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ABSTRACT

The electrochemical CO> reduction reaction (CO2RR) has attracted attention as a promising
strategy for converting CO» into value-added products. Gas diffusion electrodes (GDEs) loaded
with metallic nanoparticles as electrocatalysts are expected to efficiently reduce CO; due to the
high specific surface area of such particles and the superior mass transport characteristics of
GDEs. In the present study, GDEs loaded with homogeneous layers of sub-nanometer gold
(Au) nanoparticles were fabricated using a radio frequency sputtering technique that had a low
deposition rate. This allowed precise control of the catalyst loading. The Au-loaded GDEs
exhibited significantly higher CO production efficiency compared with the electrodes
fabricated by conventional deposition methods using dispersed Au nanoparticles. Additionally,
a Au-loaded GDE having a catalytic layer thickness of 10 nm demonstrated a mass-based CO
production activity of 1882 A g at -0.85 V. This is the highest value yet reported. This work
confirmed that the uniform deposition of sub-nanometer metallic particles gives enhanced
catalyst utilization. The results of this research provide important insights into the design of
efficient CO2RR electrodes and highlight the potential of radio frequency sputtering to fabricate

high-performance CO2RR electrodes as an approach to realizing carbon-neutral technologies.
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1. INTRODUCTION

The electrochemical CO> reduction reaction (CO2RR) is gaining attention as a promising
strategy for converting CO; into value-added products using electricity generated from
renewable energy sources such as wind or solar energy.!? A major advantage of the CO2RR is
that this process allows the reduction of CO> under ambient conditions (i.e., room temperature
and pressure) without the addition of energy derived from fossil fuels. Previous studies have
shown that the CO2RR can generate various products, including CO, formate (HCOO™) and
hydrocarbons (such as methane and ethylene). In addition, the hydrogen evolution reaction
(HER) proceeds as a competing reaction at negative potentials where the CORR proceeds.>*
Hence, controlling the selectivity for the CO2RR and optimizing the rate of product generation
(that is, the rate of reaction) are fundamental issue related to the potential industrialization of
the CO2RR.

Previous studies have shown that the appropriate choice of catalyst can control the
selectivity for certain CO2RR products, leading to extensive research in this area. Such prior
work has suggested that both the metal elements comprising the catalyst and the coordination
number of the active metal centers are important. As an example, noble metals such as gold
(Au) and silver (Ag) are known to produce CO* > ¢ 7 while elements such as tin (Sn) and zinc
(Zn) tend to produce formate (HCOO").% ? In addition, the use of nanoparticulate catalysts
tends to provide active metal centers with low coordination numbers that exhibit good
selectivity along with high specific surface areas, increased reaction rates and greater mass-
based activities.!”

The CO2RR rate and current density can also be improved through the use of gas
diffusion electrodes (GDEs) loaded with catalysts as working electrodes. In the case of the
CO2RR wusing a GDE, the reaction proceeds at the three-phase solid catalyst/liquid

electrolyte/gaseous CO; interface, which avoids the mass transport limitations associated with
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conventional two-phase (solid catalyst/liquid electrolyte) systems. As a result of this
improvement, it has been reported that the CO2RR can proceed at current densities suitable for
practical applications (100-500 mA cm 2 and higher). 18

On the basis of the above, nano-sized catalysts supported on GDEs are expected to
provide excellent selectivity and mass-based activity during the CO,RR. However, the
fabrication of GDEs loaded with nano-sized catalysts presents a significant challenge, even
though this approach could overcome the mass transport limitations of CO> and reveal the
inherent activity of the catalysts. Although there have been attempts to achieve high current
densities for using highly dispersed Ag metallic nanoparticles by combining polymers and
nanoparticles, to the best of the authors’ knowledge, the direct formation of nanoparticle layers
on GDEs has not well been studied. In general, nanoparticles easily aggregate with consequent
reductions in activity.!” Therefore, nanoparticles are not readily supported in a dispersed
manner.

Sputtering method is a promising approach to directly applying electrode catalysts to
supports and prior work has demonstrated the direct formation of a catalyst layer on a GDE by
sputtering with subsequent evaluation of CO2RR activity.?> 2! Although sputtering should
permit precise control of the nanoparticle size and amount, in prior work, the supported catalyst
particles were typically on the order of several hundred nanometers in size and catalyst layers
having thicknesses in excess of 100 nm were typically formed.?*>* GDEs loaded with highly
dispersed nanoparticulate catalysts by the sputtering method are expected to exhibit greater
activity and efficiency when applied to the CORR.>**?® Even so, the fabrication of GDEs
having highly dispersed catalytic nanoparticles by sputtering and subsequent improvements in
CO2RR performance have not yet been reported.

On this basis, the present work employed a radio frequency (RF) sputtering method to

directly load nanoparticles as a means of obtaining greater catalytic activity. RF sputtering was
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used because this technique allows the plasma density and applied energy to be carefully tuned
and the slow metal deposition rate permits precise control of the amount of metal loaded onto
the substrate. As such, this is a very attractive method for the fabrication of GDEs loaded with
well-defined nanoparticles. Even so, the fabrication of catalyst loaded GDEs by RF sputtering
with evaluation of the associated catalytic activities has not yet been established and the
fabrication of catalyst loaded GDEs using direct current (DC) sputtering has predominantly
been employed, as demonstrated by Table S1.27** Even so, the fabrication of catalyst loaded
GDEs by RF sputtering with evaluation of the associated catalytic activities has not yet been
established and the fabrication of catalyst loaded GDEs using direct current (DC) sputtering
has predominantly been employed, as demonstrated by Table S1. The aim of the work reported
herein was to demonstrate the above-mentioned concept by employing Au as a model catalyst

to generate CO, an important feedstock for the Fischer-Tropsch process, via the CO,RR.!+32
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2. Experimental
2.1 Electrode fabrication
Au nanoparticle loaded GDEs (Au-GDEs) were fabricated by directly sputtering Au on GDEs
(MFK-A, Mitsubishi Chemical) using a specially designed RF sputtering system. The pure Au
target with a diameter of 2.5 cm and thickness of 1 mm and having 99.999% purity
(PLASMATERIALS) was used for the preparation of catalyst loaded GDEs. The base pressure
of the sputtering chamber was 1 x 10”7 Pa and sputtering was conducted with an RF discharge
power of 40 W under argon (Ar, Taiyo Nippon Sanso, 99.9999 vol.%) at a flow rate of 25 sccm
and a chamber pressure of 0.5 Pa. The sputtering rate under these conditions was estimated to
be 0.40 nm s’ using a quartz crystal microbalance thickness monitor (SQM 160, INFICON).
The Au loading on each GD was controlled by changing the sputtering duration to prepare Au-
GDEs with Au layers having nominal thicknesses of 10, 50, 100, 200 or 500 nm. These
electrodes are referred to herein as Au-X, where X corresponds to the aforementioned thickness.
GDEs coated with Au nanoparticles were fabricated by spraying catalyst inks onto the
devices using an airbrush (Anest Iwata, Eclipse HP-BS). These electrodes are referred to herein
as the Au-Spray samples. These Au nanoparticles were synthesized using a citrate reduction
method based on a modification of a previously reported procedure and labeled as Au-NP in
the manuscriupt.*® Briefly, hydrogen tetrachloroaurate (III) tetrahydrate (HAuCls-4H,O, Wako,
Guaranteed Reagent grade) was firstly dissolved in ultrapure water to a concentration of 1040
ppm and heated to boiling. Following this, 5 wt% of trisodium citrate dihydrate (Wako,
Guaranteed Reagent grade) was added to the solution with continuous stirring to give a
Au:citrate molar ratio of 2.5:1. Upon mixing, the solution color was observed to change from
yellow to wine red, indicating the formation of Au nanoparticles. The solution was stirred for
a further 3 min, followed by cooling to room temperature. The nanoparticles were subsequently

recovered by centrifugation and then washed three times with ultrapure water. Finally Au-NP
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was diluted with ultrapure water. The final Au concentration in the resulting dispersion of Au-
NP was determined to be 1550 ppm using inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The catalyst inks were prepared by ultrasonication of a mixture
comprising 300 uL of this Au nanoparticles dispersion, 900 uL of ethanol (Wako, Guaranteed
Reagent) and 10 pL of a 5 wt% Nafion solution (Wako, polymer content: 5.0-5.4%). The

catalyst loading was approximately 246 mg cm™.

2.2 Physical characterizations

Scanning electron microscopy (SEM) images and energy dispersive X-ray spectroscopy (SEM-
EDX) mapping data were obtained using a JSM-7800F instrument (JEOL Ltd.). A cross-
sectional polisher (IB-09020CP, JEOL Ltd.) was employed to prepare the samples prior to
acquiring SEM images. Transmission electron microscopy (TEM) observations of the Au-NPs
were performed with an H-7650 instrument (Hitachi). X-ray diffraction (XRD) patterns were
obtained using a SmartLab3G (Rigaku Corp.) to determine the crystalline structures of the Au-
GDEs and of the original Au-NPs. X-ray absorption spectroscopy (XAS) analyses were
performed at the BLO1BO01 beamline of the SPring-8 facility operated by the Japan Synchrotron
Radiation Research Institute (JASRI) in conjunction with a double-crystal Si (111)
monochromator. With the exception of the Au-500, each Au-GDE was examined while
operating in the fluorescent mode and employing a 19-element solid-state detector. The Au-
500 and the Au-NPs were assessed using the transmission mode, with the Au-NPs having been
pelletized. Data analysis was conducted using the Demeter software package.** The chemical
composition and electronic environment of the Au, both of which can affect the catalytic
properties of the material, were investigated by acquiring X-ray photoelectron spectroscopy

(XPS) data using a PHI5000 VersaProbe II instrument (ULVAC Phi Corp.).
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2.3 Electrochemical assessments

Electrochemical measurements were performed using an HZ-7000 potentiostat (Hokuto
Denko) equipped with an HZAP3003A booster (Hokuto Denko). Custom-made
electrochemical cells*> were employed for the evaluation of CO.RR activity. Sodium
dihydrogen phosphate (NaH,PO4, Wako, Guaranteed Reagent), disodium hydrogen phosphate
(Na2HPO4, Wako, Guaranteed Reagent) and potassium hydrogen carbonate (KHCO3, Sigma-
Aldrich, ACS reagent, 99.7%) were used to prepare the electrolyte. Each reagent was used as
received without further purification. Catalyst-loaded GDEs, Ag/AgCl (in a saturated KCI
solution) and carbon paper loaded with IrO; (Tanaka Precious Metals, TEM77100(SA100))
were employed as the working, reference and counter electrodes, respectively. The geometric
surface area of each working electrode was 1.89 cm?. The anodic and cathodic compartments
were separated by a proton exchange membrane (Nafion 117, Sigma-Aldrich) and a 1 M
KHCO:s solution was used as the electrolyte for the evaluation of CO2RR activity in each trial.
Gaseous CO> (Taiyo Nippon Sanso, 99.995%) was fed to the apparatus at a flow rate of 10
sccm using a mass flow controller and the CO2RR products were analyzed after 30 min of
constant current electrolysis for evaluation of CO;RR activity. Gas phase products were
captured using a gasbag and quantitatively analyzed with a gas chromatograph (GC-2014,
Shimadzu) equipped with a thermal conductivity detector to analyze H> and a flame ionization
detector with a methanizer (MTN-1, Shimadzu) to analyze CO. Liquid products were analyzed
using 'H nuclear magnetic resonance spectroscopy (NMR), employing an AVANCE III 600
(Bruker). These assessments were carried out via a pre-saturation method reported elsewhere
using dimethyl sulfoxide (Wako) as an internal standard.*® Electrode potentials were converted
to reversible hydrogen electrode (RHE) values and /R compensation was conducted based on
impedance spectroscopy. Cyclic voltammetry (CV) data were acquired using a custom-made

single-compartment cell with a three-electrode system. In each trial, a catalyst-loaded GDE
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placed in an AE9-1 sample holder (EC Frontier, electrode area: 0.20 cm?), Ag/AgCl (in a
saturated KCI solution) and a Au wire were employed as the working, reference and counter
electrodes, respectively. A 1 M KHCOj3 solution saturated with CO» or a 1 M phosphate buffer
solution (PBS) saturated with Ar was used as the electrolyte. The solution pH was adjusted to

7.8 in each case. The scan rate was 50 mV s\,
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3. Results and discussion

Au-GDEs were prepared via the direct sputtering of Au using an RF sputtering method. A TEM
image of the Au-NPs synthesized in this work is presented in Fig. S1, indicating that the size
of Au-NPs were estimated mean diameter of 24 nm. The photographic images of the Au-GDEs

and Au mass loadings calculated based on the sputtering thicknesses are provided in Fig. S2.

Figure 1. SEM images of the (a, d, g) Au-100, (b, e, h) Au-500, and (c, f) Au-Spray. (a-c)
Cross-sectional and (d-f) overhead view of the reflected electron SEM images. In these images,
the white dots represent Au and the dark gray regions indicate carbon nanoparticles on the
GDEs. (g, h) SEM-EDX mapping data obtained from overhead views, in which Au and C
appear as yellow and blue regions, respectively. The elemental mass-based proportions
obtained from these analyses were Au:C = 36.7:55.3 and Au:C = 92.7:7.3 for the Au-100 and

Au-500, respectively.

The structures of the Au-GDEs were directly characterized by microscopy and Fig. 1

shows representative SEM images acquired from the Au-100, Au-500 and Au-Spray. Catalyst

10
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layers (CLs) composed of Au particles (shown here in white) were evidently applied
homogeneously to the surfaces of microporous layers (MPLs) on the GDEs (indicated by dark
gray) via the sputtering process. However, it should be noted that the GDE surfaces exhibit
microscopic-scale irregularities in Figs. 1(a) and 1(b). It is also apparent that the CL thickness
increased as the sputtering time was increased, suggesting that the Au loading amount could be
controlled by changing the sputtering time, as was intended. Interestingly, the CL on the surface
of the Au-Spray was inhomogeneous and some white dots can also be seen within the MPL
(Fig. 1(c)). These results suggest the formation of an inhomogeneous CL and also indicate that
the Au-NPs did not remain solely on the MPL surface but also penetrated into the interior. The
SEM images of the Au-100 and Au-500 surfaces (Figs. 1(d) and 1(e)) demonstrate that the Au
particles (again showing as white regions) were homogeneously distributed over the GDE
surfaces, confirming that homogeneous CLs were obtained. Additionally, black areas not
covered by Au-NPs can be observed on the GDEs, indicating that the original porous structures
were maintained. These Au-GDEs fabricated by sputtering would therefore be expected to
function as electrodes during CO2RR. The SEM image of Au-Spray surface in Fig. 1(f)
demonstrates that the white area composed of Au-NPs and the dark gray part composed of bare
carbon particles on the GDE were completely separated. Hence, it appears that Au-NPs
underwent aggregation during the electrode fabrication process and that some of Au-NPs go
into MPLs of GDEs, as discussed above. The secondary electron SEM images presented in Fig.
S3 show essentially the same results. The EDX mapping data acquired from SEM analyses of
the Au-100 and Au-500 surfaces are presented in Figs. 1(g) and 1(h), respectively. In the case
of Au-100, carbon (which appears blue) and Au (which appears yellow) appear to have formed
a homogeneous mixture. These data suggest that Au-NPs were dispersed homogeneously over
the surface whereas the MPLs were either exposed on the surface or the CLs were too thin to

prevent the detection of carbon. In contrast, the surface of Au-500 is almost entirely covered in
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yellow, corresponding to Au. A semiquantitative analysis based on these SEM-EDX results
provided Au:C elemental ratios of 36.7:55.3 for the Au-100 and 92.7:7.3 for the Au-500,
respectively. As suggested by the surface SEM images, these results indicate that the proportion

of Au present in the CL increased along with the sputtering time.
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Figure 2. Physical characterizations of Au-GDEs and of the Au-NPs used for the fabrications
of the Au-Spray sample. (a) XRD patterns along with the ICSD:759736 pattern for Au as a
reference. (b) Au L3-edge XANES and (c¢) k*-weighed EXAFS spectra. Au foil and Au,Os were
employed as reference materials representing metallic Au and an Au oxide. All data were

analyzed using the Demeter Athena package. 3

The XRD patterns for Au-GDEs and Au-NPs used to produce Au-Spray are provided
in Fig. 2(a). Peaks corresponding to metallic Au (ICSD: 759736) appeared at 38.0°, 44.1° and
64.1° for all Au-GDEs and Au-NPs. Additionally, the intensity of the metallic Au peaks in the

pattern of each of Au-GDEs fabricated by the sputtering method increased along with the Au

12

https://doi.org/10.26434/chemrxiv-2024-ns1l4 ORCID: https://orcid.org/0000-0002-5196-741X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-ns1l4
https://orcid.org/0000-0002-5196-741X
https://creativecommons.org/licenses/by-nc-nd/4.0/

loading. From this result, it is apparent that the Au species in these samples were polycrystalline
Au.

The valence and coordination structures of the Au in the Au-GDEs and Au-NPs were
characterized by XAS analyses and the Au L3-edge XANES and Fourier transform (FT)
EXAFS are shown in Figs. 2(b) and 2(c), respectively. The XANES spectra obtained from Au-
10, Au-100, Au-500 and Au-NPs as well as from Au-foil and Au,Os as references are presented
in Fig. 2b. The Au-10, Au-100 and Au-NPs all exhibited absorption edges and XANES
structures similar to those of Au-foil, suggesting that the Au in each of those samples was
present as Au(0).>” %8 The surface XPS data obtained from the Au-10 and Au-500 (Fig. S4) also
indicate that the Au in the Au-10 and Au-500 was in the Au(0) state.>> ** The coordination
structures of the Au species were confirmed by FT-EXAFS with the results shown in Fig. 2c.
The coordination structures of the Au species were confirmed by FT-EXAFS with the results
shown in Fig. 2(c). The Au-GDEs and the Au-NPs all provided peaks in the range of 2.6 to 2.9
A that were assigned to Au-Au scattering with no peaks around 1.6 A (assignable to Au-O
scattering as observed in Au2O3). From these findings, it is evident that metallic Au particles
were formed in each case, in agreement with the XRD patterns and XANES spectra. Further
information regarding the coordination structures of Au in the Au-GDEs and Au-NPs was
acquired by curve fitting of the FT-EXAFS. The curve fits and corresponding parameters are
summarized in Table S2. The coordination numbers (CNs) estimated by curve fitting of the
EXAFS results were 9.1, 9.0 and 11.4 for the Au-100, Au-10 and Au-NPs, respectively.
Previous research has suggested that the CN reflects the nanoparticle size*! and nanoparticles
having a mean size of approximately 1.7 nm have been found to have a CN of 8.8.4>* Therefore,

these result indicate that the Au-GDEs and Au-NPs had sizes in the range of 1-5 nm.
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Figure 3. CO2RR activities of Au-GDEs. FE values for various CO2RR products as determined
at current densities of (a) 50 and (b) 200 mA cm™. (c) Partial current densities for CO generation

(jco) as functions of potential for the Au-10, Au-100, Au-500 and Au-Spray. The dotted lines

are simply visual aids.
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The electrocatalytic activities of the various Au-GDEs during the CO2RR were
subsequently evaluated under neutral conditions (pH=7.8). First, cyclic voltammograms (CVs)
were acquired from the Au-10, Au-200 and Au-Spray samples in 1 M PBS saturated with Ar or
1 M KHCO:s; saturated with CO> (Fig. S5). The Au-GDEs each exhibited a cathodic onset in
the range of approximately —0.3 to —0.4 V versus RHE in both electrolytes, whereas a bare
GDE only produced very low cathodic currents in either electrolyte. These results confirmed
that the Au played an important role in terms of generating the cathodic current. While Au-200
showed an increase in current in the CO;-saturated KHCO3 solution compared with that
measured in the Ar-saturated PBS, Au-100 and Au-Spray did not show any significant increase.
In CO»-saturated KHCO3 solution, an oxidation current was observed in the positive potential
region above 0.4 V for all Au-GDEs. This oxidation current can possibly be attributed to the
re-oxidation of the formate (HCOO™) or CO generated via the CO2RR in the negative potential
region. *** These ions or molecules may have remained close to the electrode surface or have
been adsorbed on the Au.

The CO2RR activities of the Au-GDEs were evaluated by performing constant current
experiments (galvanostatic conditions) using a two-compartment cell separated by a Nafion
membrane (see Experimental section for details). Figures 3(a) and 3(b) show the Faradaic
efficiencies (FEs) associated with various CO2RR products as determined at current densities
of 50 and 200 mA cm™, respectively. The CO2RR activity evaluated under other conditions are
summarized in Fig. S6. Both CO and HCOO™ were detected as CO2RR products along with H»
as a byproduct generated by the HER, in agreement with the results of prior work using GDEs
loaded with Au nanoparticles.*® The FE values for CO production exceeded 70% for all Au-
GDE:s at 50 mA cm™ (Fig. 5(a)) while the FE values related to the HER and to CO generation
were observed to decrease and increase, respectively, as the Au loading was increased going

from the Au-10 to the Au-100. However, there were no further significant changes in FE for
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CO generation at loadings above that of the Au-100. The CO production efficiency obtained
from the Au-Spray was 39%, which was lower than that of the Au-GDEs fabricated by the
sputtering process. This lower CO efficiency can possibly be ascribed to the presence of bare
carbon nanoparticles on the GDE surface as observed in the SEM images, since such bare
carbon nanoparticles would tend to promote the HER rather than the CO2RR.*” The CO2RR
activity values observed at 200 mA cm™ are summarized in Fig. 3(b). The FEs for H»
production were increased compared with those at 50 mA cm for all samples, with a slight
increase in the FEs for HCOO™ production and a decrease in the FEs for CO production. Even
under these conditions, the FE values for CO generation increased as the Au loading amount
was increased on going from the Au-10 to the Au-100. However, no significant increase in this
value was observed at higher Au loadings, with a maximum of approximately 39%. The FE for
CO production exhibited by the Au-Spray was 28.1% even at 200 mA cm™, which was still
lower than that of the Au-GDEs prepared by sputtering. The evident decrease in the FEs for
CO generation at higher current densities could be caused by the contribution of the carbon
nanoparticles on GDEs to the electrochemical reactions, since they promote HER.#

Because CO was the main CO2RR product in the present study, the effect of potential
on the partial current density associated with CO generation (jco) using the Au-10, Au-100,
Au-500 and Au-Spray was assessed, with the results shown in Fig. 3(c). This graph presents
the data acquired at current densities of 25 and 200 mA cm™. The jco were observed at -0.85 V
in the case of the Au-10 and Au-Spray up to -0.6 V for the Au-500 and beginning at
approximately -0.75 V for the Au-100. When the Au loading was increased on going from the
Au-10 to the Au-100, the jco values were increased in all potential regions and jco increased to
approximately -80 mA cm™ in the vicinity of -1.4 V in the case of the Au-100 and Au-500.
These findings can be attributed to an increase in the amount of Au catalysts that promoted the

CO2RR to generate CO. Although no significant effect on the maximum jco value was observed
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with increases in Au loading above that of the Au-100, jco was increased in the low
overpotential region. No significant differences were observed between the Au-10 and Au-
Spray. The Au loading of Au-Spray was intermediate between those of the Au-100 and Au-200
(see the Experimental section). These results show that the maximum jco of the Au-Spray (-1.4
V) was approximately 70% that of Au-100 and Au-200 prepared by sputtering, with almost the
same Au loading, and almost 50% in the lower overpotential region (i.e., -0.8V). Therefore, the

Au-GDEs fabricated by sputtering exhibited higher CO generating activity than Au-Spray.
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Figure 4. CO generation activities of various Au-GDEs normalized by Au mass-loading. a: Ref.
27 b: Ref. !9, c¢,d: Ref. ¥*. The calculated Au loading of the Au-10 and Au-100 were 19.32 and
193.2 pg cm?, respectively. The mass loadings for the sputtered samples were [a] 193.2, [b]

200, [c] 500 and [d] 500 ug cm™. The dotted lines are included simply as visual aids.

As demonstrated in Fig. 3(c), the Au-GDEs fabricated by the sputtering method all
exhibited similar jco values with lower Au loadings compared with that of the Au-Spray. These
results demonstrate that the Au-GDEs fabricated by the sputtering method in this study
provided greater mass-based activities during CO generation (that is, higher jco/Au mass
loading values). The sputtering method allowed highly dispersed Au nanoparticles to be
deposited on the GDEs, as indicated by the SEM images in Fig. 1, which could account for the

higher jco/Au mass values of the Au-GDEs fabricated by sputtering. To assess this possibility,
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the effects of potential on the jco/Au mass loading values of the present Au-GDEs and of
previously reported Au-loaded GDEs were evaluated. Figure 4 shows the jco/Au mass values
determined for the Au-10, Au-100, Au-500 and Au-Spray and the values reported for Au-based
catalysts deposited on GDEs.!%2” *® Compared with Au-spray, Au-100 provided a higher jco/Au
mass loading value, as discussed above. Interestingly, Au-GDEs fabricated by sputtering in the
present work also exhibited greater jco/Au mass values than have been previously reported for
GDEs loaded with Au nanoparticles and even Au-loaded electrodes fabricated by sputtering in
previous research. The improved performance observed in the work reported herein may have
been a consequence of the highly dispersed Au nanoparticles deposited on the GDEs, as was
evident from the SEM (Fig. 1) and EXAFS (Fig. 2). In addition, the jco/Au mass values
increased as the Au loading was decreased. Specifically, the Au-10 showed the highest value
of 1882 A g at-0.85V.

Here we discuss the factors responsible for the higher jco/Au mass values for the Au-
GDEs fabricated by sputtering in this study. Two main reasons can be supplied, related to the
particle size and to the CL structure. In the former case, the Au particles in the Au-GDEs
fabricated by sputtering had sizes in the range of 1-5 nm, as determined by EXAFS and CN
analyses and summarized in Fig. 2(c) and Table S1, respectively. The smaller particle size
would have resulted in a higher specific surface area, leading to a greater jco/Au mass value.
Another factor, related to the electrode structure, is the uniformity of the CL. As can be seen
from the SEM images in Fig. 1, Au nanoparticles were uniformly deposited on the surfaces of
the GDEs when using the sputtering method. In contrast, Au nanoparticles were aggregated on
the GDE surfaces, leading to the formation of the inhomogeneous CL for Au-Spray. It is likely
that Au-GDEs fabricated by sputtering in this study exhibited higher jco/Au mass values
compared with the Au-Spray and previously-reported Au-loaded GDEs due to the effects of

both of these two factors.
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Finally, the stability of the Au-GDEs made by sputtering was assessed by performing
long-term galvanostatic trials. Specifically, the CO2RR activity of the Au-100 at 50 mA cm™
was evaluated (Fig. S7). The main CO2RR product was CO during this experiment and the
associated FE gradually decreased while that for H> generation increased over the 4 h duration
of the experiment. After 270 min, the total FE for both CO and H> production drastically
decreased, likely as a consequence of electrolyte flooding as reported previously.* ** Further
studies intended to improve the activity and durability of the electrode by inhibiting flooding

of the electrode will be conducted in the future.

4. Conclusions

Au nanoparticles loaded GDEs were fabricated using an RF sputtering method as an
approach to achieving a highly efficient CO2RR. SEM, EDX and XAS analyses showed that
metallic Au nanoparticles were uniformly deposited on the GDE surfaces, which is not possible
using the conventional spraying technique. CO2RR activity assessments revealed that the Au-
10, which had an especially low Au loading, exhibited the highest mass-based activity for CO
formation. This performance was ascribed to the formation of a uniform CL composed of sub-
nanoscale Au particles. This study suggested that RF sputtering enables the uniform deposition
of Au nanoparticles on GDEs. This process permits the amount of metal that is loaded to be
precisely controlled, so as to effectively fabricate efficient CO2RR electrodes. Increasing the
Au loading was also found to reduce the CO2RR overpotential due to the associated increase
in surface conductivity. The CO2RR 1is one of the key reactions associated with realizing a
carbon-neutral society and this study provides important insights into means of achieving large-

scale, high-efficiency electrolysis.
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Supporting Information
Cyclic voltammograms, TEM images, XPS spectra, electrochemical data, results from long-
term testing of the Au-100 at 50 mA cm?, curve fitting of EXAFS data using the Artemis

software.
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