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A B S T R A C T   

Recently, many studies have reported on the significant role of Cuδ+/Cu0 in the production of C2H4, highlighting 
the enhanced activity of oxidized Cu electrodes compared to metallic Cu electrodes. However, there is relatively 
little research that compares catalytic performance for C2H4 production in membrane electrode assembly (MEA)- 
type cells. Herein, we present an analysis of the performance of Cu-based oxidized cathodes in MEA-type cells, 
specifically focusing on the Cu oxidation state in relation to the CO2 reduction reaction (CO2RR). Both metallic 
Cu and oxidized Cu cathodes were prepared via a simple electroless deposition and subsequent oxidation process. 
The electric, chemical, and thermal oxidation methods yielded Cu electrodes with distinct electronic structures. 
Subsequently, the CO2RR performance of these electrodes was evaluated in single MEA-type cells, and the 
correlation between the Cu0–1+ ratio and their performance was studied. Our findings confirmed that the ability 
to form C2H4 follows a volcano-shaped trend based on the Cu0–1+ ratio. Furthermore, a stability test was con-
ducted for CO2RR at a cell voltage of 3.2 V, revealing that the initially highly active Cu-based cathode exhibited 
notably poor stability in the MEA-type cell test.   

1. Introduction 

Greenhouse gases have been identified as a significant contributor to 
global warming, with CO2 making up over 80% of these greenhouse 
gases [1,2]. Various strategies have been explored to address the chal-
lenges associated with CO2 emissions, including carbon capture and 
carbon utilization (e.g., biochemical, photochemical, and electro-
chemical) [3–6]. The electrochemical CO2 reduction reaction (CO2RR) 
method offers distinct advantages by enabling the production of 
high-value chemicals while simultaneously mitigating carbon dioxide 
emissions via integration with renewable energy sources. 
Techno-economic evaluations of CO2RR indicate that to achieve a pos-
itive net present value, a selectivity exceeding 80% and an energy effi-
ciency of 50% are essential [7]. In conventional H-type cell systems, 
aqueous CO2 solutions are used as reactants, which limitations on the 
maximum current density of the product due to the low solubility of 
CO2. Recently, advanced CO2 electrolysis systems have been developed, 
including the gaseous CO2-fed flow cell and the catholyte-free 

membrane electrode assembly (MEA)-based electrolyzer. The CO2-fed 
flow cell uses a catholyte chamber positioned between the cathode and 
membrane, allowing for the straightforward detection of both gaseous 
and liquid products. Nonetheless, the presence of the catholyte can 
adversely impact the cathode environment and introduce significantly 
high ohmic resistance during the CO2RR. In contrast, MEA-type elec-
trolyzers adopt a zero-gap configuration between the anode and cath-
ode, thereby minimizing ohmic resistance. Additionally, MEA-type 
electrolyzers offer facile scalability and cell stacking, unlike flow-type 
cells [8]. 

Focusing on the range of carbon chemicals that can be generated via 
the CO2RR process, C2H4 stands out as an appealing product due to its 
higher energy density compared to other C1 chemicals, as well as its high 
commercial value due to a large market demand [9]. It is widely 
acknowledged that the formation of C2H4 is primarily limited by the C–C 
coupling step, which can occur through three distinct cases: *CO–*CO, 
*CO–*COH, or *CO–*CHO [10]. Among single metal catalysts, Cu stands 
out as the only catalyst capable of producing C2H4 products such as C2H4 
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and C2H5OH [11]. The adsorption energy of the intermediate *CO on the 
copper surface is neither excessively weak nor excessively strong, 
thereby facilitating C–C coupling to produce C2H4 [12]. However, the 
high energy barrier associated with C–C coupling results in poor C2H4 
selectivity for Cu catalysts, presenting a significant challenge in the 
development of high-performance Cu electrodes specifically tailored for 
C2H4 production. Numerous studies have focused on accelerating C–C 
coupling by adjusting the various properties of Cu electrode such as 
morphology [13,14], facets [15,16], and electronic structure [17,18]. 

Among them, Cu-based oxide or compound catalysts have exhibited 
higher Faradaic efficiency (FE) for C2H4 production, with their superior 
performance attributed to the presence of Cuδ+ (0 < δ ≤ 1) species. The 
active site responsible for this performance has been a subject of debate, 
but theoretical calculations have indicated that the coexistence of Cuδ+

and Cu0 species can improve the kinetics and thermodynamics of CO2 
activation [19] and reduce the energy barrier for *CO dimerization 
[19–23]. In addition, recently reported review paper discovered a cor-
relation between the chemical state and selectivity by summarizing 
Cu+/Cu0 atomic ratio in previously reported in situ/Operando studies 
on Cu catalysts. When the atomic ratio of Cu0 species on the Cu surface 

exceeds 20%, there is a significant shift in product selectivity from 
CO/HCOO– to C2H4 or C2H5OH. Then the atomic ratio exceeds 95%, the 
priority shifts from C2 products to the favorable production of CH4 [24]. 

Remaining challenge associated with Cu catalyst containing Cuδ+

species is their susceptibility to reduction to Cu0 during CO2RR, leading 
to a degradation of C–C coupling [25,26]. Various strategies have been 
proposed to stabilize Cuδ+ species on the catalyst surface, including 
heteroatom doping [27,28], ligand addition [29], support introduction 
[30], morphology engineering [31], and grain boundary manipulation 
[20]. Most studies on Cuδ+ species have reported catalytic performance 
using H-type cells [22,27,30,32,33] or flow cell-type cells with a cath-
olyte [20]. However, the evaluation of Cu electrodes based on their 
oxidation states in H-type cells or flow-type cells can be challenging due 
to the easy oxidation of metallic Cu catalysts into Cu(OH)2 and CuO 
forms in alkaline electrolytes [22]. On the other hand, a recent study 
using Operando X-ray absorption spectroscopy to evaluate Cu electrodes 
in MEA-type cells demonstrated the stability of certain oxidized Cu 
species, such as Cu2O and Cu(OH)2, even under strong reducing condi-
tions during the CO2RR [22]. Despite these findings, the application of 
Cu-based oxide or oxide-derived electrodes for C2H4 production in the 

Fig. 1. (a) Schematic illustration of Cu ELD on MPL/CP. FESEM images of the Cu deposits prepared by varying (b) Sn sensitization time, and (c) Cu ELD time. The 
scale bar represents 1 µm. The XPS spectra of Cu/MPL/CP, Sn-Pd activated MPL/CP, and Sn sensitized MPL/CP for (d) Sn 3d, (e) Pd 3d, and (f) Cu 2p. 
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cathode of MEA-type cells has been relatively limited [21,22]. 
In this study, the performance of Cu-based electrodes for CO2RR in 

MEA-based cells was investigated, with a particular focus on Cu valency. 
A simple electroless deposition (ELD) method was used to prepare a Cu 
layer on a gas diffusion layer, followed by subsequent chemical, thermal, 
and electrical oxidation processes to oxidize the Cu electrode. The 
relationship between the oxidized Cu ratio and the ability to produce 
C2H4 was explored in the MEA-based cell setup. 

2. Experimental setup 

2.1. Characterization 

The surface morphology of the prepared Cu-based catalysts was 
investigated through field-emission scanning electron microscopy 
(FESEM, Sigma, Carl Zeiss) and transmission electron microscopy (TEM, 
JEM-2100 F, JEOL Ltd.) analyses. To determine the crystal structure of 
the catalysts, X-ray diffraction (XRD, Bruker-AXS, New D8 Advance) and 
high-resolution TEM (HRTEM) analyses with fast Fourier transform 
(FFT) patterns were performed. Additionally, an X-ray photoelectron 
spectroscopy (XPS, K-alpha+, Thermo Fisher Scientific) analysis was 
conducted to determine the surface composition of the catalysts. 

2.2. Preparation of Cu electrode by ELD method 

The microporous layer coated-carbon paper (MPL/CP) was used as 
the substrate for the ELD process. The preparation of catalyst nuclei 
involved two steps: Sn sensitization and subsequent Pd activation on 
MPL/CP. Sn sensitization was carried out for 30 min using a solution 
composed of 0.59 g SnCl2, 6 mL HCl, and 100 mL deionized water. 
Following Sn sensitization, the MPL/CP substrate was immersed in a Pd 
activation solution containing 0.02 g PdCl2, 0.6 mL HCl, and 200 mL 
deionized water for 20 s. The substrate was then rinsed in deionized 
water for 10 s to remove any residual solution. After the Sn–Pd treat-
ment, Cu ELD was performed on the activated substrate for 30 min using 
a solution containing 4 mM CuSO4⋅5H2O, 8 mM ethylenediaminetetra-
acetic acid, 70 mM para-formaldehyde, and 69 mM KOH. The ELD 
process was conducted at a constant deposition temperature of 60 ◦C, 

maintained using a thermostat. 

2.3. Oxidation of Cu/MPL/CP 

The copper catalysts (Cu/MPL/CP) prepared in this study were 
subjection to oxidation using electrical, chemical, and thermal methods. 
For electrical oxidation, a three-electrode half-cell connected to a 
potentiostat was used. Cu/MPL/CP was used as the working electrode, a 
graphite rod was used as the counter electrode, and Hg/HgO (1 M 
NaOH) was used as the reference electrode. A constant potential of –0.05 
or 0.05 VHg/HgO was applied in a 0.1 M KOH solution for 10 min. The 
chemical oxidation method involved immersing the pristine Cu/MPL/ 
CP in a solution containing 2.5 M NaOH and 0.125 M (NH4)2S2O8 at 
room temperature for varying from 1 to 40 min. The thermal oxidization 
was carried out via an annealing process using a furnace in an air at-
mosphere at 180, 280, or 380 ◦C for 3 h. 

2.4. CO2RR performance measurement in MEA-type cells 

To assess the catalytic performance of the prepared electrodes, an 
anion exchange membrane (AEM)-based MEA-type CO2 electrolytic cell 
was used. The Cu-based electrodes prepared in this study were used as 
the cathode, while a commercial IrO2/CP (C0206, Dioxide Materials) 
electrode was used as the anode. A membrane (AEM: Sustainion X37–50, 
Dioxide Materials) was positioned between the cathode and anode. 
Gaskets with a thickness of 200 µm were used for both the anode and 
cathode sides. The active area of the single cell was 1.0 cm2, and the 
electrolyzer was assembled with a torque of 60 lb⋅in. Humidified CO2 
gas was supplied to the back side of the cathode at a flow rate of 200 mL/ 
min, while 20 mL/min of 0.1 M KOH was supplied to the anode side. The 
CO2RR performance was evaluated by applying a constant potential for 
15 min at room temperature. The outlet of each electrolyzer was con-
nected to a gas chromatograph (GC, Agilent 7890B) equipped with a 
thermal conductivity detector (TCD) and a flame ionization detector to 
determine the concentrations of gaseous products (H2, CO, CH4, and 
C2H4). The concentrations and charges of each product were used to 
calculate the FE and partial current density (PCD). 

3. Results and discussion 

3.1. Fabrication and characterization of metallic Cu electrode 

Cu/MPL/CP was synthesized using a simple ELD method on MPL/CP 
substrates (Fig. 1). Prior to Cu ELD, the Sn-Pd activation process was 
carried out on MPL/CP, as shown in Fig. 1a. This two-step activation 
procedure involving Sn sensitization and subsequent Pd displacement is 
used as a convenient pretreatment method for Cu ELD on hydrophobic 
substrates, due to the strong adsorption capability of Sn2+ species 
[34–36]. 

To achieve a uniform Cu layer on MPL/CP, the conditions for Sn 
sensitization and Cu ELD were adjusted, while the Pd galvanic 
displacement condition remained constant throughout the experiments. 
Initially, the Sn sensitization time was varied from 5 to 30 min, while the 
Cu ELD time was fixed at 30 min Fig. 1b shows the FESEM images of the 
Cu deposits obtained at different Sn sensitization times (Sn#/Cu30, #: 
Sn sensitization time). In the case of Sn5/Cu, some nanoparticles smaller 
than 50 nm were observed, but the MPL/CP surface remained largely 
exposed due to the low coverage of Cu deposits. As the Sn sensitization 
time increased, the size of the Cu particles gradually increased, resulting 
in increased Cu coverage. When the Sn sensitization time was increased 
to 30 min, the MPL/CP surface was completely covered by Cu particles 
measuring 100–200 nm. Therefore, the Sn sensitization time was fixed 
at 30 min, and the Cu ELD time was varied from 5 to 60 min. The 
morphology of the Cu deposits (Sn30/Cu#, #: Cu ELD time) was 
examined via FESEM analysis. When the Cu ELD time was less than 
30 min, poor coverage of Cu deposits was observed. On the other hand, 

Fig. 2. Images and XRD analysis results of the bare MPL/CP, Cu/MPL/CP, E- 
Cu/MPL/CP, C-Cu/MPL/CP, and T-Cu/MPL/CP. 
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when the Cu ELD time exceeded 30 min (Sn30/Cu60), aggregation of Cu 
deposits was observed. Based on the FESEM results, both Sn sensitiza-
tion and Cu ELD times were fixed at 30 min, resulting in the optimized 
sample denoted as Cu/MPL/CP. Notably, it is difficult to distinguish the 
morphology of Sn-Pd-activated MPL/CP from bare MPL/CP (Fig. S1). 
However, the presence of the Cu deposit was observed after the Cu ELD 
process (Fig. 1b–c), indicating that the formation of Pd particles on 
MPL/CP serves as a nucleation site for Cu growth [34–36]. The XPS 
analysis further supports the presence of Sn (Fig. 1d) and Pd (Fig. 1e) on 
MPL/CP after Sn sensitization and the subsequent Pd activation step. 
After the Cu ELD process (Cu/MPL/CP), a sharp Cu 2p peak was 
observed, while the Sn and Pd spectra could not be discerned. 

3.2. Fabrication and characterization of oxidized Cu electrode 

The prepared Cu/MPL/CP electrode underwent oxidation via three 
methods: electrical, chemical, and thermal oxidation. Each oxidation 
condition, the resulting changes in morphology, and the CO2RR per-
formance of the electrodes in the MEA-type cell were investigated 
(Figs. S2–4). The specific experimental conditions can be found in the 
Experiment setup section. The optimal condition for each oxidation 
method was determined based on the highest activity observed for C2H4 
production at 3.2 Vcell (Figs. S2–4). The electrically oxidized Cu elec-
trode was denoted as E-Cu/MP/CP, the chemically oxidized Cu electrode 
was denoted as C-Cu/MP/CP. and the thermally oxidized Cu electrode 

Fig. 3. FESEM, TEM, HRTEM images, and FFT patterns corresponding to the marked area for (a–d) Cu/MPL/CP, (e–h) E-Cu/MPL/CP, (i–l) C-Cu/MPL/CP, and (m–p) 
T-Cu/MPL/CP. 
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was denoted as T-Cu/MP/CP, reflecting the respective oxidation 
methods used. 

The images of the prepared Cu-based electrode (Fig. 2) indicated that 
they exhibited different colors after the oxidation process, indicating the 
variations in their material properties, including oxidation state [37,38]. 
An XRD analysis was performed to further investigate the crystal 
structure of the Cu-based electrodes. The XRD patterns of Cu/MPL/CP 
revealed distinct diffraction peaks corresponding to metallic Cu. How-
ever, after the oxidation process, the intensity of the metallic Cu peak 
decreased. In the XRD pattern of E-Cu/MPL/CP, there were no 
discernible peaks corresponding to Cu(OH)2, Cu2O, or CuO. For 
C-Cu/MPL/CP, a small peak was observed at approximately 35.7◦ and 
38.7◦, corresponding to the (− 111) and (111) planes of CuO, respec-
tively. In the case of T-Cu/MPL/CP, distinct peaks corresponding to 
metallic Cu could not be observed, but sharp peaks corresponding to 
Cu2O and CuO peaks were detected. 

Fig. 3 presents the results of the FESEM and TEM analysis. In both the 
FESEM (Fig. 3a) and TEM images (Fig. 3b), a consistent nanoparticle 
shape was observed for Cu/MPL/CP. However, after the electrical 
oxidation process (E-Cu/MPL/CP), the morphology transformed into a 
nanoneedle structure (Fig. 3e, f), which is similar to previously reported 
studies on Cu(OH)2-CuO nanoneedles catalysts for the methanol 
oxidation reaction [39,40]. For C-Cu/MPL/CP, a nanosheet morphology 
was observed (Fig. 3i, j). Generally, the chemical oxidation method is 
used to fabricate Cu(OH)2 nanoneedles [41–43]. However, if the 
oxidation process is prolonged, Cu(OH)2 nanoneedles can transform into 
CuO sheets [41]. This trend is clearly observed in Fig. S3 and is 
consistent with the XRD analysis. On the other hand, T-Cu/MPL/CP 
(Fig. 3m, n) exhibited a nanoparticle shape similar to that of 

Cu/MPL/CP. The EDS mapping images of the oxidized electrode in 
Fig. S5 indicate a uniform distribution of Cu and O signals. Additionally, 
the crystallinity of each electrode was investigated using HRTEM with 
FFT patterns. 

In all cases, the corresponding FFT patterns (Fig. 3d, h, l, p) revealed 
a polycrystalline structure with distinct diffraction patterns. Without 
oxidation, Cu/MPL/CP exhibited metallic Cu lattice planes corre-
sponding to the (111), (200), and (220) facets. However, in the FFT 
patterns of E-Cu/MPL/CP and C-Cu/MPL/CP, it can be observed that 
some of the metallic Cu transformed into Cu(OH)2 (Fig. 3h) or CuO 
(Fig. 3l), respectively. In the case of T-Cu/MPL/CP, the absence of 
metallic Cu lattice planes was noted, and the presence of crystal facets 
corresponding to Cu2O and CuO was confirmed (Fig. 3p). 

An XPS analysis was conducted to analyze the surface composition of 
the electrodes, as shown in Figs. 4 and S6. Fig. 4a presents the decon-
voluted Cu 2p3/2 spectra of the electrodes [44,45]. In the case of 
Cu/MPL/CP, the presence of CuO and Cu(OH)2 peaks was negligible, 
with the majority of the peaks being deconvoluted into a single large 
peak corresponding to Cu or Cu2O. However, for the oxidized electrodes, 
a significant increase in the ratio of CuO and Cu(OH)2 peaks were 
observed, accompanied by a strong Cu2+ satellite peak. 

The XPS analysis revealed important insights into the surface 
composition of the electrodes. Specifically, among the oxidized elec-
trodes, E-Cu/MPL/CP exhibited a significantly higher ratio of Cu(OH)2 
peaks, while C-Cu/MPL/CP and T-Cu/MPL/CP exhibited similar 
deconvoluted peak patterns. However, the peak corresponding to Cu or 
Cu2O was slightly lower in T-Cu/MPL/CP compared to C-Cu/MPL/CP. 
Fig. S6 presents the O 1 s spectra of Cu/MPL/CP and oxidized Cu/MPL/ 
CP. All Cu-based electrodes exhibited distinct O 1 s spectra, though 

Fig. 4. (a) Deconvoluted Cu 2p3/2 spectra of prepared electrodes, (b) summarization of O/Cu ratio for each electrode, and (c) Cu LMM Auger spectra of 
each electrode. 
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slight variations were observed. Notably, three peaks were observed in 
the approximate range of 532.0, 531.0, and 529.5–530.0 eV. The peaks 
around 531.0 and 532.0 eV have been commonly associated with 
absorbed water molecules, oxygen species, or hydroxyl groups, but the 
precise positioning of these peaks has been inconsistent [46–49]. On the 
other hand, the peak positioned at the lower binding energy range of 
529.5–530.0 eV is widely accepted as a peak associated with lattice 
oxygen [46]. The presence of distinct peaks for lattice oxygen was 
clearly observed in the oxidized electrodes, which were not observed in 
the Cu/MPL/CP electrode. Based on the XPS results, the O/Cu ratio of 
each electrode was calculated and summarized in Fig. 4b. The highest 
O/Cu ratio was observed in T-Cu/MPL/CP, followed by C-Cu/MPL/CP, 
E-Cu/MPL/CP, and Cu/MPL/CP. Additionally, the Cu LMM Auger 
spectra of each electrode were examined in Fig. 4c. The Cu LMM spectra 
for Cu/MPL/CP displayed two Cu peaks at 918.1 eV and 917.7 eV cor-
responding to Cu0 and Cu1+, respectively [29,50]. In contrast, the 
oxidized Cu electrodes exhibited a broad peak positioned at kinetic 
energy values of 916.9, 917.4, and 918.0 eV for E-Cu/MPL/CP, 
T-Cu/MPL/CP, and C-Cu/MPL/CP, respectively. Compared to previ-
ously reported kinetic energy of CuO powder (917.8 eV) [50], there are 
clear differences in peak position, indicating the coexistence of various 
oxidized Cu species. 

3.3. CO2RR performance test of Cu-based cathode in MEA-type cell 

The CO2RR performance of both Cu/MPL/CP and oxidized Cu elec-
trodes was assessed in an MEA-type single cell, as depicted in Fig. 5a. To 
prevent the autoxidation of the Cu surface [48], the electrodes were 
promptly introduced into the MEA as cathodes immediately after 
fabrication for direct evaluation. The CO2RR performance of the single 
cell was measured via chronoamperometry for 15 min (Fig. S7), and the 
stabilized current density within the time range of 840–900 s was used 
to evaluate the catalytic performance of each cathode (shown in Fig. S8). 

Total FE of the gas product and PCD of C2H4 are summarized in 
Fig. 5b. Notably, the total FE only reached approximately 60–80% in all 
CO2RR performance tests, indicating that the current density could 
contribute to the formation of other liquid products such as formic acid, 
ethanol, or propanol. Upon assuming that the remaining 40% of FE 
corresponds to 100% conversion of formic acid, ethanol, and propanol 
individually, the calculated volumes for all products were found to be 
below 1 mL, indicating that the liquid product analysis was challenging 
due to their very small quantities. Therefore, this study focused solely on 
the analysis and evaluation of gas products. A consistent trend was 
observed in all cathodes. As the cell voltage increased from 2.8 to 
3.3 Vcell, the FE of CO gradually decreased while the FE of C2H4 
increased. Furthermore, within the cell voltage range of 2.8–3.5 V, the 
FE of CH4 was strongly suppressed to below 11%. These findings suggest 

Fig. 5. (a) Schematic illustration of the MEA-type CO2 electrolyzer, and (b) FE and PCD of C2H4 as depending on applied cell voltage for Cu-based electrodes.  
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that Cu-based cathodes favorably facilitate C-C coupling, thereby pro-
moting the formation of C2H4 over CH4. Upon reaching the peak C2H4 FE 
at 3.2–3.4 Vcell, a decline in C2H4 FE was observed, which can be 
attributed to the pronounced occurrence of the hydrogen evolution re-
action. Notably, the E-Cu/MPL/CP exhibited the highest C2H4 FE of 
47.7% at 3.3 Vcell. To compare the mass activity of Cu-based cathodes, 
the Cu loading amounts were calculated using a combination of the 
weighing method and bulk composition obtained by EDS results. For T- 
Cu/MPL/CP, the loading amount was assumed to be the same as that of 
Cu/MPL/CP due to the mild oxidation conditions considered. The 
loading amount of Cu/MPL/CP was 0.286 mg/cm2, while E-Cu/MPL/CP 
and C-Cu/MPL/CP, which underwent oxidation processes, exhibited 
slightly lower values of 0.228 mg/cm2 and 0.203 mg/cm2, respectively 
(Fig. S9a). This decrease in Cu loading is attributed to the partial 
dissolution of Cu(OH)2 [51,52]. Based on the measured Cu loading, mass 
activity and turn over frequency (TOF) for C2H4 of each cathode were 
calculated [53,54]. The mass normalized-PCD at 3.2 Vcell summarized in 
Fig. S9b. The C-Cu/MPL/CP demonstrates the highest mass activity, 
reaching 480.8 mA mg–1. Following this, E-Cu/MPL/CP shows a slightly 
lower value, while Cu/MPL/CP and T-Cu/MPL/CP exhibit slightly lower 
values that are nevertheless comparable to each other. This trend is also 
evident in Fig. S10, which compares TOF of each Cu-based cathode. 

Furthermore, considering the coexistence of Cuδ+ and Cu0, which 
promote C-C coupling reactions, the C2H4 formation activity was 
examined by comparing the Cu0–1+ ratio in each cathode. The C2H4 FE 
of each electrode was determined within the cell voltage range of 
3.0–3.4 V, where a high selectivity towards C2H4 was observed. Fig. 6 
illustrates the correlation between the C2H4 FE and the Cu0–1+ ratio, 
which was calculated based on the XPS results. While some variation 
was observed depending on the cell voltage, the overall trend of the 
C2H4 FE displayed a characteristic volcano-shaped pattern in relation to 
the Cu0–1+ ratio. The C2H4 FE increased with an increasing Cu0–1+ ratio, 
reaching a maximum value of 21.8%, after which it started to decrease. 
This finding is in contrast with previously reported in situ studies on 
oxygen-containing Cu, which emphasized the crucial role of Cuδ+ spe-
cies in C2H4 production. This discrepancy can be attributed to the rapid 
reduction of highly oxidized Cu species during the CO2RR test. Recent 
studies employing Operando X-ray absorption spectroscopy analysis to 
evaluate Cu electrodes in MEA-type cells demonstrated that the Cu2+

species generated at a reverse cell voltage of 3.0 V underwent rapid 
reduction. Nonetheless, some oxidized species remained, with the ma-
jority reverting to Cu0 species [22]. These findings provide supporting 
evidence for the observed volcano relationship depicted in Fig. 6. 

Furthermore, a stability test was conducted by applying a cell voltage 
of 3.2 V over 3 h (Figs. 7a and S11). The gas products were analyzed at 
10, 30, 60, 120, and 180 min, as shown in Fig. S12. During the test, a 
5 mL/min flow of deionized water was passed through the cathode side 
of the MEA for 3 min every hour. The cathode was subsequently dried 
using CO2 gas at a flow rate of 200 mL/min before resuming the stability 
test. The presence of deionized water was crucial to prevent the for-
mation of carbonate salt, which could lead to the blockage of the cath-
ode channel before the completion of the stability test [21,55]. 

Fig. 7b presents a plot of C2H4 FE as a function of CO2RR operation 
time. Interestingly, the stability of the Cu-based electrodes exhibited an 
inverse relationship to their initial activity, with T-Cu/MPL/CP exhib-
iting the highest stability followed by Cu/MPL/CP, C-Cu/MPL/CP, and 
E-Cu/MPL/CP. The C2H4 FE was well-maintained for the first hour but 
subsequently experienced a rapid decrease. Notably, E-Cu/MPL/CP 
exhibited a significant decrease in C2H4 FE, while the FE for CH4 
increased after 1 h. These findings suggest a diminished capability for 
C–C coupling due to the rapid reduction of Cuδ+ species to Cu0 during 
the CO2RR test. On the other hand, Cu/MPL/CP, which contains a higher 
proportion of metallic Cu species (Fig. 4), is expected to be less affected 
by this strong reducing environment. Investigating the stability of Cuδ+

species following the CO2RR test in MEA-type cells remains a challenge. 
Future studies should explore cutting-edge in situ techniques to study 
the Cu electronic structure and monitor the Cu valency of the catalyst 
surface during the CO2RR test in MEA-type cells. 

Fig. 6. C2H4 FE of CO2 electrolyzer with a Cu-based cathode as a function of 
Cu0–1+ in the cell voltage range of 3.0–3.4 Vcell. 

Fig. 7. (a) Schematic diagram of stability test for the CO2RR, and (b) C2H4 FE 
of CO2 electrolyzer with a Cu-based cathode as a function of CO2 electrol-
ysis time. 
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4. Conclusion 

Cu electrodes were prepared on MPL/CP substrates using a simple 
ELD method, and subsequent electrical, chemical, and thermal oxidation 
steps enabled precise control of the oxidation state of Cu/MPL/CP. XRD 
and XPS analyses confirmed the coexistence of various Cu species in Cu/ 
MPL/CP and the oxidized electrodes. Notably, all Cu-based cathodes 
exhibited C2H4 production exceeding 35%. The E-Cu/MPL/CP electrode 
achieved the highest C2H4 FE of 47.7% at a cell voltage of 3.3 Vcell. 
Furthermore, the correlation between the Cu0–1+ ratio and C2H4 FE was 
investigated based on the XPS results, revealing a volcano-shaped rela-
tionship. The C2H4 FE reached a maximum when the Cu0–1+ ratio 
reached 21.8%, followed by a gradual decrease. However, during the 
stability test at a cell voltage of 3.2 V, the C2H4 FE exhibited a decreasing 
trend according to the initial activity order. These findings highlight the 
significant influence of the Cu oxidation state on the initial activity and 
stability of the CO2RR operation in MEA-type cells. 
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