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ARTICLE INFO ABSTRACT

Keywords: Electrochemical conversion of carbon dioxide to value added multi-carbon products is of great importance and a

CO, reductiﬂﬂ_ promising approach to mitigate greenhouse gases. In this work, we report the fabrication of electrodes by

Elethocat?‘iYSIS depositing Cu over the metallic foils of Cu and Zn, which show high faradic efficiency for the conversion of CO4
ormic acl

to formic acid, acetate, and methanol. The morphology, phase and oxidation state of the Cu were different on the
two foils while maintaining the same synthesis steps. The Cu particles embedded on Cu foil (Cu/Cu-foil) are in 3D
cuboids form with flat and smooth faces, whereas Cu on Zn foil (Cu/Zn-foil) emerge in the shape of 3D flowers
with the club of Cu microspikes grown perpendicularly from a root. For the electrocatalytic conversion of COo,
the Cu/Cu-foil shows a high selectivity for formic acid and ethyl acetate with the highest faradaic efficiency of 78
% at —0.3 V vs RHE, and 64 % at —1.0 V (vs RHE) for the two products, respectively. In contrast, the Cu/Zn-foil
displays a high selectivity towards methanol, with the highest faradaic efficiency of 48 % at —1.0 V vs RHE,
indicating that the product selectivity can be easily modulated by changing the metallic foil on which the Cu
particles are deposited. Both the electrodes, Cu/Cu-foil and Cu/Zn-foil, show long-term stable performance while

Shape-controlled synthesis

maintaining the selectivity of the products during CO electrocatalytic conversion.

1. Introduction

Currently, fossil fuels meet ~ 80 % of total energy requirement for
human beings owing to a higher current density than other energy
systems that has adversely affected the environment by increasing the
CO4 emissions resulting in severe environmental challenges, as CO; is
considered to be one of the major contributors to global warming [1-4].
On the other hand, COs is also an essential material for the growth of
vegetation and many industrial processes. In order to maintain the
ecosystem stability, in an ideal scenario, the total release of CO; in the
environment from all the sources should be balanced with the amount
being consumed. Considering the worldwide total energy consumption
trends, it is challenging to stop using fossil fuels until developing and
adopting environmentally clean energy systems. Another possible
approach is to capture and sequestrate COy geologically or to convert
CO; into useful chemicals such as low-carbon fuels and commodity
compounds. Simultaneous efforts are underway in both the directions,
as green energy technologies based on environmentally friendly energy
resource such as solar, wind, tidal and biomass energies are growing
rapidly; whereas many research groups are attempting to convert the
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atmospheric CO5 into useful chemicals such as formaldehyde, formic
acid, alcohols, methane, and CO via thermal, photo- or electro-catalytic
routes [5-11].

CO3 molecules are fully oxidized and thermodynamically stable and
its conversion to reduced carbon species through electrolysis in aqueous
medium is challenging due to the poor kinetics [12-14]. The conversion
of CO; into value added chemicals using different approaches such as
photochemical, thermochemical and electrochemical methods is yet to
commercialize [15,16]. Out of these methods, more attention was paid
in the development of electrochemical mode of CO, conversion owing to
the attractive features and advantageous when compared to other
methods [17,18]. The electrochemical CO; reduction offers the oppor-
tunity to conduct the reaction at ambient condition and tune the rate of
reaction through the external bias i.e. overpotential. Moreover, the
electrocatalyst selectively produce the desired products and suppress the
undesired side reaction to improve the efficiency of the system for the
production of value-added products from CO; as fuel source. The ma-
jority of existing electrocatalysts fall under the category of mono-
metallics, bimetallics, non-metallics, ion modified-metallics and
molecular catalysts that provides wide opportunities for CO;
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electroreduction [16,19-23]. Based on the product formed during CO5
reduction the electrocatalyst can be categorized as; hydrogen selective
(e.g., Pt, Fe, Ni), formate selective (e.g., Sn, In, Pb) and CO selective (e.
g., Ag, Au, Zn) [24-32]. Copper based catalysts, on the other hand, have
shown the potential to synthesize a wide variety of value added chem-
icals including CO, ethylene, formate, methane, alcohols, and acetate
simultaneously; though with varying selectivity [16,33,34]. However,
copper catalysts are also reported to be highly vulnerable to poisoning
and deactivate quickly, in many cases in less than an hour [35,36]. To
overcome this challenge, many research groups are now focusing on the
strengthening structural properties to enhance the selectivity and sta-
bility of the Cu based catalysts. Metal-organic framework (MOF) are
another class of crystalline materials with uniform pores and regular
frame structure made up by coordinating bridging organic ligands with
metal centers that exhibit promising ability for electrocatalytic COy
reduction. MOF exhibits excellent physio-chemical properties such as
excellent conductivity, high surface area, improved pore size, control-
lable morphology and tunability, more accessible active sites that en-
hances the CO, conversion. Monoatomic dispersion achieved through
the metal-ligand periodic interval in MOF promotes the adsorption and
allows to have more accessible active sites in MOF. To date, CO, elec-
troreduction has been reported to be catalyzed by various MOF derived
pristine materials, MOF on supports, MOF encapsulated with metal/-
metal oxide particles, and MOF derived single atom catalysts. Zhao et al.
conducted an extensive review of utilizing MOF based materials as
effective approach for electrochemical CO; reduction reaction [37]. In
recent years, researchers put great effort on developing a new classifi-
cation of 2D transition metal nitride/carbide materials named as MXene
that can be developed via etching of MAX phase where M is the tran-
sition metal phase, A be the main group sp element and X be C or N
atoms [38]. The catalytic active sites of MXene originate from the
enormous metallic atoms containing empty p-orbitals that enhances the
gas adsorption and the intrinsic properties of metal that enhances the
electron transfer. Li and co-workers provided a theoretical analysis on
using MXene M3C, materials for the electrochemical conversion of COy
to CHy4. The DFT analysis shows a better understanding of the active sites
and the expected pathway of CH4 formation over MXene catalyst [39].

In this work, our objective is to develop self-supported copper elec-
trocatalysts directly grown on rigid materials like metallic foils without
any binders or additives. The self-supported electrocatalyst possesses
large electrochemical active surface area with easy electrolyte pene-
tration that enable facile access of reactants to active sites. A 3D porous
architecture allows an effective charge transfer between the electro-
active species and the substrate. The direct growth of the active material
on the metal foils avoid the weak contact between the particle and
support and offers a strong adhesion of particle and the support to
prevent the falling off of the active material from the substrate resulting
in an enhancement in the stability of the electrode. Moreover, these self-
standing materials improve the electrochemical properties of the cata-
lyst through the tailoring of the morphology and tuning the active phase
of the materials on the support. These designs with high activity and
stability are very much suitable for large-scale applications that can
pave a way to commercialization. Moreover, in this work we studied the
effect of metal support on CO conversion to find how the support affects
the selectivity of the product molecules.

2. Synthesis procedure

All the chemicals and materials were purchased from commercial
companies and used without any further treatments. Before synthesizing
the particles, the bare Cu and Zn foils were washed by sonicating them in
acetone, ethanol, and DI water respectively for 30 min; and dried at 70 °
C for 3 h. In a typical process, 1 mmol copper nitrate Cu(NOg3)2-3H20, 2
mmol urea (CO(NHy)2) are added to a given amount (75 mL) of distilled
water and dispersed to form a homogeneous solution by constant stir-
ring. Thereafter a 3 mL of 0.1 M NaOH was added dropwise, and the
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solution was continuously stirred for another 15 min. After putting a
piece of cleaned copper foil, the solution was then transferred into a
Teflon-lined stainless steel autoclave reactor. The autoclave was sealed
and maintained at 120 °C for 15 h, thereafter it was removed from the
furnace to cool down the temperature. Once the reactor the reactor is
cool enough, the product was collected, washed, dried at 60 °C for 2 h to
remove the excess residuals from the surface. It was further dried at 60 °
C for 3 h in open air to remove the water content. Fig. 1 shows the
schematic representation of the hydrothermal synthesis process for the
synthesis of Cu/Cu-foil and the real images of the bare Cu foil and the Cu
foil loaded with Cu nanoparticles are shown in Fig. S1”. The procedure
for Cu/Zn-foil is similar as above, except Zn foil was as a support to
deposit the Cu microparticles.

3. Material characterization

The crystallinity of the particles was measured using PANalytical
Empyrean XRD unit with a scan range of 10-90 ° at 0.154 nm wave-
length of Cu-Ka radiation source. Nova Nano 450 FEI scanning electron
microscope (SEM) coupled with the EDX unit within the magnification
of 200 kx was used to identify the morphology of the particle synthe-
sized. X-ray photoelectron spectroscopy, XPS, Kratos AXIS Ultra DLD
was used to identify the oxidation state, bonding configuration, and
chemical composition of the synthesized particles on the surface.

4. Electrochemical measurement

Zahner electrochemical workstation along with a customized three
cell electrode system with 0.1 M KHCOj5 electrolyte was used to evaluate
the electrochemical CO5 conversion of the catalysts. Particle deposited
metal foil (Cu/M-foil, M = Cu, Zn) were used as the working electrode,
Ag/AgCl (4 M KCl) as the reference electrode and a carbon cloth was
used as the counter electrode. The working electrode was electro-
chemically pre-treated with a scan rate of 500 mV s~ for 50 cycles in the
potential range from —2 to 0.4 V with Ny and CO, saturated 0.1 M
KHCOs electrolyte to remove any unwanted residues. Cyclic voltam-
mogram was conducted in the potential window of -1.4 to 1.0 V vs RHE
at a scan rate of 50 mVs" in N3 and CO; saturated electrolytes to un-
derstand the COy conversion profile. Chronoamperometry (CA) was
conducted to perform the stability test of COy reduction at different
potentials under CO, saturated electrolyte for 30 min, and the liquid
electrolyte was collected for product identification. The dissolved
products in electrolyte after CA were measured using a high-
performance liquid chromatography (HPLC, WATERS Acquity UPLC)
coupled with Column Acquity UPLC BEH C18 1.7um, 2.1 x 50 mm. A 1
mM HClO4 at 0.2 mL/min mobile phase and a UV detector at 210 nm
were used for analysing the products. Analysis of low boiling point
liquids (e.g. methanol, formic acid etc.) were also conducted using a gas
chromatograph (PerkinElmer, Clarus 680) equipped with FID detector at
320 °C with Air and Hy gas flow of 450 and 45 mL/min respectively,
using He as a carrier gas at 1 sccm. All the potential measured against
standard reference electrode is converted to reverse hydrogen electrode
(RHE) using the equation E (versus RHE) = E (versus Ag/AgCl) + 0.199
V + 0.0591 x pHelectrolyte-

5. Results and discussion

Fig. 2a shows the XRD profile of the Cu particles deposited over Cu
foil (Cu/Cu-foil) and Zn foils (Cu/Zn-foil). The XRD of Cu particles are
uniformly grown over Cu foil confirm the existence of Cu0 (98-005-375
7) and metallic Cu (98-005-204 3) phases. Reduction route of Ccu®t
depends on various factors including the temperature, pH and the type
of the reducing agent used. Chen and Xue reported a chemical reaction
controlled crystallization of CuyO particles with shape evolution from
nanowires to truncated octahedra and cubohedra structure through a
two-step “precursor formation crystallization” process [40]. They
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Fig. 1. Schematic representation of the hydrothermal synthesis of Cu/Cu foil.
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Fig. 2. a) XRD profile of Cu/Cu-foil and Cu/Zn-foil. SEM micrograph of Cu/Cu-foil: b) low magnification), b.i) high magnification; and Cu/Zn-foil: ¢) low

magnification, c.i) high magnification.

studied the effect of adding a slight amount of OH™ ion into initial
precursor solution that controlled the crystallization of CupO/Cu. The
composition of the product depends on the ratio of OH™/Cu®*. At higher
OH™ concentration, the reaction favors the formation of CuO crystals
and the mechanism of redox system is as follows

Cu*" +20H —Cu(OH), (€))
Cu(OH), +20H —Cu(OH)}" (2
2Cu** +30H™ + NO; —Cu,(OH),NO; 3)

The size of the particles formed can be selectively tuned with the pH
and the control of pH-dependent chemical reaction is an effective way to
define the crystallization of particles.

The crystallinity of Cu particles changed when Zn foil is used instead
of Cu foil. During the reduction of Cu®>" precursors in presence of Zn foil,
a chemical attachment of Cu microparticle with Zn is confirmed by the
presence of CuggsZngos phase in the XRD. Copper microstructure
further grows on the Cug gs5Zng g5 phase, and the XRD further confirms
the formation of ZnO (along with Zn) from Zn foil. The SEM result in
Fig. 2b show the presence of 3D cuboids of Cu particles on the Cu foil,
with the high magnification image indicating the existence of cuboid
structures with flat smooth faces in the size range of 2-5 pm. The EDX
spectrum (Fig. S2) shows the presence of Cu on the surface of the cat-
alysts. The micrograph of Cu/Zn-foil in Fig. 2c shows the presence of a
thickly grown flower like structure (low magnification), in which each
flower is made up of Cu microspikes grown perpendicularly from a
shared root (high magnification). The EDX spectrum shows the presence
of Cu and Zn in almost 1:1 ratio (Fig. S2).

The electrochemical behavior of the electrodes were further evalu-
ated using cyclic voltammogram of Cu/Cu-foil and Cu/Zn-foil in N3 and

CO; saturated 0.1 M KHCOs5 electrolyte. The voltammogram profile in
Fig. 3 shows an increase in the current density after CO5 saturation that
clearly demonstrates the ability of catalysts towards CO» electro-
chemical reduction. At -1.4 V vs RHE, the current density of Cu/Cu-foil
is -18 mAcm ™2 and for Cu/Zn-foil the value increased to -30 mAcm™
confirms the higher activity of Cu particles deposited over the Zn foil.
The synergetic effect of Cu and Zn significantly tune the activity and
selectivity of the COs conversion. Chronoamperometric analysis of
electrodes under CO, saturated 0.1 M KHCOs is shown in Fig. 3b (Cu/
Cu-foil) and 3d (Cu/Zn-foil) shows a stable current profile at wide range
of potential between -0.3 V to -1.9 V vs RHE. There is an increase in the
current value at higher potentials, which may be associated with a high
conversion of CO; into products. In addition, a high current density if
consistently maintained to confirm the electrochemical stability of the
catalysts.

Fig. 4 shows the faradaic efficiency of the products identified after
the chronoamperometric analysis conducted at different potentials. The
result shows that Cu/Cu-foil is more selective to formate and acetate
where the formate shows the highest faradaic efficiency of 78 % at -0.3 V
vs RHE and decreases the efficiency with an increase in the potentials.
The faradaic efficiency of acetate in presence of Cu/Cu-foils hold the
highest value of 64 % at -1.0 V vs RHE and dropped drastically beyond
this potential value. Grosse et al. demonstrated an interesting correla-
tion between the Cu nanocubes and the support, and they found that Cu
cubes on Cu foil is more selective to Cy-C3 products, meanwhile Cu cubes
on carbon foil is selective to C; products only. It was clear that, higher
Co/C; product ratio was observed for Cu over Cu foil as compared to Cu
cubes supported in C [41]. The analysis of the products in Cu/Zn-foil
shows the existence of formate and methanol as products in the elec-
trolyte. The presence of formic acid is at the highest value of 28 % at
—0.3 V vs RHE and methanol hold a value of 48 % at —1.0 V vs RHE. The
results show that Cu/Zn-foil is more selective to methanol and less
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Fig. 3. Cyclic voltammograms (CV) of a) Cu/Cu foil ¢) Cu/Zn foil in N3 and CO, saturated 0.1 M KHCOj3 solution. Chronoamperometric analysis of b) Cu/Cu foil d)
Cu/Zn foil at different potential for product identification.
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X . ) X CO; + ¢~ + H™ = HCOO- (Formate ion 4

selective to formic acid when compared to Cu/Cu-foil. 2 ¢ ) “)
Methanol formation through the CO; electrochemical conversion can HCOO™ + ¢~ + H" = HCOOH (Formic acid) (5)

be achieved via two reaction pathways. COy can be converted to

_ +_
methanol through a CO intermediate pathway, or through the formation HCOOH + e~ + H" = HCO + H0 ©)
of a formate ion as an intermediate [42]. The presence of formic acid HCO + ¢~ + H" = CH,0 (Formaldehyde) )
indicates the formation of methanol through the latter pathway as

shown below. CH,0 (Formaldehyde) + 2e~ + 2H" = CH30H (Methanol) 8)
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Overall reaction: CO, + 6e~ + 6H™ = CH30H + H,O )

The conversion of CO, to CH3OH through the 6-electron pathway is
kinetically slower and needs highly active catalysts to overcome the
energy barriers. Lan and co-workers conducted a study on the electro-
chemical performance of Cu(core)/Cu(shell) and developed a model
that followed a first-order reaction of CO5 to CO and HCOOH [43]. The
model describes the formation of HCOOH and CO could be helpful on
the further formation of CH3OH on the Cu based catalyst materials. The
same group conducted experimental study on Cu(core)/Cu(shell) cata-
lyst in a flow reactor and confirmed the presence of CO, HCOOH and
CH3OH as the main products. Kyriacou et al. studied the acceleration of
electrochemical reduction of CO4 into CH3OH on Cu-Sn-Pb based alloy
by varying the cations and changing the composition of the electrolyte.
The main products formed during the electroreduction was CH3OH, CO
and HCOOH [44]. Andrew and team used Cu electrode and Cu
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nanoclusters on single crystal ZnO electrode to generate CH3OH,
CH3CH20H, HCOO, methyl formate and traces of C3HgO. The faradaic
efficiency of formate on Cu(111) was found to be 11.8 % and on Cu/ZnO
the value reduced to 7.7 %. They proposed the use of ZnO as an elec-
trocatalyst to strengthen the selectivity towards alcohols. Formation of
methanol on Cu/Zn-foil is a clear indication that Cu/Zn-foil is a prom-
ising catalyst for effectively synthesizing methanol from CO [45]. Albo
et al. conducted a similar study on CuzO/ZnO surface towards the
electrochemical synthesis of methanol from CO; reduction with the
highest faradaic efficiency of 17.7 % [46]. The current study provides an
option to further improve the Cu/Zn catalyst with a superior faradaic
efficiency of 48 % and excellent long-term stability. It is worth noting
that in this work, compared to the previous literature, the alcohol
selectivity increases manifold with the use of Cu/Zn electrode relative to
bare Cu (111) surface. The nature of this trend in selectivity is not clear;
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Fig. 5. SEM micrograph of spend Cu/Cu-foil a) low magnification b) high magnification synthesized; and Cu/Zn foil ¢) low magnification d) high magnification
synthesized. Elemental analysis on the fresh and spend catalyst of e) Cu/Cu foil f) Cu/Zn foil.
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however, there are some possible mechanism that can be proposed. The
Cp-alcohol products selectivity are considered as the function of the
electrode surface and the co-ordination level of Cu surface. The ZnO
particles supports low-coordinated Cu sites that favor the formation of
alcohols. Another impact is the interaction between the Zn and Cu sites
on the catalyst surface that forms a “Cu-ZnO synergy” effect as reported
elsewhere [47]. The DFT calculation on the gas-phase synthesis reaction
shows that the Cu-Zn interactions influence the reduction pathway and
suggests that Zn plays a direct role in the activation of the reactants that
form methanol at the Cu sites with Zn atoms at stepped surface, which
strengthen the binding of the intermediate species and allow the reac-
tion to proceed further. In addition, it is evident that the Cu atoms near
the ZnO develop a positive charge that is beneficial for the absorption of
CH30 adsorbates. Moreover, Cu has the ability to break C—O bond and
proceeds with the addition of hydrogen to form C—H bonds, whereas the
presence of Zn helps in the adsorption of OH group. This synergy es-
tablishes Cu and Zn as excellent choices for methanol synthesis from
synthetic gas. The formyl adsorbate attracts the protons from the nearby
OH group to form formaldehyde then converts to methoxy species upon
the addition of hydrogen. Several spectroscopic studies with bond
vibrational analysis such as Thermal Desorption Spectroscopy (TDS) and
High-Resolution Electron Energy Loss Spectroscopy (HREELS) identified
the presence of stretching O—H bond on ZnO surface that indicates the
formation of OH species upon the exposure of ZnO to water at room
temperature. The adsorption OH group on the electrode surface is a key
step towards methanol synthesis and the presence of OH binding sites
improves the methanol selectivity. While using Cu-Zn interface elec-
trodes, Cu improves the electrode conductivity and Zn provides more
adsorption sites for OH by creating Cu—OZ—n stable and active sites for
CO5, electroreduction to methanol.

6. Analysis of spend catalyst after CO, reduction

The SEM micrograph of the particles supported metal foils after the
chronoamperometric analysis are shown in Fig. 5. The smooth surface of
the Cu particles before the reaction are changed into rough surfaces after
the COy reduction, which could be due to the multiple oxidation-
reduction cycles during the pretreatment procedure that make the
catalyst surface more active and stable. Grosse et al. reported the dy-
namic change in the structure, composition, chemical state, and selec-
tivity on Cu nanocubes deposited over carbon paper. They found that the
original flat facet gets roughened in course of the reaction and results
with porous nanocube with loss of sharp edges and corners [41]. The
porous structure could have resulted from the progressive reduction of
copper oxide into metallic form. During reaction, these pores and the
cubic edges are more disposed to to the electrolyte than the flat facets
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and trigger the electrochemical reaction.

The emphasized region in Fig. 5a indicates the existence of carbon
deposited on the surface of the catalyst. This is also evident from the EDX
elemental composition that indicates an increase in carbon on the
catalyst surface after the reaction, with carbon content being around
51.14 % after the reaction as compared to only 13.25 % on the fresh
catalyst. The excess amount of carbon could be due to the deposition of
some carbonaceous product after CO5 reduction. There is also a signif-
icant reduction in the oxygen level on the surface of the catalyst due to
the reduction of the catalyst surface during the reaction. The SEM im-
ages of Cu/Zn-foil show the transition of microspikes arrays into
microplate structures of Cu over Zn foil after the electrochemical CO2
reduction. Densely grown Cu particles over the metallic foil underwent a
structural transformation to a more stable form during the period of CO5
reduction. The morphological transition allows access of more active
sites and enhances the reaction kinetics of CO, conversion. In Cu/Zn-
foil, the amount of carbon increased about 2 % when compared to
fresh Cu/Zn-foil. While comparing two catalysts, the carbon content is
much higher in the Cu/Cu-foil electrode than the Cu/Zn-foil.

The XRD profiles before and after reaction in Fig. 6a shows the
presence of mixed phases of Cuz0 and Cu before reaction, and some of
the Cuy0 peaks are replaced by metallic Cu peaks after the electro-
reduction reaction. This could be the reason for the reduction in oxygen
content after the reaction as evident form EDX spectrum. Metallic Cu is a
unique catalyst selective to higher electron transfer reactions favorable
for the generation of bigger molecules of hydrocarbons and alcohols
beyond the limit of two electron transfer products such as formates and
CO. Previous reports show the instability of the sub-surface oxygen with
more favorable oxygen position towards the surface than in the bulk
position. Although, the stability of the oxygen is still questioned owing
to the high electro-reductive nature of CO3 reduction reaction [48], the
transition of CupO to metallic Cu phase promotes the selectivity of Cu
particles to favor reactions with higher number of electron transfer.
Swang and co-workers conducted a XANES analysis on the Cu based
nanoparticles at -1.1 V RHE for 10 h electrolysis and found the metallic
Cu to be the active site of catalyst [49]. The XRD profile of Cu/Zn-foil
profile in Fig. 6b. shows the existence of Cu, Zn and CuZn on both
fresh and used catalyst without much phase transition shows the sta-
bility of the catalyst, however there is a structural modification as dis-
cussed in previous section.

The fresh and used electrodes were further characterized using XPS
analysis to understand the changes in electronic properties. The ob-
tained binding energies of the XPS spectrum were corrected with respect
to the C 1s spectrum (284.6 eV). The Cu 2p XPS spectrum of fresh and
used samples is shown in Fig. 7a with two main peaks around 932 and
952 eV corresponding to the Cu 2ps,; and Cu 2p;,» spectrum

a) Cu/Cu foil -
-
¢+ Cuy0
& Cu
. ]

= .
; Used
g Fresh -
2

b) ¢ CuyO & Cu ®Zn ®ZnO V CuZn Cu/Zn foil

Used
Fresh

Intensity, a.u

0 10 20 30 40 50 60 70 80 90
Angle,26

T T T T T
0 10 20 30 40 50 60 70 80 90
Angle,26

Fig. 6. Comparison of XRD profile of the fresh and used catalyst of a) Cu/Cu foil and b) Cu/Zn foil.
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respectively along with the satellite peaks due to the shake-up of Cu"
electrons in the outer orbitals [50,51]. The shake-up peaks in used
samples are stronger compared to the peaks corresponding to the fresh
sample. The presence of weak satellite peaks in fresh catalyst confirm
the existence of CupO-Cu on the fresh sample and the strong peaks in
used samples could be the presence of some traces of CuO that was not
being detected by the XRD or the peaks were overlapping with the other
phases of Cu in the XRD spectrum.

Fig. 7b-c shows the deconvolution spectrum of Cu 2ps,, for Cu/Cu-
foil fresh and used samples. In Cu/Cu-foil fresh catalyst, the major
peak of Cu 2p3/; at 932.3 eV confirm the presence of Cu(0) in the
metallic form (Peak I) and the shoulder peak (Peak II) at 933.9 eV can be
attributed to Cu (I) along with the weak satellite peak. The XPS results
are consistent with the XRD analysis suggesting the existence of Cu and
Cuz0 in the sample. While the peaks of Cu 2ps/» in the used Cu/Cu-foil
show the existence of the main peak at 931.6 eV corresponding to Cu(0),
and a minor peak at 935.6 eV related to CuO along with the strong
satellite peak [52]. A detailed analysis of deconvoluted O 1s spectrum is
shown in Fig. 8. O1 s spectrum in Cu/Cu-foil consist of two unresolved
peaks; one at 529.1 eV corresponding to O~ species in Cu0 phase, and

another predominant peak at a higher binding energy at 531.4 eV
attributed to the oxygen species adsorbed on the surface of the catalyst
[53-571. After the electroreduction, the peak of 0%~ species disappeared
and only the presence of absorbed oxygen existed. The high-resolution
spectrum of C 1s in Cu/Cu-foil before and after electrochemical CO4
reduction is shown in Fig. 8c-d. The deconvolution of C 1s spectrum in
Cu/Cu-foil show the existence of three predominant peaks at 282.3 eV,
282.4 eV and 286.8 eV corresponding to the metal-carbon bond, C—=C
(sp2 carbon) and C—OC— (epoxy carbon). During the synthesis process,
the carbon atoms can get diffused into the atomic layer of Cu and
generate Cu-C matrix. The deconvolution of C1 s spectrum in the foil
after CO5 electrochemical reduction consist of two main spectral re-
gions. The first envelop at lower binding energies represents a consid-
erable degree of oxidation with functional group and composing
structures that includes the Cu—C bond, CC and CO—— at 282.0 eV,
283.5 eV and 285.6 eV respectively. Whereas, the second envelop at
higher binding energies are assigned to the highly oxidized carbon
species and physically/chemically adsorbed CO; or the intermediate
species [58-61]. The deconvolution C1 s profile at higher binding en-
ergy consist of two broad peaks pointed at 289.7 eV and 292.34 eV
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corresponding to the —COj3 species and the other CO, molecule-
s/intermediate carbon species in the lattice, respectively. Also there is a
noticeable increase in the metal-carbon bond in the catalyst after CO,
electroreduction. The absorbed CO- or its species can atomically interact
with the metallic Cu surface to form metal carbide during the reaction
that in turn could facilitate the conversion of CO, into methanol. XPS
O1s spectrum of fresh and used Cu/Z-foil in Fig. S3. The deconvolution
profile of O 1s shows the existence of the main broad peak at 531.4 eV
(Cu/Zn-foil fresh) and 531.6 eV(Cu/Zn-foil used) indicate the existence
of absorbed oxygen on the surface of the catalyst. These results agree
with the XRD analysis that the fresh Cu/Zn-foil catalyst contains metallic
Cu as a predominant phase without further oxidation. The C 1s spectrum
of Cu/Zn-foils represents the existence of C—C,CO and OCO———
bonds of carbon in the lattice without any significant formation of
metal-carbide on the surface or any further formation of carbon species
on the surface after the reaction. These results indicates that Cu/Zn-foil
shows more stable surface properties that do not undergo any significant
changes in the phase of catalyst.

Table S1 shows a comparison of these catalysts with other recently
reported promising catalysts. Considering the cost of the raw material
(Cu and Zn are non-noble) and the ease of synthesis technique, it is clear
that the conversion efficiency reported on Cu/Cu-foil and Cu/Zn-foil for
formic acid and methanol are highly significant and promising. These
results indicate that the in-situ growth of microparticle over metal foils
can prove to be effective for fabricating robust electrodes of converting
CO, into value-added chemicals. The selectivity, stability and efficiency
of the product can be tuned by varying the metallic foils and the surface
properties of the deposited particles. Based on the product selectivity
and stability, the catalyst shows some promise for large scale applica-
tions. Nonetheless, further studies under continuous flow conditions,

scale-up analysis and economic feasibility assessments are required to
thoroughly evaluate the prospects for industrial applications.

7. Conclusion

In this study, effective and robust electrodes for CO5 electroreduction
were fabricated by in-situ growth of copper microstructures on copper
and zinc foils by utilizing the hydrothermal synthesis technique. The
electrodes were found to be selective for formic acid, ethyl acetate and
methanol generation at the investigated electrode potentials. The high
activity and product selectivity were achieved through the structural
transformation of Cu particles deposited over Cu-foil and Zn-foil
respectively, and provide a practical direction for effective utilization
of carbon dioxide to produce value added chemicals. The results indicate
that copper supported over metallic foils can be employed for the elec-
trochemical CO2 reduction to various products, such as formic acid,
methanol, ethyl acetate, and changing the metallic foil could prove to be
an effective tool for enhancing targeted product selectivity. The elec-
trodes investigated for CO; electroreduction were found to be stable,
nonetheless some structure changes were observed. Cu/Cu-foils showed
the presence of cuboid shape Cu particles with smooth surface and sharp
edges after synthesis that were transformed to highly porous cubic mi-
crostructures with rough surfaces after the electrocatalytic reaction. In
contract, the Cu/Zn-foil was found to be more resistant to structural
changes. Cu/Cu-foils showed the highest formic acid efficiency, whereas
Cu/Zn-foil was found to be more selective for methanol.
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