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This study explores TiOp-based electrocatalysts for CO, reduction using an innovative in-liquid plasma method.
The plasma technique allowed Cu, Ag, and W to be deposited on TiO,, enhancing its electrocatalytic properties.
Ag/Ago0 core-shell nanoparticles were synthesized on Ag rod electrodes, and the Faraday efficiency of CO in
electrocatalytic CO, reduction reached 50 %. For Cu electrodes, the oxidation state of Cu particles varied with
the solution composition, impacting product yields. In HNO3 solution, CH4 (50 pmol) and CaHy4 (3.3 pmol) were
produced, which was 1.2 times that of NH4OH and KCl solution. XPS showed that the proportion of Cu? * in the

HNOjs solution increased slightly. These findings underscore the critical role of metal oxidation states and plasma
treatment in product distribution. Overall, this study demonstrates that in-liquid plasma can reduce catalyst
loading, maintain high Faraday efficiency, and has scalable potential for industrial CO, reduction applications.

1. Introduction

Recently, in an effort to reduce greenhouse gases in line with the
Sustainable Development Goals (SDGs), research has focused on col-
lecting carbon dioxide (CO3) from the atmosphere and converting it into
a useful resource [1,2]. Among various methods, the conversion of CO5
using electrocatalysts stands out from an industrial perspective because
it can be carried out at room temperature and pressure [3]. Unlike
conventional electrodes impregnated with solution, this method em-
ploys a gas diffusion electrode (GDE) that reacts at the gas-liquid
interface, significantly improving conversion efficiency [4]. Typically,
a GDE consists of three layers: a gas diffusion layer (GDL) made of
hydrophobically treated carbon fiber with polytetrafluoroethylene
(PTFE), conductive carbon black (CB) mixed with PTFE, and a catalyst
layer (CL) made of CB loaded with a catalyst [5,6]. Designing a highly
efficient GDE is complex, requiring considerations such as the hydro-
phobic treatment and aperture ratio of the GDL, the flow path design of
the terminal electrode, and the hydrophobicity of the catalyst layer [7].
Importantly, the catalyst in the catalyst layer is crucial for the efficient
reduction of CO: to the desired product. The catalyst layer is supported
by various metals such as Au, Ag, Cu, Pb, and Sn on the CB. These
supported metals are broadly classified into three categories based on

the reduction products they yield: carbon monoxide (CO), formic acid
(HCOOH), and hydrocarbons [8,9]. Among them, Cu stands out due to
its unique adsorption behavior on the intermediate products of CO5
reduction, forming hydrocarbon compounds [10]. The catalyst layer can
be formed by either sputtering metal directly onto the GDL of the GDE
[11] or by supporting metal nanoparticles on the CB of the CL using a
liquid-phase reduction method [12]. In the sputtering method, metal
nanoparticles are supported by generating plasma between the GDE and
the metal in a vacuum atmosphere. This method is straightforward as
GDEs can be used directly. However, there are concerns about damage
to the GDE caused by plasma, and scaling up requires larger equipment
and higher costs. The liquid-phase reduction method supports metal
nanoparticles on CB by reducing metal ions in solution. While this
method can synthesize large amounts of powdered electrocatalysts with
controllable size and crystallinity of metal nanoparticles, it has a sig-
nificant environmental impact due to the chemicals used and the
treatment of metal ions. Therefore, a new electrocatalyst synthesis
method that can produce large amounts of electrocatalysts with a low
environmental impact is desirable.

Recently, methods for synthesizing nanoparticles using in-liquid
plasma have been investigated [13]. In-liquid plasma is generated by
applying microwaves or high-frequency/high-voltage to electrodes in a
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solution with controlled electrical conductivity. The process involves: 1)
applying high-frequency/high-voltage to the electrodes, 2) Joule heat-
ing the liquid between the electrodes, 3) forming bubbles due to Joule
heating, and 4) generating plasma within the bubbles through high
frequency and high voltage. In-liquid plasma can create plasma in a
solution where the powder is dispersed, enabling the support of nano-
particles on the powder. Additionally, the plasma creates a
high-temperature, highly active reaction field, which is expected to
modify both the dispersed powder and the produced nanoparticles.

In our previous work, we investigated titanium dioxide (TiOs) as an
alternative material to conductive carbon black (CB) for use as the
catalyst support in electrocatalytic CO, reduction by applying liquid
plasma to TiO5 [14]. We found that tungsten (W) derived from elec-
trodes in liquid plasma is dispersed in TiOj, and that the amount of
hydrogen production can be controlled by W, which promotes hydrogen
production. In this study, plasma in liquid was generated using the
various electrodes and solutions to synthesize new efficient catalysts for
electrocatalytic CO2 reduction. Catalysts were synthesized using various
types of various in-liquid plasma electrode rods, and the contribution to
the selectivity of the reduction products in electrocatalytic CO2 reduc-
tion was evaluated. In addition, the oxidation state of the catalyst was
evaluated by synthesizing the catalyst using acidic, neutral, and alkaline
solutions as the solution for the in-liquid plasma. Finally, we considered
the effect on the selectivity in electrocatalytic CO, reduction.

2. Experiment
2.1. Materials

For this study, all chemicals employed in in-liquid plasma treatment,
electrochemical characterization, catalyst loading, and CO; electro-
reduction were used as received. Copper (Cu, 99.9 %, Nilaco), silver (Ag,
99.99 %, Nilaco), and tungsten (W, 99.95 %, Nilaco) rods with a 3 mm
diameter were used for the in-liquid plasma electrodes. The chemicals
used include ammonia aqueous solution (30 wt%-NH4OH, Wako), P25
(TiO,, Aeroxide), carbon black (Vulcan XC 72, Fuel Cell Store), Nafion
dispersion (5 wt%-Nafion Dispersion Solution, Wako), isopropanol
((CH3)2CHOH, 99.7 %, Wako), potassium hydroxide (KOH, Wako), po-
tassium chloride (KCl, Wako), and nitric acid (60 wt%-HNO3, Wako).
Gases such as Ny (99.99995 vol%, Taiyo Nippon Sanso) and CO,
(99.995 vol%, Taiyo Nippon Sanso) were used during the investigation
of electrochemical properties. Hy (99.99 %, GL Sciences), CO, CHy, and
CoHy (99.9 %, GL Sciences) were used to identify and quantify the CO5
reduction products. Each solution was prepared using deionized water
with a resistivity of approximately 18 MQ/cm.

2.2. In-liquid plasma treatment of TiO, using various metal electrodes

The in-liquid plasma system consisted of a custom-made quartz tube
used as a reaction vessel (see supplementary material). Ag, Cu, or W bar
electrodes were inserted into the quartz tube, with opposing electrodes
set 2 mm apart. Each metal rod electrode was covered with an insulating
tube (5 mm diameter) to avoid unwanted contact with the solution, with
the tip exposed about 1.5 mm. 0.5 g of P25 was dispersed in 200 mL of
5 wt%-NH4OH solution and constantly cooled using a cooler set at 0°C.
The dispersion was stirred and circulated by a magnetic stirrer and
peristaltic pump at 200 rpm and 180 rpm, respectively. Plasma was
generated using a bipolar pulse power supply (MPP04-A4-200, Kurita)
at an applied voltage of 4 kV, frequency of 100 kHz, and pulse width of
0.5 ps for 2 h. The emission spectrum of the in-liquid plasma was
measured through the quartz tube near the plasma generator using a
plasma process monitor (C7460, Hamamatsu Photonics). The voltage
and current waveforms of the plasma in liquid were evaluated using a
digital oscilloscope (TBS1052B, Tektronix). The treated solution was
centrifuged (3700, Kubota Corporation) at 15,000 rpm for 1 h and then
washed twice with deionized water. After suction filtration, the product

Journal of Environmental Chemical Engineering 13 (2025) 115242

was dried in a vacuum dryer set at 80°C for 1 h. The resulting solid
material was powdered in an agate mortar. P25 treated with Ag, Cu, or
W bar electrodes were designated as Ag-P25, Cu-P25, and W-P25,
respectively.

To evaluate the amount of nanoparticles loaded relative to the
amount of P25 prepared, P25 was varied to 1.0 g and 2.0 g under the Cu
rod electrode conditions. These were designated as Cu-1.0 and Cu-2.0.
For comparison with P25, CB was used as a catalyst support and sub-
jected to liquid plasma treatment with Ag and Cu rod electrodes,
resulting in Ag-CB and Cu-CB. To investigate the effect of solution
composition on nanoparticle synthesis using liquid plasma, KCl or HNO3
solutions were used instead of the 5 wt%-NH4OH solution. The con-
centrations of these solutions were adjusted to achieve the same elec-
trical conductivity (1.3 mS/cm) as the 5 wt%-NH4OH solution, as the
electrical conductivity of the solution significantly affects the in-liquid
plasma [15,16]. The metal bar electrode was made of Cu and treated
with P25 liquid plasma under the above conditions to produce Cu-KCl
and Cu-HNOs. The pHs of 5.0 wt%-NH4OH, 1.3 mS/cm-KCl and 1.3
mS/cm-HNO3 were 12.02, 5.64 and 2.51, respectively. The particle
shape and elemental composition of the prepared powder were evalu-
ated by scanning electron microscopy (JSM-7600F, JEOL Ltd.). The
crystal structure was assessed using powder X-ray diffraction (Ultima IV,
Rigaku Co., Ltd.) with a Cu-Ka wavelength (A = 1.5406 f\), a current of
40 mA, a voltage of 40 kV, and a 26 range from 20° to 80°. Crystal lattice
constants were calculated by Rietveld analysis using reference data.
Interfacial binding states were evaluated by X-ray photoelectron spec-
troscopy (XPS) (AXIS-NOVA SP, KRATOS Analytical Ltd.). The XPS
apparatus was operated using Al-Ka (A = 8.3412 A) as the X-ray source,
with a current of 10 mA and a voltage of 15 kV. Each element’s peak was
calibrated using the C 1 s peak (284.8 eV).

2.3. Electrocatalytic COy reduction characterizations

The working electrode was fabricated by applying electrode ink onto
a gas diffusion layer (GDL) with a microporous layer (Toray Carbon
Paper 060 with Micro Porous Layer, Fuel Cell Store, 15 x15 mm),
achieving a catalyst loading of 1.0 mg/cm? The electrode ink was
prepared by mixing 2.44 mL each of isopropanol and deionized water,
adding 20 mg of the powder sample, and 120 pL of Nafion dispersion,
then sonicating the mixture for 30 min. For the working electrode, the
fabricated gas diffusion electrode (GDE) was cut into a 1/4 square, and
Cu tape was attached to the four sides of the GDL for electrical
continuity.

The gas diffusion cell is a three-chamber cell consisting of gas,
cathode, and anode compartments, as previously reported (see supple-
mentary material). The working electrode was placed between the gas
phase and the cathode liquid using a spacer with an 8 mm diameter hole,
resulting in an electrode area of 0.5 cm?. Platinum mesh was used as the
counter electrode, Hg/HgO (RE-61AP, BAS) was used as the reference
electrode, and 50 mL of 1.0 M-KOH (pH = 13.5) was used as the elec-
trolyte for both the anode and cathode. The anode and cathode com-
partments were separated by a proton exchange membrane (Nafion-212,
Sigma-Aldrich). The electrolyte was pumped into the cathode and anode
chambers at a rate of 5 mL/min using a peristaltic pump. The cathode
and anode chambers each had a volume of 8 mL. CO, gas was purged
into the gas chamber at a rate of 15 mL/min, and the product gas was
collected using a sampling bag. Electrocatalytic CO2 reduction was
performed for 10 min at current densities of —50, —125, —250, and
—500 mA/cm? using chronopotentiometry. The gas diffusion cell was
operated using a potentiostat/galvanostat instrument (ModuLab XM
ECS, Solartron Analytical). The observed potentials were converted to a
reversible hydrogen electrode (RHE) reference using Eq. (1).

E(V vs.RHE) = E(V vs.Hg/HgO) — 0.059 x pH — Egg/g0(V vs.SHE)
(€]
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Fig. 1. Emission spectra of in-liquid plasma when using Cu, Ag and W rod electrode in 5.0 wt%-NH4OH (A), and in solutions 5.0 wt%-NH4OH, 1.3 mS/cm-KCl and

1.3 mS/cm-HNO3; with W rod electrode (B).

E(V vs. RHE) and E(V vs. Hg/HgO) represent the potentials with
respect to the RHE and Hg/HgO electrodes, respectively. Epg/ngo(V vs.
SHE) shows the potential of the Hg/HgO electrode with respect to a
standard hydrogen electrode (0.199 V vs. SHE). The collected gas sam-
ples were measured by gas chromatography (GC2014, Shimazu)
equipped with a Hydrogen flame Ionization Detector (FID) connected
with a methanizer (MTN-1, Shimazu) and Thermal Conductivity De-
tector (TCD) for CO, CH4 and CyHy4, and Hy, respectively. FID was per-
formed using a Shincarbon-ST 50/80 mesh column made by Shinwa
Chem. Ins. Ltd. using He as carrier gas, and TCD was performed using
Molecular Sieve 5 A 60/80 mesh made by GL Sci. Inc. using Ar as a
carrier gas. The reduction products were used to calculate Faraday ef-
ficiency (FE) using Faraday’s second law in Eq. (2).

FE(%) = nzF/Q x 100 (2)
where n and z are the number of moles and electrons of the product,
respectively; F is Faraday constant (96,485 C/mol); and Q is the total
charge (C) of the electrocatalytic CO, reduction. The electrocatalytic
CO4 reduction properties were evaluated three times for each electrode.

3. Results and discussion
3.1. Morphological and structural characterizations

Fig. 1 shows the emission spectra of in-liquid plasma generated using
each metal bar electrode and plasma in liquid generated using the W bar
electrode (the emission spectra of plasma in liquid for each condition are
shown in supplementary material). From Fig. 1 A, metal-derived emis-
sion spectra were observed at 324, 327, 510, 515, 521, 796, and 811 nm
for the Cu rod electrode, and at 235, 244, 523, 549, 771, and 829 nm for
the Ag rod electrode [17,18]. W exhibited a broad peak from 225 nm to
400 nm. No clear bright lines were identified in the emission spectrum of
W. This is because W has a much higher melting point than other
common metals and almost no luminescence occurs due to atomic
transitions [19]. Consequently, each metal rod electrode dissolved into
the solution. Fig. 1 B shows the emission spectrum of the plasma in
liquid for each solution using a W bar electrode. The 5.0 wt%-NH,OH
solution showed strong emission spectra originating from NH at 339 nm
and N at 750, 824, and 870 nm due to the higher concentration of
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Fig. 2. Voltage (A) and current (B) waveforms of in-liquid plasma in 5.0 wt%-NH4OH, 1.3 mS/cm-KCl and 1.3 mS/cm-HNOj3 solution with W rod electrode.
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Fig. 4. SEM images of P25 and each after 2 h in-liquid plasma treatment solution dried on a Si substrate.

NH4OH compared to the other solutions [20,21]. In addition, the
emission spectra derived from oxygen (O) at 780, 847, and 929 nm
decreased, and those derived from hydrogen (H) at 438, 489, and
659 nm increased [22,23]. These observations indicate that the major
component of the plasma is NH4OH. For KCl and HNOs, no emission
spectra were observed for the respective solution components [24,25].
Assuming similar conductivity concentrations, it is inferred that the
concentrations of these components were very low, resulting in their
absence from the emission spectrum. The emission spectra suggest that
the composition of the solution can be varied to create highly reactive
reaction fields rich in oxidation and reduction.

The voltage-current waveforms for each solution showed a peak
voltage of 2.5 kV only for the 5.0 wt%-NH4OH solution (Fig. 2 A). The
1.3 mS/cm-HNOj3 and 1.3 mS/cm-KCl solutions exhibited similar peak
voltages. Peak currents were approximately 6 A for all conditions (Fig. 2
B). After the breakdown of the gas, the plasma transitioned between
glow discharge and arc discharge states [26]. This led to dielectric
breakdown at peak voltages and an increase in current. Based on the
relationship between voltage and current, it is inferred that this corre-
sponds to a glow discharge. The voltage and current waveforms for each
metal bar electrode are shown in supplementary material. As mentioned

above, luminescence was observed in the 5.0 wt%-NH4OH solution due
to the higher NH4OH concentration. It is therefore inferred that the
increased voltage requirement was due to the need to generate plasma
by dissociating H,O and NH4OH. The upper limit of the current peak is
determined by the device’s output capacity relative to the voltage. The
power supply used in this study had a current limit of 6 A, with safety
devices activating above this threshold.

To observe changes in the solutions where liquid plasma was
generated, photographs were taken of each solution after in-liquid
plasma treatment without the addition of P25 (Fig. 3). The solutions
were then dried and observed by SEM (Fig. 4). Changes in the solutions
over time under each condition are shown in supplementary material.
The solution in which in-liquid plasma was generated at the Ag rod
electrode turned black-grey and turbid. In contrast, the solution with in-
liquid plasma generated at the Cu rod electrode appeared clear dark-
blue, likely due to the dissolution of Cu, forming a complex with
NH4OH. Cu® ions in aqueous solution typically exhibit a characteristic
blue color. However, the solution obtained with plasma generated at the
Cu rod electrode showed a light blue color, likely due to the dissolution
of Cu, forming a complex with NHsOH. After checking the details, the
colored solution was found to have a strong absorption at around
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Fig. 5. EDS spectra of P25, Ag-P25, Cu-P25 and W-P25 (A), and P25, Cu-P25, Cu-KCl and Cu-HNO3 (B).

Etching volume of electrode rod and ratio of powder under various experimental conditions.

Powder  Weight Solution  Electrode Etching volume Weight ratio of electrode rod metal to Weight ratio of electrode rod metal to powder calculated
[g] rod [g] powder [wt%] from EDS [wt%]
P25 0.50 NH4OH Ag 0.097 16.2 9.8
P25 0.50 NH«OH Cu 0.038 7.1 1.3
P25 1.00 NH«OH Cu 0.048 4.6 1.3
P25 2.00 NH4OH Cu 0.034 1.7 1.2
P25 0.50 KCl Cu 0.029 5.4 4.7
P25 0.50 HNOs Cu 0.038 7.1 3.3
P25 0.50 NH.OH w 0.041 7.6 0.5
CB 0.50 NH«OH Ag 0.085 14.5 7.6
CB 0.50 NH«OH Cu 0.048 8.8 0.1

620 nm, and the peak was in the same position as the adjusted 10 mmol-
[Cu(NH3)4]2+ (see supplementary materials). The W rod electrode so-
lution turned light grey, while the KCI solution of the Cu rod electrode
became brownish-green, and the HNO3 solution of the Cu rod electrode
turned cloudy reddish-brown. The form of Cu species is known to
depend on pH. Cu species exist as Cu?>* in HNO3, Cu?>* and Cu(OH)™ in
KCl, Cu(OH), and Cu(OH)3" in NH4OH, and Cu(OH)3 in NH4OH [27]. It
is thought that the surface of the Cu particles was oxidized by HNOs,
causing them to turn reddish brown. In the KCl conditions, it is thought
that, as with HNOg, they exist as cu®*, but that basic copper chloride
was formed by the CI contained in the solution. Basic copper chloride is
also called verdigris and is blue-green in color, so it is thought that
verdigris was formed in the Cu+KCl [28].

Comparison of the SEM images showed that P25 had a particle size of
less than 50 nm, and Ag particles had a similar size (approximately
50 nm or less) [29,30]. For Cu, no distinct particles were observed, but
crystals formed upon drying. W particles ranged from about 50 nm to
over 100 nm, displaying no uniformity in particle size. The particles in
the Cu+KCl solution were smaller, around 20 nm, compared to P25 and
Ag. The particles in the Cu-+HNOs solution were not spherical but had an
irregular shape; a detailed examination of the Cu+KCl solution revealed
characteristic particles mixed with nanoparticles. These particles are
thought to be derived from Cuy0 [31]. Therefore, it is suggested that the
oxidation state can be controlled by altering the composition of the
solution in the liquid plasma.

The EDS spectra of P25 for each treatment condition are shown in
Fig. 5A. All samples exhibited elements derived from the metal rod
electrodes used in the liquid plasma process. Ag-P25 displayed a higher

peak for Ag compared to the other samples, which can be attributed to
its higher content relative to P25. In the case of Cu-P25, trace amounts of
Cu ions adhered to the surface of P25 and were precipitated, and trace
amounts of Cu were detected [32]. W was also detected in W-P25, but its
peak was very small. Among the solutions used to treat P25, the Cu
detection was the lowest for the NH4OH-treated sample, while the other
two conditions showed similar peaks (Fig. 5B). The content of Cu in
Cu-P25 relative to P25 decreased as the formed Cu particles dissolved
into the NH4OH solution. Carbon blacks (CBs) treated under similar
experimental conditions displayed the same trend (see supplementary
material).

Table 1 presents the amount of electrode rod material etched, weight
ratio (Wt%) of electrode rod metal to powder, and the wt% of electrode
rod metal to powder calculated from EDS for each treatment condition.
Generally, the wt% of electrode rod metal to powder calculated from
EDS is underestimated, with the difference being particularly pro-
nounced for NH4OH. In the supernatant solution after centrifugation,
Ag-P25 contained highly dispersed black particles (see Supplementary
Materials). This solution and Ag-P25 was dissolved in nitric acid and the
Ag content was determined by ICP. As a result, the Ag content in P25 was
estimated to be 10.5 wt% in powder and 6.2 wt% in solution. As
mentioned above, the wt% of Cu to P25 calculated from EDS in the Cu-
P25 powder decreased significantly due to the formation of [Cu
(NH3)41%". The wt% of Cu relative to P25 calculated from the absorption
spectrum of [Cu(NHg3)4]%+ was approximately 7.0 %, which matched the
wt% of electrode rod metal. The Cu wt% in the P25 calculated from the
EDS was constant for the amount of P25 prepared. In the NH4OH solu-
tion, Cu is dissolved and does not form discrete particles, leading to its
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impregnation in P25 depending on the solution concentration. Conse-
quently, the Cu wt% in the P25 calculated from the EDS for Cu-HNOg
and Cu-KCl treatments is significantly higher compared to that of Cu-
P25.

Fig. 6 shows the XRD spectra of P25, Cu-P25, Ag-P25, and W-P25
(A), as well as the Rietveld analysis of P25, Cu-P25, Cu-KCl, and Cu-
HNOs. The XRD spectra for other samples, including CB, are shown in
supplementary material. P25 displays peaks at 25.27°, 37.07°, 38.08°,
38.55°, 47.89°, 54.20°, 54.91°, 62.76°, 69.13°, 70.05°, and 75.19°
corresponding to the anatase structure (TiOy anatase, CSD: 154061),
and peaks at 27.40°, 36.00°, 39.13°, 41.16°, 43.98°, 54.22°, 56.54°,
62.60°, 63.95°, 68.88°, 69.63°, and 76.36° corresponding to the rutile
structure (TiOy rutile, CSD: 33838). Only Ag-P25 exhibited peaks at
38.12°, 44.31°, 64.45°, and 77.41° which are attributed to Ag (Silver,
CSD: 52257). Cu (Copper, ICDD: 00-004-0836) peaks are observed at
43.30°, 50.43°, and 64.45°, while W (Tungsten, ICDD: 00-004-0806)
peaks are noted at 40.26°, 58.27°, and 73.20°. However, no peaks were
detected in the Cu-P25 and W-P25 sample, possibly due to the detection

Table 2
Lattice constants for each sample obtained from Rietveld analysis.
Anatase Rutile

Sample a [A] c [A] a [A] c [A]
Pristine P25 3.7849 (3) 9.5047 (8) 4.5926 (3) 2.9580 (2)
Ag-P25 3.7861 (1) 9.5044 (4) 4.5938 (6) 2.9583 (4)
Cu-P25 3.7862 (1) 9.5060 (2) 4.5940 (4) 2.9585 (3)
W-P25 3.7863 (1) 9.5084 (3) 4.5942 (3) 2.9588 (2)
Cu-KCl 3.7867 (1) 9.5051 (3) 4.5933 (4) 2.9590 (3)
Cu-HNOg3 3.7871 (1) 9.5065 (3) 4.5940 (3) 2.9587 (2)
Cu-1.0 3.7864 (1) 9.5063 (2) 4.5934 (4) 2.9582 (2)
Cu-2.0 3.7877 (1) 9.5100 (2) 4.5946 (4) 2.9589 (3)

limit of XRD or the presence of non-crystalline amorphous particles. The
presence of Ag in Ag-P25 decreased the convergence of the Rietveld
analysis. The lattice constants of anatase and rutile crystals for each
sample, obtained through Rietveld analysis, are shown in Table 2. This
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Table 3
Area percentages of decomposed Ag and Cu XPS spectra of Ag-P25, Cu-P25, Cu-
KCl and Cu-HNOs.

305/ 3032

Agt Ag° Agt Ag°
Ag-P25 47.7 12.7 34.4 5.2

2p¥2 2p172

cu® Cu** cu’ Cu**
Cu-P25 58.7 6.0 28.1 7.2
Cu-KCl 58.0 12.7 24.2 5.1
Cu-HNO3 49.9 11.4 31.0 7.7

observation suggests that the anatase or rutile crystals may have been
impregnated or doped with ions from the metal rod electrodes or oxygen
from the liquid plasma [33,34].

The oxidation states of Ag, Cuand W in Ag-P25, Cu-P25, Cu-KCl, Cu-
HNOs, P25 and W-P25 were evaluated by XPS (Fig. 6 A, B, C). Ag-P25
exhibited a peak at 367 eV corresponding to Ag 3d>2 and a peak at
374 eV corresponding to Ag 3d*?. Cu-P25, Cu-KCl, and Cu-HNOj
showed peaks at 932 eV for Cu 2p*? and 952 eV for Cu 2p'/2. The clear
peaks observed for Ag-P25 were attributed to its high Ag content. In
contrast, Cu-KCl and Cu-HNO3 had weaker peak intensities compared to
Cu-P25, despite similar amounts of Cu being detected by XRD. This
suggests that Cu in Cu-P25 was more easily detected due to being
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dissolved and highly dispersed in P25. To evaluate the bonding state in
detail, the Ag 3d and Cu 2p spectra were deconvoluted. The detailed
proportions of Ag and Cu bonding states are provided in Table 3. The Ag
3d%2 signal was fitted to two peaks at 367.7 eV and 368.6 eV, corre-
sponding to Agt and Ag®, respectively. The Ag 3d'/? signal was fitted to
two peaks at 373.7 eV and 374.6 eV, also corresponding to Ag* and Ag®,
respectively [35,36]. The Ag" signal was dominant, with a proportion of
about 80 %. This result aligns with the findings of Niu et al., who
similarly synthesized Ag nanoparticles in liquid plasma, suggesting that
Ag/Ag>0 nanoparticles with an Ag,0 surface were also synthesized in
this study [37]. For Cu, the Cu 2p*? signal was fitted to two peaks at
932.0 eV and 933.5 eV, corresponding to Cu® and Cu?*, respectively.
The Cu 2p'/? signal was fitted to two peaks at 951.8 eV and 953.3 eV,
also corresponding to Cu® and Cu®", respectively [38,39]. Cu-KCl and
Cu-HNO; samples showed an increase in the percentage of Cu?" from
13 % to around 18 % compared to Cu-P25, indicating more surface
oxidation. Similar to Ag, it can be inferred that Cu/CuO was formed in
the Cu samples. From the results of SEM and XPS, it was found that Cu
nanoparticles, CuyO and partially oxidized CuO were synthesized by
using a Cu rod electrode in in-liquid plasma. W is detected most strongly
at W 4 f, however, the peak position is very close to Ti 3p. To clarify this,
we compared P25 and W-P25, but only the peak intensity decreased, and
no change in shape was observed. It is thought that the W 4 f peak was
buried in the Ti 3p peak due to the low W content.

B 100
90
80
70
60
50
40
30
20
10

0

mH, zCO = CHs @ CHs4

Fraday efficiency [-]

L N B B L R R R RN R

Pristine Cu-P25 W-P25

P25

Ag-P25

Electrode catalyst

D 100
90

80
70
60
50
40
30
20
10

mH., ZCO 8 CHs 2 C2Hs

Fraday efficiency [-]

T T T T T T T T T T T T T T T T T

Pristine Ag-P25 Cu-P25 Pristine Ag-CB Cu-CB
P25 CB

Electrode catalyst

Fig. 8. Gas products (A) and faraday efficiency (B) in electrocatalytic CO5 reduction using P25, Ag-P25, Cu-P25 and W-P25 gas diffusion electrode, and gas products
(C) faraday efficiency (D) in electrocatalytic CO, reduction products using P25 and CB in-liquid plasma treated under the same conditions sample gas diffusion
electrode. The error bars represent the standard deviation of three independent measurements using a new GDE for each measurement.
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These findings confirm that nanoparticles derived from metal rods
can be synthesized using plasma in liquid. Furthermore, the study
demonstrates the potential to control the surface oxidation state of metal
nanoparticles through the composition of the solution used in the
plasma process.

3.2. Evaluation of electrocatalyst CO2 reduction characteristics

Fig. 8 shows the products (A) and Faraday efficiency (B) of the
electrocatalytic CO, reduction experiment at a current density of
—500 mA/cm? for P25 in-liquid plasma under various conditions, and
the products (C) and Faraday efficiency (D) compared to CB. Detailed
information for each sample is provided in supplementary material. As
previously reported, unprocessed P25 produced 675 umol of Hy, 42 umol
of CO, and 14 umol of CH4, with trace amounts of CO, being reduced via
the redox cycle of Ti> and Ti** [40]. CHy4 production is attributed to the
high hydrogen concentration in the reaction environment at elevated
current densities, promoting the multi-electron reduction of CO and
hydrogenation [41]. For Ag-P25 and Cu-P25, the main product was Hy,
yielding 360 umol of CO and 40 pmol of CHy, respectively. It has been
documented that Ag and Cu can be loaded on TiO2 to produce CO and
CHy4, a result corroborated in this study [42,43]. In contrast, W-P25
primarily generated 757 pmol of H.. This is due to W serving as an active
site for water decomposition, enhancing hydrogen production and

inhibiting CO2 reduction by TiOy [14]. Ag-P25 achieved a Faraday ef-
ficiency of nearly 50 % for CO, despite containing less than 10 wt% Ag.
This efficiency is comparable to that reported for TiO, loaded with 5 wt
% Ag nanoparticles by Shao et al. [42]. In this study, the partial current
density of CO calculated from FE reaches —250 mA/cm? at a current
density of —500 mA/cm?. It is difficult to make a simple comparison
between the amount of Ag nanoparticles loaded on P25 and FE, how-
ever, Ag-P25 can maintain a high Faraday efficiency even at high cur-
rent densities. Yong et al. reported the production of synthesis gas from
CO3 by loading 40 wt% Ag nanoparticles on P25 [44]. Because it is a
synthetic gas, the partial current density of CO was evaluated up to
—164 mA/cm? for Hy and CO at a ratio of 1:2. Generally, the amount of
catalyst loaded increases when reducing CO5 at high current densities.
Therefore, Ag-P25 can maintain high CO; selectivity at high current
densities due to Ag/Ag>0. The product trends were similar for both P25
and CB. However, the Faraday efficiency of CB was 10 % lower than that
of P25. It has been suggested that COy is reduced to formic acid
(HCOOH) when a high voltage is applied to a CB electrode [45,46],
indicating conversion to HCOOH. Therefore, synthesizing a catalyst
directly on TiOy is proposed as a superior method for selectively
obtaining desired reduced products.

Fig. 9 shows the products (A) and Faraday efficiency (B) of electro-
catalytic CO, reduction at a current density of —500 mA/cm? for Cu-
P25, Cu-KCl, and Cu-HNOsg, as well as the products (C) and Faraday



K. Takagi et al.

efficiency (D) of hydrocarbon compounds only. The amount of CHy4
produced was 50 pymol for Cu-HNOs, which was more than 1.2 times
higher than the 40 pmol for Cu-P25 and 32 pmol for Cu-KCl. The amount
of ethylene (CyH4) produced also increased in the same manner as CHy,
with Cu-P25 and Cu-KCl producing 1.9 ymol and 2.6 pmol, respectively,
and Cu-HNOs producing 3.3 umol. Cu nanoparticles exhibit significantly
different CO; reduction properties depending on their oxidation state
[47,48]. Specifically, oxidized Cu nanoparticles are more effective at
reducing CO5 than unoxidized Cu nanoparticles. This suggests that the
surface of Cu-P25 is not oxidized because it was synthesized in NH4OH
solution. In contrast, Cu-KCl and Cu-HNO3 were synthesized in neutral
or acidic solutions, likely resulting in partial oxidation of the Cu surface,
which optimizes it for electrocatalytic CO5 reduction.

Metal nanoparticles with low oxidation states are synthesized by
generating plasma in liquid on a metal rod electrode. These metal
nanoparticles immediately react with the solution, which has been
activated by the liquid plasma, undergoing either reduction or oxida-
tion. The nature of the solution, particularly whether it is alkaline or
acidic, plays a crucial role in determining the outcome. Metal nano-
particles with low oxidation states are reduced in alkaline solutions and
oxidized in acidic solutions, indicating that the desired oxidation state
can be controlled by the choice of solution.

Moreover, TiO; is not entirely dispersed in the solution but exists in a
partially aggregated state. It can be inferred that the synthesized
nanoparticles are supported on these aggregated TiOy structures,
resulting in a catalyst with strong physical bonding.

4. Conclusions

The in-liquid plasma synthesis method proved highly effective in
incorporating metal particles into TiO, significantly enhancing its
electrocatalytic properties for CO5 reduction. The study found that both
the type of metal and its oxidation state critically influence the selec-
tivity and efficiency of the catalytic process.

Ag-P25 demonstrated a remarkable Faraday efficiency of nearly
50 % for CO production, with specific outputs of 360 umol CO and 40
umol CHy4, showcasing its superior catalytic activity. In comparison, Cu-
HNOj3 produced 50 umol of CH4 and 3.3 pmol of CoHy, highlighting the
importance of copper’s oxidation state and treatment method. W-P25
favored Hy production, yielding 757 umol, likely due to tungsten’s
catalytic properties.

These findings underscore the versatility and effectiveness of the in-
liquid plasma method for catalyst preparation, allowing for precise
control over product distributions in COy reduction. This work lays a
robust foundation for future innovations in environmental and energy
applications, aiming to reduce greenhouse gas emissions and promote a
more sustainable and environmentally friendly economy.
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