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ABSTRACT

Carbon dioxide (CO.) is a most common greenhouse gas in our planet. Unfortunately, with the
intensified industrial activities by mankind and global consumption of fossil fuels (~ 81.5% of
global energy resources) more CO, is released to the environment, causing earth—carbon
imbalance, leading to possible global warming and climate change issue. In addition, increasing
the CO2 concentration in the atmosphere is resulting in ocean acidification and influencing the
growth of many aquatic species present in the ocean. Therefore, the reduction of the CO>
emissions and the conversion of CO2 into useful products seem to be important, indeed
essential, for the conservation of the environment. Among several existing methods available
for CO utilization, electrochemical CO; reduction (ECO2R) has attracted increasing interest
in recent years, because it is easily controlled by electrode potential and operated at ambient
conditions. Also, electrical energy required to drive ECO2R can be generated from renewable
sources (like geothermal power, wind, tidal, and solar) which help to achieve net-zero carbon
footprints. However, CO is a very stable molecule and huge negative potentials are required
for triggering ECO2R reaction. Many useful products like acids, ethers, and alcohols can be
derived from ECO2R but in this work, high energy density products such as alcohols have been
targeted due to its application in gasoline blends for fuel. Efficient electro-catalyst is needed
which can control the multi-electron and multi-proton transfer pathways for ECO2R at low
over-potential and can also provide high selectivity for alcohols. Therefore, the overall
objective of the current Ph.D. work is to develop metal based electro-catalyst for reduction of
carbon dioxide to alcohols. To achieve this objective, series of Cu based electro-catalysts were
prepared by different techniques. The ECO:R performance was tested in H-type
electrochemical cell in aqueous 0.1 M KHCO3 electrolyte after being characterized through in-
situ and ex-situ characterization methods. The in-situ methods involved characterization using
cyclic voltammetry (CV), linear sweep voltammetry (LSV), etc. and the ex-situ
characterizations included transmission electron microscopy (TEM), scanning electron
microscopy (SEM), X-ray diffraction (XRD), X-ray photo-electron spectroscopy (XPS), and
Brunauer-Emmett-Teller (BET) method, etc. The liquid products generated after ECO2R were
quantified using high performance liquid chromatography (HPLC), and proton nuclear
magnetic resonance (*H NMR) and the performances were measured in terms of selectivity

(Faradaic efficiency), activity (current density), long term stability, etc.
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In the first study, highly stable metallic copper nanoparticles (Cu NPs) have been synthesized
by wet chemical reduction method. The prepared Cu NPs exhibit porous morphology in pure
metallic state with high surface area of 630 m? g*. The total Faradaic efficiency (FE) for the
liquid products reached to ~58 % at -0.8 V (vs. RHE) using prepared Cu NPs as an electro-
catalyst. In addition, FE for formic acid remained constant around ~40% at —0.8 V (vs. RHE)
when reusing the same electrode number of times. The good performance of Cu NPs might be
due to the presence of lots of micropores on the surface, which increases CO; adsorption for

its conversion to chemicals.

In the second study, the nanostructured electro-catalyst consisting of N-doped graphene (NGN)
supported Cu nanoparticles (Cu NPs) were prepared and tested for ECO2R. The electro-catalyst
was optimized for loading of Cu NPs on NGN. Results show that the Cu20/NGN (20 wt. % Cu
loading on NGN) catalyst showed the highest activity for ECO2R in the entire potential range
studied. It gives a total 54 % FE at -1.0 V (vs. RHE) for the liquid products. The study also
demonstrated that the electronic and structural properties of the electrode were improved by
the addition of Cu NPs on NGN surface, which in turn enhanced the performance of the catalyst
as confirmed by potential-controlled electro-catalysis.

Further, oxide derived bimetallic CuZny electro-catalysts have been suggested as alternatives
for achieving high selectivity for different valuable products. Therefore, in the third study, co-
precipitation approach was used to prepare CuO with various quantities of ZnO dopants (x =
5, 10, 15 and 20 wt.%). Amongst studied electro-catalysts, the highest FE of 22.27 % was
obtained using CuO-ZnOyg at -0.80 V (vs. RHE) with the production rate of about 121 pumol h°
L1, The optimized electrode (CuO-Zn0O10) showed long term stability for at least 12 h. Post
characterization of the catalyst was also conducted to obtain an insight into the active sites,
which indicated that CO reduction took place on reduced oxide sites (i.e. metallic sites) rather

than on metal oxides.

In the fourth study, the oxide-derived Cu and Zn nanoparticles supported on N-doped graphene
(CuzZny/NGN) were prepared and ZnO loading was optimized for efficient ECO2R to multi-
carbon products. Results suggest that the FE for multi-carbon products could be tuned by
varying the loading of Zn in the CuZny/NGN. The catalyst with 20 wt.% ZnO loading
(CuZn20/NGN) gave the highest FE of 34.25 % for ethanol production and 12.38 % for N-
propanol at -0.8 V (vs. RHE) with the total CD of 3.95 mA c¢m. The CuZno/NGN electrode
showed long term stability of at least 24 hours at optimized conditions. It is suggested that CO

generated at the reduced ZnO nanoparticles increases the local surface coverage of *CO on the

vii



reduced CuO, which improves the C-C coupling rate, facilitating the multi-carbon production

(i.e. ethanol).
Fig. 1 shows the overall thesis outline.

Overall, these studies demonstrate that the activity and selectivity of CO. reduction electro-

catalysts can be tuned by modifying the elemental composition of the electro-catalyst.
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Chapter 1 — Introduction

1.1. Introduction

From last few decades, fossil fuels and coal are used as the world's leading energy sources to
meet the growing energy demand. Therefore, atmospheric CO2 concentrations have increased
from 331 to 415 parts per million (ppm) during the period of 1970-2021 [1]. By the end of the
21% century, it is expected to reach 1060 ppm if global energy demand continues to rise which
is mostly met with burning of fossil fuels [2]. As a consequence, the average global
temperatures will rise by 5 °C [3]. Therefore, many international organizations are working
on developing the strategies to reduce atmospheric greenhouse gas concentrations [4]. Among
different gas emissions, the COz is the highest emitted greenhouse gas and has a highest impact
on greenhouse gas effect. Therefore, reducing this CO2 emission from the atmosphere is highly
desired [5, 6]. There are many approaches for reducing CO, emission [7, 8]. Converting waste
COz gas into useful goods is a more worthwhile solution than geological CO2 sequestration
due to its high-efficiency use and processing of carbon sources. So far, different methods have
been adopted for converting CO: into useful chemicals [9], including: (1) thermal; (2)
electrochemical; (3) photochemical; (4) biochemical; (5) chemo-enzymatic; and (6) other
approaches such as esterification, methanation, hydrogenation, dry reforming, etc. Due to
chemical inertness and high stability of CO2 [10, 11], the traditional CO> absorption, activation,
and conversion catalytic processes have some drawbacks [9, 12], such as high energy
requirement for conversion, slow conversion rate to produce different chemicals, catalyst
deactivation, etc. The conversion of COz by electrochemical reduction technique has attracted

great attention.
1.2. CO:q utilization by electrochemical CO2 reduction

Electrochemical CO> reduction (ECO2R) can produce a variety of products depending on the
electro-catalyst material, type of electrolyte, and operating conditions, which allow for
reduction routes of two (2), four (4), six (6), eight (8), twelve (12), or eighteen (18) electrons
transfer. The half-cell reactions for different valuable products are shown in Table 1.1 and are
categorized as intermediate products, alcohols, hydrocarbons, and acids. The standard
reduction potentials (E°redox) Mmeasured with reference to standard hydrogen electrode (SHE)

are also shows in Table 1.1.



Table 1.1 Selected standard potentials (V vs. SHE) of CO: to different valuable products in
aqueous solutions (at pH=7, 25 °C, 1 atm) [13-18]

. ECredox
Group Half reactions (V vs. SHE)

COy(g+ 6H* + 66 —CH30Hy+ H20() -0.380
2C0yg+ 12H"+ 126" —CoHsOHgy+ 3H20¢)y -0.329

Alcohols 3C0O2(g)+18H*+18e —CH3CH,CH2OH)+
5H,0 0310

3C0O2(g)+18H"+18e —CH3CH(OH)CH3(y+
-0.30

SH20()

CO2g)*+ 2H" + 26" —COg)+ H20() -0.530
Hydrocarbons, — “Co,,+ 8H' + 86 —CHag+ 2H20() -0.240
CO, H, 2COu(g+ 14H" + 146 —CoHeg+ 4H200 20.270
2C0O2(*+ 12H" + 12 —-CH>CHyg)+ 4H20q)1 -0.349
CO2g)*+ 2H" + 26—HCOOH) -0.610
Acids, Aldehydes _2COzg+ 8H"* + 8¢ —CH3COOH; + 2H>O() -0.31
2CO2q)*+ 2H" + 26" —H>C204(aq) + 2H20() -0.913
COg*+ 4H" + 4e"—>HCHO() + 2H,0) -0.480
H. generation 2H" + 26" >Hy(g) -0.42

1.3. Prospects and challenges of ECO2R

Lately the research has shown that by reducing carbon dioxide electrochemically can produce
various organic compounds like formic acid, methane, carbon monoxide, hydrogen and others
with high current efficiency. Electrochemical reduction of carbon dioxide in recent years have

won over other technologies due to unique advantages [19-22], as given in Table 1.2.

Table 1.2 Advantages of electrochemical CO; reduction process

Criteria Advantages

Different alcohols, hydrocarbons, and other valuable products can
be obtained.

Environmental aspect | The net chemical consumption is just water and waste CO> since the
electrolyte can be entirely recycled.

The electricity used to drive this process can be produced using
Clean energy renewable resources such as hydro, solar, and geothermal energy,
resulting in no additional CO2 emissions.

The electrochemical CO> reduction takes place at room temperature
and pressure. No high energy requirement.

The product selectivity and reaction rates can be controlled by
changing the applied potentials and temperature.

The process can be scaled up easily due to its ease of operation and
compact cell designs.

Valuable products

Temperature/pressure

Selectivity control

Ease of operation




The challenges that we face while reducing CO: are:

i. Transportation of COz to the reaction system.
ii. Minimizing the catalyst from corroding and poisoning.
ii. Increasing the current densities to achieve high efficiencies.
iv. Collection of the products effectively from the outlet without any wastages.
v. Itis important to find new reaction paths and catalysts to produce new products.
vi. Analysis and separation of the products obtained.
vii. Increasing the FE to increase the energy efficiency and reducing the over-potential of
the reactions taking place.

viii. Collecting the products from catalyst layer without blocking the catalyst active site.
1.4. Why ECO:R to alcohols?

As the depletion of crude oil in the reservoirs and increasing global warming issues become
more severe, the need for a viable, clean, and renewable liquid fuel as an alternative to replace
existing transportation fuels is becoming increasingly important [23, 24]. Therefore, ethanol
has become a hot topic in the political, environmental, economic, and scientific areas due to its
comparable heating value (1366.8 kJ mol™?), ease of storage and transport than that of gas
products. Also, ethanol is used as octane booster (or oxygenate) in the gasoline [25]. India is
dependent on crude oil imports for 80% of its requirement and is the third largest importer of
energy in the world behind the United States (USA) and China [23]. India has set a goal of
20% blending of ethanol with gasoline to achieve an ambitious target of reducing 50 % crude
oil imports by 2030 [23].

Presently, ethanol is majorly produced by the catalytic hydration of ethylene [26] and
fermentation of biomass at large scale which is green plant material usually from soybeans,
sugarcane, or corn [27, 28]. However, it seems that nature will be unable to supply both food
and electricity at a time to worlds rising population and its increasing energy demand. As a
result, CO> conversion to ethanol powered by renewable energy is a viable option (Fig. 1.1)
[19].
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Fig. 1.1 Schematic illustration of closed loop CO- recycling based on ECO2R

In the year 1985, Hori et al. [29] first reported a groundbreaking work on electrochemical CO>
reduction to useful chemicals. Since then, the first direct ECO.;R to C2HsOH was reported by
same group in 1993 [30]. Later large number of publications [31-35] are available in the
literature, especially from last one decade. These efforts have been also summarized in a
number of review papers on CO> electrochemical reduction [36-38], in which the current state

of the art is discussed.

1.5. Motivation and objectives

1.5.1. Motivation

One of the greatest technical challenges in the process of CO2 conversion is the reduction of
CO:2 resulting in a selective product with high efficiencies [13]. To overcome the problem,
noble or expensive material as electro-catalyst is used. This research proposal envisages the
development of a metal-based nanostructured catalyst by chemical reduction of metal salts on
different carbon supports. The product selectivity in ECO2R will be strongly affected by the
operating conditions, such as the catalysts and/or electrodes, electrode potential, electrolyte
solution, pH, catalyst loading, CO. concentration, and pressure, as well as temperature [39].
The role of carbon supports and composite electro-catalysts need to be studied for better
understanding of ECO2R to alcohols. The role of different heteroatom species in the modified
carbon support also remains to be studied. The reusability of optimized electro-catalyst needs

to be addressed.



1.5.2. Objectives

The overall objective of the research is to develop metal based electrocatalyst supported on
carbon for reduction of carbon dioxide to alcohols.

The specific objectives are:

» To prepare and characterize suitable carbon support for the electrocatalyst

» To prepare and characterize nanostructured metal/metal oxide electrocatalyst (Cu or
Cu20) on carbon supports and coating of electrocatalyst on electrode

» To evaluate performance of electro-catalysts in terms of activity i.e. CD
(current/catalyst area vs. applied potential), selectivity (FE) from the analysis of
products for electrochemical reduction of carbon dioxide by changing the different
operating parameters (electrolytes, electrolyte concentration, electrocatalyst loading,
voltage)

» To study the reusability of optimized electrocatalyst at optimized conditions

1.6. Outline of the thesis

The total thesis has been divided into eight chapters.

Chapter 1 is the general introduction. The background of the global CO2 emissions, utilization
methods, and transportation were first presented. It also points out the various challenges and
trends towards COz reduction. Finally, the motivation and objectives of this research are given,
which includ investigating ECO2R performance for production of alcohols using different

metal/metal oxide based electro-catalysts.

Chapter 2 provides a literature review of past studies on electrochemical reduction of carbon
dioxide to alcohols. A brief study on electro-catalyst composition, its morphology, electrolyte
ions and pH, applied potential and the configuration of electrochemical reactor is given.
Furthermore, the present status, existing challenges and future prospects are described for

future design and planning of high-performance ethanol catalysts.

Chapter 3 lists all experimental methods, tools and equipment employed for the experimental
work in this thesis for catalyst preparation, its characterization, fabrication of the electrodes,
and conduction of the bulk electrolysis measurements, along with the qualitative and

quantitative product analysis.

Chapter 4 Electrochemical CO, reduction on metallic Cu nanoparticles (Cu NPs): This
chapter describes preparation of citrate stabilized metallic Cu nanoparticles (Cu NPs), to be

used for ECO2R in CO; saturated aqueous 0.1 M KHCOs3 solution. The effect of key governing
5



parameters like electrolysis potential was explored to obtain the optimal electrolysis condition.
Effects of potential on the final product concentration, production rates, and FE (selectivity)
were studied. Kinetics is studied by Tafel analysis and dependence of CO: partial pressure on
product generation is also explored. Moreover, reusability of the electrode at optimized
conditions is also discussed. The performance of the Cu NPs is compared with that of

commercial Cu foil.

Chapter 5 Electrochemical CO> reduction on nitrogen-doped graphene supported copper
nanoparticles (Cux/NGN): This chapter describes preparation of Cux/NGN (with different
weight percentages of Cu) to be used as electro-catalyst in the electrochemical CO- reduction
to useful liquid products in aqueous media. The physico-chemical properties of the electro-
catalyst were studied using different characterization methods. The effect of catalyst support
and composition on different CO> reduction products as a function of applied potentials is
reported.

Chapter 6 Electrochemical reduction of CO> using oxide based Cu and Zn bimetallic catalyst:
This chapter describes, synthesis of oxide derived Cu-Zn bimetallic oxides (CuO-ZnOy) using
a simple co-precipitation method followed by calcination in air atmosphere, using cupric nitrate
and zinc nitrate as Cu and Zn precursor, respectively. The loading percentage of Cu to Zn in
the electro-catalysts can be easily adjusted by changing the precursor concentrations. The
activity and selectivity of synthesized CuO-ZnOyx were studied by various electrochemical

characterization methods.

Chapter 7 Oxide-derived Cu-Zn nanoparticles supported on N-doped graphene for
electrochemical reduction of CO2 to ethanol: In this chapter, the oxide-derived Cu-Zn
nanoparticles supported on N-doped graphene were prepared by co-precipitation method. The
physico-chemical and electrochemical properties of these catalysts were studied by different
characterization techniques. The selectivity of CO- reduction to ethanol can be regulated by
changing the loading of Zn in the oxide derived CuZnx/NGN catalysts. The control experiments
were also performed using different ZnO loadings (10 to 40 wt.%) in CuZnx/NGN and
CuO/NGN.

Chapter 8 deals with the important conclusions drawn from all the research work of the thesis
using different catalyst materials



Chapter 2 — Literature review

2.1. Electro catalysts for reduction of carbon dioxide to ethanol

Although ECO2R has many advantages as listed earlier, but there are some challenges also
which inhibit the CO; electro-reduction performance, such as high over-potential (high energy
consumption), poor product selectivity, low energy efficiency, and slow kinetics of CO>
electrochemical reduction reaction, etc. [18]. Therefore, there is a need to develop an electro-
catalyst which is highly selective, stable, cheap, and able to produce different chemicals at
low over-potential with higher rates without the formation of undesirable byproducts [21, 40,
41]. Numerous strategies have been developed to synthesize alcohol selective electro-catalysts
e.g. electrochemical deposition [42-44], hydrothermal synthesis [45], thermal annealing [46,
47], chemical reduction of different metal salts [48-50], soft templating method [51, 52]. Most
of these methods undergo oxidation step followed by an in-situ reduction to metallic state
during ECO2R. In this section, the preparation of high performing electro-catalysts for alcohol
production and the influence of different synthetic strategies on catalyst composition,
morphology on ECO2R performance have been discussed. In general, there are two types of

electro-catalysts that can be used in ECO2R process:

e Homogeneous electro-catalysts

e Heterogeneous electro-catalysts

2.1.1. Homogeneous electro-catalysts

In homogeneous catalysis, both substrate and catalyst are dissolved in the electrolyte solution
and the chemical reactions take place at catalyst surface. Homogeneous electro-catalysts
(organics or metal-organic molecules added in electrolyte solutions) show excellent selectivity
against CO2 reduction due to their unique coordinative structures and active centers that can
closely interact with dissolved CO., gaining significant interest and being extensively
investigated since the 1970s [53, 54].

Although homogeneous catalysts have some advantages, they also have some disadvantages.
They have high costs, high toxicity, and complex post-separation procedures, which make them
unsuitable for large-scale production [54, 55]. Therefore, heterogeneous catalysts have sparked
a lot of research interest in recent years due to their high performance, ease of synthesis,

environmental friendliness, and its industrial applicability [56-58].
7



2.1.2. Heterogeneous electro-catalysts

Significant efforts were made to advance the design of heterogeneous electro-catalysts for
ECO2R. A wide range of materials have been examined and evaluated. The materials can be
divided into various categories, such as mono-metals [35, 42, 59-61], bimetals/metal alloys
[32, 44, 49] , heteroatom doped metals [62, 63], organometallic complexes [58, 64-66], metal
organic frameworks [67, 68], supported metals [52, 69, 70] and metal free electro-catalysts [51,
71, 72]. Many researchers have conducted experimental and computational studies in order to
enhance the mechanistic understanding of the reaction and the effect of the substance, and it
has been reported that the binding energy between different reaction intermediates and the
electro-catalyst is a crucial factor regulating the final product distribution [40, 73]. Initially
ECO:R catalysts were pure-metal foils that were directly used as electrodes. However, since
the advancement of nanotechnology, other configurations have been employed as catalysts for
the ECO2R with significantly enhanced efficiency. Since nanostructured catalysts have larger
surface areas and higher fractions of low-coordination sites, they are frequently studied in last
few years, and it has been revealed that nanostructuring improved catalytic efficiency in many
cases [34, 74]. Another interesting way is to use composite cathodes for CO; reduction for
alcohol production with high rates [75]. It has been shown that mixing two or more separate
materials into a composite (such as metal-carbon [69, 75], metal-metal oxide [33, 76], etc.) will
result in cooperative and synergistic effects, as well as accelerated kinetics, improved

selectivity, and enhanced catalyst stability compared to using the individual components.

2.1.2.1. Metal-based electrodes / catalysts

2.1.2.1.1. Monometallic catalysts

Cu and Cu-based materials exhibit notable catalytic properties for the conversion of CO: into
alcohols and hydrocarbons [31, 46, 77], such as methanol (CH3OH), ethanol (C2HsOH), n-
propanol (n- CsH7OH), methane (CHa), ethane (C2He) and ethylene (CzH4). During the past
few decades, monometallic Cu based electrodes have been widely studied by many researchers
for the electrochemical reduction of CO3 [30, 31, 34, 35, 40, 42, 43, 46, 48, 57, 59, 60, 78-
105]. Also, few non Cu-based electrodes are reported for ethanol production like In203 [106]
and Ag [107]. In ECO2R, the formation of the CO," intermediate has been considered as a rate-
determining step [18]. As a result, one of the primary functions of these electro-catalysts is to
stabilize this CO," intermediate in order to achieve high energy efficiency during ECO2R. As
compared to untreated metallic Cu [98], the oxide-derived Cu catalysts [35, 46, 59] display
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better catalytic efficiency. For example, metallic Cu showing a FE of 9.7% for ethanol at -1.05
V vs. RHE [40] in comparison to several studies on oxide-derived Cu catalyst indicate an
improved catalytic activity (FE of 35 % for C.HsOH) with a CD of 11.8 mA cm2at-1.0 V (vs.
RHE) [35]. Although, under ECO2R conditions, the oxide derived copper catalysts (CuO and
Cu20) are typically rapidly converted to metallic Cu due to application of reduction potentials
[108, 109], the other parameters like morphology, local pH changes, defect creation, etc. can
affect the activity, selectivity and stability of oxide-derived electro-catalysts. Moreover, the
presence of Cu* or Cu?* play an important role during ECO2R [110]. Here, the focus is on some
recent progress in the preparation of monometallic electro-catalysts and its catalytic activity

towards alcohol formation during ECO2R.

Recently, Yang et al. [46] proposed a strategy to create grain boundaries (GBs) and micro-
strains inside CuO for ECO2R electro-catalysts. For this, they annealed Cu powder at 500 °C
for 2 h in a porcelain boat. After annealing, the porcelain boat was immediately dipped into
liquid nitrogen for 5 min. It was labeled as CuO-FC. The CuO-FC showed abundant high-
density GBs and micron-strains inside CuO electro-catalysts. The CuO-FC electro-catalyst
produced ethanol with a 35.7% of FE at a high current density of 127 mA c¢m. The enhanced
selectivity of C2 product is ascribed to the higher adsorption capability of *CO intermediates

during the electrochemical CO- reduction process.

Nanostructured self-supporting Cu electrodes with different morphologies were reported by
Wang et al. [80]. In the preparation, the treated Cu substrate is simply dipped into the oxidizing
solution at ambient conditions. This oxidation process was controlled for 20, 120 and 720 min

to produce Cu nanowires, Cu nanosheets, and Cu nanoflowers, respectively.

The effect of processing conditions on the morphology is summarized in Table 2.1 and list of
monometal/monometal oxide electro-catalysts for ECO2R to ethanol production with other

important parameters are given in Table 2.2.



Table 2.1 Effect of processing on morphology of Cu catalyst

dot

Sr. | Starting . .
No. | material Processing conditions Morphology Ref.
Annealing at 500 °C for 2 h and
cooling at different rates
' Slow coo.llng (CU(_)'MC) All samples composed of
L Commercial ii. Fast cooling: by directly interconnected irregularly [46]
" | copper powder dip into water for 20 min | nano-crystalline particles,
_(Cuo-mc) _ ~50 nm average size but
iii. Fast cooling: Directly dip different densities of grain
into liquid nitrogen for 5 boundaries
min (CuO-FC)
Dipping into oxidizing
solution at ambient condition
for
2. | Treated Cu foam | j 20 min Cu nanowire
ii. 120 min Cu nanosheet [80]
iii. 720 min Cu nano flowers
Hydrothermal method
i. 0.25 M copper ace?ate and 3D spherical 4 um
urea aqueous solution
3 Different ii. 0.025 M copper acetate and | 3D spherical non-uniform ~
' precursors urea aqueous solution 2 um
- - - 35
iii. 1 M cupric nitrate and oD structure 200 nm [35]
sodium carbonate aqueous
. nanosheet of 1 um
solution
Standard  reflux  reaction
method
Copper (I) | i. Trioctylphosphine oxide (2 | Cube-like Cu nano single-
bromide, mmol) crystal
4. | olelyamine, and |j; Trjoctylphosphine (0.8 Hexarhombic dodecahedron- | [82]
gt';ge“rfzf‘;rs mmol) like Cu nano
A . single-crystal
fil. Trioctylphosphine (1 Octahedron-like Cu nano
mmol) .
single-crystal
Electrodeposition; different pH
CuS04.5H;0 and | electrof’yte P
3,5-diamino- i oH =2 ll-defined sh
12.4- i. pH=25 -defined shape
> triazole (DAT) ii. pH=15 X\i/;;ie,:g:e shape, 50-70 nm [42]
additive at Dot shape/ mixt fwire &
different pH iii. pH=1.0 Ot Shape/ mixture ot wire
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Table 2.2 Summary of the ECO2R to ethanol on monometal/monometal oxide electro-catalysts in aqueous electrolyte solutions

Electrol | Potent i
. . ] FEethanol : Other
S Catalyst Preparation Morphology | Active site Type yte ial, v (mA-c (%) Stabil Coa+ Ref.
No. techniques of cell (CO2 (vs. S ity (h)
saturated) | RHE) m™) products
Oxidation at room H-type 1M CH‘;’_(':OO
0 1 - _ ]
1 Cu NS temperatsuers for 120 Nanosheet Cu® species coll KHCOs 0.4 10 35.70 NA CoHa.Co [80]
He
CuDAT- Nanosize | pyo | 4 m
2 wire Electro-deposition Wire CuII_)AT cell KHCOs -0.85 27.00 8 CaHy [42]
particles
Hexarhombic 0.1M
3 H-Cu NA dodecahedron NA H-type KHCOs -1.2 14 25.00 NA C2Hg, [82]
Electrochemically Defects and
Plasma- 1 odizing followed b Cubic | Subsurface 0.1M
4 activated Cu g y oxygen H-cell ' -1.05 50 22.50 NA C2Ha4 [59]
plasma pretreatments | nanostructures 2 KHCOs3
nanocube . species in
in a plasma etcher v
Cu
Amorphizin Two 1.4
i Chemical reduction of compar | 0.1 M (vs.
S a-Cu CuCl> by tannic acid Amorphous gof t_he tment | KHCOs | Ag/A 125 22.00 12 NA [48]
materials
cell Cl)
Thin film Parallel
6 | CuOTF DC magnetron (100 nm in NA olate | 2OM 1 10| NA | 2000 | NA | CHe | [83]
sputter deposition ; Cs2COs
thickness) cell
. 0.1M CaHa,
7 Cu (100) Sputtering NA NA H-cell KHCO3 -0.95 -5.68 18.00 NA CsH-OH [84]
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COis

produced in
a first step
and Two- C2oHg,
Ag-GDEs Supplied by Sigma Spherical reduced to step 1M i C3H70OH,
8 Cu-GDEs Aldrich nanoparticles multi- flow | KHCOg, 0.83 300 18.00 14 CH3COO [85]
carbon cell H
products in
a second
step
50(.) nm- Two CoHg,
Cuz0 sized 1 ompar | 0.1 M CHsCO0
9 derived Electro-deposition Polyhedron crystalline P KH co -1.0 NA 16.40 NA 7_| [86]
copper Cu0 tment 3 ’
. cell CsH/OH
particles
Oxide . H>, CO,
10 | derived cuy | Electro-depositionand | Nano- NA Htype | 9°M | 40 | NA | 1300 | NA | CHs | [89]
thermal annealing dendritic KHCO3
catalysts CaHy
Mixture of con::-clelr?t?atio
Cu20, Flow 20M |
11 CuO and NA NA n of OH at cell KOH 0.77 130 9.00 NA NA [91]
Cu _catalyst
interface
Copper(Il)acetate was
Cuso/PTFEss | thermally reduced in a Flow 05M B
12 /Sust tubular furnace under NA NA cell | KHCO; 1.4 300 9.00 2 CaHa | [92]

H> atmosphere

NA- data not available, j* - total current density at applied potential mentioned in column 8
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2.1.2.1.2. Bimetallic/alloy electro-catalysts

During past few years, the binary mixture/alloys have gained considerable attention in
improving alcohol selectivity in the ECO2R. The electronic structures could be facilely adjusted
by changing the bimetallic composition, size, and ordering degree to improve their selectivity
and activity by improving the binding energy of the key intermediates. Lee et al. [111]
developed Ag-incorporated cuprous oxide (Ag-Cu20) for electrochemical reduction of CO2 to
ethanol. For this, electrochemical co-deposition was carried out in either NHz or KCN solutions
containing Cu and Ag precursors. The characterization results show that the atoms of Ag and
Cu are more homogeneously dispersed on Ag-Cu.Opg (prepared in KCN) surface than on Ag-
Cu2Ops (prepared in NHs) surface. All the electrode samples had a high atomic Cu content
(~66%). Ag-Cu2Opg displayed selective ethanol formation during ECO2R.

Recently, Dutta et al. [47] introduced bimetallic AgCu metal foams (AgisCuss). It was
synthesized by additive-assisted electro-deposition method using the dynamic H: bubble
template approach. Authors reported that Cu and Ag are completely phase separated in the
bimetallic foam, with a high degree of dispersion of pure nm-sized Ag domains contained in
the Cu matrix. The developed oxide-derived (OD) bimetallic AgisCuss foam catalyst

selectively produced ethanol with higher FE.

Hoang et al. [112] prepared high surface area and homogeneously mixed CuAg alloy electro-
catalyst via electro-deposition in baths containing inhibitor 3,5-diamino-1,2,4-triazole (DAT)
with different quantities of Ag dopant. The CuAg alloy film with 6% Ag exhibits the best
ECO2R performance for multi-carbon productions i. e. ethylene and ethanol. Zhu et al. [44]
carried out potentiostatic pulse-electro-deposition using the anodic aluminum oxide (AAO)
membrane as the template for the preparation of CuxAuy nanowire arrays (NWAs). By
regulating the electro-deposition potential, the surface electronic configuration referred to the
Cu:Au ratio in the CuxAuy nanowire arrays could be easily controlled, and the as-fabricated
CuxAuy NWAs could be directly used as the electro-catalyst for the ECO2R. The optimized
CuxAuy NWAs have a high ethanol selectivity with FEs of 45 to 48 % at -0.5 to -0.7 V (vs.
RHE) with a 1.0 mA cm specific CD of ethanol formation. Good selectivity was obtained due

to the synergistic effect of electronic structure and morphology.

Many other interesting studies are available using CuZn bimetallic electro-catalyst for ethanol

production [113-116]. For example, Ren et al. [113] prepared oxide-derived Cu-based catalysts
13



with different quantities of Zn dopants (Cu2Zn, CusZn, and CuioZn) and used as electro-

catalysts in aqueous 0.1 M KHCOs electrolyte under ambient conditions. Andrews et al. [116]

reported vacuum deposition method. All these catalysts showed improved performance of

multi-carbon production than Cu alone. This is due to the addition of co-catalyst which

improves the binding strength of key intermediate (*CO) for ethanol or other multi-carbon

products. The effect of processing conditions on the morphology of bimetallic catalyst is

summarized in Table 2.3 and summary of the ECO2R to ethanol on bimetal/bimetal oxide

electro-catalysts in aqueous electrolyte solutions is shown in Table 2.4.

Table 2.3 Effect of processing on morphology of bimetallic catalysts

3;‘_ ri[;tg:?j Processing conditions Morphology Ref.
Electrochemical co-deposition
in different solvents
1 CuS04-5H20 and i. NHs solutions Phase-separated  Ag/Cu.0 [111]
' AgNOs3 structure
ii. KCN solutions Phase-blended Ag/Cu20
structure
i. Electroplating
5 ﬁfg&é?zzso‘“ ii. Electroplating followed by Amor_phous and crystalline [47]
' H,0 ' thermal annealing at 200° | dendrite structures
C for12 h
CuS04-5H20,
3,5-diamino- Electrodeposition at pH=
3. 1,2,4-triazole 15 Wire-like morphology [112]
(DAT), and '
Ag2S04
Electrodeposition at different Nanowire arrays
potentials and constant pH=
CuSQq, glycine, | 7.3
4, HAUCI3, and Atomic ratio of Cu:Ag [44]
ethylenediamine | i. —0.45V (CuAu NWAs) 1:1
ii. —0.5 (CusAu NWAs) 3:1
iii. —0.4V (CuAuz NWAs) 1:3
Electrochemical anodization,
annealing and immersing
. Cu20 in aqueous HAUCIs .
> Cu film solutions  with  different Nanowire [117]
concentrations of 0.2 mM and
10 mM
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Table 2.4 Summary of the ECO2R to ethanol on bimetal/bimetal oxide electro-catalysts in aqueous electrolyte solutions

Electrolyte

Potential

FEethanol

Sr. Preparation | Morpholo oo Type j# Stabili | Other Ca+
Catalyst . Active site (CO2 V (vs. P (%) Ref.
No. techniques ay of cell saturated) RHE) (mA-cm™) ty (h) | products
Electro- Nanowire 0.1M
1 CusAu deposition arrays NA H-cell KHCOs -0.7 1 48.00 NA NA [44]
CuO/TiO2 Mild
2 (40 wt. % hydrothermal | Nano-floc TiO, H-cell 05M -0.85 NA 37.00 na | (CHe):CO, [32]
. KHCOs3 CsH/OH
CuO) synthesis
. Ag-Cu
Electrochemical Phase- . :
3 Ag-Cu20rs co-deposition blended bblpha3|_c H-cell | 0.2 M KCI -1.2 3 34.15 3 C2H4, CoHe | [111]
oundaries
Electro- C2Hs
g | OD-AguCUs | depositionand | poypjpeq | MetallicAg | o) | 05 M 1.0 8.67 3370 | 100 | CoHy | [47]
foam mild thermal and Cu KHCO3
. C3H7OH
annealing
Galvanostatic Two 01 M
5 CusZn deposition on NA NA compa ' —1.05 8.2 29.10 5 C2H4 [113]
: KHCOs3
Cu disks rtment
Three-
. dimension Two
Citrate- Cu NPs
o)
6 40 wt. % protecting ed(@D) | ciapilized | M2 | oMKl | -145 8.66 27.40 25 | CsH/OH | [33]
Cu/TiO2 irregular . rtment
method by TiO:
nanoblock cell
structure
Additive-
Nanoporous controlled Flow
7 copper—silver Wire CuAg wire 1M KOH —-0.7 300 25.00 NA CoHs [112]
electrode cell
alloys .
position
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Electrochemical

Presence of

Au- anodization, Intertwine Au C2Hg,
. annealing, and enhanced 0.1M CH3COOH
8 nanoparticles- immersion In d ' «CO- H-cell KHCOs -1.05 42 23.00 NA CHaCHO. [117]
covered Cu,0 nanowires
aqueous coverage on CsH/OH
HAUClI4 Cu
-1.32 (vs.
CuO/zZn0O 0.1M
9 (3:7) NA NA NA H-cell KH,PO4 Ag/?\gCI 0.5 17.30 NA | CoHg, C3Hs | [114]
2-
compa -14
Vacuum Cu-Zn rtment 0.1M (vs.
10| Cu/znG(1010) deposition NA interfaces | (fritted | KHCOs | Ag/AgCl 12 10.20 NA CaHa [116]
) glass )
cell
- Reduction of Mixture of
OX|d||z\I(=,id Cu- copper (ii) Cu (Cu® | Single 0.05 M
11 . . acetylacetonate NPs and Cu-O | compa ' -1.2 3 9.00 5 CaHy [49]
intermetallic : ; KHCO3
and Ni(ll) (Cu™) rtment
alloys . .
chloride species
Stabilizing
, effect of Al 0.1M _
12 Cu20:Al-140 Solvothermal NA on Cu' NA KHCOs 0.8 NA 2.00 12 CaHs [45]
species

NA- data not available, j* - total current density at applied-potential mentioned in column 8
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2.1.2.1.3. Organometallic complex

Organometallic complexes are one of the most popular classes of materials in the field of
electrochemical CO: reduction. These metal complexes stabilize radical intermediates thus
providing an effective pathway to facilitate C—C coupling. There are many reported examples
having varied molecular structures and ligands extensively used by many scientists in this field
[58, 64, 65, 118, 119]. For example, cobalt(l11) triphenylphosphine corrole (Co-corrole) complex
was demonstrated by Gonglach et al. [58]. This Co-corrole complex contains three polyethylene
glycol residues attached at the meso-phenyl groups. In the synthesis of Co-corrole,
cobalt(Il)acetate tetra hydrate was used as Co-precursor and was mixed with HzTpFPC(-S-
PEG(7)-OMe)s and triphenylphosphine. This reaction mixture further heated to reflux for 1 h.
During ECO2R, the cobalt(I11) converted to cobalt(l) by removal of the axial ligand, thus resulting
in a square-planar cobalt(l) complex. Corrole modified carbon paper electrode showed a FE of 48
% towards ethanol production in moderately acidic aqueous medium (pH =6.0). Li et al. [120]
reported a strategy for functionalizing the copper surface with a family of porphyrin-based metallic
complexes that catalyze CO> to CO. The high concentration of local CO concentration creates CO-
rich environment at the molecule—metal interface increasing the coverage of *CO on Cu surface,
which further enhances carbon—carbon coupling and steers the reaction pathway towards ethanol.
Authors reported a CO2-to-ethanol FE of 41% and 124 mA cm 2 partial current density at —0.82 V
(vs. RHE). The Summary of the ECO2R to ethanol on organometallic complex electro-catalysts in

aqueous electrolyte solutions is given in Table 2.5.
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Table 2.5 Summary of the ECO2R to ethanol on organometallic complex electro-catalysts in aqueous electrolyte solutions

Electrol

Complex yte Potenti i FEuta
Iir. Catalyst Prepa_ration structure/ Active site Type (CO2 al, v (MA-C | nol (%) Stability | Other Co+ Ref.
0. techniques | morpholog of cell (vs. S (h) products
y saturat RHE) m™2)
ed)
N, -1.60
1t NH2 . », 05M (VS.
1 Ni'L Reaction F/\;;}_\ —NH2 group | H-cell KHCO: | Ag/Ag 6 52.50 NA NA [64]
\"' B Cl)
2 C(‘:’at‘;‘;;rs‘t"e Crgsgl'gﬁ' Co(lll) site | H-cell N(;(llll\élh 08 | 25 | 4800 | 65 C?'éCH%())ZH' [58]
Cu-Cu20- kom/éﬁro»—
3 1,3,5- dgg)f)‘;t&fon I cu/Cu® | H-cell Oklcl\l/l 04 | 115 | 392 5 CHsCOOH | [121]
H:BTC/Cu Dendritic
3D
structure
Reductionof | <
PdCloand | | 7=y
CuCl; 2 Two
4 [PYDF}d@C“ mixture by | Metallic | pyp ang oy | COMPA | OSM g0 |5 | 1000 | 14 NA [119]
- zinc powder | nanocrystal tment KCI
inaPYD lites, cell
agqueous macroporou
solution. s solid
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Polymer/

metal 05 M (?/?
complex- NA NA NA ' ' NA | 11.10 3 CH3sCOOH | [122]
. ot N KCI Ag/Ag
immobilize Hl, )
d Pt mesh
Mixing
CuCl,
aqueous ]
solutions 01 M (\l/f
Cu-CsNa4 _ Wlth_ _ NA H-cell KHCOs | Ag/Ag 8 5.00 NA CoH4, CoHs | [123]
dicyandiami cl)
de (DCDA)
in room
temperature.
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2.1.2.1.4. Heteroatom-doped transition metals

During CO; electro-reduction, the oxidation state of Cu electrodes has been shown to have a major
impact on product selectivity. It has been shown that the interface between Cu* species and their
neighboring metallic Cu sites are beneficial for C-C coupling, allowing ethanol formation more
easily [63]. However, due to the decomposition of CuO/Cu»0 to metallic Cu during CO> reduction,
the catalytic activity of CuO/Cu20 for ethanol formation rapidly decreases [35]. Introducing
modifier elements has been proposed as a viable method for increasing Cu™ stability in a long-term
manner. During ECO2R, this would help in better understanding of CO> reduction to C; as well as
its realistic application. Therefore, Cu electro-catalysts have been prepared with other dopants than
oxygen in recent research, such as boron [62], chloride [110], fluorine [63] etc. as summarized in
Table 2.6.

Recently, Cu-Cul composite catalyst has been reported by Li et al. [124] which has abundant
Cu/Cu* interfaces. This Cu-Cul composite was prepared by mixing Cul powders and Cu NPs.
When compared with Cul or Cu alone, the composite catalyst exhibited greater overall CD and
high ethanol selectivity. Many other researchers reported boron doped Cu for ethanol production
[50, 62, 125, 126]. For example, Zhou et al. [62] reported boron to adjust the Cu®" to Cu® active
sites ratio in ECO2R for improving the stability and C2-product selectivity. Authors reported one-
step process of chemical reduction of copper(ll) chloride (CuCl.) using sodium borohydride
(NaBHg4) for the synthesis of boron-doped copper (B-Cu). In the year 2019, another interesting
study on chloride (Cl)-induced bi-phasic cuprous oxide (Cu2Oci) and metallic copper (Cu)
electrode was published by Lee et al. [110]. The bi-phasic cuprous oxide (Cu2Oci) was prepared
by electro-deposition method and in-situ formed Cl-induced bi-phasic Cu,O—Cu (Cu2Oci) by
applying cathodic potential in the Cl-containing CO: electrolytic system. Ma et al. [63] also
reported fluorine-modified copper catalyst for the ECO2R to ethanol and ethylene in a flow cell
reactor configuration using a gas diffusion electrode. It was reported that the fluorine-modified
copper catalyst is highly selective for C>+ product generation as shown in Table 2.7.
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Table 2.6 Synthesis strategy of different heteroatom doped transition metals

Sr Materials
No' Catalyst | Metallic Dopant Processing conditions Morphology Ref.
' precursor source
Physical mixing at molar ratio =1
1 cu-Cul Commercial | Commercial | followed by electrochemical | Cubic [124]
' Cu NPs Cul powders | pretreatment in 1 M KOH | morphology
electrolyte
Chemical reduction of copper(ll) Porous
chloride in frozen water (~0 °C) d e
: : endritic
at different copper(ll) chloride
i morphology
amounts i.e.
9 B-doped | Copper(1l) | Sodium B/Cu (%) [62]
' Cu chloride borohydride | . 400 mg (Cu(B)-1) 1.3
ii. 300 mg (Cu(B)-2) 1.7
iii. 200 mg (Cu(B)-3) 1.9
iv. 100 mg (Cu(B)-4) 2.0
v. 25 mg (Cu(B)-5) 2.2
Physical mixing of B-Cu|B-Cu
nanoparticles and Zn nanosheets | nanoparticle
on a carbon paper with different | sizes in the
Copper(1l) Zn loading 23~31 nm
chloride, Sodium i 2 range.
3 | B-Cu-Zn | Zine borohydride * 0.91 mg cm 5 The as- [50]
sulphate - 0.025 mg sz synthesized Zn
lii. 0.05 mg cm sample exhibits
iv. 0.075 mg cm™ nanosheet
morphology.
Electrodeposition  for  Cu20 | Crystallographi
4. Cu20ci | CuSOq4 KCI preparation followed by in situ | ¢ cuboctahedral | [110]
preparation of Cu>Oc;. shape
. . Direct casting of dimethyl
5. MT-Cu gom_mermal D_|met.hyl disulfide solution on pretreated Roughened [118]
u film disulfide . surface on Cu
Cu film
Ammonium
halides Copper
5 E-Cu Cu(NQOs3)2:3 | (NHsHF, Solvothermal synthesis at 160 °C | particles  with [63]
' H20 NH.CI, for4 h 102-136 nm
NH4Br or size
NHal)
CuS04.5H> Electrodeposition at -1.1 V (vs.
7. Cu |O NOaHZPOZ'H Ag/AgCl) for 20 min at Nanoflakes [125]
2 70°C and pH=8
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Table 2.7 Summary of the ECO2R to ethanol on heteroatom doped metallic electro-catalysts in aqueous electrolyte solutions

Electroly . . Other
Sr. . Typ Potential, j# FEkethanol -
No | Catalyst | " reparation Morpholog | = Activesite | eof | (02 | Vs | mac | () |SEPIIL) Co Ref.
techniques y saturate S y (h) | product
cell d) RHE) m™2) s
Physically
Cu-Cul | mixing Cu esideal G | Flow | 1 e
1. | composit | nanoparticles Cubic and adsorbed | cell KOH -0.87 700 28.00 85 CHsCO [124]
e and Cul R )
iodine species OH
powders
Boron- | One-siep sabilizes the
doped process using Porous L H- 0.1M _ C2oHa,
2 copper CuClz and dendritic oggz;tloofn cell KCI L1 70 27.00 40 CzH;OH [62]
(Cu(B)) NaBH4
copper
Cu
electrode
modified N
. Combination
with . . . 0.1 M -1.8 (vs.
3. methanet Direct casting NA m;Cu ofn the | NA NaHCOs | Ag/AgCl) 2 14.00 1 CoHa [118]
hiol u surface
monolay
ers
Physical .
B-doped | mixing of B- Nanopt)]arltlcle f C2Ha,
Cu-7n Cu morphology Presence_o H- 1M C2He,
4, . with Cu’ species —0.54 200 24.00 4 CHsCO | [50]
(B-Cu- | nanoparticles . cell KOH
agglomerati | under ECO2R OH,
Zn) and Zn
on CsH/OH
nanosheets
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Synergistic
Ch(l}lorid:]e| Electro- | ) effect )
-induce - Irregular etween the H- 0.1M CaHa,
> bi-phasic de,ﬁgfﬁggn shape Cu20 cell K2COs3 1.6 ! 24.00 ! C2Hs [110]
Cux0-Cu structure and
Cl adsorption
Elect_ro Chlorine
reduction hances
Chlorine of a en co
6. | e E:Je(c?;)o? Cubic | adsorptionby | o | FM. 08 800 | 2100 | NA | CoHs |[63]
copper | synthesized by m;:reasmgm
a solvothermal sur a_(;e Cu
method STES.
Electro- Fluorine
reduction enhances
Fluorine- | of a Cu(OH)F CO Flow | 25M
7. | modified precursor, Cubic adsorption by ; -0.54 800 16.00 40 CaHs | [63]
. : : cell KOH
copper | synthesized by increasing
a solvothermal surface Cud+
method sites.
Chemica
lly plated Chemically Dpzcr:]IS(i:jy B- doped Cu H- 0.1M CaHa
8 %%?erg deposition nanoparticle (111) cell | KHCO3 -1.08 NA 16.30 NA CsH/OH [125]
Cu S

NA- data not available, j* - total current density at applied potential mentioned in column 8
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2.1.2.1.5. Metal-organic framework electro-catalyst

Metal-organic frameworks (MOFs) are a type of ordered crystalline coordination polymers that
are gaining popularity in electro-catalyst design. This is due to its unusual combination of
heterogeneous and homogeneous properties such as addition of well-defined and highly active
sites into stable framework guarantee enhanced catalytic performance; the superior mass transfer
due to highly porous metrics, and the catalytic reaction can be tuned by molecularly defined
catalytic environment around the active site. In this section, the MOF-based electro-catalyst design

and ECO2R performance are discussed.

In 2016, Albo et al. [68] reported variety of Cu-based MOFs and mesoporous metal-organic
aerogel (MOA) namely HKUST-1, CuDTA, CuAdeAce, and CuZnDTA. All these materials were
synthesized by solvent free synthesis method. For example, the preparation of HKUST-1T MOF,
homogeneous mixture of copper(ll) acetate monohydrate and benzene-1,3,5-tricarboxylic acid
was heated to 120 °C at 2 °C h'! heating rate for 50 h. Preparation techniques for other MOFs and
MOAs have also been mentioned. The electrodes have large surface area and greater availability
of the Cu catalytic sites, as well as favorable ECO2R performance. The HKUST-1 and CuZnDTA
show a FE of 10.3 %, and 6.5 %, respectively for ethanol formation at -0.9 V and -1.25 V (vs.
RHE) respectively. The ethanol selectivity on HKUST-1 and CuZnDTA is higher than that on
other two CuAdeAce MOFs and CuDTA MOA. The lower ethanol FE on CuAdeAce MOFs and
CuDTA MOA may be due to steric hindrance from the surrounding ligands, which affects the
availability of the pentacoordinate Cu(ll) sites for C-C coupling. Besides, HKUST-1 and
CuznDTA- electro-catalysts exhibited significantly stable ECO2R for 17 and 12 h, respectively at

optimum conditions.

Karapinar et al. [127] introduced a simple pyrolytic route to prepare Cu-N-doped carbon (CuN-C)
consisting of single Cu atoms with a CuN4 coordination environment, atomically dispersed in a N-
doped conductive carbon matrix. The catalyst was prepared in two steps. First dry-phase mixing
of ZIF-8, a Zn based zeolitic imidazolate framework, phenanthroline ligand (N-source), and Cu(ll)
chloride by low-energy ball milling is done. This mixture was pyrolyzed at 1050 °C under Ar flow
resulting in CuosNC electro-catalyst powder, comprising 1.4 wt.% Cu with Cu* and Cu?* ions and
pyrrolic, porphyrin, pyridinic, and graphitic-like N atoms in carbon. This material reduced CO>
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selectively into ethanol with FE of 55% and CD of 16.2 mA cm™ under optimized conditions
(potential: -1.2 V vs. RHE, electrolyte: 0.1 M CsHCOs, and gas-phase recycling set up). During
electrolysis, the Cu* and Cu?* sites converted into metallic copper nanoparticles, which are likely
to be the catalytically active species.

Sakamotu et al. [67] reported self-assembled cuprous coordination polymer nanoparticle (Cu-SCP)
for ECO2R to ethanol. Cu-SCPs can be synthesized with different types of ligands with different
numbers of phenyl groups. The [Cuz(u-Br)2(PPhs)2(u-DPB)]n (represented by DPB-SCP) shows
highest selectivity for ethanol with FE of 35 % at -1.34 V (vs. RHE) with overall CD of -32 mA
cm in CO; saturated 0.5 M KHCOs. DPB ligand with Cu atoms inhibits conversion of Cu(l)

oxidation state into Cu metal particles.

The N-doped carbons decorated with Cu nanoparticles (Cu-NC) for ECO2R was studied by Cheng
et al. [128]. The Cu-NC was synthesized using carbonization of a benzimidazole modified MOF
at different temperatures ranging from 200-800 °C. It was reported that electro-catalyst produced
at 400 °C (Cu-NC400) exhibited maximum amount of pyrrolic-N and Cu(l)-N active sites which
are considered as excellent CO; adsorption sites and enhance the C-C coupling reaction rate for
higher ethanol and ethylene selectivities. The Cu-NC400 electro-catalyst produces ethanol with
FE of 18.4 % and ethylene with FE of 11.2 % at -1.01 V (vs. RHE) along with other C1 products
like CO and formate.

The summary of the ECO2R to ethanol on metal organic framework electro-catalysts in aqueous
electrolyte solutions is given in Table 2.8.
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Table 2.8 Summary of the ECO2R to ethanol on metal organic framework electro-catalysts in aqueous electrolyte solutions

. . FEeth
. Type | Electrolyte | Potential j* - Other
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' cell | saturated) RHE) m~2) products
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1 | CuNC |ofazIF-8/Cu?* | Amorphus | CUclustersin | H- 1 0.1M 12 | 162 | 43 60 - | pen
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Cu-SCPs with Cu(l) and
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2 Cu-SCP Br)2(PPh3)2(u- Nanorods ligands cell KHCO3 -1.34 32 35.00 10 CsH-OH [67]
DPB)]n ligands surrounding
the Cu atoms
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3 rogen- benzimidazole with and Cu-N ' -1.01 6.5 18.4 8 C2H4 [128]
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5 | HKusT-1 | Solventfree |50 0 N-donor 1 g 0 | 09  agagel | 10 | 1030 | 17 NA | [68]
synthesis ligands Cell KHCOs )

NA- data not available, j* - total current density at applied potential mentioned in column 8
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Table 2.9 Summary of the ECO2R to ethanol on supported electro-catalysts in aqueous electrolyte solutions
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oxide ous cell
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ctional
channels
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2.1.2.1.6. Supported catalyst

The “support” material suitable for ECO2R must be conductive enough to keep the flow of
electrons from anode to cathode without Ohmic losses. The incorporation of metals on the
carbon supports not only decreases the quantity of metal content, but it also helps stabilize NPs
against uncontrolled NP aggregation during the reaction process and provides more active sites.
Moreover, dopants in carbon supports (like pyridinic N) provides a CO-producing site and
copper may assist in C—C coupling between *C1 or *C2 intermediates and *CO. Thus,
pyridinic N contents facilitated CO> adsorption and produced CO which transferred to adjacent
Cu active sites [77]. Also, appropriate size of Cu NPs with an improved electronic structure,
which helps in the generation of *C1 or *C2 intermediates, further reacted with CO. Graphitic
carbon, Vulcan carbon, carbon nanotubes and the graphene sheets are few examples which can
be used for better charge transfer. However, the reactivity and product selectivity can be
controlled by the morphology, structure, pore size and BET surface area of the carbon material
used.

Han et al. [77] demonstrated Cu NPs supported on N-doped porous carbon (Cu/NPC) for
ECOzR. The N-doped porous carbons were synthesized using direct carbonization of sodium
citrate followed by heat treatment of in-situ polymerized pyrrole and the Cu/NPC were
synthesized by reduction of Cu(NO3)2.xH20 in NPS suspended solution. Different pyridinic N
contents were obtained at different temperature. The pyridinic N content in the N-doped porous
carbon materials had a substantial impact on the selective formation of multi-carbon alcohols
on Cu/NPC hybrid catalysts.

Another study on CoO-anchored N-doped carbon catalyst (MC-CNT/Co) was reported by Du
et al. [52]. The MC-CNT/Co was prepared using silica template method which consisted of
mesoporous carbon, carbon nanotube, and oxide derived cobalt. The excellent selectivity for
ethanol was obtained with 60.1% FE and current density reached to 5.1 mA cm2 at —0.32 V
(vs. RHE). Xu and researchers [69] studied the effect of atomically dispersed Cu on carbon
support. Authors reported amalgamated Cu—Li method for the synthesis of carbon-supported
copper materials. During the synthesis, the bulk Cu was first added in molten lithium until
complete dissolution under sonication. Later Li is converted to LiOH under humidified air for
the formation of Cu-LiOH mixture. Cu—LiOH mixture is mixed with a carbon support (XC-
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72), and lastly, LiOH is removed by leaching with water. Formed Cu-C electro-catalyst showed

excellent performance in ECO2R.

Yuan et al. [75] prepared Cu/TiO2 NPs modified N-doped graphene (Cu/TiO2/NG) catalyst for
converting CO; into different alcohols by ECO2R. The Cu/TiO2/NG nanocomposite was
prepared by reduction of Cu(NOs)2-3H20 salt with hydrazine hydrate. During the synthesis,
they used sodium citrate to stabilize Cu®*. The characterization results showed the metallic
state of Cu and higher pyridinic N content in Cu/TiO2/NG. When used in ECO2R, it shows
outstanding selectivity to produce ethanol with FE up to 43.6% at —0.75 V (vs. RHE). The
summary of the ECO2R to ethanol on supported electro-catalysts in aqueous electrolyte

solutions is given in Table 2.9.
2.1.2.1.7. Non-copper metallic electro-catalysts

Cu-based electro-catalysts are currently the most promising materials for ECO2R to ethanol
production. However, they face significant obstacles in terms of long term stability, selectivity,
high over-potentials, and reusability. Therefore, some non-Cu based electro-catalysts have
been recently introduced to have good multi-carbon product selectivity at low over-potentials.
This opens up a new direction to study novel non-Cu electro-catalysts. In this section, the non-
Cu electrodes for ECO2R to ethanol formation in aqueous electrolytes are discussed with a
particular focus on synthesis strategy and the C—C bond forming mechanisms. Table 2.10
shows the summary of the ECO2R to ethanol on non-copper electro-catalysts in agqueous

electrolyte solutions.

Recently, Sun and group [135] reported excellent copper free electro-catalyst for efficient
ECO:2R to various chemicals and fuels. Authors prepared FeP nanoarray on titanium mesh (FeP
NA/TM) by reduction of Fe salt (FeClz.6H20) by Na>SO4 in autoclave followed by mild heat
treatment with NaH2PO2 environment. In their another work [136], the Fe;P2Ss nanosheets
were prepared by heating the mixture of elements (Fe, P and S with 99.99% purity) in the
required stoichiometric ratio in evacuated (~ 10~ Pa) quartz tube at 700 °C. Both the electro-
catalysts are capable of achieving ethanol selectivity as discussed in section 3.1.

2.1.2.2. Non-metallic electro-catalysts

Carbon-based metal-free electro-catalysts consist of B and N co-doped nanodiamond [71],
Nitrogen-doped mesoporous carbon [51], pyridoxine functionalized graphene oxide (GO-VB6-

4) [137], N-doped graphene quantum dots (NGQDs) [72] and boron-doped diamond (BDD)
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[138], are reported for ECO2R to ethanol. In the year 2017, Liu et al. [71] worked on B and N
codoped nanodiamond (BND) for selective ethanol formation in ECO2R. The authors used hot
filament chemical vapor deposition method for the preparation of BND electrodes using Si
substrate under flowing CH4/B2Hs/N2/H2 gas mixture. Song et al. [51] reported soft-template
method via the self-assembly of resol (the carbon precursor), dicyandiamide, and F127 (the
soft template) to synthesize N-doped ordered cylindrical mesoporous carbon (c-NC) for CO-
electro-reduction. Yuan et al. [137] explored N-doped graphene oxide (GO) catalysts with
different N-precursors like 4-aminopyridine, 8-hydroxyquionline, pyridoxine, 5-amino-1,10-
phenanthroline, and 4-hydroxypyridine for ECO:R to ethanol. Among the different N-sources,
the pyridoxine modified on GO sheets shows the maximum catalytic performance for ECO2R.
Pyridoxine modified on GO sheets exhibited 2.32% pyridinic N content of (GO-VB6). The
summary of the ECO2R to ethanol on non-metallic electro-catalysts in aqueous electrolyte

solutions is given in Table 2.11.
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Table 2.10 Summary of the ECO2R to ethanol on non-copper electro-catalysts in aqueous electrolyte solutions

Active Type | Electrolyte | Potential, j* FEethanot | Stabi | Other
Sr. No. | Catalyst | Preparation techniques | Morphology site of (CO2 V (vs. (mA-c (%) lity Co+ Ref.
cell | saturated) RHE) m~2) (h) | products
Fep FeP NA/TM was derived
nanoarray | T"OM Fe20s NA/TM via Fe H- 0.5M
1. ay well-established Nanoarray ' —-0.20 1.5 14.10 39 NA [135]
onTi X : atoms cell KHCOs3
topotactic conversion
mesh
process
Annealing and liquid Fe H- 0.5M _
2. Fe2P2Se exfoliation Nanosheet atom cell KHCOs 0.20 0.1 23.10 30 NA [136]

NA- data not available, j* - total current density at applied potential mentioned in column 8

32




Table 2.11 Summary of the ECO2R to ethanol on non-metallic electro-catalyst in aqueous electrolyte solutions

. i . | Other
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Hot filament .
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(NGQDs)

NA- data not available, j* - total current density at applied potential mentioned in column 8
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2.2. Factors influencing the ECO2R performance

The product selectivity in ECO2R can be decided by a number of variables, including
composition of electro-catalyst, electrode potential, type of electrolyte, its pH, reactant
concentration, and reactor configuration. If all other operating conditions are same, the
composition of electro-catalyst, structure, and morphology control the product selectivity in
ECO2R. As a result, many researchers reported variety of electrode materials for ECO2R that
are sufficiently active to transform CO> to ethanol at high production rates. Moreover, the pH
of the electrolyte solution is also important parameter to consider during ECO2R, especially
when reducing CO2 in an aqueous medium, since pH affects CO> solubility and HER. In this
section, some key parameters are highlighted that affect ECO2R performance for selective
production of ethanol.

2.2.1. Composition of catalyst

Many studies have shown that *CO is a key intermediate in ethanol production by ECO2R. The
sufficient binding strength between *CO and electrode surface and/or availability of high
concentration of CO near electrode surface is required for initial coupling of vicinal *CO
intermediates. Therefore, binding strength and surface coverage of *CO intermediates on Cu-
based catalysts can be improved by introducing cocatalyst (such as, Zn, Au, or Ag). In such Cu
bimetallic systems, the CO is generated on Zn, Au, or Ag and transported to neighboring Cu
active sites on the surface that are active for the *CO dimerization. The short diffusion path is
required from Ag, Zn, or Au to Cu in the catalytic systems for this ‘CO spillover' effect. In
Table 2.4, different bimetallic electro-catalytic systems are reported in terms of the active sites

and ECOzR performance.

Few reports are available on Ag-Cu bimetallic catalysts for selective ethanol formation from
ECO2R [47, 111, 112]. The phase-separated Ag-Cu20 electro-catalyst produces ethanol with a
34% FE at —1.2 V (vs. RHE) in KClI electrolyte [111]. However, using Cu20-Cu as electro-
catalyst (without the Ag) shows higher selectivity for H> with FE of 48.5 % and the main C2
product was observed to be ethylene along with ethanol (9.7% FE). No clear reason for the
obtained selectivity was given. The oxide derived bimetallic Ag-Cu metal foams (OD-
Ag15Cuss) produce ethanol with 33.7% FE at -1.0 V (vs. RHE) [47]. It shows long term stability
of 100 h with stable CD response of 26 mA cm. Higher stability and selectivity for ethanol

production on OD-AgisCusgs is attributed to the high dispersion of nanosized metallic Ag
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(responsible for selective CO production) and Cu (responsible for C-C coupling) in the
bimetallic catalyst. In an another report, the CuAg alloy with 6% Ag exhibited 25% C>HsOH
selectivity at —0.7 V (vs. RHE) with total CD of 300 mA cm [112]. Such high activity and
selectivity is due to higher local CO intermediate availability on CuAg surface.

Ethanol was produced with 15 % FE using Cu20 derived Cu and 22 % FE using Cu20 derived
CuAu electro-catalysts at -1.05 V (vs. RHE) along with other Cz+ products ethylene, and n-
propanol [117]. Also, the suppression of hydrogen evolution at lower over-potential from -
0.60 V to -0.80 V (vs. RHE) indicate that the presence of Au in bimetallic CuAu helps in
reducing the relative *H-coverage in this potential range, which further indicates that higher

active sites are available for *CO coupling for ethanol formation.

Many interesting studies are available on CuZn bimetallic electro-catalyst for ethanol
production [113-116]. For example, oxide-derived CusZn catalysts reported by Ren et al. [113]
shows maximum 29.1% FE for ethanol at -1.05 V (vs. RHE) with CD of 8.2 mA cm™. It was
suggested that the CO produced by the Zn active sites could have reacted with the Cu surface

to produce ethanol.

Other than Cu based electro-catalysts, few non-Cu metallic electro-catalysts like FeP nanoarray
on titanium mesh [135], Fe2P2>Se nanosh [136], etc. are also reported for ethanol production by
CO- electrochemical reduction in 0.5 M KHCOs solution. FeoP2Se nanosheets produced
ethanol with 23 % FE and FeP nanoarray produced ethanol with 14 % FE at applied potential
of —0.20 V (vs. RHE). Fe atoms on the Fe;P,Se surface are active for alcohol production. DFT
calculations suggest that the dimerization of two *CO species are responsible for the C-C
coupling in FezP.Se [136] and FeP(211) [135] catalysts. However, the potential-determining
step for Fe:P2Se and FeP(211) are *CO/ 2(*CO) (AG=0.35 eV) and *CO to *CO—*COH
(AG=1.33 eV), respectively. This reveals that ethanol formation on FeP is more difficult than

on FesP,Ss.

Reports are also available on doping different heteroatoms in Cu for efficient ECO2R to ethanol
production. As previously stated, the oxidation state of Cu catalyst plays significant role in
multi-carbon product selectivity during ECO2R. At low over-potentials, metallic Cu produces
CO and HCOOH as the major products, and CH4 or CzH4 at higher over-potentials [139].
However, CuO and Cu20 are commonly reported to produce ethanol with high efficiency [50,

62, 110, 124]. The reports also reveal that the interface between oxide Cu species and adjacent
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metallic Cu sites is responsible for higher production of Cy+ products by improved C-C
coupling [63]. Cu®" sites in copper electro-catalysts have been considered as active sites for
ethanol production via ECO2R; indeed, incorporating Cu®" into copper catalysts has resulted in
producing ethanol with higher selectivity. Cu®" has been introduced in copper based catalysts
using oxygen-containing species. However, during ECO2R, high applied reducing potentials
needed to generate C, products, the resulting Cu®* species initially present on surface of catalyst
are subject to being reduced to Cu® within the first few hours of the reaction [35]. This has
made investigating the function of Cu®* difficult, and it is likely that it undergoes phase change
during ECO2R. Introducing modifier elements has been proposed as a viable method for
increasing Cu®" stability for longer duration. This would lead to increased ethanol selectivity.
Many researchers reported Cu materials with other dopants such as boron [62], chloride [110],
fluorine [63] etc. as summarized in Table 2.7.

B-doped CuO catalyst showed 27 % FE for ethanol, higher than that of boron free CuO (7 %)
at -0.45 V (vs. RHE) [50]. Further, the catalyst with a composition of 0.5B-Cu:0.025Zn
exhibited increased FE for ethanol (31%) and n-propanol (3%) at —0.45 V (vs. RHE) with total
CD of —200 mA cm. Further, the FE of C,HsOH was decreased at higher Zn loading due to
the competing HER and excess CO production by Zn. In-situ Raman measurements showed
that the addition of boron and Zn maintains stability of Cu* species during ECO2R resulting

increased ethanol selectively and the long-term stability on B-Cu-Zn.
2.2.2. Morphology of catalyst

Morphology of electro-catalyst is also important factor while designing the electrode materials.
Till date, many researchers studied effect of different morphologies on ethanol production
during ECO2R. For example, Wang et al. [80] reported highest 35.7% FE at -0.4 V (vs. RHE)
in 1 M KHCO3z on nanostructured Cu nanosheets (CuNS) compared to other Cu morphologies
like nanowires (FEethanoi= 0 %) and nanoflowers (FEethano= 15 %) under same studied
conditions. The superior performance of nanosheet morphology attributed to better

stabilization of the intermediate state products than that of other two morphologies.

Three-dimensional spherical structure (~4 um size) was reported for highest selectivity of
ethanol with 36.1% FE at-1.7 V (vs. SCE) [35]. Better performance of 3-dimensional spherical
structure (~4 pm size) is attributed to its highest specific surface area of 45.4 m? g*. At the

same experimental conditions, the 3 dimensional spherical structure ~2 pm non-uniform size,
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2 dimensional structure 200 nm size, nanosheet of 1 um size and uniform nanorod structure of
150 nm size electro-catalysts produced ethanol with 17.5%, 15 %, 12.5%, and 9.5% FE
respectively. All samples showed long term stability of 5 h without appreciable change in CD
response under optimized conditions. The nano-porous copper films and the CuDAT-wire
shape were reported by Hoang et al. [42]. The CuDAT-wire shape catalyst showed the best
CO2 reduction performance with 20% FE for ethanol at -0.5 V (vs. RHE).

2.2.3. Surface ligands

Functionalizing metal based electro-catalysts with different surface ligands is an effective way
to enhance ECO2R performance. lijima et al. [118] reported Cu electrode modified with
methanethiol monolayers (MT—Cu) for ECO2R. The roughened surface and the Cu* moiety,
generated due to methanethiol during ECO2R, promote C> product formation. Bose et al. [64]
reported Ni'' complex with free amine functional group [Ni''LN"?] for ECO2R. The complex
produced ethanol with 49% FE at —1.60 V (vs. Ag/AgCl). The authors reported that the electron
transfer can be improved by anchoring amine functional group to the metal ion Ni(ll). Another
interesting study on cobalt(I1l) triphenylphosphine corrole complex was presented by
Gonglach et al. [58]. The Co-corrole— carbon paper electrode showed 48 % FE for methanol
and ethanol at —0.8 V (vs. RHE) This Co-corrole— carbon paper electrode also exhibited 140 h

of operational stability which is highest reported so far.

[PYD]@Cu-Pt [65] and PYD]@Cu-Pd composite [119] were used for CO; reduction in 0.5
M KCI solution. Using [PYD]@Cu—Pt electro-catalyst, the FE of ethanol reached to 27% at -
1.2 V (vs. SCE). Moreover, the CD value was maintained at a steady value at around 22 mA
cm 2 for at least 22 h at -0.6 V (vs. SCE). When using [PYD]@Cu-Pd composite, ethanol with
12% FE was obtained at -0.64 V (vs. RHE).

Although remarkable progress was achieved in last few years in the development of
organometallic complexes, there are still several issues related to production rates, reusability
of electrodes, and achieving high current densities for industrial deployment of the process,
that need to be addressed.

2.2.4.  Non-metallic electro-catalysts

As mentioned above, metals, metal oxides, or metal complexes such as Cu (100) [84], copper(l)
oxide [34], CusZn [113], and Cu/TiO2 [33, 140] have been used as electro-catalysts for
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electrochemical reduction of CO2. However, issues related to higher over-potential for C»
product generation, high cost, and poor selectivity need to be addressed. Therefore, the study
of metal-free carbon based electro-catalysts has opened a new door due to their higher surface
area, low cost, and superior electrical conductivity between metal and carbon supported
materials. Doping of different heteroatoms like nitrogen and boron to carbon materials may
additionally improve its electronic properties [72]. For example, N-doped carbons have higher
electrical conductivity than carbons because N is more electronegative than carbon. Also, N-
doped carbons show suitable binding strength to active intermediates. In view of the above-
mentioned benefits, few review papers are also available on metal-free electro-catalysts for
ECO:R [21, 141-143].

Liuetal. [71] introduced B and N codoped nanodiamond (BND) for selective reduction of CO-
to ethanol. The electrode with highest N content (BND3 with 4.9 atm% N) gives highest FE of
93.2% at -1.0 V (vs. RHE) for ethanol than that of other electrodes i.e. BND1 (3.1 atm% N),
and BND2 (3.6 atm% N). The superior performance of BND is attributed to the high N content,
synergistic effect of B and N codoping, and high over-potential for HER. Authors also revealed
the possible reaction pathway by DFT study as CO, — *COOH — *CO — *COCO —
*COCH20H — *CH20CH20H — C2Hs0H. The BND3 electrode showed constant 93.2% FE
for ethanol production at -1.0 V (vs. RHE) during 16 sequential ECO2R study with each run
lasting for 3 h.

N-doped graphene quantum dots (NGQDs) exhibited 16% FE for ethanol at -0.78 V (vs. RHE)
which is higher than that of GQDs (without N doping) [72]. The Tafel slope of GQDs electrode
(371 mV dec?) has a greater value than that of NGQDs electrode (198mV dec™), indicating
superior kinetics for ECO2R on NGQDs electrode. Among the most common N configurations
like pyrolytic, pyridinic and graphitic N, the pyridinic N is the most active site for CO;

reduction due to its Lewis basicity in carbon nanostructures [144].

2.2.5. Catalyst support

While designing electro-catalyst for ECO2R, the metal NPs need to be dispersed uniformly to

achieve maximum catalysis. This can be achieved by supporting metal NPs on the carbon

supports. Carbon supports prevent the uncontrolled NP aggregation during catalyst synthesis

and provide more active sites for ECO2R. It also reduces the amount of metal content. Different

carbon supports like carbon nanotubes [52, 145], N-doped graphene [70, 75], porous carbons

[77], etc. have been reported in literature. Twenty wt.% Cu nanoparticles supported on N-doped
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porous carbon (Cu/NPC-800) [77] exhibited 64.6% and 8.7% FE for C;HsOH and CzH;OH
respectively at —1.05 V (vs. RHE). Authors also reported that the higher pyridinic N contents
are responsible for improved CO> adsorption and thus produced CO which transferred to
neighboring Cu sites for ethanol formation.

The CoO-anchored N-doped carbon material (MC-CNT/Co) produced ethanol with the FE of
60.1% at—0.32 V (vs. RHE) and CD reached to 5.1 mA cm 2 [52]. Xu et al. [69] studied carbon-
supported copper (Cu) catalyst. When used in CO2 reduction, the prepared catalyst was capable
of producing ethanol with highest FE of 91% at —0.7 V (vs. RHE) and onset potential as low
as —0.4 V (vs. RHE). The catalyst showed long term stability and constant FE for ethanol over
16 hat —0.7 V (vs. RHE).

When using Ag-G-NCF as electro-catalyst for CO> reduction, the ethanol was obtained with
82.1 t0 85.2% FE at -0.6 to -0.7 V (vs. RHE) [130]. The pyridinic N species exhibited the
higher bonding strength toward CO* intermediate, and Ag particles gradually converted CO*
to OC-COH intermediate of ethanol production.

2.2.6. Applied potential

The product selectivity is greatly affected by the applied potential in ECO2R. As reported by
Chi et al. [35], the total FE increased from 2 % to 36.1 % with increase in cathode potential
from -1.4 V to —1.7 V (vs. SCE) and further increase in potential to -2.0 V (vs. SCE), the FE
decreased to 3.8 %. (Fig. 2.1a). However, the total CD increased with increasing applied
potential, the highest CD for ethanol (jetano) Was observed at -1.7 V (vs. SCE). It is common
that, at higher negative potentials, the selectivity for CO2 reduction products decreases and
selectivity for Hz production increases due to the mass transport limitation of CO; to the
electrode surface, as CO> has a poor solubility in aqueous electrolytes (~34 mM at 25 °C).
Similar trend was observed by Lee et al. [111] when using Ag-Cu20ps and Ag-Cu20psg in 0.2
M KClI electrolyte solution. Furthermore, when the overall current increased with applied over-
potential, a buildup of OH" at the electrode surface occurred, resulting rise in pH near electrode
surface (Fig. 2.1b). This decreased the local CO2 concentration at the electrode surface which
further decreased the FE of targeted products during ECO2R in H-type cell configuration. Ren
et al. [146] presented theoretical study on local pH values and CO> concentrations at the Cu

surface (using Cu-10 as the model). The local pH increased from 6.8 to 11.5, whereas the local
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CO:> concentration decreased from 34 mM to 6.5 mM as the simulated current increased to 90
mA cm [147].
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Fig. 2.1 (a) The Faradaic efficiency for C2HsOH as a function of applied potential using 3
dimensional spherical structure in the ~4 pm size CuO nanoparticles in 0.2 M KI electrolyte
solution [35], and using Ag-Cu20Ops, Ag-Cu20ps in 0.2 M KCI electrolyte solution [111]; (b)
Simulated local pH values and local concentration of CO2 as a function of CD on Cu-10
catalyst [146]

2.2.7. Electrolyte

Electrolyte plays a significant role in any electro-catalytic system as it interacts with reactants
and intermediate products. As a result, the electrolyte selection has gained lot of attention in
ECO2R. The main purpose of electrolyte is to transmit ionic charge between working and
counter electrodes. An electrolyte is made up of three components, i.e. the solvent, an inert
electrolyte or salt, and the electroactive species. A good solvent should have a high solubility
of COg, electrochemically stable, low viscosity, chemically compatible with electro-catalysts
and easy to handle, storage, and safe for transportation. Water is the most popular solvent for
ECO2R electrolyte since it has all the above features and can operate as both a proton donor
and acceptor, allowing for the formation of a variety of useful products. Different electrolytes,
such as aqueous electrolytes, solid oxide electrolytes, organic electrolytes, and ionic liquids
have been studied in recent years [22, 148-150]. Although CO: solubility in an aqueous
medium is low (for example, the concentration of CO> in aqueous 0.1 M KHCO3 is 33 mM at
25 °C) [151-153], many scientists prefer to work with aqueous solutions because of their
numerous advantages, including cost effectiveness, high ionic conductivity, and environmental
friendliness. KOH solutions (> 0.5 M concentration) are commonly used electrolyte in flow

cell configurations for excellent activity and selectivity of ECO2R products. It is attributed to

40

CO, concentration (mM)



its stronger electrolyte conductivity, low Ohmic resistance, and low over-potentials for ethanol
production [22, 154]. The presence of OH™ ions may reduce the energy barrier for CO
dimerization, increasing multi-carbon product compared to H> and C: products [155].
However, in semi batch reactor configurations, the highly alkaline KOH could not be employed
as electrolyte because of chances of bicarbonate formation by reacting CO, with KOH solutions
[156]. Stationary electrolyte (in H-type cells) increases the local pH near electrode surface
reducing ECO2R performance. In continuous flow cells, the gaseous CO: is transferred through
the GDE to electro-catalyst and finally to electrolyte, where ECO2R occurs immediately.

Wang et al. [80] reported the product distribution using different electrolytes and Cu nanosheet
electrode. The highest total FE was reported using 1 M KHCO3 solution (86.9%) at —0.4 V (vs.
RHE) as compared to other electrolytes such as KH2PO4 (1.0%, -0.9 V (vs. RHE)) and KCI
(54.7%, -0.5 V (vs. RHE)). Further, effects of electrolyte anions (0.1 M KCIO4, KI, KBr and
KCI electrolytes) on the ECO2R to C»+ products on Cu single crystal surfaces was studied by
Huang et al. [60]. The selectivity of ethanol and ethylene on Cu single crystal surfaces
increased as the electrolyte was changed from ClO4— CI'— Br'—I". For example, on Cu(100)
at -1.23 V (vs. RHE), as the electrolyte anion changed from CIO4 to I, the FEethanol increased
from 7 to 16%. The presence of an electrolyte anion can lead to increased adsorbed *CO
intermediate, which facilitates C-C coupling and the generation of multi-carbon products with
excellent selectivity. Karapinar et al. [127] studied effect of size of the cation on ECO2R and
reported that the bigger cations act as good buffering agents and thus enhancing local CO>
concentration. The ECO2R performance is improved in the order of Cs*™>K" >Na" >Li" with

the increasing cation size.
2.2.8. Temperature and pressure

ECO2R performance greatly affected by temperature and pressure because of CO2 solubility,
conductivity of electrolytes, viscosity, and its effect on mass transfer rates. The stability of
electrolyzer components like electrodes, membranes, and the sealing gaskets may also be
affected by temperature. Also, increase in pressure can increase the CO, concentration in the
electrolytic solution but also increases operational complexity and cost of electrolyzer [22], so
optimization of the pressure is necessary in designing ECO2R eletrolyzers. Ahn et al. [151]
performed ECO2R experiments at different temperatures ranging from 2.0 °C to 42.0 °C. While
increasing temperature, the dissolved CO, concentration in H20O is decreased (73 mM at 2 °C

to 21 mM at 42 °C) and increasing the bulk pH. At lower temperatures, more CO: is available
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for ECO2R reaction however at higher temperatures concentration of COz is less, thus HER s
more kinetically facile [157], resulting in higher selectivity for H,. Till now there is no
correlation is reported between electrolyzer temperature & pressure and product selectivity of

ECO.R
2.29. Membrane

Two types of membranes (anion exchange membrane (AEM) and cation exchange membrane
(CEM)) are commonly used in an electrochemical cell. The primary function is to transport the
charge between the electrodes and prevent the mixing of ECO2R products. The effects of using
CEM vs. AEM on polarization losses in a 1 M KHCOs electrolyte were studied by Singh et al.
[158] (Fig. 2.2). When AEM is used, the polarization loss increases by around 10 mV at 10
mA cm compared to when there is no membrane. On the other hand, when CEM is used, the
polarization losses increased to infinite with current density. The polarization losses in the
presence of a CEM are larger than those in the absence of a membrane or with an AEM.
Furthermore, the limiting current density achievable with a CEM is substantially lower than
with an AEM. Unfortunately, most of the studies are available using Nafion 117 CEM

membrane in both H-type and flow cell electrolyzers.
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Fig. 2.2 Comparison of polarization losses in the membrane-free 1 M KHCOs3 electrolyte with
the electrolyte separated by a cation exchange membrane (CEM) and anion exchange
membrane (AEM) [158]

2.2.10. Metal loading

Electro-catalyst is coated on the GDE as the active component to enhance the production of
ethanol and inhibit HER. Despite the fact that the amount of metal utilized is a major factor in
the economic consideration, there have only been a few studies reporting impact of metal

loading on ECO2R performance.
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In 2017, Yang’s group [159] reported ECO2R performance on different Cu NPs loadings
supported on carbon paper. The electrode with the highest loading (x22.5) exhibited the best
selectivity towards Co+ product. Recently, Xu et al. [69] reported five catalysts with increasing
Cu loading (i.e. 0.1, 0.8, 1.6 and 6 wt.%) over carbon support (XC-72). LSV results show that
increase of the Cu loading over these catalysts show a rise of ECO2R current density, since

more active metal sites are available for ECO2R or HER.

In other way, many reports [160-162] are available on optimizing quantity of catalyst material
on working electrodes. For this, electrodes containing various quantities of metal ranging from
0 to 10 mg cm were prepared and their performance is measured in terms of Faradaic
efficiency, specific current density, as well as the long term stability. A rise in electrode activity
at increased metal loading was reported due to increased roughness factors at a given over-
potential. In addition, as per some reports [160], reduced electrode activity at higher catalyst
loading (i.e., beyond 1.5 mg cm) is likely due to a particle agglomeration, which includes

poor accessibility of the active sites for the reactants.
2.3. Electrochemical cells

Apart from electro-catalysts and electrolytes, designing suitable electrochemical reactor is an
successful way to improve ECO2R efficiency, especially in terms of production rate [163].
Significant development has been made in the design and fabrication of novel electrochemical
reactors for ethanol production. A ECO2R process involves several key steps in any
electrolyzer system, such as (1) mass transfer of gas phase CO> to the bulk electrolyte, (2)
transport of dissolved CO2 and chemical absorption on the cathode surface, (3) proton
migration and/or electron transfer to break C—O bonds and formation of *CO, *COH, *CHO,
and *COOH intermediates at the cathode catalyst, (4) rearrangement of these intermediates to
form desired product, (5) desorption of product from electrode and transfer into bulk
electrolyte. The electrochemical reactors are broadly divided into two types based on their
method of operation.
e Batch/semibatch reactors

e Continuous reactors

Batch and semi-batch electrochemical reactors like the H-type cell (Fig. 2.3a) are often used
in ECO;R studies. H-type cell consists of a cathode (i.e. working electrode where CO-
conversion takes place) kept in cathodic compartment; an anode (i.e. counter electrode where

water splitting reaction takes place (2 H2O(1) — O2(g) + 4 H(aq) + 4e")) placed in anodic
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compartment; an electrolyte for the transfer of dissolved CO> to cathode surface for conversion
and to transport of ions between anode and cathode compartments; an ion-exchange membrane
to separate the anode and cathode compartments; and lastly, an external voltage source to
transfer electrons from anode to cathode [60, 158]. Due to its simple construction and low cost,
it allows for rapid testing of new electrolytes and electro-catalysts. Treatment of large volumes
of COz2 gases are not possible due to the low CO: solubility (0.034 M) in aqueous electrolyte
under ambient conditions [152] and slow CO> mass transfer rates to the cathode surface (even
with the vigorous stirring of catholyte), resulting in low measured current densities up to few
mA cm2. Furthermore, cations (e.g. Na*, K*) that move through the membrane accumulate in
the cathode compartment, and this accumulation will further decreases the CO2 solubility and

ECO2R selectivity during longer duration.

To solve these issues, the ECO2R was performed in continuous flow reactor assembly by many
groups [63, 67, 124, 129, 164] for its industrial applications. As shown in Fig. 2.3b, continuous
flow reactor includes current collectors for both electrodes, chambers for electrolytes,
membrane, and GDEs. For the working electrode, a GDE is commonly used, while the counter
electrode can be either a catalyst supported on a hydrophilic substrate or GDE. The catholyte
and anolyte chambers are separated by an ion-exchange membrane to prevent the mixing of
CO- reduction products in anolyte. The catalyst side of GDE is facing to the membrane and
other side is pressed against the current collector. To reduce the Ohmic drop on the anode side,
the working electrode is placed very close to the membrane. During operation, gaseous CO>
diffuses through the carbon substrate and microporous layer to the coated catalyst, where it
comes in contact with the catalyst and liquid electrolyte solution, allowing the ECO2R reaction
to occur. Many flow cell studies are available in the literature on different electrodes such as
micro-strain-rich CuO [46], nanosize In,O3 [106], grain-boundary-rich metallic copper [31],
CuDAT-wire [42], Cu [43, 88, 91], nanoporous copper—silver alloys [112], phase-separated
CuPd [165], Cu-Cul composite [124], chlorine-modified copper [63], fluorine-modified copper
[63], HKUST-1 [68], N-doped carbon supported Cu [164].
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Fig. 2.3 (a) Schematic illustration of H-type cell; (b) A figure showing the structure and
components of flow cell

2.4. Electrochemical reactions and mechanisms

As discussed in introduction section, the ECO2R is multi-electron and -proton transfer process
and involves different reaction intermediates. As a result, more than 16 different gaseous and
liquid products are formed in aqueous solutions [40]. Many researchers reported that the C2
species are generated by reacting two *CO intermediates adsorbed on the catalyst surface. With
this approach, the possible reaction pathway for ethanol and ethylene formation is shown in
Fig. 2.4. The coupling of two *CO intermediates into 2*CO is considered as a rate determining

step.

Initially, CO2 is adsorbed on the surface of electro-catalyst and forms adsorbed CO2(ad)
species. As CO- is a stable molecule, it requires a large negative potential to break down the
stable structure to form CO2(ad) species. A portion of the CO2(ad) species receives an electron
and then transforms into the transition state CO2(ad), a portion of which then interacts with the
surrounding H*, which is formed from H»0O, and is further converted into reaction intermediates
(like *COOH and then to *CO) at the catalyst surface and desorbed. *CO is confirmed to be a
common intermediate for the production of different valuable products, especially to produce
multi-carbon products [167]. For the multi-carbon production, the catalyst surface requires
strong binding ability for the CO intermediate during ECO2R, therefore generated *CO further
undergoes C-C coupling via multiple proton-electron (H*/e") transfer from solution to adsorbed
species formed on the surface of catalysts [166]. It has been widely reported that, the
nanostructured Cu electrode can stabilize both CO2(ady and CO* transition states, allowing for
further hydrogenation and isomerization to occur [80]. Sufficient surface coverage of reaction
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Fig. 2.4 Possible ECO2R reaction pathways on Cu metal based on recent work [166]. (Orange
bars indicates the catalyst surface and * indicate different adsorptive reaction intermediates)

intermediates (*CO) and favorable reaction energetics are needed for *CO dimerization to
occur. This can only happen if two C-containing adsorbates are close to each other [40]. *CO
dimerizes to form *C>O>" (a rate-limiting step), which is then rapidly hydrated to *CO-COH
through the Eley-Rideal (ER) mechanism with H.O + €™ (H20aq). The selectivity-determining
intermediate i.e. vinyl alcohol (*CH,=CHO) can be generated by further reduction of *CO-
COH. The pathway then divided into ethanol-forming and ethylene-forming pathways [98].
The protonation of a carbon in *CH>-CHO produces acetaldehyde, which is then converted to
ethanol by an ethoxy (*CH3CH20) intermediate [168].

2.5. Present status

Table 2.2 to Table 2.11 show the brief summary of ECO2R performance data for alcohol
production reported in the literature from 1985 to April 2021. Note that many parameters such

as electrode material, supports, cell configuration, electrolyte (composition and pH) and
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operating conditions are not consistent but this information is only meant to give a general idea
about the developments in ECO2R. Many electro-catalysts and reactor configurations have
been reported revealing a high activity and selectivity, but stability, reproducibility and
reusability is a challenge. Presently, most of electro-catalysts are studied in H-type
electrochemical reactors exhibiting lower current densities, which limit its use in large scale
application. Many research organizations around the world are working on different projects
to create a more effective technology and improved manufacturing process for alcohol
production using the ECO2R approach (Table 2.12).

For instance, CO- electro-reduction to CO with high Faradaic efficiency (FE) and low over-
potential has already been demonstrated [165, 169], and a few start-up firms are trying to
commercialize this technology [170, 171]. Mantra Energy, Canada, Techwin Co., Ltd. South
Korea, Det Norske Veritas, Norway scaled up the electro-catalytic CO> reduction process for
the production of formate/formic acid and CO. On the other hand, the production of alcohol is
still at lab scale due to poor catalyst stability, low selectivity, high over-potential, etc.
Therefore, Spurgeon et al. [172] suggested different possible routes for the synthesis of ethanol
and other high density liquid fuels through electro-synthesized CO. As shown in the route (i)
of Fig. 2.5a, the conversion of electro-synthesized syngas mixture (CO and Hy) to liquid fuel
i.e. ethanol by Fischer-Tropsch synthesis. The route (ii) suggests direct ECO2R to ethanol
which is more challenging as it involves the adsorption of *CO intermediates to electrode
active sites to enable C-C bond formation. Several attempts have been made to design electro-
catalysts for direct CO, to C2HsOH conversion. Marginal Faradaic efficiencies have been
achieved at high over-potentials [63, 67, 124, 129, 164]. The route (iii) is also aimed at
generating ethanol by ECOR, but it employs a two-step cascade system. In the first step, CO>
is first transformed to CO with high selectivity, and in next step, generated CO is electro-
reduced to ethanol with high selectivity at a low over-potential [57]. The two-step ECO2R to
ethanol cascade electrolyzer configuration (CO2 - CO-C;HsOH) divides the complex 12-
electron ethanol synthesis into two different reactions where optimum conditions can be used
for both individual reactions to increase ethanol selectivity at minimum over-potential. The

overall research progress in ECO2R is shown in Fig. 2.5b.
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Table 2.12 List of representative pilot commercial projects on the ECO2R to useful chemicals

Project Organization Description Reference
name
Opus 12 Opus 12 _ _Inc., CO, to chemicals https://www.opus-12.com/
Berkeley, California
Bayer Technology . http://co2chem.co.uk/carbo
ECORECT | 5orvices Science CO: to chemicals n-utilisation/ECO,Rect
Siemens  Gas and Egﬂsz;{fgnz -net/de/ rojekte/e
PhasKat Power GmbH & Co. | CO: to chemicals lek ' proJ
KG ektro-und-
photokatalyse/phaskat/
Converts CO2 emissions | https://www.thyssenkrupp.
Carbon2Che from top gases of the | com/carbon2chem/de/carb
ThyssenKrupp AG .
m steel  production  to | on2chem
chemicals
(a) r | (b) indamenta Proof of concept Commercial
mﬁ; COZZ ‘ F reiearcht | Bench scale | Pilot scale Dem::::;ation impll;irrnnl:l:lion impIeBr:loe:tt]ation
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Fig. 2.5 (a) Schematic of the pathways for ECO2R to liquid products for technoeconomic
analysis [171, 172], (b) Stages of research activity in ECO2R for target products (The denser
red color in the chart indicates sufficient research progress in that stage whereas blue areas
correspond to need more progress in that stage, indicating gaps in research activity for
different products.) [173]

2.6. Summary

After surveying the state-of-the-art of electrochemical CO- reduction, it is clear that catalyst
material and reactor configuration play important role in catalytic systems. Although enormous
efforts have been given to develop efficient electro-catalysts to increase the selective
production of ethanol at lab scale only, however, the state-of the-art CO> reduction catalysts
are still not suitable for industrial applications due to issues related to the CO- solubility, energy
efficiency, complicated reaction kinetics, production rate, and catalytic stability. Another need
is to improve the selectivity of the catalysts for such products which can be directly used as

fuels (e.g. hydrocarbons and alcohols). In spite of the significant efforts made for enhancing
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the Faradaic efficiency, there is scope for further improvement. Further, to overcome the high
over-potential issues, designing of new class of electro-catalysts 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 cannot be obtained with single metals.
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Chapter 3 — Experimental: materials, methods, and
characterization

3.1. Materials
3.1.1. Chemicals for preparation of electro-catalysts

Cupric chloride dihydrate (99.9%) (CuCl..2H20), Cu foil (99.7%, approx. 0.1 mm thickness),
hydrazine hydrate (80%) (N2Hs.H2O), and trisodium citrate dihydrate (99%)
(CsHsNaz07.2H20) were purchased from Loba Chemie Pvt. Ltd, India. Copper(ll) nitrate
trinydrate (Cu(NOz3)2:3H20), Zinc nitrate hexahydrate (Zn(NOsz)2-6H20), and sodium
carbonate (Na2COs3) were obtained from S. D. Fine Chemicals Ltd. (India). N-doped graphene
(purity >99%, thickness 1-5 nm, length 1-5 um, amine content 10-15 wt.%) was purchased

from the Platonic Nanotech Pvt. Ltd., India.
3.1.2.  Chemicals for electrochemical CO2 reduction experiment

Potassium bicarbonate (99.99 %) (KHCO3), Nafion® 117 solution ¢5 wt. % in a mixture of
water and lower aliphatic alcohols), cation exchange membrane (Nafion-117), sulfuric acid
(99.99 %) (H2S04) were procured from Sigma-Aldrich. Porous carbon paper (approx. 0.18 mm
thickness and 77 % porosity) was purchased from Ce-Tech Japan. Carbon dioxide (99.999%)
and nitrogen (99.999%) were procured from Sigma Gases and Services, India. All reagents
were used as received without any further purification. All the aqueous solutions were prepared

in double-distilled water.
3.1.3.  Chemicals for liquid product analysis

Methanol, n-propanol, iso-propanol, formic acid, ethanol, acetic acid, and sulfuric acid (all
HPLC grade, 99.9%) were also obtained from Sigma Aldrich. HPLC grade water (obtained
from S. D. Fine Chemicals Ltd) was used to prepare HPLC solvents. Deuterium oxide (99.9
atom % D) and dimethyl sulfoxide (DMSO, 99.7 %) were purchased from Sigma-Aldrich.

3.2. Methods
3.2.1. Preparation of electro-catalysts
Four different types of electro-catalysts were prepared in this work.

i.  Metallic Cu nanoparticles (Cu NPs)
ii.  Cu supported on N-doped graphene (Cux/NGN)

iii.  Oxide derived Cu-Zn nanoparticles (CuZny)
50



iv.  Oxide derived Cu-Zn nanoparticles supported on N-doped graphene (CuZny/NGN)

The detailed preparation method is given in subsequent chapters.
3.2.2.  Preparation of electrolyte solution

For ECO2R study, aqueous 0.1 M KHCOs electrolyte was used. Electrolyte solution was
prepared by mixing the corresponding amount of high purity KHCO3 (99.99 %) in double
distilled water and stirred for complete dissolution. High purity nitrogen gas was sparged in
the electrolyte solution for the first 30 min to remove any dissolved oxygen and then CO2 was
passed for another 30 min under stirring.

The value of pH was measured in 0.1 M KHCO3 solution as a function of time during purging
of N, at a flow rate of 20 mL min™t. The pH value was found to increase from 8.50 to 8.75
(Table 3.1) in 100 min. Increasing value of pH with time suggests that CO> dissolved in
solution is escaping due to continuous N2 flow as per equation 3.1. As CO> level is decreased,
more OH" ions are produced.

HCO, = CO,+ OH' 31

Table 3.1 The pH value of 0.1 M KHCO3 solution on continuous bubbling of high purity N> at
a flow rate of 20 mL min!

Time (min) 0 5 10 15 20 30 40 70 100

pH 850 854 857 860 861 862 864 870 875

The pH values were also measured during CO> purging to find out time required to reach CO>
saturation level in 0.1 M KHCOs. During continuous purging of high purity CO; at a flow rate
of 20 mL min, pH of the solution decreased from initial 8.50 to 6.96 in 30 min. After that, pH
value was stable (Table 3.2). Stable pH value suggests that the solution might be saturated with
CO2 in 30 min. Knonche et al. [174] suggested possible equation 3.2.

CO,+H,0 = H,CO, = HCO, +H" = COJ +2H" 3.2

Table 3.2 The pH value of 0.1 M KHCOs3 solution on continuous bubbling of high purity CO-
at a flow rate of 20 mL min!

Time (min) 0O 5 10 15 20 25 30 50

pH 850 817 793 717 7.03 699 696 6.96
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3.3. Physico-chemical characterization methods
3.3.1. 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).
This results in a spectrum, which represents the molecular absorption and transmission by the

sample. Each molecular structure produces a unique infrared spectrum.

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 a relative scale for the absorption intensity; a background spectrum must be created
with only KBr (without 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 electro-catalysts were obtained in a Bruker Vector 27 spectrophotometer to identify
the various functional groups present in the sample. The FTIR spectra of the electro-catalysts

were collected at a resolution of 4 cm™ in the 400-4000 cm ™ region.
3.3.2.  X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique widely used to
determine the elemental composition and oxidation states of elements at the surface of electro-
catalysts by excitation of inner orbital and bonding electrons by a focused X-ray beam. It also
determines the binding states of the elements. The XPS spectrum is obtained by measuring the

kinetic energy and quantity of electrons.

The XPS analysis of electro-catalysts was performed on ESCALB Xi* (Thermo
Fischer Scientific Inc., USA) system. A monochromatic Al-K, source operated at anode
potential of 15 kV is used on 900 um size area to record XPS spectra. The survey spectra were
recorded with a pass energy of 50 eV while the high resolution spectra with a pass energy of
20 eV operating at an anode potential of 15 kV and emission current of 10 mA. The pressure
in the analysis chamber was less than 2x107 torr. XPSPEAK41 software was used for the data
processing and the core level spectra were fitted with mixed Gaussian-Lorentzian convoluted

function (80/20) and Shirley function was used for background subtraction.
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3.3.3. Raman spectroscopy

Raman spectroscopy is a spectroscopic technique used to detect vibrational, rotational, and
other states in a molecular system, capable of probing the chemical composition of materials.
Raman spectra were recorded at room temperature using a Confocal LabRam HRS800

spectrometer (HORIBA Scientific, India) with 532 nm radiations.
3.3.4. Surface area and pore size distribution

The surface area of the synthesized electro-catalysts 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 (electro-catalyst). 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 calculated

to evaluate the surface area of the sample.

The surface area and pore volume of the electro-catalysts were determined by using a N2
adsorption-desorption isotherms, acquired using a physisorption apparatus (Autosorb i1Q
Station 1, Quantachrome Instruments, Germany) at -196 °C. Approximately, 0.3 to 0.5 g of
powder was placed in a test tube and allowed to degas at 473 K under vacuum for 12 h before
any adsorption measurements. 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
was inserted into the analysis port for further analysis at liquid nitrogen temperature. Multipoint
adsorption method was employed to obtain the results of Brunauer—-Emmett-Teller (BET)
surface area. Total pore volume (VP) of the prepared carbons was assessed from the amount of
N2 adsorbed at a relative pressure of 0.99 and micropore volume was estimated from t-plot
method [175]. The mesopore volume and pore size distribution were derived from the

adsorption branch of isotherm by using the Barrett—Joyner—Halenda (BJH) model [176].
3.3.5. X-ray diffraction (XRD) analysis

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 crystalline 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
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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 3.3.
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 this is carried out by comparison of d-spacings with

standard reference patterns.

n A= 2d sin® 3.3

Where L is the wavelength, d is the spacing between the two crystal planes, and 6 is the Bragg
angle, which is the angle between incident and reflected beam.

The crystallite size was calculated using Debey-Sherrer equation (3.4).
d= O.Qicose 3.4
,B .

Where A is the wavelength (0.154 nm), B is the line broadening at half the maximum intensity

(FWHM) and 6 is the Bragg angle.

X-ray diffraction (XRD) analysis of the electro-catalysts and electrodes was carried out using
an X'Pertt MRD (Malvern Panalytical Technologies, UK) X-ray diffractometer, with a
PIXcel®P detector and Cu Ka source (1 = 0.1543 nm, 40 kV, 30mA). Diffraction patterns were

recorded at a scan rate of 6° min~* between 20° > 26 > 80°.
3.3.6.  Scanning electron microscopy (SEM)

Scanning electron microscopy (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 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

54



analysis, and hence the same material can be used to generate images repeatedly. Hence, SEM

is termed as non-destructive analytical technique.

The SEM analysis was performed using scanning electron microscope (make: JEOL JSM-6510
LV) operated at 20 kV which was able to magnify the samples in the wide range of 10X to 20
kX. In order to avoid charging of samples under electron beam, samples were coated with gold

film (of 50 um thickness) in an automatic sputter coater (Polaron) prior to SEM studies.
3.3.7.  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 TEM analysis was performed using JEM 2100 transmission electron microscope (TEM)
(JEOL Ltd., Japan) operated at 200 kV. The samples for TEM analysis were dispersed
ultrasonically in appropriate solvent for 30 min. 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 a 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.
3.3.8.  Energy dispersive X-ray (EDX) spectroscopy

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 (z) > 3. In EDX spectroscopy, an electron beam
is focused 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 is displayed as spectrum of intensity vs. X-ray energy. The
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sample does not require any special preparation for EDX analysis. It is done in the same way

as in case of SEM or TEM analysis.

The EDX spectra of the electro-catalysts were obtained using INCA X-act detector (Oxford
Instruments, UK) connected to scanning electron microscope (SEM) (make: JSM-6510, model:

JEOL Ltd., Japan) and transmission electron microscope (make: JEOL, model: JEM 2100).
3.3.9. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) measures weight changes in a material as a function of
temperature (or time) under a controlled atmosphere. Its principle uses include measurement
of a material’s thermal stability, filler content in polymers, moisture and solvent content, and

the percent composition of components in a compound.

TGA analysis was performed on TGA Q500 (TA instruments, USA). In a typical experiment,
about 10 mg of sample was heated from 30 °C to 900 °C at a heating rate of 10 °C min! under

dry nitrogen at a flow rate of 50 cm® min™.

3.3.10. Hydrodynamic size distribution

The hydrodynamic size distribution of Cu nanoparticles was determined on Brookhaven 90
plus particle size analyzer. The measured autocorrelation function is determined on MAS
OPTION software by fitting the data in a lognormal particle size distribution function. From

the best fit, the hydrodynamic size was determined.

3.4. Electrochemical characterization

The most popular electrochemical characterization methods include cyclic voltammetry, linear
sweep voltammetry, rotating disk voltammetry, and electrochemical impedance spectroscopy.
Some techniques derived from these methods like electrochemical active surface area
(ECASA) are also used for electrode characterization. These methods give the information
related to electrode surface, like active surface area and surface activity. A good electrode
should have larger surface area and activity to enhance surface reactions. To study the stability
of electrode and product distributions at different applied potentials, chronoamperometry is

largely used. In current research work, following characterization techniques were used.
3.4.1. Cyclic voltammetry

Cyclic voltammetry is an electrochemical technique widely used for electrode characterization.

It consists in sweeping the potential along a triangular wave between two values using a certain
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scan rate (dU/dt) while measuring the current response (see Fig. 3.1). The outcome current
comes as a consequence of all the processes occurring at electrode at a specific potential. A
positive current is recorded if the processes at the working electrode assume net shuffling of
electrons in direction from the WE to the CE. Similarly, negative currents are measured in a
CV if the processes occurring on the WE involve transfer of electrons from its surface. This
means that not only processes of oxidation or reduction of the electrode surface are possible to
identify, but also all other processes that involve transfer of electrons such as oxidation or
reduction of atoms (metals) or molecules (gases or organic impurities), electrolyte adsorption,

surface reconstructions, as well as changes in double layer capacitance.
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Fig. 3.1 Typical excitation signal for cyclic voltammetry — a triangular potential waveform
with switching potentials at 0.8 V to -0.2 V vs. SCE

The cyclic voltammetry studies were performed in a high purity N2 as well as CO; saturated
0.1 M KHCO; electrolyte solution at a scan rate of 10 mV s between -0.2 V to -1.8 V (vs.
AG/AgCI).

3.4.2. Linear sweep voltammetry (LSV)

The electro-catalytic performance of the different electrodes was studied by recording LSVs in
COz and N saturated 0.1 M KHCO3 aqueous solutions. The electrodes were pre-reduced by
performing multiple scans at a scan rate of 50 mV s before each LSV experiments. In linear
sweep voltammetry (LSV), a fixed potential range is employed much like potential step
measurements. However, in LSV the voltage is scanned from a lower limit to an upper limit as
shown in Fig. 3.2. In current work, the LSV was conducted in N2, or CO saturated
environment at a scan rate of 10 mV s between —0.2 V and —1.8 V (vs. Ag/AgCl).
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Fig. 3.2 Typical excitation signal for linear sweep voltammetry
3.4.3. Electrochemical active surface area (ECASA)

The electrochemical active surface area (ECASA) has an important effect on the electro-
catalytic activity. Therefore, the ECASA of the electro-catalysts was evaluated by
electrochemical double-layer capacitance (Cai), which was obtained from the CVs taken within
non-Faradaic region at different scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s
1 Then the double-layer capacitance (Cdl) was estimated by plotting the current densities
obtained at midrange of applied potential range as a function of the scan rate. Further, it can be

calculated using the equation 3.5:

_d(ACD)
"7 2av, 33

Where, Vy is the scan rate (mV sec™?).
3.4.4. Chronoamperometry

In this method, a pulse potential is applied to a working electrode and the current passing
through the cell is determined versus time [177]. Such experiments receive the name of
chronoamperometry (Fig. 3.3), and they are mainly used to accumulate products of a reaction
at a given potential. CO> reduction is typically measured using this method. Operation at a
constant potential presents the disadvantage that contaminants may accumulate at the electrode

surface.
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Fig. 3.3 Typical excitation signal for chronoamperometry

3.5. Evaluation of electro-catalysts

The ECO2R experiments were performed using a “Wave Driver 20” Bi-potentiostat (Pine

Instruments, USA) with a three-electrode system in customized H-type cell as discussed below.
3.5.1. Experimental set-up

The H-type electrochemical cell was used to evaluate the electrochemical CO> reduction
performance of the prepared electro-catalysts. Fig. 3.4 shows the schematic representation of
the experimental setup used in the present study. It consisted of gas humidification system, H-
type electrochemical cell, liquid product analysis system and data acquisition and data
processing system. Gas humidification section consists of mass flow controllers, pre-mixer and
non-return valves. Two mass flow controllers (Bronkhorst, Netherlands), each for high purity
CO2 and N2, were used to regulate flow rates of pure nitrogen and carbon dioxide gases entering
the customized humidification chamber. Then the gas is passed through the cathode and anode
compartment of H-type electrochemical cell at a flow rate of 10 ml min™. The H-type
electrochemical cell (having 30 mL total volume of each compartment) made up of borosilicate
glass and filled with 20 mL electrolyte solution in each compartment where CO; is
continuously bubbled to maintain the CO. saturation level. Here, the electrolyte volume is fixed
to a minimum level to generate detectable quantities of CO reduction products. Anode,
cathode and reference electrodes are connected to electrochemical workstation “Wave Driver
20” Bi-potentiostat (Pine Instruments, USA) through connecting cable as shown in Fig. 3.4.
The silver/silver chloride (Ag/AgCl) containing saturated solution and platinum coil was used
as a reference electrode (RE) and counter electrode (CE), respectively. The carbon paper coated
with electro-catalyst was used as a working electrode (WE). Working electrode and reference
electrode were placed in the cathodic compartment, whereas platinum coil was placed in

another chamber (anodic compartment). Distance between RE and WE were kept minimum
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(0.5 mm) to minimize uncompensated solution resistance [178]. The actual photograph of
electrochemical CO- reduction set up with high pressure liquid chromatograph is shown in Fig.
3.5. The area of counter electrode is much larger than that of the working electrode, which can
reduce the polarization of the Pt electrode and prevent the dissolution of Pt electrode. Pretreated
Nafion-117 membrane was used to separate the anode and cathode compartments to prevent
diffusion of products generated at working electrode [109]. The process for the pretreatment of
Nafion membrane is given in section 3.5.3. During ECO2R experiments, all the potentials
measured against an Ag/AgCl reference were converted to the reverse hydrogen electrode

(RHE) by using the equation 3.6. All the experiments were carried out at ambient conditions.

Vvs.RHE :VmeasuredvsAg / AgCl + 0197 + 0059 * pH 36

At the end, liquid product is analyzed by HPLC and *H NMR as explained in section 3.6. of
this chapter.
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Fig. 3.4 Schematic diagram of the experimental setup
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Fig. 3.5 The actual photograph of electrochemical CO> reduction set up with high pressure liquid chromatograph for liquid product analysis
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3.5.2.  Preparation of working electrode

Surface preparation of purchased porous carbon paper was carried out to remove dust so that
electrochemical activity could truly be attributed to the coated electro-catalysts. For this, the
carbon paper was cut into 2 cm x 2 cm or 1 cm x 1 cm dimensions. These pieces were
ultrasonically treated in pure acetone for 5 min and then the carbon paper was properly dried.
The mixture of catalyst powder, Nafion® 117 solution and isopropanol was sonicated for its
uniform distribution. Obtained mixture is also called as catalyst ink. This catalyst ink was then
sprayed onto a carbon paper using N carrier gas. The ink coated carbon paper was dried at 60
°C for 2 h to remove the solvents. Dried carbon paper was denoted with corresponding coated
electro-catalyst and used as working electrode in further experiments. For example, carbon
paper coated with Cu nanoparticles electro-catalyst was denoted as Cu electrode.
Approximately 0.5 to 2.0 mg cm™ catalyst loading was achieved on different electrodes.

The detailed preparation method is given in subsequent chapters.

3.5.3.  Pretreatment of Nafion membrane

For separating the working and counter electrode compartments, proton conducting
membranes were used. The ionic conductivity of Nafion based membranes is high enough to
provide a fast transport of H* from the CE, where they are produced in Oxygen Evolution
Reaction (OER), to the WE compartment where they are consumed in CO2 reduction reaction.
Nafion 117 perflourinated membrane (0.007-inch-thick obtained from Sigma Aldrich) was
used. The membrane was carefully cut into pieces of appropriate size. The pieces of membrane
were then cleaned in 10% water solution of H.O2 by boiling for 1 hour. Afterwards, the Nafion
was boiled in 10 % H2SO4 for 1 hour, followed by several rinsing with ultrapure water. The
membrane pieces as prepared contain an excess of protons. In contact with the working
electrolyte, this proton excess could easily shift the pH value of the electrolyte to lower values.
To avoid this, the cleaned membrane pieces were sonicated for 1 hour in 0.1 M KCIO4 solution
to exchange the excess H™ by K*. Outline for pretreatment of Nafion membrane is shown in
Fig. 3.6.
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Fig. 3.6 Step by step procedure for Nafion membrane pretreatment [109]

3.5.4. Performance evaluation

During CO2 reduction several reactions run in parallel, including the hydrogen evolution
reaction as a competitive reaction (Table 1.1). Hence, initially, the approach was focusing on
what controls the activity and the selectivity of the catalyst at a set of fixed parameters (i.e.
electrolyte 0.1 M KHCO3, 20 mL catholyte volume, 20 mL min® CO- flow rate). The effect of
key governing parameters like electrolysis potential was explored to obtain the optimal
electrolysis condition. In the case of CO> reduction reaction, it is essential to not only measure
the total current densities (monitored by the potentiostat), but also to perform both qualitative
and quantitative analysis of all the reaction products coming from the entire catalyst surface.
For this purpose, bulk CO> electrolysis was performed in the H-type electrochemical cell at
ambient temperature and pressure. After a given time, the liquid products were collected, for
analysis using suitable methods and tools, such as HPLC and *H NMR. Experiments were
usually run for up to 120 minutes. Furthermore, care was taken to carry out product analysis
immediately after the reaction. Otherwise, the products could be lost due to various reasons
like loss of volatile products from the liquid phase. Then, effects of potential on the final
product concentration, production rates, and FE (i.e. selectivity) were studied for each
electrode. Kinetics was studied by Tafel analysis and dependence of CO> partial pressure on
product generation was also explored. Reusability and long term performance of the optimized
electrode was also studied for changes in surface morphology, exposure to impurities and

poisoning.

64



3.6. Analysis of reaction products

The information about the catalyst selectivity, thus on partial activities towards specific
compounds in relation to CO; reduction, relies on identification, detection and quantification
of all reaction products. A valuable indication of the accuracy of product quantification is
obtained by the total balance between the integrated charge measured by potentiostat and the
charge that would be required for the formation of all the detected products. There are several
techniques that can be used for the analysis of CO> electro-reduction products in order to access
the total charge. In this study, two different techniques were used for the detection of liquid
products, high performance liquid chromatography (HPLC) (useful for the gquantification of
carboxylic acids as well as alcohols) and nuclear magnetic resonance (*H NMR) (useful for all
products, especially identification of new products). To access the catalytic activities towards
different products, one must produce all products with concentrations higher than the detection
limits of the analysis methods. Also, comparing the productivity and Faradaic efficiency
equations (equation 3.7 and equation 3.8), one can easily conclude that there are two major
parameters influencing the concentration of liquid products in solution: total reaction charge
(at constant j dependent on the electrode roughness factor and the reaction time) and the
electrolyte volume. The minimum electrolyte volume was fixed for the equipment. Hence,
either high surface area of catalyst or longer reaction times may ensure meeting the required

concentrations.
3.6.1.  High performance liquid chromatography (HPLC)

Liquid chromatography has been employed primarily for detection of carboxylic acids, such as
formic acid, acetic acid, and alcohols. The principle of separation of the products in liquid
phase depends on the separation column used,; in this work it was based on different polarities
of the compounds. A small amount of liquid (20 uL) is manually injected through 1 mL sample
injection. The needle injects the aliquot to the mobile phase which passes through the column
for products separation (follow Fig. 3.7). A good separation is achieved by setting the optimal
values for temperature of the column, flow rate of the mobile phase, as well as its composition,
pH value, etc. Upon leaving the column, the separated compounds should be detected by an

appropriate type of detector.
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Fig. 3.7 Flow chart of the HPLC (high performance liquid chromatograph) system. Figure
reprinted from [179]

In this work, refraction index detector (RID) was used to detect the products.

Refraction Index Detector (RID): The differences in refractive index between the mobile phase
and the sample allow the detection and quantification by this method. Fig. 3.8 shows a beam
of light passing through a dual compartment flow cell. One of the compartments, filled with
pure eluent (mobile phase), is reference cell. Through the other compartment (sample cell)
flows both the eluate and the eluent (the mobile phase). A signal is obtained as a difference in

refraction indices of the contents of the two cells at different times.

Sample cell

e 4 bea™

Def\ede
Incident beam 1

Fig. 3.8 Principle behind detection in Refractive Index Detector (RID) in HPLC system

Reference cell

Equipment details and procedure: After every ECO2R experiment, samples were collected
from the reactor and analyzed (without any further treatment) with HPLC (1260 Infinity II
series, Agilent Technologies, Germany). Sample vials were placed in a low temperature
environment (10 °C) before injection and 20 pL of each sample was injected through a 0.22
pm Nylon syringe filter (Raj Analytical Solutions Pvt. Ltd. India). Hi-Plex H column (Agilent
Technologies, Part No. PL1170-68730) was used for product separation. The column oven was

kept at a constant temperature of 60 °C with a flow rate of 0.6 mL.min? of 1 mM H2SO4
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prepared in HPLC grade water (S. D. Fine Chem Ltd, India) as eluent. For identifying the
product concentration in the sample, the effluent stream exiting the column was passed through
a refractive index detector (Agilent Technologies, Part No. G71628). HPLC system was
conditioned along with a column for 6 h before analysis. After the analysis, the column was

cleaned for 1 h by passing 1mM H32SOsa.

Calibration of HPLC: The peak area in liquid chromatography is proportional to the compound
concentration. The HPLC was calibrated using known concentrations (0.05, 0.1, 0.25, 0.5, 1,
2.5 and 5 mM L) of formic acid, acetic acid, methanol, ethanol, and n-propanol prepared in
CO. saturated 0.1 M KHCOssolution. The product concentration in the sample was calculated
using the calibration curve (Fig. 3.9). Accuracy was checked every time with a standard
mixture of formic acid, acetic acid, ethanol and n-propanol (0.1, 0.5, 1, and 5 mM, respectively)
in CO; saturated 0.1 M KHCOg solution.
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Fig. 3.9 HPLC chromatograms of a) 5 mmol L standard mixture (i) and blank 0.1 M KHCO3
electrolyte solution (ii); b) HPLC chromatogram of fresh CO; saturated 0.1 M KHCO3 solution
taken before electrolysis (black), product collected after 2 h of electrolysis in N2 (red) and CO>
saturated (blue) at -0.8 V (vs. RHE) at Cu NPs/carbon paper; ¢) HPLC calibration curve for
methanol; d) HPLC calibration curves for formic acid, acetic acid, ethanol and n-propanol
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3.6.2.  Nuclear magnetic resonance (*H NMR) spectroscopy

NMR spectroscopy is a unique technique for identification of the compounds, based on the
magnetic properties of a given nuclei. In particular, *H-NMR, spectroscopy allows the
identification of different types of protons on a given sample. Moreover, the signals observed
in NMR are proportional to the concentration of each compound, so it facilitates an acceptable
quantification of almost all compounds with low detection limits. For this reason, *H-NMR
spectroscopy was employed as means of quantification of the products from CO electro-
reduction in alkaline media. This study involved strict considerations of cleanliness, use of
internal standards and chemical shift references, sample shipping and preparation, as well as
obtaining the calibration curves for some of the most interesting products and detection and
quantification on the unknown samples. It turns out that NMR was able to detect traces of
organic impurities coming from fingerprints, various types of plastics, gloves, etc. For
obtaining clean spectra, all the glassware, weighing cups, plastic pipettes and tubes used for
accurate measuring, weighing and storage of standard solutions should be cleaned of organic

impurities with piranha solution; plastics by multiple sonication in heated ultrapure water).

The basic NMR spectrometer analyzes using a magnetic field and a special detector to assess
the changes. The different components of NMR spectrophotometer are shown in Fig. 3.10. The
strength of the external magnetic field causes electrically charged nucleus to move from a lower
energy level (E1) to a higher energy level (E2) and the difference between E2 and E1 is
symbolized as AE which is dependent on the power of the magnetic field and size of the nuclear
field moment. The electromagnetic radiation rhythm attains the NMR signal with a frequency
(v) causing the nuclei to move to a higher energy level (E1/E2). When this electromagnetic
radiation is stopped, it causes the nuclei to relax and accomplish thermal equilibrium. This
release of energy from the nuclei is recorded in the form of spectra on the computer [180].
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Fig. 3.10 Schematic presentation of a typical nuclear magnetic resonance spectrometer showing the
relationship of various components (magnet, magnetic field, and detector). Figure reprinted from
[180]

Preparation of NMR standards for calibration: The absolute peak area in an the NMR
spectrum depends on several factors. That is the reason why the peak areas in NMR must be
compared to the peak area of an internal standard of known concentration to find the accurate
concentration of a specific product. Apart from use of internal standard, aliquots based on
aqueous solutions need to be added deuterized water (D2O) in order to suppress the wide peak

coming from water.

For each measurement, 1 mM DMSO solution was used as internal standard. DMSO stock
solution was made by dissolving a corresponding amount of DMSO in 0.1 M KHCOa. All

samples have been made up as follows:

All the standards were prepared in the working electrolyte solution (CO, saturated 0.1 M
KHCO:3). An accurately measured amount of high purity compound (liquid) was added in order
to make solutions of 5 mM, or in some cases 10 mM (to match the volume of ca. 50-100 uL
for pipette’s accuracy). These starting solutions were further diluted to obtain 2.5 mM, 1 mM,
0.5 mM, 0.25 mM and 0.1 mM solutions. A mixture of liquid products from ECO2R (500 pL),
D20 (200 pL), and internal standard (1 mM DMSO) (100 pL) was transferred into a nuclear
magnetic resonance (NMR) sample tube in order to collect NMR spectrum and obtain the

calibration curves (Fig. 3.11 and Fig. 3.12).

Equipment details and procedure: Spectra were recorded on nuclear magnetic resonance
spectroscope (Jeol INM-ECS 400, 400 MHz). The water peak was suppressed using solvent
suppression function. The time of d1 was 5 seconds and the number of scan was 64 in all the

NMR measurements. The peaks used for quantification are highlighted with green color in
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Table 3.3. The peak area of a given product is normalized to the internal standard and used to
determine the concentration of the product. Identical NMR acquisition parameters were used
for all measurements. Fig. 3.11 and Fig. 3.12 show the sample *H NMR spectra and calibration
curves for formic acid/formate, acetic acid/acetate, methanol, ethanol, and n-propanol.
Accuracy of the assay was checked before and after experimental runs, with a standard mixture
of formic acid, acetic acid, ethanol and n-propanol (0.1, 0.5, 1, and 5 mM, respectively) in CO>
saturated 0.1 M KHCO3 solution.

Analysis of unknown sample: Samples with unknown concentrations of compounds were stored
for short-term before shipping to the NMR facility, where DMSO was added as internal
standard. Shipping was done using thermally insulated packaging containing dry ice to avoid
evaporation of the volatile ECO2R products or their possible degradation at elevated
temperatures. After the measurement, the obtained peaks are identified and integrated and their
areas expressed relative to the internal standard peaks areas. The calibration curves are then

used to determine the unknown concentrations of the compounds detected.

Table 3.3 'H NMR peaks of the standards (Peaks used for quantification are highlighted.)

Assignment Chemical Shift

Probed nucleus Product name H splitting Chemical shift
HCOO- Formate S 8.33
CH3CH20OH Ethanol Q 3.53
CH3CH2CH20H N-propanol T 3.44
CH3OH Methanol S 3.23
DMSO Internal standard S 2.60
CH3C(=0)0- Acetate S 1.87
CH3CH2CH20H N-propanol Sextet 1.42
CH3CH20H Ethanol T 1.06
CH3CH.CH.0OH N-propanol T 0.77
S:singlet, T: triplet, Q: quartarate
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Fig. 3.11 Representative *H NMR spectrum of (a) the blank 0.1 M KHCOs electrolyte, (b)
standard mixture of 2.5 mmol L™ each of methanol, ethanol, n-propanol, formic acid, and
acetic acid, (c) liquid products after 2 h electrolysis at -0.8 V (vs. RHE) using CuzZn2o/NGN
catalyst, (d) liquid product after 2 h electrolysis at -0.8 V (vs. RHE) using CuO/NGN catalyst
(Only the peaks used for quantification are labelled.)
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Fig. 3.12 Calibration of six liquid products from known concentrations of standard solution
by *H NMR (The relative peak area of products is normalized to the peak area of DMSO.)
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3.7. Performance metrics

After ECO2R reduction experiments and analysis of liquid products, the performance is
measured in terms of productivity, selectivity (FE), activity (CD), and stability for longer

duration & reuse run test as mentioned below.
3.7.1.  Productivity

The production rate (in pmol h™* L) of all liquid products were calculated using equation 3.7:
Productivity=% 3.7

Where, N is product concentration (umol L) and t is a total electrolysis time (2 h).
3.7.2.  Selectivity

As multiple electrochemical reactions are possible on a single catalyst surface, an important
parameter in CO- reduction is the FE, also known as selectivity. This parameter can be used to
describe the percentage of charge consumed to different reaction products. An ideal catalyst
would minimize all competing reactions such that only a singular, target product is produced.
The FE for any product was calculated by using equation 3.8.

ZnF

Where, Z is number of electrons required to produce one molecule of product from CO2 (here,
Z = 2,8, 6, 12 and 18 for formic acid, acetic acid, methanol, ethanol and n-propanol
respectively); n represents the moles produced; F is Faraday’s constant (F=96485 C.mol™?); and

Q represents the total charge passed across the electrode (Q =1 xt where | represents the

current passed during electrolysis and “t” is the electrolysis time.).
3.7.3.  Activity

The rate that products are created within electrochemical reactions is most frequently reported
as geometric CD, denoted by j. CD is a function of the total applied current divided by the
planar area of active catalyst. The total CD measured accounts for all the reaction products
formed (HCOOH, CH3COOH, CH30H, CH3CH20H, etc.) and any catalyst surface reductions
that may occur. The CD can also be described using the electrochemically active surface area

rather than the geometric area to account for the explicit activity of the catalyst.
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3.7.4. Long term performance and reusability study

Electrode stability is one of the least studied aspects in literature but one of the most important
for industry. As commercial catalysts need to last for thousands of hours to be cost-effective
and reliable, the applied voltage, CD and selectivity of the electrolyzer should remain constant
during extended and cyclical operation. Unfortunately, high stability is difficult to achieve due
to the number of mechanical, chemical and electrochemical failures that can occur. It is
common for designed nanostructures to mechanically break-off, catalysts to dissolve and
redeposit elsewhere and for impurities in the electrolyte to contaminate the reduction catalyst.
Nevertheless, stability is an important design consideration for catalysts which show promise
in other performance metrics. Furthermore, the reusability of the working electrodes was also
studied. For this, electrodes were easily washed with water and then reused for next reaction

run under the same conditions.

In current research work, stability and reuse tests were performed at optimized conditions as

described in respective chapters.
3.8. Softwares used

i.  OriginPro 2016 64Bit software was used for fitting the experiments data, determination

of error, and to draw required 2D and 3D plots.

ii.  XPSPEAKA41 was used for fitting raw XPS data.

iii.  X’Pert HighScore Plus (2.2.0) software was used to process raw XRD data by
identifying possible crystal structures.

iv.  ImagelJ software was used to measure the particle sizes of NPs and to study particles
size distribution by SEM and/or HR-TEM images.

v. AfterMath (1.5.9509) to capture data points from electrochemical workstation and
process raw data wherever required.

vi. MestReNova (6.0.2-5475) was used to identify *H NMR data and quantification of
different liquid products.
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Chapter 4- Electrochemical CO: reduction on metallic Cu
nanoparticles (Cu NPs)

4.1. Synthesis of Cu nanoparticles

Citrate stabilized metallic copper nanoparticles were synthesized using the method reported by
Chatterjee et al. [181]. In brief, 60 mL of double-distilled water was taken in 500 mL of round
bottomed flask and 10 g of cupric chloride dihydrate was dissolved in it. The color of the
solution changed to royal blue, indicating the formation of hexaaquacopper(ll) complex ions.
Subsequently, about 10 g of trisodium citrate dihydrate was mixed to the above solution. Then,
the temperature of this precursor solution was raised to 60 °C. Hydrazine hydrate was heated
separately to 60 °C, and 20 mL of this was added in the Cu precursor solution (at once) under
vigorous stirring. After this, the solution turned to dark brown signifying the reduction of
CuCl2.2H,0 to metallic Cu. Stirring was continued for another 20 min and then the temperature
was lowered down to 25 °C. Obtained copper solution was kept undisturbed for overnight at
room temperature. During this step, suspended Cu NPs slowly settled at the bottom and clear
solution was obtained in supernatant. The settled material was thoroughly washed with water
and subsequently with ethanol then it was dried in vacuum oven for 15 h at 50 °C. Fine powder
was obtained by crushing dried nanopowder in a mortar-pestle. Schematic of synthesis of
citrate stabilized Cu NPs is given in Fig. 4.1.

Water
|
CuCl, 2H,0 —> Stirring | Temp=30+2°C
—_— Sti ‘ Temp.= 30 +2 °C
ERIv R0 r e 1{r1ng Time =15 min
Heating | Temp.=60+2°C
|
NH.H,0 — Heating > Stirring | 1mp-~60£2°C
] lme =20 min
C()Olijg ‘ Temp. =30+ 2 °C
Centrifuging —> Supernatant

Citrate stabilized Cu®

Fig. 4.1 Schematic of synthesis of citrate stabilized Cu nanoparticle

74



4.2. Preparation of working electrodes

Cleaned carbon paper (section 3.5.2. was cut into 2 cm x 2 cm dimensions. These pieces were
ultrasonically treated in pure acetone for 5 min. and then the carbon paper was properly dried
at 105 °C for 2 h. The mixture of 8+0.2 mg of the Cu NPs, 1 mL of IPA and 50 uL Nafion® (5
wt. % solution) was sonicated for 30 min in a 2 mL vial to obtain homogeneous catalyst ink.
Obtained suspension ink was dropped on to a pretreated carbon paper and dried under the
incandescent lamp. This was used as a working electrode (WE) and represented as Cu

NPs/carbon paper in further discussion.

4.3. Results and discussion

4.3.1. Physico-chemical characterization
4.3.1.1. X-Ray diffraction

The XRD pattern of citrate stabilized Cu NPs recorded from a powder sample, reflects three
diffraction characteristic peaks at 26 of 43.3°, 50.4°, 74.1° which are assigned to (220), (200),
and (111) planes of Cu cubic crystal respectively [JCPDS card no. 01-085-1326] as shown in
Fig. 4.2a. They also exhibit small peaks at 20 = 35.75° and 38.9° associated with the presence
of CuO phase [JCPDS card no. 01-089-5899].

4.3.1.2. X-ray photoelectron spectroscopy

XPS was used to study the oxidation state of copper. It shows the two strong peaks at 951.4 eV
and 931 eV, which correspond to Cu 2p12 and Cu 2pzr core levels respectively, confirming the
metallic structure of the Cu nanoparticles [182]. The deconvoluted XPS spectrum is shown in
Fig. 4.2b. Small satellite peak at 945.5 eV [112] was also observed suggesting that Cu NPs
contain some oxide (at least on the surface) in minor proportion. The XRD also indicated the
presence of CuO in the sample. It is important to note that because nano-sized Cu can be readily
oxidized by Oy, it is possible that the observed CuO phase was formed during sample handling

in air following insitu reduction [156].
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Fig. 4.2 a) XRD patterns and b) High-resolution XPS spectrum recorded for citrate stabilized
Cu NPs

4.3.1.3. SEM and TEM analysis

Morphology and dispersion of nanoparticles greatly affect the electrode performance and
selectivity [109]. Fig. 4.3a shows HR-TEM image of citrate stabilized Cu NPs together with
their selected area electron diffraction patterns (Fig. 4.3b). The particles are observed to be
nanostructured. The mean diameter of the Cu NPs is 20-30 nm. Large aggregates are observed
due to the separation of Cu NPs from solvent. Selected area electron diffraction (SAED) image
shows that Cu NPs are highly crystalline in nature with (111), (200) and (220) cubic planes of
metallic Cu. EDX analysis shows that all the peaks are related to the chemical composition of
nanoparticles and substrate, made of Cu, C, and O as shown in Fig. 4.3c. The elemental analysis
of the sample confirmed the formation of 99 wt. % pure Cu NPs, which is in good accord with
the results of XRD and XPS.

a)

100 nm
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Fig. 4.3 a) TEM image, b) SAED pattern, and ¢) SEM-EDX image of citrate stabilized Cu NPs

4.3.1.4. Hydrodynamic size distribution
The hydrodynamic size distribution histogram of citrate stabilized Cu NPs is shown in Fig. 4.4.

The mean hydrodynamic size of as synthesized Cu NPs was found to be 130 nm.
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Fig. 4.4 Hydrodynamic size distribution of citrate stabilized Cu NPs

4.3.1.5. N2 adsorption isotherms
Total surface area and pore size were studied by N2 sorption method. As shown in Fig. 4.5, the

effective pore diameter for Cu NPs is centered around 3-4 nm with maximum surface area of
630 m%.gL. The synthesized Cu NPs have lots of micropores and high surface area, which
favour the adsorption of CO2[183]. Summary of BET result is shown in Table 4.1.
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Fig. 4.5 (a) Nitrogen adsorption/desorption isotherm and (b) pore size distribution by t-plot

method of citrate stabilized Cu NPs

Table 4.1 Textural properties of Cu NPs (calculated from nitrogen adsorption-desorption)

Total surface | Micro pore | Total pore | Micro pore | Mesopore
Material area area volume volume volume
(m?g?) (m? g™ (cm* g (cm® g (cm® gt
Uit llpi 630 115 0.528 0.062 0.466
Cu NPs

4.3.1.6. Fourier-transform infrared spectroscopy

FTIR measurements were performed to study the surface modification of Cu NPs by citrate
ions. Fig. 4.6 shows FTIR spectra of (a) citrate stabilized Cu NPs, and (b) pure tri-sodium
citrate crystal. In FTIR spectrum of the pure tri-sodium citrate, the bands at 1386 cm™ and
1581 cm™ are attributed to the symmetric and asymmetric stretching of COO- respectively.
However, the FTIR spectrum of citrate stabilized Cu NPs shows many small peaks. Smaller
bands at about 1386 cm™ and 1561 cm™ pertain to the symmetric and asymmetric stretching
of COO- respectively. This low signal/noise ratio is attributed to low amount of citrate ions
with respect to the copper [184]. The band at 1270 cm™ and 1269 c¢m™* corresponds to the —
CO stretching in trisodium citrate and citrate stabilized Cu NPs respectively. Bonding of copper
with trisodium citrate through —CO functionalities was indicated by decrease in its spectrum
intensity of bands at 1270 cm™ and 1269 cm™. Also, a wide band at 3445 cm™ in pure
trisodium citrate and citrate capped Cu NPs attributed to —OH stretching suggesting the capping

of citrate ions on Cu surface.
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Fig. 4.6 FTIR spectra of pure tri-sodium citrate and citrate capped Cu NPs
4.3.2. Electrochemical characterization and performance measurement

4.3.2.1. Cyclic voltammetry (CV) study

Fig. 4.7a shows the cyclic voltammogram of the Cu NPs/carbon paper in N2 (inert) and CO>
saturated 0.1 M KHCOj taken at a scan rate of 10 mV s between -0.4 V to -1.2 V (vs. RHE).
Appreciable amount of CD response was observed in N2 (inert) and CO; saturated 0.1 M
KHCOs3 solutions. The CD observed in an inert atmosphere is primarily due to the electro-
catalyst reduction and HER [185]. The CD in CO; saturated electrolyte solution is observed to
be higher as compared to that in N> atmosphere. This increase in CD may be due to ECO2R
activity along with electro-catalyst reduction and HER. The saturation concentration of CO2in
0.1 M KHCO3 (= 35 mM) [13]) leads to a downward shift of the CD curves suggesting the
ECO2R activity along with HER [89].
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Fig. 4.7 a) CV curves of Cu NPs/carbon paper in the N2 (blue) and CO> (red) saturated 0.1M
KHCO:s electrolyte, b) Controlled-potential electrolysis curves for Cu NPs/carbon paper in 0.1
M KHCO3 with continuous CO; bubbling at 20 mL min™

79



4.3.2.2. Electrochemical COz2 reduction and product distribution

Since CO; reduction and water splitting both are occurring at applied potentials during full CV
study, it cannot give direct proof for any specific type of reaction occurring on the cathode
surface. Therefore, controlled-potential electrolysis (CPE) was studied in a range from - 0.4 to
-1.2 V (vs. RHE) for 2 h in CO; saturated 0.1 M KHCO3 solution with continuous CO2 supply
to produce the CO> reduction products. Fig. 4.7b shows the CD normalized by geometric area
versus time data for different applied potentials. It can be seen that a rapid decrease in CD from
very high to a low value was observed at initial stage and further, it got stabilized. No product
was observed (as per HPLC analysis) during this period, which indicates that all of the charge
supplied was consumed for the electro-catalytic reduction itself.

At all the studied conditions, a mixture of reduction product with different selectivity was
obtained, similar to reported in previous literature [35, 40, 186]. To verify the liquid products
derived from dissolved CO», the electro-catalytic experiment was performed in N> saturated
KHCO3 solution (without COz purging) at -0.8 V (vs. RHE). No peaks were observed in HPLC
analysis after electrochemical reduction for 2 h, indicating all liquid products were coming
from CO; rather than from the reduction of functional groups (i.e. HCO3", COO", CO) present

in stabilizing material of Cu NPs or electrolyte.

4.3.2.3. Electrochemical active surface area (ECASA)

The ECASA of the as-prepared working electrode after reduction was estimated based on the
double layer capacitance (Cq). More details on Cqi measurements were given in section 3.4.3.
The CVs were taken between 0.30 and 0.50 V (vs. RHE) at various scan rates as shown in Fig.
4.8. It can be seen that Cu NPs/carbon paper has the Cqi of 1.17 mF cm2, which is much larger
than that of bare carbon support (38 pF cm), suggesting its largest effective ECASA for
reduction of CO». Further, to estimate the surface roughness factor, the capacitance value of
bare carbon paper support was subtracted from the capacitance value measured for Cu
NPs/carbon paper, and divided by 0.036 mF cm? (reported capacitance value for
electropolished copper foil) [159]. High roughness factor of 31.44 indicates that prepared

electrode has more active sites for reduction of CO».
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Fig. 4.8 The cyclic voltammetry (CV) curves vs. RHE at the different scan rates (indicated by
different colors) for the calculation of double layer capacitance of a) bare carbon support and
c) catalyst coated electrode, The linear fitting of non-faradic current of various CV curves vs.
different scan rates of b) bare carbon support and d) catalyst coated electrode

4.3.3. Products vs. potential

Fig. 4.9 displays the concentrations of products, obtained after 2 h of reaction time at different
electrode potentials, which are divided into two groups viz., major and minor products. Formic
acid was identified as the major reaction product. At lowest applied potential (-0.4 V vs. RHE),
the formic acid/fomate concentration was about 58 uM. It was increasing with increasing
applied potential up to -0.9 V (vs. RHE) where a maximum formic acid concentration of 2.91
mM was observed and it decreased to 1.10 mM with further increase in applied potential to -
1.2 V (vs. RHE). Similar trend was observed for other minor products. The minimum
concentration of ethanol, n-propanol and acetic acid was detected at -0.8, -0.7 and -0.6 V (vs.
RHE), respectively. The final concentration of all these products increased with an increase in
applied potential from -0.6 to -1.0 V (vs. RHE), and a further increase in applied potential,
resulted in decreased concentration. This may be due to the limited availability of CO2 in CO>

saturated aqueous 0.1 M KHCO3 and the formation of gaseous products at such a high negative
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potential greatly restricts the formation of more complex multi-carbon liquid products in higher

concentrations.
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Fig. 4.9 Concentration of liquid products produced after ECO2R at different controlled
potentials

As shown in Fig. 4.10, formic acid formation rates at Cu NPs/carbon paper electrode are quite
high ranging from 29 to 1460 pumol L h't as compared to other products. Acetic acid yield
ranged from 6 to 10 pmol L h, ethanol yield ranged from 16 to 67 pumol L™ h' and n-
propanol yields from 16 to 26 pmol Lt h™l. No acetic acid, ethanol, and N-propanol was not
detected between -0.4 to -0.5 V (vs. RHE), -0.4 to -0.7 V (vs. RHE), and -0.4 to -0.6 V (vs.
RHE) respectively. Formation rates of products typically increased with potential from —0.4
V (vs. RHE) and reached a maximum near - 0.9 V (vs. RHE), then decreased significantly at
potentials more cathodic than - 0.9 V (vs. RHE) along with enhanced gas bubble formation at

electrode surface probably due to hydrogen evolution or gaseous product generation.
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Fig. 4.10 Productivity of liquid products at difference applied potentials

Though from a practical point of view, final product concentration and production rate hold
great relevance but the FE calculations are of critical importance for studying the product
selectivity. Fig. 4.11 shows the FE of liquid products as a function of applied potential. The
maximum formic acid/formate concentration was obtained at -0.9 V (vs. RHE), but the FE was
low (FEformate)= 25 %), which indicates that at this potential, the maximum charge was utilized
in the formation of other product(s). Highest FE for formate/formic acid was 45.4 % at -0.8 V
(vs. RHE). At lowest applied potential (i.e. -0.4 V), FEformate) Was 13.4 %. This is increased
with applied potential up to -0.8 V (vs. RHE) and on further increase in potential the FE formate)
decreased. This can be explained by considering the mass transport of the reactants to the
electrode surface. With an increase in current densities, significant reduction of the CO>
concentration at the electrode surface takes place due to higher rate of CO2 consumption and
stronger HER. Due to the higher concentration in the bulk and higher diffusion coefficient,
these protons become the dominant substrate. The maximum of 1.70 % FE for acetic acid was
found at -0.6 V (vs. RHE) with a high and stable average CD of -1.3 mA.cm. Similarly,
maximum FE ethanoty and FEn-propanoly Was around at -1.0 and -0.7 V (vs. RHE) with CD of -3.5
and -1.8 mA.cm respectively. Further, only formate was observed in liquid product using flat
metallic copper foil at all applied potentials (Fig. 4.12), which is consistent with a previously
reported ECO2R of Cu polycrystalline foil [40, 187, 188]. Therefore, it is concluded that the
porous structure of Cu NPs with more active surface area could facilitate adsorption and
desorption of CO2 and promote the accessibility of active sites, which are beneficial to the
ECO:2R process. This hypothesis is supported by the fact that the porous Cu NPs prepared in
this work was more effective than the non-porous metallic Cu foil reported by Yang et al. [189]
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and Sen et al. [190]. The FE values obtained in this work are compared with other published
reports in Table 4.2. Cu NPs used in this work represent one of the most effective electro-
catalysts that can reduce CO3 to liquid products. Moreover, the total FE for all liquid products
are less than 60 % at—1.2 V (vs. RHE), Therefore, remaining charge (i.e. 40 %) may have been

utilized in generating Hz, CO, etc.
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Fig. 4.11 FE for product formation at different applied potentials
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Fig. 4.12 a) Controlled-potential electrolysis curves for flat Cu foil in 0.1 M KHCO3 with
continuous CO2 bubbling at 20 mL.min, b) FE for product formation at different applied
potentials
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Table 4.2 Comparison of liquid products’ FE obtained in this work with literature reported values

Sr. Electrode :(\)Ft)srllit?;jl Electrolyte Formic =0 Acetic Reference
No. (V vs. RHE) Methanol acid Ethanol acid N-propanol
1 f\:;npopcerrystals 11 I<()H1CI\C/I)3 ! 20 > 11 ! [191]
2 ;‘éég(')%ee”"ed cu 1.0 2:933 NR 10 8.7 NR NR [34]
3 | cufoil 115 I(()chl\c/l)3 1 5 9.8 0.3 3 [40]
4 gﬂz]fi)"fg”"ed 0.98 2:933 NR 6 7.1 NR 5 [192]
5 | CuNPs/Cu disc 0.95 lleC'\& ND 4.54 12.8 0.4 6.65 [193]
6 :)::per NPsfcarbon | gg £H1C“£3 2 NR 16.6 0.6 12 [150]
7 | Polycrystalline Cu -1.41 Koll-llcl\gg NR 9.7 6.9 NR 3.0 [194]
8 Ei%mdems“ed -1 }leC“SS NR 22 NR NR NR [195]
9 Ei%mdems“ed 1.2 lngcl\gg NR 8 NR NR NR [196]
10 | Cu mesocrystals —0.99 rgﬁlcl\(/)lg NR 4.3 NR NR NR [197]
11 ga‘ljper NPsicarbon | g g 1o, NR 454 | 584 | 100 5,55 Present

“NR- Not reported
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4.3.4. Reaction kinetics/Tafe

The mechanistic insight on a Cu NPs and flat Cu foil was studied by Tafel analysis using partial
CD of formate in 0.1 M KHCOs solution. Tafel slope of Cu NPs and flat Cu foil was found to
be 154 mV dect and 206 mV dec™ respectively (Fig. 4.13). Decrease in the Tafel slope of Cu

NPs compared to flat Cu foil further demonstrates the inherently improved efficiency of Cu

NPs [188]. It is also observed

indicating the effect of another rate-limiting step. In this case, the other consideration is most
likely mass transport problems concerning the diffusion of products and reactants from / in the

nanopores [198]. More experiments were conducted to provide further insight into the

mechanism for reducing CO2 on
partial pressure was investigated
dependence on the concentration
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| plot

that, at higher over-potentials, Tafel slope has increased

Cu NPs. The dependence of CO: reduction activity on CO>

from 0.1 to 1 atm, which shows an approximate first-order

of COz in the electrolyte (Fig. 4.14).
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At lowest onset potential, only formate was observed which required two electrons. However,
at higher over-potentials, more reduced products were observed. This suggests that, formate is
generated with lowest kinetic barrier. Further, generation of C2-C3 products have higher
kinetic barriers [40], and are generated at higher over-potential. As stated earlier, similar trend
was observed for C2 and C3 product generation. For multi-carbon products, sufficient surface
coverage and favorable reaction energies are required [199]. C-C coupling rate was initially
increased with increasing over-potential and decreased with further increase in over-potential.
This can be due to the mass transport problems as explained in previous paragraph. There are
many possible explanations on reaction mechanism of different products. Based on some
reports, *CO intermediates are more strongly bound on the Cu surface and converted into
alcohols or hydrocarbons by *CO dimerization [194, 200]. It is also assumed that *CO
dimerization is the key step in the selective reduction of *CO intermediates to *C>0 or formyl
species (*CHO) to produce alcohols on copper electrodes [167]. The different reaction
pathways of Cu-based electro-catalysts and their corresponding main products (including CO,

CHa, CoHa, alcohols, etc.) are illustrated in Fig. 4.15. Here, * denotes a catalytic active site.

e~ H* +

. H + A
co, ------> Cco, —————— HC?O_ """" > HCOOH
| Hever
v
*CO ___*CO + H20
co < §
| \\ H++e_
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¥ " CH,
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57 | S
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y
C.H,

Fig. 4.15 Possible reaction pathways for the electro catalytic reduction of CO> to products on
Cu electrode (* in above equations denote a catalytic active site.)
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4.3.5. Long term performance and reusability study

The reusability of the working electrode after electrolysis was also studied. It is worth noting
that the electrode after use could be easily washed with water and then reused for next reaction
run under the same conditions. The FE of formate/formic acid could be maintained around
40£5 % for at least ten runs of repeated clectrolysis at — 0.8 V (vs. RHE) as presented in Fig.
4.16a, but the total FE of acetic acid, ethanol, and n-propanol reduced from 23% to about 5 %.
The electro-catalytic activity of copper for C2 products decreased significantly with the
deposition of poisoning species (i.e. graphitic carbon) on the electrode surface as reported by
Bard et al. [201] and other investigators [167, 202]. Also, metallic impurities from electrolyte
solution can be adsorbed on catalyst surface due to a higher rate of OH— production (or H+
consumption) and K+ transfer into the catholyte at higher current densities. This is supported
by appearance of K signal in EDX analysis after 20 h of ECO2R (Fig. 4.18). Hydrogen
evolution continued at this very negative potential on the poisoned surface, but CO> reduction
to products, which requires active Cu surface, decreased. Long term performance of Cu NPs
was also tested at constant cathode potential of —0.8 V (vs. RHE) for 20 h. The CD was kept a
steady value at around 2.5 mA cm throughout the duration of the test (in Fig. 4.16b). A slight

disturbance in CD was observed due to minor fluctuations in CO flow rate.
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Fig. 4.16 a) FE of products during reuse test performance and b) Long-time test performed at
-0.8 V (vs. RHE) cathode potential using Cu NPs/carbon paper as working electrode
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4.3.6. Post characterization

To further study the morphology and phase of electro-catalyst after the CO> electro-reduction
reaction for 20 h, post characterizations like SEM and XRD have been carried out, and the
corresponding results are shown in Fig. 4.17 and Fig. 4.18. Before ECO2R, the characteristic
XRD peaks at 26 of 43.3° 50.4 °, 74.1° are assigned to (220), (200), and (111) planes of Cu
cubic crystal respectively [JCPDS card no. 01-085-1326]. Two small peaks at 35.7 ° and 38.4
© are assigned to oxidized CuO and Cu.O species, respectively, indicating that the minor
amount of Cu* and Cu?* phase is also present in Cu NPs. After the ECO2R, the initial small
peaks at 35.7 ° and 38.4 ° of Cu?" and Cu* species disappeared due to the electrochemical
reduction. The metallic Cu remained in cubic crystal shape after long term performance for 20
h ECOzR, indicating the relative stability of the as-made Cu NPs. Furthermore, no apparent
changes were observed in morphology (Fig. 4.18), implying the good stability of the Cu NPs.
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Fig. 4.17 (a) XRD patterns of Cu NPs/CP before and after electro-catalytic test
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Fig. 4.18 SEM image and corresponding EDX analysis of Cu NPs/CP before and after ECO2R,
In EDX spectra, C signals arise from carbon paper, stabilizing agent and Nafion, O and F
elements are attributed to Nafion

4.4. Conclusions

Copper nanoparticles having a high surface area (630 m? g) and total pore volume of 0.528
cm?®.gt with micropore volume of 0.062 cm®.g™! have been synthesized and found to be in pure
metallic state. The electro-catalytic properties of the nanoparticles towards CO; reduction to
chemicals in aqueous electrolyte have been studied. The synthesized nanoparticles show
electro-catalytic reduction activity towards formate/formic acid, acetate, ethanol and n-
propanol formation after coating on the carbon paper. In 2 h ECO2R, total ~58% FE is observed
for the liquid products. The favorable electrode potential is fund to be 0.8 V (vs. RHE) and at
this potential, the concentration of formic acid/formate, acetic acid, ethanol and n-propanol are
about 2.35, 0.013, 0.050 and 0.032 mM respectively. It is believed that nanoporous Cu NPs
have great potential in developing efficient and green routes for ECO2R to produce useful

chemicals and fuels.

(This work has been published in Applied Surface Science, 537 (2021) 148020. DOI:
https://doi.org/10.1016/j.apsusc.2020.148020 (IF =6.707))
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Chapter 5- Electrochemical CO: reduction on metallic
Cux/NGN

5.1. Synthesis of Cux/NGN

In the first step, the mixture of 200 mg NGN and 200 mL deionized water was sonicated for
30 min to obtain a uniform dispersion. Then, under continuous stirring, the desired amounts
of copper(lIl) chloride salt and tri-sodium citrate were added. The homogeneous suspension of
the NGN consisting of Cu ions and citrate ions was heated to 60 °C in a water bath. The desired
amount of preheated (60 °C) hydrazine hydrate was then added gradually and stirred for another
30 min to reduce copper(ll) chloride salt and allow Cu nanocrystal growth on the surface of
NGN. Later, the temperature of suspension was lowered to room temperature and dispersed
Cux/NGN (here, x represents wt.% of copper on NGN) was separated by centrifugation. The
supernatant was discarded and the sediment consisting Cux/NGN was washed by ultrapure
water and ethanol for several times. Finally obtained catalyst was then dried overnight at 80
°C. The amounts of the precursors and reagents used for preparation of all the electro-catalysts
are listed in Table 5.1. The block diagram for the synthesis of Cux/NGN is shown in Fig. 5.1.

Table 5.1 Amounts of ingredients used in the preparation of Cuy/NGN catalysts

I e e R e
(mg) (gm) of Cu (wt.%0)

1 NGN 200 0.00 200 5 2 0

2 Cu1/NGN 200 59.60 200 5 2 10

3 | Cu/NGN | 200 | 133.66 200 5 2 20

4 | Cux/NGN | 200 | 230.09 200 5 2 30

# The amount of NazCsHsO7-2H0 is adequate for complexing Cu?*
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Fig. 5.1 Block diagram for the preparation of Cuy/NGN

5.2. Preparation of working electrodes

The working electrode was prepared using following procedure. The mixture of electro-catalyst
powder (4 mg), iso-propanol (1 mL), and Nafion solution (30 puL) was sonicated for 30 min to
obtain homogeneous catalyst ink. One part of obtained ink (250 uL) was coated on the
pretreated carbon paper (refer section 3.5.2. to get 1 mg cm catalyst loading. Further, coated

carbon paper was dried overnight in an oven at 80 °C to obtain a final working electrode.
5.3. Results and discussion

5.3.1.  Physico-chemical characterization

5.3.1.1. X-Ray diffraction (XRD)

The crystal structures of the Cux/NGN were studied by XRD analysis. Fig. 5.2 shows the XRD
patterns of the four electro-catalysts of different Cu loadings. The peak at 26 = 26.18° shows
the diffractions of the (002) planes of crystalline structure of NGN (JCPDS# 03-065-6212).
For all the Cux/NGN catalysts, other than the characteristic NGN peak, diffraction peaks of
cubic metallic Cu phases of (111), (200), and (220) at 260 = 43.38°, 50.30°, and 74.01°
respectively, were identified (JCPDS number 01-085-1326). This indicates that Cu NPs were
successfully deposited on the surface of NGN. Interestingly, stronger peak intensities were
observed for higher Cu loading than the lower Cu loading on NGN. This reveals that the
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formation of larger size Cu NPs due to agglomeration at higher loadings resulted in stronger
XRD pattern. Also, the intensity of diffraction peak of C for NGN is decreasing with an
increase in Cu loading due to the relatively higher peak intensities of Cu than that of NGN.
Sample also shows two small peaks at 20 = 35.75° and 78.6° associated with the presence of
CuO phase [JCPDS card no. 01-089-5899] in minor quantity. Nano-sized Cu can be readily
oxidized by Oz present in air during sample handling following in situ reduction [156]. Energy
dispersive X-ray analysis of Cux/NGN also supports this finding as presented in Fig. 5.7. The
Debey-Scherrer’s equation (equation 3.4) [203] was used to calculate crystallite sizes (d). For
this (002) NGN peak (at 26 = 26.18°) and (111) copper peak (at 26 = 43.38°) were used to
calculate NGN and Cu NPs crystallite size respectively and the results are shown in Table 5.2.
It is found that with increasing Cu loading on NGN, the crystallite size of Cu NPs increased

from 17.50 to 32.53 nm, suggesting a possible grain growth.
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Fig. 5.2 XRD patterns of NGN, Cu1o/NGN, Cu20/NGN and Cuzo/NGN

Table 5.2 XRD analysis results for the NGN and Cuy/NGN catalysts

Catalyst sample | FWHM (26) Crystallite size (nm)
NGN 0.6368 13.39
Cu1/NGN 0.5132 17.5
Cu20/NGN 0.3814 23.42
Cuzo/NGN 0.2746 32.53




5.3.1.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to study the surface composition of the
electrodes. The presence of C, N, O and Cu elements in the survey spectrum (Fig. 5.3)
demonstrates that Cu is present in NGN. The total N-content of 2.36, 2.13, 1.75, and 2.13 atom
% was observed in Cu20/NGN, NGN, Cu1o/NGN and Cuszo/NGN respectively. The N 1s XPS
spectra of Cu20/NGN, NGN, Cu10/NGN and Cuso/NGN (Fig. 5.4) were deconvoluted into three
main component peaks, corresponding to pyridinic N (398.2 eV), pyrrolic N (400.5 eV) and,
graphitic N (401.3 eV) [77, 204]. The percentage of pyridinic, pyrrolic, and graphitic N atoms
were 21/60/19, 27/67/6, 28/54/18, and 21/68/11 for NGN, Cuio/NGN, Cu20/NGN, and
Cuso/NGN, respectively, indicating similar nitrogen groups for all the samples. Many authors
have reported that pyridinic N and graphitic N contents adjacent to carbon atoms provide active
sites for ECO2R and the presence of pyrrolic-N suppresses Hz evolution reaction (HER) [21,
205]. Therefore, the high content of pyridinic-N and coexistence of pyrrolic-N and graphitic-
N in the Cux/NGN would exhibit a high electro-catalytic activity towards ECO2R.

The surface composition and oxidation state of Cu inside the Cux/NGN was analyzed by the
high resolution Cu 2p XPS spectra. The characteristic doublet peaks were observed at ~934.1
eV and 953.8 eV in all Cux/NGN samples (Fig. 5.5), which is related to Cu 2p3/2 and Cu 2p1/2
respectively confirming the presence of Cu® /Cu*. The shake-up satellite peaks observed at
941.4 eV and 944.6 eV are typical characteristics of presence of CuO on the surface [206].
Moreover, the difference between Cu 2p3/2 and Cu 2p1/2 core-level peak regions is of 19.7
eV which also confirms the presence of Cu® /Cu* only. In general, since the binding energy
values of Cu® and Cu* regions are very close to each other, it cannot be differentiated.
Therefore, to confirm the different oxidation states of the sample present in the surface, the
peak positions of LMM-2 Auger transitions were used. From the LMM-2 Auger spectrum, the
peak position at 569.0 eV corresponding to the presence of elemental Cu only (88.13 atomic

%) [207] with small amount of CuO (11.87 atomic %) on the surface is confirmed.
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Fig. 5.3 Full XPS spectra of NGN, Cu1o/NGN, Cu20/NGN and Cuzo/NGN
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Fig. 5.4 The XPS spectra of deconvoluted N1s peak of Cuio/NGN, Cu20/NGN, and Cuz/NGN
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along with Auger spectra

5.3.1.3. SEM-EDX analysis

Fig. 5.6 shows SEM images of all four electro-catalysts. NGN shows smooth and wrinkled
texture. SEM images of Cuio/NGN and Cu2o/NGN show that the Cu NPs are homogenously
dispersed on the NGN surface. However, further increase in the Cu loading, agglomeration was
observed as a result, particle size increased. These results are also supported by XRD. The
energy dispersive X-ray spectra (EDX) of Cu/NGN (Fig. 5.7) shows the presence of copper
and carbon in the sample. This depicts that the Cu is successfully deposited on NGN. Uniform

distribution of metals on support enhances the activity of the electro-catalysts [208].
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5.3.1.4. TEM analysis

The dispersion of Cu NPs on sheet-like NGN was confirmed by TEM (Fig. 5.8). Moreover,
increasing the concentration of Cu resulted in the formation of larger particles and
agglomerates, suggesting less active sites for CO> reduction [209]. HR-TEM image (Fig. 5.8
inset) shows crystalline domains with an estimated interlayer distance of 0.214 nm, which can
be directed as the (111) plane of Cu. The SAED patterns of Cux/NGN (Fig. 5.9) show well-
aligned bright spots with concentric diffraction rings specific to different crystalline planes,
suggesting a polycrystalline area consisting of randomly oriented crystallites.

Fig. 5.6 SEM images of NGN, Cu10/NGN, Cu20/NGN and Cuszo/NGN
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Fig. 5.7 SEM images of NGN, Cu1o/NGN, Cu20/NGN and Cuzo/NGN along with EDS spectra
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Fig. 5.8 TEM images of NGN, Cu10/NGN, Cu20/NGN and Cuzo/NGN along with high resolution
transmission electron images centered on Cu surface (The inset is an enlargement of the lattice,
corresponding to atomic plane of Cu.)
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Fig. 5.9 SAED spots and ring patterns of NGN, Cuio/NGN, Cu20/NGN and Cuzo/NGN

5.3.1.5. Raman spectroscopy

Raman spectroscopy was performed on the samples to characterize structural features of
carbonaceous materials. The D-band and G-band peak positions are centered at 1350 cm™ and
1575 cm™ respectively (Fig. 5.10). The ratio of ld/lg (intensity of the D-band to G-band) of the
Cux/NGN samples (1.14) is lower than that of the NGN sample (1.83). This indicates that the
Cu NPs anchored at the defect sites rather than at ordered surfaces of the NGN. This improves
the electron flow, thus enhancing the CD, ultimately giving efficient reduction of CO; to
different value added products [210]. Additionally, peak which appeared at approximately 620
cmtin Cuy/NGN is an indication of presence of CuO [211]. The obtained results are supported
by SEM, TEM, XRD, and XPS as discussed in previous sections.
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Fig. 5.10 Raman spectra of NGN, Cu10/NGN, Cu20/NGN and Cuszo/NGN
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5.3.1.6. Nz adsorption isotherms

The surface area and pore size distribution of the electro-catalysts were studied by Brunauer-
Emmett-Teller (BET) method. As shown in Fig. 5.11a, the NGN shows a type IV adsorption
isotherm with a hysteresis loop in the P/Po range of 0.4-1.0, indicating the formation of micro,
meso- and macropores in the sample [212]. The Cuio/NGN, and Cu20/NGN show type IV
isotherm with larger amounts of meso- and macro-pores of ca. 10-30 nm in diameter, as
evidenced by DFT pore size distribution analysis (Fig. 5.11b). The Cuz/NGN also shows type
IV isotherm but having low surface area and less porosity. The obtained BET specific surface
area is 41.56, 17.04, 16.2, and 10.28 m? g for NGN, Cu1o/NGN, Cu20/NGN and Cuso/NGN,
corresponding to the total pore volume of 0.1292, 0.0849, 0.0124, and 0.01 cm® g%,
respectively. The specific surface area decreased with increase in Cu loading due to
contribution of low surface area Cu NPs compared to NGN. The hierarchically porous structure
of NGN promotes mass transfer during the ECO2R process and provides more active N2-doped

sites, thus enhancing the ECO2R performance [204].
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Fig. 5.11 (a) Nitrogen adsorption/desorption isotherm and (b) pore size distribution curves of
NGN, Cu10/NGN, Cu20/NGN and Cuzo/NGN

5.3.2.  Electrochemical characterization and performance measurement

5.3.2.1. Linear sweep voltammetry

LSV measurement was performed to study the electrochemical behavior of different Cu loaded
electro-catalysts on the ECO2R. For this, the linear sweep voltammograms were recorded in
N2 and CO> saturated 0.1 M KHCOs3 solutions between 0.4 to -1.4 V (vs. RHE). The current
densities of the NGN and Cux/NGN with different loadings of Cu NPs (10 to 30 %) were also
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plotted as a function of potential range as shown in Fig. 5.12. The CD increases with increasing
potential for all tested samples. Under N saturation, the CD observed is -4.8 mA cm™ at -1.0
V (vs. RHE). This current is mainly due to the HER [210]. But in case of CO: saturated
electrolyte, the corresponding CD observed at -1.0 V (vs. RHE) is -8 mA cm™. The higher
value of CD in the CO> saturated 0.1 M KHCOg is due to the occurrence of two different
reactions: CO; reduction [109] and HER. H: evolution is an unwanted side reaction in this

process as it consumes significant amounts of electrical energy that was meant for ECO2R.

In general, the ECO2R performance is increased by increasing the active metal content in the
electro-catalysts. More active sites on surface provide better reaction performance [213]. The
LSV results show that the high current densities are recorded for a loading of 20% Cu NPs for
the entire potential range, which is therefore considered as optimal loading. Moreover,
supporting Cu NPs on NGN surface enhances the ECASA making more active sites for CO-
within the pores for effective ECO2R. Also, it traps electrons and assists in enhancing the rate
of conversion of the intermediates of *CO>" to valuable products. Availability of electrons with
surface-bound protons enhances the CD, which results in more CO> reduction at lower over-
potential. The CD value decreased in 30% Cu NPs loadings compared to 10% and 20 % Cu
NPs loading. This decrease in the CD can be ascribed to the formation of agglomerates at higher
loading which results in increase in crystallite size, which is further confirmed by different
physical characterization methods (i.e. SEM, TEM, and XRD). Therewith, at higher Cu NPs
loading, the surface area decreased due to generation of large clusters on the support, which

decreases the availability of active sites.
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Fig. 5.12 LSV curves of the various electro-catalysts in N2 and CO»-saturated 0.1M KHCOs3
aqueous solution
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5.3.2.2. Electrochemical CO2 reduction and product distribution

In water, CO2 can exist in three different forms i.e. CO2(ad)/ H.COs, HCO3™ (H* aq + CO3%")
and COs? depending on the solution pH [64]. The most electro-active species present between
pH 2 and 8.5 is in the form of CO,(ad)/ H.COzand HCO3~ (H*aq + CO3?"). Above pH 8.5, only
CO3? is present and is considered as less active for ECO2R. The concentration of more electro-
active species (CO2(ad)/ H>.COg) is increased by lowering pH of solution, on the other hand, a
pH value less than 4.5 increases the HER. Therefore, the final pH of the electrolyte is
maintained at 6.9. The reduction potentials of HER and CO> reduction are almost the same in
the aqueous medium [40]. Thus, the CD observed in the LSV was not only for the reduction of
COz but also for Hz gas generation. Therefore, to differentiate current consumed in ECO2R and
HER, the constant potential electrolysis was performed between -0.6 and -1.2 V (vs. RHE) for
two hours. Final liquid products were quantified by HPLC and *H NMR. Formate, acetate,
ethanol and n-propanol were observed in the liquid phase.

The highest charge was transferred by Cu20/NGN electro-catalyst at all applied potentials (Fig.
5.13). Also, as expected, the CD of the ECO2R increases with increase in Cu loading until it
reaches 20% and then decreases with further increase in Cu content in NGN support as shown
in Fig. 5.14. This observation is consistent with the results obtained from the LSV. Also, the
Cux/NGN electro-catalysts with different Cu loadings show different electrochemical behavior

in the formation of liquid products.

Fig. 5.13 Total charge obtained as a function of applied potential on different electro-catalysts
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Fig. 5.14 CD vs. time curves for NGN, Cu10/NGN, Cu20/NGN, and Cuso/NGN in CO, saturated
0.1M KHCOs aqueous solution for different applied potentials

5.3.2.3. Electrochemical active surface area (ECASA)

The electrochemical double layer capacitance (Ca) was estimated in N»-saturated 0.1 M
KHCOs solution. Compared with blank carbon paper, Cqiincreased by many times with electro-
catalysts coated carbon paper (Fig. 5.15 and Fig. 5.16). Also, as expected, Cux/NGN exhibited
1.5 times higher Cq than that of NGN, showing that the addition of Cu on NGN enhances the
intrinsic activity of the electro-catalyst and indicating larger ECASA, and its remarkably larger
amount of active sites. Notably, Cu20/NGN showed the Cq value of 10.49 mF cm™ and that of
NGN (4.12 mF cm), Cu1o/NGN (6.98 mF cm) and Cuso/NGN (6.53 mF cm?). Obtained Cal

values were in line with the CD values obtained in linear sweep voltammetry.
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5.3.3.  Products vs. potential

NGN-only electrode (without copper) converts CO> to only formate with a production rate of
461 umol Lt h at -1.0 V (vs. RHE) (Table 5.3). On the same applied potential of -1.0 V (vs.
RHE), Cu NPs loaded NGN shows different electrochemical behavior. The product formation
rate of ethanol was nearly three times using Cuzo/NGN than Cuio/NGN and Cuzo/NGN (90 vs.
31 umol Lt h™). In addition, acetic acid was observed on CuxyNGN electrode with a production
rate of 20-50 pmol L* h at -1.0 V (vs. RHE), whereas NGN produced only formate. The
multi-carbon production is increased due to the synergic effect between Cu and N-doped active
sites in the electro-catalyst. The increase in ECASA could be one of the key contributors to the
enhanced catalytic activity of Cux/NGN because larger ECASA could provide more
catalytically active sites for ECO2R. Furthermore, as illustrated in the previous reports
regarding N-doped carbon electro-catalysts [214, 215], the pyridinic N species provide more
active sites, and has higher catalytic ability for ECO2R [70]. In general, pyridinic N, present on
the carbon-based electro-catalyst, might adsorb the COOH* or CO* reaction intermediates
[216]. In addition, pyridinic N functionalized on N-doped carbon could be assigned to sp?
hybridization, resulting in improved electronic conductivity [130]. Fundamental studies
showed that increasing the surface concentration of CO* by stabilizing chemisorbed CO* on
the Cu metal promotes reaction rate for C—C coupling in ECO2R [194]. The above findings
suggest that, due to the effect of pyridine N and Cu metals in the electro-catalyst, Cuxo/NGN
provides high conductivity and more active ECO2R sites. Additional experimental and
theoretical works are needed to illustrate the synergic and interfacial effect on reaction paths
to multi-carbon product formation on Cux/NGN catalysts. To verify the liquid products
generated from dissolved COg, the electrochemical experiment was performed in N2 saturated
0.1 M KHCO:s solution (without CO2 purging) at -1.0 V (vs. RHE) for 2 h. No peaks were
observed in HPLC analysis, indicating that all liquid products were coming from CO. rather
than from electrolyte.

Achieving high FE is still a great challenge for electrochemical CO: reduction, especially for
producing multi-carbon products such as CoHsOH. Here, FE for CO> reduction on Cux/NGN
was determined to further evaluate their performance (Fig. 5.17). Notably, Cu2o/NGN gives
maximum FE for multi-carbon alcohol generation. This is supported by its highest charge
utilization tendency (Fig. 5.13) in the range of —0.6 to —1.2 V (vs. RHE) and its high ECASA
amongst other catalysts. The FE of CoHsOH formation by Cu2o/NGN increased on increase in

potential from —0.6 to —1.0 V (vs. RHE), reaching a maximum (25.72%) at —1.0 V (vs. RHE),
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and further increase in potential it decreased (15.2%). A similar pattern was observed for the
Cu1o/NGN and Cuso/NGN electro-catalysts. NGN alone as electro-catalyst produces only
formate with maximum 36.72% FE at -1.0 V (vs. RHE). Further increase in applied potential
to -1.2 V (vs. RHE), FE decreases to 26% due to competition from H> evolution reaction. The
total FE was not calculated in the current work due to the absence of gaseous product

measurements. In addition to liquid products, CO and H: are expected in gaseous products.

Table 5.3 Production rates of liquid products detected in 2 h ECO2R

Production rate (umol Lt h™)
Catalyst Potential
V (vs.RHE) | HcoO- | CHsCOO" | C2HsOH | CsH/OH
-0.6 445 0 0 0
-0.8 178 0 0 0
NGN

-1 461 0 0 0

-1.2 615 0 0 0

-0.6 63.5 0 0 0

-0.8 145 0 275 0
Cu1o/NGN

-1 458 28.5 315 0

-1.2 518.5 345 43 26

-0.6 62.5 0 0 0

-0.8 86.5 29 42.5 0
Cu2o/NGN

-1 239 515 90 175

-1.2 790 55 1135 27.5

-0.6 55 0 0 0

-0.8 181 215 10 0
Cuso/NGN

-1 465 17 375 0

-1.2 815 65 53 0
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Fig. 5.17 FEs for liquid products produced by NGN, Cu1o/NGN, Cu20/NGN and Cuso/NGN as
a function of applied potential

The significant performance of Cu/NGN was comparable to recently reported Cu-based and
carbon-based catalysts, such as Cu NPs, Cu/CNT [134], Cu/G [133], OD Cu/C [131], B-doped
graphene (G) [217], N-doped G (NG) [218], Cu NPs/NG [219] and Cu.O/ZnO/G [220], which
are summarized in Table 5.4.

Table 5.4 Comparison of the catalytic performances of Cux/NGN and the similar electro-
catalysts reported in literature for the reduction of CO; to liquid products

Electro-catalyst Potential Main FE CD (mAcm™) | Ref.
product
-09 V(v _
Cu/G Ag/AGCH) Ethanol 9.93 ~1 [133]
oD Cu/C .05V (vs. RHE) | Ethanol 34.8 NR [131]
B-doped —1.4V (vs. SCE) | Formate [217]
66 1.4

graphene (G)

N-doped G (NG) | —0.84 V (vs. RHE) | Formate 73 75 [218]
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Cu NPs/NG —1.2 V (vs. RHE) | Ethanol 63 17 [219]
Cu20/Zn0/G -18 V  (vs. | N- [220]
30 8
Ag/AgCl) propanol
NGN -1.0V (vs. RHE) | Formate 36.72 471 This
Cu20/NGN -0.8V (vs. RHE) | Acetate 10.28 4.23 work
Cu20/NGN -1.0V (vs. RHE) | N- 250 2 87
propanol

5.3.4. Reaction kinetics/Tafel plot

Tafel plot profiles for different electro-catalysts are plotted to study the intrinsic activity in
ECO2R as shown in Fig. 5.18 Tafel plots for Cux/NGN and its comparison with NGN,
Cu10/NGN, and Cuso/NGN. According to the Tafel equation, a smaller Tafel slope suggests a
good reaction Kinetics, because the potential required to overcome the reaction barrier is
smaller in the activation step of CO2 molecule (i.e. the rate-determining step (RDS) is the initial
single electron transfer to CO, to form CO.:- intermediate) [206]. The Tafel slope of NGN,
Cu10/NGN, Cuz0/NGN, and Cuso/NGN, are ca.131, 105, 101 and 115 mv dec?, respectively
which are similar to the other reports available in the literature on Cu-based electrodes [63,
219]. The Tafel slope for the Cux/NGN is lower (101 mV dec™?) than that of other electro-
catalysts which can be associated with the effect of homogeneous dispersion of Cu NPs on
NGN surface suggesting lowered Kinetic barrier by stabilizing the CO.™ intermediate on the
surface. In other words, it appears that Cu20/NGN can facilitate CO2 activation by effectively
stabilizing the CO.™ (ads) intermediate. Also, the literature suggests that pyridinic N is the
most active site for the CO production from ECO2R as it exhibits relatively weak binding
energy for *CO and facilitates CO desorption [77, 206]. The presence of Cu alters the surface
intermediates’ (CO,"™) stability, thereby increasing CO; reduction to alcohols rather than H:
evolution [213]. Cux/NGN electro-catalyst for ECO2R shows high CD and moderate activity.
More detailed mechanistic study is needed to understand the overall system for better design

of electro-catalyst.
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Fig. 5.18 Tafel plots for Cuo/NGN and its comparison with NGN, Cu1o/NGN, and Cuz/NGN
5.3.5. Long term performance and reusability study

Another important parameter for the development of an efficient electrochemical CO>
reduction catalyst is its stability for longer reaction time. Therefore, the stability test of
Cu20/NGN catalysts was carried out at an applied potential of —1.0 V (vs. RHE) in CO3-
saturated 0.1 M KHCO3 aqueous solution with continuous COz bubbling. As shown in  Fig.
5.19a, the Cu20/NGN shows a thoroughly stable performance during the longer run (for 12 h)
without significant loss in CD.

Also, the reusability study of optimized electro-catalyst was carried out in a fresh 0.1 M
KHCO:s electrolyte at —1.0 V (vs. RHE). The experiment was repeated using same electrode in
a fresh electrolyte solution for 6 times. The obtained Faradaic efficiencies for HCOO,
CH2COO", C2HsOH and C3H;OH are reported in Fig. 5.19b. Total Faradaic efficiencies of
multi-carbon alcohols (C2HsOH and C3H;OH) were shown up to 33 % in first two times, later
n-propanol was not detected by the HPLC system. The FE for formate was observed constant
(12-13 %) in all the 6 runs. The decrease in FE for multi-carbon liquid products is suggesting
the deposition of poisoning species (i.e. graphitic carbon, reaction intermediates) on the active

sites of the electrode during longer run [167, 201, 202] as shown in section 5.3.6.
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Fig. 5.19 (a) Long-time test performed at -1.0 V (vs. RHE) cathode potential using Cu2o/NGN
as electro-catalyst, (b) FE of products during reuse test performed at -1.0 V (vs. RHE) along
with obtained total CD

5.3.6. Post characterization

To provide more insight in nature of active sites for ECO2R, XRD and EDX analysis of
Cu20/NGN dispersed on carbon paper (Cu20/NGN/CP) was performed at different time intervals
of ECO2R. As shown in Fig. 5.20, the initial peak of CuO was almost absent after 10 min of
ECO2R at -1.0 V (vs. RHE). This is also supported by no oxygen signal in EDX spectra after
10 min (Fig. 5.21). These results suggest that the actual ECO2R is occurring on metallic Cu°
sites. Furthermore, previous reports based on in-situ spectroscopy suggest that the mix copper
states (CuO, Cuz0) reduce to metallic Cu® under ECO2R by applying the negative biased
treatment probably due to its thermodynamic instability in the applied potential range [108,
221].

Also, at higher current densities, production of OH— (or H+ consumption) is higher and K+
transfer into the catholyte due to concentration gradient. Metallic impurities from electrolyte
solution can be adsorbed on catalyst surface of electrode. This is further supported by
appearance of K signal in EDX analysis of Cu20/NGN/CP after 12 h of ECO2R (Fig. 5.21).
HER continues at the very negative potential on the poisoned surface, but CO> reduction to
products requiring active Cu surface, decreases. These poisoning species restrict multi-electron

and proton transfer resulting in stable FE for formate only.
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Fig. 5.20 XRD patterns of Cuo/NGN/CP at t=0 min, t=10 min and t=12 h of ECO2R
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Fig. 5.21 SEM images of Cu20/NGN/CP at t=0 min (a), t=10 min (b) and t=12 h (c) of ECO2R
with EDX spectra
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5.4. Conclusions

In this work, N-doped graphene supported copper nanoparticles (Cux/NGN) were prepared by
a simple wet chemical reduction method and used as an electro-catalyst for the ECO2R in an
aqueous 0.1 M KHCOs electrolyte solution. Optimization of Cu loading on NGN for the
ECO2R reaction was performed by exploring the morphology, particle size, dispersion, and
electro-chemical behavior of the catalysts. It showed that they exhibited different selectivities
towards CO> reduction at different compositions and potential ranges. It is highlighted how
metal loading and applied potentials affect the selectivity of CO> reduction reactions. Twenty
wt.% copper on NGN gives maximum ethanol FE of 25.72% with a high CD of 7.7 mA cm? at
-1.0 V (vs. RHE). Also, the highest production rate for ethanol (113.5 umol L't h™") is achieved
on the same electro-catalyst at -1.2 V (vs. RHE). Moreover, the optimized electro-catalyst
shows long term stability without significant loss in CD for 12 h. This work opens up a simple
way for efficient transformation of CO; into valuable chemicals, and the results are helpful for
developing other electrodes for efficient electrochemical reduction of CO,. The results suggest
that designing engineered materials with the higher ECASA by varying the active metal content
on the NGN support gives higher activity and selectivity for multi-carbon products. It was
intended to improve the multi-carbon production rate by optimizing the loading of Cu by
dimerization of COOH*/CO* intermediate. Furthermore, it is expected that enhancing the C—
C coupling rate at lower over-potentials, results in longer alcohol chains than ethanol/n-
propanol. This work will trigger many interesting work in the future.

(This work has been published in Journal of CO> Utilization, 44 (2021) 101382. DOI:
https://doi.org/10.1016/j.jcou.2020.101382 (IF =7.132))
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Chapter 6- Electrochemical CO:2 reduction on oxide derived
CuZny

6.1. Synthesis of CuO-ZnOx

Simple co-precipitation method [222] was used to synthesize CuO-ZnOx (where, x= 5, 10, 15
and 20 wt.% of ZnO) using Cu(NO3)2-3H20, Zn(NO3).-6H20, and NaOH as starting materials.
Initially, 4 mM of Cu(NOz3)..3H20 was dissolved in 200 mL ultrapure water, and a specific
amount of Zn(NOz3)..6H20 was added to the solution as per required condition. This solution
is kept under constant stirring and temperature was increased to 80 °C. Later, the NaOH
solution was added drop-wise under constant stirring until the pH reached 14, resulting in the
precipitated product. After that, the as-precipitated reaction product was washed repeatedly
with deionized water and ethanol until supernatant pH reached to 7. Finally, the product was
kept overnight in an oven at 80 °C. The dried product was then calcined in a tubular furnace at
350 °C in air atmosphere for 2 h and then temperature was gradually increased to 700 °C to
enhance the crystallinity of CuO-ZnOx. The schematic flowchart for the synthesis of CuO-
ZnOxy is shown in Fig. 6.1.

Water — Time=1h

Cu(NO,),.2H,0 Stilm'ng Temp.=25 +2 °C
Zn(NO,),.6H,0 Mixing
l Time = 10 min

Stirring Temp.= 60 +2 °C

1

Dropwise addition

Na,CO, Stilrring pH=14
Stirrin Time=5h
1 g Temp.= 60 £2 °C
Water/ethanol —— Centrifugation
1 - Time=12h
Drying Temp.= 100 +£2 °C
1 l . Time=2h
Ca Cllllatl()n Temp.= 350 £2 °C
CuO-ZnO,

Fig. 6.1 Process outline for the synthesis of CuO-ZnOx
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6.2. Preparation of working electrodes

Initially, the mixture of catalyst powder (4 mg), Nafion® 117 solution (30 pL) and isopropanol
(2 mL) was sonicated for 30 min for its uniform distribution. Obtained mixture is also called
as catalyst ink. This catalyst ink was then sprayed onto a pretreated carbon paper (refer section
3.5.2.) using N2 carrier gas. The ink coated carbon paper was dried at 60 °C to remove the
solvents. Dried carbon paper was denoted with corresponding coated electro-catalyst and used
as working electrode in further experiments. For example, carbon paper coated with CuO-
ZnOxo electro-catalyst, denoted as CuO-ZnOao electrode. Approximately 2.0 mg cm catalyst

loading was achieved.
6.3. Results and discussion
6.3.1.  Physico-chemical characterization

6.3.1.1. X-ray diffraction analysis

The oxide derived bimetallic CuO-ZnOx catalysts with different wt.% of ZnO were synthesized
by the co-precipitation method followed by high temperature calcination. For controlled
experiment study, CuO nanoparticles without ZnO content were also prepared. The
crystallinity of the catalyst is important for ECO2R to various useful chemicals [223].
Therefore, the crystalline structures of selected catalysts were evaluated by XRD
measurements. As shown in Fig. 6.2, the diffraction peaks of CuO dominate the other peaks of
ZnO since CuO has higher weight percentage than that of ZnO. Peaks at 26 of 35.37, 38.56,
48.54, 58.02, and 61.24° correspond to monoclinic CuO (-111), (111), (-202), (202), and (-
113) facets, respectively (JCPDS #01-078-0428). The peaks at 26 of 31.78, 47.55, 56.61, and
67.87° are indexed to hexagonal ZnO (100), (102), (110), and (112) facets, respectively
(JCPDS #01-089-0510). Broad diffraction peaks with larger full-width at the half maximum
(FWHM) confirm that the CuO and ZnO are in nanoscale size.

The crystallite size (D) of CuO and CuO-ZnOxg is calculated from well-known Debye Scherrer
equation (equation 3.4) [224]. The intense diffraction peak of CuO at 26 of 31.77° was used
for calculation. The average crystallite sizes were found to be about 19-22 nm.
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Fig. 6.2 XRD patterns of CuO, and CuO-ZnO19 nanoparticles

6.3.1.2. X-ray photoelectron spectroscopy

Electrochemical performance is greatly affected by the chemical nature of the electro-catalyst.
Therefore, XPS was used to study the surface composition and oxidation state of selected CuO
and CuO-ZnOio catalysts. Fig. 6.3a-b show the high-resolution Cu 2p XPS spectra
deconvoluted into two peaks. Peaks at 933.89 and 954.41 eV correspond to the Cu 2ps2 and
Cu 2pus2, respectively. The difference in binding energies of Cu 2ps2 and Cu 2pas2 is found to
be 20.52 eV, which is very close to standard value of Cu 2p in CuO, confirming the CuO phase
[115]. In addition, satellite peaks at 943.0 and 962.6 eV, confirm the valence state of Cu?*. In
Fig. 6.3c, the Zn 2pl/2 and Zn 2p3/2 peaks can be found at 1045.39 and 1022.20 eV,
respectively. The binding energy difference between Zn 2p12 and Zn 2ps2 peaks is 23.2 eV,

which concurred with the literature value for ZnO [113, 225].
6.3.1.3. Scanning electron microscopy

Morphology and structure of CuO and ZnO were investigated by FESEM and HR-TEM
analysis. Fig. 6.4 shows the FESEM images for CuO and CuO-ZnO1o nanoparticles. The
samples show a spherical morphology and the average particle size is centered around 40 nm.
Since all of the particles are in nanosize, the electrodes should have a better catalytic response
due to the high surface to volume ratio, but other factors such as nature, shape, and surface/bulk
composition can have a significant impact on electrode efficiency [19, 226]. Elemental analysis

shows only Cu, Zn, and O suggesting that prepared sample is free from impurities.
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6.3.1.4. Transmission electron microscopy

Samples exhibit sphere-like morphology with considerable agglomeration (Fig. 6.5). The
particle sizes are in nanoscale for both CuO and CuO-ZnOjo samples. SAED pattern shows
small spots with rings in both samples, confirming the polycrystalline nature. All the
corresponding crystal planes of ZnO and CuO, indexed in the SAED pattern, are in good
agreement with XRD studies. The EDS elemental mapping of selected CuO-ZnO1o sample
(Fig. 6.6) clearly shows the uniform distributions of CuO and ZnO nanoparticles. These results
are in line with XRD and FESEM.

Fig. 6.5 (a) High-magnification TEM images of CuO and (b) CuO-ZnOio with its SAED
patterns (The crystal planes of CuO (white) and ZnO (blue) are marked in SAED patterns.)
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Fig. 6.6 Elemental mapping patterns of Cu, Zn, and O elements in the CuO-ZnOyo electro-
catalyst
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6.3.1.5. N2 adsorption isotherm

It is reported that the high surface area of electro-catalyst can provide suitable porosity to
improve the electro-chemical performance. Therefore, the BET surface area and total pore
volume of all the CuO-ZnOy samples were calculated from N2 sorption isotherms. The samples
show typical 1V isotherms as shown in Fig. 6.7, indicating the mesoporous structure of the
sample [227]. As shown in Table 6.1, the surface area and total pore volume are decreasing

with increasing Zn loading in the catalyst due to the agglomeration at higher loadings of ZnO.
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Fig. 6.7 N2 sorption isotherms of all CuO-ZnOy catalysts

Table 6.1 Specific surface area and total pore volume of electro-catalysts

Sample Surface iirea (m? Total pore volume
gt) (cm*g?)
CuO 22.862 0.052
CuO-Zn0Os 16.350 0.045
CuO-ZnOx1o 9.107 0.029
Cu0-Zn0Oss 8.403 0.023
CuO-Zn0yo 5.297 0.11

6.3.2. Electrochemical measurements

6.3.2.1. Linear sweep voltametry

The electro-catalytic performance of the different electrodes was studied by recording LSVs in
CO:2 and N saturated 0.1 M KHCO3 aqueous solutions. The electrodes were pre-reduced by
performing multiple scans at a scan rate of 50 mV s before each LSV experiments. Fig. 6.8
displays the LSVs on the all CuO/ZnOy electrodes in CO> saturated solution. Fig. 6.8 also
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shows LSV of representative CuO/ZnO1o electrode in N saturated electrolyte. The CD
observed in CO; saturated electrolyte is higher than that of N, saturated electrolyte at the
potentials greater than -0.6 V (vs. RHE), suggesting CuO-ZnOx is active for CO> reduction
with respect to the HER [40, 228]. Small reduction peak at around -0.4 V (vs. RHE) shows
partial reduction of ZnO phase. In addition, when the LSVs of different CuO-ZnOx electrodes
in CO; saturated solution are compared, the CuO electrode shows higher geometric CD than
the ZnO loaded electrodes. Furthermore, the CD decreases as the percentage of ZnO in the
CuO-ZnOy increases. The higher ZnO loaded electrodes should have more exposed Zn surface
than Cu surface, as a result, the geometric activity of the Cu-Zn electrode decreases with
increasing ZnO content. This is due to the fact that Cu facially favors HER than Zn [157, 228].
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Fig. 6.8 Linear sweep voltammetry of CuO-ZnOy in the CO; saturated (dark solid lines) and
N saturated (dotted line) 0.1 M KHCOs3

6.3.2.2. Electrochemical CO: reduction and product distribution

To study the effect of applied potential on ECO2R product distribution, CA measurements were
carried out in two compartment H-type electrochemical cell at different potentials ranging from
-0.4Vto -1.0 V (vs. RHE) for 2 h. Fresh working electrode was used in each experiment. Fig.
6.9 shows typical current-potential curves for all CuO-ZnOx electrodes at different applied
potentials. The sudden decrease in CD was observed at initial stage of the experiments due to
the reduction of electro-catalyst itself [228]. The CD value reached to a steady value where
actual ECO2R is expected. The summary of charge utilized at different applied potentials using

all five electrodes is shown in Fig. 6.10. The higher electrode activity was shown by CuO
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electrode where total 30.29 C charge was consumed followed by CuO-ZnOs, CuO-ZnOxo,
CuO-Zn0Oys, and CuO-ZnO2o Where 27.87, 25.16, 23.26, and 20.48 C charge was utilized on
the application of -0.8 V (vs. RHE) for 2 h. The results obtained in the CA experiments are in

agreement with the LSV analyses.
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Fig. 6.9 CA measurement on the CuO-ZnOy electrodes in CO»-saturated 0.1 M KHCOs3
aqueous solutions at various potentials (The current densities are normalized by geometric

electrode area for various catalysts at each potential.)
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Fig. 6.10 Total charge consumed by different electrodes in 2 h of ECO2R

6.3.2.3. Electrochemical active surface area (ECASA)

The ECASA of all the electrodes was investigated by double-layer capacitance (Cdl) method
[229]. For this, the cyclic voltammograms (CV) were recorded in non-Faradaic region at
different scan rates (10-100 mV sec™) using 0.1 M KHCOs electrolyte solution. As shown in
Fig. 6.11, there was no active redox peak in the scanning potential range of 0.21 to 0.41 V (vs.
RHE). The slope of anodic CD vs. scan rate plot gives Cdl value. The maximum Cdl of 2.6 mF
cm was found for CuO-ZnOo electrode followed by CuO-ZnOs (1.8 mF cm?), CuO (1.3 mF
cm2), CuO-Zn01s (1.1 mF cm™), and CuO-ZnOz (0.9 mF cm?). ECASA was then calculated
by dividing the Cq by the capacitance of bare CuO [230]. The ECASA (normalized by CuO)
was found to be 1, 1.38, 2, 0.84, and 0.69 for CuO, CuO-ZnOs, CuO-Zn019, CuO-Zn0ss, and

CuO-ZnOyo respectively. We have added this on page 14 of the revised manuscript.
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6.3.3. Product vs. Potential

After the CA experiments for 2 h, the liquid product is stored at 4 °C to minimize the losses of
volatile products. Further, it was analyzed by HPLC and ‘H NMR, where four different
products, including methanol (CH3OH), ethanol (CH3CH20H), n-propanol (CH3CH>CH>OH),
and formate (HCOO-) were detected in most of the samples. The productivity curves for all the
electrodes are shown in Fig. 6.12. The formate requires only 2e” for generation of one molecule
therefore; the formation rate of HCOO— is higher over alcohols at the all studied potentials.
Also, the productivity of formate increased with increase in applied potential starting from
nearly 100 pmol L'that -0.4 V (vs. RHE) to 1000 pmol L*hat-1.0 V (vs. RHE). The similar
trend was observed in case of methanol, ethanol, and n-propanol. The highest productivity for
ethanol was observed to be 160 umol Lth™at -1.0 V (vs. RHE) using CuO-ZnOx electrode
whereas with CuO, CuO-ZnOs, CuO-Zn0Oss, and CuO-ZnOy electrodes it was 68, 109, 112,
and 116 pmol L*h! respectively at the same conditions . N-propanol is also detected beyond
-0.8 V (vs. RHE) over all studied electrodes. It is also reported that thermodynamically

methanol is the least favored product as compared to that of ethanol and n-propanol [106].
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Fig. 6.13 FE of all the products over different CuO-ZnOx electrodes

Production rates are important for industrial deployment of ECO2R process. Similarly,
calculation of FE gives idea about selectivity and economic feasibility of the process [231].
Interestingly, the CuO-ZnOx electrodes showed different FE for methanol, ethanol, n-propanol,
and formic acid depending on the CuO to ZnO ratio (Fig. 6.13). Incorporating ZnO into CuO
enhances the C»+ products selectivity, especially ethanol, while suppressing the formation of

formic acid in liquid product. Among the five CuO-ZnOy electro-catalysts, CuO-ZnO1o shows
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the highest FE for ethanol at -0.8 V (vs. RHE) while the FE for formic acid is lower. For
example, the FE of ethanol increased from ~7.10 % for CuO to 22.27 % for CuO-ZnO1o while
further increase in ZnO loading to 15 and 20 wt.% in the electro-catalyst, the FE decreased to
18.61 and 16.41 % respectively at the similar potential (~-0.8 V vs. RHE). The similar trend
was observed in case of methanol and n-propanol. The FE of methanol increased from ~7.44
% t0 15.02 % using CuO and CuO-ZnO1p respectively at-0.6 V (vs. RHE) and FE of n-propanol
increased from 4.5% to 10.23 % on CuO and CuO-ZnOy electrodes at -0.6 V (vs. RHE). The
enhanced selectivity of ethanol over CuO-ZnO10 may be ascribed to the balanced CuO and
ZnO percentage for maximum C-C coupling [115, 230]. Performance of optimized CuO-ZnO1o
electrode is comparable with other reported work as shown in Table 6.2.

Table 6.2 Comparison of CO> reduction performance of similar electro-catalysts reported in
the literature

Faradaic cD Stability (h)
Catalyst Conditions efficiency of (MA cm?) and Type of Ref.
ethanol (%) cell
Cu-Zn 0.1 M KHCOs3
mixture -1.2 V (vs. RHE) 2.2 S 15h, H-Type | [232]
Cu/ZnO 0.1 M KHCO3
(1010) 1.4V (vs. RHE) 10.2 - H-Type [116]
Zn0O-
shell/CuO- 0.1 M KHCO3
core bi-metal- | -1.05 V (vs. RHE) 31 105 H-Type [115]
oxide
0.1 M KHCO3
CuaZn 1,05V (vs. RHE) 29.1 2.1 5h, H-Type | [113]
HMMP 0.1 M KHCO3
CUsZne 0.8V (vs. RHE) 46.6 2.3 11 h, H-Type | [233]
CuAg 0.2 M CsHCO:3 - Sandwich
nanocoral 1.00 V (vs. RHE) 10 8 style, gas flow [234]
0.1 M KHCOs3 Sandwich
CuAgalloy | 4 55y (vs. RHE) 10 B style, gas flow [76]
CuAu 0.1 M KHCO3
(nanowires) | -1.05 V (vs. RHE) 226 42.87 H-Type [117]
0.1 M KHCO3
Zn0O -0.8V (vs. RHE) ND 1.5 H-Type
0.1 M KHCOs3 This
Cuo -0.8 V (vs. RHE) 6.2 4.5 H-Type work
0.1 M KHCOs3
CuO-ZnOqo 0.8V (vs. RHE) 22.27 3.78 12 h, H-Type
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6.3.4. Reaction kinetics/Tafel plot

To shed light on the kinetic mechanism of the ECO2R over the CuO-ZnOx electrodes, a plot of
the log of the overall CD versus the potential (Tafel plot) was obtained by LSV data [227, 235].
As shown in Fig. 6.14, CuO electrode shows a Tafel slope of 144 mV dec™* which is nearer to
theoretical Tafel slope (118 mV dec™) for initial e- transfer to CO2 molecule for the generation
of “C0O2[198]. In contrast, ZnO loaded electrodes show higher Tafel slope than CuO alone, and
with increase in ZnO loading, the Tafel slope is also increasing. The highest Tafel slop of 208
mV dec was observed for CuO-ZnOx, indicating that its reaction kinetics is significantly
weaker than that of CuO-Zn0Os, CuO-ZnO1o, and CuO-ZnOss having Tafel slope of 151, 171,
and 189 mV dec™ respectively [236]. Tafel slopes of all the electrodes are in agreement with
LSV curves. In general, the multi-carbon product selectivity of ECO2R is governed by the
binding strength of adsorbed *CO and *H on the electrode surface. Many authors [113, 115]
reported that the Cu has a moderate binding energy for adsorbed *CO, therefore *CO species
can further take e- and *H, and combine with another *CO for multi-carbon production. On
the other side, Zn electrode has a relatively weak binding strength for adsorbed *CO therefore,
*CO desorbs from electrode surface without reacting further and produces CO with high
selectivity [157]. Many researchers proposed Cu-Zn composite electro-catalyst for improving
multi-carbon production [115, 168, 230, 232]. The generated CO and Zn active sites may have
transferred to Cu active site having high binding energy *CO. Two *CO combine by taking
required e- and *H for the multi-carbon product generation. Interestingly, in these experiments,
with optimized CuO-ZnO1o electrode, ethanol production was found to be higher as compared
to that with CuO electrode. That means, CuO-ZnOxo electrode gives balanced CO supply for
higher CO dimerization. The ZnO in the electrocatalyst provides supplementary CO to
increase the local CO concentration on the Cu surface and in turn, *CO surface coverage,
leading to the acceleration of CO-to-ethanol products conversion. An optimal ZnO mass
loading, at a specific potential, supplies CO at a rate that achieves a saturation of *CO surface
coverage. Moreover, increasing Zn content beyond 10% in the CuO-ZnOx electrode, results in
an excess supply of CO, and subsequently lowers the *CO dimerization. Hydrogen adsorbs
dissociatively on bridge sites between the Cu and Zn atoms, which is an important step in the
catalytic hydrogenation of CO, to produce ethanol [237, 238]. It is noted that the balance
between CO supply rate and CO dimerization rate with balanced hydrogen availability can only
determine the optimum FE of C»+ products [239]. It is also reported that the formation of C-C

bonds on Cu-Zn is thermodynamically favorable because it shows lower energy toward the
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bound intermediates *CO-*CO than that on the pure Cu (111). Also, pure Cu (111) surface
shows largest C-C distance indicating a poor tendency for the C-C coupling. However, Cu with

Zn shows decreased C-C distance indicating a higher possibility for the C-C coupling [233].
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Fig. 6.14 Tafel plots of CuO, CuO-ZnOs, CuO-ZnO10, CuO-Zn0O1s, and CuO-ZnO2o
6.3.5. Long term performance and reusability study

To test the long-term durability and stability of the CuO-ZnOqo electrode, ECO2R experiments
were performed over an extended period at the optimized conditions. The total CD was
maintained at around -3.74 mA cm? during the 12 h running (Fig. 6.15a). Moreover, the CuO-
ZnOyo also kept its original morphology after the stability test (Fig. 6.17). Also, post
characterization by EDX reveals that the surface composition has changed after ECO2R which
suggests the surface poisoning due to adsorption of K+ from the electrolyte or formation of
graphitic carbon [201, 202]. Reusability experiments on CuO-ZnOjo electrode were also
performed for 6 consecutive runs. During reusability experiments, the electrode was washed
by water and reused for next run. As shown in Fig. 6.15b, the ethanol selectivity is maintained
for first 3 reuse runs but later it decreased. The decrease in ethanol selectivity is mainly ascribed

to active surface poisoning as discussed earlier.
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Fig. 6.15 Long term stability (a) and reuse test performance (b) of representative CuO-ZnO1o
electrode

6.3.6. Post characterization

The reaction active sites were studied by performing XRD analysis of working electrode after
0, 10, and 120 min of ECO2R. The XRD patterns of representative electrodes are shown in Fig.
6.16. Before ECO2R, both the electrodes show CuO and ZnO phases only. After 10 min
ECO:2R, the intensity of CuO and ZnO peaks has decreased and intensity of metallic phase Cu
has increased due to reduction of CuO and ZnO itself at initial time. Negligible CuO and ZnO
intensity peaks are observed after 2 h CO> reduction. It is inferred that the CO- reduction can

take place on metallic sites of Cu and Zn [232].
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Fig. 6.16 Post XRD analysis of (a) CuO and (b) CuO-ZnO10 electrodes at different time
intervals
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The CuO-ZnOqo also kept its original morphology after the stability test (Fig. 6.17). Also, post
characterization by EDX reveals that the surface composition has changed after ECO2R which
suggests the surface poisoning due to adsorption of K+ from the electrolyte or formation of
graphitic carbon [201, 202].

PRPall | ull Scale 6753 cts Cursor: 0.000

Fig. 6.17 SEM-EDX analysis of working electrode (a) before and (b) after ECO2R at -0.8 V
(vs. RHE) for 2 h

6.4. Conclusions

The CuO-ZnOy electro-catalysts were successfully prepared by a simple co-precipitation
method and used for electrochemical reduction of CO2. The Cu/Zn atomic ratios can be
adjusted by simply changing the precursor concentrations. The CuO electrode exhibits low
selectivity for ethanol with less than 9% FE. In contrast, addition of 10 wt.% ZnO with CuO
(i.e. CuO-Zn0ao) gives improved catalytic selectivity for ethanol with FE of ~22.3% at —0.8
V (vs. RHE) and a total CD of -3.78 mA cm™. It is believed that the chemistry of the reduced
Cu—Zn interface plays an important role in the ethanol selectivity. Also, the CuO-ZnO1o
catalyst shows excellent long term stability with no appreciable change in CD for at least 12 h.
The current research highlights the significance of bimetallic or even trimetallic materials for
ECO2R applications. Chemical composition of electro-catalysts can be easily tuned by mixing
various types of metals/metal oxides. This study could open the opportunities for sustainable
development of CO. conversion electro-catalysts that are both efficient and may be cost-

effective in large-scale manufacturing.
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Chapter 7- Electrochemical CO:2 reduction on oxide derived
CuZnyx/NGN

7.1. Synthesis of CuZnx/NGN catalyst

Initially, the NGN was uniformly dispersed in 100 mL deionized water at room temperature by
ultra-sonication for 1 h. Subsequently, Cu(NOz)2-3H20 and Zn(NOs3)2-6H20 were added into
the NGN solution. The resulting mixture was stirred at 70 °C for 10 min to ensure the complete
mixing of Zn(NOs)2-6H20 and Cu(NOs)2-3H20. Subsequently, 1 M Na>COs solution was
added drop-wise, as a precipitating agent, under constant stirring to reach the pH of the solution
to 11 and stirring was continued for 5 h. Later, precipitate was recovered by centrifugation and
subsequent washing with ethanol and water. Further, precipitate was kept in a hot air oven at
100 °C for 12 h to remove moisture and any volatiles. Finally, the product was calcined in a
tubular furnace under air atmosphere at 350 °C for 2 h with a heating rate of 5 °C min™. After
calcination, the product was stored in air tight bottle for further use. In order to investigate the
effect of Zn weight % in the oxide derived CuZnyx/NGN electro-catalysts, the Zn(NO3).-6H20
amount was varied in stoichiometric proportion and CuO loading was fixed to 20% as given in
section 5.3.2.1. The detailed synthesis recipe is shown in Table 7.1. The obtained products are
denoted as CuZnx/NGN; where x is the expected loading of ZnO (weight %) in CuZny/NGN.
For the control experiment, the CUO/NGN, ZnO/NGN and CuZnzo were prepared using the
same procedure as described above without addition of Zn(NO3z),-6H20, Cu(NO3z)2-3H-0, and
NGN respectively. The outline for preparation of CuZnyx/NGN is shown in Fig. 7.1.

Table 7.1 Electro-catalysts prepared with different ZnO loadings (weight %)

Sr. Cu(NO3)2:3H20 | Zn(NOs)2:6H20 NGN
Electro-catalyst
No. (mg) (mg) (mg)
1 CuO/NGN 75.85 0 200
2 CuZnio/NGN 75.85 9.13 200
3 CuZn20/NGN 75.85 18.26 200
4 CuZn3zo/NGN 75.85 27.39 200
5 CuZnso/NGN 75.85 36.52 200
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Fig. 7.1 Schematic for the preparation of CuzZn,/NGN

7.2. Preparation of working electrode

Working electrode was prepared by drop casting method. Briefly, a mixture of catalyst powder,
Nafion solution, and iso-propanol were sonicated for 1 hour in water bath for homogeneous
mixing. This mixture was uniformly loaded onto a 1 cm x 1 cm pretreated carbon paper (refer
section 3.5.2. for pretreatment of carbon paper). The coated electrodes were then dried at 100
°C for 12 h in an oven. At the end, loading of 0.5 mg cm™ was achieved. Each electrode is
named as the corresponding coated electro-catalyst. For example, an electrode coated with
CUuO/NGN electro-catalyst is denoted as CuO/NGN electrode.

7.3. Results and discussion
7.3.1.  Physico-chemical characterization
7.3.1.1. X-ray diffraction analysis

The X-ray diffraction measurements were performed at a scan rate of 6° min™* between 20° >
26 > 80° to study the crystalline structures of CUO/NGN and CuZn,/NGN. As shown in Fig.
7.2, the two strong peaks at 35.5 and 38.7° correspond to (-111) and (111) planes of monoclinic
CuO, respectively (JCPDS #01-089-5899). The characteristic peaks at 31.9, 34.5, 36.1, 47.6,
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56.7, and 63° are indexed as (100), (002), (101), (102), (110), and (103) facets of hexagonal
ZnO structure (JCPDS #01-089-0510). Due to larger weight percentage of CuO compared to
that of ZnO, the diffraction peaks of CuO dominate over those of ZnO. The broad diffraction
peaks also indicate that the both CuO and ZnO particles are in nanoscale size. Also, the XRD
patterns of all the samples show an additional characteristic peak at ~25.2° assigned to the
(002) plane of hexagonal graphite structure, suggesting that the oxide derived Cu and Zn are
supported on N-doped graphene. Absence of any other peak suggests that the as-prepared
samples are of high purity.
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Fig. 7.2 XRD patterns of different samples
7.3.1.2. X-ray photoelectron spectroscopy

Types of nitrogen species in NGN and chemical states of Cu and Zn were identified by X-ray
photoelectron spectroscopy (XPS). Fig. 7.3 shows that the survey scan spectra of CUO/NGN
and CuZny/NGN are all composed of C (285 eV, C1s), O (532 eV, O1s), N (399 eV, N1s), Zn
(1024 eV, Zn 2P) and Cu (934 eV, Cu2p; 77 eV, Cu3p) elements [230]. Decrease in Cu 2p
peak intensity was clearly visible after loading of ZnO. Also, the peaks related to Zn shows
higher intensity on increasing the ZnO loading in the CuZny/NGN. The curve fitting of N1s,
Cu 2P, and Zn 2P was performed on XPS Peak Fit software where Gaussian-Lorentzian product
function was used with Shirley method for background correction (Fig. 7.4, Fig. 7.5, Fig. 7.6)
The deconvoluted high-resolution spectrum of N 1s (Fig. 7.4) reveals that nitrogen species
have been effectively integrated into carbon matrix. Three different N species were observed
at ca. 398.3, 400.1, and 402.7 eV, corresponding to pyridinic N, pyrollic N, and pyridinic N-

oxide [240]. Nitrogen content in the sample (CuZn2o/NGN) has been calculated as 8.54 atom
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%. The pyridinic N has the highest relative concentration (5.2 atom %) followed by graphitic
(2.6 atom %) and pyridinic N-oxide (0.74 atom %).

The high-resolution Cu 2p XPS spectra show two peaks at 952.5 eV and 932.6 eV assigned to
the Cu 2p1/2 and Cu 2p3/2 respectively. A binding energy difference between Cu 2p1/2 and
Cu 2p3/2 was about 19.75 eV, which is the characteristic of Cu?* ions for all five samples (Fig.
7.5) [115]. Furthermore, three satellite peaks at 940.56 eV, 943.07 eV and 962.43 eV confirm
the existence of CuO phase. Similarly, the high-resolution XPS spectrum of Zn 2P shows two
peaks at 1022.3 and 1045.4 eV which can be, respectively related to Zn 2p3/2 and 2p1/2 [241].
The binding energy difference of 23.2 eV between Zn 2p3/2 and 2p1/2 further confirms the
presence of ZnO phase in all the samples (Fig. 7.6) [113, 242].
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Fig. 7.3 XPS survey spectra of CuO/NGN, CuZnio/NGN, CuZnzo/NGN, CuZnxo/NGN, and
CuZns/NGN
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7.3.1.3. Scanning electron microscopy

Surface morphology and dispersion of active metals in the electrode material considerably
influence the activity and selectivity of ECO2R [19, 226]. SEM images of CuZny/NGN are
shown in Fig. 7.7. It shows that CuO and ZnO nanoparticles are uniformly dispersed on NGN
support up to 20 weight% ZnO loading. However, further increase in the ZnO loading, particle
size increased due to agglomeration. The performance of the electro-catalysts is enhanced by
a uniform distribution of metals on the support. The weight ratio of Cu:Zn for all ZnO loaded
samples determined by the EDX spectrum is 1:0.09, 1:0.18, 1:0.29, and 1:0.41 (Fig. 7.8), which

is quite close to the stoichiometric amounts of precursors added during the preparation.
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Fig. 7.7 SEM images of CuO/NGN, CuZnio/NGN, CuZnxo/NGN, CuZnz/NGN, and
CuZns/NGN
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Fig. 7.8 SEM images of CuO/NGN, CuZnio/NGN, CuZnzo/NGN, CuZns/NGN, and
CuZn4/NGN with corresponding EDX analysis of the electro-catalysts
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7.3.1.4. Transmission electron microscopy

From Fig. 7.9, it is clearly observed that the opaque oxide derived Cu and Zn nanoparticles are
tightly attached to the semi-transparent NGN sheets. SAED image (Fig. 7.9) shows that sample
is crystalline and the diffraction patterns can be indexed to the structure of CuO and ZnO,
which is in line with the XRD results. From the EDX elemental mapping of a representative
CuZn2o/NGN nanoparticles (Fig. 7.10), it is shown that elements C, O, Zn, and Cu are
uniformly distributed. The dispersion of nanoscale CuO and ZnO particles on the high surface
area N-doped graphene assists in improving the contact area of CuO and ZnO with electrolyte,
which further decreases migration length of the ions to Cu and Zn active sites, and therefore

improves the ECO2R performance.
7.3.1.5. Raman spectroscopy

Fig. 7.11a shows the Raman spectra of NGN, CuO/NGN and other four CuZny/NGN samples
recorded at excitation wavelength of 514 nm. As can be seen from the NGN, CuO/NGN and
other four CuZn,/NGN samples, two major peaks at 1350 cm™* and 1575 cm™* were have been
observed which are related to D band and G band. The D band was attributed to the distorted
hexagonal structure in the graphite layers and G band is caused by in-plane vibrations of sp2
hybridized C—C bonds. The value of Ip/lc may be used to know the degree of reduction. In the
present study, the values of Ip/lg of all the samples remained unchanged ¢1.05) on increasing

the ZnO loading, indicating no change in sp2 hybridized carbon atom structure [130].

7.3.1.6. Fourier-transform infrared spectroscopy

For validating the XRD results about the formation of oxide derived CuzZny on NGN, FT-IR
spectroscopy is another useful method. As shown in Fig. 7.11b, the main absorption peaks are
obtained at 491 and 615 cm™%, which are related to the characteristic stretching vibrations of
Cu-0 bond in the monoclinic crystal structure of CuO. Also, the strong peak at 454 cm™ can
be assigned to Zn—O stretching vibration [228]. However, the intensity of ZnO peak was very
low due to its low concentration compared to that of CuO and NGN in the sample. The broad
peak around 3400 cm™* and small peaks around 2900 cm™* correspond to OH stretching and
CH (acetate) stretching respectively in the graphene material [137]. Above results confirm the

dispersion of CuO and ZnO nanoparticles on NGN.
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Fig. 7.9 HR-TEM images of CuO/NGN, CuZnl10/NGN, CuzZn20/NGN, CuZn30/NGN,

CuZn40/NGN with corresponding SAED patterns

141

10 1/nm

CuO (-111)
CuO (111)
CuO (-202)

CuO (220)
4

10 1/nm

ZnO (002)

/" CuO (200)

10 1/nm

ZnO (-111)

10 1/nm

w0 (111)
CuO (-202)
ZnO (201)

i

10 1/nm

ZnO (100)
CuO (111)
CuO (-202)

and



Fig. 7.10 HRTEM image and elemental mapping results of CuZn2o/NGN
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Fig. 7.11 (a) Raman spectra and (b) FTIR spectra of all the catalysts
7.3.1.7. Nz sorption isotherms

The porous structure in electrode materials has a significant role in the overall CO> reduction
performance. The well-developed hierarchical porous structure of electro-catalyst provides
more accessibility to the active sites for ECO2R. Therefore, the surface area and pore structure
of the prepared electro-catalyst was investigated by N> adsorption/ desorption isotherms of all
the samples. As shown in Fig. 7.12a, all the five samples show a type IV isotherm curve
according to the IUPAC classification, suggesting the mesoporous structure. The specific
surface area was calculated by Brunauer—Emmett—Teller (BET) method. The specific area of
samples CuO/NGN, CuZnio/NGN CuZn2o/NGN, CuZnzo/NGN, and CuZnso/NGN were
estimated to be 58.43, 54.66, 51.62, 45.60, and 39.77 m? g* respectively. It is decreased with
increase in Zn loading in the electro-catalyst due to the contribution of Zn NPs which may have
low surface area. The pore size distribution is studied by Barrett-Joyner—Halenda (BJH) using
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the adsorption branch of the isotherm. Fig. 7.12b shows different peaks at around 2, 4, 8 and
15 nm, implying that there may be different types of mesopore structures within all the electro-

catalysts since NGN is present in all the samples.
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Fig. 7.12 (a) BET nitrogen adsorption/desorption isotherms and (b) BJH pore size distribution
of CUO/NGN, CuZnio/NGN, CuZnzo/NGN, CuZnzo/NGN, and CuZnao/NGN

7.3.1.8. Thermogravimetric analysis

The thermal degradation of different precursors used in the synthesis of CuzZny/NGN and
representative electro-catalyst (CuZn2o/NGN) was investigated by thermogravimetric analysis
(TGA). For this, the samples were heated up to 800 °C at a ramp rate of 10 °C min under air
atmosphere. As shown in Fig. 7.13, the oxidation of the NGN starts beyond 420 °C. Also, the
nitrates of Cu and Zn are converted to corresponding CuO and ZnO respectively after annealing
at 330 °C [243] which is further supported by no weight loss beyond 330 °C. Further, the rate
of change in weight loss of CuZn2o/NGN is higher than that of NGN alone which confirms that
the electro-catalyst is less thermally stable as compared to the NGN, probably because the
loading of oxide derived Cu and Zn on the NGN matrix for enhancing the electronic properties
of the electro-catalyst. However, this is not a concern in the current experiments as all the

electro-catalysts are synthesized at 350 °C which is below the oxidation temperature.
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Fig. 7.13 Thermogravimetric analysis (TGA) of copper nitrate, zinc nitrate, NGN and
representative CuZn2o/NGN (under air atmosphere)

7.3.2. Electrochemical characterization

7.3.2.1. Linear sweep voltammetry (LSV)

The ECO2R activity of the electrodes was studied by recording linear sweep voltamogram
(LSV) in COzand N saturated aqueous 0.1 M KHCOs solutions with scan rate of 10 mV s™.
For this, high purity CO2 or N2 gas was bubbled at a rate of 15 mL min™* in the 0.1 M KHCO3
for 30 min before tests. In the pretreatment step, the electrodes were pre-reduced by performing
cyclic voltammetry (CV) for 30 cycles at a scan rate of 50 mV s, The recorded LSV scans are
shown in Fig. 7.14a. The CD response for all the electro-catalysts in No-saturated electrolyte
is smaller than that in CO.-saturated electrolyte. The smaller CD under N2 is attributed to only
due to hydrogen evolution reaction (HER) whereas larger CD response in COz is due to both
reduction of CO and the HER [40, 228]. Therefore, a catalyst that exhibits a higher CD in CO>
electrolyte than that in N2 one is considered as active for ECO2R with respect to the HER at
the corresponding applied potential. Comparing the LSVs in the CO electrolyte, the
CUuO/NGN electrode shows increased CD than that of ZnO loaded electrodes. Furthermore, it
is observed that increasing ZnO loading in the CuZny/NGN electro-catalyst, the corresponding
electrode shows a lower CD response. Since the electrodes were prepared with the same
catalyst loading of Cu, the one containing higher ZnO percentage in CuZnx/NGN is expected

to have more exposed Zn surface than Cu surface. Therefore, the decrease in ECOzR
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performance of the CuZn/NGN electrode on increasing the ZnO loading is due to the
development of less active Zn sites with simultaneous decrease of more active Cu sites.

Obtained LSV response for CuZny/NGN is in agreement with the literature [244].
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Fig. 7.14 (a) LSV recorded at a sweep rate of 10 mV s* in N2 (dashed line) and in CO; (solid
line) saturated 0.1M KHCO3 solution; (b) Total charge consumed at different applied voltages
in 2 h reaction time

7.3.2.2. Electrochemical CO2 reduction and product distribution

For the catalytic activity of the different electro-catalysts, potentiostatic electrolysis in CO>
saturated 0.1M KHCO3 solution was performed at different applied potentials (from -0.4 to -
1.0 V (vs. RHE) for 120 min. The total charge (Qrotar) utilized by the different electro-catalysts
at different potentials are represented in Fig. 7.14 (corresponding chronoamperograms are
presented in Fig. 7.15). In comparison to higher loading of ZnO, lower ZnO loading catalysts
showed higher current densities and utilized higher total charge in ECO2R activity. This could
be due to the differences in their ECASA (Fig. 7.16) as well as the higher reactivity of reduced
CuO than that of ZnO towards ECO2R. Previous reports also suggest that polycrystalline Zn
required higher over-potential of 100—300 mV than Cu to handle 5 mA ¢cm CD during CO
reduction [157].

All the chronoamperometry curves (Fig. 7.15) show rapid decrease in the CD at the beginning
and further attaining a steady state. This can be due to the reduction of the electro-catalysts
themselves and the decrease in the local H* and CO. concentration close to the working
electrode and double layer charging. Stable CD response at different applied potentials suggests
good stability of CuZny/NGN during the ECO2R experiments. Liquid products were collected
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for identification and quantification of products using *H NMR and HPLC. In the liquid-phase,

only formic acid, acetic acid, methanol, ethanol, and n-propanol were detected.
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Fig. 7.15 Chronoamperometric measurements at various potentials in a CO»-saturated 0.1 M
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7.3.2.3. Electrochemical active surface area (ECASA)

(2)

(c)

(e)

Fig. 7.16 ECASA characterization of CUO/NGN, CuZnio/NGN, CuZnzo/NGN, CuZnzo/NGN,
and CuZns/NGN electrodes; (a-e) Cyclic voltammograms at scan rates of 10 to 100 mV s*
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7.3.3.

The effect of applied potential on product formation rate (productivity) is studied by plotting
productivity of obtained products as a function of applied potential (Fig. 7.17). The rate of
ethanol formation at CuZn2o/NGN electrode is found to be 20 to 195 pmol L™ h™* within the
applied potential range which is higher than that of other studied electrodes - ranging from 18
to 41 pmol L h! with CuO/NGN, from 17 to 105 pmol Lt h™twith CuzZnio/NGN; from 10
to 65 umol L™ h™ with CuZnzo/NGN; and from 13 to 33 umol L™ h™ with CuZno/NGN.

Product vs. potential
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Interestingly, productivity of ethanol increased with potential from —0.5 V to -0.8 V (vs. RHE)
and reached a maximum value of 195 umol L™* h™* at —0.8 V (vs. RHE).

At low overpotentials (before reaching -0.7 V vs. RHE), only formate and methanol are
observed. At the lowest overpotentials (-0.4 V vs. RHE) only formate was detected in liquid
product. As the overpotential increases, the percentage of the current going to hydrogen
evolution and C1 product formation decreases while the percent going to Ca+ reduction
products increases. At -0.7 V (vs. RHE), ethanol and n-propanol are the first alcohols to be
observed. The productivities for all Co+ products continue to increase with increasing
overpotential, until a peak is reached around -0.8 V (vs. RHE). At this potential, the FE for
formate, acetate, and methanol have declined to values below 10 % FE. At very high
overpotentials, beyond -0.8 V (vs. RHE), selectivities towards all C»+ products are declined. At
the most negative potential investigated in this study, -1.0 V vs. RHE, formate, acetate,
methanol, ethanol, and n-propanol account for over 43% of the Faradaic efficiency. At higher
overpotential mass transport limitation of CO- to the electrode can occur and the productivity
is decreased, as CO2 has a poor solubility in aqueous electrolytes (~34 mM at 25 °C).
Additionally, as the total current increased with applied overpotential, there will also be a
buildup of OH— near the electrode surface, i.e., an increase in local pH. Increased gas bubble
formation was clearly visible at both the electrode surfaces at higher applied potentials. These
bubbles are probably due to gaseous product generation and HER. This will cause a decrease
in local concentration of CO> near the electrode surface, resulting in the fall in CO2 reduction

productivities.

From Fig. 7.17, it is also observed that the formation of multi-carbon product is changing with
the ZnO loading in the electro-catalysts and CuZn2o/NGN electrode produces ethanol with
higher formation rate. Moreover, the formation rate of formic acid with all the electrodes is
quite high at all the applied potentials in comparison with other products. Formic acid requires
only two electrons to be produced by ECO2R therefore, formation rates typically increased
with potential from -0.4 V to — 1.0 V (vs. RHE). In case of multi-electron transfer process (i.e.
during the production of ethanol, n-propanol, and acetic acid where 12, 18, and 8 electrons
respectively are required) [40], formation rates typically increased with potential up to certain
value and then it decreased due to weak interaction of reaction intermediates at higher applied

potentials [40]. Similar trend was observed for all multi-carbon products.
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The production rate holds great relevance from practical point of view but the FE is equally
important for studying the selectivity of products [231]. The FEs of ethanol increased from 5.6
% (on CuO/NGN) to 34.2 % (on CuZn2o/NGN) and then decreased to 7.5% after further
increase in ZnO loading (CuZn4/NGN). This can be attributed to the fact that the exposed
surface area of ZnO increases with increasing the ZnO percentage and more selective reaction
sites can be generated for ethanol. CuZn2o/NGN electrode has higher FEethanol a5 compared to
CuZn3o/NGN and CuZnso/NGN, indicating that further increasing ZnO in the electrode could
be less favorable for ethanol formation since the ZnO electrode has satisfactory CO selectivity
as widely reported in the literature [244, 245]. The good performance of CuZnao/NGN
electrodes could be attributed to the balance of ZnO and CuO contents on NGN. Sufficient Cu

content is also required to enhance electric conductivity and to obtain high electrode activity.

As mentioned earlier, in CuZnx/NGN catalyst, Zn and Cu had synergistically acted to facilitate
the ethanol selectivity. This synergy could be demonstrated by analyzing the FE of multi-
carbon products at CuUO/NGN and ZnO/NGN. If ZnO/NGN had functioned independently,
only formate (FE = 7-17 %) could be detected in liquid product. Also, CuUO/NGN alone showed
high selectivity for methanol (i.e. FE = 15.8 % at -0.8 V (vs. RHE) and less selectivity for CO;
reduction to ethanol (FE = 5.6 %), acetic acid (FE = 4.1 %) and n-propanol (FE =3.5 %) as
shown in Fig. 7.18. It is interesting to note that although CuZn20/NGN electro-catalyst produces
formate with maximum formation rate of 315 umol L™ h™* but the FE for ethanol was higher
(34.5% at-0.8 V (vs. RHE)). The decrease in formate selectivity on the CuZn2o/NGN electrode
indicates that the binding energy of *COOH to the catalyst might be enhanced by optimized
Cu:Zn ratio and its distribution on NGN. The CuZni1o/NGN electrode contained the smallest
loading of Zn, catalyzed formate and ethanol with good selectivity across the different
potentials investigated. Many authors reported more CO generation at reduced ZnO sites
which helped in enhanced ethanol formation [244]. Thus, it can be concluded that gaseous CO
generated at the Zn sites may have further reacted at neighboring reduced CuO sites to give
ethanol. The remarkable performance of the CuZn2o/NGN was comparable to that of other Cu-
Zn composite catalysts reported recently, such as CusZn [113], Cu/ZnO (1010) [116], HMMP
CusZng [233], ZnO-shell/CuO-core bi-metal-oxide [115], 8Cu0/2ZnO/C [230], and Cu-Zn
mixture [232] as summarized in Table 7.2.
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Table 7.2 Comparison of performance of electro-catalysts reported in the literature for the
electrochemical reduction of CO- to ethanol and multi-carbon products (n-propanol, ethanol,
and acetic acid)

FE (%) CD Stability (h)
Catalyst Conditions Ethanol | Multi-carbon | (mMAcm™ | and Typeof | Ref.
products 2) cell
0.1 M KHCO3
CusZn 105V (vs. RHE) 29.1 51.3 2.1 5h, H-Type | [113]
Cu/Zn0O (1010) | 0.1 M KHCOs
1.4V (vs. RHE) 10.2 20.3 H-Type [116]
HMMP CusZng | 0.1 M KHCO3 11 h,
0.8V (vs. RHE) 46.6 58.3 2.3 H-Type [233]
ZnO-shell/CuO-
. 0.1 M KHCO3
core bi-metal- 1115 V (vs. RHE) 32 41 -10.5 H-Type [115]
oxide
0.1 M KHCO3
8Cu0/2Zn0/C 20.75 V (vs. RHE) 21 74 110 Flow cell [230]
0.1 M KHCO3
Cu-ZnO 1.7V (vs. RHE) ND 60 55 H-Type [99]
. 0.1 M KHCOs3 15 h,
Cu-Zn mixture -1.2V (vs. RHE) 2.2 8 5.7 H-Type [232]
0.1 M KHCO3 24 h, This
CuZn2o/NGN 0.8V (vs. RHE) 34.25 50.14 3.95 H-Type work

To determine the origin of the product, control experiments were conducted in No-saturated 0.1
M KHCOj3 using CuZnzo/NGN electrode. No product was observed in the HPLC and *H NMR
analysis even after application of -0.8 V (vs. RHE) for 2 h, confirming that formate, acetate,

methanol, ethanol, and n-propanol were generated by reduction of CO; only.

7.3.4.

The Tafel slope analysis (Fig. 7.19a) was performed to gain more insights on reaction kinetics

Reaction kinetics/Tafel plot

of ECO2R. The smaller Tafel slope of 84 mV dec™ for CuZny is observed compared to that of
other electro-catalysts. Also, Tafel slope for CUO/NGN is 90 mV dec™, comparatively smaller
than all ZnO loaded electro-catalysts. It reveals that CUO/NGN exhibits a faster rate of electron
transfer causing a better reaction kinetics in ECO2R [236]. Moreover, Tafel slope of
CuZny/NGN catalyst increased with increase in ZnO loading due to its lower electro-catalytic
activity compared to Cu suggesting higher over potential requirement to start the catalytic
reaction. Highest Tafel slope of ZnO/NGN (171 mV dec™?) supports this conclusion. These

values of Tafel slope are consistent with the integral activity as shown by the LSV curves.
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As reported by other researchers, the formation of the C-C bond (e.g., *CO-CHO and *CO-
CHpy) is considered to be important during ethanol production by ECO2R [246, 247]. It requires
twelve proton-electron transfers and follows complicated reaction pathways with multiple
reaction intermediates. Among them, the co-adsorption of two carbon-based intermediates is
very important and critical, since the two adsorbed C1 species is required for generation of C2
species of ethanol [233]. Recent theoretical studies have shown that the combination of two
hydrogenated C1 species is highly favored over two *CO species, as the activation energy
required for combining two hydrogenated C1 species is much smaller than that of two bare
*CO species. Ren and co-workers [113, 115] suggested that the generation of closely adsorbed
*CH2 and *CO is of crucial importance for improving ethanol selectivity on Cu-Zn composite
electrodes. Moreover, according to Su et al. [85] incorporation of Zn to Cu efficiently decreases
the C-C distance encouraging a greater possibility for the C-C coupling. Based on the above
discussion, the possible mechanism of ECO2R on CuZny/NGN is proposed. At the initial stage,
the adsorption of CO2 molecules and protons are taking place on Cu/Zn-based and pyridinic-
N sites. Electrons are transferred to adsorbed CO2 molecule to form *CO species. This *CO
species are further converted to *CH> intermediate through a hydrogenation process by
utilizing four protons and electron pairs. In the next step, proton and electron pairs are
transferred to the other *CO species for the formation of *COH. Previously formed *CHj is
combined with *COH to generate C-C bond through formation of *CH>COH intermediate.
Lastly, three protons and electron pair are transferred to *CH>COH intermediate to produce
ethanol molecule, followed by desorption into electrolyte solution [233] as illustrated in Fig.
7.19b.
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Fig. 7.19 (a) Tafel plot analysis and (b) Schematic of proposed reaction pathway for ECO2R
to ethanol
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7.3.5. Long term performance and reusability study

In addition to the good activity and excellent selectivity, stability and reusability is equally
important when developing CO> reduction catalysts for commercial purpose. A longer test was
performed with CuZn2o/NGN at optimized potential of -0.8 V (vs. RHE) for 24 h (Fig. 7.20a).
A small drop in CD was observed during 24 h of electrolysis. During the reuse test
performance, after each cycle, electrode was thoroughly washed with water and used for next
run. As shown in Fig. 7.20b, the initial ethanol FE was 34% which decreased to 28% after
repeating the 6 runs at —0.8 V (vs. RHE). Similar trend was observed for other multi-carbon
products. On the other hand, a FE for formate increased from 8.7% to 13.9% in 6 repeated runs.
The electro-catalytic activity of CuZno/NGN for ethanol and other multi-carbon products
decreased significantly due to the adsorption of poisoning species on the surface of the
electrode, especially metals ions and organic/inorganic substances present in the electrolyte, as

demonstrated by Hori et al. and other researchers [201, 202].
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Fig. 7.20 (a) CD response of CuZn2o/NGN as a function of time for long-time test performance
and (b) Reuse test performance at —0.8 V (vs. RHE) using CuZn2o/NGN as working electrode

7.3.6. Post characterization

After the long term performance, the structure and composition of the CuZn20/NGN electrode
was analyzed by SEM-EDX, XRD and ECASA. As seen from Fig. 7.21, the morphology of
the CuZn2o/NGN was preserved after 24 hours running. But in EDX analysis, the additional
signals corresponding to potassium (K) was observed, which might support the electrode
deactivation by adsorption of K+ ions as described in previous paragraph. Furthermore, initial
ECASA (Fig. 7.22) was found to be decreased after long term performance. It should also be
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noted that the HER still remained at the very negative potential on the poisoned surface, but
CO:- reduction to products, requiring active Cu and Zn surface, decreased. These poisoning
species restrict multi-electron and proton transfer resulting in increased formate FE after

consecutive recycle tests [201, 202].

To confirm the active sites for the generation of corresponding products, XRD analysis was
performed at different time intervals of ECO2R at -0.8 V (vs. RHE). As shown in Fig. 7.23,
initial oxide peaks of Cu and Zn are almost absent after 10 min of applied potential. Therefore,
it can be concluded that the reduction of CO. occurred probably on metallic sites rather than

on metal oxides [232].

2 4 6 8 10 12 14
Full Scale 6350 cts Cursor: 0.000 keV|

SEI 15kV  WD10mm SS35
SAl Labs, TIET Patiala G Mourya

Fig. 7.21 SEM images and corresponding EDX spectra of CuZn2o/NGN electrode at different
time intervals of ECO2R
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Fig. 7.23 XRD patterns of CuZn2o/NGN electrode at different time intervals of ECO2R

7.4. Conclusions

The present work demonstrates the significance of rational design of oxide derived composite
materials supported on N-doped graphene for the electrochemical CO; reduction (ECR)
application. Electro-catalysts with desired characteristics can be prepared through a
conventional co-precipitation method where electro-catalyst composition is simply controlled
by varying the ratio of Cu and Zn precursors. Different key variables have been studied for the
reduction of CO> to ethanol and other C2 chemicals. Copper supported on nitrogen doped

graphene (CuO/NGN) electrode exhibits low selectivity for ethanol and other C2 chemicals.
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In contrast, the electrode with 20 weight% Zn with copper on NGN (CuZn2o/NGN) displayed
the highest selectivity for ethanol production (FE=34.25 %) with formation rate of 195 pmol
Lt h?tat-0.8V (vs. RHE). The enhanced performance of the CuZn2o/NGN electrodes can be
assigned to the selective active sites derived from reduced CuO and ZnO. The Cu-Zn interface
seems to play an important role in the production of C.+ species. This work may guide to the
development of effective and less expensive electro-catalysts for CO2 conversion in large-scale
processing. There are still several issues that need to be tackled for this technology to have
highly active, selective and stable catalyst(s). Research efforts must be continued for multi-

carbon production with practical and economic feasibility in the coming years.

(This work have been published in Applied Surface Science, 556 (2021) 149790. DOI:
https://doi.org/10.1016/j.apsusc.2021.149790 (IF =6.707))
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Chapter 8- Conclusions and recommendations for future work

8.1. Conclusions

Four different nanostructured metal based electro-catalysts, namely metallic Cu nanoparticles
(Cu NPs), Cu NPs on N-doped graphene (Cux/NGN), oxide derived copper-zinc nanoparticles
(CuO-ZnOx) and CuO-ZnOx supported on N-doped grapheme, have been prepared for the
ECO2R with an aim to produce alcohol. Effects of metallic loading and applied potential have
been studied using H-type electrolytic cell in aqueous 0.1 M KHCO3 electrolyte. The optimum

results with the four types of electro-catalysts are given in the following table.

) Faradaic efficiency (%) N

Electro- Applied : : Stability

catalyst potential | Formic | Acetic |\, oo | Ethanol N- (h)
acid acid propanol

Cu NPs -0.8V 46 1.8 ND 6.5 5 20
Cu20/NGN -1V 15.86 9.81 ND 25.71 7.50 12
Cu0O-Zn0Ox20 -0.8V 13.40 ND 6.53 22.27 6.87 12
CuZn2/NGN | -0.8V 9.22 351 2.32 34.25 12.38 24

The electro-catalyst consisting of 20 weight% ZnO with CuO on NGN (CuZn2o/NGN) displays
the highest selectivity for ethanol production (FE=34.25 %) with formation rate of 195 pmol
Lt htat-0.8V (vs. RHE). This electrode has shown long-term stability of at least 24 h under
optimum conditions. Post characterization of the electrode indicates that carbon dioxide

reduction takes place on reduced oxide sites (metallic sites) rather than on metal oxide.

Nano-porous Cu NPs have great potential in developing efficient and green routes for ECO2R
to produce useful chemicals and fuels. The Cu-Zn interface seems to play an important role in
the production of C.+ species. The multi-carbon production is increased due to the synergistic
effect between Cu, Zn and N doped active sites in the electro-catalyst.

This research work provides a few examples of the development of effective and less expensive
electro-catalysts for CO2 conversion. It also highlights the effect of active metal loading,
composition of electrocatalysts, and applied potentials on the alcohol selectivity of CO2

reduction reactions. This work opens up a simple way for efficient transformation of CO> into
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valuable chemicals, and the results are helpful for developing other electrodes for efficient CO>

reduction.

However, there are still several issues that need to be tackled for this technology to have highly

active, selective and stable catalyst(s). Research efforts must be continued for multi-carbon

production with practical and economic feasibility in the coming years.

8.2. Recommendations for future research

Solving the issue of low CO: solubility in electrolyte solution by designing suitable
reactors such as liquid-flow cells, gas-diffusion cells, and use of different reaction media,
such as ionic liquids (ILs) and solid polymer electrolytes.

Developing more advanced electro-catalysts with better structures (e.g., more
hierarchical or having suitable binding energies for different reaction intermediates) are
suggested. This can be achieved by combination of different synthesis techniques and
developing appropriate novel compositions (e.g., 2D transition metal oxides, supported
metals, introducing molecular modifiers, materials with atomic dopant/defect/surface

curvature, etc.).

The majority of the systems have been tested for few hours only; therefore, designing of
more stable and low-cost electro-catalysts (such as metal-free electro-catalyst, complex
catalysts with heteroatom doping) with more appropriate active sites are needed to

accelerate the ECO2R performance for higher alcohol selectivity.

For getting the mechanistic insights, combination of experimental, analytical (both in situ
and ex situ), and computational approaches are required.

Natural power sources (like solar, wind, etc.) need to be utilized to drive ECO2R process.
This can be done by generating electrical energy from direct utilization of natural powers

or using photo-electrochemical reduction technique from reduction of CO; to ethanol.
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One of the best options to utilize CO, is to convert it to useful chemicals, which may lead to economic and
environmental benefits. In the present work, highly stable metallic copper nanoparticles (Cu NPs) have been
synthesized and characterized by different physio-chemical characterization techniques like X-ray photoelectron
spectroscopy (XPS), high-resolution transmission electron microscopy (HR-TEM), X-ray diffraction (XRD),
Brunauer-Emmet-Teller (BET), etc. The prepared Cu NPs exhibit porous morphology in pure metallic state with
high surface area of 630 m2.g~'. From electrochemical experiments, total Faradaic efficiency (FE) for the liquid
products reached to ~58% at —0.8 V (vs. RHE) using prepared Cu NPs as an electrocatalyst. The Cu NPs majorly
produced formic acid (2.3 mM) with small quantities of acetic acid (13 uM), ethanol (51 uM), and n-propanol
(32 uM) under studied conditions. In addition, FE for formic acid remained constant around ~40% at —0.8 V vs.
RHE) when reusing the same electrode number of times. The good performance of Cu NPs might be due to the
presence of lots of micropores on the surface, which increases CO, adsorption for its conversion to chemicals.

1. Introduction

Naturally available fuels (crude oil, coal, etc.) are used as the
world’s primary source of energy [1]. The utilization of naturally
available fuel is drastically increasing to fulfill the world's energy de-
mand due to rapid rise in population and its low cost. Fossil fuel ac-
counts for more than 85% usage for energy generation [2]. Therefore,
the atmospheric carbon dioxide (CO,) concentration has been in-
creasing drastically [3]. This increase in the concentration of CO, is a
very sincere concern as it creates high impact on global climate change.
In addition, increasing the CO, concentration in the atmosphere is re-
sulting in ocean acidification and influencing the growth of many
aquatic species present in the ocean [4].

The atmospheric CO, could be reduced by converting it into useful
chemicals using electrochemical reduction of CO, (ECO,R) driven by
renewable energy. Several metal complexes [5-8], pure metals [9],
polymer [10], alloys [11-14] and metal free [15,16] electrocatalysts
have been studied for ECO,R. However, different electrocatalytic
properties were shown by various metal electrodes to produce different
chemicals. The copper has a unique ability to reduce CO, to many
products like methanol, ethanol, propanol [17], formic acid/formate
(depending on pH), etc. which are relatively value-added commodity
chemicals. Therefore, there is great interest in studying Cu to improve

* Corresponding author.

product selectivity for maximizing economic and environmental bene-
fits (see Supporting Information, SI-1).

To date, different Cu based electrocatalysts have been investigated
to improve the selectivity and activity, including the exposed surface
facets [18], particle size [19], the control of macrostructure [20], and
bimetallic alloys formation with the use of secondary metals [21]. High
overpotential and poor selectivity due to the hydrogen evolution re-
action (HER) remains a huge challenge for selective ECO,R [22].
Therefore, recent investigations have focused on suppressing HER and
improving carbonaceous product selectivity.

The use of copper electrode for ECO2R is extensively studied by
many researchers [9,23-31]. The very first report was available in 1989
by Hori et al. [25], where the authors studied Cu in the aqueous in-
organic electrolyte and observed CO, CH,, C,H,, C;HsOH, and C3H,OH
at ambient conditions. Recently, cuprous oxide (Cu,0) derived copper
nanoparticles was reported by Kas et al. [26] for ECO,R. From their
online electrochemical mass spectroscopy study, they reported that all
ECO2R actually proceeds on the newly formed metallic copper particles
(in-situ) and not on as-deposited Cu,0. Formic acid with 22% FE was
observed in the liquid phase. Two separate studies were carried out by
Frese et al. [27] and Le et al. [5] on the effect of different pretreatment
methods on Cu foils. Both have reported methanol as the main product
with the highest production rate on Cu,O films deposited on stainless
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Alcohol CO; into value-added chemical products by electrochemical reduction method has attracted great attention to

L(Ear/;m(l;h:homde reduce the CO, emissions and achieve net-zero carbon footprints. Herein, we report a nanostructured electro-
u

catalyst consisting of N-doped graphene (NGN) supported Cu nanoparticles (Cu NPs) with high catalytic activity
for electrochemical CO; reduction (ECR). The electrocatalyst was optimized for loading of Cu NPs on NGN. The
physico-chemical properties of electrocatalysts were studied by SEM, TEM, Raman spectroscopy, XPS, etc.
Characterization results show that the high loading of Cu (30 wt. %) increases the size of Cu NPs due to
agglomeration of particles. ECR experiments were carried out in a two-compartment electrochemical cell. High
performance liquid chromatography (HPLC) was employed to analyze the liquid products. Amongst all tested
electrocatalysts, Cupo/NGN shows the highest activity for ECR in the entire potential range studied. It gives a
total 54 % Faradaic efficiency at -1.0 V (vs. RHE) for the liquid products. The study also demonstrates that the
electronic and structural properties of the electrode were improved by the addition of Cu NPs on NGN surface,
which in turn enhanced the performance of the catalyst as confirmed by potential-controlled electrocatalysis.

Electrochemical reduction

1. Introduction

In recent years, the total usage of fossil fuels (e.g. petroleum, coal,
and natural gas) comprises ~ 81.5 % of global energy resources due to
the progress of human society and rapid industrialization [1]. This is
enhancing the carbon dioxide (CO2) concentration in the atmosphere.
Therefore, great efforts have been devoted to find out an alternative
pathway to capture and convert it into other value-added products.
Among several existing methods available for CO; utilization [2], elec-
trochemical CO; reduction (ECR) has attracted increasing interest in
recent years, because it is easily controlled by electrode potential and
operated at ambient conditions [3]. Also, electrical energy required to
drive ECR can be generated from renewable sources (like geothermal
power, wind, tidal, and solar) which help to achieve net-zero carbon
footprints. However, CO; is a very stable molecule and huge negative
potentials are required for triggering ECR reaction which produces
multiple products [4]. Therefore, efficient electrocatalyst is needed
which can control the multi-electron and multi-proton transfer path-
ways for ECR at low overpotential and also can provide high selectivity
for different products [5]. So far, only few catalysts are available which

* Corresponding author.

could give single end product [6-8].

From past few years, different heterogeneous electrocatalysts were
studied by many researchers including mono-metals (e.g., Zn, Cu, etc.)
[9,10], bi-metals (e.g., Cu-CO, Cu-Zn, etc.) [11,12], oxides (e.g., SnOo,
CuO, Cuy0, ZnO, etc.) [13], carbon-based materials [14-16], and metal
organic frameworks [17,18]. Compared with these different materials,
carbon-based materials, specifically N-doped graphene (NGN) are
promising and desirable materials for ECR due to its low-cost, high
surface area, a mesoporous and microporous structure, and excellent
electrical conductivity [19]. Also, NGN is favorable to assimilate
metallic and nonmetallic species on account of its high specific area
[14]. This offers higher degrees of freedom to incorporate the corre-
sponding catalytic active sites.

Recently, Song et al. [19] studied Cu/CN (Cu NPs decorated on a
N-doped carbon Nano spike film) for the ECR. Cu/CNS gives high
selectivity for ethanol formation (FE = 63 %) at —1.2 V vs. the reversible
hydrogen electrode (RHE). Han et al. [20] reported Cu/NPC-800 elec-
trocatalyst with high selectivity toward the multi-carbon alcohols. Ac-
cording to their report, the multi-carbon alcohols are produced due to
the combined effect of Cu nanoparticles as a catalytic site and pyridinic
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The oxide-derived Cu and Zn nanoparticles (prepared by co-precipitation method) supported on N-doped gra-
phene (CuZny/NGN) were prepared and ZnO loading was optimized for efficient electrochemical CO, reduction
(ECR) to multi-carbon products. The ECR experiments were performed in aqueous 0.1 M KHCO3 electrolyte at
ambient pressure. Results suggest that the Faradaic efficiency (FE) for multicarbon products could be tuned by
varying the loading of Zn in the CuZny/NGN. The catalyst with 20 wt% ZnO loading (CuZny/NGN) gives the

highest FE of 34.25% for ethanol production and 12.38% for N-propanol at —0.8 V (vs. RHE) with the total
current density of 3.95 mA em ™2 The CuZnyo/NGN electrode shows long term stability of at least 24 h at
optimized conditions. It is suggested that CO generated at the reduced ZnO nanoparticles increases the local
surface coverage of *CO on the reduced CuO, which improves the C-C coupling rate, facilitating the multi-carbon

production (i.e. ethanol).

1. Introduction

Carbon dioxide (CO3) is a most common greenhouse gas in our
planet. Unfortunately, with the intensified industrial activities by
mankind and global consumption of fossil fuels, more CO: is released to
the environment, causing Earth-carbon imbalance, leading to possible
global warming and climate change issue [1]. Consequently, the
reduction of the CO, emissions and the conversion of CO into useful
products seem to be important, indeed essential, for the conservation of
the environment [2]. Different governments around the world have
expressed their concern by growing their expenditure in research to
address the CO; problem [3]. Amongst various techniques available for
CO; conversion [2], electrochemical CO; reduction (ECR) reactions is
considered as best because it can be carried out under ambient condi-
tions through the application of an external electrical bias [4]. Many
useful products like acids, ethers, and alcohols can be derived from ECR
but now a days many researchers are targeting high energy density
products such as alcohols due to its application in gasoline blends for
fuel [5]. The global alcohol industry size was approximately USD 131.8
billion in 2019 and is projected to rise at an average annual growth rate
of 8.3 percent from 2020 to 2027 [6]. The product selectivity in ECR
depends on the type of electrocatalyst used. Till date, no electrocatalyst
is reported which shows 100% selectivity for single product due to its

* Corresponding author.
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high over-potential and competing hydrogen evolution reaction (HER)
[71.

Therefore, researchers devoted considerable effort in electrocatalyst
developments for the ECR. Amongst all the reported catalysts so far for
ECR in aqueous media, Copper (Cu) alone has a capacity to generate a
large range of chemicals beyond CO*, including hydrocarbons and al-
cohols [8]. However, Cu shows a low activity and selectivity for the C2
products like ethanol and ethylene [9]. While huge amount of literature
is available on Cu catalyst for basic understanding of the effect of
nanostructures, surface crystal facets, and morphologies on activity and
selectivity of the products [10]. Unfortunately, selective electrochemical
CO;, reduction to multi-carbon products has not fulfilled the industrial
requirement. Density functional theory (DFT) suggests that the forma-
tion of the C-C bond is the important step towards the formation of C2
chemicals [11,12]; that is, the coupling of the intermediate *CO takes
place on electrocatalyst surface. Also, C-C coupling for multi-carbon
reaction products is facilitated by higher local CO concentration.
Many interesting studies are available on modification of Cu surface
with organic/inorganic molecules (e.g., N-arylpyridinium, polyaniline,
Ag, Au, Co, Cu NPs@C, etc.) for multi-carbon product selectivity
[5,13-16]. According to these reports, the stabilization of *CO inter-
mediate on Cu surface increases CO partial pressure which further en-
hances the CO dimerization rate. In general, increased partial pressure of
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Electrochemical reduction of carbon dioxide (ERCO,) driven by non-conventional sources of energy is a
favorable approach to generate closed loop CO; cycle. It will reduce CO, emissions by lowering CO, levels
in the atmosphere and converting it into high-energy-density carbon-based fuels like alcohols and hydro-
carbons. Monometallic copper based catalysts are largely reported for ERCO, to a variety of industrially
important carbon products. But, challenges such as high over potential, uncontrollable product selectivity,
and catalyst deactivation inhibit their progress. Oxide derived bimetallic CuZny electrocatalysts have been
suggested as alternatives for achieving high selectivity for different valuable products. In this study, the
co-precipitation approach has been used to prepare CuO with various quantities of ZnO dopants. HRTEM,
FESEM, XRD, and XPS were used to conduct detailed morphological and elemental studies on the elec-
trode. The electrochemical performance was measured using H-type electrochemical cell in aqueous 0.1
M KHCOj; electrolyte. The evaluation of different CuO-ZnOy (where x=5, 10, 15 and 20 wt.%) catalysts for
ethanol productivity and Faradaic efficiency are of particular importance. Amongst studied electrocata-
lysts, the highest Faradaic efficiency of 22.27 % was obtained for ethanol using CuO-Zn0O,, at -0.80 V (vs
RHE) with the production rate of about 121 pmol h~! L-'. The optimized electrode (CuO-ZnO,;) shows
long term stability for at least 12 h. Post characterization of the catalyst was also conducted to obtain an
insight into the active sites, which indicated that CO, reduction took place on reduced oxide sites (i.e.

metallic sites) rather than metal oxides.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The global transportation industry is confronted with three big
issues, namely crude oil price instability, fossil fuel depletion, and
strict environmental policies [1, 2]. Among various alternatives [3,
4], biofuels are being aggressively explored as an option because
they have less complexities in terms of processing, storage, trans-
portation, and usage in internal combustion engines [5]. Ethanol is
regarded as one of the most desirable renewable fuel because of
its comparable higher heating value (23.4 MJ/L) [6], competitive-
ness, superior fuel efficiency, and many environmental advantages
[7, 8]. Many countries introduced ethanol blending program in re-
cent years [9]. Therefore, conversion of waste CO, to ethanol by
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electrochemical reduction may be helpful to fulfill world increas-
ing ethanol demand and at the same time it will also decrease the
CO, emissions from the atmosphere [10].

Electrochemical reduction of CO, (ERCO,) to ethanol is 12e~
transfer process [11]. The coupling of the main reaction intermedi-
ate *CO on the electrocatalysts surface for the C-C bond formation,
is considered as important and complex step in the production of
ethanol [10]. Also, CO; is highly stable molecule and requires high
energy for conversion, which makes ERCO, process more difficult
[12]. To make this process feasible at an industrial scale, both the
low selectivity of desired products and high reaction over potential
must be taken into account [13, 14]. To overcome these limitations,
highly active, inexpensive, long-lasting, energy-efficient, and selec-
tive electrocatalysts must be created. Different strategies have been
suggested to improve the efficiency of metal catalysts, including
designing the metal/electrolyte interface [15], nanostructuring the
metals [16, 17], or adding a secondary metal to establish bimetallic
structure [18-20]. The addition of co-catalysts has been reported by
many groups for the in-situ feedstock of mobile CO reactant for Cu



