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Abstract

Fossil fuel consumption holds 81% of the global primary energy share even in
recent years. It directly affects the emission of CO: in every corner of the earth. We
have seen a rise in CO2 emissions of 31.79% within a span of 15 years from 2003 to
2018. It results in a meteoric increase in CO> concentration in the atmosphere causing
the grievous greenhouse effect. Production of various useful chemicals and fuels
through direct electrochemical CO; reduction reaction (ECO2RR) owns tremendous
opportunities to combat adverse environmental consequences of CO. emission. Formic
acid (HCOOH) is considered a promising contestant according to the series
CO~HCOOH>CH30H>>C3H4>CHs among nearly 16 different C1-Cs compounds
formed through ECO2RR. Alongside this, the production of NH3 by N2 reduction could
shift the paradigm of global energy verticals. NH3z is an effective energy carrier and
liquid fuel for developing fuel cells having a high hydrogen capacity (17.8% w/w) and
energy density (4.32 kWhL™). In fact, the production of NHs through electrochemical
nitrogen reduction reaction (ENRR) has garnered significant interest as a potential
method of artificial N2 fixation in ambient conditions.

This doctoral work develops environmentally benign processes for the synthesis
of metal oxides and metal sulphide (nano)electrocatalysts. These catalysts are then
applied for the electrochemical reduction of CO, and N2 for the formation of value-
added chemicals in a semi-batch laboratory electrolyzer.

In the first part, we have synthesized Cu.O nanoparticles (NPs), denoted,
Cu20(bio) NPs, using the bioactive compounds present in Sechium edule (chayote)
vegetal extract. The mechanistic pathways for the formation of the face-centred cubic
Cu20 NPs (37.5-42 nm) and metal-organic (intermediates) ligands leading to the
development of its stabilizing cap are investigated in detail. To validate the mechanism
of Cu20 NPs formation, a control synthesis of Cu2O NPs, using commercially available
ascorbic acid (AA) was performed and tested for ECO2RR. Cu>O(bio) NPs were
decorated on the Toray carbon paper (TCP) for the fabrication of the modified
electrode. Cu20(bio) NPs/TCP electrode could decrease the charge transfer resistance

by 50 folds and catalyze CO> reduction to formate (HCOO"), a sole liquid product in
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0.5 M KHCOs electrolyte with a Faradaic efficiency (FE) of 65.3-66.6% in 60 min of
reaction at -1.60 V. vs. Ag/AgCl (3MKCI). The predominant (111) facet of Cu2O(bio)
NPs could cause the selective formation of formate. Nevertheless, Cu2O(bio) NPs
underwent oxidation to CuO noted after 100 voltammetric cycles resulting in a decline
in CO- reduction reaction rate. The stability of Cu2O(bio) NPs and their delamination
from the electrode surface was also studied in this work.

Further, with the aim to improve the efficiency of ECO2RR to HCOO", the
second study synthesizes SnO> NPs, labelled as SnO2(bio) NPs, using the (bio)analytes
present in the aforementioned vegetal extract. A mechanistic route of synthesis of SnO-
NPs from its inorganic precursor has been proposed. SnO2(bio) NPs decorated TCP and
its calcined counterpart SnO2(bio)- 800 NPs (800°C) were employed for ECOzRR.
Both SnO(bio) NPs and SnO(bio)- 800 NPs were active towards ECO2RR forming
HCOOQO™ as the single product, in the same electrolyte. The maximum FE could reach to
75.6-84.0% in 1 h of chronoamperometric test at -1.50 V. vs. Ag/AgCl (3MKCI)
probably because of the predominant (110) crystal facet in SnO2(bio)- 800 NPs.

This study demonstrates a template-free process of synthesizing 1D Bi.Ss
nanorods (Bi>S3-NRs(bio)) following a simple bio-based route. The morphology of
nanorods was controlled via capping of ascorbic acid (AA), a major analyte present in
Sechium edule fruit. Surface capping of AA on Bi.S3-NRs(bio) could reduce the
average length of Bi>Sz nanorods from 485 to 229.5 nm and diameter from 123 to 31
nm compared with Bi>S3-NRs(control), synthesized without bio-extract/reducing agent.
The oxidized contaminant, BiOs was present in Bi>S3-NRs(control). Whereas the
surface capping of AA prevented the oxidation of Bi»Ss-NRs(bio) during its synthesis.
A plausible mechanistic route of synthesis of Bi>S3-NRs(bio) is also proposed herein.
The modified Bi>S3-NRs(bio)/TCP electrode also exhibited selective HCOO™ formation
with an unprecedented FE of 92.3% against 50.9% for the Bi>S3-NRs(control)/TCP
electrode at —1.5 V (vs. Ag/AgCl). Higher FE exhibited by the Bi>S3-NRs(bio) catalyst
was resulted from its compositional and morphological attributes. In-situ
electrochemical oxidation of Bi>S3-NRs(bio) to Bi2O.COs3 also could act as active sites
to enhance ECO2RR towards HCOO™ formation.

Finally, the synthesis of pristine CosO4 nanodiscs (NDs) in an environmentally

friendly process using gallic acid was carried out to effectuate catalytic ENRR for the
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formation of NHs. The absorption spectra of Cos04 NDs revealed two peaks at 435 and
735 nm, indicative of O>” to Co?*/Co** charge transfer. The particles exhibited a distinct
propensity for growth along the (311) direction with induced oxygen vacancies. The
diameter and thickness of CozOs NDs were determined to be 240 and 35.5 nm,
respectively. FE of NH3 production of 2.6% was achieved with a yield rate of 17.2 pg
h™ mgca. * at —1.25 V (vs. Ag/AgCl). Cos04 NDs/TCP electrode showed six times
higher FE of NHs formation compared to the unmodified and non-catalysed system.
However, prolonged electrolysis could result in a reduction in FE due to the sacrifice
of active Co(lll) sites during ENRR.

Keywords:  Bioinspired route; Template-free synthesis; Cu.O catalysts; SnO;
nanoparticles; 1D Bi»Sz nanorods; pristine CosO4 nanodiscs; Cyclic voltammetry;
Linear sweep voltammetry; Impedance spectroscopy; Chronoamperometry;
Electrochemical CO- reduction; Electrochemical N. reduction; Formate formation;

NH3 production
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CHAPTER 1.

Introduction and Background of the Work

This chapter presents a general introductory information about various CO:
sequestration techniques, metal and metal-based nanoparticles, various synthesis
approaches and their catalytic properties. A concise overview of the bioinspired
approaches of metal oxide and sulphide electrocatalysts synthesis and their
applications in electrochemical CO2 and N reduction to value-added chemicals is

presented in this chapter.
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Bioinspired Synthesis of Metal Oxides and Sulphide Electrocatalysts for CO; and N2 Conversion to Formate and Ammonia

1.1 Introduction and environmental impact of CO>

Carbon dioxide (COy) is an innate product of the combustion of fossil fuels
and the respiratory activity of living beings. Photosynthesis by green plants is a
biochemical process that reduces the concentration of CO. and keeps balancing the
atmospheric CO> concentration. Human activities have increased the concentration of
atmospheric CO2, a major component of greenhouse gas (GHG) over the past
centuries, which causes climate change in association with global warming (Xu and
Yang, 2017). According to a report, the world releases about 1 trillion pounds of CO-
due to the consumption of approximately 1 billion barrels of oil, per 12 days
(\Varghese et al., 2009). Other than the combustion of fossil fuels, such as oil, coal and
gas, deforestation is also a primary cause of CO2 emission. The various sources of
CO2 emission are illustrated in Figure 1.1. Table 1.1 and Table 1.2 shows the
quantitative data of CO2 emission from different sources and per capita CO2 emission

for major countries, respectively.

Sources of CO, emissions

ement manufacture  Deforestation

Figure 1.1. Various sources of CO2 emissions.
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Table 1.1. CO. emissions from different sources (Ali et al., 2020).

Sources of CO, emission Percentage (%)
Industry 32
Building operations 28
Transportation 23
Building material and construction 11
Other 6

Table 1.2. Per capita CO> emission for major countries for the year 2021

[https://ourworldindata.org/co2-emissions].

TH-3128_166107007

Country COz emission (tonnes per capita)
Russia 12.1
Canada 14.3
China 8.05
United States 14.86
Brazil 2.28
Australia 15.09
India 1.93
Argentina 4.12
Kazakhstan 14.41
Saudi Arabia 18.7
Greenland 9.08
Mexico 3.21
Indonesia 2.26
Iran 8.52
South Africa 7.34
Egypt 2.28
Pakistan 0.99
Japan 8.57
Germany 8.09
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The effect of climate change includes Arctic sea ice retreat, loss of glaciers,
increase in heavy rainfall and the frequent appearance of hurricanes (Solomon et al.,
2009). These environmental changes drastically affect human and animal health.
Several vector-borne diseases, such as malaria and diarrhea are very much sensitive to
climatic conditions, and global warming highly affects the geographical distribution
of the vectors and vector-borne diseases. It is also found that the timing and
geographical pattern of bird reproduction and migration are altered due to climate
change (Corvalan, 2007). A potential solution for reducing the atmospheric
concentration of COz> is to sequester it (\Varghese et al., 2009). As the ability to store
several billion tons of carbon emitted in the form of CO: is questionable, recycling
CO. via conversion into value-added hydrocarbons (HCs) is a potential option
(\Varghese et al., 2009). However, such processes are energy intensive. In this context,

electrocatalytic CO> conversion into HCs may be considered a viable route.

1.2 Techniques for CO> sequestration

There are different methods, both natural and artificial or synthetic for carbon
dioxide fixation to avoid its emission into the atmosphere. These methods can broadly
be grouped into three categories (Figure 1.2): i) natural sinking process, ii) direct
sequestration by artificial processes, and iii) conversion of CO; for the synthesis of
chemical compounds. The roles of these methods for CO2 removal and sequestration

are outlined in the next sub-sections.
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| CO, sequestration processes

Natural sinking processes Direct sequestration by Conversion of CO, to synthesis of
artificial processes Chemical compounds
Forestation Enhance Oil
Ocean fertilization Geological injection Recovery (EOR)
Mineral carbonation Coal seam
Ocean injection
I
| |
Nonreductive reaction Reductive reaction

Catalytic copolymerization of CO, Photocatalytic CO, conversion processes

CO, fixation in photo-bioreactor

Thegib-catalytic COBonveEBREEE Electrochemical CO, reduction reaction

(ECO.RR)

Figure 1.2. Different techniques of CO> sequestration.

1.2.1 Natural sinking processes

The natural sinking processes of CO. sequestration consist of the formation of
fossil fuels via photosynthesis and rock weathering. In these processes, CO: is fixed
to more stable products such as organic matter of carbonates. The options are
forestation, ocean fertilization, and mineral carbonation (Yamasaki, 2003).

1.2.1.1 Forestation

CO. capture and storage technology have been expanded to include
forestation by the International Energy Agency (IEA), in the year 1991 (Reichle et al.,
1999). The carbon flow to the terrestrial vegetation is positive at the beginning of the
sequestration process and finally becomes zero. At this stage, a constant amount of
CO:z is sequestrated by the terrestrial system. The terrestrial systems can sequester an
estimated amount of 12-169 PgC (1PgC= 10% g carbon) per year (Sha et al., 2022).

1.2.1.2 Ocean fertilization
The biological carbon uptake can be increased by the marine fertilization

method. Phytoplankton absorbs CO», where bacteria break down organic matter into
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inorganic compounds by the process of mineralization. Before the last decade, several
experiments on ocean fertilization have been performed (Martin et al., 1994).

In a study, in an area of 100 km? of ocean, the sea water is mixed with a
micronutrient, iron. During the experiment, a 30 times increase in chlorophyll Il is
found. Consequently, the plankton biomass is increased by a magnitude through the
transformation of 1,00,000 kg of fixed carbon (Martin et al., 1994; Robinson et al.,
2014).

1.2.1.3 Mineral carbonation

In a mineral carbonation process, CO> forms stable carbonate minerals, such
as dolomite (CaopsMgosCQs), magnesite (MgCOs), calcite (CaCOs), and siderite
(FeCO3) by reacting with calcium and magnesium-containing minerals (Olajire,
2013). This is also known as a chemical weathering process of rocks. The general
chemical equation is shown in Equation 1.1 (Maroto-Valer et al., 2005).

(Mg,Ca)xSiyOx+2y + XCO2 — x(Mg,Ca)COs3 + ySiO> (1.2)

The mineral carbonation process stores CO: in the form of stable solid mineral
carbonate. The energy content of a mineral carbonate is 60 to 180 kJ mol™* lower than
that of CO2 (400 kJ mol 1) (Maroto-Valer et al., 2005). Therefore, the sequestration in

the form of mineral carbonation secures a long-term CO fixation.

1.2.2 Direct sequestration by artificial processes

In the direct CO2 sequestration process, CO> emitted from a large point
sources (thermal power plant, steel or cement industries) are captured from flue gases
and transported to a suitable site, such as ocean or underground, to be injected or

sequestered (Yamasaki, 2003).

1.2.2.1 Geological injection

The captured CO: is injected into the deep geological formation, sometimes
saline aquifers or depleted oil or gas reservoirs. The geological CO: injection has a
long history of commercialization in terms of EOR (Enhanced oil recovery) and coal

seam processes (Yamasaki, 2003).
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Enhanced oil recovery (EOR): EOR refers to the process by which oil is
recovered from the depleted reservoir by injecting materials that are not naturally
present in the reservoir. This method is implemented by thermal injection, chemical
injection, and gas injection techniques. In gas injection technique, commonly CO: is
used, as it reduces the oil viscosity by reducing the interfacial area between oil and
water (Blunt et al., 1993). The displacement of oil is dependent on the phase behavior
of CO2 and crude oil mixture. More than 50% of injected gas can be returned with the
produced oil in this application (Bondor, 1992), which can be re-injected for
minimizing the operational cost.

Coal seam: CO sequestration in coal seam can be one possible route to
mitigate the increasing atmospheric CO2 (Reichle et al., 1999). Adsorption plays main
role in coal seam storage at the pressure range of 2067 kPa to 5856 kPa (Das and
Dutta, 2017). In the coalification process in coal seam, methane is produced as a main
product (70-85 %) (Das and Dutta, 2017), others being water and CO>. Methane is
stored as sorbate in the microporous structure of coal. CO; is injected to the coal

seam, desorption starts and methane is displaced by CO2 (Shi and Durucan, 2005).

1.2.2.2 Ocean injection
An estimated 40,000 Gt of carbon is stored in the oceans. While, the
terrestrial biosphere and atmosphere contain 2200 and 750 Gt of carbon, respectively
(Stewart and Hessami, 2005). Consequently, the change in the carbon concentration in
the atmosphere by 2 times, would result in an approximate 2% increase in the carbon
concentration in the ocean. Therefore, the ocean can be considered a sink for COo.
Several injection methods can be applied:
i. Droplet plume: Injection of liquid CO: is done by using a manifold below 1000
m, which forms a rising plume.
ii. Dense plume: A mixture of dense CO. and seawater, that sinks, is injected
between 500 and 1000 m.
iii. Dryice: Dry ice is dropped from the ships into the ocean for diffusion.
iv. Towed pipe: CO> is injected through a towed pipe from moving ship below
1000 m, forming a rising droplet plume.

v. CO:2 lake: CO; is released below 4000 m to form a stable deep lake of CO..

7|Page
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In natural sinking process, terrestrial plants are capable of atmospheric CO>
reduction by only 3-6%. Direct sequestration, such as ocean injection, could be
unsustainable due to the energy intensive process, high operational and transportation
costs, large space required, and furthermore, physical leakage of CO to atmosphere
(~15-20% of CO2 can be leaked over a few hundred years of storage) due to natural
disasters like earthquake (Bhola et al., 2014; Farrelly et al., 2013). The ocean acidity
is increased by 30% due to absorption of CO2, which reduces the ability of marine
creatures for the construction of their shells and skeletal structure (Farrelly et al.,
2013). In case of EOR, the injectivity could be decreased from 10 even up to 100%
due to the reservoir compaction, precipitation of minerals, reduction in permeability
due to oil emulsification and bacterial growth and moreover ~66% return of CO- to
the atmosphere along with the produced oil and gas (Xie and Economides, 2009).

In coal seam injection process, the permeability of reservoir could be reduced
due to the complexity occurs from the physicochemical alterations in the structure of
coal, which in turn affects the injectivity of CO> into the seam (Sampath et al., 2020).

While, CO; conversion to fuels have prospect of large amount of CO;
sequestration, approximately 500 Mt year ! (Ghiat and Al-Ansari, 2021). Therefore,
about 5-10% of total CO2 emissions in the atmosphere could be utilized for the
production of chemicals and fuels (Cheah et al., 2016). In this context, various CO>
conversion processes to fuels and chemicals will be discussed in the next section
(Section 1.2.3).

1.2.3 Conversion of CO2 to value-added chemicals
The chemical utilization of CO> is considered as another promising route of
CO: sequestration. The chemical reactions of CO> can be classified into two types: i)

nonreductive reaction and ii) reductive reaction.

1.2.3.1 Nonreductive reaction
In nonreductive reaction of CO2, oxygen atoms of CO2 do not convert and
carbon dioxide is fixed to different bonds, such as carbon-carbon, carbon-nitrogen

bonds.

8|Page

TH-3128_166107007



Introduction and Background of the Work

Catalytic copolymerization of CO2: The synthesis of polycarbonates from CO-
and epoxides has received enormous attention as it consumes CO as a feedstock. The
catalysts such as ZnEt,/H.O, ZnEty/isophthalic acid, Zn(OH)2/glutaric acid and
ZnO/glutaric acid are used to increase the activity (Cooper, 2000). Equation 1.2
represents the general polymerization reaction of such a process (Inoue et al., 1969).

T

H.C—CHR — Y %cm ——CH —0 —cC —o%
\/ H a
o]

o (1.2)

Two steps involve in the copolymerization of CO2 with epoxide. The first step
is the reaction between CO, and metal alkoxide, and the second step is the reaction

between the epoxide and metal carbonate (Equation 1.3).

CO,
YV CH, CHR) —8—O0——M ——>
()
H2C—/CHR
o —
AN CH, CH(R) o c—O0—M ————>» M = Zn, etc
o} (1.3)

The polymer undergoes thermal degradation (Equation 1.4) upon heating to
200°C for the formation of their corresponding cyclic carbonate (Inoue et al., 1975).

heat
CH, —CHR—O—C ——o0  — H2(|:—C|HR
| s
X
0 e/

o (1.4)

Thermocatalytic CO2 conversion process: The thermocatalytic conversion of
CO2 combines high-temperature reaction, typically 250-400°C and heterogeneous
catalysis to provide a fast reaction rate with large volume of CH4 production (Das et
al., 2020). This is also known as the methanation reaction or the Sabatier reaction
after the name of Sabatier and Senderns, who first studied this reaction. Nickel (Ni)
and ruthenium (Ru) based catalysts exclusively produce CHas, while Cu and Ag

catalysts mainly produce CH3OH (Stangeland et al., 2017).
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Mattia et al. (2015) reported thermocatalytic CO> conversion to HCs, CH4 and
C2-C4 alkenes using iron-carbon nanotube, FECNT, as a catalyst. For the preparation
of catalyst, a solution containing ferrocene and toluene is heated at 790°C in a furnace
with 450 cm® min~ Ar and 50 cm® min! Hy in a quartz reactor. Maximum conversion
and selectivity to HCs is found at 370°C and 2.5 bar pressure. The highest selectivity
to higher-order HCs is found at 7.5 bar pressure.

1.2.3.2 Reductive reactions

The reductive reaction of CO> involves the loss of oxygen atoms of CO> or
addition of hydrogen atom to form various compounds, such as formic acid,
methanol, methane or carbon monoxide. These reactions are generally three types.
Photocatalytic CO2 conversion (artificial photosynthesis) processes: The term
“artificial photosynthesis” was derived by the inspiration from photosynthetic
organisms in nature. The common features of natural photosynthetic organisms are
that they use antenna system to absorb the energy within the wavelength of light
available in the environment and channel this energy to the photosynthetic reaction,
called protein-centers. These are the nanoscale devices that transfer electrons from
donors to the acceptors by utilizing the excitation energy, which is used to oxidize
water and generates sufficient electrons to reduce CO; at photocatalytic centers.

The artificial photosynthesis processes mimic the natural system. The basic
steps of the reaction associated with artificial photosynthesis involve the dissociation
of water into H2 and Oz, which is a water splitting reaction with a positive Gibbs free
energy change (Equation 1.5) (Kibria and Mi, 2016).

H20 — 20z + Hy, AG= +237.178 kJmol (1.5)

The water-splitted hydrogen (H2) or hydrogen radical (H-) can also be used for
further reduction of CO: into various chemicals, such as formic acid (HCOOH),
formaldehyde (HCHO), methanol (CH3OH), and methane (CHs). These products are
supposed to form via a complex sequential pathway (Equation 1.6) with the formation

of several intermediates (McConnell et al., 2010).

+2¢7, 20" +2¢7, +2H" -H,0 +2¢, 20" +2¢7, +2H", -H,0
CO, —— HCOOH ————  HCHO ——— CH;0OH ——— > CH,; (1.6)

The first experimental demonstration of artificial photocatalysis is done by
Fujishima and Honda in 1972 for water splitting in a photoelectrolytic cell composed
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of an n-type rutile titanium dioxide (TiO2) as photoanode and a platinum cathode
(Fujishima and Honda, 1972). The primary reactions involved in the processes for the
formation of various products by the reduction of CO; in an aqueous media at neutral
pH 7 are given through Equations 1.7 to 1.14 (Indrakanti et al., 2009). The use of UV
light is the primary limitation of a photocatalytic process. Therefore, CO. reduction to
value-added products by the visible light-responsive photocatalytic process could be

an attractive route of CO2 sequestration.

2H* +2¢” — H, (E%=—-0.41V vs. NHE) (1.7)
H.0 — %Oz +2H* + 2¢” (E°=0.82 V vs. NHE) (1.8)
COz +e — CO2e (E%=—-1.90 V vs. NHE) (1.9)
CO2 + H* + 2e” — HCOpe (E%=—-0.49 V vs. NHE) (1.10)
CO; + 2H* + 2¢- — CO + H.0 (E°=—-0.53 V vs. NHE) (1.11)
CO + 4H* + 4¢- — HCHO + H20 (E°=—-0.48 V vs. NHE) (1.12)
CO2 + 6H" + 66" — CH30H + H-0 (E°=-0.38 V vs. NHE) (1.13)
CO2 + 8H" + 8¢” — CHy + 2H20 (E%=—-0.24 V vs. NHE) (1.14)

The bandgaps of some commonly used photocatalysts for CO, reduction are
shown in Figure 1.3 (Ola and Maroto-Valer, 2015).

ay

co,/Cco,
CuZO
14 C0,/CO
TiO, Cds S zno S /
i VO ——" co,/HcHo
Fez03 sno, | & wo B WO, BIVD A
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= 2 — co /CH
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Figure 1.3. Bandgap energies of some commonly used photocatalysts relative to
redox potential at pH 7 along with the compounds produced in CO- reduction.
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CO: fixation in (photo) bioprocess: Switching to renewable fuels could be
another possible solution for the fixation of anthropogenic CO.. In this perspective,
microalgae have greater photosynthetic effect than other plants (Low et al.,1988), and
it can be used to fix CO2 from three different sources, such as atmospheric CO2, CO-
discharge from heavy industry, and CO> from soluble carbonate (Brennan and
Owende, 2010). Microalgae, including cyanobacteria, Chlorella sp., Chlamydomonas
reinhardtii, Scenedesmus sp., Nannochloropsis sp. (Pavlik et al., 2017), etc. are used
to perform the photosynthetic reaction. To facilitate uniform microbial growth in
photo-bioreactor, light wavelength range of 400-700 nm is usually supplied (Kremer
et al., 2008). Photo-bioreactor uses the typical photosynthesis process and converts
light, heat, and CO> to chemical products (Equation 1.15), like carbohydrate,
hydrogen, and oxygen (Stewart and Hessami, 2005).

6CO2(aq) + H20(l) + light + heat — CeH1206 + 602 (g) (1.15)

In this process, the formation of glucose, the primary product depends on the
biological strain used for the conversion reaction.

Mondal et al. (2017) reported CO,-fixation by Chlorella sp. BTA 9031 using a
photo-bioreactor. Microalgal cultivation is conducted at pH 7.4 and 25°C under 70
pumol m~2 s light intensity for 12 h light. Microalgal growth study is performed in
BG-11 medium at a low light intensity light of 60 pmol m=2s* at 25°C for 24 h and
continuous aeration with 5 and 15% of CO; at a flow rate of 0.25 L min™t. At optimal
condition of 28.26°C, 76.64 pmol m™2 st light intensity, and 4% CO,, CO: bio-
fixation rate is found to be 0.235 g L™* d™* with the biomass production and total lipid
content of 1.42 g L™ and 22.5%, respectively.

Pavlik et al. (2017) reported CO--fixation in a photo-bioreactor using
microalga Chlorella vulgaris 395 and flue gas at a flow rate of 0.04 m®min™* from a
power plant as a carbon source (7.6+0.8% v/v of CO,).

Electrochemical CO> reduction: In this process, oxidation of water takes
place at the anode surface by releasing electrons and CO: reduction takes place at the
cathode electrode. The first step of direct conversion of CO: is the formation of the
CO2™ radical anion, which is highly unfavorable too. The standard potential of
CO,/CO>" couple in aqueous solution is —1.90 V (vs. NHE) (Equation 1.16) (Ganesh,
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2014). Depending on the half-cell reaction and the potentials applied, different
products can be generated through electrochemical CO. reduction reaction
(ECO2RR). The reaction proceeds through -one, -two, -four, -six, -eight, -ten, -twelve,
-fourteen, -eighteen electron transfer according to the end product. The required
potentials for individual half-cell reactions are calculated from the standard Gibbs free
energy. Some of the typical products are listed in Table 1.3, with their equilibrium
potential in pH-independent reversible hydrogen electrode (RHE) (Pan and Yang,
2020). The letter in parentheses (g— gas, 1— liquid) indicates the physical state of the
compounds. The slight positive equilibrium potential values for alcohols, aldehyde,
and hydrocarbons imply a notably high energy input for their production in ECO2RR.
This is because the minimum equilibrium potential to drive the overall reaction,
which is the difference between equilibrium potential of ECO2RR and the equilibrium
potential of oxygen evolution reaction (OER), is larger than 1 V' (Nitopi et al., 2019).

COyg + & — COz™ E°=-1.90 V (vs. NHE) (1.16)

Table 1.3. Products formed in electrochemical CO> reduction reaction at standard
potential E° vs. RHE.

Products Cathode reactions E° (V vs. RHE)
CO CO2(g) + 2H + e — CO(g) + H20 -0.11
HCOH COx(g) + 2H + 26 — HCO,H(I) -0.12
HCHO CO3(g) + 4H* + 4e- — HCHO(1) + H20(l) —0.07
CH3OH CO2(g) + 6H" + 6" — CH3OH(l) + H20(l) 0.03
CHa CO4(g) + 8H* + 86" — CHa(g) + 2H20(l) 0.17
CH3sCOzH | 2CO2(g) + 8H* + 86" — CH3CO2H + 2H.0(l) 0.11
CH3CHO | 2COx(g) + 10H* + 10e” — CH3CHO(I) + 3H20(1) 0.06
CoHa 2C02(g) + 12H* + 126 — CaHa(g)+ 4H,0(1) 0.08
CH3sCH20H | 2C0x(g) + 12H" + 12e” — CH3CH,OH(l) + 3H,0(1) 0.09
CaHs 2C0,(g) + 14H* + 14e” — C2Hs(g) + 4H20(1) 0.14
CoH;,0OH 3CO2(g) + 18H* + 18e~ — C2H70OH(l) + 5H20(1) 0.10

The advantages and disadvantages of different CO. sequestration
techniques are tabulated below in Table 1.4.
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Table 1.4. Advantages and disadvantages of different CO, sequestration techniques.

Techniques Advantages Disadvantages
Catalytic o Ease of catalyst separation e Requires high catalyst
copolymerization |  (using filtration only 1-2 loading (epoxy: catalyst=
of CO2 200-500:1 molar ratio (Lu

ppm metal residue) (Lu and
Darensbourg, 2012)

e No or little side products up
to 3.8% (Qin et al., 2015)

and Darensbourg, 2012)

o Metal sites may be partly
active and residual catalyst
remains in the polymeric
product

e Long reaction time (2-19
days) (Qin et al., 2015)

Thermocatalytic
CO2 conversion

e Fast reaction rate (20-40
molcrz geat * h™1) (Rusdan et
al., 2022)

e Generated CO can be mixed
with Ho to produce syngas,
i.e., methanol

¢ Required hydrogen source is
Ha

e Energy-intensive reaction
and high temperature (>
2000 K) process (at 5000 K
temperature, with 100%
conversion, the energy
efficiency is 35%) (Snoeckx
and Bogaerts, 2017)

¢ High capital cost due high
temperature reactor

Photobioreactor

e Cultivation of algae in
controlled environment
provides higher productivity
(e.g., biomass productivity
3.41 Qpiomass L * d* using
Chlorella vulgaris) (Lim et
al., 2021)

e Large surface-to-volume
ratio (70 m™?) of
photobioreactor offers
maximum efficiency using
light (Singh and Sharma,
2012)

e Better control of gas transfer

e Uniform temperature
distribution in the reactor

e High capital cost ($70 m2)
(Mohler et al., 2019)

¢ Hindrance in algae culture
for the specific end-
products

e Prone to fouling of the
reactor
(fouling rate 6.9 kPa d* at

18 h HRT") (Ding et al.,

2022)

TH-3128_166107007
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Photocatalytic
CO2 reduction

e Operates under ambient
conditions

e Use of inexhaustible solar
energy (5% UV, 95% visible
+ infrared) (Vu et al., 2019)

o Faster charge-carrier
recombination (e.g., for
bulk g-CsNa: 2.74 ns)

(Wen et al., 2017)

o Low selectivity and
quantum vyield (e.g., 9.18%
for CHs production using
Ti-MCM-41
(H.Y.Wuetal., 2014);
0.034% for CO, using No-
doped TiO2 nanotube arrays
(Delavari et al., 2016))

e Low conversion (5-17%).

(Snoeckx and Bogaerts, 2017)

Electrochemical
CO2 reduction

Driven by renewable energy
sources; solar, wind, tidal or
geothermal for production of
energy dense fuels (e.g.,
ethanol) (Kumar et al., 2016)

e Reaction can be controlled
by applied electrode
potential/ current, cell set-up

e Easily scaled wup for
industrial process (e.g., high
current densities (200-600
mA cm?) for ECO:RR is
achieved by combining gas
diffusion electrodes (GDE)
and flow-cell configurations)
(M. Li et al., 2020)

eUse of  heterogeneous
catalyst leads to easy
recovery after reaction

o Relatively low solubility of
CO2 in water (0.03 M at
25°C) (<20% of saturated
CO. conversion to product)
(Burkart et al., 2019)

e Faradaic efficiency of the
products could be lower due
to hydrogen evolution (Hou
et al., 2022)

e Low product selectivity (Cu
exhibited a mixture of 16
products) (Kuhl et al., 2012)

e Solvent decomposition at
high reduction potential
(solvent decomposition
starts after -2.5 V Ag/AgCl
for Cu electrode in
acetonitrile solution)
(Figueiredo et al., 2016)

e Low catalytic activity and
insufficient stability (few
hours/days) (Jerome et al.,

2022)

*HRT: Hydraulic retention time

1.3 Catalysts for CO2 conversion and its synthesis routes

The COz is a linear and centrosymmetric molecule having center carbon atom

poorly electrophilic in nature. It is considered as a stable molecule due to its C=0

TH-3128_166107007
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bond dissociation energy higher than 750 kJ molt. CO; reduction reaction demands
the requirement of catalysts preferably in the form of nanoparticles for high energy
input to ease CO; activation for the desired products (Kumaravel et al., 2020).

The route of nanoparticles synthesis plays a key role in deciding its properties
and the domain of applications (Singh et al., 2021). The synthesis of nanoparticles can
be achieved both by the conventional and bioinspired methods.

1.3.1 Conventional methods of nanoparticles synthesis
In this section, the typical techniques involved in electrocatalysts synthesis are

outlined.

1.3.1.1 Sol-gel method

This is one of the common methods employed for the fabrication of metal
oxides, especially the oxides of titanium and silicon. In this method, metal or
metalloid elements are used as the precursors for the preparation of colloids. In
general, sol-gel method consists of chemical processes, such as hydrolysis,
polymerization, gelation, condensation, and densification (Brinker and Scherer,
1990). At first, sol is formed by mechanical mixing of colloidal particles in water at a
certain pH to prevent precipitation. A liquid alkoxide precursor is then hydrolyzed
with water. The hydrolysis followed by polycondensation reaction eventually results
in a metal oxide network and forms sol. The physical properties of the sol particles,
such as size and density, depend on pH, temperature, and water content of the
solution. The general reaction steps of sol-gel method are shown below in Figure 1.4
(Bokov et al., 2021).

Hasan et al. (2015) reported synthesis of Cu-RGO-TiO, nanocomposites using
sol-gel method for photoelectrocatalytic CO> reduction to formic acid and methanol.
The current efficiency of both the products was found to be 32.47% with formation

rate of 255 umol h™* cm™2 and 189.06 pmol h™ cm™2, respectively.
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Precursors + Solvents
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Step: 1 (Hydrolysis)  Step: 2 (Condensation) Step: 3 and 4 (Aging & Drying) Step: 5 (Calcination)

Figure 1.4. Typical steps involved for the synthesis of metal oxides catalysts in sol-

gel process. Reprinted from Bokov et al. (2021).

1.3.1.2 Solvothermal method

Solvothermal method involves the use of solvents under moderate to high
pressure (typical range 1-100 atm) and temperature (typical range 100-1000°C) to
facilitate the interactions between precursors. Figure 1.5 shows the schematic of the
synthesis of pristine zeolitic imidazolate framework-8 (ZIF-8) starting from
Zn(NOs)2.6H20 precursor, using solvothermal method at 150°C for 5 h (Sharma and
Chand, 2022). If water is used as a solvent, it is called “hydrothermal synthesis”
(Mandal et al., 2019). In the case of hydrothermal process, the temperature is below
the supercritical temperature of water (374°C). Materials including bulk powder, thin
film, and nanocrystal are formed in this method.

Chen et al. (2021) synthesized CuS nanoflowers using polyvinylpyrrolidone
(PVP, MW 40,000), and ethylene glycol (EG) as solvents for solvothermal method,
for electrochemical CO> reduction to HCOOH. The electrocatalyst, Cu1ssS (Cu/S
atomic ratio 1.54) exhibits ~52% FE of HCOOH formation.

Huang et al. (2022) synthesized Au-Cu gradient alloy (AuCu-g) by following
solvothermal method, where hydrazine and polyvinylpyrrolidone are used as Cu?*
reducing and stabilizing agents, respectively. The reaction was conducted at 180°C for
4 h to obtain AuCu-g. FE of 20% is obtained for the formation of C2Hs at low limiting
potential of —0.4 V (vs. RHE).
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Figure 1.5. Schematic steps of solvothermal synthesis of pure ZIF-8. Reprinted with
permission from Sharma and Chand (2022). Copyright 2022 Springer Nature.

1.3.1.3 Electrodeposition method

The electrodeposition method is used to coat a thin film of metal on a
substrate, using a electroplating cell (Figure 1.6) (Kale et al., 2021). In this method,
two metal electrodes are dipped in an electrolyte solution, and a fixed potential is
applied, using a direct current (DC) power source to obtain the coating of desired
metal on the cathode. In practical application for nanomaterials synthesis, three
electrode system (working, reference, and counter electrodes) is employed. By
varying the potential and current density, the thickness of the film can be controlled.

Rabiee et al. (2020) reported electrodeposition of Sn on asymmetric porous Cu
hollow fiber gas diffusion electrode (HFGDE), at —1 V vs. Ag/AgCl for 15 to 300 s,
to enhance ECO2RR to formate. FE of formate formation was found to be 78% with a
current density of 88 mA cm 2 at —1.2 V vs. RHE which was two-fold more FE
compared to that with pristine Cu-HFGDE.
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Figure 1.6. Simple schematic of electrochemical deposition setup.

1.3.1.4 Co-precipitation method

In co-precipitation method, soluble metal salts such as hydroxide, carbonate,
oxalates or citrates are co-precipitated due to their low solubility. Generally, metal
oxides or carbonates are digested with an acid followed by the addition of
precipitating agents (e.g., ammonia and sodium bicarbonate). Magnetite and
maghemite nanoparticles can be prepared by mixing aqueous FeCl>-4H,O and
FeCl3-6H20 solution in alkaline pH using sodium hydroxide and ammonium
hydroxide as the precipitants. The precipitate obtained is heated in an appropriate
temperature (~40°C) for 24 h (Peternele et al., 2014). Figure 1.7 shows cellulose@y-
Fe>O3 nanospheres formation using co-precipitation method (Xiong et al., 2014).

Dongare et al. (2021a) synthesized oxide-derived Cu-Zn nanoparticles
supported on N-doped graphene (CuZnx/NGN) using co-precipitation method.
CuZn2o/NGN exhibited ethanol selectivity with 34.25% FE at —0.8 V vs. RHE.
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Figure 1.7. Synthesis route of cellulose@y-Fe203 nanospheres using co-precipitation
method. Reprinted with permission from Xiong et al. (2014). Copyright 2014 The
Royal Society of Chemistry.

1.3.1.5 Flame spray pyrolysis

Flame spray pyrolysis (FSP) is one of techniques used for the production of
powder materials at an industrial scale (Figure 1.8) (Nunes et al., 2019). This method
allows producing powder with high selectivity at a high rate. In a typical FSP process,
organic metal compound containing organic solvent and precursor solution is sprayed
with high velocity oxygen and ignited with premixed methane-oxygen flame. Solvent
and metal compounds are then evaporated and combusted to form atomically
dispersed vapors of metal oxides. These metal oxide vapors then form clusters when
reach to the cooler part of the flame. By the surface growth mechanism, the clusters
formed grow and form non-porous nanoparticles.

Daiyan et al. (2019a) synthesized SnO2 nanoparticle using FSP method. Tin 2-
ethylhexanoate precursor solution in xylene was fed to FSP flame and oxygen was

sprayed at 5 L mint. Oxygen and methane at 3.2 L min~* and 1.5 L min* flow rate
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were used as the supporting flame mixture. The synthesized SnO> nanoparticles could
catalyze CO> reduction to HCOO— with 85% FE at —1.1 V vs. RHE with a current
density of —23.7 mA cm ™2,

| Film Self-assembly

Aglomeration

Nucleation

Droplet evaporation and combustion

Droplet formation
v Precursor dispersion
+— Suporting flame
==1r |

Dispersion gas .
Precursor solution

Figure 1.8. Schematic representation of nanoparticles synthesis using flame spray
pyrolysis method. Reprinted with permission from Nunes et al. (2019). Copyright
2019 Elsevier.

1.3.1.6 Chemical reduction method

The chemical reduction method is a commonly used technique for
synthesizing nanoparticles. This method commonly involves three steps: i) reduction
of metal ion precursor using a reducing agent, ii) stabilization of metal-complex, and
iii) size controlling and stabilization of nanoparticles by using a capping agent (Figure
1.9).

Z. Zhang et al. (2016) synthesized Bi NPs using the chemical reduction
method. Bismuth acetate (Bi(ac)s) precursor solution, 1-octadecene (ODE), 1-
dodecanethiol (DDT) as a chelating agent, trioctylphosphine (TOP) as reducing agent,
and surfactant were used to synthesize 36 nm of Bi NPs. Bi NPs showed 96.1% FE of
COg2 reduction to CO at —2.0 V vs. Ag/AgCl.

Castillo et al. (2017) synthesized 10-15 nm sized Sn nanoparticles using the
chemical reduction method. Polyvinylpyrrolidone (PVP) (molecular weight 55,000)
and ethylene glycol (EG) as surfactants, and sodium borohydride (NaBHs) as a
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reducing agent for Sn?* were used in the synthesis process. The carbon-supported
Sn/GDE (gas diffusion electrode) showed 70% FE of CO- reduction to HCOO— with

150 mA cm2 current density.

Metal

o g

Reducing agent

Metal

b 4

Capping agent

precursor
solution

precursor
solution

Netete

L0 Ll

Figure 1.9. Typical steps of nanoparticles synthesis using chemical reduction method.

Heat //

1.3.1.7 Chemical vapor deposition

Chemical vapor deposition (CVD) is used widely for the formation of solid
thin-film coatings on surfaces and the synthesis of bulk materials and powders with
high purity along with the fabrication of composite materials. In CVD method, metal
is deposited from its vapor phase on a hot solid surface by chemical reactions. The
solid materials are in the form of thin film, powder or single crystals. A typical CVD
method includes the following steps: (i) a volatile precursor adsorbs onto the substrate
in the reactor to liberate supporting ligands, which then desorbs and transports from
the reactor and (ii) formation of the stable metal nucleus and subsequent growth by
the diffusion of metal atoms (Hampden Smith and Kodas, 1995).

Figure 1.10 shows the schematic of the Au-assisted synthesis of MoS; using
the CVD method. N at the flow rate of 300 sccm (standard cubic centimetre per
minute), was used as a carrier gas and the temperature inside the reactor was in the
range of 140°C (temperature zone T1) to 785°C (temperature zone T2) for the growth
of monolayer MoS; flakes. The method was utilized to form large Monolayer MoS:

flakes with a lateral size of 20 um. (Seravalli et al., 2021).
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Figure 1.10. (a) Preparation of the AuNPs coated SiO/Si substrate. Schematic
illustration of the experimental setup and process of the catalyst synthesis using CVD

method for growth configuration. Reprinted from Seravalli et al. (2021).

1.3.1.8 Incipient wetness impregnation

Incipient wetness impregnation (IWI) or capillary impregnation method is a
common technique for the preparation of heterogeneous catalysts. In a typical IWI
method, metal precursor is dissolved in an aqueous or organic solution, which is then
added to a catalyst support. The volume of the precursor solution added should be
equal to pore volume of the catalyst support. The solution passes through the pores by
the capillary action. The catalyst is then dried and calcined to expel the volatile
component, which causes deposition of metal on the surface of the catalyst (Figure
1.11) (Y. Zhang et al., 2022).

Zhou et al. (2018) synthesized boron doped Cu catalyst (Cu(B)) using
incipient wetness impregnation method. The synthesized catalyst exhibited a good

electrochemical CO- reduction activity to C2 products with 79 +2% FE.
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Incipient-wetness impregnation
)(CH,CO0),+4H,0/
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Figure 1.11. Preparation process of metal oxides loaded on activated carbon fiber
(MOx@ACFN) via incipient wetness impregnation method. Reprinted from Y. Zhang

et al. (2022) with permission from mdpi.com.

Table 1.5 summarizes common advantages and disadvantages of the
conventional methods for nanoparticles synthesis discussed in the previous section
(1.3.2).

Table 1.5. Advantages and disadvantages of some common fabrication techniques of

electrocatalysts.

Methods Advantages Disadvantages
Sol-gel e High purity and products |e Higher cost of organic
method homogeneity (e.g. | precursors (alkoxides are

monodispersed  SnO2  NPs | much expensive than oxides)
synthesis 2.8-5.1 nm of size, | (Dislich, 1986)

(Zhang and Gao, 2004); e Film thickness >1 um is
ZnO NPs with high purity | difficult to produce due to
(55.38% Zn and 44.62% O), | large volume shrinkage and
81.28-84.98 nm particles size cracking during drying
(Hasnidawani et al., 2016)) (Muromachi et al., 2006)

e Better control on structure, and
particle size (from zinc acetate
to nanorod, zinc chloride to
sulphate-nano-prism  structure
and zinc nitrate-prism flower
shape structure)

(Hasnidawani et al., 2016)
e Low temperature range (20-650

OC)
Solvothermal | e Cost effective e Non-uniformity in both size
method e Moderate temperature range | and shape of nanoparticles
(100-300°C) e Potentially corrosive slurries

e Precipitants are not always | (corrosive fluorine sources)
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required (Guan et al., 2017)

e Kinetic control over the phases |e Expensive autoclave required
formed

e Precise control of size and shape
distribution and highly
crystalline products at relatively
low temperature (nanorods,
triangular  plates, hexagonal
plates, nanocubes and
polyhedron AgNPs were
synthesized with 50-90% vyield)

(Yang et al., 2007)
Co- e Organic solvents not required [e High purity and
precipitation (Schwaminger et al., 2017) stoichiometric phase cannot
method e Operates at low temperature be obtained

(<100°C) (Petcharoen and e Contaminants can also be

Sirivat, 2012) precipitated with products

e Simple direct route of synthesis |e Reactants having different
of metal oxide powders with | solubility and precipitate rates
large surface area (e.g. a-AloOs3 | are not suitable for this
nanoparticles synthesized using | method
co-precipitation method with
206.2m?gt  surface  area
compared to sol-gel method
30.72 m%g %)

(Rajaeiyan and Bagheri-

Mohagheghi, 2013)

Flame spray | e Operating at moderate |® Hazardous gaseous reactants
pyrolysis temperature (100-500°C) | and byproducts (e.g. toxic
(Korotcenkov and Cho, 2017) metalorganics, CO, COy)

e Wide variety of low cost| (Lengetal, 2019)
precursors (e.g. bismuth nitrate, | ¢ Formation of hard
copper (Il) nitrate tri-hydrate, | agglomerates in  gaseous
zinc  nitrate  hexa-hydrate, | phase leads to low-quality
aluminum nitrate nona-hydrate) | bulk materials (Meierhofer et
(Lee et al., 2015) al., 2020)

e Products with high purity and
relatively narrow size
distribution
(e.g. synthesis of LisTisO12 with
>95% (mass) purity and 4-9 nm
particles size) (Meierhofer et al.,

2017)
Chemical e Desirable particles shape, high [e Use of toxic and cost
reduction yield of nanoparticles (e.g. | chemicals limits large scale
method synthesis of Au nanorods | production (e.g. hydrazine,
(aspect ratio: 1-5) with ~95% | hydroquinone, sodium
yield) borohydride, hydroxylamine,
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(Jana, 2005; Kim et al., 2004) NaBH4, phenylenediamine,
hydrohalic acid, thiophenol,
NH20H, N2Ha4,
thiocarbamide, etc.) (Kuila et
al., 2013)
Chemical eCrystal  structure,  surface | e High purity gaseous reactants
vapor morphology, orientation of | (99.9999%)
deposition product can be manipulated (e.g. | « Metal oxide reacts with the
(CVD) direct CVD growth of a| chalcogen, causing
graphene  pattern using a | undesirable and uncontrolled
prepatterned ~ Ni  structure) | changes in the metal vapor
(Reina et al., 2009) flux during the growth
Coating of single layer, | (Cohenetal., 2021)
multilayer, composite, | e Reactants and products may
nanostructured, and well- | be hazardous, explosive, and
controlled dimension and unique | corrosive (metalorganic)
structure at low temperature | e Large number of parameters
(fabrication of large area | must be precisely optimized
(~cm?), 1 to ~12 graphene layer | to obtain desirable products
films by CVD method) (Reina et | (total and partial pressure,
al., 2009) substrate temperature, growth
Usages of wide variety of | time, inlet velocity, inlet
precursors, namely, halides, | mole fraction of Hy)
hydrides, and organometallics | (An et al., 2018; Tummala et
(group 11 and 13 precursors | al., 2020)
including amidinates, | e Low material utilization
guanidinates, efficiency (1-20%)
iminopyrrolidinates, etc.) | (Sengiil et al., 2008)
(Koponen et al., 2016)
Incipient e Simplest technique e Nonhomogeneous
wetness e Convenient for scaling up distribution of metal
impregnation | ¢ Highly dispersed metal particles | precursor  causes  metal
(IWT1) on the surface of support (metal | agglomeration (e.g. synthesis
oxide) of Co/y-alumina and Co-
o Control over the weight of | Ru/y-alumina catalysts with
added precursor to the catalyst 1-20 nm size) (Li et al,
2006)

e Strong attraction of oxide of
base metal precursor towards
silica or alumina causes
difficulty to reduce further

1.3.2 Bioinspired routes of synthesis of nanoparticles

As mentioned earlier in Table 1.2, the conventional methods of nanoparticles

synthesis involve several toxic reactants, byproducts, and capping/stabilizing agents
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which are non-biodegradable (Xu et al., 2021). The conventional methods produce ca.
100,000 kg waste per kg of product, which is 1000 times the waste produced in fine
chemicals and pharmaceuticals manufacturing (Patwardhan et al., 2018).

The bioinspired route follows a one-pot process as the bioactive compounds
(peptides, amino acids, polyphenols etc.) could simultaneously act as both reducing
and capping agents (Xu et al., 2021).

The bioinspired process is cost-effective, environmentally friendly, and non-
toxic. The nanoparticles synthesized following this route have been successfully
applied in biomedicines for cytotoxicity study, an anti-inflammatory drug,
photocatalytic activity, and bioimaging. (Singh et al., 2021). The presence of
secondary metabolites, proteins, vitamins, and amino acids in biological sources like
bacteria, fungi, and plants could act as capping agents and prevent the agglomeration
of nanoparticles during their synthesis, which could further help to synthesize
nanoparticles with controlled morphology and shape.

1.3.2.1 Nanoparticles synthesized by bacteria

Bacteria have the unique ability to reduce metal ions (M"™) to metallic
nanoparticles (MP). Bacterial synthesis of metal nanoparticles involves -either
intracellular or extracellular mechanisms (Figure 1.12). Beveridge and Murray (1980)
first reported extracellularly deposition of gold nanoparticles (AuNPs) on Bacillus
subtilis cell wall (Beveridge and Murray, 1980). Depending on the culture media
used, the extracellular method could produce various shapes like hexagonal,
triangular, disc, cuboidal nanoparticles (Javaid et al., 2018). Priyadarshini et al.
(2013) reported extracellularly triangular-shaped (12-65 nm) AgNPs synthesis using
Bacillus flexus (Priyadarshini et al., 2013). Whereas extracellular synthesis offers
easily purified and retrievable nanoparticles using centrifugation at 10000-12000 rpm
(Javaid et al., 2018).

In the contrary, intracellular method of nanoparticles synthesis involves metal
ion transport into the bacterial cell facilitated by the enzymes and proteins. The
method involves additional steps of nanoparticles separation technique like bacterial
cell lysis. In fact, some bacteria, such as Proteus mirablis, Acinetobacter

calcoaceticus, Bacillus flexus, Bacillus cereus etc., could be able to synthesis AgNPs
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both by using extracellular and intracellular methods (Alfryyan et al., 2022).
Alfryyan et al. (2022) reported a comparison study on AgNPs synthesized by
extracellular and intracellular methods using Bacillus cereus. Spherical AgNPs with
crystallite size 45.4 nm synthesized by the extracellular method exhibited 100%
degradation of methylene blue dye. Polygon AgNPs with crystallite size 90.8 nm
synthesized in the latter method, showed 50.6% dye degradation.
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Figure 1.12. Green synthesis of nanoparticles using bacteria cultures. Reprinted with

permission from Bandeira et al. (2020). Copyright 2020 Elsevier.

1.3.2.2 Nanopatrticles synthesis by fungi

Fungi are the potential source of bioactive compounds that could act as
reducing well as stabilizing agents for metal nanoparticles synthesis. Bérdy (2005)
reported about 6400 such bioactive compounds using microscopic filamentous fungi,
ascomycetes and other such species (Bérdy, 2005). The intracellular synthesis
approach involves transportation of metal ions to the cells of microbes and the
enzymes produced by the cell walls act as metal reducing agents. While, in an
extracellular approach, the nanoparticles synthesis mechanism follows enzymatic
reduction of metal ions in the cell wall (Figure 1.13). The extracellular synthesis is
potential for major commercial applications due to the ease of nanoparticles
separation with high purity.

Nanoparticles synthesis using fungi have advantages over other

microorganisms because of the high quantity of enzymes and protein secretion by
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fungi, which further amplifies the rate of reaction (Guilger-Casagrande and Lima,
2019). Various fungi species are reported for AgNPs synthesis, namely, Aspergillus
niger, Penicillium brevicompactum, Phanarochaete chrysosporium, Anamorphous
Bjerkandera sp. R1, etc. (Osorio-Echavarria et al., 2021). Osorio-Echavarria et al.
(2021) reported intracellular 10-100 nm AgNPs synthesis using Anamorphous
Bjerkandera sp. R1. Tyagi et al. (2019) reported extracellularly synthesized
triangular, circular, and hexagonal shaped AgNPs of 10-50 nm using Beauveria
bassiana. Chatterjee et al. (2020) reported extracellularly synthesized iron oxide
(FesO4) nanoparticles of 20-40 nm size using Aspergillus niger BSC-1 for Cr(VI)
removal from water (Chatterjee et al., 2020).
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Figure 1.13. Biosynthesis of gold and silver nanoparticles by (a) intracellular and (b)
extracellular mechanisms in fungi. Reprinted with permission from Das et al. (2021).
Copyright 2021 Springer Nature.

1.3.2.3 Nanoparticles synthesis by plant

The basic step involved in plant-based nanoparticles synthesis, is the
preparation of aqueous vegetal extract (leaf, stem, root, fruit/ fruit peel) (Vanlalveni et
al., 2021) and conversion of metal ions to metal nanoparticles (Figure 1.14). Different
shapes such as spherical, cubic, flower-like, hexagonal, with particle size 20-200 nm,
are synthesized using different parts of plants (Vanlalveni et al., 2021). Elia et al.
(2014) synthesized hexagonal and truncated triangular AuNPs using Lippia citriodora
and Salvia officinalis leaf extracts, respectively (Figure 1.15).
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Plant-based nanoparticles synthesis takes advantage of a greater kinetic rate
than that of the other bioinspired routes (Gulia et al., 2022). This method also offers
no pathogenic risk as in bacteria/fungi and synthesis of reasonably homogeneous
nanoparticles (Alabdallah and Hasan, 2021). Vidhu and Philip (2015) synthesized
spherical SnO2 NPs of 2.2-3.2 nm particles using Trigonelle foenum-graecum
(commonly known as Fenugreek) seed extract (Figure 1.16). Kumar et al. (2018)
synthesized spherical SnO> NPs within the particle size range of 8-10 nm using
Psidium Guajava leaf extract (Kumar et al., 2018). Chelli and Golder (2018) reported
a one-pot bioinspired synthesis of Pt, Co and Pt@Co core-shell nanoparticles using
Sechium edule fruit extract. The size of Pt nanospheres, Co nanoprisms and PtCo
core-shell nanoparticles were found to be 28.6, 47.3, and 13.2-26.4 nm with the
polydispersity index of 0.18, 0.38, and 0.253-0.307, respectively.

Garibo et al. (2020) synthesized quasi-spherical shaped AgNPs with an
average diameter of 5 nm using stem and root extract of Lysiloma acapulcensis. The
synthesized nanoparticles showed significant antimicrobial activity against C.
albicans, E. coli, S. aureus and P. aeruginosa compared to AgNPs synthesized

utilizing chemical method.
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Figure 1.14. Green synthesis of ZnO NPs using plants extracts. Reprinted with
permission from Bandeira et al. (2020). Copyright 2020 Elsevier.
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Figure 1.15. TEM images of (B) hexagonal and (C) truncated triangular Au NPs
using Lippia citriodora and Salvia officinalis leaf extracts, respectively. Reprinted

from Elia et al. (2014) with prior permission.

Figure 1.16. TEM images of SnO: synthesis using Trigonella foenum-graecum
(Fenugreek) seeds. Reprinted with permission from Vidhu and Philip (2015).
Copyright 2015 Elsevier.

1.4 Electrochemical CO:. reduction reaction (ECO:RR) to useful

chemicals
1.4.1 Conventional cell configurations for ECO2RR

To date, the most commonly used conventional lab-scale liquid-phase
electrolyzer in ECO2RR is the H-type reactor. It has gained huge popularity due to
operational ease and flexibility of application for different catalysts (Gawel et al.,
2022). In this reactor, the working and reference electrodes are placed in the cathodic
chamber, and the counter electrode is in the anodic chamber. Both chambers are filled
with electrolyte solution separated by a proton-exchange membrane to prevent the
reoxidation of the products formed. The whole reactor looks like “H”. The working
electrode could be catalyst loaded on glassy carbon/ graphite plate/ carbon paper
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supported electrodes. CO is continuously bubbled to the catholyte during the
electrolysis.

Despite the flexibility in use and cost-effective design of an H-type reactor,
the large CO> gas diffusion layer (~50 um) and poor solubility of CO2 (33 mM) limit
the CO2 mass transport from solution to the catalyst surface, which in turn restricts the
current density (<100 mA cm~2) for industrial applications (Song et al., 2019).

To achieve a high rate of reactions in ECO2RR, the use of semi-batch type H-
type reactor is upgraded to the continuous type of reactors, such as microfluidic
reactors (MFR), membrane-based flow reactors (MR), and membrane electrode
assembly (MEA) electrolyzers (Yang and Li, 2021).

The MFR is membrane-free cells, where the anode and cathode are separated
by a very thin channel (<1 mm), filled with the flowing electrolyte. The supply of
gaseous CO; directly to the GDE reduces the CO> solubility restrictions as in an H-
type reactor (Figure 1.17) (Yang and Li, 2021). Although, due to the membrane-less

design it runs into the product cross-over.

CcO > Gaseous product
Reference | 2 . | - |
electrode\ — Cathode
Liquid product
-Electrolyte- R
Anode
| 1
0,

Figure 1.17. Schematic diagram of microfluidic reactor (Yang and Li, 2021).

In MR, the anode and cathode chambers are separated by an ion exchange
membrane such as cation-exchange membranes (CEMs)/ anion-exchange membranes
(AEMSs)/ biopolar membranes (BPMs), to block the product cross-over. However, the
over potential experienced due to the extended ohmic loss between anode and cathode
and formation of carbonate in alkaline electrolyte increase the capital cost for
industrial applications.

To overcome the drawback in MR, the MEA system is designed in such a way

that the catalyst layer (CL) of gas diffusion electrode (GDE) is kept in direct contact
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with the proton exchange membrane (PEM), in zero-gap mode. The liquid product
concentrations are increased by taking out the gas and liquid products from the

cathode plate with little diffusion through the membrane.

1.4.2 Factors affecting ECO2RR
1.4.2.1 Operating conditions

Temperature and pressure: From Henry’s law, and acid and bicarbonate
(HCOs™)/carbonate (CO3?)/CO2 buffer equilibria, it is intuitive that CO2 solubility in
aqueous electrolyte could be increased by decreasing temperature or increasing
pressure. The rate of H> evolution reaction (HER) also could be suppressed at lower
temperature (Nitopi et al., 2019). Ahn et al. (2017) reported that on Cu electrode, at 2
°C temperature, FE of CHs production was increased to 50%, whereas at elevated
temperature, HER dominated with >50% FE (Ahn et al., 2017). Hara et al. (1997)
reported selective reduction of CO2 to CO and formic acid with FE 44 and 30%,
respectively, on glassy carbon electrode at 50 mA cm2 under 30 atm pressure. The
enhancement in product formation is attributed to the increased CO2 concentration in
the catholyte (Chen and Wang, 2022).

pH: The pH of the electrolyte influences the solubility of CO2 in an aqueous
electrolyte solution. At about pH 6, CO> exists as weak carboxylic acid. Whereas, in
pH between 6 to 10.3, CO2 forms HCOs— anions, and pH>10.3, CO; exists as CO3?~
(Garg et al.,, 2020). During ECO:RR, the consumption of H>O causes the
accumulation of OH™ ions, which in turn increases the local pH at the cathode surface
(Sikdar et al., 2021). It is well understood from the study reported by Hori et al.
(1988) that the lower pH favors the HER and suppresses the formation of C2H4 and
alcohols at Cu electrode (Hori et al., 1988). The authors suggest that at lower pH (~1),
the protonation of CO dominates over the formation of C-C bond (Schouten et al.,
2014).

1.4.2.2 Structural engineering of catalyst (nano)particles
Size effects: The size of the nanoparticles has a direct influence on the ratio of
atoms at the edge and surface. With decreasing particles size, the coordination number

of surface atoms also lowers due to the increase in under coordination sites (Nitopi et
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al., 2019). Decreasing coordination numbers leads to alteration in electronic structure
on the surface atoms and increases the catalytic activity.

Yang et al. (2020) reported that the particle size of Au trisoctahedron (Au-
TOH) has a direct effect on FE of CO formation. A linear decrease in FE of CO
formation from 88.80 to 62.13% is noted with the increase in particle size from 50 to
100 nm (Yang et al., 2020). The smaller particles size of Au-TOH has the higher
population of edge sites having low coordination. A similar trend of size dependent
CO production using PANPs was reported by Gao et al. (2015). FE of CO production
was increased from 5.8% on 10.3 nm NPs to 91.2% on 3.7 nm NPs at —0.89 V (vs.
RHE), due to more active edge sites in lower sized NPs.

Shape and facet effects: Nanoparticles with different shapes show a distinct
arrangement of atoms on the surface. Moreover, the crystal facet exposed on the
metal/ metal-based nanoparticles strongly influence the surface geometry and also the
catalytic activity (Liu et al., 2021). For example, the octahedral Cu nanoparticles is
more selective towards methane and the cubic Cu towards C2Ha. While, spherical Cu
nanoparticles could not show any selectivity towards ECO2RR products (Zaza et al.,
2022).

Cu crystals with exposed Cu(100) facets could lower the energy dimerization
barrier. For example, Cu(100) facets were reported to steer FE of ~57% towards C2Ha
formation (De Gregorio et al., 2020). Liu et al. (2021) reported Cu.O octahedral
structure with (111) facets for selective production of alcohol with 35.4% FE (Liu et
al., 2021). Cu2O/Cu NPs with abundant (111) facets exhibited 97.7% FE of formate
formation at —0.64 V vs. RHE with 5.2 mA cm2 current density. The energy barrier
for the intermediate for formate formation (1020 kJ mol™) is ten times lower than
that of the intermediates for carboxyl (100-350 kJ mol™) (J. Li et al., 2020).

1.4.3 Performance targets for ECO2RR forming value-added chemicals
The following key metrics are associated with the catalytic activity,
selectivity, and stability of catalysts for the performance evaluation in ECO2RR

processes.

34| Page

TH-3128_166107007



Introduction and Background of the Work

1.4.3.1 Faradaic efficiency (FE)
Faradaic efficiency (FE) is the ratio of the amount of charge required to form a

product of interest to the total charge supplied (Garg et al., 2020) (Equation 1.17).

FE=% (1.17)

Where, Z is the number of electrons required for the product formation, n is the
number of moles of the desired product, F is Faradaic constant (96485 C mol™?), and
Q is the total charge transfer.

In the assessment of ECO2RR, FE is a critical factor because of the multiple
product formation and simultaneous hydrogen evolution reaction (HER) (L. Li et al.,
2020). Catalysts showing high FE could reduce the cost of product separation and
increases energy efficiency. Micro-structured Bi catalyst showed 90% FE for
HCOO™ formation at —1.45 V vs. SCE (saturated calomel electrode) (Zhang et al.,
2017). Whereas hexagonal Bi nanosheet boosted HCOO™— formation with ~100% FE
at —1.48 V vs. SCE (Jiang et al., 2021). Ag nanosheet showed 95% FE at —0.7 V vs.
RHE (Lee et al., 2017) compared to Ag nanofoam with 97% at —1.2 V vs. RHE of CO
formation (Wei et al., 2020).

1.4.3.2 Onset potential

Onset potential is defined as the least negative applied potential at which the
product is first formed or faradaic current is detected. More positive onset potential
signifies the more effective the catalyst for ECO2RR, which is highly desirable. For
example, ECO2RR requires an onset potential of at least 1.0 V vs. NHE (normal
hydrogen electrode) or more negative when Sn, Bi, Pb, and Cu-based catalysts are
used (Masood and Ge, 2022). Bei et al. (2017) reported the onset potential of HCOOH
—1.3 V vs. Ag/AgCl by using linear sweep voltammetry.  Ordered cone-structured
tin (OCSn) exhibited the onset potential of —0.46 V (vs. RHE), compared to Sn-N-60
(synthesized without the Triton X-100), —1.13 V (vs. RHE), for HCOO— formation
(Zhong et al., 2021). RhO> showed the onset potential of —0.2 V (vs. RHE) for
HCOOH production, while CrO2 showed —0.3 V (vs. RHE) onset potential for most of
the products (Tayyebi et al., 2018).
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1.4.3.3 Overpotential (1)

Overpotential (n) is the additional potential applied to cross the kinetic barrier
for ECO2RR (Wau et al., 2020). It is the difference between the applied potential (Vapp)
and equilibrium potential (Veq) expressed as follows (Equation 1.18).

N= Vapp — Vg (1.18)

ECO2RR is driven with significant overpotentials to overcome the rigid and
highly stable CO2 molecule. For instance, an overpotential of 0.6 V is required for Au
catalyst to trigger the reaction at a rate of —5.0 mA c¢cm2 with FE of 87% for CO
formation (Suominen and Kallio, 2021). Ag nano-coral structure showed a low
overpotential of 0.37V towards CO production, whereas, the cobalt
protoporphyrin/pyrolytic graphite electrode produced CO at a moderate overpotential
of 0.5V (Kumar et al., 2016). Jiang et al. (2021) reported hexagonal Bi nanosheet
facilitates HCOO™ formation at 0.65 V of overpotential, which is 0.05 V higher than
that of nanostructures Bi/GDE with 0.60 V overpotential (Zhang et al., (2017).

1.4.3.4 Current density (J)

It is used as an important input for designing the electrolyzer and to estimate
the rate of COz reduction to the products (Daiyan et al., 2020). Current density is
dependent on mass transport, number of active sites and system impedance. It is the
total current (I, in Amps) normalized by geometrical area (A, cm?) of the electrode
(cathode) (Equation 1.19).

=+ (1.19)

Porous Zn exhibited —270 mA cm™2 current density at —0.95 V vs. RHE (W.
Luo et al., 2019b), 54 times higher than that of Zn nanoparticles (-5 mA cm2) at —1.1
V vs. RHE for CO production (Jeon et al., 2018b). Bi nanotubes could show 24 times

higher current density at —0.6 V vs. RHE (Fan et al., 2020), than that of Bi nanoflake
(1 mA cm™2) at —1.03 V vs. RHE (Kim et al., 2017).

1.4.3.5 Partial current density (Jproduct)

Partial current density (Jproduct) IS the effective current density that steer the
desire products to form. Jproduct fOr a specific product can be expressed as in Equation
1.20.
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Tproduct=IXFE (1.20)

In practical applications, an H-type reactor exhibits lower partial current

density (<100 mA cm™2) due to the poor solubility of CO2 in an aqueous electrolyte. A

significantly improved Jproduct Can be obtained in MEA reactor (> 1 A cm™2) (L. Li et

al., 2020). Prism-shaped Cu nanocatalyst exhibited four times higher partial current

density (—11.8 mA cm™?) than that of the planar Cu catalyst (—2.8 mA cm2) (Jeon et

al., 2018a). Hierarchical Sn304 nanosheets had the highest partial current density of

421 mA cm2at —1.02 V vs. RHE for electrochemical CO; reduction to HCOO— (Liu
et al., 2020).

1.4.4 Electrochemical tools for ECO2RR
1.4.4.1 Cyclic voltammetry (CV)

Voltammetry is a non-destructive electrochemical technique in which varying
potential is applied to the working electrode (WE) in an electrochemical system to
measure the corresponding current response (Equation 1.21).

I=f(E) (1.22)

Cyclic voltammetry (CV) is commonly used to investigate the oxidation-
reduction reaction functionality of a catalyst. It is a hysteresis graph of current
response (I) vs. applied potential (E). Xiang et al. (2014) reported 6,7-dimethyl-4-
hydroxy-2-mercaptopteridine (PTE) as an active catalyst on glassy carbon electrode
towards ECO2RR to methanol and formate conversion based on of cyclic

voltammetry analysis.

1.4.4.2 Chronoamperometry

Chronoamperometry is a current response (I) vs. time (s) graph at a constant
applied potential (E). It is an electrochemical technique employed for measuring the
catalytic activity and selectivity of the product(s) formed. The total charge required
for Faradaic efficiency calculation is estimated from the current passes during the
chronoamperometry measurement. In practical applications, the chronoamperometric
potentials are chosen from the voltammograms.

Latiff et al. (2020) reported carbon-based copper(ll) phthalocyanine for

ECO2RR. In this study, the potential for chronoamperometry was chosen to be —1.6 V
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vs. Ag/AgCI, and the current density is significantly increased beyond —1.5V vs.
Ag/AQCI. The trend in current densities obtained from chronoamperometry is also in

line with that of the current densities recorded from CV analysis.

1.4.4.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a useful non-destructive tool
to investigate the kinetic behavior of redox reaction, adsorption-desorption behavior
of intermediates on the electrode surface, and the charge transfer and charge transport
processes involved in the electrode/electrolyte interface in a electrochemical reaction
(Shah et al., 2018). EIS is subjected to the application of AC (alternate current)
voltage to the system and study of AC current response as a function of frequency. It
is measured by using frequency response analyser (FRA). In EIS study, the response
current I (o,t) of a system is measured by applying a small signal, a sinusoidal voltage
[V (o,t)= Vosin ot] with the amplitude of Vo and variable frequency f (f= w/2m,
where o is the angular frequency). By using Ohm’s law, the impedance Z(w,t ) of the
system can be calculated as follows in Equation 1.22 (Sacco, 2018).

Z(o,H)= V(o,0)/I(o,t)=1Z(0)le’’= 1Z(o)l(cosd + jsinfd)= Z'(®) + jZ"(®) (1.22)

Where |ZI is the impedance modulus, 6 is the impedance phase, j is the
imaginary unit, and Z'=ZIcos 0 and Z"= |ZIsinf are the real and imaginary parts of the
impedance, respectively. Z" is represented as a function of Z' in a complex plane,
referred as Nyquist plot.

Latiff et al. (2020) used EIS analysis to study the electrocatalytic activities of
carbon based copper(ll) phthalocyanine, for ECO2RR. The results showed the trend
of Rct values as CNT-CuPc (20.2 Q) < carbon black-CuPc (22.9 Q) < activated
carbon-CuPc (192.6 Q) < graphene oxide-CuPc (250.2 Q). It was similar to that

observed in the CV and chronoamperometry results.

1.4.5 State-of-the-art literature on catalytic ECO2RR
1.4.5.1 Metal catalysts for ECO2RR

Noble metal catalysts are categorized mainly into three groups: (i) ability to
form CO (Au, Ag, Zn, Pd, Ga), (ii) formic acid (HCOOH)/formate (HCOO™) (Pb,
Hg, Tl, In, Sn, Cd, Bi), and (iii) hydrocarbons (Cu) (Wang et al., 2017). As of now,
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Sn, In, Hg, Cd, and Pb-based catalysts have demonstrated remarkable selectivity
(>75%) for converting CO- to formate (B. Zhang et al., 2022). Besides these, a variety
of nanostructured zero-dimensional, one-dimensional (nanowires, nanotubes), two-
dimensional (nanosheets, nanoflakes), and three-dimensional (nanodendrites,
nanoflowers) Bi catalysts have been designed for the reduction of CO, (B. Zhang et
al., 2022).

Cu stands as a unique electrocatalyst towards ECO2RR due to its ability to
produce hydrocarbons, aldehydes, and alcohols at reasonable current densities (5-10
mA cm) (Hori et al., 1986). Hori (2008) reported that Cu electrode with —5.0 mA
cm~2 current density, could reduce CO2 to CHa, C2H4, EtOH, PrOH, CO, and HCOO—
with FE (%) of 33.3, 25.5, 5.7, 3.0, 1.3, and 9.4%, respectively, at —1.05 V (vs. RHE)
(Hori, 2008).

Kwon and Lee (2010) reported Pb granule electrodes for ECO2RR to formate
(HCOO™) formation with 94% FE at —1.8 V vs. SCE. Porous Pb electrode showed
96.8% FE for HCOO— formation at —1.7 V vs. SCE (Wang et al., (2015). Kim et al.
(2017) reported Bi nanoflakes for HCOO— formation with ~100 % FE at —0.6 V vs.
RHE at ~1 mA cm? (X. Zhang et al., 2018) synthesized Bi nanoparticles for
HCOO™ production with 94.7% FE at —0.83 V vs. RHE and overpotential of 0.63 V
at a current density of ~5 mA cm?. Nanoporous AuUNPs synthesized by
electrodeposition exhibited ~99% FE of CO production at 6 mA cm~2 (Welch et al.,
(2019). Guo et al. (2020) reported coral-like porous Ag (CP-Ag) for CO production
with 96.38% FE at —0.8 V vs. RHE and current density of 6.36 mA cm2.

Maimoto et al. (2018) reported Zn electrode for CO production with FE of
62% at —1.09 V vs. RHE and 3.5 mA cm2 current density. Gao et al. (2015) obtained
91.2% FE at —0.89 V vs. RHE and ~6 mA cm2 of current density using PANPs for
CO production. Table 1.6 summarizes some main group metal electrocatalysts
towards ECO2RR.
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Table 1.6. Performance comparison of different main group metal electrocatalysts for ECO2RR.

Catalyst Synthesis method | Electrolyte Potential Current density | FE (%) Reference
applied (V) (J, mMAcm)

Ag nanofoam Chemical reduction | 0.5 M KHCO; -1.2 V vs. RHE —33 mA cm 97% (CO) Wei et al. (2020)

Ag nanosheet Electrodeposition 0.5M NaHCOs | -0.7 Vvs. RHE -9 mA cm? 95% (CO) Lee et al. (2017)

AUNPs Polyvinyl alcohol 0.5 M KHCO;3 —0.58 vs. RHE —43.8 mA cm 97% (CO) Ma et al. (2019)
method

AUNPs Chemical method 0.1 M KHCO; —-0.8 vs. RHE ~-11 mA cm™ 100% (CO) Souza and Lima (2021)

ZnNPs Inverse micelle 0.1 M KHCO;3 -1.1V vs. RHE -5 mA cm? ~70% (CO) Jeon et al. (2018b)
encapsulation

Porous Zn Electrodeposition 0.1 M KHCO;3; —0.95 vs. RHE —270 mA cm™ 95% (CO) W. Luo et al. (2019b)

Hexagonal Zn Electrodeposition 0.5 M KCI -1.05Vvs.RHE | -7.3mAcm? 95.4% (CO) Won et al. (2016)

Ga single atom Chemical method 0.5 M KHCO:3 -0.3V vs. RHE ~-5mA cm? ~92% (CO) Z. Zhang et al. (2022)

catalyst

PdNPs Chemical reduction | 1.0 M KHCOs -0.7 V vs. RHE —22.9 mA cm2 93.4% (CO) Gao et al. (2017)

PdNPs Chemical reduction | 0.1 M KHCO; -0.89Vvs.RHE | -6 mA cm™? 91.2% (CO) Gao et al. (2015)

Pd nanosheets One-pot chemical 0.1 M KHCO;3; -0.5V vs. RHE -3.2mA cm™ 94% (CO) W. Zhu et al. (2018)
reduction

Pb granule Electrodeposition 0.2 M K,COs -1.8 V vs. SCE NA 94% (HCOO™) Kwon and Lee (2010)

electrodes

Porous Pb electrode | Electrodeposition 0.5 M KHCO; -1.7 V vs. SCE NA 96.8% (HCOO™) | Wang et al. (2015)

Sn electrode Unipolar pulse 0.1 M KHCO:3 -1.7 V vs. -6 mAcm? 89% (HCOOH) Anetal. (Anetal.,
electrodeposition Ag/AgCl 2019)
(UPED) method

Sn catalyst Electrodeposition 0.1 M KHCO:3 -1.4 V vs. SCE -15mA cm? 91% (HCOO™) Zhao and Wang (2016)
method

Bi nanoflake Electrodeposition 0.1 M KHCO:3 -0.6 V vs. RHE -1 mA cm? ~100% Kim et al. (2017)

(HCOO)
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method

Bi nanotubes Chemical method 0.5 M KHCO:3 -1.03Vvs.RHE | -24 mA cm? 97% (HCOO™) Fan et al. (2020)
Ultrathin Bi Electrochemical 0.5 M KHCO; -1.0V vs. RHE -11 mA cm™2 90% (HCOO™) Su et al. (2018)
nanosheets reduction method
3D hierar- Electrodeposition 0.1 M KHCO;3 -1.2V vs. RHE —2.5mA cm 90.4% (HCOO™) | W. Luo et al. (2019a)
chical porous In
catalyst
Dendritic In 0.5 M KHCO:3 —-0.86 Vvs.RHE | -5.8 mA cm™ 86% (HCOO™) Xia et al. (2018)
In catalyst Electrodeposition 0.5 M KHCO; -19Vvs. —-3.54 mA cm2 72.5% (HCOO™) | Bohlen et al. (2020)
Ag/AgClI
CuNPs Chemical method 0.1 M KHCO:3 -0.8 V vs. RHE ~-2.0mA cm= 45.4% (HCOOH) | Dongare et al. (2021b)
5.84% (EtOH)
1.0% (AcOH)
5.55% (n-
propanol)
Cu nanocrystals Chemical method 0.1 M KHCO;3; -1.1V vs. RHE ~-9mA cm? 1.0% (CH3OH) Loiudic et al. (2016)
20% (HCOOH)
5.0% (EtOH)
1.1% (AcOH)
Cu nanowire Chemical method 0.1 M KHCO;3; -1.1V vs. RHE N.A. 7.6% (CO) Ma et al. (2016a)
17.4% (CHa)
2.4% (CzHs)
17.5% (HCOO™)
3.8% (C2HsOH)
7.8% (n-
propanol)
Cu nanocubes Electrochemical 0.25M KHCO; | -1.01Vvs.RHE | —40 mA cm™ 60% (C2Hy) Jiang et al. (2018)
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1.4.5.2 Metal-based and metal oxide catalysts for ECO2RR

To improve the catalytic activity of metal catalysts towards ECO2RR, several
attempts have been made through modification of particle morphology, size, form of
oxide, electrode supports (carbon, graphene), etc. (Jung et al., 2019). Such
modifications also increase CO adsorption on the metal surface and facilitate C—C
coupling for enhanced catalytic performance towards CO> reduction (Jiwanti et al.,
2021).

Albo and lIrabien (2016) showed that Cu™ can greatly change the selectivity
and activity towards CH3OH production by loading Cu.O electrocatalyst on the gas
diffusion electrode and achieved 42.3% FE for CH3OH production. Daiyan et al.
(2019Db) reported that Cu*/Cu?*, generated on the Cu foam electrode improves the
electrocatalytic activity of CuO/Cu.O on 3D heterostructured Cu foam. FE of
CH3CH20H formation was found to be 31% at —0.3 V vs. RHE with a stable current
density of —1.25 mA cm,

Owing the merit of selective formation of HCOO—/HCOOH in aqueous
system, Sn-based catalysts are considered as the potentially most active and
commercially viable towards ECO2RR (Q. Zhang et al., 2018). S. Liu et al. (2019)
reported SnO. quantum wires of sub-2 nm size, for HCOO— formation with 80% FE
at —1.2 V vs. RHE and 18 mA cm2 current density. Reduced SnO, porous nanowires
were designed with a high density of grain boundaries (Kumar et al., 2017). HCOOH
production was seen to start at a low overpotential of 350 mV and reaches stability at
just 0.8 V (vs. RHE).

Bi-based catalysts, such as Bi>O3, BioO2COs3, etc. are explored for ECO2RR to
HCOO—/HCOOH (B. Zhang et al., 2022). However, these compounds eventually
transform into metal-based Bi-catalysts, after the reaction. Tran-Phu et al. (2019)
observed that B-Bi»Oz is transformed to metallic Bi during ECO2RR. Bi202COs
nanosheets exhibited 83% FE of HCOO™— formation at 0.59 V overpotential (Lv et al.,
2017). Shi et al. (2022) reported sponge-like Bi.Oszfor HCOO™— formation with 93.7%
FE. Table 1.7 summarizes some main group metal-based and metal oxides

electrocatalysts towards ECO2RR.
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Catalyst Synthesis Electrolyte Potential Current FE (%) Reference
method applied (V) density (J,
mA cm?)
AQg20 NPs Electrochemical 0.1 M KHCO; |-0.8V vs.RHE |-1.15mA cm= | 89% (CO) Ma et al. (2016b)
reduction
Bi.O3 NPs Hydrothermal 0.5M —1.2Vvs.RHE |-22mAcm? |91% (HCOO™) Miao and Yuan
method NaHCOs (2018)
Hierarchical Solvothermal 05M —09Vvs.RHE |-17mAcm™? |83% (HCOO™) Han et al. (2019)
SnO> method NaHCOs
SnO; porous solvo-plasma 0.1 M 0.8V vs.RHE | 4.8mAcm? |80% (HCOO™) Kumar et al. (2017)
nanowires technique NaHCO3
BiOx Solvothermal 1.0 MKHCO;3 |[-1.7Vvs.SCE |-37.8 mAcm2 | 89.3% (HCOO™) X. H. Zhao et al.
method (2021)
In203 —2.7mAcm? | 79% (HCOO™) Mou et al. (2018)
Coprecipitation 0.5 M KHCOs3 | 0.9V vs. RHE
In,0s@C and pyrolysis ~12.9 mA cm2 | 87.6% (HCOO™)
In203 NPs Coprecipitation 0.5M KHCO3 | -1.5V vs. ~—7mAcm? |~92% (HCOO™) White and Bocarsly
Ag/AgCI (2016)
Cu20 NP/C Wet-chemical 0.1 MKHCO; |-1.1Vvs.RHE |-21mAcm? |57.3% (CoHa4) Jung et al. (2019)
method 1.9% (CHa)
74% (C2+Cs)
Cu/Cu20 Electrodeposition | 0.1 M KHCOs | -0.75 V vs. ~-1.3mA cm | 53.6% (CH3OH) Chang et al. (2018)
method RHE 2 ~28.0% (CHa)
10% (CO)
Cu20 -1.39 V vs. 42.3% (CH30H)
Ag/AgCI 10.1% (C2HeO)
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Commercially 2.4 (C3HgO) Albo and Irabien
available 0.5 M KHCOs3
Cu20/Zn0O ~-1.16 V vs. ~10mA cm=2 | 27.5% (CH3sOH) (2016)
Ag/AgCl 3.9% (C2HeO)
Oxide- derived Electrodeposition | 0.5 M 0.8V vs.RHE | -6mAcm3 18% (CO) Dutta et al. (2016)
Cu foam method NaHCOs3 (C2Hs + C2Hg) | 5% (HCOO™)
20% (C2Ha4)
35% (C2He)
SnO2 quantum Modified 0.1 MKHCO; |-1.2Vvs.RHE |-18 mAcm? |80% (HCOO™) S. Liu et al. (2019)
wires hydrothermal
method
* N.A.: Not available
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The catalytic activity of Cu-, Sn- and Bi-based, and other electrocatalysts

towards ECO2RR to value-added products are graphically presented in Figures
1.18a1-1.18c2, and Figures 1.18d1-1.18d2, respectively. It is evident that the trend in
FE follows as Cu- (41-91.6%) < Sn- (56-99%) < Bi-based catalysts (84-100%)
towards the formation of value-added products. Among these three groups of

catalysts, only Cu-based catalysts facilitate the formation of mixture of products,
whereas the selectivity of HCOOH/HCOO— follows the trend of Sn-< Bi-based

catalysts (Figures 1.18a2, 1

.18b2, and 1.18c2).
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Figure 1.18. Total FE of value-added products formed and FE of individual products
using (al, a2) Cu-based electroctalysts: Electro-deposited Cu.O (Kim et al., 2015), Cu
nanowire (Ma et al., 2016a), Cu20 NPs/C (Jung et al., 2019), Electro-deposited Cu20
film (Ren et al., 2015), Cu2O NPs (X. Zhu et al., 2018), Cu20/CuS composite (S.
Wang et al., 2021), Cu2O-derived Cu (Kas et al., 2014), Reduced Cu.O film (Li and
Kanan, 2012), Oxide-derived Cu foam (Dutta et al., 2016), Cu/Cu.O (Chang et al.,
2018); (b1, b2) Sn-based electroctalysts: SnO2 nanosphere (Fu et al., 2016), Urchin-
like SnO; (Liu et al., 2017), Sn dendrite (Won et al., 2015), Wavy SnO2 (Z. Chen et
al., 2020), Sn catalyst (Zhao and Wang, 2016), Sn electrode (An et al., 2019), <1 nm
SnOx (Kim et al., 2022), 5 nm SnO> (Li et al., 2017), Mesoporous SnO> (Daiyan et
al., 2018), SnOz/graphene oxide (Yang et al., 2021), 100 nm Sn (J. Wu et al., 2014);
(cl, c2) Bi-based electroctalysts: Bi>Ss-derived Bi (Y. Zhang et al., 2018), Bi
nanosheets (W. Zhang et al., 2018), Ultrathin Bi nanosheets (Su et al., 2018), Bi NPs
(X. Zhang et al., 2018), Bi nanosheets (N. Han et al., 2018), Bi catalyst (Li et al.,
2021), Bi nanotubes (Fan et al., 2020), Bi NPs (Wei et al., 2022), Size tunable nano-
Bi (Qiu et al., 2017), Bi nanoflakes (Kim et al., 2017); (d1, d2) Other electrocatalysts:
Zn NPs (Jeon et al., 2018b), In catalyst (Bohlen et al., 2020), In.O3 (Mou et al.,
2018), Dendritic In (Xia et al., 2018), In,0z@C (Mou et al., 2018), Ag.0 (Ma et al.,
2016b), 3D hierarchical porous In (W. Luo et al., 2019a), Pd NPs (Gao et al., 2015),
Ga single atom catalyst (Z. Zhang et al., 2022), Pd NPs (Gao et al., 2017), Pd granular
electrode (Kwon and Lee, 2010), Pd nanosheet (W. Zhu et al., 2018), porous Zn (W.
Luo et al., 2019b), Ag nanosheet (Lee et al., 2017), hexagonal Zn (Won et al., 2016),
porous Pb electrode (Wang et al., 2015), 3.4 nm AuNPs (Ma et al.,, 2019), Ag
nanofoam (Wei et al., 2020), AuNPs (Souza and Lima, 2021).

Along with ECO2RR to value-added chemicals and fuels, electrochemical N2
reduction reaction (ENRR) forming NHs is also imperative to meet the current global
energy demand. The next section focuses on catalytic ENRR for the production of
NHs.
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1.5 Energy harness from ammonia: An alternate to carbon-based

fuels

Liquid ammonia (NHz) has a hydrogen capacity of 17.6% (w/w) and energy
density of 4.3 kWh h2. Its reaction in fuel cells ends with N2 and H20, which are
considerably inert products (Qin et al., 2021). It is estimated that the levelized cost of
energy (LCOE) for NHs in an integrated energy storage system is 251 $ MW h™?,
which is competitive with other suggested large-scale storage methods (Elishav et al.,
2017). For these reasons, NHsz could be considered in non-carbon-based energy
economy (He et al., 2019). Although, at present industrial NH3z synthesis relies on
Haber—Bosch technique, which need harsh operating conditions (400-600°C
temperature, and 150-350 atm pressure) with a mammoth amount of CO. generation
(~300 tons / 200 million tons of NHs production per year) (He et al., 2019).

Electrochemical N2 reduction reaction (ENRR) requires suitable catalyst for
N adsorption/desorption, cleavage of N=N bonds of high bond energy (945 kJ mol*
at 298 K) and hydrogenation reaction (Wen et al., 2021). The ENRR under ambient
conditions is depicted by the following reactions (Equations 1.23 and 1.24).

at the anode: 3H,0 — 3/20,+ 6 + 6H" (1.23)

at the cathode: 6e” + 6H" + N2 — 2NH3 (1.24)

In fact, NH3 produced in ENRR can be utilized in direct ammonia fuel cell
(DAFC) (Figure 1.19) to generate power according to the reactions as follows
(Equations 1.25-1.27) (Afif et al., 2016; Trenerry et al., 2021).

at the cathode: O+ 2H20 +4e~ — 2HO™ (1.25)
at the anode: 2NH3 + 6HO — N2+ 2H.0 + 6e~ (1.26)
Overall reaction: 4NH3z + 30— 2Nz + 6H20 (1.27)
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Figure 1.19. Essential components of nitrogen/ammonia economy. a) DAFC and b)
Electrochemical ammonia synthesis from air and water. Reprinted with permission

from Trenerry et al. (2021). Copyright 2021 Springer Nature.

1.5.1 Measurement standards of catalytic ENRR
The key indicators for the performance evaluation of catalytic ENRR are

outlined in the subsequent sub-sections.

1.5.1.1 NHz yield

The vyield of NHz is a measure of the rate of ammonia production over the
normalized catalyst loading and time (t) of electrolysis. The rate of ammonia
production (r) is calculated using the following Equation 1.28 (X. Zhao et al., 2021).

n><V
rNH3 A><t (128)

Here, n is the concentration of NHs in the electrolyte of volume V, A is total
catalyst loading (cm? or mgcat), and t is the electrolysis time. Ag triangular nanoplates
exhibited NHs yield of 58.5 mg gea * htat —0.25 V vs. RHE (Gao et al., 2019). Ag
nanosheet showed 4.62x107'! mol s cm™ at —0.6 V vs. RHE (Huang et al., 2018).
Au nanorods catalyzed NHs yield of 1.648 pug h™ cm™2 at -0.25 V vs. RHE (Bao et al.,
2017).

1.5.1.2 Faradaic efficiency (FE)
The process of nitrogen reduction to NHs involves six-electron transfer.
Therefore, FE can be calculated as follows (Equation 1.29) (X. Zhao et al., 2021).
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3xFxexV
Mnp; *Q

FExir, (%)= (1.29)

Where, F is faradaic constant, c and M denote the concentration and molar
mass of ammonia, V is the electrolyte volume, and Q is the total charge for the
electrochemical reaction.

The yield of NHs and FE sometimes have the leverage effect, which is
apparent from the low FE with high NH3s yield or vice-versa (X. Zhao et al., 2021).
Therefore, FE could be an important figure of merit for effective ENRR process.

Han et al. (2018) reported the highest FE of 1.9% at —0.3 V vs. RHE, while
the maximum NHs yield obtained is 29.43 pug h™* mgca. * (4.80 x 1071° mol s cm™)
at —0.50 V vs. RHE, using MoOg catalysts (J. Han et al., 2018). W. Liu et al. (2019)
reported 2D amorphous MoOz.x monolayers for ENRR with FE and NH3 yield 12%
at —0.20 V and 35.83 pg h™* mgca. *at —0.40 V vs. RHE, respectively.

1.5.2 Factors affecting ENRR
1.5.2.1 Electrolyte and pH

The effect of electrolyte and pH on ENRR is considered in terms of cations
and anions concentration. The proton in acidic electrolyte facilitates NH3 yield but
reduces FE because high proton concentration induces simultaneous ENRR and HER.
In alkaline media, the hydroxyl anion improves FE by hindering the HER process. In
a neutral electrolyte, the lower proton concentration facilitates the vyield by
suppressing HER (F. Wang et al., 2021).

FeS@MOoS,/CFC electrode exhibited the highest NH3 yield rate (8.75 pgh™
cm2) in 0.1 M HCI than that in 0.1 M Na,SO4 (8.45pugh™ cm?) and 0.1 M KOH
(3.28 ugh™* cm™2) with FE of 0.22, 2.96, and 0.067%, respectively (Guo et al., (2019).
The trend in FE is not in line with the reaction mechanism derived by Wang et al.
(2021).

1.5.3 State-of-the-art literature on catalytic ENRR forming NHs

In the past few years, several noble metals (e.g., Au, Ag, Ru, Rh, Pt, Pd) are
tested as electrocatalysts for ENRR (Wen et al., 2021). Due to the characteristics of
the occupied and empty d orbitals of noble metals, the electrons of N2 can be accepted
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synergistically with the proper energy and symmetry. Through sp hybridization, N
atoms in N2 molecules can provide lone-pair electrons to vacant d orbitals in the
transition noble metals. While, the occupied d orbitals of metals can transfer electrons
backwards to the m-molecular orbitals of Nz, weakening the N=N bond and
strengthening the metal-nitrogen bond (Q. Chen et al., 2020).

Wang et al. (2018) reported flower-like Au nanoparticles for ENRR with NH3
yield of 25.57 pgh™ mgea. 1) and 6.05% FE at —0.2 V vs. RHE, in 0.1 M HCI. Ag
nanosheets exhibited 4.8% FE with NH3 production rate of 4.62x10 ! mol st cm™ at
—0.60 V vs. RHE, at 0.1 M HCI (Huang et al., 2018). Ultrathin Rh nanosheets
nanoassemblies yielded 23.88 ug h™ mgca. * NH3z with 0.217% FE at —0.2 V vs. RHE,
in 0.1 M KOH electrolyte (Liu et al., 2018).

Deng et al. (2019) reported Pd nanoparticles, exhibited 9.49% FE and 24.12
ng h™* mgea * NH3 yield. Bi-metallic PdRu tripods catalyzed NHs production with
1.85% FE and 37.23 ug mgear - h?* yield at —0.2 V vs. RHE (H. Wang et al., 2019a).
Chu et al. (2019) reported NiO/G catalyst for ENRR with 7.8% FE of NH3 production
with a yield of 18.6 ug h™* mgeat. .

Besides the noble metals, non-noble metals (e.g., Fe, Mo, Co, Ni, Ti), and
non-metals (e.g., B, C) have also been tested for ENRR. Zhan et al. (2019)
synthesized 2D B-nanosheets for ENRR. FE of NHs formation was found to be 4.04%
with a yield of 13.22 pg h™* mgea * at —0.80 V vs. RHE. On the other hand, 2D Multi-
layer B nanosheet showed 4.84% FE and 3.12 ug h™ mg™* NHjs yield at —0.14 V vs.
RHE (Fan et al., 2019). Fe/FesO4 catalyst exhibited 8.29% FE of NHs production at
—0.3 V vs. RHE (Hu et al., (2018)). Y. Liu et al. (2019) tested Co single atom
embedded N-doped porous carbon for ENRR. NHs production rate was found to be
0.86 pmol cm 2 h™ with 10.5% FE at —0.2 V vs. RHE.

Table 1.8 summarizes some of the metal and metal-based catalysts for ENRR

at ambient conditions.
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Catalyst Synthesis method | Electrolyte Potential NHjs yield FE (%) Reference
(V) (vs. RHE)
Ag triangular | Chemical reduction | 0.5 M K2SO4 -0.25 58.5 Mg Qgear - h? 25 Liu et al. (2018)
nanoplates method
Ag nanosheet | Chemical method | 0.1 M HCI 0.6 462x 10 molstcem? | 4.8 Huang et al. (2018)
Au nanorods | Seeded growth 0.1 M KOH 0.2 1.648 ugh™tcm™ 4.02 Bao et al. (2017)
method
8 nm Chemical method 0.1 M KOH -0.14 17.49 ug h'* mgear 5.79 C. Chen et al. (2020)
monodisperse
Au
PdNPs Chemical method 0.1 M Naz2SOq4 -0.45 24.12 pg h™ mgea ™ 9.49 Deng et al. (2019)
Rh nanosheet | Surfactant free 0.1 M KOH -0.2 23.88 ug h™* mgear * 0.217 Liu et al. (2018)
chemical method
3D Rh Solvothermal 0.1 M KOH -0.2 35.58 ug h™* mgcar* 0.52 T. Chen et al. (2020)
particles
Cu foam Chemical method | 0.1 M HCI 245x10 % molstem™ | 18.0 Ji et al. (2020)
(-0.40 V) (-0.35V)
Cu dendrite Chemical method 0.1 M HCI -0.4 25.63 ugh* mgea. * 15.12 Li et al. (2019)
Sn dendrite Electrodeposition Phosphate buffer | —0.6 5.66 x 10" molstcm? |3.67 Lv et al. (2020)
Sub-micron Hydrothermal 0.1 M Na;SOs | 0.7 4.03 pg h™* mgear * 2.17 L. Zhang et al.
SnO» (2018)
MoOs Hydrothermal 0.1 M HCI 0.3 29.43 pg h™* m gear * 1.9 J. Han et al. (2018)
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Mn304 Hydrothermal 0.1 M Na2SOq4 -0.8 11.6 pug h™ mgear ® 3.0 Wu et al. (2018)
NiO nanosheet | Hydrothermal, 0.1 M Naz2SOq4 -0.5 29.1 pg h™! mgeai ™ 10.8 Y. Li et al. (2020)
plasma
Co0304@NC | Chemical method | 0.05M H,SOs | -0.2 42.58 pug h™* mgeat * 8.49 S. Luo et al. (2019)
CuO/RGO Chemical method | 0.1 M Na,SOs | -0.75 1.8 x 10710 3.9 F. Wang et al.
mol st cm 2 (2019)
PdRu Chemical method 0.1 M HCI -0.2 34.2 pg h™t mgear * 2.4 H. Wang et al.
nanorods (2019Db)
Pd/TiO; Hydrothermal 0.1 M NaOH -0.1 1847.3 pg h™ mgear * 2.63 Lv etal. (2019)
Fe203 Hydrothermal 0.1 M Naz2SOq4 -0.8 15.9 ug h™* mgcar * 0.94 Xiang et al. (2018)
nanorods
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Figure 1.20 shows the performance graph in terms of FE of NHz production on
different metal-based electrocatalysts. From the graph, it is clearly evident that Ag
triangle NPs showed the maximum FE of 25% compared to Rh nanosheets with
0.22% FE. The literatures on metal-based electrocatalysts employed for both ECO2RR

and ENRR are summarized in Table 1.9.
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Figure 1.20. FE of NHs production on different metal-based electrocatalysts.
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Table 1.9. A few selected metal-based electrocatalysts tested for both ECO2RR and ENRR.

Catalyst group | Catalyst type Electrolyte Potential FE (%) @ FE (%) @ Reference
(V) (vs. RHE) | ECO2RR NH3
Ag-based Ag nanofoam 0.5 M KHCOs3 -1.2 97 (CO) N.A." Wei et al. (2020)
Ag nanosheet 0.5 M NaHCO3 -0.7 95 (CO) N.A. Lee etal. (2017)
Ag20 NPs 0.1 M KHCOs3 -0.8 89 (CO) N.A. Ma et al. (2016b)
Ag triangular 0.5 M K2S04 -0.25 N.A. 25 Gao et al. (2019)
nanoplates
Ag nanosheet 0.1 M HCI -0.6 N.A. 4.8 Huang et al. (2018)
Au-based 3.4 nm Au NPs 0.5M KHCOs3 -0.58 97 (CO) N.A. Ma et al. (2019)
Au NPs 0.1 M KHCOs3 -0.8 100 (CO) N.A. Souza and Lima (2021)
Au nanorods 0.1 M KOH -0.2 N.A. 4.02 Bao et al. (2017)
8 nm monodisperse | 0.1 M KOH -0.14 N.A. 5.79 C. Chen et al. (2020)
Au
Pd-based Pd nanoparticles 1.0 M KHCO3 -0.7 93.4 (CO) N.A. Gao et al. (2017)
Pd nanosheets 0.1 M KHCOs3 -0.5 94 (CO) N.A. W. Zhu et al. (2018)
Pd nanoparticles 0.1 M Naz2SO4 -0.45 N.A. 9.49 Deng et al. (2019)
Sn-based Sn electrode 0.1 M KHCOs3 -1.47 89 (HCOOH) N.A. An et al. (2019)
SnO; quantum wires | 0.1 M KHCOs -1.2 80 (HCOO) N.A. S. Liu et al. (2019)
Sn dendrites Phosphate buffer | -0.60 N.A. 3.67 Lv et al. (2020)
Sub-micron SnO> 0.1 M NaxSOg4 -0.7 N.A. 2.17 L. Zhang et al. (2018)
Cu-based Cu nanowires 0.1 M KHCOs3 -1.1 7.6 (CO) N.A. Ma et al. (2016a)
17.4 (CoHy)
Cu nanocubes 0.25 M KHCO3 | -1.01 60 (C2H4) N.A. Jiang et al. (2018)
Cu foam 0.1 M HCI -0.35 N.A. 18.0 Ji et al. (2020)
Cu dendrite 0.1 M HCI -0.4 N.A. 15.12 Lietal. (2019)

* N.A.: Not Applicable
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1.6 Knowledge gap and objectives of the proposed work

The studies on the horizon of facile bioinspired green routes are not focused
both at international and national levels apart from the recent works mostly from our
research group (Chelli and Golder, 2016; Dash et al., 2018; EI-Shobaky and Turky,
2000). Das and Golder (2017) reported spinel CozO4 NPs synthesis using Sechium
edule fruit extract for electrochemical H.O. sensing with a limit of detection (LoD) of
0.0217 uM and sensitivity 65.32 nA uM ! cm2. Dash et al. (2018) reported a one-pot
microwave-assisted formation of AgNPs using Psidium guajava for electrocatalytic
sensing of ascorbic acid. The limit of detection and sensitivities of AgNPs
(pH 9.5)/GPE are found to be 14.63 uM, 0.719 (diffusion control) and 0.390
(activation control) pA cm 2 pM L,

As discussed earlier in this thesis (section 1.3.2), the waste generated in the
conventional method of synthesizing nanoparticles has an E-factor (waste to product
ratio) as high as in the range of 100 to 100,000. Further, the use of (toxic/strong)
reducing agents (hydrazine, sodium borohydride, etc.) and organic solvents (toluene,
xylene, etc.) in nanoparticles synthesis land up with the generation of a considerable
amount of liquid wastes. For example, the synthesis of AuNPs using the chemical
reduction method, stabilized by thiols and ionic liquids suffers a setback with an E-
factor value of 99,400 (Garcia-Quintero and Palencia, 2021). On the other hand,
nanoparticles synthesized using bacteria and fungi could be costly due to the
additional separation and purification steps along with associated potential safety
issues. With the above considerations in mind, this thesis focuses on the development
of environmentally benign processes for the synthesis of metal oxides and metal
sulphide nanoparticles.

This technique would use the organs of plants, weeds, and leftovers of edible
plants rich in (bio)analytes such as glycosides, polyphenolic compounds, and ascorbic
acid. It is envisaged that such analytes can be extracted out and applied for the
synthesis of catalysts for ECO2RR to value-added chemicals along with the
production of NHz which is going to open a new domain of research for the
development of electrocatalysts in bioinspired and bio-based routes. Sechium edule
(commonly known as Chayote), a vegetable fruit belongs to the family Cucurbitaceae.

The fruit contains abundant flavonoids (193.0 mg g* (dry basis)), carbohydrate (35-
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84 mg g ! (dry basis)), ascorbic acid (AA), 0.294 mg g* (dry basis), gallic acid,
caffeic acid, isoquercetin, etc. (Das, 2018; Rao and Golder, 2016). Therefore, with the
above knowledge gap and selected vegetal source, the following objectives are
considered in the doctoral work.
I.  To synthesize Cu.O NPs using Sechium edule fruit extract and to fabricate Cu20
NPs/carbon electrode for electrocatalytic CO> reduction to formate (Chapter 3)
ii. To develop a tunable bioinspired process of SnO2 NPs synthesis for
electrocatalytic CO> into formate conversion (Chapter 4)
iii.  To develop a template-free bioinspired route for 1D Bi>Sz nanorods synthesis for
the enhancement of electrocatalytic CO> reduction to formate (Chapter 5)
iv.  To synthesize shape-controlled 2D Co304 spinel nanodiscs using gallic acid for
electrocatalytic N2 reduction to NHs (Chapter 6)

1.7 Organization of the thesis
The thesis is divided into seven chapters. These are outlined as follows:
CHAPTER 1: Introduction and background of the work

This chapter presents a general introduction about the adverse effects of CO>
in the environment, different technologies for CO. sequestration, different
conventional methods for catalysts synthesis, and their advantages and disadvantages
are also described. The fundamentals of electrochemical CO reduction reaction
(ECO2RR) and literature review on metal and metal-based nanoparticles for the
ECO2RR are discussed. Ammonia (NH3) as a prospect of non-carbon-based fuel, is
also discussed with literature review. At the end of the chapter, knowledge gap and
the research objectives are composed.
CHAPTER 2: Materials and methodology

This chapter discusses the experimental methods, the reagents used, and the
equipment utilized to characterize and analyze the bio-analytes, -catalysts,
electrochemical systems. This chapter also describes the details of the general theory
and instructions of all the electrochemical experiments involved this study. The
important experimental steps and methodologies involved: (i) Preparation of bio-
extract, (ii) Bioinspired synthesis of Cu2O nanoparticles, (iii) Bioinspired synthesis of
SnO: nanoparticles, (iv) Bioinspired synthesis of Bi.Sz nanorods, and (v) Synthesis of

Co304 nanodiscs in a green route.
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CHAPTER 3: Synthesis of Cu20 NPs using bioanalytes present in Sechium
edule: Mechanistic insights and application in electrocatalytic CO2 reduction to
formate

This chapter focuses on the synthesis of metal-organic capped Cu>O NPs,
labeled as Cu2O(bio) NPs using the bioactive compounds present in Sechium edule
fruit. The elucidated mechanism of formatlon of Cu,O(bio) NPs and metal-organic
intermediates leading to capping of NPs are also discussed. Moreover, the utilization
of Cu.0(bio) NPs decorated carbon paper towards electrochemical CO> reduction to
formate, are also discussed.
CHAPTER 4: A tunable bioinspired process of SnOz NPs synthesis for
electrocatalytic COz into formate conversion

The work in this chapter discusses the development of a tunable bioinspired
process of SnO> NPs synthesis, labeled as SnO.(bio) NPs using the bio-analytes
present in the S. edule fruit. The discussion covers the mechanistic insights of the
formation of SnO2 NPs, and utiliztion of the as-synthesized SnO(bio) NPs and its
calcined counterpart, namely SnO2(bio)- 800 (800°C) NPs towards electrochemical
COz2 reduction to formate formation.
CHAPTER 5: A simple template-free bioinspired route of 1D Bi2S3 nanorods
synthesis for electrocatalytic CO2 reduction to formate

In this chapter, a template-free process of synthesizing 1D Bi>S3 nanorods,
(Bi2Ss-NRs(bio) is developed in a simple bioinspired route using Sechium edule fruit
extract. The role of bio-active compounds forming Bi>Sz-NRs(bio) with controlled
morphology and size and their functionality for the capping of nanorods are also
investigated. Subsequently, the Bi>Ss-NRs(bio) modified carbon paper electrode was
fabricated by simple drop-casting, and were assessed in a semi-batch reactor to
determine its effectiveness and selectivity towards ECO2RR.
CHAPTER 6: Environmentally benign synthesis of shape-controlled 2D Co0304
spinel nanodiscs using gallic acid for formation of NHs by electrocatalytic N2
reduction

The bioinspired Cu2O, SnO., and Bi;Sz had been successful for CO;
conversion to formate. This chapter further investigates for the development of

environmentally benign route using gallic acid for the synthesis of CosO4 nanodiscs
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(Co304-NDs). After that the Cos04-NDs were modified using carbon paper electrode
in electrocatalyzing N2 reduction reaction (ENRR) for NH3 formation.
CHAPTER 7: Conclusions and scopes for future studies
In this chapter, the salient outcomes of the overall work are documented. The
recommendation and future perspective of the work, based on the knowledge of the
present study are also included.

Table 1.10 shows the timeline of the work conducted during the course of the

thesis work.
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Table 1.10. Timeline of the work conducted during the course of the thesis work.

Timeline (months)

Work components Jul-Dec | Jan-Jun | Jul-Dec | Jan-Jun | Jul-Dec | Jan-Jun | Jul-Dec | Jan-Jun | Jul-Dec | Jan-Jun | Jun 2022-
2017 2018 2018 2019 2019 2020 2020 2021 2021 2022 April 2023

Literature review

Selection of (bio-) analytes
and synthesis of Cu.0
NPs

Electrodes fabrication for

electrochemical studies

Synthesis of Cu20 NPs
and electrochemical CO:2
reduction

Synthesis of SnO: NPs
and electrochemical CO:
reduction

Synthesis of Bi2S3 NRs

and electrochemical CO:

reduction

Synthesis of Co0z0s NDs
and electrochemical N2

reduction

Documentation @}
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CHAPTER 2|

Materials and Methodology

This chapter describes the experimental details including the synthesis
processes of Cu20, SnO, Bi.S3, and CosOs NPs, preparation of modified carbon
paper electrodes, experimentation on electrochemical CO: reduction reaction
(ECO2RR) and electrochemical N2 reduction reaction (ENRR). This chapter also
describes the reagents details, the equipment utilized for characterizing and analyzing
the catalysts, and the target analytes. Any particular modification or deviation from

what is discussed in this chapter is indicated in the relevant Section(s)/Chapter(s).

Characterization
techniques
Synthesis of Preparation of
nanoparticles working electrode
Materials
and
methodology
. Electrochemical
Selection of CO, and N,

bio-extract reduction reaction
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2.1 Reagents and chemicals

2.1.1 Analytical reagents

Chemicals, reagents, and materials (Table 2.1) were used as received without

further purification unless otherwise mentioned. All the solutions were prepared using

deionized water (resistivity: 18.2 MQ.cm) from Millipore water synthesis unit (Elix-3,

USA).

Table 2.1. List of chemicals and reagents used in this doctoral work.

CAS/

Reagents/chemicals | Purity Grade Make
Catalogue no.
Copper(ll) sulphate | 99.0%
pentahydrate (wWiw) ACS 7758-99-8
[CuS04.5H,0]
0
Ethanol (C2HsOH) 98.0% ACS 64-17-5
(v/v)
Sodium  hydroxide | 99.0%
[NaOH] pellets (Wiw) AR 1310-73-2
Sodium sulphate 0
[N&SO4] >99.0% | EMSURE® | 7757-82-6
Potassium  bromide | 99.5%
[KBr] (wiw GR 7758-02-3
Barium sulphate | 99.9%
(BaSO.] 7727-43-7
Potassium hydrogen | 99.0% | EMPLURA 998-14-6
carbonate [KHCO3] (w/w) ® Y B
2-Propanol 99.9% prcK, Bldla
[(CH3),CHOH] HPLC 67-63-0
Bismuth nitrate | 99.9%
[Bi(NOs)s5H0] EMSURE® | 10035-06-0
polyethylene  glycol
6000 | Moleoular | 95395 683
[HO(C2H40)aH] 9y
Sulphuric acid |  98.0%
[H:S0] AR 7664-93-9
Thiourea [CH4N2S] >99.0% ACS 62-56-6
Co(ll) nitrate
hexahydrate >099.0% AR 10026-22-9
[Co(NOs3)2.6H20]
Salicylic acid | >99.0% ACS 60.72.7
[C7H603] e
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Sodium citrate
tribasic dehydrate 0
COONa)2-2H20]
Ammonium chloride o. | EMSURE® | 12125-02-9
[NH,CI] >99.8% | T acs
Sodium hypochlorite | 6-14%
solution [NaOCIl] active EMP(EURA 7681-52-9
chlorine
Nafion® D-521 | 5% (w/w)
dispersion in water 31175-20-9
and 1-
propanol
Toray carbon paper TCP, TGP-H- Alfaé:sar,
[TCP] 60
Nafion N-115 proton
exchange membrane
(>0.90 meq g - 31175-20-9
exchange capacity)
Tin(IV) chloride 10026-06-9
Acros
pentahydrate >98.0% Oraanics. India
[SnCls-5H20] ganics,
Potassium  formate 0 Reagent
(HCO:K) 99.0% PlUs® 590-29-4
Deuterium oxide 99.9
(D20) atom % 7789-20-0
L. B D Sigma Aldrich,
Gallic acid (C7HeOs) | >99.0% ACS 149-91-7 USA
Sodium
nitroferricy3ige >99.0% |  ACS 13755-38-9
dehydrate
[CsFeNsNa2O-2H,0]
Nitrogen (N2) 99.9% Assam Air
Carbon dioxide 0 Products Pvt.
(CO) R Ltd., India.
Carbon coated TEM .
gid 300 mesh| - 9012 FlSTProsciTe
(PK/25) ’
Conductive  double _
sided carbon tape, 8 oaE. Fisher
mm 50-285-81 Scientific, US

2.2 Biomass and bio-extract
2.2.1 Selection of Sechium edule fruit extract
Fresh Sechium edule fruit was purchased from the market complex situated at

Indian Institute of Technology Guwahati, Assam, India. The fruit contains bioanalytes
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such as alkaloids, flavonoids, phenols, and polyphenols; gallic acid, caffeic acid and
isoquercetin (Andrés et al., 2018). The fruit is also enriched with ascorbic acid
(294 mgkg ! dry fruit) (Chelli and Golder, 2018). The reducing property of bio-
extract simultaneously utilized as metal ion reduction and capping of metal
nanoparticles. In recent years, synthesis of metal nanoparticles, such as Ag, Pt, and Co
NPs (Chelli and Golder, 2018), and metal oxides, such as Co304 (Das and Golder,
2017) and NiO NPs (Das and Golder, 2018) in my research group provided the
foundation of selecting Sechium edule fruit for the synthesis of Cu.O nanoparticles
NPs (Cu20(bio) NPs), SnO2 nanoparticles (SnOz(bio) NPs), BizSs nanorods (Bi2Ss
NRs) for ECO2RR, in the present work.

Additionally, taking into consideration that the ability of bio-analytes such as
ascorbic acid, gallic acid, caffeic acid and isoquercetin, etc. to act as reducing/capping
agents, present in the fruit extract, we have further selected commercially available
gallic acid to synthesize Co304 nanodiscs (CozOs4 NDs) for ENRR. Table 2.2 shows

the chemical compositions of different parts of Sechium edule fruit.

Table 2.2. Chemical composition of different parts of Sechium edule fruit (Chelli V.
R., 2017, Bio-inspired route of metal nanoparticles synthesis and photocatalysis
doping (PhD thesis, Indian Institute of Technology Guwahati).

Composition Leaf Fruit Root
Ascorbic acid, mg 16 29.8 19
Flavonoid content, g | 35 19.3 30.5
Energy, cal 60 26-30 79
Protein, ¢ 4 0.9-1.1 2
Carbohydrates, g 4.7 3.5-8.4 17.8
Phosphorus, pg 108 20-27 34
Calcium, mg 21.7-69.5 6.1-19 6.1-17.5
Nitrogen, g 0.49-0.778 0.95-0.156 | 0.332
Thiamine, mg 0.043-0.0119 | 0.03-0.33 0.041-0.08
Riboflovin, mg 0.124-0.208 0.03-0.37 0.05-0.028
Niacin, mg 0.919-1.19 0.35-1.1 0.7-1.04

TH-3128_166107007
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2.2.2 Preparation of Sechium edule fruit extract

The fruit was rigorously washed in running water followed by DI water. After
removing the peel and seed, an amount of 125 g of the fruit was sliced into small
pieces (~5 mm x 5 mm x 5 mm) (Figure 2.1). The fruit-pieces were then added into
500 mL DI water and kept on stirring at 350 rpm on a magnetic stirrer at 90°C
temperature for about 12 h. The extract was then kept to cool at room temperature and
filtered using a 0.2 um filter paper. The fresh, nearly colourless and clear solution was
obtained which was used every time for the synthesis of various nanoparticles. The
synthesis of nanoparticles was performed during May-July month to minimize the
effect of seasonal changes in the chemical compositions of Sechium edule. Further, a
fixed ascorbic acid equivalent (AAE) (Senguttuvan et al., 2014) of 2 mg L™ was used

for each batch of experiment by diluting the concentrated bio-extract.

Y

(~5mm x Smm x 5mm)

125 g /""‘\ c N
B, SR .;‘ » '
| Stirring and heating Filtration :
— ~ >
| T=90°C, @ 350 rpm 0.2 um filter '
m 12h T
Mixed with Freshbiocites
Sechium edulefruit 500 mL DI water resh bio-extract

Figure 2.1. Preparation of bio-extract.

2.2.3 DPPH assay of bio-extract

For the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay, a volume of 0.2 mL of
bio-extract was mixed with 1.8 mL of 50 uM DPPH solution followed by an
incubation time for 30 min. The absorbance was measured at 592 nm (Amax) In the
UV-vis spectrophotometer. Furthermore, 10-50 mg L™ of ascorbic acid was used
instead of bio-extract and the absorbance values were fitted linearly to obtain the
calibration graph (Figure 2.2) and the calibration equation. The ascorbic acid content
in bio-extract was calculated by using the calibration equation expressed as AAE, mg
L1 (Senguttuvan et al., 2014).
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Figure 2.2. Determination of ascorbic acid equivalent (AAE) of prepared Sechium
edule fruit extract using DPPH assay.
2.3 Methodologies of electrocatalysts synthesis
2.3.1 Bioinspired synthesis of Cu20(bio) NPs
2.3.1.1 Using Sechium edule fruit extract

For the synthesis of Cu20(bio) NPs, 20 mM CuS0O4-5H,0 solution and freshly
prepared bio-extract was mixed in 1:1 (v/v) ratio and kept on stirring at 350 rpm. The
initial pH of the mixture was noted as 4.06, which was adjusted to 12 by dropwise
addition of 2 M NaOH solution. The colour of the mixture was changed to dark blue
which was turned into the pale green after 2 h and yellow after 4 h (Figure 2.3). The
colour of the solution was dark orange after about 6 h which is indicative of the
formation of CuO(bio) NPs (Salek et al, 2015). Formations of Cu-
complexes/Cu20(bio) NPs with the progress of reaction is also shown in Figure 2.3
(bottom panel). The resulting solution was then centrifuged at 4900 RCF (2—-16 P,
Sigma, Germany) for 10 min. The residue was collected and washed three times with
DI water followed by water-ethanol mixture (1:1 v/v). The final Cu2O(bio) NPs were

obtained after overnight drying in a hot air oven at 100°C.

9 |Page

TH-3128_166107007


https://www.sciencedirect.com/science/article/pii/S221298202100189X#fig0005

Materials and Methodology

20 mM
CuS0,5H,0
solution
Drying at
i)pH 12 100 °C ’
+ 9
ii) Stirring for 12 h
at 350 rpm §
Cu,O(bio) NPs
A B B+C C
Formation stages of Cu,0(bio) NPs in solution
NV ® o v e 4
AR HOH,C > O, “ )  ©
P = +
"“0/ © ’ T,~ Oy, | 4OH, L_ e a = C
wo, | on = A d j ) = B g | o -
Cu Yo “OH, 5. /o
Ho?” | on d'y ¢ OH, ’ %
OH

Figure 2.3. Steps of formation of Cu2O(bio) NPs using bioactive compounds (bottom
panel shows formations of Cu-complexes/Cu.O(bio) NPs with the progress of

reaction).

2.3.1.2 Using commercially available ascorbic acid (AA)

Synthesis of Cu20 NPs using AA (Cu20-AA NPs) was done by applying the
method described as: typically, 0.06 g of CuSO4-5H,O and 0.2 g NaOH were
separately dissolved into 100 mL and 20 mL DI water, respectively. After mixing, 15
mL solution containing 0.39 g AA was poured into the mixture. After 10 min, the
change in colour of the solution from deep blue to orange indicates the formation of
Cu20-AA NPs. It was then dried in a hot air oven for overnight to get Cu,0-AA NPs

powder.

2.3.2 Bioinspired synthesis of SnO2 NPs

Typically, 50 mM SnCls-5H>0 precursor solution was sonicated for 20 min
before mixing with the bio-extract (3:1 v/v). pH of the solution was measured to be
4.5. The mixture was then stirred at 400 rpm at 75°C for 18 h. Nanoparticles thus
formed are collected after centrifugation for 10 min at 5000 RCF followed by
washing with (1:1) v/v ethanol-deionized water mixture three times and dried in a hot-
air oven at 80°C for 12 h. This sample was designated as SnO2(bio) NPs. SnO2(bio)
NPs sample was divided in 03 parts, and it was then calcined at 380, 550, and 800°C
for 2 h. These samples were designated as SnO2(bio)- 380 NPs, SnO2(bio)- 550 NPs,
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and SnO2(bio)- 800 NPs, respectively (Figure 2.4). The dried samples were then
collected and stored in air-tight containers for further physicochemical
characterizations and electrochemical applications.

SnCl,-5H,0
(0.05M) 67”.;

Stirred @ 400 rpm

] = %
L. #J T=75°C,t=18h

i

Bio extract
(3:1 v/v)

Centrifugation
@ 5000 RCF

Dried in
hot-air oven

Calcination

T=800°C,t=2h T=80°C,t=12h

SnO,(bio)-800 NPs SnO,(bio) NPs

Figure 2.4. Different steps for SnO2 NPs synthesis using Sechium edule fruit extract.

2.3.3 Bioinspired synthesis of template free 1D Bi2S3 NRs
2.3.3.1 Synthesis of Bi2S3-NRs(bio)

An amount of 0.125 M Bi(NO3)3-5H.O was ultrasonicated for 20 min and
mixed with bio-extract (3:1 v/v), and 0.71 g of thiourea. pH of the reaction mixture
was maintained at 3 by using 1 M HNOs solution. The mixture was then stirred (400
rpm) on a magnetic stirrer at 75°C for 18 h. The suspension was then centrifuged at
6000 RCF. The residue was collected and dispersed in 1:1 (v/v) water:ethanol
solution. The process was repeated three times. The dark-brown precipitate obtained,
was dried in a hot air oven (Universal Hot Air Oven, Navyug, Kolkata, India) at 80°C
for 5 h. The powder material was marked as Bi>S3-NRs(bio) (Figure 2.5).

Similarly, three more samples were prepared using the bio-extract: i) an equal
proportion of precursor and bio-extract (125 g in 500 mL) at pH 3, named as Bi»Ss.
NRs-(bio0); ii) an equal proportion of precursor and bio-extract (150 g in 200 mL) at
pH 3, denoted as Bi»SzNRs(biol); and iii) conditions same as in Bi>Sz-NRs(bio),
except the pH, at 9. This sample is marked as Bi»S3-NRs(bio2).
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Figure 2.5. Steps involved in synthesizing Bi.SsNRs(bio) using Sechium edule fruit

extract.

2.3.3.2 Synthesis of Bi2S3-NRs(control)

A control experiment was also carried out using the same volume of DI water
instead of bio-extract keeping other conditions unaltered. The material formed was
marked as Bi>Ss-NRs(control). The dried materials were then powdered using a
mortar pestle and stored in an air-sealed container for characterization and

electrocatalytic applications.

2.3.4 Synthesis procedure of Co3O4 NDs using gallic acid

In a typical process, 10 mM of Co(NOz)2-6H20 precursor solution was mixed
with an equimolar gallic acid solution. The pH of the solution was maintained at 11
with the dropwise addition of 3 M NaOH solution. After that, the green suspended
solution was moved to a Teflon-coated steel autoclave of 150 mL capacity. The
temperature of the autoclave was maintained at 180°C for 48 h. It was then cooled to
room temperature prior to the collection of residue. It was thoroughly washed using
deionized water and subsequently washed with a mixture of water and ethanol (1:1
v/v), and dried in a hot air oven at 80°C for 12 h. The dried residue was calcined at
700°C for 6 h (Das and Golder, 2017) (Figure 2.6).
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Figure 2.6. Different steps involved in Co304 NDs synthesis.

2.4 Characterizations of electrocatalysts

2.4.1 UV-vis spectroscopy

A UV-Vis spectrophotometer from Shimadzu, Japan (UV-2600 with ISR 2600
attachment) was used to record the optical absorbance spectra of Cu2O(bio), SnOo,
Bi2S3, and Co3z04 nanomaterials synthesized under different experimental conditions.
Depending on the experiments, the incident light’s wavelength was scanned between
200 and 700 nm to record the absorbance. For this analysis, a small amount of BaSO4
powder was pilled followed by spreading the powder sample into a thin uniform layer,
where BaSO4 was used as a standard.

2.4.2 High-resolution mass spectrometry

Mass spectrometry (MS) is an analytical technique used to elucidate the
chemical structure of various molecules. In the initial step of the analysis, the sample
undergoes gas phase ionization by the electron ionization process and produces
fragmented ions. The mass spectrometer differentiates the fragmented ions based on
their mass-to-charge (m/z) ratio and measures their abundance proportionally. Finally,
mass spectrum of the molecule is represented by a graphical plot of ion abundance
against the m/z. This study involved recording the mass spectra of liquid samples
(Dash, 2021).
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Mass spectroscopy studies of the Sechium edule fruit extracts were conducted
in ESI negative ion mode, using a mass spectrometer (Q-Tof Premier, Waters, USA).
For this analysis, bio-extract was mixed with HPLC-grade methanol and filtered with
a 0.2 um membrane filter before the analysis. The active components present in
Sechium edule fruit extract were analyzed using this technique, and the reaction

mechanism of Cu20(bio) NPs formation was proposed (Chapter 3).

2.4.3 X-ray diffraction

The phase and crystallinity of the synthesized nanoparticles were investigated
using X-ray diffraction (XRD) analysis. The basic principle of X-ray diffraction
involves the constructive interference of monochromatic X-rays with a sample of
crystalline material. X-ray diffraction involves generating a beam of X-rays using a
cathode ray tube, which is then filtered to monochromatic wavelength, collimated to
concentrate, and targeted at the sample. The diffraction peaks are obtained only when
Bragg's law is satisfied with the Equation 2.1, through constructive interference from
the angle of diffraction with the spacing between planes of atoms in the crystal lattice.

nA= 2d sinf (2.1)

Where X is the wavelength of the incident X-rays, d is the spacing between the
planes of atoms in the crystal lattice, and 6 is Bragg’s angle, also known as the angle
of incidence. The diffracted X-rays are then detected, processed and recorded. The
bioinspired nanoparticles were characterized by employing this phenomenon, which
aids in identifying the material present in the sample. Briefly, 20 mg of dried material
was inserted into the sample holder, and the XRD patterns between 10 and 90° angle
were then recorded. The X-ray diffraction was studied by acquiring the diffractogram
(SmartLab9KW, Rigaku, Japan) at A = 0.15406 nm of CuKo radiation at a 20° min™!

scan rate.

2.4.4 Field emission scanning electron microscopy

Surface morphology and elemental composition of the synthesized NPs were
analyzed using a Field emission scanning electron microscope (FESEM). This
microscopic technique is used to visualize topographic details on a surface at the
nanometer scale. A high-energy electron beam is generated by an electron source,
which is heated to create thermionic emission of electrons. FESEM can magnify the
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samples beyond the 10 KX range. A carbon tape kept on a metal stub, is used as a
substrate for mounting the sample during the analysis. In this work, FESEM (Sigma,
Zeiss, Germany) was used to investigate the morphology of the synthesized
nanoparticles, and the nanoparticles coated on the working electrode surface. A small

piece of carbon tape was used to mount the sample of interest for this analysis.

2.4.5 Field emission transmission electron microscopy

Field emission transmission electron microscopy (FETEM) is a type of
imaging technique that involves passing a high-energy electron beam through an
extremely thin sample. The resulting images are produced based on the transmission
and attenuation of electrons and are then magnified for analysis on the micro- and
nano-levels. To prepare the sample, approximately 1 mg of it was dispersed in 1 mL
solution of ethanol and water (1:1 v/v). The sample was then dropped cast over a
carbon-coated copper- TEM grid. Finally, the TEM grid containing the sample was
dried in an oven for analysis (Make: JEOL, model: JEM 21006 Tokyo, Japan). The
FETEM analysis also provided the details of the nanoparticles about their fringe
width, as well as their crystallinity, which was determined from SAED (Selected Area

Electron Diffraction) data.

2.4.6 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique
employed for the elemental analysis or chemical composition of the sample. In this
technique, an X-ray is produced by directing an electron beam onto a specimen. The
X-rays produced are determined by the unique characteristics and composition of the
elements present in the sample. The method of sample preparation is comparable to
that used in FESEM/FETEM, depending on the parent equipment employed. In this
study, EDX spectra, elemental mapping and the percentage elemental compositions of
the synthesized nanoparticles and the modified working electrodes were examined.
The EDX spectra of the synthesized nanoparticles were acquired either using FESEM
(Make: Zeiss, model: Sigma, Jena, Germany) or FETEM (Make: JEOL, model: JEM
2100F, Tokyo, Japan) (Dash, 2021).
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2.4.7 Thermogravimetric analysis

The thermal stability of synthesized NPs and traces of bio-analytes present
onto NPs were analyzed by thermogravimetric analysis (TG 209 F1, Netzsch,
Germany). A 10 mg sample was used for the analysis at the temperature range of 25
to 900°C. The analysis was conducted using a N2 flow rate of 20 mL min™ and a

heating rate of 10°C min™.

2.4.8 BET surface area analysis

The specific surface area of NPs was determined using a BET analyzer (SA
3100, Beckman Coulter, Switzerland) by the N. adsorption-desorption isotherm. The
sample was degassed in N2 at 150°C for 4 h before the analysis. A heating rate of

10°C min* with an N flow rate of 20 mL min* was employed.

2.4.9 X-ray photon spectroscopy analysis

X-ray photoelectron spectroscopy (XPS) is a quantitative technique of surface
analysis to determine the elemental compositions and chemical state of natural and
synthetic materials. This information is particularly useful for the analysis of thin
films, coatings, and surfaces of materials used in a wide range of applications,
including catalysis, semiconductors, and electronics.

The basic principle of XPS involves the use of a monochromatic X-ray beam
to eject photoelectrons from the surface of a material. These photoelectrons are then
analyzed to provide information about the atomic composition and chemical state of
the materials.

Typically, an X-ray source like a monochromator or an X-ray tube produces
the X-ray beam. The beam is then directed at the sample and the interaction between
the X-rays and the electrons in the material results in the ejection of photoelectrons
from the top few nanometers of the material surface.

A detector then analyses the energy of the expelled photoelectrons to create an
energy spectrum. By analysing the energy of the photoelectrons, the chemical state of
the elements present in the sample is determined.

In this work, the oxidation states of metal ions in the synthesized
nanomaterials (Cu.O(bio) NPs, SnO, NPs, BiS3 NRs, and Cos0s NDs) were
determined using X-ray photoelectron spectroscopy (XPS) (ESCALAB Xi+, Thermo
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Fisher Scientific Pvt. Ltd., UK) equipped with a monochromatic X-ray source of Al
Ko (1486.6 eV). The generated XPS spectra were processed using XPSPEAK 4.1

software.

2.4.10 Fabrication of working electrode

For the electrode fabrication, an amount of 4 mg of catalysts were dispersed in

a 100 uL mixture of Nafion dispersion (5% w/w) and 2-propanol (IPA) solution (1:5

ratio). After 30 min of ultrasonication, the catalyst ink was drop-coated on both sides
of 2 x 1 cm? TCP (TGP-H-60) and left for 12 h to evaporate the remaining solvent
(Figure 2.7). This led to the catalyst loading of about 1 mg cm™2 on the TCP electrode.
The modified electrodes were then used for ECO2RR and ENRR.

-, '
., Sonication +
+ E + & t=1h
55 | w
Catalyst 5% nafion 2-propanol Catalystink
(4 mg) solution
(1:5v/v)

|

—

Modified
working electrode

Toray carbon
paper (TCP)

Figure 2.7. Different steps for electrode fabrication.

2.5 Electrochemical reactor set-up for CO- reduction reaction

Electrochemical experiments were conducted in an H-cell glass reactor

(Figure 2.8). Two compartments of the reactor were separated by a proton exchange

membrane (Nafion N-115) having an exchange capacity of >0.90 meq g*. Both the
cells of the reactor were filled with 100 mL 0.5 M KHCO:s electrolyte. The electrolyte

solution was first purged with N2 for 15 min to free the electrolyte solution from

dissolved oxygen. After that, CO, at a flow rate of 100 mL min! was bubbled

continuously starting from 30 min before the ECO2RR for its pre-saturation. pH of the

electrolyte solution was measured to be ~7 after CO. saturation. The CO; flow rate

was maintained at 40 mL min~* using a rotameter. A platinum (Pt) wire (¢ 1 mm) and
a silver/silver chloride (Ag/AgCl) (3 M KCI) were mounted as the counter (CE), and

reference electrodes (RE), respectively. Catalyst-coated modified carbon paper

electrodes were employed as the working electrode (WE).

TH-3128_166107007
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The electrochemical measurements were carried out by using a high-
performance Potentiostat/Galvanostat (AUTOLAB 302 N, Metrohm Autolab B.V.,
Netherlands), and the data acquisition were done using NOVA 1.11 software which
was supplied by the manufacturer. The cyclic voltammetry (CV) sweep both in inert
condition (with N2 purging) and COz-saturated aqueous solution containing 0.5 M
KHCOs, were conducted at a scan rate of 50 mV s in the applied potential range of 0
to —2 V vs. Ag/AgCI. The chronoamperometric study of ECO2RR was performed at
different potentials from —1.55 to —1.80 V vs. Ag/AgCl for 3600 s at atmospheric
pressure and room temperature.

The possible electrochemical reactions in the H-type reactor are as follows
(Rumayor et al., 2018).

Cathodic reaction: CO; + H,0 + 260 — HCOO™ + HO™ (2.2)
2H,0 +2e — Hz + HO™ (2.3)

Anodic reaction: H20 — 2H"+2e + 1/2 O3 (2.4)

Overall reaction: CO2+ 2H,0 — HCOOH + Oz + H> (2.5)
(<] D O

10000088 @

Potentiostat ‘

_L‘—T Computer for data operation
- N 5

Liquid p
U™ Gaseous product I
|

Gas chromatography NMR
=] & s
- uy
uw

Purger
Pt CE

0.5 M KHCO, solution
Ag/AgCl RE i
Nafion membrane /

Bi,S,/TCP WE
H-type electrochemical cell

Figure 2.8. H-type reactor for electrochemical CO> reduction reaction.
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2.6 Electrochemical reactor set-up for N2 reduction reaction

The electrochemical tests were also carried out by using an H-type three-
electrode cell. A precision Potentiostat/Galvanostat (AUTOLAB 302 N, Metrohm
Autolab B.V., Netherlands) was employed for this work (Chowdhury et al., 2021). A
Pt wire (diameter 1 mm), an Ag/AgClI (3 M KCI), and Coz04 NDs/TCP were mounted
as the counter, reference, and working electrodes, respectively. Each compartment of
the reactor, containing 100 mL of 0.1 M Na2SO4 solution, was separated by Nafion N-
115 proton exchange membrane. High-purity Ar (used as a control) and N2 (purity
>99.9%) were purged through 2 M H>SO;4 electrolyte stock to remove NHs or O>
contamination from the feed gas or atmosphere before its introduction to the
electrolysis cell (Wen et al., 2021). Figure 2.9 shows a similar schematic of the
electrochemical setup employed for ENRR. The electrolyte solution was further
purged with Ar or N2 for 30 min before the start of electrochemical measurements. A
flow rate of 40 mL min~! was maintained with the help of a rotameter during ENRR.
Polarization curves were obtained by linear sweep voltammetry (LSV), performed in
Ar- and Na-bubbled 0.1 M NazSOs electrolyte at 20 mV s *. The formation of NHs
during ENRR was monitored through the chronoamperometric tests subjected to a
range of potentials (—1.2 to —1.55 V vs. Ag/AgCl) for a duration of 1 h.

00000000
Electrochemical
kstati
Feeding gas N, Workstation
Sample
outlet
[T
=4 ‘ L
' = Pt
o= Counter
2 M H,S0, Working 0.1 M Na,SO, electrode
electrode

Ag/AgCl Magnetic
Reference bead Nafion membrane
electrode

Figure 2.9. H-type reactor for electrochemical N2 reduction.
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2.7 Product analysis

2.7.1 Products formed during ECO2RR
2.7.1.1 Gas chromatography analysis

The gaseous sample was analyzed in Gas chromatography (Trace GC 1000,
Thermofisher, Germany) equipped with a 60/80 Carboxen-1000 column and a TCD
detector. Figure 2.10 shows the calibration curve of standard Hz gas, where the peak

area is in a good linear relationship with the H, concentration (y= 134.49x, R%=

0.996).
y=134.49x 2
25 - R’= 0.996
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=
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0 5000 10000 15000 20000
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Figure 2.10. Calibration curve of standard H: gas.
2.7.1.2 H! Nuclear magnetic resonance

The liquid product formed during ECO.RR was analyzed in a 600 MHz H!
NMR (Nuclear magnetic resonance) spectrometer (ASCEND 600, Bruker, Germany).

NMR identification and quantification of liquid product was carried out as
follows (Figures 2.11a and 2.11b). A volume of 2 mL of catholyte was collected after
60 minutes of reaction. It was then mixed with 100 pL internal standard (50 mM
phenol, 99.5 %). An aliquot of 250 pL of this mixture was then added to 350 pL D20
(99.9 %, Sigma Aldrich) and transferred into an NMR tube (Ren et al., 2015). 1D H
NMR spectroscopy of the prepared sample was performed in a 600 MHz spectrometer
using the solvent suppression method. The concentration of the liquid product was
calculated using the standard calibration curve (Figure 2.11c) made using the internal
standards mentioned previously.
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Figure 2.11. NMR spectra of (a) standard 3 mM formate solution and (b) catholyte
after 3600 s of CO> reduction, and (c) Calibration curve for formate (phenol as an
internal standard (1S)).

2.7.2 Determination of products from ENRR

Determination of NHs: The concentration of NH3z produced was determined
spectrophotometrically by the indophenol blue method (Zhao et al., 2018). A volume
of 2 mL of aliquot was mixed with 2 mL of 1 M NaOH containing 5 (% w/w) of each
salicylic acid and sodium citrate, followed by 1 mL of 0.05 M NaClO solution. The
mixture was then added with 0.2 mL of 1% (w/w) CsFeNsNa20-2H20 (sodium
nitroferricyanide dihydrate) solution. The UV-vis absorption spectrum was
determined after 2 h of incubation at room temperature. The wavelength at 659 nm
was used to measure the formation of indophenol blue. The concentration vs.
absorbance curve was calibrated using standard NHiCl solution with NH3
concentrations of 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, and 5.0 ug mLtin
0.1 M NaxSO4. The UV-vis absorbance values were found to have a good linear
relationship with NH3 (y=0.1405x + 0.0345, R? = 0.996, Figure 2.12).

The calculation of FE for NH3 production was determined using Equation 2.6
(Jang and Choi, 2020). Where n is the number of electrons needed for the reduction of
Nz to form NHs (here 3), F is Faraday’s constant (96485.33 C mol™?), and Q is the
total amount of charge passed during ENRR.

n x mol of NH3 x F (C mol'l) %100

FE (%)= Q)

(2.6)
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Determination of N2H4: The hydrazine present in the electrolyte was measured
by the method of Watt and Chrisp (Watt and Chrisp, 1952; Zhang et al., 2018). A
colour reagent was prepared by using p-(dimethylamino) benzaldehyde (5.99 g), conc.
hydrochloric acid (30 mL) and ethanol (300 mL). An aliquot of 5 mL of this mixture
was added to 5 mL of electrolyte solution collected after the chronoamperometric
experiment. The solution obtained was stirred for 10 min at room temperature.
Finally, UV-vis spectroscopy was employed to measure the absorbance of the solution

at a wavelength of 460 nm.
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Figure 2.12. (a) UV-vis absorption spectra of NHs" ions using indophenol blue
method, after 2 h of incubation at ambient conditions and (b) Calibration curve

obtained from UV-vis spectra for the calculation of NH3 concentration.
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CHAPTER 3

Synthesis of Cu.O NPs using Bioanalytes Present in Sechium edule:
Mechanistic Insights and Application in Electrocatalytic CO:

Reduction to Formate

Sechium edule }
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Ascorbic acid (AA)  capped Cu,0 NPs
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¢+ Metal-organic ligand capped Cu20(bio) NPs synthesis using analytes present in
Sechium edule

%+ Cu20 NPs reduced charge transfer resistance by 98%

% Elucidated mechanism of formation of Cu.O(bio) NPs and metal-organic
intermediates leading to capping of NPs

¢ Cu20(bio) NPs electrocatalyzed CO: reduction to HCOO~ and improved product
specificity
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Bioinspired and chemically synthesized CuO NPs exhibited similar Faradaic
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efficiency in CO2 reduction
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3.1 Background and executive motivation

Carbon dioxide (CO») is an innate product of combustion of fossil fuels and
respiratory activity of living-beings. CO> is one of the major contributors of the
greenhouse effect (An et al., 2014). To control the atmospheric CO2 concentration, the
plausible ways of transforming the energy production from fossil fuel to sustainable
COgz-reduction processes include the conversion of CO; into (i) carbon-neutral fuel
and (ii) other value-added inorganic/organic chemicals (Ahn et al., 2017).

Different CO> reduction products from C; to Cz are carbon monoxide (CO),
methane (CHg4), formic acid (HCOOH)/ formate (HCOO™), formaldehyde (HCHO),
methanol (CH3sOH), ethanol (C2HsOH), ethane (C2Hg), ethylene (C2Ha), and propanol
(CsH70OH) (Han et al., 2017; Zhao et al., 2017). The major CO> reduction processes
include photocatalytic, biochemical, thermochemical, and electrochemical techniques
(An et al., 2014; Nitopi et al., 2019; Shaughnessy et al., 2020). Among them,
electrochemical reduction of CO; attracts special attention because it (i) could utilize
electrical power from the intermittent renewable energy sources (like solar, tidal,
wind, etc.) (Shaughnessy et al., 2020), (ii) could be operated under atmospheric
temperature and pressure, (iii) is tunable in the context of applied voltage and type of
electrolytes (Ahn et al., 2017), and (iv) could recover electrolytes with low cost
depending on products quality and its concentration.

COz is a thermodynamically stable molecule (AG°= —394 kJ mol %) having a
linear and symmetrical structure with the C and O atoms, where C=0O bonds are
relatively stronger (783 kJ mol™) (Snoeckx and Bogaerts, 2017). Consequently, the
conversion of CO to value-added chemicals is required substantial energy input,
optimized reaction conditions and a suitable catalyst.

Towards this goal, several metals (Bi, In, etc.), noble metals (Au, Ag, Pd,
etc.), transition metals (Cu, Co, Ni, Zn, Hg, Sn, Pb, etc.), and metal-oxide catalysts
(Cu20(bio), ZnO, SnO,, etc.) are applied to improve the product selectivity and its
yield through electrochemical CO: reduction reaction (ECO2RR) (Yin et al., 2019;
Zhang et al., 2019).

Out of the metal-based catalysts mentioned earlier, Cu and Cu-based catalysts
stand uniquely for ECO2RR as it could produce aldehydes, alcohols, and
hydrocarbons having higher-order carbon (or >2e~ C products) with considerable

Faradaic efficiencies (FE) (Nitopi et al., 2019; Ren et al., 2020). It could catalyze
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ECO2RR to various chemicals with high FE (even up to overall FE ~98.7%) (Han et
al., 2017) and selectivity (>90%) (Xia et al., 2019).

Cu-based bimetallic Cu-Au electrocatalyst was used for the selective reduction
of CO> to formate with 81% FE at —0.8 V vs. reversible hydrogen electrode (RHE)
(Tao et al., 2019). Cu.O/CuS nanocomposite exhibited formate formation with FE of
67.6% at —0.9 V vs. RHE (Wang et al., 2021). Liu et al. (2021) reported 77.1% FE for
formate at —0.9 V vs. RHE, on porous Cu hollow fiber catalyst. Gupta et al. (2016)
reported 61% FE for formate formation on CuO (111) nanoparticles at —1.40 V vs.
AgQ/AQCI. Zhu et al. (2018) reported selective formate formation (FE 66%) on Cu.O
NPs coated on rotating disk electrode at —0.8 V vs. RHE. The study reported by Wang
et al. (2021) supports the selective formation of formate over Cu,O (111), where the
(111) plane of Cu (1) facilitates the formation of bidentate *OCHO intermediate by
lowering the energy barrier.

It is evident from Chapter 1 that in recent years, bioinspired synthesis route for
metal and metal oxide nanoparticles has received immense success in the context of
the simplicity of the procedures and use of environmentally benign chemicals (Chelli
and Golder, 2018; Das and Golder, 2017). Sechium edule fruit extract has been
successfully tested for metal doping and synthesis of transition metal oxides
nanoparticles (NPs) (Chelli and Golder, 2018; Das and Golder, 2017). The fruit
contains flavonoids, reducing sugars, ascorbic acid (AA) which are capable of
reducing metal ions forming various metal NPs such as Cu20 NPs.

The standard electrode potential (E°) of AA/ dehydroascorbic acid (DHA)
system is +0.1 V vs. standard hydrogen electrode (SHE) (Holade et al., 2016), which
is lower than that of the Cu?*/Cu* system (E°= +0.155 V vs. SHE (Lemishko and
Lemishko, 2017). The work in this chapter aims at the synthesis of Cu2O(bio) NPs
using Sechium edule fruit extract being rich in AA content (294 mg kgt dry fruit).
The mechanisms of formation of Cu2O(bio) NPs play crucial roles on the
understanding the kinetics of its synthesis, structural morphology, and particles
stability. Therefore, the mechanistic pathways to understand the formation of
intermediates and metal-organic (intermediates) ligand leading to the formation of
Cu20O(bio) NPs and its protective cap using both bio-extract and commercial AA are
proposed and validated through mass spectroscopic analyses. The optical absorption
property, crystallinity, structural morphology, and bulk property of Cu>O(bio) NPs are
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studied thoroughly using various analytical tools such as X-ray diffraction, X-ray
photoelectron spectroscopy, electron microscopy, etc. The electrode (Cu2O(bio)
NPs/TCP electrode) was fabricated by the drop-coating of Cu.O(bio) NPs on Toray
carbon paper (TCP) and tested for highly selective electrocatalytic CO> reduction to
formate. Further, the loss of catalytic activity and delamination of Cu2O(bio) NPs
from the CuxO(bio) NPs/TCP electrode due to CO: reduction reaction were

investigated in details.

3.2 Results and discussions
3.2.1 Physiochemical characteristics of Cu20(bio) NPs
3.2.1.1 UV-Vis diffused reflectance spectrum

Figure 3.1a shows the UV-Vis spectrum of the synthesized CuO(bio) NPs
with a characteristic broadband absorbance peak at Amax= 450 nm. This broadband
transition is attributed to the electronic transition in Cu atom from 3d%s! to 3d°
electronic configuration (Valodkar et al., 2011). The bandgap of the Cu.O(bio) NPs
was calculated from UV-Vis absorbance spectrum according to Tauc’s formula, using
the Equation 3.1 (Bhaumik et al., 2014).

B(hv-E,)"
(x: —
hv

(3.1)

Where, hv is the photon energy, B is a constant, Eg is the optical bandgap
energy, n is a constant and its value of 1/2 signifies to the direct allowed transition,
and o is the absorption coefficient (Odling et al., 2018). The (ahv)? vs. hv plot in
Figure 3.1b shows the Eg value of 1.98 eV, which is in between the values reported
for bulk Cu2O particles (Eq= 2.0-2.17 eV) (Zhang et al., 2010) and Cu20 NPs (Eg=
1.93-1.97 eV) because of the particles morphology (Zhao et al., 2008).
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Figure 3.1. (a) UV-Vis diffused reflectance spectra of Cu.O(bio) NPs and (b)
Bandgap calculation of Cu20O(bio) NPs using the Tauc’s plot.

3.2.1.2 XRD analysis

The diffraction pattern depicts the formation of highly crystalline single phase
cubic Cu20(bio) NPs (Figure 3.2a). The diffraction pattern corresponding to the face-
centered cubic (fcc) lattice structure is supported by those of Cu>O(bio) from JCPDS
database (05-0667). The peaks with 20 values of 29.60° 36.52° 42.44° 61.34°,
73.69°, and 77.6° correspond to the crystal planes with Miller indices of (110), (111),
(200), (220), (311), and (222), respectively (Bhosale and Bhanage, 2016). The XRD
diffraction pattern clearly infers that the sample is rich in (111) oriented plane of
Cu20O(bio). The crystal size was determined using the Scherrer’s relation (Equation
3.2).

_ Kr
A BcosO (32)

Where, L is the crystallite size (nm), K is the Scherrer constant (its value is
0.9), A is the X-ray wavelength (= 0.154 nm), B is the breadth of the diffraction
pattern, i.e. the full width at the half maxima (FWHM), and 0 is the diffraction angle
for the (111) peak of Cu20O(bio) NPs. The lattice constant (a) was calculated using the
following relation (Equation 3.3). Where, d is the interplanar distance and (hkl) are
Miller indices.

a=dv h* >+ 12 (3.3)

The calculated average lattice constant was found to be 4.26 A. The inter-

planar distance corresponding to the 20 values are found to be 3.00, 2.46, 2.13, 1.50,

117 |Page

TH-3128_166107007



Bioinspired Synthesis of Metal Oxides and Sulphide Electrocatalysts for CO; and N2 Conversion to Formate and Ammonia

1.28, and 1.23 nm, respectively. The crystallite size determined was as 23.2 nm.
Figure 3.2b shows the diffraction pattern of Cu20-AA NPs (Cu2O NPs synthesized
using commercial AA). The peaks with 20 values of 29.90°, 36.80°, 42.74°, 61.92°,
73.96°, and 77.94° correspond to the crystal planes of (110), (111), (200), (220),
(311), and (222), respectively. The average lattice constant is calculated as a=4.23 A.
The inter-planar distance corresponding to the 20 values are 2.981, 2.439, 2.113,
1.497, 1.280, and 1.222 nm, respectively, with an average crystallite size of 15.9 nm.
The crystalline nature of both the Cu.O(bio) NPs, synthesized using Sechium edule
fruit extract and commercial AA are found to be in accordance with the literature
(Bhosale and Bhanage, 2016). A typical XRD pattern of CuO in (Figure 3.2c) was
observed from the control experiment which was carried out without using Sechium
edule fruit extract. The XRD pattern is a good agreement with the literature reported
value (JCPDS no. 41-0254) (Nikam et al., 2014).

Using bio-extract

(a) |
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—
—
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(c)

111
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Figure 3.2. X-ray diffraction pattern of (a) Cu2O(bio) NPs synthesized using Sechium
edule bio-extract, (b) Cu.O NPs synthesized using AA, and (c) CuO formed without

using of bio-extract (control experiment).
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3.2.1.3 Morphological properties of Cu.O(bio) NPs

The FESEM micrograph of synthesized Cu.O(bio) NPs is shown in Figures
3.3a-3.3b from two different batches of the experiments under the identical condition.
The morphology of particles was mostly uniform with particle size ranging from 30.3
to 49.9 nm with an average diameter of 37.5 nm. It implies that the composition of
Sechium edule collected during May-July 2020 didn’t affect much the quality of
synthesized Cu,O(bio) NPs. The energy dispersive X-ray analyses of Cu2O(bio) NPs
are shown in Figures 3.3c-3.3f. The elemental spectrum (Figure 3.3c) reveals the
existence of Cu and O atoms. The presence of C atom in this spectrum is due to the
carbon tape used in the sample preparation technique and existence of a trace quantity
of biomolecules acting as a capping agent which could arrest the particles

agglomeration (Sahai et al., 2016).
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Figure 3.3. (a-b) FESEM micrographs of Cu>O(bio) NPs synthesized under identical
condition, (c) EDX spectrum, and (d-f) EDX image mapping of Cu2O(bio) NPs.

FETEM micrographs of Cu>O(bio) NPs are shown in Figure 3.4. The
micrograph shows that the particles are bit agglomerated and oblate in shape (Figure
3.4a). The average particle size was measured to be 42 nm (Figure 3.4b) which is
slightly larger than the particles sizes recorded in FESEM. The lattice fringe with an
interplaner distance of 0.245 nm (Figure 3.4c) is a good agreement with the d(hkl)
(111) plane of Cu20 NPs (Zhou et al., 2014). The diffraction spots from the selected
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area electron diffraction (SAED) pattern (Figure 3.4d) indicate the crystalline planes
corresponding to Miller indices of (111), (202), (200), and (311), which are in
accordance with the XRD pattern. Both the XRD and HRTEM analyses infer that the
synthesized CuO(bio) NPs could electrocatalyze CO2 reduction for selective
formation of formate because of the predominant presence of (111) crystal plane.
However, the faint diffuse rings in the SAED pattern might be an indication of the

presence of amorphous CuO on the surface of crystalline Cu,O(bio) NPs.

35 40 as 50 55 60
Particle size (nm)

Figure 3.4. (a) FETEM micrograph, (b) HRTEM micrograph, ¢) histogram of the
particle size distribution, and (d) SAED pattern of Cu2O(bio) NPs.

3.2.1.4 XPS analysis

The Cu 2ps2 core level spectra were studied using XPS analysis to investigate
the surface oxidation state of Cu. The survey spectra of Cu2O(bio) NPs is shown in
Figure 3.5. It reveals the characteristic peaks of Cu 2p, O 1s, and C 1s. The doublet
peaks in Figure 3.6a at approximately 932.1 and 952.1 eV attribute to the Cu 2p3, and
Cu 2p12 in Cu20(bio), respectively. Whereas, the Cu 2ps2 and Cu 2p12 peaks at 934
and 954.1 eV signify the presence of CuO. The peak at 934 eV is higher than the
reported energy value for CuO (933.7 eV) depicting that the binding energy was
shifted from 933.7 to 934 eV due to the small amount of CuO present on the surface

(Teo et al., 2006). This could be due to the formation of amorphous CuO on the
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CuxO(bio) surface. Also, the shake-up satellites at 943.2 and 962.9 eV are for Cu
2p32 and Cu 2py2 of unfield 3d or 3d9 shell of Cu(ll) (Brookshier et al., 1999).
Further, Cu20O(bio) could be oxidized to amorphous CuO on the surface of NPs,
which was not seen in the XRD (Figure 3.2) and SAED (Figure 3.4d) analyses. The
core-level XPS spectra of O 1s is shown in Figure 3.6b. The peak located at 530.6 eV
could be due to the lattice oxygen. O™ presents in Cu2O(bio) (Teo et al., 2006), and
the second peak at 531.8 eV attributes to the presence of adsorbed oxygen onto the
surface of Cu.O(bio) NPs (Wang et al., 2002). The peak area at 531.8 eV is higher
than the peak area at 530.6 eV. It implies that more oxygen was adsorbed onto the
Cu>0O(bio) surface due to its unstable nature and eases its oxidation in the presence of
air. The binding energy, FWHM, and peak area of Cu 2ps» of Cu,O(bio) NPs are
summarized in Table 3.1. From the peak area calculation, the CuO percentage was
found to be 49.7%. The survey spectra of the Cu.O(bio)-NPs/TCP electrode after 100
cycles of CV analysis, is shown in Figure 3.7. It depicts the characteristic peaks
correspond to C 1s, F 1s, O 1s, Cu 2p, and, S 2p. A sharp peak appeared in C 1s
region at 292.7 eV which was absent in the case of XPS survey analysis of powder
Cu>0O(bio) NPs (Figure 3.5). It could be due to the residual bioactive components and
adsorbed CO3, onto the surface (Favaro et al., 2017). The source of F and S was
Nafion, which was used as a binder for the coating of Cu,O(bio) NPs onto TCP. The
binding energies of 933.15, 935.08, and 942.62 eV attributed to the presence of CuO
on the surface of the Cu2O(bio) NPs (Figure 3.8a). From the peak area calculation
(Table 3.2) it was found that the surface of Cu,O(bio)-NPs/TCP electrode contains
71.4% CuO. It implies that after successive CV, the Cu20(bio) NPs was oxidized to
CuO. The core level XPS spectra of O 1s is shown in Figure 3.8b. The presence of
chemisorbed CO,, C-O(H), and formate (HCOO™) could be identified by the peak
overlapped at 530.9 eV (Figure 3.8b). The peak appeared at high binding energy
(532.2 eV) is attributed to adsorbed H.O (Favaro et al., 2017). The peak appeared at
535.2 eV could be attributed to the oxygen bonded to the ether configuration in nafion
(Schulze et al., 1999).
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Figure 3.5. XPS survey of the Cu2O(bio) NPs.
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Figure 3.6. core-level XPS of (a) Cu 2p, (b) O 1s of the Cu20(bio) NPs.
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Figure 3.7. XPS survey of the Cu2O(bio) NPs/TCP electrode after 100 scans of CV at
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Figure 3.8. Core-level XPS of (a) Cu 2p, and (b) O 1s of the Cu2O(bio) NPs/TCP
electrode after 100 scans of CV at 50 mV s 2.

Table 3.1. Results of deconvolution of XPS Cu 2p3/2 peaks of Cu,O(bio) NPs.

Peak | Binding Cu phase Area FWHM | Percentage (%0)
energy (eV)
1 932.03 Cu20(bio) | 66615.24 1.42 18.32
2 934.00 CuO 153987.6 3.05 42.35
3 943.14 CuO 26575.3 2.79 7.31
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Table 3.2. The results of deconvolution of XPS Cu 2p3/2 peaks of Cu20O(bio)
NPs/TCP electrode after 100 cycles CV analysis.

Peak (E:\?)d NG ENergy | cy phase Area FWHM | Percentage (%)
1 933.15 CuO | 17085.84 2.49 16.15
2 935.08 CuO | 37052.08 4.09 35.01
3 942.62 CuO | 21441.34 4.23 20.26

3.2.1.5 BET surface area and NPs purity from thermogravimetric analysis

Figure 3.9 shows that the as-synthesized Cu.O(bio) NPs exhibited an type-II
isotherm suggesting a typical nature of a mesoporous material (Nguyen et al., 2017).
The BET surface was calculated to be 16.1 m? g 1. Mesoporous materials are widely
used for the application in gas adsorption via physisorption interaction, and the as-
synthesized Cu.O(bio) NPs could be a potential electrocatalyst in the ECO2RR
process (Zhao et al., 2019). Further, the pore size distribution was determined by
using the Barrett-Joyner-Halenda (BJH) model. According to the distribution curve

(inset Figure 3.9), the average pore size was 3.7 nm.
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Figure 3.9. N2 adsorption-desorption isotherm and (inset) Barrett-Joyner-Halenda
(BJH) pore size distribution plot of Cu20(bio) NPs from BET analysis.

Figure 3.10 shows the TGA curve of Cu.O(bio) NPs. The weight loss from 50

to 100°C was <1% due to the removal of moisture (Bhosale and Bhanage, 2016). The
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second weight loss was barely 5% from 130 to 400°C owing to the thermal
decomposition of bio-moieties present on the NPs. Further, a mass gain (<1%) was
noted in the temperature range from 450 to 695°C (inset of Figure 3.10). It could be
due to the oxidation of Cu20O(bio) to CuO (Equation 3.4) (Firmansyah et al., 2009). In
fact, a trace amount of oxygen present as an impurity in the N2 gas employed for TGA
is sufficient for this oxidation in this temperature range (Bhosale and Bhanage, 2016;
Firmansyah et al., 2009). The mass loss of 3% beyond 700°C is attributed to the
decomposition of carbonaceous residue. It indicates that the proposed bioinspired
method could synthesize Cu.O(bio) NPs reasonably in pure form, and the
biomolecules present on Cu,O(bio) NPs is not more than 8%.
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Figure 3.10. TGA and DTG profiles of Cu2O(bio) NPs (inset: A selected part of TGA
profile of CuO(bio) NPs).

3.3 Mechanism of formation of Cu>O(bio) NPs
The mass spectra of the anlaytes present in Sechium edule fruit extract at the
experimental conditions are shown in Figures 3.11a-3.11c. From these spectra, several
peaks could be identified based on the mass number (m/z) of the compounds reported
in the literature (Szultka et al., 2014). The fruit is enriched with AA (Chelli and
Golder, 2018). AA was identified at m/z= 175.12 (Figure 3.11a). The proposed
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pathway of reaction for the synthesis of Cu,O(bio) NPs was developed using AA as a
leading reducing agent, and the peaks of the intermediate compounds were identified
in the mass spectra (Figure 3.11c). The schematic reaction pathway for the synthesis
of Cu20O(bio) NPs is shown in Figure 3.12. The reactions involved for the formation
various intermediate products are presented in Figure 3.14. In an alkaline medium, the
first ionization —OH group of AA takes place at —O(3)H, (structure | in Figure 3.14),
followed by the second ionization of —O(2)H at pH 12 and forms a comparatively
stable ascorbyl radical, A’ (VII) (Zu, 2006). Like other transition metal ions, AA
forms chelate complex with Cu?*, making a five-membered ring with the ene-diol (O-
2 and O-3) fragment of AA molecule. The ascorbate anion (structure Il1l) forms
complex (structure 1V) with the Cu?* ion, which is further attacked by the dissolve O
molecule and forms Cu*-ascorbate-O, complex (structure V-VI) (Khan and Martell,
1967). Electron transfer from ascorbate anion to molecular oxygen occurs through the
Cu?* ion. The transfer of an electron of oxygen of ascorbate to metal ion takes place
from the 2p orbital of an oxygen atom to a tag (nonbonding orbital) or an eq
(antibonding orbital) orbital of Cu?* ion. Then the electron is further transferred to a
my (2p) (or m; (2p)) antibonding orbital of the O, molecule. The orbital overlap of
Cu?* jon could be thought of as similar to that of the overlap of & orbital of ethylene to
pd or d?sp® orbital of the metal ion. The ascorbyl radical (structure VI1) formed, is
stabilized by several resonance structures (structure VII-1 to VII-5), known as the
captodative effect (Avendafio and Menéndez, 2015). The ascorbyl radical then reacts
with Cu?"ion to produce DHA, an oxidation product of AA (structure V1II) with m/z=
173.01 and Cu?* ion reduces to Cu*. In an alkaline condition, DHA is known to
decompose in oxalic acid (m/z= 90.98) and trihydroxybutyric acid (m/z= 135.02)
(Figure 3.8) (Unaleroglu et al., 1997). The HO>" radical (structure IX) formed, reacts
with the Cu* ion and produces CuOOH (structure X). CuOOH decomposes to CuO’
(structure X1) and HO" radicals. CuO® further reacts with Cu* ion and Cu20(bio) is
formed. Furthermore, the Cu2O(bio) NPs formed were stabilized by DHA. Xiao et al.
(2011) used DHA as a stabilizing cum capping agent to synthesize iron oxide NPs.
According to the hard soft acid base (HSAB) principle, carbonyl (—CO) groups in
DHA, a soft ligand, has the tendency to coordinate with the soft metal ion (here Cu®)
(Eslami et al., 2018). The n*(O) orbitals of (—CO) groups interact with the dx, orbital
of Cu® ion on the surface of Cu.O(bio) NPs (Figure 3.13a), which leads to the
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formation of coordination bond between metal-ligands. This in turn helps to stabilize

the Cu2O(bio) NPs via micelle formation (Figure 3.13b). The mass spectra recorded in

the presence of Cu-precursor using commercial AA instead of using the bio-extract of

Sechium edule under identical reaction condition is shown in Figure 3.15. The mass

spectrum (Figure 3.15a) shows the unprotonated molecular ion [M-H]™ at m/z 175
corresponds to AA. At pH 12 (Figure 3.15b), the oxidative product of AA identified
was trihydroxybutyric acid (m/z= 135.02), which was present after the synthesis
reaction of Cu20(bio) NPs (Figure 3.15c). Oxalic acid (m/z= 90.98) was also detected

as a degradation product (Szultka et al., 2014).
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Figure 3.11. Mass spectra of the analytes extracted at (a) natural pH of 4.5, (b) at pH
12 (at which Cu20(bio) NPs synthesized using bio-extract), and (c) after 6 h of

reaction in the presence of Cu-precursor at the synthesis pH of 12.
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Figure 3.12. Schematic reaction pathway of Cu2O(bio) NPs synthesis using Sechium
edule fruit extract.
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Figure 3.13. (a) n(O) orbital interaction of DHA with the dx. orbital of Cu™ ion in the
surface of CuxO(bio) NPs, and (b) Schematic of the formation of DHA capped
Cu20(bio) NPs.
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Figure 3.14. Proposed reaction mechanism for the synthesis of Cu.O(bio) NPs using

ascorbic acid as the major compound present in Sechium edule extract.
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Figure 3.15. Mass spectra of (a) commercial ascorbic acid (pH 3.0), (b) ascorbic acid
at pH 12 at which Cu2O(bio) NPs synthesized, and (c) ascorbic acid after 6 h of
reaction in the presence of Cu-precursor at pH 12.

3.4 Electrocatalytic activity of Cu,0(bio) NPs
3.4.1.1 Cyclic voltammetric (CV) response
In Figure 3.16 depicts the CVs recorded with both bare TCP and Cu.O(bio)
NPs/TCP electrodes in N2-purged and COz-saturated electrolytes. The scan rate was
carried out at 50 mV s ! in the range of 0 to —2.0 V vs. Ag/AgCl (3 M KCI) (Albo et
al., 2015). The CV shows a modest hysteresis, and the onset reduction potentials were
noted —1.40 V and —1.20 V, for both the TCP and Cu,0(bio)-NPs/TCP electrodes
with N2 and CO; (saturation) bubbling, respectively. The increase in current density in
the N2 bubbling condition could be attributed to the water-splitting reaction. However,
the current response of Cu.O(bio)-NPs/TCP electrode was larger than the bare TCP
electrode both with N2-purged and CO»-saturated electrolytes. A similar trend in CV
curves was reported for Cu>O(bio)-based porous carbon paper electrode by Albo et al.
(2015). Furthermore, the Cu20(bio)-NPs/TCP electrode exhibited a slightly higher
current in CO»-saturated electrolyte than the bare TCP electrode with N> bubbling.
The current generated in N2 bubbling is associated with the hydrogen evolution
reaction (HER) on the Cu.O(bio) NPs/TCP electrode (Figure 3.17a). The current
density reported with CO2 bubbling is mostly of CO. reduction for the potential range
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varying from —1.2 to —1.7 vs. Ag/AgCI (Figure 3.17b). A possible reason is that the
formation of CO-intermediate during ECO2RR could suppress the HER. A similar
result is reported using Cu,O/CuQ/CuS catalyst in Ar and CO; saturated KHCO3

solution for the formation of formate (Kahsay et al., 2019).
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Figure 3.16. Cyclic voltammetry results (scan rate 50 mV s™1) for bare TCP and
Cu0(bio) NPsS/TCP electrodes with N2 and CO: (saturation) bubbling in 0.5 M

KHCO:s electrolyte.
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Figure 3.17. Cyclic voltammograms (scan rate 50 mV s7) for Cu,O(bio) NPs/TCP
electrode with (a) N2, and (b) CO: (saturation) bubbling in 0.5 M KHCOs electrolyte
at three different runs under identical condition [inset (b): Difference in current
densities for CuO(bio) NPs/TCP electrode at different potentials in N2 and CO-
saturated electrolyte].

To eliminate the effects of binder (nafion + IPA) and the residual bioactive

components attached to the surface of Cu.O(bio) NPs, on the ECO2RR, two
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controlled experiments were conducted, using only binder coated TCP electrode in
CO: saturated and Cu>O(bio) NPs coated TCP electrode in N>-bubbled electrolyte
keeping other conditions same. The respective current response graphs and *H NMR
spectra are shown in Figures 3.18a-3.18b and Figures 3.19a-3.19b. The H NMR
spectra of the catholyte recorded at a reaction time of 3600 s didn’t show any peak for
the formation of HCOO™ or any other reaction products, for both the experiments. It
infers that HCOO— was formed by ECO2RR catalyzed by Cu,O(bio) NPs.
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Figure 3.18. (a) Current response recorded using binder (nafion + IPA)/TCP
electrode (without Cu20O(bio) NPs catalyst) at —1.6 V vs. Ag/AgCl in CO.-saturated
0.5 M KHCOs electrolyte for 3600 s, (b) NMR spectra of the catholyte collected after
3600 s.
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Figure 3.19. (a) Current response for Cu>O(bio)-NPs/TCP electrode at —1.6 V vs.
Ag/AgCI in N2-bubbled 0.5 M KHCOs electrolyte for 3600 s and (b) NMR spectra of
the catholyte collected after 3600 s of ECO2RR.

The formation of HCOO™ takes place in a 2e” reduction pathway of CO> on
the electro(catalytic)-activate surface of Cu,O(bio) NPs. Adsorption of CO2 on the
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electrode surface is considered as the rate-determining step, and adsorbed CO- is then
converted to highly reactive CO>™ radical through a single electron transfer reaction
(Equation 3.5) (Bienen et al., 2020). The CO." radical coordinates to the Cu2O(bio)
NPs via its bidentate oxygen atoms. In the presence of HCO3z ™, the unstable CO>™
radical reacts with a proton and an electron forming HCOO  (Equation 3.6).

CO,+e~ — CO5” (3.5)

COy” +H'+e™ — HCOO™ (3.6)

Electrode stability study for both bare TCP and Cu.O(bio)-NPs/TCP
electrodes were performed by using the CV analysis for 100 cycles at a scan rate of 50
mV s! in the potential range of —2 to 0 V vs. Ag/AgCl (Figures 3.20a-3.20b). A
considerable increase in the current density (~19%) after 100 cycles for the
Cu20(bio)-NPs/TCP electrode was observed, which was 65% in the case of bare TCP
electrode (insets of Figure 3.20). The increase in current density for both bare TCP
and Cu20(bio)-NPs/TCP could be due to increase in the surface porosity and/or active
catalyst area (Lu et al., 2016). The surface of the Cu.O(bio)-NPs/TCP electrode
became more porous after 1 h of chronoamperometric test of CO> reduction and 100
cycles of CV as it is evident from FESEM micrographs (Figures 3.21a-3.21c). It can
be seen that Cu2O(bio) NPs were covered by a thin Nafion film and the inter-particles
voids were full at the beginning of electrolysis. After 3600 s of chronoamperometric
experiment, this film was mostly delaminated from the top surface of Cu.O(bio)-
NPs/TCP electrode without a major disintegration of Cu2O(bio) NPs (Figure 3.21b).
Higher surface porosity of the electrode helped for an enhanced CO2 mass transfer
which led to an increased current density with the progress of reaction for both bare
TCP and Cu20(bio)-NPs/TCP electrodes. Further, it can be inferred from the
elemental image mappings (Figure 3.22) that the catalyst particles remained densely
packed on the electrode surface after 100 cycles of CV.
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Figure 3.20. Cyclic voltammetry results for the stability analysis of the (a)
Cu20(bio)-NPs/TCP electrode, and (b) Bare TCP electrode in COz-saturated 0.5 M
KHCOs electrolyte for 100 cycles. Insets: the change in percentage current density

with the change in the number of CV cycles.
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Figure 3.21. FESEM image of Cu2O(bio) NPs/TCP electrode (a) before experiment,
(b) after 1 h of chronoamperometry at —1.60 V vs. Ag/AgCl in CO; saturated 0.5 M
KHCOs solution, and (c) after 100 scans of CV in CO; saturated 0.5 M KHCOs3

solution.
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Figure 3.22. (a) Elemental analysis, and (b) — (e) mapping of Cu>O(bio) NPs/TCP

electrode after 100 scans of CV analysis.

3.4.1.2 Electrochemical Impedance spectroscopy (EIS) analysis

EIS was performed to study the electrical conductivity and charge transfer
behaviour of Cu20O(bio) NPs/TCP electrode in comparison to the support TCP both
with No-purged and CO»-saturated electrolyte solutions. The Nyquist plot in Figure
3.23 depicts a smaller radius for the Cu2O(bio) NPs/TCP electrode than bare TCP
electrode in COz-saturated electrolyte. An amplified diagram of the higher frequency
region is illustrated in Figure 3.23(inset). The semicircle at a lower frequency region,
obtained from the Nyquist plot corresponds to the charge transfer process and the
diameter obtained, is the measure of charge transfer resistance (An et al., 2014). The
equivalent electrical circuits were acquired by fitting the experimentally obtained
Nyquist plots in the NOVA 1.11 software, as mentioned earlier. The corresponding
circuits are shown in the insets of Figure 3.24. The fitted results are summarized in
Table 3.3, with their corresponding Chi-square (x?) values. The equivalent electrical
circuits for the bare TCP electrode both with N2-purged and CO»-saturated systems
well fitted using the [R(RQ)] type with one Voigt element in series with the solution
resistance (Rs), and that for the Cu.O(bio)-NPs/TCP electrode in both N2 and CO:
systems was the [R(RQ)(RQ)] type with two Voigt elements in series with Rs (Sacco,
2017). The charge transfer resistance (R1) and the constant phase element (CPE, Q1)

are associated with the transport properties within the catalyst. Whereas, the other
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resistance (R2) and the CPE (Q2) are associated with the reduction reactions on the
catalyst surface. The Rs values obtained were <10 Q, which is in accordance with the
reported values of 3.4-33 Q (Ahn et al., 2017). The lower value of solution resistance
is due to the higher concentration of electrolyte used in the CO.RR (Bard and
Faulkner, 2000). All the CPEs, N>0.5 was employed so that the CPEs behave more
like a capacitor, where N is the phase shift (value in the range of 0 to 1, the CPE
behaves like a pure resistor and pure capacitor at the value of 0 and 1, respectively)
(Bard and Faulkner, 2000). The significantly smaller resistance of the Cu2O(bio)-
NPs/TCP electrode in CO»-saturated electrolyte further indicates an appreciable
charge transfer (R1=296.6 Q) from the catalyst surface to the electrolyte solution. The
bare TCP electrode showed lower impedance in both the environments (N2-purged
and CO»-saturated) than the Cu>O(bio)-NPs/TCP electrodes. Additionally, both the
bare TCP and Cu20(bio)-NPs/TCP electrodes lowered down impedances in N>

environment than that in the CO2 environment.
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Figure 3.23. Nyquist plot for bare TCP and Cu,O(bio) NPs/TCP electrode in No-
purged and COz-saturated 0.5 M KHCOs electrolyte.
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Figure 3.24. Fitted graphs of Nyquist plots for bare TCP and Cu,O(bio) NPs/TCP
electrode in N2-purged and CO»-saturated 0.5 M KHCOs electrolyte.

Table 3.3. Values of the elements in equivalent electric circuit fitted in Nyquist plots
of Figure 3.24.

Electrical *TCP TCP Cu20(bio) Cu20(bio)
circuit electrode | electrodein | coated TCP coated TCP
elements in N2 CO2 electrode in electrode in
N2 CO;
Rs (Q) 6.00 6.08 7.46 3.18
R1 (Q) 1.1 x 10*? 14923.00 1560.20 296.60
R2 () — — 1686.40 889.64
Q1| YO0 (Mho) | 43x10 0.000234 0.0012 0.00053
N 0.98 0.78 0.91 0.77
Q2 | Y0 (Mho) — — 0.00023 0.00352
N — — 0.73 0.67
a 0.000961 0.030 0.0072 0.008

*TCP: Toray carbon paper

3.4.1.3 Electrochemical CO. reduction reaction (ECO2RR)

The characteristic redox peak of ECO2RR could not be identified in the cyclic
voltammetric analysis. From the voltammogram, the variation in current density in the
case of Cu20O(bio) NPs/TCP electrode both in N2 and CO> saturated electrolyte also
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could not be concluded during ECO2RR. Therefore, the chronoamperometric test was
carried out at different potentials of —1.55, —1.60, —1.70, and —1.80 V vs. Ag/AgCl in
COo-saturated 0.5 M KHCOs electrolyte for an electrolysis time of 3600 s. Figure
3.25 compares the Faradaic efficiencies (FE). At different potentials, FE of the liquid
product was calculated using the following relation (Equation 3.7).

znF

FE (%)= - 100 (3.7)

Where, z is the number of electrons required for the product evolution, n is the

number of moles of the desired products, F is Faradaic constant (96485 C mol ™), and
Q is the total charge transfer (= fot I1dt, | is the total current response in time, t). FE of

H> was calculated using the Equation 3.8 (Wang et al., 2018).

__ Fx2xmol H
total Q (=1 x t)

At —1.55 V vs. Ag/AgCl, FE of formate production was found to be 12.8%

x100 (3.8)

against the total FE of ~58%, and below this potential, no formate production was
found.

COg. to product formation takes place in multi electron transfer process (from 2
to 12 or more than that). Therefore, the selectivity of product formation depends on
the reaction pathway and the stability of the intermediates formed. The reduction of
CO- on the CuO catalyst surface leads to two competitive reactions involving two
electron transfer process i.e., formation of CO and formate (HCOO"). The CO
formation occurs via *COOH intermediate pathway and the HCOO™ formation occurs
via *OCHO pathway. CO, to HCOO™ formation upon adsorption of CO, on the

electrode surface occurs via the following the five steps (Rabiee et al., 2021).

CO2(g) — CO2 (ads) (3.9)
CO2 (ads) + 66~ — CO2"™ (ads) (3.10)
CO2" (ads) + H" — "OCHO(ads) (3.12)
“OCHOs) + € — HCOO™ (ags (3.12)
HCOQO™ (ads) + € — HCOO™ (aq) (3.13)

Where, the rate-determining step is the protonation of CO," (ags) in the step 3.
The density function theory calculation of Gibbs free energy (AG) for “OCHO and
*COOH, on Cu20 (111) facet is reported to be 0.47 and 0.51 eV, respectively (Ma et
al., 2023). This suggested that the HCOO™ formation pathway is more energetically

favorable on Cu20 (111) NPs.
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In electrochemical CO: reduction, several literatures report on the shortfall of
total FE due to H> leakage from the electrolysis cell (Natsui et al., 2018), electrolyte
resistance at low current density (Yodwong et al., 2020), and unwanted electrode
reactions or ion-transport occur through proton exchange membrane (Muroyama et
al., 2020). Natsui et al. (2018) reported total FE of 76.6% due to H> leakage, using
diamond electrode for ECO2RR. Yamamoto et al. (2000) used activated carbon
fibers/Cu and non-activated carbon fibers/Fe electrodes for CO2 reduction, and
reported total FE of 52.9 and 69.6%, respectively (Yamamoto et al., 2000). Li et al.
(2018) found total FE of 60% using microporous carbon containing heterogenous N>
as a working electrode for CO. reduction.

The highest FE was found to be 65.3% at —1.60 V vs. Ag/AgCl (Specimen
calculation can be found in Table Al.1 in Appendix-1). FE was then fell sharply. The
overpotential required to drive the formate production could be not sufficient below
—1.60 V (vs. Ag/AgCl) (Gupta et al., 2016), and the sharp fall of FE could be due to
the competitive CO> reduction reaction with the water splitting reaction at a lower
potential due to the faster migration rate of H* than CO; leading to the reduction to H»
at a faster rate than ECO2RR (Li et al., 2016; Wu et al., 2018) . A similar trend in FE
for the formate production was also reported for ECO;RR using Bi/C NPs (Avila-
Bolivar et al., 2019). FE for H, production was 24.7% at the —1.60 V, and it increased
to 88.5% at —1.80 V. At —1.60 V vs. Ag/AgCl, the Cu,0-AA/TCP electrode exhibited
FE of 66.6% for formate production (*H NMR, Figure Al.1a in Appendix-I). Figure
Al.1b in Appendix-I shows the gas chromatogram of the collected gas sample, which
indicates the presence of only H> gas as a gaseous product from water splitting. The
chronoamperograms at —1.60 V are shown in Figure A1.2 in Appendix-1. The current
response was increased with the electrolysis time (Figure Al1.2 in Appendix-I), and a
similar explanation provided earlier (Figure 3.20) is also applicable here. The
controlled experiment using bare TCP electrode which was conducted at —1.60 V vs.
Ag/AQCI also exhibited a similar trend (Figure Al.2 in Appendix-I). Only H> was
formed with 75% FE and no product was detected in the *H NMR spectra (Figure
A1.3 in Appendix-I). The chronoamperogram in the case of Cu.O-AA/TCP electrode
is shown in Figure Al.2 in Appendix-l. An initial decrease in the current density
could be attributed to the capacitive charge transfer at the electrode surface-electrolyte
interface (Firat and Peksoz, 2017). In fact, formate formation was carried out
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continuously for 2 h at the fixed applied potential of —1.60 V vs. Ag/AgCl (Figure
Al.4 in Appendix-I). The liquid samples were analyzed in 1H NMR at different time
intervals (15-120 min) (Figure AL1.5 in Appendix-1). FEs for the formate formation at
different time intervals are shown in Figure Al1.6 in Appendix-l. The maximum FE
was found to be 65.3% at 60 min, after that it decreased to 64% at 2 h. Figure A1.7 in
Appendix-l1 shows the total current density (J) and partial current density for the
formate formation (jucoo™). The J value (formate and Hz) increases with the increase
in cathodic potential, whereas the jucoo™ values are in accordance with the FE of
formate, and reached the maximum of 7.6 mA cm2 at —1.60 V (vs. Ag/AgCl).

Single carbon oxygenated product (HCOO~/HCOOH), or a mixture of carbon
oxygenates and HCs products (HCOO~/HCOOH, CO, CH4, C2H4, C2Hs, EtOH) could
be formed using Cu20(bio) nanomaterials in the ECO2RR process (Table 3.4). The
FEs (%) of HCOO~-/HCOOH are found to be 4-67.6% at an overpotential in the range
of 0.53 to 1.08 V (vs. Ag/AgCI). In this study, the FE 65.3% of HCOO~ formation
was achieved at —1.60 V (vs. Ag/AgCl), which either is comparable or better than
most of the earlier studies (Table 3.4).
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Figure 3.25. Faradaic efficiency (%) of formate and H. formation at different applied
potentials (V vs. Ag/AgCI). The left Y-axis represents the FE for formate formation
and the right Y-axis represents the FE of H> formation, and their summation gives the
total FE.

Figure 3.26 shows the yield and selectivity of formate formation at different

applied potentials (V vs. Ag/AgCl). The yield of formate formation increases from —
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1.55 to —1.60 V (vs. Ag/AgCl) and then it falls down thereafter. The maximum yield
was found to be 56.8 umol gt ht at —1.60 V (vs. Ag/AgCl). The selectivity of
formate formation follows the similar trend. The highest selectivity was found to be

72.5% at the same applied potential.
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Figure 3.26. Yield and selectivity of formate formation on Cu2O(bio) NPs/TCP
electrode at different applied potentials (vs. Ag/AgCl).

Figure 3.27 shows Cu-based electrocatalysts of varying sizes and shapes used

for ECO2RR forming different useful products.
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Figure 3.27. Cu-based electrocatalysts of varying sizes and shapes used for ECO2RR

forming different useful products.

Table 3.4. An overview of Faradaic efficiencies of products obtained from ECO2RR

using Cu2O(bio) NPs/TCP electrode.
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FE (%)
Catalyst Electrolyte|  Test Source
condition | HCOO™ | ¢ 4, | EtOH | C,Hs | CO |CH,
IHCOH
Cu20O(bio) using 05M |-16Vvs
S. edule ] : ' Present work
Uit extract KHCOs3 | Ag/AgCl | 65.3/— | — — | = | = | =
Cu,0/CuS 01M |=09Vvs. * Wang et al.
composite KHCO; R | 07-6—| — [NAT — | — | — (2021)
Cu20 using
o | SSM 08V ] Zwea
Y : KHCO; | RHE | 66/— (2018)
Flow synthesis
method
Electrodeposited | g5M  -1.82 V s, 8 26 6 1 Kim et al.
Cuz0 KHCO; | Ag/AgCl | — I (2015)
Electrodeposited | 0.1 M |-1.1V vs. Kas et al.
Cu.0 KHCO; | RHE | /2% |1233] — | 09 113 j0-4 (2014)
R_educed Cu,0 05M 055V vs. /33 . . N T Li and Kanan
film NaHCOs; | RHE (2012)
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. 0.1M [-0.99 V vs. Ren et al.
Cu,0 film KHCO: RHE 4.66/— | 37.48 |17.22| 0.10 | 0.37 0.36 (2015)
Cu,0 01M |-05Vvs. _ /35 . I e Li and Kanan
KHCOs RHE (2012)
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* NA: not available

3.5 Major findings

Synthesis of oblate shaped mesoporous Cu.O(bio) NPs (average diameter
37.5-42 nm and surface area 16.1 m? g %) has been successfully carried out in an
environmentally benign process using Sechium edule fruit extract rich in ascorbic acid
(AA) for electrocatalytic reduction of CO,. The morphology and crystallinity of
Cu20(bio) NPs synthesized using bio-analytes was strongly comparable with its
counterpart synthesized using pure AA, and dehydroascorbic acid (DHA) was
originated which could act as a capping agent through the formation of DHA-Cu
ligand via ascorbyl radical intermediate. Nevertheless, XPS analysis showed the
presence of amorphous CuO on the surface of Cu.O(bio) NPs which was left
undetectable in X-ray diffraction.

Cu20O(bio) NPs modified Toray carbon paper electrode was effective in a
reduced charge transfer resistance (by 98%) and improved product specificity. CO>
was chemisorbed at the electrode surface along with C-O(H) and HCOO~ as evident
from the overlapping peak at 530.9 eV identified in the XPS spectra. The synthesized
Cu20(bio) NPs could result in selective ECO2RR for the formation of formate due to
the presence of predominant (111) crystal plane as evidenced from XRD and HRTEM
analyses.

Both bio- and AA- mediated Cu2O NPs catalyzed CO> reduction to formate as
the sole liquid product. However, a declining activity of Cu2O(bio) NPs in catalyzing
CO:- reduction could be observed with prolong electrolysis owing to its oxidation to
CuO. The maximum current efficiency of formate formation in 60 min of the reaction
was around 65.3-66.6% against 24% H> evolution from the chronoamperometric test

using both the nanocatalysts.
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4.1 Background and executive motivation

In spite of the advancement in the field of carbon-neutral and renewable
energy production, the concentration of atmospheric CO> has reached above 400 parts
per million (ppm), ~14% higher than the safe limit (350 ppm) of CO: in the
atmosphere, an unsurpassed level in the history of mankind (Kumar et al., 2017). The
rapidly increasing concentration of CO: in the atmosphere has become a great concern
of the environmental threats corollary from the associated greenhouse gas effect
(Solomon et al., 2009). Thus, the development of a carbon-neutral economy and the
fixation of atmospheric CO, becomes an utmost research interest in the field of
development of suitable CO> conversion technologies (Mikkelsen et al., 2010).

Several technologies, namely, organic carbonates (Pal et al., 2020),
carbamates, and ureas (Tomishige et al., 2019), biological conversion (Ersan and
Park, 2020), photo- and/or electrochemical reduction (Kumaravel et al., 2020) have
been developed with a focus to reduce the CO2 concentration in the air (Chapter 1).
The application of electrochemical process for CO: reduction is advantageous over
the others because it opens the potentiality of renewable energy storage and
conversion of CO> to energy storage chemicals; ethylene, syngas, especially liquid
chemicals, like formic acid, methanol, and ethanol (Tufa et al., 2020). When electrical
energy storage is in consideration, being a low toxic and flammable, formate is
supposed to be dominating over the alcohols because of its higher thermodynamic cell
voltage in the fuel cell, 1.48 V, in comparison with that of hydrogen (1.23 V),
methanol (1.21 V), and ethanol (1.14 V) (Xiang et al., 2020).

However, comparable thermodynamic redox potentials of the products (Jin et
al., 2021), elevated kinetic barriers, multiple reaction pathways, and wide range of
product formation (Kou et al., 2021) are a few challenges of the electrochemical CO;
reduction reaction (ECO2RR) for a selective yield. Various metal catalysts, like Au
(Chen et al., 2012; Zheng et al., 2017), In (Gray et al., 2020; Luo et al., 2019), Pd
(Jiang et al., 2018; Kortlever et al., 2015), Pt (Ertem et al., 2013; Tomita and Hori,
1998), Pb (Lee and Kanan, 2015), Cu (Duan et al., 2018; Vasileff et al., 2019), Co
(Gao et al., 2016), Sn (Chen and Kanan, 2012; Tsujiguchi et al., 2021) etc. have been
tested and applied for efficient ECO2RR to formic acid.

In particular, Sn/Sn-based catalysts have been used for the selective
production of HCOOH during ECO2RR. For instance, SnO> nanosphere, urchin-like

154 |Page

TH-3128_166107007



A Tunable Bioinspired Process of SnO2 NPs Synthesis for Electrochemical CO»-into-formate Conversion

Sn0O2, SnO2 microsphere, wavy SnOz nanoparticles, SnO2/graphene synthesized by
hydrothermal methods exhibited Faradaic efficiency in the range of 56.0-93.6%, for
the selective production of formate (Fu et al., 2016b; Zhang et al., 2014).

Among all energy-dense liquid products obtained during ECO2RR, formic
acid holds its potential for Ho-storage media because of its stability, high volumetric
capacity, ease of release of stored H> using catalytic decomposition, and direct use in
formic acid fuel cell (Liu et al., 2019).

Several conventional methods, like physical methods including spray
pyrolysis, ultrasonication, thermal decomposition, electrolysis; and chemical methods
including sol-gel, hydrothermal, precipitation, and microemulsion have been reported
in the literature for synthesizing SnO, and SnO.-based catalysts (Gebreslassie and
Gebretnsae, 2021). However, these methods have some inherent disadvantages like
formation of toxic byproducts and the use of extreme operating conditions (high
temperature-pressure) (Chapter 1). Besides the conventional techniques, a collateral
route by using plant-extract-mediated for synthesizing SnO. nanoparticles for
application in different fields have been received growing interest to constrain the
drawbacks of the conventional techniques (Matussin et al., 2020).

As outlined in Chapter 3, Cu20 NPs synthesized using fruit extract has been a
proven alternative for electrochemical CO; reduction to formate (HCOO™) with a
faradaic efficiency of 65.3-66.6% within 1 h. With the aim of boosting the efficiency
of CO. reduction and to surmount the aforementioned formidable concern, the
bioinspired protocol developed in the previous study (Chapter 3) is modified and
employed for the synthesis of SnO2-NPs(bio) using S. edule fruit extract. The purity
and morphological attributes of the as-synthesized SnO2-NPs(bio) were investigated
employing physicochemical characterization techniques, namely, UV-vis spectra,
XRD, XPS, etc. The electrocatalytic efficiency of the NPs was studied utilizing cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analyses. The

NPs were then applied for ECO2RR in a bench-top reactor.
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4.2 Results and discussions

4.2.1 Physicochemical characterizations of SnO2 NPs
4.2.1.1 Thermal analysis of SnO2 NPs

TGA-DTA graph of as-synthesized SnO2(bio) NPs is shown in Figure 4.1. The
first mass loss of ~8% up to 100°C is associated with the desorption of physisorbed
water on the surface of the nanoparticles (Li et al., 2020). The second mass loss of
~10% within the temperature range of 200-400°C could be due to the decomposition
of residual oxygen-containing organic matters, which is evident from the exothermic
peak at 380°C in the DTA graph (Song et al., 2014). The third mass loss at 445-700°C
is also evident from the exothermic peak at 550°C in the DTA graph. After 700°C, no
further mass loss was observed suggesting complete transformation to SnO2. Hence,

the calcination temperatures were so chosen as 380, 550, and 800°C.
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Figure 4.1. TGA and DTG graphs of SnO2(bio) NPs.

4.2.1.2 XRD analysis

The most thermodynamically stable form of SnO: is reported to be rutile, a
phase with a tetragonal structure having the space group P4,/mnm (D} symmetry)
(Diallo et al., 2016). Its unit cell is tetragonal, consisting of two molecules (two tin
atoms and four oxygen atoms). The bulk SnO, phase has the lattice constants as,
A(pulky= bputy= 7.7374 A and cpuiy= 3.1864 A (Diallo et al., 2016).
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A typical XRD pattern of as-synthesized SnO.(bio) NPs as a control and the
SnOz(bio) NPs calcined at different temperatures of 380, 550, and 800°C are shown in
Figure 4.2. The calcination temperatures are so chosen from the mass loss vs.
temperature curve obtained from the TGA analysis. The diffraction pattern of all the
samples can be indexed to the tetragonal rutile phase of SnO> (Adan et al., 2007). The
crystallinity of the nanoparticles increases with the increase of calcination
temperatures. The XRD reflections at 26 of 26.67°, 33.93°, 38.10°, 51.88°, 54.94°,
58.00°, 62.12°, 64.68°, 66.23°, 71.40°, and 79.08° are associated with the crystal
planes of (110), (101), (200), (211), (220), (002), (310), (112), (301), (202), and
(321), respectively, of tetragonal rutile phase of bulk SnO, (JCPDS file no. 00-001-
0657). The SnO>(control) showed no characteristic pattern. The crystallite size (D) of
as-synthesized and calcined SnO2(bio) NPs were determined using Debye-Scherrer’s

formula (Equation 4.1) (Diallo et al., 2016).

Kk
D3 BcosO (4 1)

Where, k= 0.9, A is X-ray wavelength (1.5406 A), 0 is the Bragg angle of
diffraction peaks, B is full width at half maximum (FWHM), respectively. Lattice

constants (a and c), crystallite size (D), and d-spacing were calculated using (110) and

(101) peaks. The d-spacing was calculated using the (Equation 4.2).

_ nk
d= 2sin 6 (4 2)

Lattice parameters (a=b and c), related to the d-spacing and the Miller indices
(h, k, I) could be expressed using the (Equation 4.3).

Y @3)
The unit cell volume, V was calculated using Equation 4.4.
V=a’c (4.4)
With the increase in calcination temperature up to 800°C, the crystallite size
also increased from 2.5 to 15.8 nm. At 800°C, the pattern reveals a sharp and narrow
FWHM usually resulting from the increasing crystallinity and crystallite size of the
particles. Crystallite size (D), d-spacing, lattice parameters (a=b#c), and cell volumes
are summarized in Table 4.1.
The lattice constant values, a= 4.72 A, and c= 3.17 A obtained for SnO2(bio)-

800 NPs confirm the dominant valence of Sn is 4+, as the lattice constant for SnO» are
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a= 3.850 A and c= 4.901 A (Diallo et al., 2016). XRD pattern shows preferential
exposure of the highly crystalline (110), (101), and (211) planes with other minor
peaks in SnO2(bio)-800 NPs. In contrast, broad peaks are observed for SnOz(bio)
NPs. From this observation, it could be inferred that the higher crystallinity of (110)
facet in SnO2(bio)-800 NPs could facilitate the conversion of CO; to HCOO—
(Graetzel, 2004). From the XRD analysis, it is seen that for SnO(bio)-380 and
SnO2(bio)-550 NPs, the crystalline nature didn’t match well for a typical SnOa.
Therefore, the two samples, labeled as SnO2(bio) and SnO(bio)-800 NPs were
utilized for further physicochemical, electrochemical characterizations, and ECO2RR
application. The crystallinity index (Cl) of SnO2(bio) and SnO2(bio)-800 NPs was
calculated by the following Equation 4.5 (Rotaru et al., 2018).

CI(%)=% x100 (4.5)

Where, Sc represents the area of the crystalline domain and St is the area of
the total domain. CI values of SnO2(bio) and SnO>(bio)-800 NPs were found to be
85.8 and 98.3%, respectively. Furthermore, three different batches of SnOz(bio) and
SnO2(bio)-800 NPs were synthesized under identical experimental conditions. From
the XRD diffraction patterns, it can be seen that SnO2(bio) and SnO2(bio)-800 NPs
exhibited a consistent crystalline structure among the particles of different batches of
same type (Figure 4.3). The crystallite size (D) of SnO2(bio) NPs was calculated to be
2.11,2.21,2.13 nm. It was 15.79, 15.86, 15.23 nm for SnO2(bi0)-800 NPs.
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Figure 4.2. XRD patterns of SnOz(control), SnO2(bio) NPs and material calcined at
380, 550, and 800°C; XRD traces are labeled as SnO>(bio)-380, SnO2(bio)-550, and
SnO2(bio)-800 NPs, respectively.
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Figure 4.3. XRD pattern of (@) SnO2(bio) and (b) SnO.(bio)-800 NPs for three

batches of synthesized nanoparticles.

Table 4.1. XRD parameters of SnO2(bio) and SnO2(bio) calcined at 380, 550, and 800

°C.
. d-spacing (nm) . Cell
Sample S?;;y(séalrl]l;cﬁ) (110), (101) lattice (c'g)nstants volume V
’ planes A)
SnO2(bio) 2.1 a=b=4.72, ¢c=2.73 60.82
SnO2(bio)-380 2.9 a=b=4.74, ¢c=2.73 61.34
Sn0O2(bio)-550 6.7 a=b=4.75,¢=3.17 | 7152
Sn0O2(bio)-800 15.8 0.333,0.263 | a=b=4.72, c=3.17 70.62
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4.2.1.3 Optical properties

The UV-vis reflectance spectra of the as-synthesized SnOz(bio) and
SnO2(bio)-800 NPs are shown in Figure 4.4. The spectra show strong absorption with
an absorption edge at 258 and 280 nm for SnO(bio) and SnO(bio)-800 NPs,
respectively. The result is in good aggrement with the value reported in the literature
(Graetzel, 2004). This absorption could be due to the s—p direct optical transitions in
SnO; nanoparticles (Patil et al., 2003).

Kubelka-Munk function was employed to transform the UV-Vis data into an
absorbance scale, and the optical bandgap, E4 of SnO(bio) and SnO(bio)-800 NPs
was calculated by using the Tauc plot (Equation 4.6).

(ahv)ZZA(hv-Eg) (4.6)

Where a is the absorption coefficient, h is the Plank’s constant, and v is the
frequency. The direct bandgap of as-synthesized SnOz(bio) and SnO2(bio)-800 NPs
are calculated to be 4.12 and 3.71 eV. The decrease in bandgap could be related to the
increased particle size in the calcined SnO2(bi0)-800 NPs. Because of low carrier
concentration, absorption of the light by the carriers is decreased, which leads to a
lower o value in SnO2(bi0)-800 NPs, which further induces the lower value in
bandgap energy. The lowering in the bandgap of SnO2(bi0)-800 NPs could be due to
the rising of valence band maxima (VBM) caused by the oxygen vacancies (Ov)
present in the sample (Yang et al., 2017). The observed value of the band gap is larger

than the value of SnO2-bulk, possibly due to quantum effects (Yang et al., 2017).
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Figure 4.4. UV-Vis diffuse reflectance spectra of (a) SnO2(bio) and (b) SnO2(bio)-
800 NPs, and their corresponding Tauc plots (insets).
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4.2.1.4 BET surface area analysis

The nitrogen adsorption-desorption isotherm of uncalcined SnOz(bio) and
calcined SnO2(bio)-800, are shown in Figure 4.5. SnO2(bio) exhibited type-I isotherm,
indicating the presence of mostly micropores. The micropore volume was measured to
be 0.0633 cm* g%, and the BET surface area was 108.78 m?g L. The calcined sample,
SnO2(bio)-800 showed type-1V adsorption-desorption isotherms with H3 hysteresis
loop, indicating the disappearance of micropores and the formation of mesoporous.
The steep increase in the adsorption band at p/po ranges of 0.8-0.98 signifies the
presence of uniform mesopores. The surface area of SnO2(bio)-800 NPs was
measured to be 18.6 m?g?, the significant reduction of surface area compared to the
SnOz(bio) NPs, is due to the increase in crystallinity with the high calcination
temperature of 800°C. The surface area obtained is in accordance with the surface
area of SnO nanoparticles calcined at the 700-1000°C temperature range, as reported
in the literature (Toledo-Antonio et al., 2003). The transformation of the type of BET
surface area found, from the SnO2(bio) to SnO2(bio)-800, is a good agreement with
the literature (Sergent et al., 2002). The pore size distribution using Barrett-Joyner-
Halenda (BJH) method was found to be 3.9 and 18.1 nm for the SnO2(bio) and
SnO2(bio)-800 NPs, respectively.

Hong et al. (2013) synthesized mesoporous double-shelled SnO> yolk-shell
structure at 600°C of calcination temperature, with BET surface area of 13.0 m? ¢!
for the application in Li-ion batteries. Zhang et al. (2021) synthesized mesoporous
SnO, with a BET surface area of 36.1 m? g%, by using the organic template method.
It showed 94.5% FE towards formate formation in ECO2RR. Kim et al. (Kim et al.,
2022) synthesized SnOx NPs having BET surface area of 10 and 36 m? g%, using the
Li-based electrochemical tuning (LiET) method, and it was utilized for ECO2RR to
formate formation with FE of >75.0%. Similarly, the mesoporous SnO> nanoparticles
synthesized in the bioinspired method, namely SnO(bio) NPs and its calcined
counterpart SnO(bio)-800 NPs are expected to show strong electrochemical activity
towards ECO2RR.
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Figure 4.5. BET surface area and BJH pore size distribution (inset) of (a) SnO2(bio)
and (b) SnO2(bi0)-800 NPs.

4.2.1.5 Morphological analysis

Figure 4.6 shows the FESEM images of as-synthesized SnO(bio) and
Sn0O2(bio)-800 NPs. From this figure, it is seen that the particles are spherical and
agglomerated as well as forming large clusters in SnO2(bio) NPs (Figure 4.6a). The
average particle size was found to be 4.5 nm. After calcination, the size of the
nanoparticles increases with mostly spherical morphology in SnO(bio)-800 NPs
(Figure 4.6b), and the particle size was found to be 22.5 nm, which is near to the
crystallite size (D) determined in XRD analysis. The morphology and particles size of
different batches of SnOz(bio) (4.5 £0.2 nm) and SnO2(bi0)-800 NPs (22.5 £0.2 nm)

didn’t show any noteworthy variation among different batches of the same types of

Figure 4.6. FESEM images of (a) as-synthesized SnO2(bio) NPs, and (b) SnO2(bio)-
800 NPs calcined at 800°C.
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Figure 4.7. FESEM images of (al a3) SnOz(bIO) and (b1-b3) Sn02(b|o) -800 NPs for

three batches of synthesized nanoparticles, respectively.
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Figure 4.8. Particle size distribution of (al-a3) SnO2(bio) and (b1-b3) SnO2(bio)-800
NPs from FESEM images.

FETEM, HRTEM, and SAED patterns of the as-synthesized SnO(bio) and
SnO2(bio)-800 NPs are shown in Figure 4.9. It can be seen that all the particles are
nearly spherical (Figures 4.9al and 4.9b1). SnO2(bio) NPs show an average particle
size of 3.5 nm (Figure 4.9a2), which is increased to 20 nm in SnO2(bio)-800 NPs,
after calcination (Figure 4.9b2). The results can be correlated with the decrease in
bandgap for SnO.(bio)-800 NPs, in Tauc’s plot measurement (Figure 4.4). The
spacing of adjacent lattice planes was found to be 0.238 nm corresponding to the
(220) plane, in SnO2(bio) NPs (Figure 4.9a3) (Wang et al., 2020), and 0.334 nm
corresponding to the (110) low-energy facet of most thermodynamically stable rutile
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SnO; (Figure 4.9b3) (Dutta et al., 2015). It is evident that the degree of crystallinity
increases in SnO2(bio)-800 NPs after calcination of SnO2(bio) NPs, which is also
reflected from the SAED patterns. Both the nanoparticles are polycrystalline, as
indicated by the diffraction ring observed from the SAED patterns (Figures 4.9a4 and
4.9b4). The continuous ring pattern (Figure 4.9a4) suggests low crystallinity of
SnOz(bio) NPs. The spot ring type of SAED patterns (Figure 4.9b4) in SnO2(bio)-800
NPs indicates the high crystallinity and orientation of crystals in a number of different
directions (Wetchakun et al., 2012). The results are in line with the XRD analysis
(Figure 4.2).

(110) (101)

» /;//mm)

- 211
-0

| Bt i 2 RS |

Figure 4.9. FETEM image, particle size distribution, HRTEM image, and SAED
pattern of as-synthesized SnOz(bio) NPs (al-a4) and SnO.(bio)-800 NPs calcined at
800°C (b1-b4).

4.2.1.6 EDX spectra

FETEM micrograph, EDX spectrum, elemental mappings of tin, and oxygen
of SnO(bio) are shown in Figures 4.10al-4.10a4. The results recorded with
SnO2(bio)-800 NPs are presented in Figures 4.10b1-4.10b4. The spectra show the
presence of uniform Sn and O atoms, which confirm both the specimens are
composed of Sn and O. The atomic % ratio of Sn and O is found to be comparable
with the stoichiometric ratio of 1:2 for SnO,. The Cu peak was due to the copper
coated TEM grid used for sample preparation.
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Figure 4.10. FETEM images, EDX spectra, tin and oxygen elemental mappings of
SnOz(bio) (al-a4), and SnO2(bio)-800 NPs (b1-b4).

4.2.1.7 XPS analysis

Figure 4.11a shows the XPS survey spectra of SnO2(bio)-800, SnO:(bio)-
800/TCP electrode after 2 h of ECO2RR, and SnO2(bio) NPs (Figure 4.12a). The
spectra of SnO2(bio)-800/TCP showed F (fluorine), besides the coexistence of Sn, O,
and C elements. The appearance of C peak could be due to the residue of bio-moiety
on the surface of the nanoparticles. Moreover, it also could be due to the adventitious
carbon in the environment. The F peak appears from the nafion binder used to prepare
the catalyst ink. Figure 4.11b shows the high-resolution XPS of Sn 3d and O 1s of
Sn0O2(bio)-800 NPs. The Sn 3d spectrum shows that the split 3ds, and 3ds core
states are centered at 486.8 and 495.2 eV, respectively, indicating Sn** in SnO2(bio)-
800 NPs (Wang et al., 2017). The separation between the Sn 3ds» and 3ds; is
calculated to be 8.4 eV, a feature of commercial SnO> reported earlier. The high-
resolution spectra of SnO2(bio) NPs (Figure 4.12) showed the Sn?* peaks at 486.3 and
495.1 eV, along with the Sn** peaks at 487.4 and 495.5 eV (Carvalho et al., 2012).

The O 1s spectrum in Figure 4.11 is asymmetric with split sub-peaks centered
at 530.6 and 531.6 eV. The lower binding energy at 530.6 eV is attributed to the
oxygen, O>", and the peak at 531.6 eV could be attributed to the oxygen vacancies
(Ov) (Yang et al., 2017). It also well correlates with the Tauc plot results (Figure 4.4).
For SnOz(bio) NPs (Figure 4.12c), the deconvolution of O 1s showed an additional
peak at 532.0 eV which could be attributed to the adsorbed water (Chowdhury et al.,
2021).
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Figure 4.11. (a) XPS survey spectra of SnO2(bio)-800 NPs and SnO2(bio)-800/TCP
electrode; and high- resolution core level spectra of (b) Sn 3d, and (¢) O 1s of
SnO2(bio)-800 NPs.
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Figure 4.12. (a) XPS survey spectra and high- resolution core level spectra of (b) Sn
3d, and (c) O 1s of SnOz(bio) NPs.

4.2.2 Formation of SnO2 NPs

Figure 4.13 shows the schematic of the formation of SnO(bio) NPs using S.
edule fruit extract, enriched with ascorbic acid content. The standard electrode
potential (E®) of the ascorbic acid (H2A)/ dehydroascorbic acid (DHA) couple is +0.1
V, lower than that of Sn**/Sn?* (+0.151 V) (Meng et al., 2020). So, it could act as a
potential reducing agent for Sn(IV). The two coordinated H>O molecules from
pentahydrate and four Cl atoms form the octahedral crystal structure of SnCls-5H,0
(structure 1) (Taylor and Coddington, 1992). SnCls-5H.O added to an aqueous
solution dissociates into [SnCls(H20)]° (Complex 1), hexaaquatin(IV), [Sn(H20)s]**
(Complex I1) along with the complex, [SnClx(H20)6x]*»* (Taylor and Coddington,
1992). In an acidic medium (pH 4.5), ascorbic acid (H2A, present in bio-extract or
commercially available) dissociates to form the reactive HA™ species. It reacts with
Complex I and Complex Il forming Complex Il (Figure 4.14). This complex
decomposes forming dehydroascorbic acid (DHA) (75°C) (Ledendecker et al., 2022)
via electron transfer from ascorbic acid to Sn** ions and Sn° is formed in a hot
solution. After that, a series of successive thermodynamic reactions could occur, and
the highly active Sn° reacts with O (in air) forming SnO2 nanoparticles during drying
in a hot air oven (Wang et al., 2010). A similar mechanistic pathway also can be
developed involving various electron donor analytes such as gallic acid, caffeic acid
and isoquercetin, etc. (Andrés et al., 2017) present in bio-extract leading to the
formation of SnO2 NPs.
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Figure 4.14. Proposed mechanistic pathway of SnO2(bio) NPs synthesis.

4.2.3 Electrocatalytic functionalities of SnO2 nanoparticles
4.2.3.1 Cyclic voltammetry (CV) analysis

The performance towards ECO2RR of SnO2(bio) and SnO2(bio)-800 NPs were
first studied using CV with a scan rate of 50 mVs™ in 0.5 M KHCOj3 electrolyte
(Figure 4.15). The anodic and cathodic peaks appeared in the region of no H»
evolution reaction (HER), and ECO2RR, at —1.05 to —0.6 V (vs. Ag/AgCl) could be
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an indication of the formation and reduction of SnOx species in this pH condition (Tan
et al., 2020). The onset potential of SnO.(bio)/TCP electrode in CO2-bubbled
electrolyte was —1.45 V (vs. Ag/AgCl), whereas the onset potential of SnO(bio)-
800/TCP electrode was —1.4 V (vs. Ag/AgCl), a positive shift of 50 mV for
SnO2(bi0)-800 NPs. The SnO(bio)-800/TCP electrode showed higher current density
compared to the SnO2(bio)/TCP electrode in CO2-bubbled electrolyte than N2 one
after —1.4 V to —2.5 V (vs. Ag/AgCl), in the region of HER and ECO2RR, could be an
indication of higher selectivity of SnO2(bio)-800/TCP electrode over SnO2(bio)/TCP
electrode for ECO2RR. The voltammogram showed an overlapping trend for three
different batches of particles in the selected potential range (0 to —2.5 V (vs.
Ag/AgCl)). For an example, the current density at the SnO.(bio)-800 NPs/TCP
electrode showed only 3.8% variation at —1.5 V (vs. Ag/Cl) in CO. bubbling (Figure
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Figure 4.15. Cyclic voltammetry results (scan rate 50 mV s) of (a) SnOz(bio)
NPs/TCP and (b) SnO2(bio)-800 NPs/TCP electrodes with N2> and CO> (saturated)
bubbling in 0.5 M KHCO3 electrolyte.
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Figure 4.16. Cyclic voltammetry results (scan rate 50 mV s %) of (al) in N2-purging
and (a2) CO2 bubbling for SnO2(bio) NPs/TCP; and (b1) in N2-purging and (b2) CO.
bubbling for SnO2(bio)-800 NPs/TCP electrodes in 0.5 M KHCOs3 electrolyte for
three batches of synthesized nanoparticles. Insets are the plots of current density (J) at
selected potentials (0 to —2.5 V (vs. Ag/AgCl) with error bars.

4.2.3.2 EIS measurements

In Figures 4.17a and 4.17b, the Nyquist plots of the SnO2(bio) NPs/TCP and
SnO2(bio)-800 NPs/TCP electrodes in N2- and CO2-soaked 0.5 M KHCOs3 electrolyte
are shown. The EIS data were fitted with an equivalent circuit (Figure 4.18)
consisting of series resistances (Rs); the ohmic resistance which is mainly composed
of electrolyte resistance and contact resistance between the catalyst and the TCP
electrode, the capacitance at the electrode/electrolyte interface (Q1), the transport
resistance in the electrode (Ri), and the charge transfer resistance at the
electrode/electrolyte interface in parallel with the capacitance of the charge storage in
the electrode (Q2) (Refiones et al., 2016). Rs values for SnO2(bio) NPs/TCP electrode
are almost similar in N2- and CO.-bubbled electrolytes, 2.63 and 2.57 Q, respectively.
On contrary, Rs values of SnO2(bi0)-800/TCP electrode is lower (3.70 Q) in CO»-
bubbled electrolyte than that in N2-bubbled electrolyte, which is 24.9 Q.

The results suggest an improved electrical conductivity of SnO2(bio)-800/TCP
electrode in CO2 (Chen et al., 2017). A similar trend in EIS is also found for the
chainlike mesoporous SnO2 NPs for the catalytic electrochemical CO. reduction to
formate (Bejtka et al., 2019). Also, a ~3.5-fold decrease in transport resistance (R1)
for SnO»(bio)-800/TCP in CO2-bubbling with respect to N2-bubbling. On the other
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hand, ~1.08-fold decrease was noted in Ry value for SnOz(bio) NPs/TCP in the case
of CO»-bubbling with respect to No-bubbling (Table 4.2). It could be due to the
effective catalytic behavior SnO2(bio)-800/TCP towards ECO:RR.
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Figure 4.17. Nyquist plots with raw (symbols) and fitted data (lines) of (a) SnO2(bio)-
NPs/TCP and (b) SnO2(bio)-800 NPs/TCP electrodes with N2 and CO; (saturated)
bubbling in 0.5 M KHCOs3 electrolyte. Insets are magnified images in the selected

region (marked in red).
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Figure 4.18. Equivalent circuit used for fitting of EIS data.

Table 4.2. Elements in equivalent electric circuit fitted in Nyquist plots of Figure

4.17.
SnOz(bio) SnOz(bio) SnOz(bio)- | SnO2(bio)-800
Electrical circuit NPs/TCP NPs/TCP | 800 NPs/TCP NPs/TCP

elements electrode in | electrode in | electrode in electrode in
N2 CO2 N2 CO.
Rs (Q) 2.63 2.57 24.9 3.70
R1(Q) 564 518 4090 1140
R2 (kQ) 12.4 18.7 8.30 17.7
Q1 | YO (uMho) 207 177 157 166
N 0.926 0.937 0.918 0.918

171 | Page

TH-3128_166107007



Bioinspired Synthesis of Metal Oxides and Sulphide Electrocatalysts for CO; and N2 Conversion to Formate and Ammonia

Q2 | YO (uMho) 388 250 138 262
N 0.593 0.69 0.737 0.708

4.2.3.3 ECO2RR performances

The current response curve for SnOz(bio)/TCP and SnOz(bio)-800/TCP
electrodes for the selected applied potentials, ranges from —1.4 to —2.1 V (vs.
Ag/AgCI) in CO2-bubbled 0.5 M KHCO:s electrolyte for 1 h of ECO2RR are shown in
Figures 4.19a and 4.19b. It is observed that the current density (J) of SnO2-(bio)-
800/TCP electrode is 4.3 to 25.8 mAcm 2, higher than that of the SnOz(bio)/TCP
electrode (0.02 to 21.1 mA cm2). The reason could be the higher electrocatalytic
activity of SnO2-(bi0)-800/TCP over SnO2-(bio)/TCP electrode towards ECO2RR in
the chronometric potential range of —1.4 to —2.1 V (vs. Ag/AgClI).
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Figure 4.19. Current response curves at various potentials for ECO2RR on (a)
SnO2(bio)/TCP and (b) SnO(bio)-800/TCP electrodes in CO2-bubbled 0.5 M KHCO3

electrolyte.

The reduction product analysis showed to be formate as a single liquid product
together with Hy, in the gas phase. The specimen calculation for the determination of
formate concentration is given as a footnote in the Figures A2.1 and A2.2 of
Appendix-II.

The corresponding FE in the electrode potential range of —1.4 to —2.1 V (vs.
Ag/AgCI) is shown in Figure 4.20. SnO2(bio)/TCP exhibits maximum FE of 75.6% at
—1.5V (vs. Ag/AgCI) (Figure 4.20a). By contrast, SnO2(bi0)-800/TCP showed a FE
of 72.0% at the lower potential of —1.4 V (vs. Ag/AgCl), and the maximum FE was
found to be 84.0% at —1.5 V (vs. Ag/AgCl) (Figure 4.20b). The better performance of
SnO>(bi0)-800/TCP over SnO2(bio)/TCP could be related to their morphology and
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structural configurations. SnO2(bi0)-800 NPs exhibited a high cumulative volume of
BJH pores 0.113 cm® g%, significantly larger than that of the SnO2(bio) NPs, 0.0633
cm® g2, which could facilitate the better transport of both reactants (H.0 + CO2) and
products (HCOO— + H2) during ECO2RR. SnO2(bi0)-800 NPs exhibited ~3-times
more differential pore volume (0.0053 cm?® g™t nm™) than that of SnO(bio)-NPs (BJH
pore size distribution in Figure 4.5) (Daiyan et al., 2018).
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Figure 4.20. FE (%) of H, and formate formation from ECO:RR on (a)
SnO2(bio)/TCP and (b) SnO2(bio)-800/TCP electrodes in CO,-bubbled 0.5 M KHCO3
electrolyte at the electrode potential from —1.4 to —2.1 V vs. Ag/AgCI.

o

The catalytic activity of SnO2(bio) and SnO2(bio)-800 coated TCP electrodes
for ECO2RR towards format formation were comparable with most of the Sn-based
electrodes reported in the literature (Table 4.3). Further, the variation of current
density (Jrormate) for the formation of formate with respect to the applied potential (vs.
reversible hydrogen electrode) is presented in Figure 4.21. It is clearly evident that
SnO2(bio)-800 NPs could form formate with a lower overpotential and reasonably
high current density.

Table 4.3. SnO-based catalysts for ECO2RR to formate reported in the literature and

their comparison with bioinspired SnO2 NPs.

Catalyst Synthesis Conditions FE (%) of | Reference
method formate
SnOz(bio) NPs Bio-inspired
SnO,(bio)-800 route using S. 0.5 M KHCO:3 756 This work
NPs edule fruit | —1.5V (vs. Ag/AgCl) 84.0
extract '
SnO./MWCNT Wet 0.5 M NaHCOs3 (Bashir et al.,
impregnation —1.7 V (vs. SCE) 272 2016)
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method
Wavy SnO, NW | Urea  assisted 0.5 M KHCO; (Chen et al.,
hydrothermal ~1.0V (vs. RHE) 8741 2020)
SnO; nanosphere | Hydrothermal 0.5 M KHCO; (Fu et al,
self-assembly —0.56 V (vs. SHE) 56.0 2016b)
Urchin-like SnO; | Hydrothermal 0.5 M KHCO; (Liu et al.,
nanostructure self-assembly —1.0 V (vs. SHE) 62.0 2017)
Sno; Hydrothermal 0.5 M KHCO;3; 620 (Fu et al,
microsphere self-assembly —1.70 V (vs. SHE) ' 2016a)
Mesoporous Hydrothermal 0.5 M NaHCO; 870 (Li et al,
SnO; nanosheet | method —1.6 V (vs. Ag/AgCl) ' 2016)
Mesoporous Solvothermal 0.5 M NaHCO; (Han et al.,
SnO2 nanosheet —0.9 V (vs. RHE) 83.0 2019)
Porous SnO; | Plasma synthesis 0.1 M KHCO; 80.0 (Kumar et
nanowires —0.8 V (vs. RHE) ' al., 2017)
Sn/SnOx Etched method 0.5 M NaHCO; 40.0 (Chen  and
—0.7 V (vs. RHE) ' Kanan, 2012)
Mesoporous Nanocasting 0.1 M KHCO3 (Daiyan et
SnO2 NPs —1.15V (vs. RHE) 75.2 al., 2018)
SnO2 NPs Flame spray 0.1 M KHCO:3 85.0 (Daiyan et
pyrolysis —1.1V (vs. RHE) ' al., 2019)
SnO,/Graphene Hydrothermal 0.1 M NaHCO; 93.6 (Zhang et al.,
—1.8 V (vs. SCE) ' 2014)
Porous SnO; | Chemical vapor 0.5 M NaHCO; (Liu et al,
nanosheet deposition —0.7 V (vs. RHE) 92 4 2020)
followed by '
calcination
SnOx NPs Lithiation-based 0.1 M KHCOs3 (Kim et al.,
electrochemical —1.2V (vs. RHE) 81.0 2022)
tuning
Ultrathin ~ SnO- | Modified 0.1 M KHCO:3 873 (Liu et al.,
guantum wires hydrothermal —1.156 V (vs. RHE) ' 2019)
SnO; /graphene | Hydrothermal 0.1 M KHCO; 84.4 (Yang et al.,
oxide method —0.96 V (vs. RHE) ' 2021)
SnO; nanosphere | Combined  sol- (Nguyen-
gel and 0.1 M KHCOs3 81.0 Phan et al.,
templating =1.2 V (vs. RHE) ' 2022)
method
Core/Shell Seed mediated 85.0 (C-|(Li et al,
Cu/Sn0, chemical 0.5 M KHCOs Cu/Sn0O.- 2017)
structure method ~0.9 V (RHE) 1.8)
' 93.0 (CO
—0.7 V (RHE) Cu/SNO,-
0.8)
2 nm SnO, NPs Hydrothermal 0.1 M KHCO;3; (Merino-
microwave ~ 8.0V (absolute cell 449 Garcia et al.,
assisted method potential) 2021)
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Figure 4.21. Comparison of this work with the literature reported Sn-based
electrocatalysts in H-type batch reactor with bicarbonate electrolyte for ECO2RR:
chainlike mesoporous SnO> (Bejtka et al., 2019), nanoporous SnO- (Liu et al., 2022),
mesoporous Sn/SnOx (Chen and Kanan, 2012), porous SnO» nanowires (Kumar et al.,
2017), SnO2/MWCNT (Bashir et al., 2016), wavy SnO2 NW (Chen et al., 2020), SnO-
nanosphere (Fu et al., 2016b), urchin-like SnO. (Liu et al., 2017), SnO2 microsphere
(Fu et al., 2016a), mesoporous SnO2 nanosheet (Li et al., 2016), mesoporous SnO-
NPs (Daiyan et al., 2018), SnO2 nanosphere (Nguyen-Phan et al., 2022), Sn dendrite
(Won et al., 2015), Sn GDE (Wang et al., 2014), SnO2/graphene (Zhang et al., 2014).
The electrode potential is calculated wrt reversible hydrogen electrode for a uniform

comparison.

The 2 h of ECO2RR at —1.5 V (vs. Ag/AgCl) in 0.5 M KHCOs3 electrolyte
resulted in FE reduced to 61.5%. The corresponding current response graph is shown
in Figure 4.22. Although, post-reaction FESEM images (Figure 4.23) indicate the
morphology was unchanged after 2 h of ECO2RR. The XRD pattern of SnO2(bio)-
800/TCP electrode (Figure 4.24) after 2 h of ECO2RR at —1.5 V (vs. Ag/AgCl) in 0.5
M KHCOs electrolyte, shows the presence of Sn° (Oehl et al., 2015). It is further
corroborated by the high-resolution XPS of Sn 3d (Figure 4.25). The result
corroborates with the XPS results observed for single crystal SnO2 NPs reported by
Liu et al. (2021) for ECO2RR to formate formation. Studies reported that the
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formation of Sn is due to the reduction of a part SnO, on the surface of the catalyst

during electrochemical reduction of CO; (Dutta et al., 2015).
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Figure 4.22. Current response of SnO2(bio)-800/TCP electrode for 2 h of ECO2RR at
—1.5V (vs. Ag/AgCI) in CO> saturated 0.5 M KHCOg3 electrolyte.

- e
Figure 4.23. FESEM image of SnO»-SE-800/TCP electrode (al-a2) before
electrochemical analysis, (b1-b2) after 1 h of ECO2RR at —1.5 V (vs. Ag/AgCl), (c1-
c2) after 2 h of ECO2RR at —1.5 V (vs. Ag/AgCI) in CO; saturated 0.5 M KHCOs3

electrolyte.
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Figure 4.24. XRD pattern of SnO2(bio)-800/TCP electrode (a) before and (b) after 2 h
of ECO2RR at —1.5 V (vs. Ag/AgCI) in CO> saturated 0.5 M KHCOs electrolyte.
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Figure 4.25. High- resolution core level spectra of (a) Sn 3d, (b) O 1s of SnO,-SE-
800/TCP electrode after 2h of electrochemical CO> reduction at —1.5 V (vs. Ag/AgCl)
in CO2-bubbled 0.5 M KHCO:s electrolyte.

Figure 4.26 shows Sn-based electrocatalysts of varying sizes and shapes used

for ECO2RR forming formate and CO.
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Figure 4.26. Sn-based electrocatalysts of varying sizes and shapes used for ECO2RR
forming formate and CO.

In 2021, the annual worldwide production of formic acid has reached 710
thousand tons with a market size of $1.6 billion and it will grow to $3.85 billion by
the year 2030 (Kaya et al., 2023). Currently, 90% of commercial formic acid (FA)
production relies on the methyl formate hydrolysis process (Alfath and Lee, 2020).
Considering 90% FE of formic acid production at 300 mA cm™2 current density, at a
cell voltage of 2 V and cathode lifetimes over 210 h, the utility cost of FA was
calculated to be 0.17 $ kg%, compared to the conventional 0.23-0.46 $ kg™ (Jouny et
al., 2018; Rumayor et al., 2019). Therefore, the ECO2RR process for formate

formation could be an economically viable alternative.

4.3 Major findings

A Dbioinspired route of synthesizing SnO> NPs was developed by using S.
edule fruit extract laden with ascorbic acid (AA) for the electrochemical CO:
reduction reaction. After calcination at 800°C, sample labeled as SnO2(bi0)-800 NPs
showed an increase in crystallite size from 2.1 to 15.8 nm compared to the as-
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synthesized SnOz(bio) NPs. With increasing crystallinity, the particle size increased
from 3.5 to 15.8 nm, and the surface area decreased from 108.8 to 18.6 m?g 2.

As-synthesized SnOz(bio) NPs and SnO2(bio)-800 NPs were utilized to prepare
modified SnO2(bio)/TCP and SnO(bio)-800/TCP electrodes for electrochemical
reduction of CO,. Both materials electrocatalyzed CO; to formate (HCOO™) as a
single liquid product. The maximum faradaic efficiency of formate formation was
found to be 84.0% vs. 75.6% using SnO2(bio)-800 NPs and SnO2(bio) NPs,
respectively for 1 h of the chronoamperometric test. The higher FE (%) for SnO2(bio)-
800 NPs could be due to the increase in crystallinity of (110) facets after calcination
at 800°C compared to the SnO2(bio) NPs.

However, XPS analysis showed the presence of Sn° a most familiar issue with
the SnO,-based catalysts to utilize it as the electrochemical reduction of CO:>
corroborating the fall of FE to 61.5% after 2 h of chronoamperometry catalyzed by
Sn0O2(bio)-800 NPs. The results achieved in the present study warrant the SnO2(bio)-
800 NPs/TCP electrodes based ECO2RR system for their applications in the

continuous processes for the production of value-added chemicals.
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5.1 Background and executive motivation

In recent time, the consumption of fossil fuels holds 81% of the global primary
energy demand (Welsby et al., 2021) with the rapid industrial growth. It results in a
meteoric rise of CO2 concentration in the atmosphere. According to a recent report, the
global emission rate of CO- increased by 31.79% within a span of 15 years from 2003
to 2018 (Zhao et al., 2021). It causes the grievous greenhouse effect. Thus, CO>
mitigation technologies partake a paramount role in the sustainable life of living beings
on earth (Mikulci¢ et al., 2019). The direct conversion of CO; to different chemicals
and fuels using electrochemical reduction reactions exhibits immense opportunities to
combat adverse environmental consequences (Chapter 1) resulting from uncontrolled
CO. emission (Sun et al., 2017).

Among almost 16 different C;-C3 value-added products from the
electrochemical COz reduction reaction (ECO2RR), formic acid is considered the most
prospective contestant according to the series CO=HCOOH>CH30H>>C;H4>CHg4
(Sun et al., 2017). Traditionally, as a building block chemical, formic acid is used in
animal feed and silage (27%), the leather industry (22%), rubber industries (7%), food
technology and medicine (14%), textile industry (9%), and drilling fluids (~4%) with
~17% in miscellaneous applications (Han et al., 2020). Over recent years, formic acid
has been utilized as a potential candidate as a fuel cell feedstock in a formic acid fuel
cell and hydrogen storage (volumetric H. storage capacity of 53.4 g L™t at STP) (Zell
and Langer, 2018). Besides the traditional routes, formic acid (HCOOH)/formate
(HCOO™) serves as syngas (CO + Hy) equivalent in the ‘formate bio-economy process
(Morrison et al., 2019).

Several metals, like Pd and Hg (d- block transition metals), Cd (d- block metal),
and In, Sn, Sh, TI, Pb, Bi (post-transition p- block metals), and their metal-based
materials were utilized to electrocatalyze CO- reduction for the selective production of
HCOOH/ HCOO™ with the faradaic efficiency (FE) in the range of 62.0-99.5%
(Chatterjee et al., 2021). Among these catalysts, except Sn and Bi, others suffer either
from high cost and/or toxicity. As the cost-effective and practically non-toxic (LDso
5000-15000 mg kg ) (Egorova and Ananikov, 2017) metals, Sn (e.g., median lethal
dose of SnO;, LDsp (oral, mice and rats) value of 20000 mg kg?) (Johnson et al., 2014)
and Bi (e.g., median lethal dose of Bi2Ss, LDso (oral, rat) value of 5000 mg kg ) (Rohr,
2002) are popularly used for ECO2RR. Nevertheless, due to low utilization efficiency,
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Sn-based catalysts fall behind as a competent electrocatalyst for ECO2RR (An et al.,
2021).

Focusing more on the application perspectives, bismuth sulfide (Bi2Ss3) is
potentially used and in photoconductive materials, solar cells, electrochemical storage
of hydrogen, lithium-ion batteries, and tomography imaging (Ai et al., 2011; Malca et
al., 2017). Different methods used for synthesizing Bi»Sz nanomaterials for large-scale
production, excellent quality crystals, and controllable particle size include chemical
(hydrothermal, solvothermal, and ionothermal), pyrolysis, sol-gel, sonochemical
(Wang et al., 2002), and molten salt methods (Wu et al., 2022). However, the
development of Bi-based nanomaterials has been tethered by the disadvantages such as
high temperature, high pressure (using autoclave), prolonged heating period, and a
substantial amount of organic solvents to carry out the synthesis reaction. The uses of
complexing agents like ethylenediaminetetraacetic acid (EDTA), triethanolamine
(TEA), and sodium tartrate are also common in synthesizing Bi>S3 nanorods (Bi2Ss-
NRs, 20-30 nm), including ultrasound-assisted method (Wang et al., 2002). Luo et al.
(2013) reported a template-free wet chemical route for synthesizing Bi>Ss nanorods (40
nm) at 240°C and 1 MPa. Large Bi,Ss nanorods (a few hundred nm) are formed in a
hydrothermal method by autoclaving at 120°C, using thiourea as a sulphur source
(Mukkabla et al., 2015). The molten salt method could form rod-like Bi2S3 single
crystals (330 nm) at 250-350°C (Wu et al., 2022).

Bi-based catalysts are accepted as efficient electrocatalysts owing to their high
selectivity and FE towards formic acid production (Wei et al., 2022; X. Zhang et al.,
2018), and moderately positive standard redox potential (Bi**/Bi 0.308 V vs. SHE), due
to their positive free energy of hydrogen adsorption (Jiang et al., 2021). Y. Zhang et al.
(2018) reported the synthesis of micro-urchin structure of sulphide-derived Bi nanorods
having self-assembled micro-rod, with FE of 84% at a current density of -6 mA cm™
for the production of HCOO™. Yang et al. (2020) synthesized 2D Bi nanosheet, which
exhibited 99% FE towards HCOO— at a current density of —16 mA cm™2 (Yang et al.,
2020). A Bi electrocatalyst of hexagonal sheet structure exhibited 100% FE at —3.5 mA
cm 2 of current density (Jiang et al., 2021).

Herein, we propose a simple surfactant/morphological template-free bioinspired
route for the low-temperature synthesis of pure 1D Bi>Ss-NRs(bio) using Sechium edule
(commonly known as squash or chayote) fruit extract, and employed for ECO2RR for
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the selective formation of HCOO™ to outperform FE achieved in Chapter 3 and Chapter
4. This work reports an in-depth characterization of various physicochemical,
morphological, and dimensional attributes of Bi>Ss-NRs(bio). The chemical states of
Bi>S3 nanorods were also thoroughly investigated by using X-ray photoelectron
spectroscopy. The role of bio-active compounds forming Bi>S3-NRs(bio) with
controlled morphology and size and their functionality for the capping of nanorods are
also investigated. Afterwards, the Bi>Ss-NRs(bio) modified carbon electrode was
fabricated by simple drop-casting, and it’s the performance was tested for efficient and

selective ECO2RR in a semi-batch reactor.

5.2 Results and Discussion
5.2.1 XRD analysis

Figure 5.1a shows the XRD pattern of the as-synthesized Bi»S3-NRs(bio). The
characteristic peaks observed at 20=15.7, 17.6, 22.4, 23.7, 24.9, 25.2, 27.4, 28.7, 31.8,
33.0, 33.9, 35.6, 36.6, 39.1, 40.0, 42.7, 45.6, 46.5, 52.7, and 59.2° correspond to (020),
(120), (220), (101), (130), (310), (021), (211), (221), (301), (330), (240), (231), (041),
(141), (421), (002), (431), (351), and (242) planes with a good agreement to the
previous report (Chen et al., 2013). The lattice constants were calculated as, a= 11.24,
b=11.27, and c= 3.39 A. A significant increase in the intensity of (211) plane compared
to the (130) plane is because of predominant crystalline growth in (211) plane
(Onwudiwe and Nkwe, 2020). Figure 5.1b shows the primitive XRD peaks of the
sample Bi>S3NRs(bio0). Figure 5.1c shows the incipient peaks of the sample
Bi>SsNRs(biol). Furthermore, the only broad peak at 27.9° for the sample
Bi>S3sNRs(bio2) could be the presence of Bi>Osz (JCPDS Card No. 71-2274) (Jabeen
Fatima et al., 2015) (Figure 5.1d). The Bi2S3-NRs(control) synthesized without using
the bio-extract/ reducing agent also shows a similar XRD pattern (Figure 5.1¢) as in
Bi>S3-NRs(bio) (Figure 5.1a) and the diffraction peaks of orthorhombic BiS3 with the
Pbnm (62) space group (JCPDS Card No. 01-089-8963) is shown in (Figure 5.1f)
(Wang et al., 2020). Therefore, only two samples, namely Bi>Sz-NRs(bio) and Bi2Sz-
NRs(control) were considered for further investigations.

No trace of an impure phase was detected. The diffraction patterns of Bi»Ss-
NRs(bio) for all three batches of Bi>S3-NRs(bio) exhibited the same crystal
characteristic of Bi»Sz (Figure 5.2).
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Figure 5.1. XRD patterns of (a) Bi2Ss-NRs(bio), (b) Bi2SsNRs(bio0), and (c)
Bi2SsNRs(biol). (d) Bi.S3sNRs(bio2), (e) Bi2S3-NRs(control), and (f) JCPDS reference
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Figure 5.2. XRD patterns of Bi»S3-NRs(bio) of three batches of synthesized nanorods

under identical synthesis condition.

5.2.2 Optical properties
The synthesized Bi>S3-NRs(bio) exhibited strong optical absorption in the UV-

vis range with a broad peak at 400-650 nm (Figure 5.3a). This could be attributed to the
3P, 1S, transition that occurs in the visible range, when a strong absorption of UV

radiation results in the transition of 6s? (ground state)—6s6p (excited state) band in Bi**
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(Yadav and Rai, 2017). The diffuse reflectance (R.) data was transformed to an
equivalent absorption coefficient (o), employing the Kubelka-Munk (K-M) function,
according to Equation 5.1 (Karmaoui et al., 2018).

ENRY)
axE=UR —pg ) (5.1)

Where, k and S are the K-M absorption, and scattering coefficients,
respectively. The band gap energy (Eg) of Bi.S3-NRs(bio) and Bi>Ss-NRs(control) were
estimated by the Tauc plot method. a with direct allowed transition can be expressed
as Equation 5.2. Here, h, v, and A are the Plank’s constant, frequency of light, and a
constant, respectively.

(ahv)ZZA(hv—Eg) (5.2)

The calculated band gap energy, Eg of Bi>Ss-NRs(bio) is 1.51 eV (inset of
Figure 5.3a), which is larger than the bulk material (Eg 1.3 V). This blue shift could
be either due to the electronic transitions from the energetically lowest-lying states
(1P—1P), with reference to the expected allowed transitions (1S—1S) in the case of
bulk Bi.Ss or the confined three-dimensional nanostructure formed in the synthesis
method (Martha et al., 2021).

Figure 5.3b shows the UV-vis absorption spectra and the Tauc plot (inset of
Figure 5.3b) of Bi»S3-NRs(control). Apart from the broad peak at 400-650 nm observed
in Bi2S3-NRs(bio), a wide absorption band noted in the wavelength region of 400 nm
arises due to the electron transition from the valence band of (Ozp + Biss) hybrid orbital
to the conduction band of empty Bigp orbital in Bi2Os (Huang et al., 2019). The bandgap
energy, Eg, was calculated to be 1.21 eV, which is less than that of Bi>Ss-NRs(bio) and

could be due to the synergistic effects of Bi»Sz and Bi>Os present in Bi.S3-NRs(control).
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Figure 5.3. UV-vis absorption spectra and Tauc plot (insets) of (a) Bi2S3-NRs(bio) and
(b) Bi2S3-NRs(control).

5.2.3 Thermal analysis of Bi2S3-NRs(bio)

The thermogravimetric (TGA/DTG) analyses were performed to understand the
thermal stability of Bi2Ss nanorods and the nature of bio-moieties attached to its surface
(Figure 5.4a). The corresponding mass change rate curves were obtained by
differentiating the TG curves. For Bi>S3-NRs(bio), the first mass loss of ~5% at 130-
200°C could be attributed to the removal of solvent residue and adsorbed water on the
surface (Caputo et al., 2017). Similarly, the first mass loss in Bi>Ss-NRs(control) was
observed to be ~2%. The higher mass loss in BiS3-NRs(bio) is due to the removal of
hydrophilic polyphenolic compounds capped onto the surface of the nanorods (Rao and
Paria, 2014). The second mass loss of 4.4% at 200-325°C is attributed to the
decomposition of biomolecules like ascorbic acid, starch, and stable lignin molecules
attached to the surface of Bi»S3-NRs(bio) (Chelli and Golder, 2019). This mass loss
was absent in the TGA of Bi>Ss-NRs(control) (Figure 5.4b). The third mass loss of
3.5% at 325-650°C could be due to the degradation of oxygen-containing functional
groups present in nanorods. The major mass loss after 650°C is resulted as the net effect
from the loss of sulfur as SO> and formation of Bi»Os (Chufa et al., 2021).
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Figure 5.4. Mass vs. temperature profile for TGA of (a) Bi>S3-NRs(bio) and (b) Bi»Ss-
NRs(control).

5.2.4 BET surface area analysis

The surface area influences the electrocatalytic activity of a nanocatalyst
(Farooq et al., 2019). Therefore, the measurement of the surface area of a functional
material is important before its electrocatalytic applications. In general, the high
specific surface area could shorten the ion diffusion path and enhance electro-active
material utilization (Liang et al., 2017). The higher surface area provides more active
sites for a catalyst, which facilitates the adsorption and reaction site for the
electrocatalytic activity. The N2 adsorption-desorption isotherm of Bi>Sz-NRs(bio) and
Bi>S3-NRs(control) using the BET method are shown in Figures 5.5a-5.5b. Both the
isotherms show type-1V with H3 type hysteresis loop. It implies that Bi>Sz nanorods
are mesoporous in nature (Jiang et al., 2016). The hysteresis loop starts at p/po= 0.85
with high adsorption at p/po= 1.0. The compact type of hysteresis loop indicates uniform
pore size distribution (Feng et al., 2014). The surface area was measured to be 13.4 m?
g%, which is comparable with the surface area and BET-type reported earlier (Ayodhya
and Veerabhadram, 2017). The BJH pore-size distribution curve of Bi>S3-NRs(bio) is
shown in inset of Figure 5.5a, having an average pore size of 25 nm. The BET surface
area of Bi,Ss-NRs(control) (Figure 5.5b) was found to be almost half (7.03 m? g%)
compared to Bi2S3-NRs(bio).
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Figure 5.5. (a) N2 adsorbtion-desorption isotherm of BET analysis and (b) BJH pore
size distribution of Bi>S3-NRs(bio).

5.2.5 Morphological analysis

The FESEM images (Figures 5.6al-5.6a2) show distinct rod-shaped BizSs-
NRs(bio). The length and diameter of the nanorods were in the range of 209-668 nm
and 25-100 nm, respectively. The morphology and particle size (Figures 5.7a-5.7c and
5.8a1-5.8a3) did not show any noteworthy variations for all three batches of nanorods,
with an average particle diameter of 49 £ 1.3 nm. The rod structure formed in Bi.Ss-
NRs(control) had a larger length of 700-1670 nm. The surface was also non-uniform
(Figures 5.6b1-5.6b2). The average Bi>Ss-NRs(control) diameter was found to be 259.5

nm with a wide particles size distribution ranging from 103.5 to 441.5 nm (Figure 5.8b).

Figure 5.6. FESEM images of Bi.S3-NRs(bio) at (al) low and (a2) high resolutions,
and Bi>Ss-NRs(control) at (b1) low and (b2) high resolutions.
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Figure 5.8. Particle size distributions of (al)-(a3) Bi>Sz3-NRs(bio) of three batches of
synthesized nanorods under identical synthesis condition, and (b) Bi>S3-NRs(control)

determined using FESEM images.

Figure 5.9 shows the FETEM, HRTEM, and SAED pattern of Bi>S3-NRs(bio).
The low-magnification FETEM image (Figure 5.9a) reveals well-defined rod
morphology. The average length and diameter of the nanorods range from 134.2 to
728.7 nm and 12.4 to 81.8 nm, respectively. The diameter of Bi>Ss-NRs(bio)
synthesized using bio-analytes is comparable with the literature reported Bi>S3-NRs,
synthesized in a conventional method (Wu et al., 2011). The formation of the crystals
of Bi»S3-NRs(bio) was further confirmed by High-resolution transmission electron
microscopy (HRTEM). Bi2S3-NRs(bio) exhibit lattice fringe distances of 0.197 and
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0.552 nm (Figure 5.9c) corresponding to (002) and (200) planes, respectively, and the
crystal growth of nanorod along the direction of (001), could be due to the highest
surface energy of (001) plane with the fastest growth velocity that helps Bi2S3
nanoparticles to grow in the preferred direction during the ripening process (Wang et
al., 2009). The selected area electron diffraction (SAED) pattern in Figure 5.9c (inset)
shows single crystallinity. FETEM images of Bi>Ss-NRs(control) show the formation

of agglomerated nanorods with irregular shape (Figure 5.10).

Figure 5.9. (a)-(c) FETEM micrographs, (d) HRTEM image of Bi>S3-NRs(bio). The
inset of (c) is the SAED pattern of a single nanorod.

Figure 5.10. (a) Low and (b) high resolution FETEM images of Bi>S3-NRs(control).

The FETEM image of Bi»S3-NRs(bio) (Figure 5.11a) employed for the EDX
analyses is shown in Figure 5.11b. It reveals that nanorods contain 41.65% Bi and
58.35% S which agree with the stoichiometric ratio of Bi:S (2:3) for Bi»Ss. The EDX
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elemental mapping of these nanorods (Figure 5.11a) exhibits a homogeneous

distribution of Bi and S over the entire nanorods (Figures 5.11c and 5.11d).

Element Weight% Atomic%
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8231 4165
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Full Scale 10142 cts Cursor: 0.000
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Figure5.11. (a) FETEM micrograph, (b) EDX spectrum, and (c) and (d) TEM mapping
images of Bi>Ss-NRs(bio).

5.2.6 XPS analysis

The survey spectrum of Bi2Ss-NRs(bio) is shown in Figure 5.12. The spectrum
reveals the presence of Bi, S, C, and O elements. The presence of C 1s and O 1s is from
the adsorption of molecules of atmospheric gases such as O,, CO2, and H2O on the
surface of the powder samples. F in the survey spectrum at 689 eV refers to F (fluorine)
from the Nafion binder used in the fabrication of Bi»S3-NRs(bio)/TCP electrode.

Figures 5.13al and 5.13a2 show the high-resolution XPS of Bi 4f and S 2p region
for Bi»S3-NRs(bio) and Bi2S3-NRs(control). The Bi 4f spectra of Bi2S3-NRs(bio)
(Figure 5.13al) exhibit two predominant peaks at 158.3 and 163.7 eV which are
attributed to the spin-orbital splitting of Bi 4f7> and 4fsy,, respectively, a feature of Bi**
of Bi2Ss (Zhu et al., 2017). The peaks at 161.08 and 161.9 eV correspond to the doublet
of the S 2p region, ascribing to the spin state of S 2paz» and S 2p1/2, respectively. This
spin-orbital doublet of S 2p confirms the valence state of sulfur, S?~ in Bi2Ss-NRs(bio)
(Miniach and Gryglewicz, 2018). For Bi 4f spectra of Bi.S3-NRs(control) (Figure
5.13a2), similar peaks appeared at 158.6 and 163.7 eV. In addition, the peaks at 159.4
and 164.3 eV are the features of Bi»Os (Zhu et al., 2017). The Bi-S:Bi-O area ratio is
calculated to be 1:1.1 for Bi2Sz-NRs(control). The absence of oxides in Bi2S3-NRs(bio)
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is resulted from the antioxidant property of AA, capped on the surface of nanorods,
which prevents further oxidation of S? during the synthesis process (Shahbazi et al.,
2020). A very weak signal of S 2p at 161.2 eV is found for Bi>Ss-NRs(control). The
presence of a surface Bi-SOx bond could cause the decrease in the unoccupied density
of states of the 6p orbital of Bi, and it is shifted to the 2s orbital of S due to the electron-
withdrawing effect of O atoms in (SOx) (Thomson et al., 2010). It is also notable in S
2s spectra (Figure 5.13b1). The peaks shifted more than 0.5 eV of binding energy
implying that Bi is bonded to the higher electronegative element, O, besides the Bi-S
bond in Bi,Ss-NRs(control). Moreover, the typical Bi 4f spin-orbital doublet splitting
of 5.3 eV indicates the presence of Bi** in both specimens.

Figures 5.13b1 and 5.13b2 show the high-resolution XPS of the S 2s region of
Bi2S3-NRs(bio) and Bi>S3-NRs(control). The deconvolution of the S 2s region reveals
two peaks at 225.2 and 227.8 eV, attributed to S* of Bi,Ss and neutral sulfur (S°) in
Bi2S3-NRs(bio), respectively. The presence of S° could be attributed to it’s formation
during Bi2S3-NRs(bio) synthesis, as interstitial sulfur crystal (Zhu et al., 2017). The
characteristic peak for Bi-S in Bi>S3-NRs(control) appeared at 224.8 eV, and the peak
at 231.5 eV is attributed to the oxidized sulfur species, SOx (Zhu et al., 2017).

| —— BiySg-NRs(bio)| T Bi4l~ y/Bi 4"
o

) )
— Biy,S3-NRs(control)

Intensity (cps)

0
—— BiyS3-NRs(bio)/TCP |

1200 1000 800 600 400 200 0
Binding energy (eV)

Figure 5.12. XPS survey spectra of Bi>S3-NRs(bio), Bi»Ss-NRs(control), and Bi»Ss-
NRs(bio)/TCP.
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Figure 5.13. High resolution XPS for (al, a2) Bi 4f of Bi>S3-NRs(bio), and Bi,Ss-
NRs(control) and (b1, b2) S 2s of Bi2Ss-NRs(bio), and Bi>S3-NRs(control).

5.2.7 Formation of Bi2Sz nanorods and its stabilization

The mechanistic approach for the formation of Bi.S3 nanorods in the absence

and presence of bio-extract is proposed with the help of the following reaction

pathways. In the absence of bio-extract (Equations 5.3-5.12), in an acidic medium,
hydrolysis of Bi(NOz)s to insoluble BIONO3 (Equations 5.3-5.4) is replaced by the
soluble [Bi(NOs)(H20)6]?>* complex formation (Equation 5.5) (Wei et al., 2022).
Thiourea [CS(NH2)] reacts with H.O to form NH3, H>S, and CO> (Equations 5.6-5.8)

(Hu et al., 2001). The overall reaction is shown in Equation 5.9.

H+
Bi(NOs),-5SH,0 > Bi’" +3NO; +5H,0

Bi*" + NO3 +H,0 < BiONO; | + 2H"

ML S 2
H20// Bi \OH/Z + NOy ——» HZO// B'<H/2
OH, NO,
S S/H
U\JH _— L/ —
i LY "GN
l Lo

NH2CSNH2 > CH2N2 + st
CHzNZ + HzO > NH3 + C02
NH2CSNH2 (TU) + 2H20 — 2NH3 + st + C02

TH-3128_166107007

2+

(5.3)
(5.4)

(5.5)

(5.6)
(5.7)
(5.8)
(5.9)
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In an acidic media, H.S readily dissociates into H* and SH™ ions, which further
react with Bi[(NO3)(H20)s]** complex to form Bi[(SH)(H20)s]** and Bi»Ss nanoseeds
(Equations 5.10-5.12).

H,S - H"+ SH™ (5.10)
Bi[(NO;)(H,0),]*" + H" + SH™ — Bi[(SH)(H,0),]*" + HNO; (5.11)
2Bi[(SH)(H,0),]*" + H" + SH — Bi,S; + 2H,0 (5.12)

Bi®* reacts with thiourea (Tu) to form yellow coloured [Bi(Tu)s]*" complex
(Equation 5.13) (Luigi et al., 1977), which further is decomposed at 75°C (reaction
temperature) to form dark brown Bi,Ss (Equation 5.14). High stability of [Bi(Tu)s]**
complex could be due to the n-dative interaction of S—Bi** (L—M, back donation)
(Golovnev et al., 2010). Here, in [Bi(Tu)s]** complex, Tu acts both as a complexing
agent with Bi®* and also as a sulfur source (Atri et al., 2020). In fact, the reactions
(Equations 5.3-5.12 and 5.14) could take place simultaneously.

@
i
Bi3+ (o]
S HoN T NH, R,
\_) \C/S\T S~
o/  ZBi \ . 3
LY = W ST RS N o [Bi(Tu)gl
H2N/ \NH2 HN— ¢ s c=NH,
\
«NH2 (o] HyN
[Tul HNTSH, (5.13)

[Bi(Tu),]’" — Bi,S; + NH; + CO, (5.14)

In the presence of bio-extract, the formation of yellow-coloured [Bi(Tu)x]*
complex prevents the excessive free Bi®** concentration for the uncontrolled formation
of Bi2Ss. The hydrogen of —OH groups of AA from S. edule fruit extract binds with the
unsaturated sulfur of Bi>Ss-NRs(bio). On the other hand, the oxygen atoms oriented
themselves towards the nearest Bi atom. The (001) planes, due to their highest surface
energy, promote the growth velocity in the [001] direction. As a consequence, during
the ripening process, the small particles are consumed to form large Bi.Ss particles,
which prefer to grow in the [001] direction (Figure 5.14). Moreover, Bi-S bonds along
the c-axis are the shortest, and the bond energy is maximum. Therefore, after the bond
formation between Bi** and S~ ions along the [001] direction, the energy required for
the bond cleavage is also very high. Consequently, Bi>Sz nanorods grow along the c-
axis became thermodynamically and kinetically more stable (Wang et al., 2009). The

surface capping of AA also could reduce the size of Bi>S3-NRs(bio).
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For the sample Bi2Ss-NRs(bio2), also shown from the XRD analysis (Figure
3d), the formation of Bi>Os at an alkaline pH (~9), could follow as in Equation 15
(Sudrajat and Sujaridworakun, 2017).

2BiONO; + 2HO™ < Bi,0; + 2NO3 + H,0 (5.15)

Figure 5.14. Representation of Bi>Ss crystal structure with Pbnm (62) space group
(Momma and Izumi, 2011).

5.3 Electrocatalytic activity of Bi>.S3-NRs(bio)
5.3.1 Cyclic voltammetric (CV) response

The cyclic voltammetry study was conducted using Bi>S3-NRs(bio)/TCP
electrode in N2- and COx(saturated)-bubbled 0.5 M KHCO3 solution (Figure 5.15) to
understand the electrochemical behaviour of Bi>S3-NRs(bio) towards ECO2RR. The
anodic peaks appeared at —0.24 and —0.64 V vs. AgCI, ascribing the oxidation of
metallic Bi to Bi (II1) during the cathodic sweep. The cathodic peaks noted in the
potential range of —0.4 to —0.85 V are for the reduction of Bi(lll) to metallic Bi
(\Valyulene et al., 2007). A significant difference in current density was observed
starting from the onset potential, —1.4 V (vs. Ag/AgCl) with Bi2Sz-NRs(bio)/TCP

electrode in CO»-saturated 0.5 M KHCO3 solution. The higher response current infers
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to strong electrocatalytic activity of Bi.S3-NRs(bio) towards ECO2RR in an aqueous
solution (Y. Zhang et al. 2018). The cyclic voltammograms recorded with BizSs-
NRs(bio)/TCP electrodes for three batches of nanorods exhibited an overlapping nature

both in N2- and CO»(saturated)-bubbled electrolyte (Figure 5.16).
20

—— Bi,S,-NRs(bio)/TCP in N, bubbling
101 — Bi,S,-NRs(bio)/TCP in CO, bubbling
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Figure 5.15. Cyclic voltammograms recorded with Bi>S3-NRs(bio)/TCP electrode in
N2- and CO(saturated)-bubbled 0.5 M KHCOj3 solution.
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Figure 5.16. Cyclic voltammograms recorded using Bi2S3-NRs(bio)/TCP electrode in
(@) N2- and (b) CO(saturated)- bubbled 0.5 M KHCO3 solution for three batches of

synthesized nanorods under identical synthesis condition.

5.3.2 EIS measurements

EIS measurements were carried out to investigate the electrical conductivity and
the charge transfer kinetics of the modified electrodes. Figure 5.17 shows the Nyquist
plot captured with Bi>S3-NRs(bio)/TCP electrode in N2- and CO»(saturated)-bubbled
solution. The smaller radius of Bi>S3-NRs(bio)/TCP electrode in CO; saturated 0.5 M
KHCOs solution than that in N2-purged solution is clearly visible. The equivalent circuit
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is shown in Figure 5.17(inset). It is composed of a resistance (Rs) in series (associated
with the solution resistance), a parallel between the resistance (R1) and a constant phase
element (Q1, CPE), and another parallel resistance (R2) and constant phase element
(Q2). Altogether, it is a [R(RQ)(RQ)] type of circuit. The fitted electrical elements are
summarized in Table 5.1. Rs stands for the bulk electrolyte solution resistance between
the reference (Ag/AgCl) and Bi>S3-NRs(bio)/TCP electrodes. The value was found to
be 1.60 Q in both the cases with N2- and COx(saturated)-bubbling. The higher
electrolyte concentration is accountable for a low Rs value (Ahn et al., 2017). Ry is for
the charge transfer (CT) resistance at the Bi»S3-NRs(bio)/TCP electrode-electrolyte
interface. A relatively smaller value of R1 (249 Q) in the CO»-saturated 0.5 M KHCOs3
solution, compared to its value (369 Q) in the No-purged solution, offers an appreciable
charge transfer of Bi>S3-NRs(bio)/TCP electrode with CO» saturation. All CPE values
with N>0.5 imply the pseudocapacitance behaviour of the Bi»S3-NRs(bio)/TCP
electrode. The values of N= 0 and N=1 signify the resistance and an ideal capacitor

behaviour, respectively.

700
] —@—Bi_S -NRs(bio)/TCP with N, bubbling
—4{—Bi_S -NRs(bio)/TCP with CO, bubbling /
600 -
500 -
400
—
c 4
T 200
N 4 Rl RZ
R
200 : : ” ; “
100
] Q] Ql
o 1 1 v T T
0 200 400 600 800

Z ()

Figure 5.17. Nyquist plot recorded with Bi>Ss-NRs(bio)/TCP electrode in N»- and
COg(saturated)-bubbled 0.5 M KHCOs3 aqueous solution.
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Table 5.1. Fitted values of the elements in equivalent electric circuit diagram

corresponding to the Nyquist plots shown in Figure 5.17.

Modified Electrical circuit elements
electrodes Rs (@) | R1(Q) | R2(Q) | Yo N Yo N
(UMho) (mMho)

Bi2S3-SE/TCP 1.60 369 2980 403 0.965 | 142 0.794
electrode in N2
Bi2S3-SE/TCP 1.60 249 1990 | 227 0.998 | 1.50 0.755
electrode in CO,

5.3.3 Electrochemical COz2 reduction reaction (ECO2RR)

Chronoamperometric tests were done for further conclusive evidence towards
the ECO2RR with Bi>S3-NRs(bio)/TCP electrode. Figure 5.18a shows the
corresponding current response graphs at different applied potentials in the range of
—1.4t0 —2.1V (vs. Ag/AgCI) in CO»-saturated electrolyte for 3600 s of ECO2RR. The
increase in current densities in the higher potentials with electrolysis time could be due
to increased H> production rates. Figure 5.18b compares the FE of the products formed.
The FE of formate formation was calculated using the following expression (Equation
5.16).

ZnF

FE(%)="-x100 (5.16)

Where Z represents the number of electrons required for one mole of formate
production, n is the moles of the formate, F is the Faraday constant (96485 C mol™),

and Q represents the total quantity of electricity passed for the ECO2RR.
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Figure 5.18. (a) Current response and (b) Faradaic efficiency (%) of formate and H>
formation with Bi»S3-NRs(bio)/TCP electrode at different applied potential (vs.
Ag/AgCI) in CO2-saturated 0.5 M KHCO3 solution for 3600 s of ECO2RR.
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The FE% of H. production was calculated using the following relation

(Equation 5.17). Here, n is the mole of H2 production.

F><2><1’1H2

FE (%) - Total Q

The FE of HCOO™ formation was found to be 38.6% at —1.4 V (vs. Ag/AgCl),
and below this potential, no product was found. The highest FE of formate formation
of 92.3% was found at —1.5 V (vs. Ag/AgCl). The NMR spectra is shown in Figure

x100 (5.17)

5.19. After that, the FE fell gradually due to more Hz production with the increase in
potential from —1.4 to —2.1 V (vs. Ag/AgCl). The FE of formate formation was retained
at 90.1% after 2 h of electrolysis (Figure 5.20). Whereas, the Bi>S3-NRs(control)/TCP
electrode exhibited 50.9% of FE towards formate formation at —1.5 V (vs. Ag/AgCl)
(Figure 5.21). Table 5.2 compares the FE of formate formation using Bi-based
nanocatalysts of different morphologies reported in the literature. FE was found to be
84-100% at the applied potential range of —0.70 to —0.6 V (vs. RHE).

8.30

— HCOO-

A

14 13 12 11 10 9 5 4 3 2 1 o -1 -2 -3

7 6
f1 (ppm)

Figure 5.19. NMR spectra of catholyte after 3600 s of CO> reduction at —1.5 V (vs.
Ag/AgCl).
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Figure 5.20. Variation and stability of current density with Bi>S3-NRs(bio)/TCP
electrode for 2 h of ECO2RR at —1.50 V vs. Ag/AgCI.
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Figure 5.21. Faradaic efficiency (%) of format and H. formation using Bi»Ss-
NRs(control)/TCP electrode at different applied potentials (vs. Ag/AgCl).
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Table 5.2. Comparison of HCOO— formation using various Bi and Bi-based catalysts

for electrochemical CO> reduction.

Catalyst Method of synthesis Electrolyte Applied potential FE (%) Source
of
HCOO
Bi,S;-NRs(bio) | Bioinspired route, using 0.5MKHCO; | —1.5V (vs. Ag/AgCI) / 92.3 This work
S. edule fruit —0.85 V (RHE)*
Bi NPs Modified aqueous 0.5 M KHCO;4 —0.83 V (vs. RHE) 94.7 X. Zhang et al.
reduction, PEG 10,000 as (2018)
stabilizer
Bi nanosheets Exfoliation process, using | 0.1 M KHCO;3 -1.1V (vs. RHE) 86.0 W. Zhang et al.
ultrasonication (2018)
Bi,Ss-derived Electrochemical 0.5 M NaHCO; —0.75 V (vs. RHE) 84.0 Y. Zhang et al.
Bi reduction method (2018)
Bi nanosheets Hydrothermal method 0.5 M NaHCO;4 —0.90 V (vs. RHE) 95.0 Han et al.
(2018)

Bi nanotubes Chemical method 0.5 M KHCO;4 -1.0 V (vs. RHE) 97.0 Fan et al.
(2020)

Bi catalyst Electrodeposition method 0.5 M KHCO3 —0.70 V (vs. RHE) 91.8 Li et al. (2021)

Bi NPs Electrodeposition method 0.5 M KHCO;4 —0.78 V (vs. RHE) 97.4 Wei et al.
(2022)

Ultrathin Bi Electrochemical 0.5 M NaHCO4 -1.0V (vs. RHE) 90.0 Su et al. (2018)

nanosheets reduction method

Bi nanoflakes Electrodeposition method | 0.1 M NaHCO; —0.6 V (vs. RHE) 100.0 Kim et al.

(2017)

Size tunable Hydrothermal method 0.5 M KHCO;3 —1.60 V (vs. SCE) 98.4 Qiu etal.

nano-Bi (2017)

* E (vs. RHE) = E (vs. Ag/AgClI) + 0.236 V + 0.0591 x pH

The FESEM images (Figure 5.22) and EDX elemental mapping (Figure 5.23)
of Bi2S3-NRs(bio)/TCP electrode before and after 1 h and 2 h of electrolysis showed a
well-distribution of Bi,Ss particles on the TCP support even after ECO2RR. Figure
5.24a shows the high-resolution XPS of Bi 4f region of Bi2Sz-NRs(bio)/TCP electrode
after 2 h of ECO2RR. The peaks appear at 158.5, and 163.8 eV correspond to the spin-
orbital splitting of Bi 4f7;2 and 4fs)2, respectively. The peaks at 159.5 and 164.9 eV could
be an indication of Bi-O. The area ratio of Bi-S:Bi-O is calculated to be 1:0.15. Figure
5.24b shows the S 2s of Bi»S3-NRs(bio)/TCP electrode. The two peaks appear at 226.1,
and 231.7 eV correspond to the Bi-S bond and presence of SOy, respectively. O 1s XPS
shows peak at 530.4 eV attributed to the binding energy of CO3? group (Figure 5.25)
(Zhao et al., 2019). To support this observation further, XRD analysis of Bi,Ss-
NRs(bio)/TCP electrode after 2 h of electrolysis at —1.5 V (vs. Ag/AgCl) was carried
out (Figure 5.26). The results show the presence of Bi-O.CO3 peaks (JCPDS card no.
41-1488) (Qin et al., 2021). It could be formed during the ECO2RR. The consumption
of H* with simultaneous ECO2RR and hydrogen evolution reaction could reduce the
local concentration of H*, and it increases the local OH™ concentration near the vicinity
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of the Bi>S3-NRs(bio)/TCP electrode increasing the local pH (>3) with respect to the
bulk electrolyte. The alkaline medium promotes the oxidation of Bi»Ss to Bi202COs,
which may serve as the active sites for ECO2RR (Fan et al., 2021).

Figure 5.22. FESEM images of Bi2S3-NRs(bio)/TCP electrodes: (al), (a2) before (bl),
(b2) after 1 h ECO2RR; and (c1), (c2) after 2 h ECO2RR at —1.50 V vs. Ag/AgCI.

EDS Layered Image 1

Figure 5 23. EDX |mages of BI253 NRs(blo)/TCP electrodes (a) before (b) after 1 h
of ECO2RR,; and (c) after 2 h of ECO2RR at —1.50 V vs. Ag/AgCI.
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Figure 5.24. High-resolution XPS of a) Bi 4f, and b) S 2s of Bi>S3-NRs(bio)/TCP after

2 h of ECO2RR in 0.5 M KHCOs solution at —1.5 V (vs. Ag/AgCI).
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Figure 5. 25. High resolution XPS of O 1s of Bi»S3-NRs(bio)/TCP after 2 h of ECO2RR

in 0.5 M KHCO3 solution at —1.5 V (vs. Ag/AgCl).
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Figure 5.26. XRD patterns of Bi>S3-NRs(bio)/TCP electrode before and after 2 h of
ECO2RR at —1.5 V (vs. Ag/AgCl) in CO»-saturated 0.5 M KHCOs solution.

Figure 5.27 shows Bi-based electrocatalysts of varying sizes and shapes used for

ECO2RR forming formate.
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Figure 5.27. Bi-based electrocatalysts of varying sizes and shapes used for ECO2RR

forming formate.
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5.4 Major findings

A template-free bioinspired process of synthesizing 1D Bi»Ss-NRs, namely,
Bi>S3-NRs(bio), is successfully developed. Bi>Sz-NRs(control) synthesized without
using the bio-extract/reducing agent showed that AA present in S. edule fruit also could
act as a capping agent. The absence of oxides in Bi>S3-NRs(bio) in comparison with
Bi>S3-NRs(control) is resulted from the antioxidant property of AA, capped on the
surface of nanorods, which prevents further oxidation of S?~ during the synthesis
process. A 4.4% mass loss at 200-325 °C temperature supported strong adherence of
bio-moieties on the surface of Bi»S3-NRs(bio), and it in turn assisted the morphological
and dimensional control of nanorods compared to Bi>Ss-NRs(control) with about 2- and
4-folds decrease in the length and diameter of Bi>Ss-NRs(bio). The BET surface area
of Bi2S3-NRs(bio) was found to be 13.4 m? g which is 2 folds more than that of BiSs-
NRs(control).

Both Bi>Ss-NRs(bio) and Bi>Sz-NRs(control) modified TCP electrodes could
catalyze CO; reduction towards HCOO— formation. Bi>S3-NRs(bio) exhibited the
maximum FE of 92.3 vs. 50.9%, using Bi>Ss-NRs(control), in 1 h of electrolysis. Bi2Ss-
NRs(bio) could be oxidized to Bi202CO3z during ECO2RR as evidenced from the XPS

and XRD analyses, and the later could also serve as active sites for the ECO2RR.
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6.1 Background and executive motivation

In the preceding chapters (Chapter 3, Chapter 4, and Chapter 5), the impact and
performance of bioinspired metal catalysts towards the electrochemical reduction of
CO:2 (ECO2RR) has been successfully demonstrated and built up. Along with catalytic
CO:z reduction to value-added chemicals, catalytic N2 reduction for the production of
NH3 also has gained tremendous attention due to its high hydrogen capacity (17.8%
w/w) and energy density (4.32 kWhL?) (Chu et al., 2019a). In fact, NH3 is considered
as the second highest chemical commaodity. It is extensively used in fertilizer (~60%)
(Aziz et al., 2017), dye, and explosive production. NHs is an effective energy carrier
and liquid fuel for developing fuel-cells (Liu et al., 2021a).

NHz is considered as the second highest chemical commaodity. It is extensively
used in fertilizer (~60%) dye and explosive production (Aziz et al., 2017). NHz is an
effective energy carrier and liquid fuel for developing fuel-cells (Chu et al., 2019b; Liu
et al., 2021b) due to its high hydrogen capacity (17.8% w/w) (Aziz et al., 2017) and
energy density (4.32 kWh L) (Ghavam et al., 2021).

Currently, large-scale NH3 production is carried out following the Haber-Bosch
process, a de facto process (1,000 to 1,500 tons day ') (Ghavam et al., 2021). In this
process, the reaction is carried out at high temperature (400-600°C) and pressure (about
30 MPa). Italso is a contributor to greenhouse gas emissions (2.16 tons CO2/ tons NHz3)
(Ghavam et al., 2021). Almost 96% of H> used in this process is derived from fossil
fuels (>90%). The limitations of this process have spurred to development of green
processes for the synthesis of NHa.

As an alternative technique, electrochemical N2 reduction reaction (ENRR) has
great industrial importance for the production of NHz under ambient conditions. The
process is also energy efficient and eco-friendly as it emits less or no carbon (Chu et
al., 2019c).

To date, novel metals, like Ag (Li et al., 2021a), Au (Shi et al., 2017), Rh (H.
M. Liu et al., 2018), and Ru (Kordali et al., 2000) have been successfully used for
ENRR for NHz formation (Yang et al., 2021). Despite their potential practical
applications, they are currently forbidden due to their scarcity and extremely high cost.
On the other hand, earth-abundant transition metals (Ti, Fe, Mo, Mn) and their

sulphides, nitrides, and oxides are found to be promising for efficient ENRR (Gao et
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al., 2019). Among these, metal oxides are considered to be front runners owing to cost-
effective synthesis, tunable activity, and environmental benignity (Xu et al., 2021).
MoS; exhibited Faradaic efficiency (FE) of 1.17% towards NHs formation with
8.08x107t mol s cm~ yield rate (L. Zhang et al., 2018b). An array of TiO2 nanosheets
on Ti plate exhibited 2.50% FE of NH3 formation and yield rate of 9.16x10** mol s*
cm2 at—0.7 V RHE (R. Zhang et al., 2018). Annealed Cr.O3 nanofibers showed FE and
yield of NHs production 8.56% and 28.13 pg h™* gea %, respectively (Du et al., 2018).
Wu et al. (2018) reported the yield of 11.6 pug h™! gea. * and FE of 3.0% at 0.8 V vs.
RHE using hydrothermally synthesized Mn3O4 nanocubes. Mn-doped TiO: offered
12% FE with NHs yield of 20.05 pg h™* mgea tat—0.5 V (vs. RHE) (Chenetal., 2021)
resulted from induced oxygen vacancy due to Mn-doping. Metal-free BiVO4 exhibited
10% FE with NH3 yield of 8.60 pg h™ mgca. * at —0.5 V (vs. RHE) (Yao et al., 2019).

Cobalt-based oxides, more specifically spinel type CosOs, where Co®*" and Co?*
ions are occupied in the octahedral (On) and tetrahedral (Tq) lattice sites, have been
extensively used in various fields of electrochemical applications like water splitting,
fuel cells, Li-ion battery, CO2 reduction reactions (lravani and Varma, 2020).
Moreover, it is well-reported that the different morphologies of Co3zO4 nanostructures
possess different facets, which could directly influence its catalytic activities (Xiao et
al., 2013; Xu et al., 2011). Different nanostructures, like Cos04 2D leaf-like nanosheets,
3D oval-shaped microparticles, and 1D needle-like nanorods were used in
supercapacitor applications with capacitance values up to 111 F g~* (Zhu et al., 2010).
Hexagonal platelet Coz04 nanoparticles showed the optical bandgaps of 1.88 and 2.58
eV Deori et al. (2013). It could reach the specific capacitance of 476 Fgtat0.5 A g
and an energy density of 42.3 Wh kgt and power density of 1.56 kW kg (Deori et al.,
2013). Ortho-hexagon spinel CozO4 nanoparticles exhibited a power density of 1500
mW m~2 in microbial fuel cell (Ge et al., 2015).

MOF-derived Zn-doped Co030s4 nanopolyhedron could yield 22.71 ug h™*
mgeat * NHs (L. Wen et al., 2021). Urchin-like Al-doped CosO4 nanospheres formed
in the hydrothermal method showed a yield rate of 6.48 x 107! mol s cm= and FE of
6.25% (Lv et al., 2020). NHs yield of 235.0 pgh™* mgea. * and FE of 16.3% are reported
at —0.30 V vs. RHE catalyzed by fluidized Coz04 nanoparticles synthesized using laser
ablation (Li et al., 2021b).
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This study reports a facile template-free bioinspired route of synthesizing CosO4
nanodisc (NDs) using gallic acid, via hydrothermal treatment to investigate its catalytic
activity towards ENRR. The crystalline and optical properties, surface area and
morphology, and elemental and structural attributes of CozO4 NDs were thoroughly
investigated. This work further deepens in ENRR to NHz using Cos04 NDs modified
Toray carbon paper (TCP) electrode (CozO4 NDs/TCP) in an H-type reactor under

ambient conditions, to probe its catalytic performance for ENRR.

6.2 Results and discussions

6.2.1 Investigating physiochemical attributes of Co3Os NDs
6.2.1.1 Optical properties

The UV-vis diffuse reflectance spectra of Co30s NDs is shown in Figure6.1.
The two spectral broadband of Co3Os NDs are observed in the wavelength range of
420-450 and 730-760 nm. The absorption peaks at 435 and 735 nm are due to the
bandgap transitions in spinel-type Co304 from p(0?%) to t2(Co?*) and p(O*") to eg(Co®"),
respectively (Victoria et al., 2015). The kubelka-Munk function was used to obtain the
Tauc plot (inset, Figure 6.1), and the bandgap energy (Eg) was calculated using
Equation 6.1.

((xhv)ZZA(hv-Eg) (6.1)

Where, a is the absorption coefficient, h is the Plank’s constant, and v reflects
the frequency. The direct bandgap energy of CozO4 NDs indicates two distinct values
at 1.78 (Eq1) and 2.07 eV (Eg2), which is in good agreement with the value reported
earlier (Bhargava et al., 2018) and implies the formation of pure and p-type CosO4 NDs
(UmasSudharshini et al., 2020). The formation of such narrow bandgap could be

correlated to the presence of oxygen vacancy (Tomon et al., 2021).
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Figure 6.1. UV-vis diffuse reflectance spectra of Co3O4 NDs.

6.2.1.2 XRD analysis

The XRD pattern of Co304 NDs is shown in Figure 6.2. The sharp peaks are
located at 20 values of 18.99°, 31.25°, 36.84°, 38.56°, 44.81°, 55.64°, 59.35°, 65.22°,
74.08°, 77.33°, and 78.37° which correspond to (111), (220), (311), (222), (400), (422),
(511), (440), (620), (533), and (622) planes, respectively. The diffraction pattern well
matched with the JCPDS file no. 00-009-0418 for the spinel type cubic CozO4, with the
space group Fd-3m (Lambert et al., 2015). The dominant peak at 36.84°, corresponding
to (311) indicates the preferential particle growth in (311) direction. The absence of
other peaks, such as CoO or metallic Co indicates the formation of high purity Coz04
NDs. The average crystallite size (D) was calculated from the FWHM (B) of the (311)
diffraction plane by using Debye—Scherrer formula (Equation 6.2) (Jha and Rode,

2013). The calculated average crystallite size was 40 nm.

0.9
Bcosd

(6.2)

Where, B, A, and 0 are the full width at half maximum, X-ray wavelength, and
Bragg diffraction angle, respectively.
The lattice parameter (a) of the cubic crystallite structure of Co304 NDs was

calculated by using the relation in Equation 6.3 (Al-Tuwirqi et al., 2011).
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a=d v h*+k>+1? (6.3)

Where, h, k, and | are miller indices, and dn« is the interplanar distances

calculated using Bragg’s law. The value of dn« and a calculated based on the (311)

plane were found to be 0.2436 nm and 8.079 A, respectively.
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Figure 6.2. XRD pattern of CosO4 NDs and JCPDS diffraction reference.

6.2.1.3 BET analysis
Figure 5 shows the N2 adsorption-desorption isotherm of CozO4 NDs. It exhibits

type-1V isotherm with type H3 hysteresis loop, which is a characteristic feature of
typical mesoporous materials (Yan et al., 2012). The specific surface area was found to
be 5.6 m? g which is close to the CoszOa dendritic structure calcined at 750°C with a
specific surface area of 9.3 m2g 2. A relatively narrow Brunauer-Emmett-Teller (BJH)
pore size distribution was noted (inset, Figure 5) with a sharp peak at 4.2 nm. The higher
calcination temperature causes aggregation of nanocrystals and induces the reduction

in pores between the CosO4 nanoparticles, resulting a smaller BET surface area.
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Figure 6.3. N2 adsorption-desorption isotherm and BJH pore size distribution (inset) of

Co0304 NDs.

6.2.1.4 Morphological attributes of CosOs NDs

The FESEM images show the surface morphology of CosO4 NDs (Figures 6a
and 6b). The particles are 2D disc types with irregular shapes. The equivalent diameter
(Figure 6.5) and average thickness were found to be 240 and 35.5 nm, respectively.
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Figure 6.4. (a) Low resolution and (b) high-resolution FESEM images of Co304 NDs.
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Figure 6.5. Particles size distribution of Co304 NDs determined from FESEM image.

Figure 6.6 shows the FETEM images of the CosO4 NDs. The particles are
interconnected with each other in an agglomerated form (Al-Qirby et al., 2017). The
HRTEM image (Figure 6.6c) reveals highly crystalline structure of CosO4 NDs. The d-
spacing value is calculated to be 0.24 nm which is corresponding to the lattice fringes
of the (311) plane of cubic Coz04 crystal. This corroborates the result found in the XRD
analysis. The selected-area electron diffraction (SAED) pattern shows single crystalline
nature (Figure 6.6d). The crystal growth along the (311) plane of CosO4 nanostructures
exhibits improved charge transfer properties for better electrocatalytic functionalities
(Hong et al., 2015; Su et al., 2014).
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v e g Sl

Figure 6.6. (a) Low magnification and (b) high magnification FETEM images, (c)
HRTEM image, and (d) SAED pattern of Co304 NDs.

-

The TEM-EDX mapping shows the homogeneous distributions of Co and O in
the specimen of Co304 NDs (Figures 6.7ato 6.7c), and Co and O were found to present
at their stoichiometric ratio (Figure 6.7d). The atomic ratio of Co:O was estimated to
be 3:4 (inset table, Figure 6.7d).
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(c)
Totals 100.00
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Figure 6.7. (a) FESEM image of the portion selected for TEM-EDX analysis, (b)-(c)
TEM-EDX maps of Co and O spectrum of Co3O4 NDs, and (d) EDX spectrum of C0304
NDs.
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6.2.1.5 XPS analysis

The survey spectra of CozO4 NDs is shown in Figure 6.8a, and the same of
C0304 NDs/TCP electrode after 2 h of electrolysis is shown in Figure 6.8b. It is seen
that only Co, O, and C elements were present in the specimen. F peak in Co304
NDs/TCP was due to the nafion binder used for the catalyst ink preparation. High-
resolution XPS spectrum of Co 2p exhibits two major peaks at a binding energy of
780.3 and 795.4 eV which corresponds to Co 2ps2 and Co 2pus, respectively, with a
spin-orbital coupling of 15.1 eV (Figure 6.9a) (Paul et al., 2021). Additionally, two
pairs of fitted peaks are assigned to Co®* (779.8 and 794.9 eV) of an octahedral site
(On) and Co?* (781.1 and 796.4 eV) of a tetrahedral site (Tq) of CosO4 (Zhao et al.,
2019). Two shake-up satellite peaks at 789.6 and 804.9 eV are the characteristics of the
Co?* oxidation state, confirming the presence of CoO structure in CosO4 (Xu et al.,
2018). Figure 6.9b shows O 1s spectrum, which was split into three peaks of Oy, Oy,
and Oy at 529.8, 531.0, and 532.9 eV attributed to Co-O, O2*>" or O™ belonging to
defective oxides, and C-OH/C-O-C, respectively (Zhao et al., 2019). The ratio of peak
areas Oy/O, was calculated to estimate the relative amount of oxygen vacancies that
existed in Co304 NDs, to be 0.68. Moreover, in the calcination step, the release of NOx
from the decomposition of precursor could result in the formation of oxygen vacancy
(Yuetal., 2022).
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Figure 6.8. Survey spectra of (a) Co304 NDs, and (b) CosO4 NDs/TCP after 2 h of
electrolysis at —1.25 V (vs. Ag/AgCl) in N2 environment in 0.1 M Na,SO4 solution.
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Figure 6.9. High-resolution XPS spectra of (b) Co 2p and (c) O 1s of Co304 NDs.

6.2.1.6 Mechanistic aspects of Co304 NDs formation

In an aqueous solution, Co(NOz3)..6H20 dissociates following the reaction
shown in Equation 6.4. At an alkaline pH (~11), the adjacent (2,3) phenolic groups of
gallic acid, via its chelating effects reacts with Co?* ion and forms a stable cobalt-
phenolate complex with a square planar structure. The complex transforms to C03O4
NDs with the calcination at 700°C (Figure 6.10a). Figure 6.10b represents the spinel
structure of CozO4 with two types of Co atoms, namely, Co?" and Co®*" occupying one-

eight and half of the tetrahedral and octahedral interstices, respectively.

Co(NO,) — Co*"+2NOj +6H,0 (6.4)
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Figure 6.10. (a) Proposed mechanistic pathway of CosO4 formation and (b) Illustration

of Cos0s spinel structure with tetrahedral Co?* and octahedral Co®" ions.
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Ostwald ripening could be responsible for this kind of anisotropic growth of the
nanoparticles (Jin et al., 2012; Yesuraj et al., 2022). The Co304 nuclei is first formed,
and then the gallic acid molecules get adsorbed onto the surface of the nuclei due to its
higher surface energy. Due to the hydrogen bonding and electrostatic interactions, the
capped nuclei are assembled quickly into large-disc like structures (Figure 6.11) (Xu et
al., 2006).
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Figure 6.11. Schematic illustration of formation and growth of CosO4 NDs using gallic
acid.

6.2.2 Electrochemical performance of CosO4 ND/TCP
6.2.2.1 Linear sweep voltammetry (LSV) analysis

The linear sweep voltammetry (LSV) was first performed under Ar and N>
environment (with bubbling) in 0.1 M Naz2SO4 electrolyte to understand the catalytic
activity of CosO4 ND/TCP for ENRR (Figure 6.12). The onset potential starts at —1.15
V (vs. Ag/AgCl). A distinct enhancement of current density was observed for the C0304
ND/TCP/N2 system with that for the Co30s ND/TCP/Ar systems in the potential
window of —1.2 ~—2.0 V (vs. Ag/AgCl) because of the noteworthy response of Co304
ND/TCP towards ENRR (Zhao et al., 2021).
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Figure 6.12. Linear sweep voltammetric profiles recorded in Co304 NDs/TCP/N; and
C0304 NDs/TCP/Ar systems in 0.1 M NazSO:s electrolyte at 20 mV s of scan rate.

6.2.2.2 Electrochemical impedance spectroscopy of CosO4 ND/TCP

The electrochemical impedance spectroscopic (EIS) study was carried out both
in the bare TCP/N2, Co304 NDs/TCP/N2 and Co30s NDs/TCP/Ar systems in 0.1 M
Na>SO; electrolyte. The Nyquist plots are presented in Figure 6.13. The inset shows the
Randle’s equivalent circuits for bare TCP/N2 (Rs[R<tCPE]), and C030s NDs/TCP/N>
and Co304 NDs/TCP/Ar systems (Rs(Cai[RctZw])) modelled from the EIS analysis. The
parameters Rs, Ret, CPE, Caq, and Zw correspond to the solution resistance, charge
transfer resistance, constant phase element, double layer capacitance, and Warburg
impedance, respectively. The fitted values of the circuit elements are summarized in
Table 6.1. The almost similar Rs values (~0.46 Q difference) of bare TCP/N2, C0304
NDs/TCP were found both in Co304 NDs/TCP/N2 and Co304 NDs/TCP/Ar systems. It
could be due to the same electrolyte solution. Bare TCP/N2 exhibited the highest charge
transfer resistance of 9.19x10° pQ among all 03 systems. Co3Os NDs/TCP/N; exhibited
a smaller diameter circle with a ~3.5 fold lower Rct value in comparison to C0304
NDs/TCP/Ar. It implies a faster electron transfer for an enhanced faradaic reaction for
ENRR (Xu et al., 2019). The higher Cq value, 66.0 uF of the CosO4 NDs/TCP/N:
system than that of 49.5 uF for the Co304 NDs/TCP/Ar system because of the higher
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capacitive behavior of the latter. Zw is indicative of mass transfer by diffusion, which
is 1.6 fold higher in Co30s NDs/TCP/N2 than C0304 NDs/TCP/Ar in 0.1 M NazSO4

electrolyte. A slower mass transfer in the CosO4 NDs/TCP/N2 system could improve

the selectivity and efficiency of the reaction by allowing better control of the reaction

intermediates during the reduction of N2 (Nolen and Fedkiw, 1990).
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Figure 6.13. Nyquist plots for bare TCP, CosO4 NDs/TCP/N2 and CosO4 NDs/TCP/Ar

systems in 0.1 M NaxSOs electrolyte.

Table 6.1. Values of the elements in equivalent electric circuit determined by the fitting

of Nyquist plots.

TH-3128_166107007

Electrical Bare TCP/N2 Co0304NDs/TCP/Ar C0304
circuit elements system system NDs/TCP/N2
system
Rs () 6.13 6.59 6.20
Ret (LQ) 9.19x10° 72.8 20.3
Cal (UF) --- 49.5 66.0
Q, Yo (uMho) 24.2
W, Y, (uMho) 36.1 58.7
N 0.979
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6.2.2.3 Co304 ND/TCP for ENRR forming NH3

ENRR for the formation of NH3 at the CosO4 NDs/TCP electrode was monitored
by chronoamperometry tests. Figure 6.14a shows the current response vs. time graph
for 1 h of electrolysis at the potential range from —1.22 to —1.55 V (vs. Ag/AgCl). Itis
noticeable that the current density increases with the applied potential, which is also
observed in the LSV analysis (Figure 6.12).

Figure 6.14b shows the FE and yield of NH3. FE of NHs production was found to
be 1.1% at the onset potential of —1.20 V (vs. Ag/AgCl), whereas, the highest FE of
2.6% was achieved at —1.25 V (vs. Ag/AgCl). After that the FE was gradually decreased
down to 0.18% at —1.55 V (vs. Ag/AgCl); while the maximum yield of NH3 production
was achieved to be 8.8 pg h™ mgea 1. The control experiments were conducted using
bare TCP/N2 and Co0304 NDs/TCP/Ar electrodes at —1.25 V (vs. Ag/AgCl). The
corresponding UV-vis spectra are shown in Figure 6.15. CosO4 NDs/TCP/Ar electrode
exhibited a petty FE of 0.08% with the yield of NH3 formation of 0.53 pug h™* mgea 2.
Whereas, the TCP/N; system showed the FE of 0.43% with the yield of 0.88 ug h™*
mMgeat. *. NH3 detected in the CosO4 NDs/TCP/Ar system could be due to the reduction
of N that was potentially contaminated in Ar gas (L. Zhang et al., 2018a). There was
no evidence of N2H4 formation based on the analytical method by Watt and Chrisp after
1 h of electrolysis at —1.25 V (vs. Ag/AgCl). It confirms selective production of NH3
on Co304 ND/TCP electrode (Figure 6.16).
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Figure 6.14. (a) Current response graph and (b) FE and yield of NH3 production with
Co0304 NDs/TCP/N2 system in 0.1 M Na2SOg electrolyte at different applied potentials
(vs. Ag/AgCI) for 1 h of chronoamperometry test.
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Figure 6.15. UV-vis spectra of 0.1 M NazSO4 electrolyte solution at beginning and
after 1 h of electrolysis using bare TCP/N2, Co3O4 NDs TCP/Ar, and Co3O4 NDs
TCP/N2 electrodes at —1.25 V (vs. Ag/AgCl) in 0.1 M NazSO; electrolyte.
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Figure 6.16. UV-Vis spectrum of the electrolyte after electrolysis in N2 environment
in 0.1 M NaxSO4 at —1.25 V (vs. Ag/AgCl) for detection of N2H4 using Watt and Chrisp

method.

The performance of CozO4 NDs/TCP electrode for ENRR for the formation of

NH3z was compared with different catalysts including both Co-based materials under
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variants experimental conditions (Table 6.2). Co3O4 NDs outperformed most of the
ENRR catalysts under ambient conditions. For example, FE of 0.15, 0.6, 0.217, 2.17,
1.50, 2.5, 1.90, and 2.17 are reported for Fe2O3-CNT, amorphous Pdo2Cuos/rGO, Rh
nanosheets, cubic sub-micron SnO2, CosO4@CNT, TiO2 nanosheet, y-Fe203, SnO,/C
catalysts, respectively.

Table 6.2. Performance of Co030s4 NDs/TCP electrode in the present work in
comparison to earlier studies for ENRR forming NHsz using various catalysts at

atmospheric pressure and room temperature.

Catalyst Preparation Conditions Faradaic Reference
method efficiency
(%) and
yield (ug h
mgcat._z)
Co0304 NDs Bioinspired 0.1 M Naz2SOq4 2.6%, 8.8
route using | —1.25 V (vs.
gallic acid, Ag/AgCl), This work
Hydrothermal | (-0.24 V vs.
method RHE)*
Amorphous Chemical 0.1 M KOH 0.6%, 2.8 Shi et al.
Pdo.2Cuo.s/rGO reduction -0.2 V (vs. (2018)
composite method RHE)
Poly(N-ethyl- Chemical 0.5 RS 2.58%, 1.23 | G. F. Chenet
benzene- reflux method | 05 vV (vs. al. (2017)
1,2,4,5- RHE)
tetracarboxylic
diimide)/C
FeS@MoS2/CFC | Hydrothermal O-S(JMSLESC{'/ (vs 2.96%, 6.34 Guo et al.
method RHE) (2019)
Rh nanosheets Chemical 0.1 M KOH 0.217 %, H. M. Liu et
method -0.2 'V (vs. 23.88 al. (2018)
RHE)
Cubic sub- | Hydrothermal | 0.1 M Na;SO4 | 2.17%, 3.99 | L. Zhang et
micron SnO> method -0.7 'V (vs. al. (2018c)
RHE)
C0304@CNT Chemical 0.1 M NaxSO4 | 1.50%, 27.16 | Wen et al.
method -0.49 V (vs. (2021)
RHE)
BiVO, Hydrothermal | 0.2 M NaSO4 | 10.04%, 8.60 | Yaoetal.
method -05 V (vs. (2019)
RHE)
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Mn3O4 Hydrothermal | 0.1 M NaxSO4 | 3.0%, 11.6 Wu et al.
Nanocube method -0.8 V (vs. (2018)
RHE)
TisC.OH QDs Chemical 0.1 M HCI 13.30%, Jinetal.
method -05 V (vs. 62.94 (2020)
RHE)
Mn-TiO; Chemical 0.1 M Na2SOg4 11.93%, Chen et al.
method 05 V (vs. 20.05 (2021)
RHE)
TiO2 nanosheet | Hydrothermal | 0.1 M NaxSO4 2.5%, 5.6 R. Zhang et
method 0.7 V (vs. al. (2018)
RHE)
TiO2-rGO Hydrothermal | 0.1 M NaxSO4 | 3.3%, 15.13 | X. Zhang et
method -0.9 V (vs. al. (2018)
RHE)
Mn-CeO/CP Chemical 0.1 M HCI 9.1%, 27.79 Jietal.
method —-0.3 V (vs. (2022)
RHE)
v-Fe203 Commercial 0.1 M KOH 1.9%, 0.212 Kong et al.
(<50 nm) 00 V (vs (2017)
RHE)
FesO4/Ti Hydrothermal | 0.1 M NaxSO4 | 2.6%, 4.91 Q. Liuetal.
method 04 V (vs. (2018)
RHE)
MoO; nanosheets | Hydrothermal | 0.1 M HCI 1.9%, 29.43 Han et al.
method -0.3 V (vs. (2018)
RHE)
Fe203-CNT Chemical Dilute KHCO3 | 0.15%, 0.044 | S. Chenetal.
method —-0.2 V (vs. (2017)
RHE

* E(RHE)= E(Ag/AGCI) + 0.198 V/ + 0.059 x pH

Further, the chronoamperometry test was extended up to 2 h. It was noted that
FE fell to 1.80% after the electrolysis at —=1.25 V (vs. Ag/AgCl) for 2 h of against 2.6%
in 1 h. Figure 6.17 shows the current density graph for 2 h of the chronoamperometry
test. The FESEM images of fresh and used Co304 NDs/TCP electrodes after 1 and 2 h

of electrolysis didn’t show significant morphological changes (Figure 6.18). The

chemical alteration of the surface of the CozO4 NDs/TCP electrode during electrolysis
of 2 h of was examined further by XRD and XPS analysis. Figure 6.19 shows the XRD

pattern of CosO4 NDs/TCP after 2 h of electrolysis. No additional peaks and phase

change were noted except the decrease in peak intensity (Cai et al., 2018).
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Figure 6.17. Current response recorded with Co3z0Os NDs/TCP electrode in N2
environment in 0.1 M Na>SOgs at —1.25 V (vs. Ag/AgCl) for 2 h of chronoamperometry

test.
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Figure 6.18. FESEM images of Co3s04 NDs/TCP electrodes: (al) and (a2) for unused
electrodes, (b1) and (b2) after 1 h of ENRR, and (c1) and (c2) after 2 h of ENRR at
—1.25 V vs. Ag/AgCl in N2- environment in 0.1 M NaxSOs electrolyte.
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Figure 6.19. XRD patterns of Co30s NDs/TCP before and after of 2 h of ENRR for
NHs formation in 0.1 M Na2SO4 electrolyte at —1.25 V (vs. Ag/AgCl).

1

Figure 6.20 shows the Co 2p and O 1s spectra of CozOs NDs/TCP, after 2 h of
electrolysis. It can be observed that both spectra were shifted towards the higher binding
energy (blue shift). The binding energy gap of Co 2ps2 and Co 2p1/2 was increased from
15.1 (unused catalyst, Figure 6.9a) to 16.1 eV after ENRR Figure 6.20a. The two pairs
of fitted peaks corresponding to Co®* are at the binding energy of 780.3 and 795.5 eV,
and it is 781.3 and 802.8 eV for Co?". The ratio of Co%/Co?" decreased to 0.45
compared to 0.73 for the as-synthesized CosOs NDs. It could be due to induction of
oxygen vacancies during ENRR. Furthermore, an increase in the area under the satellite
peaks at the binding energy of 781.3 and 802.8 eV were observed. This features could
be an indication of the formation of Co(OH). on the catalyst surface during the
electrolysis (Yamada et al., 2010). The formation of Co(OH)2 was also confirmed from
the O 1s spectra (Figure 6.20b). The O 1s peak at 529.8 eV, appeared in the unused
catalyst, was also decreased after ENRR, whereas an increase in the peak at 531.2 eV
was noted. The characteristic peak along with O; and Oy at a higher binding energy of
533.3 eV could be assigned to the surface adsorbed water molecules and/or carbon-
oxygen bond of organic carbon because of contamination (Ow) (Xiao et al., 2020). The
ratio of peak areas O,/O,was calculated to be 37.8 because of increased surface defects

due to enhanced oxygen vacancies during cathodic reaction (Duan et al., 2019). It is
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proposed here that, Co?* (Td) could easily bond with the N=N, and Co®" (On) facilitates
the electron transfer for N2 reduction reaction (Chen et al., 2022).

(@) Co 2p of Co,0,-NDs/TCP post reaction (b) 0O 1s of COSOA-NDS/TCP post reaction
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Figure 6.20. High resolution XPS spectra of (a) Co 2p and (b) O 1s of Co304 NDs/TCP
after 2 h of ENRR for NH3 formation in 0.1 M NaxSOj electrolyte at —1.25 V (vs.
Ag/AgCI).

To be economically feasible, electrochemical N2 reduction for NHs production
process needs to achieve energy efficiency of >60% and faradaic efficiency of >90%
with a current density above 300 mA cm2 (Fernandez and Hatzell, 2020). Considering
the electricity cost (0.03 $ kWh™) in the next decades, for 2000 ton NHsz day*
production scale, the estimated production cost of a single-stage and two-staged ENRR
process is ~750 and ~420 $ ton %, respectively, which is higher than that of the Haber-
Bosch process, 159 $ ton*. To compete with the Haber-Bosch process, with a lower
production scale of 0.03 ton NHs day 2, the production cost of a single and two-staged
ENRR process is estimated to be ~930 and ~510 $ ton™* respectively. At this production
scale, the cost of NHs production in the Haber-Bosch process is ~4000 $ ton™t.
Therefore, the Haber-Bosch parity can be met by a single and two-staged ENRR
process at scales below 4 and 30 ton NH3 day 2, respectively (Fernandez and Hatzell,
2020).

6.3 Major findings
This work demonstrates successful one-pot synthesis of pristine Coz04 NDs in
an environmentally benign method using gallic acid as a reducing agent. The narrow

bandgaps of 1.78 and 2.07 eV were corresponding to the O> to Co?"/Co®*" charge
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transfer couples in correlation with the presence of oxygen vacancy, and it facilitate
electron and charge transport for enhanced N2 reduction reaction. Coz0Os NDs were
formed with diameter and thickness of 240 and 35.5 nm, respectively, with a
preferential anisotropic growth of the particles along the (311) direction owing to the
Ostwald ripening. A 1.6-fold high Warburg resistance (Zw) for CosO4 NDs/TCP/N>
over Coz04 NDs/TCP/Ar in 0.1 M NaxSO; electrolyte resulted a slower mass transfer
in the Co3s04 NDs/TCP/N2 system which improved the selectivity and efficiency of
ENRR forming NHz. It offered 2.6% FE of NHs production with a yield rate of 8.8 pg
h™® mgca. * at —1.25 V (vs. Ag/AgCl) which is six times higher than that of the bare
TCP electrode. Electrolysis up to 2 h caused a marginal fall in FE to 1.80% due to the
formation of Co(OH)2. Co?* in tetrahedral sites easily bond with the N=N, and the Co®*

in octahedral sites facilitate the electron transfer for N» reduction reaction.
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CHAPTER "7

Conclusions and Scopes for Future Studies

The key findings of the entire doctoral work are concluded in this chapter. On the
foundation of the results of the current study, remarks and recommendations for the

direction of future work are also included.

«

Formate

‘ Eco2 :l

SnOZ(blo) NPs FE=92.3 %

: : ‘30
R
Cu,0(bio) NPs FE= 84.0 %

& 8l &
= & | | FE=65.3%

«

TH-3128_166107007



Bioinspired Synthesis of Metal Oxides and Sulphide Electrocatalysts for CO; and N2 Conversion to Formate and Ammonia

7.1 Overall conclusions

The bulk of the investigations is on the bioinspired synthesis of spherical and
tailor-made metal oxides and metal sulphide nano-structures using reducing and/or
capping agents present in the vegetal extract of Sechium edule (chayote). Further,
Co0304 nanodiscs are synthesized using commercially available gallic acid, a major
bioactive compound identified in many plant and plant organs. The bioinspired
nanoparticles are decorated onto the carbon paper (Toray carbon paper) electrodes by
the drop-casting method for electrochemical CO2 reduction (ECO2RR) and N>
reduction reactions (ENRR).

Ascorbic acid (AA) was identified as the major bioactive component in the
bio-extract, which acted as both reducing and capping agents for synthesizing metal
oxides and metal sulphide nanoparticles. Based on the mass spectroscopic study,
plausible mechanisms for the formation of nanoparticles and their interactions with
the capping agents are reported.

From the work reported in Chapter 3, Chapter 4, and Chapter 5, the overall
conclusions are summarized as follows.

e A bioinspired route has been successfully developed for the synthesis of Cu,O

NPs, SnO2 NPs, and Bi>Sz NRs using Sechium edule fruit extract.

e Mechanistic routes of nanoparticles synthesis using AA, a reducing and capping
agent, have been investigated—

i) The formation of Cu(I)O in the absence of bio-extract could be irrefutable
evidence of the role of bio-extract in synthesizing and stabilizing Cu2O NPs in
the presence of AA and dehydroascorbic acid (DHA).

ii) In an acidic medium (pH 4.5), AA dissociates to reactive HA  species and
forms a stable complex with Sn**. After a series of thermodynamic reactions,
Sn** reduces to Sn° and finally, SnO2 nanoparticles are formed.

iii) Bi2S3-NRs(control) synthesized without using the bio-extract/reducing agent
helped to understand that AA present in Sechium edule fruit also could act as a
capping agent. The absence of oxides in Bi>S3-NRs(bio) in comparison with
Bi>S3-NRs(control) has resulted from the antioxidant property of AA, capped
on the surface of nanorods, which prevents further oxidation of S~ during the

synthesis process.
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e The thermal stability analysis of nanoparticles reveals—

i) Biomolecules present on Cu20(bio) NPs is not more than 8%.

i) No further mass loss was observed >700°C suggesting complete
transformation to SnO..

iii) Mass loss of 4.4% at 200-325°C is attributed to the decomposition of
biomolecules like ascorbic acid, starch, and stable lignin molecules attached to
the surface of Bi2S3-NRs(bio). This mass loss was absent in the TGA of Bi»Sz-
NRs(control) synthesized without using bio-extract.

e The structural analysis confirms—

i) The predominant (111) crystalline plane in Cu2O(bio) NPs plays a key role in
the selective formation of formate.

i) The predominant crystalline (110) facet and the increased crystallinity index
(C1) in SnO2(bio)- 800 NPs from 85.8 to 98.3% compared to SnO>(bio) NPs.

iii) A significant increase in the intensity of the (211) plane compared to the (130)
plane suggested the predominant growth of crystal of Bi.S3-NRs in the (211)
plane.

e The surface area analysis suggests—

1) Type-Il isotherm with mesoporous nature of Cu2O(bio) NPs.

i) High-temperature calcination caused a reduction in micropores of as-
synthesized SnOz(bio) NPs forming mesoporous SnO2(bio)-800 NPs at
800°C.

iii) Type-1V isotherm and H3 type hysteresis loop suggest a uniform pore size
distribution of Bi>S3-NRs(bio).

e The morphological attributes can be concluded as—

i) The lattice fringe with an interplanar distance of 0.245 nm was a good
agreement with the XRD analysis of Cu2O(bio) NPs.

i) The interplanar distance of 0.334 nm corresponds to the (110) low-energy
facet of the most thermodynamically stable SnO: rutile phase.

iii) Bi2S3-NRs(bio) exhibits lattice fringe distances of 0.197 and 0.552 nm
corresponding to (002) and (200) planes, respectively, and the growth of
nanorods along the direction of the (001) plane.

e The investigations on oxidation states of the components in the synthesized
nanoparticles confirm that—
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1) XPS analysis suggested the presence of 49.7% amorphous CuO, on the surface
of Cu20(bio) NPs.
ii) Only Sn** was present in SnO(bio)- 800 NPs, calcined at 800°C, compared to
the mixture of Sn?* and Sn**, present in as-synthesized SnOz(bio) NPs.
iii) Capping of AA on Bi>S3-NRs(bio) prevented the formation of Bi2O:s.
Table 7.1 summarizes some of the typical physicochemical characterizations of
Cu20(bio) NPs, SnO2(bio)-800 NPs, and Bi2S3 NRs(bio) catalysts.

Table 7.1. Physicochemical characteristic attributes of Cu,O(bio) NPs, SnO(bio)-800
NPs, and Bi2S3 NRs(bio) catalysts synthesized using Sechium edule fruit extract.

Physicochemical characterizations
Catalysts Band gap Surface area Particles size
(eV) (m* g™) (nm)
Cu20(bio) NPs 1.98 16.1 37.5
SnO»(bio)-800 NPs 3.71 18.6 22.5
Bi»S; NRs(bio) 1.51 13.4 49.0

e  Cu0O(bio) NPs, SnO(bi0)-800 NPs, and Bi»S; NRs(bio) coated Toray carbon
paper (TCP) electrode exhibited formation of formate (HCOQO™) as the sole liquid
product

¢ BixS3 NRs(bio) showed a clear superiority with 92.3% Faradaic efficiency (FE)
compared to the other two catalysts, CuxO(bio) NPs, SnO2(bi0)-800 NPs (Table
7.2)—

i) The presence of a predominant (111) crystal plane in Cu.O(bio) NPs was
mostly responsible for the formation of HCOO™ with 65.3% FE.

ii) Higher FE for SnO2(bio)- 800 NPs resulted from the increase in crystallinity
of (110) facets after calcination at 800°C compared to the SnO2(bio) NPs.

iii) Formation of Bi20.COs during ECO2RR served as the active sites for
enhanced HCOO™ formation.
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Table 7.2. CuxO(bio) NPs, SnO>(bio)-800 NPs, Bi,S; NRs(bio) catalysts towards
ECO:2RR in ambient conditions.

Electrocatalytic activity
Catalysts Applied potential | FE of formate | Current density
(V vs. Ag/AgCl) (%) (J, mA cm™)
Cu20(bio) NPs 1.6 65.3 5.8
SnO(bio)-800 NPs -1.5 84.0 4.8
Bi>S3 NRs(bio) 1.5 92.3 2.0

Chapter 6 is founded on the synthesis of Co304 nanodiscs (Co3Os NDs) in a
bioinspired process for electrochemical N2 reduction for NHs production. This work
demonstrates a successful one-pot synthesis of pristine Co30s NDs using gallic acid
as a reducing agent. The narrower bandgaps of 1.78 and 2.07 eV, corresponding to the
O to Co?*/Co® charge transfer couples in correlation with the presence of oxygen
vacancy facilitate the electron and charge transport for enhanced N2 reduction
reaction. Preferential anisotropic growth of the particles along the (311) direction with
diameter and thickness of 240 and 35.5 nm, respectively, were formed owing to the
Ostwald ripening. The 1.6-fold higher Warburg resistance (Zw) observed for Coz04
NDs/TCP/N2 compared to Co304 NDs/TCP/Ar resulted in slower mass transfer in the
former system, which improved the selectivity and efficiency of ENRR, leading to
higher yields of NHs formation. Six times higher faradaic efficiency, 2.6% was
reflected by the CozOs NDs/TCP electrode compared to the bare TCP. Moreover,
Co304 NDs/TCP offered NHs production with a yield rate of 8.8 pug h™* mgea. ™ at
—1.25 V (vs. Ag/AgCl) in 0.1 M Na2SOs electrolyte.

Although, a marginal fall in FE to 1.80%, compromised due to the formation
of Co(OH)2, was also observed. In the spinel structure of CosOs NDs, Co*" in
tetrahedral sites easily forms bonds with the N=N, and the Co®* in octahedral sites,

which facilitate the electron transfer for N> reduction reaction.

7.2 Scope for future studies
= This study (Chapters 3-5) reports on the formation of formate. Bioinspired metal

oxides and sulphides electrocatalysts of various morphologies and physiochemical
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attributes may be investigated for the production of C; (CO, CH4, CH30H), C»
(C2H4, C2Hs, CH3CH20H, CH3COOH, etc.) hydrocarbons.

= The catalytic performances of synthesized electrocatalysts were evaluated for a
maximum of 2 h. Prolong (>1000 h) electrocatalytic study for the formation of
formate and NH3 along with Ci: and higher hydrocarbons may be performed
targeting industrial applications.

= Separation of liquid product from the electrolyte solution was not within the scope
of the present work. Product separation would be an imperative objective of future
investigations.

= |n this study, the tests were performed in a semi-batch reactor. The studies in a
continuous reactor may be considered in future.

= More studies are recommended on the design of electrode and -catalysts
immobilization on the support electrode to eliminate the reduction in its
functionality including the loss of catalyst from the electrode surface during the
reaction.

=  This work was on an individual process of electrochemical CO2 and N reduction
to value-added products. Simultaneous electrochemical reduction of CO2 and N

to urea also would be promising for further investigations.
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Table Al.1. Specimen calculation of Faradaic efficiency (FE).

Singlet peak area at 8.29 ppm (formate)

Relati k tio (f te) =
elative peak area ratio (formate) Triplet peak area at 7.16 ppm (phenol)

Catholate volume= 100 mL
Formate production from CO> reduction= 2 electrons
Nformate= Crormate X V X Na
=(2.27 x 10 mol.L™!) x 100 mL x 103 L x 6.023 x102 molt x 2 e

=2.74x10%¢
3600

Q=J, 1.dt =67C
Niotal = Qole = (67 C)/(1.602 x 1019 (Cle))
=4.19x10%¢
FE= (Normate/ Niota) X 100
= 65.3%

AC-125-1H
iH

(a)

HCOO™

N\

T T T T T T T T T T T T T T T T T T T T T T T T T T T
30 125 120 115 110 105 100 95 9.0 85 80 75 70 a %5 ) 6.0 55 5.0 45 4.0 35 3.0 25 20 15 1.0 0s oc
ppm.
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Figure Al.1. (a) NMR spectra of the catholyte and (b) gas chromatogram of the
gaseous sample collected after 3600 s of ECO2RR at —1.6 V vs. Ag/AgCI applied
potential, using Cu2O(bio) NPs/TCP electrode.
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Figure Al.2. Current response for (a) TCP, electrode, (b) Cu2O(bio) NPs/TCP
electrode, and (¢) Cu20-AA/TCP electrode at —1.6 V in CO2-saturated 0.5 M KHCO3
electrolyte for 3600 s.
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AC-113-1H
AC-113-1H
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Figure A1.3. NMR spectra of the catholyte collected after 3600 s of ECO, RR at —1.6
V vs. Ag/AgCl applied potential using bare TCP electrode.
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Figure Al.4. Current response recorded during ECO2RR using Cu20(bio) NPs/TCP
electrode at —1.60 V vs. Ag/AgCI in CO.-saturated 0.5 M KHCOg3 electrolyte for a

span of 7200 s.
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Figure A1.5. NMR spectra of formate formation at different time intervals for the
experiment as in Figure Al.4.
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Figure Al.6. Faradaic efficiency of formate formation at different time intervals for

the experiment as in Figures Al.4 and A1.5.
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Figure Al.7. Total current density (J) and partial current density of HCOO™ (jucoo ™)
formation at different applied potentials (vs. Ag/AgCl).

265 | Page

TH-3128_166107007



266 | Page

TH-3128_166107007



Appendix-11

Calibration curve for formate and calculation of formate

concentration in the catholyte
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Figure A2.1. Calibration curve for formate (phenol as an internal standard (IS)) for
quantification of liquid product analyzed by 1 H NMR spectroscopy recorded at
600 MHz on a Bruker Avance III HD NMR spectrometer (Bruker, Germany).
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Figure A2.2. NMR spectra of catholyte after 3600 s of CO> reduction at —1.5 V (vs.
Ag/AgCI).

[SnO2(bio)-800/TCP showed a FE of 72.0% at —1.4 V (vs. Ag/AgCl), and the
maximum FE was found to be 84.0% at —1.5 V (vs. Ag/AgCl) (Figure 4.22).
Concentration of formate was determined at different potentials using calibration
curve (Figure A2.1) derived from the NMR analysis using the method reported in the
literature (Ren et al., 2015). A specimen calculation is shown herewith. The NMR

spectra of formate is shown in Figure A2.2.

Singlet peak area at 8.36 ppm (formate)
Triplet peak area at 7.24 ppm (phenol)

The equation of calibration curve (Figure A2.1) is found to be y = 0.1603x, R? =

Relative peak area ratio (formate) =

0.995) to determine the formate concentration in electrolyte.
Relative peak area ratio (formate)= 0.46

Therefore, the formate concentration = 2.9 x 103 mol L™
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