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ABSTRACT: Electrochemical reduction of CO, into valuable CO,+ H,0+2e - CO+20H"
chemicals is considered a promising approach to achieve a carbon-
neutral circular economy. This work aims at CO, conversion to
CO with high efficiency at silver (Ag) electrodes with low catalyst
loadings. The free-standing electrodes were simply prepared via
sputtering deposition, achieving an easy control of the Ag loading,
In CO, electrolysis, a relatively low Ag loading of 151.3 yg cm™>
approaches 100% CO selectivity in both KHCO; and KOH
electrolytes. In a KHCOj; electrolyte, this electrode achieves 0

current densities as high as 26.6 and 56.5 mA cm™* at —1.0 and . . O el Vv Ry 11
—1.2 V vs reversible hydrogen electrode (RHE), respectively,

corresponding to mass activities of 175.8 and 373.4 A gAg_l. Moreover, it also demonstrates high stability during a 15 h test at —1.2
V vs RHE, showing high retention in both the CO selectivity and geometric current density. By optimizing the operation conditions,
a single-pass CO, to CO conversion of about 22% is achieved, and such a high value is maintained for 14 h. When changing to the
KOH electrolyte, the electrode shows an impressive increase in current density, achieving 240.0 and 365.0 mA cm™* at —1.0 and
—1.2 V vs RHE, respectively, corresponding to a high mass activity of 1586.3 and 2412.5 A gAg_l. In addition, excellent CO
selectivity (>90%) is obtained in a wide potential range from —0.3 to —1.2 V vs RHE.
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1. INTRODUCTION improved by tuning morphology,”® particle size,”" and crystal
facets” and by surface modification with oxygen,” halide
anions,”* and organic molecules.”> The mechanism study of
CO,RR on Ag electrode surfaces was also widely investigated
by density functional theory calculations*® and experimental
observations,””** showing that Ag dominantly produces CO,
and it also has the potential to yield other molecules including
C—C coupled products, depending on the surface geometric
and electronic structures. Despite significant success on the
catalyst development and reaction mechanism study, scarce
studies were focused on the development of high-performance
Ag electrodes through simple, fast, scalable, and low-cost
methods. In the literatures, many free-standing Ag electrodes
were fabricated by treating Ag foils,***° Ag wires,”® and Ag
alloys,®" and supported Ag electrodes were also prepared by
coating gowder—like catalysts onto a substrate such as glassy
carbon,*” carbon paper,”>** 3

Electrochemical conversion of carbon dioxide (CO,) to value-
added chemicals and fuels is of high interest from both
economic and environmental perspectives since it can not only
realize long-term storage of renewable electricity but also favor
a sustainable carbon cycle and mitigate climate changes."”” The
electrochemical CO, reduction reaction (CO,RR) can result in
a range of products, mainly including carbon monoxide (CO),
formic acid (HCOOH), methane (CH,), ethylene (C,H,),
ethanol (C,H;OH), and methanol (CH;OH). As a versatile
C1-building block,> CO is considered the most important
product and is intensively used in large industrial processes
such as Fischer—Tropsch synthesis of hydrocarbons® and
Monsanto/Cativa acetic acid synthesis.” Previous studies
demonstrated that gold (Au),*” silver (Ag),g’9 zinc
(Zn),'""* palladium (Pd),"* some Cu-based materials,'*~'°
and single-atom transition metals anchored in N-doped carbon
(N—C—Me, Me = Co, Fe, Ni)”_19 are selective for CO,
reduction to CO. Among them, Au is considered the Received:  July 7, 2022
benchmark electrocatalyst for this purpose due to the highest Accepted: November 7, 2022
activity and selectivity, while Ag is the most promising one for Published: November 28, 2022
large-scale application since it is much more abundant and less

expensive compared to Au. Many studies showed that the

activity and CO selectivity of Ag catalysts can be further

and polymeric membrane.”* Most
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of them were tested in a batch cell at low current densities.
Despite the scarce literatures, the critically important role of
electrode development in the CO,RR was demonstrated.
Sargent et al.”> prepared Ag electrodes by sputtering a Ag
catalyst on a PTFE membrane, followed by the coating of
carbon nanoparticles. The resulting gas diffusion electrodes
(GDEs) showed good CO,RR performance with a CO
selectivity over 90% at current densities above 150 mA cm™>
in a flow cell, while the mass activity of the Ag catalyst was not
evaluated and PTFE substrates are expensive. Gascon et al.*®
studied carbon cloth-supported Ag GDEs, exhibiting high
CO,RR efficiency with good CO selectivity (>96%), high
current density (300 mA cm™2), and mass activity (1864 mA
mgAg_l). Despite the good performance, these GDEs were
fabricated by a tedious fabrication process starting from a layer-
by-layer growth of a Ag coordination polymer onto a carbon-
based microporous layer, followed by the electrodecomposi-
tion of the polymer.

In this work, we propose a novel and fast method to
fabricate high surface area Ag GDEs in one single step. The
nanostructured Ag thin layer was deposited onto a carbon
paper by sputtering at room temperature and served as
electrodes for CO,RR without any further treatments. Such a
method provides easy control of the properties of the
electrodes including Ag loading, morphology, purity, and
reproducibility. The obtained electrodes were tested in a flow
reactor with gas-fed CO,, which ensures high CO, diffusion
rate and shortens the diffusion distance from the substrate to
catalyst layer. CO,RR experiments show that the electrode
with a relatively low loading of Ag can catalyze the CO,RR
with high activity, excellent CO selectivity, and good stability.
Particularly, the high mass activity of 2412.5 A gAg_l obtained
on the sputtered Ag GDEs can remarkably reduce the
employment of Ag metal, lowering the price of the electrode
fabrication and increasing the sustainability.

2. EXPERIMENTAL SECTION

2.1. Preparation of Ag Electrodes. Sputtering (Quorum
Technologies Ltd., Q150T) was used to prepare the Ag GDEs. A
carbon paper (GDL; SIGRACET 28BC, Ion Power GmbH) was used
as the substrate and a silver disk (99.99%, Testbourne) as the target.
The carbon paper with a microporous layer and a certain amount of
poly(tetrafluoroethylene) can enhance the gas diffusion and hence
improve the behaviors of the electrodes in the gas-involved
reactions.”’ >’ The deposition method started with cleaning of the
target to improve the quality of deposition. Two different deposition
currents, namely, 30 and 50 mA, were applied, and the deposition
time varied from 100 to 700 s, as shown in Table 1. The samples are
denoted as AgXsYmA, where X and Y indicate the deposition time
and current, respectively.

2.2. Physical and Chemical Characterizations. The morphol-
ogy of the Ag electrodes was studied by means of field emission
scanning electron microscopy (FESEM) with a Zeiss Auriga
microscope.

X-ray diffraction (XRD) patterns of the samples were acquired with
a PANalytical X'Pert Pro diffractometer (Cu Ka radiation, 40 kV and
30 mA) equipped with an X’Celerator detector. The analysis of the
whole XRD patterns with the Pawley method was carried out with
MAUD software.*® The cubic Ag structure (space group Fm-3m, ID:
1100136 in the Crystallography Open Database) was used for
refinement. Line broadening due to the crystallite size was modeled
with the size—strain model developed by Popa.*' No significant
contribution to line broadening due to microstrain was revealed. The
contribution to peak line shapes by the X-ray diffractometer was
determined by previous refinement of the XRD pattern of the LaB6
NIST standard sample measured in identical conditions. The

Table 1. Samples Prepared with Sputtering

deposition current  deposition time Ag loading”

sample [mA] [s] [ug cm™
Ag200s30mA 30 200 131.5
Ag300s30mA 30 300 173.4
Ag500s30mA 30 500 282.1
Ag700s30mA 30 700 381.5
Ag100s50mA N 100 73.9
Ag200s50mA 50 200 151.3
Ag300s50mA NY 300 282.7
Ag500sS0mA 50 500 473.0

“Ag loading is calculated by weighting the GDL before and after
deposition.

contribution to the XRD data by the GDL substrate was considered
as background by importing in MAUD an XRD pattern of the pristine
GDL.

2.3. Electrochemical Tests and Product Analyses. Electro-
chemical impedance spectroscopy (EIS) measurements were
performed in a three-electrode single-compartment cell at room
temperature with a Metrohm Autolab electrochemical workstation.
The working electrode was an Ag electrode with a geometric area of
0.2 cm®. A Pt wire was used as the counter electrode and Ag/AgCl (3
M CI7) as the reference. The electrolyte was a CO,-saturated 2.0 M
KHCO; (potassium bicarbonate, 99.7%, Sigma-Aldrich) aqueous
solution. EIS measurements were performed at various potentials of
—0.6, —0.8, —1.0, and —1.2 V vs reversible hydrogen electrode (RHE)
with an AC signal of 10 mV of amplitude and 10~2—10° Hz frequency
range. Unless otherwise specified, all potentials refer to RHE.

The CO,RR experiments were conducted in a custom-made three-
compartment flow cell, as illustrated in Scheme S1. An ion exchange
membrane was used to separate the cathodic and anodic sides. The
cathodic side was divided into two compartments by the working
electrode that is a free-standing Ag electrode with a geometric area of
1.5 cm® A mini Ag/AgCl (1 mm, leak-free LF-1) was used as the
reference electrode and inserted in the catholyte. A Pt foil
(Goodfellow, 99.95%) was used as the counter electrode and
immersed in the anolyte. In the case of a KHCO; electrolyte, a
cation exchange membrane (Nafion Membrane N117) was used.
Both catholyte and anolyte were 25 mL of 2.0 M KHCOj; aqueous
solution and were circuited at 2 mL min~' during the test. Constant
CO, flows of 10 and 25 mL min~! were maintained at anodic and
cathodic compartments, respectively. When a KOH electrolyte was
used, an anion exchange membrane (Sustainion 37-50, Dioxide
materials) was employed. Both catholyte and anolyte were 1.0 M
KOH solution and passed through the compartments at 2 mL min™"
during the test. A constant CO, flow of 25 mL min™' was maintained
for the gas compartment to supply the reactant. The reported
potentials were corrected by compensating 85% of the ohmic drop
(iR-compensation). Electrode potentials after iR-compensation were
rescaled to the RHE reference by applying the Nernst equation, E yg
= Ejag/agal + Eagiagai am )y~ + 0.0591 X pH.

Gas-phase products were analyzed on-line by a microgas
chromatograph (#GC, Fusion, INFICON), which is composed of
two channels with a 10 m Rt-Molsieve SA column and an 8 m Rt-Q-
Bond column, respectively, and each channel with a microthermal
conductivity detector. The inlet of yGC was connected to the
cathodic side of the electrochemical cell, as shown in Scheme S1. The
faradic efficiency (FE) for each gas-phase product was determined
from its concentration in the outlet gas stream, as shown in eq 1

_VXtXCxXxnXF

V. xQ (1)
where V,, is the molar volume of an ideal gas (L mol™"), Vis the flow
rate of CO, at the cathodic side (L min™"), ¢ is the electrolysis time

(min), Q is the total charge passed through the system during the
electrolysis time ¢ (coulombs, C), C is the concentration of the gas

FE

https://doi.org/10.1021/acsaem.2c02143
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product (% v/v), n is the number of electrons required to obtain one
molecule of this product (n = 2 for CO and H, formation), and F is
the Faraday constant (96485 C mol™).

The partial current density of CO production is calculated via
multiplying the geometric current density by its faradic efficiency,
according to eq 2

jCO = jgeo X FECO
3. RESULTS AND DISCUSSION

3.1. Characterizations of Ag Electrodes. The deposition
parameters determine the catalyst loading, as summarized in
Figure 1 and Table 1. A higher deposition current results in a

500 °
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3 9 @ y=056x
‘2 200 o
© 9 .9
21009 ..° -

9 Deposition current
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100 200 300 400 500 600 700
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Figure 1. Ag mass loadings of electrodes prepared at different currents
for different deposition times. The dotted lines shall guide the eye.

larger catalyst loading when the deposition time is fixed, and a
longer deposition time leads to a higher catalyst loading at each
deposition current. The Ag loading proportionally increases as
lengthening the deposition time and the increase rate is higher
at a higher deposition current.

FESEM analysis has been performed to study the
morphology of the Ag electrodes. For all considered deposition
parameters, porous Ag films are obtained, homogeneously
covering the underlying GDL (Figures S1 and S2). The
electrodes deposited at 30 mA show a similar top view, except
that the particle aggregations slightly increase in size with
extending the deposition time, as shown in Figure 2a—d. The
morphology of the electrodes prepared at 50 mA exhibits a
similar trend, showing no significant dependence on the
deposition time except the particle size (Figure 2e,f).

The crystalline structure of the Ag electrodes has been
analyzed by XRD. All of the samples share similar patterns
(Figure 3a), showing only the peaks associated with the Ag
cubic phase and contributions from the GDL substrate. As
increasing the deposition time, these peaks increase in intensity
relative to the background and GDL contribution at each
current with Ag(111) clearly shown in Figure 3b. This
outcome indicates that the weight percentage of Ag increases
with increasing the deposition time for each current parameter,
consistent with the results shown in Figure 1 and Table 1.

Further insight into the structure of the different Ag
electrodes is provided by the Pawley refinement of XRD
data. Table 2 provides refined values for the lattice constant
and crystallite size obtained from the whole pattern fitting
shown in Figures S3 and S4. Regarding the 30 mA series of
samples, there is no significant effect of the deposition time on
the lattice constant, while there is a general increase in
crystallite size. Similar outcomes are also revealed in the S0 mA
series of samples. Moreover, it is found that the crystalline size
is bigger for the 50 mA sample than the 30 mA one with a
similar mass loading (Figure SS).

3.2. Comparison of Various Ag Electrodes. Chro-
noamperometric tests were performed to study the activity and
selectivity of the electrodes. CO and H, are the main gaseous
products in each test, and negligible amounts of HCOOH were
detected in the catholyte in some tests. In general, all samples

Figure 2. FESEM images of electrodes prepared at 30 mA with different deposition times: (a) 200 s, (b) 300 s, (c) 500 s, and (d) 700 s and
electrodes prepared at S0 mA with different deposition times: (e) 100 s, (f) 200 s, (g) 300 s, and (h) SO0 s.
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Figure 3. XRD patterns of all Ag electrodes in (a) long range and in short range (b).

Table 2. Pawley Refined Lattice Constant “a” and Crystallite
Size Values for Different Ag Electrodes (Uncertainties
Reported in Brackets)

sample a (A) size (A)
Ag200s30mA 4.086 (+2) 153 (+4)
Ag300s30mA 4.087 (+2) 199 (£5)
AgS00s30mA 4.087 (+1) 236 (+3)
Ag700s30mA 4.088 (+1) 219 (+3)
Ag100sS0mA 4,091 (£2) 167 (+5)
Ag200sS0mA 4.088 (+1) 218 (+4)
Ag300sS0mA 4,085 (+1) 269 (£5)
AgS500sS0mA 4.087 (+1) 279 (£3)

show a similar trend; that is, the current density and CO
selectivity increase as raising the overpotential. However, the
performance of the samples exhibits some distinct differences,
as shown in Figures 4 and S.

Figure 4 compares the electrodes prepared at 30 mA with
different deposition durations at various investigated poten-
tials. The Ag200s30mA sample with the lowest catalyst loading
(131.5 pug cm™?) displays average performance at all potentials,
showing a CO selectivity of 16, 48, and 64% at —0.8, —1.0, and
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Figure 4. CO selectivity (bars, left axis) and geometric current
densities (hexagons, right axis) at different potentials on the samples
prepared at 30 mA. The dotted lines shall guide the eye (current
densities: at —0.8 V, red line; —1.0 V, blue line; and —1.2 V, black
line).
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Figure 5. CO selectivity (bars, left axis) and geometric current
densities (hexagons, right axis) at different potentials on the samples
prepared at S0 mA. The dotted lines shall guide the eye (current
densities: at —0.8 V, red line; —1.0 V, blue line; and —1.2 V, black
line).

—1.2 V, respectively. A clear increase in CO selectivity as
increasing the Ag loading is observed at —0.8 V, and such
enhancement is less significant at more negative potentials
when the Ag loading is higher than 131.5 ug cm ™. All samples
with higher Ag loadings (>131.5 ug cm™) perform similarly
and show an excellent CO selectivity (>90%) at both —1.0 and
—1.2 V. The sum of FE values for CO and H, (Figure S6)
reach around 100%, indicating that no significant amounts of
other products are formed. In contrast to the selectivity, the
current density is similar among different samples at —0.8 V,
while it generally increases with increasing the Ag loading at
both —1.0 and —1.2 V. At —0.8 V, the current densities are
below 10 mA cm™?, and they range from 20 to 27 mA cm ™ at
—1.0 V and from 46 to 56 mA cm™” at —1.2 V.

The comparison of the samples prepared at S0 mA is shown
in Figure S. Similarly, the CO selectivity and current density
increase as raising the overpotential on each sample. It is
interesting to note that the Ag300sSOmA and AgS00sSOmA
samples achieve good FE. values (>80%) at —0.8 V and
excellent ones (>90%) at more negative potentials. Nearly one-
unity conversion of CO, to CO is achieved at —1.0 and —=1.2'V
on the samples with higher Ag loadings (>151.3 g cm™?), and
the HER is almost suppressed (Figure S7). All samples show a

https://doi.org/10.1021/acsaem.2c02143
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similar current density at —0.8 V, which is between 5 and 6 mA
cm™ A current density ranging from 22 to 27 mA cm™” is
achieved at —1.0 V, and a current density between 55 and 57
mA cm 2 is found on the electrodes at —1.2 V. It is clear that
the electrodes prepared at the deposition currents of 30 and 50
mA achieve a similar range of current density at each potential.

The present work aims to minimize the catalyst loading and
maximize the exploitation of Ag simultaneously obtaining good
CO,RR performance. To evaluate this aspect, the mass activity
is calculated through dividing the CO partial current density by

14783

the Ag mass loading. Figure 6 compares the FE-o and mass
activity of all samples at various potentials. As shown in Figure
6a, the sample prepared at 50 mA shows slightly higher FEq
compared with that prepared at 30 mA with a similar Ag
loading, especially at —0.8 V. At —1.0 and —1.2 V, good CO
selectivity (>90%) is achieved on the electrodes with Ag
loadings higher than 150 ug cm™, independent of the
deposition current. Similarly, the mass activity of the electrode
is also highly relevant to the Ag loading, but it is almost
independent on the deposition current when the Ag loading is
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higher than 150 ug cm™, as shown in Figure 6b. Generally, it
decreases as the catalyst loading increases, especially at low Ag
loadings.

The specific activity of all electrodes was also compared to
evaluate their intrinsic activity for the CO,RR to CO. To
evaluate this aspect, the jco must be normalized by the
electrochemically active surface area (ECSA). Since the ECSA
is considered to be proportionally associated to the double-
layer capacitance Cy, the intrinsic activity of various materials
can be compared by investigating the Cy-normalized current
densities. Through EIS analysis (see the Supporting
Information and Figure S8 for details), the Cy value is found
to be 1.6, 1.1, 1.0, and 1.4 mF cm™> for Ag200s30maA,
Ag300s30mA, AgS00s30mA, and Ag700s30mA, respectively,
and 1.1, 0.7, 0.6, and 0.6 mF cm™ for Agl00sSOmA,
Ag200s50mA, Ag300s50mA, and AgS00sS0mA, respectively.
As shown in Figure S9, the electrode prepared at 50 mA shows
higher activity compared with the one fabricated at 30 mA with
a similar Ag loading at each potential. Both sets of electrodes
prepared at 30 and 50 mA exhibit a similar dependence on the
Ag mass loading at all potentials. The activity significantly
increases with increasing the Ag loading until 150 yg cm™. A
further rise in the Ag loading leads to a much slower increase
in the activity for the electrodes prepared at 50 mA and even a
decrease for those prepared at 30 mA. It is worthy to notice
that this trend is similar to that of the charge transfer time
constant 7 calculated as the product of Cq and the charge
transfer resistance R, obtained by EIS analysis** and reported
in Figure S10. This result suggests that the electrode activity is
dominated by the charge transfer process. Given that 7 values
already take into account the ECSA (through Cy), it appears
that the increase of Ag loading makes the charge transfer
related to the single catalytic site faster until a certain extent is
reached, and then, it slows down.”® This outcome may deserve
further study, possibly involving time-resolved spectroscopy
techniques. Overall, by comparing the selectivity, mass activity,
and specific activity, it is possible to state that the optimal
samples possess a Ag loading of about 150 g cm™2 resulting
in excellent FEy values and good mass activities of about
175.8 and 3734 A gAg_1 at —1.0 V and —1.2 V, respectively, for
the electrode deposited at S0 mA.

Long-term tests were performed at —1.2 V on the optimal
electrodes, namely, Ag200s50mA, Ag300s50mA, Ag500s50mA,
and Ag300s30mA. Figure 7 shows the FE-y and geometric
current density as a function of time on various electrodes. As
can be seen in Figure 7a, the Ag200sS0mA sample shows an
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initial FE¢q approaching 100% and a current density of about
55 mA cm™ During a 15 h test, the FE¢q and current density
gradually decrease to 91% and 53 mA cm™2 respectively.
Despite the drop, the retention of the CO selectivity and
current density is higher than 90%, demonstrating the good
stability of this electrode. The Ag300s50mA and Ag500s50mA
samples show similar stability with respect to the
Ag200s50mA, as displayed in Figures 7b,c. In contrast, the
Ag300s30mA sample shows an excellent initial FEq, which
quickly decreases after 10 h (Figure 7d). Despite the good
retention in current density, the Ag300s30mA electrode is
considered less stable compared to other samples.

3.3. Study of an Optimal Ag Electrode. The
Ag200s50mA electrode was further tested in a two-electrode
mode with a galvanostatic technique with an Ir-coated Ti plate
(Ir-MMO, ElectroCell Europe A/S) as the anode (active area:
10 cm?) and a Ag GDE as the cathode (active area: 6.2 cm?).
As shown in Figure 8b, the cell voltage maintains an almost
stable value of about 3.7 V at a constant current density of 45
mA cm 2. Figure 8a shows the CO% (%V/V) obtained in the
vent gas and the FE( as a function of time. The CO selectivity
has good retention and exhibits a gradual decrease in FEq
from nearly 100% at the beginning to about 90% at the end of
the test. The CO% maintains a quasi-constant value of about
22%, which is relatively high with respect to those reported in
the literature.**”* The CO percentage in the vent gas
represents the single-pass conversion of CO,; that is, it is the
percentage of CO, converted in a single run without gas
circulation. Like the selectivity for a specific product, the
single-pass conversion of CO, is critical for minimizing the
separation requirements and thus reducing both capital and
operational costs. Moreover, when CO is the only gaseous
product, the vent gas (a mixture of CO and CO,) can be
further electrochemically reduced without any separation,
allowing effective synthesis of C,, products.”’ This two-step
method is an up-to-date and encouraging technology for
converting CO, to highly valuable chemicals and fuels.***’
Hence, the high CO,-to-CO single-pass conversion on the Ag
electrode highlights the significance of our work.

The Ag200s50mA electrode is also investigated in the KOH
electrolyte. The KOH electrolyte possesses enhanced con-
ductivity with respect to KHCO; one, resulting in higher
reaction rates. Some studies also showed that surface hydroxyls
offer effective sites to boost CO, adsorption via the hydrogen
bond, enhancing the CO,RR activity and selectivity.”® As seen
from Figure 9a, the CO selectivity achieves an excellent value
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of 90% at —0.3 V, and it approaches 100% at higher
overpotentials. The current density is dramatically enhanced
with respect to that obtained in KHCOj electrolyte at the same
potential. In particular, industrially relevant current densities of
240.0 and 365.0 mA cm™? are reached at —1.0 and —1.2 V,
respectively, corresponding to high mass activities of 1586.3
and 2412.5 A gAg_1 (Figure 9b). These outcomes demonstrate
that the herein proposed Ag electrode outperforms most of the
reported Ag-based materials and is in line with the best results
in the literature (Table S1).>'~>> A long-term test has been
performed on a Ag200s50mA electrode at —1.2 V in 1.0 M
KOH. As shown in Figure S11, the initial current density is 365
mA cm™? and gradually decreases to 285 mA cm™? after 6.5 h
of test. The initial FE approaches 100% and then degrades with
time, reaching 85% after 6.5 h. Compared to the stability at a
lower current density in 2.0 M KHCO;, the stability at a higher
current density in 1.0 M KOH is much worse. This outcome is
in agreement with the literature, which reports that the stability
of the CO,RR declines quickly with raising the current
density.*

3.4. Characterizations of Postmortem Electrodes and
Discussion on the Reaction Mechanism. FESEM and
XRD analyses were performed on the tested Ag200sS0mA
electrodes. As shown in Figure S12, no significant changes are
observed in the morphology of Ag electrodes after tests in
KHCO; and KOH electrolytes. XRD analysis shows that
metallic Ag remains on the carbon paper substrate and no
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secondary Ag-containing phases are present (Figure S13).
Hence, instead of the restructuring of the Ag catalyst, the
degradation of the CO,RR performance during the long-term
tests could be mainly attributed to the flooding and the
formation of salts on the gas diffusion side of the GDE since
significant amount of salt crystals and water was observed on
the backside of the postmortem electrodes after long-term
tests.

Tafel analysis is a vital tool for studying the mechanism of
multistep reactions even though it has some limitations.”” To
reveal the rate-determining step (RDS) of the CO,RR to CO,
Tafel analysis has been performed on Ag200s50mA electrodes
in both 2.0 M KHCOj; and 1.0 M KOH electrolytes. As shown
in Figure 10, the Tafel plot is built by plotting the
overpotential as a function of CO partial current density
(jco) in the logarithm scale. Tafel slopes of 70 and 143 mA
dec™ are observed in KHCO,; and KOH, respectively.
Different Tafel slopes can be related to distinct RDSs of the
CO,RR.”’

Due to the relatively high alkalinity of both electrolytes,
water is more likely to act as a proton source instead of
hydronium ions, and the CO,RR proceeds through proton-
coupled electron transfer (PCET) or decoupled proton
transfer (PT)/electron transfer (ET) pathways®*>’

1. First proton-coupled electron transfer
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Step 1a
CO, + H,0 + ¢ + * & COOH™ + OH~

Step 1b

COOH™ + H,0 + ¢~ < CO + H,0 + OH"

4x

2. First decoupled proton/electron transfer
Step2a CO, + ¢ + * o CO,”
Step2b CO,” + H,0 < COOH* + OH™

Step 2¢
COOH* + H,O + ¢~ & CO + H,0 + OH™ + *

A Tafel slope of 70 mV dec™, which is close to 56 mV
dec”, indicates a chemical step (e.g, PT) as the RDS,
following a first PCET or ET. Hence, the RDS is likely to be
step 1b or 2b in the KHCOj electrolyte. Differently, a slope of
143 mV dec™’, approximate to 120 mV dec™', implies that the
first PCET or ET is probably the RDS; that is, the step 1a or 2a
is likely to be the RDS of the CO,RR to CO in KOH. It is
noticed that the RDS varies in different electrolytes and the
fundamental reasons behind it are not clear. It could be
attributed to the combined effects of the intrinsic activity, the
surface charge, and the mass transport,’’ and further
investigations are needed to give concrete explanations.

4. CONCLUSIONS

In this work, high-performance Ag electrodes have been
fabricated via a simple and scaleable sputtering method for
electrochemical conversion of CO, to CO. Nanostructured
thin films of Ag are homogeneously formed on a carbon paper
substrate and subsequently used as free-standing electrodes
without any post-treatment. Such a fabrication method is
simple, fast, and highly repeatable. The Ag electrodes show
excellent selectivity and good activity for the CO, reduction to
CO at low Ag loadings <150 ug cm™?, reaching approximately
100% CO selectivity and high mass activities of 1586.3 and
2412.5A gAg_1 at —1.0 and —1.2 V, respectively, outperforming
most of reported Ag-based catalysts in the literature. In
addition, the excellence is maintained on the Ag electrodes at a
high single-pass CO, conversion of over 20% for 14 h. Based
on these characteristics, the herein proposed Ag electrodes
show good potential to be implemented in the industrial CO,
conversion process, allowing to obtain a highly concentrated
CO product at large scales and relatively low cost.
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