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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 CO, reduction products
at low applied potential. In this study, a binary CoTe has been reported as an efficient electrocatalyst for CO, 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 pmol cm™2 h~! at
—1.1 V vs RHE. CoTe showed better CO2RR activity when compared with Co;0,, 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 electro-
chemical 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 C, products. CoTe also shows stable CO2RR catalytic activity for
50 h and low Tafel slope (50.3 mV dec™") indicating faster reaction kinetics and robust functionality. Selective formation of
value-added C, products with low energy expense can make these catalysts potentially viable for integration with other CO,
capture technologies thereby, helping to close the carbon loop.

Keywords CO, electrochemical reduction - CO, utilization - Formic acid production - Elecrocatalysts - Cobalt telluride

Introduction

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 even further and exceed 600 parts per million by the
end of the twenty-first century [1-4]. Development of tech-
niques for reducing the level of atmospheric carbon dioxide
has become very crucial given the catastrophic effects of
global warming [1]. These techniques are broadly catego-
rized into CO, sequestration, storage and utilization which
can be integrated with direct air capture (DAC). Among
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these, electrochemical CO, reduction reaction (CO2RR) is
one of the most promising CO, utilization strategies. CO,
electroreduction is most viable among other carbon diox-
ide conversion technologies such as biochemical, photosyn-
thetic, thermo-catalytic, and photocatalytic processes, due
to mild electrolyzer operating conditions, selectivity toward
the desired products, and ambient condition operation [5,
6]. Inspiration for this technique can be derived from pho-
tosynthesis process which meticulously converts CO, to
maintain proper balance of atmospheric gases. Carbon diox-
ide has two carbon-oxygen double bonds with a total bond
energy of 750 kJ mol~! which makes it extremely challeng-
ing to bring it out of the potential well [7]. Hence a catalyst
is required 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 opera-
tion conditions and renewable sources of electricity. Hori
et al. reported some pioneering research on carbon dioxide
electroreduction using various transition metals like Pb, Hg,
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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 other disadvantages, such as
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 dop-
ing [12-15]. However, it must also be noted that majority
of the catalysts reported for CO2RR were Cu-based com-
positions [4, 16—19]. There have been very few reports of
electrocatalysts for CO2RR based on Fe, Co, and/or Ni
based compositions [20]. Among these, Co-based catalysts
have been previously used in industry for various processes
like Fisher—Tropsch synthesis [21-23], and electrocatalytic
water splitting [24]. Co-based compositions exhibit unique
properties like enhanced conductivity and electrochemical
tunability which makes them suitable for CO, electroreduc-
tion. Indeed some Co-based catalysts have been reported for
CO2RR, specifically as Co SACs (single atom catalyst) [18,
19, 25-28], Co-MOF:s [29-32], Co-coordination complexes,
cobalt-based nitrides [33-35], and oxides [28, 36-39]. Cobalt
exhibits better CO2RR activity due to factors like optimal
CO, adsorption energy and low energy difference between
Co d-band and Fermi level [40]. Also, it has been observed
that during the CO, reduction Co*" converts to Co™. This
transition happens during the rate-determining step which
results in selectivity towards products and enhances activity
and stability of the catalyst [41, 42]. Co SAC has been found
to be highly selective towards CO with Faradaic efficiency
(FE) of 95% with current density towards CO production
being 86.4 mA cm™2. This is significant improvement from
the Cobalt metal-based catalyst [27]. Cobalt nanoparticles
dispersed on NrGO developed through a one-step synthesis
was found to be selective towards methanol with high fara-
daic efficiency of 71.4% at —0.9 V vs SCE [43]. Co single
atoms anchored on Te nanosheets showed efficient electron
transfer leading to efficient photocatalytic CO, conversion
[44]. Co;0, nanofiber modified electrodes has been found
to have good activity towards CO2RR having high faradaic
efficiency for both CO and formate (90%) [45]. Ultrathin
Co,0, layers of 1.72 and 3.51 nm thickness exhibited 64.3%
Faradaic efficiency at —0.88 V vs. SCE with superior struc-
tural stability [38]. Cobalt phthalocyanine exhibited very
high activity towards CO, conversion when phthalocyanine
was modified by trimethyl ammonium. This catalyst reduces
CO, to CO with selectivity of 95% over a wide range of pH
(4-14) [46]. A hydrothermally synthesized core—shell struc-
tured Co;S,@Co;0, catalyst show high selectivity towards
formic acid with FE of 85.3% [47].
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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 [48]. Hence, it can be expected that tuning
the electron density around the transition metal center will
influence adsorption of reaction intermediates and result-
ing charge transfer rate, leading to reduction of overpoten-
tial for electrocatalytic CO2RR. Previously, we have shown
that changing anion electronegativity leads to modulation of
d-electron density around transition metal center [6]. More
specifically, we have shown that reducing anion electronega-
tivity leads to better electrocatalytic activity making selenides
and tellurides as better electrocatalysts with lower overpoten-
tial [6, 17, 49]. Similar observation was made in Cu-based
systems, where Cu,Se was observed to exhibit lower overpo-
tential for CO2RR compared to Cu or CuO [17]. 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 with
high Faradaic efficiency. We have proposed that selectiv-
ity towards C,, 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 den-
sity 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 elec-
trocatalysts for the CO2RR with high selectivity for forming
C, reduction products at low applied potential and neutral
pH. Apart from enhanced catalytic activity, these Cole nano-
structures also showed high faradaic efficiency, and long-
term functional stability. Also, because of the extensive
stoichiometry alterations that are possible in metal-rich chal-
cogenides, these materials are highly efficient, inexpensive,
and robust electrocatalysts for a variety of electrochemical
sensors, energy conversion, and storage applications [49-52].

Experimental
Materials

All the reagents were of analytical grade and used as received.
Deionized water (resistivity 18 M cm) was used to prepare
all solutions. Cobalt sulfate (CoSO,-6H,0) was purchased
from Sigma—Aldrich; hydrazine hydrate (N,H,-H,O, 100%),
and tellurium dioxide (TeO,) were purchased from Acros
Organics. Nafion and carbon fiber paper (CFP) substrate were
obtained from Fuel Cells, etc., in College Station, Texas.
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Synthesis of CoTe

CoTe was prepared by hydrothermal technique as reported
previously [24]. Specifically, an equimolar ratio (1:1) of
cobalt sulfate (CoSO,-6H,0) and tellurium dioxide (TeO,)
powder was used for the synthesis. Initially the CoSO,-6H,0O
was dissolved in 9 mL of deionized water in a Teflon-lined
stainless-steel autoclave with a capacity of 23 mL. After vig-
orous stirring for 20 min, TeO, was added to the mixture.
Finally, 3 mL of N,H,H,0 were added to the mixture, which
was continually stirred for another 30 min. The resultant
solution was placed in a teflon lined stainless-steel autoclave.
The autoclave was sealed and kept at 145 °C for 24 h 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.

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 of 1.5406, within
the 20°-90° range. 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
chemical composition was analyzed using X-ray Photoelec-
tron Spectroscopy (XPS) with a KRATOS AXIS 165 spec-
trometer equipped with an Al X-ray source. To examine the
true surface chemistry, all XPS data were acquired without
sputtering.

Electrochemical measurements

To conduct the electrochemical measurements, an IviumStat
potentiostat was used with graphite rod, AglAgCl (KCl-sat-
urated) and carbon cloth as counter, reference and working
electrode, respectively. All electrochemical experiments were
performed in a H-cell at ambient temperature. Nafion mem-
brane-117 proton exchange membrane was used to separate
the anodic and cathodic compartments of H Cell. The elec-
trochemical activity of catalyst was measured using a 3-elec-
trode system where CoTe-modified carbon cloth was used
as the working electrode. The AglAgCl reference electrode
was calibrated with a Pt wire in H,-saturated H,SO, and an
open circuit potential was obtained as —0.199 V. The poten-
tial reported vs AglAgCl was changed to reversible hydrogen
electrode (RHE) using the following equation:

Egug = Eagjagar + 0.059pH + Eggmgcn (D
where Egyy is the transformed potential vs RHE. E 5 is
the experimentally obtained potential. E/O\gl AgCl is the stand-
ard potential of AglAgCl (0.199 V). The pH of CO, satu-
rated 0.3 M NaHCO; 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 papercloth to make working
electrode. Measured potentials vs AglAgCl were converted
to RHE for accurate comparison and data interpretation.
Before starting the electrochemical reduction, the electrolyte
was purged vigorously with CO, for 20 min and the flow was
then tuned down to ~ 10 mL min~' during CO,RR. To gauge
CO, electrochemical reduction capability of electrocatalysts,
different electrochemical experiments were performed on
drop-casted working electrodes. The working electrode con-
sists of catalyst and Nafion binder mixture deposited on one
side of the carbon cloth (CC). Carbon fiber paper is a
microporous substrate having pores of size between 1 and
100 pum. This type of substrate improves mechanical
strength, electrical conductivity, and mass transport during
CO, electroreduction. The Nafion helps in the catalyst utili-
zation 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 [53].

Results and discussion

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), dem-
onstrating 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 hydro-
thermally produced CoTe are shown in Fig. 1b, ¢ 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 ratio. Hence, the nano-
structured morphology for CoTe seems to be advantageous
for CO2RR catalytic activity. XPS studies were also used
to confirm surface composition of the catalyst. The XPS
spectra of hydrothermally produced CoTe are shown in
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Fig. 1 a Powder X-ray diffraction pattern of CoTe compared with the standard. b SEM and ¢ TEM of images of as-synthesized CoTe
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Fig.2 XPS spectra of CoTe showing a Co 2p and b Te 3d peaks

Fig. 2. The Co 2p and Te 3d spectra are shown in Fig. 2a,
b. Co 2p spectra exhibits two peaks at 780.4 and 795.8 eV,
which correspond to 2p3/2 and 2p1/2, respectively, and are
comparable to Co?* [24]. The satellite peaks were found
at 786.6 and 803.0 eV, which are consistent with the exist-
ing literature [24, 54]. 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.

Electrocatalytic CO2RR performance of CoTe catalyst

In this study, all electrochemical measurements for study-
ing 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 [16, 55]. Moreover,
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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 were found to be formic acid
and CO at —0.9 V (vs RHE) on Ag electrode as shown in Fig-
ure S1, which is similar to that reported by previous research-
ers [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
that of polycrystalline Ag, shows that different CO, reduc-
tion 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 have been discussed in the following sections.
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Fig.3 a Comparison of LSVs measured in 0.3 M NaHCO; at a scan
rate of 10 mV s~! in the presence and absence of CO, with CoTe,
Co, and Co;0, modified GC electrodes. Inset shows the LSV scan of

Linear scan voltammetry (LSV) was carried out in CO, or
N, saturated 0.3 M NaHCO; at a 10 mV/s scan rate. On apply-
ing negative potential in N, saturated electrolyte only hydro-
gen evolution (HER) takes place, however, in CO,-saturated
electrolyte CO2RR and HER both occur simultaneously. As
shown in Fig. 3, CoTe exhibited higher current density in
CO,-saturated electrolyte than in N,-saturated electrolyte at
the same potentials, confirming that the CoTe electrodes are
active for CO2RR. CoTe achieved a CO2RR reduction cur-
rent density of 278 mA cm™2 at — 1.1 V vs RHE as shown in
inset of Fig. 3 which is significantly higher than the current
density exhibited by bulk Co, Co;0, and the partially oxi-
dized bulk Co [28, 45].

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 # with the current density j as shown
in the following equation:

n=a+ (23RT)log j/anF, )

where a 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 LSV col-
lected at a scan rate of 2 mV s~ in a non-stirred N,-saturated
1.0 M KOH solution. Data for the Tafel equation are
obtained from the kinetically controlled range of CO, elec-
trochemical reduction which determines the relation between

CoTe electrode till —1.1 V in the presence of CO,. b Tafel plots of
various electrodes measured in 0.3 M NaHCO; with and without CO,

of overpotential 7 and current density j. The Tafel slope is
crucial in measuring electrochemical performances, and it
gives insights into the kinetics in the electrochemical reduc-
tion. 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 s7! to minimize mass transfer limitations. The
Tafel plots of CoTe are shown in Fig. 3b. Since CO2RR is
a multi-product reaction, Tafel analysis for CoTe-modified
electrolyte in the presence of CO, was done at two different
potentials to represent the two major products acetic acid
and formic acid formed in this reaction. Specifically, Tafel
analysis at low negative potential (—0.25 V) was performed
with help of partial current density corresponding to ace-
tic acid and formic acid formation. Tafel analysis at higher
negative potential (— 1.1 V) provided details for formic acid
production which was the sole reduction product formed at
that potential. Tafel slope of CoTe in the presence of CO,
was estimated to be 50.3 mV dec™! for both acetic acid
and formic acid —0.25 V but at higher negative potential
(= 1.1 V) Tafel slope was observed to be 429.6 mV dec™! for
formic acid production. In the absence of CO,, it showed a
much higher Tafel slope of 225.3 mV dec™!. The lower Tafel
slope for formation of acetic acid at lower applied potential
indicates faster reduction kinetics for formation of carbon-
rich products highlighting novelty of this catalyst. The very
low Tafel slope also indicates faster kinetics for the reduc-
tion 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
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adsorbed radical intermediate (CO, ™) 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 poten-
tial also corroborates well with formation of CO, reduction
products at lower applied potential including selective for-
mation of carboxylic acids such as acetic acid as discussed
below. The standard reduction potential of CO, to acetic
acid is 310 mV vs RHE at neutral pH [61]. The standard
potential for formic acid and acetic acid formation from
CO, reduction (at neutral pH) as shown below was used for
calculating the overpotentials at lower and higher negative
potentials [61]:

2C0,(g) + 8H* + 8¢~ — CH,;COOH + 2H,O
—0.31 V vs RHE (at pH = 6.8),

CO,(g) + 2H* + 2¢~ — HCOOH
—0.61V vs RHE(at pH = 6.8).

The low Tafel slope (50.3 mV dec™!) measured near low
overpotential of 310 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 CoTe. The
Tafel slope for CoTe @ CFP was observed to be smaller than

F
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~—'
>y -1.5V
£ |
. —
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=
2
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. |
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that of bare Co and Co;0, which confirms the contribution
of chalcogenides in fast transfer of electrons.

CO2RR products identification and quantification

The carbon dioxide reduction products were identified and
quantified by performing chronoamperometric studies at con-
stant applied potentials of —0.25, —0.6, —0.9, — 1.1 V vs
RHE in CO, purged NaHCO; 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 CO,
gas at low flow rate (20 sccm). Identification and quantifica-
tion of liquid products were done by '"H NMR while gase-
ous products were detected and quantified using GC-TCD.
From NMR plots as shown in Fig. 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 quan-
tity obtained through NMR (Fig. 4b) and GC-TCD (Fig. 5)
measurements, and using standard procedure as described
previously [16, 55]. Interestingly, reduction products gener-
ated at low applied potentials (—0.25 to — 0.6 V vs RHE)
contained predominantly carbon-rich compounds like acetic
acid, while at higher applied potential, C1 products such as
formic acid were obtained with higher yield. At —0.25 V
vs RHE, yield of formic acid was low probably due to low

120
(b) ® Formate m Acetate ® Methanol
100
80
60
40
20
0
-1.1 -0.9 -0.6 -0.25

V vs RHE

Fig.4 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

jllate ¢llodl ay .
des Shevis @) Springer



Materials for Renewable and Sustainable Energy (2022) 11:115-129

121

Fig.5 Bar plots depicting rela- 120
tive faradaic efficiency of cumu-
lative liquid and gas phase CO, B Methanol B Acectate ® Formate Hydrogen
reduction products at different 100
applied potentials quantified
through NMR and GC-TCD
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g 80
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current density. Previous studies have reported that when pH
decreases in the vicinity of the electrode surface due to con-
tinuous hydrogen evolution [62], in situ conversion of CO,
to HCO;™ occurs. However, this spontaneous change hap-
pens 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 rela-
tive 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 at higher applied
potential, Faradaic efficiency of formic acid formation was
found to decrease at further negative potential (< —1.1 V)
[63]. CoTe exhibited high faradaic efficiency of formate pro-
duction over 85% under a broad range from—0.9 to— 1.1 V
vs RHE and acetate production at —0.25 V vs RHE. This
observation confirms the enhanced efficiency of CoTe cata-
lyst which requires lower potential for CO2RR and exhibits
a higher FE for high-value products such as formic and ace-
tic acid than any other Co-based catalyst at similar applied
potential. It must be noted here that the product composition
was predominantly acetic acid at lower potential range near
—0.25 V 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 impor-
tant 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 conven-
tional multi-step industrial process which typically begins
with synthesis of syngas and ends with the generation of
methanol followed by its carbonylation [63]. Quantification

of hydrogen evolved during the reaction showed FE of 1.71,
1.23,and 1.03% at — 1.1, — 0.9, and — 0.6 V vs RHE, respec-
tively, as shown in Fig. 5. The observed product selectivity
towards C1 and C2 products as opposed to H, also suggests
that at lower applied potential intermediate adsorption and
kinetics of CO2RR on the catalyst surface is more favora-
ble than rate of water reduction. Moreover, the absence of
CO in the product composition and preferential formation of
exclusive C1/C2 products, makes CoTe catalyst very unique
as almost all copper-based and other conventional CO2RR
electrocatalyst are known to produce CO as their main prod-
uct [64].

Previously Co-based catalyst has been reported for
CO2RR producing formic acid as the major product. In this
study, we have observed that when the catalytically active
Co?* is placed in the covalently bonded network of Te ions,
electrochemical CO, reduction tends to yield more C2 prod-
ucts at lower potential. The results from our study will help
to improve the existing and future catalyst compositions.
Especially, once the influence of CoTe dense packed struc-
tures and effect of telluride on covalency is mechanistically
studied.

The functional stability of the CoTe electrocatalyst for
long-term hydrocarbon generation is also a critical factor
in evaluating catalyst performance, applicability, and per-
formance. Operational stability of CoTe for CO2RR was
investigated by performing chronoamperometric study at
different applied potentials for extended period of time. It
should be noted that no change in the current density and
Faradaic Efficiency was observed at —0.25, — 0.6, —0.9,
and — 1.1V, and CoTe exhibited exceptional functional sta-
bility for over 50 h of CO2RR activity as shown in Figure
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S2. Moreover, NMR analysis of the aliquots collected
every 10 h during the 50 h period showed that there was
no change in product composition during this time confirm-
ing high degree of operational stability and minimal cata-
lyst surface poisoning with adsorbed intermediates which
is a common occurrence in noble metal-based CO2RR
electrocatalysts. Typically, in conventional catalysts, 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 have been very few studies where catalyst
has been shown to be stable at commercially relevant cur-
rent 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, CoTe exhibits an unprec-
edented activity and stability compared not only within
the Co-based catalysts, but also to noble metal-based cata-
lysts (Table S4). In order to achieve formate and acetic
acid production from CO, in a practical yield, with the
help of renewable power sources, it is critically necessary
to develop catalysts that are not only active but also stable
for prolonged period of operation. Various surface and bulk
characterization techniques (morphological, structural, and
compositional) were employed for tracking the integrity
of the catalyst during CO2RR at different current densi-
ties and at different points of time. SEM images confirmed
structural integrity and morphology retention after pro-
longed activity within potential range of —0.25to — 1.1 V
vs RHE (Figure S3). Analysis of the catalyst surface after
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prolonged CO2RR activity showed that the composition of
CoTe crystalline phase was also retained as observed from
the pxrd pattern which showed similarity with the as-syn-
thesized sample (Figure S4). The robustness of the catalyst
composition after prolonged activity was also confirmed
through ICP-MS analysis of the electrolyte which showed
that there was no Co and/or Te detected in the electrolyte
after several hours of continuous CO2RR (Table S1). The
ICP-MS analysis revealed that there was no catalyst leach-
ing or degradation confirming compositional stability.
The reaction rates for different products at specific volt-
ages have been estimated from NMR data and chronoamper-
ometry measurement, as shown in Fig. 6a. To achieve better
understanding about the selectivity and reaction kinetics, the
production rates and partial current density for each product
was estimated at different potentials. As shown in Fig. 6a,
formic acid was major product at higher negative potentials
contributing towards the CO2RR activity. Partial current den-
sity 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: (1) concentration of
protons in the vicinity of electrode; (2) 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 cal-
culated from FE of formate and total current density at dif-
ferent potentials on each sample (Fig. 6b). The formic acid
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Fig.6 a Formation rates of hydrogen, formate, ethanol, acetate, and methanol at various applied potential. b Partial current density of individual
products, hydrogen, formate, ethanol, acetate, and methanol at specific potentials
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partial current density of CdTe sample is higher than those of
the bare Co and Co;0, reported in other studies [28, 45], and
reaches to the highest value of 58.6 mA cm~2 at an applied
potential of —1.1 V vs RHE. This value is 11 and 93% higher
than those reported for Co;0, and Co, respectively [69]. At
low negative potential, acetic acid exhibited higher produc-
tion rate concurrent with the higher Faradaic efficiency.
Acetic acid also exhibited higher current density at lower
applied potential. Trends in current density and production
rate 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. It must be noted that products quantifi-
cation through NMR and GC-TCD measurements as well
as estimation of formation rates for various products were
repeated several times and Figs. 4, 5 and 6 represent the mean
data. The plots with error bars have been included as Figure
S5 and Figure S6 in supporting information, which indicates
the reproducibility of results. Standard deviation from 3 trials
was used to calculate the error bar. This CO2RR activity and
higher preference towards formation of carbon-rich products
can be attributed towards different rate of conversion for the
adsorbed *CO (intermediate) on the surface, which in turn, is
affected by the adsorption energy and dwell time of this inter-
mediate *CO. Also, rate of decarboxylation and dehydroxy-
lation 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, electrochemi-

products with higher production rates over long period of
time at lower applied potential.

Electrochemical capacitance measurements

Enhanced electrocatalytic activity can typically be assigned
to intrinsic factors which includes facile catalyst activation
through intermediate adsorption and enhanced charge trans-
port, as well as extrinsic factors such as catalyst morphol-
ogy and surface roughness which influences electrolyte and
analyte access to the catalytically active sites. The extrinsic
factors affecting CO2RR electrocatalytic activity of CoTle
was investigated by estimating the electrochemically active
surface area (ECSA) by following previously reported experi-
mental 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 (Cg) to the double layer capacitance. The elec-
trochemical double layer capacitance (Cp; ) was calculated
following equation:

ip. = Cpp X V, 3)

where i, represents the current observed while v is the scan
rate. As can be seen from the Fig. 7, Cpy; calculated from the
i vs v plot resulted in value of 0.5 mF.

The ratio of Cp; and Cs was used to calculate ECSA as
shown in the following equation:

cal conversion to yield significant quantities of value-added ECSA = Cp /Cs. 4)
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Cyclic voltammetry (CV) was used for the ECSA and
roughness factor (RF) measurements. The cyclic voltam-
mograms in CO, saturated 0.3 M NaHCO; were collected
at scan rates from 5 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 (40 pF cm™) from reported values and Cp; value
(0.0375 mF) from the plot, ECSA value was calculated to be
0.94 cm?. The effect of catalyst morphology on the working
electrode was also estimated from the RF which was calcu-
lated to be 11.75 from the ratio between ECSA and geomet-
ric 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. Few studies have claimed that CO,
mass transfer is less in H-cell because of less solubility of
CO, in electrolyte. This results in current density in the range
of 0-50 mA cm~2 for CO, reduction [2, 17] The CO, mass
transfer is expected to improve in flow cell set-up and use of
such flow cell for CoTe may lead to suppression of hydrogen
evolution resulting in higher faradaic efficiency for formic
acid at higher negative potential along with higher current
density (> 300 mA cm™>).

Electrochemical impedance spectroscopy
measurements

Impedance spectroscopy was used to gain insight into
charge transfer kinetics on the working electrode during the
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Fig.8 a Nyquist plots of Cole@CFP in CO,-saturated 0.3 M
NaHCO; electrolyte (pH 6.8) measured from O to —1.1 V vs RHE.
Inset shows the equivalent circuit fitted to experimental spectra,
where Ry corresponds to the charge transfer resistance on cata-
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electrochemical reaction. Electrochemical Impedance (EIS)
was measured for Cole-modified electrode in CO, saturated
0.3 M NaHCO; electrolyte to estimate the charge transfer
resistance at the catalyst-analyte (electrolyte) interface and
study its variance as a function of applied potential. Nyquist
plots were measured at different negative potentials from
—0.25 to — 1.1 V vs RHE in frequency range of 1-10° Hz
in CO, purged NaHCO; solution as shown in Fig. 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 (Fig. 8b) with and
without CO, purging (N, saturated) at a specific potential
(— 1.1 V) to show the difference in reaction kinetics between
CO2RR and HER. CoTe was found to have lower impedance
in CO, 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 resist-
ance (R,), charge transfer resistance at electrode—electrolyte
interface (Rcr), and Warburg resistance. Table 1 shows the
variation of R, and R at different applied potentials. It
was observed that R increased at lower applied potential
indicating faster charge transfer and higher reaction rates for
C, product formation at more cathodic potentials. Warburg
impedance (W) associated with R~y was also reported in
Table 1 for efficient fitting of Nyquist plot. Lower values of
Warburg resistance at higher negative potential implies that
diffusion played a major role in enhancing CO2RR activ-
ity. Moreover, in CO,-saturated electrolyte, both HER and
CO2RR occur competitively at potentials lower than —0.4 V.
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lyst-electrolyte interface, while R, indicates film resistance of the
catalyst composite. b Comparison of the Nyquist plot measured in
CO,-saturated (blue) and N,-saturated electrolyte (black) illustrating
the difference between CO2RR and HER, respectively
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Tablg 1 Fitting para@etcrs Parameters Potential (V vs RHE)
obtained from Nyquist plots at
various potentials — 1.1 with N, purging —1.1 with —0.9 with —0.6 with —0.25 with
CO, purging  CO, purging  CO, purging  CO, purging
R, (Q) 14.2 12.6 13.8 13.1 13.3
Rer () 3.38 2.24 2.33 2.76 3.20
C(F) 5.70%x107° 1.84x107 1.04x107° 2.77%107 1.79% 107
W (Q) 6.42x107 1.44x 1072 1.45x 107 1.87x107 1.95x 1072

The R for the CoTe in the CO,-staurated electrolyte (2.24
Q) is smaller than that in the N,-saturated medium (3.38 Q),
which indicates that CoTe is significantly more active for
CO2RR compared to HER. Therefore, detailed EIS analysis
confirms that the CoTe-modified electrode can exhibit sig-
nificant improvement in selectivity for CO2RR supporting
higher reaction rates and faster charge transfer.

CoTe lattice consists of chains of edge-shared CoTe, octa-
hedra as shown in Figure S7 [24]. Such lattice structure leads
to larger packing density of Co atoms on the lattice surface
leading to larger anion deficiency with substantial unsatura-
tion at the Co site on the surface. Such factors can lead to
preferential adsorption of oxygenated intermediates on the
catalytic site under lower electric field (i.e. lower applied
potential). Moreover, Co being the catalytically active site,
higher packing density of Co atoms also leads to significantly
improved CO adsorption on the surface. Hence higher activ-
ity of CoTe towards CO2RR at low applied potential can
be attributed to improved intermediate adsorption and larger
anion deficiency. Previous research has also showed the effect
of decreasing lattice anion electronegativity in improving the
electrocatalytic activity [71]. Benchmarking of the CO2RR

120

activity of CoTe with other electrocatalysts reported by pre-
vious researchers confirm the novelty of this catalyst system
as shown in Fig. 9. As can be seen from this comparison
figure, CoTe shows a stark difference from other electrocata-
lysts since it can form acetic acid with high yield while other
catalysts predominantly form CO and formic acid. Forma-
tion of such carbon-rich value-added industrially relevant
hydrocarbon can lead to development of appropriate CO,
utilization techniques that can eventually help to mitigate
the catastrophic build-up of atmospheric CO,. Figure 9 has
been constructed compiling results from various reports pub-
lished by researchers worldwide, and the complementary list
of the references used has been reported in the supporting
information.

Conclusion

CO2RR gives us a hope to develop a carbon neutral way
of living where electrochemical reduction can convert
CO, into valuable chemicals leading to efficient CO, utili-
zation. In this study, we have reported successful one-step
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synthesis of CoTe, which can be used as efficient electro-
catalyst for CO, reduction. The as-prepared CoTe catalyst
showed enhanced catalytic performance for electroreduc-
tion CO, to acetic acid with high FE of 87% at low poten-
tial of —0.25 V vs RHE. At higher cathodic potentials, for-
mic acid was obtained as major product with high FE and
high partial current density of 12.40 mA cm™2 at —0.6 V
vs RHE. It must be noted that the potentials required for
CO, reduction with CoTe-modified electrode was the low-
est among other Co-based catalyst. The formation rate of
formic acid reached a high value of 547.24 pmol cm™>h~!,
which was comparable to other excellent electrocatalysts
reported previously. Moreover, CoTe is the only Co-based
catalyst that exhibits high preference for formation of car-
bon-rich products increasing the novelty of this system.
This enhanced performance and selectivity can be due to
various extrinsic and intrinsic factors like large ECSA and
high density of catalytically active sites, faster charge trans-
fer, larger lattice covalency resulting in optimum stabiliza-
tion of the intermediate *CO and better interaction between
the catalytically active sites and the OCHO- intermediate.
In summary, the CoTe electrocatalyst deposited on carbon
fiber paper is first cobalt-based catalyst which can produce
acetic acid from reduction of CO, under ambient condition.
This catalyst shows high current density of 40.33 mA cm™
for extended period of time. Robustness of this catalyst
composition can be attributed to the increased covalency
of the Co—Te bond which inhibits tellurium leaching
and catalyst degradation during CO2RR. This catalyst is
uniquely selective and energy efficient since it can produce
acetic acid with high yield (FE =87%) at very low potential
(—0.25 V vs RHE). while formic acid forms exclusively at
higher negative potential (— 1.1 V) with FE of 93.39% and
with high formation rate (547.24 pmol cm™2 h™'). These
results provide a significant advancement in CO, utilization
research focus by providing novel compositions that can
lead to selective formation of value-added product as well
as offer functional stability for prolonged period.
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