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ABSTRACT: This paper represents a study of mixed Co;0,/CuO nanosheet (NS)
synthesis via solution combustion synthesis for oxidation of methanol and carbon dioxide
(CO,) conversion. The mixed oxide NS of Co;0,/CuO is a hybrid structure of Co;0, and
CuO NSs. We applied this mixed oxide NS of Co0;0,/CuO for methanol oxidation and
carbon dioxide (CO,) conversion, and the results revealed that the activity of the mixed
oxide NS surpassed the activity of the corresponding individual Co;0, and CuO metal
oxide NSs, both in methanol oxidation and in CO, conversion. The mass activity of the
mixed Co;0,/CuO NS produced at 0.627 V versus Ag/AgCl during methanol oxidation
(0.5 M) was 12 mA g™, which is 2.4 times better than that of Co;0,, whose mass activity is
SmA g, and 4 times better than that of the CuO NS, whose mass activity is 3 mA g~". The
methanol oxidation peak at 0.62 V versus Ag/AgCl was also more intense than individual
oxides. The trend in performance of methanol oxidation follows the order: Co;0,/CuO >
Co030, > CuO. In the case of CO, reduction, we experienced that our product was formate,
and this was proved by formate oxidation (formate is formed as a product during the

Potntalv e AgRGCH

Methanol Oxidation

Pl Aot
CO, Reduction

reduction of CO,) on the surface of the Pt ring of a rotating ring-disc electrode. Similar to methanol oxidation, Co;0,/CuO also
showed superior activity in carbon dioxide reduction. It was experienced that at —1.5 V, the current density rises to —24 mA/cm? for
the Co;0,/CuO NS, that is, 0.6 times that of the CuO NS, which is —15 mA/cm?, and 3 times more than that of the Co;0, NS,
which is 8 mA/cm? The trend in performance of CO, reduction follows the order: Co;0,/CuO > CuO > Co,0,.

B INTRODUCTION

Utilization of fossil fuels for energy purposes has been
advantageous; however, burning of fossil fuels is associated
with the release of undesirable CO,. Expanding dimensions of
CO, in the world’s climate is of genuine worry that ought to be
concerned.' High measures of CO, in air radically change the
temperature of the earth’s atmosphere. The anthropogenic
carbon dioxide in the atmosphere of the earth will not only
increase the worldwide temperature but also oblige the usage
of the fossil fuels. It is important to have potential and judicial
usage of environmental CO,. Carbon dioxide present in our
environment is a potential source to restore carbon into fuels
and other synthetic compounds such as methanol, form-
aldehyde, formic acid, and so forth.'™ In the past few decades,
electrocatalytic carbon dioxide reduction has been a potential
and sustainable way in combating environmental energy
challenges. Our major concern should be not only to restrict
the production of CO, in the earth’s atmosphere and its
conversion into potential fuels but also to search the sources
other than fossil fuels for energy production. To combat the
environmental challenges, use of green and pollutant-free
sources is highly appreciated. In this regard, our focus of
interest should be on fuel cells and metal—air batteries.
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Metal—air batteries and fuel cells have been showing great
reliability and promise for automotive industries. Moreover,
metal—air batteries and power modules (fuel cells) have
demonstrated an incredible guarantee for vehicle enterprises.
Fuel cell-based batteries working at extremely lower temper-
atures are of great interest. In this context, methanol-based fuel
cells (DMFCs) have achieved potential consideration as they
work at extremely low temperatures (—150 °C).”® This makes
DMECs potential equipment to be utilized in electric devices
and vehicles in remote locations having extremely cold climatic
situations. In DMFCs, the chemical species with a high
hydrogen-to-carbon ratio are produced during methanol
oxidation. These chemical species give rise to production of
enormous hydrogen, which is utilized as an input energy
source in fuel cells.” The final product of methanol oxidation as
expected is carbon monoxide (CO). Formation of CO limits
the function of the catalyst life cycle. This hindrance in the
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Scheme 1. Formation of the Nanosheet through Solution Combustion Synthesis
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electrocatalysis process of catalysts by the formation of excess
CO is known as CO poisoning.” '’ The other drawback
associated with the electrocatalysts is that they work at high
overpotentials during methanol dehydrogenation.'' Pt and Pt-
based electrocatalysts have played a pioneering role in
overcoming the overpotential concern as they perform
methanol dehydrogenation at low overpotentials.”~'' Despite
the good activities of Pt and Pt-based electrocatalysts, they are
highly susceptible to CO poisoning and expensive as well. Co
and Cu-based electrocatalysts have been pretty successful both
in methanol oxidation and in CO, reduction.'' =" Metals and
metal oxides of Co and Cu not only are cheap to replace
expensive Pt-based fuel cells for commercial purposes but also
work at low overpotentials to carry out both the reactions.''~*°
Habermehl-Cwirzen and co-workers reveal that the Co(0001)
plane plays an important role in the oxidation of methanol via
dissociative adsorption.”' Glisenti and Natile studied cobalt
oxide surfaces (CoO and Co;0,) for methanol oxidation, and
they concluded that methanol is molecularly chemisorbed at
room ternzperature with formate and formaldehyde as end
products.”” In the CO, conversion case, both metallic and
metal oxide-based Cu and Co nanoparticles (NPs) have also
shown good performance, especially Cu-based metals and
metal oxides are considered as best catalysts in CO, reduction.
However, unfortunately, Cu-based catalysts face some serious
shortcomings such as low selectivity, production of hydrogen
as a side product, and poor Faradaic efficiency (FE)."” To
overcome these shortcomings, there have been good attempts
to ameliorate the activity of CO, conversion and selectivity.
One of these attempts is to utilize the concept of the
synergistic effect via designing of Cu-based alloys such as the
Au—Cu, In—Cu, Sn—Cu, Pd—Cu, Ag—Cu, and Ni—Cu
types.'” Reports have inferred that the CoCu alloy is a better
electrocatalyst than individual Cu NPs.'”*° Mayrhofer and co-
workers studied the CoCu alloy, and they concluded that there
is a drastic change in selectivity and activity in CO, conversion
when Co contents are mixed with Cu.'” Based on these
assumptions, here, we proposed the synthesis of the Co;0,
nanosheet (NS), the CuO NS, and mixed CO;0,/CuO
nanocomposites to study methanol oxidation and CO,
conversion. The application results of both methanol oxidation
and CO, conversion revealed that mixed CO;0,/CuO
nanocomposites are better electrocatalysts than their individual
metal oxides. The main aim of this study was to design
pollutant-free, green electrocatalysts viable to generate energy
for fuel cell applications, which also shows a promising
property of carbon dioxide conversion.

B EXPERIMENTAL SECTION

The chemicals used were in their purest forms. From Bio-Rad
laboratories, Cu(NO;),-3H,0 was taken. Co(NO;),-6H,0, isopropyl
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alcohol, NaBH,, and perfluorinated Nafion were purchased from
Sigma-Aldrich Company. From Intra-Laboratories, UK, KHCO; was
purchased. Glycine was purchased from VWR chemicals. To prepare
all the solutions, deionized Millipore water was used. The nanosheet
was prepared through a solution combustion technique as described
in Scheme 1. Synthesis of the CuO NS, Co;0,NS, and mixed CuO/
Co;0, NS is as discussed below.

Synthesis of CuO: Copper oxide (CuQ) was prepared through the
solution combustion synthesis technique. For this, an aqueous
solution of 20 mL containing 8.9 g of copper nitrate (Cu(NO;),-
3H,0) and 3.08 g of glycine (C,H;NO,) was taken in a 100 mL
container. The precursor amounts were calculated for the synthesis of
3 g of the nanopowder by following a reported literature.”> The fuel-
to-oxidizer ratio was taken as 1. In order to dissolve the metal
precursors, the mixture was sonicated for 15 min. After following this
procedure, this homogeneous mixture was kept on a hot plate at 400
°C until the water present got evaporated. Once the whole water got
evaporated, self-ignition took place, which triggered combustion
reaction inside the beaker, which converted the metal precursor into
NPs. These NPs were crushed using a mortar pestle, and the as-
obtained powder was sieved through a 100 ym sieve to get a uniform
size of particles. After that, the sample was kept in a crucible and was
given heat treatment for 12 h at 500 °C.

Synthesis of Co;O4: The same procedure as above was followed,
but instead of copper nitrate, 3.49 g of cobalt nitrate (Co(NOs;),:
6H,0) and 1 g of glycine were taken.

Synthesis of mixed CuO/Co;0,: The same methodology as above
was followed. However, both metal precursors cobalt nitrate (2.61 g)
and copper nitrate (2.169 g) were taken. The glycine amount here
was considered as 1.5 g.

The stoichiometric theoretical reaction for combustion, under
equilibrium, is generally written as™t

Me"(NO,), + 5/9v¢NH,CH,COOH + §/4v(p — 1)0O,
— MeO,,, + 10/9vpCO, + 25/18vpH,0
+ {(S¢ + 9)/18}¥N,

where Me" is the metal with valence v and ¢ is the fuel-to-oxidizer
ratio.”> ¢ = 1 indicates no requirement of oxygen for the initial
mixture to completely oxidize the fuel, while ¢ > 1 (<1) indicates
fuel-rich (lean) conditions. For the solution combustion synthesis of
metal oxides, the ¢ = 1 stoichiometry is taken into account. Mostly for
the stoichiometric ¢ = 1 condition, metal oxides are formed but
depend on the type of metal nitrate precursor used as well. For the
fuel-rich (¢ > 1) or fuel-lean (¢ < 1) condition, we may expect
different products. Hence, we believe synthesis of the Co;0,/CuO
NS depends on the ¢ value, so tuning of composition seems to be
limited.

Techniques for Characterization. To examine the structure of
CuO, Co;0, and mixed Co;0,/CuO crystals, an X-ray powder
diffractometer, a PANalytical model with CuKaCuKa radiation with a
wavelength of 1.5418 A, was used. Morphological studies of the
electrocatalysts CuO, Co;0,, and mixed Co;0,/CuO were evaluated
using high-resolution scanning electron microscopy (SEM) (Nova
Nano 450, FEI Waltham, MA, USA), and transmission electron
microscopy (TEM) analysis of CuO, Co;0,, and mixed Co;0,/CuO
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was carried out using high-resolution TEM (HRTEM), Tecnai G2.
Carbon-coated Ni grids (400-mesh) were used for TEM analysis of
CuO, Co0;0,, and mixed Co;0,/CuO. Water/ethanol solution was
used for dispersion of samples. X-ray photoelectron spectroscopy
(XPS, Kratos AXIS Ultra DLD, Manchester, UK) was employed to
examine oxidation states and the surface composition of the CuO,
Co,0,, and mixed Co0;0,/CuO NSs.

Electrode Preparation. To examine the efficiency of the CuO,
Co;0,, and mixed Co;0,/CuO NSs, an ink containing 100 uL of
isopropyl alcohol, S mg of the catalyst powder, 40 4L of Nafion (5%)
solution, and 40 uL of deionized water was prepared. After 15 min
sonication (in a glass vial with a volume of 10 mL), an amount of
volume equal to S uL was drop-cast on a glassy carbon electrode
(GCE). KOH (1 M) and 0.5 M KHCOj; electrolytes were employed
to carry out electrochemical measurements for methanol oxidation
and CO, reduction, respectively.

B RESULTS AND DISCUSSION

The preparation and synthetic procedure of the CuO, Co;0,,
and mixed Co;0,/CuO electrocatalysts are well discussed in
the Experimental Section. In brief, the CuO, Co;0,, and mixed
C0;0,/CuO electrocatalysts were synthesized through the
solution combustion technique, followed by calcination.
Powder X-ray diffraction (PXRD) was done to study the
crystalline nature of the Co;0,4, CuO, and mixed Co0;0,/CuQO
electrocatalysts (Figure 1). The PXRD pattern of CuO depicts
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Figure 1. PXRD patterns of the Co;0,, CuO, and mixed Co;0,/CuO

electrocatalysts. The 26 values from 10 to 80° with a scan rate of 2°
per min were considered during PXRD measurement.

peaks with 26 values of 32.49, 35.48, 38.74, 46.28, 48.76,
53.58, 58.31, 61.58, 66.24, and 68.08°, which correspond to
the (110), (=111), (111), (=112), (=202), (020), (202),
(—113), (=311), and (220) crystal planes, respectively. This
type of crystal structure represents a monoclinic phase of CuO.
This crystal structure exhibits diffraction peaks which perfectly
match with the information given in JCPDS data (80-0076).
The crystal pattern of Co;0, shows diffraction peaks at 19.18,
31.48, 36.96, 38.63, 44.89, 55.70, 59.42, and 65.36°, which can
be indexed to the (111), (220), (311), (222), (440), (422),
(511), and (440) planes of Co;0, (JCPDS file no. 42-1467),
respectively. This type diffraction pattern of Co;O, represents
a cubic spinel structure. The crystal pattern of mixed Co;0,/

CuO nanocomposites shows diffraction peaks at 19.14, 31.14,
32.24, 35.51, 36.76, 38.16, 38.79, 44.56, 46.13, 48.32, 53.92,
55.64, 58.13, 59.23, 61.25, 65.02, 66.10, and 67.99°, which can
be indexed to the (111), (220), (110), (=111), (311), (111),
(222), (400), (-112), (-201), (020), (422), (202), (S11),
(—113), (440), (—311), and (220) planes, respectively.
Co0,0,/CuO planes (110), (—111), (111), (-112), (-202),
(020), (202), (—=113), (—311), and (220) can be indexed to
CuO, and crystal planes (111), (220), (311), (222), (440),
(422), (511), and (440) are due to Co;0, The oxidation
states of the mixed oxide Co;0,/CuO electrocatalyst was
evaluated by performing XPS experiments. The Co 2p core-
level spectrum (Figure 2a) shows two characteristic significant
peaks of Co;0, with binding energies (BEs) of 780.64 and 796
eV, which correspond to the Co 2p,,, and Co 2p;/, signals,
respectively.”* The energy of orbital splitting is equal to 15.35
eV, and both of the signals authenticate the existence of Co**
and Co’". The presence of a doublet with BEs of 783 and
797.6 eV reflects the possibility of surface Co(OH), NPs.*

The Cu 2p core-level spectrum (Figure 2b) shows significant
peaks of CuO with BEs of 934 and 953.98 eV, which are
attributed to the Cu 2p;,, and Cu 2p, ,, signals, respectively.””
There also exist three shake-up satellite signals at 942.49, 944,
and 962.68 eV.””*® The well-intense shake-up satellite signal
confirms the presence of the Cu®** oxidation state and rules out
the presence of the Cu,O phase. In addition to this, the O 1s
XPS spectrum (Figure 2c) represents a significant peak at
530.07 eV, which authenticates the presence of oxygen in
C030,/CuO and the broad signal at 532 eV signifies the
possibility of Cu(OH), and Co(OH), on the surface.””*” The
survey spectrum is shown in Figure S1. The peaks
corresponding to BEs at 713 and 644 eV are Auger peaks of
Co and Cu, respectively. SEM analysis was done in order to
study the shape and morphology of the Co;0, CuO, and
mixed Co;0,/CuO electrocatalysts. SEM images of the
Co0;0,, CuO, and mixed Co0;0,/CuO electrocatalysts are
shown in Figure 3a, b, and c, respectively.

The information that is reflected by SEM images is a porous
fibrous structure of the Co;0,, CuO, and mixed Co;0,/CuO
electrocatalysts with uniform consistency.

The TEM images shown in Figure 4 show a sheetlike
morphology of the mixed Co;0,/CuO nanostructure. To
examine the arrangement in the Co;0, and CuO crystal
planes, the HRTEM technique was employed, as shown in
Figure 4b. The lattice fringes with interplanar spacings of “d” =
0.53 and 0.245 nm correspond to the (—111) plane of CuO
and the (311) plane of Co;0,, respectively. This information
matches well with the XRD results. The TEM images of CuO
and Co;0, alone are shown in Figure S2. The adsorption/
desorption of nitrogen through BET analysis to analyze the
surface area (SA) and porosity of Co;0,/CuO is shown in
(Figure S). Energy-dispersive X-ray spectra are shown in
Figure S3, and they convey the information of the presence of
the copper and cobalt phases along with oxygen. From BET
analysis, it was confirmed that the SA and pore volume of
Co0;0,/Cu0 are 50.026 m* ¢! and 0201762 cm® g7,
respectively. The pore diameter was also detected to be 80.7 A,
which indicates the microporous nature of Co;0,/CuO. The
shape of the isotherm also conveys the presence of micropores.
The porosity of Co3;0, and CuO is given in S4 and SS,
respectively. The comparison of the SA, pore volume, and pore
diameter of the CuO, Co;0,, and Co;0,/CuO NSs is given in
Table 1. The comparative details show that the SA of CuO =
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Table 1. Comparison of the SA, Pore Volume, and Pore
Diameter of the CuO, Co;0,, and Co0;0,/CuO NSs

Sr. surface area pore volume pore diameter

no nanosheet (m*g™") (em® g") (A)
CuO 10.161 0.038126 75.0

2 Co0, 3.603 0.017922 99.5

3 Co;0,/Cu0O 50.026 0.201762 80.7

10.16 m*/g, Co;0, = 3.6 m*/g, and Co;0,/CuO = 50.03 m*/
g. Hence, the Co;0,/CuO NS has 4.9 times more SA than the
CuO NS and 13.97 times more SA than the Co;0, NS.

Application in Methanol Oxidation. Cyclic voltammo-
grams were examined by employing a three-electrode system
bipotentiostat (Pine Research Instruments). The GCE as the
working electrode, Ag/AgCl as the reference electrode, and a
graphitic rod as the counter electrode were utilized to carry out
all the electrochemical measurements. For the methanol
oxidation reaction (MOR), a 0—1 V versus Ag/AgCl potential
widow was selected. In the MOR study, a 5 mV s™! scan rate
was employed for every electrochemical measurement in the
GCE-modified CuO, Co;0,, and mixed Co0;0,/CuO electro-
des. The cyclic voltammetry (CV) run of the CuO, Co;0,, and
mixed Co;0,/CuONS electrodes in saturated N, and 0.5 M
methanol solution is shown in Figure 6a—c. The polarization
increase in the direction of the anode was taken from 0 to 1V,
and from there, the potential applied was changed to 1—0 V in
the direction of the cathode. The black curves of Figure 6a—c
indicate the absence of any characteristic peak in the potential
region of 0—1 V after N, purge and the absence of methanol
for CuO, Co;0,, and mixed Co;0,/CuO-modified GCE, thus
reflecting no MOR activity. After methanol addition (0.5 M),
the appearance of a well-intense anodic peak at 0.62 V and the
increase in density of current reflect that the CuO, Co;0,, and
mixed Co;0,/CuO electrocatalysts have a role in the oxidation
of methanol. Figure 7a shows a comparison of all the three
catalysts. The information obtained from Figure 7a conveys
that under similar conditions (0.5 M methanol and 1 M
KOH), the hybrid Co;0,/CuO NS has a corresponding
increase in density of current as well as an intense peak at 0.62
V. Hence, the hybrid C0;0,/CuO NS is more active among
the three catalysts, followed by Co;0,, with the least activity in
the case of the CuO electrocatalyst.

The mass activity of the mixed Co;0,/CuO NS produced at
0.627 V versus Ag/AgCl during methanol oxidation (0.5 M)
was 12 mA ¢!, which is 2.4 times better than that of Co;0,,
whose mass activity is S mA g”’, and 4 times better than that of

the CuO NS, whose mass activity is 3 mA g~'. The MOR
activity of CuO, Co;0,, and mixed Co0;0,/CuO was also
assessed at a 1 M concentration of methanol, and the same
trend was experienced as shown in Figures S6 and S7, and
mixed Co;0,/CuO showed better activity than the Co;0, and
CuO electrocatalysts here as well. All the three electrocatalysts
displayed higher mass activity and current density values as
compared to the results displayed in the 0.5 M methanol
concentration. The electrocatalytic performance (mass activity
and specific activity) of our electrocatalysts (the CuO NS,
Co;0, NS, and Co;0,/CuO NS) toward MOR with two
different concentrations (0.5 and 1 M) of methanol is given in
Table 2. Some extra CV measurements were carried out in
order to determine MOR rate dependency on methanol
concentrations. This was done by changing the methanol
concentration from 0.5 to 2.5 M under similar parameters (1
M KOH and S mV s7'). From Figure 7b, the increase in
density of current with methanol concentration increase can be
inferred. The current density values that were taken to study
the rate of the reaction were 7.70 mA/cm?* (at 0.62 V), 12.44
mA/cm? (at 0.76 V), 15.30 mA/cm? (at 0.86 V), and 19.74
mA/cm? (at 0.94 V), corresponding to 0.5, 1, 1.5, and 2.5 M
methanol concentrations, respectively. As shown in Figure 7c,
the slope apparently follows a linear trend with the slope equal
to 0.56. This indicates first-order dependency of the reaction
with methanol concentration. We also checked the stability of
our Co;0,/CuO NS using the chronoamperometry technique
(Figure 7d). The data current versus time was recorded at a
fixed potential of 0.6 V versus Ag/AgCl in 0.5 M methanol and
the 1 M KOH solvent. We find out that the catalyst is stable
for more than 12 h. However, we realize that there was a
decrease in current density with time. Post electrocatalytic
methanol oxidation, the sample was collected from the surface
of the GCE electrode, and SEM and TEM characterization
were done again. Figures S8 and S9 reveal that the Co;0,/
CuO NS has retained the morphology after methanol
oxidation, and this also gives confirmation of stability of the
C03;0,/CuO NS. The comparison of the Co;0,/CuO NS with
Pt/C-, copper-, and cobalt-based transition-metal oxide
electrocatalysts toward methanol electro-oxidation in alkaline
media is given in Table 3.

Application in CO, Conversion. CuO, Co;0,, and mixed
Co030,/CuO were applied for the electrocatalytic conversion of
carbon dioxide. A rotating ring-disc electrode (RRDE) was
employed to carry out all the experiments. CV scans were
studied in a potential window region of 0.8 to —1.2 V versus
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Figure 6. CV diagram showing mass activity of (a) CuO, (b) Co;0,, and (c) mixed Co;0,/CuO after N, purge (the black curve) and 0.5 M

methanol (the red curve).
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0.5 M methanol and the 1 M KOH solvent up to 12 h.

Table 2. Electrocatalytic Performance of Our Electrocatalysts (the CuO NS, Co;0, NS, and Co;0,/CuO NS) toward MOR
Activity in Alkaline Media with Two Different Concentrations (0.5 and 1 M) of Methanol

ST. no. catalyst electrolyte (M) at a fixed potential (V) vs Ag/AgCl scan rate mass activity mA g~ specific activity mA cm™>

1 CuO NS KOH: 1 0.627 S 3 1.2
CH,OH: 0.5

2 Co;0, NS KOH: 1 0.627 S S 1.5
CH,OH: 0.5

3 Co304/CuO NS KOH: 1 0.627 S 12 6.07
CH,OH: 0.5

4 CuO NS KOH: 1 0.77 S 4.7 2.9
CH;0H: 1

5 Co;0, NS KOH: 1 0.77 5 52 32
CH;O0H: 1

6 C0;0,/CuO NS KOH: 1 0.77 5 19.46 12
CH,OH: 1

Ag/AgCl. All the CV scans of the CuO-, Co;0,-, and hybrid
Co0;0,/CuO-modified GCEs were analyzed in 0.5 M KHCO,
at a constant scan rate of 25mV s~ (Figure 8). Figure 8a—c
represents the activity of the CuO, Co;0,, and mixed Co;0,/
CuO electrocatalysts after N, and CO, purge. Figure 8a—c
infers that the cathodic current dramatically increases in the
solution saturated with CO, after —0.9 V, in comparison to the
solution saturated with N,. Three redox peaks at —0.1 and 0.3
V in the forward direction and one redox peak at —0.7 V can
be seen in reverse scans. The peaks at potentials of —0.1 and
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—0.7 V versus Ag/AgCl are due to the reduction of Cu(II)
oxide (CuO) to Cu(I) oxide (Cu,O) or Cu(0), and the peak
at the potential of 0.3 V versus Ag/AgCl is due to the oxidation
of Cu,O to CuO. The information that is conveyed by these
results is that the electrons that come from the cathode are
utilized with high efficiency in the CO,-saturated solution. This
consumption of CO, results in a dramatic increase in density
of current in the potential region of —0.9 to —1 V. Figure 8d
shows the relative comparison of the CuO, Co;0,, and mixed
Co0;0,/CuO electrocatalysts at 25 mV/s toward CO,
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Table 3. Electrocatalytic Performance of Copper-Based Transition-Metal Oxide Electrocatalysts toward Methanol Electro-
Oxidation in Alkaline Media

ST.

no.

10.

11.

12.

13.

14.

1S.

16.

17

18

19

catalyst
Pt/C

Ni—Cu—P/C

Cu/P(2ADPA)/MCPE

platelike Cu particle

CuNW@RGO-GCE

Cu—CeO,/Cu

CoCu/CNF

Cu NP

RGO—NiCo,0,

meso-CoPi
meso-CoPi

rGO/CuNPs-PT/G

CoCu/CNF

CuCo,0,

CuO

Cu,O

Cu(OH),/Cu0

nanowires

Co;0,/CuO NS

Co;0,/Cu0O NS

method

chemical reduction

electroless deposition

polymerization/electrodeposition

Electrodeposition

Hydrothermal

Electrodeposition

electrospinning

electrodeposition

hydrothermal method

liquid crystal template
microwave

electropolymerization

electrospinning

hydrothermal

RF sputtering

RF sputtering

chemical oxidation

combustion method

combustion method

electrolyte
(M)
KOH: 1
CH;0H: 1
KOH: 0.1

CH;0OH:
0.5

NaOH: 0.2

CH,OH:
0.005

NaOH: 0.1

CH,OH:
01

NaOH: 01
CH,OH: 1
NaOH: 0.1

CH,OH:
0.8

KOH: 1
CH;0H: 2
NaOH: 0.5

CH;OH:
0.5

KOH: 1

CH;0H:
0.5

KOH: 1
CH,0H: 1
KOH:1
CH,OH: 1
NaOH: 0.1

CH,OH:
0.02

KOH: 1
CH;0H: 2
KOH: 1

CH;OH:
0.5

KOH: 1

CH;0H:
0.5

KOH: 1

CH;OH:
0.5

KOH: 1

CH;OH:
0.5

KOH: 1

CH;0H:
0.5

KOH: 1

CH,OH: 1

scan
rate

mass activity

mA g~'/ specific activity

potential range (V) mV/s mA cm™ refs
—0.8 to 0.3 V/Hg/HgO S -/40 30
0—1.2 V/Hg/HgO 10 -/9.5 31
—0.2 to 1.0 V Ag/AgCl 10 -/46 32
0-1.0 V/SCE 10 -/8.3 33
—02 to 1.2 V Ag/AgCl 50 /111 34
0-1.6 V/Ag/AgCl 30 -/6.8 3s
0—0.8 V/Ag/AgCl 50 -/18 36
—0.8 to 1.2 V/SCE 50 -/196 at 0.83 V 37
-/80 at 0.6 V
0—0.8 V/Ag/AgCl 50 -/4S 38
0.0—0.7 V/SCE 50 1512/225 39
0.2—0.7 V/SCE 50 846/126 40
—0.1 to 1.4 V/SCE 10 -/16 41
—0.2 to 1.0 V/Ag/AgCl 100 -/190 at 1V 42
-/75 at 0.6 V
0-0.6 V/SCE 10 27.6 Ag'/- 43
0-0.5 V/SCE 10 29.41 A g7'/10 44
0-0.5 V/SCE 10 381Ag'/61 44
0—0.6 V/SCE 10 5S AgTl/110 45
0—1V vs Ag/AgCl S 12/6.07 at 0.62 V this
work
0—1V vs Ag/AgCl S 19.46/12 at 0.77 V this
work

reduction activity. From Figure 8d, it can be inferred that the
C030,/CuO electrocatalyst shows better activity than the
CuO and Co30, electrocatalysts. The current density at —1.5
V jumps to —24 mA/cm? for Co;0,/CuO, which is more than
0.6 times the value for CuQ, which is —15 mA/cm?, and more
than 3 times the value for Co;0,, which is 8 mA/cm? For CO,
reduction, metallic Cu and Cu-based oxides and hydroxides are
considered as state-of-the-art catalysts in CO, reduction. Kenis
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and co-workers reported synthesis of the Cu(core)/CuO-
(shell) catalyst for electrocatalytic CO, reduction.** They
revealed that at the potential of —1.35 V versus Ag/AgCl, the
current density was 17.3 mA/cm® Our group also reported
Co/Cu hydroxide NPs on the carbon nitride surface for CO,
reduction into formate, and we observed the current density of
2.092 mA/cm? at a potential of —1.2 V.*” In this work, the
current density recorded at a potential of —1.35 V versus Ag/

https://dx.doi.org/10.1021/acs.langmuir.0c02554
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Figure 9. CV scans of CuO in 0.5 M KHCO; with the RRDE. (a) Electrolyte saturated with nitrogen and (b) electrolyte saturated with CO,. A
scan rate of 100 mV s™' and a rotation of 1500 rpm were carried out for both experiments.

AgCl is 13 mA/cm?® (Figure 8c), which is comparable to the
results reported with various Cu-based catalysts.

Detection of Products. The Co;0,-, CuO-, and mixed
C0;0,/CuO-modified GCEs are primary electrodes, and Pt
ring behaves as the secondary working electrode. The product
formed on the GCE (formate) is oxidized on the secondary
electrode. The role of the secondary electrode is to detect the
product formed on the glassy carbon disc (the primary
electrode). The catalyst amount in our case (0.17 g) is
extremely low, so the product formed is relatively low. The
product formed gets dissolved in the bulk of the electrolyte
phase. However, as the ring electrode is closer to the disc
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electrode, the probability of the product near the ring electrode
is very high compared to the bulk. The Pt ring electrode
oxidizes formate (the product formed on the ring) back into
CO, and thus authenticates the formation of formate from
CO, conversion on the disc electrode. The Pt electrode is an
excellent choice for the secondary electrode and has been
widely used to study oxidation potentials of various CO,
conversion products such as HCHO, CO, CH;OH,
HCOOH, and so forth. The convenient way to detect the
expected product is to monitor the scanning of the disc and
give the ring a known oxidation potential of the product.
Similarly, the disc is kept at the fixed CO, reduction potential

https://dx.doi.org/10.1021/acs.langmuir.0c02554
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Figure 10. CV scans of Co;0,/CuO in 0.5 M KHCOj, with the RRDE. (a) Electrolyte saturated with nitrogen and (b) electrolyte saturated with
CO,. A scan rate of 100 mV s™' and a rotation of 1500 rpm were carried out for both experiments.

(so as to get the maximum product), and the ring is scanned to
detect the product formed at the applied disc potential. The
Co;0, electrocatalyst was not used to detect the products
because of poor activity toward CO, reduction, as proved
above. However, CuO- and mixed Co;0,/CuO-modified GCE
electrodes were run in the potential window of 0 to —=1.2 V
versus the reversible hydrogen electrode (RHE), and the ring
electrode was given a potential of 0.9 V versus RHE, which is
considered as the formic acid oxidation potential on the Pt

ng.*****7* Rotating ring disc cyclic voltammetry curves
(RRCV) results are shown in Figure 9a,b in N,- and CO,-
saturated solutions with the CuO electrode. The information
that is inferred from Figure 9b conveys a dramatic increase in
density of current of both the ring and disc electrodes in
comparison to the N,-saturated solution (Figure 9a). A well-
intense peak at —0.9 V (Figure 9b) on the ring electrode
authenticates the formate formation. Similarly, RRCV results
are shown in Figure 10a and b with the C0;0,/CuO-modified
GCE after N, and CO, purge. Similar to the CuO electrode,
there was a dramatic increase in the density of current for the
disc as well as ring electrodes, but as compared to the CuO
electrode, the ring current density of Co;0,/CuO was far
more superior to that of CuO. Our results are in perfect
harmony with the existing results.*”*” Cu-based catalysts have
achieved admirable efficiency for CO, conversion and are
believed to be excellent catalysts for CO, reduction.'’
However, poor FE, low selectivity, and generation of hydrogen
as a competitive reaction for CO, reduction are some of the
shortcomings that the scientific community needs to focus on.
Similar to Cu, electrocatalysts of cobalt have also attained
satisfactory attention in CO, conversion.'”"? However, reports
have revealed that both Cu- and Co-based electrocatalysts have
been showing a drastic influence on CO, reduction activity and
selectivity as well.'”*" The better activity of the Co;0,/CuO
NS can be credited to the synergistic effect (mixing of crystal
planes) between the Co;0, and the CuO metal oxides, which
make the Co;0,/CuO NS different from its individual oxides.
The synergistic effect in the Co;0,/CuO NS makes it a better
candidate, resulting in an optimum adsorbate—substrate
interaction to facilitate the oxidation/reduction reactions.
The synergistic effect has an important role on the activity
and stability of our hybrid catalyst CO;0,/CuO NS. Besides
the synergistic effect, the high SA can be another reason for the
better activity and stability of the Co03;0,/CuO NS as
compared to the individual Co;0, and CuO metal oxides.
The comparison of the SA, pore volume, and pore diameter of
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the CuO, Co;0,, and Co0;0,/CuO NSs as given in Table 1
reveals that the SA of CuO = 10.16 m*/g, the SA of Co;0, =
3.6 mz/g, and the SA of Co;0,/CuO = 50.03 mz/g,
respectively. Hence, the C0;0,/CuO NS has 4.9 times more
SA than the CuO NS and 13.97 times more SA than the
Co30, NS. Therefore, we believe that both the synergistic
effect and the high surface-to-volume ratio may be the reasons
for the better performance of the hybrid material than Co;0,
or CuO at 100 mV s™' and a rotation of 1500 rpm. Zhu et al.
carried out a series of experiments. They gave fixed potential
values to the disc starting from —0.4 to —0.9 V while scanning
the ring in the potential window of 0—1.3 V.* Through these
experiments, they concluded that when the disc was given a
potential of —0.9 V, the intensity of the oxidation peak was
high in comparison to those when fixed potential values of
—0.4, —0.5, —0.6, —0.7, and —0.8 V were given. Their results
reveal that there is maximum conversion of CO, into formate
at the disc potential of —0.9 V and the oxidation potential of
formate on the ring is 0.9 V. We also repeated the procedure
done by the Zhu group with our catalyst Co;0,/CuO; we
scanned the ring in the potential window of 0—1.3 V and kept
the potential of the disc at —0.9 V (Figure 11). From the
figure, the peak at 0.9 V authenticates the formation of formate
on the surface of Co;0,/CuO. Even though there is ample
evidence that in our case CO, have been converted to formate.

Co,0,/Cu0
0.4 1

0.2 1
09V

0.0 1

Current density (mA/cm?)

-0.2 1

B e e S S B o S e e
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Figure 11. Ring electrode CV scan of Co;0,/CuO. A scan rate of
1500 rpm was taken.
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Figure 12. Transformation of CO, to HCOOH on the Co0;0,/CuO surface as a probable mechanism.

However, we can not exclude the formation of hydrogen. Both
CO, reduction and the hydrogen evolution reaction (HER)
are competitive reactions within the same potential region, so
production of hydrogen may not be completely excluded. The
reports have revealed that there is suppression of HER by 60%
when Cu is strained.”**’ In our case, we believe that there may
be strain in Co;0,/CuO, which helps in suppression of HER.
Figure 12 reveals a probable mechanism for CO, conversion
into formic acid on the Co;0,/CuO surface. Initially, the
molecules of CO, get adsorbed on the surface of Co;0,/CuO.
The flow of electrons from the GCE transforms CO, molecules
into the carbonate anion, and this carbonate anion in the
presense of electrons and protons is transformed into the
bicarbonate ion.’**®*’ Then, the conversion of the bicar-
bonate ion in an acidic medium results in the formation of
formic acid, which desorbs from the surface of Co;0,/CuO.
The efliciency of the Co03;0,/CuO NS toward methanol
oxidation and carbon dioxide reduction can be due to the
presence of abundant active sites on edges of the NS, active
sites caused due to surface defects and the micropores present
in the Co;0,/CuO NS. According to Sun et al, sites of atoms
at edges of the NS possess unsaturated coordination as well as
dangling bonds which decrease the activation energy barrier as
well as tend to stabilize the reaction intermediates.’
Therefore, these edge atoms of NSs which are more exposed
to reactant molecules behave as active sites. In addition to this,
there are surface defects along the micropores present in NSs
that promote the diffusion of reactants and facilitate the
formation of products; the atoms present in these micropores
are also less coordinated and more exposed to reactants, and
hence, these are also considered as active sites. The Co;0,/
CuO NS is high in SA with the porous nature of the surface,
and these micropores including the surface defects and edges
of the NS may be the active sites in the hybrid Co;0,/CuO
NS. In addition to this, CuO and Co;0, interfaces
(intercalation of crystal planes) probably are also rich sources
of active sites and can be the reason for the better activity of
the Co;0,/CuO NS.
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