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Global warming has become an international issue 

in recent years, and it is necessary to mitigate the 

accumulation of CO2 in the air as one of the causes 

of the problem[1]. Although many methods are being 

considered to address this problem, electrochemical 

CO2 capture and/or reduction are promising 

methods because they are able to utilize electricity 

that is sustainably generated from wind power or 

solar power[2]. In recent years, technology to capture 

dilute CO2 in air, known as direct air capture (DAC), 

has been attracting considerable attention because 

conventional CO2 capture techniques, which target 

high-concentration CO2, have reached their limits in 

terms of the reduction of CO2
[3]. Among the DAC 
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techniques, electric-swing adsorption (ESA), can limit 

the energy losses because the adsorbent materials can 

be operated at relatively high efficiency[4]. Studies 

investigating the direct conversion of CO2 in air are 

also underway to improve the efficiency by combining 

CO2 capture and conversion[5]. However, these 

methods are problematic in many ways, especially 

because of the low Faradaic efficiencies resulting from 

the sluggish CO2 conversion due to the side reaction 

of the aqueous electrolyte to produce hydrogen[5]. 

Given the circumstances, investigations concerned 

with the electrochemical CO2 capture and/or 

reduction in aprotic solution are gradually producing 

exciting results. For example, Voskian et al. reported 

an ESA system using an electrode comprising redox-

active organic compounds in an ionic liquid (IL) as 

the aprotic electrolyte. They captured dilute CO2 

efficiently with a high electron utilization rate (i.e., 

mole of CO2 per mole of electrons) that exceeded 

90%[4]. With respect to CO2 conversion, studies with 

Li-CO2 batteries are the most common. Qiao et al. 

presented highly efficient electrochemical reactions 

to achieve energy-efficient CO2 fixation of 73.3%[6]. 

Other researchers studied electrochemical CO2 

reduction for reusable fuel production; for example, an 

aprotic solution was used for the production of oxalate 

using a Pb electrode with high Faradaic efficiencies 

of approximately 70%[7]. The production of carbon 

monoxide (CO) on a Zn electrode in combination 

with the Li cation generated from the counter 

electrode (C.E.) was also reported by Xie et al[8]. Based 

on these studies, the products from the reduction 

of CO2 in aprotic solution evidently depend on the 

electrode species, which were summarized previously[9]. 

They reported that oxalate is likely to be produced on 

Pb, Tl, or Fe as representative, whereas CO evolution 

occurs on other electrodes such as Ag, Zn, or Sn. The 

other product is hydrogen, which presumably stems 

from a side reaction of electrochemical CO2 reduction, 

and is deduced to be generated by the splitting of H2O 

as a contaminant in solution or the decomposition 

of aprotic solutions. Bagger et al., who sought to 

determine whether the products were related to the 

metal electrodes, found that the products depended 

on the reaction kinetics of the electrochemical CO2 

reduction intermediates[9].Despite the progress made 

by studying CO2 reduction in aprotic solution, 

these studies mainly used 100% CO2. However, to 

ensure the electrochemical cell mimics the natural 

environment, the evaluation should be conducted in a 

mixture of CO2 and O2. However, the electrochemical 

reduction of CO2 in a mixed atmosphere is immature 

and studies are currently underway[10-21]. The first 

electrochemical reduction of CO2 in combination 

with O2 to form carbonate by Takechi et al., indicated 

that reduced O2 (superoxide, O2
•−) promotes CO2 

reduction and enhances the discharge capacity of a 

Li-CO2 battery[18]. Other studies involving Li-CO2 

batteries in combination with O2 were reported[16,17,21]. 

Other than these studies, Halilu et al. investigated 

the electrochemical conversion of CO2 and O2 in 

an aprotic ionic liquid with peroxydicarbonate as 

the product[12]. Although remarkable progress has 

been made, the mechanism of CO2 reduction in 

combination with O2, particularly the reaction 

routes or intermediates, are not well understood. In 

our previous attempts to clarify the mechanism of 

electrochemical CO2 capture or reduction using in 

situ FT-IR analyses, we succeeded in monitoring CO2 

conversion under several conditions[22]. This motivated 

us to additionally observe the CO2 behavior on the 

electrode using in situ spectrometry under aprotic 

conditions in atmospheric air in much greater detail 

than before.

In this study, we evaluated Ag, Cu, and SUS 316L 

metal electrodes to attempt to unravel the mechanism 

of the electrochemical reduction of CO2 and O2 in 

an aprotic ionic liquid. Cyclic voltammetry (CV) 
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measurements with these electrodes determined the 

difference in their reduction potentials. In addition, 

we developed an atmosphere control electrochemical 

measuring system (ACEMS) to enable us to measure 

the CO2 concentration in the electrochemical device 

and simultaneously conduct in situ spectroscopic 

measurements (FT-IR or Raman) during potential 

step chronoamperometry (PSC). These spectroscopic 

measurements revealed the different reaction routes, 

reaction intermediates, and products on each 

electrode.

Materials
Au, Ag, Cu, and Ni polycrystalline (99.9999%) 

substrates, glassy carbon substrates, and SUS 316L 

substrates for the respective working electrodes for the 

electrochemical measurements were acquired from 

Nilaco Corporation. Polycrystalline Ag and Cu, and 

SUS 316L foams (Model MF-40), for potential step 

chronoamperometry (PSC), in situ diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS), 

conventional Raman spectroscopy, and surface 

enhanced Raman scattering (SERS) were purchased 

from Nagamine Manufacturing Co., Ltd.

Polyvinylferrocene (PVFc) and multi-walled CNT 

(MWCNT) (L = 6 ~ 13 nm × 2.5 ~ 20 μm), 

constituent materials for the counter electrode were 

obtained from Polysciences Inc. and Sigma-Aldrich, 

respectively. Gas diffusion layers, JNT20, used as 

counter electrode substrates, were purchased from 

JNTC. N-methylpyrrolidone (NMP), the solvent to 

dissolve PVFc, was obtained from Tokyo Chemical 

Industry Co., Ltd. Whatman-2 filter papers were 

purchased from General Electric- Health.

T r i m e t h y l p r o p y l a m m o n i u m  b i s 

(trifluoromethanesulfonyl) imide ([TMPA+][TFSI−]), 

for use as the electrolyte, was acquired from Tokyo 

Chemical Industry Co., Ltd.

The gas mixtures, CO2, N2, and synthetic air (400 

ppm CO2, 21% O2 and 79% N2) and synthetic air 

without CO2 (21% O2 and 79% N2), for use in the 

electrolysis experiments, were purchased from Tomoe 

Shokai Co., Ltd.

The other compounds, such as KCl, which was used 

for the electrochemical roughening of Ag foam, 

and sodium oxalate, as the standard material for 

the titration of the ionic liquid, were acquired from 

Fujifilm Wako Pure Chemical.

Apparatus
DRIFT spectra were recorded using a Thermo Fisher 

Scientific Nicolet iS50 FT-IR spectrometer. Gas 

chromatography with a thermal conductivity detector 

was carried out using an Agilent Technologies 7890A 

instrument with an Agilent Inc. TC-Molsieve 5A 

column. Ion chromatography was performed using 

a Shimadzu Prominence HIC-SP instrument with 

a Shim-pack IC-SA2 column. X-Ray photoelectron 

and Auger spectra were recorded using an ULVAC-

PHI PHI 5000 VersaProbe II system with Al Kα 

radiation. X-ray diffraction (XRD) patterns were 

acquired using a Rigaku SmartLab system at 298 

K using Cu Kα radiation. Conventional Raman 

spectroscopy and SERS were carried out at room 

temperature using a RENISHAW inVia Raman 

microscope with a 10 × objective and an excitation 

radiation wavelength of 785 nm. Scanning electron 

microscopy (SEM) for the surface analyses of the 

metal foams was performed using a JEOL JSM-

7800F Prime equipped with Thermo Fischer Scientific 

Energy Dispersive X-ray Spectroscopy (EDS) operated 

in backscattered detector mode (20 kV). The sample 

was mounted with double-sided carbon tape. Cross-

sectional SEM of the SUS 316L foam was carried out 

using a ZEISS XVision200TB instrument (3 kV). In 

preparation for this analysis, the SUS 316L foam was 

Experimental Procedure

subjected to focused ion beam (FIB) milling using SII 

nanotechnology XVision200TB (30 kV). Scanning 

transmission electron microscopy (STEM) and energy 

dispersive X-ray spectroscopy (EDS) for the cross-

section analysis was performed employing JEOL JEM-

ARM200F (200 kV) and JEOL silicon drift detector, 

respectively. Karl Fischer titration of the IL, [TMPA+]

[TFSI−], was measured using Nittoseiko Analytech 

CA-200 equipment using AQUAMICRON AX and 

AQUAMICRON CXU as the electrolytes. The CO2 

concentration in the custom-built closed reaction 

system was monitored using a SwitchScience S-300L-

3V gas sensor calibrated by synthetic air and gas 

chromatography with a thermal conductivity detector.

Preparation of metal, glassy carbon electrodes 
for electrochemical measurements
Au, Ag, Cu, Ni, and SUS 316L samples for CV 

measurements were prepared from 0.1 mm-thick 

polycrystalline foil (Nilaco, 99.9999 %). The surface 

of the samples was prepared by using 0.05 mmφ 

alumina for about 10 min and subsequently cleaned 

with Milli-Q water for 30 min. The samples were 

subsequently chemically washed in an acidic solution, 

1.0 M HCl or 1.0 M H2SO4, followed by ultrasonic 

cleaning in Milli-Q water for 5 min. The Cu and SUS 

316L foams for PSC were first washed with 1.0 M 

HCl and subsequently cleaned using only Milli-Q 

water in the ultrasonic bath. The Ag foam for PSC was 

washed with 1.0 M H2SO4, followed by immersion 

into Milli-Q water with ultrasonication.

Preparation of PVFc/MWCNT counter electrode 
for PSC
The counter electrodes modified with PVFc were 

prepared according to the previously established 

procedure. The composite was prepared as follows: a 

suspension of 500 mg of PVFc in 150 mL of NMP 

was ultrasonicated at 5 °C for 20 min, followed by the 

addition of 1 g MWCNT to the polymer suspension 

and sonication for 20 min to form the PVFc/

MWCNT ink. Then, the PVFc/MWCNT ink was 

spread over the gas diffusion layer (GDL) substrate (50 

mm × 50 mm), dried at 120 °C for 2 h, and finally 

dried under vacuum at room temperature, overnight.

Preparation of roughened Ag electrode for in 
situ SERS measurements
The roughened Ag electrode was prepared according 

to the previously reported procedure. First, the Ag 

foam was ultrasonically washed with Milli-Q water. 

Then, the Ag foam was electrochemically cycled for 

five oxidation-reduction cycles in an aqueous solution 

of 0.2 M KCl from −0.31 V to + 0.39 V vs. Ag/AgCl. 

Finally, the potential was held at the cathodic vertex 

before the roughened Ag foam was removed from the 

solution and rinsed thoroughly with Milli-Q water.

Preparation of the sample for cross-section 
STEM analysis
The SUS 316L foam for the cross-sectional STEM 

analysis was loaded into the FIB system and a 

carbon film was deposited on the surface (1 μm). 

Subsequently, the sample was milled by FIB (30 kV).

Electrochemical cell assembly
Electrochemical cells were assembled by arranging 

the components in the following order (from the 

top window to the bottom substrate): Metal foam; 

IL; electrolyte separator; IL; PVFc/MWCNT-coated 

GDL. The electrolyte separators were Whatman-2 

cellulose filter paper and the IL was [TMPA+][TFSI−].

Electrochemistry
CV measurements were performed using a Solartron 

Analytical ModuLab XM analyzer, using pure metal 

substrates, glassy carbon, or the SUS 316L substrate as 

the working electrode, Pt wire as the counter electrode, 
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and Ag/AgNO3 as the reference electrode. The CV 

measurements were conducted in the potential range 

of 0.0 V ~ −1.5V vs. Ag/AgNO3 at a sweep rate of 10 

mV/s. The reference electrode was formed with two 

layers of glass tube to prevent the electrolyte or other 

electrodes from being contaminated with Ag. The IL, 

[TMPA+][TFSI−], was used as the electrolyte. The use 

of PSC to measure the CO2 concentration and record 

the in situ DRIFT spectra is described in the next 

subsection.

Monitoring the CO 2 concentration and 
recording in situ DRIFT spectra during PSC
The CO2 concentration was measured and in 

situ DRIFT spectra were recorded during PSC 

experiments in the custom-built atmosphere control 

electrochemical measuring system (ACEMS). The 

design of this system is described in the results 

section. In situ DRIFTS measurements were carried 

out with a Thermo Fisher Scientific Nicolet iS50 FT-

IR spectrometer equipped with a HgCdTe (MCT) 

detector. Electrochemical measurements were 

performed using the Solartron Analytical ModuLab 

XM analyzer with Ag, Cu, or SUS 316L foam as the 

working electrode and PVFc/MWCNT as both the 

counter and reference electrodes. The IL, [TMPA+]

[TFSI−], was used as the electrolyte and either 400 

ppm CO2/N2 (400 ppm CO2 and 99.96% N2) or 

synthetic air (400 ppm CO2, 21% O2, and 79% 

N2) were used as the gases in the ACEMS reactor. 

The electrochemical cell was assembled as described 

above, after which the atmosphere in the ACEMS 

was replaced with the aforementioned reaction gases. 

Accurate measurement of the CO2 concentration 

during the PSC experiments required the CO2 

concentration to be stabilized until it remained 

constant before the experiments. The DRIFTS 

measurements were performed in combination with 

PSC at the following potentials: −1.5 V vs. C.E., 

1500 s; 0.0 V vs. C.E., 500 s; 1.0 V vs. C.E., 1000 

s on the basis of the spectrum measured at 0 s as the 

background. The spectral domain was 4000−1000 

cm−1 (resolution 4 cm−1, 32 scans). These electrodes 

were used to record at least three measurements to 

confirm their reproducibility.

In situ Raman and SERS measurements
In situ Raman and SERS spectra were recorded with 

a RENISHAW inVia Raman microscope, and the 

electrochemical reaction was controlled by the same 

electrochemical analyzer used for CV and DRIFTS 

measurements. The series of measurements was carried 

out using Ag or roughened Ag foams as the working 

electrode in the ACEMS in an atmosphere of synthetic 

air. The counter electrode and electrolyte used for 

the measurements were the same as those employed 

for the DRIFTS measurements. Measurements were 

performed both without and with an applied potential 

(−1.5 V vs. C.E.).

Measurements of oxalate in ionic liquid
The IL from the electrochemical cell used for PSC 

was collected by removing the IL (1 mL) drop wise 

for subsequent analysis. The collected IL was added to 

Milli-Q water (5 mL), which was subsequently shaken 

to conduct liquid-liquid extraction. The oxalate 

migrated to the aqueous solution, which was analyzed 

by ion chromatography. The oxalate was extracted 

for both the used and unused electrochemical cells. 

A standard oxalate solution, prepared using sodium 

oxalate, was also measured by ion chromatography to 

obtain a calibration curve.

CV measurements with metal and glassy 
carbon electrodes
The metal electrodes (Au, Ag, Cu, Ni, and SUS 

316L) for the CV measurements were characterized 

by X-ray diffraction (XRD) and X-Ray photoelectron 

spectroscopy (XPS). The metal electrodes (Ag, Cu, 

and SUS 316L foams) used in the PSC experiments 

were also characterized by XRD, XPS, and scanning 

electron microscopy (SEM). The XRD measurements 

of the electrodes and foams confirmed that Ag, 

Cu, and SUS 316L were not oxidized and were 

polycrystalline in the bulk phase. The numerous well-

resolved peaks on the XRD pattern of SUS 316L 

correspond to austenite. The XPS and SEM analyses 

indicate that SUS 316L consists of Fe, Cr, Ni, and 

Mo, in good agreement with previous studies[23]. 

Cross-sectional scanning transmission electron 

microscopy (STEM) revealed that from the surface to 

a depth of 10 nm, SUS 316L mainly consisted of iron 

oxide, thereby confirming the XPS results.

CV measurements were performed by employing 

the  me t a l  and  g l a s s y  c a rbon  e l e c t rode s  t o 

examine the response of each electrode to the 

gase s  genera ted  dur ing  the  e l ec t rochemica l 

reaction. The IL, trimethylpropylammonium bis 

(trifluoromethanesulfonyl) imide ([TMPA+][TFSI−]), 

was chosen as the electrolyte for two reasons: 1) 

contrary to imidazolium-type ILs, [TMPA+][TFSI−] 

does not tend to be electrochemically reduced at 

negative potentials because it does not have an 

aromatic ring structure[24]; 2) the IR spectrum of 

[TMPA+][TFSI−] does not overlap with those of the 

intermediates produced during electrochemical CO2 

reduction, which are generally in the range 1350−1800 

cm−1[25]. In this study, the water concentration in 

the IL, measured by Karl Fischer titration, was 

approximately 0.063%. The CV measurements were 

conducted in 100% CO2, a gas mixture without CO2 

(21% O2 and 79% N2), and a gas mixture containing 

50% CO2 (50% CO2, 10% O2 and 40% N2) as the 

atmosphere. Synthetic air (400 ppm CO2, 21% O2 

and 79% N2) was not used in the CV measurements 

because of its ambiguous response to trace amounts 

of CO2 in the atmospheric gas. In the mixed gas 

atmosphere, redox waves of O2 were observed for the 

Au, Ag, Cu, and glassy carbon electrodes as previously 

reported[13,26-28], whereas the redox wave was obscure 

for the SUS 316L electrode. For the Ni electrode, the 

weak reduction current corresponding to O2 reflected 

its inertness against O2. In the atmosphere of mixed 

gas containing 50% CO2, the oxidation waves of all 

the electrodes disappeared (Au, Ag, Cu, and glassy 

carbon)[12,13] and, interestingly, the potential of the O2 

reduction wave shifted to the positive side for the SUS 

316L electrode. According to previous studies[12,13], the 

disappearance of the oxidation waves for the electrodes 

in the atmosphere containing both O2 and CO2 is 

attributed to the preferred generation of O2
•− when 

O2 is reduced at negative potentials to enable CO2 

to react continuously to irreversibly form products 

such as carbonate[17,19,29], peroxydicarbonate[12,13,15,16], 

or oxalate[19,20]. In other words, the CO2 reduction 

reactivity is dependent on the electrochemical 

catalytic activity of each metal against O2. The 

greater importance of O2 reduction is also implied 

in comparison to the result of the CV measurements 

under CO2 atmosphere, in which smaller reduction 

currents were measured than those observed in the 

mixed gas atmosphere. The reactivity of each metal 

electrode against O2 was previously examined using 

density functional theory (DFT) calculations[30-33] 

to create a volcano plot of the reactivity vs. oxygen 

adsorption energy. In view thereof, to conduct a more 

in-depth study of the electrochemical CO2 reduction 

mechanism in combination with O2, we chose three 

representative substrates, Ag, Cu, and SUS 316L, 

which reportedly strongly repel, moderately repel, and 

readily adsorb oxygen, respectively[30-33]. As confirmed 

by XPS and cross-sectional STEM, the surface of SUS 

316L consists of iron oxide, for which the adsorption 

energy for O2 is high at −130 kJ/mol (−1.35 eV)[34], 

Results and Discussion



DENSO TECHNICAL REVIEW   Vol.30 2025

which implies that SUS 316L tends to adsorb oxygen.

Previous investigations of the electrochemical 

reduction of CO2 and O2 in aprotic solution[12-17,19,20,29] 

proposed a few reaction pathways. Representative 

thereof is the generation of peroxydicarbonate, 

reported by Halilu et al., who suggested that sequential 

reactions are more plausible than a one-pot reaction[12]:

The maximum theoretical electron utilization rate 

is calculated by the ratio between the number of 

CO2 molecules and the number of electrons in the 

equations. The peroxydicarbonate was identified by 

FT-IR or Raman measurements[13-17,19,35]. In many 

cases, the formation of peroxydicarbonate reportedly 

proceeded on carbon or Au electrodes, both of which 

are categorized as repulsive of oxygen[13,16,17,19].

Additionally, the formation of carbonate was 

investigated[17,19,29], also by assuming the reaction to be 

sequential:

Similar to the peroxydicarbonate production, 

the electrode on which the electrochemical CO2 

reduction reaction proceeds to produce carbonate 

often consisted of carbon materials[17,19,29]. .Although 

metal electrodes for Li-CO2 batteries were also 

investigated[36], the metals were principally used 

as catalyst for the decomposition of carbonate. 

Carbonate is considered an undesirable product of the 

electrochemical reduction of CO2 because of its low 

theoretical electron utilization rate (50%) and high 

decomposition overpotential[6,16-21,36].

In comparison to peroxydicarbonate or carbonate[19,20], 

few reports of the production of oxalate from the 

electrochemical reduction of CO2 in the presence of 

O2 have appeared, although the generation of oxalate 

is frequently researched in studies concerned with 

the electrochemical reduction of CO2 in the absence 

of other gases in aprotic solution on Pb, SUS 304L, 

Mo2C, or Hg electrodes[9,37-39]. Sadat et al. studied the 

electrochemical reduction of CO2 in coexistence with 

O2, demonstrated the generation of aluminum oxalate 

(Al2(C2O4)3) on the stainless steel (SUS) electrode[20]:

O2 seems to play the role of an electron mediator via 

O2
•− in this series of reactions; however, the mechanism 

whereby CO2 and O2 are electrochemically reduced 

is still unclear due to the complex reduction reaction 

pathways, as in the above equations. Thus, we decided 

to perform in situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) measurements to 

monitor the CO2 concentration under PSC using 

the atmosphere control electrochemical measuring 

system (ACEMS). In the measurements, we employed 

three metal electrodes, Ag, Cu and SUS 316L in 

view of the different catalytic behaviors suggested 

previously[12,13,30-33].

In situ spectroscopic measurements to 
monitor CO2 with ACEMS
(i) Design of ACEMS
We designed ACEMS  (Fig. 1)  to i)  per form 

electrochemical analyses such as PSC, ii) monitor 

changes in the CO2 concentration in a sealed 

environment, and iii) perform in situ spectroscopic 

measurements such as DRIFTS or Raman. Hence, 

the system has two components, an electrochemical 

device, and a sealed container with electric wiring. The 

electrochemical device, an assembled electrochemical 

cell (described in the Experimental Procedure section 

of Supporting Information) is sandwiched between 

a lid and a base, both of which are conductive. The 

working electrode of the cell is attached to the lid and 

the counter electrode is located on the base. The lid has 

two types of slits: 32 small circular holes to allow the 

gas to pass through, and an elongated slit as an optical 

path for infrared or nm lasers Fig. 1b and Fig. 1e). 

The electrochemical instrument is mounted inside and 

electrically connected with the sealed container. Other 

than electric wiring, the sealed container accommodates 

the CO2 sensor, gas exchange pipes, and an optical 

quartz window (Fig. 1a). To enable ACEMS to be used 

in spectroscopic measurements, the thickness of the 

quartz window and distance between the window and 

lid of the electrochemical instrument were designed as 

1.0 mm and 0.5 mm, respectively (Fig. 1c).

To dete rmine  the  reac t ion  potent ia l  o f  the 

working electrode in ACEMS, we first performed 

CV measurement s  in  a  g l a s s  ce l l  u s ing  the 

polyvinylferrocene (PVFc)/multi-walled CNT 

(MWCNT) electrode, abbreviated as PVFc/MWCNT, 

as the counter electrode (C.E.) in ACEMS. Although 

the reduction/oxidation potentials differed widely, 

the redox potential of PVFc/MWCNT was estimated 

as 0.15 V vs. Ag/AgNO3. PSC experiments were 

performed under the respective gas atmosphere in the 

following potential steps for the working electrode: 

first step: −1.5 V vs. PVFc/MWCNT as C.E./1500 

seconds; second step: 0.0 V vs. C.E./500 seconds, final 

step: 1.0 V vs. C.E./1000 seconds. This PSC cycle 

was repeated three times for each experiment. Fig. 2 

and Fig. 3 show the CO2 concentrations and DRIFT 

spectra for the Ag, Cu, or SUS 316L electrodes in 400 

ppm CO2/N2 (400 ppm CO2 and 99.96% N2) and in 

synthetic air (400 ppm CO2, 21% O2, and 79% N2). 

As in the CV measurements, the aprotic IL, [TMPA+]

[TFSI−], was also employed as electrolyte.

Fig. 1　 Schematic illustrations and photographs of the atmosphere controlled electrochemical measuring system 
(ACEMS). Schematics of (a) ACEMS  with the electronic connector, CO2 sensor, quartz window and gas inlet/
outlet tubes; (b) electrochemical device; (c) cross-section of ACEMS. Photographs of (d) ACEMS  (sealed); (e) 
the electrochemical device and (f) the electrochemical cell: metal foam; electrolyte separator; PVFc/MWCNT-
coated GDL
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(ii) DRIFTS measurements in 400 ppm CO2/N2

The measurements in 400 ppm CO2/N2 gave rise to 

weak reduction currents at an applied potential of 

−1.5 V and the changes in the CO2 concentration in 

ACEMS were trivial for each respective electrode 

(Fig. 2). Although the variations in the CO2 

concentration were also very small, we were interested 

in whether they increased/decreased in comparison 

with the DRIFTS results.

For the Ag electrode, the CO2 concentration decreased 

slightly during three PSC cycles, suggesting that 

an irreversible reaction proceeded in the aprotic 

ionic liquid at applied potentials between −1.5 V 

and 1.0 V (Fig. 2a). Previously, Xie et al. showed 

that the electrochemical reduction of CO2 in an 

aprotic solution using a Zn electrode[8] occurs via 

disproportionation:

We postulate that the same disproportionation 

reaction occurred in our experiment because, with 

the Ag electrode, the electrochemical reduction of 

CO2 in aprotic solutions purportedly produces CO[9]. 

Moreover, CO, as the product of the reduction 

reaction supposedly easily diffuses offshore into the 

ionic liquid or gas phase from the electrode surface. 

As a result, the only reactant for oxidation at 1.0 

V in PSC cycles is presumably carbonate, and the 

amount of CO2 produced in the following equation 

is estimated to be smaller than that in the reduction 

reaction at negative potential:

The DRIFTS measurements using the Ag electrode 

(Fig. 2d) show peaks at 1380 and 1640 cm−1 at −1.5 

V, which implies that they are attributable to products 

of the electrochemical CO2 reduction. The other 

observed peaks, at 1060, 1140, 1200, 1350, and 1480 

cm−1 were previously ascribed to [TMPA+][TFSI−][25]. 

The assignment of the peaks at 1380 and 1640 cm−1 

using the Ag electrode does not seem to have been 

reported before; however, the peaks were assigned 

to carbonate because FT-IR bands with the same 

characteristics were reported by other groups using a 

Cu electrode in organic solutions[40] and similar peaks 

were detected by the Cu electrode used in our DRIFTS 

measurement. We assigned the peaks at 1380 and 

1640 cm−1 to the C−O and C=O stretching vibrations 

of carbonate, respectively[40] (details in Table 1). 

Unfortunately, ascription of the peak at 1640 cm−1 

is difficult because other candidates such as oxalate 

or peroxydicarbonate are also detected in the same 

IR region[14,15,17,19,38,42]. Subramanian et al. previously 

reported that oxalate was produced on the SUS 304L 

electrode, as confirmed by FT-IR measurements[37]. 

In their study, they assigned the FT-IR peaks at 1320, 

1363, and 1645 cm−1 to the CO2
−, C−C, and C=O 

stretching vibrations of oxalate, respectively. Wu et 

al. also ascribed the peaks at 1327 and 1645 cm−1 to 

oxalate[38]. In all related research[19,37,38,41], the oxalate 

peak at low IR wavenumbers is generally detected in 

the range 1320−1370 cm−1, which indicates that the 

peak at 1380 cm−1 in our DRIFTS measurements 

using the Ag electrode is not attributable to oxalate. 

Although peroxydicarbonate is also supposedly 

generated, based on the ascriptions of peaks reportedly 

observed at 1260−1360 and 1630−1750 cm−1[13-

17,19,35], this compound can be excluded from the 

candidate products of the electrochemical reaction on 

the Ag electrode under 400 ppm CO2/N2, because 

O2 is required to produce peroxydicarbonate from 

CO2 (Equation (2)). Therefore, in the DRIFTS 

measurements without O2 in the atmosphere, the 

peaks observed for the Ag electrode at negative 

potential can reasonably be ascribed to carbonate 

fo l l ow ing  Equa t ion  (4 ) .  We  un fo r tuna t e l y 

could not discern CO as another product of the 

disproportionation of CO2 in the measurements, 

possibly due to CO diffusion into the electrolyte and/

or gas phase, as mentioned above. Adjustment of 

the applied potential to a positive value enabled the 

two peaks attenuated at 1380 and 1640 cm−1 to be 

observed, indicating that the carbonate was oxidized 

in accordance with Equation (5).

For the Cu electrode, the changes in the CO2 

concentration and IR bands were similar to those with 

the Ag electrode (Fig. 2b and Fig. 2e). The only 

slight difference between the evaluations using the Cu 

and Ag electrodes is the peaks ascribed to CO around 

2000−2200 cm−1 for the Cu electrode in DRIFTS 

measurements[42]. In both cases, the disproportionation 

of CO2 to generate CO and carbonate occurs on 

both electrodes according to Equation (4). Table 1 

presents a detailed assignment of the peaks attributed 

to carbonate in our DRFITS measurements.

With the SUS 316L electrode, although the CO2 

concentration changed negligibly during the PSC 

cycles, similar to the observations with the other 

electrodes, this electrode produced different results in 

the DRIFTS measurements (Fig. 2c and Fig. 2f). 

The peak at 1380 cm−1, observed for the Ag or Cu 

electrodes at negative potential, was not detected for 

Fig. 2　 Changes in the CO2 concentration and DRIFT spectra through electrochemical reactions in ACEMS under 400 
ppm CO2/N2. (a), (b) and (c) changes in the CO2 concentration; (d), (e) and (f) DRIFT spectra using Ag, Cu, and 
SUS 316L electrodes, respectively

Fig. 3　 Changes in the CO2 concentration and DRIFT spectra during electrochemical reactions in ACEMS  under an 
atmosphere of synthetic air. (a),(b) and (c) variation of the CO2 concentration; (d),(e) and (f) DRIFT spectra using 
Ag, Cu, and SUS 316L electrodes, respectively



the SUS 316L electrode. As mentioned above, the 

peak at 1350 cm−1, which is close to the IR band at 

1380 cm−1, is attributed to [TMPA+][TFSI−]. Other 

than the [TMPA+][TFSI−] peaks, the only other 

prominent peak was at 1640 cm−1. Similar to the 

results using the Ag or Cu electrodes, the peak at 

1640 cm−1 de-intensified upon changing to a positive 

potential, suggesting that it was generated from the 

electrochemical reduction of CO2. We assigned the 

peak based on previous studies using the SUS 304L 

electrode[19,37,41], especially that by Subramanian et 

al. That is, the peak at 1640 cm−1 is assignable to 

the C=O stretching vibration of oxalate. The peak 

at 1320−1370 cm−1, the frequency of the stretching 

vibration of C−O in oxalate was not detected because 

of the overlap of [TMPA+][TFSI−] frequencies. 

Table 1 presents a detailed assignment of the peaks 

observed in our DRIFTS measurements using the 

SUS 316L electrode. Oxalate generation on the SUS 

316L electrode in these measurements was confirmed 

by ion chromatography. Interestingly, DRIFTS 

measurements employing the SUS 316L electrode 

at positive potential enabled CO2 production to be 

affirmed, based on the peak at 2300~2400 cm−1[42]. 

As indicated by changes in the CO2 concentration, 

which is comparatively reversible by varying the 

potential between negative and positive, the reaction 

on the SUS 316L electrode is reversible, presumably 

according to following reaction:

In addition, the reversibility of the CO2 concentration 

through PSC cycles using the SUS 316L electrode 

suggests that the electrolysis of CO2 does not generate 

diffusion products such as CO gas.

(iii) DRIFTS measurements in synthetic air
The evaluation under an atmosphere of synthetic 

air revealed drastic differences, both in the CO2 

concentration and DRIFT spectra, in comparison to 

those in 400 ppm CO2/N2 (Fig. 2 and Fig. 3). The 

reaction currents were stronger and changes in the 

CO2 concentration in ACEMS were larger than those 

measured in an atmosphere devoid of O2. Although O2 

presumably promotes the electrochemical reduction 

of CO2
[18,43], this is the first confirmation of the effect 

of O2 on the reduction of CO2 using both CO2 gas 

analysis and in situ spectroscopy.

For the Ag electrode, the CO2 concentration in 

ACEMS decreased stepwise according to the PSC 

cycles, similar to that in 400 ppm CO2/N2, indicating 

that the reaction is irreversible (Fig. 3a). In addition, 

the DRIFT spectra revealed the production of CO, 

evident from the peaks around 2000~2200 cm−1 at 

−1.5 V (Fig. 3d). We presumed that CO2 underwent 

disproportionation on the Ag electrode regardless of 

the presence of O2 under the evaluation conditions. 

Interestingly, CO production in the reduction reaction 

in synthetic air seems to be more intensive than that 

under 400 ppm CO2/N2, as confirmed by GC analysis. 

Carbonate, another product in the disproportionation 

of CO2, was not observed by DRIFTS at negative 

potential, possibly because it is shielded by CO gas 

in the optical path. When the potential was changed 

to positive, the CO2 peaks around 2300~2400 cm−1 

were not detected for the Ag electrode unlike for the 

other electrodes (Fig. 3d, Fig. 3e and Fig. 3f)
[42], suggesting that the reactions on the Ag electrode 

during PSC cycling are irreversible. Additionally, 

the small doublet around 1500~1700 cm−1 and 

singlet at 1400 cm−1 were ascribed to asymmetric 

peroxydicarbonate (−OOC(=O)OC(=O)O−). We 

inferred that CO and carbonate were produced via 

the asymmetric peroxydicarbonate intermediate of 

the electrochemical reduction of CO2 and O2 (this is 

discussed in more detail later). Even though aarbonate 

was not observed at negative potential, it was identified 

as a peak near 1650 cm−1 by applying a positive 

potential[40] because it is an anionic species that tends 

to approach the positively charged electrode[44]. In 

addition, carbonate was assumed to diffuse offshore 

into the ionic liquid via a reduction reaction. These 

observations confirmed that the disproportionation of 

CO2 on the Ag electrode certainly occurred at −1.5 V.

For the Cu and SUS 316L electrodes, the CO2 

concentration underwent similar changes (Fig. 3b 
and Fig. 3c). However, DRIFTS measurements 

with the Cu electrode revealed a slight decrease 

in the CO2 concentration in the course of the 

PSC experiments and a minor CO peak around 

2000~2200 cm−1 (Fig. 3b and Fig. 3e). These 

results suggested the partial disproportionation of CO2 

at negative potential. In addition to this CO peak, 

another peak was detected near 1670 cm−1 at −1.5 V 

with the Cu electrode (Fig. 3e). A small shoulder 

peak also appeared near 1600 cm−1 to form a pair with 

the peak at 1670 cm−1. This pair of peaks resembles the 

peaks observed in the same IR region with DRIFTS 

measurements using the Ag electrode in synthetic air. 

When the applied potential was changed to 0.0 V, 

the peak near 1670 cm−1 underwent redshift to 1640 

cm−1 and was simultaneously intensified. However, 

the peak near 1640 cm−1 disappeared and a new peak 

attributed to CO2 appeared instead at 2300~2400 

cm−1 by switching to a positive potential. DRIFTS 

measurements are highly sensitive to chemical species 

that are densely present on the substrate surface[45]. 

Additionally, the chemical species on the electrodes 

changed depending on the applied potential. This led 

us to infer that the peaks observed around 1600~1670 

cm−1 at −1.5 V are different from those at 0.0 V. As 

mentioned above, the peaks around 1600~1670 

cm−1 can be attributed to carbonate, oxalate, or 

peroxydicarbonate. Considering the IR bands around 

1400 cm−1, a shoulder peak appeared in the negative 

potential range to 0.0 V, but disappeared at the 

positive potential. Because the peaks that are enhanced 

at negative potential or 0.0 V are not attributed to 

oxalate in the above assignments (Table 1), they can 

be ascribed to either carbonate or peroxydicarbonate. 

The assignments of the peaks observed in the DRIFTS 

measurements using the Cu electrode are discussed in 

detail later.

DRIFTS measurements using the SUS 316L electrode 

revealed a peak at 1640 cm−1 and a shoulder peak at 

1400 cm−1 at negative potential, and they persistently 

remained when the potential was changed from 

−1.5 V to 0.0 V (Fig. 3f). The potential-dependent 

spectral behavior using the SUS 316L electrode differs 

from that using the Cu electrode. The peaks at 1400 

and 1640 cm−1 vanished at 1.0 V, and were replaced 

by a new peak attributed to CO2 that appeared around 

2300~2400 cm−1. Based thereupon, the products of 

electrochemical reduction of CO2 and O2 on SUS 

316L were also presumed to be either carbonate or 

Table 1　 Assignment of peaks observed in DRIFTS measurements employing the Au, Cu, or SUS 316L electrodes under 
400 ppm CO2/N2 atmosphere
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peroxydicarbonate, similar to the case using the Cu 

electrode. The only slight difference between the SUS 

316L and Cu electrodes was that the IR bands were 

not affected at negative potential (between −1.5 V and 

0.0 V).

Although reversible reactions as those in Equation 

(1) or (2) were inferred from our results, the products 

generated in the electrochemical reduction of CO2 

and O2 at negative potential on the Cu or SUS 

316L electrodes were inconclusive. Furthermore, the 

mechanism of CO production on the Ag electrode 

was not clear in spite of the presence of O2 in the 

atmosphere. Thus, we proceeded to examine the 

mechanism of the electrochemical reduction of CO2 

and O2 on the three electrodes by evaluating the 

electron utilization rates for CO2 capture/release.

(iv) �Electron utilization rate as mole of CO2 
per electrons

A valid approach to evaluate the electron utilization 

rates for CO2 capture (εCO2-cap.) is to use the ratio 

between the moles of CO2 reacted and the moles of 

electrons transferred to determine whether carbonate 

(maximum of theoretical electron utilization rate = 50 

%) or peroxydicarbonate (100 %) is produced on each 

electrode. Worth noting is that the electron utilization 

rates are estimable by monitoring the changes in 

CO2 concentration and the transferred charge within 

our ACEMS. The electron utilization rates for CO2 

capture during PSC cycling using the Ag, Cu, or SUS 

316L electrodes, 19%, 66%, or 87%, are shown in 

Fig. 4a as the average of three cycles, respectively. 

The electron utilization rate for CO2 capture using the 

Ag electrode is relatively low compared to that of the 

other electrodes, indicating that O2 reduction proceeds 

excessively and the other reactions involving CO2 are 

sluggish. The mechanism of electrochemical CO2 and 

O2 reduction on the Ag electrode is discussed below 

in more detail based on the Raman results. On the 

Cu electrode, carbonate is deduced to be a product 

in the electrochemical reduction of CO2 and O2 

because the estimated electron utilization rate for CO2 

capture corresponds with the theoretical rate at which 

carbonate is generated from CO2 and O2 (Equation 

(2)-1)). We also evaluated the electron utilization 

rates for the release of CO2 (εCO2-rel.) at 1.0 V, that is, 

mole of CO2 released per electrons (Fig. 4b). The 

electron utilization rate for CO2 release using the 

Cu electrode is estimated as 52%, suggesting that 

carbonate is oxidized at 1.0 V according to Equation 

(2)-2). However, because of the relatively high 

electron utilization rates for both CO2 capture and 

release using the SUS electrode, peroxydicarbonate 

is presumed as a product from Equation (1). The 

products on each electrode in the presence/absence of 

O2 are summarized in Table 2.

Because the reaction pathways of the electrochemical 

reduction of CO2 and O2 on each electrode continued 

to remain unclear, we performed Raman spectroscopic 

measurements.

(v) �R a m a n  s p e c t r o s c o p y  w i t h  t h e  A g 
electrode

Raman spectroscopy was used to elucidate the 

mechanism whereby CO2 is electrochemically reduced 

on the Ag electrode. With these measurements, we 

aimed to detect the intermediates that formed during 

this reaction, not only in the electrolyte but also 

on the electrode surface. The Raman technique for 

studying the molecular behavior on the electrode 

surface during electrochemical reactions is known as 

surface enhanced Raman scattering (SERS)[28,46,47]. 

The effect that enables this information to be obtained 

originates from the surface plasmon resonance of 

metal nanoparticles such as Ag, Au, or Pt[48]. In other 

words, a Raman spectrum acquired using a bare 

metal electrode (rather than nanostructures) contains 

chemical information about both the electrode 

surface and the electrolyte at a distance from the 

electrode. Thus, we prepared two electrodes, bare 

Ag and roughened Ag, for conventional Raman and 

SERS spectroscopy, respectively. As described in 

the Experimental Procedure section of Supporting 

Information, the roughened Ag was prepared in 

accordance with a reported procedure[47] and the 

roughened Ag was characterized using SEM and XPS 

(Fig. 5b, respectively). The Raman measurements 

in synthetic air are shown in Fig. 5. Interestingly, 

peaks ascribed to both symmetric and asymmetric 

peroxydicarbonates (−OC(=O)OOC(=O)O− and 
−OOC(=O)OC(=O)O−) were observed in each 

measurement[15-17,35]. The specific peak assignments 

are as follows: the peaks at 525, 890, and 1030 cm−1 

were assigned to the Ag−O stretching vibration 

of symmetric or asymmetric peroxydicarbonates, 

the  O−O stretching v ibrat ion of  symmetr ic 

peroxydicarbonate, and the O−O stretching vibration 

of asymmetric peroxydicarbonate, respectively. Other 

peaks observed around 650~800 cm−1 were attributed 

to IL migrated from the bulk electrolyte to the 

working electrode at negative potential. The lower 

intensity of the peak at 890 cm−1 than that at 1030 

cm−1 in conventional Raman spectroscopy implies 

that the asymmetric form of peroxydicarbonate 

Fig. 4　 Estimated electron utilization rates. (a) CO2 
capture (εCO2-cap.); (b) CO2 release (εCO2-rel.) in 
PSC cycles employing the Ag, Cu, or SUS316L 
electrodes in an atmosphere of synthetic air

Fig. 5　 SEM images, Raman spectra, and SERS measurements of Ag. (a) bare Ag and (b) roughened Ag foams. Spectra 
acquired by (c) conventional Raman using the bare Ag electrode and (d) SERS measurements using the 
roughened Ag electrode in an atmosphere of synthetic air

Table 2　Summary of products on each electrode in the electrochemical reduction of CO2 with/without O2
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predominantly exists in the bulk electrolyte. The result 

is in good agreement with that of a previous study on 

trace-O2-assisted Li-CO2 batteries using the in situ 

SERS technique[17]. Previously[14,17], symmetric and 

asymmetric peroxydicarbonate was proposed to be 

generated from CO2 and O2
•− as follows:

Zhao et al. also studied Li-CO2 batteries with trace O2 

using both Raman and FT-IR spectroscopy[17]. They 

reported that reduced O2 (O2
•−) diffuses into the bulk 

electrolyte because it is highly soluble in the solution, 

and O2
•− combines with CO2 in the bulk solution 

to form asymmetric peroxydicarbonate as a crucial 

intermediate in the generation of carbonate. In our 

DRIFTS measurements using the Ag electrode, the 

small doublet around 1500~1700 cm−1 and the singlet 

at 1400 cm−1 (Fig. 3d) correspond well with the IR 

bands of asymmetric peroxydicarbonate that were 

previously theoretically calculated[14].

The combined results of our Raman and DRIFTS 

measurements were analyzed by assuming that 

the reactions to produce CO and carbonate in 

the electrochemical reduction of CO2 and O2 

on the Ag electrode proceed via the asymmetric 

peroxydicarbonate intermediate:

The detailed sequence of reactions that occur on 

each electrode is presented in Fig. 6a, and the 

assignments of the FT-IR bands observed in DRIFTS 

measurements in synthetic air are summarized in 

Table 3. Although symmetric peroxydicarbonate was 

observed at 890 cm−1 with the SERS measurements 

(Fig. 5d), the formation of CO and carbonate from 

symmetric peroxydicarbonate via the dissociation 

reaction is presumed to be difficult (Fig. 6a). The 

formation of carbonate in the bulk electrolyte was 

confirmed by adjusting the potential from negative 

to 0.0 V in the DRIFTS measurements to reveal a 

peak near 1640 cm−1 that was ascribed to carbonate 

adsorbed on the electrode surface (Fig. 3d). The 

difference between our work and that of Zhao et al. is 

the absence or presence of Li cations, which promote 

the formation of carbonate, and led us to speculate 

that, in our study, the dissociation reaction proceeded 

owing to the absence of Li cations[17]. Although 

asymmetric peroxydicarbonate presumably reacts with 

O2
•− to generate carbonate, as well (Equation (2)), 

the reaction is limited because O2
•− is prone to diffuse 

throughout the bulk electrolyte, where it is less likely 

to encounter asymmetric peroxydicarbonate.

We also delve into the reactions on the Cu or SUS 

316L electrodes (Fig. 6a). Unfortunately, we could 

not acquire sufficient Raman spectra to discuss 

the mechanism of electrochemical CO2 and O2 

reduction using the Cu and SUS 316L electrodes. 

This is attributed to the inadequate enhancement of 

the Raman signal on these electrodes. Currently, we 

are attempting to synthesize core/shell nanoparticles 

for shell-isolated nanoparticle-enhanced Raman 

spectroscopy (SHINERs) measurements to observe 

molecular behavior on the electrodes[27,49], which we 

aim to report in future. Unlike SERS, SHINERs 

has the advantage of not being limited to noble 

metal substrates due to core-shell structure of the 

nanoparticle, which consists of a plasmonic material 

core such as silver (Ag), gold (Au) and platinum (Pt) 

and an inert shell such as SiO2, Al2O3, and TiO2 that 

inhibits catalytic reaction from the noble metal core. 

Thus, our mechanistic analysis is based on the results 

of our CV measurements, DRIFTS measurements, 

and other analyses. The reaction using the Cu 

electrode is presumed to proceed as follows:

Similar to the reaction using the Ag electrode, the 

DRIFTS measurements with the Cu electrode showed 

a pair of peaks at 1600 and 1670 cm−1, indicating 
Fig. 6　 Reaction pathways and proposed reaction mechanism. Schematic illustrations of (a) reaction pathways on 

each electrode and (b) plausible reaction mechanism of electrochemical reduction of CO2 and O2 to generate 
different products depending on the type of electrode

Table 3　 Assignment of peaks observed in DRIFTS measurements with the Au, Cu, or SUS 316L electrode in an 
atmosphere of synthetic air
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that asymmetric peroxydicarbonate is generated as 

an intermediate of the electrochemical reduction 

of CO2 and O2 in the bulk electrolyte (Fig. 3e). 

The peak ascribed to carbonate was intensified by 

changing the potential from −1.5 V to 0.0 V, which 

also suggests that the reaction between asymmetric 

peroxydicarbonate and O2
•− proceed in the bulk 

electrolyte. A plausible explanation based on these 

observations, is that asymmetric peroxydicarbonate 

and O2
•− remain in the bulk electrolyte relatively close 

to the Cu electrode, different from the reaction using 

the Ag electrode.

Finally, the reaction on SUS 316L was considered to 

be as follows:

On the SUS 316L electrode, the product of the 

e lectrochemical  reduction of  CO2 and O2 is 

peroxydicarbonate, as determined by DRIFTS 

measurements and the evaluation of the electron 

utilization rate, as described above. Contrary to 

the results of the DRIFTS measurements with the 

Ag or Cu electrodes, the doublet observed around 

1600~1700 cm−1 at negative potential was not 

detected with the SUS 316L electrode; hence, we 

concluded that the observed peroxydicarbonate is 

symmetrical. Importantly, the DRIFTS measurement 

results, which did not change between −1.5 V and 0.0 

V, clearly indicate that a series of reactions proceeds 

on the surface of the SUS 316L electrode. According 

to Zhao et al., the electrochemical reduction of CO2 

and O2 on the electrode surface tends to proceed via 

a symmetric peroxydicarbonate intermediate, which 

supports our conclusion[17].

The reactions on the surface of the SUS 316L 

electrode are worthy of particular attention because 

these reactions differ from those on the other 

electrodes. In addition, the CV measurements with 

this electrode produced interesting results, namely that 

the onset potential for reduction in the gas mixture 

containing 50% CO2 (50% CO2, 10% O2 and 40% 

N2) was lower on negative side than that in (21% 

O2 and 79% N2) or CO2 alone. We considered the 

CO2 and O2 adsorption energies on metal electrodes 

to clarify the characteristic reaction behavior on the 

SUS 316L electrode. Previous studies[31,34,50] which 

calculated CO2 and O2 adsorption energies evidently 

showed that most metal substrates other than Fe2O3 

have neutral adsorption energies for CO2 whereas 

the O2 adsorption energies vary depending on the 

type of substrate. Among the metal substrates, Ni 

or Rh substrates have large O2 adsorption energies. 

Reportedly, the oxygen adsorption energy is correlated 

with the activity of the O2 reduction reaction (ORR), 

in the form of a volcano-type relationship[33,51]. The 

CV measurements in the mixed gas (21% O2 and 

79% N2) atmosphere using a Ni electrode in our 

study also indicated low activity toward O2. On 

the other hand, in the CV measurements using the 

SUS 316L electrode, a reduction current to O2 was 

observed. As mentioned above, as a result of the thin 

layer of Fe2O3 on the surface of the SUS 316L, the 

O2 adsorption energy of this electrode is lower than 

that of Ni[34], the reason for the activity of SUS 316L 

toward O2 in our CV measurement. The lower onset 

potential for reduction on the negative side in the 

gas mixture containing 50% CO2 than that in other 

gases or gas mixtures in the CV measurements, was 

assumed to be a consequence of the presence of CO2 

in the vicinity of O2 on the SUS 316L electrode. 

Because the Fe2O3 layer on the surface of SUS 316L 

has large adsorption energies for both CO2 and O2, 

the correlation differs markedly from that of other 

substrates. In other words, as SUS 316L allows O2 and 

CO2 to react quasi-simultaneously on the surface, the 

reduction potential is close to the theoretical value of 

O2 reduction. Similarly, the Ag electrode also seems 

to change the waveform of the CV measurement 

depending on the presence or absence of CO2 in the 

gas mixture; however, this is considered to stem from 

the electrochemical reduction of CO2 because the CV 

waveform in coexisting CO2 and O2 is similar to that 

in CO2 alone.

In summary, we elucidated the mechanism whereby 

dilute CO2 undergoes electrochemical reduction 

in aprotic solution using our custom-designed 

electrochemical reaction system ACEMS, which 

enables changes in the CO2 concentration and 

formation of chemical substances to be monitored. 

The mechanism was validated with three representative 

electrodes, Ag, Cu, and SUS 316L, and took 

into consideration that the surface of SUS 316L 

consisted of Fe2O3, as established by XPS and cross-

sectional STEM analysis. The results obtained with 

ACEMS suggested that the production of CO and 

carbonate on the Ag or Cu electrodes proceeded via 

disproportionation, whereas oxalate was generated 

on the SUS 316L electrode in the electrochemical 

reaction in an atmosphere of 400 ppm CO2/N2 (400 

ppm CO2 and 99.96% N2). In synthetic air (400 ppm 

CO2, 21% O2, and 79% N2), the reaction pathways 

for the Ag or Cu electrodes are more complicated 

than those in the absence of O2. This showed that the 

electrochemical reduction of CO2 and O2 proceeds 

via the asymmetric peroxydicarbonate intermediate 

to generate CO and/or carbonate. The intermediate 

is inferred to be produced on the electrodes and 

diffuse offshore into the ionic liquid, as confirmed 

by two spectroscopic techniques, DRIFTS and 

Raman measurements. On the SUS 316L electrode, 

symmetric peroxycarbonate was verified to be 

generated as the final product in the electrochemical 

reduction of CO2 and O2, not only by using DRIFTS 

measurements but also by estimating the rate of 

electron utilization in ACEMS. With reference to 

previous studies, the electrochemical reaction pathways 

are deduced to be dependent on the CO2 and/or 

O2 adsorption energies against substrates. Although 

we expect that this research alone will contribute to 

the development of studies of the electrochemical 

capture/release and conversion of dilute CO2, we are 

currently trying to perform SHINERs measurements 

and DFT calcualations to elucidate in more detail 

the mechanism of electrochemical reduction of CO2 

and O2 on any metal substrates. We also believe that 

our future works can provide more pratical materials, 

methods and systems for directly reducing CO2 from 

air and exhaust gases.
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