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ABSTRACT: Copper cobalt selenide, CuCo,Se,, has been identified as an efficient catalyst for electrocatalytic CO, reduction,
exhibiting high selectivity for carbon-rich and value-added products. Achieving product selectivity is one of the primary challenges
for CO, reduction reactions, and the catalyst surface plays a pivotal role in determining the reaction pathway and, more importantly,
the intermediate adsorption kinetics leading to C1- or C2+-based products. In this research, the catalyst surface was designed to
optimize the adsorption of the intermediate CO (carbonyl) group on the catalytic site such that its dwell time on the surface was
long enough for further reduction to carbon-rich products but not strong enough for surface passivation and poisoning. CuCo,Se,
was synthesized through hydrothermal method, and the assembled electrode showed the electrocatalytic reduction of CO, at various
applied potentials ranging from —0.1 to —0.9 V vs RHE. More importantly, it was observed that the CuCo,Se,-modified electrode
could produce exclusive C2 products such as acetic acid and ethanol with 100% faradaic efficiency at a lower applied potential (—0.1
to —0.3 V), while C1 products such as formic acid and methanol were obtained at higher applied potentials (—0.9 V). Such high
selectivity and preference for acetic acid and ethanol formation highlight the novelty of this catalyst. The catalyst surface was also
probed through density functional theory (DFT) calculations, and the high selectivity for C2 product formation could be attributed
to the optimal CO adsorption energy on the catalytic site. It was further estimated that the Cu site showed a better catalytic activity
than Co; however, the presence of neighboring Co atoms with the residual magnetic moment on the surface and subsurface layers
influenced the charge density redistribution on the catalytic site after intermediate CO adsorption. In addition to CO, reduction, this
catalytic site was also active for alcohol oxidation producing formic or acetic acid from methanol or ethanol, respectively, in the
anodic chamber. This report not only illustrates the highly efficient catalytic activity of CuCo,Se, for CO, reduction with high
product selectivity but also offers a proper insight of the catalyst surface design and how to obtain such high selectivity, thereby
providing knowledge that can be transformative for the field.
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B INTRODUCTION

Increased usage of fossil fuels and other nonrenewable resources
to power this planet over the last several decades has caused
environmental pollution, leading to major energy crisis. One of
the primary byproducts of fossil fuel combustion and the
resulting greenhouse gas is carbon dioxide. The rising levels of
CO, in the atmosphere have led to severe catastrophic effects,
including erratic climatic changes and global warming. While
carbon dioxide capture and sequestration can provide some
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solution to this rising CO, level in the atmosphere, however,
these technologies need to be complemented by the chemical
conversion of atmospheric and stored CO, to other carbona-
ceous products. Such processes can effectively reduce CO, levels
in the atmosphere and, at the same time, close the carbon loop.
Studies have been done using both heterogeneous and
homogeneous routes for catalytic carbon dioxide reduction
reaction (CO2RR)"* and other catalytic processes.”* The
homogeneous route for CO2RR lacks scalability and leads to a
low yield of product formation. In heterogeneous catalysis for
CO2RR, different types of catalysts have been used like
organometallic complexes,”™” metal electrodes® and metal
chalcogenides.'” Among the different methods for heteroge-
neous catalysis, electrochemical reduction of CO, has become a
critical research area 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 the various catalysts that have been studied for CO,
conversion, copper-based catalysts have been established to be
very eflicient 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 the central metal atom"*"
on the CO2RR catalytic activity have been investigated by
various groups. However, although Cu-based catalysts have
shown significant advances for CO2RR, the need to investigate
the effect of transition-metal doping on the Cu-based
compounds and, more importantly, the development of Cu-
free catalysts has become imminent for gaining fundamental
insights into the structure—property correlation and formation
of hydrocarbon and oxygenate products for these electro-
catalysts.

One of the primary considerations for an electrocatalyst is the
availability of accessible variable oxidation states of the
catalytically active site. Cobalt is one such transition element
which exhibits oxidation states from 0 to +4 which are readily
accessible through facile electrochemical tuning.'” Co-based
chalcogenides with variable compositions of transition-metal
elements have already proven to be efficient electrocatalysts in
many relevant processes like water splitting.'® However, during
CO, electroreduction, only the active site changes from Co*" to
Co'*.'? Metallic cobalt,”® cobalt-based bimetallic com-
pounds,”** and cobalt oxide®® have been studied for CO,
electrochemical conversion.

Regulation of activity and product selectivity has been
achieved by varying the catalyst size in cobalt-based
catalysts.””*"*»*> 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. The presence of a cobalt center
decreases the possibility of catalyst poisoning which occurs in
metals like Pt and Rh and also decreases the applied potential
compared to the metals with weak binding strength like Zn.*®
Also, the presence of loosely bound d-electrons at the Co metal
centers increases the electrical conductivity which enhances the
activity toward CO2RR.>* Thus, cobalt-based catalysts have
started gaining considerable attention for CO2RR due to their
enhanced performance.

In this study, we have synthesized mixed transition-metal
selenide, CuCo,Se,, through an efficient one-pot solvothermal
synthesis method and studied the reactivity of this copper cobalt
selenide for carbon dioxide reduction under ambient conditions.
It was observed that the simultaneous presence of Cu and Co in
the catalyst enhances the activity toward CO2RR in comparison
to binary selenides. In addition, CuCo,Se, exhibited a high
degree of product selectivity, forming carbon-rich products such
as acetic acid and ethanol exclusively at a low applied potential.
We have also investigated the adsorption energy of intermediate
CO on the catalyst surface and the corresponding changes of the
surface electronic structure through density functional theory
(DFT) calculations. These calculations showed that the CO
adsorption energy was in the optimal range and better than that
in binary Cu or selenides. Moreover, it also revealed that Cu has
better selectivity and adsorption for intermediate CO compared
to Co. Such a facile adsorption of intermediate CO on the
catalyst surface along with the better electronic conductivity of
the CuCo,Se, matrix possibly leads to higher product selectivity
at a low applied potential.

Experimental and Computational Methods. All chem-
icals were of analytical grade and used as purchased. CoCl,-
6H,0, CuCl,-2H,0, SeO,, N,H,-H,0, and KOH were
purchased from Sigma Aldrich. The carbon fiber paper (CEFP)
electrode and Nafion 115 membrane were purchased from Fuel
Cell Store supplies.

Synthesis of CuCo,Se, and Electrode Preparation.
CuCo,Se, was synthesized using hydrothermal synthesis.
Specifically, 20 mmol of CuCl,-2H,0, 40 mmol of CoCl,
6H,0, and 40 mmol of SeO, were stirred together for 15 min in
15 mL of distilled water. 1.5 mL of N,H,-H,O (hydrazine) was
added dropwise while stirring to form a brown colloidal solution.
This solution was then transferred into a Teflon-lined stainless
steel autoclave and heated at 145 °C for 24 h, 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
powder in 0.25 mL of 1% Nafion—ethanol solution using
ultrasonication for 15 min. The CuCo,Se, electrode was
prepared by uniformly drop-casting the catalyst ink on a
confined area. The area on the CFP substate was confined using
a Teflon tape, and a geometric area of 0.283 cm® was left exposed
for drop-casting the catalyst ink. The prepared electrode was
dried overnight at room temperature.

Characterization of Catalyst. 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. The PXRD pattern was collected by loading the
powder on a Au-coated glass substrate.

Scanning Electron Microscopy and X-ray Photoelectron
Spectroscopy. An FEI Helios NanoLab 600 FIB/FESEM
system was used to observe the morphology of the product at
an acceleration voltage of 10 kV and a working distance of S mm.
To determine the composition via identifying the relative atomic
ratio of elements present in the catalyst, EDS was done from the
same SEM system. XPS was used to observe the oxidation states
of the elements in the CuCo,Se, catalyst usinga KRATOS AXIS
X-ray photoelectron spectrometer. Specific correction of Co,
Cu, and Se binding energies was carried out by employing the C
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1s binding energy of 284.5 eV. All XPS signals were measured
from the pristine catalyst surface without any sputtering.

Electrochemical Activity for CO, Conversion. The electro-
chemical activity of the CuCo,Se,-modified electrode was
measured in a two-compartment H-Cell with a CO,-saturated
0.3 M NaHCOj; solution. The two compartments were
separated by a Nafion ion-exchange membrane. KCl-saturated
AglAgCl was used as a reference electrode and was put in a
cathodic compartment along with the working electrode. The
carbon rod as a counter electrode was placed in the anodic
compartment of the H-cell. CuCo,Se,-coated CFP prepared by
the method described above was used as the working electrode.
A catalyst loading of 1 mg cm™ was used for these studies.

Density Functional Theory Calculations. The electronic
properties of the CuCo,Se, (100) surface with and without CO
were studied using first-principles density functional calcu-
lations, as implemented in the Vienna ab initio simulation
package (VASP).”’~*° The generalized gradient approximation
(GGA) in the Perdew—Burke—Ernzerhof (PBE) form,”"**
within the projector augmented-wave method was used.”””*
The GGA + U method with an on-site Coulomb U = 0 or 6 eV
for Co-d states and U = 0 or 4 eV for Cu-d states was used to
study the electronic structure and magnetic properties of the
CuCo,Se, slab as well as the adsorption energy of CO at the Co
or Cu atoms at the (100) surface. For the slab geometry, 2 X 2 X
3 supercell with a vacuum region of 15 A was used to create a
surface model with CO adsorption. From a separate calculation,
we find that the (100) cleavage energy for CuCo,Se, saturates at
less than 4 A of vacuum separation so that the 15 A vacuum layer
is wide enough to prevent interaction between the surface atoms
across that layer. The stoichiometry in the slab was kept identical
to that of bulk with an integer number of formula units in the
supercell to ensure the charge neutrality. The surface was not
passivated to avoid additional species affect the calculated
energetics related to the catalytic performance. The internal
atomic positions for all structures were optimized using force
and total energy minimization until the Hellmann—Feynman
force on each atom was below 0.01 eV/A. Brillouin zone
sampling was done with I'-centered Monkhorst-pack, with k-
mesh of at least 4 X 4 X 4; the cutoff energy of 500 eV and
Gaussian smearing were used.

B RESULTS AND DISCUSSION

Characterization. Powder X-ray diffraction (PXRD)
pattern collected from the as-synthesized powder showed a
good match with the standard pattern of CuCo,Se, (PDF No.
04-019-0997), confirming the formation of pure CuCo,Se,, as
shown in Figure 1. As mentioned above, the PXRD pattern was
collected by loading the sample on a Au-coated glass; hence, the
diffraction peaks for polycrystalline Au were also observed at 38°
and 82°, as marked 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. The Scherrer equation was used to
calculate the size of such grains and the crystalline domain,
following the standard procedure.®” From the line broadening of
the diffraction peaks, the approximate size of the crystalline
domain was calculated to be 2.67 nm. The crystal structure of
CuCo,Se, has been reported previously from a single crystal
structure solution. According to the previous reports,
CuCo,Se, exhibits an AB,X, (X = chalcogen atom) spinel
structure type, where A is a divalent cation occupying the
tetrahedral layer and B is a trivalent cation occupying the fully
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Figure 1. PXRD pattern of hydrothermally synthesized CuCo,Se,
compared with the standard CuCo,Se, reference pattern (PDF # 04-
019-0997).

occupied octahedral metal layer. The crystal structure shows
that Co atoms were in the octahedral coordination sites and Cu
atoms in the tetrahedral sites, where the unit cell has similar
geometries for each of the Co/Cu atom. Also, the bond lengths
between Co—Se and Cu—Se were found to be ~2.38 and 2.37 A,
respectively. The morphology of the hydrothermally synthesized
powder was observed using SEM. In Figure 2, the SEM images
depicted porous nanostructures having a size range of 100—200
nm. Such nanostructured morphology provides a large number
of accessible active sites for CO, and intermediate CO
adsorption, which can get further reduced to desirable products.
The oxidation states and chemical composition of the as-
synthesized powder were further investigated through XPS. The
XPS peaks at 778 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.”® The
deconvoluted spectra of Co and Cu XPS peaks showed the
presence of multiple oxidation states. As shown in Figure 2c, the
deconvoluted Cu spectra shows peaks at 931.5 and 952.5 eV,
corresponding to Cu* 2p;,, and Cu” 2p, /5, and those at 933.8
and 954.1 eV were assigned to Cu®" 2p,/, and Cu** 2p, ),
including the satellite peaks at 941.8 and 961.7 eV.*” Similarly, in
the Co 2p XPS spectrum, peaks at 780.5 and 796.8 eV reflect
Co®" 2p;,, and Co®" 2p1/2, and the 777.8 and 793.3 eVOPeaks
correspond to Co®" 2p,,, and Co®" 2p, ,, respectively.”’ The
satellite peaks of Co 2p were detected at 787 and 803 eV. The
satellite peaks observed can be explained as due to the
overlapping of antibonding orbitals between Cu, Co, and Se,
as has been reported previously.”” The XPS peaks corresponding
to the Se 3d states were observed at 54.1 and 55 eV,
corresponding to Se 3ds;,, and Se 3d;),, respectively,
demonstrating the existence of Se?”.>” The peak at 59.2 eV
shows the existence of a minute amount of SeO, species on the
surface which can occur due to the surface oxidation of pristine
selenide. However, it must be noted that there was no transition-
metal oxide (i.e, Cu—O or Co—O) detected on the catalyst
surface. The relative percentages of the various cations present
in the composition were estimated as 9% Co>*, 44% Co**, 8.5%
Cu*, and 38.5% Cu**, totaling to 100%. It must be noted that the
ratio of the total metal (Cu + Co) to Se atomic percentage was
obtained close to 3:4. ((15.2 + 25.9): 58.9).

Electrocatalytic Performance for CO,RR. The CO,
electrochemical reduction activity of CuCo,Se, was investigated
through linear sweep voltammetry (LSV) at a scan speed of 10
mV s~ in Ar- and CO,-saturated 0.3 M NaHCO; electrolyte
solution. Electrochemical experiments were performed in a two-
compartment H-cell where both the catholyte and anolyte were
0.3 M NaHCOj solution. In keeping with modern techniques,
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Figure 2. SEM images of CuCo,Se, nanoparticles at (a) high and (b) low magnifications, showing the formation of nanostructures and surface
roughness, respectively. (c) Cu 2p, (d) Co 2p, and (e) Se 3d XPS spectra of as-synthesized CuCo,Se,.

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,SO, solution, the AglAgCl reference
electrode was standardized utilizing an open-circuit potential
(OCP, 0.199 V). All the reduction potentials measured with the
AglAgCl reference electrode were converted to RHE using eq 1,
and the reported current densities were calculated, taking the
geometric area of the electrode into consideration.

0
Epng = Epgiagar + 0-059pH + E7 g 1x0c (1)

where Epyp = converted potential vs RHE, Ejgager =
experimentally obtained potential, E° Aglagcl = Standard potential
of AglAgCl (0.199 V).

It must be mentioned here that, in order to be compliant with
the standard protocol of data collection and reporting,*" our
electrochemical setup for CO2RR was calibrated by measuring
the electrocatalytic activity of polycrystalline Ag electrode and
comparing the results with previous reports. The polycrystalline
Ag electrode showed no product formation at —0.25 V, while
CO, H,, and formate were identified at —0.9 V, as shown in
Figure S1 (Supporting Information), which matches with the
previous reports for Ag electrode. These results confirmed the
reliability of our electrochemical setup. The CuCo,Se,-modified
electrode, on the other hand, showed the formation of acetic
acid at 0.25 V, and methanol, ethanol, acetic, and formic acid at
—0.9 V, confirming the superior performance compared to Ag.
The CO2RR current density obtained with the Ag electrode in
our electrochemical setup also matched with the previous
report,*” providing further confirmation regarding the reliability
of these electrochemical measurements.

The LSV plots 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,Se,-modified electrodes were compared with that of a
bare carbon cloth measured under similar conditions to confirm
the catalytic effect of CuCo,Se, for CO2RR. CuCo,Se,@CFP
showed an increased reduction current when a CO,-purged
electrolyte was used compared to Ar-purged electrolyte ash, as
shown in Figure 3a, which confirmed that CuCo,Se,@CFP was
indeed more active toward CO2RR and suppressed the
competing HER under these conditions. Bare CFP, on the
other hand, did not show any significant activity toward CO2RR,
which confirmed the catalytic activity of CuCo,Se; and no
substrate effect. The CuCo,Se, catalyst also exhibited a high
current density, reaching up to 26 mA cm™> at a low applied
potential of 800 mV.

The Tafel slopes of the catalyst were estimated to explore the
chemical kinetics of CO, electrochemical reduction.

The Tafel slope can be calculated using eq 2:

n = a + (2.3RT)log j/anF (2)

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

The Tafel slope was determined in the kinetically controlled
area of CO2RR under a scan speed of 10 mV s™*. It was observed
that the CuCo,Se,@CFP electrode exhibited the lowest value of
Tafel slope with a value of 237 mV dec™ in the CO,-purged
electrolyte, as shown in Figure 3b. Typically, the initial single-
electron transfer step for the adsorbed radical intermediate
(CO,7) formation has a theoretical Tafel slope of 118 mV
dec™". A similarly high Tafel slope for this catalyst suggests that
the mechanism of CO2RR over CuCo,Se,@CFP may involve a
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Figure 3. (a) LSVs measured in 0.3 M NaHCOj at a scan rate of 10 mV
s™' in the presence and absence of CO, with different electrodes. (b)
Tafel plots measured in 0.3 M NaHCO;.

similar electron transfer step and the formation of a radical anion
as the chemical rate-determining step (RDS). A much lower
Tafel slope closer to 59 mV dec™’, on the other hand, indicates a
rapid one-electron transfer step, followed by the formation of
formate as the RDS."> Moreover, the Tafel slope of bare CFP
was higher than that of CuCo,Se,, indicating that electron
transfer at the CuCo,Se,@CFP electrode surface was much
faster.

Chronoamperometry studies were used for detecting and
quantifying the product composition generated by the electro-
chemical reduction of CO, at different applied potentials from
—0.9 to —0.1 V versus RHE for the time period of 1 h. Initially,
these electrochemical experiments were started after purging
CO, vigorously for 30 min. The electrolyte (0.3 M NaHCO;
aqueous) was then constantly purged with CO, at a rate of 20
sccm during the chronoamperometry studies.

The quantification of liquid and gaseous products was done
using NMR and GC-TCD. Typically, 0.1 4L of DMSO was used
as an internal standard mixed with 500 yL of aliquot (reaction
solution) and 100 uL of D,0 for conducting NMR studies.
Water suppression technique was used to suppress the water
peaks in the NMR spectra. The detailed calculation for various
product yields at different applied potentials and the
corresponding faradaic efficiency are shown in the Supporting
Information. Gaseous products were detected and quantified

using the GC-TCD technique and using the calibration curves of
standards.

It was observed that the composition and selectivity of
CO2RR products at the CuCo,Se,@CFP electrode varied with
the applied potential, as shown in Figure 4a. Specifically, at lower
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Figure 4. (a) NMR spectra identifying CO, reduction products in
reaction aliquots collected at different potentials. (b) Plots illustrating
the relative concentrations of liquid products quantified from NMR at
different stationary applied potentials.
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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
—0.6 V versus RHE. This is drastically different from other Cu-
and non-Cu-based catalyst systems known for CO2RR which
produce formic acid and other C1 products at these potentials.
Also, such high selectivity indicates a high production rate due to
the fact that all the energy is getting used to form the C2
products.

The advent of formic acid in the product composition was
observed at —0.6 V (vs RHE) in addition to carbon-rich C2
products. Previously, it was reported that rapid hydrogen
production with a decreasing potential results in a decreasing pH
near the electrode surface due to continuous hydrogen
evolution.”® Such reduced pH and high concentration of
hydrogen lead to the spontaneous conversion of CO, to
HCO;™ in situ, leading to the facile formation of formic acid at a
higher applied potential.
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The relative product yield was calculated by quantifying the
products at different potentials using standard calculations, as
has been reported previously.”* Figure 4b shows the product
selectivity achieved at various applied potentials. A lower applied
potential favors the formation of C2 products (acetic acid and
ethanol) exclusively rather than C1 products (formic acid)
which form in smaller quantities at a higher negative potential.
These results illustrate the potential of this catalyst for industrial
applications, as the energy input is less and selectivity is high for
specific products.

GC-TCD was used for the characterization and quantification
of the gaseous products. The head-space gas was collected after 1
h of CO2RR at different applied potentials (—0.1, —0.25, —0.6,
and —0.9 V vs RHE), wherein hydrogen was detected with FE =
0, 0.51, 0.90, and 2.7%, respectively, as shown in Figure S and
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Figure S. Bar plots depicting the relative faradaic efficiency of
cumulative liquid- and gas-phase CO, reduction products at different
applied potentials quantified through NMR and GC-TCD.

Tables S1—S4. It should be noted that no other hydrocarbon gas
or CO 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 CuCo,Se,@CFP in an Ar-purged electro-
lyte also suggests that HER becomes more prominent at higher
negative potentials, as shown in Figure 3a. Hydrogen formation
during CO2RR can be observed starting at —0.6 V versus RHE.
Interestingly, no CO was detected in the head-space gas at any
applied potential. Such an absence of CO in the product
composition yields further confirmation that the preferential
formation of C2 products follows a longer dwell time and further
reduction of adsorbed intermediate *CO on the catalyst surface
inhibiting its ready desorption.

It must be mentioned here that the choice of the carbonate
electrolyte and its apparent effect on CO2RR activity have also
been researched previously. Apart from NaHCO;, potassium
bicarbonate (KHCO;) has also been commonly used as an
electrolyte. Hence, to be compatible with other CO2RR reports,
these experiments were also conducted in KHCOj electrolyte.
Interestingly, it was observed that the product composition does
not change drastically over the applied potential range, as shown
in Figure S2 (Supporting Information), and the formation of the
C1/C2 products along with their relative distribution follows
the same trend as that for the NaHCO; electrolyte. Various
studies reported previously have suggested that NaHCOs; is a
better electrolyte than KHCO; due to the improved charge

transfer at the electrode interface. A detailed discussion of the
various bicarbonate electrolytes compiled from previous reports
has been included in the Supporting Information. Overall, the
rate of electrocatalytic CO, reduction is affected by improved
mass transport, irrespective of the electrode geometry and
electrolyte. However, to be consistent with the investigation of
other CO2RR electrocatalysts, we have focused on NaHCO,
electrolyte in this study.

We have investigated the formation rates and ECSA-
normalized 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 the
reaction dynamics. This type of examination for various
products can yield critical mechanistic insights. The analyses
of reaction rates (Figure 6a) and ECSA-normalized partial
current density (Figure 6b) revealed that acetic acid was the
most important factor in increasing activity throughout a broad
range of applied potentials. Formic acid formed at a level
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Figure 6. CO,RR performances of CuCo,Se, catalyst. (a) Reaction
rates for formation of hydrogen, formate, ethanol, acetate, and
methanol. (b) ECSA-normalized partial current density for formation
of individual products: hydrogen, formate, ethanol, acetate, and
methanol.
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proportional to acetic acid at a higher applied voltage. Acetic
acid and ethanol, on the other hand, formed at significantly
larger rates when the applied potential was low. The turnover
number (TON) for different products at each applied potential
was also estimated, as shown in Figure S3 in Supporting
Information. The TON of formic acid was observed to be
maximum at —0.9 V, while acetic acid showed higher TON at
—0.6 V at lower applied potentials. These performance patterns
validated the catalyst’s product selectivity (toward C2 products)
and novelty when compared to conventional CO2RR catalysts
that have greater formation constants for primary C1 products.
Such a difference in electrochemical activity can be attributed to
the different rates of intermediate *CO conversion on the
catalyst surface, as described below. Dehydroxylation and
decarbonylation of chemical intermediates can also occur at
varying rates depending on the applied voltage. Such findings
also show that CuCo,Se, is catalytically active for CO, 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. On the other
hand, electrolyte and analyte exposure to the active sites is
influenced by extrinsic variables like morphology of the catalytic
grains and surface roughness. External parameters influencing
electrocatalytic activity were estimated using a previously
described experimental technique.”* By measuring the double-
layer capacitance within the non-Faradaic zone as a variable of
scan speed and comparing the specific capacitance (C) to the
double-layer capacitance measured, electrochemically active
surface area was calculated.

The electrochemical double-layer capacitance (Cp;) was
calculated following eq 3

ipp, = Cp X v (3)

where ipy represents the current observed, while v is the scan
rate. As can be seen from Figure 7, Cp calculated from the i
versus v plot resulted in a value of 0.02 mF.

The ratio of Cpp; and Cs was used to calculate ECSA, as shown
in eq 4.

ECSA = Cp, /Cs 4)

The cyclic voltammograms were recorded at scan speeds
ranging between 5 mV/s and 200 mV/s in CO,-purged 0.3 M
NaHCO;. Polarization curves were measured in the potential
range of 15 mV according to OCP of the CuCo,Se, 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 Cs obtained
from the reported data (40 uF cm™2)* and Cp; from the plot
(0.071 mF). The 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 the geometric
electrode area (0.283 cm?). The high value of ECSA and the
roughness factor depict that CO, dissolved in the electrolyte has
more access to the catalytic sites on the working electrode,
leading to a better conversion efficiency.

For further investigation of the electrochemical performance
of CuCo,Se,@CFP toward CO2RR, EIS (electrochemical
impedance spectroscopy) was performed, as shown in Figure
8. The internal resistance of the catalyst composite and the
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Figure 7. Cyclic voltammograms measured for the CuCo,Se, catalyst in
0.3 M NaHCOj; under continuous Ar purging at different scan rates
from § to 200 mV s™" for the determination of ECSA. Inset shows the
plots of anodic and cathodic currents measured at —0.12 Vvs RHE as a
function of scan rate.
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Figure 8. EIS Nyquist plots of CuCo,Se,@CFP in CO,-saturated 0.3 M
NaHCO; electrolyte (pH 6.8) from 0V to —1.3 V vs RHE. Inset shows
the equivalent circuit fitted to the experimental spectra, where R
corresponds to the charge-transfer resistance on the catalyst—
electrolyte interface, while R indicates the film resistance of the
catalyst composite.

charge-transfer resistance at the (electrode)—electrolyte inter-
face of the catalyst were calculated by performing EIS and
analyzing the Nyquist plots measured in CO,-saturated 0.3 M
NaHCOj; under an applied potential of 0.1 V versus RHE. This
plot was fitted with the equivalent circuit and electrolyte
resistance (R,), resistance of the catalytic composite (R;), and
charge-transfer resistance (R.,) estimated from the circuit. The
uncompensated electrolyte resistance values, R, R, and Ry of
the catalyst composite were 1.69, 40, and 230 €, respectively, as
obtained from the fitting of the equivalent circuit, and shown in
Table 1.

The charge-transfer resistance, R, which is estimated from
the lower frequency region illustrates the charge transferability
of the CO2RR process occurring on the catalyst surface. A lower
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Table 1. Fitting Parameters Obtained from Nyquist Plots at
Various Potentials

resistor and capacitance value
R/Q 1.69
R/Q 230
R/Q 40
CPEdI/F 0.002
CPEf/F 0.0023

R value indicates an efficient and fast electron transfer at the
catalyst—electrolyte interface, resulting in a faster CO, reduction
rate, better catalytic activity, and lower overpotential, which can
be seen from the electrocatalytic measurements mentioned
above. R, on the other hand, influences the charge transport
within the catalyst composite. Hence, lower R; can result in high
current density and faster kinetics at low applied potentials.
Electrochemical Performance of CuCo,Se, for Alcohol
Oxidation Reaction. The electrocatalytic performance of
CuCo,Se, toward complementary alcohol electro-oxidation was
also investigated using a three-electrode H-cell setup. LSV
polarization curves measured in the absence and presence of 1
mol L™" methanol and ethanol in 1 M KOH showed that
CuCo,Se, was active for anodic alcohol oxidation reaction
(AOR). The results from LSV demonstrate a moderate level of
AOR activity, with an anodic current density of 75 mA cm™ at
the potential of 1.45 V versus RHE, as shown in Figure 9a. When
methanol was added to make a solution of 1 M methanol, the
polarization curve recorded showed enhanced activity. Also, it
was observed from the polarization curves that the over-
potentials changed by 250 and 300 mV at 15 and 50 mA cm ™2,

respectively, when compared to water-splitting potentials. When
ethanol was added, the overpotentials got reduced by 230 mV
and 260 mV at 15 and 50 mA cm 2, respectively. This implies
that for industrial applications in alcohol-based fuel cells, very
less cell potential needs to be applied, and at that cell potential,
CO2RR-AOR will produce the same product in both the
compartments of H-cell. The Tafel slopes calculated from the
polarization curves offered more insights into the underlying
kinetics as explained below.

The Tafel slope was lower in the case of methanol and ethanol
oxidation, exhibiting values of 78.6 and $2.7 mV dec”’,
respectively, when compared to water splitting, as shown in
Figure 9b. This indicates that the kinetics improve when
methanol and ethanol are present in the anolyte solution. Also, it
proves that mass transfer is enhanced, and a larger number of
catalytic sites present in the electrode surface are available. For
the identification of the products of alcohol oxidation 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 (Figure 9c,d) in the anolyte. The stability of the
CuCo,Se, electrode under cathodic and anodic potentials was
confirmed through XPS measurements performed after CO2RR
and alcohol oxidation. These postcatalytic activity XPS
measurements showed no changes of the Cu, Co, and Se XPS
peaks compared with those of the pristine catalyst, as shown in
Figure S4 in Supporting Information. This confirms that the
CuCo,Se, surface is indeed stable under the conditions of
CO2RR and alcohol oxidation at potentials as mentioned above.
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Figure 9. Electrocatalytic performances of CuCo,Se,/CFP. (a) The polarization curves of CuCo,Se,/CFP in the absence (green) and presence of 1 M
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It must also be mentioned that previously CuCo,Se, was also
reported for OER activity at a much higher anodic potential,
wherein it showed similar stability.

Long-term chronoamperometry experiments were also
conducted at a fixed potential of 1.5 V versus RHE to detect
the rate of methanol oxidation and to determine the rate of
formic 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
CuCo,Se, goes through little change over a long period (100 h),
as shown in Figure S5 in Supporting Information, signifying its
applicability to the industry.

Electrochemical Catalytic Activity of CuCo,Se, for
CO2RR—AOR Combined Reaction (CuCo,Se,/CFlICu-
Co,Se,/CF). Because of the enhanced activity of the catalyst
for CO2RR in the cathodic compartment and alcohol oxidation
in the anodic compartment, a two-electrode H-cell was set up
with a CuCo,Se, catalyst-loaded working electrode as an anode
having 1 M CH;0H or 1 M C,H;OH along with 1 M KOH in
the electrolyte and a CuCo,Se, catalyst loaded on the counter
electrode as the cathode in 0.3 M NaHCO; solution. This
electrolyzer operated at ambient temperature and pressure,
producing the same product in both compartments. The
polarization curves from linear scan voltammetry showed that
a standard current density of 15 mA cm™> was obtained in
CO2RR—methanol oxidation and CO2RR—ethanol oxidation
at cell potentials of 0.67 and 0.73 V, respectively. Most
importantly, these cell potentials are 280 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 1] for the overall CO2RR
(no alcohol present). When methanol was a reactant in the
anodic compartment, formic acid is produced in the electrolyzer
at a potential of 0.7 V. When ethanol was present in the anodic
chamber, acetic acid was produced at 0.75 V. It must be noted
that there was no leaching of hydrocarbon species between the
cathodic and anodic chambers through the Nafion membrane,
as confirmed by collecting NMR spectra from the anolyte under
active potential which showed the presence of no hydrocarbons
in the absence of methanol/ethanol (black line plots in Figure
9¢,d).

Also, 50 mA cm™ current densities were obtained at 0.77 and
0.78 V for methanol and ethanol oxidation, respectively. The
faraday efficiency obtained for acetate production in the anodic
and cathodic compartments 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 compart-
ments, respectively, at the cell voltage of 0.75 V.

DFT Calculation on Catalyst Surfaces: Estimation of
CO Adsorption Energy and Surface Band Structure. The
CO adsorption on the (100) CuCo,Se, surface was investigated
further using density functional theory (DFT) electronic band
structure calculations within magnetic GGA + U approximation,
as shown in Figures 10 and 11. Recent DFT calculations for bulk
and slab CuCo,Se, have shown that hybridization of Se p states
with Cu and Co d states constitutes the valence band, whereas
the vacant d states of Co and antibonding p states of Se form the
conduction band.”* These observations suggest a possibility of
d—d electron transfer between Co and Cu along with the metal-
to-anion (Se) charge transfer. Also, the continuity of DOS in the
vicinity of the Fermi level suggests that CuCo,Se, has enhanced
conductivity, which is also evident from the EIS data that show a
low resistance (R,) of bulk CuCo,Se,. A comparison of the
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Figure 10. Spin-resolved total density of states (TDOS) for a CuCo,Se,
(100) slab with and without CO attachment on either Co or Cu sites at
the surface layer.
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sites at the surface layer. The partial DOS for CO p-states is also shown
in (c) and (d).

results of GGA (U = 0) and GGA + U calculations suggested
that the on-site Coulomb interactions are required for obtaining
the magnetic solution. We also performed hybrid Heyd—
Scuseria—Ernzerhof (HSE06) calculations with a mixing
parameter of 0.25 and a screening parameter « of 0.2 A™" and
a cut-off energy of 500 eV. The self-consistent HSE06
calculations for the Cu,,Co,5Se¢ surface structure that included
spin and set the initial magnetic moments to 2.0 B for all Co
atoms converged to a nonmagnetic solution with magnetic
moments on Co of 0.0—0.3 B, which is significantly lower than
that of GGA + U values of 0.8—2.0 4B. Therefore, we conclude
that the GGA + U approach is required in order to obtain the
magnetic solution, as should be expected for Co-containing
material.

To calculate the CO adsorption energies, first, the total energy
of a clean relaxed surface (Eg,,) Was calculated; then, a single
CO molecule was attached over the Co or Cu sites at the initial
distance of ~1.80 A taken from the bond lengths of metal
carbonyl complexes. Upon optimization, the total energy of the
surfaces, with CO bonded to either Co or Cu surface atoms, was
calculated (E,). The adsorption energy of CO on the (100)
surface was found according to the equation: E 4 = Eg;s — Ejean —
Eco, with Ecq being the energy of a free CO molecule. The
optimized atomic structures for the (100) surface of CuCo,Se,,
with CO bonded to either Co or Cu along with the calculated
spin-resolved charge transfers, are shown in Figure 12.

First, to establish which metal atom on the surface is more
likely to be the catalytically active site for CO2RR, the
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Figure 12. Optimized atomic structures for the (100) surface of
CuCo,Se,, with CO bonded to either Co or Cu along with the total
charge density distribution throughout the slabs. The spin-resolved
charge density maps in the nearest neighbor shell after CO adsorption
on (a) COand (b) Cu. (c) and (d) Charge density distribution over the
entire slab.

adsorption of CO on (100) Co/Cu-terminated slabs was
modeled by placing a single CO molecule directly above the
active metal site (Co or Cu) of the relaxed unpassivated surface
at the initial metal—C distance of about 2.2 A and then fully
optimizing the structure. The GGA (U = 0) approach predicts
that CO adsorption on the surface Cu atom (E,q = —0.92 eV) is
0.4S eV higher as compared to that on Co (E,4 = —1.37 eV).
However, when the on-site Coulomb interactions are taken into
account and the magnetic solution is attained, the opposite trend
emerges: the energy of CO absorption on the surface Cu atom
(E,q=—1.53 eV) is lower than that on the Co atom (E,4 = —0.91
eV). The large energy difference of 620 meV suggests that Cu
atom is the highly preferred catalytically active site, although CO
attachment to Co is also likely, given the negative adsorption
energy. It should be noted that an OH adsorption on the (100)
surface of CuCo,Se, that showed a preference for Co atom in
GGA + U calculations was accompanied by an increased
magnetic moment on Co upon its bonding with OH.*
Therefore, it is important to understand the microscopic
mechanisms of CO adsorption and its effects on the electronic
and magnetic properties of the metal states at the surface.
Upon bonding to the CO complex, the optimized Cu—Se and
Co—Se distances, on average, increase from 2.24 to 2.37 A and
from 2.33 to 2.45 A, respectively. Consistent with the weaker
metal—Se interactions, the metal—C bonding weakens the C=
O bond to a partial double-bond character, as evident from the
longer optimized C—O distance, found to be equal to 1.15 A and
1.16 A for CO adsorption on Cu and Co, respectively, as
compared to 1.14 A for a free-standing CO molecule, calculated
using the same methods. The Co(Cu)—CO distance is 1.75 A
(1.83 A), whereas the Co(Cu)—C—O angle is 178.9° (179.5°).
Most importantly, it is found that the CO adsorption affects both
the magnetic interactions on the Co atom that bonds to CO as
well as the magnetic moments of other Co atoms in the slab for
CO attachment to nonmagnetic Cu. The changes in the
magnetic moment of Co atoms in various layers after the
attachment of CO on the CuCo,Se, surface have been listed in
Table 2. Specifically, the local magnetic moment on the Co atom

Table 2. Magnetic Moments on Co Atoms in each Layer of
the (100) Slab, as Estimated from GGA + U DFT
Calculations. Each Layer has Four Co Atoms, and Four
Values Are Shown for the Layers in which the Co Magnetic
Moments Differ. Otherwise, an Average Value Is Given

magnetic moment on Co atoms, yp

CuCo,Se, (100) CO- CO adsorption on CO adsorption on

slab free Co Cu
top layer 1 2.1 1.1,2.2,2.1,2.0 2.1
layer 2 0.9 2.0, 2.1, 1.0, 0.9 0.9
layer 3 0.9 0.9 0.9
middle layer 4 0.8 0.8 2.1
layer S 0.8 0.9 0.9
layer 6 0.9 0.9 0.9
bottom layer 7 2.1 2.1 2.1

decreases from 2.0 yg to 1.1 pg upon bonding with CO. This
observation is in contrast to our previous studies where the
—OH adsorption on Co increases the magnetic interactions on

0.”* The calculated partial DOS, as illustrated Figure 11a,
shows that the occupied spin-up and spin-down Co states shift
toward positive energy and become more alike and less split
upon bonding with CO due to the weaker Co—Se interactions
and weaker magnetic exchange splitting. At the same time, the
magnetic moments of the two nearest Co neighbors located in
the second layer of the slab increase from 0.9 pp to 2.0 uy. The
remaining Co atoms maintain their magnetic moments with
respect to those in the CO-free interface. When CO is attached
to nonmagnetic Cu, the magnetic moments of the surface Co as
well as Co atoms in the second layer remain similar to those in
the CO-free surface. However, the magnetic moments of all four
Co atoms in the fourth layer in the slab increase from 0.8 yjy to
2.1 pg. The increase of the magnetic moments for the entire layer
as opposed to the magnetic moment redistribution, as seen in
case of the adsorption on Co, leads to more pronounced
differences in the total DOS for the CO adsorption on Cu and is
likely to be the reason for the higher catalytic activity of the Cu
site. This suggests that magnetism on the surface and subsurface
layers plays a crucial role in favoring the CO adsorption on Cu.

The spin-resolved charge transfer, upon adsorption of CO,
was also calculated, as shown in Figure 12. In this calculation, the
charge density of the lattice without CO and the charge density
of CO are subtracted from the charge density of the relaxed
lattice, with CO attached. The difference represents the charge
transfer due to Co or Cu bonding with CO. The yellow color
means positive density which is the new charge density that
appears upon bonding, whereas blue color means negative
charge density——the charge density that is transferred away
from those areas. Overall, the plot reveals the charge density
redistribution from blue areas to yellow. The charge densities are
spin-resolved, so that the transfer between d-orbitals with spin
up and spin down can be seen. For CO on Co, the charge
redistribution is mainly between the spin-up and spin-down d-
states of Co, possibly between the metal d-orbitals. Se atoms also
lose the charge in the spin-up channel. For CO adsorption on
nonmagnetic Cu, the charge transfer on Cu is identical for spin
up and spin down, as expected. However, Se states lose charge
within the spin-up and gain charge within the spin-down
channel.

The latter occurs because of the interaction of Se with the
magnetic Co: the surface Co atoms show strong charge transfer
between their spin-down orbitals upon CO adsorption on Cu
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(Figure 12¢,d). A similar orbital cloud redistribution happens for
the Co atoms in the second layer in the case of CO adsorption
on Co. Interestingly, for the Co—CO case, there is a symmetrical
Co charge redistribution for the second layer from the bottom
(CO-free) surface. The magnetic moments of those Co atoms
are maintained, implying that the charge redistribution does not
affect the magnetic splitting. In the Cu—CO case, the increase of
the Co magnetic moments in the middle layer (Table 2) is not
accompanied by the charge transfer between orbitals. Because
the charge transfer occurs only within the two top layers, the
surface and subsurface charge redistributions are influenced by
the increased magnetic moments of Co in the middle layer.
Interestingly, it was also found that the charge distribution on
the C-end of CO molecule was significantly enhanced when
bonded to the Cu site compared to that on Co (comparing the
yellow lobes in Figure 12a,b). This further suggests that while
the metal-to-ligand back-bonding is feasible between both Cu—
C=O0 and Co—C=0 linkages, it is more pronounced for Cu.
The metal-to-ligand back-bonding is one of the primary reasons
for improved intermediate *CO adsorption and its longer dwell
time on the catalyst surface. Hence, this further implies that Cu
in the vicinity of magnetically active Co atoms has significantly
better activity for the formation of C2 products. This also
suggests that transition metals with high d-electron density in
the £,; set have extensive metal-to-ligand back-bonding. Such
knowledge will be very helpful for further catalyst surface design
to yield selective CO, reduction products.

The CO adsorption energy on Cu and Co sites in CuCo,Se,
was compared with other CO2RR catalysts reported previously
to correlate it with the preferential formation of C1/C2 product
based on the hypothesis that larger CO adsorption energy led to
longer CO dwell time on the surface, leading to the preferential
formation of C2+ products. For metal catalysts like Au or Ag,
low CO adsorption energy was observed and has been reported
to produce CO as the main product.'’ On the other hand, metal
catalysts like Pt, Pd, and Ni have shown high CO adsorption
energy. However, these catalysts also show a high binding energy
for *H, leading to electron consumption that is utilized for
hydrogen evolution rather than electrochemical reduction of
CO, in aqueous medium. With high CO adsorption energy,
catalysts can also get poisoned due to surface passivation by the
small amounts of CO produced during the continuous
electroreduction of CO,. Cu and Co metals have showed
higher CO adsorption energy compared to metals like Au and
Ag but lesser than the catalysts like Pt, Pd, and Ni, as shown in
Figure 13."°7* Co metal catalyst has been reported to produce
CO and hydrocarbons like CH,,*"**"** while Cu produces a
wide range of hydrocarbons which relates to the moderate CO
adsorption energy on these metal catalysts."***** CuCo,Se,
shows slightly higher CO adsorption energy than 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.
The correlation of CO adsorption energy with the preferential
formation of C2+ products can be very clearly seen in Figure 13,
in which the experimentally observed faradaic efficiency for C1
(CO and formic acid) and C2 (ethanol and acetic acid) products
has been plotted as a function of estimated CO adsorption
energy for various catalysts. It can be clearly seen that the
faradaic efficiency for C2+ products reaches the maximum in the
midsection, which exhibits a moderate CO adsorption energy.
The effect of reducing anion electronegativity and altering d-
electron density of the catalytic site is also very apparent from
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Figure 13. Correlation of CO adsorption energy with faradaic
efficiencies of C1 (CO and formic acid) and C2 (acetic acid) product
formation for various catalyst surfaces. The line color in the plot
indicates specific products, as indicated in the legend, while the symbol
colors represent the different catalyst systems, as illustrated in the color
key. This figure has been constructed by following CO2RR reports, as
found in refs 6, 13, 14, 21, 24, 25, 42, 47—53.

Figure 13, which shows how the same transition element can
show a wide variation in CO adsorption energy based on anion
coordination and, as the result of this work reveal, on the
magnetic interactions of the metal atoms in the vicinity. This can
be explained by understanding the mechanism of CO adsorption
on the catalyst site. CO adsorption on the catalyst surface
proceeds through two possible pathways using coordinate
bonds: first is through o-donation from CO to metal through the
highest occupied molecular orbitals (HOMO) located on C and
second is through back-donation from the metal (d-orbitals) to
CO (#*, LUMO). The metal-to-ligand back-bonding can be
observed from the low-intensity peak near —3.7 eV due to the
contribution of CO p-DOS, similar to previously reported
results. While a complete theoretical study should involve all of
the reaction pathways of the mechanism and explore all the
possible lattice planes of CuCo,Se, for understanding the
selectivity exhibited by the catalyst toward the formation of
specific reduction products, the DFT results in this work prove
that the CuCo,Se, catalyst surface facilitates the selectivity
toward carbon-rich products by enhancing the intermediate CO
adsorption. These DFT results are synchronous with the
experimental observations achieved in this study. From the
CO adsorption energy calculations on the surface of CuCo,Se,,
it can also be concluded that Cu atom is the active catalytic site
for the CuCo,Se, 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.
The novelty of CuCo,Se, as a CO2RR catalyst has been
emphasized through a benchmarking figure, as shown in Figure
14. This benchmarking figure compares the performance of
various CO2RR catalysts reported by previous researchers with
that of CuCo,Se, at different potentials. The performance
metric chosen for comparison is the range of products formed,
categorizing them as C1/C2 products. As can be seen from the
figure, most catalysts predominantly form CO and HCO,H as
the main products, and very few catalysts show high selectivity
for the formation of C2+ products. CuCo,Se,, on the other
hand, shows high selectivity for the formation of acetic acid and
ethanol, which highlights the novelty and transformative nature
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Figure 14. Benchmark figure comparing the CO2RR product distribution of CuCo,Se, with the other reported electrocatalytic systems. The various

products formed have been color-coded in the bottom legend.

of this system for CO2RR. The specific references used for
creating Figure 14 have been listed in the Supporting
Information.

B CONCLUSIONS

In this study, CuCo,Se, has been identified as an effective
catalyst for the reduction of CO, to carbon-rich high-value
products with high selectivity. The reduction product selectivity
has been correlated with intermediate *CO adsorption energy,
which confirms that moderate *CO adsorption energy leads to
the preferential formation of C2+ products, possibly due to its
longer retention and subsequent reduction on the catalyst
surface. The CuCo,Se, catalyst produces only acetic acid and
ethanol at lower applied potential values, while minor amounts
of formic acid are produced at higher applied potentials. As
acetic acid and ethanol have higher economical and industrial
values, their selective production with low energy expense
underlines the novelty of this catalyst. Interestingly, this catalyst
is also active for methanol and ethanol oxidation, which further
increases its applicability toward addressing the practical
challenges for achieving carbon neutrality.

Detailed DFT studies have been performed on the CuCo,Se,
catalyst surface to estimate the *CO adsorption energies on Cu
and Co sites as well as understand the changes in the surface
electronic structure as a function of CO adsorption. It was
observed that Cu showed more favorable CO adsorption energy
compared to Co. More importantly, the presence of the
neighboring magnetically active Co atoms significantly
influenced the CO adsorption energy on Cu, indicating that
the catalyst design plays an even greater role for optimal CO2RR
with high selectivity.
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