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ABSTRACT

The continuous excessive usage of fossil fuels has resulted in its fast depletion
leading to an escalating energy crisis as well as several environmental issues leading to
increased research towards sustainable energy conversion. Electrocatalysts play crucial
role in the development of numerous novel energy conversion devices including fuel cells
and solar fuel generators.

High-efficiency and cost-effective catalysts are required for large-scale
implementation of these new devices. Over the last few years transition metal
chalcogenides have emerged as highly efficient electrocatalysts for several electrochemical
devices such as water splitting, carbon dioxide electroreduction and, solar energy
converters. These transition metal chalcogenides exhibit high electrochemical tunability,
abundant active sites and superior electrical conductivity. Hence, they have been actively
explored for various electrocatalytic activities.

This report details the research on the Carbon dioxide electroreduction and water
splitting using metal chalcogenides as electrocatalyst also elaborating on the connection of
the composition and the catalytic activity. At first, the aim was to develop catalysts which
show desired activity and stability over extended periods. In addition, the catalyst should
be economically viable so that it can be produced and applied on an industrial scale. Herein,
I have provided comprehensive report of transition-metal chalcogenide electrocatalysts for
hydrogen evolution, oxygen evolution, and carbon dioxide reduction and illustrated

structure-property correlation that increases their catalytic activity.
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1. INTRODUCTION

1.1. GLOBAL WARMING: MOTIVATION FOR CO2 RECYCLING AND
WATER SPLITTING

As the world’s population and industrialization is increasing the surge in energy
demand of fossil fuels has affected the earth’s climate to a great extent. Carbon dioxide
level has reached to a very high level.! Due to the limited fossil fuel reserves, pressure to
maintain environmental balance and limitation of conventional renewable resources, it is
challenging to find alternative resource of energy. Today world requires 17 TWh of power
generation and more than 80% comes from the fossil fuels.> As observed by US EIA,
Energy demand all over the world is predicted to increase from 549 quadrillion BTU to
815 quadrillion BTU by 2050. From total US energy requirement, 80 % is met by fossil
fuels.? Using renewable and economical energy sources rather than fossil fuel reserves will
be crucial for making the environment clean and will ensure availability in future. There
has been progress in use of renewable resources too. Renewable energy sources has
increased by in US.*> As biomass is of less cost, widely available and is renewable,
biomass has lot of potential to replace non-renewable resources both at laboratory and
industrial scale. Nature produces approximately 200 billion metric tons of biomass through
plants and vegetation at one tenth price of crude oil production.®’ Biomass contain different
types of carbohydrates which can be converted into value added compounds.

Rate of CO2 emission increase has doubled from 1990-1999 to 2000-2014.8 These
new levels pose a great threat towards the climate. It can lead to an increase in global
temperature by 2° C which can lead to rise in the sea levels as a result of melting of polar

ice.!0
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Figure 1.1. Effect of CO2 emissions on different environmental areas a) Change in global
surface temperature over time, b) Change in mean sea level over time, ¢) emissions of
anthropogenic CO emission over time.’

Also, CO> dissolves in water to form H>COs3 (carbonic acid). This acid can decrease

the pH of the sea water which can result in the bleaching of the coral reefs and dissolution



3
of carbonates like CaCOs.!! As these changes continue to take place due to increased level
of the CO», unexpected outcomes will arise.

Solar Energy, wind energy and hydro energy are the main sources of renewable
energy.'>!* Downside of these energy sources is the intermittent supply of energy so we
need some energy storage solutions so that we can tap into productive hours of energy
generation.'* One of the solutions is the use of electrochemical processes to convert the
electricity into fuels which act as a chemical storage (like hydrogen and other fuels) using
the abundant sources like Water (H>O), Carbon Dioxide (CO2). We can store intermittent
electricity generated from any renewable sources via these processes.'*!°

This work is focused on discovering different catalyst which can make these
electrochemical processes efficient and understanding the underlying mechanisms
involved.

Focus of this work is on electrochemical processes like:

1. Carbon dioxide reduction reaction: which can give us fuels like methanol, ethanol

and other chemicals like formic acid and acetic acid.

2. Water Splitting: that gives us hydrogen.

1.2. CARBON DIOXIDE ELECTROREDUCTION
The reduction of CO; into value added chemicals using renewable energy such as
wind or solar power could soon replace the use of fossil fuels. This section describes the
importance of CO» electroreduction, dicusses the current state of research and limitations.
1.2.1. Importance of CO: Electroreduction. Carbon Dioxide electroreduction

can serve as an alternative pathway for producing fuels and value-added chemicals.
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Products like carbon monoxide, formic acid, acetic acid, methanol, ethanol etc. have been
observed in different studies. Electrochemical reduction of CO» provides a path to convert
energy from renewable energy sources which have intermittent supply to a limitless supply
which is fuel. When there is a surge in electrical energy output which is generated from
wind and solar energy, it can be stored in form of chemical energy later to be used in low
output hours. Fuels produced through CO> reduction can replace the fuels extracted from
fossil materials petroleum. We want to make the carbon zero cycle where the carbon
dioxide is converted back to fuels which can be used for further energy generation. This
CO; electrochemical reaction consists of two half-cell reactions:

e Carbon dioxide electrochemical reduction CO; + e- = Hydrocarbons,

e Oxygen evolution reaction OH- + e- = Oo.

These half-cell reactions are kinetically sluggish and have high activation energy
requirements. To successfully and efficiently do CO; electrochemical reduction both of
these processes need to have less energy barrier which can be done using electrocatalysts.
Potential which need to be applied in addition to the thermodynamic requirements is called
overpotential and is the indicator of Kinetic energy barrier. So the need is to decrease the
overpotential by designing catalyst which can decrease the overpotential leading to better
economics of CO2RR. In the dissertation, I have resolved the issue of kinetic sluggishness
for both half reactions CO2RR and OER. I have also developed a full cell where I have
used the catalyst as both anode and cathode and demonstrated the better OER and CO2RR

activity.



Table 1.1. Reaction Potentials for Carbon Dioxide Reduction half reactions. Adapted
from Dongwei et. al.>*

Electrode potentials

Thermodynamic electrochemical half-reactions (V vs. SHE)
COx(g) +4H" = C(s) + 2H, O(I) 0.210
CO2(g) + 2H20(1) +4e” = C(s) + 40OH" -0.627
COx(g) +2H" +2¢” > HCOOH (1) -0.250
COx(g) + 2H,O(I)+2e" > HCOOH (aq) + OH" -1.078
COx(g) +2H" +2¢" > CO + H, O(I) -0.106
CO2(g) + H2O(1) +2e” > CO +20H" -0.934
COx(g) +4H" + 4e > CH,O (1) + H20 (1) -0.070
CO2(g) + 3H0(]) + 4¢” > CH,0(I) + 40OH" -0.898
COx(g) + 6H" + 6 = CH30H (1) + H>O(I) 0.016
CO2(g) + SH20(1) + 6e” - CH30H(1) + 60H" -0.812
COx(g) + 8H" + 8¢ = CHa(g) + 2H,O0(I) 0.169
COx(g) + 6H0(1) + 8¢ > CHa(g)+80H" -0.659
2C0: (g) + 2H" + 2e” 2 H2C204(aq) -0.500
2C0; (g) + 2e" > C204> (aq) -0.590
2C0x (g) + 12H" + 12¢” > CH,CHa(g) + 4H,O(1) 0.064
2CO0Oz (g) + 8H20(I) + 12¢- &> CH2CHa(g) + 8OH" -0.764
2C02 (g) + 12H" + 12¢” > CH3CH,OH(I) + 3H,0(1) 0.084
2COz (g) + 9H20(1) + 12¢” - CH3CH20H (1) + 120H" -0.744

All these half-cell reactions (Table 1.1) demonstrate the thermodynamic energy
requirements of the possible reaction which can undergo during CO2RR. As demonstrated
in Table 1.1, COzis thermodynamically stable which make the activation of carbon dioxide
difficult. Energy input is required to pass the energy barrier and Electrical Energy should

be used if potential is applied across electrodes (anode and cathode) for reduction of CO»
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electrochemically at cathode.'®!”. Two type of electrolysis cells can be used to reduce
carbon dioxide:
1. Solid oxide electrolysis: - high temperatures (750-900°C), high current densities.

Generally CO is the observed product.'®

2. Aqueous CO; electrolysis: - low temperature (25-100°C). economical, less
infrastructure. Products are various hydrocarbons, alcohols, formic acid etc., from

COz reduction. 822

The major competing reaction of CO» Electroreduction is the Hydrogen evolution
reaction (HER) in the water. This is due to the fact that dissolved CO; is very much less
than the concentration of H".2* Also due to the low kinetic barriers for HER in comparison
to CO2 electroreduction, Hydrogen is generally the primary product during an electrolysis
at the cathode during CO2 electroreduction in water. Based on the mechanism of CO2
electroreduction will proceed on different catalysts, with possibility of different products. For
generating value added chemicals, many electron transfer steps are required of single carbon
or many carbon products (carbon- carbon bond formation). All these requirements and
possibilities proves that it is difficult to find CO2RR catalyst of desired activity.

1.2.2. Literature Review: Carbon Dioxide Reduction Reaction (CO2RR). First
work in this area was by Yoshiro Hori beginning in the 1980s, this study did the CO»
electroreduction on metals which are on the right side of manganese in the periodic table.
25.26 It was observed that the metals on the right of the copper in the periodic table produced
CO and HCOOH but metals in the left of copper were found to be produce H». Metals of

group 11 (Cu, Ag, Au was observed to be becoming more selective towards CO going from

Cu to Au. Metals to the left of copper were found to produce mostly H», metals to the right



of Cu were found to produce mostly CO or HCOO", and group 11 metals were found to be
the most active becoming more selective for CO as you move from Cu to Ag, to Au. Copper
was observed to give many products after CO; electrochemical reduction which varies form
C2 products like ethanol to C1 products like CHs4, CO and HCOO'.

Although these products are of great use ranging to fuels to chemical feedstocks,
Copper does not show selectivity and performs on very large overpotential which is not
possible to apply on industrial scale. There has been research done for modification of the
reactivity and selectivity of Cu but there has not been a major success till now.?*?’2° As
these things limit the applications of Cu, we need to discover new catalysts which are
selective towards value added chemicals, which have low overpotentials in doing so and
have high partial current densities.

According to the study done by Hori et. al., metals having partially filled d-orbitals
(left of copper) have strong 6-bonds with CO which allows the back bonding of electrons
towards the m-acceptor orbitals of CO which makes M-CO stable complex. This indicates
that metals like Nickel should reduce CO; to CO at lower overpotential but it also leading
to poisoning of metals and CO is not able to desorb from the surface. Hence these metals
are poor catalysts for CO2 reduction in their metallic form. Metals in periodic table to the
right of copper have comparatively weaker interaction with CO and hence are not able to
reduce CO; at lower overpotentials.

1.2.2.1. Transition metal chalcogenides for CO: electroreduction. Research on
electrocatalytic conversion of CO; has evolved over past few years with respect to
developing catalyst composition with special emphasis on achieving selectivity for the

reduction products.’*=* In the following section we will discuss first about Cu- and other



transition metal based catalyst and then focus on transition metal chalcogenides. We will
highlight new CO2RR catalysts which will provide fundamental understanding of catalytic
processes to achieve product selectivity, that can be helpful for development of efficient
CO2RR catalysts in future. From early on transition metal-based electrocatalysts have been
proven to be efficient candidates for CO2RR in commercial devices.*®> They have the
ability to convert CO> into variety of hydrocarbons with good faradaic efficiency. While
CO2 conversion is of utmost importance to reduce atmospheric levels of this greenhouse
gas, production of carbon monoxide, i.e., CO as the reduction product does not really
mitigate the problem, since CO is a toxic gas. The produced CO, hence, needs to be further
processed to other carbonaceous product with higher fuel value. Ongoing research is
directed towards improving selectivity for value-added carbon-rich products. It was
hypothesized that adsorption energy of intermediate *CO on the transition metal site played
a critical role in influencing product composition and selectivity.*® Specifically, catalysts
with smaller adsorption *CO adsorption energy led to preferential formation of CO and
formic acid as the reduction products (Figure. 1.7(a)). Catalysts with significantly larger
*CO adsorption energy, on the other hand, exhibited surface poisoning with CO. Hence,
recent efforts have been guided towards designing catalyst compositions that will have
*CO adsorption energy in the moderate range as shown in Figure. 1.7(a). Since metal-to-
ligand back bonding plays a major role in deciding binding of intermediate *CO to the
transition metal site, optimizing *CO adsorption energy has been attempted by modulating
d-electron density near the transition metal site through investigating different transition
metals and changing anion coordination. The following sections compile various CO2RR

catalysts that has been reported based on their d-electron density and highlights the



correlation of *CO adsorption energy with product selectivity as has been studied in
chalcogenide-based catalysts.

1.2.2.2. Copper and other transition metal catalysts. Copper was found to have
enhanced activity towards CO2RR in producing at least 16 different C1-C3
hydrocarbon/oxygenate products which is better than other metals but the selectivity was
not attained towards a specific product.®® Use of other transition metals such as Au,*”3%#!
Ag, 364243 pd ¥ Co,43 Zn, #4647 led to formation of CO as the major product of CO2
reduction. Similarly, other metal catalysts like Pb,48 In,49 Sn,4450 and Bi,51,52 also led
to predominantly to formation of CO. Polycrystalline Ag is known for producing CO with
Faradaic efficiency (FE) of 22.4% at —0.8 VRHE.** DFT based studies revealed that most
of these metal catalysts had a weak binding energy towards CO, which led to weaker
adsorption and formation of CO as major product. Therefore, there was a need to modify
transition metals like Cu and other metals to get better selectivity for C2+ products.

1.2.2.3. Copper chalcogenides and other transition metals with d°-d'’
electrons. It has been proposed that chalcogenide anions increased lattice covalency owing
to their decreased electronegativity, which led to enrichment of d-electron density near the
transition metal site.”> Hence, it was expected that chalcogenides will show better *CO
adsorption energy leading to better selectivity of C2 products.>***4® Indeed DFT calculation
revealed that Cu-selenides showed better *CO adsorption energy compared to the base
metal and its oxide as shown in Figure. 1.7(a). Experimental studies also confirms that
chalcogens favors the formation of C2 products and deters the formation of C1 products

because of decrease in surface concentration of CO.>**¢ Investigation of various Cu-based

catalysts such as Cu, Cu-oxide, Cu-sulfide and Cu-selenide catalysts, revealed that



10
selectivity towards certain carbon products increased with Cu-chalcogenides compared to
Cu. This fact can be proven by comparing polycrystalline Cu,>**¢ and CuS having HCOOH
product with FE= 80% at —0.8 V RHE*®, 3D- Cu,S showing improved performance with a
FE=87.3% at —0.9 VRHE,>° while, Cu,Se nanocubes,*’ and Cui 3Se nanowires,>’ Cu; sSe
nanowires,** showed a high C2 product selectivity. In case of other transition metals also
chalcogenides showed improved activity and selectivity.

FeS,/NiS showed very good performance in reduction of CO> to form CH3OH with
overpotential of 280 mV and Faradaic efficiency of 64%.® Using molecular engineering,
iron porphyrin was synthesized which showed good activity achieving 98% Faradaic
efficiency for CO production.** Cobalt Phthalocyanine with pyridyl moieties as axial
ligands achieved 70% FE towards CO production.’” This study showed that upon axial
coordination to CoPc, catalytic activity towards CO2RR improved due to energy level rise
of d,? orbital.’®> When Ag was modified by sulfur to form Ag,S, selectivity improved to
92.0% at very low overpotential (=0.754 V).3’®" Zn has shown limited activity towards
CO2RR.®! Zn nanosheets exhibit Faradaic efficiency of 70.9% when producing CO from
CO2 electrochemical reduction. Upon modification with sulfur to make ZnS/Zn, the FE
increased to 94.2%.5% ZnTe is also an efficient catalyst to photochemically convert CO2.%
Similarly Cd also changes selectivity from formic acid to CO when it is converted to CdS. %
CdS showed good stability of 40+ hours and 95% FE towards CO during CO2RR.** Sn is
also known to be an active metal towards CO2RR often modulated by surface structure.
Modifications like change in particle size,>oxide layer thickness,*® morphology,®’ and
electrolyte’s pH have improved the activity, selectivity, energetic efficiency, and

robustness of tin-based catalysts.®®%° In a study, tin oxide (SnOx) layer was found to be
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active because CO;- intermediate adheres better to the catalyst surface, and oxide layer
suppresses the competing hydrogen evolution reaction.”®’! The catalytic efficiency was
improved further by converting SnOy to SnSe; which balances the binding strength of
CO;"intermediates and also improves conductivity as compared to oxide layer.””> The
electronic conductivity of metal selenides was found to be better due to higher
electronegativity of oxygen than selenium. This also leads to the fast charge transfer during
catalytic activity.”? Hence, SnSe> showed high current density (12.0 mA cm™ ) and high
FE (88.4%) at very low potential (—0.76 V vs RHE) for CO2RR."

1.2.2.4. Transition metal with d’-d&° electrons. Liu et al. showed that ultrathin
MoTe; layers can reduce CO; to CH4 with faradaic efficiency of 83 % with extended
stability of 45 hours. Ultrathin layers lead to highly efficient mass transport due to layered
structure which makes active sites available and improves CO:> electrochemical
reduction.” To improve conductivity and number of active sites two-dimensional (2D)
MoSe; doped transition metals (Fe, Co, Ni and Cu) were explored using density functional
theory (DFT) calculations. Cu doped MoSe; was found to potentially have great activity
for methane production.”* WSe nanoflakes show activity towards CO2RR at very low
overpotential of 0.054 V forming CO as main product (FE=24%)).%’

1.2.3. Challenges: Scalability. The implementation of CO: electrochemical
reduction to produce chemicals on industrial scale depends on the economics of the main
factor contributing to the cost of the process is cost of electricity. Decrease in the cost of
electricity and discovery of catalyst which uses less electrical energy to reduce CO> are the
main solutions of reducing the cost of implementing CO2RR. Production rate should also

be comparable to petroleum if we want to replace them. As shown in Table 1.2, product
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formation rate will be correlated with power input. high production rates could be possible
with an optimized device.

The application of CO» electrochemical reduction in industrial processes mainly
depends on the economics of the process. Main factor which influences the feasibility of
this process is cost of electricity. Improving the energy input in the reaction by achieving
lower overpotential we can decrease the amount of electricity consumed. Figure 1.2
signifies the change in prices if electrical energy requirement is reduced which can be done
by lowering overpotential. Also, if we want to make this technology as an alternative for
the fossil fuels, we need to take scalability into consideration. The formation rate needs to
be high to make practical CO2RR application. Processes like electrolytic aluminum
refining etc. are perfect example of the requirement needed for practical applications.

1.2.4. Experimental Methods. This section describes the experimental procedures

Table 1.2. Production rates at different power outputs for an ideal electrolysis reactor of
CO; electroreduction

Production Rate 1 100
(kg/hr) 100 W kw | 10kw |[100kw |1 MW |10 MW | MW
Formic acid 0.046 0.46 | 4.64 46.4 464 4640 46400
Carbon monoxide | 0.027 0.27 | 2.71 27.1 271 2710 27100
Methanol 0.011 0.11 | 1.11 11.1 111 1110 11100
Methane 0.004 0.04 | 0.45 4.5 45.1 451 4510
Acetic acid 0.014 0.14 | 1.44 14.4 144 1440 14400
Ethylene glycol 0.014 0.14 | 1.42 14.2 142 1420 14200
Acetaldehyde 0.009 0.09 | 0.92 9.2 92.3 923 9230
Ethanol 0.008 0.08 | 0.82 8.2 82.3 823 8230
Ethylene 0.005 0.05 | 0.50 5.0 49.8 498 4980
Acetone 0.007 0.07 | 0.69 6.9 68.8 688 6880
1-Propanol 0.008 0.08 | 0.77 7.7 76.9 769 7690
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for measuring the activity of electrocatalysts for CO> electrochemical reduction and

analytical techniques for quantification of the reduction products.

1.2.4.1. Electrochemical cell setup. There has been no established experimental

setup for CO2RR and various electrolyzers. Electrolyzers used for the CO2RR are of two

types one is H cell and other is flow cell. In both designs, dissolved CO, makes contact

with the catalyst on working electrode. In H cell, carbon dioxide diffuses from

hydrodynamic boundary layer of NaHCO3 solution. H-shaped cell are generally used for

lab based CO2RR reactions. This cell has one anodic compartment and cathodic

compartment separated by anion-exchange polymer membrane Nafion. Menbrane in

between the compartments makes ion exchange feasible prohibiting the products
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generated in the anodic compartment from oxidizing at cathodic compartment. Three
electrode setups consisting of one working electrode, one counter electrode and on
reference electrode was used for experiments carried out.

1.2.4.2. Electrode preparation. To observe the activity of hydrothermally
synthesized catalyst, working electrode was made using the homogeneous catalyst ink. To
prepare ink, 5 mg of the catalyst was added to 250 pL of Nafion solution and homogenized
by sonication. Nafion solution had 125 pL of 1% nafion solution added to 125 puL of 50%
isopropyl alcohol (IPA) in water. On substrate, 5 pL of the homogenized ink was drop
casted on a confined area (0.07 cm™). The drop-casted film on substrate was then dried
overnight at room temperature.
1.2.4.3. Electrochemical reaction procedure. In N>-saturated 1M KOH solution
(pH 13.6), polarization curves were recorded at scan rate of 10 mVs ! to observe the water
splitting activity of the catalyst. Electrochemical cell used in this study consisted of three
electrode system. A standard Ag|AgCl electrode saturated with 4M KCL was used as
reference electrode, carbon rod was used as counter electrode and catalyst modified
substrate served as working electrode. Calibration of Ag|AgCl reference electrode was
done using the open circuit potential (OCP, -1.99 V) with the Pt wire in Hz-saturated H>SO4
solution and converted to RHE according to the Equation (1):
Erng = Eaglagct +0.059 pH + EQj1aqci (1
where Egyg is the converted potential vs RHE, Ejgi44¢; is the experimentally measured

potential vs Ag|AgCl reference electrode, and E Ifl)gl agct 1s the standard thermodynamic

potential of Ag|AgCl reference electrode at 25 °C (0.199 V).
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The stability of the catalyst was measured using chronoamperometric studies. The
current-time curve was generally recorded for more than 12 hours on the working electrode
while maintaining constant the Potential value generally corresponding to 1 = 10
mA/cm?. Measuring stability of the catalyst is very important as it depicts the possibility
of material being used commercially.
1.2.4.4. Electrolysis method. Once the cell was assembled and CO> was purging
the electrochemistry began. A CV was taken at 50 mV/s before the CA
(chronoamperometry) section of each electrolysis experiment to ensure the reduction of
any surface metal oxide present. In cases where the potential of the CA was more negative
than the potential where oxide reduction occurred, then CVs were taken out to the voltage
of the CA. When the CA was collected at a voltage less negative than needed to ensure
surface oxide reduction, then the CV was taken to a more negative voltage than the CA.
The initial CV was followed by 1 hr of CA at a set potential with the value of Ru updated
every 3 mins by running a quick impedance measurement. It was necessary to update the
value of Ru, particularly at the more negative potential values because the value would
decrease over the course of experiment (for more on voltage measurement, see Section
2.6). After an hour of CA, another CV with the same voltage range and scan rate was
collected as the original CV. For the most part, CVs collected before and after the CA
experiment matched well. In cases where a slight decrease in the absolute value of the
current was observed during the CA, the CV also showed a decrease in current. Section 5.6
discusses the effect of skipping the initial CV in this procedure.
1.2.4.5. Electrochemical surface area determination. Enhanced electrocatalytic

activity can typically be assigned to intrinsic factors which includes facile catalyst
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activation through intermediate adsorption and enhanced charge transport, as well as
extrinsic factors such as catalyst morphology and surface roughness which influences
electrolyte and analyte access to the catalytically active sites. The extrinsic factors affecting
CO2RR electrocatalytic activity of catalyst is investigated by estimating the
electrochemically active surface area (ECSA) by following previously reported
experimental procedure.”” The ECSA was calculated by plotting electrochemical double
layer capacitance in the non-Faradaic region as a function of scan rate and then comparing
specific capacitance (Cs) to the double layer capacitance observed. The electrochemical
double layer capacitance (Cp ) was calculated following Equation (2):

ipp = Cpp X Vv (2)
where ip; represents the current observed while v is the scan rate. Cp;, is calculated slope
of'the i vs v plot. The ratio of Cp; and Cs was used to calculate ECSA as shown in Equation
3):

ECSA = Cp/Cs 3)
Carbon rod was used as counter electrode and Ag|AgCl was used as reference electrode.
Cyclic voltammetry (CV) is generally done at various scan speeds

1.2.4.6. Membrane selection. Membrane selection can a crucial decision in the
electrochemical setup. There have been observations in studiesref where leaching of the
contaminants has been observed. Only Nafion membranes when used leached very trace
level of common solvents. Nafion solvents were soaked for very long time to remove any
contaminants. Also, blank NMR measurements were done before the experiments to

remove the possibility of any contamination from the membranes.
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1.24.7. Gas chromatography: gas phase product quantification. Gas
chromatography is the most reliable and easy to use analytical technique for identifying
components in mixtures. Gas chromatography separates the chemical entities of a mixture
of hydrocarbons, detects them to confirm their presence or absence and also quantifies the
individual components for this technique to work, the components should be volatile and
thermally stable.

The main components of a GC are Column and detector. Separation of the mixture
which consists of gaseous products is done by column and the signal from the detector
indicates the identity of the gas. Interaction of the gases with stationary phase of column
separates them into individual gases. Retention time was calculated as the interval between
the introduction of a sample into the column and the detection of separated components by
the detector. To detect and quantify the gases from the reaction, standards with known
concentration were injected into the GC-TCD. These measurements were done at different
concentrations for every gas. Retention time and the area under curve of standards were
used to draw a calibration curve. This curve then leads to the unknown concentration of
the reaction product.

1.2.4.8. NMR liquid phase product quantification. Proton NMR was used for the
detection and quantification of liquid products. Proton NMR shows the be havior of
hydrogen nuclei within the molecules of a substance are placed in a strong magnetic field,
for identifying the identity and structure of product molecules. In midst of different
analytical techniques, NMR is not generally preferred for quantification of compounds as
different T1 causes slight difference in peak areas due to change in number of scan and

concentration of solution. We increased the reliability of the measurements by keeping the
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no. of scans, same acquisition parameters and the concentration similar. Even with these
drawbacks, NMR is the best technique to identify and quantify the liquid products. To use
other analytical techniques, electrolyte ions need to be absent. This makes the process of
sample preparation very difficult and leads sometimes to contamination. As the solvent is
water, the NMR spectrum is dominated by the water peak. To resolve this, we used water
suppression program present in topspin which educed the peak of water. NMR samples of
the reaction mixture was prepared by mixing 200 uL. D>O and 500 pL reaction mixture. 10
mM dimethyl sulfoxide (DMSO) was also mixed in this mixture for quantification using
NMR because of its non-volatile property which made the storage DMSO solution possible
without change in concentration. Amount of the products were calculated by using the
calibration curve of DMSO and comparing it with the area of the product peak. Long term
storage should be avoided as DMSO is prone to oxidation.

1.2.4.9. Faradaic efficiency. The faradaic efficiency is the ratio of the charge
passed for generating certain product and the total charge consumed for generation of
products. The FE or selectivity foreach product in CO2RR is calculated according to the
following Equation (4):

ZF

% 100% = 22 X 100% (4)

Qtotal

FEY% =

1.3. WATER SPLITTING

Hydrogen is a fuel having very high calorific value (energy density per mass =
0.0899 kg/Nm?).”® It also doesn’t have any carbon and produce water (H20) after
combustion. It has uses ranging from being used for heat to industry refining processes to

provide electricity via fuel cells. Currently, most of the hydrogen production (96%) is
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through the process steam methane reforming.”” Very small fraction of hydrogen
production (4%) is from water decomposition.’®” Even though steam methane reforming
it is cheaper than the other production methods produces large amount of CO; in
process. 308!

Implementation of hydrogen production through renewable processes depends on
the cost effectiveness of catalysts and development of energy efficient processes. Water
splitting coupled with renewable energy sources like wind energy is likely to be the major
source of H> production.

Water splitting produces hydrogen without any impurity which does not happen
with other methods of production which serves the requirement oh ultra-high purity
hydrogen which is needed in specific industries (like electronic components
manufacturing). Production cost of hydrogen from water splitting can go at low of $3.23
kgl if electricity from renewable resource is used.®? This price is good for ultra-high purity
hydrogen needed in specific industries but if applied in common industry it is still costlier
than hydrogen produced from steam methane reforming ($2.67 kg™).%3

1.3.1. Types of Water Electrolysis. When voltage is applied at anode, cathode,
oxygen and hydrogen is produced. This process proceeds very slowly when the water is
pure as ion concentration is only 10”7 M of both [H"] and [OH]. Salts or similar compounds
are added to increase the ion concentration for more conductivity of electrolyte. Water
splitting can be distinguished into three types:

1. Membrane (PEM) water electrolysis: PEM electrolysis is very promising because it

generates Ver high purity hydrogen and efficiency is also high at normal

tempteratures.®* Drawback with PEM electrolysis is strong acidic environment in not
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lot of materials can sustain for longer periods and that is why very limited options of
electrodes.®> Materials which can be used are noble metals as they do not corrode and
have suitable work function. These noble metals are very costly and are not abundant
on earth.

Solid Oxide Electrolyte (SOE) water electrolysis: SOE electrolyzer consumes less
energy than conventional low-temperature water electrolyzer, because of the improved
reaction thermodynamic and kinetic working at high temperatures. Unfortunately, high

temperatures are also connected with severe corrosion issues.

Sustainable Paths to Hydrogen

Solar Energy

Electricity

Thermolysis

Figure 1.3. Sustainable pathways for hydrogen generation from solar energy®!
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3. Alkaline Water Electrolysis: This process has been around from long time and has been
used for Hz production.?”-% In the setup, electrolyte used are KOH and NaOH in high
concentration in water. This electrolysis is very promising because of its simple setup,
better stability, and low environmental sabotage. It can perform better than PEM if
thinner separators are used®®. Lot of transition metals and transition metal compounds
have shown exceptional performance. They have better corrosion resistance in alkaline
electrolytes as they form passivating layer. They are used in industry as electrocatalyst
and in laboratories for further development of water electrolysis.
1.3.2. Thermodynamics of Water Splitting. Water electrolysis consists of
reaction of two half reactions:
e Oxygen evolution reaction, OER, happening at anode
e Hydrogen evolution reaction, HER, happening at cathode
Minimum potential which should be applied to split water is known as thermodynamic

potential derived from the change in gibbs free energy of reaction.

Cathode reaction (HER):
4e¢”+ 4H,0 — 40H + 2H» Eco=0 V vs RHE
Anode reaction (OER)
40H — 4e + 2H20 + Oz Ea, =1.23 V vs RHE
Overall reaction
2H,0 — 2H> + O3 Eo=Fa,—Ec,=1.23V

But this reaction is uphill reaction i.e. it’s a reaction with sluggish reaction kinetics and
requires additional energy/potential to happen denoted by overpotential (7). Actual voltage

required for water electrolysis is using Equation (5):
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Etotar = 1.23V + 14 + 1| + iR (5)
where thermodynamic potential = 1.23 V at 298.15 K and latm, n, and |n.| denote the
anodic and cathodic overpotentials at a certain current density and iR - voltage drop in the
electrochemical setup, determined by Ohm’s law.

1.3.3. Efficiency Parameters. This section outlines the parameters used to
measure the activity of catalysr by using data obtained from different electrochemical
experiments.

1.3.3.1. Overpotential (). Most important indicator of the electrocatalyst
performance is overpotential (1) at specific current density. Applied potential should be

equal to the reaction potential at equilibrium in the ideal situation.

Cathf.d:a. _.ﬁ:n_o.de ivs RHE (V)
(@) : (b)

I?I I‘I

E QOVVOI

3 % 0 E \ } Mher
5 H,O/H,
E V«ev
: 1.23 eV
; 28 snanasssosnsfum B2
Era Noer
- . T P e X

2H,0 + 2¢” —+ Hy + 20H~ E 40H" = 0, + 2H,0 + 4¢~

Catalyst Electrolyte

Figure 1.4. Electrochemical water splitting (a) Alkaline water splitting (b) the energy
levels involved in water splitting with the overpotentials of the HER and OER indicated.
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But applied potential is more than the equilibrium potential for a specific reaction
because of presence of reaction energy barrier. Overpotential is the difference of applied
potential and equilibrium potential.
N=E— Ere (6)
If we consider the solar energy to produce hydrogen, standard value to compare the
electrocatalyst’s efficiency is 10 mA cm as for the PV systems giving voltage for water
splitting is approximately 10 mA cm™.
1.3.3.2. Stability. To test the performance of the catalyst for industrial application
stability is a very important factor. It can be tested using chronoamperometric test operating
at a constant potential. If a catalyst doesn’t show any major change in activity or current
density for the period of more than 12h in chronoamperometric test at selected potential,
then the catalyst is considered as highly efficient catalyst.
1.3.3.3. Tafel slope and exchange current density (Jy). Kinettics of the

electrochemical water splitting can be described by the Butler-Volmer Equation (7).

exp(ag Xn XF xX1ng)  exp(ac xn xXF ><|ncl)]

] = ]0[ RXT RXT (7

Here

Jo = the exchange current density

o= the transfer coefficient of the anode or the cathode (a.+a.=1, usually, a.,=
0.=0.5)

F = faradays constant

T = absolute temperature

n = number of transferred electrons
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OER (Oxygen Evolution Reaction) process involves four electrons while HER
(Hydrogen Evolution Reaction) involves two electrons which make OER kinetically
sluggish process. When we plot the polarization curves of electrocatalytic process, we can
obtain the Tafel plot by plotting Log J vs overpotential which is derived by Butler-Volmer
equation. For comparing the catalytic activities of different catalysts, Tafel plot is very
important parameter. For the catalyst to have good activity, it should have good charge
transfer which is depicted by small Tafel slope. Smaller Tafel Slope signifies fast reaction
kinetics but it should be noted that Tafel slope is a quantitative characterization of reaction
kinetics because it is based on assumptions taken like symmetry factor, surface coverage

is constant in each catalyst.”°? . Jj can be calculated by Equation (8):
:—nlogljl = 2.303 RT/anF (8)

n is over potential, J is current density, n is number of electrons and T is temperature. Also,
Jo can also be calculated by equation above and if we see it with Tafel plot we can get good
idea about the intrinsic bonding/charge transferring interactions between electrocatalyst

and reactant.

1.4. LITERATURE REVIEW: WATER SPLITTING

The family of transition metal chalcogenides has attracted tremendous attention in
the materials community due to its promising future in sensors, energy conversion and
energy storage among other applications.”>’ In addition, transition metal based
electrocatalysts for electrochemical energy conversion has attracted significant attention
during last several years owing to their high activity, low cost and tunability. Among these

electrocatalytic water splitting which includes hydrogen evolution and oxygen evolution
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reactions (HER and OER, respectively) has been the focus of major research activity.”>*®
The challenge for practical implementation of water splitting technology, however,
depends on identification of suitable and stable catalysts which can lower reaction energy
barrier and increase Faraday efficiency for both reactions.

Traditionally, Pt metal is most active as HER catalyst, whereas oxides of iridium
(Ir), and ruthenium (Ru), exhibit higher OER performance. However, high price and low
stability of these precious metal-based catalysts make commercialization difficult.
Transition metal-based chalcogenides (TMCs) have recently shown unprecedented high
efficiency for HER and OER in wide range of pH. **

1.4.1. TMC for Water Splitting. The two major half-reactions, HER and OER,
are responsible for total water splitting to create pure H» and O,. Although thermodynamic
water splitting voltage is 1.23 V, a much larger potential is required due to energy loss in
the electrochemical system necessitating use of suitable electrocatalysts.”” Several TMCs
have recently demonstrated promising performance for HER and OER, surpassing noble
metal-based catalysts.”>!%%1%! The TMCs typically exhibit low intrinsic electrical resistivity
and rapid charge transfer owing to their electron rich transition metal centers, highly
covalent network, and electrochemical tunability. These TMCs are primarily comprised of
selenides and tellurides of cobalt, nickel, iron, and copper, in binary and multinary
compounds. By modifying the intrinsic and extrinsic structures and compositions of TMCs,
a variety of compounds containing different transition metals and chalcogens can be
synthesized. In the following sections, binary and multinary (ternary, quaternary, and more
complex) chalcogenides have been discussed with respect to electrocatalytic water

splitting.
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1.4.2. Binary TMCs. Binary metal chalcogenides, more commonly referred to as
TMCs, contains one type of transition metal and one type of chalcogen. The most well-
known example among them is nickel based binary metal chalcogenides (NixSey) which
has been widely studied for water splitting. A variety of stoichiometric (Nise, NiSe»,
Ni3Sez, NizSes) and non-stoichiometric (Nig.gsSe) nickel selenides has been investigated
for OER and HER.'® Xu et al., have also compared OER catalytic performance of various
Ni-based materials (NiO, NiSe, Ni3Se», and Ni),!°? and have observed that NizSe, had the
best OER electrocatalytic activity due to the synergistic impact of intrinsic metal states and

better surface recombination of anions in metal matrix.
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Figure 1.5. OER and HER polarization curves and it’s parts (a, d) Nickel sulphide, '!7 (b,
e) Nickel selenide, ''®. (¢c) Comparison of OER polarization curves for NiOx, Ni3Sz,
NizSez and NizTez in 1.0 M KOH depicting effect of anion electronegativity on OER
activity.53 (f) HER polarization curves of NisTez in 1.0 M KOH. (g) Comparison of Ni**
— Ni** oxidation peaks in Ni3Tez, NizSez, Ni3S, and Ni(OH), confirming effect of anion
electronegativity on active site generation.>

Umanga et al. proposed that the major cause for high catalytic activity for Ni-
chalcogenides was due to increased covalency of the chalcogenide anions, which increases

electrochemical activity of the transition metal center.>* This hypothesis was confirmed by
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investigating OER activity of NizTe; and comparing it with NizE2 (E=S, Se, Te) and NiOx.
NisTe> showed an overpotential of 180 and 212 mV at 10 mA cm™ for OER and HER,
respectively, exhibiting one of the lowest overpotential for OER. This study further
confirmed that decreasing electronegativity of the chalcogenide anions [Te (2.1) vs Se
(2.55), O (3.44)], led to increased catalytic efficiency attributed to enhanced degree of
covalency in nickel tellurides.’® Figure 1.6 (a-g) represents the effect of change in
chalcogenide anions on OER and HER activity for Ni based material which show an order
of NizTez > Ni3Sez > Ni3S; toward the OER and NiSe > Ni3S; > NisTe> toward the HER.
The effect of electronegativity in improving OER catalytic activity was also confirmed in
Co-based composition, whereby, it was observed that CoTe> showed significantly
improved catalytic efficiency compared to Co-oxides and selenide.”® Density functional
theory (DFT) calculations provided further insight into the structure-property correlation
of these chalcogenides, wherein the -OH adsorption energy was identified as a key
descriptor for OER activity.”* The tellurides and selenides were observed to exhibit optimal
-OH adsorption energy leading to most efficient catalytic activity. Apart from the nickel
based chalcogenides, other metal binary metal chalcogenides such as FeSe»!'*, CoSex!™,
CoTex”, CuSe ' have aroused interest for bifunctional HER and OER activity.

1.4.3. Multinary TMCs. Since the electron density around the catalytically active
transition metal center plays a critical role in defining catalytic activity, it was impervious
to tune that electron density through structural and compositional modifications. While
changing anions in the chalcogenide series leads to change in lattice electronegativity,
doping in the transition metal site can lead to more subtle change in electron density around

the catalytic center through d-d transitions and advent of metal-metal bonding. Hence,
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mixed-transition-metal based electrocatalysts have emerged as new pH-universal
electrocatalysts for water-splitting which has also been characterized by their enhanced
electrical conductivity, synergistic impact of bimetallic compositions, and structural
stability. Several multinary TMC composites with tunable compositions were investigated
in addition to cobalt and nickel chalcogenides. These composites typically outperformed
their monometallic counterparts in terms of catalytic performance as has been exemplified
through several examples.106,107 As an example, superior conductivity and reactive
properties of Ni—-Co bimetallic selenides has been identified as viable electrocatalysts for
OER.!” NiCoSex@PCM showed outstanding catalytic activity as a bifunctional
electrocatalyst, with overpotentials of 116 mV and 140 mV at 10 mA c¢cm for HER and
OER, respectively.107 NiFe hybrid selenides have recently been proposed as interesting
OER and HER bifunctional catalysts that pave the path for the development of ternary
metal chalcogenides. Xianbiao et al. suggested a self-standing Nio.7sFe0.25Se2@NF
electrocatalyst that demonstrated remarkable OER and HER activity with overpotentials of
210 mV and 117 mV, respectively, to achieve current density of 10 mA cm™.!% Cao et al.
synthesized a bimetallic spinel-structured CuCozSes electrocatalyst that requires a low
overpotential of 320 mV to obtain a current density of 50 mA cm™ for OER and 125 mV
to achieve a current density of 10 mA cm™ for HER.?® Combinatorial electrodeposition
was also utilized to examine quaternary mixed metal selenide compositions by exploring
the ternary phase diagrams of Fe-Cu-Co-Se systems as shown in Figure 1.7.!%!!! In this
work quaternary composition such as (Feo48Co0338Cuo.14)Se showed the superior OER

catalytic performance with overpotential of 256 mV respectively [Figure 1.6(h-j)].!%!!!
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These experiments demonstrated that transition metal doping enhanced the number

of actual catalytically active sites and expedited the rate-determining steps by manipulating
the OH—adsorption kinetics on the catalyst surface by changing the local electron density

surrounding the catalytic site.!'? Further, Leiming et al. synthesized mixed metal telluride
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Figure 1.6. Trend of OER catalytic activity within the entire Fe~Co—Cu trigonal phase
space. Mapping of overpotential 1| (in units of V) (a) at the onset of OER activity and (b)
at a current density of 10 mA cm2.

NiCo,Tes/PTCDA which showed the superior activity in both OER and HER in neutral pH
with overpotential of 120 and 60 mV respectively. Effect of doping of different transition
metals like Co, Cu and V into NiSe matrix for water splitting activity was recently
demonstrated by Xiaogiang et al.''® The catalytic performance of these M—NiSe/NF
materials is M-dependent, and it follows the order V-NiSe > Co—NiSe > Cu—NiSe > NiSe
toward the OER and Cu—NiSe > Co—NiSe > NiSe > V-NiSe toward the HER. Doping of
NiSe with different transition metals is an example of intrinsic effect. An intrinsic doping

consisting of doping in the transition metal site, leads to scrambling of the active sites and
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modulation of electron density around the active site leading to change in catalytic
activity.!® Although this review is focused on alkaline water electrolysis, it must be noted
that water splitting has also been conducted in acidic electrolyte to be more compatible
with fuel cell systems. Accordingly electrocatalysts for acid water electrolysis has received
substantial attention because of its high reaction efficiency, high current density, low
overpotential, and compact design.''*!'® However, the functional and compositional
instability of the chalcogenide based electrocatalysts in acidic medium over extended

period of time limits their practical application.
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Figure. 1.7 Comparison of OER activity of various metal chalcogenides at current density
of 10 mA cm-2, 53:64.119-128,93,129-136,98,103,106,107,109-111

The overpotentials of the various metal chalcogenides catalysts with high OER
activity reported by different research groups has been benchmarked in terms of the
overpotential at 10 mA cm 2 and shown in Figure 1.8. Analysis of this benchmarking figure
confirms certain trends: (i) decreasing electronegativity in the chalcogenide series leads to

decreasing overpotential with tellurides forming the most efficient OER electrocatalysts;
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(i1) transition metal doping enhances electrocatalytic activity for OER making ternary and
quaternary chalcogenides as better catalysts than the binaries in the same series. However,
for such aliovalent substitution, doping with transition metals with fewer d-electrons is
found to be more beneficial. This outlook can now be applied for better catalyst design
incorporating less electronegative anions along with aliovalent. substitution in the
catalytically active site. Table 1.3 represents the progress in binary and multinary metal

chalcogenides as bifunctional electrocatalysts for overall water splitting.

Table 1.3. The comparison of OER and HER overpotentials with overall water splitting
performance of selected bifunctional nonnoble transition binary and multinary metal

chalcogenides.
OER n @ | HER q Overall
Refe
10 mA cm? | @ 10 mA | Voltage
Binary TMC’S Electrolytes renc
(mV vs | em? (mV | @10mAc
e
RHE) vs RHE) | m~1(V)
FeSe/NF 1 M KOH 245 178 1.73 103
p-CoSe/CC IM KOH 243 138 1.62 104
CoTex-ED 1M KOH 240 350 - 93
CuSe/NF IM KOH 297 162 1.68 105
NisTe> 1M KOH 180 212 1.66 >3
CoTe-NF 1M KOH 241 90 1.45 137
NizS2 IM KOH 400 306 2.0 138
Nio.85Se/RGO IM KOH 320 @30 169 1.64 139
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Table 1.3. The comparison of OER and HER overpotentials with overall water splitting

performance of selected bifunctional nonnoble transition binary and multinary metal
chalcogenides. (Cont.)

1.47@20
CoSer-NC IM KOH 360 234 140
mA cm™>
Nio g5Se IM NaOH 302 200 1.73 129
NiSe, 1M KOH 266 132 1.547 126
CoTe,@NF 1M KOH 310 111 1.605 130
Coo.5Se IM KOH 232 129 1.60 141
NiSey/Ni 1M KOH 235 166 1.64 142
OER_IM
KOH
CoSe> 325 167 . 132
HER 0.5
H>SOq4
NiSo.5Seo s IM KOH 257 70 1.55 143
OER 1M
KOH
C09Ss-CoSes 340 61 1.66 133
HER 0.5
H>SO4
CoSx IM KOH 284 102 1.64 127
CoS-RGO 1M KOH 350 111 1.77 134
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Table 1.3. The comparison of OER and HER overpotentials with overall water splitting
performance of selected bifunctional nonnoble transition binary and multinary metal
chalcogenides. (Cont.)

OERn @ | HERnZ1Z @ Ref
Multinary Overall
Electrolytes 10 mA ¢m? | 10 mA c¢cm? ere
T™C’S Voltage@10
(mV vs | (mV vs nce
mAcm~1 (V)
RHE) RHE)
OER 1M KOH
NiCoSe>@P
HER 0.5 M | 137 116 1.73 107
CM
H>SOq4
Nig.75Feo2s5Se
IM KOH 210 117 1.61 108
2@NF
350@50 1.782 V@50
CuCozSes IM KOH 125 %
mA cm 2 mA cm 2
NiCo,Tes/PT
1 M PBS 120 60 1.55 106
CDA
NiCo,Ses IM KOH 245 122 1.58 136
CoNiSe/NC | IM KOH 270 100 1.65 136
OER 0.1M
KOH
CoFe-Se-P 210 172.5 1.59 144
HER 0.5 M
H>SOq4
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Table 1.3. The comparison of OER and HER overpotentials with overall water splitting
performance of selected bifunctional nonnoble transition binary and multinary metal
chalcogenides. (Cont.)

NiCoSes.x/NC IM KOH 215 89 1.53 145
1.66@50
MnCoSe IM KOH 243 60 146
mA cm™2

OER_1M KOH
FeNiSSe HER 1 M | 213 91.2 1.56 147

H>SOq4
(Ni, Fe)Se, IM KOH 135 145 1.58 19
Feo.09Coo.13-

IM KOH 251 92 1.52 124
NiSe;
Mo-CoSe;

IM KOH 234 89 1.54 148
NS@NF
7ZnCo0>S4/NF IM KOH 278 185 1.66 149
Feo.08Nip.77Se/C

IM KOH 204 108 1.53 150
NT3
P-(Ni,Fe);S2/NF | IM KOH 196 98 1.54 151
FeCoSa—

IM KOH 230 150 1.51 152
NiCo2S4/Ti

OER_1M KOH

230@20 mA
Fe-MoS/NF HER 05 M 153 1.52 153
cm 2
H>SO4
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Table 1.3. The comparison of OER and HER overpotentials with overall water splitting
performance of selected bifunctional nonnoble transition binary and multinary metal

chalcogenides (Cont.)

H-Fe— 1.6@20

1M KOH 282 137 154
CoMoS mA cm 2

OER_IM KOH
GO/CuzZnSn

HER 0.5 M| 130 47 - 155
S4

H>SO4
Cr-CoxSgs 313@100 mA cm™ | 120 1.45 156
Ni—Fe-S 1M KOH 292 140 1.46 157
CoNiSex/NF | 1M KOH 370 170 1.591 158
CDs/NiCo02S4

IM KOH 116 127 1.5 159
/Ni3S2/NF

1.65@?20
CuCo02S4 IM KOH 310@100 mA cm™2 | 65 160
mA cm 2

FeCoS4/NF | IM KOH 270@50 mA cm ™ 132 1.56 161

OER_IM KOH
(Ni0.33C00.67) 156@100

HER 0.5 M |295@100 mA cm™ 1.57 162
S, NWs mA cm™?

H>SO4
NiCo02S4 1M KOH 200@40 mA cm™ 190 1.57 163
NCT- 295@100

1M KOH 330@100 mA cm™ 1.6 164
NiCo2S4 mA cm 2
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1.5. CONCLUSION AND FUTURE OUTLOOK
Transition metal chalcogenides have gained considerable attraction in the last few
years as electrocatalysts for various electrochemical energy conversion processes owing to
their tunable electrochemical properties, structural richness, enhanced charge transfer
ability, and possibility of tuning electron density at the catalytic center through doing and
vacancy ordering. In this review we have highlighted their high activity for electrocatalytic
water splitting and CO; electroreduction. Various binary and multinary metal
chalcogenides catalysts have been reported for OER with significantly improved catalytic
performance compared to the state-of-the-art precious metal-based oxides as shown in
Figure 1.8. In particular, these catalysts exhibited low 1 overpotentials primarily due to
facile catalyst activation through enhanced electrochemical tunability of the transition
metal center, which is facilitated by the lower electronegativity and higher covalency of
the chalcogenide anions. These semiconducting TMCs also have a high potential for use
in solar water splitting due to their ideal band gap and acceptable band edge positions that
align well with both water reduction and oxidation potentials. when illuminated in acidic

solutions utilizing n-type single crystals.!!4116

Coupling these transition metal
chalcogenide electrocatalysts with efficient photoabsorbers to create a hybrid module will
lead to significant advances in solar water splitting, by combining low overpotential and
functional stability of the electrocatalysts with efficient solar energy capture. Interestingly,
the transition metal chalcogenides function as highly efficient electrocatalysts for CO»
electroreduction, producing carbon-rich products with high selectivity. Such capability

makes these TMS highly applicable for CO; utilization which has become an issue of prime

interest to reduce carbon footprint of industrial processes.
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Figure 1.8. Experimental and theoretical studies (a) Comparison of the *CO adsorption
energy calculated on various catalyst surfaces estimated from DFT calculations. (b)
Benchmarking of CO2RR activity of various metal chalcogenide electrocatalysts
highlighting the various reduction products formed, 3!-38:172.73:165-17137.34.

In this report, we have discussed the fundamental issues related to formation of
carbon-rich product from CO; electroreduction and its relationship with the underlying
chemical reactions on the catalyst surface. By comparing the product formation on various
catalyst surfaces it was observed that *CO dwell time on the surface can be used as an
appropriate descriptor for tuning the product composition. The *CO dwell time depends
on the CO adsorption energy on the catalytic site. Comparison of the CO adsorption energy
on various catalyst surfaces showed that weak adsorption energy (leading to less *CO dwell
time) resulted in C1 products, whereas very high adsorption energy leads to indefinite stay
of *CO on the surface and catalyst poisoning as seen in Ni, Pd and Pt. This observation
offers insight into designing an optimal catalyst surface where the CO adsorption energy
should be in the middle range as shown in Figure 1.7(a) to yield predominantly C2+

products. Tuning anion electronegativity and changing the transition metal center can lead
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to such optimal *CO adsorption energy as is shown in the benchmark Figure 1.7(c). The
section marked as (i) and (ii) in Figure 1.7(c) shows catalysts producing mainly C1
products and H», wherein, (i) represents the base metals, while (ii) contains the binary and
ternary compounds. This can be attributed to lower *CO adsorption energy. Section (iii)
represents catalysts that can produce C2+ products. Hence, future outlook for effective CO»
reduction electrocatalysts with high selectivity for carbon-rich product involves designing
the catalyst surface that can facilitate metal-ligand (CO) back-bonding by aligning the
metal d-orbitals with the ligand (CO) n* orbitals, leading to better CO dwell time on the
surface and optimal *CO adsorption energy. Such catalysts can have significant effect on
CO2 utilization by forming value-added chemicals and fuels from waste CO».

Several of these TMCs have shown efficient catalytic activity for both anodic and
cathodic processes such as OER-HER and OER-CO2RR, respectively, making them
suitable as bifunctional electrocatalyst. Among these, the OER-CO2RR bifunctional
activity is useful, since such electrocatalytic cell (as shown in Figure 1.7 (b)), can
essentially reduce atmospheric CO> to value-added carbon-rich products while enriching
O; in the atmosphere.” Such electrochemical setup has also been used to carry out more
economical oxidation processes such as methanol oxidation, ethanol oxidation, urea
oxidation etc.!”>!™ It will be interesting to explore such electrocatalytic activity for TMCs.
Such bifunctional activity can be lucrative for practical industrial applications since it has
minimum energy expense and the total cell potential for this Methanol oxidation/OER-

CO2RR electrolytic cell is lower than combination of individual processes.
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I. SELECTIVE ELECTROREDUCTION OF CO:2 TO CARBON-RICH
PRODUCTS BY SIMPLE BINARY COPPER SELENIDE ELECTROCATALYST
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Deparment of Chemistry, Missouri University of Science and Technology, Rolla, MO
65409

ABSTRACT

In this article solvothermally synthesized copper selenide nanostructures have been
resported as highly efficient electrocatalysts for carbon dioxide reduction under ambient
conditions with high selectivity for carbon rich C2 products at low applied potential. On
addition to electrochemical measurements, density functional theory calculations were also
performed to investigate adsorption energy of the key intermediate carbon monoxide on
the catalyst surface. The authors proposed that CO adsorption energy on the surface can be
a critical component to determine extent of COz reduction on the surface, whereby a low
CO adsorption energy was expecetd to yiled primarily C1 products while very large
adsorption energy leads to catalyst posioning. In this article the authors have shown that
by carefully designing catalyst surface to optimize CO adosrption energy and dwell time,
selenide based electrocatalysts can indeed show more efficient CO2 reduction compared to
the base metal, leading to carbon-rich products. This is one of the first reports where CuzSe
surface has been studied in detail with experimental as well as DFT studies for CO:

reduction. Interestingly, the reduction products showed dependence on applied potential
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forming exclusively formic acid at high applied potential (1.2 V and higher vs RHE) while
ethanol and acetic acid were produced in high yield at potentials lower than 0.8 V vs RHE.
The applied potential required for CO, with copper selenide was as low as 100 mV vs RHE
and is one of the lowest reported till date. The CO> reduction products were analyzed
through NMR and GC TCD spectroscopy which showed ethanol and acetic acid production

in excess of 80% Faradaic efficiency at low applied potential.

1. INTRODUCTION

While fossil fuel combustion continues to supply power to meet majority of global
energy needs, the Achilles heel of the entire process is the production of copious quantities
of carbon dioxide, CO> as a natural by-product. CO> representing the highest oxidation
state of carbon, is a linear molecule containing sp-hybridized carbon doubly bonded to two
O atoms. CO2 is thermodynamically stable product and hence keeps enriching the
atmosphere with increasing concentration. The natural escape route for atmospheric CO>
is provided through sequestration by forest cover on the earth’s surface, which over the
past several decades has been depleted significantly making way for industrial landscape.
While the effect of atmospheric CO2 on global warming is a controversial topic in the
current socio-political scenario, undisputed fact is that atmospheric carbon dioxide
concentration is at an all-time high and is projected to rise in the next several years with a
steeper slope.!? Intergovernmental Panel on Climate Change (IPCC) in its 2018 report has
indicated a strong risk of crisis as early as 2040 due to rising CO2 levels in the atmosphere,

which includes worsening food shortages and wildfires, and a mass die-off of coral reefs.*"
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7 Currently COz level in the atmosphere exceeds 400 ppm,? and CO, sequestration and
storage will simply not be enough to combat this problem.® Hence a clever solution is direly
needed whereby this huge amount of atmospheric CO> can be converted back to valuable
chemical products thereby, closing the loop. However, CO; reduction reaction, (CO2RR)
is a kinetically slow, energy intensive uphill reaction which necessitates the use of suitable
catalysts that can lower the activation barrier and bring CO» out of the potential well. CO»
is an extremely stable molecule with a high bond strength (~532 kJ/mol) and needs a high
electrical potential to be activated in an electrochemical environment. Hence
electrocatalysts which lowers this activation barrier, plays a predominant role for CO2RR
and are considered to be the backbone of the entire process.”!? Although tremendous
amount of research has been done for catalytic CO2RR, 3?2 catalyst design still presents a
significant challenge in terms of product selectivity, lowering constraints of operating
conditions (such as high voltage, pressure and temperature), and lastly economic
feasibility.

Over the last several decades, significant amount of research has been conducted

1316 45 well as

on converting CO; to other carbonaceous products through homogeneous
heterogeneous catalysis.!”?> Among the various catalysts reported for CO2RR, a major
chunk includes precious metal based catalysts, such as Pt, Pd,>* Ru, Au,* Ag? and their
alloys. Recently, intensive research has led to identification of several non-precious
transition metal based CO2RR catalysts based on Cu and Ni.?¢* While this is definitely
exciting from a practical point of view, the hindrance lies in range and selectivity of

reduction products obtained. Typically, range of CO2RR products are categorized as C1 or

C2 products depending on the formation and extent of C-C linkage. In most cases CO2RR
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with Cu- and Ni-based catalysts leads to a mixture of predominantly C1 reduction products
primarily composed of carbon monoxide (CO), formate ion and formic acid, with trace
amounts of formaldehyde or methanol.?%3° While the lack of selectivity is a serious issue,
the more detrimental fact is that CO, a toxic gas, is not a desirable product to be released
in the atmosphere and hence must be reduced/processed further (typically through syn gas
conversion) making the whole process tedious, cumbersome and less efficient. Rather,
direct electroreduction of COx> to alcohols or other value-added hydrocarbons with higher
carbon content (C2 or higher) is more desirable.

Among the various transition metals studied for CO2RR, Cu has attracted most
attention due to the range of reduction products formed under ambient conditions as well
as feasible electroreduction of CO: at low applied potential.*! Bulk Cu as well as Cu
nanoparticles has been shown to primarily produce CO and CH4. Hori et al.>? reported
extensive study of CO; electroreduction using Cu electrodes and described the product
distribution at different applied potentials. C1-C3 products were produced when the
CO2RR was carried out in presence of Cu.’! It has been claimed that size of Cu
nanoparticles also has an effect on CO; reduction products.®* Even morphology and surface
roughness of Cu can effect Faradaic efficiency and selectivity of the reduction products.*
Cu films oxidized on the surface gives some C2 products.*> Cu nanocrystals produces
formic acid (HCO,H) at -0.5V (vs RHE) with Faradaic efficiency of 28%.¢ Cu fibers and
Cu nanowires also showed selectivity at different applied potential. Variation of crystal
dimensions also led to selectivity for different products. Fe porphyrin on CNTs showed
CO2RR activity producing CO at 0.5 V overpotential.>’ It was observed that doping can

also influence the electrocatalytic properties with respect to CO2RR. For example,
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products of CO» reduction with boron doped diamond vary in amount as a function of
boron content and maximum Faradaic efficiency (75%) for producing formic acid was
obtained with boron content of 0.1%. The Faradaic efficiency decreased with increasing
boron content.*® Multiphase systems like Cu on TiO2, Ag on TiOz or In(OH); were also
observed to be photocatalytically active for CO2RR with a 97% conversion to CH4 under
normal solar illumination.** CuzO has also been reported as a electrocatalyst for CO2RR.*
In addition, WSe> and MoSe; has also shown good activity for CO2RR.*' Although Cu has
proved to be a cheap and energy efficient electrocatalyst for the CO» reduction, the lack of
product selectivity at room temperature under ambient conditions has been less than ideal,
leaving plenty of room for improvement in catalyst performances.** Although Faradaic
efficiency of CO2RR products formed from metal-based electrocatalysts (Cu, Ni, Au, Ag,
and Pd) are reasonable, they suffer from several major drawbacks, the most concerning
being poisoning of the catalyst surface with CO and other reaction intermediates, and
deactivation of the catalysts within a small time. These metallic electrocatalysts also have
very low Faradaic efficiency for C2 or higher carbon-rich products.*** Surface
modification of the metal catalysts by forming oxide layers could reduce the catalyst
poisoning and deactivation problems slightly. However, with Cu,0O electrode, the Faradaic
efficiency of the hydrocarbon products were also reduced compared to Cu, and CO became
one of the major products again. Hence, while Cu,O showed sustained catalytic activity
for CO; reduction compared to Cu, lower Faradaic efficiency and lesser product selectivity,
leads to the feasibility of CuxO as practical CO2RR electrocatalyst as being severely
challenging.*® In a study by Ramirez and coworkers, experimental and theoretical study of

chalcogen modified copper for CO; electroreduction was performed which resulted in
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selective electroreduction of CO; into formate. This study concluded that formate
generation happens because of presence of basic sites where CO> was secured preventing
its dissociation toward CO.4"8

Previously it has been reported that reducing anion electronegativity around the
catalytically active transition metal site leads to better modulation of electrochemical redox
of the catalytic site leading to lowering of the activation energy for electrocatalytic activity.
Hence, we propose that Cu-based chalcogenides will show better electrocatalytic activity
for CO2RR at lower applied potential compared to oxides and the base metal. Moreover,
we further propose that reducing anion electronegativity will also lead to enrichment of
electron density around the transition metal center, which will influence binding energy of
CO intermediate on the surface, which becomes crucial for preferential formation of C1
and C2 reduction products. Specifically, we have proposed that optimal CO adsorption
energy on the catalyst site is required to maximize dwell time of CO intermediate on the
surface, enough for further reduction to form carbon-rich products, while weak CO
adsorption energy leads to ready desorption of C1 products (CO and formic acid). High
CO adsorption energy, on the other hand, leads to catalyst surface poisoning. We have
applied this concept to design selenide based electrocatalyst surface as optimal catalyst for
CO2RR producing carbon-rich products.

In this article we have reported the highly efficient electrocatalytic activity of
copper selenide (Cu2Se) nanostructures obtained via solvothermal method. Cu,Se
nanoparticles exhibited enhanced CO2RR activity at low applied potential ranging from -
0.1 to -1.3 V vs RHE with high product selectivity, high Faradaic efficiency, and functional

stability for prolonged period of time. At very low negative potentials, C2 products like
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ethanol and acetic acid were obtained selectively, whereas at high negative potentials, C1
product such as formic acid was obtained almost exclusively. Interestingly, no CO was
detected in the product composition. We have also performed density functional theory
(DFT) calculations to estimate CO binding energy on the catalyst surface and correlate that
with typical CO2RR products obtained with various catalyst systems (CuzSe, Cu,0, Cu
etc.) and validate our hypothesis regarding CO adsorption energy and preferential

formation of C1/C2 products.

2. EXPERIMENTAL METHODS

2.1. MATERIAL
Cuprous oxide (Cu20, 99%), selenium, hydrazine (99.5%) and NaHCOj3
(99.7%) were purchased from Sigma-Aldrich and used without purification. Deionized

water was used to prepare all solutions and to rinse samples and glassware.

2.2. SOLVOTHERMAL SYNTHESIS OF CU:SE

1.0 mmol Cu20 was mixed in 5.0 ml of H>O and stirred for 15 minutes. Then 1.0
mmol Se powder was added to the reaction mixture and stirred for another 30 minutes. 2.0
ml of hydrazine (N2H4.H20) was added dropwise to the mixture with continuous stirring
for 10 minutes. The resulting solution was transferred to a polytetrafluoroethylene (PTFE)
lined stainless-steel autoclave. The autoclave was sealed and maintained at 185 °C for 24
h, then cooled naturally to room temperature. The product formed was washed and

centrifuged for several times with DI water and then with mixture of ethanol and water to
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remove impurities and unreacted precursors. Lastly, the product was dried in a vacuum

oven at 35°C for 24 h.

2.3. PREPARATION OF ELECTRODES

To check the activity of copper selenide powder, the working electrodes were
prepared by drop-casting catalyst ink on carbon fiber paper (CFP). Typically, a catalyst ink
was prepared by dispersing 5 mg of catalyst (copper selenide) powder in 250 pL. Nafion
solution (50 pL of 1% Nafion solution in 50 pL of 50% IPA in water). After 30 minutes of
ultrasonication, 50 uL of the dispersion was drop casted on a confined area (2 cm?) on
carbon fiber paper substrate. The drop-casted Cu,Se@CFP film was then dried at room

temperature and further heated at 130 °C for 30 minutes in an oven.

2.4. PREPARATION OF ELECTROLYTE
NaHCOs3 aqueous solution was used as electrolyte for CO2RR. 0.3M NaHCO3
electrolyte solution was prepared from stock solutions of higher concentration in DI water,

which were then diluted to the target molarity.

3. METHODS OF CHARACTERIZATION

3.1. POWDER X-RAY DIFFRACTION
The crystalline phase of as-synthesized catalyst powder was identified through
powder X-ray diffraction (pxrd) with Philips X-Pert utilizing CuKa (1.54181&) radiation.

Pxrd pattern was collected from the pristine product with no further treatments.
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Figure 1. PXRD pattern of hydrothermally synthesized Cu>Se compared with the
standard Cu,Se reference pattern (PDF # 00-006-0680).

3.2. SCANNING ELECTRON MICROSCOPY (SEM)

SEM images of the Cu,Se-modified electrode surfaces was obtained using a FEI
Helios NanoLab 600 FIB/FESEM at an acceleration voltage of 10 kV and a working
distance of 4.8 mm. Energy dispersive spectroscopy (EDS) along with line scan analysis

was also obtained from the SEM microscope.

3.3. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
The oxidation states of the elements in copper selenide samples were investigated
by X-ray photoelectron spectroscopy (XPS) using the KRATOS AXIS X-ray

Photoelectron Spectrometer with monochromatic Al X-ray source. All XPS measurements
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of the catalyst surface were collected as-is without sputtering. Cls signal at 284.5 eV was

used as a reference to calibrate all the XPS binding energies.

3.4. ELECTROCHEMICAL CHARACTERIZATION AND
ELECTROCATALYTIC STUDIES PREPARATION OF ELECTROLYTE

Electrochemical H-cell was used in this study consisting of separate cathode and
anode compartments with a volume of 30 ml each, separated by an anion exchange Nafion
(115) membrane. The linear sweep voltammetry (LSV) was performed in N>-saturated, and
COs saturated 0.3 M NaHCOs electrolyte with a scan rate of 10 mV.s™!. In this study carbon
rod was used as counter electrode, Cu,Se@CFP and Ag|/AgCIKCl(sat.) were used as
working and reference electrodes, respectively. The Ag|AgCl reference electrode was
calibrated using open circuit potential (OCP, —0.199 V) measured with a Pt wire in H»-
saturated HoSO4 solution. The potential measured in Ag|AgCl was converted to reversible
hydrogen electrode (RHE) using the Equation (1):

Erue = Eaglager +0.059 pH + E£g|AgCl (D
where Erpg is the converted potential vs RHE, Eagagci is the experimentally obtained
potential, E°agagci is the standard potential of Ag|AgCl (0.199 V), and the pH of CO>
saturated 0.3 M NaHCO3 was measured to be 6.8. 0.3M NaHCO3 in cathode compartment
was saturated with CO; through continuous purging at the rate of 10 sccm using mass

controller during the experiments.

3.5. TAFEL PLOTS
For explaining the kinetics of a reaction and electrocatalytic activity, Tafel slope is

an important parameter. and Tafel equation can be expressed as follows:
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n= a+ (23RT) logj /anF ()

where 11 is the overpotential, a is the transfer coefficient, n is the number of electrons

involved in the reaction, F is the Faraday constant, j is the current density, and the slope is
given by 2.3RT/ anF.

The Tafel equation as shown in equation (2) is a fundamental equation which

acquires from the kinetically controlled region of CO2RR and relates the overpotential Z

with current density j where the Tafel slope is given by 2.3RT/anF. To calculate Tafel

slopes, LSV plots were obtained with a slow scan speed (10 mV s™!) in non-stirred solution.

4. RESULTS AND DISCUSSION

4.1. STRUCTURE AND MORPHOLOGY OF CU2SE

Composition and phase of the hydrothermally synthesized product was ascertained
with XPS and pxrd, respectively. The pxrd pattern as shown in Figure 1 confirmed that the
as-synthesized product was primarily composed of crystalline Cu>Se and the diffraction
lines could be well-matched with that of standard Cu>Se phase (PDF# 00-006-0680).

Morphology of the product was studied through SEM which showed that the
hydrothermally synthesized Cu,Se formed nanocubes (Figures 2a and 2b) with sizes in the
range of 100 nm — 1 pm and exhibiting considerable surface roughness. These granular
nanocubes were comprised of Cu and Se with a relative atomic ratio of approximately 2:1,
respectively, as shown in Figure 2¢. The EDS measurements were typically performed on
different regions of catalyst surface to confirm uniformity of composition. While EDS

confirmed the presence of Cu and Se uniformly throughout the sample, it also confirmed
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absence of even trace amounts of oxygen, confirming that the sample composition was
indeed pure CuxSe. The composition of the catalyst was also confirmed through XPS
studies. Figure 2d represents the deconvoluted Cu 2p XPS peak for as-synthesized Cu,Se
catalyst where the peaks at 932.8 and 953.1 eV for Cu'" 2ps,2 and 2p1,» peaks and 934.1
and 954.8 eV for Cu®* 2p3,2 and 2p12 peaks, confirmed the presence of Cu in +1/4+2 mixed
oxidation states.*” The coexistence of +1 and +2 mixed valence states for Cu has been
reported previously in CuxSe.*’ The deconvoluted Se 3d XPS spectra (Figure 2e) showed
peaks at 54.5 and 55.3eV corresponding to Se 3ds,2 and Se 3d3/2, respectively, in accordance
with previously reported spectra for CuxSe.*’ The oxidation state of Se was estimated to be
Se* by comparison with previously reported literature.*” The relative ratio of Cu** and Cu®
was also estimated from the deconvoluted XPS spectra as shown in Figure 2 using area
under the peaks. A Cu?": Cu" ratio of 1.07 was obtained for the pristine catalyst. These
XPS results along with pxrd confirmed that the predominant phase of these solvothermally
synthesized catalyst powder was CuzSe. Comparison of XPS spectra collected before and
after long-term electrolysis shows that Cu and Se XPS peaks do not change positions
indicating no change in oxidation states and/or coordination geometry. The Cu*: Cu?* ratio

after prolonged CO2RR activity shows minimal change (Cu®*":Cu’=1.07) compared to

pristine sample. Selenium oxidation state remains -2, same as before activity.

4.2. ELECTROCHEMICAL PERFORMANCE AND CO2RR CATALYTIC
ACTIVITIES

The solvothermally synthesized Cu,Se powder was assembled onto a CFP electrode
following method as described in the methods section. A typical catalyst loading of 1.25

mg.cm was used for most electrochemical measurements reported in this manuscript.
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Figure 2. SEM images of the Cu>Se nanoparticles at (a) low and (b) high magnification
showing formation of nanocubes and surface roughness, respectively. (c) EDS analysis of
the catalyst confirming presence of Cu and Se in 2:1 relative atomic ratio. (d) Cu 2p and
(e) Se 3d XPS spectra of as-synthesized CuzSe.

Carbon fiber paper (CFP) was used as the substrate. Catalyst ink was dropcasted on the the
carbon fiber paper was prepared by dispersing the catalyst powder in 1% Nafion solution
in ethanol. Then this electrode is left to dry overnight in the fumehood. This electrode is
used as working electrode in 3 electrode setup. Electrolyte is purged vigorously for 30
minutes before starting the experiments so that electrolyte gets saturated by carbon dioxide
gas. To investigate the electrocatalytic property of CuzSe towards CO: reduction,
electrochemical studies were performed in 0.3 M NaHCO; solution (pH = 6.8) with
continuous purging of CO> gas at room temperature under ambient pressure. Linear scan

voltammetry was used for checking activity of the catalyst. The electrochemically active

surface area (ECSA) of the catalyst composite was calculated from electrochemical double
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layer capacitance as a function of scan rate measured in the non-Faradaic region (Figure 3)
and comparing this capacitance with the specific capacitance (Cs ) obtained from the
literature.49 The double layer capacitance (Cp;) was estimated by using equation (3)
wherein, ip; is the measured current and v is the scan rate.
ipp = Cpp X Vv (3)
ECSA = Cp,/Cs “
Cp, estimated from the i vs v plot as shown in inset of Figure 3 gave a value of 0.49 mF.
ECSA estimated as the ratio between Cp; and CS (equation. 4), was calculated to be 12.25
cm? using a Cs value of 40pF cm™, typical of the electrolyte as reported in previous
literature.49 The roughness factor (RF) of the electrode composite estimated from the ratio

between ECSA and geometric area, was estimated to be 153.12. A high ECSA and
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Figure 3. Cyclic voltammograms measured for Cu,Se catalyst in 0.3 M NaHCO3 at
continuous N> purging at different scan rates from 2.5 to 40 mV s’'. Inset shows plot of
anodic and cathodic current measured at 0.044 V vs Ag|Agcl as function of scan rate.
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roughness factor typically signifies a rough catalyst surface which facilitates electrolyte
access to the catalytically active sites and hence is expected to enhance electrocatalytic
activity.

The CO2RR activity of CuxSe modified CFP electrode was checked by measuring
the current-voltage polarization curves in 0.3M NaHCO3 solution in presence and absence
of dissolved CO> introduced in the solution by purging. Similar measurements were also
performed with blank CFP electrode to study the effect of substrate only as shown in Figure
4a. It was observed that blank CFP did not show much current response in absence of CO».
Purging the solution with CO> changed the polarization curve for the CFP very slightly.
The CuSe@CFP electrode on the other hand, showed a significant change in the
polarization curve in presence of dissolved CO; in the bicarbonate-based electrolyte as can
be seen in the Figure 4a. A significant reduction current was observed between 0.2 and
—0.4 V vs RHE for Cu,Se@CFP electrode in presence of CO; similar to those reported
previously for other CO2RR systems such as Pd layers deposited on Pt(Pd—Pt)9. This
reduction current can be due to either direct carbon dioxide reduction on the electrode
surface or indirect reduction of bicarbonate anion (HCO3") to formate/formic acid. It has
been reported previously that as pH decreases near the electrode surface with decreasing
potential due to continuous hydrogen evolution,?* in situ conversion of CO, to HCO3;~
occurs. However, such spontaneous conversion occurs at high concentration of nascent
hydrogen and consequently at higher applied potential. From the linear sweep voltammetry
(LSV) studies as shown in Figure 4, it was confirmed that although CFP was minimally
responsive towards CO2RR, the CuxSe-modified CFP has high catalytic activity towards

CO2RR and can exhibit high current density in excess of 50 mA.cm™ at low applied
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potential. Kinetics of CO; electrochemical reduction on CuSe@CFP was also studied
through Tafel plots as shown in Figure 4b. The Tafel slope was estimated to be 126.8mV
dec’! for the CO; electroreduction on Cu2Se@CFP electrode which is much smaller than
the Tafel slope of only CFP substrate indicating that electron transfer from the Cu.Se
modified electrode surface is much faster. It should be also noted that the Tafel slope of
CO2RR (126.8mV dec™!) on CusSe is different than that of protonation (134.2 mV dec™)
which was calculated from polarization curve of CuSe@CFP electrode without CO»
purging. Tafel slopes typically provide insight regarding reaction kinetics as well as
information about the rate determining step. The Tafel slope obtained for Cu»Se catalyst
was comparable to other CO2RR electrocatalyst systems.>>*! To analyze the composition
of different products being formed through CO2RR on Cu,Se@CFP electrodes, CO»
electroreduction were performed at different applied potentials (-1.3 V, -1.2 V,-0.9 V, -
0.6 V, -0.25 V, -0.1 V vs RHE) held constant for 1 h in 0.3M NaHCO3 under constant
purging with CO; gas at low flow rate (20 sccm).

The gaseous products from CO; reduction were examined with gas chromatography
equipped with thermal conductivity detector (GC-TCD) (Figure S1), while the liquid
products were quantified by 1H NMR spectroscopy (Table S1). It was observed that the
CO2RR products chemistry was dependent on the applied potential and exhibited a
significant product selectivity as can be seen in the NMR plots (Figure 5a) collected at
different applied potential. Interestingly, it was observed that at low applied potential the
reduction products consisted of exclusively higher carbon-content compositions such as
ethanol and acetic acid. As applied potential was increased, the amount of these carbon-

rich products (ethanol, acetic acid) increased in yield, while above -0.6 V (vs RHE) minute
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Figure 4. Electrochemical performance of NiSe> (a) LSVs measured in 0.3M NaHCOs at
a scan rate of 10 mV s™! in presence and absence of CO, with different electrodes. (b)
Tafel plots measured in 0.3 M NaHCO:s.

quantities of C1 product such as formic acid could be detected along with ethanol and

acetic acid. As the applied potential was increased even further, amount of formic acid

production increased along with decrease in the relative quantities of ethanol and acetic

acid. At significantly higher applied potential (-1.2 V vs RHE) the product formed was

exclusively formic acid as detected through NMR (Figure 5a). The relative product yields

at different potentials was estimated by quantifying the NMR plots as mentioned in
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supporting information (Table S2). Figure 5b shows the product selectivity at different
applied potential. It was observed that at lower applied potential C2 products formed more
preferably while the C1 products formed exclusively at higher applied potential. Such
product selectivity is extremely important for practical implementation of catalytic CO2RR
as a viable technology. More importantly, formation of higher carbon-rich fuels such as
ethanol with high selectivity at low applied potential and consequently with lesser energy
expenditure, will also have significant implication in practical application of these CO2RR
reactions. The gaseous products formed at different applied potential was also investigated
by collecting the head space gas after 1 h of CO2RR. Interestingly no carbon monoxide
(CO) was detected while there was minimal production of H> at high applied potential.
Production of H» increased considerably at higher applied potential (-0.9 V vs RHE and
above). HER is known to compete with CO2RR and it has been a challenge to design
catalyst surfaces that will suppress HER while favoring CO2RR. For CuxSe-modified
electrodes, since CO2RR can occur at much lower applied potential than required for HER,
production of hydrogen is inhibited, while hydrocarbon production is enhanced at low
potentials. The total Faradaic efficiency for CO2RR was calculated by considering both
liquid and gas phase products quantified through GC-TCD and NMR analysis performed
on the same experimental set-up and taking into account all the products that were detected.
Typically, electron mole fraction required for each product formation was used along with
the product mole fraction estimated from GC-TCD (gaseous products) or NMR spectra
(liquid products) and total charge consumed for each period of time, to calculate Faradaic
efficiency. The total product percentage at any specific potential was obtained by adding

the product quantification data from GC-TCD of all reduction products detected (through
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combined GC-TCD and NMR analysis) at each applied potential. It was observed that

while H> was generated at high negative potential, there was no production of CO within

detectable range of GC-TCD.
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Figure 5. Identification and quantification of CO2RR products (a) NMR spectra
identifying reduction products in reaction aliquots collected at different potentials. (b)
Bar plot depicting relative concentrations of liquid products quantified from NMR at

different stationary applied potentials.
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Hydrocarbons such as methane, ethane etc. were also absent from the products
possibly due to les availability of reactive hydrogen at such low applied potentials. As
mentioned above Faradaic efficiency for CO» reduction was calculated by considering the
total charge consumed and quantifying products detected in NMR and GC-TCD.
An optimal condition was observed for C1 products at an applied potential of —1.2
V vs RHE wherein formic acid was produced with 98.33% product selectivity after 1 h of
electrolysis with high Faradaic efficiency. For potentials higher than —1.2 V vs RHE, the
maximum faradaic efficiency (for formic acid) decreased to 94 % (—1.3 V vs RHE), which
also showed deactivation over time (Table S4).
For lower applied potentials (—0.9, —0.6, and —0.25 V vs RHE) C1 products showed
decrease in Faradaic efficiency (25.26 %, 0.5 %, and 0 %, for formic acid at -0.9, -0.6, and

-0.25 V, respectively) while relative yield of C2 products increased.
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Figure 6. Bar plot depicting relative faradaic efficiency of liquid as well as gas products
at different applied potentials
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Details of estimation of the Faradaic efficiency for each reduction product at
various applied potentials has been provided in supporting information (Tables S2, S3).
At -0.6 V, Faradaic efficiency in excess of 84 % was observed for ethanol. It must
be noted here that such high Faradaic efficiency for C2 product such as ethanol has been
observed very rarely. Hence the novelty of this simple binary copper selenide based
electrocatalyst lies in its ability to produce carbon rich fuels with high selectivity and
Faradaic efficiency at low energy expense. Moreover, this CuxSe-based catalyst also
exhibits high current density exceeding 50 mA.cm™ at moderately low applied potential.
The stability of CuxSe electrocatalyst for long-term CO2RR activity was also
investigated by carrying out the electrochemical carbon dioxide reduction under constant
applied potential for extended period of time, typically 12, 24 or 100 h. These are typically
referred to as chronoamperometry measurement where potential is kept constant for
extended period of time while current density is measured. Typical chronoamperometry
plots measured at different applied potentials has been shown in Figures S2a (12 h at -0.1
V,-0.6 V,and -0.9 V vs RHE), S3 (24h at-0.9 V vs RHE) and S4 (100 h at -0.6 V vs RHE).
As can be seen from these plots, the reduction current density did not any change for
extended period of time indicating the catalyst was functionally stable under conditions of
continuous CO2RR under an applied potential. The product composition analyzed by NMR
after chronoamperometry studies showed similar relative percentages as shown in Figure
5. The catalyst composition after long-term electrolysis under an applied potential was also
investigated through pxrd and XPS analysis. Pxrd pattern of the catalyst film after 24 h of
CO2RR at -0.9 V was superimposable with that of pristine CuxSe as shown in Figure S2b,

indicating that there was no change in the crystalline phase of the catalyst. XPS analysis of
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the catalyst film after chronoamperometry studies has been shown in Figure S2¢ -f, which
shows Cu 2p and Se 3d peaks which are exactly superimposable with that of the pristine
catalyst, with no change in peak positions indicating no change in oxidation states and/or
coordination geometry. The Cu®*:Cu” ratio estimated from the deconvoluted XPS spectra
was obtained as 1.07, similar to the pristine catalyst composition. Hence, pxrd and XPS
analysis confirmed that the catalyst was also compositionally stable after extended period
of catalytic activity. It must be noted here that Cu,Se has also been reported recently as an
efficient electrocatalyst for oxygen evolution reaction (OER) in alkaline medium with an

onset potential of 1.42 V (vs RHE) and overpotential of 310 mV at 10 mA.cm™>.%
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Figure 7. Polarization curve with cathodic CO2RR and anodic OER with Cu>Se@CFP as
both cathodic and anodic electrocatalyst. Inset shows schematic of the electrochemical
setup for combined CO2RR and OER.

Hence CuzSe can be ideally used as a bifunctional catalyst that can reduce

atmospheric CO while simultaneously enriching the air with oxygen produced through
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water electrolysis. The bifunctionality of this catalyst was probed by constructing an
electrochemical H-cell containing alkaline electrolyte (IM KOH) in the anodic chamber
and bicarbonate solution in the cathodic chamber. The two electrolyte chambers were
separated by Nafion membrane, and it was confirmed that there was no enrichment of OH"
in the cathodic chamber. CO> was purged in the cathodic chamber. Inset in Figure 7 shows
schematic representation of the electrochemical cell along with the LSV plot obtained from
the CO2RR-OER combined experiment. Potential was scanned in the anodic direction
whereby O evolution was observed in the anode concurrent with the rise in oxidation
current. The reduction products in catholyte were analyzed by collecting the aliquot from
cathode chamber after 12 hours of continuous CO2RR-OER at 2 V. NMR analysis of the
catholyte showed that they contained primarily formic acid, acetic acid, and ethanol

analogous to product composition observed previously in Figure 5.

4.3. EXPLORING CO ADSORPTION ENERGIES ON CATALYST SURFACES
The excellent activity of Cu,Se was also investigated using density functional
theory (DFT) to further understand enhanced performance of the catalyst and selectivity
towards carbon-enriched reduction products. Details of the DFT calculation has been
provided in the supporting information. Previously it has been shown that amongst
numerous pathways to electrochemically reduce CO> to various hydrocarbon products on
the catalyst surface, one of the key intermediates is CO.%? Reduction of CO2 to CO is a two
electron transfer process as schematically illustrated in Figure S5 in supporting
information. First, a proton-electron pair (H'/e") is transferred to the CO, adsorbed on the

catalyst-electrode which is then reduced to a carboxyl intermediate *COOH (where *
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denotes adsorbed species on the catalyst surface). Then a second H'/e” pair participate in
further reduction of *COOH to *CO and H,0.>? Although the conversion of *COOH to
*CO takes place readily, the conversion of CO2 to *COOH was found to be limited by the
weak binding of COOH to the catalyst surface.’® This elementary reaction step of CO2
adsorption on CuzSe surface was simulated as shown in Figure S5(b), and it was observed
that *COOH intermediate can form a stable configuration with the formation of Cu-C and
Cu-O bonds with adjacent Cu atoms on the surface of Cu>Se which is similar to stable
*COOH configurations previously reported by other researchers.’>>* Hence, favorable
binding of *COOH on CuxSe accelerates the formation of *CO intermediate on catalyst
surface. A primary hypothesis is being proposed in this manuscript regarding catalyst
design to promote preferential formation of carbon-rich (C2 and C3) reduction product. It
can be expected that *CO dwell time on the catalyst surface is a key parameter for
preferential formation of C1 or C2/C3 reduction products. The *CO dwell time can be
directly related to the CO adsorption energy on the catalyst site. If *CO is weakly bound
to the catalyst surface, it can desorb readily forming carbon monoxide (CO) as the major
product.>® Hence, a moderately higher *CO adsorption energy is essential for retaining
*CO on the catalyst surface long enough for facilitating continuous reduction of *CO to
higher hydrocarbons such as methanol and ethanol. We proposed that the CO adsorption
on the catalytically active site can be optimized by increasing ligand to metal back-bonding
possibilities.

In this case, increasing the oxidation state of Cu from 0 (Cu metal) to +1/+2 is

expected to favor ligand to metal back bonding due to availability of partially filled d-



63
orbitals at comparable energy level. Moreover, decreasing electronegativity of the anions

also facilitates such ligand-to-metal backbonding by increasing electron density around the
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Figure 8. Comparison of calculated CO adsorption energy on known catalyst materials
with CuzSe. (a) CO adsorption on CuzSe was calculated on (001) surface and (220)
surface while for the metals it was calculated on (111) surfaces. Reported values were
selected from data that has used the same functional as the present study for calculation
of adsorption energies.”>>* Adsorption configurations used for calculation of (b) CO on
(001) surface (c) CO on (220) surfaces.

transition metal centers. Hence, it was hypothesized that Cu,Se will show larger CO
adsorption energy compared to Cu. It was also hypothesized that smaller *CO adsorption
energy on specific catalyst surface will lead to preferential formation of C; products (CO
and HCOxH) while larger *CO adsorption energy will lead to more C2 products. However,
it was also realized that very large *CO adsorption energy can potentially passivate the
catalyst surface and will lead to catalyst poisoning. A series of DFT calculations were
carried out for comparing the CO adsorption energy on various known catalyst surfaces

along with CuxSe and the results are shown in Figure 8. It was observed that metals such
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as Ag and Au show low CO adsorption energy and they almost exclusively produce CO as
has been reported previously by various research groups.>>*® On the other hand, catalysts
such as Pt, Pd and Ni showed high CO binding energy. It is well-known that these catalysts
also have a high binding energy for *H and starts hydrogen evolution reaction instead of
reduction of CO» in aqueous medium and the catalyst is deactivated due to CO passivation
by the small amounts of CO produced during continuous electroreduction of CO2.%” Cu
metal showed a moderately larger CO adsorption energy compared to other noble metals
such as Au and Ag, as shown in Figure 8. It has been reported previously that Cu is capable
of producing a wide range of hydrocarbons with considerable Faradic efficiency which
nicely corroborates with higher CO adsorption energy indicating longer *CO dwell time
on the surface.’” Interestingly, CuSe has a moderately strong CO adsorption energy which
is slightly higher than that of Cu (higher the negative value, higher the binding energy),
which is favorable for further reduction of CO to carbon-rich hydrocarbon products such
as ethanol and acetic acid. In addition, CO binding energy on Cu,Se was also lower than
that of the passivation level observed with other metal catalysts keeping Cu,Se in an ideal
position for CO> reduction. CO adsorption energy was calculated on various lattice planes
of CuxSe and interestingly it was observed that CO adsorption energy showed minimal
lattice plane dependence showing a value of -1.26 eV, for both (220) and (001) lattice
planes, at ~11% surface coverage. We propose the presence of Se influences the
electrocatalytic activity in multiple ways: (i) Indirect effect on electron density on
catalytically active Cu center that increases CO dwell time. This has been also confirmed
by the DFT studies which shows higher CO adsorption energy on CusSe surface compared

to bare Cu. (i1) Presence of less electronegative Se also increases electrochemical activity
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of Cu thereby decreasing overpotential. Such effect of enhanced electrocatalytic activity as
a function of decreasing anion electronegativity has also been observed previously.*® (iii)
Presence of Se also lead to more adsorption of hydrogen in the vicinity through Lewis acid-
base interaction that can lead to formation of more hydrocarbon based reduction products.

As illustrated in Figure S6, atom projected local density of states (DOS) was also
calculated on surface Cu atoms before and after binding with CO for getting further insight
regarding changes of electronic structure of the surface-active sites as a function of
intermediate binding. It can be seen from Figure S6 that an overall stabilization of Cu 3d
orbitals has taken place by moving to lower energy upon binding with CO molecules.
Adsorption of CO on transition metals occur through two mechanisms contributing to the
coordination bond: CO to metal ¢ donation through HOMO (highest occupied molecular
orbitals) located on C; and metal (d-) to CO (r*) back donation. In Figure S6, Cu 3d to CO
n* back donation can be identified from the contribution of CO pDOS as a low intensity
peak near -3.7 eV energy range, which is comparable to previously reported results.*
While it is imperative to do a thorough DFT study involving all the mechanistic steps of
the reaction pathway and also using other possible lattice surfaces of CuxSe to fully
understand the role of catalyst for the selective formation of specific reduction products,
present DFT results indicate that CuxSe catalyst surface has beneficial properties for
electroreduction of CO; to carbon-rich products by facilitating intermediate CO adsorption,

which agrees with our experimental observations.
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5. CONCLUSIONS

Copper selenide nanostructures synthesized through one-pot solvothermal
synthesis were found to be highly active for electrocatalytic carbon dioxide reduction under
a range of applied potential. The reduction products showed selectivity between C1 and C2
products depending on the applied potential. At high applied potential (-1.3 V) the product
was identified as exclusively formic acid with a Faradaic efficiency of 94.2%. At more
anodic potential (<-1.2 V) preferential formation of C2 products such as acetic acid and
ethanol were observed. A maximum Faradaic efficiency for ethanol production was
observed at a low applied potential of -0.6 V vs RHE. It must be noted that these are among
the lowest applied potential at which C2 products have been obtained with high relative
yield. The reduction products were characterized through NMR and GC-TCD
spectroscopies by performing time-dependent measurements. It was also observed that H»
was produced at high cathodic potential (>-1.2 V) indicating that Cu>Se has reduced HER
catalytic activity. This is significant since HER poses as a commendable competitor and
inhibits CO2RR on the catalyst surface. Interestingly it was observed that no detectable
amount of CO was formed as the reduction potential even at high negative potential. The
electrocatalyst surface was further studied through DFT calculations specifically to
estimate CO adsorption energy on the catalyst site, which showed moderate adsorption
energy which suggests longer dwell time of the adsorbed CO on the catalyst surface leading
to preferential reduction to C2 products. As mentioned above, this CuzSe catalyst surface
can effectively reduce CO; to ethanol and acetic acid with high Faradaic efficiency at one

of the lowest applied potentials reported till date. This result along with the correlation of
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catalytic activity with CO adsorption energy will lead to optimal catalyst design for

forming carbon-rich high-value products through CO, reduction.

SUPPORTING INFORMATION

1. NMR SPECTROSCOPY

Liquid products formed during CO> electrochemical reduction were analyzed with

"H-NMR. Aliquots were collected at regular intervals as mentioned in the manuscript and

2 uL DMSO (internal standard) and 200 uL. DO was added to 0.5 ml electrolyte. The NMR

experiments were performed on a Bruker 400 MHz NMR spectrometer, using a

presaturation sequence to suppress the water signal. NMR spectra of reaction mixture was

measured before starting any electrochemical reaction to make sure that there was no

impurity in the solution which can lead to false results.

Table S1. Chemical shifts and assignments of peaks from different possible

products observed in IH-NMR spectra after CO» reduction.

Observed NMR Values Products Standard NMR Values*’
Chemica | 1H J Probed Name Chemical Shift
1 Shift Splitting | coupling | Nucleus
8.35 CHOO Formate | 8.35
3.64 q 7.08 CH3CH>OH Ethanol | 3.64
1.8 s CH3C(=0) O | Acetate | 1.8
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2. QUANTIFICATION OF THE PRODUCTS

Liquid products were quantified from NMR spectra by calibrating it with respect
to the internal standard and quantifying the identified products. Gaseous products of CO>
reduction were collected and transferred to GC using gas-tight syringe. The GC was
equipped with thermal conductivity detector (GC- TCD) and Molecular Sieve 5A capillary
column. Helium (99.999%) was used as the carrier gas. The GC columns led directly to a
TCD detector to quantify hydrogen and carbon monoxide. At ambient conditions, CO2 was
continuously purged through a cathode compartment flow cell at a rate of 20 sccm while a
constant potential was applied for designated time. The cell effluent was sampled using
100 pL syringe. The Faradaic efficiency (FEs) was calculated by measuring the current
and using mole percentages quantified through GC-TCD as well as NMR analysis as

follows:

2.1. FARADAIC EFFICIENCY (%) CALCULATION OF PRODUCTS

No. of moles of product = C

Total current =1 (A)

No. of electrons(moles) required to form certain product= C X n

N = No. of electrons required to obtain 1 molecule of product.

Charge consumed in forming certain product C, = C X F X n where F = Faraday
constant, 96485 C mol™'. The number of electrons required to form a molecule of Ethanol,

Acetate, Formate and H» are 12, 8, 2 and 2, respectively. Total charge consumed can be
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determined using Faraday’s laws of electrolysis: Cr = I X t. Faradaic efficiency of the
product = Le % 100%
Cr

Following worksheet shows typical calculation of Faradaic efficiency at specific

potentials (-0.6 V and -0.9 V vs RHE):

2.2. CALCULATION OF THE FE OF PRODUCTS AT -0.6 V VS RHE
Current Density mA/cm? (1h) = 4 mA/cm?

Surface Area of the electrode = 2 cm?

(current density xsurface area of the electrode)
1000 =0.008A

Total current(A) =

Total charge consumed C =1 Xt =0.008 x 3600 =28.80 C

Table S2. Calculated Faradaic Efficiency along with product concentration obtained at -

0.6 V vs RHE.
Products | No. of moles | »  (number of | C. (Charge | F
of electrons required | required to form Ce
= 100
T
product(mol) |to form specific | certain  product)
product) ©)
Hydrogen | 2.68E-07 2 0.51 0.18
Ethanol | 2.10433E-05 12 24.36 84.00
Acetate 5.72789E-06 8 4.42 15.34
Formate | 7.55558E-07 2 0.14 0.48




2.3. CALCULATION OF THE FE OF PRODUCTS AT -0.9V VS RHE

Current Density mA/cm? (1h) = 5.5 mA/cm?

70

Table S3. Calculated Faradaic Efficiency along with product concentration obtained at -

0.9 V vs RHE.
Products | No. of moles | N (number of Ce (Charge F
of electrons required to _ Ce
=z,
product(mol) | required to form | form certain
* 100
specific product) (C)
product)
Hydrogen 2
1.28E-06 0.25 0.64
Ethanol 12
2.14789E-05 24.86 63.58
Acetate 8
5.3476E-06 4.12 10.53
Surface Area of the electrode = 2 cm?
Total current(A) _ (current density xsurface area of the electrode) —0.01086A

1000

Total charge consumed Cr =1 X t =0.01086 x 3600 =39.10 C
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Table S4. Faradaic efficiency of the liquid and gas phase products estimated from NMR

and GC-TCD respectively at different applied potential with Cu>Se

Product Faradaic Efficiency (%)

-025V -0.6V -09V -13V
H> 0 0.17 0.63 1.12
Formic Acid 0.4 0.50 25.26 94.2
Acetic Acid 33 15.25 10.54 4.67
Ethanol 66.6 84.06 63.55 0
Formate 5.12389E-05 |2 9.88 25.25
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Figure S1. (a) 24 h of chronoamperometry study at applied potential =-0.9V vs RHE (b)

Pxrd spectra of Cu,Se before and after 24 h of chronoamperometry (¢) Cu 2p XPS signal

before and after chronoamperometry for 24 h. (d) XPS spectra of Se 3d before and after
chronoamperometry study(e) & (f) Deconvoluted Spectra
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Figure S2. Chronoamperometric stability study for Cu,Se nanocomposite under
continuous CO; purging for 12 h held at constant potential (-0.1 V vs RHE, -0.6 V vs
RHE, -0.9 V vs RHE)
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Figure S3. Chronoamperometric stability study for Cu,Se nanocomposite under
continuous CO; purging for 100 h held at constant potential (-0.6 V vs RHE)
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3. COMPUTATIONAL SETUP

The fully periodic plane-wave density functional theory (DFT) calculations were
carried out as implemented in Vienna Ab-initio Simulation Package (VASP)! with the
exchange-correlation functional Perdew—Burke—Ernzerhof (PBE)? within the generalized
gradient approximation (GGA)® implemented with the Projector Augmented Wave
function (PAW) method* to investigate adsorption energy of CO molecules on the surface
of catalyst materials. An energy cutoff limit of 500 eV was applied with the convergence
criteria for electronic self-consistent iterations set at 1.0 x 107 eV, and the ionic relaxation
was carried out by conjugate gradient algorithm until atomic forces of the system were
smaller than 0.01eV without any constrains. The Methfessel-Paxton smearing with a value
of smearing parameter ¢ of 0.2 eV was applied to the orbital occupation. The calculations
employed 11x11x3 k-point Monkhorst—Pack® mesh for Cu and other transition metals
along with a 11x8x3 grid for CuxSe (220) surface and 11x11x5 grid for Cuz2Se (001) surface
for sampling the Brillouin zone. For each species, surface models with a unit cell of 2x2x2
and 2x3x3 with a vacuum region of 15 A along z-direction were used.

During the calculation of CO adsorption energy, first the free surfaces were relaxed
to obtain the energy of the clean surface, Eciean, and then CO ions were placed on top of
active sites of the catalyst at a distance of ~ 1.80 A, which is very close to the equilibrium
distance of CO on transition metal sites, and let the system to relax to calculate, Esys., the
total formation energy of the system. The adsorption energy of CO, E.q, was calculated as



75

Qe 05« 0c 00 H

Figure S4. Schematic representation of the elementary reaction steps for the formation of
CO on CuzSe (001) surface. The simulated *COOH intermediate in (b) shows the
formation of a stable configuration on Cu,Se surface by attaching through C and O atoms
to neighboring Cu atoms on the catalyst surface.
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Figure S5. Atom projected partial density of states of the 3d orbitals of a Cu atom on
CuzSe (001) surface before and after binding with CO molecule.
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ABSTRACT

Identifying new catalyst composition for carbon dioxide electroreduction to high
value products has been at the center of attraction over the last several years. In this article,
nickel selenide, NiSe: has been identified as a high efficiency electrocatalyst for CO>
electroreduction at neutral pH. Interestingly, NiSe> shows high selectivity towards specific
reduction products forming carbon rich C2 products like ethanol and acetic acid
exclusively at lower applied potential, while C1 products formic acid and carbon monoxide
formed preferentially at higher applied potential. The hydrothermally synthesized NiSe:
sample also shows high activity for oxygen evolution through electrocatalytic water
splitting in alkaline medium, effectively making it a bifunctional catalyst which can lower
the concentration of atmospheric pollutant CO2 while at the same time enrich the air with
O>. The NiSe; catalyst surface has been studied through density functional theory
calculations which show that the adsorption energy of intermediate CO on the NiSe;
surface is optimal for extensive reduction through formation of C-C bonds, but not strong

enough for surface passivation, and leading to high selectivity. Such high efficiency of the
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catalyst can be a result of increased covalency of the selenide anion along with high d-

electron density of the Ni center.

1. INTRODUCTION

The continuous consumption of fossil fuels to support todays fast paced economic
and social growth has led to serious energy crisis and environmental problems.
Atmospheric levels of CO2 have reached an all-time high of 415 ppm which along with the
global warming has also caused several catastrophic consequences including effects on
human health, extinction of species leading to ecological imbalance, and food shortage.
While researchers are trying to reduce our dependence on fossil fuels by identifying
alternative sources of clean energy which will also curb further production of carbon
dioxide, there is still a need to reduce the existing vast amount of CO; already present.
Sequestration and storage can mitigate that problem to a small extent, however, utilization
of COz to produce fuels and other valuable chemicals can significantly reduce atmospheric
COz levels and close the carbon-cycle loop efficiently. Another imminent necessity is to
utilize the copious quantities of CO; being produced from various industrial sectors and
generate value-added end-products thereby reducing carbon footprint. Carbon dioxide
electroreduction (CO2RR) is an effective technique to convert atmospheric CO: to valuable
products and has been researched widely over the past several decades.!”> Carbon dioxide
electroreduction is facilitated by the use of catalysts and the primary challenge is to identify
catalyst composition that can convert CO> to carbon-rich high-value products with high

faradaic efficiency and high selectivity towards specific products. Among these, product
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selectivity towards high value products plays a significant role in defining catalyst
efficiency as well as practical useability. The high value products of particular importance
include formic acid, acetic acid, ethanol, and methanol. As recent research activities have
led to discovery of several catalyst compositions, however, optimizing CO2RR while
reducing hydrogen evolution reaction from electrocatalytic reduction of water remains a
great challenge. Hence, identifying catalysts which can promote CO2RR and suppress the
competing HER will be an important step in this field.

Recent research has identified several catalyst compositions for efficient CO2RR.
However, among these copper based compositions have showed predominance as effective
catalysts leading to a wide range of products.!’®!”7 Several researchers have reported
CO2RR with metallic Cu as well as copper oxide catalysts.'® Apart from Cu, other metals
like Sn and Pb has been also explored as catalysts by different research groups.'”
Similarly, mixed metal alloys such as Cu-Ni and CusPd have been utilized for CO2RR
which have been shown to produce methanol.®” In-Sn alloy catalyst on the other hand,
produces formic acid from CO2RR.!8! Nitrogen doped nanodiamonds over silicon rod
array have also been proven as efficient electrocatalyst in converting CO> to acetic acid
with the onset potential of —0.36 V (vs RHE).'®> NiO/MWCNT composite, on the other

183

hand, produces syn gas upon CO2RR.*’ Apart from metals, metallic alloys, and oxides,

chalcogenides have also been recently explored as electrocatalysts for CO2RR.'** Recently
CuzSe has been identified as efficient CO2RR electrocatalyst with high efficiency.>”!”’
Interestingly CuzSe shows high selectivity towards carbon-rich products for low applied

potentials, with more than 70% Faradaic efficiency for formation of ethanol.!”” Graphene

supported NiO/Ni nanoparticles are also explored as efficient photocatalyst for CO»
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reduction with H>. Under continuous flow, 50 mg of NiO/Ni-G photocatalyst produced
CHy at rate 244.8 pL h™! with a residence time of 3.1 s. '

Catalyst design plays an important role in defining efficiency especially with
respect to product selectivity. As we have proposed earlier, formation of carbon-rich
products is enhanced by longer dwell time of adsorbed carbon monoxide (-CO) formed as
an intermediate on the catalyst surface, which provides more opportunities for further
reduction. Another parameter than enhances CO: electroreduction is the improved
conductivity of the catalyst surfaces which enhances electron transfer especially at lower
applied potential which can reduce rate of competing HER. The first parameter can be
optimized by selecting transition metal centers that can potentially increase metal-to-ligand
back bonding with the intermediate surface-adsorbed CO thereby increasing CO-
adsorption energy on the surface. We propose that transition metals with more than half-
filled d-orbitals can effectively optimize such back bonding leading to moderate CO dwell
times that will lead to further reduction while not poisoning the catalyst surface.
Conductivity and efficient charge transfer on the catalyst surface on the other hand, can be
improved by increasing covalency of the lattice anions which leads to decreasing bandgap
as has been shown earlier through density functional theory (DFT) studies.’* We propose
that effective application of such catalyst design principles by optimizing charge transfer
and intermediate CO™ retention on the catalyst surface will lead to efficient CO2RR
catalysts that can lead to preferential formation of carbon-rich reduction products with high
selectivity at lower applied potentials.

In this article, we have investigated the efficient electroreduction of CO> selectively

to Cl1 and C2 products such as formic acid, methanol, ethanol, and acetic acid on
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hydrothermally synthesized nanoporous NiSe> electrocatalyst surfaces. High product
selectivity could be achieved by varying the applied potential where C1 products formed
at higher applied potential while C2 products formed predominantly at lower applied
potentials. More importantly, it was observed that the product composition could be made
to be exclusively acetic acid by maintaining lower applied potential. Acetic acid is an

important industrial chemical'®

and selective production of this through waste CO>
utilization can be viewed as another novelty of this research. DFT calculations were also
performed to estimate the intermediate CO™ adsorption energy on the catalyst surface which
was observed to be moderately strong suggesting longer CO™ dwell time on the catalytic
site without poisoning effect. It must be noted here that most of the existing CO2RR
catalysts are based on Cu, and Ni-based system has been studied very rarely for CO2RR.
This is the first report of Ni-chalcogenides as active catalyst for CO» reduction. Moreover,
NiSe; also exhibits formation of carbon-rich products with high Faradaic efficiency at low
applied potential which increases novelty of this catalyst system. High product selectivity
at low energy expense also makes this NiSe>-based catalyst highly applicable for CO»
reduction at points of generation as well as stored gas. Previously NiSe; was explored as a
good electrocatalyst for oxygen evolution reaction (OER).'?° Hence this catalyst was
applied as bifunctional catalyst that could reduce atmospheric CO> to value-added

chemicals, and at the same time enrich the atmosphere with O» produced through water

electrolysis, thereby providing opportunities for environmental remediation.
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2. MATERIALS AND METHODS

2.1. SYNTHESIS OF NISE:

Hydrothermal method was used to synthesize NiSe> following a previously
reported procedure.!?’ In 15mL deionized water, 10 mmols of NiCl>.6H,O and 20 mmols
of SeO, were mixed by stirring on a magnetic stirrer for 15 minutes. Then 0.2 ml (0.6 mols)
of hydrazine monohydrate was added with further stirring for 15 minutes. This solution
was then transferred to 23 ml Teflon-lined stainless steel autoclave and heated at 145°C
for 24 hours. The autoclave was cooled to room temperature under ambient conditions, and
the product was collected through filtration. After washing several times with DI water and

ethanol, the solid product was dried overnight in an oven maintained at 35°C.

2.2. PREPARATION OF ELECTRODE

4 mg of the powder NiSe; was dispersed in 200 puL of 1% Nafion in ethanol. The
mixture was sonicated for 30 mins to produce a homogeneous catalyst ink. 20 uL. of the
catalyst ink was drop casted on to the Carbon Fiber Paper (CFP) at room temperature to
prepare the NiSe;-modified electrode. Finally, the as- prepared electrode was allowed to
dry at room temperature for 8 hrs. Catalyst loading on the working electrode was calculated

to be 1.25 mg cm™ for most of the electrochemical experiments done in this study.

3. RESULTS AND DISCUSSION

The composition of the product was confirmed through powder X-ray diffraction

(PXRD). As can be seen in the PXRD pattern shown in Figure 1, diffraction peaks from
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the as synthesized product could be matched with the standard NiSe> phase (PDF# 01-088-
1711) confirming phase purity and crystallinity of the as-synthesized product. Significant
broadening of the diffraction peaks was observed suggesting presence of nanostructured
grains. Using Scherrer equation, average size of the crystalline domain was estimated to be

27.43 nm.
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Figure 1. PXRD pattern of hydrothermally synthesized NiSe> compared with the standard
NiSe; reference pattern (PDF # 01-088-1711).

This stability was confirmed later by doing chronoamperometric stability studies.
(Figure S2). We believe that the affinity of nickel to form Ni-CO complex is the driving
factor for C2 product formation.

Catalyst morphology was observed through SEM which showed that the
hydrothermally frormed NiSe> formed nanostructured grains as shown in Figures 2a and b,
with sizes ranging from 100 nm — 800 nm and exhibiting considerable surface roughness.

The composition of granular nanostructures was confirmed through EDS (Figure 2¢) which
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confirmed the existence of Ni and Se in the film with an approximate ratio of 1:2 and
validated the composition as NiSe>. The EDS measurements were usually made on
different points of the catalyst surface to confirm uniformity of composition. While EDS
confirmed the presence of Ni and Se consistently all through the example, it also affirmed
absence of even trace amounts of oxygen, affirming that the sample composition was pure
NiSe;. Elemental composition of the hydrothermally synthesized product was further
confirmed through X-ray photoelectron spectroscopy (XPS) measured from pristine
surfaces without any sputtering. Calibration was performed using C 1s peak (284.6 eV)
and fitting by the Gaussian fitting method.'®” The high-resolution XPS spectra showed
peaks corresponding to Ni 2p and Se 3d as shown in Figure 2 (d) and (e). The Ni 2p XPS
peaks consists of two spin-orbit doublets and two shake-up satellites at binding energies
855.6 eV and 873.6 eV, respectively corresponding to Ni 2p3/2 and Ni 2p12 of Ni2*.'%7 Very
weak intensity peaks at 853.7 eV and 871.8 eV corresponding to Ni 2p3 and Ni 2p12 from
Ni** were also observed indicating presence of mixed oxidation states.'®” Se XPS peaks
were obtained at binding energies of 55.0 eV and 59.0 eV corresponding to Se 3d3, and Se
3ds» (Figure 2e).'*” It must be noted here that no peaks of Ni- and/or Se-oxide were
observed indicating compositional purity of the catalyst surface.

The electrochemical activity of NiSe, was measured by using a 3-electrode system
where NiSe;-modified CFP electrode was used as the working electrode, while Ag|AgCl
and graphite rod was used as the reference and counter electrodes, respectively. A H-cell
was used for all electrochemical studies where the cathodic and anodic chambers were
separated by an anion exchange membrane (Nafion 115). The catholyte and anolyte

consisted of 30 ml of 0.3 M NaHCO3 and 1 M KOH, respectively. The Ag|AgCl reference
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Figure 2. SEM images of the NiSe> nanoparticles at (a) low and (b) high magnification
showing formation of nanostructures and surface roughness, respectively. (¢) EDS
analysis of the catalyst confirming presence of Ni and Se in 1:2 relative atomic ratio. (d)
Ni 2p and (e) Se 3d XPS spectra of as-synthesized NiSe,.

electrode was calibrated with a Pt wire in Hz-saturated H>SO4 and an open circuit potential
was obtained as —0.199 V. The potential reportedin Ag|AgCl was changed to reversible
hydrogen electrode (RHE) using the Equation (1):

Erne = Eaglaga + 0.059pH + E,ggmgct (1
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where Erpg is the transformed potential vs RHE. Eagagct 1s the experimentally obtained
potential. Esgagci is the standard potential of Ag|AgCl (0.199 V). The pH of CO saturated
0.3 M NaHCOs3 was calcutated to be 6.8.

To test the electrochemical activity of the catalyst towards CO> electroreduction,
linear sweep voltammetry (LSV) was performed at a scan rate of 10 mV.s™' in Ar- and CO»-
saturated 0.3 M NaHCO; electrolyte solutions. It was observed that NiSe>@CFP showed
higher cathodic current in the polarization curve in CO; saturated electrolyte compared to
the Ar-saturated electrolyte which proves that CO: electroreduction overcomes the
competing HER process as can be seen in the Figure 3a. Similar measurements were also
performed with blank CFP electrode to study the effect of substrate only, as shown in
Figure 3a. Interestingly, it was observed that the cathodic current of blank CFP in CO»
saturated electrolyte was similar to that in the Ar-saturated electrolyte suggesting that it
had no activity towards CO> electroreduction under these operational conditions.The LSV
studies as shown in Figure 3a further confirms that although CFP (substrate) showed no
activity towards CO2RR, the NiSe> coated CFP substrate has high catalytic activity
towards CO2RR exhibiting high current density reaching up to 35 mA.cm™ at low applied
potential. The kinetics of a reaction and electrocatalytic activity, was estimated from the
Tafel slope using the Tafel equation as shown in Equation (2):

n = a+ (2.3RT)logj /anF ()
where 1 represents the overpotential, n is the number of electrons involved in the reaction,
a represents the transfer coefficient, F represents the Faraday constant, j is symbol of the

current density, and the slope is calculated by 2.3RT/ anF. The Tafel equation as
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Figure 3. Electrocatalytic activity of NiSe> towards CO2RR(a) LSVs measured in 0.3 M
NaHCO; at a scan rate of 10 mV s™! in presence and absence of CO> with NiSe, modified
GC and bare GC electrodes. (b) Tafel plots measured in 0.3 M NaHCOs.

represented in equation (2) is an important equation which is acquired from the kinetically
controlled region of CO2RR and explains the relationship of overpotential n with the
current density j. LSV plots were obtained in a non-stirred solution with a slow scan speed

(10 mV s-1) for measuring Tafel slopes. The plots were derived from the partial current
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density and overpotential (the difference in value between the applied potential and the

thermodynamic potential).
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Figure 4. CO2RR products quantification (a) NMR spectra identifying CO» reduction
products in reaction aliquots collected at different potentials. (b) Plots illustrating relative
concentrations of liquid products and gaseous products quantified from NMR and GC
TCD at different reduction potentials.

Tafel slope of NiSe> was estimated to be 129.5 mV dec ™! in presence of CO, while
in absence of CO> it showed a much higher Tafel slope. The very low Tafel slope indicates

faster kinetics for the reduction of CO; in a bicarbonate electrolyte. The Tafel slope for
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NiSe, is near to the theoretical value of 118 mV dec™!

, which is expected for the chemical
rate-determining step (RDS) of initial single-electron transfer step for formation of
adsorbed radical intermediate (CO2 ") on the catalyst surface.?®!®¥ Low Tafel slope values
indicating faster intermediate adsorption kinetics at lower applied potential can corroborate
well with formation of CO> reduction products at lower applied potential including
selective formation of carboxylic acids such as acetic acid. The standard reduction potential
of CO; to acetic acid is 290 mV.!'*® The low Tafel slope (129.5 mV dec—1) measured at
low overpotential of 290 mV indicates faster kinetics for acetic acid generation illustrating
high selectivity and efficiency of the catalyst. However, given the complexity of CO2RR
on the catalyst surface and multitude of steps, more studies are needed to correctly ascertain
the proper RDS as well as accurate mechanism for CO2RR on the surface of NiSe,. The
Tafel slope for NiSeo@CFP was observed to be smaller than that of bare CFP which
confirms the fast transfer of electrons from the NiSe> modified electrode surface. To check
the product composition formed from CO2RR at NiSe> modified electrode and evaluate
catalyst performance, CO; electroreduction studies were performed at different applied
potentials (-1.3 V, -1.2 V, -09 V, -0.6 V, -0.25 V, -0.1 V vs RHE) in 0.3 M NaHCO3
aqueous solution. The products were collected from the cathodic chamber after 1 h of
chronoamperometry at fixed applied potential while the catholyte was subjected to constant
purging with CO» gas at low flow rate (20 sccm). The liquid-state product identification

and quantification were performed through 'H NMR analysis at different applied

potentials.
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Figure 5. Bar plots depicting relative faradaic efficiency of cumulative liquid and gas
phase CO; reduction products at different applied potentials quantified through NMR and
GC-MS.

Products in gaseous state were identified and quantified by gas chromatography
equipped with thermal conductivity detector (GC-TCD). From NMR plots as shown in
Figure 4a, it was observed that the product composition was very dependent on the applied
potential and showed selectivity towards specific products at each potential. More
interestingly, reduction products generated at low applied potentials were carbon rich
compounds like acetic acid and ethanol. It must be noted here that the product composition
was exclusively acetic acid for over 150 mV potential range. Acetic acid is an industrially
important chemical, and the selectivity towards its production at lower applied potential
highlights the novelty of this catalyst. Specifically, this catalyst paves the way for high-
selectivity direct acetic acid synthesis from CO» replacing the conventional multi-step
industrial process which typically begins with synthesis of syngas and ends with the

generation of methanol followed by its carbonylation.!”® Moreover, the product
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composition remained predominantly C2 compounds all the way till -0.6 V vs RHE, which
increases novelty of this catalyst even further since most CO2RR catalyst reported
previously produces C1 products such as formic acid or CO at similar applied potential.
Formation of such carbon-rich products at higher potentials also leads to high production
rate due to application of high negative potential. Formic acid was detected in the product
composition in addition to carbon rich products at -1.3 V (vs RHE). Hydrogen evolution
reaction (HER) occurring at the cathode chamber in aqueous electrolyte is a competitor for
CO2RR and has been observed to occur simultaneously. Previous studies has reported that
when pH decreases in the vicinity of the electrode surface potential decreases due to
continuous hydrogen evolution,'! in situ conversion of CO2 to HCOs occurs. However,
this spontaneous change happens at higher concentration of nascent hydrogen which also
leads to formation of formic acid at higher applied potential. The product composition and
relative product yield at different applied potentials was quantified using NMR and the
selectivity of C1 and C2 product formation at different applied potentials is shown in
Figure 4b. At lower applied potential C2 products (acetic acid and ethanol) are formed
exclusively whereas higher applied potentials support the formation of C1 (formic acid)
along with some C2 products. This result makes NiSe; very promising as CO2RR catalyst
since for application of any CO» conversion technology in industrial setup, selectivity is a
critical factor. More importantly, the formation of value-added C2 products with less
energy expenditure and high selectivity can have practical application in industry. GC-
TCD was used to detect and quantify gaseous products. The head-space gas was collected
after 1 hr of CO2RR experiment at fixed potential (-0.1 V, -0.25V,-0.6 V, -0.9 V vs RHE)

and was injected into the GC-TCD column.
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Figure 6. Polarization curve with cathodic CO2RR and anodic OER with NiSe@CFP as
both cathodic and anodic electrocatalyst. Inset shows schematic of the electrochemical
setup for combined CO2RR and OER.

Only H; was detected as a gaseous product at higher applied potential (> —0.6 V)
and no other gaseous product like CO or CH4 commonly observed with previously reported

catalysts, 183,185,199,200,191-198

were detected. Amount of hydrogen gas produced was
dependent on the applied potential and increased with increasing cathodic potential (FE =
0 %, 0 %, 0.29%, 0.89 %, 1.69 % at -0.1, -0.25, -0.6, -0.9 and -1.3 V, respectively). HER
has been known to be a competing reaction of CO2RR and the challenge is to design
catalyst surfaces which can subdue Hydrogen Evolution reaction while reinforcing
CO2RR. Hence the observation that even at higher applied potential NiSe> produces only

minor amount of Ho, while predominantly forming hydrocarbons, is very promising for

electrocatalytic CO2RR. This can be due to the fact that on NiSe; surface CO; reduction
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occurs at much lower applied potential, while HER requires a much higher overpotential

as has been reported earlier.?’

y=03746x+001

.e*®
o'.'"
’.

%,

L
y® -0.6454-00081 * @

001 003 005
Scanratevs-1

2.5mV s

40mV s

035
004
0.30 003
002
025 | <%
E o
~
=001
020 1 002
003
0.15 | 004
- Q01
£
—
0.10
0.05
0.00
0.05
0.10
0.10

0.03 0.00 003

E vs AgiAgCl

0.135

Figure 7. Cyclic voltammograms measured for NiSe> catalyst in 0.3 M NaHCO3 under
continuous N> purging at different scan rates from 2.5 to 40 mV s!. Inset shows plot of

anodic and cathodic current measured at 0.04 V vs Ag|AgCl as function of scan rate.

The observed product selectivity also suggests that at lower applied potential

intermediate adsorption and kinetics of CO2RR on the catalyst surface is more favorable

than rate of water reduction. Moreover, absence of CO in the product composition and

production of C2 products selectively, makes NiSe: catalyst very unique as almost all the

nickel-based catalyst are known to produce CO as their main product.'®?
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Quantification of gaseous and liquid products was done using combined GC-TCD
and NMR measurements, which was further used to calculate individual and total faradaic
efficiency (FE) for all the CO; reduction products that were identified. The Faradaic
efficiency for each product was calculated following previously reported standard
method!”” where, the electron mole fraction for formation of specific product were
considered along with total charge consumed during the electrochemical conversion and
mole fractions of products (gaseous and liquid) formed. The absolute quantity of each
product was estimated from GC-TCD (gas) and NMR (liquid) experiments. Also, by
quantifying the products at any specific potential using GC-TCD and NMR experiments,
relative percentage of different products formed was obtained at different potentials.
Faradaic efficiency for all the gaseous as well as liquid products detected using GC-
TCD and NMR analysis simultaneously in fixed potential CO2RR experiments has been
shown in Figure 5. It was observed that at lower applied potential there was a high
selectivity for formation of C2 products such as ethanol and acetic acid as has been
explained above from NMR data. Specifically, at the lowest applied potential of 100 mV
vs RHE, there was exclusive formation of acetic after 1 h of electrolysis with 100% FE.
When the applied potential was increased to more negative potential from -0.1 V, new
product ethanol was obtained till -0.9 V vs RHE. With the emergence of new products,
faradaic efficiency of acetic acid decreased with increasing cathodic potential. Specifically,
the Faradaic efficiency for acetic varied from 54.8%, 61.4%, 18.9%, 100% and 100%,
respectively at -1.3, —0.9, —0.6, 0.25, and —0.1 V vs RHE. On the other hand, Faradaic
efficiency for ethanol formation varied from 22.4% and 80.8% respectively at—0.9, and -

0.6 V vs RHE. Since carbon-rich products such as ethanol and acetic acid have high
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industrial value and can also be used as fuels, their exclusive formation at low energy
expense can have large implications for practical CO; utilization. More importantly,
achieving faradaic efficiency of 80.8 % for ethanol at such low applied potential has not
been commonly observed in any catalyst systems. Methanol which is a C1 product was
first observed at -0.6V reaching its maximum FE at -0.9V. From the figure we can also
observe the absence of CO and presence of H» in the chromatogram obtained from
measurements done on GC-TCD. Alkane products such as methane and ethane were also
not observed during the measurement which can be due to: (i) suppression of HER at such
low potential as nascent hydrogen produced during HER can be helpful in producing
hydrocarbons. (ii) suppression of CO formation which inhibits its further reduction to C1
hydrocarbons such CH4. These results show the uniqueness of this electrocatalyst which
is able to selectively produce carbon rich fuels with high faradaic efficiency at low energy
input. Moreover, this CO2RR electrocatalyst is also capable of producing high current
density of 35 mA cm at moderately low applied potential.

Stability of the catalyst for CO2RR was checked through chronoamperometry
studies where CO; was reduced at constant applied potential for 24 hours. The
chronoamperometry figures obtained at various applied potentials ranging from -0.1 to -
0.9 V vs RHE showed that the reduction current density corresponding to CO2RR was
maintained constant for over 12 h as shown in Figure S1 (supporting information). The
catalyst composition after CO2RR activity was confirmed through PXRD measurements
which showed that there was no change in the crystallinity or composition of the catalyst

before and after CO2RR activity (Figure 1).
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Phase stability of NiSe> under operational conditions for CO2RR can be also
explained through Pourbaix diagrams which are electrochemical phase diagrams as a
function of pH depicting compositional stability of metal and its compounds in the aqueous
phase. These phase maps help in assessing the electrochemical stabilities of NiSe> under
various applied potential. Ni Pourbaix diagrams calculated from density-functional theory
(DFT) makes AfG values (free energy of formation) more consistent with direct
electrochemical experiments. It was reported previously that the Ni metallic phase forms
below -0.75 V vs RHE in the Pourbaix diagram®®? making NiSe, very stable catalyst on the
applied potential range for CO2RR. Specifically, the conversion of Nickel (II) to Nickel
(0) requires excess energy/potential in operational pH for CO2RR (i.e., pH = 7.2-8.9).2%
The corrosion rate for Ni** was also observed to be minimal at neutral pH below 1 V vs
RHE. Hence, from the Pourbaix digram it can be confirmed that there is minimal catalyst
reduction and degradation at neutral pH under operational condition for CO2RR,
illustrating fuinctional and compositional stability of NiSe». The preferential reduction that

occurs on the surface of NiSe, under these operational conditions is analyte reduction, i.e.

CO2RR and HER.

3.1. ELECTROCHEMICAL CATALYTIC ACTIVITY OF NISE: FOR CO2RR-
OER

It must be mentioned here that NiSe; has been previously reported as a promising
catalyst in alkaline medium for oxygen evolution reaction (OER) '2%?% with an onset
potential of 1.36 V (vs RHE) and overpotential of 290 mV at 10 mA.cm™ Hence, the
application of NiSe> was applied as a bifunctional OER-CO2RR catalyst wherein, the

NiSe>@CFP was used both as cathodic catalyst to electrochemically reduce CO> in the
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cathodic chamber and also as anodic catalyst for generation of oxygen through water
splitting in the anodic chamber. This experiment was done in a H-shaped electrochemical
cell where the cathodic and anodic chambers were separated by Nafion membrane. The
catholyte was 0.3 M NaHCOj; solution where CO, was continuously purged while the
anolyte consisted of | M KOH. The pH of both the chambers were continuously monitored
to confirm that there was no transport of OH™ remains across the membrane and catholyte
and anolyte maintained their neutral and alkaline nature, respectively. Figure 6 shows the
polarization curve obtained for such CO2RR-OER experiment while a schematic
representation of the experimental setup has been shown as an inset in the figure. It was
observed that the CO2RR-OER electrolytic cell exhibited a cell potential of ~1.8 V at 20
mA.cm indicating high efficiency of the process. The catholyte composition detected
through NMR showed presence of ethanol and acetic acid similar to that as has been shown
in Figure 4, confirming the occurrence of CO2RR similar to the constant potential
experiment. Such bifunctional activity emphasizes the novelty of this catalyst since it can
not only reduce the concentration of atmospheric pollutant CO», but also enrich the air with
O.. This will have tremendous impact in practical applicability of such catalysts especially
in situations where there is a high concentration of CO> and access to clean oxygen is
needed on-demand.

Enhanced electrocatalytic activity can typically be assigned to intrinsic factors
which includes facile catalyst activation through intermediate adsorption and enhanced
charge transport, as well as extrinsic factors such as catalyst morphology and surface
roughness which influences electrolyte and analyte access to the catalytically active sites.

The extrinsic factors affecting CO2RR electrocatalytic activity of NiSe, was investigated
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by estimating the electrochemically active surface area (ECSA) by following previously
reported experimental procedure.”” The ECSA was calculated by plotting electrochemical
double layer capacitance in the non-Faradaic region as a function of scan rate and then
comparing specific capacitance (Cs) to the double layer capacitance observed. The
electrochemical double layer capacitance (Cpr) was calculated following Equation (3):

ip, = Cp, X V 3)
where ip; represents the current observed while v is the scan rate. As can be seen from the
Figure 7, CpL calculated from the i vs v plot resulted in value of 0.5 mF. The ratio of CpL
and Cs was used to calculate ECSA as shown in Equation (4).

ECSA = Cp./Cs 4)

Using the Cg value (40pF cm™) from reported values and Cp; value (0.5 mF) from
the plot, ECSA value was calculated to be 12.74 cm?. The effect of catalyst morphology
on the working electrode was also estimated from the roughness factor (RF). RF was
calculated to be 159.28 from the ratio between ECSA and geometric electrode area (0.08
cm?). High value of ECSA and roughness factor depicts that CO, dissolved in the
electrolyte has more access to the catalytic sites on working electrode, leading to better
conversion efficiency. The intrinsic effect of catalyst composite on CO2RR activity was
investigated through electrochemical impedance spectroscopy (EIS) to investigate the
kinetics of charge transfer on NiSe: catalytic surface during the CO2RR process. Nyquist
plots were measured at different potentials ranging from 0 to -1.3 V in CO;-saturated 0.3
M NaHCOs to investigate how the charge transfer kinetics varied as a function of applied

potential and stages of CO:> reduction. These plots also indicate how intermediate



adsorption on the catalyst surface may affect the charge transfer

variation in reduction current density and CO2RR efficiency.
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Figure 8. CO2RR performances of NiSe; catalyst. (a) Formation rates of Hydrogen,
formate, ethanol, acetate and methanol. (b) Partial current density of individual products,

hydrogen, formate, ethanol, acetate and methanol.

For instance, at cathode, adsorption of intermediates on catalyst surface can be

affected by hydrated Na" ions which also functions as buffer in solution. In the proximity

of cathode, columbic interactions can also cause the hydrolysis of hydrated Na" cations.

The Nyquist plots were fitted to equivalent circuits as shown in inset of Figure 8, in which
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charge transfer resistance (Rcr) refers to the electrode-electrolyte interface and illustrates
the barrier that electrons must cross to reach the electroactive species adsorbed on the
electrode surface, while Rs represents film resistance of the catalyst composite. It is
imperative that lower Rct values will lead to faster charge transfer rate at the interface
resulting in facile reduction on the electrode surface. The Rcr and Rs estimated at different
potentials has been listed in Table 1. It can be clearly seen that the charge-transfer
resistance decreases as a function of applied potential explaining how the reduction current
density and efficiency increases with potential.

Large ECSA ensures better electrolyte access to catalytically active sites while low
charge transfer resistance and film resistance facilitates charge transfer across the electrode

electrolyte interface and within the catalyst matrix. Both of these factors can enhance the

Table 1. Fitting parameters obtained from Nyquist plots at various potentials.

Potential (V vs RHE) | Rct Rs CPEg W

-0.25 36.78 17.8 | 0.50 0.0000915
-0.6 25.07 | 3.77 | 0.91 0.00011
-0.9 10.23 3.6 1.14 0.00012
-1.3 2.80 2.6 1.3 0.00029

reduction current density while lowering the potential required for CO2RR. Another factor
that can influence such electrocatalytic activity is the catalyst surface wetting with aqueous
electrolyte which maximizes electrolyte access on the surface and enhances intermediate
adsorption. Surface wetting can be qualitatively estimated through measuring contact angle

of the electrolyte drop on the catalyst-electrode surface.
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Figure 9. EIS Nyquist plots of NiSe2@CFP in COz-saturated 0.3 M NaHCO3 electrolyte
(Ph 6.8) from 0 V vs RHE to -1.3 V vs RHE. Inset shows the equivalent circuit fitted to
experimental spectra, where Rcr corresponds to the charge-transfer resistance on catalyst-
electrolyte interface, while Ry indicates film resistance of the catalyst composite.

Difference in the contact angle of the electrolyte with NiSe> @CFP and CFP was
observed as shown in Figure S2. Increased contact angle in NiSe, @CFP indicates better
hydrophilicity and surface wetting which increases the exposure of active sites in catalyst
for CO; electroreduction. 2%

The product selectivity and composition on the other hand, depends heavily on the
nature and energetics of intermediate adsorption on the catalyst surface. Previously we
have proposed that carbon monoxide (*CO) formed through initial reduction of the anion
radical CO;™ on catalyst surface plays a significant role as the reactive intermediate. The
dwell time of *CO on the catalyst surface is proposed to influence the extent of CO>
reduction and product composition. A longer dwell time of intermediate *CO will
expectedly lead to further reduction of CO; to carbon rich (C2 and C3) products, while

lesser dwell time will lead to ready release of CO or formic acid as the reduction
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products(s). The *CO dwell time on the surface can be inferred from the *CO adsorption
energy on the surface. The *CO adsorption energy on NiSe; surface was calculated through
density functional theory (DFT) approach following methodology as described
previously.!”” Details of DFT calculations has been provided in supporting information. It
was observed that *CO adsorption energy on NiSe> surface was smaller than that of Ni
metal, but higher than that of Cu. Earlier we had proposed that the *CO adsorption energy
could be directly correlated to the observed product selectivity with smaller *CO
adsorption energy leading to C1 products (CO and formic acid), while higher adsorption
energy leads to catalyst poisoning. This hypothesis was based on the plot shown in Figure
9 and comparison with reported literature from various groups. Catalysts such as Au, Ag,
and Cu with very low CO adsorption energy traditionally produces CO and formic acid
from CO,, while Pt, Pd, Ru etc. Are easily poisoned by CO». In Cu-based system it was
shown that intermediate *CO adsorption energy led to preferential formation of C2
products in CuzSe.'”” Hence, we had proposed the mid-section of this plot represents
optimal *CO adsorption energy which maximizes CO dwell time for subsequent reduction
to carbon-rich products without leading to catalyst poisoning. It was observed that CO
adsorption energy of NiSe; is indeed in the middle region illustrating optimal catalyst
composition for CO; reduction to C2/C3 products. It must also be noted that the CO
adsorption energy on NiSe; surface was lower than that of Ni. This can be attributed to the
fact that CO adsorption on transition metal site is influenced by the possibility of forming
metal-ligand back bonding involving metal d-orbitals and ©* orbitals of CO. Such overlap

will be affected by the proximity of the d- and n* orbitals. In this case, as oxidation state
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of the metal site increases in NiSe2 (Ni*"), the d-orbital energies become more stabilized

leading to a lesser degree of overlap compared to metal in 0 oxidation state (Ni).

CO adsorption energy (eV)

Pt -
Cu20 1
Cu A
Au 1
Ag 1

a8 Z

Rh 1

Cu2Se
NiSe2 A

Catalyst substrate

-

Figure 10. CO adsorption energy on NiSe; (111) surface compared with other known
CO2RR reduction catalysts. All CO adsorption energies were estimated through DFT
calculations.

Hence, it can be expected that the metal-to-ligand back bonding in metallic Ni is
stronger than that in NiSe> due to better overlap attributed to closer proximity of the
participant orbitals. It should also be noted that this observation is in sharp contrast with
Cu and CuzSe where Cu has smaller *CO adsorption energy compared to Cu>Se. This
difference can be attributed to the d10 full shell configuration of Cu which imparts extra
stability leading to large separation between the d- n* orbitals. Hence, it becomes important
to realize the importance of d-shell occupancy on the extent of metal-to-ligand back

bonding and its effect on the CO2RR outcome. Electronegativity of the anion also has a
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critical role to play in metal-to-ligand back bonding, wherein, reducing electronegativity is
expected to raise energy of the bonding molecular orbitals leading to smaller gap between
the metal and ligand group orbitals. This case study with NiSe» reveals the importance to
understand the effect of such intrinsic factors on the CO2RR activity through its effect on
metal-to-ligand back bonding that optimizes intermediate *CO adsorption on the surface

and further CO2RR activity.

4. CONCLUSION

In summary, NiSe> was identified as a highly efficient electrocatalyst for CO>
reduction. The NiSe> was synthesized through one-pot hydrothermal synthesis method.
The novelty of this catalyst lies in the fact that it can lead to preferential formation of value-
added C2 products at very low applied potential with minimum energy expense. Acetic
acid was formed exclusively between a potential range of 100 to 250 mV vs RHE while at
slightly higher potential it showed acetic acid and ethanol as the only products after several
hours of CO; reduction. Preferential formation of C1 products such as methanol and formic
acid was observed at higher applied potential. Interestingly this catalyst showed negligible
presence of CO in the reduction products, thereby isolating it from most of the CO2RR
catalysts that has been reported till date. It should be also noted that formation of H>
through HER was observed at much higher potential indicating that at low applied potential
CO2RR was more kinetically favored on NiSe> surface. Low Rct between the catalysts
and the substrate in the electrodes, moderate binding energy of intermediates on the NiSe>

catalyst and abundant exposed active sites in the nanoporous catalyst composite enhance
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the efficiency of NiSe> for reduction of CO» to C, products. According to applied potential,
reduction products of CO2RR showed selectivity between C1 and C2 products. At high
applied potential (-1.3 V), formic acid was detected along with acetic acid and methanol
with a Faradaic efficiency of 43.47%, 54.82% and 15.5 % respectively. At higher anodic
potential (<-1.3 V) increased selectivity towards C2 products such as ethanol and acetic
acid were obtained. For ethanol, maximum faradaic efficiency was achieved at a low
applied potential of -0.6 V vs RHE. Through literature search, it was realized that that these
applied potentials are among the lowest applied potential at which C2 products have been
obtained with high yield and Faradaic efficiency. The liquid and gaseous reduction
products were characterized through NMR and GC-TCD techniques, respectively using
time-dependent measurements. H> was detected at high cathodic potential (> -0.6 V)
reaching its maximum at -1.3 V indicating that NiSe; has suppressed HER catalytic activity
at low overpotentials. Since HER at cathode is a competing reaction and inhibits CO2RR
on the catalyst surface, result mentioned above are significant for practical application of
this catalyst. Interestingly, there was no CO formed among the reduction products which
is different from other catalyst having CO as their major products. The NiSe> catalyst was
further studied for the CO> electroreduction by estimating CO adsorption energy on the
catalyst site using DFT calculations. Calculations showed moderate CO adsorption
energies which indicates adsorbed *CO has longer dwell time on the catalyst surface
causing selective reduction to C2 products. In summary, NiSe; catalyst can reduce CO> to
methanol, ethanol and ethanoic acid at lowest applied potentials reported till date with high

Faradaic efficiency. These experimental results along with the findings of catalytic activity
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with CO adsorption energy obtained using DFT study can lead to optimal catalyst design

for synthesizing carbon-rich high-value products through CO; reduction.

SUPPORTING INFORMATION

1. NMR SPECTROSCOPY

Liquid products formed during CO> electrochemical reduction were analyzed with
"H-NMR. Aliquots were collected at regular intervals as mentioned in the manuscript and
2 uL DMSO (internal standard) and 200 uL. DO was added to 0.5 ml electrolyte. The NMR
experiments were performed on a Bruker 400 MHz NMR spectrometer, using a
presaturation sequence to suppress the water signal. NMR spectra of reaction mixture was
measured before starting any electrochemical reaction to make sure that there was no

impurity in the solution which can lead to false results.

Table S1. Chemical shifts and assignments of peaks from different possible products
observed in 1H-NMR spectra after CO> reduction.

Observed NMR Values Products E/t:lrlll ((1:;5? NMR
(Sjllll{cfrtnical 1H Splitting | J coupling Probed Nucleus Name Chemical Shift
8.35 s CHOOr Formate 8.35

3.64 q 7.08 CH3;CH,OH Ethanol 3.64

3.23 s CH;OH Methanol 3.23

1.8 S CH3;C(=0)Or Acetate 1.8

1.20 t 7.16 CH3;CH,OH Ethanol 1.20
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2. QUANTIFICATION OF THE PRODUCTS

Liquid products were quantified from NMR spectra by calibrating it with respect
to the internal standard and quantifying the identified products. Gaseous products of CO>
reduction were collected and transferred to GC using gas-tight syringe. The GC was
equipped with thermal conductivity detector (GC- TCD) and Molecular Sieve 5A capillary
column. Helium (99.999%) was used as the carrier gas. The GC columns led directly to a
TCD detector to quantify hydrogen and carbon monoxide. At ambient conditions, CO2 was
continuously purged through a cathode compartment flow cell at a rate of 20 sccm while a
constant potential was applied for designated time. The cell effluent was sampled using
100 pL syringe. The Faradaic efficiency (FEs) calculated by measuring the current and

using mole percentages quantified through GC-TCD as well as NMR analysis as follows:

Table S2. Calculated Faradaic Efficiency along with product concentration obtained at -
1.3 V vs RHE.

Products | No. of moles | n (number of C. (Charge required | F

of electrons to form to form certain C,

= C_T * 100

product(mol) | specific product) product) (C)
H> 2.83627E-06 | 2 0.547314379 1.266931432
formate 3.63399E-05 | 2 7.012509647 16.23266122
ethanol 0 12 0 0
acetate 3.43726E-05 | 8 26.53154813 61.41562068
Methanol | 1.29243E-05 | 6 7.481982747 17.31940451
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Table S3. Calculated Faradaic Efficiency along with product concentration obtained at -

0.9 V vs RHE.

n (number of C. (Charge

Products | No. of moles of | electrons required to form C
F= C—e 100
product(mol) required to form | certain product) T

specific product) | (C)
H» 1.0523E-06 2 0.203062331 0.564062031
Formate 7.47992E-06 2 1.443400686 4.009446351
Ethanol 5.46773E-06 12 6.330646802 17.58513
Acetate 2.24623E-05 8 17.33820268 48.16167412
Methanol | 1.56143E-05 6 9.039280197 25.10911166
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Table S4. Calculated Faradaic Efficiency along with product concentration obtained at -

0.6 V vs RHE.

n (number of Ce (Charge

Products | No. of moles of | electrons required to form C
F= C—e 100
product(mol) required to form | certain product) T

specific product) | (C)
H> 2.41366E-07 2 0.046576365 0.215631319
Formate 0 2 0 0
Ethanol 1.34583E-05 12 15.58232909 72.14041245
Acetate 4.71388E-06 8 3.638550456 16.845141
Methanol | 2.52189E-06 6 1.459946464 6.759011406
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Table S5. Calculated Faradaic Efficiency along with product concentration obtained at -

0.25 V vs RHE.

Products

No. of moles

n (number of

electrons required

Ce (Charge

required to form

Ce
of F= o 100
to form specific certain product) T
product(mol)
product) ©)
H> 0 2 0 0
Formate 0.00E+00 2 0 0
Ethanol 0 12 0 0
Acetate 9.18E-06 8 7.088056034 98.45
Methanol | 0 6 0 0




116

Table S6. Calculated Faradaic Efficiency along with product concentration obtained at -

0.1 V vs RHE.
n (number of
Ce (Charge
electrons
Products | No. of moles of required to form C
required to form F = C_e * 100
product(mol) certain product) T
specific
©)
product)
H> 0 2 0 0
Formate 0 2 0 0
Ethanol 0 12 0 0
Acetate 3.67314E-06 8 2.835222414 97.22984958
Methanol |0 6 0 0




117

0 2 4 6 8 10 12
0 X
L, 4@
M
- W
©
£
< -10
Eol@
-14 o
16 o
18 4
20

Time /h

Figure S1. Current density plot for 12 h of chronoamperometry study at different applied
potential: (a) -0.1V vs RHE, (b) -0.25V vs RHE, (¢) -0.6V vs RHE, (d) -0.9V vs RHE
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ABSTRACT

Recent emphasis on carbon dioxide utilization has necessitated the exploration of
different catalyst compositions other than copper-based systems that can significantly
improve the activity and selectivity towards specific products at low applied potential. In
this study a binary CoTe has been reported as an efficient electrocatalyst for CO2 reduction
in aqueous medium under ambient conditions at neutral pH. CoTe showed high Faradaic
efficiency and selectivity of 86.83 % and 75 % respectively for acetic acid at very low
potential of — 0.25 V vs RHE. More intriguingly, C1 products like formic acid was formed
preferentially at slightly higher applied potential achieving high formation rate of 547.24
pumol cm 2 h ! at -1.1 V vs RHE. CoTe showed better CO2RR activity when compared
with Co30s, which can be attributed to the enhanced electrochemical activity of the
catalytically active transition metal center as well as improved intermediate adsorption on
the catalyst surface. While reduced anion electronegativity and improved lattice covalency
in tellurides enhance the electrochemical activity of Co, high d-electron density improves
the intermediate CO adsorption on the catalyst site leading to CO> reduction at lower
applied potential and high selectivity for C2 products. CoTe also shows stable CO2RR

catalytic activity for 50 h and low Tafel slope (50.3 mV dec™') indicating faster reaction
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kinetics and robust functionality. Selective formation of value-added C2 products with low
energy expense can make this catalyst potentially viable for integration with other CO»

capture technologies thereby, helping to close the carbon loop.

1. INTRODUCTION

1.1. BACKGROUND

Continuous usage of fossil fuels along with advent of the industrial age has led to
catastrophic levels of CO; in the atmosphere which has skyrocketed after the industrial
revolution, reaching 401.3 parts per million in 2015 from approximately 270 ppm in the
pre-Industrial revolution era.[1,2] Unfortunately atmospheric CO> levels are expected to
rise further and exceed 600 parts per million by the end of the twenty-first century.[1-4]
Development of techniques for reducing the level of carbon dioxide has become very
crucial given the havoc caused by global warming.! These techniques are broadly
categorized into CO> sequestration, storage and utilization which can be integrated with
direct air capture (DAC). Among these electrochemical CO; reduction reaction (CO2RR)
is one of the most promising CO»> utilization strategies among CO2 conversion technologies
such as biochemical, photosynthetic, thermo-catalytic, and photocatalytic processes, due
to the mild electrolyzer operating conditions, selectivity toward the desired products, and
other factors.[5] [6] Inspiration of this technique can be derived from photosynthesis
process which meticulously convert CO> to maintain proper balance of atmospheric gases.
Carbon dioxide has two double bonds with a total bond energy of 750 kJmol ' which makes

it extremely challenging to bring it out of the potential well.[7] Hence a catalyst is required
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to reduce CO; to other products by reducing the activation energy through effective
catalyst-mediated charge transfer.[3] Electrochemical conversion is an environment
friendly way of supplying that energy due to its mild operation conditions and renewable
sources of electricity. Hori et al reported some pioneer research on carbon dioxide
electroreduction using various transition metals like Pb, Hg, In, Sn etc. and Cu, Au, Ag, Pt
etc. which led to the formation of formate and CO, respectively as the reduction products.
However, through subsequent research it was also found that lot of these metal catalysts
had poor selectivity towards specific reduction products, were environmentally toxic and
frequently underwent poisoning.[8] Intense research activities over the last several years
has led to identification of catalysts with better selectivity and activity achieved through
modulating catalyst morphology and dimensionality[9][10], vacancy creation[11], and
doping.[12—-14][15] However, it must also be noted that majority of the catalysts reported
for CO2RR were Cu-based compositions.[ref] There has been very few reports of
electrocatalysts for CO2RR based on Fe, Co, and/or Ni based compositions. Among these
Co-based catalysts have already been used in industry for various processes like Fisher—
Tropsh synthesis,[16,17] and electrocatalytic water splitting.[ref] Co—based catalysts
exhibit unique properties like enhanced conductivity and electrochemical tunability which
makes them suitable for CO; electroreduction. Indeed Co-based catalysts have been
reported for CO2RR, specifically as Co SACs (single atom catalyst),[18-23] Co-
MOFs,[24-27] Co-coordination complexes, cobalt based nitrides,[28,29][30] and
oxides.[23,31][32][33][34] Cobalt exhibits better CO2RR activity due to factors like
optimum CO» adsorption energy and low energy difference between d-band and Fermi

level.[35] Also, it has been observed that during the CO; reduction Co*" converts into Co™.
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This transition happens during the rate determining step which results in selectivity towards
products and enhances activity and stability of the product.[36,37]. Co SAC has been found
to be highly selective towards CO with faradaic efficiency 95% with current density
towards CO production being 86.4 mAcm 2. This is significant improvement from the
Cobalt metal based catalyst.[22] Cobalt nanoparticles dispersed on NrGO developed
through a one-step synthesis was found to be selective towards methanol with high faradaic
efficiency of 71.4% at -0.9V vs SCE.[38] Tellurium nanosheet modified Co single atoms
showed strong interaction between the N from Te Ns and Cobalt atoms leading to efficient
CO2 Conversion.[39] Co304 nanofiber modified electrodes has been found to have good
activity towards CO2RR having high faradaic efficiency for both CO and formate
(90%).[40] Ultrathin Co304 layers of 1.72 and 3.51 nm thickness exhibited 64.3% Faradaic
Efficiency at -0.88V vs. SCE with superior structural stability.[33] cobalt phthalocyanine
exhibited very high activity towards CO> conversion when phthalocyanine was modified
by trimethyl ammonium. This catalyst reduces CO2 to CO with selectivity of 95% over a
wide range of pH (4-14).[41] A hydrothermally synthesized core—shell structured
Co3S4@Co0304 catalyst show high selectivity towards formic acid with FE= 85.3%.[42]

In all these electrocatalysts, transition metal serves as the catalytic center for
CO2RR where the reaction progress via intermediate steps involving adsorption of O-
containing intermediates.[43] Hence, it can be expected that tuning the electron density
around the transition metal center will influence adsorption of reaction intermediates and
resulting charge transfer rate, leading to reduction of overpotential for electrocatalytic
CO2RR. Previously we have shown that changing anion electronegativity leads to

modulation of d-electron density around transition metal center.[ref] More specifically, we
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have shown that reducing anion electronegativity leads to better electrocatalytic activity
making selenides and tellurides as better electrocatalysts with lower overpotential.[ref]
Similar observation was made in Cu-based systems, where Cu>Se was observed to exhibit
lower overpotential for CO2RR compared to Cu or CuO.[44] While lower overpotential is
a measure for enhanced catalytic activity, for CO2RR, the additional criteria for improved
activity is selectivity for formation of specific reduction products and the ability to form
carbon-rich value-added products in with high Faradaic efficiency. We have proposed that
selectivity towards C2+ reduction products depend critically on the adsorption energy and
dwell time of intermediate CO on the catalyst site, which in turn depends on the d-electron
density of the transition metal as well as electronegativity of the coordinated anions. In this
article, we have described CoTe nanostructures as a new family of metal chalcogenide
electrocatalysts for the CO2RR with high selectivity for forming C2+ reduction products
at low applied potential and neutral pH. Apart from enhanced catalytic activity, these CoTe
nanostructures also showed high faradaic efficiency, and long-term functional stability.
Also, because of the extensive stoichiometry alterations that are possible in metal-rich
chalcogenides, these materials are highly efficient, inexpensive, and robust electrocatalysts

for a variety of electrochemical sensors, energy conversion, and storage applications.*>]

2. EXPERIMENTAL PROCEDURE

2.1. MATERIALS
All the reagents were of analytical grade and used as received. Deionized water

(resistivity 18 MQ cm) was used to prepare all solutions. Cobalt sulfate (CoSO4-6H>0)
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was purchased from Sigma-Aldrich; hydrazine hydrate (N2Hs-H20, 100%) and tellurium
dioxide (TeO2) were purchased from Acros Organics. Nafion and carbon cloth (CC)

substrate were obtained from Fuel Cells Etc., in College Station, Texas.

2.2. SYNTHESIS OF COTE

CoTe was prepared by hydrothermal technique as reported previously.[23]
Specifically, an equimolar ratio (1:1) of cobalt sulfate (CoSO4.6H>0) and tellurium dioxide
(TeO2) powder was used for the synthesis. Initially the CoSO4.6H>O was dissolved in 9
mL of deionized water in a Teflon-lined stainless-steel autoclave with a capacity of 23 mL.
After vigorous stirring for 20 minutes, TeO> was added to the mixture. Finally, 3 mL of
N2H4H>O were added to the mixture, which was continually stirred for another 30 minutes.
The resultant solution was placed in a teflon lined stainless-steel autoclave. The autoclave
was sealed and kept at 145 °C for 24 hours before being allowed to cool naturally to room
temperature. The resulting product was centrifuged and rinsed several times with an

ethanol/deionized water mixture. The final product was dried at 60°C in a vacuum oven.

2.3. CHARACTERIZATION

Powder X-ray diffraction (PXRD) patterns were obtained using a Philip X-Pert
powder X-ray diffractometer using Ni-filtered Cu-K radiation with a wavelength of1.5406,
within the 20°-90° range. The morphology of the as-prepared sample was examined using
an FEI Helios Nanolab 600 scanning electron microscope with a working distance of 10
mm and a 15 kV acceleration voltage. A Tecnai F20 was used to acquire TEM images of

the synthesized samples directly on the formvar-coated Cu grid. Additionally, the surface
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chemical composition was analyzed using X-ray Photoelectron Spectroscopy (XPS) with
a KRATOS AXIS 165 spectrometer equipped with an Al X-ray source. To examine the

true surface chemistry, all XPS data were acquired without sputtering.

2.4. ELECTROCHEMICAL MEASUREMENTS

In order to conduct the electrochemical measurements, we used an IviumStat
potentiostat with graphite rod, Ag|AgCl (KCl-saturated) and carbon cloth as counter,
reference and working electrode, respectively. All electrochemical experiments were
performed in a H Cell at ambient temperature. Nafion membrane 117 proton exchange
membrane was used to separate the anodic and cathodic compartments of H Cell. The
electrochemical activity of catalyst was measured by using a 3-electrode system where
CoTe-modified carbon cloth was used as the working electrode. The Ag|AgCl reference
electrode was calibrated with a Pt wire in Hz-saturated H>SO4 and an open circuit potential
was obtained as —0.199 V. The potential reported vs Ag|AgCl was changed to reversible
hydrogen electrode (RHE) using the Equation (1):

Erng = Eaglager +0.059 pH + E£g|AgCl (1)

where Epyp is the transformed potential vs RHE. E4gj44¢; is the experimentally obtained

potential. E Ifl)gl agct 18 the standard potential of Ag|AgCl (0.199 V). The pH of CO2 saturated

0.3 M NaHCOs3; was estimated to be 6.8. Catalyst ink was made by sonicating 5 mg of
hydrothermally synthesized CoTe in 500 pL of 1% Nafion in isopropanol. The ink was
then drop-casted on carbon fiber paper to make working electrode. Measured potentials vs
Ag|AgCl were converted to RHE for accurate comparison and data interpretation. Before

starting the electrochemical reduction, the electrolyte was purged vigorously with CO» for
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20 minutes and the flow was then tuned down to ~10 mL min™' during CO2RR. To gauge
CO> electrochemical reduction capability of electrocatalysts, different electrochemical
experiments were performed on drop-casted working electrodes. The working electrode
consist of catalyst and Nafion binder mixture deposited on one side of the carbon cloth
(CC). Carbon cloth is a microporous substrate having pores of size between 1-100 pm.
This type of substrate improves mechanical strength, electrical conductivity, and mass
transport during CO> electroreduction. The Nafion helps in the catalyst utilization by
increasing the ionic connection and increases water content in the pores because of its
hydrophilic nature. Hence, catalyst mixture in form of microporous layer improves the

interfacial electrical conductivity and inhibits electrolyte flooding.[52]

3. RESULTS

The phase purity and crystallinity of the hydrothermally synthesized samples were
confirmed using PXRD patterns. Figure 1a shows the PXRD pattern of the hydrothermally
synthesized product, which confirms crystallinity of the as-synthesized product and is well
matched with the CoTe standard diffraction pattern (PDF No.00-034-0420), demonstrating
that the product was pure cobalt telluride.

SEM and TEM were used to examine the morphology of the as-synthesized material. SEM
and TEM images of hydrothermally produced CoTe are shown in Figure 1 (b—c) which
shows that short nanorods with an average length of around 400 nm were formed in
hydrothermally synthesized CoTe. To achieve high catalytic activity, it is desirable to use

nanostructured morphology, because they have a large surface area and mass to volume
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ratio. Hence, the nanostructured morphology for CoTe seems to be for CO2RR catalytic

activity. XPS studies were also used to confirm the catalyst's bulk and surface composition.
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Figure 1. Characterization (a) Powder X-ray diffraction patterns (b)SEM (c¢) TEM of

hydrothermally synthesized CoTe.
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Figure 2. XPS spectra of (a) Co 2p and (b) Te 3d in CoTe.

The XPS spectra of hydrothermally produced CoTe are shown in Figure 2. The Co

2p and Te 3d spectra are shown in Figure 2 (a, b). Co 2p spectra exhibits two peaks at 780.4

and 795.8 eV, which correspond to 2p3» and 2pis2, respectively, and are comparable to
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Co?".[23] The satellite peaks were found at 786.6 and 803.0 eV, which are consistent with
the existing literature.[53][23] Metallic Te was present in the Te XPS spectra at 572.8 and

583.3 eV. The XPS spectra also confirmed formation of CoTe in pure phase.

3.1. ELECTROCATALYTIC CO2RR PERFORMANCE OF COTE CATALYST

In this study, all electrochemical measurements for studying CO2RR along with
product detection and quantification has been performed by following standard protocol as
has been reported previously including design of experimental set-up and measurement
techniques.[54,55] Moreover, performance of our electrochemical set-up was calibrated
and verified by measuring the CO2RR activity of standard polycrystalline Ag electrode
and comparing it with previous reports. Products of CO2RR was found to be formic acid
and CO at-0.9 V (vs RHE) on Ag electrode as shown in Figure S1, which is similar to that
reported by previous researchers,[8][56] confirming the reliability of our electrochemical
set-up for CO2RR studies. Observed current density from the LSV polarization curves
were also similar to the reported studies which further confirms the validity of the
experiments.[57,58] Comparison of the CoTe-modified electrode with the polycrystalline
Ag, shows that different CO> reduction products were identified with CoTe-modified
electrode under similar conditions, further corroborating the novelty of this catalyst. Details
of CO2RR studies with CoTe-modified electrode has been discussed in the following
sections.

Linear scan voltammetry (LSV) was carried out in CO> or N» saturated 0.3 M

NaHCOs3 at a 10 mV/s scan rate. On applying negative potential in N saturated electrolyte
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Figure 3. Electrocatalytic activity (a) LSVs measured in 0.3 M NaHCO3 at a scan rate of
10 mV s! in presence and absence of CO, with CoTe modified GC and bare GC
electrodes. (b) Tafel plots measured in 0.3 M NaHCO:s.

only hydrogen evolution (HER) takes place, however, in CO»-saturated electrolyte CO2RR
and HER both occur simultaneously. As shown in Figure 3, CoTe exhibited higher current
density in CO;-saturated electrolyte than in N»-saturated electrolyte at the same potentials,
confirming that the CoTe electrodes is active for CO2RR. CoTe achieved a CO2RR
reduction current density of 62.8 mA cm™ at -1.1 V vs RHE which is significantly higher
than the current density exhibited by bulk Co, Co3O4 and the partially oxidized bulk
Co. 1271144]

3.1.1. Tafel Plot. The Tafel analysis can be an effective tool for explaining the
electrokinetic activity of the electrocatalysts for CO2RR via Tafel slopes. The Tafel
equation illustrates the relation between overpotential 1 with the current density j as shown
in Equation (2):

n = a+ (23RT) logj /anF ()
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where o represents the transfer coefficient, n is the number of electrons passed during the
reaction, and F is the Faraday constant. The Tafel slope is calculated by 2.3RT/anF. The
Tafel plots in this work were calculated from the reverse scan of CV collected at a scan
rate of 2 mV s! in a non-stirred N»-saturated 1.0 M KOH solution. Data for the Tafel
equation is obtained from the kinetically controlled range of CO; electrochemical reduction
which determines the relation between of overpotential 1 and current density j. The Tafel
slope is crucial in measuring electrochemical performances, and it gives insights about the
kinetics in the electrochemical reduction. Typically, lower Tafel slopes for a catalyst
indicates faster CO2RR kinetics in a bicarbonate electrolyte. Tafel slope polarization
curves were measured in continuously purged and stirred electrolyte solution at a lower
scan rate of 2 mV s~! to minimize mass transfer limitations. The Tafel plots of CoTe are
shown in Figure 3 (b). Tafel slope of CoTe was estimated to be 50.3 mV dec ! in presence
of CO> while in absence of CO; it showed a much higher Tafel slope of 225.3 mV dec .
The very low Tafel slope indicates faster kinetics for the reduction of CO: in a bicarbonate
electrolyte. The Tafel slope for CoTe is near to the theoretical value of 118 mV dec !,
which is expected for the chemical rate-determining step (RDS) of initial single-electron
transfer step for formation of adsorbed radical intermediate (CO2 ") on the catalyst surface
which initiates the catalytic CO» reduction.[59,60] Lower Tafel slope values indicating
faster intermediate adsorption kinetics on CoTe-modified electrode at lower applied
potential also corroborates well with formation of CO; reduction products at lower applied
potential including selective formation of carboxylic acids such as acetic acid as discussed
below. The standard reduction potential of CO; to acetic acid is 290 mV.[61] The low Tafel

slope (50.3 mV dec ') measured near low overpotential of 290 mV indicates faster kinetics
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for acetic acid generation illustrating high selectivity and efficiency of the catalyst.
However, given the complexity of CO2RR on the catalyst surface and multitude of steps,
more studies are needed to correctly ascertain the proper RDS as well as accurate
mechanism for CO2RR on the surface of CoTe. The Tafel slope for CoTe@CFP was
observed to be smaller than that of bare Co and Co304 which confirms the contribution of

chalcogenides in fast transfer of electrons.

3.2. CO2RR PRODUCTS IDENTIFICATION AND QUANTIFICATION

The carbon dioxide reduction products were identified and quantified by
performing chronoamperometric studies at constant applied potentials of -0.25 V, -0.6 V,
-0.9V, -1.1 V vs RHE in CO; purged NaHCO3 to study the effect of applied potential on
product composition and selectivity, if any.

The products were collected from the cathodic chamber after 1 h of
chronoamperometry at each fixed applied potential while the catholyte was subjected to
constant purging with CO2 gas at low flow rate (20 sccm). Identification and quantification
of liquid products were done by IH NMR while gaseous products were detected and
quantified using GC-TCD. From NMR plots as shown in Figure 4a, it was observed that
the product composition was very dependent on the applied potential and showed
selectivity towards specific products at each potential. The Faradaic efficiency for
formation of specific product was estimated from absolute product quantity obtained
through NMR and GC-TCD measurements, and using standard procedure as described
previously.[54][16] Interestingly, reduction products generated at low applied potentials (-

0.25 V t0 -0.6 V vs RHE) included carbon rich compounds like acetic acid, while at higher



135
applied potential, C1 products such as formic acid were obtained predominantly. At -0.25

V vs RHE, yield of formic acid yield was low probably due to low current density.
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Figure 4. Product quantification (a) NMR spectra identifying CO> reduction products in
reaction aliquots collected at different potentials. (b) Bar plot illustrating relative
concentrations of liquid products quantified from NMR at different stationary applied
potentials.

Previous studies has reported that when pH decreases in the vicinity of the electrode
surface due to continuous hydrogen evolution,[62] in situ conversion of CO; to HCO3~
occurs. However, this spontaneous change happens at higher concentration of nascent
hydrogen which also leads to formation of formic acid at higher applied potential. Formic
acid becomes a major product at -0.6 V with relative concentration of 86.25 % and FE =
58.34%. When the applied potential was increased further, FE of formic acid reached
maximum (93.39%) at -1.1 V vs RHE. Due to high HER activity and more hydrogen
generation, Faradaic efficiency of formic acid formation was found to decrease at further
negative potential (> -1.1V).[64] CoTe exhibited high faradaic efficiency of formate

production over 90% under a broad range from —0.6 to —1.1 V vs RHE and acetate
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production at -0.25V vs RHE. This observation confirms the enhanced efficiency of CoTe
catalyst which requires lower potential for CO2RR and exhibits a higher FE than any other
Co-based catalyst at similar applied potential. It must be noted here that the product
composition was exclusively acetic acid for potential range near 0.25V vs RHE. Such high
selectivity towards formation of acetic acid with low energy expense has been rarely
observed with CO2RR catalyst. Acetic acid is an industrially important chemical, and the
selectivity towards its production at lower applied potential highlights the novelty of this
catalyst. Specifically, this catalyst paves the way for high-selectivity direct acetic acid
synthesis from CO> replacing the conventional multi-step industrial process which
typically begins with synthesis of syngas and ends with the generation of methanol
followed by its carbonylation.[63] Hydrogen evolved during the reaction when quantified
contributed to FE of 1.71%, 1.23% and 1.03% at -1.1 V, -0.9 V and -0.6 V vs RHE,
respectively. The observed product selectivity also suggests that at lower applied potential
intermediate adsorption and kinetics of CO2RR on the catalyst surface is more favorable
than rate of water reduction. Moreover, absence of CoTe catalyst very unique as almost all
copper-based and other conventional CO2RR CO in the product composition and
preferential formation of exclusive C2 products , makes electrocatalyst are known to
produce CO as their main product.[64] Cobalt is known to yield formic acid as the major
product after CO2RR as has been reported previously. In this study, we have observed that
when the catalytically active Co2+ is placed in the covalently bonded network of Te ions,
electrochemical CO; reduction tends to yield more C2 products at lower potential. The

results from our study will help to improve the existing and future catalyst compositions.
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Especially, once the influence of CoTe dense packed structures and effect of telluride on

covalency is mechanistically studied.
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Figure 5. Bar plots depicting relative faradaic efficiency of cumulative liquid and gas
phase CO» reduction products at different applied potentials quantified through NMR and
GC-TCD.

The functional stability of the CoTe electrocatalyst for long term hydrocarbon
generation is also a critical factor in evaluating catalyst performance, applicability, and
performance. Operational stability of CoTe for CO2RR was investigated by performing
chronoamperometric study at different applied potentials for long time. It should be noted
that no change in the current density and Faradaic Efficiency was observed at -0.25 V, -0.6
V, -09V, and -1.1V as shown in Figure S2 and CoTe exhibited exceptional functional
stability for over 50 h of electrolysis. Moreover, NMR analysis of the aliquots collected
every 10 h during the 50h period showed that there was no change in product composition

during this time confirming high degree of operation stability and minimal catalyst surface
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poisoning with adsorbed intermediates which is a common occurrence in noble metal based
CO2RR electrocatalysts. Typically, CO> electroreduction activity decreases rapidly during
high rate reactions because of catalysis agglomeration[65] change of active-phase
composition,[9][66] and element dissolution.[12][67] There has been very few studies
where catalyst has been shown to be stable at commercially relevant current densities. To
our knowledge, such extended functional stability for CO» electroreduction with
continuous product formation for more than 50 h, has not been demonstrated by other
electrocatalysts. Hence, the CoTe has exhibited an unprecedented activity and stability
compared not only to the Co-based catalysts, but also to the noble metal-based catalysts
(Table S4). To achieve formate and acetic acid production from CO> with the help of
renewable power sources in a practical scale, it is critically necessary to develop catalysts
that are not only active but also stable. Various surface and bulk characterization
techniques (morphological, structural and compositional) were employed for tracking the
integrity of the catalyst during CO2RR at different current densities and at different points
of time. Analysis of the catalyst surface after prolonged CO2RR activity showed that the
composition of CoTe (101) was retained as observed from the pxrd pattern which showed
similarity with the as-synthesized sample. SEM images also confirmed structural integrity
after prolonged activity within potential range of -0.25V to -1.1 V vs RHE (Figure S3 &
S4, respectively).

The reaction rates for different products at specific voltages has been estimated
from NMR data and chronoamperometry measurement, as shown in Figure 7(a) above. To
understand better about the selectivity and reaction kinetics, we estimated the production

rates and partial current density for each product at different potentials. As shown in Figure
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7(a), formic acid was major product at higher negative potentials contributing towards the
CO2RR activity. Partial current density of the products was calculated from total current
density and faradaic efficiency of that product which was plotted as function of potential.
Faradaic efficiency of formic acid in particular is affected by two factors: (i) concentration
of protons in the vicinity of electrode; (ii) the electric field near the electrode.[68] The high
current density observed resulted in improved proton concentration near the electrodes,
thereby increasing the rate of formate production. The formic acid partial current density
has been used as a key parameter to determine the CO> -to-formate reduction activity and
is calculated from FE of formate and total current density at different potentials on each
sample (Figure 7(b)). The formic acid partial current density of CoTe sample is higher than
those of the bare Co and Cobalt oxide reported in other studies[27][44], and reaches to the
highest value of 58.6 mAcm™ at an applied potential of -1.1 V vs RHE. This value is 11%
and 93% higher than those of reported Co3O4 and Co sample, respectively.[69] At low
negative potential, acetic acid achieved high production rate. Acetic acid also exhibited
higher current density at lower applied potential. Trends in current density and production
rate plots confirms the selectivity towards specific products and also the uniqueness of this
catalyst when compared with other Co-based CO; electroreduction catalysts which yields
only C1 products. This CO2RR activity can be attributed towards different rate of *CO
conversion on the surface, which is affected by the (*CO) [intermediate] dwell time on the
surface. Also, rate of decarboxylation and dehydroxylation at specific potentials can play
a major role in CO2RR activity. The CO2RR activity achieved with CoTe indicates that
this catalyst is capable of promoting CO; electrochemical conversion to yield significant

quantities of value-added products with higher production rates over long period of time.
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3.2.1. Electrochemical Capacitance Measurements. Enhanced electrocatalytic
activity can typically be assigned to intrinsic factors which includes facile catalyst
activation through intermediate adsorption and enhanced charge transport, as well as
extrinsic factors such as catalyst morphology and surface roughness which influences
electrolyte and analyte access to the catalytically active sites. The extrinsic factors affecting
CO2RR electrocatalytic activity of CoTe was investigated by estimating the
electrochemically active surface area (ECSA) by following previously reported
experimental procedure.[70] The ECSA was calculated by plotting electrochemical double
layer capacitance in the non-Faradaic region as a function of scan rate and then comparing
specific capacitance (CS) to the double layer capacitance. The electrochemical double layer
capacitance (CDL) was calculated following Equation (3):
ip, = Cp, X V 3)
where ip; represents the current observed while v is the scan rate. As can be seen from the
Figure 7, Cp;, calculated from the i vs v plot resulted in value of 0.5 mF. The ratio of CprL
and Cs was used to calculate ECSA as shown in Equation (4).
ECSA = Cp./Cs 4)
Cyclic voltammetry (CV) was used for the ECSA and roughness factor (RF)
measurements. The cyclic voltammograms in CO; saturated 0.3 M NaHCO3 were collected
at scan rates from 5 mV/s to 400 mV/s. Polarization curves were obtained in potential range
of 32 mV according to OCP of CoTe electrode. Current density from cyclic
voltammograms was plotted as a function of scan rate. The surface roughness factor was
calculated from the capacitance data, Using the Cs value (40uF cm™) from reported values

and Cpr value (0.5 mF) from the plot, ECSA value was calculated to be 12.74 cm?. The
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effect of catalyst morphology on the working electrode was also estimated from the RF
which was calculated to be 159.28 from the ratio between ECSA and geometric electrode
area (0.08 cm?). High value of ECSA and RF depicts that CO; dissolved in the electrolyte
has more access to the catalytic sites on working electrode, leading to better conversion

efficiency.
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Figure 6. CV scans of CoTe@CC from scan rate 5 to 200 mV/s. Data obtained over a
potential range of 32 mV around the open circuit potential in 0.3M NaHCOs.

Few studies have claimed that CO; mass transfer is less in H-cell because of less
solubility of COx> in electrolyte. This results in current density in the range of 0-50 mAcm”
2 for CO; reduction. [2,17] The CO2 mass transfer is expected to improve in flow cell set-
up, and is can be use of such flow cell for CoTe will lead to suppression of H> evolution
resulting in higher faradaic efficiency for formic acid at higher negative potential along

with higher current density (>300 mAcm™).
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3.2.2. Electrochemical Impedance Spectroscopy Measurements.
Electrochemical Impedance (EIS) was measured for CoTe-modified electrode in
CO2 saturated 0.3 M NaHCOs electrolyte to estimate the charge transfer resistance at the

catalyst-analyte(electrolyte) interface and study its variance as a function of applied

potential.
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Figure. 7. CO2RR performances of CoTe catalyst. (a) Formation rates of Hydrogen,
formate, ethanol, acetate and methanol. (b) Partial current density of individual products,
hydrogen, formate, ethanol, acetate and methanol.

Nyquist plots were measured at different negative potentials from -0.2 to -1.1 V vs
RHE in frequency range of 1-105 Hz in CO» purged NaHCO3 solution as shown in Figure
8. As the potential is decreased towards more negative potentials, modular values of the
impedance decreased indicating that rate of electrochemical reaction increased on the
electrode surface. EIS study was also conducted (Figure. 8(a)) with and without

CO2 purging (N2 saturated) at a specific potential (-1.1V) to show the difference in reaction



143
kinetics between CO2RR and HER. CoTe was found to have lower impedance in
CO2 purged solution in comparison to N> purged solution which proves that CO2RR
process is better facilitated than HER at this potential. The Nyquist plots were fitted using
the equivalent circuit which consisted of electrode film resistance (Rf), charge transfer

resistance at electrode-electrolyte interface (RCT), and Warburg resistance.
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Figure. 8. EIS Nyquist plots of CoTe@CFP in CO»-saturated 0.3 M NaHCO3 electrolyte
(pH 6.8) from 0 V vs RHE to -1.1 V vs RHE. Inset shows the equivalent circuit fitted to
experimental spectra, where RCT corresponds to the charge-transfer resistance on
catalyst-electrolyte interface, while Rs indicates film resistance of the catalyst composite.

Table 1 shows the variation of Rf and RCT at different applied potentials. It was
observed that RCT increased at lower applied potential indicating faster charge transfer
and higher reaction rates for C2 product formation. Warburg impedance (W) associated
with Rct was also reported in Table 1. For efficient fitting of of Nyquist plot. Lower values
of Warburg resistance at higher negative potential implies that the diffusion is more which

played an important role in enhancing CO2RR activity. Moreover, in CO»-saturated
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electrolyte, both HER and CO2RR occur competitively at potentials lower than -0.4 V. The
Rer for the CoTe in the CO»-staurated electrolyte is smaller than that in the N»-saturated

medium, which indicates that CoTe is significantly more active for CO2RR compared to

HER.

Table 1. Fitting parameters obtained from Nyquist plots at various potentials.
Potential (V vs RHE) | -1.1 -0.9 -0.6 -0.25
Parameters Value Value Value Value
Rs 1.26E+01 | 1.38E+01 1.31E+01 1.33E+01
RCT 2.24E+00 | 2.33E+00 2.76E+00 3.20E+00
C1 1.84E-05 | 1.04E-05 2.77E-05 1.79E-05
Wi 1.44E-02 | 1.45E-02 1.87E-02 1.95E-02

Therefore, detailed EIS analysis confirms that the CoTe modified electrode can
exhibit significant improvement in selectivity for CO2RR supporting higher reaction rates
and faster charge transfer. Impedance spectroscopy was used to gain insight into charge
transfer kinetics on the working electrode during the electrochemical reaction. In our
previous work, we have demonstrated that CoTe forms a more compact lattice by linking
chains of edge-shared CoTe6 octahedra in three dimensions. [23] As a result of this lattice
structure, the Co-terminated lattice planes of CoTe exhibit greater anion deficiency with
substantial unsaturation at the Co site. Anion deficit in the lattice has previously been

attributed to greater catalytic activity.[71]
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Figure 9. Comprehensive comparison of products obtained through electrocatalytic
CO2RR with CoTe and other catalysts as assembled from various reports published from
different research groups.

4. CONCLUSIONS

4.1. CONCLUSIONS AND FUTURE WORK

CO2RR gives us a hope to develop a carbon neutral way of living where
electrochemical reduction can store the CO;into valuable chemicals by converting
renewable energy to reduction can store the CO; into valuable chemicals by converting
renewable energy to chemical energy. Due to technical simplicity and upscaling capacity
at potential of choosing makes the CO reduction to Acetic acid easy to commercialization
process of COx. In this study, we have reported successful one step synthesis of CoTe. The

as-prepared CoTe catalyst showed enhanced catalytic performance for electroreduction
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COzto Acetic acid with high FE of 87% at low potential of -0.25 V vs RHE. Also, at higher
negative potentials which is lower in comparison to other Cobalt catalysts we obtained
formic acid with high FE and high partial current density of 40 mA cm™ at- 0.6 V vs RHE.
The formation rate of formic acid reached to 547.24 umol cmh™!, which was comparable
to other excellent electrocatalysts from previous studies. This enhanced performance can
be due to various factors like the high ECSA and plenty catalytically active sites, faster
charge transfer, high covalency resulting in optimum stabilization of the CO*- intermediate
and better interaction between the active sites and the OCHO- intermediate.

In summary, the CoTe electrocatalyst deposited on carbon fiber paper is first cobalt
based catalyst which have produced acetic acid from CO; reduction. This catalyst show
high current density of 62.8 mA cm 2 for extended period of time. Sturdiness of this
catalyst is due to increase of Co-Te covalency which results in less dissolution of tellurium
during CO2RR. This catalyst is uniquely selective and energy efficient because it is
selective towards Acetic acid at very low potential (-0.25 V) with FE = 87% and towards
formic acid at higher negative potential (-1.1 V) with FE = 93.39 % with high formation
rate (547.24 umol cm 2 h™!) for formate. These results will contribute to development of

stable and active catalysts for industrial scale.
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SUPPORTING INFORMATION

1. USE OF WIDELY ACCEPTED EXPERIMENTAL PROCEDURES

We followed data collections methods and protocol as outlined in, "Standards and
Protocols for Data Acquisition and Reporting for Studies of the Electrochemical Reduction
of Carbon Dioxide” ! (referred to as Standards paper, hereafter). All our measurements,
data collection protocols and reporting follow the guidelines provided in the above-
mentioned paper very closely. All our electrochemical experiments have been performed
in magnetically stirred solution under rapid bubbling with CO» gas to reduce the limitations
of mass transfer, as has been suggested in the Standards paper. Limitations to mass transfer
can also be reduced by reducing surface roughness of the electrodes and using flat surfaces.
All our electrocatalytic experiments have been performed on flat carbon fiber paper
electrodes with minimal surface roughness.

As recommended in the Standards paper, we refrained from using Pt as counter
electrode to minimize leaching and eventual impurity enrichment in the electrolyte and
near the electrode which can lead to unexpected conversions and erroneous data. All our
electrocatalytic reactions has been performed with glassy carbon as counter electrode.
Additionally, we have characterized the electrodes and electrolyte with XRD and ICP-MS
which shows the presence of only Co, and Te, and no other impurity atoms confirming

purity of the system.
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The Standards paper suggested benchmarking of the catalysts by comparing with
systems polycrystalline Ag. We calibrated our electrochemical setup by measuring CO2RR

activity with polycrystalline silver electrode.
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Figure S1. Comparison of CO2RR activity with (a) polycrystalline Ag film synthesized
in the authors’ lab with CoTe. The polycrystalline Ag tested in the authors laboratory
showed formation of CO, HCOOH, and H» at -0.9 V vs RHE, while no product was
detected with NMR and GC-TCD at -0.25 V (after 2-6 h). The CoTe sample on the other
hand, showed distinct presence of acetic acid, ethanol, methanol, and formic acid at -0.9
V, while at -0.25 V it shows exclusive formation of acetic acid. (b) LSV plots of
polycrystalline Ag measured in the author’s laboratory which matched with that of
reported literature

Polycrystalline silver electrode in our experimental setup shows similar
performance (formation of CO, H, and formic acid, at -0.9 V vs RHE applied potential)
as has been reported in various studies,!™ validating the accuracy of our electrochemical
setup. The NMR analysis for products formed from polycrystalline Ag and CoTe electrode
confirms the presence of methanol, ethanol and acetic acid for NiSe: electrode. Also, the

current-density plot of Ag@carbon cloth in presence of CO> matches with already done
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studies (Figure S2 below)** All our CO2RR experiments were performed in NaHCOs
electrolyte without presence of any other alkali metal ions, which may lead to erroneous
data as has been indicated in the Standards paper. We have also reported ECSA and

product-specific current density as has been suggested in the Standards paper.
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Figure S2. Chronoamperometry study of catalyst for CO2RR

Figure S3. (a) SEM before (b)after CO2RR of hydrothermally synthesized CoTe.
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Figure S4. (a) XRD before (b)after CO2RR of hydrothermally synthesized CoTe.

Table S1. ICP-MS results from NaHCO3 electrolyte collected at different stages of

CO2RR with CoTe
Sample Co 59 (ppb) Te 125 (ppb)
Purified NaHCOs after 12h <DL <DL
CO2RR chronoamperometry
with CoTe
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1. INTRODUCTION

Increased usage of fossil fuels and other non-renewable resources to power this
planet over the last several decades has caused environmental pollution leading major
energy crisis. One of the primary by-products of fossil combustion and resulting
greenhouse gas is carbon dioxide. Rising levels of CO; in the atmosphere has led to severe
catastrophic effects including erratic climatic changes and global warming. While carbon
dioxide capture and sequestration can provide some solution to this rising CO> level in the
atmosphere, however, these technologies need to be complemented by the chemical
conversion of atmospheric CO> to other carbonaceous products. Such processes can
effectively reduce CO; levels in the atmosphere, and at the same time close the carbon
loop. Studies has been done using both heterogeneous and homogenous routes for catalytic
carbon dioxide reduction reaction (CO2RR)!? and other catalytic proceses™*.The
homogenous route for CO2RR lacks scalability and leads toa low yield of product
formation. heterogeneous catalysis for CO2RR, different type of catalysts has been used
like organometallic complexes®”’, metal electrodes®® and metal chalcogenides'®. Among

different methods for heterogeneous catalysis, electrochemical reduction of CO:> has
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become a critical research problem over the last few decades. One of the primary
challenges for the advent of CO; electroreduction is the discovery of efficient CO2RR
electrocatalysts, that can not only reduce the reaction energy barrier leading to the facile
transformation of CO», but also lead to high selectivity in product formation.

Among various catalysts that has been studied for CO» conversion, copper-based
catalysts has been established to be very efficient in CO» electrochemical reduction as
different reduction products can be generated using different conditions with high
selectivity.!! Different aspects such as change in crystal faces'?, morphology of the

catalyst'?, size of the catalyst particles'* and the valence state of central metal atom!>-!®

on
the CO2RR catalytic activity has been investigated by various groups. However, although
Cu-based catalysts have shown significant advances for CO2RR, the need to investigate
effect of transition metal doping in the Cu-based compounds and more importantly
development of Cu-free catalysts has become imminent for gaining fundamental insight
into structure-property correlation and formation of hydrocarbon and oxygenates product
for these electrocatalysts.

One of the primary considerations for electrocatalyst is the availability of accessible
variable oxidation states of the catalytically active site. Cobalt is one such transit n group
element which exhibits oxidation states from 0 to +4 which are readily accessible through
facile electrochemical tuning.!” Co-based compositions has already proven to be efficient
electrocatalyst in many other processes like water splitting.!® However, during CO»

electroreduction only the active site changes from Co?* to Co'*.!° Metallic cobalt*’, cobalt-

based bimetallic compounds???, and cobalt oxide?® has been studied for CO-
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electrochemical conversion. Cobalt porphyrin-based electrocatalyst have also been
reported to achieve the conversion of carbon dioxide to CO.?*?

Regulation of the activity and product selectivity has been achieved by varying the
catalyst size in cobalt based catalysts.?%*!2627 According to a study by Wannakao et al., Co
metal has moderate CO binding strength as compared to other metals and thus has better
catalytic performance for CO; electrochemical reduction. Presence of cobalt center
decreases the possibility of catalyst poisoning which happens in metals like Pt, Rh and also
decreases the potential applied compared to the metals with weak binding strength like
Zn.*® Also the presence of loosely held d electrons in the Co metal centers increases
electrical conductivity which enhances the activity towards CO2RR.?* Thus, cobalt-based
catalysts have started gaining considerable attention for CO2RR due to their enhanced
performance.

In this study, we have synthesized mixed transitional metal selenide CuCoxSes
through efficient one pot solvothermal synthesis method, and studies reactivity of this
copper cobalt selenide for carbon dioxide reduction under ambient conditions. It was
observed that simultaneous presence of Cu and Co in the catalyst enhances the activity of
towards CO2RR in comparison of binary selenides. In addition, CuCo>Ses exhibited high
degree of product selectivity forming carbon-rich products such as acetic acid and ethanol
exclusively at low applied potential. We have also investigated the adsorption energy of
intermediate CO on the catalyst surface through density functional theory (DFT)
calculations, which showed that the CO adsorption energy was in the optimal range and

better than that in binary Cu selenides. Such facile adsorption of intermediate CO in the
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catalyst surface along with better electronic conductivity of the CuCoxSes matrix possibly

leads to higher product selectivity at low applied potential.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

All chemicals were of analytical grade and used as purchased, CoCl>-6H>0,
CuClz-2H20, SeO2, NoHs-H>0 and KOH was purchased from Sigma Aldrich. Carbon fiber

paper (CFP) was used as the electrode and purchased from MSE supplies,

2.1. SYNTHESIS OF CUCO2SE4 AND ELECTRODE PREPARATION

CuCo:Ses was synthesized using hydrothermal synthesis. 20 mmol of CuCl,-2H;O0,
40 mmol of CoCl2-6H>0 , and 40 mmol of SeO> were stirred together for 15 minutes in 15
mL of distilled water. 1.5 mL of N2H4-H2O (hydrazine) was added dropwise while stirring
to form a brown colloidal solution. This solution then transferred into a Teflon-lined
stainless-steel autoclave and heated at 145 °C for 24, following which it was cooled to
room temperature under ambient conditions. The final product was obtained using
centrifugation. The crude powder was washed using absolute ethanol and then vacuum
dried overnight.

Catalyst ink was made by uniformly dispersing 5 mg of catalyst in 0.25 mL of 1 %
Nafion ethanol solution using sonication for 15 min. The CuCo2Ses electrode was prepared
by uniformly dropcasting the catalyst ink on confined area. The area on the CFP substate
was confined using Teflon tape and geometric area of 0.283 cm? was left exposed for drop

casting of catalyst ink. The prepared electrode was dried overnight at room temperature.
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2.2. CHARACTERIZATION OF CATALYST

2.2.1. Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) was used to
identify the crystalline phase of the as-synthesized catalyst powder using a Philips X-Pert
diffractometer utilizing CuKa (1.5418 A) radiation. Scanning Electron Microscopy (SEM)
and X-ray Photoelectron Spectroscopy (XPS). FEI Helios NanoLab 600 FIB/FESEM was
used to observe the Morphology of the product at an acceleration voltage of 10 kV and a
working distance of 5 mm. To identify the composition via identifying the relative atomic
ratio of elements present in the catalyst, EDS (Energy dispersive spectroscopy) was done
from the same SEM. X-ray photoelectron spectroscopy (XPS) was used to observe the
oxidation states of the elements in the CuCoSes4 catalyst using a KRATOS AXIS X-ray
Photoelectron Spectrometer. Specific correction of Co, Cu, and Se binding energies was
carried out by employing the C 1s binding energy of 284.5eV. All XPS signals were
measured from the pristine catalyst surface without any sputtering.

2.2.2. Electrochemical Activity for CO: Conversion. The test of the
electrochemical activity was performed in a two compartment H Cell with CO2 saturated
0.3 M NaHCOsj; solution. Both the compartments were separated by a Nafion anion
exchange membrane. KCI saturated Ag|AgCl was used as reference electrode and was put
in cathodic compartment with the working electrode. The carbon rod as counter electrode
placed in the anodic compartment of the H-Cell. CuCo2Ses coated CFP prepared by method
described above was used as the working electrode. A catalyst loading of 1 mg cm ™2 was

used for these studies.
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2.3. DENSITY FUNCTIONAL THEORY CALCULATIONS

First-principles density functional theory calculations were done using Vienna ab
initio simulation package (VASP).?? These calculations were done to gauge the
electronic properties of surface and bulk geometries of CuCozSes. To calculate the
adsorption energies of CO molecules int the surface of the catalyst, exchange-correlation
functional Perdew—Burke—Ernzerhof (PBE) ¢ within the generalized gradient
approximation (GGA)’ with an on-site Coulomb U term was used. This method illustrates
the cohesive energy, electronic structure, and mechanical and magnetic properties of bulk
and surfaces of 3d-metal-based materials.

To gain more insight into the electronic structure and magnetic properties of bulk
and slabs of CuCozSes as well as the adsorption energy of CO at the surfaces GGA+U
method,>*? was used. For this method, Co d states U =0 and 6 eV and for Cu d states U= 0
and 6 eV was used. Force and total energy reduction were used to optimize the internal
atomic locations of all structures till the Hellmann—Feynman force on every atom was less
than 0.01 eV/atom. The calculations used Brillouin-zone sampling which was done with
I'-centered Monkhorst—Pack®* with k-mesh of at least 11x8x3 grid for CuCo2Ses (100)
surface the cutoff energy of 500 eV was used for bulk and slab geometries. 2x2x2 and
2x3x3 unit cells with a vacuum region along z direction of 15 A were used as surface
models. To the orbital occupation, Methfessel-Paxton smearing was applied with smearing
parameter ¢ of 0.2 eV. the cutoff energy of 500 eV was used for bulk and slab geometries
applied with the convergence criteria of 1.0 x 10—6 eV for electronic self-consistent
iterations. For calculating CO adsorption energies, first clean surface energy was calculated

by relaxing free surfaces, and after that CO ions were attached over the active sites of the



164
catalyst at a distance of ~ 1.80 A taken from the bond lengths of Metal carbonyl complexes.
After this the system was relaxed and Esys., the total formation energy of the system was
calculated. The adsorption energy of CO, Eag = Esys — Ectean — Eco, Eco being the energy of
free CO.

3. RESULTS AND DISCUSSION

3.1. CHARACTERIZATION

Powder X-ray diffraction (PXRD) pattern collected from the as-synthesized
powder showed a good match with the standard pattern of CuCo2Ses (PDF No. 04-019-
0997) confirming the formation of pure CuCozSes as shown in Figure 1. No other
crystalline impurity phases were detected in the PXRD pattern. The diffraction peaks
showed considerable broadening indicating the formation of nanostructured grains.
Scherrer equation was used to calculate the size of such grains and crystalline domain
following standard procedure.®> From the line broadening of the diffraction peaks, the
approximate size of the particles was calculated to be 2.67 nm. CuCo2Se4 exhibits a spinel
structure-type AB>X4 (X = chalcogen atom)., where 4 is a divalent cation occupying the
tetrahedral layer and B is a trivalent cation occupying the fully occupied octahedral metal
layer. As shown in the Figure 1 inset, the crystal structure of CuCozSes shows that Co atoms
were in the octahedral coordination sites and Cu atoms in the tetrahedral sites where the
unit cell have similar geometries for each of the Co/Cu atom. Also the bond length between
Co—Se and Cu-Se was found out to be ~2.38 and 2.37 A, respectively.

Morphology of the hydrothermally synthesized powder was observed using SEM.

In Fig. 2, SEM images depicted porous nanostructures having a size range of 100 nm - 200
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nm. Such nanostructured morphology provides large number of accessible active sites for

CO2 and intermediate CO adsorption, which can get further reduced to desirable products.

CuCo,Se @Auafter 100h

-

(440)

CuCo,Se @ Au as prepar

Intensity / a.u.

] CuCo,ySe (PDF04-019-0997)
a1 ﬁllll}ll.flhl.
20/ Deg

Figure 1. PXRD pattern of hydrothermally synthesized CuCo2Ses4 compared with the
standard CuCoaSes reference pattern (PDF# 04-019-0997)

The oxidation states and chemical composition of the as-synthesized powder was
further investigated through X-ray photoelectron spectroscopy (XPS). XPS peaks at 778
eV and 793 eV, indicated the presence of Co in a Co-selenide bonding atmosphere,*® while
peaks at 934 and 954 eV indicated the presence of copper selenide bonding.’’
Deconvoluted spectra of Co and Cu XPS peaks showed presence of multiple oxidation
states. As shown in Fig 2¢, deconvoluted Cu spectra shows peaks at 931.5 and 952.5 eV
corresponding to Cu* 2ps/2 and Cu’ 2p1/2, and at 933.8 and 954.1 eV were assigned to Cu**
2psn and Cu®* 2p1 including the satellite peaks at 941.8 and 961.7 eV.3® Similarly in Co
2p XPS spectrum, peaks at 780.5 and 796.8 eV reflect to Co*" 2ps2 and Co** 2p1/2 and
777.8 and 793.3 eV peaks correspond to Co>" 2ps2 and Co** 2p1s, respectively.® satellite

peaks of Co 2p were detected at 787 and 803 eV.*°. The satellite peaks observed can be
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explained as due to overlapping of antibonding orbitals between the Cu, Co and Se as has
been reported previously.>**” XPS peaks corresponding to Se 3d states were observed at
54.1 and 55 eV corresponding to Se 3ds» and Se 3ds», respectively, demonstrating the
existence of Se?".%® The peak at 59.2 eV shows the existence of minute amount of SeOx
species on the surface which can happen due to the surface oxidation of pristine selenide.
However, it must be noted that there was no metal oxide detected on the catalyst surface.
The relative percentages of the various cations present in the composition was estimated

as 7% Co*", 44% Co*", 8.5 % Cu", and 38.5 % Cu*".
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Figure 2. SEM images of the CuCo,Ses nanoparticles at (a) high and (b) low
magnification showing formation of nanostructures and surface roughness, respectively.
(c) Cu2p and (d) Co 2p and (e) Se 3d XPS spectra of as-synthesized CuCo>Ses.
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3.2. ELECTROCATALYTIC PERFORMANCE FOR CO2RR

The CO; electrochemical reduction activity of CuCo2Ses was investigated through
linear sweep voltammetry (LSV) at a scan speed of 10 mV s in Argon and CO,-saturated
0.3 M NaHCOs electrolyte solution. Electrochemical experiments were performed in two

compartment H-cell where both catholyte and anolyte were 0.3 M NaHCO3 solution.
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Figure 3. (a) LSVs measured in 0.3 M NaHCOs at a scan rate of 10 mV s™! in presence
and absence of CO» with different electrodes. (b) Tafel plots measured in 0.3 M
NaHCO:s.
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In keeping with modern techniques, carbon rod was used as the counter electrode
instead of Pt, to minimize impurity enrichment in the electrolyte. Using a Pt wire in H»-
saturated H>SO4 solution, the Ag|AgCl reference electrode was standardized utilizing open
circuit potential (OCP, 0.199 V). All the reduction potentials measured with Ag|AgCl
reference electrode were converted to the RHE using equation (1) and reported current
densities were calculated taking geometric area of electrode into consideration.

Erne = Eagjagcr + 0.059 pH + E,ggmgct (D
where Erue = converted potential vs RHE, Eagagci = experimentally obtained potential,
E%gagct = standard potential of Ag|AgCl (0.199 V).

The LSVs were measured in a stirred solution under continuous purging of CO» to
minimize mass transfer limitations. The control experiment (without CO») involved
purging with Ar under similar conditions. The LSV plots of CuCo,Ses4 modified electrodes
were compared with that of bare carbon cloth measured under similar conditions to confirm
the catalytic effect of CuCoxSes for CO2RR. CuCo,Ses@CFP showed increased reduction
current when CO, purged electrolyte was used compared to Ar purged electrolyte which
confirmed that CuCo,Ses4@CFP was indeed more active towards CO2RR and suppresses
the competing HER reaction under these conditions. Bare CFP on the other hand, did not
show any significant activity towards CO2RR which confirmed the catalytic activity of
CuCo2Ses and no substrate effect. CuCoSes catalyst also exhibited high current density
reaching upto 26 mA cm at low applied potential of 800 mV.

Tafel slopes of the catalyst was estimated to explore the chemical kinetics of CO»

electrochemical reduction. Tafel slope can be calculated using the Equation(2):

n = a+(23RT) 22 )

a
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where 1 = overpotential, a = transfer coefficient, n = number of electrons involved in the
reaction, F = Faraday constant, j = current density and the slope = 2.3RT/ anF

With a scan speed of 10 mV s, the Tafel slope was determined in the kinetically
controlled area of CO2RR. It was observed that the CuCo2Ses@CFP electrode exhibited

lowest value of Tafel slope with value of 237 mV dec™!

in CO; purged electrolyte. This
suggests that mechanism of CO2RR over CuCo2Se4@CFP is similar to the chemical rate-
determining step (RDS) of initial single-electron transfer step for adsorbed radical
intermediate (CO>") formation which has theoretical value of Tafel slope to be 118 mV

dec™!. A much lower Tafel slope closer to 59 mVdec™!

indicates rapid one-electron transfer
step followed by the formation of formate as RDS.*’ Moreover, Tafel slope of bare CFP
was higher than that of CuCo,Ses indicating that electron transfer at CuCoxSes@CFP
electrode surface was much faster.

Chronoamperometry studies were used for detecting and quantifying the product
composition generated by electrochemical reduction of CO> at different applied potentials
from -0.9 V to -0.1 V vs RHE for the time period of 1 hour. Initially, these electrochemical
experiments were started after purging CO> vigorously for 30 minutes. The electrolyte
(0.3M NaHCO3 aqueous) was then constantly purged with CO» at a rate of (20 sccm) during
the chronoamperometry studies. Quantification for liquid and gaseous products were done
using NMR and GC-TCD. 0.1 uL. DMSO was used as an internal standard mixed with 500
uL of aliquot (reaction solution) and 100 uL. D>O. Water suppression technique was used

to suppress the water peak in NMR spectra. Gaseous products were detected and quantified

using GC-TCD technique and using calibration curves of standards.
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It was observed that composition and selectivity of CO2RR products at
CuCo2Ses@CFP electrode varied with the applied potential. Specifically, at lower negative
potentials, C2 products such as ethanol and acetate were obtained preferentially, while C1
products formed at high negative potentials. Acetate was the major product formed till -
0.6V vs RHE. This is drastically different from other catalyst systems known for CO2RR
which produce formic acid and other C1 products at these potentials. Also, such high
selectivity indicates high production rate due to the fact that all the energy is getting used
to form the C2 product.

Advent of formic acid in the product composition was observed at -0.6 V (vs RHE)
in addition to carbon rich C2 products. As reported in a study that with decreasing potential,
given the rapid hydrogen production, pH drops around the electrode surfacepH decreases
near the electrode surface due to continuous hydrogen evolution,?* leading to spontaneous
conversion of CO; to HCOs3™ in situ leading to facile formation of formic acid at higher
applied potential.

Relative product yield was calculated by quantifying of products at different
potentials using calculations in Table S1. Figure 4(b) shows the product selectivity at
various applied potentials. Lower applied potential favors the formation of C2 products
exclusively rather than producing C1 products which predominantly forms at higher
negative potential. These results illustrate the potential for application of this catalyst for
industrial application as energy input is less and selectivity is high for specific products.

GC-TCD was used for characterization and quantification of the gaseous products.
The head-space gas was collected after 1 hour of CO2RR at different applied potentials (-

0.1V,-0.25V,-0.6V,-0.9YV vsRHE), wherein hydrogen was detected with FE = 0 %,
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0.51%, 0.90 %, and 2.7 % respectively as shown in figure 5. It should be noted that no
other hydrocarbon gas was observed during these measurements. Hydrogen evolution is a
competing reaction which restricts the faradaic efficiency of hydrocarbon products. The
LSV plot of the experiment done on CuCo2Ses@CFP in an Ar-purged electrolyte also
suggests that HER becomes more prominent at higher negative potentials as shown in
figure 3a. Hydrogen formation during CO2RR can be observed from the -0.25V vs RHE.
Interestingly, no CO was detected in the head-space gas at any applied potential. Such
absence of CO in product composition yields further confirmation that preferential
formation of C2 products follows longer dwell time and further reduction of adsorbed
intermediate CO on the catalyst surface inhibiting its ready desorption. We have
investigated the formation rates and partial current density for every product over a series
of potentials to gain a better understanding of the specificity of the CO, reduction reaction
and to comprehend reaction dynamics. This type of examination for various products can
yield critical mechanistic insights. The analyses of reaction rates (Figure 6 (a)) and partial
current density (Figure 6 (b)) revealed that acetic acid was the most important factor in
increased activity throughout a broad array of potential. Formic acid formed at a level
proportional to acetic acid at greater applied voltage. Acetic acid and ethanol, on the other
hand, formed at significantly larger rates when the applied potential was low. These
performance patterns validated the catalyst's product selectivity and novelty when
compared to conventional CO2RR catalysts that have greater formation constants for

primarily C1 products.
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Because of the varied rates *CO conversion on the surface, such a variation in

electrochemical activity can be derived. Such difference in electrochemical activity can be

deduced because of different rate of *CO conversion on the surface as described below.
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Figure 4 (a) NMR spectra identifying CO, reduction products in reaction aliquots
collected at different potentials. (b) Plots illustrating relative concentrations of liquid

products quantified from NMR at different stationary applied potentials.

Dehydroxylation and decarbonylation of chemical intermediates can also occur at

varying rates depending on the applied voltage. Such findings also show that CuCoxSes is
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catalytically active for CO2 reduction and generates considerable amounts of carbon-
rich compounds at high rates over longer durations.

Intrinsic characteristics such as rapid catalyst activation via intermediate adsorption
and improved charge transfer are often attributed to increased catalytic performance.
Whereas electrolyte and reagent exposure to the active sites is influenced by extrinsic
variables like catalyst's morphology and surface roughness. External parameters
influencing electrocatalytic activity were estimated using a previously described
experimental technique*! By measuring double layer capacitance as shown in Fig. 6 with
in non-Faradaic zone as a variable of scan speed and comparing specific capacitance (CS)
to the double layer capacitance measured, electrochemically active surface area was
calculated. The electrochemical double layer capacitance (Cpr) was calculated following
Equation. (3).

ipp = Cpp X Vv 3)
where ip; represents the current observed while v is the scan rate. As can be seen from the
Figure 7, Cp; calculated from the 7 vs v plot resulted in value of 0.02 mF. The ratio of Cp;,
and Cs was used to calculate ECSA as shown in Equation. (4).

ECSA = Cp./Cs 4)

The cyclic voltammograms were recorded at scan speeds ranging between 5 mV/s
to 200 mV/s in CO; purged 0.3 M NaHCOs;. Polarization curves was done in potential
range of 15 mV according to OCP of CuCo:Ses electrode. Current density was displayed
as a function of scan rate using cyclic voltammograms.

The capacitance values were used to derive the surface roughness factor. The ECSA

ratio was derived from the Cs number (40 pF cm™) obtained from the reported data and the
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CDL (0.071 mF) from the plot. ECSA value was calculated to be 1.76 cm?. The effect of
catalyst morphology on the working electrode was also estimated from the roughness factor
(RF). RF was calculated to be 6.24 from the ratio between ECSA and geometric electrode
area (0.283 cm?). High value of ECSA and roughness factor depicts that CO; dissolved in
the electrolyte has more access to the catalytic sites on working electrode, leading to better

conversion efficiency.
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Figure 5. Bar plots depicting relative faradaic efficiency of cumulative liquid and gas
phase CO» reduction products at different applied potentials quantified through NMR and
GC-TCD.

For further investigation of electrochemical performance of CuCo,Ses@CFP
towards CO2RR, EIS (electrochemical impedance spectroscopy) was performed as shown
in Fig. 8. Internal resistance of the catalyst composite and the charge-transfer resistance at
the (electrode)—electrolyte interface of the catalyst was calculated by performing EIS and
investigating Nyquist plot. At the potential -0.1 V vs RHE, Nyquist plot was observed in

CO> saturated 0.3 M NaHCOs. This plot was fitted with the equivalent circuit and
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electrolyte resistance (Rs), resistance of the catalytic composite (Rf), and charge-transfer

resistance (R.t) was calculated from the circuit.
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Figure 6. CO2RR performances of CuCo,Ses catalyst. (a) Reaction rates of Hydrogen,
formate, ethanol, acetate and methanol. (b) ECSA normalised Partial current density of
individual products, hydrogen, formate, ethanol, acetate and methanol.

The uncompensated electrolyte resistance Rs, Rt and Rt of catalyst composite were

1.69 Q, 40 Q and 230 Q respectively was obtained from the fitting of the equivalent circuit.
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Using Rct, charge-transfer resistance which is calculated from the lower frequency region
we can get an idea of CO2RR process going on the catalyst surface. Lower Rct value means
that electron transfer is efficient at the catalyst—electrolyte interface resulting in faster CO»
reduction rate, better catalytic activity and lower overpotential which can be seen from
electrocatalytic measurements mentioned above. Rr catalyst resistance influences the
charge transport within the catalyst composite. Lower Ry can result in high current density

and faster kinetics at low potentials.

Table 1. Fitting parameters obtained from Nyquist plots at various potentials.

Resistor and Capacitance value
Rs/Q 1.69
R¢/Q 230
Ret/Q 40
CPEdI/F 0.002
CPEf/F 0.0023

3.3. ELECTROCHEMICAL PERFORMANCE OF CUCO2SE4 FOR ALCOHOL
OXIDATION REACTION (AOR)

To evaluate the electrocatalytic performance of catalytic materials that have been
produced for use in alcohol electrooxidation, a 3 electrode H-Cell setup was used to carry
out a series of electrochemical experiments. LSV polarization plots showed activity in the

absence and presence of 1 mol L™! methanol and ethanol in 1M KOH.
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The results from LSVs (Fig. 9(a)) demonstrate a moderate level of OER activity,

with an anodic current density of 15 mA cm 2 at the potential of 1.45 V vs. RHE. When
Methanol was added to make solution 1 M methanol, the polarization curve recorded
showed enhanced activity. Also, it was observed from the polarization curves that the
overpotentials changed by 250 mV, 300 mV at 15 and 50 mA cm 2 respectively when
compared to water splitting potentials. When Ethanol was added, overpotentials got
reduced by 230 mV, 260 mV at 15 and 50 mA cm ? respectively This means that for
industrial applications very less amount of cell potential has to be applied and at that cell
potential CO2RR will produce the same product in both compartments of H-Cell. Also
using the Tafel slopes (Fig. 9(b)) calculated from the polarization curves, more insights

into the underlying kinetics were produced.
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Figure 7. Cyclic voltammograms measured for CuCoxSes catalyst in 0.3 M NaHCO3
under continuous Ar purging at different scan rates from 5 to 200 mV s, Inset shows plot
of anodic and cathodic current measured at -0.12 V vs RHE as function of scan rate.



178

Tafel slope is lower in the case of methanol oxidation and ethanol oxidation of

value 78.6 mV dec ! and 52.7 mV dec ! respectively when compared to the water splitting.
This proves that the kinetics improve when the methanol and ethanol are present in the
solution. Also, it proves that mass transfer is enhanced, and a larger number of catalytic
sites present in the electrode surface are available. For identification of the products in the
anodic compartment, 'H NMR was used. Formic acid was detected at the chemical shift of
8.3 ppm in the anodic compartment when methanol was added, and Acetic acid was

observed at the chemical shift of 1.7 ppm when ethanol was added.
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Figure 8. EIS Nyquist plots of CuCo2Se4@CFP in COz-saturated 0.3 M NaHCO3
electrolyte (pH 6.8) from 0 V vs RHE to -1.3 V vs RHE. Inset shows the equivalent
circuit fitted to experimental spectra, where Rct corresponds to the charge-transfer
resistance on catalyst-electrolyte interface, while R indicates film resistance of the

catalyst composite

Long-period chromatography experiments were also conducted at a fixed potential

of 1.5 V vs RHE to detect the rate of methanol oxidation and to determine the rate of formic
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acid production. The rate of reaction stagnates over time which can be revitalized by adding
more methanol hence improving the mass transfer kinetics. The current density of

CuCo2Ses goes through little change over a long period (100 h) signifying its applicability

to industry.
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Figure 9. Electrocatalytic performances of CuCo2Se4/CFP a) Polarization curves of
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3.4. ELECTROCHEMICAL CATALYTIC ACTIVITY OF CUCO:SE4FOR
CO2RR-AOR COMBINED REACTION (CUCO:2SE4/CF|| CUCO2SE4/CF)

Because of the enhanced activity of the catalyst for CO2RR in cathodic
compartment and Alcohol oxidation in the anodic compartment, a two-electrode H-cell
was setup with catalyst loaded working electrode as an anode having 1 M CH30H or 1M
C2Hs0H in electrolyte 1 M KOH and catalyst loaded on the counter electrode as the
cathode in 0.3 M NaHCO3 solution. This electrolyzer operated at ambient temperature and
pressure producing the same product in both compartments. Polarization curves from linear
scan voltammetry showed that a standard current density of 15 mA cm 2 was obtained in
CO2RR- methanol oxidation and CO2RR- ethanol oxidation at 0.67V and 0.73V vs RHE
respectively. Most importantly, these cell potentials are 280 mV and 220 mV less than
what is required when no alcohol is added under the same setup. The voltages were found
to be significantly smaller than the theoretical voltage [1.299 V in Eq. (3)] for overall
CO2RR (no alcohol present). When methanol was reactant in the anodic compartment
formic acid is produced in the electrolyzer at a potential of 0.7V vs RHE. When Ethanol
was present in the anodic chamber Acetic acid was produced at the 0.75 V vs RHE.

Also, at 50 mA cm 2 current densities were obtained at 0.77V and 0.78 V,
respectively. The Faraday efficiency obtained for acetate production in the anodic and
cathodic compartment was 71.35 % and 92.20 % respectively at an overall cell potential of
0.7 V. For formate production, FE was 84.35 % and 92.50 % in the anodic and cathodic
compartment, respectively, at the cell voltage of 0.75 V.

To understand the interactions of intermediates on the catalyst surface, enhanced
performance of the catalyst and selectivity towards C2 reduction products, the catalyst

surface was investigated further through Density functional theory (DFT). CO adsorption
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energies on Cu and Co sites of CuCoxSes (100) surface was estimated, as shown in Figure
11. This material was earlier discovered and investigated by the PIs as highly efficient
electrocatalyst for water splitting.70 Our preliminary results suggest that Co has higher

*CO binding energy by about 450 meV (Eads =-1.37 eV (Co site with CO attached) and
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Figure 10. Faradaic efficiencies of Formic acid and Carbon monoxide and Acetic acid
varying with different metallic surfaces and reported catalysts

-0.92 eV (Cu site with CO attached)) indicating that the Co site will lead to a preferable
formation of higher reduction products. Moreover, the optimized distances between M-CO
and C-O reveal strengthening of the Co-CO bond and weakening of the C=O to partial

double bond character: the Co(Cu)-CO distances are 1.75 A (1.83 A), whereas the C-O
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distances are 1.16 A and 1.15 A for the CO attached to Co and Cu sites, respectively, both
being longer as compared to the distance in a free-standing C-O, 1.14 A, calculated using
the same methods. Currently, authors are investigating the role of magnetic interactions on
bonding, charge distribution and electronic properties of the surface structure, following
earlier findings by the PIs that the magnetic moment on Co is enhanced from 0.8 mB in
bulk to 2.1 mB for (100) surface and further to 2.3 mB for (111) surface of CuCo>Ses. It
must be noted here that there have been very few reports of Co-based CO2RR
electrocatalysts besides, metallic Co, Co-oxide and porphyrin based organometallic
complexes.71-74 Even in such cases, the major product formed has been CO(g) and
HCO2H.

The CO adsorption energy on Cu and Co sites in CuCo2Ses was compared with
other CO2RR different catalysts to correlate it with preferential formation of C1/C2
product based on the hypothesis that larger CO adsorption energy led to longer CO dwell
time on the surface. More specifically, the CO adsorption energy was compared with
Faradaic efficiency for formation of CO, HCOOH (C1 products) and acetic acid (C2
products) as shown in Figure 10. For metal catalysts like Au, Ag, low CO adsorption
energy was observed and have been reported to produce CO as a main product. While for
metal catalysts like Pt, Pd and Ni high CO adsorption energy was observed. However, these
catalysts also show a high binding energy for *H leading to electron consumption that are
utilized for hydrogen evolution rather than electrochemically reduction of CO2 in aqueous
medium. With high CO adsorption energy, catalysts can also get poisoned due to CO
passivation by the small amounts of CO produced during continuous electroreduction of

COaz. Cu and Co metal have showed higher larger CO adsorption energy compared to
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metals like Au and Ag but lesser then the catalysts like Pt, Pd and Ni, as shown in Figure
10. Co metal catalyst has been reported to produce hydrocarbons like CH4, CO and Cu
produces wide range of hydrocarbons which relates to the moderate CO adsorption energy
on these metal catalysts. CuCo,Ses shows slightly higher CO adsorption energy than that
of Co and Cu but lower than the passivation level observed with Pt, Pd and Ni catalysts,
which favors further reduction of CO adsorbed on the surface to produce carbon rich
products like acetic acid.

CO adsorption on the catalyst surface proceed through two possible pathways using
coordinate bond: first is through o donation from CO to metal through Highest Occupied
Molecular Orbitals located on C and second is through back donation from metal (d-) to
CO (m*) which can be observed from the low intensity peak near -3.7 eV energy which is
due to contribution of CO pDOS, similar to previously reported results.*

While the DFT study should involve all of the reaction pathways of mechanism
and explore all the possible lattice planes of the CuCo,Ses for understanding selectivity
exhibited by catalyst towards formation of specific reduction products, DFT results in this
study prove that CuCoxSes catalyst surface facilitates the selectivity towards carbon-rich
products by enhancing intermediate CO adsorption. These DFT results are synchronous
with the experimental observations achieved in this study.

To understand the interactions of intermediates on the catalyst surface the catalyst
surface was investigated further through Density functional theory (DFT) with GGA+U
(U =6 eV) approximation. Density of states (DOS) were calculated for Co d states and for
Cu d states before and after CO adsorption on surface active site (Co and Cu, respectively).

DOS was also estimated for the bulk CuCo2Ses, which showed that hybridization of Se p
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orbitals and Cu-Co d orbitals constituted the valence band, whereas vacant d orbitals of Co
and anti-bonding p orbitals of Se formed conduction band as shown in Figure 11 & 12.
These observations suggest that the possibility of d-d electron transfer/overlap among Co
and Cu. The DOS of bulk CuCo:Ses also suggest present of metal-to-ligand (Se) charge
transfer. Also, the continuity in DOS in the vicinity of Fermi level suggest that CuCo2Ses
has enhanced conductivity,'which is also evident from the EIS data that shows low
resistance (Rct) of bulk CuCozSes. To understand the differences in electronic and
magnetic properties of the bulk CuCozSes, the combined PDOS of all Co atoms from each

layer of (100) Co/Cu slab have been plotted and presented in Figure 11 & 12.
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Figure 11. Total density of states (TDOS) of bulk CuCo>Ses compared with CO attached
on Co and Cu atoms

To investigate which metal atom on the surface is more likely to be the catalytically

active site for CO2RR, the adsorption of CO on (100) Co/Cu terminated slabs was modeled
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by placing CO radical in the vicinity of the active metal site (Co or Cu) of the relaxed free
surface at an initial distance of about 2.2 A from the metal atom. The GGA+U total energy
of the fully optimized structure with CO bonded to the surface Cu atom is -1.53 eV which
is higher than that bonded to the Co atom (-0.91 eV) for the (100) surface. The large energy
difference of 620 mV suggests that Cu atom is the highly preferred catalytically active site,
however, the presence of magnetically active Co in the vicinity of Cu influences the CO
adsorption energy. Moreover, the optimized distances between M-CO and C-O reveal
strengthening of the Co-CO bond and weakening of the C=0O to partial double bond
character: the Co(Cu)-CO distances are 1.75 A (1.83 A), whereas the C-O distances are
1.16 A and 1.15 A for the CO attached to Co and Cu sites, respectively, both being longer

as compared to the distance in a free-standing C-O, 1.14 A, calculated using the same

methods.
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Figure 12. Partial density of states (PDOS) and it’s parts (a) Co atom in (100) surface
before and after CO™ attachment (b), and OH™ ions after attachment on Co atom (c). Cu
atom in (100) surface before and after CO™ attachment

It was also observed that the magnetic order on Co changes in each layer of the slab

when CO is bonded to Co, and does not change when it bonds to Cu. This suggests that
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magnetism plays a crucial role in favoring the CO adsorption on Co. The comparison of
PDOS of Co and Cu atoms with and without CO attachment is shown in Figure 12. For
both Co and Cu with CO ion attached, there is a significant orbital splitting of the occupied
metal states associated with rearranged electron cloud. Upon bonding to the CO, local
magnetic moment on the Co atom increases from 1.066 uB to 2.011 ug for (100) slab and
the Co—Se distances increase from 2.42 A to 2.5 A. Accordingly, the calculated PDOS of
Co (Figure 3) shows that the occupied spin-up Co states become more localized upon
bonding with CO due to the weaker Co—Se interactions and are shifted to the lower
negative energy because of the stronger magnetic exchange splitting. On the other hand,
PDOS exhibit opposite trends in the empty spin-down states of Co, namely, the shift to the
lower and higher energies, respectively, as shown in Figure 4.

From the DFT studies of the electronic properties and the CO adsorption energy
calculations on the surface of CuCo2Ses, it can be concluded that Cu atom is the active
catalytic site for the CuCoxSes system. However, the presence of magnetic Co on the
neighboring sites influences the electronic density around the Cu ions as well as

intermediate adsorption energy.

4. CONCLUSION

In conclusion, the CuCozSes electrocatalyst placed on carbon fiber paper is the first
cobalt-based catalyst to create acetic acid as a result of CO2 reduction. For a lengthy period
of time, this catalyst showed a high current density of 29.9 mA cm?. The increased Cu-Se

covalency of this catalyst translates in reduced tellurium dissolution under CO2RR, making
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it more durable. Because it is selective towards acetic acid at extremely low potential (-
0.25 V) with FE = 65 percent and towards formic acid and methanol at greater negative
potential (-0.9 V) with FE = 24 % and 16 % and a high formation rate (35.8 mol cm™ h)
for formate, this catalyst is exceptionally selective and energy efficient. These discoveries
will lead to creation of stable and active catalysts for industrial scale. The electrocatalyst
surface was further investigated using DFT simulations to determine CO adsorption energy
on the catalytic site, which revealed a moderate adsorption energy, implying a prolonged
dwell time of adsorbed CO on the catalyst surface, resulting in preferential reduction to C2
products. As noted above, this CuCoxSes catalyst surface can successfully convert CO> to
ethanol and acetic acid with excellent Faradaic efficiency at one of the lowest applied
potentials known until date. This finding, together with the relationship between catalytic
activity and CO adsorption energy, will lead to the best catalyst design for generating

carbon-rich, high-value products by reducing CO,.
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ABSTRACT

The continuous excessive usage of fossil fuels has resulted in its fast depletion
leading to an escalating energy crisis as well as several environmental issues leading to
increased research towards sustainable energy conversion. Electrocatalysts play crucial
role in the development of numerous novel energy conversion devices including fuel cells
and solar fuel generators. In particular, high-efficiency and cost-effective catalysts are
required for large-scale implementation of these new devices. Over the last few years
transition metal chalcogenides have emerged as highly efficient electrocatalysts for several
electrochemical devices such as water splitting, carbon dioxide electroreduction and, solar
energy converters. These transition metal chalcogenides exhibit high electrochemical
tunability, abundant active sites and superior electrical conductivity. Hence, they have been
actively explored for various electrocatalytic activities. Herein, we have provided
comprehensive review of transition-metal chalcogenide electrocatalysts for hydrogen
evolution, oxygen evolution, and carbon dioxide reduction and illustrated structure-

property correlation that increases their catalytic activity.
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1. INTRODUCTION

The family of transition metal chalcogenides has attracted tremendous attention in
the materials community due to its promising future in sensors, energy conversion and
energy storage among other applications.[1-5] In addition, transition metal based
electrocatalysts for electrochemical energy conversion has attracted significant attention
during last several years owing to their high activity, low cost and facile tunability. Among
these electrocatalytic water splitting which includes hydrogen evolution and oxygen
evolution reactions (HER and OER, respectively) has been the focus of major research
activity.[1,6] The challenge for practical implementation of water splitting technology,
however, depends on identification of suitable and stable catalysts which can lower
reaction energy barrier and increase Faraday efficiency for both reactions. Traditionally,
Pt metal is most active as HER catalyst, whereas oxides of iridium (Ir), and ruthenium
(Ru), exhibit higher OER performance. However, high price and low stability of these
precious metal-based catalysts make commercialization difficult. Transition metal-based
chalcogenides (TMCs) have recently shown unprecedented high efficiency for HER and
OER in wide range of pH. Apart from water splitting, recently TMCs have also shown
tremendous success in electrocatalytic CO2 reduction (CO2RR). Continuous dependence
on fossil fuels for several decades had led to accumulation of high levels of CO2 which has
led to several catastrophic environmental effects threatening well-being of mankind. One
of the prime objectives of researchers is to develop technologies that can convert CO» to
useful products thereby closing the carbon loop. Transition metal based compounds have

been specially attractive for such CO utilization technologies, among which the
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chalcogenides offer special advantage owing to their selectivity towards forming value-

added carbon-rich reduction products.[7-11]

Figure 1. Schematic Illustration of the TMC electrocatalysts (a). for overall water
splitting reaction (HER and OER). (b). for CO; reduction on catalyst surface proceeding
via multi-step electron transfer reaction pathways. The catalyst surface modeled after
CuzSe also illustrates the importance of catalyst design, whereby increasing intermediate
*CO dwell time on the surface (strong adsorption) can lead to Pathway I being more
predominant resulting in carbon-rich reduction products. Weak adsorption of *CO on the
other hand leads to predominance of Pathway II and ready desorption of CO and
HCOOH as products.
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In this perspective we will highlight recent progress made in transition metal
chalcogenides based electrocatalysts for water splitting and CO2RR and discuss the

reasons behind their high activity (Figure 1).

2. TRANSITION METAL CHALCOGENIDES FOR CO:
ELECTROREDUCTION

Research on electrocatalytic conversion of CO2 has evolved over past few years
with respect to developing catalyst composition with special emphasis on achieving
selectivity for the reduction products.[7—11] In the following section we will discuss first
about Cu- and other transition metal based catalyst and then focus on transition metal
chalcogenides. We will highlight new CO2RR catalysts which will provide fundamental
understanding of catalytic processes to achieve product selectivity, that can be helpful for
development of efficient CO2RR catalysts in future. From early on transition-based
electrocatalysts have been proved as efficient candidates for CO2RR in commercial
devices.[80] They have the ability to convert CO2 into variety of hydrocarbons with good
faradaic efficiency. While CO2 conversion is of utmost importance to reduce atmospheric
levels of this greenhouse gas, production of carbon monoxide, i.e., CO as the reduction
product does not really mitigate the problem, since CO itself is a toxic gas. The produced
CO, hence, needs to be further processed to other carbonaceous product with higher value.
Ongoing research is based on improving selectivity for value-added carbon-rich products.
It was hypothesized that adsorption energy of intermediate *CO on the transition metal site
played a critical role in influencing product composition and selectivity.[7] Specifically,

catalysts with smaller adsorption *CO adsorption energy led to preferential formation of
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CO and formic acid as the reduction product (Figure 3(a)). Catalysts with significantly
larger *CO adsorption energy, on the other hand, exhibited surface poisoning with CO.
Hence, recent efforts have been guided towards designing catalyst compositions that will
have *CO adsorption energy in the moderate range as shown in Figure 3(a). Since metal-
to-ligand back bonding plays a major role in deciding binding of intermediate *CO to the
transition metal site, optimizing *CO adsorption energy has been attempted by modulating
d-electron density near the transition metal site through investigating different transition
metals and changing anion coordination. The following sections compile various CO2RR
catalysts that has been reported based on their d-electron density, and also highlights the
correlation of *CO adsorption energy with product selectivity as has been studied in

chalcogenide-based catalysts.

2.1. COPPER AND OTHER TRANSITION METAL CATALYSTS

Copper was found to have enhanced activity towards CO2RR producing at least 16
different C1-C3 hydrocarbon/oxygenate products which is better than other metals but the
selectivity was not attained towards a specific product.[81] Other transition metals such as
Au,[82][83-86] Ag, [81][87,88] Pd,[89] Co,[90][11] Zn,[11][91][92] led to formation of
CO as the major product of CO2 reduction. Similarly, other metal catalysts like Pb,[93]
In,[94] Sn,[89][95] and Bi,[96,97] also led to formation of CO predominantly.
Polycrystalline Ag is known for producing CO with Faradaic efficiency (FE) of 22.4% at
—0.8 VRHE.[11] DFT based studies revealed that most of these metal catalysts had a weak

binding energy towards CO, which led to weaker adsorption and formation of CO as major
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product. Therefore, there was a need to modify transition metals like Cu and other metals

to get better selectivity for C2+ products.

2.2. TRANSITION METAL CHALCOGENIDES

2.2.1. Copper Chalcogenides and Other Transition Metals with d5-d'°
Electrons. It has been proposed that chalcogenide anions increased lattice covalency
owing to their decreased electronegativity, which led to enrichment of d-electron density
near the transition metal site.[16] Hence, it was expected that chalcogenides will show
better *CO adsorption energy leading to better selectivity of C2 products.[7,98][91] Indeed
DFT calculation revealed that Cu-selenides showed better *CO adsorption energy
compared to the base metal and its oxide as shown in Figure 3(a). Experimental studies
also confirms that chalcogens favors the formation of C2 products and deters the formation
of C1 products because of decrease in surface concentration of CO.[11][91] Investigation
of various Cu-based catalysts such as Cu, Cu-oxide, Cu-sulfide and Cu-selenide catalysts,
revealed that selectivity towards certain carbon products increased with Cu-chalcogenides
compared to Cu. This fact can be proven by comparing polycrystalline Cu,[99][91] and
CuS having HCOOH product with FE= 80% at —0.8 VRHE[91], 3D- CuzS showing
improved performance with a FE=87.3% at —0.9 VRHE,[100] while, Cu,Se nanocubes,[7]
and CuiSe nanowires,[101] CuisSe nanowires,[11] showed a high C2 product
selectivity. In case of other transition metals also chalcogenides showed improved activity
and selectivity.

FeS2/NiS showed very good performance in reduction of CO> to form CH3OH with

overpotential of 280 mV and Faradaic efficiency of 64%.[102] Using molecular
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engineering, iron porphyrin was synthesized which showed good activity achieving 98%
Faradaic efficiency for CO production.[11] Cobalt Phthalocyanine with pyridyl moieties
as axial ligands achieved 70% FE towards CO production.[82] This study showed that upon
axial coordination to CoPc, catalytic activity towards CO2RR improved due to energy level
rise of dz? orbital.[103]

When Ag was modified by sulfur to form Ag>S, selectivity improved to 92.0% at
very low overpotential (—0.754 V).[82][104] Zn has shown limited activity towards
CO2RR.[105] Zn nanosheets exhibit Faradaic efficiency of 70.9% when producing CO
from CO; electrochemical reduction. Upon modification with sulfur to make ZnS/Zn, the
FE increased to 94.2%.[106] ZnTe is also an efficient catalyst to photochemically convert
CO2.[107] Similarly Cd also changes selectivity from formic acid to CO when it is
converted to CdS.[74] CdS showed good stability of 40+ hours and 95% FE towards CO
during CO2RR.[11] Sn is also known to be an active metal towards CO2RR often
modulated by surface structure. Modifications like change in particle size,[ 108] oxide layer
thickness,[109] morphology,[110] and electrolyte’s pH have improved the activity,
selectivity, energetic efficiency, and robustness of tin-based catalysts.[111,112] As
reported in the study, tin oxide (SnOx) layer was found to be active because COze—
intermediate adheres better to the catalyst surface, and oxide layer suppresses the
competing hydrogen evolution reaction.[113,114] The catalytic efficiency was improved
further by converting SnOx to SnSe, which balances the binding strength of COje—
intermediates and also improves conductivity as compared to oxide layer.[115] The
electronic conductivity of metal selenides was found to be better due to higher

electronegativity of oxygen than selenium. This also leads to the fast charge transfer during
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catalytic activity.[115] Hence, SnSez showed high current density (12.0 mA ¢cm™2 ) and

high FE (88.4%) at very low potential (—0.76 V vs RHE) for CO2RR.[115]

2.3. TRANSITION METAL WITH D1-D3 ELECTRONS

Liu et al. showed that ultrathin MoTe: layers can reduce CO» to CH4 with faradaic
efficiency of 83 % with extended stability of 45 hours. Ultrathin layers lead to highly
efficient mass transport due to layered structure which makes active sites available and
improves CO» electrochemical reduction.[116] To improve conductivity and number of
active sites two-dimensional (2D) MoSe; doped transition metals (Fe, Co, Ni and Cu) were
explored using density functional theory (DFT) calculations. Cu doped MoSe> was found
to potentially have great activity for methane production.[117] WSe> nanoflakes show
activity towards CO2RR at very low overpotential of 0.054 V forming CO as main product

(FE=24%).[82]

3. PERSPECTIVE AND FUTURE OUTLOOK

Transition metal chalcogenides have gained considerable attraction in the last few
years as electrocatalysts for various electrochemical energy conversion processes owing to
their tunable electrochemical properties, structural richness, enhanced charge transfer
ability, and possibility of tuning electron density at the catalytic center through doing and
vacancy ordering. In this review we have highlighted their high activity for electrocatalytic

water splitting and CO: electroreduction. Various binary and multinary metal
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chalcogenides catalysts have been reported for OER with significantly improved catalytic

performance compared to the state-of-the-art precious metal based oxides.
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Figure 2. Experimental and theoretical studies (a) Comparison of the *CO adsorption
energy calculated on various catalyst surfaces estimated from DFT calculations. (b)
Experimental setup for comprehensive CO2RR-OER electrochemical cell comprising
cathodic CO2RR and anodic OER with CuxSe as both the cathodic and the anodic
electrocatalyst. (c) Benchmarking of CO2RR activity of various metal chalcogenide

electrocatalysts highlighting the various reduction products formed.
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In particular, these catalysts exhibited low 110 overpotentials primarily due to
facile catalyst activation through enhanced electrochemical tunability of the transition
metal center, which is facilitated by the lower electronegativity and higher covalency of
the chalcogenide anions. These semiconducting TMCs also have a high potential for use
in solar water splitting due to their ideal band gap and acceptable band-edge positions that
aligns well with both water reduction and oxidation potentials. Transition metal
dichalcogenides (TMDCs) were previously investigated as potential candidates for
photoelectrodes with efficiencies of up to 17% when illuminated in acidic solutions
utilizing n-type single crystals.[28-30] Coupling these transition metal chalcogenide
electrocatalysts with efficient photoabsorbers to create a hybrid module will lead to
significant advances in solar water splitting, by combining low overpotential and functional
stability of the electrocatalysts with efficient solar energy capture.

Interestingly, the transition metal chalcogenides function as highly efficient
electrocatalysts for CO» electroreduction, producing carbon-rich products with high
selectivity. Such capability makes these TMS highly applicable for CO, utilization which
has become an issue of prime interest to reduce carbon footprint of industrial processes. In
this review, we have discussed the fundamental issues related to formation of carbon-rich
product from CO; electroreduction and its relationship with the underlying chemical
reactions on the catalyst surface. By comparing the product formation on various catalyst
surfaces it was observed that *CO dwell time on the surface can be used as an appropriate
descriptor for tuning the product composition. The *CO dwell time depends on the CO
adsorption energy on the catalytic site. Comparison of the CO adsorption energy on various

catalyst surfaces showed that weak adsorption energy (leading to less *CO dwell time)
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resulted in C1 products, whereas very high adsorption energy leads to indefinite stay of
*CO on the surface and catalyst poisoning as seen in Ni, Pd and Pt. This observation offers
insight into designing an optimal catalyst surface where the CO adsorption energy should
be in the middle range as shown in Figure 3(a) to yield predominantly C2+ products.
Tuning anion electronegativity and changing the transition metal center can lead to such
optimal *CO adsorption energy as is shown in the benchmark Figure 3(c). The section
marked as (i) and (ii) in Figure 3(c) shows catalysts producing mainly C1 products and H>,
wherein, (i) represents the base metals, while (ii) contains the binary and ternary
compounds. This can be attributed to lower *CO adsorption energy. Section (ii1) represents
catalysts that can produce C2+ products. Hence, future outlook for effective CO» reduction
electrocatalysts with high selectivity for carbon-rich product involves designing the
catalyst surface that can facilitate metal-ligand (CO) back-bonding by aligning the metal
d-orbitals with the ligand (CO) n* orbitals, leading to better CO dwell time on the surface
and optimal *CO adsorption energy. Such catalysts can have significant effect on CO»
utilization by forming value-added chemicals and fuels from waste CO».

Several of these TMCs have shown efficient catalytic activity for both anodic and
cathodic processes such as OER-HER and OER-CO2RR, respectively, making them
suitable as bifunctional electrocatalyst. Among these, the OER-CO2RR bifunctional
activity is useful, since such electrocatalytic cell (as shown in Figure 3 (b)), can essentially
reduce atmospheric CO> to value-added carbon-rich products while enriching O> in the
atmosphere.[7] Such electrochemical setup has also been used to carry out more
economical oxidation processes such as methanol oxidation, ethanol oxidation, urea

oxidation etc. [125][126] It will be interesting to explore such electrocatalytic activity for
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TMCs. Such bifunctional activity can be lucrative for practical industrial applications since

it has minimum energy expense and the total cell potential for this Methanol

oxidation/OER-CO2RR electrolytic cell is lower than combination of individual processes.
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SECTION

2. CONCLUSIONS

Catalyst selection through viable techniques have been established for catalyst
innovation. Catalyst selection do provide faster testing of large number of materials, but it
does not provide the mechanism or formula to make future discoveries more efficient. We
utilize the method of making and testing new catalysts, understanding or preparing
hypothesis about the activities or reason behind the activity. And then we use this
hypothesis in predicting new materials that would eradicate the limitations present in the
old catalysts.

First step was prediction and according to our hypothesis we decided to synthesize
the materials. Second step was to synthesize the materials and characterize them for their
correct composition. Third the materials were tested in the H-Cell for this activity towards
the CO; electroreduction to determine what products have been produced and at what rate.
After we narrowed down for the most active materials, we did further experiments in
different conditions to find out the optimal conditions for the optimal results from these
catalysts. We performed both experimental and theoretical studies on the copper selenide

to understand the mechanism on the catalyst and to find out path for further improvement.
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