall, it can be

said that the oxides of Cu and Zn have improved the CO, electroreduction performance.

The next aim has been the study of metal complexes and hence, salen ligand is synthesized because of
its proven efficacy as catalyst in various other reactions. Since, oxide of Ni could not be studied for
dERC, Ni is introduced in salen ligand to form Ni salen complex. Further, to explore more about Cu,
it is also used to form Cu salen complex. These two metal complexes along with the salen ligand are
characterized using FTIR, NMR, HR-MS, elemental analysis, and electrochemical tests (cyclic
voltammetry and the protocol). The characterizations confirmed the successful synthesis of metal
complexes and their activity towards dERC. The full cell studies show dramatic increase in the
Faradaic efficiency of Ni and Cu salen complex as compared to pure Ni and Cu metals. The total
Faradaic efficiency for Ni and Cu salen complex is found to be 74% and 25%, respectively. Both
hydrocarbons (CH,4, C,H,4, and C,Hg) and CO are formed in appropriate quantities. Another striking
feature shown by these metal complexes is their ability to reduce the overpotential required in the

reaction to a great extent. A total of 0.5 V reduction in overpotential is achieved for both the metal
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complexes. Based on the outcome of the study, a reaction mechanism is proposed which states that
the interconversion of the oxidation states of the metals introduced plays a major role in the overall
mechanism of CO, electroreduction. In the metal complexes, metals (Ni and Cu) remain in +2 state.
During the CO; reduction process, Ni(ll) and Cu(ll) converts to Ni(l) and Cu(l) species, respectively.
These species further bind with CO, and lead to its reduction into hydrocarbons and CO. It can be

said that the metal complexes proved to be very effective electrocatalysts for CO, reduction.

To study the effect of the combination of two metals over the CO, electroreduction reaction, a new
class of electrocatalyst is synthesized for dERC. The bimetallic electrocatalyst, Co-Ag, is synthesized
and characterized using XRD, BET, FESEM, TEM, and EDX techniques. The characterizations
indicated that the synthesized electrocatalyst is a mixture of Co and Ag metals. The cyclic
voltammetry studies and catalytic activity protocol suggested that the electrocatalyst is able to reduce
the CO, in electrochemical environment. Product identification and quantification revealed the
formation of CH4, CO, and C,H,. The total Faradaic efficiency is found to be 28% at 2 V. The
efficiency is found to be improved over the Co metal. Another advantage of bimetals is lowering
down of the overpotential, as compared to Co. The peculiar feature of the electrocatalyst is its ability
to form the hydrocarbons, as none of the chosen metal was selective to form hydrocarbons in its
individual state. The reason of this is attributed to the change in binding energy levels of the involved
metals with the intermediate species of the reaction. The altered binding energy levels helped to hold
the intermediate species of the reaction upto the appropriate time so that it can react further to form

hydrocarbon moieties. The selectivity towards CH,4 formation is found to be 69% at 2.3 V.

Thus, the performance of the metals, metal oxides, metal complexes, and bimetal electrocatalysts is

studied for the formation of value added products from direct electrochemical reduction of CO,.

Keywords: Bimetals; Catalytic activity protocol; Electrocatalysts; Direct electrochemical

reduction of CO,; Metal oxides; Salen metal complexes
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Chapter 1

Introduction

Electrochemical reduction of carbon dioxide is an emerging technology aiming to utilize the CO,,
apart from providing value added products. The process is of great importance in the present
scenario, where increasing CO, concentration and decreasing fossil fuel reserves are
unavoidable. This chapter deals with the present state of environment, various methods of CO,
utilization, and the advantages of electrochemical reduction of CO, in dealing with the existing
environmental problems. Along with this, the chapter also figures out the challenges encountered

in this field and possible approaches to overcome those challenges.
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1.1 Background

The environment consists of all living and non-living things occuring naturally on the earth. All

living beings are primarily made up of carbon. Apart from living beings, carbon is also a part of

the ocean, air, and rocks; thus making its presence in hydrosphere, atmosphere, and lithosphere,

respectively. In atmosphere, carbon is present in combined form with oxygen, namely, carbon

dioxide. Carbon dioxide is an important long lived gas in the atmosphere. The amount of carbon

dioxide present in the atmosphere is very modest, approximately 0.03% (300 ppm). It is a very

small fraction of the total carbon inventory; still it makes huge impact over the life of the

organisms. This atmospheric CO, is taken up by the plants in the process of photosynthesis

(Figure 1.1). The natural sources of the CO, in the atmosphere are all the respiring organisms on

the earth, volcanic eruption emissions, and release from ocean (Figure 1.1). Thus, the inflow and

outflow of CO, remains maintained in the atmosphere. This natural flow of CO, in the

environment through various spheres is known as carbon cycle, as shown in figure 1.1.

Sunlight

Factory and
vehide
CO, cycle emmissions

Photosynthesis
Plant
respiration

Organic Anirnal
carbon_resplrition.

l

Decay Dead organisms
arganisms and waste products

d

Fossils and fossil fuels

Figure 11 Carbon cycle in environment (http://www.resnet-

project.org/ebook/text.php?page=06.07&lang=en)
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However, if there is more inflow of CO, into the atmosphere, then it leads to the increased carbon

balance in the atmosphere.

At the beginning of human civilization, the CO, concentration in the atmosphere was about 275
ppm. This is the concentration to which human civilization is adapted to the most. According to
recent researches; the safe level of CO, for human civilization is 350 ppm (Hansen et al. 2008).
However, with the rapid increase in the industrialization and urbanization, the anthropogenic
emissions have increased to a great extent. Anthropogenic emissions include burning of fossil
fuels, deforestation, industrial activities, transportation, and other activities. These emissions
resulted in increased CO, in the atmosphere, which has reached much beyond the upper safety
limit of 350 ppm, leading to green house effect. This green house effect is responsible for global

warming, which ultimately results in climate change.
1.2 CO; level in the environment

With the beginning of 18" century, human civilization took a leap towards industrialization and
increased the use of energy to a great extent. With the increase in industrial processes, the CO,
emissions increased and crossed the upper safety limit (350 ppm) in 1985. Now the situation is

such that CO, concentration has reached around 400 ppm. Figure 1.2 shows the increase in CO,

400 =
- o
3804 ."'-.
:EL "
&
"S 3604
g
=
S 340 :
g 7 Upper safety limit
@] |
o
U 3204
300 T T T T T T T T T T T T T
1950 1960 1970 1980 1990 2000 2010 2020
Year

Figure 1.2 Increasing CO, levels in atmosphere
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concentration since 1959 to 2014, as recorded at Mauna Loa observatory, Hawaii (Tans and
Keeling 2015). It can be seen that, the average CO, concentration in 2014 was 398.55 ppm, which
is far above the safety limit. As per the speculations made by the scientists, this trend will
continue to rise in future. Therefore, immediate precautionary measures are required to keep the

increasing CO, concentration in check.

In 1988, the Intergovernmental Panel on Climate Change (IPCC) recommended a set of targets to
reduce anthropogenic emissions of carbon dioxide. The IPCC has issued a report declaring its
certainty that human activity is resulting in pollutants that will intensify the greenhouse effect
(Houghton et al. 1990). Later, in 1992 the Rio Earth Summit made a historic commitment to
sustainable development — an economic system that promotes the health of both people and
ecosystems. An outcome of this summit was the Kyoto Protocol, which recognized that climate
change is a result of greenhouse gases (GHGs) created by human industrial activity. This protocol
was adopted with the intension to reduce the greenhouse gases by 5% relative to 1990 levels by
2012. The time period of protocol is over but unfortunately targets could not be achieved. The
world is still suffering with the fear of probable increase in temperature and its disastrous
outcomes. So, today among the most important and concerning environmental issues, climate
change is at the top, followed by increasing energy consumption. Since the industrial revolution
began around 1750, human activities have contributed substantially to climate change by adding
CO, and other heat trapping gases to the atmosphere. The GHGs (as recognized in Kyoto
Protocol) are carbon dioxide (CO,), methane (CH,), nitrous oxide (N,O), hydroflourocarbons
(HFCs), perflourocarbons (PFCs), and sulphur hexaflouride (SFs). Atmospheric CO,
concentrations have been increased by almost 42% since pre-industrial times, from approximately
280 ppmv in the 18" century to 398 ppmv in 2014. Human activities currently release over 30

billion tons of CO; into the atmosphere every year (NRC 2010).

Figure 1.3 (a) shows the share of various gases for total anthropogenic greenhouse gas emissions
(IPCC 2007). CO; is responsible for about 77% of the total greenhouse gas emissions, of which

~57% is directly contributed by the use of fossil fuel in either transport sector or industrial
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F-gases 1% Otherls 3%

Deforestation,
decay of
biomass, etc.
17%

Carbon dioxide Fossil fuel use
77% \ 57%

(@) (b)
Figure 1.3 (a) Global greenhouse gas emissions (F-gases include HFCs, PFCs, and SF), (b)

Contribution of various activities for CO, emission

activities and rest ~20% is contributed by other activities (Figure 1.3 b). Unsustainable
transportation systems also harm the environment. Transportation is now the fastest growing
source of global CO, emissions. The transport sector, which is mostly fueled by the conventional
non-renewable fossil fuels, contributes significantly in CO, emissions and these transport
associated CO, emissions will be more than double by 2050 according to the Energy Technology

Perspectives (IEA 2010).

There is now a growing international consensus that future targets for CO, reduction in the post-
2012 climate policy framework will not be achieved unless CO, contribution from the transport
sector, running on conventional fuels, in developing countries is appropriately addressed
(Schipper et al. 2009). With 1954 million tons of CO, released from the consumption and
combustion of fossil fuels in 2012, India is ranked 3™ in the world after the China and U.S. (IEA
Statistics 2014). India’s contribution to world carbon emissions is expected to increase in the
coming years due to the rapid pace of urbanization, shift from non-commercial to commercial
fuels, increased vehicular usage, and continued use of older and highly inefficient coal fired and

fuel power plants (Singh and Singh 2008). The globally increasing CO, emission is resulting in
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severe, pervasive, and irreversible damage to the environment. Sensing this situation, the recently
released fifth assessment report (AR-5) of the IPCC states that the unrestricted use of fossil fuels

should be phased out by 2100 if the world has to avoid dangerous climate change (IPCC 2014).

The increased use of transportation vehicles has given rise to another serious threat viz. the
depletion of conventional fossil fuels. Although, the fossil fuels are renewable and their formation
is continued but the rate of formation is far slower than its consumption. Thus, on one side where
the world is suffering with the fear of climate change, the fossil fuels (chief energy resource of
today’s world) depletion has also been identified as a future challenge. The current and predicted
world energy consumption is shown in figure 1.4. Over the next 25 years, it is the transportation
sector where the demand of liquid fuels will increase more rapidly than in any other end-use
sector, with most of the growth projected among the developing non-OECD (Organization for
Economic Co-operation and Development) countries (e.g. India), while the utilization among the
developed OECD countries may remain comparatively unchanged (Figure 1.4). The reason for
more growth of energy consumption in non-OECD countries is due to the fact that demands for
personal travel increase with the gains in urbanization and personal incomes (International Energy
Outlook 2011). Thus it is clear that the energy requirement is continuously increasing and putting

a lot of pressure on the conventional energy resources. But since the fossil fuels are limited and

8004 B Non-OECD

I OECD
700 -

600-
500
4004
300- I
200-

100

World Energy Consumption (quadrillion BTU)

1990 19|95 2000 20|05 20ll[) 2015 2020 2025 2030 2035
Year

Figure 1.4 World energy consumption
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also responsible for environmental issues, alternate energy sources need to be explored for

sustainable energy supply.

Thus, dependency on fossil fuels has given rise to two kinds of worries: first, its linked
environmental impacts, especially the climate change; and second, the depletion of the finite
fossil fuel reserves. In any case, CO, emissions and massive use of conventional and limited
resources are both sides of the same coin and should be analyzed together. There are 4 possible

ways to deal with this problem:

» Decrease in fossil fuel consumption and other activities which result in CO, emission: In
the longer term, fossil fuel power generation without carbon capture and storage (CCS)
technology would need to be phased out almost entirely by 2100 (IPCC 2014).

> Effective use of technologies for reducing CO, emission to atmosphere: As per IPCC 5"
assessment report, use of renewable energy resources will have to grow from their current
30% share to 80% of the power sector by 2050 to reduce CO, emissions (IPCC 2014).

» Capture CO, and dump it in geological and/or oceanic reservoirs (CO, sequestration)

» Utilize CO, by converting it to either fuels or some other value added products, resulting

in two-fold advantages:

(1) Reduction in CO, level, hence minimizing its contribution towards greenhouse
effect.

(i1) Reducing our dependency over conventional fossil fuels, thus enhancing energy
security.

Thus, the last option can help in combating the two most important environmental issues,

discussed above.

1.3 Methods of CO, utilization/conversion

People have started using CO, as a feedstock long time back for its conversion to various
industrially important products. CO, can be utilized directly as a solvent, working fluid, or in heat

transfer. It can also be used after chemical conversion, €.g. in Sabatier reaction, in urea formation,
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in the formation of sodium salicylate, carbonates, bicarbonates, and many other products
(Sakakura et al. 2007). The Sabatier and Fischer-Tropsch processes involve the conversion of
hydrogen and carbon dioxide into hydrocarbons, which can be used as fuels. Sabatier’s reaction
scheme shown in equation (1.1) involves the conversion of CO, and hydrogen gas into methane

and water in presence of Ni catalyst at 300-400°C.

CO,+ 4H, CH4+ 2H,0 (1.1)

Ni
300-400 °C
The Fischer-Tropsch process involves two steps and can also be seen as an alternative process for
fuel generation. The first step shown in equation (1.2) is the partial oxidation of coal or natural
gas into hydrogen gas and carbon monoxide. The second step, shown in equation (1.3), shows the

conversion of synthesis gas (carbon monoxide and hydrogen) into more useful hydrocarbon fuels.

Fe
2C+1/20, +H,0 —— 2CO +H 1.2
/205 +H,0 — : (12)

2nH, +nCO C,Hyy, + NH,0 (1.3)

Fe
150300 °C
CO; can also be reduced and utilized by using many possible ways such as radiochemical method,
chemical reduction by metals, thermochemical method, photochemical method, biochemical
method, electrochemical method, and various combinations of these techniques (Scibioh and
Viswanathan 2004). Among all these methods, electrochemical method of CO, reduction is

becoming popular as it offers many advantages:

value added products such as hydrocarbons, alcohols etc. can be obtained,
reactions can be carried out in ambient temperature and pressure conditions,

water, a natural resource, can be used as proton source,

YV V V VYV

storage of renewable (solar/wind) energy in form of chemicals, if renewable energy is

used for carrying out the reactions,

A\

no harmful emissions in the process,
» no audible pollution, and

» easy scale-up.
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1.4 Electrochemical reduction of CO, and associated issues

Dealing with the current global energy scenario, electrochemical reduction of CO, (ERC) has
come up as very promising technology and at the same time challenging too. In recent years,
some books and reviews on this topic have also been published (Taniguchi 1989; Sullivan et al.
1993). Electrochemical reduction of CO, utilizes CO, and H,O as the reactants. Electrochemical
reduction of CO, may be carried-out in an electrolytic cell as shown in the figure 1.5. The
electrical energy (preferably generated from renewable energy sources) is supplied to the reactor
to carry out the electrochemical reactions. It can be seen that the electrochemical reduction of CO,
takes place at cathode resulting in the formation of CH, (equation 1.4) and/or other value added
products. Moreover, O, is produced at anode by the electrochemical oxidation of H,O as shown in
equation (1.5). The overall cell reaction (equation 1.6) is shown for the formation of CH, as a
representative reaction. The equations show the corresponding standard potential (E°) of the

reaction with respect to standard hydrogen electrode (SHE).

1+

CO, CH,, C,H, C,H,,
CH,0H, C,H;0H, C;H,0H,
HCHO, HCOOH,
Unreacted CO,

0, S—

Unreacted H,0

=

=
a
>

Anode T - T Cathode

Anode H,0 €O, Cathode

catalyst catalyst

Ion selective membrane

Figure 1.5 Simplified scheme for electrochemical reduction of CO,
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Cathode: CO, + 8H" + 8 — CH; + 2H,0 (E°= 0.17V) (1.4
Anode: 4H,0 — S8H" + 20,+ 8 (E°=-123V) (1.5)
Overal: CO, + 2H,0 — CHy + 20, (E°=-1.06 V) (1.6)

Electrochemical reduction of CO, is carried out either in aqueous or nonaqueous electrolyte
solutions saturated with CO,, or directly as a gas at different metal cathodes. As a result, many

products can form. A few important overall reactions are as follows:

20, + HHOO - 2CO0 + 0, + H,0 E° = -133V (1.7)
co, + 2H,0 - CH, + 20, E° = -1.06 V (1.8)
2€0, + 3H,0 = CH, + 350, E° = -1.085V  (L9)
2C0, + 2,0 — GH, + 30, E° = -1.15V (1.10)

CO, +2H,0 —» CH;0H + 1.50; E° = -1.20V (1.11)
Figure 1.6 shows that the energy density of the products obtained from the ERC (referred as
“green fuels”) is comparable with the conventional fuels, and therefore these products can also be

used as fuels. It may be noted that hydrocarbons and alcohols can alone be used as fuel whereas

Green fuels
60 Conventional fuels
] V)
25 50
= |
= 40
2 |
£ 30
=
2 20~ 7
10 1 %
il
G
%-fqi\é&? é@e@

Figure 1.6 Comparison of energy density of the green fuels with the conventional fuels
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CO can be used as fuel in the form of synthesis gas (syn-gas) along with H,, which is a by-
product of aqueous ERC. Hence, as an alternative source of energy with an added advantage of
mitigating CO,, the potential of ERC seems to be viable and attractive (Centi et al. 2013; Jhong et

al. 2013; Hu et al. 2013).

The research in the field of ERC is continuosly growing and many excellent reviews are also
published covering various aspects such as type of reactor for the reaction, electrodes,
electrolytes, energy efficiency etc. (Scibioh and Viswanathan 2004; Gattrell et al. 2006; Jitaru
2007; Hori 2008; Centi and Perathoner 2009; Spinner et al. 2012; Costentin et al. 2013; Jhong et
al. 2013; Appel et al. 2013; Kim et al. 2015). However, with lots of benefits, the process also
faces enormous challenges, which are mainly due to the stable nature of CO, molecule,
concurrent reactions, low product selectivity, mass transfer limitations, and fast deactivation of

electrocatalysts.

In the electrochemical reduction of CO,, the first step is the activation of the stable CO, molecule.
The carbon atom has double covalent bonds with oxygen atom and the two pairs of electrons are
shared between the atoms. The electronegativity of carbon is much less than oxygen (Dean 1999;
Lide 2010) still, the CO, is a linear molecule, because there are only two electron pairs on the
central carbon atom, which are equally shared by two oxygen atoms on both the sides. Due to the
linear sp hybridized structure, the bond strength of CO, is very high (~532 kJ-mol™ (Sullivan et
al. 1993)) thus making it remarkably stable. Therefore, CO, needs substantial electrical potential
in electrochemical environment to get activated. The activation of CO, requires change in its
geometry from the linear CO, to bent CO, anion radical (¢«CO, "), which results in a very slow self-
exchange rate for the CO,/*CO, couple, thus making this step rate determining (Schouten et al.
2011, Costentin et al. 2013). This is the most energy intensive step in the ERC and theoretically
requires -1.9 V vs. SHE. Therefore, efficient electrocatalysts are required to reduce the activation
energy barrier. Another issue of ERC is simultaneous hydrogen evolution reaction at cathode, due
to the similar reduction potentials of CO, and H, in electrochemical environment. This leads to

competition between CO, electroreduction and hydrogen evolution reaction (HER) during ERC,
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which results in significant consumption of supplied energy for HER rather getting used up in the
CO, electroreduction. Ultimately the current efficiency of the CO, electroreduction process is
adversely affected. Thus, electrocatalysts are required to make the reaction selective towards
ERC. Therefore, to carry out ERC, the issue of electrocatalysts receives the most attention among

all other challenges.

1.5 Electrocatalysts

According to IUPAC (1976), “a catalyst is a substance that, being present in small proportions,
increases the rate of attainment of chemical equilibrium, without itself undergoing chemical
change.” Infact, catalyst undergoes transitory changes to catalyze the reaction, and permanent
changes which typically lead to the catalyst deactivation. It is well known that a catalyst affects
the rate of reaction and thus changes the kinetics of the reaction. Electrocatalyst also does the
same thing along with electron transfer. An electrocatalyst participates in an electron transfer
reaction at the electrode as well as facilitates the change in the rate of a chemical reaction. Thus
any species acting as an electrocatalyst should be efficient in electron transfer as well as in

chemical kinetics.

Apart from this, electrocatalysis also differs from usual catalysis as, in electrochemistry, the rate
of the reaction depends not only on given system parameters (composition of the catalyst and
electrolyte, temperature, state of the catalytic electrode surface), but also on the electrode
potential. Thus, in a given system, the potential can be varied by a few tenths of a volt; while as a
result, the reaction rate will change by several orders of magnitude. Electrocatalysts are also
interesting because in electrochemical reactions, the catalyst surface is not only in contact with
the reacting species but also with other species (i.e. the solvent molecules and the electrolyte ions)

which in turn influence the properties of the surface and give rise to special reaction features.

There are two major types of electrocatalysts employed in ERC - homogeneous and

heterogeneous electrocatalysts. In homogeneous catalysis, the catalyst particles are dispersed in
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the bulk while in heterogeneous catalysis, a film or coating of catalyst particles is deposited on the

electrode surface.

1.5.1 Homogeneous electrocatalysts in electrochemical reduction of CO,

In ERC, the homogeneous electrocatalysts generally refer to transition metal complexes, which
help in the electrochemical reduction of CO, at cathode to give reduction products. These
transition metal complexes are dispersed in the bulk electrolyte. For the reduction of CO,, the
major setback is the inertness of this molecule. Hence the coordination of this inert molecule with
transition metals is a promising way to activate it. The coordination lowers the activation energy
required in further reactions of CO, and in this way enhances the rate of these reactions. In past
20-30 years, many reports of apparently homogeneous electrocatalysts for the reduction of CO,
have appeared in literature. In most of the cases, it results in 2 electron reduction product viz. CO
and HCOO'". However, the efficiency reported in these cases is quite high and reaches >80%
(Fisher and Eisenberg 1980; Gambarotta et al. 1982; Mahmood et al. 1987). Thus, the

homogeneous electrocatalysts may be good only for conversion of CO,; into some other products.

1.5.2 Heterogeneous electrocatalysts in electrochemical reduction of CO,

Using heterogeneous electrocatalysis, however, variety of reaction products have been reported so
far including hydrocarbons, alcohols, carbon monoxide, formic acid etc. A review was provided
in 2001 on the reduction of CO, to hydrocarbons at copper electrodes (Sanchez et al. 2001).
According to this review, the reaction product distribution strongly depends on the conditions in
which reaction has been carried out. When used in the aqueous solution, most flat metallic
electrodes yielded carbon monoxide and formic acid (Azuma et al. 1990; Kaneco et al. 2002).
Only copper was suitable electrode for the formation of hydrocarbons such as methane and

ethylene (Hori et al. 1986, 1989, 1995; Yano et al. 2004).

Sanchez et al. (2001) has summarized the representative results for the electrochemical CO,
reduction at metal electrodes. The metal electrodes used in electrochemical reduction of CO, were

divided into different groups based on the nature of the main product:
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a. Hydrocarbons and alcohols (Cu)

b. Carbon monoxide (Au, Ag, Zn, Pd, and Ga)

c. Formic acid (Pb, Hg, In, Sn, Bi, Cd, and TI)

d. Some metals do not exhibit useful catalytic properties under typical reaction conditions
viz. 1 atm CO, partial pressure and 25°C temperature (Pt, Fe, Rh, Ir, and W). However,
this situation can change when conditions are modified.

e. Some metals heavily favor hydrogen evolution even if the reaction conditions are

modified (Ti, Nb, Ta, Mo, Mn, and Al).

Therefore, the dual purpose of ERC (CO; conversion with fuel production) may be better served

by the heterogeneous electrocatalysts.

Apart from the metals, various metal oxides, and metal complexes can also be coated over the
electrode surface to be used as heterogeneous electrocatalysts. As per the literature reported till
date, the heterogeneous electrocatalysts for CO, electroreduction can be broadly divided into pure
metals, metal oxides, and transition metal complexes. In few cases metal hydrides and metal
carbides have also been investigated. An extensive literature survey on these electrocatalysts has

been carried out and reported in the next chapter.
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Chapter 2

Literature review

The issues related to electrochemical reduction of CO, have been discussed in the previous
chapter. Development of suitable electrocatalysts is inevitable and hence, extensive research
work is required for the improvement of electrocatalysts. Therefore, thorough study of literature
is carried out to know the efforts already made in this direction. This chapter provides an
exhaustive literature survey in the light of recent developments in electrocatalysts for CO,
reduction. Based on the outcome of the literature survey, the objective of the research work is

defined at the end of this chapter.
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2.1 Background

In past few decades, many workers have contributed their effort in finding a suitable
electrocatalyst for reduction of CO,. Various types of electrocatalysts have been used, ranging
from metals, metal oxides, and metal complexes to metal carbides, metal sulphides, and metal
hydrides etc. Along with this, many supported electrocatalysts have also been synthesized with
intention to increase the activity of electrocatalysts by enhancing the surface area. However, the
requirement of large overpotential is still a major challenge to deal with. Although, the use of
metal complexes helps to lower down the overpotential upto great extent, but its inability to
undergo multi-electron reduction of CO, does not make it a preferred choice as far as generation

of fuel kind of products is concerned.

It has been seen that along with electrocatalysts, the reaction medium also affects the product
distribution upto great extent (Aeshala et al. 2012, 2013, 2014, 2015). In aqueous medium, a
range of products are formed. Many studies of electrochemical reduction of CO, in early years
were carried out in aqueous media with metal electrodes of high hydrogen overvoltage such as
mercury and lead, in order to reduce hydrogen evolution reaction (HER). However, since the rate
of hydrogen evolution reaction is proportional to the proton activity in electrolyte, the hydrogen
evolution reaction is a competing reaction with CO, reduction. On the other hand, non-aqueous
medium has been selected for solubilizing more amount of CO,. Where, aqueous medium results
in several fuel kind of products such as hydrocarbons and alcohols; non-aqueous medium results
only in carbon monoxide, formic acid, oxalic acid etc. However, non-aqueous medium has the
added advantage of high solubility of CO, and reduced competitive hydrogen evolution reaction.
Moreover, researchers have studied many electrocatalysts in aqueous medium to get fuel kind of
products. Hori et al. (1985, 1986, 1989, 1995, 2002, 2003) have used copper as the metal
electrode in aqueous medium and reported the production of hydrocarbons and olefins, which
made the copper a preferred choice as an electrocatalyst for many successive workers. Ikeda et al.
(1995, 1996) have also tested copper powder, but, over gas diffusion electrodes in order to

increase current density and Faradaic efficiency. Frese (1991) reported the production of
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methanol at copper oxide surfaces, which was later confirmed by Le et al. (2011). Using the same
copper electrode, Kaneco et al. (1999 a, 1999 b, 2006) tried to investigate the effect of supporting
electrolytes in methanol media and reported the production of ethylene. Apart from copper,
several other metals like cobalt (Behar et al. 1998), platinum (Hara et al. 1995 a), lead (Kaneco et
al. 1998 a; Guerra et al. 2012), mercury (Hori and Suzuki 1982; Haynes and Sawyer 1967),
molybdenum (Summers et al. 1986), tin (Prakash et al. 2013), ruthenium complexes etc. have
also been used. Hara et al. (1995 b) conducted the study in high pressure conditions using various

electrodes and suggested that large current densities can be obtained at high pressures.

As per the literature reported till date, the electrocatalysts for CO, electroreduction can be divided
mainly into pure metals, metal oxides, and transition metal complexes. In a few cases, metal
hydrides, metal sulphides, and metal carbides have also been investigated. Many of the pure
metals have been tested for ERC but the problem of fast deactivation and non-selectivity for the
fuel products have led to the investigation of other substitutes. Metal oxides have always been
quite interesting, the reason being the soft acidic nature of the CO, molecule. This fact depicts
that the presence of strong basicity phases such as oxides can enhance the CO, adsorption
capacity on the surface, which will eventually increase the CO, reduction. The most attractive
aspect of metals and metal oxides is their capability to form hydrocarbons and alcohols, which is
somewhat unusual with metal complexes as these are mostly selective towards CO formation by
utilizing two electron transfer process. For multi-electron transfer products (viz. hydrocarbons and
alcohols), CO, requires some sort of stabilization of the metal-carbon (M-C) bond and/or ability
of the electrocatalyst to accommodate multiple electrons, so that the rate of electroreduction is
much greater than M-C bond dissociation. However, metal complexes are well known for
lowering down the activation energy barrier for the first electron transfer process as they allow
their reasonable optimization due to the well designed adaptations of either ligand or the central

metal atom.
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Hence, for fuel quality products, most of the literature discuss about the metals, metal oxides, and
metal complexes. A brief account of the different types of electrocatalysts used in the field of

ERC is described in following sections.

2.2 Metal electrocatalysts

A number of metal electrocatalysts have been investigated for ERC to form the potential fuel kind
of products. Therefore, these metal electrocatalysts are discussed with special reference to the

fuels.

Carbon monoxide, hydrocarbons such as CHy, and alcohols are the preferred products in ERC,
when the aim is to synthesize fuel kind of products. CO is considered as fuel because it can be
used as syn-gas when mixed with H,. Noble metals like Ag and Au serve as efficient
electrocatalysts for CO formation from CO, with Faradaic efficiency as high as 61-90% for Ag
and 81-93% for Au at potentials -1.45 V and -1.14 V vs. SHE, respectively (Hori et al. 1985; Hara
et al. 1995 b; Kaneco et al. 1998 b, 1998 ¢). However, large scale utilization of these noble metals
is not acceptable due to their high cost. Therefore, Hori et al. (1990) worked on Cd modified Cu
electrodes and reported the enhanced production of CO. In this case, the generation of
hydrocarbons was decreased upto a great extent while CO formation was increased. It was shown
that CO formation started to increase while hydrocarbons became suppressed as the amount of
deposited Cd on copper was increased. The same group again reported the enhanced current
efficiency of CO on Cd modified Ni electrodes with simultaneous decrease in H, generation upto
a great extent. However, apart from CO and H,, HCOO™ generation also took place, so the
selectivity as well as Faradaic efficiency was distributed. These results suggest that Cd is selective
towards CO production (Murata and Hori 1991). However, considering its adverse environmental
impacts, Cd may not be acceptable. Azuma et al. (1990) reported the production of CO on pure Ni
electrodes with 21% Faradaic efficiency at 0°C. CO formation was also found using Pd metal

electrocatalyst, however, the Faradaic efficiency was quite low (~12%) along with high H,
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production. Hoshi et al. (1995, 1996, 1997, 2000) carried out ERC on Pt and Pt group metals

which led to the production of CO in aqueous solution.

Many of the workers also reported cyclic voltammograms to determine activity of the metal
electrocatalysts in aqueous medium having dissolved CO, in ambient conditions (Kaneco et al.
1998 c; Ohta et al. 1998; Lee and Tak 2001; Le et al. 2011). In almost all the cases, the
voltammograms obtained in CO, saturated medium is compared with the voltammograms
obtained in a medium devoid of CO,. On comparison, if the current density using the metal
electrocatalyst is found more in CO, saturated medium, then such an electrocatalyst is considered
to be favoring CO, reduction and vice-versa. However, the higher current density in CO, medium
does not always guarantee that the electrocatalyst is favoring CO, reduction because the increased
current density may be due to the increased hydrogen evolution reaction (HER) (Hori 2003).
Moreover, pH of the electrolyte medium changes after solubilizing CO, into the electrolyte, which
inturn assists the HER. Another discrepancy has also been observed that sometimes, in spite of
less current density obtained in medium having dissolved CO, (in comparison to the current
density obtained in medium devoid of CO,); the electrocatalyst results in product formation
(Kaneco et al. 1998 b; Shuang et al. 2006). Thus, it is difficult to ascertain about the
electrocatalytic activity solely on the basis of cyclic voltammograms and hence, full cell reactions
followed by product identification are mandatory. Moreover, it makes this process quite

cumbersome.

Hara et al. (1995 b) performed the electroreduction of CO, in 0.1 M aqueous KHCO; medium at
ambient temperature and high pressure (30 atm), considering the fact that high pressure enhances
the CO, solubility in aqueous medium. It was deduced that electrochemical reduction of CO, to
CO with high Faradaic efficiency can be achieved at high pressure. It was found that Ag and Au
were the most selective for CO formation, followed by Rh, Zn, and Pd etc. On the other hand, the
metals like Pb, Ti, Ta, and W were found to be the least selective for the CO formation at high
pressure. Hori et al. (1994) also demonstrated the CO selectivity over various metal electrodes in

ambient conditions and reported the order as Au> Ag>Zn>Pd>Ga>Cd>Sn>In> Cu in
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Table 2.1 Studies on electroreduction of carbon dioxide using metal electrocatalysts during 2005-2015

Cathode electrocatalyst | Electrolyte Experimental parameters Main Products References
(Faradaic efficiency, %0)
Cu mesocrystals 0.1 M KHCO;, 0.99 V vs. RHE CH, (1.5), CoH4 (27.2) Chen et al. (2015)
Cu nanocubes 0.1 M KHCO; 0.60 V vs. RHE C,Hy Roberts et al. (2015)
Ag BMImCI + 20 wt% H,0 25°C, 1 atm CO (> 99) Zhou et al. (2014)
Sn KHCO; 25°C, 1 atm, pH = 6.98 HCOO™ (91) Lvetal. (2014)
Sn/GDE NaHCO; 1.6 V vs. NHE, 25°C, pH = 8.3 HCOO' (70) Prakash et al. (2013)
Bi/GC CH;CN 25°C, 1 atm CO (95) DiMeglio and Rosenthal (2013)
Pb 0.45 M KHCO; + KC1 10.5 mA-cm™, 25°C, 1 atm HCOO (57) Guerra et al. (2012)
Fe 0.5 M H,SO,4 25°C, 1 atm CH, HCHO, C,Hg, C,HsOH Perez-Rodriguez et al. (2011)
In NaHCO; 40 mA-cm”, pH =8 HCOO" (45) Narayanan et al. (2011)
Cu mesh KHCO; 25°C, 1 atm CH, (19.4), C,H, (18.7) Goncalves et al. (2010)
Cu 0.5 M KH,PO, 25°C, 1 atm HCOOH (6), CO (40), HCs (30) | Ikeda et al. (2009)
Pb NaOH 2.5mA-cm?, 21°C, pH=28.5 HCOO" (70) Innocent et al. (2009)
Pb K,HPO, 25°C, 1 atm,pH=7 HCOO (93) Subramanian et al. (2007)
Cu-Ni KHCOs; in water + methanol (8:2) | -5°C HCOOH (13), CO (4), HCs (26) | Kaneco et al. (2007)
Sn (granulated) 0.5 M KHCO; +2 M KCl 60 mA-cm™, 18°C, 1 atm, pH=7.5 | HCOO (91) Li and Oloman (2007)
Cu mesh (Sn coated) 0.45 M KHCO; + 1 M KCI 130 mA-cm™, 26°C, 1.4 atm HCOO' (86) Li and Oloman (2006)

Zn

Methanol + NaOH + Cu particles

-30°C

HCOOH (7), CO (60), CH, (12)

Kaneco et al. (2006)

Ni

0.5 M KHCO;s

25°C, 1 atm

HCOOH (29), CO (1.7)

Shuang et al. (2006)

Cu

0.45 M KHCO;4

22 mA-cm>, 25°C

HCOO' (86)

Hori et al. (2005)
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aqueous media. Thus, Ag and Au were found to be the best candidates for CO formation in both
the ambient as well as high pressure conditions. As far as other metals are concerned, it was found
that the reduction of CO, to CO at Zn electrode is not very consistent and Faradaic efficiency
ranges from 3% to 63.3% at potential of -1.56 V vs. SHE in ambient conditions, the reason for
which is unknown. Sn and In are very less selective for CO having Faradaic efficiency of only 2.4
—4.1% and 0.9 — 2.2%, respectively. Over the Cu, Faradaic efficiency ranges from 1.5 — 3.1% at -
1.4 V vs. SHE in ambient conditions (Hori et al. 1985). Recently, DiMeglio and Rosenthal (2013)
reported the use of Bi as an efficient electrocatalyst for CO production in ionic liquid with
Faradaic efficiency as high as 95% at -1.71 V vs. SHE. Bi is nontoxic and hence environment
friendly despite being extremely cheap. Therefore, it might be a good replacement of Ag and Au
for CO production. Table 2.1 compiles the performance of metal electrocatalysts for CO,

electroreduction, studied in recent years.

Hydrocarbons (especially methane) have always been the choice as fuels. Having energy density
of 56 MJ-kg"', methane is a quite suitable fuel from the environmental safety point of view due to
its low CO, emissions compared to other fossil fuels. Methane as well as other hydrocarbons
formation using ERC was studied by many workers and most of them reported the use of Cu as an
electrocatalyst. Hori et al. (1985, 1986, 1989, 1994, 2002) have shown that copper
electrocatalyzes the CO, towards selective formation of CH, and other hydrocarbons. In this case,
the Faradaic efficiency of hydrocarbon formation was reported upto 60% in 0.1 M KHCO;
electrolyte using current density of 5 mA-cm™ in ambient conditions. CO and alcohol formation
were also found along with the hydrocarbons. Dewulf and Bard (1988) and Cook et al. (1988)
investigated the gas phase reduction of CO, using Cu metal and solid polymer electrolyte
(Nafion). Cu was deposited over the ion exchange membrane (Nafion) by electroless plating
method. This system resulted in the formation of CH, and C,H, as the major products. Similar
kind of assembly has also been designed by Komatsu et al. (1995) with electroless plating of Cu
over Nafion membrane. C,H, was formed as the major product with Faradaic efficiency of 9% in

gas phase ERC. CH, and CO were also formed in minor quantities.
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The electrocatalytic activity of Cu for hydrocarbon formation depends upon several factors, such
as temperature, pressure, type of electrodes etc. Hori et al. (1986) found the inverse relationship
between Faradaic efficiency and temperature for methane formation over Cu, with Faradaic
efficiency as high as 65% at 0°C while approaching 0% at 40°C. In contrast to this, the formation
of ethylene and CO was found to be increasing on raising the temperature which can be seen in
the Table 2.2. The reason for the higher yield of methane at low temperature was reported due to
the presence of longer lived intermediates. The effect of pressure on the activity of copper was
also studied and it was found that increase in pressure opposes the hydrocarbon formation.
However, in this case ethane was formed in trace amount, which was absent in ambient pressure
conditions (Hara et al. 1995 b). The comparison of Faradaic efficiencies at ambient conditions
and high pressure conditions shows that high pressure results in decreased HCs generation while
increased CO production (Table 2.2). Some workers reported that use of gas diffusion electrodes
(GDEs) in place of foil electrode increases the surface contact between the electrode/catalyst and

CO,, resulting in enhanced Faradaic efficiency (Mahmood et al. 1987 a; Tkeda et al. 1995;

Table 2.2 Faradaic efficiency of products in different conditions using Cu electrocatalyst

Products Faradaic efficiency of products on Cu electrode (%)
Cu foil® Cu foil® Cu foil® Cu GDE*
25°C, 1 atm Temperature variable, 1 atm 25°C, 30 atm 25°C, 1 atm
0°C 10°C | 20°C 30°C 40°C
(6{0) 2 0.4 1 2 5 7 20.1 40
CH, 29.4 65 58 50 16 5 9.95 12
C,Hs - - - - - - 0.06 -
C,H, 30.1 2.5 7.5 10 15 20 3.74 18.2
Alcohols 9.9 - - - - - - 5.4

#KHCO; solution (0.1 M) at -1.41 V vs. SHE (Hori et al. 1989)

® KHCO; solution (1 M) at -1.33 to -1.39 V vs. SHE (Hori et al. 1986)

¢KHCO; solution (0.1 M) at -1.44 V vs. SHE (Hara et al. 1995 b)

4K,S0, solution (0.5 M) at -1.25 V vs. SHE (Ikeda et al. 1995)
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Aeshala et al. 2012; Prakash et al. 2013). Effect of GDE was also investigated over the activity of
Cu and in this case the overall reduction of CO, was found to be increased over GDE in contrast
to foil electrodes. The current density on the Cu loaded GDE was found almost two orders of
magnitude higher than that on the Cu foil electrode (Ikeda et al. 1995). However, the methane

formation over GDE was decreased as compared to foil electrodes.

Other workers showed that the applied potential can also change the selectivity and product
distribution upto a great extent. As the applied potential becomes more negative, the formation of
hydrocarbons takes place while at less negative potentials, CO prevails (Noda et al. 1989).
Moreover, surface properties of metal like roughness and purity are also important parameters for
determining the methane formation as it affects the adsorption characteristics of the electrode. The
smooth surface gets poisoned very soon, whereas rough surface maintains the catalytic activity for
longer duration (Kyriacou and Anagnostopoulos 1992). Even the method of pretreatment of the
electrode surface, affects the product distribution over Cu upto a great extent. While the untreated
Cu results in increased CO formation with time, the electrolytically treated Cu remains stable with
time towards deactivation and continues to produce hydrocarbons (Terunuma et al. 1997). On the
other hand, the air oxidized Cu electrode preferentially produces H, with very little methane
production (Terunuma et al. 1997). In addition, the crystal structure of the electrocatalyst plays an
important role as the selectivity for an individual reaction may depend on the atomic
configuration of the electrode surface. It was found that the rate of methane formation in CO,
saturated 0.5 M KHCO; is highest in Cu (111), followed by Cu (110) and Cu (100) (Hori et al.

2002, 2003).

Though, literature shows that Cu is the most widely used electrocatalyst for HC formation but the
problem of deactivation of copper electrode limits its continuous use in a reaction. Hori et al.
(2005) investigated the deactivation and reported that the impurities (especially Fe'? and Zn'?)
present in the electrolyte are the major contaminants. It was suggested that these impurities can be
removed by the pre-electrolysis of the electrolyte solution. However, this view is questioned by

Ogura (2013) because Yano et al. (2004) showed that by increasing the concentration of
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electrolyte, the product formation (C,H,) increases. Thus, the increased concentration of the
(heavy) metal impurities due to increased electrolyte concentration indicates that the heavy metal
impurity does not poison Cu electrocatalyst. Other workers have pointed out that it is an adsorbate
of unknown composition over the copper cathode that causes poisoning (Friebe et al. 1997; Yano
et al. 2007) and the deactivation caused by such an adsorbate can be overcome by pulse mode
electrolysis. Lee and Tak (2001) also suggested that the cause of copper poisoning may be the
adsorption of some species such as graphite, originating from CO,4 on the Cu surface, and in this

case too, the pulse modulation helps.

Frese and Leach (1985) studied the methane formation over Ru electrode in acidic medium, using
0.1 N H,SO, electrolyte and found that activity of Ru was affected by the pH, temperature,
electrolyte purity etc. The current density was less and electrode instability was an issue. Kudo et
al. (1993) reported the hydrocarbon formation over Ni electrode using 0.1 M KHCO; electrolyte
in ambient as well as in high pressure (60 atm) conditions. It was found that high pressure
conditions enhance the formation of hydrocarbons with decreased H, evolution. The same
phenomena was also observed by Hara et al. (1995 b) using Pt loaded gas diffusion electrodes at
30 atm pressure, where Faradaic efficiency for methane formation reached upto 35% at current
density of 900 mA-cm™. A little amount of ethane and ethylene formation was also found (Hara et
al. 1995 b). Over Pd and Cd electrodes with 0.1 M KHCO; electrolyte, Faradaic efficiency for
CH,4 was found to be 2.9% and 1.3%, respectively (Hori et al. 1994). Sn and Pb electrodes also
produced scanty amount of methane with Faradaic efficiency of 0.2% for both the metals (Hori et
al. 1985). Figure 2.1 shows the comparison of the Faradaic efficiencies of different metal
electrocatalysts for hydrocarbon formation (Kudo et al. 1993; Hori et al. 1985, 1994, 1989; Frese

and Leach 1985).

Summarizing all these studies, it can be said that there is plenty of information over the metal
electrocatalysts in aqueous medium. As of now, Ag and Au were found to be efficient
electrocatalysts for CO formation while, Cu is the only metal to catalyze ERC for hydrocarbons

formation efficiently in aqueous medium. Although some of the studies have been undertaken for
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Figure 2.1 Faradaic efficiency of metal electrocatalysts for hydrocarbon formation

direct electrochemical reduction of gaseous CO, (DeWulf and Bard 1988; Komatsu et al. 1995;
Centi et al. 2007; Machunda et al. 2010), a majority involved only the aqueous phase CO,

reduction.

2.3 Metal oxide electrocatalysts

Apart from the usage of pure metals, the literature over electrochemical reduction of CO, also
reveals the use of metal oxides in ERC (Frese 1991; Bandi and Kuhne 1992; Ikeda et al. 1993;
Popic et al. 1997; Li and Kanan 2012). The reason for choosing metal oxides has been their basic
nature as described earlier, which enhances the adsorption capacity of the electrocatalyst for the
acidic CO,. In some of the cases, the metal oxides have also been found to be active for longer
duration than their unoxidized counterpart. Therefore, metal oxides have been the subject of

interest for many of the workers.

The highest attention is paid on copper due to its selectivity mainly towards HCs and upto some
extent for alcohols formation too. However, due to its fast deactivation, the desired efficiency
could not be achieved till now. Therefore, it was suggested that change in the surface structure

may impart some stability. In view of this, many workers have tried cuprous oxide (Cu,O) in
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place of metallic copper surfaces. It was reported that Cu,O exhibited high Faradaic efficiency for
CO, reduction at considerable low overpotential. Many reports suggest the use of Cu,O (Le et al.
2011; Keerthiga et al. 2012; Aeshala et al. 2013) as the major benefit is its good resistivity
towards deactivation. It is due to the surface changes caused by the oxidation of Cu, which does
not allow for the graphite adsorption (Lee and Tak 2001). It is also said that Cu,O enables easy
formation of *CO, intermediate and decreases H' reduction (Li and Kanan 2012), which makes

Cu,0 to yield hydrocarbons for longer duration with better Faradaic efficiency.

Table 2.3 shows the comparison of pure Cu electrocatalyst with their corresponding metal oxide
(Cu,0) for ERC. It can be seen in the table that Cu,O shows higher overall Faradaic efficiency for
the electroreduction of CO,. The use of Cu,O increases the CO and methanol formation
substantially as compared to Cu as an electrocatalyst. Methanol production was reported over
Cu,0O surfaces by Le et al. (2011). It was found that methanol Faradaic efficiency upto 38% can
be achieved over electroplated Cu,O surface. Where Cu(0) electrodes favor the formation of only

hydrocarbons, it was proposed that Cu(I) species plays a selective role towards methanol

Table 2.3 Comparison of catalytic activity of Cu and Cu,O

Products cu? Cu,0°

Potential, Faradaic efficiency, Potential, Faradaic efficiency,

V vs. SHE % V vs. SHE %

CO -1.41 2 -0.35 40

CH, -1.41 29.4 - -

C,Hg - - -0.95 10

CH, -1.41 30.1 - 5

CH;0H - - -0.86 38

C,H;OH -1.41 6.9 - -

C;H,0H -1.41 3 - -

# KHCOj solution (0.1 M) (Hori et al. 1989)

® NaHCO; solution (0.5 M) for CO and HCs (Li and Kanan 2012); KHCOj solution (0.5M) for alcohols (Le et al. 2011)
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formation by offering more stability to intermediates and enabling formation of H;CO adsorbates.
Moreover, the required electrical potential was also found lower in case of Cu,O. It was observed
that Cu,O was stable upto 7 hours as compared to Cu, which was deactivated within 1 hour (Lee
and Tak 2001; Li and Kanan 2012). It may be noted that the Faradaic efficiency for hydrocarbons
formation was reduced when metal oxide was used (Li and Kanan 2012). However, the exact
cause of the higher activity of Cu,O and its reduced tendency towards deactivation is not yet
established. It can be hypothesized that somehow oxide surfaces reduce the competitive HER,
which inturn results in increased activity towards CO, reduction. The Faradaic efficiency towards
CO formation increases significantly for Cu,O as compared to Cu (Table 2.3), which may be due
to the formation of highly dispersed Cu nanoclusters as a result of oxide reduction of Cu surface,
over which CO formation prevails (Tsai et al. 2012). It is also reported that the HER prevails over
oxophilic sites (Koper 2013); so it might happen that Cu,O provides lesser oxophilic sites than
pure copper. This may provide an explanation for the better electrocatalytic activity of cuprous
oxide surfaces than pure Cu metal. Moreover, the changes introduced in terms of defects over the
metal surface after oxide formation can also be a probable reason for the better activity towards

ERC.

Andrews et al. (2013) reported the production of hydrocarbons and alcohols using single crystal

(1010) ZnO electrodes decorated with Cu nanoclusters. The combination of Cu and ZnO produces
CO, methane, ethylene, methanol, ethanol, and trace levels of propanol. Faradaic efficiencies of
ZnO/Cu electrodes were found similar relative to Cu electrodes with the exception of alcohols
where selectivity was improved. Metal oxide surfaces of Ru were also investigated for alcohol
production. Many workers have carried out ERC using Ru and RuO, (Frese and Leach 1985;
Popic et al. 1997). However, it has been seen that the activity of RuO, was inferior as compared
to Ru. The performance of RuO, over Ru shows decreased Faradaic efficiency for alcohols. The
deactivation is not reported in this case, but high overpotential of RuO,, limits its use in place of

Ru.
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Bandi (1990) reported the work over conductive metal oxides and use of surface adatoms in ERC.
Various conductive metal oxide mixtures were used and it was found that RuO, + TiO, [35+65
mole%] and RuO, + Co;04 + SnO, + TiO, [20+10+8+62 mole%] show high Faradaic efficiencies
for methanol production in the solution of 0.2 M Na,SO4 (pH = 4) saturated with CO,. Later, ERC
was carried out in CO, saturated KHCO; solution at pH 4-7 over RuO, + TiO, electrodes but only
a small amount of CO, reduction could be achieved. However, when electrodeposited Cu was
added over RuO, + TiO, electrodes, the Faradaic efficiency of methanol formation was increased
upto 30% (Bandi and Kuhne 1992). Popic et al. (1997) also discussed the production of methanol
using surface adatoms. The Ru surface was modified by adding adatom of Cu and Cd and the
reaction was carried out in 0.5 M NaHCOs at a potential of -0.56 V vs. SHE, which resulted in the
production of methanol with efficiencies of 17%, 41%, and 38% after 480 min. of
electroreduction using RuO,, RuO,/Cu, and RuO,/Cd electrodes, respectively. It was found that
surface modification with little amount of metals having high hydrogen overvoltage diminishes
the hydrogen evolution reaction and inturn enhances the efficiency of CO, reduction. Surface
structure of adatoms also plays an important role as shown by Qu et al. (2005) who reported the
formation of methanol over Pt electrodes modified by RuO,/TiO, composite nanotubes and
RuO,/TiO, composite nanoparticles. They found that Pt electrode modified by the RuO,/TiO,
nanotubes based composites resulted in more efficient formation of methanol (Faradaic efficiency
61%) compared to RuO,/TiO, nanoparticle based composites (Faradaic efficiency 40%), however,
the reason is not enunciated. Table 2.4 summarizes the performance of metal oxide

electrocatalysts for the reduction of CO, dissolved in a medium.
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Table 2.4 Studies on electroreduction of carbon dioxide using metal oxide electrocatalysts during 2005-2015

Cathode electrocatalyst Electrolyte Experimental parameters Main Products References

(Faradaic efficiency, %)
Cu,0 films 0.1 M KHCO;, -0.99 V vs. RHE, 25°C, 1 atm | C,H, (34-39), C,HsOH (9-16), CH,4 (<1) Ren et al. (2015)
IrgsRug,-oxide on flat Ti | 0.4 M Briton Robinson buffer | 4°C & 22°C, latm C,HsOH (96 at 4°C & 85 at 22°C) Ullah et al. (2015)
surface solution (pH 5.82)
Gd,03 nanoparticles/GC 0.1 M TBAH/CH;CN 25°C, 1 atm CO Behnamfar (2015)
CuO nanoparticles 0.2 M KI 1.5 V vs. SHE C,H5s0H (35) C3H;0H (5) Chietal. (2014)
Cu (core)/CuO (shell) 1 M KHCO; 25°C, 1 atm CO (23), HCOOH (20), CH;0H (1-3) Lan et al. (2014)
v-Ti305 - 125V CO (7), HCOOH (10) Sharma et al. (2014)
ZnO  decorated with Cu | 0.1 M KHCO; -1.203 V vs. SHE CO (5.4), CHy (1.8), C,H, (10), CH30H | Andrews et al. (2013)
nanoclusters (2.8), C,H5sOH (10), HCOO™ (8)
Cu from thick Cu,O films 0.5 M NaHCO;, Q>~5C-cm” CO (45), HCOOH (33), C,H4(5), CoHg (10) | Li and Kanan (2012)
Surface oxidized Cu 0.5 M KCl1 25°C C,Hg (27) Keerthiga et al. (2012)
Electrodeposited Cu,O KHCO;, 25°C,pH=17.6 CH;0H (38) Leetal. (2011)
Cu,0/Zn disk KOH/methanol -30°C,pH="17.5 CH,4 (7.5), C,H4 (6.8) Ohya et al. (2009)
Cu plate/Cu,O KHCO; 25°C, 1 atm C,H,4 (22)/C,H,4 (28) Yano and Yamasaki (2008)
Pt with RuO,/TiO, composites | 0.5 M NaHCO; 25°C, 1 atm CH;0H (60.5) Qu et al. (2005)
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2.4 Metal complex electrocatalysts

Metal complexes are also tried for the electrochemical reduction of carbon dioxide. The benefit
with metal complexes is that these can be designed by suitable ligand and central metal atom, and
hence can be tailored accordingly. Detailed review over the application of metal complex

electrocatalysts in ERC is provided by Benson et al. (2009) and Inglis et al. (2012).

A number of transition metal complexes have been reported, however, these were selective for the
CO formation (Tezuka et al. 1982; Gambarotta et al. 1982; Beley et al. 1984, 1986; Mahmood et
al. 1987 b; Ishida et al. 1987; Collin et al. 1988; Bruce et al. 1988, 1992; Hammouche et al. 1991;
Bhugan et al. 1996; Grodkowski et al. 2002; Issacs et al. 2003; Laitar et al. 2005; Raebiger et al.
2006). A stable CO, adduct to a transition metal was reported as [Co(salen)(CO,)M]" (M = Li,
Na, K, Cs) by Gambraotta et al. (1982). Phthalocyanin complexes of Co were also proved to be
very active towards the ERC for CO generation (Lieber and Lewis 1984). The Co phthalocyanin
complex reduced easily and thus CO, transformation could be carried out at low overpotential
values with faster rates. Hawecker et al. (1984) reported selective and sustained CO production in
DMF:H,O (9:1) solution using bipyridine ligands at low potential. Tetra-aza-macrocyclic
complexes of Co and Ni are interesting in the sense that the product ratio of CO/H, obtained was
1:1 or 2:1, which can be used as syn-gas, after proper modulation (Fisher and Eisenberg 1980).
Simon-Manso and Kubiak (2005) reported the use of dinuclear Ni complexes for the formation of
CO. Phosphine ligands are also reported for ERC, the first being Rh(dppe),Cl (dppe = 1,2-
bis(diphenylphosphino)ethane) complex, reported in 1984 by Slater and Wagenknecht. However,
it resulted only in the formation of formate and no CO was observed. Later, phosphine ligands of
Pd complex were studied and it resulted in the formation of CO in acidic solutions. It is important
to note here that basicity/redox potential of the phosphine ligands is crucial for the formation of
CO as more negative redox potential results in the formation of H, (DuBois et al. 1991; DuBois

1997; Raebiger et al. 2006).
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Table 2.5 Studies on electroreduction of carbon dioxide using metal complex electrocatalysts during 2005-2015

Cathode electrocatalyst

Electrolyte

Experimental

Main Products

References

parameters (Faradaic efficiency, %)

[Re(CO);{a,a’-Diimine-(4-piperidinyl-1,8- 0.IM TBAPF¢ with external | 25°C, 1 atm CO (68-92) Franco et al. (2015)
naphthalimide)} Cl] complex H' sources (CH;0H,

CF;CH,0H)
Multimetallic porphyrin and polyoxotungstate | DMF 25°C, 1 atm CO, HCOOH, CH;0H Garcia et al. (2014)
modified electrodes
N,N’-ethylenebis(acetylacetoniminato) AcN/ DMF/ DMSO + 0.1 M | 25+£2°C C,04* Udugala-Ganehenege et  al.
complex of Ni and Cu BuyNPF¢ (2014)
Ag modified with 3,5-diamino-1,2,4-triazole | 1 M KOH 25°C CO Schmitt and Gewirth (2014)
(DAT)
Diazine bridged dinuclear Re complex TBAPF, 25°C -NA- Valenti et al. (2014)
Ni/Co-terpyridine complex 0.1 M TBAP in DMF-H,0 25°C, 1 atm CO (38-76) Elgrishi et al. (2014)
Pyridinium (pyrH") ion N-methyl pyridinium ion 25°C CH;0H (30) Yan etal. (2013)
N-based organometallic silver 1 M KOH 25°C, 1 atm CO (85) Tornow et al. (2012)
Cu complex of [N-(2-mercaptopropyl)-N,N- | Acetonitrile 25°C C,0,7 Angamuthu et al. (2010)
bis(2-pyridylmethyl)amine]
Bimetallic Pd complex DMF 1.04 V vs. NHE CO (80) Raebiger et al. (2006)
Carbene supported copper (I) boryl Deuterated benzene 25°C, 1 atm CcO Laitar et al. (2005)
Dinuclear Ni complex Acetonitrile 25°C, 1 atm CcO Simon-Manso and Kubiak (2005)
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Metal complexes do not seem to be very effective for hydrocarbon and alcohol formation possibly
because the contact time of the CO, with the catalyst is limited and metal-carbon bond gets
dissociated quickly and thus multi-electron transfer mechanism gets hindered. Furuya and Matsui
(1989) and Magdesieva et al. (2002) reported the formation of CH, using Cu, Ga and Ti
phthalocyanins. Seshadri et al. (1994) reported pyridinium ion for methanol production as a novel
homogeneous electrocatalyst and Faradaic efficiency of CH;OH formation was achieved upto
30%. Labeling studies with *CO, was used to verify the formation of *CH;OH. Later, Yan et al.
(2013) reported the mechanism of this reaction in which the inner-sphere reduction of pyridinium
took place to form a surface hydride. The noticeable attributes of the system were the low
overpotential and stability for ~19 hours, which is rare for CO, electroreduction systems. Garcia et
al. (2014) studied the multimetallic porphyrins/polyoxotungstate modified multilayer ITO
electrodes for the ERC. Three different metal ions viz. Mn(IIl), Ni(Il), and Zn(II), were
investigated and formation of CO (3.85 x 10* mM) was found when ITO was modified with
Ni(I) metal ion at the centre of the porphyrin. However, Mn(IIl) and Zn(II) metal ions modified
ITO electrode resulted in the formation of methanol. The different metal centres in the electrodes
were found to be responsible for the activity and selectivity of the electrodes. Strong binding of
Mn(III) atoms with the anion (polyoxotungstate) help to produce maximum coverage over the
electrode surface, thus resulting in the highest activity. Moreover, it has also been reported that
the non-homogeneous film of porphyrins resulted in the random distribution of active sites, which
were responsible for the varied electrocatalytic behaviour of the synthesized electrodes. These
recent researches prove that hydrocarbons and alcohol formation is also possible using the metal
complexes with proper modulation in the metal and ligand moiety. Thus, there is immense scope
in the field of metal complexes also to produce fuel kind of products. Table 2.5 summarizes the

performance of metal complex electrocatalysts for the reduction of CO, dissolved in a medium.
2.5 Metal carbide, metal sulphide, and metal hydride electrocatalysts

Metal carbide, metal sulphide, and metal hydride are not studied well as compared to metals,

metal oxides, and metal complexes. Carbides of group V elements (e.g. V, Nb, and Ta) have been
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investigated for their electrocatalytic activity in ERC by Yotsuhashi et al. (2012) and production
of CO, CHy4, C,Hy4, and C,H, was reported at low overvoltages. However, when carbides of metals
other than group V (e.g. Mo, Ti) were tested, then only hydrogen evolution could be observed for
which no plausible reason was given. There is no other reported work over metal carbides, as of
now. Molybdenum disulphide has been chosen by Asadi et al. (2014) to investigate CO,
electroreduction. Very interesting results were found using first principle modelling, which
reveals that the molybdenum-terminated edges of MoS, are mainly responsible for its catalytic
performance due to their metallic character and high d-electron density. Pugh et al. (1991)
investigated the key steps in ERC for the insertion of CO, into metal-hydride (M-H) bond. Studies
were carried out for Ru bipyridine complex cis-[Ru(bpy),(CO)H]", which acted as a catalyst for
ERC and resulted in the formation of CO. The insertion of CO, into the Ru-H bond was
preceeded by the bipyridinium based reduction of cis-[Ru(bpy),(CO)H]". The second step was the
re-formation of the metal-hydride bond by the reduction of water. Late transition metal hydrides
were also found to reduce CO,, where trialkylboranes play a key role (Miller et al. 2011). It is
supposed that the chemistry involves assistance of trialkylborane which forms a formate-borane

adduct thus favouring the CO, reduction, however further investigation is still going on.

2.6 Summary of literature review

The discussion over electrocatalysts for the formation of fuel kind of products using
electrochemical reduction of CO, reveals that there are enough possibilities for CO, hydrocarbons,
and alcohol product formation. However, still there are various challenges to overcome for the
development of this process. The major obstacle is to minimize the competitive hydrogen
evolution reaction which is one of the important causes for the under-performance of CO,
reduction. It has also been seen in the literature that in many of the cases, cyclic voltammetry
gives erroneous results, which makes the conclusion unpredictable about the activity of an
electrocatalyst. It is difficult to predict the behaviour of the electrocatalysts for the ERC, based on
only CV results. This discrepancy also needs to be overcome. Another need is to improve the

selectivity of the catalysts for such products which can be directly used as fuels (e.g.
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hydrocarbons and alcohols). In spite of the significant efforts made for enhancing the Faradaic
efficiency, there is scope for further improvement. Energy consumption for carrying out the
process needs to be minimized and it requires the development of electrocatalysts which can work
at low overpotential. To overcome the high overpotential issues, the use of metal complexes can
be advocated. Apart from this, if the metal complexes are tuned in an efficient way, they can also
result in hydrocarbon formation along with the CO. To further explore the process, designing of
new class of electrocatalysts is essential. In this direction, combined effect of two or three metals
can be studied, because combination of metals results in some of the unique properties which can
not be obtained with single metals. Further, it has been seen in most of the literature that CO,
reduction has been performed after dissolving it in the aqueous/non-aqueous medium. However,
the reports over direct reduction of gaseous CO, are scanty. For the large-scale practical
application, direct reduction of gaseous CO, is essential. In the light of all these facts, the

objective of this research work has been formulated, as discussed in the subsequent section.

2.7 Research objectives

Based on the literature survey, it can be said that there is need to investigate the electrocatalysts
for the production of fuel kind of products in gas phase ERC viz. direct electrochemical reduction
of gaseous CO, (dERC). Moreover, the technical know-how of the dERC needs to be explored.
Further, lack of any specific method for shortlisting the electrocatalysts among the group of many
for dERC, demands the formulation of a suitable method. Therefore, the major aim of the thesis
is to develop suitable electrocatalysts to improve the efficiency of the direct electrochemical
reduction of gaseous CO, (dERC) at low overpotential along with production of fuel kind of
products. The development of a suitable method for the preliminary selection of electrocatalysts
was also attemped. To achieve these aims, at the first step, a protocol was developed for the quick
selection of electrocatalysts. As the second objective, four metals were studied to access their
performance in the gas-phase CO, reduction. Further, some of these metals were modified with
the formation of metal oxides. Some of the selected metals were also modified by incorporating

into the ligand and formation of metal complexes. To improve the efficiency further, and to see
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the combined effect of two metals over dERC, bimetallic system was also studied. The various

investigations which were carried out to accomplish the objective are given as follows:

. Development of catalytic activity protocol for electrochemical reduction of CO,

A catalytic activity protocol was developed and validated for the quick selection of useful
electrocatalysts. The protocol also enabled the comparison among various electrocatalysts, based

on their performance for CO, electroreduction.

1. Investigations to elucidate the performance of metal electrocatalysts for gas-

phase electrochemical reduction of CO,

Four metals, Cu, Zn, Ni, and Co were selected and studied for dERC. For full cell reaction, the
metals were electroplated over suitable substrate and analyzed. The developed electrodes
(cathodes) were characterized using X-ray diffraction (XRD), energy dispersive X-ray
spectroscopy (EDX), scanning electron microscopy (SEM), and electrochemical tests. These

metal electrodes were studied for direct gas phase electroreduction of CO..

1. Development of metal oxides for dERC to improve the performance

Oxides of Cu, Zn, Ni, and Co were synthesized Vviz. CuO, ZnO, NiO, and Co0;0,. These metal
oxides were characterized using X-ray diffraction (XRD), energy dispersive X-ray spectroscopy
(EDX), BET surface area studies, Fourier transform infrared (FTIR) spectroscopy, field emission
scanning electron microscopy (FESEM), and electrochemical tests. The developed metal oxides
were studied thoroughly in full cell reactions and their performances were compared with the

metals.

V. Development of metal complexes using salen ligand for lowering the

overpotential of the dERC and to improve the performance further

The salen ligand and corresponding metal complexes of Cu and Ni were synthesized. The metal

complexes were thoroughly characterized using Fourier transform infrared (FTIR) spectroscopy,
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nuclear magnetic resonance (NMR) spectroscopy, high resolution mass spectroscopy (HR-MS),
elemental (CHN) analysis, and electrochemical tests. The metal complexes were studied in full
cell to estimate their efficiency, selectivity, and overpotential requirement. Based on the reaction

products, probable mechanism was also elucidated for dERC.

V. Development of a bimetallic electrocatalyst to study the effect of combination of

metals over dERC

To see the combined effect of two metals in the dERC, bimetallic electrocatalyst was developed.
It was characterized using X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX),
BET surface area studies, field emission scanning electron microscopy (FESEM), transmission

electron microscopy (TEM), and electrochemical tests and further tested in full cell reaction.

Next chapter provides the details over the experimental set-up used for the direct electrochemical
reduction of gaseous CO,. Various general techniques and methods used to carry out these works
are also elaborated in chapter 3. Moreover, the techniques particular to specific electrocatalysts

are detailed in the relevant chapters.
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Experimental

In this chapter various techniques and methods to accomplish the work are discussed. Experimental
methodologies for characterization of the developed electrocatalysts are discussed in the beginning.
Later, design of the experimental set-up and electrochemical reactor is illustrated. Various
electrochemical techniques used and the product analyses methods are also discussed. Moreover, it
may be noted that only common experimental techniques are discussed in this chapter, while, the
synthesis of electrocatalysts and specific characterization techniques along with the materials are

discussed in the relevant chapters.
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3.1 Background

Characterization of a material refers to the broad and general process by which a materia’s structure,
and physical and (electro)chemical properties are probed and measured. The synthesized
electrocatalysts need to be characterized to ascertain right synthesis. Apart from the physical (ex-situ)

characterizations, electrochemical (in-situ) characterizations are also must for an electrocatalyst.

3.2 Electrocatalyst characterization techniques

The synthesized electrocatalysts were characterized using ex-situ characterization techniques viz. X-
ray diffraction (XRD) studies, Fourier transform infrared (FTIR) spectroscopy, Brunauer-Emmett-
Teller (BET) surface area analysis, scanning electron microscopy (SEM), field emission scanning
electron microscopy (FESEM), transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDX), nuclear magnetic resonance (NMR) spectroscopy, high resolution mass
spectrometry (HR-MS), and elemental analysis. After the characterization by ex-situ methods, the
electrocatalysts were further analyzed in electrochemical environment for in-situ studies which

include linear sweep voltammetry (LSV), cyclic voltammetry (CV), and chronoamperometry (CA).

3.2.1 X-ray diffraction (XRD)

X-ray diffraction is an effective method for determining crystal structure of materials. It is a rapid
analytical technique primarily used for phase identification of a crystaline material and can provide
information on unit cells. The material to be analyzed is finely ground, homogenized, and average
bulk composition is determined. X-ray diffraction results from the constructive interference between
X-rays and electrons of the sample material. The X-rays are produced using a cathode ray tube. These
X-rays are filtered to produce monochromatic radiation and collimated to concentrate before directing
towards the sample. Constructive interference is produced when the conditions satisfy Bragg's law

according to equation (3.1).
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ni = 2d sind (3.1)

where, 1 is the wavelength, d is the spacing between the two crystal planes, and @ is the Bragg's

angle, which is the angle between incident and reflected beam.

These diffracted X-rays are then detected, processed and counted. Diffraction peaks are converted to
d-spacing, which allows identification of the substance because each substance has a set of unique d-

spacings. Usually thisis carried out by comparison of d-spacings with standard reference patterns.

X-ray diffraction (XRD) analysis of the electrocatalysts and electrodes was carried out in an
advanced X-ray diffractometer (make: Brucker, model: D8 Advance). The powdered electrocatalysts
were kept in the sample holder, which was fixed in the XRD analyzer. The radiation produced by X-
ray guns was the monochromatic Cu-Ka. radiation. Operated at approximately 40 kV and 40 mA, the
wavelength of Cu-Ka radiation is 1.54 A. The XRD gun was swept in different ranges for the

different samples with scan speed of 1 sstep™.
3.2.2 Fourier transform infrared (FTIR) spectroscopy

In FTIR spectroscopy, IR radiation is passed through a sample. Some amount of the infrared radiation
is absorbed by the sample while some amount of it is passed through (transmitted). Thisresultsin a
spectrum, which represents the molecular absorption and transmission by the sample. Each molecular
structure produces a unique infrared spectrum, same as of fingerprint hence also called as ‘ molecular

fingerprint’.

To get the spectrum, sample is prepared by grinding approximately 1-3 mg of solid sample with
approximately 350 mg of infrared-inert matrix material viz. KBr (FTIR grade). Before use, KBr
should be dried overnight at 110°C to remove any trace of moisture. Since, there is need of arelative

scale for the absorption intensity; a background spectrum must be created with only KBr (without

TH -1470_011615202



68 | Chapter 3

sample) in the beam. This background spectrum is compared with the spectrum obtained with the

sample, and thus percent transmittance is produced.

The FTIR spectra of electrocatalysts were obtained in a Fourier transform infrared (FTIR)
spectrometer (make: Shimadzu, model: IR Affinity-1) to identify the various functional groups
present in the sample. The transmission spectra of the electrocatalysts were recorded in the spectral

range of 400-4000 cm™.
3.2.3 BET surfacearea analysis

The surface area of the synthesized electrocatalysts was determined using Brunauer-Emmett-Teller
(BET) gas adsorption method. This gas adsorption method is based on the physical adsorption of a
gas (inert) on the surface of the solid (electrocatalyst). Physical adsorption results from relatively
weak vander Waals force which develops due to dipole-dipole interaction between the adsorbate gas
molecules and adsorbent surface (test sample). The amount of adsorbate gas corresponding to a

monomolecular layer on the surface is cal culated to evaluate the surface area of the sample.

The samples were characterized in BET surface area analyzer (make: Beckman Coulter, model: SA
3100) using N, gas. Approximately, 0.3 to 0.5 g of powder was placed in a test tube and allowed to
degas for 2 hours at 150°C in flowing nitrogen. This removes contaminants such as water vapor and
adsorbed gases from the sample. The sample was then weighed under air-tight conditions, after which

it wasinserted into the analysis port for further analysis at liquid nitrogen temperature.
3.2.4 Scanning electron microscopy (SEM)

SEM is used very effectively for analyzing surface morphology of solid materials. This microscopy
uses a focused beam of high energy electrons to generate a variety of signals at the surface of solid

samples. The signals produced are derived from the interactions between electrons and sample. The
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signals generated during analysis produce a three-dimensional image and render information about

the external morphology of the sample.

In SEM, a beam of highly energetic electrons (primary electrons) is directed towards a sample. These
electrons collide with the sample and give rise to secondary electrons, back scattered electrons, as
well as X-rays. For imaging samples, secondary electrons and backscattered electrons are commonly
used. There is no volume loss in the sample during analysis, and hence the same material can be used

to generate images repeatedly. Hence, SEM istermed as non-destructive anaytical technique.

Surface morphologies of the electrodes and membrane (viz. electrolyte) used in the study were
evaluated using scanning electron microscope (make: Leo, model: 1430vp), which was able to
magnify the samples in the wide range of 10X to 10 kX. The electrode sample was mounted over the
stub using conductive carbon tape and analyzed. The membrane sample was subjected to gold coating

before mounting over the stub for making it electrically conductive.

3.2.5 Field emission scanning electron microscopy (FESEM)

Field emission scanning electron microscopy is the more developed version of conventional SEM,
where a field emission cathode in the electron gun of a SEM provides narrower and high electron

energy beam. This helps to improve the resolution and image quality.

Surface morphologies of the electrocatalysts synthesized for the study were evaluated using field
emission scanning electron microscope (make: Zeiss, model: Sigma). This FESEM is able to magnify
the samples in higher than 10kX range. The electrocatalysts were dispersed in appropriate solvents
and sonicated till completely homogenized dispersion was obtained. A drop of the solution was put
over the glass dide covered with aluminium foil and dried in oven. The glass side was then kept over

the stub in field emission scanning electron microscope using conductive carbon tape and analyzed.
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3.2.6 Transmission electron microscopy (TEM)

Transmission electron microscopy is another technique to analyze the morphological details of a
specimen. The basic difference between SEM (or FESEM) and TEM is that SEM is based on
scattered electrons while TEM is based on transmitted electrons. In SEM, back scattered electrons,
secondary electrons, and characteristic X-rays generated after the collision with the sample, produce
3-dimensional images, while in TEM, the transmitted electrons from the samples are utilized to
produce two-dimensional images. As the electrons need to pass through the samples in TEM, the
specimen has to be thin enough to transmit electrons (i.e. electronically transparent). TEM provides

higher resolution than SEM and is able to analyze the sample at nano level.

The morphology and size of electrocatalysts were analyzed in transmission electron microscope
(make: JEOL, model: JEM 2100). The samples were dispersed ultrasonically in appropriate solvent
for 30 min for TEM analysis. The homogenously dispersed sample was put over 300 mesh size
copper grid using micropipette. The sample kept over the grid was then placed in a Petridish and
dried in vacuum oven to remove the volatile contents. Thereafter, the grid having sample was

mounted in the single axis tilt sample holder to insert into TEM column for analysis.

3.2.7 Energy dispersive X-ray spectroscopy (EDX)

Energy dispersive X-ray spectroscopy is a qualitative and quantitative non-destructive X-ray
microanalytical technique, which provides information about the chemical composition of the
samples having elements with atomic number (2) > 3. In EDX spectroscopy, an electron beam is
focussed on the sample in either a scanning electron microscope (SEM) or transmission electron
microscope (TEM). The electrons from the primary beam penetrate the sample and interact with the
atoms of the sample. After interaction, the X-rays are detected by an energy dispersive detector and

signal isdisplayed as spectrum of intensity vs. X-ray energy.
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The sample does not require any specia preparation for EDX analysis. It is done in the same way as
in case of SEM or TEM analysis. The EDX spectra of the electrocatalysts were obtained using
scanning electron microscope (make: Leo, model: 1430vp) and transmission electron microscope

(make: JEOL, model: JEM 2100).
3.2.8 Nuclear magnetic resonance (NM R) spectr oscopy

Nuclear magnetic resonance (NMR) spectroscopy is an analytical technique used extensively for
determining the structure of organic compounds. It is concerned with the magnetic properties of
certain nuclei. NMR is based on the principle that many nuclei have spin and al nuclei are
electrically charged. A spinning charge generates a magnetic field and the resulting spin-magnet has
amagnetic moment proportional to the spin. So, if an external magnetic field is applied, then two spin
states come into the picture. The magnetic moment of the lower energy state gets aligned with the
external magnetic field while that of the higher energy state opposes the external magnetic field. The
energy difference between the two spin states is very small and depends on the applied externa
magnetic field. However, this energy difference increases with increase in the external magnetic field.
Hence, for NMR spectroscopy, strong magnetic fields are required. This energy difference is
responsible for the energy transfer between the base energy level and higher energy level of the
nucleus. The energy transfer takes place at a specific wavelength corresponding to the range of radio
frequency. The same range of frequency is emitted when the spin comes back to its base energy.
Thus, if the signal produced in the sample being analyzed, matches with the signal of a certain nuclei
then it helpsin the identification. Most commonly, the nuclel used in this spectroscopy are hydrogen-

1 (*H) and carbon-13 (**C) both of which possess the fractional spin of 1/2.

For the present work, *H-NMR has been used. For carrying out the analysis using NMR spectroscopy,
the sample is solubilized in a specific solvent. For *H-NMR spectroscopy, the solvent should not

contain any simple hydrogen atoms as they would result in erroneous peaks. Use of CDCl; as a
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solvent serves this purpose as hydrogen atom is replaced by its isotope, deuterium, which possesses

sufficient magnetic properties.

For the anaylsis of synthesized ligand, nuclear magnetic resonance spectrometer (make: Varian,
model: Mercury plus) has been used. The applied external magnetic field corresponded to the
precession frequency of 400 MHz. Small amount of the sample was solubilized in CDClz in an NMR
tube. The NMR sample tube was inserted into the spinner and positioned using the gold coloured
depth gauge. Further, the NMR sample and spinner were inserted into the bore tube and

pneumatically lowered into the magnet for the analysis.

3.2.9 High resolution mass spectrometry (HR-M S)

Mass spectrometry is a highly effective analytical technique used to analyze the unknown samples as
well as to quantify the materials. In this process, samples are converted to gaseous ions, which are
identified by their specific mass to charge ratio with the use of a magnetic field. The basic principle
underlying the process is that a charged particle passing through a magnetic field is deflected along a
circular path on a radius, which is proportional to the mass to charge ratio of the particles. The first
step in the mass spectrometric analysis is the electron ionization of the sample to produce gas phase
ions, aso known as molecular ions. If the molecular ion is unstable, then it can go for further
fragmentation to produce smaller ions. The produced ions are then collimated and accelerated into a
magnetic field. The magnetic field helps to separate the ions based on their mass to charge (m/2) ratio.
The ions having the smallest nVz ratio will be deflected the most and vice-versa. The most useful
information obtained using this analytical technique is the molecular weight of the sample. The

sample to be analyzed isinjected by solubilizing in an appropriate solvent.

The mass of the synthesized ligand was obtained through the high-resolution mass spectrometer

(make: Agilent, model: 6520). The sample was dissolved in acetonitrile and injected using a syringe.
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The mobile phase used was a mixture of 0.1% formic acid and acetonitrile. The peaks obtained

helped to identify the mass of the sample.

3.2.10 Elemental analysis

Elemental analysis of carbon (C), hydrogen (H), and nitrogen (N), also called as CHN analysis, is
very important for organic samples. The CHN analysis is accomplished by combusting the sample in
the oxygen atmosphere and the various combustion products such as carbon dioxide, water, and nitric
oxide are collected. The combustion products obtained after the reaction are passed through the gas
chromatographic system to evauate the amount of carbon dioxide, water, and nitric oxide present in
the sample. Thus, mass of C, H, and N present in the sample can be known. The accurate
measurement of the mass of these products helps to identify the composition of an unknown sample.
The composition of the compound is usually expressed in terms of weight percent of each element in
the compound. The elemental analysis of a compound enables to determine the empirical formula of
the compound, using which, the molecular formula can be easily determined as the molecular formula

isaninteger (n) multiple of the empirical formula.

The determination of the mass percentage of CHN elements is based upon the direct weight of the
material sampled. Therefore, it becomes mandatory to dry the sample completely and foreign
particles (if any) should be removed. Amount of sample required for analysis is approximately 2-3
mg. To find out the elemental formula of the metal complex electrocatalysts, the required amount of
the sample was introduced in elemental analyser (make: EuroEA) and amount of various € ements

was determined in percentage.
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3.3 Evaluation of electrocatalyst for CO, reduction

The synthesized electrocatalysts were evaluated for their activity towards electrochemical reduction
of CO, using both half-cell and full cell studies. The different experimental set-up(s) were devel oped

in-house and used for the studies.
3.3.1 Experimental set-up for half-cell studies

The haf-cell studies were carried out in a conventiona three-electrode system used in
electrochemical measurements. The saturated Ag/AgCl was used as a reference electrode and
platinum wire was used as a counter electrode. Different synthesized electrocatal ysts were used along
with gas diffusion layer to fabricate the working electrode having area of 0.5 cm?® Different
electrolytes were used for carrying out the reaction in aqueous and non-aqueous media. The
electrolytes were also purged with inert (N2) and CO, gases, depending upon the experiment. The

details are discussed in the section 4.3.1.2 and 4.3.1.2.1.

To record the data, potentiostat/galvanostat (make: CH Instruments Inc., USA, model: CHI6008B)
was used. As shown in figure 3.1, the potential difference is measured between the working and

reference electrodes and the current is measured between the working and counter electrodes.

Potentiostat/
galvanostat

Working

electrode Counter

electrode

Reference
electrode

Electrolyte
solution

Figure 3.1 Schematic of the half-cell experimental set-up

TH -1470_011615202



Experimental | 75

3.3.2 Experimental set-up for full cell studies

The full cel studies involve a complex set-up of electrochemical reactor, peristaltic pumps,
potentiostat/galvanostat, gas chromatography modules, gas distribution system, and liquid-gas
separator etc. A snapshot of the entire experimental set-up is shown in figure 3.2. For the ease of

understanding, the set-up is discussed in the following sub-sections.

3.3.2.1 Electrochemical reactor

The full cell studies were carried out in an indigenously developed electrochemical reactor (Aeshaa
et al. 2012), as shown in figure 3.3. The reactor resembles fuel cell assembly, where the anode and
cathode are placed on the opposite sides of an ion exchange membrane. Two graphite plates with
properly lined flow channels and ribs were used as end plates to deliver reactants to the electrodes and

collect the products from the outlets as shown in the figure 3.3.

S

Figure 3.2 Snapshot of experimental set-up developed for the study of dERC
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Figure 3.3 Snapshot of the electrochemical reactor

A snapshot of the electrochemical reactor is shown in figure 3.3. Suitable electrical potential was
supplied through the gold terminals of the end plates. The electrons produced during the reaction
were collected through gold-plated terminal at the anode end plate. Likewise, the eectrons which
were supplied to the cathode through external circuit were first received by gold-plated terminal at the
cathode end plate and then transported to the cathodic reaction sites. The anode and cathode were
used after assembling in membrane electrode assembly (MEA). The fabrication of MEA is detailed in
section 3.3.2.1.1. The MEA was sandwitched in between the two graphite end plates. The dERC

reactor was checked for any leakages and short-circuiting (Aeshalaet al. 2012).

3.3.2.1.1 Fabrication of membrane electrode assembly (MEA)

A solid polymer electrolyte membrane, Nafion-117 (procured from DuPont, USA) was used as cation
exchange membrane for the development of MEA in all the experiments. The Nafion membrane was
cut in required size and pre-treated to improve the proton conductivity. The pre-treatment was done as
per the standard procedure (Barbora et al. 2009). The membrane was first treated in 0.5 M H,O, for 1

h at 80°C. The peroxide treated membrane was then boiled in millipore water for 1 h at 80°C to
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remove the remains of peroxide. The third treatment utilized 0.5 M H,SO, solution for an hour at
80°C followed by final cleaning with water same as in second treatment step. The treated membrane

was stored in millipore water for further use.

Gas diffusion layer (GDL) or porous carbon paper (GDS 210) from CeTech Co. Ltd., Taiwan was
used as the backing layer for anode and cathode electrocatalysts to be used in half-cell or full cell
reactions. The anode electrocatalyst used in all the studies was 40 wt% Pt/C (procured from
Electrochem Inc., USA). The anode was synthesized by coating the GDL with anode electrocatalyst
ink. The anode electrocatalyst ink was prepared by sonicating Pt/C aong with 5 wt% Nafion
dispersion (DuPont, USA) and iso-propyl acohol. The amount of Pt/C was taken so as to maintain
the catalyst loading of 0.5 mg-cm? on anode in al the experiments. The homogenized mixture
obtained after sonication was sprayed onto the GDL. Nitrogen gas was used as the carrier gas for
carrying out spraying. The anode thus obtained was further heat treated in an air oven for
approximately 12 h at 100°C to get the anode electrode. The cathode was synthesized either in the
similar manner or by electroplating technique, which will be discussed in subsequent chapters. The

electrode areain all the full cell studies was 3x3 cm?.

MEA was fabricated by sandwitching the treated membrane between the synthesized electrodes
(anode and cathode). Hot pressing was done at appropriate temperature under the pressure of 50
kg-cm? for 3 min in compression moulding machine. Thereafter, the MEA was cooled to room
temperature and instaled in the electrochemical reactor. A snapshot of the developed MEA and its

schematic is shown in figure 3.4.
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@ (b)

Figure 3.4 Snapshot of (a) developed MEA, and (b) its various components

3.3.2.2 Performance evaluation of synthesized el ectrocatalysts for dERC in el ectrochemical reactor

The developed MEA was kept in between the two graphite plates and the reactor was assembled to
check the performance of electrocatalysts for dERC. The schematic of the experimental set-up is
shown in figure 3.5. The CO, gas (99.995%) was taken from a CO, cylinder. The gas was humidified
by passing through the humidifier and then allowed to enter in the cathode inlet at the flow rate of 20
mL-min™* which was set by the rotameter. At the anodic end of the electrochemical reactor, deionized
water was used as a proton source for the reaction. It was passed to the anode inlet at the flow rate of
1.5 mL-min™ set by the peristaltic pump. To carry out the reaction, an external source of energy was
required, and potentiostat/galvanostat served the purpose. The dERC was carried out at different
potential values. All the experiments were carried out at 30°C and atmospheric pressure. The anode
outlet was connected to vent while the products obtained at the cathode outlet were collected in gas

sampling bags for further evaluation in gas chromatograph.
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Figure 3.5 Schematic of the experimental set-up

3.3.2.3 Gas chromatography system

The reaction products resulting from the electrochemical reduction of CO, in presence of
electrocatalysts need to be identified and quantified. Gas chromatographic (GC) technique was used
for identification and quantification of reaction products. Gas chromatography requires a mobile
phase and a stationary phase. Mobile phase (carrier gas) servesto carry the analyte molecules through
the heated column. The mabile phase can be any inert gas, for e.g. argon, helium, or nitrogen. The
stationary phase consists of a column, which is constructed by packing a tube with column packing
material. The material is held in place by sintered metal filters at either end of the tube. The packing
material consists of very small support material having very thin coating of liquid solvent of high
boiling polymer. A typica gas chromatograph consists of an injection port, a column, carrier gas flow

control system, oven, and heaters for maintaining temperature of the injection port and column.
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The sample to be analyzed is introduced in the injection port, where it gets vapourized and moves
aong with the carrier gas. As the gas sample moves through the column (stationary phase), the
components of the sample interact with the stationary phase and depending upon the strength of
interaction, various components may take longer or shorter time to elute through the column. Usualy,
the components with lower boiling points move slower than the components with higher boiling
points. The time taken by a component to elute from the column is called as the retention time. Strong
interaction leads to longer retention time and vice-versa. The time at which this separation occurs is
dependent on the temperature, length of the column, and flow of the carrier gas. After elution, the

different components are identified by the various detectors located at the end of the column.

For analyzing the product samples, the gas chromatograph used in the present study comprised of a
packed column (Carbosieve S-11, 3.05 m, 1/8 in., 2.1 mm) along with thermal conductivity detector
(TCD), methanizer, and flame ionization detector (FID). The carrier gas used was argon. Thermal
conductivity detector is generally used to detect both organic and inorganic compounds. It is based on
the change in thermal conductivity of the carrier gas when another compound is present. In the
present system, TCD was used primarily for the detection and quantification of the H, and CO..
Methanizer is a system which converts CO and CO, to CH, for better identification. Moreover, this
CH, does not interfere with the CH,4 obtained directly from the dERC reactor because the later eluted
from the column before the CH, from methanizer. After passing through TCD and methanizer, the
gas sample (along with carrier gas) enters FID. The detection in FID is generally used to detect
organic compounds, as it works by passing the sample through a hydrogen flame and measuring the
ions produced while burning the compounds of the sample. In the present study, FID was used for the
detection of hydrocarbons (CH,, C,H4, CoHg). Thus, after injection of the gas sample in the injection
port, it moves along with carrier gas through column, TCD, methanizer, and FID such that detection
of H,, CO,, CO, and hydrocarbons takes place. Quantification of the products was carried out using

calibration curves of the known concentration of standard samples.
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3.4 Experimental techniques used in electrochemical studies

The various techniques used for the study were linear sweep voltammetry (LSV), cyclic voltammetry

(CV), and chronoamperometry (CA).

3.4.1 Linear sweep voltammetry (LSV)

Linear sweep voltammetry is a potential sweep technique in which a fixed potential range is
employed and the voltage is ramped from alower limit to an upper limit at a particular rate as shown
in figure 3.6 (a). The resulting current-potential curve is known as linear sweep voltammogram
(LSV). It provides useful information about the rate of electrochemical reactions as a function of the
potential. The time taken to sweep the range can be altered by changing the potential scan rate. The

applied potential is usually varied linearly with time, therefore the scan rate is defined as the slope

(V-sh.
Potential (E) Current
A A
E
Time
El Ep E »
@ (b)

Figure 3.6 Linear sweep voltammetry experiment (a) the potential-time profile applied during
experiment (E; is the lower limit and E; is the upper limit), and (b) the corresponding linear sweep

voltammogram showing current response due to change in potential (E, represents peak potential)
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3.4.2 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is another useful technique to investigate the electrochemica behaviour of
a system. In this technique, the potential applied between the electrodes is ramped between low and
high values as in case of LSV, however, when the voltage attains a certain maximum value, the
potential is reversed back to initial position (Figure 3.7 a). The current response measured during this
process is usually normalised to the surface area of the electrodes and represented as the current
density. The peak obtained in the cyclic voltammogram is characteristic of the electrode reaction
taking place. The peak width and height for the reaction under investigation depends upon the scan

rate, concentration of the electrolyte, and the type of electrode used.

The redox reaction taking place in the solution can be expressed as O + ne <> R, where O and R are
the oxidized and reduced species in a redox couple, respectively. When the electron transfer rate in
both forward and reverse directions is equal, the reaction is said to be reversible with the separation

between anodic and cathodic peak of approximately 59/n mV at 25°C, where n is the number of

Potential (E) Current Switching
A A .
E, point
i p
Time E E
E:
(a (b)

Figure 3.7 Cyclic voltammetry experiment (a) the potential-time profile applied during
experiment (E; is the lower limit and E; is the upper limit) and (b) the corresponding response of

the current due to potential sweep (i, represents peak current and E, represents peak potential)
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electrons transferred during the oxidation or reduction process. In such a system, E; is independent of
the scan rate. Further, for a charge transfer process under the reversible conditions, the peak current

density, |, is given by the following equation
l, = 2.75x10°n**D2C% " (3.2)

where, |, is the current density at the peak maxima (A .cm®), n is the number of moles of a particular
product, D is the diffusion coefficient (cm?s?), C° is the concentration of the bulk solution (mol-L™),

and v is the potential scan rate (V-s™).

It is evident from this reaction that peak height should increase with the scan rate as the peak current
density is proportional to the square root of the scan rate. Another important parameter in CV analysis
is the half wave potential Ei;, which is related to the peak potential as E, = Ey» — 1.1RT/nF (F

represents Faraday constant).

Under irreversible conditions, when the rate of the backward reaction is negligible, then reaction is
represented as O + ne — R. In such a case, system does not remain in equilibrium and hence E; is

dependent on the scan rate.
3.4.3 Chronoamperometry (CA)

Chronoamperometry (CA) is a square wave pulsed voltammetric technique in which afixed potential
is applied and the current is measured as a function of time. The current response of the experiment is
a composite of the double-layer charging current and Faradaic current. The Faradaic current is due to
the electron transfer reaction with an electroactive species. The double layer charging current or the
capacitive current decays at a rapid rate as an exponential function of time for diffusion controlled

reaction. This current is significant only during the initial period (afew milliseconds).

In the present work, CA was used to study the pulse mode electrolysis for dERC. The total charge

(calculated by integrating the current-time curve) measured during the reaction corresponds to the
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Figure 3.8 Chronoamperometry experiment () the potential-time profile applied during experiment (E;
istheinitial potential value, and E; and E, are the points of interest), and (b) the corresponding response

of the current with time due to change in potential

electrons used in the CO, reduction reactions and thus it is proportional to the amount of the products

formed.

In the experiments performed, an initial potential (E;) was given as shown in figure 3.8. When the
experiment is started, the cell is held at thisinitial potential for a number of seconds, defined as quiet
time. After the completion of the quiet time, the potential is instantaneously changed to the potential
value of interest (E;) (Figure 3.8). The current time response is recorded at this potentia value for a
specific time viz. pulse width. After this, the potential is instantaneously changed to another potential
value of interest (E,) and again the current time response is recorded for the given pulse width. This
cycle continues for the given number of steps. In the experiments, the applied potential value is
always higher than the equilibrium potential of the CO, reduction reactions. The difference between
the applied potential and the equilibrium potential of the reaction represents the overpotential which

may be due to any one of the activation polarization, concentration polarization, ohmic polarization,
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or the combination of these. After completion of the reaction, charge is calculated by integrating the

current time response. The charge calculated is used for the determination of Faradaic efficiency.

It is to be noted that the CO, reduction is a cathodic reaction; hence all the electrochemical
experiments have been carried out in cathodic range (-ve potentia values). However, for the
simplicity and ease of understanding, all the potential and current values have been plotted with

positive sign in entire thesis, unless stated otherwise.

3.5 Product analysis and quantification

For the complete understanding of the activity of electrocatalysts, products obtained after full cell
reaction have to be quantified. Quantification is done for the products obtained in 1 h of the reaction.
The efficiency of the electrocatalyst is represented in terms of Faradaic efficiency, rate of the
reaction, and selectivity. To represent the efficiency in such a way, there is need to know the amount
of the products formed and the electrical charge utilized to carry out the respective reaction. Gas
chromatography analysis provides information about the amount of the products formed and the

chronoamperometric experiments results in the quantification of electrical charge utilized.

3.5.1 Faradaic efficiency

Faradaic efficiency, also called as Faradaic yield or current efficiency helps to determine the efficacy
of the charge transfer for a particular reaction. The Faradaic efficiency was calculated by determining
the charge passed to produce a particular product (of total CO, conversion) with respect to tota

charge passed during the experiment (Kuhl et al. 2012). The formulais shown in equation (3.3).

nxFxz

Faradaic efficiency = (3.3

where, n = number of moles of particular product (moal)

F = Faraday constant (C-mol™)
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z=number of electronsinvolved for 1 mole of particular product
Q = total charge passed during the experiment (C)
3.5.2 Rate of thereaction

Rate of the reaction for the formation of various products using synthesized electrocatalysts was
caculated at the potentia value, where the cumulative formation of all the products was found
highest. Reaction rate was calculated as the ratio of the amount of the products formed to the amount

of the electrocatalyst used, in unit time, represented in units of g-(g-h™*)™* (Cao et al. 1988).
3.5.3 Selectivity

Selectivity is defined as the amount of desired product to the amount of total CO, reduction products
obtained (based on the carbon content) during reaction (Ogura et al. 2004). The formula of selectivity

calculation for the formation of CH,4, CO, and C;H, is represented in equations 3.4 to 3.6,

Sel .. A nCH4
ectivity of CH, (3.4)
nCH4+ Nco+ 2nC2H4
Selectivity of CO = rco 35
ty nCH4+ nco+ 2nC2H4 ( )
s . 2nC2H4
Selectivity of C;H, = (3.6)

nCH4+ Nco+ 2nC2H4

where, n = number of moles of a particular product (mal).
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Performance of metal electrocatalysts for dERC

Electrochemical reduction of carbon dioxide requires the usage of efficient electrocatalysts for better
performance. This chapter discusses the performance of four metal electrocatalysts for the direct
electrochemical reduction of gaseous CO,. Based on the performance of the metals, attempts will be
made to improve these metals and reported in later chapters. This chapter also explains about the
need for the catalyst activity protocol. The protocol was developed and validated. Thus, this chapter
will explore the possibilities of achieving better Faradaic efficiency by bringing out various changes

in metals in various forms along with a suitable protocol for electrocatalyst activity.
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4.1 Background

In the electrochemical reduction of carbon dioxide (ERC), electrocatalysts play the most important
role. Usually, the metal electrocatalysts have been used for the ERC in aqueous and/or non-aqueous
media. However, relatively very few studies are available for direct gas phase electroreduction of CO,
(dERC) using metal electrocatalysts. Therefore, gas diffusion electrodes using metal electrocatalysts
have been fabricated, characterized, and tested for the electrochemical reduction of gaseous CO,.
However, the half-cell studies were conducted by the usual method in which CO, is dissolved in a

solution for the electrochemical characterization.

To understand the behaviour of metal electrocatalysts, four d-block metals viz. Cu, Zn, Ni, and Co
from the first row of transition series were selected. The selection was made on the basis of various
parameters such as, performance of metals towards ERC as studied in literature, inefficiency of
metals towards hydrogen evolution reaction (HER) which is a competitive reaction for ERC, the cost
effectiveness, and their safeguard towards environment. According to literature survey, copper is the
most suitable metal for efficient reduction of aqueous CO, in view of the production of hydrocarbons.
Therefore, Cu is chosen to see its effectiveness for gaseous CO, reduction. Zn is the metal which
shows very low exchange current density towards H,, therefore it might help in increasing the
efficiency of ERC by reducing the competitive hydrogen evolution reaction. Co and Ni have been
chosen as these metals are under-studied in ERC in their unmodified state. Based on the performance

of selected metals, further strategies will be formulated for enhancing the efficiency of dERC.

4.2 Experimental

4.2.1 Materials

Electroplated catalyst on the gas diffusion layer was used in the study. CuSQO45H,0O, ZnCl,,

NiSO,4-6H,0, CoSO,7H,0, H,SO4, H;BO3, and sodium dodecyl sulphate (SDS) were procured from
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Merck and used without any further purification. Pt/C (40 wt% Pt) was purchased from ElectroChem,
Inc. USA. Nafion membrane (Nafion-117) and Nafion dispersion (5 wt%) were procured from

DuPont, USA.

4.2.2 Methods

4.2.2.1 Development of cathode

Electroplating method was adopted for developing cathodes using electroplating bath of the
respective metals. To carry out the process, direct current (D.C.) source was used. The gas diffusion
layer (GDL) was cleaned prior to plating process using dil. H,SO, solution to remove any dirt or
contaminants. Excess water of the GDL was dried and then it was covered with Teflon tape on one
side to allow the plating only on single surface. The GDL, as cathode, was then immersed in the
electroplating bath. The anode for the electroplating process was a bar of the metal, for which the
plating was being carried out at cathode. Suitable composition of plating baths and plating conditions
were used for different metals, as shown in Table 4.1. For copper electroplating, Cu electroplating
solution was prepared using aqueous solution of 0.2 M CuSO,5H,0. A few drops of H,SO, were
added in the CuSO, solution to lower down the pH in the range of 3-4. Plating was carried out at
room temperature. The copper bar and gas diffusion layer were used as anode and cathode,
respectively and 1 V potential was applied between them. Aqueous solution of ZnCl, (0.5 M) was
used with KCl as the additive for carrying out zinc plating. The plating has been carried out at room
temperature. The optimum pH for Zn electroplating lies between 5-6 (Zeng et al. 2012). Watts
electroplating solution of Ni was used for the electroplating of Ni. The solution consisted of 0.1 M
aqueous solution of NiSO,-6H,0 as the Ni source. Along with this, H;:BO; was used as pH buffer.
Since the Ni cathode gets corroded quickly after its exposure to atmosphere, sodium dodecyl sulphate
(SDS), an anionic surfactant, was also added in the electroplating bath to avoid corrosion (Guo et al.

2002). The optimum pH of Ni electroplating bath lies in between 4-5 (Pierozynski 2012; Hua ef al.
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Table 4.1 Electroplating conditions for the metal electrocatalysts

Properties Cu Zn Ni Co

Metal source CuS0O45H,0 ZnCl, NiSO4-6H,0 CoS0O47H,0
Plating solution | 0.2 M CuSO45H,O | 0.5M ZnCl, | 0.1 M NiSO46H,0 | 0.1 M CoSO,7H,0O
Additives H,SO, KCl1 H;BOs;, SDS, H,SO4 H;BO;
Temperature Ambient Ambient 40°C 40°C

pH 3-4 5-6 4-5 3

Anode Cu metal Zn metal Ni metal Co metal

2012), which was achieved by adding H,SO,4. The plating process was carried out at 40°C while
continuously stirring the plating solution and Ni metal was used as anode. In order to fabricate Co
cathode, the electroplating bath consisted of 0.1 M aqueous solution of CoSO, 7H,O as cobalt source
and H3;BO; as stabilizer. H;BO; helps to minimize local pH rise which may be caused by the
simultaneously occuring hydrogen evolution reaction. The electrodeposition was carried out at 40°C
while stirring the electroplating solution continuously to maintain the constant concentration of
electrolyte. The pH of the bath was optimized (pH = 3) before the electrodeposition (Caffarena et al.
2006; Santos et al. 2007; Santos et al. 2009). The electrodeposition of all the metals on the gas

diffusion layer was carried out for the time upto attaining the metal loading of 2 mg-cm™.
4.2.2.2 Development of anode

Anode for dERC reactor was prepared by coating Pt/C powder over the GDL. Pt/C (40 wt% Pt) and
Nafion dispersion (5 wt% Nafion) were mixed with appropriate amount of iso-propyl alcohol and
sonicated to get the anode electrocatalyst ink. The ink was sprayed over the gas diffusion layer using

spraying technique and dried overnight at 100°C to get the anode.
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4.2.2.3 Preparation of membrane electrode assembly (MEA)

The cation exchange membrane (Nafion-117) was treated using the standard procedure as discussed
in section 3.3.2.1.1. The membrane electrode assembly was prepared by sandwitching the Nafion
membrane in between anode and cathode at 110°C and 50 kg-cm™ pressure as discussed in section

3.3.2.1.1.

4.2.2.4 Electrochemical tests

The half-cell studies were conducted in conventional three-electrode cell assembly using Ag/AgCl as
reference electrode and Pt wire as counter electrode. The working electrode was prepared using
electroplating technique with 2 mg-cm™ loading over the gas diffusion layer as discussed earlier in
section 4.2.2.1. The voltammetric tests were carried out in suitable electrolytes at the scan rate of 10
mV-s". In all the half-cell studies, the potential is reported with respect to standard hydrogen
electrode (SHE), unless stated otherwise. The full cell studies were carried out in an electrochemical
reactor, using the experimental set-up as described in section 3.3.2.1 and 3.3.2.2, respectively. The
experiment was conducted using chronoamperometry technique (pulse width 5 s) at 6 different
electrode potentials and the reaction products were collected at the cathode outlet and analyzed by

GC. The electrochemical experiments were carried out at 30°C and at atmospheric pressure.

4.3 Results and discussion

4.3.1 Characterization of electroplated cathode

4.3.1.1 Physical characterizations

The electroplated cathodes were characterized using XRD, SEM, and EDX techniques.
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4.3.1.1.1 XRD studies

The X-ray diffractogram of the Cu, Zn, Ni, and Co electrodes are shown in figures 4.1 to 4.4. The
XRD pattern of Cu cathode reveals significant peaks at 43.45°, 50.66°, and 74.31° representing
Cu(111), Cu(200), and Cu(220) crystal planes, respectively. This crystal structure belongs to face
centered cubic (FCC) structure (Figure 4.1). The XRD pattern of Zn shows significant peaks at
38.03°, 39.16°, 43.43°, 54.44°, 70.27°, and 70.90° corresponding to (002), (100), (101), (102), (103),
and (110) crystal planes. The electrodeposited zinc represents the hexagonal closed packed (HCP)
structure (Figure 4.2). XRD pattern of Ni is showing the characteristic peaks at 44.49°, 51.63°,
77.48°, 93.03°, 96.84° corresponding to (111), (200), (220), (311), and (222) planes, thus representing
face centered cubic (FCC) structure (Figure 4.3). Cobalt shows hexagonal closed packed (HCP)
structure with peaks appearing at 41.74°, 44.53°, and 48.75° which represent (100), (002), and (101)

crystal planes (Figure 4.4).
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Figure 4.1 XRD pattern of electroplated Cu electrode
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Figure 4.3 XRD pattern of electroplated Ni electrode
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Figure 4.4 XRD pattern of electroplated Co electrode

4.3.1.1.2 SEM studies

The scanning electron microscopic studies of the 4 cathodes, namely Cu, Zn, Ni, and Co were carried
out to determine the deposition of metal particles over the gas diffusion layer. Electrodes play the
most vital role in the performance of electrochemical system. For the efficient conversion of CO, to
products, it would be better to have more coverage of electrocatalyst on to and through the gas
diffusion layer instead of dense electrocatalyst coating only on to the electrode surface. Therefore, the
electroplating was optimized in such a way that desired electrocatalyst loading and surface porosity
can be maintained. The SEM image of pure gas diffusion layer is shown in figure 4.5. It can be
observed that gas diffusion layer is composed of compressed carbon fibers, which enclose sufficient

porosity between them.

The SEM images in figures 4.6 to 4.9 clearly show that the electrocatalyst was uniformly
electroplated on to the GDL and the surface porosity was maintained. The SEM image of copper

electroplated cathode is shown in figure 4.6. The carbon fibers appear to be completely coated with
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10pm

EHT =10.00kV Mag= 1.00KX WD= 17 mm Signal A = SE1

Figure 4.5 SEM image of gas diffusion layer (GDL)

Cu without affecting the porosity. The inset picture also clearly shows the coated carbon fibers. The
electroplating has been done to get the electrocatalyst (Cu) loading of 2 mg-cm™. The loading was
calculated using Faraday’s law of electrolysis. Practically, ~5 min were required to get 2 mg-cm”
loading of Cu (Aeshala et al. 2012). Similarly, figure 4.7 shows the Zn electroplated gas diffusion
layer where, all the carbon fibers appear to be coated with zinc. The inset picture (figure 4.7) clearly
shows the formation of hexagonal crystals of Zn. In case of nickel (Figure 4.8), more or less uniform
electrodeposition is seen over the carbon fibers. Also, the Ni deposits seem to be adhered over the
fibers along the length as well as along the diameter. The inset (Figure 4.8) shows the close view of
Ni deposits. The electrodeposition of cobalt over the gas diffusion layer is not as smooth as in case of
other metal electrodes. The image shows agglomerated particles over some of the carbon fibers along
with the fine grained deposition over the other carbon fibers. A few of the carbon fibers also remain
uncoated. Such agglomeration may result due to the simultaneous hydrogen evolution going on along
with the cobalt electrodeposition process. Excess generation of hydrogen bubbles might have

disturbed the deposition of the ions on the carbon fibres, instead rendered the ions to get

TH -1470_011615202



100 | Chapter 4

20pm*

EHT =10.00 kv WD= 18mm Mag= 1.00KX Signal A = SE1

Figure 4.6 SEM image of Cu electrode
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Figure 4.7 SEM image of Zn electrode
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Figure 4.8 SEM image of Ni electrode
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Figure 4.9 SEM image of Co electrode
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deposited on the metal, resulting in agglomerates at some of the places while absence of coating at

other places (Figure 4.9).

4.3.1.1.3 EDX studies

EDX studies were carried out to confirm the presence of elements electroplated over gas diffusion

layer. EDX spectra of all the electroplated cathodes are shown in figure 4.10. The EDX spectra show

that the metals are coated on to the gas diffusion layer and hardly have any impurity.
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Figure 4.10 EDX spectra of electrodeposited cathode (a) Cu, (b) Zn, (¢) Ni, and (d) Co
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4.3.1.2 Electrochemical characterizations

The electroplated cathodes need to be characterized electrochemically to judge their efficacy in
electrochemical environment before their use in dERC reactor for the product formation. Therefore,
the 4 cathodes (Cu, Zn, Ni, and Co) were characterized in half-cell through the conventional 3-

electrode test.

4.3.1.2.1 Cyclic Voltammetry

The cyclic voltammtery (CV) tests for the 4 cathodes have been done in a manner described in section
3.3.1, and represented in figures 4.11 to 4.14. CV was conducted in aqueous medium viz. 0.5 M
KHCOj; solution, saturated with N, or CO, gases, to compare the voltammograms in inert and CO,
environments, respectively. The pH of the saturated solution with N, and CO, was 8.5 and 7.5,
respectively. Figure 4.11 shows the cyclic voltammogram of Cu in inert (N,) and CO, atmosphere. It
can be seen that appreciable amount of current density was observed in both the environments. The
onset potential (the potential at which 0.1 mA-cm™ current density is observed) for Cu electrocatalyst
was found to be 1.13 V. The current density in inert atmosphere is due to the reduction of H' resulting
in the generation of H,. However, the current density in CO, atmosphere is due to both H, generation
and CO,; reduction. It can be seen that current density oberseved in CO, atmosphere is significantly
more as compared to current density observed in inert atmosphere for Cu electrocatalyst. This depicts
that Cu is catalyzing the CO, reduction reaction resulting in higher current density in CO,
atmosphere. However, same is not the case with the CV of Zn (Figure 4.12), where the current
density in both the atmosphere is almost same. Thus, in such a case, performance of electrocatalyst

for CO, reduction can not be determined.

Moreover, the CV of Zn shows some other interesting features. Two significant peaks can be

observed at 1.38 V and 0.2 V, which are due to the dissolution of Zn in aqueous medium and not due
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Figure 4.11 Cyclic voltammograms of Cu in N, (broken line), and CO, (solid line) atmosphere
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Figure 4.12 Cyclic voltammograms of Zn in N, (broken line), and CO, (solid line) atmosphere
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to CO, reduction. Zinc is not stable in aqueous system and easily results in the formation of
hydroxides. This notion was supported by the fact that deposition of white precipitate was observed
after the completion of cyclic voltammogram. Further, the peaks are present in both inert and CO,
atmosphere, hence it excludes the possibility that peaks can be due to the CO, reduction. Although,
the peak position slightly differs in both the environments but that may be due to the introduction of
CO,. The onset potential was not determined in case of Zn as it would not serve any purpose owing to
its unstable behaviour and inability to provide any information regarding CO, reduction. The cyclic
voltammogram of Ni is shown in figure 4.13. For Ni, the onset potential was found to be ~1.13 V. It
can also be seen that the current density in CO, atmosphere is less as compared to the current density
in inert atmosphere. The same trend was also observed in the CV of Co (Figure 4.14) where onset
potential was 0.95 V. This observation might lead to misinterpretation that Ni and Co are not able to
reduce CO,. However, without undergoing full cell reactions, any such inference can not be drawn.

Therefore, the increase or decrease of current density in CO, atmosphere as compared to N,
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Figure 4.13 Cyclic voltammograms of Ni in N, (broken line), and CO, (solid line) atmosphere

TH -1470_011615202



106 |

Chapter 4

400

d

o

o
l

200 ~

100 +

Current density (mA.cm'z)

. I
0.0 0.5 1.0

T T T T
1.5 20 2.5 3.0

Applied voltage (V)

Figure 4.14 Cyclic voltammograms of Co in N, (broken line), and CO, (solid line) atmosphere

atmosphere, does not give any clear idea regarding the efficacy of electrocatalysts. The cyclic

voltammetry results for all the four metals are summarized in Table 4.2.

Table 4.2 Summary of the results obtained after cyclic voltammetry

Metals

Change in current density as compared to

N, saturated solution

First hand inference based on CV

results

Cu

Current density increased in presence of CO,

Electrocatalyst is active for ERC

/n

No significant change was observed in

current density in presence of CO,

Prediction about activity is not possible

Current density decreased in presence of CO,

Electrocatalyst has negative effect for

ERC or HER

Co

Current density decreased in presence of CO,

Electrocatalyst has negative effect for

ERC or HER
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Since, the electrochemical reduction of CO, involves complex multi-electron transfer reactions; it
becomes difficult to determine the electrocatalytic activity based on the change in current density
obtained in presence and absence of CO,. It can be seen in Table 4.2 that on the basis of CV results, it
is difficult to infer about the electrocatalytic activity of metals. One of the main hurdles in evaluating
the electrocatalytic activity is the concurrent reduction of H'/H,O to H, along with the reduction of
CO,, the reduction potential of former being in close proximity to reduction potential of CO, to
valuable products. Therefore, the simultaneous hydrogen evolution reaction (HER) during CO,
electroreduction limits the evaluation of the electrocatalyst in the CV. Further, it provides erroneous

results sufficient to bewilder the evaluation process, as can be seen in Table 4.2.

These problems may be addressed by selection and evaluation of suitable electrocatalyst using a
method, which may help in initial screening of the electrocatalysts for ERC without being affected by
HER. Moreover, the method should not be dependent on the identification of the reaction products as
it would help to make the process quick. There was no suitable method, as of now, to screen the
electrocatalysts from the group of many. The only reported method for in-situ characterization of
electrocatalysts is cyclic voltammetry, where the current density difference in the inert gas and CO,
saturated electrolyte helps to determine the electrocatalytic activity for ERC, as discussed above.
However, the higher current density in CO, atmosphere does not always guarantee that the
electrocatalyst is favoring CO, reduction because the increased current density may be due to the
increased HER (Hori 2003). Moreover, pH of the electrolyte medium changes after solubilizing CO,
into the electrolyte, which inturn assists the HER. However, this method may mislead as sometimes
the current density obtained in a CO, saturated electrolyte is lower than the current density in inert
gas saturated electrolyte even if the electrocatalyst is active for the CO, electroreduction, as seen in
case of Ni and Co. This issue has also been reported earlier in case of Pt (Shuang et al. 2006) and Ag
(Kaneco et al. 1998). However, no literature is clearly providing any means to characterize the

electrocatalyst, before the full-cell studies. Hence a novel protocol is developed for screening the
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electrocatalysts towards the CO, electroreduction using half-cell study (Singh et al. 2015 a). The
protocol provides an easy, inexpensive, and reliable method for quick screening of any electrocatalyst
for the ERC. Further, the protocol also helps to make a tentative comparison among the

electrocatalysts tested.

4.3.1.2.2 Catalytic activity protocol development

Electrocatalyst alters the rate of any chemical or electrochemical reaction. Moreover, in case of
electrochemical reaction the current density is directly related to the rate of reaction. Therefore, the
proposed protocol is based on the current density difference determinations in presence and absence

of the electrocatalyst.

Figure 4.15 is showing the proposed protocol in which it is shown that the activity of any selected
electrocatalyst needs to undergo three tests in three different electrolytic media (KHCO;, KOH, and
DMEF). It may be noted that generally, the ERC is conducted by saturating the CO, in 0.5 M KHCO;
aqueous solution. The reason to use KHCOj is that in the presence of K, the hydrogen evolution is
least among all alkali metals (Murata and Hori 1991). Moreover, with HCO;' the cathodic reduction
of CO, proceeds more efficiently, since solubility of HCO; is much higher than CO, in aqueous
solution (Hori and Suzuki 1983). The willingness towards carrying out reduction in aqueous medium
lies in the fact that it provides more valuable products in terms of calorific value (hydrocarbons,
alcohols efc.) as compared to CO, reduction in non aqueous medium, where mostly oxalate, formate,
and glycolates are formed (Scibioh and Viswanathan 2004). Therefore, in the 1* test the gaseous CO,
was bubbled in aqueous 0.5 M KHCO; solution. The pH of the CO, saturated solution was found to
be 7.5. Linear sweep voltammetry (LSV) was conducted in presence as well as in absence of the
electrocatalyst. If by using the electrocatalyst, the current density decrease or remain same then it may
indicate that the electrocatalyst is not active for ERC particularly in aqueous medium. Thus the

electrocatalyst needs to be tested further in non-aqueous solution (3™ test) for its activity towards
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Figure 4.15 The proposed protocol (Singh et al. 2015 a)
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ERC, where no free protons (H") or OH™ are present for the HER. However, if increased current
density is shown in the 1* test then it would indicate the activity of the electrocatalyst towards ERC.
Since, this test is conducted in aqueous medium, there is enough possibility of H' reduction and hence
the increased current density may also correspond to HER or for both the HER and CO, reduction
reactions. Now, to access whether the increased current density was due to HER, 2" test was
conducted. In 2™ test, the electrodes (with and without the electrocatalyst) were used in aqueous
KOH solution keeping same pH (i.e. 7.5) as in 1% test while CO, was not bubbled in the solution.
Thus the 2™ test was used to check the catalytic behavior of electrocatalyst towards H, generation
only. If the electrocatalyst is not active (no increase in current density) for HER then it may be a good
electrocatalyst for ERC and may be screened for full electrochemical cell reaction. However, higher
current density using electrocatalyst shows the catalytic activity towards HER and thus it is important
to further analyze the selected electrocatalyst in 3™ test to check its activity specifically for ERC. In
the 3™ test, CO, was dissolved in DMF and electrode was used with and without the electrocatalyst.
The significant thing to note is that the same pH was maintained in all the tests to avoid any favor to
HER. However, the reason for choosing pH 7.5 was that ERC is always favorable in slightly basic
medium as at this pH the HER is least active (Hori 2008). It may be noted that the current density
produced in 3 different tests may not be compared amongst themselves, as the electrical
conductivities of the 3 solutions were different (mS-cm™ in case of KHCO; and KOH, while pS-cm™
in case of DMF), which ultimately affects the current density generated. However, the current density

can be compared among the different electrocatalysts in a single test.

4.3.1.2.2.1 Validation of the proposed protocol

To validate the developed protocol, the metal electrocatalysts were tested using the developed
protocol. As per the protocol, 1 test needs to be conducted in aqueous medium (0.5 M KHCOs)
saturated with CO,. Hence, linear sweep voltammogram (LSV) was plotted using gas diffusion layer

(GDL) without any catalyst. Further, GDL with metal electrocatalysts (Cu, Zn, Ni, or Co) was used to
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plot voltammograms. The comparison of voltammograms in presence of metal electrocatalysts and
GDL is shown in figure 4.16. It can be clearly observed that all the metal electrodes resulted in
significantly higher current density as compared to GDL. This depicts that metal electrocatalysts are
able to reduce the electroactive species present in the system. However, there are two electroactive
species (CO, and H") present in the aqueous system. Hence, the increased current density observed
can be due to either one or both the species. It is mandatory, therefore, to determine the cause of
increased current density in the 1% test. For this purpose, 2™ test (as per the protocol) was conducted
to see the behaviour of metal electrocatalysts towards the H' reduction. No increment in current
density using metal electrocatalysts as compared to GDL in this test would confirm that the increased
current density in 1% test was due to CO, reduction. The results for the 2™ test are shown in figure

4.17. Remarkably, all the metal electrocatalysts are active for H, production, the most active being
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Figure 4.16 Comparison of electrocatalytic activity of electroplated metals on GDL (solid lines), and

only GDL (broken line) for the 1* test as per the catalytic activity protocol
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the Ni, followed by Co, Cu, and Zn. This result confirms that the current density observed in 1* test
was due to both CO, reduction as well as H, generation. Therefore, the activity of metal
electrocatalysts has to be tested in such a medium where there should not be any interference due to
H, formation. 3" test of the protocol address this issue. In 31 test, reaction is carried out in non-
aqueous medium (DMF), bubbled with CO,. In this test, CO, was bubbled only upto the extent to get
the same pH as in 1% test. Voltammograms were again obtained in presence and absence of
electrocatalysts and compared. The results obtained in 3™ test are shown in figure 4.18. It can be seen
that the current density for all the metal electrocatalysts was higher than the current density produced
in case of only gas diffusion layer (in absence of electrocatalyst). Since in non-aqueous medium, apart
from CO,, there was no electroactive species present in the system, hence the current density
produced can be solely attributed to the reduction of CO,. Thus, this test confirms the electrocatalytic
activity of metal electrocatalysts towards CO, reduction and hence, these metals can be used in the
full cell reactions for the further studies. It is to be noted that the current densities produced in the
three different tests, described above, can not be compared amongst themselves, as the electrical
conductivities of the 3 solutions were different (mS-cm™ in case of KHCO; and KOH, while uS-cm™
in case of DMF), which ultimately affect the current density produced. However, the current density
can be compared among the different electrocatalysts in a single test (Singh et al. 2015 a). It is also
noticeable in figure 4.18 that, there is no increment in current density after 2.5 V in case of Cu and 2
V in case of Co and Ni. Moreover, on comparing the corresponding current densitites in figure 4.16
and 4.18, it can be seen that the magnitude of current density is significantly low in case of figure
4.18. In case of CO, saturated aqueous system (figure 4.16), a significant amount of current density
was due to the reduction of H' into hydrogen gas at the cathode apart from CO, reduction. In case of
DMF (figure 4.18), however, the CO, was bubbled only upto a certain level to maintain the pH
instead of CO, saturation in DMF. Moreover, the electroreduction might not be completed due to
absence of other reactants to combine with the reduced or activated CO,. In turn, the low level of CO,

in the electrolyte along with increased mass transport resistance and scarcity of co-reactant reduces
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the current density, which does not increase even with the increase in the applied voltage. Apart from
other reasons, the difference (in the order of 10%) in electrical conductivities of the media (mS-cm™ in
case of KHCO;, while pS-cm™ in case of DMF) also affect the performance. Another important
observation is the absence of any peak in Zn voltammogram in DMF (3™ test). Thus, it further
supports the fact that the peaks observed in the cyclic voltammogram of Zn in aqueous medium

(Figure 4.12) were due to dissolution of Zn itself in presence of H,O.

The developed protocol and its validation, makes clear that all the chosen metal electrocatalysts are
active for CO, reduction. Table 4.3 shows the comparison of the results obtained after the CV test
and protocol test. The protocol qualitatively helps to overcome the confusion arisen after the CV tests
for the Zn, Ni, and Co electrocatalysts. These results also validate the developed protocol and hence it
will be used as the primary in-situ characterization technique for all the electrocatalysts discussed in

the forthcoming chapters.

4.3.2 Characterization of anode

Characterization of Pt/C deposited anode is also important as it is also equally involved in the overall

process of dERC. The SEM image of the Pt/C anode is shown in figure 4.19. The morphology of the

Table 4.3 Comparison of activities (qualitative) of the catalysts based on the CV and the protocol

Metals CV method Proposed protocol
Cu Active Active
Zn Difficult to predict Active
Ni Inactive Active
Co Inactive Active
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Figure 4.19 SEM image of Pt/C

anode shows the porous structure for the transport of water from one surface (uncoated, not shown
here) to another (coated) surface. Although the porosity gets reduced after spraying the Pt/C as

compared to pure gas diffusion layer (Figure 4.5), but it is still enough to transport water through it.

4.3.3 Characterization of solid polymer electrolyte (Nafion-117)

The solid polymer electrolyte is another important constituent of electrochemical cell. Commercially
available cation exchange membrane, Nafion-117 was used for the present work. XRD pattern of the
Nafion is shown in figure 4.20. The Nafion shows a broad peak at 14°-18° which can be
deconvoluted into two peaks. These two peaks can be assigned to amorphous (26 = 16°) and
crystalline (260 = 17.5°) scattering from the polycarbon chains of Nafion (Barbora et al. 2010). The
SEM image of Nafion, shown in Figure 4.21, appears uniform without any formation of pores and/or
cracks. FTIR spectrum of Nafion is shown in figure 4.22. The FTIR spectrum shows 5 major bands
viz. SO;- and -SO;H band, C=0 and C-O-C band, C-F band, band representing H,O bending, and a
band for stretching vibration of water. The peaks at 518 cm™ and 633 cm™ for the pure cast Nafion

membranes, as shown in figure 4.22, represent SO;™ group. The band at 718 cm™ can be assigned to
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Figure 4.22 FTIR spectrum of Nafion-117

C=0 bending (Kumutha and Alias 2006). Peak at 982 cm™ represent vibration of C-O-C bond
(Mabhreni ef al. 2009). The stretching vibration of SO can be seen at 1055 cm™ (Ramani ef al. 2005).
A band for water bending can be seen in the region of 1400-2000 cm™ (Park and Yamazaki 2005) and
the peak in the region of 3200 and 3700 cm™ can be assigned to stretching vibration of water

molecules (Ludvigsson et al. 2000).
4.3.4. dERC studies using metal electrocatalysts

The full cell studies were carried out to examine the preference of the chosen metal electrocatalysts
towards CO, reduction to form different products and their selectivity. The dERC was carried out in

an electrochemical reactor using the experimental set-up as described in section 3.3.2.
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4.3.4.1 Copper metal electrocatalyst

The CO, gas was fed into the electrochemical reactor and the resulting products were collected and
analyzed at different applied voltages ranging from 1.5 to 3 V. Figure 4.23 shows the obtained current
density as a function of applied voltage using copper metal electrocatalyst. It can be seen that current
density is showing an increasing trend with the applied voltages. With the increasing applied
voltages, the supplied electrical charge is consumed by the reacting species at the electrode surface
thus resulting in increased current. Current density increases from 5.93 mA-cm™ at 1.5 V to 13
mA-cm” at 3 V. The current density obtained corresponds to the rate of reaction to form some
products and by-products. These reaction products and by-products were quantified and represented

in figure 4.24.

Figure 4.24 shows the amount of products formed as a result of dERC. The results are shown for 1
hour of reaction in full thesis, as detailed in section 3.5, unless stated otherwise. It can be seen that
CH,, CO, and H, are formed. It is observed that amount of the CO formation is very low as compared

to the formation of CH,. The formation of CH, increases from 1.5 V, attains maxima at 2 V and then
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Figure 4.23 Current density as a function of applied voltage using Cu
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gradually decreases (Singh et al. 2015 b). Similar trend is also shown by the CO. It can be seen in
figure 4.24 that amount of the methane formed was 17.94 umol (at 2 V) and CO formation was 3.94
umol (2 V). Moreover, hydrogen which is a by-product was increased from 703.78 umol at 1.5 V to
2063.67 umol at 3 V (Figure 4.24). This trend shows that most of the supplied energy was consumed
for the unwanted H, production. H" ions are generated from the water oxidation at anode, which
passes through the membrane and reduced at cathode. H' reduction is a competitive reaction to the
CO, electroreduction at cathode. The formation of hydrogen increases with increasing applied
voltages and this trend shows that Cu is not efficient enough to catalyze CO, reduction at the first
place in lieu of which H, formation prevails. The Faradaic efficiency of the products formed is shown
in figure 4.25 which is calculated in a manner discussed in section 3.5.1. The Faradaic efficiency is
determined for 1 hour duration of product formation as it has been seen that beyond this duration, all
the supplied energy gets wasted for the hydrogen (by-product) formation. The Faradaic efficiency
follows the same trend as seen in case of the amount of the product formation. The maximum
Faradaic efficiency for the CH; and CO formation was found at 2 V, viz. 4.93% and 0.27%,
respectively (Figure 4.25). The low Faradaic efficiency was expected due to the deactivation of Cu
electrode (Hori et al. 2005; Li and Kanan 2012). Moreover, most of the supplied energy was utilized
for the unwanted H, production. The exact reason for increased formation of H, is not known but it
can be postulated that probably higher applied voltages favour the proton and electron transfer,
resulting either in more H, coverage of electrode surface or Heyrovsky mechanism for H-H bond
formation becomes more dominant pathway for hydrogen evolution (Kuhl ef al. 2012). It was seen in
figure 4.23 that current density increases on increasing the applied voltages. This was due to
increasing hydrogen formation at higher applied voltages, which is evident in figure 4.24 and 4.25.

Thus, increased concentration of H' at the cathode surface adversely affects the reduction of CO».
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4.3.4.2 Zinc metal electrocatalyst

The full cell reactions were also carried out for the zinc cathode. The current density obtained using
zinc electrocatalyst is shown in figure 4.26. The current density increases with gradual increase in the
applied voltages. The current density increases from 2.89 mA-cm™ at 1.5 V to 14.53 mA-cm™ at 3 V.
However, increase in the current density was quicker after 2.3 V. The obtained current density is
nothing but the rate of the reaction occuring on the electrode surface. It may be noted that the current
density for Zn is higher than Cu electrode for higher applied potential (especially at 3 V). It refers that
the reactions (either CO, reduction or H, formation) taking place at the Zn surface are more at that

applied voltage.

In figure 4.27, the amount of the products formed using Zn electrocatalyst is shown with respect to
applied voltage. It shows that two products were formed in case of Zn, namely, CHy and CO along
with the H, as a by-product. Moreover, the amount of CO is much higher as compared to CH,. This is

in contrast to the result which was found in case of Cu as an electrocatalyst. Various researchers have
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Figure 4.26 Current density as a function of applied voltage using Zn

TH -1470_011615202



122 Chapter 4

2500

2000 -
4

1500

1000 ~

:

AR

-
e

P Y

—a— CH
—e—CO
+H
75 -
50+
25+
14 16 18 20 22 24 26 28 30
Applied voltage (V)

Amount of products formed (pmol)

Figure 4.27 Amount of the products formed as a function of applied voltage for electrochemical

reduction of CO, using Zn

100
80 -
—=—CH
60 ——CO
+H

LAY
AN
AN

20

Faradaic efficiency (%)
5

10 1

I 1 I . I v 1 , 1 ¥ 1 > I J I . I
14 16 1.8 20 22 24 26 28 3.0
Applied voltage (V)

Figure 4.28 Faradaic efficiency as a function of applied voltage for electrochemical reduction of

CO; using Zn

TH -1470_011615202



Performance of metal electrocatalysts for dERC | 123

also found the formation of CO though the CO, was dissolved in electrolyte for the ERC (Hori et al.
1994; Hara et al. 1995). Further, it may be noted that the maximum formation of the products took
place at 2.3 V for Zn electrode, whereas, in case of Cu, the maximum amount of product was formed
at 2 V. It shows that the Zn electrode has higher overpotential than Cu for the dERC. CO and CH,
formation was found to be 92.28 pmol and 6.08 umol, respectively at 2.3 V. It can be seen that at
higher applied voltages, the amount of hydrogen formation is quite high and it exceeds the 2063 pumol
found in case of Cu. Thus, it can be stated that the higher current density found in case of Zn (as
compared to Cu) (Figure 4.26) resulted only in the increased H, formation, which is an undesired

reaction.

Figure 4.28 shows the Faradaic efficiency of the products formed using Zn metal electrocatalyst. The
Faradaic efficiency of CO and CHy is ~9% and 2.37 %, respectively at 2.3 V (Figure 4.28). As the
applied voltage increases, the amount of CH4 and CO decreases and hydrogen evolution increases. It
follows the same trend as in case of Cu; however, due to more overpotential, the voltage required is
more in case of Zn. The total Faradaic efficiency for the CO, reduction was found to be 11.37% at 2.3
V, corresponding to the current density of 6.1 mA-cm™. The Faradaic efficiency of H, formation was
reached upto 92.63% as shown in figure 4.28. It can be said that the product formation using Zn is not
very appreciable and the electrocatalyst does not seem to be very active for dERC. The unstable

nature of Zn, as discussed in section 4.3.1.2.1, is also responsible for the inferior performance of Zn.
4.3.4.3 Nickel metal electrocatalyst

The current density of Ni for the various applied voltages during dERC is shown in figure 4.29. It is
observed that the current density or rate of the reaction increases with increase in the applied voltage
for Ni metal electrocatalyst. The increased reaction rate due to the increased current density

corresponds to the increased rate of electrical charge being used in the process. The current density
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Figure 4.29 Current density as a function of applied voltage using Ni
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Figure 4.30 Amount of the products formed as a function of applied voltage for electrochemical

reduction of CO, using Ni

TH -1470_011615202



Performance of metal electrocatalysts for dERC | 125

increases from 1.39 mA-cm™ at 1.5 V to 11.22 mA-cm™ at 3 V. It may be noted that the current
densities corresponding to various voltages are lower in the case of Ni metal electrocatalyst compared
to Cu and Zn. It may refer that the reactions taking place over Ni are in slow pace and may result in

less amount of products.

The product distribution as a function of applied voltages for the direct electrochemical reduction of
CO, using Ni metal electrocatalyst can be seen in figure 4.30. Again, CO was formed as the major
product as was seen in case of Zn. Along with CO, CH, was also formed in minor quantity along with
significant amount of H, as a by-product (Singh et a/. 2015 b). Amount of CO rose sharply from 1.5
V, attained maxima at 1.8 V and then it subsided gradually. Moreover, the formation of CHy is
highest at 2 V. Amount of hydrogen formed was less as compared to Cu and Zn. The hydrogen
evolution increases with increasing voltage and reaches upto 1789 umol at 3 V. Maximum amount of
CO and CH, formation was 6.91 umol and 1.97 umol, respectively. It shows that Ni is selective for
CO formation. Enhanced hydrogen formation with increasing current density shows that at higher
voltages H' ions occupy most of the active sites over the metal electrocatalysts, leading to inhibition
of CO, reduction reaction. However, it is to be noted that the overpotential for the CO formation was
lowest for Ni electrocatalyst as compared to Cu and Zn. Whereas, Ni poses similar overpotential for

CH, formation as for Cu but lower overpotential than Zn.

Figure 4.31 shows the Faradaic efficiency of the products obtained in dERC using Ni metal
electrocatalyst. At 1.5 V, the formation of both CH, and CO is quite meagre. On increasing the
voltage, the formation of CO was increased with maximum Faradaic efficiency of 1.38% at 1.8 V. At
the same voltage, formation of CH4 remained meagre with only 0.32% of Faradaic efficiency.
However, on further increasing the voltage, the formation of CH,4 reached its maxima with 1.23%
Faradaic efficiency at 2 V. After 2 V, the formation of both the products decreased gradually.
Faradaic efficiency of these products is a cumulative result of reaction carried out for 1 hour duration.

Reaction was not extended beyond 1 hour as the electrocatalyst started to show the exclusive
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Figure 4.31 Faradaic efficiency as a function of applied voltage for electrochemical reduction of

CO, using Ni

formation of H, after only 40-50 minutes. The Faradaic efficiency of H, was found to be 94% at 3 V.
One interesting point to note in case of Ni metal electrocatalyst is that, the formation of CO took
place at 1.8 V which is the least required voltage as compared to Cu and/or Zn. Thus, overpotential
required in case of Ni is less as compared to Cu and Zn (Singh ef al. 2015 b) but the catalyst is not

very active for the dERC.
4.3.4.4 Cobalt metal electrocatalyst

The investigations over Co metal electrocatalyst for electrochemical reduction of CO, are shown in
figure 4.32. Similar to the cases discussed above, the current density increases with increasing applied
voltages in case of Co metal too. More or less, current density increases almost linearly with the
applied voltage. It can be seen that the current density at 1.5 V is 0.13 mA-cm™, and then it increases
gradually with 6.36 mA-cm™ at 3 V depicting the increase in the rate of the reaction with increasing

applied voltage.
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Figure 4.32 Current density as a function of applied voltage using Co

Figure 4.33 shows the product distribution in case of Co metal electrocatalyst as a function of applied
voltage. The types of products formed are not different from earlier cases, and again formation of
CH, and CO was seen. However, similar to Zn and Ni, CO was again the major product in case of Co.
Amount of CO was found highest at 2.3 V with 30.86 pmol. CH, formation was also found
significant and was in highest amount at 2.3 V with 6.21 umol. On increasing the voltage beyond 2.3
V, the formation of these two products does not increase. Hydrogen formation, as in other cases, goes
on increasing with increasing applied voltages and corresponds to increase in current density as seen
in figure 4.33. Maximum amount of hydrogen formation was seen at 3 V with 924.66 pumol.
However, it may be noted that in case of Co, the hydrogen formation is least among the other three
metal electrocatalysts, with surprisingly only ~11 pmol at 1.5 V. Moreover, it can also be concluded

that cobalt needs high overpotential as compared to Cu and Ni for the formation of CH4and CO.

Figure 4.34 shows the Faradaic efficiency of the products obtained using Co metal electrocatalyst for

direct electrochemical reduction of gaseous CO,. The Faradaic efficiency of the CO is highest at 2.3
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V with 8.19%, while CHy is having Faradaic efficiency of 6.59% at the same applied voltage.
Faradaic efficiency of H, again followed the trend as that of the current density with highest Faradaic
efficiency of 86.64% at 3 V. The noticeable fact is the required voltage for the formation of various
products. Although significant amount of products formation took place at 2 V, but the maximum

Faradaic efficiency could be found only at 2.3 V for both CH, and CO, which is quite high voltage.

It can be said that all the tested pure metal electrocatalysts are active for reducing CO,. The rate of
reaction of all the metal electrocatalysts is shown in Table 4.4. The rate of the reaction is calculated at
the applied voltage where maximum amount of product formation took place, as discussed in section
3.5.2. It further confirms that chosen metals are actively participating in dERC. However, the
Faradaic efficiency of the products is very less. On the other hand, the overpotential required for the

reaction is also quite high esp. for Zn and Co.

Figures 4.35 to 4.38 show the selectivity patterns of these metals. Based on the selectivity profiles, it
can be said that out of the 4 metals studied; only Cu shows the highest selectivity for CH4 formation.
It can be seen in figure 4.35 that CHj is selectively formed at all the applied voltages when Cu is used

as an electrocatalyst. CO is hardly 20% selective at 2 V. In case of Zn, however, the selectivity trend

Table 4.4 Rate of the reaction of metal electrocatalysts for dERC

Metal Applied voltage | Maximum amount of product Rate of reaction
electrocatalysts ) formed (pmol) 10° g-(g-h™™
CH, co CH, co
Ni 1.8 0.40 6.92 0.36 10.76
Cu 2.0 17.94 3.94 15.94 6.13
Zn 23 6.08 92.28 5.40 143.54
Co 23 6.21 30.86 5.52 48.00
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for CH4 and CO is opposite. In figure 4.36, the selectivity pattern of Zn is shown. CO is predominant
product with selectivity more than 90% at all the applied voltages. Thus, it is clear that Cu is selective

towards CH, formation, while Zn is selective towards CO formation.

The selectivity patterns of Ni and Co are shown in figure 4.37 and 4.38. In contrast to Cu and Zn, Ni
and Co show wide variations in the selectivity patterns. In case of Ni (Figure 4.37), CO is
predominantly formed at lower applied voltages. As the voltage is increased, the selectivity shifts
towards the CH, formation. However at higher applied voltages, since no product formation is taking
place (Figure 4.30), the selectivity comes out to be zero. The selectivity profile of Co is shown in
figure 4.38. In this case the selectivity pattern is similar to Ni, showing selectivity for CO at lower
applied voltages, while at higher applied voltages, hydrocarbon formation prevails. Thus, applied

voltage plays an important role for determining the selectivity in case of Ni and Co.
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Figure 4.35 Selectivity of products using Cu electrocatalyst for dERC
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Figure 4.38 Selectivity of products using Co electrocatalyst for dERC

It is observed that the 4 metal electrocatalysts studied for dERC were active. However, the catalytic
efficiency of these metals was not appreciable as all the studied electrocatalysts resulted only in the
formation of CO and CH4. Moreover, the energy supplied for the dERC was not fully utilized and
resulted in significantly low Faradaic efficiency of < 20% for all the electrocatalysts. Inspite of
getting not very encouraging results, the study provides a lot of information and insight as these
electrocatalysts were not studied for dERC. It is found that Cu and Ni are good for lowering down the
overpotential. Among the 4 metal electrocatalysts, only Cu was found to be selective for hydrocarbon
formation. However, it has been seen that the Faradaic efficiency of Cu is less owing to the less
conversion of CO, into the products. This might be due to the less adsorption of CO, on to the metal
surface. Further, Zn and Co require high energy for the conversion of CO,. Although the
overpotential required in case of Ni was low, but its efficiency for CO, conversion was quite less. To
solve these issues, formation of oxides of these metals was attempted, which is discussed in the next

chapter.
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Chapter 5

Metal oxides as electrocatalysts for dERC

In this chapter, metal oxides were synthesized, characterized, and evaluated for the dERC in terms of
amount of product formation, Faradaic efficiency, and selectivity. Four metal oxides, namely, cupric
oxide, zinc oxide, cobalt oxide, and nickel oxide have been studied. Some of the synthesized metal
oxides showed improved efficiency while others could not be proved better than their corresponding
pure metals. This chapter discusses the basic features of metal oxides, syntheses, characterization,
and their overall performance for the dERC along with the comparison of the metal oxides with the

corresponding metals at the end.
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5.1 Background

Metal oxides have always been very interesting in the field of CO, adsorption. The reason is that CO,
possesses soft acidic nature since it is a weak Lewis acid. However, the oxygen anions on the metal
oxide surface are Lewis base sites. These oxygen anions of metal oxides exhibit basic, electron donor
character. Thus, CO, gets attracted to the strong basic sites on the metal oxide surface because of the
electropositive nature of the carbon atom. This fact depicts that the presence of strong basicity phases
such as oxides can enhance the CO, adsorption capacity on the surface, which may eventually
enhance the reducing capacity of the catalysts for CO,. Literature shows various reports on the CO,
adsorption by metal oxides, such as a-Cr,Os; (Abbe et al. 2001), La,O;-doped Bi,O; (Esaka and
Motoike 2006), mesoporous MgO/TiO, mixed oxides (Jeon et al. 2012), phenolic resin derived
carbon (Plaza et al. 2013) etc. Many researchers have worked over the metal oxides for the
electrochemical reduction of CO, in liquid phase and reported the formation of methanol, ethanol,
methane, CO efc. It is reported that Cu,O exhibits high Faradaic efficiency for CO, reduction at
considerable low overpotential (Le ef al. 2011; Keerthiga et al. 2012). The major benefit of Cu,0 is
its resistivity towards deactivation due to surface changes caused by the oxidation of Cu, which does
not allow for the graphite adsorption (Lee and Tak 2001). It is also said that Cu,O enables easy
formation of *CO, intermediate and decreases H'™ reduction (Li and Kanan 2012), which allows Cu,O
to yield hydrocarbons for longer duration without much affected by poisoning. Oxide surfaces of Zn
and Ru have also been investigated in aqueous solutions (Ikeda et al. 2000; Bandi 1990; Qu et al.
2005). However, in none of the studies, reaction was carried out for gas phase CO, reduction.
Therefore, the oxides of copper, zinc, nickel, and cobalt were synthesized for studying their response

for the dERC.

The oxide of copper was synthesized in which the oxidation state of Cu was 2 and called as cupric
oxide (CuO). The oxide of Zn and Ni were ZnO and NiO, respectively. However, cobalt oxide

(Co30,4) was studied instead of CoO, because CoO is metastable in ambient conditions.
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Thermodynamically Co30; is the preferred oxide form of Co at room temperature and oxygen partial

pressure (Fierro 2006; Petitto et al. 2008) and hence it was synthesized and discussed.

5.2 Experimental

5.2.1 Materials

The oxides have been synthesized using nitrate or sulphate salts of the metals. Cu(NQO;),, Zn(NOs),,
NiSO,4, Co(NOs;),, ammonia solution (30%), polyvinyl alcohol, and NaOH were purchased from
Merck. Pt/C (40 wt% Pt) was purchased from ElectroChem, Inc. USA. All the chemicals were used
without further purification and de-ionized water was used in all the experiments unless stated
otherwise. Gas diffusion layer (GDL) from CeTech was used as backing layer for the electrocatalyst

film. Nafion membrane (Nafion-117) and solution (5 wt%) were procured from DuPont, USA.

5.2.2 Methods

5.2.2.1 Synthesis of metal oxide electrocatalysts

The CuO and ZnO electrocatalysts were synthesized using aqueous precipitation method (Ikeda et al.
2009). Cu(NOs3), and Zn(NOs), precursors have been chosen to form CuO and ZnO, respectively and
precipitated with appropriate amount of ammonia solution. The resulting mixtures were aged for 5-6
hours and the precipitates were filtered and washed with water. The precipitates were dried and

calcined at 360°C for 24 hours to get CuO and ZnO (Singh ef al. 2012).

Nickel oxide (NiO) was synthesized using sol-gel method. NiSO, (0.1 M) was reacted with NaOH
(0.5 M) at 70°C to form green gel of Ni(OH),. Precipitate was filtered and washed with distilled water
and dried at 100°C for 10 hours. The dried precipitate was further subjected to calcination at 300°C

for 3 hours to get NiO (Srivastava and Srivastava 2010).
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Cobalt oxide (Co;0,) was synthesized using Co(NOs), precursor through polymer combustion route
(Jiu et al. 2002). Aqueous solution (10% w/w) of polyvinyl alcohol was prepared in water at 90°C
with continuous stirring resulting in viscous gel. An aqueous solution of 0.5 M Co(NOs), was added
slowly into the gel with PVA:Co ratio of about 3:1. The solution was kept at 80°C overnight for
drying. It resulted in pink polymer matrix, which was later calcined at 600°C for 45 min to obtain

black color Co;0, catalyst (Singh et al. 2015).
5.2.2.2 Characterization techniques

The synthesized electrocatalysts were characterized using X-ray diffraction, Fourier transform
infrared spectroscopy, BET surface area studies, field emission scanning electron microscopy, energy

dispersive X-ray spectroscopy, and electrochemical half-cell studies as discussed in chapter 3.

5.2.2.3 Preparation of electrodes and membrane electrode assembly

Pt/C (40 wt% Pt) with Nafion dispersion (5 wt%) as binder, was used to prepare the anode
electrocatalyst ink. The ink was coated over the gas diffusion layer using spraying technique and
dried at 100°C overnight to get the anode. For the cathode (or working electrode), the electrocatalyst
ink was prepared by dispersing the metal oxide electrocatalysts in iso-propyl alcohol along with the
Nafion dispersion (5 wt%) as binder. The electrocatalyst ink was then coated over the gas diffusion
layer followed by drying. The electrocatalyst loading for anode and cathode was kept as 0.5 mg-cm™
and 2 mg-cm”, respectively. The cation exchange membrane (Nafion-117) was treated using the
standard procedure as discussed in section 3.3.2.1.1. The membrane electrode assembly was prepared
by sandwitching the treated Nafion membrane in between anode and cathode at 110°C and 50 kg-cm™

pressure.
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5.2.2.4 Electrochemical tests

The half-cell studies were conducted in three-electrode cell assembly using Ag/AgCl as reference
electrode and Pt wire as counter electrode. The working electrode was prepared using 2 mg-cm™
electrocatalyst loading supported over the gas diffusion layer. The half-cell tests were carried out in
aqueous as well as non-aqueous electrolytes at the scan rate of 10 mV-s". In all the half-cell studies,
the potential is reported with respect to standard hydrogen electrode (SHE), unless stated otherwise.
The full cell studies were carried out in an electrochemical reactor using the developed experimental
set-up as described in section 3.3.2.1 and 3.3.2.2 respectively. The experiment was conducted using
chronoamperometry technique (pulse width 5 s) at 6 different electrode potentials and the reaction
products were collected at the cathode outlet and analyzed by GC. The electrochemical experiments

were carried out at 30°C and at atmospheric pressure.

5.3 Results and discussions

5.3.1 Metal oxide characterization

5.3.1.1 Physical characterizations

The synthesized metal oxide electrocatalysts were characterized using XRD, FTIR, BET, FESEM,

and EDX techniques.
5.3.1.1.1 XRD studies

XRD pattern of as-prepared metal oxide electrocatalysts is shown in figure 5.1 to 5.4. Figure 5.1
shows the X-ray diffractogram of the CuO nanoparticles. The CuO nanoparticles show single phase
monoclinic structure. The intensities and position of peaks are in good agreement with the reported
values (JCPDS file No. 05-661). The main peaks appeared at 35.47°, 38.65°, and 48.7°. These three

peaks correspond to (002), (111), and (-202) planes, respectively (Wu et al. 2002). Estimation of the

TH -1470_011615202



144 | Chapter 5

60000
a
[a=]
S
50000 - —
~n
=5 40000 -
g
o
= 30000 -
=
a —_
= ]
= 20000 - S ey
= T _aw=a
=) — -
= S 87
10000 vu S v
.[)_
1 1 1 1 v 1 v 1 ¥ 1 ' I ' I

10 20 30 40 50 60 70 80 90
Angle (2 theta)

Figure 5.1 XRD pattern of CuO

crystallite size based on X-ray peak broadening was calculated using Debye-Scherrer equation and

found to be 52.5 nm.

Figure 5.2 shows the XRD pattern of as-prepared ZnO nanoparticles having hexagonal ZnO phase
(wurtzite structure) (Chieng and Loo 2012). The main peaks appeared at 31.9°, 34.6°, 36.4°, and
56.7°. The crystallite size of ZnO was found to be 49.5 nm. The XRD pattern of NiO shows the peaks
at 37.12°, 43.09°, 62.62°, 74.96°, and 79.17° representing the NiO planes (111), (200), (220), (311),
and (222) respectively (Figure 5.3). All these diffraction peaks can be indexed to face centered cubic
(FCC) structure. Presence of broad peaks represents that synthesized particles are quite small. The
crystallite size was found to be 2.54 nm. Figure 5.4 shows Co,0, diffraction peaks, which correspond
to spinel structure of the cobalt oxide (He et al. 2005; Suraja et al. 2013). The crystallite size of
Co03;0,4 was found to be 29.55 nm. All the XRD patterns show that samples are single phased and pure

as no other peaks for any impurity are present and thus confirming the high purity of synthesized

electrocatalysts.
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Figure 5.4 XRD pattern of Co;0,

5.3.1.1.2 FTIR studies

Figure 5.5 to 5.8 show the FTIR spectra of CuO, ZnO, NiO, and Co;0,4. FTIR spectra were recorded
in the range of 400-4000 cm™. The FTIR spectrum of CuO nanostructure indicates two signature
peaks at 520 and 598 cm (Liu et al. 2006). In the present case, the spectrum for CuO shows
characteristic bands at 497 and 603 cm™ which corroborate the formation of CuO nanostructure
(Figure 5.5). No peaks could be observed in the range of 605-660 cm™, which proved that no other
phase, i.e., Cu,O was present (Singh et al. 2015). FTIR spectrum of ZnO shows the characteristic
peak at 551 cm™', which refers to the Zn—O bond stretching vibration (Hassan et al. 2014). The bands
at 889 cm™ are due to the microstructural features in Zn—O lattice (Figure 5.6). The peak around 3400
cm’ may be due to the O-H stretching vibration of the H,O molecule present inside ZnO
nanoparticles. FTIR spectrum of NiO is shown in figure 5.7. In case of NiO, peak at 418 cm’
represents Ni—O bond. The FTIR spectrum of Co;0, is shown in figure 5.8. It shows two strong

absorption bands at 660 and 580 cm™, which confirm the spinel structure of Co;O, (Figure 5.8). The
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peak at 660 cm™ is due to the stretching vibration mode of Co—O bond in which oxidation state of Co
is +2, and hence coordinated tetrahedrally. The band at 580 cm™ can be assigned to the Co—O bond in
which the oxidation state of Co is +3 and thus coordinated octahedrally (Herrero et al. 2007; Suraja et

al. 2013; Singh et al. 2015).
5.3.1.1.3 BET surface area studies

The BET surface area measurements were carried out using N, adsorption desorption isotherm at -
196°C as discussed in section 3.2.3. The surface area of CuO, ZnO, NiO, and Co;0,4 were found to be

9.9 m™g"', 15.9 m*g", 143.48 m>g", and 9.2 m* g respectively.
5.3.1.1.4 FESEM studies

To study the morphology of the synthesized electrocatalysts, FESEM analysis, as discussed in section
3.2.5, was done for all the metal oxides. The FESEM images (Figures 5.9 to 5.12) show the

morphology of the electrocatalyst particles. The size of the CuO particles ranges from 70 to 300 nm.

887 L, _ . _
“’3 200 hm EHT = 3.00 kV Signal A = InLens
Qe _ -
%m"; WD = 42mm Mag = 101.27 K X ﬁ

Figure 5.9 FESEM analysis of CuO
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Figure 5.10 FESEM analysis of ZnO
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Figure 5.11 FESEM analysis of NiO
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Figure 5.12 FESEM analysis of Co;04

The image of ZnO clearly demonstrates the uniform formation of spherical nanoparticles. The particle
size varies from 64 to 77 nm (Figure 5.10). The FESEM image of NiO particles is shown in figure
5.11. The particles of NiO are very small, which was also reflected in its XRD pattern and BET
surface area determinations. In case of Co;0s, the particles are irregular in shape, ranging from 150 —
300 nm (Figure 5.12) (Singh et al. 2015). Small size of particles is preferable as it provides high

absorptive surface area.

5.3.1.1.5 EDX studies

The EDX studies were carried out to further confirm the presence of desired species and absense of
undesired species in the samples. The EDX spectra of the metal oxide electrocatalysts are shown in
figure 5.13. It can be seen that all the samples showed the presence of metal species (Cu, Zn, Ni, and
Co) along with oxygen element. It confirms that impurities were not present in the samples and metal

oxides were pure.
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Figure 5.13 EDX spectra of metal oxide electrocatalysts (a) CuO, (b) ZnO, (¢) NiO, and (d) Co;0,

5.3.1.2 Electrochemical characterizations

The synthesized metal oxides need to be tested for their electrochemical behaviour after the physical

characterizations. The powdered metal oxide electrocatalysts were dispersed in a solvent to form the

electrocatalyst ink, which was then coated over the electrode surface, as discussed in section 5.2.2.3.

However, in case of NiO, no appropriate solvent could be found in which it can be dispersed

homogeneously. Therefore, no electrochemical study could be done in case of NiO. Thus, the
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electrochemical studies were performed for rest of the three metal oxides, namely CuO, ZnO, and

C050; in half-cell as well as full cell (dERC reactor).

5.3.1.2.1 Cyclic voltammetry

In order to evaluate the electrocatalyst, first, the cyclic voltammetry was conducted to know the
behavior of the electrocatalysts (CuO, ZnO, and Co;0,) for CO, reduction in inert and CO, saturated
environment. The cyclic voltammetry test was conducted using 0.5 M KHCOj; solution, which was
saturated with N, or CO, gases, to compare the voltammograms in inert and CO, environments,
respectively. The pH of the saturated solution with N, and CO, was 8.5 and 7.5, respectively. The
cyclic voltammograms (CVs) of the CuO, ZnO, and Co;0, in the potential range of 0 to 3 V vs. SHE
are shown in figure 5.14 to 5.16. The cyclic voltammogram of CuO is shown in figure 5.14 (Singh et
al. 2015). Current density produced in inert environment is due to the reduction of H' species which
is present in aqueous medium. Moreover, the current density observed in CO, environment is due to

the reduction of both CO, and H" species. Onset potential (the potential at which 0.1 mA-cm™ current
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Figure 5.14 Cyclic voltammograms of CuO in N, (broken line), and CO, (solid line) atmosphere
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density is observed) for CuO is 0.4 V. It can be noticed that current density in CO, atmosphere is
more than in the N, environment. It might indicate that electrocatalyst is able to reduce the CO,.
Therefore, further evaluation of the electrochemical activity of the catalyst towards ERC was
conducted based on the developed protocol (section 5.3.1.2.2). Similarly, the voltammograms of ZnO
are shown in figure 5.15 (Singh et al. 2015). It can be seen that there are two broad peaks present at
0.26 V and 1.6 V vs. SHE in CO, atmosphere. Similar peaks are also present in N, atmosphere at 0.13
V and 1.75 V vs. SHE. These peaks, however, do not correspond to the CO, reduction as these are
present in inert atmosphere too. The reason is that the ZnO does not remain stable in aqueous
electrochemical system and undergoes 2 electron reduction to form Zn as per the following reaction

(equation 5.1)
Zn0 +H,0 +2¢ — Zn + 20H E°=-1.260 V 5.

This reaction takes place in absence as well as presence of CO,, hence peaks are observed in both the
inert and CO, environments. Moreover, the current density produced in both the environments is
almost similar and hence no prediction about the activity of ZnO is possible. The cyclic
voltammograms of Co;0, is shown in figure 5.16. The current density observed in both inert (N,
saturated) and CO, environment is shown. The onset potential for the CO, reduction using Co;04 was
calculated to be 0.6 V. It can be seen that current density in CO, environment is less than in inert
atmosphere. The slight peaks observed in the voltammograms of Co;0, are present in both inert and
CO, atmosphere, thus confirming that peaks are not because of the reduction of CO,. These peaks are

due to the interconversion of Co ™ and Co™ oxidation states of Co;04 (Singh et al. 2015).

Thus, in case of all the metal oxide electrocatalysts, cyclic voltammograms have given some insight
towards their behaviour in electrochemical environment. To get the substantial information regarding
the activity towards CO, reduction, these electrocatalysts will be characterized using the developed

catalytic activity protocol (Singh et al. 2015).

TH -1470_011615202



Metal oxides as electrocatalysts for dERC

| 155

150 ====N_
Nr-\ ‘_C02
g
S 1004
<
g
2 50
17/}

o

(]

o

= 04

[F]

B :

- [

(@] 1
504 )
-100 —

00 05

I
1.0

|
1.5

I
2.0

Applied voltage (V)

2.5

3.0

Figure 5.15 Cyclic voltammograms of ZnO in N, (broken line), and CO, (solid line) atmosphere

[ [y (O8]

o= n o

=] o o
1 1 I

150~
100 ~

50 ~

Current density (mA.cm™)

I
1.0

I
1.5

I
2.0

Applied voltage (V)

2.5

3.0

Figure 5.16 Cyclic voltammograms of Co;O4 in N, (broken line), and CO, (solid line)

atmosphere

TH -1470_011615202



156 | Chapter 5

5.3.1.2.2 The developed protocol

According to the protocol (section 4.3.1.2.2), the linear sweep voltammograms (LSVs) were plotted
using gas diffusion layer (GDL) without any electrocatalyst coating and then compared with the
electrocatalysts coated GDL in three different media. The plots are shown in figure 5.17 to 5.19. It
can be seen in the figures that all the metal oxide electrocatalysts show higher current density than the
bare GDL in every test. It signifies that the electrocatalysts are active in every media. However, the
increased current density in the 3" test of the protocol clearly proves that electrocatalysts are able to
reduce the CO,. These results depicts that all the three metal oxides are active for CO, reduction,
although there is the tendency towards competitive H™ reduction too. The results of 2™ test show that
Co;0; is the most active for H' reduction, while CuO is the least active. Therefore, it can be predicted
that CuO should be the most active for CO, reduction and Cos;0, should be the least. In figure 5.19, it

becomes clear that highest current density difference was found between the CuO electrocatalyst and
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Figure 5.17 Comparison of electrocatalytic activity of metal oxides on GDL (solid lines), and only

GDL (broken line) for the 1% test as per the catalytic activity protocol
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GDL, confirming that among all the metal oxide electrocatalysts, CuO is the most active for CO,
reduction. The minimum current density is found for the Co;0, which suggests that it is the least

active electrocatalyst for CO, reduction as compared to CuO and ZnO.
5.3.2 dERC studies using metal oxide electrocatalysts

The characterization of metal oxide electrocatalysts through physical and electrochemical means
shows that the synthesized metal oxides were able to reduce CO, electrochemically. Therefore,
further studies were carried out to understand the activity of metal oxides towards product formation
and selectivity in dERC. The reactions were carried out above the onset potential range which was
determined in CV test. The products formed were collected at the cathode outlet and analyzed using

gas chromatography.
5.3.2.1 Effect of applied voltage on current density and Faradaic efficiency towards dERC

Figure 5.20 shows the current density with respect to applied voltages for the metal oxide
electrocatalysts. It can be seen that the current density increases with the increasing applied potential
values, which refers to various reactions taking place at the electrode surface. These reactions are due
to the CO, reduction as well as unwanted H' reduction. The highest current density can be seen in the
case of Co;0,. For CuO, the current density at 1.5 V is 0.4 mA-cm™ and reaches 5.1 mA-cm™ at 3 V.
The current density obtained corresponds to the formation of various products and by-products at the
cathode surface of the electrochemical reactor. In case of ZnO, the current density is less than the
CuO. Current density at 3 V is 3.8 mA-cm™ for ZnO. The current density in case of Co;0y is the
highest with 12.09 mA-cm™ at 3 V. Moreover, the efficiency of the electrocatalyst towards CO,
reduction can not be determined only on the basis of current density parameter. The reason being that
obtained current density is the result of various electrochemical reactions taking place in the reactor to

form products as well as by-products. Therefore, figure 5.21 shows the cumulative Faradaic
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Figure 5.21 Faradaic efficiency as a function of applied voltage for metal oxide electrocatalysts
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efficiency of all the electrocatalysts for CO, electroreduction reaction products only. Here it can be
seen that appreciable Faradaic efficiency has been observed for the metal oxides. CuO shows the
highest Faradaic efficiency of 66.2% at 2 V. Co;04 shows the least Faradaic efficiency viz. 4.2% at 2
V. ZnO results in intermediate Faradaic efficiency among the three metal oxide electrocatalysts.
However, in case of ZnO, the highest Faradaic efficiency was observed at 2.3 V with 24.4%. To
determine the energy utilized (Faradaic efficiency) for the various reaction products, it is necessary to
quantify the reaction products at the cathode of the electrochemical reactor. Therefore, further results

are given for the individual metal oxide electrocatalyst.

5.3.2.2 Performance of metal oxide electrocatalysts for the formation of various dERC products

To know the effectiveness of various metal oxides for different product formation, the amount of the
products formed and Faradaic efficiency of individual products were calculated for each of the metal

oxide electrocatalyst.

5.3.2.2.1 CuO metal oxide electrocatalyst

Figure 5.22 shows the amount of the products formed in electrochemical reduction of CO, using
CuO. It can be seen that amount of the methane formation is the highest among all the products. The
highest formation of CH, (82.4 pmol) was found at 2 V. CO formation was found highest at 1.8 V
with 38.6 umol. C,H, formation was only in trace amount at 3 V. Hydrogen formation is increasing
with the increasing applied potential value. It reflects that most of the supplied energy is getting
wasted in the formation of hydrogen. Faradaic efficiency was also calculated for the metal oxide
electrocatalysts, as discussed in section 3.5.1. Faradaic efficiency is the measure of the amounts of the
products formed with respect to the supplied electrical energy. The Faradaic efficiency of CuO is
shown in figure 5.23. Similar to the figure 5.22, the highest Faradaic efficiency is reported for the
CH,4 (59.91%), followed by the CO (7.63%), and C,H, (0.47%). Excess hydrogen formation at higher

applied voltages, as seen in the figure 5.22 is also reflected in figure 5.23. However, it can be said
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Figure 5.23 Faradaic efficiency as a function of applied voltage for electrochemical reduction of
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that Faradaic efficiency achieved in case of CuO is appreciable. Moreover, CuO remains active for
CO, reduction not only upto 60 minutes but also beyond it. The variation of Faradaic efficiency with
time is shown in figure 5.24. It can be seen that hydrocarbon formation takes place significantly in
first 40 minutes, after which its formation decreases and approaches <5% Faradaic efficiency.
Moreover, CO formation continues upto 90 minutes. It is important to note that with increasing time,
the hydrogen formation increases which affects CO, reduction negatively. Thus, increased

concentration of H" at the cathode surface adversely affects the reduction of CO,.

The better performance of CuO for CO, electroreduction can be attributed to the adsorption properties
of CuO. Thermodynamically, it is proven that adsorption reaction between CuO and CO, is highly
favourable with AG = 4.9 kJ'mol™ under ambient temperature and pressure conditions (Isahak et al.
2013). Thus, although the BET surface area of the as-prepared CuO electrocatalyst was less, the

favourable thermodynamics between CuO and CO, helped to overcome it and resulted in high
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Figure 5.24 Faradaic efficiency variation with time during electrochemical reduction of CO, using

CuO
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Scheme 5.1 Representation of the acidic and basic character of the CO, and metal oxide, respectively,
which helps in adsorption of CO, over the electrocatalyst surface (Orange and brown spheres
represent C and O respectively, while green and blue represent the cations and anions of metal oxide

electrocatalyst, respectively).

activity of the electrocatalyst. Moreover, the basic properties of CuO further enhanced the attraction
between CuO and CO,. As shown in the scheme 5.1, the metal oxides are basic due to the
electropositive nature of the metals, while CO, is Lewis acid. Therefore, cations and anions of the
metal oxide possess a partial positive and negative charge, respectively, which has the tendency to
adsorb (acidic) CO,. Thus, most of the sites get occupied by CO, leading to better adsorption and

hence improved reduction of the CO,.
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5.3.2.2.2 ZnO metal oxide electrocatalyst

The results for the CO, reduction using ZnO electrocatalyst are shown in figure 5.25 and figure 5.26.
As it was observed in figure 5.20, the current density in case of ZnO is less therefore; the amount of
the products formed is also less. The highest formation can be seen in case of CO with 8.25 umol at 2
V. Another product is CH,, which was found highest at 2.3 V with 6.56 umol. Hydrogen formation is
also comparatively less than other oxide electrocatalysts, however, its formation is significantly
higher than any of the products. The formation of hydrogen follows the same trend as that of current
density and it is increasing with the applied potential values. At 3 V, the hydrogen formation is
highest with 554.57 pmol. The Faradaic efficiency of the ZnO is shown in figure 5.26. Contrary to
figure 5.25, the trends of Faradaic efficiencies are different. It is so because; Faradaic efficiency takes
into the account the number of moles of electrons supplied. Therefore, if the same amount of CO and
CH, is formed, the Faradaic efficiency towards CH,; would be 4 times higher, since there are 8
electrons involved in the formation of one mole of methane while only 2 in the formation of one mole
of CO. Hence, although the number of moles of CHy is less at 1.8 V (Figure 5.25), the corresponding
Faradaic efficiency at 1.8 V is high (Figure 5.26). Faradaic efficiency for CH, formation is more at
two potential values viz. 1.8 V and 2.3 V with 16.6% and 18.8%, respectively. Moreover, the Faradaic
efficiency for CO formation is highest at 2 V with 10.34%. The overall Faradaic efficiency is 24.36%
at 2.3 V. High activity at two potential values is a peculiar feature and it is due to the unstable
behaviour of ZnO. During the reaction, the ZnO itself undergoes reduction resulting in the formation
of Zn according to equation (5.1) (Ikeda et al. 2000). The evidence for the self-reduction of ZnO to
Zn has also been seen in its cyclic voltammogram, which was discussed in section 5.3.1.2.1. Hence, it
was postulated that the formation of CH, at 1.8 V is due to the activity of ZnO. On increasing the
voltage upto 2.3 V, the conversion of ZnO to Zn takes place (equation 5.1) and thus, the in-situ
formed Zn results in the formation of CHy. This notion is also supported by the fact that Zn metal

shows its highest Faradaic efficiency for CO, reduction at 2.3 V, as was seen in section 4.3.4.2. After
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2.3 V, both the species lose their catalytic activity for CO, reduction and further reaction results only
in the formation of H,. Compared to CuO, the performance of ZnO for CO, reduction is far less and it
results in only two products. Further, it was also seen that it is not very durable and its activity
decreases drastically with time even during 60 minutes of reaction. It happens because despite being
an oxide, ZnO is not as favourable for CO, adsorption as CuO because the experimental heat of
adsorption of CO, on ZnO surface is 140 kJ'mol” (Martins et al. 2004). In case of ZnO, there is
competition between CO, and H,O molecules for binding to ZnO surface due to the similar energetics
of both the species. In CO, electroreduction, few H,O molecules reach upto the cathode along with
the CO, gas (humidified). Due to the similar energetics, adsorption of H,O on the ZnO surface
displaces the preadsorbed CO,, which ultimately leads to the decreased efficiency for CO,
electroreduction (Gouvea et al. 2014). Another important fact is that the synthesized ZnO is having
very low surface area. This allows very few reaction sites to adsorb CO, which is already
accompanied with the competitive HyO. This further adds-up a challenge for ZnO to reduce CO,.
Moreover, amphoteric nature and stability issues of ZnO also pose negative effect over its

performance.

5.3.2.2.3 Co;04 metal oxide electrocatalyst

Cobalt oxide (Co;04) is the combination of two interconvertible forms of cobalt, namely, cobalt(II)
and cobalt(IIl) viz. CoO and Co0,0;. The amount of products formed using Cos;0, is shown in figure
5.27. Three products were formed namely, CH,;, CO, and C,Hg. Major product was found to be CO
with 9.58 umol at 2.3 V. CH,4 formation was found highest at 2 V with ~4 umol. Moreover, C,Hs was
detected only in trace amounts. As was seen in figure 5.20, the current density obtained in case of
Co;0, was the highest with 12 mA-cm™ at 3 V. This current density corresponds to the various
reactions taking place at the electrode surface. Figure 5.27 shows that these reactions are not for the
reduction of CO,, rather, unwanted hydrogen formation is taking place. At 3 V, the amount of the

hydrogen formed is 3327.11 pmol. Excessive H, formation interfere with the reduction of CO,
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and hence the product formation is very less. Faradaic efficiency of various products formed is shown
in figure 5.28. The highest Faradaic efficiency was found in case of CHy, followed by CO, and C,Hg,
respectively. Similar to ZnO (section 5.3.2.2.2), Co;0, also shows contrast results for the Faradaic
efficiency as compared to amount of the products formed. CH, formation is highest at 2 V with 4%
Faradaic efficiency while CO formation is highest at 2.3 V with 0.93%. The overall Faradaic
efficiency was found highest at 2 V with 4.16%. In case of CH4 and CO, it can be seen that after
achieving maxima at 2 V and 2.3 V, respectively, the slight increase in amount was again observed at
3 V. The exact reason for this could not be elucidated; however, these variations may be attributed to
the variable oxidation states of Co;0,. Here, Co™*/Co™ oxidation states interconvert quite readily
when imposed to relatively mild variation in oxidizing and reducing ambient conditions (Casella and
Gatta 2002; Petitto et al. 2008) which might affect the pattern of product formation at variable
voltages. Moreover, it can be said that Co3;0y, is not at all suitable electrocatalyst for CO, reduction as
it resulted only in meager quantity of products and most of the supplied energy was wasted only in

the formation of unwanted H, in the dERC reactor.

Table 5.1 shows the rate of the reaction of all the metal oxide electrocatalysts. The rate of the reaction
is calculated at the voltage where the highest formation of products was observed for a particular
electrocatalyst (Section 3.5.2). It can be seen that the highest rate is recorded in case of CuO, while

the lowest rate in case of Co;0;.

If the selectivity patterns of all the metal oxide electrocatalysts are seen then, it becomes clear that
CuO is selective for CH4, while ZnO and Co03;0,4 show mixed selectivity pattern for both CH4 and CO.
The selectivity patterns of all the metal oxide electrocatalysts are shown in figures 5.29, 5.30, and
5.31. For CuO, initially CO formation prevails, but after 1.8 V, CH, formation increases and
continues to be prevalent. For ZnO and Co;0,4, both CH, and CO are selective at different potential

values.
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Table 5.1 Rate of the reaction of metal oxide electrocatalysts for dERC

Metal Applied Maximum amount of Rate of reaction
electrocatalysts | voltage (V) product formed (nmol) a 0° g~(g~h'l) '1)
CH, co CH, Cco

CuO 2.0 82.41 34.64 73.25 53.88

ZnO 23 6.56 7.79 5.83 12.12

Co304 23 1.24 9.58 1.11 14.91

Therefore, for ZnO and Co;0,4 the applied potential plays an important role in determining
selectivity. The variability in the selectivity patterns of ZnO and Co;O, can also be attributed to the
unstable nature of ZnO and variable oxidation states of Cos;0, as discussed in sections 5.3.2.2.2 and

5.3.2.2.3, respectively.
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Figure 5.29 Selectivity of products using CuO electrocatalyst for dERC

TH -1470_011615202



170 | Chapter 5

100 1 —=—CH,

—+—CO

80

60

40 4

Selectivity (%)

20

14 16 18 20 22 24 26 28 3.0
Applied voltage (V)

Figure 5.30 Selectivity of products using ZnO electrocatalyst for dERC
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Figure 5.31 Selectivity of products using Co;0, electrocatalyst for dERC
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5.4 Metal oxides vs. metals

Since, the metal oxides have been synthesized in order to improve the efficiency of CO,
electroreduction as compared to pure metal electrocatalysts, it becomes necessary to compare the
performance of the metals with corresponding metal oxides in terms of the Faradaic efficiency and
the overpotential required in the reaction. Figure 5.32, 5.33, and 5.34 show the Faradaic efficiency of
the metals and corresponding metal oxides. It can be seen that CuO and ZnO electrocatalysts
performed much better in comparison to their pure metal counterparts (Figure 5.32 and 5.33). Where
in case of Cu only two products could be obtained, CuO resulted in the formation of C, hydrocarbon
too. Further, the hydrogen production is also less in case of CuO, which suggests that CuO selectively
favoured the CO, reduction reaction with Faradaic efficiency as high as 66.2% at 2 V (Figure 5.32).
Moreover, in case of CuO, the formation of CO took place at 1.8 V in contrast to 2 V in case of Cu.
Thus, 0.2 V decrease in overpotential, increase in total Faradaic efficiency, and formation of C,

hydrocarbon by using CuO suggests that direct electrochemical reduction of gaseous CO, could be
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Figure 5.32 Comparison of Faradaic efficiency of CuO (solid line) with Cu (broken line)
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Figure 5.33 Comparison of Faradaic efficiency of ZnO (solid line) with Zn (broken line)
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improved by modifying Cu in the form of oxide.

The comparison of ZnO and Zn is shown in figure 5.33. In this case, the types of product formed
remained unaltered and both the catalysts resulted in the formation of only CH4 and CO. However,
the product distribution varied. In case of Zn, CO was the major product at each potential value, while
ZnO resulted in the CH4 and CO formation depending upon the applied potential value. The Faradaic
efficiency obtained in case of ZnO is better than in case of Zn. Further, it can also be seen in figure
5.33 that the overpotential was reduced when ZnO was used as electrocatalyst and the formation of
CH, took place at 1.8 V along with at 2.3 V. Thus, improvement in CO, electroreduction was also
achieved by modifying Zn in the form of oxide. However, the major problem with Zn and ZnO was
their unstable nature in ERC reaction conditions which renders them unsuitable for CO,
electroreduction. As far as Co;04 is concerned, figure 5.34 shows that it did not result in
improvement over the pure Co electrocatalyst. Rather, the performance of Co;0, is lesser than the Co.
As can be seen, both CH4 and CO formation diminished (Figure 5.34). Moreover, H, formation was

also found more in case of Co30,.

To summarize, in this chapter it has been seen that Cu and Zn metals could be improved by
converting these metals into their oxide forms for the direct electrochemical reduction of gaseous
CO,. Since, Zn as well as ZnO was found to be quite unstable in the dERC system, Zn metal would
not be studied further. However, keeping in mind the appreciable performance of copper after the
oxide treatment, another form of Cu as the Cu metal complex will be studied in the next chapter. In
case of Ni, since its oxide form could not be studied for electrochemical reactions, hence it was
complexed with a ligand to study its performance for CO, reduction, as discussed in the next chapter
(chapter 6). As far as Co is concerned, its oxide treatment could not be proved suitable at all;

therefore a new electrocatalyst was designed by incorporating a second metal into Co (chapter 7).
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Chapter 6

Salen ligand metal complexes as electrocatalysts

for dERC

Metal complex consists of an organic moiety, called as ligand, in which metal is incorporated. This
chapter describes the potential evaluation of salen metal complexes for the direct electrochemical
reduction of gaseous CO,. The synthesized metal complexes were characterized by various methods
to ascertain their composition and performance towards dERC. After the confirmation of the activity
of metal complexes, full cell reactions were carried out and obtained products were analyzed.
Performance shows that metal complexes are quite efficient for the electrochemical reduction of CO,,
giving rise to products having high calorific values. Based on the products formed, a reaction

mechanism is also proposed for electrochemical reduction of CO, using metal complexes.
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6.1 Background

It has been found in the literature that a number of metal complexes have been studied in order to
reduce the activation overpotential of the CO, electroreduction reaction with well designed ligand and
central metal atoms (Benson et al. 2009; Cole and Bocarsly 2010; Finn et al. 2012). Macrocyclic
metal complexes, such as Fe porphyrins; Mn, Cu, Zn phthalocyanins; and Ru bipyridines etc. have
been extensively studied for CO, electroreduction (Mahmood et al. 1987; Hammouche et al. 1991,
Bhugan et al. 1996; Appel et al. 2013; Inglis et al. 2012; Ishida et al. 1987; Laitar et al. 2005). Most
of these systems resulted in the two-electron reduction of CO,, forming CO and/or HCOO'". A few of
the workers also reported six and eight-electron reduction mechanism of ERC resulting in CH;OH
and CH, formation using Mn, Zn porphyrins; and Cu, Ga, and Ti phthalocyanines, respectively
(Garcia et al. 2014; Furuya and Matsui 1989; Magdesieva et al. 2002). Thus, the synergetics of
suitable metal and ligand in metal complex may have greater role in the formation of high calorific
value products as well as lowering down the overpotential. Therefore, in the present study, salen
ligand metal complexes have been studied as the electrocatalysts for direct electrochemical reduction

of the gaseous CO,.

Salen ligand complexes are well known for their ability to chemically catalyze various reactions
(Cozzi 2004; Darensbourg et al. 2004; Cohen and Coates 2006; Skljarevski et al. 2011). Therefore,
Gambarotta et al. (1982) studied the bifunctional salen ligand complex containing nucleophilic cobalt
() and an alkali cation for CO, capture. They have found very encouraging results, where acidic-
basic (bifunctional) sites present in the metal complex played a role in binding the CO,. Infact, this
inculcated the idea to bind the CO; at the site and simultaneously reduce it at the electrode. Moreover,
there is no study on such complexes for CO, electroreduction. Hence, the potential of salen
complexes was explored in the field of dERC. In this effort, the primary objective of the work was to
evaluate the salen metal complexes in the electrochemical reduction of CO, for the formation of value

added products. To establish and evaluate the dERC, Ni and Cu were used to form salen metal
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complex electrocatalysts. As stated in the previous chapter, Cu was chosen to ascertain its activity for
dERC in the complexed form, while selection of Ni was aimed to improve its performance for dERC.
It has been seen that Ni mostly results in undesired H, production with meager formation of CO and
CH, during dERC (Section 4.3.4.3), and the same has also been reported by other workers in aqueous
ERC (Hori et al. 1986, 1989, 1994). Therefore, these metals were chosen to understand the effect of

salen metal complex over dERC.
6.2 Experimental
6.2.1 Materials

The 4-nitro-o-phenylenediamine was procured from Alfa Aesar. Potassium bicarbonate (KHCO;),
and N,N-dimethylformamide (DMF) were purchased from Loba Chemie. Acetonitrile (CH:CN),
NiCl,-6H,0, CuCl,-2H,0, triethylamine (Et;N), ethanol (EtOH), and salicylaldehyde were procured
from Merck. CDCI; for NMR spectroscopy was purchased from Sigma Aldrich. Pt/C (40 wt% Pt)
was purchased from ElectroChem, Inc. USA. All the chemicals were used without further purification
and de-ionized water was used in all the experiments unless stated otherwise. Gas diffusion layer
(GDL) from CeTech was used as backing layer for electrocatalyst film to form electrodes. Nafion

membrane (Nafion-117) and solution (5 wt%) were procured from DuPont, USA.
6.2.2 Methods
6.2.2.1 Synthesis of the ligand (H,L"°,) and corresponding complexes

4-Nitro-o-phenylenediamine (A) contains a highly electron withdrawing —NO, group at the —para
position of one of the two amine groups (Scheme 6.1) and hence, the —NO, group reduces the

nucleophilic character of the amine group. Therefore, the ligand, H,L"°

2, Was synthesized by reacting
large excess (6 equivalents) of salicylaldehyde with A in ethanol under refluxing condition. The

ligand upon reacting with equivalent amounts of NiCl,-6H,0/CuCl,-2H,0 in acetonitrile in the
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O5N
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(H LNO
NiCl,e6H,0 CuClye2H,0
Et;N Et;N
CHACN CH4CN
O,N O,N
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D o

[NiIILN02]0 [cuIILN02]0

Ni complex Cu complex

Scheme 6.1 Synthesis route to formation of the salen ligand and corresponding Ni(ll) and Cu(ll)

complexes (A = 4-Nitro-o-phenylenediamine)

presence of EtzN provided Ni complex/ Cu complex, respectively. The synthesis route of the ligand

and the metal complexes is shown in the scheme 6.1.
6.2.2.1.1 Synthesis of salen ligand (H,L"%,)

A suspension of 4-Nitro-o-phenylenediamine (1.53 g, 10 mmol) was prepared in ethanol solution (20
mL). Salicylaldehyde (7.33 g, 60 mmol) was added dropwise into the prepared suspension to form a
mixture. The resulting mixture was heated to reflux for 20 hours. A yellow precipitate appeared after
cooling the mixture at 30°C. The precipitate was filtered, washed thoroughly with EtOH, and finally

air dried to get H,LN®,. The yield of the synthesized ligand was 78% (Singh et al. 2015 a).
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6.2.2.1.2 Synthesis of metal complexes [Ni"L"®, and Cu"LN,]

In CH:CN solution (10 mL) of H,L“°, (0.180 g, 0.5 mmol), NiCl,6H,0 (0.120 g, 0.50
mmol)/CuCl,-2H,0 (0.090 g, 0.50 mmol) and triethylamine (0.2 mL) were added and the resulting
solution was stirred at 30°C for five hours. During this time the colour of the solution changed to
reddish-brown (for Ni complex)/yellowish-brown (for Cu complex) with concomitant precipitation of
the solid with the said colour. Further, the solid was filtered, washed thoroughly with CH3;CN, and air
dried. The yield of the Ni complex and Cu complex was found to be 80% and 82%, respectively

(Singh et al. 2015 a).

6.2.2.2 Characterization techniques

The synthesized ligand and metal complexes were characterized using Fourier transform infrared
spectroscopy (FTIR), nuclear magnetic resonance spectroscopy (NMR), high-resolution mass
spectrometry (HR-MS), elemental (CHN) analysis, and electrochemical half-cell studies as discussed

in chapter 3.

6.2.2.3 Preparation of electrodes and membrane electrode assembly

Pt/C (40 wt% Pt) with Nafion dispersion (5 wt%) as binder, was used to prepare the anode
electrocatalyst ink. The ink was coated over the gas diffusion layer using spraying technique and
dried to get the anode. For the cathode (or working electrode), the ink was prepared by dispersing the
metal complex electrocatalyst in appropriate solvent along with Nafion dispersion. The electrocatalyst
ink was then coated over the gas diffusion layer followed by drying. The electrocatalyst loading for
anode and cathode was kept as 0.5 mg-cm™ and 2 mg.cm?, respectively. The cation exchange
membrane (Nafion-117) was treated using the standard procedure as discussed in section 3.3.2.1.1.
The membrane electrode assembly was prepared by sandwitching the Nafion membrane in between

anode and cathode at 60°C and 50 kg-cm™ pressure.
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6.2.2.4 Electrochemical tests

The half-cell studies were conducted in three-electrode cell assembly using Ag/AgCl as reference
electrode and Pt wire as counter electrode. The working electrode was prepared by using 2 mg-cm™
electrocatalyst loading supported over the gas diffusion layer. The cyclic voltammetry test was
carried out in aqueous (0.5 M KHCOs) and non-aqueous (dimethylformamide, DMF) electrolytes at
the scan rate of 10 mV-s™. In all the half-cell studies, the potential is reported with respect to standard
hydrogen electrode (SHE), unless stated otherwise. The full cell studies were carried out in an
electrochemical reactor using the experimental set-up described in section 3.3.2.1 and 3.3.2.2,
respectively. The experiment was conducted using chronoamperometry technique (pulse width 5 s) at
8 different electrode potentials and the reaction products were collected at the cathode outlet and
analyzed using gas chromatography (GC). The electrochemical experiments were carried out at 30°C

and at atmospheric pressure.

6.3 Results and discussions

6.3.1 Metal complex electrocatalyst characterization

6.3.1.1 Physical characterizations

The salen ligand and metal complexes were characterized using FTIR spectroscopy along with other
characterization techniques as described in section 6.2.2.2. However, ESI-MS measurement for the
complexes was not possible due to insoluble nature of the complexes in the measurement friendly

solvents.

6.3.1.1.1 FTIR studies

The FTIR spectrum of the synthesized ligand is shown in figure 6.1. The infrared spectrum of ligand

H,LN%, showed a number of characteristic peaks at 3447, 1615, 1566, 1511, 1478, 1341, 1277, 1194,
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Figure 6.1 FTIR spectrum of salen ligand

1153, 910, 843, and at 765 cm™. The broad band centered at 3447 cm™ is due to O—-H) stretching of
two —OH groups. The broadness of the band implied hydrogen bonding in the ligand. The aldamine
C=N stretch appeared at 1615 cm™. A sharp band at 1566 cm™ was found because of phenyl
asymmetric C=C) stretch. The existence of bands at 1511 cm™ and 1341 cm™ consolidated the

presence of -NO, functional group in the ligand. The phenolic {C-O) band appeared at 1277 cm™.

The FTIR spectra were also recorded for Ni and Cu complexes and shown in figure 6.2 and 6.3. In the
FTIR spectra of complexes, prominent shift in peaks was observed as compared to ligand. In Ni and
Cu complexes, the aldamine C=N stretch shifted slightly to lower value and appeared at 1610 cm™
and 1612 cm™, respectively. After complexation, asymmetric {C=C) stretching band for phenyl ring
appeared at 1576 cm™ and 1575 cm™ for Ni complex and Cu complex, respectively, and the value was
~10 cm™ higher compared to the value observed in the free ligand. This indicated more aromatic
character inside the phenyl rings in the complexes compared to the ligand. Additionally, lower

phenolic C-0) stretching value in the complexes (1248 cm™ in Ni complex and 1259 cm™ in Cu
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complex) compared to free ligand (1277 cm™) supported further the higher aromatic character of the
phenolate moiety. In the IR spectra of both the complexes, no appreciable changes were observed in
1511 cm™ and 1341 cm™ stretching bands. This indicated undisturbed and non-interacting nature of
the -NO; group in both Ni and Cu complexes. Interestingly, in Cu complex a relatively weak and
broad band appeared at 3321 cm™ (Figure 6.3). The band is attributed to {O-H) stretching of H-
bonded lattice water. Microanalysis data (section 6.3.1.1.4) further supported the presence of lattice

water.
6.3.1.1.2 NMR studies

NMR studies were carried out to discover the structure of the salen ligand. These studies were done
using proton NMR spectroscope at the frequency of 400 MHz as detailed in section 3.2.8. The
obtained NMR spectrum of salen ligand is shown in figure 6.4. The various peaks obtained show the
position of hydrogen atoms which are bonded to C and/or O atoms. The position of the peaks in
increasing order of concentration can be written as: ¢6.97 (td, J = 7.6 Hz, 1.2 Hz, 2H), 7.05 (t, J = 8.0
Hz, 2H), 7.33 (d, J = 8.8 Hz, 1H), 7.41-7.46 (m, 4H), 8.15 (d, J = 2.4 Hz, 1H), 8.18 (dd, J = 8.8 Hz,
2.4 Hz, 1H), 8.65 (s, 1H), 8.73 (s, 1H), 12.50 (s, 1H), 12.56 (s, 1H) (Singh et al. 2015 a). The H-
atoms in the hydroxyl groups are reflected at the position of 12.50 and 12.56 ppm. Rests of the H-

atoms are bonded to C atoms through doublet, triplet, or multiplet bonds, as shown in figure 6.4.
6.3.1.1.3 High resolution mass spectroscopy (HR-MS) analysis

HR-MS analysis, as discussed in section 3.2.9, was done to find the molecular weight of the salen
ligand. The spectrum obtained is shown in figure 6.5. Theoretically calculated weight of salen ligand
was 362.1135 g, while the spectroscopic analysis revealed it to be 362.1115 g (Figure 6.5). These two

values are almost similar, thus proving that ligand was synthesized successfully.
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6.3.1.1.4 Elemental analysis

Since, the ESI-MS studies were not possible to conduct for Ni and Cu complexes, hence elemental
(CHN) analysis, as described in section 3.2.10, was done to determine the elemental formula of the
metal complexes. On the basis of theoretical calculations, the percentage amount of C, H, and N was
found to be 57.55%, 3.14%, and 10.07%, respectively, for Ni complex. Moreover, the experimental
data revealed the percentage amount of C, H, and N as 59.46%, 3.14%, and 9.66%, respectively.
Thus, the elemental formula of Ni complex was found to be CyH;3N3O4Ni. In case of Cu complex,
the percentage amount of C, H, and N was found to be 55.93%, 3.63%, and 11.87% on the basis of
theoretical calculations, while on the basis of experimental analysis it was 56.04%, 3.26%, and
11.92%. Therefore, the presence of lattice bound water and acetonitrile was found to be associated
with the Cu complex. Hence, its elemental formula was given as CyH13N304Cu-CH3CN-0.5H,0

(Singh et al. 2015 a).
6.3.1.2 Electrochemical characterizations
6.3.1.2.1 Cyclic Voltammetry

To find out the feasibility of the synthesized metal complexes as heterogeneous electrocatalysts for
electrochemical reduction of CO,, half-cell studies were carried out. Metal complexes were studied
using the conventional cyclic voltammetry test as well as the prototcol test. The cyclic
voltammograms (CVs) of the Ni and Cu complexes in the potential range of 0 to 3 V vs. SHE are
shown in figure 6.6 and 6.7. The CVs were recorded in inert (N,) as well as CO, environment for both
the complexes. It can be seen that significant amount of current density is observed in both the
environments. However, the current density in CO, saturated system is higher than the corresponding
current density in N, saturated system for both the complexes. The onset potential (the potential at
which 0.1 mA-cm™ current density is observed) was found to be ~1 V for both the complexes. It can

be seen that with the increase in the applied voltage beyond onset potential, the current density
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increases (Figure 6.6 and 6.7). It can also be seen that the current density was found to be more, upto
some extent, in CO, environment as compared to inert environment for both the complexes. The
higher current density in CO, saturated environment may signify that electrocatalysts are able to
reduce the CO,. However, the actual determination of the electrocatalytic activity for CO, reduction
can be done on the basis of protocol tests. Hence, the electrocatalysts were also tested as per the

catalytic activity protocol.
6.3.1.2.2 The developed protocol

To further confirm the electrocatalytic activity of complexes towards CO, reduction, the protocol test
was performed. As per the catalytic activity protocol (Singh et al. 2015 b), an electrocatalyst is judged
for its performance on the basis of current density for CO, reduction in presence and absense of

electrocatalyst. The comparative graphs for all the tests are shown in figure 6.8 to figure 6.10. It can
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Figure 6.8 Comparison of electrocatalytic activity of metal complexes on GDL (solid lines), and

only GDL (broken line) for the 1* test as per the catalytic activity protocol
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be seen that both the metal complexes resulted in higher current density compared to GDL in all the
three media. This current density is due to the reactions occuring at the electrode surface. High
current density in presence of electrocatalysts shows that electrocatalysts are responding in
electrochemical environment. Increased current density in presence of electrocatalysts as compared to
GDL in 3" test confirms that electrocatalysts are able to reduce the CO,; however, the unwanted H*
reduction also takes place to some extent in presence of the salen ligand complex electrocatalysts. It
was also seen in figure 6.10 that, there is no increment in current density after 2.8 V vs. SHE and 2.6
V vs. SHE in LSV of Ni complex and Cu complex, respectively. Moreover, on comparing the
corresponding current densities in figure 6.8 and 6.10, it can be seen that the magnitude of current
density is significantly low in case of figure 6.10. In case of CO, saturated aqueous system (Figure
6.8) a significant amount of current density was due to the reduction of H” into hydrogen gas at the
cathode apart from the CO, reduction. In case of DMF (Figure 6.10), however, the CO, was bubbled
only upto a certain level to maintain the pH instead of CO, saturation in the DMF. Moreover, the
electroreduction might not be completed due to absence of other reactants to combine with the
reduced or activated CO,. In turn, the low level of CO; in the electrolyte along with increased mass
transfer resistance and scarcity of co-reactant reduces the current density, which does not increase
even with the increase in the applied voltage. Apart from the other reasons, the difference (in the
order of 10%) in electrical conductivities of the media (mS-cm™ in case of KHCO3, while pS-cm™ in
case of DMF) also affect the performance (Singh et al. 2015 a, b). Therefore, these studies confirm
qualitatively the efficacy of the metal complexes, however, can not be used for quantifying the role of
the electrocatalysts. Therefore, further study was conducted to evaluate and quantify the products

obtained out of the dERC using Ni and Cu complexes.
6.3.2 dERC studies using metal complex electrocatalysts

Once the activity of the synthesized metal complexes was proved for the electrochemical reduction of

CO; in preliminary half-cell studies, the full cell studies were attempted for the qualitative and
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quantitative information regarding the products formed in dERC using the complexes. The reactions
were carried out above the onset potential range, which is ~1 V in both the cases. The products
formed were collected at definite time intervals from the cathode outlet and analyzed using gas

chromatography.

6.3.2.1 Effect of applied voltage on current density and Faradaic efficiency

For both the metal complex electrocatalysts, the experimental results obtained are presented in figure
6.11 and 6.12. Figure 6.11 shows the current density corresponding to various applied voltages at the
terminals of the electrochemical reactor. It can be seen that the current density increases with the
increase in the applied voltage for both the complexes, which in turn signifies the increased rate of

various electrochemical reactions including H, gas generation (undesired) at the electrode surface.

Figure 6.12 shows the Faradaic efficiency for electrochemical reduction of CO, using metal
complexes. It can be seen that the Faradaic efficiency for Ni complex is quite high viz. 74% at 1.5 V.
On further increasing the voltage, the Faradaic efficiency decreases sharply. The Faradaic efficiency
for the Cu complex increases initially, attains maxima at 1.8 V, and then subsides gradually with the
increase in the voltage. The highest Faradaic efficiency of 25% is achieved at 1.8 V for the Cu
complex electrocatalyst. It may be noted that the Faradaic efficiency using the complexes is the result
of cumulative efficiencies for the formation of various products from electroreduction of CO,. To
determine the energy utilized (Faradaic efficiency) for the individual reaction products, it is necessary

to quantify the reaction products at the cathode of the electrochemical reactor.

6.3.2.2 Performance of metal complex electrocatalysts for the formation of various dERC products

To get more insight of the performance of metal complexes for the formation of various products, the
studies were conducted to find the Faradaic efficiencies of individual products of dERC as well as

hydrogen production.
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Figure 6.11 Current density as a function of applied voltage for metal complex electrocatalysts
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Figure 6.12 Faradaic efficiency as a function of applied voltage for metal complex electrocatalysts
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6.3.2.2.1 Ni salen complex electrocatalyst

Figure 6.13 shows the amount of the products formed using Ni salen complex as an electrocatalyst for
the electrochemical reduction of gaseous CO,. It can be seen that major product formed is CO, along
with the other products such as CH,4, C,H,, CoHs, and by-product H,. The highest amount of CO was
found to be 17.74 umol at 2 V. Moreover, 12.32 umol was formed at 1.5 V. The decrease in the CO
formation at 1.8 V is due to simultaneous increment in the formation of CH,. Highest number of
moles of CH, (2.22 pumol) was found at 1.8 V. The formation of C,H4 and C,Hg appears to be in trace
amount with maximum number of moles of 0.03 umol and 0.71 umol, at 1.4 V and 1.5 V,
respectively. Hydrogen formation was found to be increasing with the applied voltage resulting into
1438.98 umol at 3 V. The amount of the products formed is an outcome of the applied voltage at the
terminals of the electrochemical reactor. Therefore, to have a clear picture of the efficiency of the
system, it is necessary to analyze both these parameters together. Determination of Faradaic
efficiency serves this purpose and hence, figure 6.14 shows the Faradaic efficiency of various
products as a function of applied voltage. It can be seen in the figure 6.14 that main products of dERC
are hydrocarbons and carbon monoxide using Ni salen complex. In case of Ni complex, Faradaic
efficiency for CH, (16.6%) and C,Hg (16.35%) is considerably high with maximum for CO formation
(40.8%) (Figure 6.14). It is to be noticed that CO, CH,4, and C,Hg show highest Faradaic efficiency at
1.5 V. However, C,H,4, which was minor, formed at 1.4 V with Faradaic efficiency of 2.1%. Along
with the products resulting from CO, reduction, H, formation was also found, which approximately
compensate for rest of the Faradaic efficiency at any particular voltage (Singh et al. 2015 a). Apart
from the formation of hydrocarbons (C; and C,), another important attribute of Ni salen complex is
that its performance was found to be well even after 60 minutes of reaction. When the reaction was
continued after 60 minutes, it was seen that CO formation took place in appreciable quantities. The
Faradaic efficiency variation with time using Ni salen complex is shown in figure 6.15. It can be seen

that although hydrocarbons formation was significant only upto initial 40 minutes, the CO formation
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was continued even after 60 minutes with appreciable Faradaic efficiency (Figure 6.15). It should be
noted that the Faradaic efficiency variation with time has been considered at the voltage where the
maximum Faradaic efficiency for a particular product was observed (Figure 6.14). Moreover, for
comparison, the hydrogen formation is also shown at the same voltage. With increasing time, the
hydrogen formation was found to be increasing continuously. The possible reason for this can be that,
with increasing time, the hydrogen ions accumulation takes place at the cathode surface which results
in lowering down the pH. This low pH favours the H, formation, which ultimately renders CO,
electroreduction to decrease. After 80 minutes, the electrocatalytic activity of Ni salen complex seizes
completely as no product from CO, electroreduction could be observed and all the supplied energy

was wasted in the formation of unwanted hydrogen formation.
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Figure 6.15 Faradaic efficiency variation with time during electrochemical reduction of CO, using

Ni salen complex
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6.3.2.2.2 Cu salen complex electrocatalyst

Similar with the case of Ni salen complex, the amount of the products formed was also determined
for Cu salen complex and shown in figure 6.16. Contrary to the case of Ni salen complex, Cu salen
complex resulted in the highest formation of CH, with ~30 pumol at 2.3 V. Second major product is
the CO with 6.3 umol at 2.5 V. C,H, was formed only in trace amounts. However, a large amount of
the supplied energy was wasted in the formation of undesired H, formation with 826.97 pmol at 3 V.
One important thing to note is that the amount of hydrogen formed is far less than in case of Ni salen
complex, which was also reflected in figure 6.9. However, this does not enhance the reduction of

CO.. This is due to the less current density obtained in case of Cu salen complex (Figure 6.11).
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Figure 6.16 Amount of the products formed as a function of applied voltage for electrochemical

reduction of CO, using Cu salen complex
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Figure 6.17 shows the Faradaic efficiency for the Cu salen complex. In this case, CH, was the major
product along with considerable Faradaic efficiency of CO (Figure 6.17). Moreover, C,H; was
formed feebly with Faradaic efficiency of 1%. It can be seen that the Faradaic efficiency for CH,
(23%) is highest at 1.5 V; however, CO attains its maxima at 1.8 V with Faradaic efficiency of
10.5%. Apart from the products resulting from CO, reduction, H, formation was also found which,
similar to Ni salen complex, approximately compensate for rest of the Faradaic efficiency at any
particular voltage. It is important to note for both the complexes that the voltage, at which the highest
amount of product formation was observed, does not correspond to the voltage at which highest
Faradaic efficiency was observed (Figure 6.13 vs. 6.14 and Figure 6.16 vs. 6.17). It is due to the fact
that Faradaic efficiency takes into the account the number of moles of electrons supplied. Therefore,
if the same amount of CO and CHy is formed, then the Faradaic efficiency towards CH, would be 4
times higher, since there are 8 electrons involved in the formation of one mole of CH, while only 2 in
the formation of one mole of CO. Similar explanation is also valid for C,H, and C,Hg where 12 and

14 electrons are utilized, respectively.

Another similarity between Cu and Ni salen complex is that the Cu salen complex is also stable even
after 60 minutes of reaction in contrast to the pure copper metal which loses its catalytic activity in
the same duration (Hori et al. 2005; Li and Kanan 2012). The variation of Faradaic efficiency with
time for Cu salen complex is shown in figure 6.18. Similar to Ni salen complex, in case of Cu salen
complex too, the hydrocarbons formation takes place in initial 20-40 minutes, while CO formation
stops only after 90 minutes. This shows improvement over the pure Cu metal. The continuously
increasing hydrogen formation indicates the same cause as discussed in case of Ni salen complex,

which finally results in obstruction of CO, electroreduction.

TH -1470_011615202



Salen ligand metal complexes as electrocatalysts for dERC

|203

100

o0
o=

(o))
o

.
o

[y®]
=

Faradaic efficiency (%)

" -

i e 4

I ' I ! I ' I ' I ' | ' ] ' I ' I '
1.2 14 16 18 20 22 24 26 28 3.0

Applied voltage (V)

Figure 6.17 Faradaic efficiency as a function of applied voltage for electrochemical reduction of

CO, using Cu salen complex

Faradaic efficiency (%)

40 +
35—-
30—-
25—-
20—-
15—-

10

—=—CH, (1.5V)

—+—CO (1.8V)
——CH, (V)

—v—H, (1.8V)

20 40 60 80
Reaction time (min.)

T T T
100 120

Figure 6.18 Faradaic efficiency variation with time during electrochemical reduction of CO,

using Cu salen complex

TH -1470_011615202



204 | Chapter 6

It is evident that both the Ni and Cu complexes were active towards CO, reduction and underwent
multi-electron reduction of CO, resulting in C; and C, hydrocarbons, which is usually rare in case of
other metal complexes. It happened because incorporation of anchoring -NO, group in the ligand
(H,LN®,) backbone provides better interaction of salen complexes to the electrode material and hence,
facilitate an efficient electron transfer during the conversion of CO, to the products. Additionally,
during the conversion process, when M™ reduces to M state (M stands for metal), the decrease in
Lewis basicity of the central metal ion due to increase in metal-to-ligand(imine) m-back donation is
compensated by two strong o donations by two phenolate donors as shown in scheme 6.2. This is
due to more aromatic character inside the phenyl rings of the complexes, which was depicted in FTIR

spectra.

Overall, Ni complex was found to perform much better than Cu complex at relatively low
overpotential, as it is also evident from Table 6.1. The better performance of the Ni complex can be
explained in terms of the stability of the Ni(l) and Cu(l) intermediate species. As it is known that the

optimum stability or binding of metal-CO, bond is crucial for multi-electron reduction during dERC.

~ N CO,
\ 2

g, CH., €O,
4 C2H4, CZH()

Scheme 6.2 Representation of redox behaviour of salen ligand complex (‘M’ represents metal)

(Singh et al. 2015 a)
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Table 6.1 Rate of the reaction of metal complex electrocatalysts for dERC

Metal complex Applied Maximum amount of Rate of reaction
electrocatalysts voltage product formed (umol) (10%g-(g-h™) ™)
V) CH, CO CH, CO
Ni salen complex 2.0 0.94 17.75 0.84 27.60
Cu salen complex 2.3 30 3.53 26.67 5.49

The strong binding of metal-CO, may poison the electrocatalyst, whereas weak bonding may result in
higher overpotential for the reaction along with dissociation of product from the reaction site by
utilizing only a few electrons. During the CO, reduction process, Ni(ll) and Cu(ll) converts to Ni(l)
and Cu(l) species, respectively. Ni(l) being less stable, coordinates with CO, yielding stable Ni-CO,
complex (Costamagna et al. 1996) thus resulting in effective multi-electron reduction of CO, with
high efficiency, however, Cu(l) is comparatively more stable and hence does not bind with CO, with
the same efficacy, which in turn results in lower performance. Based on the products formed, an
elementary reaction mechanism is proposed for the formation of hydrocarbons and CO as shown in
scheme 6.3. The scheme 6.3 shows that initially the metal complexed to the salen ligand is in +2 state
and it gets reduced to +1 state by taking up an electron from the electrode. The addition of CO; in the
system receives the electron from the reduced metal, which was in +1 state, and binds with it.
Moreover, the stability of the system was maintained by the phenolate group of the ligand.
Simultaneously, H" ions were transported through membrane from the anode side to the cathode
during the full cell reaction and reacted with the metal complex-CO, along with some internal
rearrangements in the complex to form either the adsorbed CO (CO,q) or free CO, which escapes
from the cathode. The CO, may further participate in the reaction to form hydrocarbons (Schouten et
al. 2011; Aeshala et al. 2014) as shown in the scheme 6.3. Ultimately, the metal in the complex

reverts to its previous oxidation state (+2). Thus, the redox behaviour of the salen metal complex
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Scheme 6.3 Proposed elementary mechanism for the formation of reaction products using salen metal

complexes (Singh et al. 2015 a)

helps in efficient electron transfer between itself and CO; and, therefore, results in variety of products

with high efficiency (Singh et al. 2015 a).

The selectivity of these metal complexes is shown in figure 6.19and 6.20. It can be seen that Ni salen
complex is highly selective for CO formation while Cu salen complex is selective for CH,. This trend
proves that although the efficiency of the complexes for CO, reduction is remarkably affected by the
ligand moiety, but the selectivity is largely determined by the metal ion present at the centre of the
ligand, as it has been witnessed in earlier chapters that Ni is selective for CO while Cu is selective for
CH,. The ups and downs in the selectivity patterns may be due to the variety of factors, a major factor
being the stability of intermediates. At any particular voltage, the stability of various intermediate
species varies and that affects the formation of the products. Apart from the stability, the adsorption

tendency of different intermediates and their orientation at the electrode/electrocatalyst surface
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Figure 6.19 Selectivity of products using Ni salen complex electrocatalyst for dERC

Figure 6.20 Selectivity of products using Cu salen complex electrocatalyst for dERC
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Figure 6.21 Comparison of Faradaic efficiency of Ni salen complex (solid line) with Ni

(broken line)

100

80

60

40 -

Faradaic efficiency (%)

20+

1.2 14 16 18 20 22 24 26 28 3.0
Applied voltage (V)

Figure 6.22 Comparison of Faradaic efficiency of Cu salen complex (solid line) with Cu
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largely determines the product formation. Therefore, interplay of all these factors renders one unable

to trace the exact reason for the non-linear nature shown in the selectivity patterns.

6.4 Metal complexes vs. metals

The synthesis of metal complexes was aimed to improve the electrocatalytic performance of the Ni
and Cu metals for the reduction of CO,. It has been seen in section 6.3 that the performance of the
metal complexes was appreciable for the dERC. To get more insight into the performance, the
Faradaic efficiency of metal complexes was compared with metals and shown in figure 6.21 and 6.22.
It can be seen that Faradaic efficiency for all the products was increased in case of metal complexes.
Moreover, hydrogen production was also decreased as compared to metals. It can be seen in figure
6.21 that Ni metal resulted only in CH, and CO; however, Ni complex was able to produce CHy,
C,H4, C,Hs, and CO. It shows that efficiency was improved to a great extent after incorporating metal

with the ligand moiety (Singh et al. 2015 a).

Figure 6.22 shows the comparison between Cu metal complex and Cu pure metal. Where, Cu metal
resulted only in CH, and CO, Cu metal complex was also able to form C,H,. It can be seen that CH,4
formation was increased from 4.93% (2 V) in case of Cu to 22.77% (1.5 V) for Cu metal complex.
Significant improvement was also seen in CO formation, where Faradaic efficiency was increased
from 0.27% (2 V) to 10.47% (1.8 V) by using Cu metal complex. By-product, H, was also found less
in case of metal complex electrocatalyst. Apart from the better Faradaic efficiency, the metal
complexes also proved to be helpful in reducing overpotential. The overpotential required for the
reaction was quite low for both the metal complexes as compared to pure metals as can be seen in
Table 6.2. It is because of the initial reduction of metal complex itself (M™ to M™%*), and subsequent
reaction with CO,. Thus, metal complexes acted as redox couple, which help in reducing the
overpotential for the CO, electroreduction as well as in multielectron transfer resulting in C; and C,

hydrocarbons (Sullivan et al. 1993). Thus, it can be said that salen ligand complexes of both the
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Table 6.2 Reduction in overpotential for a few representative reaction products using the metal (Ni or

Cu) and metal complexes (Singh et al. 2015 a)

Applied voltage (V) corresponding to maximum
Electrocatalysts Faradaic efficiency of the product
CH, CO CyHs

Ni 2 1.8 -
Ni-complex 15 15 15

Reduction in overpotential (V) 0.5 0.3 -
Cu 2 2 -
Cu-complex 15 1.8 -

Reduction in overpotential (V) 0.5 0.2 -

metals (Ni and Cu) were found to be much better than their pure metal counterparts in terms of
energy efficiency as well as catalytic efficiency (Singh et al. 2015 a). It fulfilled the aim of enhancing
the efficiency of Ni and Cu metals for the formation of fuel kind of products. Next chapter discusses

another strategy to improve the performance of Co metal by incorporating second metal into it.
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Chapter 7

Bimetallic electrocatalyst for dERC

To understand the effect of combination of two metals over the electrochemical reduction of gaseous
carbon dioxide, the synthesis of bimetallic electrocatalyst was carried out. Bimetallic electrocatalyst
offers opportunity to tune the physical properties of the involved metals and thus affects the efficiency
and selectivity for the reaction products. This chapter discusses the evaluation of bimetallic
electrocatalyst for the dERC. The bimetallic electrocatalyst was synthesized and characterized by
various methods to ascertain its composition, and purity followed by activity towards dERC. After
confirming the activity of synthesized bimetallic electrocatalyst, the reactions were carried out in full
cell and the obtained products were analyzed. Performance shows that bimetallic electrocatalyst has
marked influence over the selectivity, and energy efficiency of the reaction products. The

improvement over the pure metal could also be achieved.
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7.1 Background

Bimetallic electrocatalysts may be the potential candidates for dERC as the addition of second metal
may impart potentially unique catalytic properties to the system. Though only a couple of recent
studies on bimetallic electrocatalysts for ERC are available (Christophe et al. 2012; Kim et al. 2014;
Rasul et al. 2015), there are many studies available on bimetallic catalysts for CO or CO,
hydrogenation (Ishihara et al. 1987; Cao et al. 1988; Duvenhage and Coville 1997; Mirzaei et al.
2010; Satthawong et al. 2013), where it was shown that bimetallic catalyst formation resulted in the
improved activity and selectivity along with the formation of C, hydrocarbons. The improved results
were reportedly due to the change in chemisorption properties of the involved metals. Recently, afew
studies suggested that adjustment of binding energies of the intermediate with the electrocatalyst may
promote the formation of a particular product (Christophe et al. 2012; Kim et al. 2014). It has been
found that d-orbital of the transition metals plays a crucial role in determining the binding strength by
interacting with the adsorbate (Narskov et al. 2009). The basic reason for the change in binding
strength is the charge (electron) transfer in these bimetallic systems (Rodriguez 1996). These
preliminary studies have opened up an avenue to investigate the effect of bimetalic electrocatalysts
for the electrochemical reduction of CO, to synthesize fuel kind of products. It has been seen that
most of the studies in the past were based on Cu as one of the metals in bimetallic system (Christophe
et al. 2012; Kim et al. 2014; Rasul et al. 2015). In the present study, Co and Ag are chosen to
investigate the effect of their combination for the electrochemical reduction of CO,. The rationale to
choose Co is that it is a transition metal having incompletely filled d-orbital. On the other hand, Ag
possesses only incompletely filled s-orbital in its outermost shell. Therefore, these two metals have
been chosen with the hypothesis that the combination of Ag and Co might trigger a change in the
binding energy of the bimetal with CO, due to the electron transfer, as suggested by Rodriguez and
Goodman (1992, 1996) and Kuhn et al. (1993). This change in binding energy may lead to modified

physical and chemical properties of the bimetal-CO, system and in-turn influence the CO, reduction
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reaction. Therefore, Co-Ag electrocatalyst was synthesized and thoroughly characterized to
understand the role of bimetals for the gaseous CO, electroreduction instead of solubilized CO, in a
liquid electrolyte. Bimetallic electrocatalyst is evaluated in half-cell as well as in the full

electrochemical reactor (full cell).

7.2 Experimental

7.2.1 Materials

Nitrate compounds of Co and Ag were used as the metal precursors. Co(NOjz), was purchased from
Qualigens and AgNOs; was procured from Merck. Sodium borohydride, which was used as the
reducing agent, was purchased from LobaChemie. Potassium bicarbonate (KHCO;) and N,N-
dimethylformamide (DMF) were also procured from Loba Chemie. Pt/C (40 wt% Pt) was purchased
from ElectroChem, Inc. USA. All the chemicals were used without further purification and de-ionized
water was used in all the experiments unless stated otherwise. Gas diffusion layer from CeTech was
used as backing layer for electrode preparation. Nafion membrane (Nafion-117) and Nafion

dispersion (5 wt%) were procured from DuPont, USA.

7.2.2 Methods

7.2.2.1 Synthesis of bimetallic electrocatalyst

The bimetallic Co-Ag electrocatalyst was prepared by simultaneous reduction of nitrate precursors of
Co and Ag metals viz. Co(NQOs), and AgNO;, respectively. Sodium borohydride (NaBH,) was used as
the reducing agent for metal precursors. The equimolar solution of both the metal salts was prepared
and reduced by using NaBH, with dropwise addition of the former. The reaction was carried out in
ice bath to avoid secondary reactions of NaBH,. The reaction mixture was agitated continuously
during the reaction. The resulting precipitate was filtered, washed, and dried at 60°C to get the

eguimolar mixture of Co-Ag electrocatalyst (Lima et al. 2006).
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7.2.2.2 Physical methods

The synthesized electrocatalyst was characterized using X-ray diffractometer (XRD), BET surface
area studies, field emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), and electrochemical tests as

discussed in chapter 3.
7.2.2.3 Preparation of electrodes and membrane electrode assembly

Catalyst ink for cathode (or working electrode) was prepared by dispersing the bimetallic
electrocatalyst in appropriate solvent along with Nafion dispersion. The electrocatalyst ink was then
coated over the gas diffusion layer followed by drying. Pt/C (40 wt% Pt), and Nafion dispersion (5
wt%) as binder, were used to prepare the anode electrocatalyst ink. This ink was coated over the gas
diffusion layer using spraying technique which was then dried to get the anode. The e ectrocatalyst
loading for anode and cathode was kept as 0.5 mg-cm? and 2 mg-cm’, respectively. The cation
exchange membrane (Nafion-117) was treated as per the standard procedure discussed in section
3.3.2.1.1. The membrane electrode assembly was prepared by sandwiching the Nafion membrane in

between anode and cathode at 110°C and 50 kg-cm™ pressure.
7.2.2.4 Electrochemical tests

The half-cell studies were conducted in three-electrode cell assembly using Ag/AgCl as reference
electrode and Pt wire as counter electrode. The working electrode (0.5 cm?) was prepared using 2
mg-cm™ electrocatalyst loading supported over gas diffusion layer. The cyclic voltammetry test was
carried out in agqueous (0.5 M KHCOs) and non-agueous (DMF) electrolyte at the scan rate of 10
mV-s’. In al the haf-cel studies, the potential is reported with respect to standard hydrogen
electrode (SHE), unless stated otherwise. For full cell studies, the electrochemical reactor and
experimental set-up was used as discussed in section 3.3.2.1 and 3.3.2.2, respectively. The experiment

was conducted using chronoamperometry technique (pulse width 5 s) at 6 different electrode
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potentials and the reaction products were collected at the cathode outlet and analyzed using gas
chromatograph. The reaction was carried out for an hour and the Faradaic efficiency is reported in
terms of total charge passed in an hour at particular voltage. The electrochemical experiments were

carried out at 30°C and at atmospheric pressure.

7.3 Results and discussions

7.3.1 Characterization of Co-Ag bimetallic electrocatalyst

7.3.1.1 Physical characterizations

The bimetallic electrocatalyst was characterized by using XRD, BET surface area analysis, FESEM,

TEM, and EDX analyses as discussed in section 3.2.

7.3.1.1.1 XRD anaysis

The X-ray diffractogram of the synthesized Co-Ag bimetallic electrocatalyst is shown in figure 7.1. It
shows distinct peaks of Co and Ag metals. The XRD pattern indicates the face centered cubic (FCC)
structure of silver and hexagonal closed packed (HCP) structure of cobalt. The main peaks appeared
at 38.13°, 44.32°, 44.53°, 48.75°, 64.39°, 77.46°, and 81.60° corresponding to Ag (111), Ag (200), Co
(002), Co (101), Ag (220), Ag (311), and Ag (222) planes, respectively (Figure 7.1). Moreover, it can
be seen that the synthesized electrocatalyst is pure and hardly show any peak related to impurity. The
presence of characteristic peaks of both the metals in the XRD pattern indicates that the synthesized

electrocatalyst is akind of mixture or heterostructure, where Co and Ag atoms are mixed randomly.

7.3.1.1.2 BET surface areaanaysis

The BET surface area analysis of the synthesized Co-Ag electrocatalyst was carried out as per the

procedure described in section 3.2.3. The specific surface area based on N, adsorption and desorption
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Figure 7.1 XRD pattern of Co-Ag bimetallic electrocatalyst

method was found to be 67.45 m?.g™*. The BET surface area of the bimetallic electrocatalyst was
found to be much higher than the surface area of either Co (15.89 m*-g*) (Hongzhen et al. 2008) or
Ag (23.81 m*g?) (Zhou et al. 2009). This indicates that synthesized particles are quite small and will

be good for electrocatalysis application.
7.3.1.1.3 Morphological analyses

The morphological features were identified using field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM) as discussed in section 3.2.5 and 3.2.6,
respectively. The images are shown in figure 7.2 and 7.3. The FESEM image (Figure 7.2) reveals that
the synthesized particles are spherical and size ranges from 32-65 nm. Some of the particles are also
seen in agglomerated form. TEM image in figure 7.3 gives clear morphology showing spherica

particles of varying sizes and agglomerates.
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Figure 7.2 FESEM analysis of Co-Ag bimetallic electrocatalyst

Figure 7.3 TEM analysis of Co-Ag bimetallic electrocatalyst
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Figure 7.4 EDX spectrum of Co-Ag bimetallic electrocatalyst

7.3.1.1.4 EDX analysis

In XRD spectrum, there were only two weak peaks at 44.53° and 48.75° for Co. However, an inherent
peak of Co(100) was not clearly seen as it was superimposed by Ag. Hence EDX was carried out to
confirm the presence of Co in the sample. Figure 7.4 shows the EDX spectrum for Co-Ag bimetallic
electrocatalyst, which shows the marked presence of Co and Ag atoms in the sample. Moreover,
absence of any peak of impurity suggests that the synthesized electrocatalyst is pure. Thus, all these

characterizations reveal that the bimetallic (Co-Ag) electrocatalyst was synthesized successfully.

7.3.1.2 Electrochemical characterization

7.3.1.2.1 Cyclic voltammetry

Before performing the protocol test for Co-Ag bimetallic electrocatalyst, the cyclic voltammetry (CV)
studies were carried out to gather the basic information about Co-Ag bimetallic electrocatalyst. As

mentioned before, the CV test was conducted in 0.5 M KHCO; solution saturated with N, or CO, gas,
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to compare the voltammograms in inert and CO, environments, respectively, as shown in Figure 7.5.
It can be seen that significantly high current densities are observed in both the environments.
However, the current density obtained in CO, saturated system is lower than the corresponding
current density in N, saturated system for Co-Ag electrocatalyst. It can be seen that the onset potential
(the potential at which 0.1 mA-cm current density is observed) for Co-Ag is 0.35 V. This reflects
that activation overvoltage required in case of Co-Ag bimetallic electrocatalyst is significantly less as
compared to Co where it was found to be 0.95 V (section 4.3.1.2.1). Interestingly, figure 7.5 shows
that the current density islower in CO, saturated atmosphere as compared to inert atmosphere for Co-
Ag dectrocatalyst. Thus, the determination of the activity of Co-Ag will be done on the basis of

protocol test, as discussed in section 7.3.1.2.2.

—CO

2

Current density (mA.cm™)

50

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Applied voltage (V)
Figure 7.5 Cyclic voltammograms of Co-Ag bimetallic electrocatalyst in N, (broken line), and

CO; (solid line) atmosphere
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7.3.1.2.2 The devel oped protocol

As discussed in earlier chapters and section 4.3.1.2.2, the protocol test was performed by plotting the
linear sweep voltammograms (LSVs) using gas diffusion layer (GDL) without any electrocatalyst
coating and then compared with the Co-Ag electrocatalyst coated GDL in three different media
(Singh et al. 2015 a). The plots are shown in figure 7.6 to 7.8. It can be seen in the figures that the
bimetallic electrocatalyst shows higher current density than the bare GDL in every test. This signifies
that the electrocatalyst is active in every media. However, the increased current density in the 3 test
of the protocol (Figure 7.8) clearly proves that Co-Ag is able to reduce the CO,, athough there isthe
tendency towards competitive H" reduction too (Figure 7.7). It is to be noted that in 3 test, higher
applied voltage beyond 1.5 V resultsin depletion of CO, at the electrode surface, and hence plateau of

current density is formed with further increase in the applied voltage.
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Figure 7.6 Comparison of electrocatalytic activity of Co-Ag bimetal on GDL (solid line), and only

GDL (broken line) for the 1% test as per the catalytic activity protocol
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Figure 7.7 Comparison of electrocatalytic activity of Co-Ag bimetal on GDL (solid line), and only

GDL (broken line) for the 2™ test as per the catalytic activity protocol
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Figure 7.8 Comparison of electrocatalytic activity of Co-Ag bimetal on GDL (solid line), and only

GDL (broken line) for the 3" test as per the catalytic activity protocol
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7.3.2 dERC studiesfor Co-Ag bimetallic electrocatalyst

The dERC study in full electrochemical reactor was conducted to identify the products formed from
electrochemical reduction of gaseous CO, using Co-Ag electrocatalyst. Figure 7.9 represents the
current density in electrochemical reactor using Co-Ag electrocatalyst at different applied voltagesin
the range of 1.5 V to 3 V. It can be seen in figure 7.9 that on increasing the applied voltage, the
current density increases gradually because of the increased rate of the reactions occurring at the

cathode of the reactor.

Figure 7.10 shows the amount of the products formed in full cell reactions using Co-Ag bimetallic
electrocatalyst. The products formed at various voltages are hydrocarbons and CO. Hydrocarbons
include CH, and meager quantity of C,H,4. Along with these products, hydrogen formation also took
place which is a by-product of the process. It can be seen in figure 7.10 that the highest amount was
formed in case of CO with 16.6 pumol at 2 V. CH, was formed with 10.4 pmol while C,H, was
formed only in trace amounts (0.29 umol) at 2 V. Hydrogen formation was found to be increasing

with increasing applied potential values and reaches maximaat 3 V with 2020 pmol.

Faradaic efficiency of the products formed as a result of the dERC using Co-Ag bimetallic
electrocatalyst was calculated and shown in the figure 7.11. CH, was found as the major product with
Faradaic efficiency of 19.5% at 2 V. CO formed with highest Faradaic efficiency of 7.8% at 2 V.
C.H,4 formation was quite meager with only 0.8% Faradaic efficiency at 2 V. Overall, around 28%
Faradaic efficiency (at 2 V) was found for the CO, electroreduction using Co-Ag electrocatalyst. The
Faradaic efficiency of hydrogen formation, a by-product, was high at every applied voltage and found
to be increased with increasing applied voltage. Another important thing to note here is that the trend
of Faradaic efficiency is different from that observed for the amount of products. It can be seen that
the highest amount of the product formed is of CO (Figure 7.10), however the Faradaic efficiency is

highest for CH,4 (Figure 7.11). Thisis due to the fact that Faradaic efficiency takes into account the
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Figure 7.9 Current density as a function of applied voltage for Co-Ag bimetallic electrocatalyst
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Figure 7.10 Amount of the products formed as a function of applied voltage for electrochemical

reduction of CO, using Co-Ag bimetallic electrocatal yst
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Figure 7.11 Faradaic efficiency as a function of applied voltage for electrochemical reduction of

CO, using Co-Ag bimetallic electrocatalyst
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Figure 7.12 Faradaic efficiency variation with time during electrochemical reduction of CO, using

Co-Ag bimetallic electrocatalyst
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number of moles of electrons supplied. Therefore, if the same amount of CO and CH, is formed, then
the Faradaic efficiency towards CH, would be 4 times higher, since there are 8 electrons involved in
the formation of one mole of CH, while only 2 in the formation of one mole of CO. Based on these
results, it can be said that Co-Ag is able to electrocatalyze the CO, for the formation of fuel kind of
products. Moreover, it was also observed that Co-Ag results in the product formation only upto 60
minutes of the reaction, and beyond this period only H, evolution took place. The variation of
Faradaic efficiency with time is shown in figure 7.12. The variation of Faradaic efficiency with time
is shown at the applied voltage where the highest Faradaic efficiency was observed for a particular

product.

Table 7.1 shows the kinetic data in terms of reaction rate as discussed in section 3.5.2. This data
further supports that electrocatalyst is able to effectively reduce CO, into hydrocarbons and CO. It is
found that 2 V is the favourable potential value for Co-Ag electrocatalyst, where the highest
conversion takes place under the experimental conditions. On further increase in applied voltage, the
rate of formation of the products decreases as at higher voltage the formation of H, is favoured more

(Figure 7.10 and 7.11).

It is known that Ag alone is exclusively selective for CO formation (Hori et al. 1985, 1994; Hara et
al. 1995; Kaneco et al. 1998) and Co aone predominantly results in the formation of unwanted H,

with little formation of CO and HCOOH in CO, electroreduction reactions (Hara et al. 1995). In case

Table 7.1 Rate of the reaction of bimetallic electrocatalyst for dERC

Applied voltage Amount of the products Rate of thereaction
V) (Hmol) (0% g(gh™™)
CH4 CO C,H,4 CH4 CO C,H4
20 104 16.6 0.288 9.244 25.822 0.449
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of Co, the CO, gets converted to adsorbed CO (CO,y) over the surface and this presorbed CO4 causes
enhancement of H, adsorption (Sastri and Viswanathan 1955) which ultimately reduces the CO,
protonation. Therefore, the CO, electrocatalytic reduction efficiency of Co is poor. However, the
reduction of CO, catalyzed by Co-Ag shows a striking feature, viz. the formation of hydrocarbons. It
suggests that during synthesis, the Co and Ag metal centers are put in contact and form a dinuclear
compound in which the atoms can be united by a multiple metal-metal bond (Rodriguez and
Goodman 1992). Typically, Ag" with low reduction potential reduces first and serves as seed for the
growth of the Co-Ag electrocatalyst. Because of the large surface mismatch of Ag and the Co (3d
transition metal) irregular shale morphology of the clusters may be formed (Guo et al. 2012). This
atomic level internal re-arrangement in Co-Ag clusters somehow affects the binding strength of the
intermediate products, rendering the formation of hydrocarbons. It is believed that during CO,
electroreduction, the formation of hydrocarbons takes place through the adsorbed CO (COy)
(Schouten et al. 2011; Nie et al. 2014; Singh et al. 2015 b). Therefore, it can be speculated that Ag
has very low binding strength with CO4, hence, CO desorbs quickly after its formation over the Ag
surface, resulting the exclusive formation of CO, whereas Co has strong binding strength with CO.
However, on mixing Co and Ag, the transfer of electron cloud takes place from Co to Ag, according
to the model suggested by Kuhn et al. (1993) resulting in the formation of metal-metal bond. It iswell
established that formation of metal-metal bond in bimetallic systems induces large changes in the
electron density of the metals (Rodriguez and Goodman 1992). It is shown earlier in XRD pattern that
Co-Ag dlectrocatalyst is a heterostructure of the two metals and in such structures electronic
interactions occur very well. These changes in electronic structure affect the binding strength of the
bimetallic electrocatalyst with intermediate species, as well as the chemical properties of the metals.
Thus, the altered binding energy improves the binding strength of the Co-Ag with CO4 and promotes

the formation of hydrocarbons.
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Figure 7.13 shows the selectivity of different products at various applied voltages. Since the dERC
process is carried out for the generation of fuel, the selectivity is one of the important parameters of
concern. The selectivity is defined as the amount of desired product to the amount of total CO,
reduction products obtained (based on the carbon content) (Ogura et al. 2004; Aeshala et al. 2014).
The selectivity of Co-Ag for CH, formation was highest at 2.3 V, and the maximum rate of the
reaction and Faradaic efficiency wasat 2 V (Table 7.1; Fig. 7.11). It is proven that the chemisorption
properties were tailored over bimetallic surface for facilitating carbon-carbon bond formation,
resulting into higher hydrocarbons (Satthawong et al. 2013). It may be the reason for the formation of

C,H, in the present study, though in low quantity.

Based on the understanding, a scheme has been proposed (Scheme 7.1) for the reaction mechanism as
well as binding strength of the electrocatalysts for dERC. It can be seen that the electron transfer
between the two metals synchronizes in such a way that Co-Ag achieves favorable binding strength
with COy, resulting in fuel kind of products. Such changes bring significant effect in the reactivity

and selectivity of the dERC process.
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Figure 7.13 Selectivity of products using Co-Ag bimetallic electrocatalyst for dERC
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Scheme 7.1 Representative binding strength of CO, with Co-Ag electrocatalyst (Brown and grey spheres
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Figure 7.14 Comparison of Faradaic efficiency of Co-Ag bimetallic electrocatalyst (solid line)
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7.4 Bimetal vs. metal

To ascertain the superiority of Co-Ag bimetallic electrocatalyst over Co metal, the comparison of
Faradaic efficiency of both the electrocatalysts was done, and shown in figure 7.14. It can be seen that
Co-Ag is better in performance than Co. Here, two important parameters need to be focussed. First,
the formation of hydrocarbons has increased approximately 3 times in case of Co-Ag than in Co,
which is appreciable in view of the formation of fuel kind of products. Second, the optimum voltage
required for the formation of highest amount of product was 2 V for Co-Ag, in spite of 2.3V in case
of Co. This makes Co-Ag more energy efficient than Co. It is due to the high surface area of the as-
prepared Co-Ag electrocatalyst which provided more CO, adsorption sites, as well as due to the
synergistic effect of the involved metals (Co and Ag). Owing to electron transfer between the Co and
Ag, binding strength variation resulted in the improved efficiency and selectivity in case of bimetallic

electrocatalyst. Thus, bimetallic electrocatalyst was found to be better than Co.

The next chapter provides the conclusion of the research work carried out and reported in the thesis.
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Conclusions and future scope

The overall results for the investigations which have been discussed in previous chapters are given in
this chapter. Along with this, the chapter also tries to formulate some new ideas based on the current

research work and the same has been given under the future scope.
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8.1 Conclusions

In the present work, the electrocatalysts have been synthesized for direct electrochemical reduction of
gaseous CO, (dERC) to fuel kind of products. All the electrocatalysts developed were tested in half-
cell and full cell electrochemical reactor. The major outcomes of the entire study are further discussed

below in detail.

To judge the applicability of any electrocatalyst for electrochemical reduction of CO, becomes
challanging as the process itself is too cumbersome and time consuming. Hence, a catalytic activity
protocol was developed which could help to access the appropriateness of the synthesized
electrocatalyst in the initial stage. The protocol was based on the fact that the increased current
density in presence of electrocatalyst reflects that electrocatalyst was able to catalyze the reaction. As
per the protocol, the electrocatalyst required to undergo 3 different tests in 3 different media viz. CO,
saturated agueous KHCO3, KOH solution, and CO, bubbled DMF. If the current density is found to
be increasing in both 1% and 2™ test, then it infered that the electrocatalyst was catalyzing both the
CO; (desired) as well as H* reduction (undesired). Hence, 3" test helped to decide the applicability of
the electrocatalyst specifically for CO, reduction, since, being a non-aqueous solvent; it does not
contain any H" ions. Thus, it becomes evident at the end of the 3" test whether a particular
electrocatalyst can be used for the full cell dERC reactions or not. This protocol has been applied for
all the electrocatalysts synthesized in the present work, and found to be quite useful and simple
method to screen qualitatively the useful electrocatalysts among many, without undergoing the full

cell reaction.

Further, to study the effect of pure metals over the dERC, copper, zinc, nickel, and cobalt metal
electrocatalysts have been developed through electroplating process and used as cathode (or working
electrode). The electrocatalysts have been characterized using XRD, SEM, and EDX techniques to

ascertain their quality. The characterization results confirmed that the developed metal
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electrocatalysts were suitable for use in dERC. After performing the half-cell tests (cyclic
voltammetry and protocol test) over these metal electrocatalysts, each and every individual
electrocatalyst has been tested in full cell reactor for the identification and quantification of the
products obtained after CO, reduction. It has been seen that all the 4 metal electrocatalysts have
resulted in the formation of only two products, namely, CH, and CO. However, the total Faradaic
efficiency at any particular voltage in case of all the metal electrocatalysts was quite low viz. 5.20%,
11.37%, 1.70%, and 14.78% for copper, zinc, nickel, and cobalt, respectively. Moreover, the
selectivity towards different products was also varied. The copper was selective for hydrocarbon,
while the zinc was found to be selective for CO only. Nickel and cobalt were found to alter their
selectivity depending on the applied voltage. Thus, it could be concluded that to enhance the
performance of these electrocatalysts, there is need of some kind of treatment which can enhance

their activity towards CO, electroreduction.

It has been devised that if in place of metals, the oxides of metals could be used, then the basic nature
of metal oxide can help to attract CO, which is a Lewis acid, and it will eventually help to enhance the
adsorption over the electrocatalyst surface leading to better reactivity. Based on this idea, the metal
oxide of all the metals viz. CuO, ZnO, NiO, and Co;0, have been synthesized and characterized. The
aqueous precipitation method was used for the synthesis of CuO and ZnO, sol-gel method was chosen
for NiO, and Co30,4 was synthesized using polymer combustion route. The developed electrocatalysts
were characterized using XRD, FTIR, BET, FESEM, and EDX techniques. The characterization
results depicted about the various physio-chemical features of the electrocatalysts. Thereafter, the
electrocatalysts were tested using the cyclic voltammetry test as well as the protocol tests and it was
found that CuO might prove to be an efficient electrocatalyst for CO, electroreduction, while ZnO is
unstable during the reaction. The Co;0,4 has shown its ability for CO, electroreduction but it was also
found to favour H* reduction to a great extent. Moreover, NiO could not be tested for dERC as no

suitable solvent was found to prepare the catalyst ink of NiO. The full cell studies were conducted
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using these electrocatalysts, and product formation was observed in all the cases. CuO was proved to
be quite efficient for the CO, electroreduction with Faradaic efficiency as high as 66.2% at 2 V.
Moreover, the CuO was found to be selective for CH, formation, although the formation of CO, and
C,H, took place in little amounts. In case of Zn0O, as the half-cell studies indicated, it was found to be
unstable during the reaction and converted to Zn. Therefore, in this case, the high Faradaic efficiency
for CH4 was found at two potential values viz. 1.8 V (16.6%) and 2.3 V (18.8%). However, the
formation of CO was also found with Faradaic efficiency of 10.34% (2 V). No other product could be
obtained using ZnO electrocatalyst. These two oxides were found to be superior over their pure
metals (Cu and Zn). As far as Coz0, is concerned, it could not be proved better than Co as very
meager formation of CH,4, CO, and C,Hs was found with total Faradaic efficiency of 4.16% (2 V),
and most of the supplied energy was wasted in the formation of unwanted H,. Therefore, further
improvement of the efficiency of Co metal was envisaged along with Ni metal treatment as oxide of

nickel could not be tested for the CO, electroreduction.

The metal complexes have always been proved to be quite active for CO, electroreduction reactions.
Therefore, a new class of metal complexes, namely, salen ligand complexes was synthesized, in
which Cu and Ni metals were incorporated. The ligand as well as metal complexes were characterized
using FTIR, NMR, HR-MS, and elemental analysis. The calculated mass of the ligand matched with
the mass spectroscopic data, which confirmed that the salen ligand was synthesized successfully. The
NMR spectrum further enhanced the clarity about the structure of the salen ligand. The elemental
analysis revealed the formula for Ni and Cu complexes as CyHisN;O4Ni  and
Ca0H13N304Cu-CH3CN-0.5H,0, respectively. These two metal complexes were tested in half-cell
using both cyclic voltammetry and protocol test, where it could be confirmed that the metal
complexes were able to reduce the CO,. The full electrochemical reactor studies revealed the
appreciable performance of both the metal complexes. Ni complex was able to form CH,, CO, C;H,,

and C,Hs; and Cu complex resulted in the formation of CH,4, CO, and C,H,. The total Faradaic
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efficiency was found to be 74% (1.5 V) and 25% (1.8 V) for Ni complex and Cu complex,
respectively. Second benefit using these metal complexes was found in the reduction of overpotential.
A maximum of 0.5 V reduction in overpotential could be achieved using these metal complexes. All
these results proved that Ni and Cu complexes are very efficient electrocatalysts for the CO,
reduction reaction. Based on the results, CO, reduction mechanism was also proposed. It has been
formulated that the redox behaviour of the salen ligand complexes, viz. conversion of Ni(I1)/Cu(ll) to
Ni(D)/Cu(l), was responsible for the reduction in overpotential and for the efficient formation of
hydrocarbons and CO. Further, low stability of Ni(l) resulted in the stronger interaction with CO, as
compared to Cu(l), and hence Ni complex was found to be better performer as compared to Cu

complex.

To investigate the role of bimetallic electrocatalyst in the field of direct electrochemical reduction of
gaseous CO,, and to enhance the performance of the cobalt metal; second metal, viz. silver, has been
introduced. The Co-Ag bimetallic electrocatalyst has been synthesized using borohydride reduction
method and characterized using XRD, BET, FESEM, TEM, and EDX techniques. The results made it
clear that the synthesized electrocatalyst is a mixture or heterostructure of Co and Ag metals. Half-
cell studies confirmed that the synthesized electrocatalyst is able to reduce CO,; hence, the further
reactions were carried out in full cell reactor. Product analysis revealed the striking results as the
formation of CH,4, CO, and C,H, took place, although none of the chosen metal was selective for
hydrocarbons formation in individual state. This result has been attributed to the metal-metal bond
formation, which helped in the electron transfer from Co to Ag. This electron transfer resulted in
change in binding strength of the Co-Ag mixture towards the intermediate products of the reaction,
and hence, altered the expected formation of products. Further, the Faradaic efficiency was found to
be almost double in case of Co-Ag (28.1%) as compared to Co (14.8%). Reduction in operating
potential from 2.3 V in case of Co, to 2 V in case of Co-Ag is another remarkable feature. Thus, it can

be said that inclusion of second metal to the cobalt proved to be beneficial as it resulted not only in
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enhanced Faradaic efficiency and reduction in overpotential, but also in the formation of

hydrocarbons, which are more desirable as far as generation of fuel kind of products is concerned.

All these results concluded above states that the thesis has been able to achieve its aim, which was to
study the metals and the various treatments applied to them, for improving the efficiency of the direct
electrochemical reduction of gaseous CO, at low overpotentials along with the formation of fuel kind
of products. Although the electrocatalyst stability and deactivation could not be dealt in detail as the
emphasis was to explore the technical know-how of the process. However, in almost all the cases, the
synthesized electrocatalysts have been found to perform longer than their pure metal counterparts.
The work contained in the thesis investigated the performance of various electrocatalysts for the
direct electrochemical reduction of gaseous CO,, which was not reported earlier. Further, thesis
compiles the synthesis, physio-chemical properties, and performance of different classes of
electrocatalysts, starting from pure metals, to their oxides, complexes, and bimetal. In order to make
the selection of useful electrocatalysts from the group of many, in quick and effective manner, a
protocol has also been developed and validated in the thesis. Therefore, it is expected that this
research would be beneficial for the upcoming researchers to deal with the problem of increasing

atmospheric CO, concentration and decreasing fossil fuel reserves using dERC.

8.2 Future scope

Further research in this field should be done for improving the overall efficiency, selectivity, and
durability of the electrocatalysts. Moreover, in order to understand the dERC further, the
investigations can also be made in other related fields too. The prospective areas for the future

research can be summarized as follows:

» Deactivation studies for the electrocatalysts in half-cell as well as full cell can be done, and

accordingly an effective strategy can be formulated to minimize it.
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» To better understand the performance of electrocatalysts at each step of the CO,
electroreduction, kinetic studies are crucial. Kinetic studies will surely help to focus on the
mass transfer limitations of CO, at the interface of electrode and electrolyte. Density
functional theory (DFT) can also be applied to find the exact mechanism of the reaction,
especially in case of bimetallic electrocatalysts.

» The discussed catalytic activity protocol would be helpful to screen the useful
electrocatalysts. To further enhance the effectiveness, the studies on the exchange current
density and related parameters can be done.

» In this study, the focus has been only over the cathode electrocatalyst. To maximize the
performance, investigations can also be made over the anode electrocatalysts.

» To make the process more practical and effective, development of photoelectrodes can also

be undertaken.
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