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Abstract: Electrochemical CO, reduction to produce formate ions has studied for the sustainable
carbon cycle. Mercury in the liquid state is known to be an active metallic component to selectively
convert CO; to formate ions, butitis not scalable to use as an electrode in electrochemical CO, reduction.
Therefore, scalable amalgam electrodes with different base metals are tested to produce formate by an
electrochemical CO, reduction. The amalgam electrodes are prepared by the electrodeposition of
Hg on the pre-electrodeposited Pd, Au, Pt and Cu nanoparticles on the glassy carbon. The formate
faradaic efficiency with the Pd, Au, Pt and Cu is lower than 25%, while the one with the respective
metal amalgams is higher than 50%. Pd amalgam among the tested samples shows the highest formate
faradic efficiency and current density. The formate faradaic efficiency is recorded 85% at —2.1 V vs
SCE and the formate current density is —6.9 mA ecm™2. It is concluded that Pd,Hgs alloy on the Pd
amalgam electrode is an active phase for formate production in the electrochemical CO, reduction.

Keywords: electrochemical CO, reduction; formate formation; Pd amalgam; metal amalgam electrodes

1. Introduction

Fossil fuels have been the main source of energy [1]. Continuous CO; emission from fossil
fuels is the main cause of climate change [2]. CO; utilization can provide not only a sustainable
way to mitigate CO, but also provide a practical solution for energy storage from renewable energy
sources [3,4]. CO; can be converted to useful fuels and chemicals by an electrochemical method
at standard temperature and pressure (STP) [5]. Furthermore, the electrochemical method is more
controllable and scalable [6]. Therefore, selective electrocatalytic reduction of CO; to formate has been
studied as it is easy to handle, non-corrosive, non-toxic and stable [7]. While formate or formic acid is
used in the agriculture industry presently, it is considered a hydrogen source for fuel cell in future [4].

Normally, products in the electrochemical CO, reduction are dependent on a type of catalyst,
electrolyte, temperature, pressure and applied overpotential. H; is usually produced as a main
side reaction in the preparation of formate, resulting in low faradic efficiency [8]. A few catalytic
components such as Sn, Pb and Bi are often chosen for their capability to catalyze CO; to formate
but they require high overpotential [9-11]. Hg has also been reported as a good catalytic component
for the CO, reduction to formate with 100% faradic efficiency in neutral aqueous electrolytes [12].
Hori and Suzuki revealed that the selectivity to a current density of formate at Hg electrode was
independent of pH and the current density remains 0.5 mA-cm~2 [13]. As Hg is in a liquid state at
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STP, a dropping mercury electrode (DME), static mercury drop electrode (SMDE) or hanging drop
mercury electrode (HDME) has been used in the electrochemistry [14]. Unfortunately, these electrodes
are not scalable to use as an electrode for the electrochemical reaction for the mass production [15].
Therefore, the development of solid electrodes, keeping the best features of Hg, is required for the
practical application. For the purpose, solid amalgam electrodes are explored to produce formate by
an electrochemical CO; reduction [16]. It was shown that mercury thin layers can be electrodeposited
on metal foils such as Pt, Pd, Ir, Cu and Ag [17-19]. The electrochemical CO, reduction was performed
with Cu amalgam at 1 atm and the total current density of —200 mA-cm~2 with the formate efficiency
of 12.9% was reported without the information about the applied potential [20].

In this work, CO, reduction was investigated on Pd amalgam/GC (Pd;Hgs), Pt amalgam/GC
(PtHgy), Auamalgam/GC (Aug gpHgp 18) and Cu amalgam/GC electrodes (CuHg). Firstly, Pd, Pt, Auand
Cu nanoparticles were electrodeposited on GC (glassy carbon) and, secondly, Hg was electrodeposited
on the prepared Pd/GC, Pt/GC, Au/GC and Cu/GC electrodes. Their selectivity and catalytic activity
for CO, reduction to formate were examined in the applied potential ranges vs. SCE from —1.7 V to
—-2.3 V. PdyHgs among the prepared metal amalgam electrodes exhibited the highest current density
and selectivity towards the formate production.

2. Results and Discussion

Figure 1al-d1 shows SEM images of the prepared Pd, Au, Pt and Cu electrodes, respectively.
The metal loading amount was estimated ca. 0.51 umol cm~2 for each electrode. The Pd, Pt and Cu
electrodes show that the metal nanoparticles are well dispersed on glassy carbon (GC). The metal
particle size is listed in the order of Pd < Pt < Cu < Au. The Au electrode exhibits that the shape of
Au particles is like a bloomy bud. When Hg was deposited on each metal electrode with the Hg/M
atomic ratio of 8, the morphology of each metal particle abruptly changed as shown in Figure 1a2-d2.
Pd amalgam on the PAHg800 electrode looks like liquid-like metal spread on GC and Pt amalgam on
the electrode looks like a paste. It is interesting to see that Au amalgam and Cu amalgam on have a
similar morphology compared to polygons.

X-ray diffraction analysis was conducted to observe the phases of metal nanoparticles and their
transformation to amalgams. The phases of metal particles are clearly observable with the XRD
patterns of Figure 2al-d1, although the intensity of characteristic peaks of metal components is low.
The XRD peak at the 20 value of 40.2° corresponds to Pd(111) plane (JCPDS 87-0639) (Figure 2al).
The characteristic peaks of Au are observed at the 20 values of 38.18 °, 44.4° and 64.57° on the Au
electrode (Figure 2c1), which are corresponding to Au(111), Au(200) and Au(220) (JCPDS 040784),
respectively. The peaks for (111) planes for the Pt and Cu electrodes are clearly observed, corresponding
to JCPDS 87-0646 and JCPDS 851326, respectively. XRD patterns of Figure 2a2—a4 shows crystal
structures of metal amalgams prepared at the Hg/M molar ratio of 8, which are corresponding to
Pd,Hgs (JCPDS 040046963), PtHg, (JCPDS 040045447), Aug s,Hgp 18 JCPDS 040035629) and CuHg
(JCPDS 040812), respectively. Some extra peaks (noise peaks) are also observed, which are attributed to
the elemental Hg [21,22]. Preparation of metal amalgam electrodes on the glassy carbon is presented
in Table 1.

Electrochemical CO, reduction on the surface of metal catalysts depends on many experimental
factors such as crystal planes, surface modifications, particle size and morphology that lead to different
reaction pathways resulting in different products [23]. Pd [24] and Au [25] have the high selectivity to
CO, while Cu is identified to possess the high selectivity to hydrocarbons [26]. The catalytic activity of
Pt [27] and Ni [28] for CO; reduction is very low due to their optimum hydrogen adsorption energy
for HER (hydrogen evolution reaction). The electrochemical CO, reduction was performed with the
prepared Pd (Pd/GC), Pt (Pt/GC), Au (Au/GC) and Cu (Cu/GC) electrode as shown in Figure 3al-d1.
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Table 1. Preparation of metal amalgam electrodes on the glassy carbon.

Metal Deposition Hg Deposition

Sample Metal Time (s) Time (s) XRD Phase
PtHg800 Pt 100 800 PtHg, (JCPDS-040045447)
Aug spHgp 15
AuHg800  Au 100 800 (ICPDS 040085¢29)
CuHg800  Cu 100 800 CuHg (JCPDS-040812)
PdHg800 Pd 100 800 Pd,Hgs (JCPDS-040046963)
PdHg200  Pd 100 200 Pd/Pd;Hes
(JCPDS-870639/040046963)
PdHg100 Pd 100 100 Pd/Pd;Figs

(JCPDS-870639/040046963)

Figure 1. SEM analysis of electrodeposited metal nanoparticles and respective amalgams (al) Pd,
(b1) Pt, (c1) Au, (d1) Cu, and electrodeposited Hg on the metal nanoparticles (a2) PdHg800, (b2)
PtHg800, (c2) AuHg800 and (d2) CuHg800.

On the Pd electrode, it is observed that H; is a major product, while the CO faradic efficiency is
also found in the range of 20%—26%. Additionally, the formate efficiency is also observed in the range
of 3%-15%. On the Pt electrode, the major product is hydrogen and CO is less than 0.1%, while a
very small amount of formate is observed with the faradic efficiency of 1%. On the copper electrode,
the main product is CHy at —1.7 V. The CO faradic efficiency is also observed in the range of 2% to
6% in the applied potential range of —1.7—2.3 V. At the higher overpotential than —1.7 V, Hj is mainly
produced. The CO, reduction on the Au electrode exhibits the high selectivity to CO with the faradaic
efficiency of 50%. As the applied potential is increased, the H, faradic efficiency is enhanced. On the
other hand, the formate faradic efficiency is also observed in the range of 12-22% during the reaction.
It is shown that the reaction paths on each metal from the experimental results are not much different
from the reported ones [29-31].
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Figure 2. XRD result of the electrodeposited metals and corresponding amalgams, (al) Pd, (a2) PdHg800,
(b1) Pt, (b2) PtHg800, (c1) Au, (c2) AuHg800, (d1) Cu and (d2) CuHg800: (black) metal, (red) Hg alloy.

The total current density with each metal electrode is listed in the order of Pt > Pd > Au =
Cu. The electrochemical CO, reduction with the metal amalgam electrodes prepared at the Hg/M
molar ratio of 8 is shown in Figure 3a2-d2. The total current density is low with the metal amalgam
electrodes as compared with metallic electrodes. It should be noted that the total current density with
PdHg800 is not so much low as compared with the Pd electrode. Figure 3a2 shows that the formate
faradic efficiency is enhanced on the PdHg800 electrode, suppressing both H, and CO production.
The Hj faradic efficiency with PdHg800 is in the range of 10%-30% depending on the applied potential,
while the CO faradaic efficiency is in the range of 3%-18%. The formate faradaic efficiency with
PdHg800 increased with an increase in the applied potential and exhibits 85% at —2.1 V. The further
increase in the applied potential rather decreased the formate faradic efficiency because it facilitated
the production of CO and Hj. It is clear that the formate current density with the PdHg800 electrode is
higher than that with the Pd electrode. PtHg800 exhibits low total current density as compared with
the Pt electrode. Nonetheless, the CO and formate current density with the PtHg800 electrode rather
slightly increased as compared with the Pt electrode. On the other hand, the H, current density with
PtHg800 decreased a lot up to 30%—67% from ~95% with the Pt electrode. The CO current density
with PtHg800 increased to 7%-13% from ca. 0.5% with the Pt electrode over the applied potential
range. Formate became a major product with PtHg800. The formate faradic efficiency is observed
37% at —1.7 V, which increased with the applied potential exhibiting the highest value of 53.5% at a
potential of —2.1 V. Then, it abruptly decreased to 15% at —2.3 V. The overall current density of PtHg800
is similar to that of AuHg800.
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Au is known to be a catalyst to produce CO selectively as shown in Figure 3c1 [25]. In the case
of AuHg800, the CO faradic efficiency was suppressed exhibiting high formate faradic efficiency,
indicating that the reaction scheme was changed. The formate faradic efficiency on the AuHg800
electrode is in the range of 50%—64% at the applied potential of —1.7—2.1 V. The formate faradic efficiency
with AuHg800is the lowest at —2.3 V (42%). Copper has been known to produce hydrocarbon selectively
as shown in Figure 3d1 [24]. The methane faradic efficiency, the main product with Cu/GC, is not
detected with CuHg800. Formate faradaic efficiency is in the range of 40%-58% at the applied potential
of —1.7-2.1V, decreasing to 33% at —2.3 V. Maximum formate faradaic efficiency is observed as 58% at
—1.9 V. CO faradaic efficiency is 13%—16% at the applied potential of —1.7-2.0 V, decreasing to 4.2%
at-2.3V.
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Figure 3. Catalytic activities of metal and amalgam catalysts during the CO, reduction at various
constant potentials in a CO, saturated 0.1 M KHCOj3 solution (al) Faradaic efficiencies of HCOO™,
CO and Hj; at Pd (a2) Faradaic efficiencies of HCOO~, CO and H, at PdHg800, (b1) Faradaic efficiencies
of HCOO™, CO and Hj at Pt. (b2) Faradaic efficiencies of HCOO™, CO and H; at PtHg800, (c1) Faradaic
efficiencies of HCOO™~, CO and H; at Au, (¢2) Faradaic efficiencies at AuHg800, (d1) Faradaic efficiencies
at Cu and (d2) Faradaic efficiencies at CuHg800.

It is clear to see that metal amalgams lose their intrinsic metal properties. All the prepared metal
amalgam electrodes produce formate selectively and the selectivity to formate is depending on the
capability to produce H;. H; is selectively produced from the applied potential of —2.3 V. PdHg800
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prevents Hy production the most, resulting in both the highest formate faradic efficiency and formate
current density.

CV analysis was also conducted to examine the current density and the reduction behavior of
CO, with the metal amalgam electrodes as shown in Figure 4. PtHg800 shows the lowest current
density in the CV analysis, while PdHg800 exhibits the highest current density. The onset potential
of PdHg800 was much lower than that of PtHg800, AuHg800 and CuHg800. The current density
from CV with the metal amalgam electrodes was well correlated with that from the electrochemical
reduction reactions in Figure 3. The current density from CV with metal amalgam is listed in the
order of PdHg800> CuHg > AuHg800 > PtHg800 at —2.3 V and of PdHg800 > AuHg800 > CuHg800
> PtHg800 at —1.7 V. The increase of the current density at the potential higher than —2.1 V can be
attributed to H, evolution due to limited solubility of the CO,. Solubility of CO, in 0.1 M KHCO3
is 33 mM [9,31]. The CV patterns on metal amalgams are similar to that reported on Hg only [19],
indicating that the reaction scheme on metal amalgam can be not much different from that on Hg.
The intermediate of CO, reduction is suggested to be CO,~ [32]. On Hg, it was proposed that HCOO~
was generated as follows [23];

CO; +e” — CO; 1)
CO; + H* - HCOO- )
HCOO: +e~ — HCOO~ 3)
ol
] 2 _
g !
Bl
e s
-0 - —— PtHg800
M - CuHg800

24 22 -20 18 16 14 12 1.0 -08

E(V vs SCE)

Figure 4. Cyclic voltammetry (CV) analysis in CO, saturated 0.1 M KHCOj solution at the scan rate of
50 mV-s~}, PdHg800, AuHg800, PtHg800 and CuHg800.

The standard potential of CO,™ is —=2.09-2.14 V vs. SCE in aqueous media [33]. In this aspect,
the formate faradic efficiency on Hg only abruptly increased from zero at —1.6 V to 80% at —1.7 V and
increased further up to 90% at —2.0 V [19]. The formate faradic efficiency of 90% was maintained at
the potential range of —2.0~3.0 V. On the other hand, the formate faradic efficiency was maximized at
—2.1 V on Pd, Pt and Au metal amalgam and at —1.9 V on Cu amalgam. The CO faradic efficiency
with Hg only was negligible even at —2.0 V, while CO with metal amalgam was significant at =1.7 V
showing metallic character. CO production has been proposed via HCOO™ adsorption on metals such
as Pd, Au, Ag and Cu [34].

COy+H' 4+ + * — *HCOO (4)
+HCOO +H" +¢~ — +CO + H,0O (5)
+CO — * +CO (6)

Therefore, the higher CO and H; faradic efficiency with the metal amalgam than that with Hg only
can be due to the retained metal character of metal amalgam. However, it is clear that Pd,Hgs among
the tested metal amalgams gave the highest formate faradic efficiency at —2.1 V (~85%) close to Hg only
(~90%). For the optimization of Pd amalgam catalyst, Pd amalgam electrodes with different loadings
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of Hg (mercury) were prepared by adjusting deposition time at the current density of —1 mA-cm™2.
The prepared Pd amalgam samples were named as PdHg100, PdHg200 and PdHg800 according to
the molar ratio of Hg to Pd. Figure 5 shows faradic efficiencies of PdHg100, PdHg200 and PdHg800
at the different applied potentials. As previously described, the faradaic efficiency for hydrogen,
CO and formate with the Pd/GC catalyst were observed in the range of 57%-70%, 2%0-26% and
3%—13% respectively. The formate faradaic efficiency with PdHg100 and PdHg200 increased a little
and remained under 20% as compared with the Pd catalyst, while the H; faradic efficiency was the
highest. The formate faradic efficiency abruptly increased only with PAHg800 by suppressing the
H; production at —1.7 V. The formate faradic efficiency with PdHg800 was maximized 85% at —=2.1V,
while the faradic efficiencies for CO and H; were 3.5% and 10%, respectively.
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Figure 5. Catalytic activities of Pd and Pd-amalgam catalysts during the CO, reduction at various
constant potentials in a CO, saturated 0.1 M KHCOj solution (a) Faradaic efficiencies of HCOO~, CO
and H; at Pd (b) Faradaic efficiencies of HCOO™, CO and H; at PdHg100, (c) Faradaic efficiencies of
HCOO™, CO and H; at PdHg200. (d) Faradaic efficiencies of HCOO~, CO and H, at PdHg800.

In terms of the formate current density (Figure S2), the highest formate current density was
~1.1mA cm~2 at =1.9 V for Pd/GC, —3.0 mA cm~2 at —2.3 V for PdHg100, —=3.1 mA cm~2 at —2.3 V for
PdHg200, and —6.9 mA cm™2 at —2.1 V for PdHg800. The phase of PdHg800 alloy for all the prepared
Pd amalgams was only observed by XRD analysis was Pdy,Hgs (Figure S3). The intensity of peaks
of PdHg800 with the Pd amalgams increased with an increase in Hg content. Therefore, the isolated
Pd should be present on PdHg100 and PdHg200 in the bulk phase, because the phase of Pdy;Hgs
was only observed in XRD patterns (Figure S3). XPS analysis was also performed to examine the
surface composition of PdHg100, PdHg200 and PdHg800 as shown in Figure 6, and Table 2. The B.E.
energies of Pd(3ds/,) of PdHg100, PdHg200 and PdHg800 were 335.7, 335.9 and 335.8 8 eV, respectively,
indicating that Pd on all the Pd amalgam samples was in the metallic state [34]. The double separation
of Pd(3ds2) and Pd(3d3p) is 5.3 eV for all the samples. Hg with PdHg100 shows that Hg is in the
metallic state, while one with PdHg200 and PdHg800 is in the state of Hg? and Hg?". The compositions
of Hg?" with PdHg200 and PdHg800 were 19.0 and 31%, respectively. Hg(4f5) and Hg(4fs,) has
a double separation of 4.0 eV [35]. The atomic ratios of PdHg100, PdHg200 and PdHg800 are 0.15,
1.28 and 2.48, respectively. The excess of Hg during the Hg electrodeposition was in the form of
mercury sulfate, which was removed by applying a constant potential of —1.5 V for 10 min in 0.1M
KHCO;3 solution as described in the experimental. Therefore, XPS analysis indicates that Pd with
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PdHg100 (Hg/Pd = 0.15) and PdHg200 (Hg/Pd = 1.28) should also be in the isolated metallic state on
the surface.
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Figure 6. XPS analysis of prepared samples (a) PdHg100 Pd 3d, (b) PAHg100Hg 4f, (c) PdHg200 Pd 3d,
(d) PdHg200 Hg 4f, (e) PdHg800 Pd 3d and (f) PAHg800 Hg 4f.

From the XRD and XPS analysis, low formate faradic efficiency is ascribed to the presence of
isolated Pd, which can produce H; selectively. SEM images (Figure S4) show that Pd amalgram
coalesces via migration from metallic Pd during the Hg electrodeposition on Pd/GC as the amount of
Hg deposition is increased. For the observation of Pd and Hg on GC, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) analysis was performed for PAHg800.

Figure 7 shows that Pd and Hg are completely miscible and uniform to facilitate to the XPS analysis.
EDS quantitative analysis is also performed for PdHg100, PdHg200, PtHg800 and AuHg800 and shown
in Figures S5 and S6. CV analysis with PdHg100, PdHg200 and PdHg800 were performed as shown
in Figure 8. PdAHg100 has a similar current density to the Pd electrode. On the other hand, the total
current density for the PdHg electrodes with the atomic ratio of Hg/Pd more than 1.0 decreased with an
increase in Hg content. The apparent surface area of PdHg100 was similar to that of the Pd electrode.
On the other hand, the apparent surface area of PdHg electrodes decreased due to the coalescence with
an increase in Hg content as represented in Figure S4. The reduction of the surface area might cause a
lower total current density. Although the total current density was observed with the Pd electrode,
PdHg800 with the nearly pure Pd,Hgs alloy phase showed the highest formate current density with
the highest formate faradic efficiency. From the experimental observations, it can be concluded that
Pd amalgam among the tested Pd, Pt, Au and Cu amalgam is the best for the electrochemical CO,
reduction to formate and the Pd,Hgs alloy is the active phase for the Pd amalgam electrode.
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Figure 8. CV analysis in CO; saturated 0.1 M KHCOj solution at the scan rate of 50 mV-s~! for

PdHg800, PAHg200, PdHg100 and Pd.

Table 2. Atomic ratio of Pd/Hg and binding energy (B.E.) of Pd and Hg with Pd amalgams prepared

with the different Hg/Pd atomic ratios.

PdO PdO HgO Hg2+ HgO Hg2+
Sample Atomic Ratio (Pd/Hg) (3d5/2) (3d3/2) (4f7/2) (4f7/2) (4f5/2) (4f5/2)
eV eV eV eV eV eV
PdHg800 2.48 335.7 341.0 100.2 - 104.3 -
PdHg200 1.28 335.9 341.2 100.3 101.2 104.3 105.2
PdHg100 0.15 335.8 341.1 100.2 101.2 104.2 105.3
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3. Materials and Methods

3.1. Materials

Hg(NO3)2H20 (99.90/0), PdClz (99.90/0), KthCl4 (99.90/0), HAuCl4 (99.90/0) KHCO3 (99.90/0) and
aniline (99.5%) were purchased from Sigma-Aldrich Ltd. Co. Glassy carbon (GC) of different sizes was
purchased from Dasomrms Ltd. Co. 1 M H,SO,4 and 1 M HCl were purchased and further diluted to
0.1 M solutions. Electrolytes were made using distilled water. Electrolytes were purged with Ar or
CO;, for 30 min to saturate the solution before the reaction.

3.2. Synthesis of Electrode

A thin layer of polyaniline was coated on GC by electropolymerization of aniline by applying
three CV cycles in the range of 0 to 1 V vs Ag/AgCl in the solution of 0.1 M aniline in 0.5 M H,SO4
to enhance the attachment of metal particles on GC. The electrodeposition of Pd was carried out at
—~1 mA cm~2 for 100 s in the 1 M HClI solution of 0.01 M PdCl,. Deposition of Pt, Au and Cu was also
conducted in the same procedure in the acidic solution of K, PtClg and Au (III). Hg was electrodeposited
on the prepared metallic particles on GC at —1.0 mA-cm~2 for 800 s in a solution of 0.5 M H,SOy
and 0.01 M Hg(NO3),.H,O. After the electrodeposition of Hg, mercury sulfate on metal amalgam
electrodes formed during the electrodeposition was removed by applying a constant potential of -1.5V
vs Ag/AgCl for 10 min in 0.1 M KHCOj; solution. Finally, the metal amalgam electrodes were used
for the electrochemical CO; reduction after the prepared amalgam electrodes were washed out with
distilled water. Before preparing electrodes, GC was washed with ethanol and D.I. water. To clean the
electrode surface completely, 40 cycles of CV scanning is performed from —1.5 V to 1.5V vs Ag/AgCl
in 0.5 M H,SO; at the scan rate of 100 mV-s~1.

3.3. Material Characterization and Product Analysis

Powder X-ray diffraction (XRD) was performed using a Bruker D8 advance, Germany), equipped
with Cu K« radiation (A = 1.5406 A). SEM images were recorded using FEI Nova Nano 200 (USA) (10 kV
accelerating voltage). XPS analysis was performed on a PHI versaProbe (Ulvac-PHI), (Japan) with the
background pressure of 2 X 1077 Pa and the spot size of 100 pm X 100um at an angle of 45°, wide scan
pass energy of 46.95 eV. High-angle annular dark-field scanning transmission electron microscopy
(HAADEF-STEM) and TEM EDS analysis was performed at FEI Talos F200X at an accelerating voltage of
80-200 kV (USA). During the electrolysis, gaseous products were sampled from the electrochemical cell
and analyzed using Younglin 6500 GC system equipped with RESTEK microsieve (RT-Msieve 5A) and
a pulse discharged detector (PDD). The quantification of gas products was performed after the reaction
of 60 min. He with ultra-high purity (99.9999%) was used as a carrier gas. Quantification of the liquid
products was performed on (IC25-Dionex) ion chromatograph (USA). The column was an IonPac AS19
using 0.02 mol L~! NaOH at the mobile phase rate of 1 mL min~!. During the measurement, a current
was kept at 60 mA.

3.4. Electrochemical Characterization

Cyclic voltammetry experiments were carried out in a standard three-electrode cell assembly.
A saturated calomel electrode (SCE) and a Pt foil were used as a reference electrode and a counter
electrode, respectively. The CO; reduction was carried out in a custom made two-compartment
cell separated by a Nafion 115 membrane. Each cell compartment contained 20 mL of 0.1 M
KHCO; electrolyte. CO, was purged through the electrolyte at 10 mL min~! before the reaction.
Here, the applied potential for the electrochemical CO; reduction is referenced with SCE (saturated
calomel electrode).
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4. Conclusions

Solid mercury film electrodes are prepared using Pd, Pt, Au and Cu for the electrochemical CO,
reduction to formate in 0.1 M KHCOj solution saturated with CO,. Pd was the best option for metal
amalgam catalyst for the formate formation in the electrochemical CO, reduction. The Pd amalgam
electrode with almost pure Pd,Hgs alloy could be prepared by the Hg electrodeposition on Pd/GC
with the Hg/Pd atomic ratio of 8.0, which exhibited the formate faradaic efficiency of 85% and the
formate current density of —6.9 mA-cm™2 at the applied potential of —2.1 V.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/367/s1,
Figure S1: Experimental setup (Scheme) for electrochemical CO, reduction measurements, Figure S2: Formate
current density of Pd, PdHg100, PdAHg200 and PdHg800 at the potential range of —1.7 to —2.3 V vs SCE, Figure S3:
XRD patterns of Pd, PdHg100, PdHg200 and PdHg800.
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