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Abstract: Unlike the flat Cu sheet, we employed Cu foam to explore the specific porous effect on
the expanding specific area. We found that the foam structure is superior to the sheet feature in
the specific location from the morphology investigation. In the practical measurement of surface
area, we found that the adsorbate could aptly agglomerate, resulting in a consequential block in the
transport path. The specific location of the Cu foam was underestimated because the channels of the
deep foam layer were blocked by the agglomerated adsorbate. To explore the protonation process of
the electro-reduction, we adopted the carbonate electrolyte as the control group in contrast to the
experimental group, the bicarbonate electrolyte. In the carbonate electrolyte, the primary intermediate
was shown to be CO molecules, as verified using XPS spectra. In the bicarbonate electrolyte, the
intermediate CO disappeared; instead, it was hydrogenated as a hydrocarbon intermediate, CHO*.
The bicarbonate ion was also found to suppress electrocatalysis in the deep structure of the Cu foam
because its high-molecular-weight intermediates accumulated in the diffusion paths. Furthermore, we
found a promotion of the oxidation valence on the electrode from CuyO to CuO, when the electrode
structure transformed from sheet to foam. Cyclic voltammograms demonstrate a succession of electro-
reduction consequences: at low reduction potential, hydrogen liberated by the decomposition of
water; at elevated reduction potential, formic acid and CO produced; and at high reduction potential,
CH4 and CoHy were formed from —1.4V to —1.8 V.

Keywords: foam copper; adsorbate agglomeration; hydrocarbon intermediate

1. Introduction

Since the Second Industrial Revolution, scientific technology has inspired a new era
of innovation and automation, which has consumed vast amounts of fuel and, at the
same time, has released a large amount of CO, in the atmosphere. The global average
atmospheric carbon dioxide concentration has increased from 285 to 419 ppm [1]. The
increase in CO, concentration promoted the global average surface temperature from 0.97
to 1.21 °C between 1850 and 2022 [2]. Carbon dioxide is a criterion of carbon equivalent
for carbon neutrality. It also represents an alternative carbon reservation storage [1,2]
for economical fuel recycling, including various MeOH heterocycles and carboxylated
structures [3]. Therefore, several research studies have focused on the chemical conversion
of CO; to obtain available renewable energy sources, of which the ideal conversion would
be to convert CO; to green derivatives. It not only decreases the amount of carbon but also
meets the release requirement of the 17 sustainable development goals, i.e., SDGs. Different
technologies were proposed to follow the Sustainable Development Goals, to capture and
sequester CO; geologically and to convert CO; into useful low-carbon fuels [4]. For the
latter, CO, conversion, it can be achieved by chemical methods [5,6], by photocatalytic and
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electrocatalytic reduction [7,8], and by other means [9,10]. Electrochemistry is an effective
and economical tool for CO, conversion.

The electrochemical reduction of CO, produced various products, which depend
mainly on the catalyst materials and the reaction medium. In an aqueous solution, three
electrocatalytic routes were proposed to reduce CO, to formate, to illustrate their mech-
anisms related to the different intermediates, i.e., *COOH, *OCOH, and *H [11]. Among
these three paths, *OCOH is the most favored intermediate [12]. Feaster et al. investigated
the strength of the binding energy between the *OCHO intermediate and the metal elec-
trodes. They found that gold, silver, platinum, and copper are weak-binding metals, i.e.,
weak interaction to form formate, and hence, they show high selectivity. On the contrary,
nickel and zinc are strong-binding metals. Adsorbed formate is not expected to desorb
quickly from the electrode [12,13]. The copper electrode has unique characteristics, high
efficiency, and high selectivity to reduce CO, to organics, for example, methane, ethylene,
and alcohols, at high current densities, in aqueous electrolytes [14]. In the electrochemical
reduction process, CO, can proceed with a series of electron charge transfers in gaseous,
aqueous, and nonaqueous phases in different cells and electrodes. The main products
include carbon monoxide (CO), formic acid (HCOOH) or formate (HCOO), formaldehyde
(CHO), methanol (CH3OH), methane (CH), ethylene (CH-CH), and ethanol (CH3CH-OH).
Among the various chemicals, CH3OH is one of the highly economical derivatives that
exhibits low Faradic efficiency (FE) and therefore a low production [15]. Metal foams with
a three-dimensional (3D) porous structure occasionally possess unique properties, such as
high specific surface area and structural rigidity. They are suitable self-supported substrates
on which active functional groups grow in situ or are coated; in addition, they serve as
self-supported current collectors [16]. Cu foam with an integrated 3D pore structure is
expected to offer great potential to dramatically improve electrocatalytic performance [17].
This study explored the porous effect on the electrochemical output of the CO, reduction
reaction (CO2RR), employing Cu foam as an electrode and comparing it with the Cu sheet
electrode. Bicarbonate is a superior electrolyte whose local concentration increases with
its bulk concentration, resulting in increased electroreduction activity of CO, [18]. Bicar-
bonate ions could electro-reduce CO with a higher FE value. We adopted carbonate as a
contrast electrolyte, by exploring the variation of the reduction mechanism resulting from
the intra-hydrogen of the bicarbonate ion.

2. Results and Discussion

The Cu foam prevailed over the Cu sheet in the specific area and in the enrichment
of micropores for mass transport. Figure 1 shows the morphology of the Cu sheet and Cu
foam. In Figure 1a, the Cu sheet showed a flat feature, enlarged with an irregular pyramidal
topography in the inserted picture. On the contrary, a dendritic structure spread throughout
the Cu foam with a 200 um average pore diameter in Figure 1b. The dendritic structure
displayed a columnar micropore with interconnected channels. The dendritic structure
enriches the surface area, but the interlinked columns serve as self-current collectors
to deliver high charge/discharge capacities [19]. Porous channels could provide a fast
diffusion path and suppress the change in volume [20]. We conclude that the Cu foam
benefited from the high specific area and micropores for the electrocatalytic reaction.
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Figure 1. Morphology of the as-received (a) Cu sheet and (b) Cu foam.

The isotherms of the BET test elucidated the adsorption/desorption of the adsorbate.
Figure 2a shows the isotherms of the Cu sheet, which showed two maxima in the adsorption
process and a maximum in the desorption process, respectively. In the adsorption stage, the
adsorbate, i.e., the nitrogen molecule, is randomly adsorbed on the wall of the adsorbent,
i.e.,, Cu grains, initially. With increasing relative pressure, the adsorbate covered the
absorbent. These adsorbates agglomerated with their intrinsic lateral attractive force [21].
The agglomerated mass grew so fast that it filled the crevice, and the cohesive force of
the bottom adsorbate could not be maintained at the tolerant compressive pressure [22].
The agglomerated molecules cleared the crevice and spread into the atmosphere from the
maximum, as shown in Figure 2a. The Cu sheet was determined to reserve few adsorbates.
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Figure 2. Isothermal absorption and desorption curves for (a) Cu sheet and (b) Cu foam in a N,
atmosphere.

The dendritic structure could retain the adsorbate but was limited to the shallow
layer. Figure 2b shows the isotherms of Cu foam, which showed a convex isotherm and
a hysteresis loop. The convex curve, not a steep line, represented an unrestricted multi-
layer process in which the adsorbate adsorbed on the columnar wall with non-Langmuir
absorption. In this process, the agglomeration filled the columnar channels quickly. Im-
mediately, the lateral agglomeration became an obstacle that hindered the deep channels
during micropore filling. In the desorption process, only the nitrogen molecules in the top
layer escaped the dendritic layer, with appreciable agglomeration remaining in the deep
structure [23]. Therefore, a hysteresis loop was produced on the isotherm with retained
adsorbate in the dendritic structure in Figure 2b. The specific area for the Cu sheet and
the Cu foam is 0.79 m?2/ g and 4.76 m?/ g and exhibit a 1/6 ratio, which was above the
value of the morphology investigation in Figure 1. This is because the area is measured
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using the porosimetry analyzer, in which the measurement model was based on Langmuir
behavior, i.e., monolayer absorption. The specific area test underestimated the actual value
because the foam structure restricted the adsorbate to the shallow layer, leaving a large
space underneath the blocked network.

The absorbed CO molecules were verified to be the primary intermediate in the
carbonate electrolyte. In contrast, the intermediate was replaced with a hydrocarbon to
form a heavy product in the bicarbonate electrolyte. Figure 3 shows the XPS spectra
of element O for different electrodes and electrolytes. Notably, the broadening peaks
were labeled as O(CO) at ca. 535 eV in Figure 3a,b and appeared with the carbonate
electrolyte. These peaks were identified as CO, which was strongly bonded to the electrode
as an intermediate on the electrode [24]. These adsorbed CO adsorbates were shown to
produce opposite-charged carbon atoms for CO dimerization and form C2 products [25].
In contrast to the carbonate electrolyte, the O(CO) peaks disappeared in Figure 3¢,d, in
which the carbonate electrolyte was replaced with bicarbonate. The absence of O(CO)
peaks indicates an electrolyte effect on the debonding of the absorbed CO on the electrode.
This is due to the intra-proton of the bicarbonate ion, which could achieve lower activation
energy to saturate the dangling bond of the CO molecule than the proton derived from
the decomposed water molecule, as shown in the schematic plot, Figure 4. This proton
hydrogenated the absorbed CO to form a hydrocarbon intermediate, CHO*, with higher
molecular weight [26]. Therefore, the absorbed CO molecules were removed from the
electrode; thus, molecules with higher molecular weight, e.g., C2 hydrocarbons, formed.
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Figure 3. XPS spectra of element O for (a) Cu sheet in K,CO3; (b) Cu foam in K,COs; (c) Cu sheet in
KHCO3; and (d) Cu foam in KHCOj3 experiencing a cyclic voltammetry test in which the scan rate
was 50 mV/min with an applied potential range from —1.8 V to 0.4 V vs. Ag/AgCl (sat’d). Red and
blue lines mean the oxidation states of CupO and CuO, respectively.
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Figure 4. Electrochemical reaction mechanism for the formation of the intermediate in different
electrolytes: (a) carbonate and (b) bicarbonate.

The ratio of the peak height of Cu(l) to that of Cu(Il) reveals the extent of oxidation on
the electrodes. It is due to the asymmetrical feature of the O peak in XPS, which indicates
a convolutional peak of different binary oxides, CuyO and CuO. We deconvoluted all O
(1 s) peaks into two peaks according to specific oxidation, Cu(I) and Cu (II), i.e., Cup;O and
CuO, in Figure 5. The focus is on the top two peaks, in Figure 5a,b, which used the same
electrolyte, KoCOs on different electrodes; the peak area ratio of CuyO to CuO decreased
from Cu sheet to Cu foam. This decrease in the ratio qualitatively represents a decrease
in the phase ratio of CuyO to CuO, i.e., Cu (I)/Cu (II). A similar trend was also found
in different electrolytes in Figure 5¢,d, in which bicarbonate was used as the electrolyte.
This decrease in the peak height ratio suggests a promotion of the oxidation valence from
Cuy0 to CuO, when the electrode structure transformed from sheet to foam. It is due to
the per-oxidized Cu electrode, which is known to promote C2 products [27,28]. Thus, we
briefly concluded that not only the foam structure but also the bicarbonate electrolyte could
facilitate oxidation on the electrode.

7 Cu(2p,,) Cu(2p,,)
@ satelite \ Cu sheet satelites
/ inK,CO, sol"n/ "
Cu foam
7 (b) in K,CO, sol'n

Cu sheet
in KHCO, sol'n
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Binding energy (eV)
Figure 5. XPS spectra of the element Cu for (a) Cu sheet in K;COj3; (b) Cu foam in K,CO3; (¢) Cu

sheet in KHCOj3; and (d) Cu foam in KHCOj3 that underwent a cyclic voltammetry test in which the
scan rate was 50 mV /min with an applied potential range of —1.8 V to 0.4 V vs. Ag/AgCl (sat’d).
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Nevertheless, Dutta and his coworkers investigated the stability of Cu+ ions using
skeleton-type Cu catalysts. They found that the sample modified with Cu foam showed
profound activities towards the C2 products, C;H4 and CyHg, with Faradic efficiency,
FEcoma = 32.3%, whereas the Cu skeleton without foam remained largely inactive for the
C1 and the C2 products of hydrocarbon [29]. They attributed this effect to the residual
impurities left behind from the casting approach process on which the fabrication of these
Cu skeleton support materials is based. Furthermore, the absence of Cu+ in Cu grains could
change the selectivity of the C,Hy reaction to CHy. They approved that highly porous 3D
Cu dendrites and foam exhibited excellent CO,RR with improved CyHj selectivity [29,30].
They concluded the priority for selectivity, i.e., the first is superior facet reorientation in
nanostructured materials, and the next is high-density defects (steps, kinks, and edges) [31],
grain boundaries [32] and surface roughness [30,31], and concurrent changes in the interfa-
cial pH [33], regarded as critical considerations outlining the subsequent catalytic behaviors.
Furthermore, the stability of the intermediates within the 3D catalysts is crucial for the
selectivity of the C2 product.

Cyclic voltammograms (CV) and Faradic efficiency revealed the reaction sequence
and mechanism. Figure 6a,b show the cyclic voltammograms of Cu sheet and Cu foam
electrodes in a 0.5 M NayCOj3 electrolyte under N, and CO; atmospheres. In Figure 6a,
in the absence of CO,, the Cu sheet electrode exhibits two oxidation peaks at —0.204 and
—0.015 V vs. Ag/AgCl, indicating the oxidation of Cu to CuO and Cu,O. Two reduction
peaks at —0.277 and —0.716 V vs. Ag/AgCl represent the reduction of CuO and Cu,O
to Cu. At more negative potentials than —1.143 V vs. Ag/AgC(l, a rapid increase in the
current indicates the occurrence of the hydrogen evolution reaction. In the presence of CO,,
the oxidation and reduction peaks of Cu are influenced by CO, adsorption on the electrode
surface. The reduction reaction of CO, begins at —1.058 V vs. Ag/AgCl, preceding the
hydrogen evolution reaction. In contrast to the Cu sheet electrode in the absence of CO,, the
Cu foam electrode requires a more positive potential to oxidize Cu, as shown in Figure 6b.
The Cu foam electrode also exhibits two reduction peaks, representing the reduction of
CuO and CuyO to Cu. In the presence of CO;, the Cu foam electrode catalyzes the reduction
of CO, at a more positive potential than the hydrogen evolution potential. Furthermore,
the catalytic reduction current for CO; is significantly higher for the Cu foam electrode
than for the Cu sheet electrode.

20
a0{ ()
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~— 0 N
< -20- <
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= 2 -40
S 40+ §
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O -60 O .80
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Figure 6. Cyclic voltammograms of (a) Cu sheet and (b) Cu foam electrodes, in which the electrolyte
was 0.5 M K,CO3 at 0.3 V to —1.8 V vs. Ag/AgCl potential; the scan rate was 100 mV/s; and the gas
was introduced with N, and CO,.

The products of CO, reduction reaction were qualitatively identified and quantitatively
transferred to Faradic efficiency, as shown in Figure 7. In Figure 7, H, dominated at all
potentials and increased with decreasing reduction potential. Inversely, in contrast, CHy
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decreased with increasing reduction potential. This indicates a succession of reduction
consequences, i.e., at low reduction potential, —1.0 V, the current contributed mainly to
the decomposition of water molecules with hydronium left. As soon as these hydroniums
approached the electrode, the hydrogen molecule, Hy, was synthesized and escaped from
the electrode. The rest of the hydroniums remained on the dehydrated electrode, leaving
protons for hydrogen transfer with the on-site carbon-rich atoms. As the reduction potential
was elevated, more CO was produced by decomposing CO, gas through a heterogenic
reaction [34]. Some of the CO molecules escaped to the atmosphere; the rest of the CO
received protons and transformed to CHO, a significant intermediate, and then formed
formic acid, HCOOH, at potentials from —1.1 V to —1.4 V. With a higher increase in the
reduction potential from —1.4 V to —1.8 V, the precursor proceeded to an exergonic reaction
to produce CH4 and CyHy that were synthesized with the adsorbed intermediate species
on the electrode [15]. Notably, CHs showed the highest FE value at —1.8 V, when the
sheet electrode was replaced with the foam electrode from Figure 7a to Figure 7b and from
Figure 7c to Figure 7d. Compared to the previous result in Figure 4, the decrease in the
phase ratio of Cu(I)/Cu(Il) from Cu sheet to Cu foam matches Dutta’s conclusion that Cu*
on Cu grains could shift the selectivity of the C;H, reaction to CHy.
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Figure 7. Faradic efficiency for the different electrodes: (a) Cu sheet; (b) Cu foam, in 0.5 M K,COj3
electrolyte; (c) Cu sheet; and (d) Cu foam, in 0.5 M KHCOj electrolyte.

It is necessary to tabulate the results obtained for the Cu-based foam structure [35-44]
for comparison and are shown in Table 1. In particular, the economical product, ethene,
is selected as the criterion in the table to evaluate the FE of CO,RR. In Table 1, almost all
FE values are less than 50%, except for nano-deposited Cu dendrites and nano-porous
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CuAg alloy electrodes [30,41]. In addition, all electrodes with a nano-scaled microstruc-
ture, e.g., nanoporous Cu films, nano-deposited Cu dendrites, nano-porous CuAg alloy,
porous-Cu nanoribbons, and nanoporous Cu films, possessed high FE values of more
than 40% [37,39,41,43]. On the contrary, the FE value is 9.6%, although the electrode in
this study possessed a foam surface with a pore size, 200 pm, mentioned in the previous
paragraph.

Table 1. Faradic efficiency (FE) of ethylene (C;Hy) produced by different porous metal electrodes in
the electroreduction of CO,.

Current Density

Electrode FE (%) Electrolyte E (vs. RHE) (mA/cm?) Ref
Ag15Cugs foam 36 0.5 M KHCO3 —1.1 —11.32 [35]
CuyO foam 6 0.5 M KHCO3 —0.67 047 [36]
Nanoporous Cu films 46 0.1 M KHCO; 0.96 14.3 [37]
Ag (CO) 5 0.5 M KHCO;3 -1.5 —36 [38]
Cu (C2 hydrocarbons) 22 0.1 M KHCO3 —-0.8 —12 [30]
Nano-deposited Cu dendrites 57 0.1 M KBr/Br2 —-1.85 170 [39]
Porous Cu films 34.8 0.1 M KHCO3 18 [40]
Nano-porous CuAg alloy 60 1 M KOH -0.7 300 [41]
Poly-amide-modified Cu foam 26 0.10 M NaHCO3 —0.95 110 [42]
Nanoporous Cu films 40 1M KOH 700A/g [43]

Cu foam 9.6 0.5 M KHCOj3 -0.9 5.6 This study

Note: the potential conversion between RHE and Ag/AgCl sat. was calculated using the following formula:
E(RHE) = 197 mV + E(Ag/AgCl) + 0.059 pH.

The bicarbonate ion could suppress the electrocatalysis in the deep structure of the
Cu foam. Figure 8a showed the dependence of the response current vs. the scan rate
in the 0.5 M carbonate ion. Both the Cu sheet and the Cu foam showed a steep linear
relationship in which the large slope suggests a reaction-controlled mechanism. Notably,
the Cu foam benefited from its high specific area, to show a slope three times that of
the Cu sheet. In contrast to the carbonate electrolyte, the dependence of the response
current versus the square root of the scan rate in 0.5 M of bicarbonate ion is observed in
Figure 8b. The Cu sheet and the Cu foam showed a pair of parallel-like linear relationships,
suggesting a diffusion-controlled mechanism in the scan rate of less than 200 mV /sec. In
addition, these parallel lines demonstrate a constant active-site ratio of Cu foam to Cu
sheet. Particularly, these two linear curves turned flat and even overlapped in height scan
rate. The slope inflection elucidates a transition of mass transport for the long-chained
intermediate. It is due to the intra-proton in carbonate ion, which could convert CO to an
intermediate with high molecular weight, as shown in Figure 4. Although the Cu foam
due to its advantageous high specific area performed better than the Cu sheet in terms
of the response current, the long-chained intermediate in the deep foam structure could
not compete with the diffusion rate at a high scan rate. This long-chained intermediate
blocked the diffusion channels. This was confirmed by Abhijit and his co-workers’ research,
in which they investigated the dependence of the size of the morphology by tuning the
pore size of the Cu oxide-derived foam in CO, electroreduction [30]. They found that the
FE reached its maximum, i.e., 55%, when the pore size was between 50 pm and 100 pum.
Beyond the size range, the FE decreased dramatically. In contrast to this study, the ratio of
the normalized specific area for Cu foam to Cu sheet is 0.79/17.57, i.e., 22, see Section 3.3;
however, the current density ratio of the Cu foam to the Cu sheet was ca. 4 in Figure 8a,
0.5 M K;,COg3, or Figure 8b, 0.5 M KHCOj3. The latter ratio is far less than the former
ratio, which suggests that a mass diffusion barrier, i.e., intermediate, blocked in the foam
structure to induce a diffusion-controlled mechanism. Only the sites on the surface were still
involved in electrocatalysis, with inert active sites remaining in the deep foam. Therefore,
we conclude that the reduction reaction was suppressed when the electrolyte was switched
from carbonate to bicarbonate.
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Figure 8. Response current vs. scan rate for different electrolytes: (a) 0.5 M K,CO3 and (b) 0.5 M
KHCOs3.

3. Materials and Methods
3.1. Preparation of the Electrodes

The Cu foam and the Cu sheet were used as the working electrodes (WE). Commer-
cially available Cu foam and Cu sheet (May Chun Co., Taichung, Taiwan) were purchased
as experimental and control groups. They were cut into small slices with a dimension of
1.25cm x 2.5cm X 0.1 cm. The Cu foam slices were ground with abrasive paper grift 500 to
2000; in contrast, the Cu sheets were ground and polished with grift 2000 of abrasive paper.
They were cleaned ultrasonically in a batch containing acetone for 10 min and then in de-
ionic (DI) water for 10 min successively. These slices were dried in a vacuum oven at 60 °C
for 1 h. Among the polished Cu sheets, one with a dimension of 2.5 cm x 5.0 cm x 0.1 cm
was used as a counter electrode (CE). In an aqueous solution, all potentials were specified
for the Ag/AgCl/saturated reference electrode (RE-1s Bio-Logic Co., Seyssinet-Pariset,
France). The electrochemical system is shown in Figure 9.

Gas out

Gas in

RE
(Ag/AgCl)

CE

Electrolyte

Figure 9. Electrochemical system for CO, reduction.

It is due to the uncompensated resistance, Ru, which could result from overestimating
the applied potential between the working electrode (WE) and the reference electrode (RE).
To minimize the impact of the iR drop, we primarily reduced both the currents (i) and the
resistance (Ru) between the WE and RE. For the former, the WE areas were designed by
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trial and error to reduce the current to less than 10 mA; for the latter, the distance between
the WE and the RE was minimized. In addition, we checked with the potentiostat supplier
who confirmed that the iR compensation module works by the means of positive feedback.

3.2. Preparation of the Electrolysis Batch

The sodium bicarbonate, KHCO3, was adopted as the electrolyte of the experimental
group due to its high selectivity for CO, reduction, while the sodium carbonate, K,CO3,
was used as the control group [44]. Carbonate and bicarbonate electrolytes were prepared
by weighting 6.36 g of sodium carbonate and 5.04 g of sodium bicarbonate (Alfa Aesar
Co.) to dissolve in 60 mL of DI water to obtain a 0.5 M solution. These two electrolytes
were used to match alternatively with the two different electrodes, the Cu foam and the
Cu sheet. The CO,; solution was prepared in a batch as follows. Nitrogen gas (Toyogas
Co., Taichung, Taiwan), N», was introduced with a mass flow controller (5850E Brocks Co.,
Hsinchu City, Taiwan) to maintain a rate of 200 mL/min to activate the electrode. The
supply of N, was turned off; instead, CO, gas (Toyogas Co., Taichung, Taiwan) with a flow
rate of 200 mL/min was introduced to expel the remaining N, gas. Until the increase in
CO; formed a gas film for 20 min, the solubility of CO, was confirmed to be 0.1366 mg per
100 mL of solution. Electrochemical modes were performed with a potentiostat (SP 240
BioLogic Co., Seyssinet-Pariset, France).

3.3. Measurement Equipment for Electrochemical Reaction

The morphology of the electrode was investigated with a scanning electron microscope
(SEM, 54810, Hitachi Co., Tokyo, Japan). The specific areas of the Cu sheet and the Cu
foam were measured using a high-resolution surface area and porosimetry analyzer (2460
Micromeritics Co., Norcross, GA, USA). The real specific area was evaluated as follows. To
ensure the electrochemical reaction limit of the Cu foam, experienced foam was ground
from the top side to the bottom side using 1000# abrasive paper. When grinding was
completed, the top side of the sample was analyzed using IR spectroscopy until the major
peak, C-H, disappeared in the spectrum. Therefore, the reaction depth of the foam was
determined, c.a. 0.4 mm, and the “active real weight” of the Cu foam was determined.
Then, the “real specific surface” of the foam was evaluated as 17.57 m?/g. The binding
energy of the electrodes was detected with an X-ray photoelectron spectroscope (XPS, PHI
5000 ULVAC-PHI Co., Kanagawa, Japan). Notably, the samples for SEM and XPS were
prepared separately because the sample used for SEM could accumulate carbon on its
surface. This implies that the SEM was a destructive testing compared to the XPS test.
We designed the Cu sheet and the Cu foam as the experimental group and the control
group; on the other hand, we employed the carbonate electrolyte and the bicarbonate
electrolyte as the experimental group and the control group, respectively. The XPS analysis
was conducted after the electrochemical experiments were completed. The electrodes were
dried before performing the XPS analysis.

Qualitative and quantitative measurements of the liquid product, i.e., formic acid
(HCOOH), were performed with high-performance liquid chromatography (HPLC, RID-
10A, Shimadzu Co., Tokyo, Japan). One microliter of the solution was subjected to the
chronoamperometric test and was filtered and then injected into the HPLC. The calibration
curve for HCOOH was constructed and is depicted in Figure 10. On the contrary, the
gaseous product was measured with gas chromatography. The methanol was detected with
a flame ionization detector (GC-FID, GC-2014, Shimadzu Co., Tokyo, Japan); its calibration
curve is shown in Figure 11. The other major gaseous products, Hy, CO, CHy, and CoHy,
were measured with a thermal conductive detector (GC-TCD, GC-1000, Shimadzu Co.,
Tokyo, Japan); their calibration curves are shown in Figure 12. All products were evaluated
using the Faradic efficiency, i.e., moles of electrons consumed by the specific product per
mole of electrons passing through the electrode.
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4. Conclusions

From the morphology investigation, the foam structure is superior to the sheet feature
in terms of the specific area. In the isotherm, we found that the adsorbate was appropriately
agglomerated; the agglomeration blocked the consequential adsorbate. The measured
specific area ratio of the Cu sheet to the Cu foam was 1/6, far from the value estimated
by the morphology investigation. We employed carbonate in contrast to the bicarbonate
electrolyte, to explore the effect of the intra-proton of the bicarbonate ion on the reaction
mechanism. In carbonate electrolytes, the XPS spectra identified the primary intermediate
as CO molecules. In contrast to the carbonate electrolyte, the CO molecules disappeared;
the absorbed CO proceeded to hydrogenate, forming a hydrocarbon intermediate, CHO*,
in the bicarbonate electrolyte. This intermediate induced by the bicarbonate ion was also
found to suppress the electrocatalysis in the deep structure of the foam Cu because it had
a high molecular weight, with a long chain to block the diffusion paths. In addition, we
investigated the phase transformation of the electrode by the peak height ratio of Cu(l)
to Cu(Il). We found a promotion of the oxidation valence from Cu,O to CuO, when the
electrode structure transformed from sheet to foam. Cyclic voltammograms demonstrate a
succession of electro-reduction consequences: at low reduction potential, less than —1.0'V,
hydrogen was liberated by the decomposition of water; at elevated reduction potential,
formic acid and CO were produced; and at high reduction potential, CH; and C,H4 were
formed from —1.4V to —1.8 V.
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