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Electrochemical reduction of carbon dioxide (CO;) was performed on zinc-deposited copper (Cu/Zn) electrodes, and the faradaic
efficiency of this system toward methane, ethane, and hydrogen was evaluated. Hierarchically structured Zn was electrodeposited on a
Cu substrate under constant voltage in a varying bath concentration of Zn to yield low- and high-concentration deposits, represented as
Cu/Zn-A and Cu/Zn-B, respectively. The prepared materials were characterized by X-ray diffraction, scanning electron microscopy,
and X-ray photoelectron spectroscopy. The reduction of CO, was performed with the Cu/Zn electrodes in an H-type cell, and the
results obtained were compared with those from bare Cu and Zn electrodes, revealing that a high deposit of Zn on Cu (Cu/Zn-B)
shows greater conversion efficiency than does a low Zn deposit (Cu/Zn-A) and the maximum faradaic efficiency of methane follows
the order Cu/Zn-B (52%) > Cu (23%) > Zn (7%). Moreover, the efficiency of hydrogen formation is suppressed on Cu/Zn-B (8%)
compared to bare Cu (68%) in the potential range studied. The results suggest that depositing Zn on Cu favors a protonation reaction,
which results in higher C; product formation on a Cu/Zn-B electrode.
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Carbon dioxide (CO,) emissions contribute significantly to chal-
lenging environmental problems.! CO, is an abundant, nontoxic, sta-
ble, nonflammable, and easily obtained carbon source. Substantial
research is being carried out on its potential in synthesizing specialty
chemicals and raw materials,>> and several authors have reviewed
ways to use CO, efficiently.**

Electrochemical method is an attractive route for the conversion of
CO, to useful products at ambient conditions, and the identification
of a low-cost electrocatalyst with high selectivity is a central research
focus. Copper (Cu), a medium hydrogen overvoltage metal, is one
of the cost-effective electrocatalysts studied widely in various forms,
such as unmodified bare Cu,”® Cu nanofoams,” Cu nanowires,'? and
Cu mesocrystals,'" while modifications such as oxidation,'>!? ultra-
sonic treating,'* plasma activation,'® depositing Cu on Cu,*!%!7 and
the formation of bimetallic Sn-Cu,'® Ni-Cu,' Pd-Cu,?° and Au-Cu?'
aim to activate and reduce CO,. These electrocatalysts assist in multi-
electron transfer to yield CO (2e™), methanol (6e™), methane (8e™),
and ethane (14e™) based on the number of electrons transferred during
the reduction,?? which can be generally represented by Equation 1:

CO,+H,0 + energy — CH,O, + zO, [1]

Many authors have studied the theoretical and experimental evi-
dence influencing the effects of surface morphology on the selectivity
of Cu”*?-26 with the broad aim of achieving a stable and selective
electrode. Thermodynamically, formation of methane and ethylene
should occur at a lower cathodic potential than hydrogen on copper
electrodes; however, kinetically, this is not the case.” Hence, apart
from Cu-based electrocatalysts, other medium hydrogen overvoltage
metals like Zn, Au, and Ag have also been explored for the reduction
of C()2 .24,27—29

In general, product selectivity depends on parameters like the na-
ture of the electrode, electrolyte, pH, and potential applied.>° The sup-
porting electrolyte influences the solubility and modes of adsorption
of intermediates during CO, reduction. Aqueous®?' and nonaqueous
electrolytes®? have been examined with Cu-based cathode, and halide
electrolytes have been commonly reported to show promising results
toward CO, reduction via suppression of the adsorption of protons
and mitigation of the overpotential of the reduction.’*3!

Zn, an amphoteric metal, is available in abundance and is cheaper
than Cu. It is one among several metals that have been screened
for CO, reduction in aqueous (bicarbonate) and nonaqueous elec-
trolytes, with lower hydrogen evolution having been reported (<40%)

*Electrochemical Society Member.
“E-mail: raghuc @iitm.ac.in

in several studies.”*** In the recent times, hierarchically structured
electrodes have attracted much attention for CO, conversion due to
their high catalytic surface area and unique properties compared to
their polycrystalline counterparts, for example Rosen et al.>* reported
nanostructured dendritic Zn catalyst capable of reducing CO, to CO
in aqueous bicarbonate electrolyte over an order of magnitude higher
than the bulk Zn counterpart, with 3 times higher faradaic efficiency
for CO.

Normally, hydrogen evolution occurs more slowly on Zn electrode
than on Cu electrode,** hence, one approach to enhance the electro-
catalytic activity of Cu electrode toward CO, reduction is to form
bimetallic Cu-Zn catalyst. Katah et al.*> studied the catalytic activity
of electrodeposited Cu-Zn alloys on gold substrate for CO, reduc-
tion in aqueous bicarbonate solution at 2°C and reported one order of
magnitude higher efficiency for CO on Cu-Zn alloy than that for pure
Cu or pure Zn. Andrews et al.* reported the electrochemical reduc-
tion of CO, in aqueous bicarbonate electrolyte using Cu nanoclusters
on single crystal (1010) ZnO electrode, hydrogen evolution occurred
with a faradaic efficiency of 45% on Cu/ZnO compared to 54% on
Cu electrode. While the faradaic efficiencies of other products were
similar for both the electrodes, the selectivity improved by an order
of magnitude for the Cu/ZnO electrode.

The choice of the alloying metal and electrodeposition conditions
influence the structure and properties of the resultant Cu-based elec-
trode, which in turn affect their electrocatalytic activity and product
selectivity toward CO, reduction.’>** Although few studies have been
devoted to develop bimetallic Cu-Zn catalyst toward CO, reduction,
no explicit study on the deposition of hierarchical Zn structures on Cu
substrate, toward the electroactivity of CO, reduction have been re-
ported. In this study, hierarchically structured Zn electrocatalyst on Cu
electrode was synthesized using a simple electrodeposition method.
The bath concentration of Zn was varied during electrodeposition to
yield Cu/Zn-A (a low-concentration deposit of Zn on Cu) and Cu/Zn-
B (a high-concentration deposit of Zn on Cu). The electrochemical
reduction of CO, on a Zn-deposited Cu substrate was carried out, and
the performance of the electrocatalyst was compared in terms of its
faradaic efficiency and partial current density with pure Zn and Cu
electrodes.

Experimental

Preparation and characterization of Zn on Cu.—A commercially
available Zn sheet (Alfa Aesar) was polished with emery paper (220
grade) to remove surface oxide and was then degreased with acetone
and washed with distilled water. A constant voltage was employed to
deposit the Zn at —0.3 V vs. platinum (Pt) for 15 minutes in a three-
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electrode setup containing pretreated Cu as the working electrode, Zn
as the counter electrode, and platinum (Pt) as the reference electrode.’’
The Cu electrode was polished with emery paper (220 grade) and
treated in 1 M H,SO, and 1 M H;PO, for 10 to15 minutes'” to remove
surface impurities. Then the electrode was degreased with acetone,
washed with distilled water, and dried in a nitrogen atmosphere.

An aqueous solution of sodium zincate was used as an electrolytic
bath. Two different electrolytic bath concentrations were chosen for Zn
deposition, and these were henceforth designated Cu/Zn-A for 0.6 M
sodium zincate and Cu/Zn-B for 6 M sodium zincate. Deposition was
repeated for uniformity and was characterized via scanning electron
microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelec-
tron spectroscopy (XPS). The XRD patterns of the bare and deposited
electrodes were obtained with an X-ray diffractometer (PANalytical
X’Pert PRO) using Cu K, radiation at 45 kV and 20 mA. The scan rate
was 0.04°min~! in the range 26 = 10°-90°. Images of the deposited
electrodes were obtained with a Hitachi S4800 FESEM equipped with
an energy-dispersive analytical system (Horiba EDX). XPS measure-
ments were carried out in an ultrahigh vacuum setup equipped with
a Gamma data- Scienta SES 2002 analyzer. A monochromatic Al K,
(a 1486.6 eV anode operating at 14 kV and 55 mA) X-ray source was
used as incident radiation. Binding energies were calibrated using the
Cls peak of graphite at 284.5 eV as a reference.

Electroreduction of CO,.—All electrochemical experiments were
carried out in an H-type cell separated by a glass frit. Ag/AgCl (3.5
M saturated KCl) and Pt foil were used as reference and counter elec-
trodes, respectively. In the results, potential is expressed with respect
to a normal hydrogen electrode (NHE) unless otherwise specified,
where V vs. NHE = V vs. Ag/AgCI + 0.197. All experiments were
carried out at room temperature (23 £ 1°C). A solution of 0.5 M KC1
(Merck) prepared in Milli-Q water (p18.2 M2 - cm) was used as an
electrolyte. Electrochemical measurements were performed using an
EC Epsilon potentiostat in the electrolyte saturated with CO,.

The pH of the solution was measured using a pH/ion meter (Eutech
Instruments). Cyclic voltammetry measurements were carried out in
an N, saturated solution (blank) and compared with those carried out in
a CO, saturated solution. Potential was scanned between O V and—1.2
V vs. NHE and was reported at a sweep rate of 10 mV s~!. The faradaic
efficiency of the products obtained was calculated from the ratio of
the mass of the substance actually liberated via electrolysis to the
mass of the substance obtained as per Faraday’s law as represented by
Equations 2, 3, and 4°%, and partial current density was calculated by
the product of faradaic efficiency and current density,

Q; = n,FGV [2]
Q= jiAt [3]
. . Qi
Faradaic efficiency = Q x 100% [4]
t

where Q; is the theoretical charge based on the product yield, O, is the
actual charge measured, F is the faradaic constant (96,485 C mol "), ;
is the number of electrons involved in the reaction, C; is the observed
concentration (mol m™3), V is the volume of the reaction cell (ml), j;
is the current density (A m~2), A is the electrode area (m?), and ¢ is
the time interval (s).

Product analysis.—Gaseous products obtained during the elec-
troreduction were analyzed at regular intervals manually via gas chro-
matography using a PerkinElmer Clarus 800 equipped with a Po-
raPLOT Q column and a molecular sieve column. FID and TCD de-
tectors were used to analyze hydrocarbons and hydrogen, respectively,
with N, as a carrier gas. The liquid phase products were analyzed via
gas chromatography, high-performance liquid chromatography us-
ing a Chromatopak C-18 column with a UV detector, and titrimetric
analysis. No significant liquid products were observed. Hence, only
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Figure 1. X-ray diffraction patterns: (a) bare Cu, (b) bare Zn, (c) Zn deposited
at 0.6 M bath concentration for 15 min (Cu/Zn-A), (d) Zn deposited at 6 M
bath concentration for 15 min (Cu/Zn-B) where * and o corresponds to Cu-Zn
solid solution and CuZn; cubic structure, respectively.

gaseous products were accounted for, as any liquid phase products
were considered below the detectable limit. In this study, the products
are expressed in millimoles/micromoles per unit of geometric area
(1cm?) of the electrode and by faradaic efficiency.

Results and Discussion

Catalyst characterization.—The thickness of the electrodeposited
Zn was calculated using Equation 5,7

M, I xt 5
nFAD/(X) 151

where M,, is the molecular weight of the sample, n is the number of
electrons involved in the deposition, F is Faraday’s constant (96,485
C mol™"), A is the surface area of the deposited electrode (1 cm?), and
D is the density of the Zn metal (7.1 g cm™3).

The weight of the deposit was calculated by measuring the differ-
ence in the weight of the Cu sheet before and after the deposition. The
thickness and weight of the Cu/Zn-A electrode were found to be 11
pm and 0.01 mg, respectively, whereas the thickness and weight of the
Cu/Zn-B electrode were found to be 28 wm and 0.1 mg, respectively.

The samples were examined by X-ray diffraction, and Fig. 1 shows
the XRD patterns of Cu, Zn, and electrodeposited Cu/Zn. Figs. la
and 1b correspond to bare Cu and bare Zn in accordance with their
reported diffraction peaks (Cu: JCPDS 04-0836, Zn: JCPDS 00-004-
0831). The electrodeposited Cu/Zn-A and Cu/Zn-B catalysts showed
similar XRD patterns, with major reflections around 42.7°, 49.8°, and
73.4°, which can be ascribed to fcc Cu-Zn solid solution,® while the
minor reflections around 36.2°, 38.6° and 77.3° can be attributed to
cubic CuZn,.»

Scanning electron microscopic images of electrodeposited Zn on
Cu and bare Zn are shown in Fig. 2, and a representative EDX plot
for Cu/Zn-A is shown in Fig. 3. Fig. 2a corresponds to bare Zn, and
Fig. 2b corresponds to Zn deposited from a 0.6 M sodium zincate
solution (Cu/Zn-A), showing uniform hexagonal Zn structures with
growing whisker-like crystals oriented perpendicular to the substrate.
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Figure 2. Scanning electron micrographs: (a) bare Zn, (b) Zn deposited from
0.6 M sodium zincate bath solution (Cu/Zn-A), and (c) Zn deposited from 6 M
sodium zincate bath solution (Cu/Zn-B). Deposition time: 15 min. Deposition
potential: —0.3 V.

Then, as the concentration is increased to 6 M, an intercalated hexag-
onal cubic Zn structure is observed to have been deposited on the Cu
electrode (Cu/Zn-B) (Fig. 2¢). Moreover, the fully grown cubes rear-
range as dendritic structures. Thus, hierarchical structures of dendrites
grow on the surface because of the effects of the bath concentration,
which appear porous, offers a higher surface area and alters the crys-
tallographic orientation and crystallinity of the metal deposit.® The
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Figure 4. XPS survey spectra: (a) Cu/Zn-B, (b) Cu/Zn-A and (c) bare Zn
electrode.

deposited electrodes, when characterized by EDX, revealed the pres-
ence of Cu, Zn, and O on the surface (Fig. 3).

The surface chemical species of Zn electrodeposited on the Cu
electrode were analyzed via XPS. The overall survey spectra and
regional Ols spectra of the samples are shown in Fig. 4 and Fig.
5. The elemental composition calculated from the regional spectra
showed a high carbon content resulting from carbonaceous species
found on the substrate probably after exposure to air,*’ and the absence
of characteristic Cu peaks in the survey spectra was possibly due to a
thicker Zn deposit on the Cu electrode.

The Ols region was deconvoluted into three peaks around 530.1,
531.2, and 532.5 eV as shown in Fig. 5. The peak at 530.1 £ 0.5 eV
can be attributed to chemisorbed oxygen, whereas the peaks at 531.2+
0.5 eV and 532.5 &+ 0.5 eV can be attributed to adsorbed hydroxyl
(OH) species and surface oxygen on the samples, respectively.*! The
area of the oxide peak at 530.1 & 0.5 eV (Fig. 5) varies in the ratio of
2:1 for Cu/Zn-B and Cu/Zn-A.

Cyclic voltammetry of Zn and Zn-modified electrodes.—The
cyclic voltammogram (CV) of the Zn electrode in the 0.5 M KCl
supporting electrolyte is shown in Fig. 6, where the dotted line corre-
sponds to the CV of the N, saturated solution (pH 6.1) and the solid
line corresponds to the CO, saturated solution (pH 4.9). The shift in

Figure 3. A representative EDX spectra of Cu/Zn-A.
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Figure 5. Individual Ols spectra: (a) Cu/Zn-B, (b) Cu/Zn-A, and (c) bare Zn
electrode.

the onset of the reduction of Zn in the N, saturated (—0.64 V) and
CO, saturated solutions (—0.74 V) could be due to a corresponding
change in system pH from 6.1 to 4.9 during CO, purging.?® An in-
creased current density of 10 mA cm~2 was observed at —0.97 V
for the CO, saturated solution compared to the N, saturated solution,
which indicates a catalytic interaction between CO, and halide ions
as well as an accelerated electron transfer to CO, and its subsequent
reduction.*

Fig. 7 shows a representative plot of the voltammetric behavior
of the deposited Cu/Zn-B electrode in a N, saturated solution (dotted
line) and a CO, saturated solution (solid line). The onset of the CO,
saturated solution occurred at —0.84 V compared to —0.9 V for the
N, saturated solution. An increased current density of 2.5 mA cm™2
at —1.2 V for the CO, saturated solution in comparison to the N,
saturated solution is analogous to the behavior of the Zn electrode
discussed above in Fig. 6.

Reaction studies.—Electrolysis was carried out with a KCl elec-
trolyte in an H-type cell by varying the electrode potential, and prod-
uct formation was monitored over four hours. To evaluate the prod-
ucts formed during CO, reduction, a time-dependent study of Zn/Cu
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Figure 6. Cyclic voltammogram of Zn electrode in 0.5 M KCl at scan rate
of 10 mV s (a) Nj saturated solution (dotted line) and (b) CO, saturated
solution (solid line).

= —(a)
—(b)

-2

u—y
N
1

(=]
1

Current density / mAcm
e T
$
t
\

1
-
1

1.2 -0.8 -0.4 0.0 0.4
Potential / V vs.NHE

Figure 7. Cyclic voltammogram of Cu/Zn-B in 0.5 M KCl at scan rate of 10
mV s! (a) N, saturated solution (dotted line) and (b) CO, saturated solution
(solid line).

electrodes was carried out when no detectable products other than
methane, ethane, and hydrogen were observed when analyzed by gas
chromatography—mass spectrometry. Fig. 8a represents the products
formed on the Cu/Zn-A electrode, and Fig. 8b represents the products
formed on the Cu/Zn-B electrode at a potential of —1.4 V vs. NHE.
An average methane formation of 59.4 jumol cm™2, ethane formation
of 18.7 pmol cm™2, and hydrogen formation of 22.7 mmol cm~2 was
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Figure 8. Effect of electrolysis time on the products formed during CO;
reduction in KCI electrolyte on electrodeposited Cu electrodes at —1.4 V in
(a) Cu/Zn-A and (b) Cu/Zn-B.
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Figure 9. Comparison of faradaic efficiency vs. potential for the products
formed during CO; reduction on Cu/Zn-A and Cu/Zn-B electrodes in 0.5 M
KCL

obtained on the Cu/Zn-A electrodes, while an average methane for-
mation of 79.6 wmol cm™2, ethane formation of 97.3 wmol cm~2, and
hydrogen formation of 13.2 mmol cm™2 was obtained from the Cu/Zn-
B electrodes. This demonstrates that Cu/Zn-B yields more methane
(79.6 wmol cm™2) and ethane (97.3 wmol cm~2) when compared at
a particular potential. Hence, the variation of products over a range
of potentials was studied to determine the effect of potential and the
overall activity of the electrode.

The potential of the working electrode was therefore varied from
—0.7 V to —1.8 V vs. NHE, and its faradaic efficiency was eval-
uated. Fig. 9 shows a comparative analysis of the product formed
on the Cu/Zn-B and Cu/Zn-A electrodes as a function of potential.
A maximum methane formation of 52%, ethane formation of 24%,
and H, formation of 8.7% was observed at a potential of —1.6 V on
the Cu/Zn-B electrode, whereas the Cu/Zn-A electrode showed lower
hydrocarbon formation and higher hydrogen evolution. The behavior
with respect to hydrocarbon formation can be attributed to the Cu
electrode,” whereas the behavior with respect to hydrogen formation
can be compared to that of the Zn electrode.””** Hence, in further
studies, we limited our discussion only to hierarchical dendritic struc-
ture of Cu/Zn-B, and the results were compared with those of bare Cu
and Zn electrodes.

Fig. 10 shows a comparison plot of the faradaic efficiency (FE)
of the products formed versus the potential on Cu/Zn-B, Cu, and
Zn electrodes. The faradaic efficiency of methane (Fig. 10a) on the
Cu/Zn-B electrode was found to be higher (average efficiency of 50%)
than on the Cu and Zn electrodes. For example, at a potential of —1.6
V, the faradaic efficiency of Cu/Zn-B was 52% compared to that of Cu
(4%) and Zn (1%). Hence, we have found that dendritic Zn deposited
on the Cu electrode enhanced the selectivity of the C, product. Ethane
formation was negligible on the Cu and Cu/Zn-B electrodes until —1.2
V. With a further increase in potential, ethane formation increased,
giving maximum faradaic efficiencies of 38% and 16% at —1.6 V for
Cu and Cu/Zn-B, respectively, as shown in Fig. 10b. On the other
hand, the Zn electrode did not favor ethane formation throughout the
potential range studied. Similarly, as depicted in Fig. 10c, the faradaic
efficiency for hydrogen was higher on the Cu electrode than on the
7Zn and Cu/Zn-B electrodes. At —1.4 V, Cu electrode evolved 53%
hydrogen than compared to 3% on Cu/Zn-B and 18% on Zn. The
total faradaic efficiency less than 100% signifies the possibility of
unidentified products in the reaction.

Copper is probably the best-known metal catalyst for electrochem-
ically converting CO, into hydrocarbons. However, the competing
reactions limit the yield of single product, and the catalyst stability
is attributed to surface blocking by intermediates of the reduction
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Figure 10. Plot of faradaic efficiency (FE) vs. potential for (a) methane, (b)
ethane, and (c) hydrogen on Cu/Zn-B (V¥), Cu (e) and Zn (M) electrode in 0.5
M KCl electrolyte.

process.” Reduction of CO, occurs effectively in aqueous solution
also on metal electrodes such Zn, which has rather high overpotential
for hydrogen evolution.>® Nevertheless, in the literature, information
about Zn electrodes for CO, reduction is not as general as in the case
of Cu.

Surface modification by electrodeposition can result in porous Cu-
Zn electrodes®’ and produce active sites different from those of a
polycrystalline metal.** Moreover, the synergism between Cu and Zn
sites in Cu/Zn catalysts for methanol synthesis is well known,* where
addition of Zn minimizes the surface energy and prevents the oxidation
of metallic Cu.*® In the present work, the deposition of hierarchically
structured Zn which is porous in nature on the Cu electrode could
allow CO, to diffuse through to the Cu/Zn interface for the reduction,
and sustain high catalytic activity because of the large electrode area
of the hierarchical structure slowing down the surface poisoning. Cu
catalyzes the reduction of CO,, and the presence of porous hierarchical
Zn lower the hydrogen evolution. In such an arrangement, product
selectivity could be enhanced with the synergism and active sites of
Cu-Zn interface, which favors C1 formation at lower potential rather
than forming C-C bond which needs higher potential. Nevertheless,
the combined effect of deposition of Zn on Cu electrode for CO,
reduction needs further mechanistic insights.
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Figure 11. Partial current density vs. potential for (a) methane and (b) hydro-
gen formed during CO, reduction on Cu/Zn-B (V,V), bare Cu (e, o) and bare
Zn (A.0) electrodes in 0.5 M KCl electrolyte.
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Fig. 11 shows the partial current density plots for methane and
hydrogen obtained during CO, reduction on the Cu, Zn, and Cu/Zn-
B electrodes. Partial current density helps in assessing the reaction
rate*’ and is given by the product of individual current density and
faradaic efficiency. No significant change in the current density was
observed until —1.2 V, whereas at potentials above —1.2 V Cu/Zn-B
exhibited a higher current density for methane with lower hydrogen
evolution. At a potential of —1.6 V, a higher current density for the
Cu/Zn-B electrode (0.70 mA cm~2) was observed, which ensured
higher methane formation compared to the Cu (0.14 mA cm~2) and
Zn (0.01 mA cm™?) electrodes. Similarly, lower hydrogen evolution
(0.19 mA cm™2) on the Cu/Zn-B electrode ensured less formation of
byproducts during the reduction. Thus, dendritic Zn deposited on Cu
electrode results in varied current density, which results in selective
hydrocarbon formation.

Cu is known for its hydrogenating property, while Zn is known
for lower hydrogen evolution.?> Hence, the deposition of Zn on Cu
was attempted, and the resulting Cu/Zn-B exhibited Cu characteristics
through favoring the addition of protons to form methane (faradaic
efficiency 52%) and Zn characteristics through lower hydrogen evo-
lution (faradaic efficiency 8%).

Conclusions

The electrochemical reduction of CO, was studied on a Zn-
deposited Cu electrode, and its faradaic efficiency was compared to
that of bare Cu and Zn electrodes. Cu catalyzes the reduction of CO,,
and the presence of porous and hierarchically structured Zn lower the
hydrogen evolution. In such an arrangement, the product selectivity
could be enhanced with the synergism and active sites of Cu-Zn inter-
face favoring C1 formation. Time-dependent and potential-dependent
studies of Cu/Zn-B showed higher methane formation and lower hy-
drogen evolution. Moreover, the faradaic efficiency of methane was
enhanced on the Cu/Zn-B (52%) electrode compared to the bare Cu
(23%) electrode. The efficiency of hydrogen on the Cu/Zn-B elec-
trode was significantly reduced compared to that on the Cu electrode.
These results suggest that methane is the desired product on Cu/Zn-B,
as deposition of Zn on Cu lowers hydrogen evolution.
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