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Exploring the influence of cell configurations
on Cu catalyst reconstruction during CO2
electroreduction

Woong Choi1,2,10, Younghyun Chae1,3,10, Ershuai Liu4, Dongjin Kim1,5,
Walter S. Drisdell 4, Hyung-suk Oh 1,6, Jai Hyun Koh 1,3, Dong Ki Lee 1,7,8,
Ung Lee 1,3,8 & Da Hye Won 1,3,9

Membrane electrode assembly (MEA) cells incorporating Cu catalysts are
effective for generating C2+ chemicals via the CO2 reduction reaction (CO2RR).
However, the impact of MEA configuration on the inevitable reconstruction of
Cu catalysts during CO2RR remains underexplored, despite its considerable
potential to affect CO2RR efficacy. Herein, we demonstrate that MEA cells
prompt a unique reconstruction of Cu, in contrast to H-type cells, which
subsequently influences CO2RR outcomes. Utilizing three Cu-based catalysts,
specifically engineered with different nanostructures, we identify contrasting
selectivity trends in the production of C2+ chemicals between H-type andMEA
cells. Operando X-ray absorption spectroscopy, alongside ex-situ analyses in
both cell types, indicates that MEA cells facilitate the reduction of Cu2O,
resulting in altered Cu surfaces compared to those in H-type cells. Time-
resolved CO2RR studies, supported by Operando analysis, further highlight
that significant Cu reconstruction within MEA cells is a primary factor leading
to the deactivation of CO2RR into C2+ chemicals.

The electrochemical CO2 reduction reaction (CO2RR) has gained pro-
minence as a leading technology for both mitigating atmospheric CO2

levels and transforming volatile electrical energy into storable chemi-
cal energy1–4. Among various chemicals from CO2RR, C2+ chemicals—
those containing twoormore carbon atoms, suchas ethylene, ethanol,
and n-propanol—stand out as key targets due to their high energy
density and substantial market demand across a wide range of indus-
trial applications5–7. To date, copper (Cu) catalysts have been dis-
tinguished for their ability to generate C2+ chemicals with significant
Faradaic efficiency (FE), attributed to their ideal *CO binding strength

in accordance with the Sabatier principle8–11. However, achieving pre-
cise selectivity towards C2+ chemicals amidst a range of potential
products (H2, C1, and C2+) remains a formidable challenge in utilizing
Cu catalysts.

The variation in product outcomes from the CO2RR is highly
related to the surfacemorphologies of Cu catalysts12–15. There is a well-
established consensus that under-coordinated sites of Cu, such as
kinks, steps, and defects, play a pivotal role in stabilizing *OCCO
intermediates. These intermediates are crucial for the kinetics of C2+

chemical production, facilitating a shift in product selectivity from C1
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to C2+ compounds16–21. To create a high density of these under-
coordinated sites, Cu oxides, or oxide-derived Cu, are commonly uti-
lized. This approach leverages the natural tendency of Cu oxides to
undergo reduction and reconstruction under CO2RR conditions,
leading to the formation of defective Cu surfaces22–24. Several studies
have empirically exploited the Cu defect sites, predominantly influ-
enced by the initial Cu nanostructure, as a strategy to enhance
FEC2+

25–29.
The morphological transformations in Cu-based catalysts during

CO2RR entail intricate processes such as the reduction of Cu oxides,
fragmentation, dissolution cycling into Cu(OH)2

- ions, and their sub-
sequent reduction30–32. This simultaneous Cu reconstruction during
CO2RR is highly interrelated to the reaction conditions18,27,31. In parti-
cular, themembrane electrode assembly (MEA) electrolyzer,whichhas
recently been highlighted as a CO2RR reactor, operates under uncon-
ventional conditions, including gas-fed CO2 through a gas diffusion
electrode (GDE) without a catholyte and a zero-gap configuration
between the cathode, anion exchange membrane (AEM) and anode,
comparing to a batch H-type cell reactor33–36. Due to these differences,
theMEA cell exhibits significantly increased current density compared
to the H-type cell, providing a distinct microenvironment for the cat-
alyst. These distinctive features can significantly influence the recon-
structionmechanisms of Cu-based catalysts during CO2RR, potentially
altering the product distribution29,37. Despite its critical importance for
advancing efficient and stable Cu catalysts in commercially viable
devices, the investigation into Cu morphological changes within MEA
environments remains sparse.

Herein, we employed three types of Cu-based catalysts: Cu2O
nanocubes (Cu2O cube), Cu2O nanoparticle aggregate (Cu2O aggre-
gate), and commercial Cu nanoparticles (cCu), as electrocatalysts to
investigate the impact of initial morphologies and cell configurations
on Cu reconstruction. Notably, the Cu2O aggregate exhibited the
highest C2+/C1 ratio in the H-type cell, surpassing the performance of
the other two catalysts, whereas the Cu2O cube demonstrated the
most favorable C2+/C1 ratio in theMEA cell. OperandoX-ray absorption
spectroscopy (XAS) analysis indicated that the cell configurations
markedly affect the reduction kinetics of Cu oxide during CO2RR.
Moreover, ex-situ characterizations revealed that the accelerated
reduction and reconstruction processes in MEA cells result in distinct
Cu surface morphologies, which account for the divergent CO2RR
performance trends observed in MEA versus H-type cells.

Results
Synthesis of Cu2O nanoparticles and preparation of catalyst
electrodes
To understand the correlation between C2+ chemicals production and
Cu state, we synthesized two Cu2O nanoparticles with different
morphologies (i.e., Cu2O cube and Cu2O aggregate) and also prepared
cCu (copper, 60–80 nm,SigmaAldrich) as a control group toprovide a
contrasting morphology and oxidation state (detail synthesis in
Methods) (Fig. 1a, b). Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images showed that the Cu2O
cube hasmonodisperse particles with an average size of 85.3 nmwith a
typical Cu2O lattice fringe of 0.31 and 0.24 nm, corresponding to Cu2O
(110) and (111), respectively (Fig. 1c, d, Supplementary Fig. 1 and 2).
Meanwhile, SEM images of Cu2O aggregate showed smooth spherical
nanostructures with an average particle size of 92.9 nm, but TEM
images represented it composed of a large number of small Cu2O
domains, having specific Cu2O lattice fringes (Fig. 1e, f). X-ray diffrac-
tion (XRD) patterns of both the Cu2O cube and Cu2O aggregate con-
firmed their composition, displaying characteristic Cu2O peaks
(Fig. 1g). However, the Cu2O aggregate displayed a smaller crystalline
size in the XRD patterns, measuring 1.43 nm, compared to the Cu2O
cube, which had a size of 4.58 nm (Supplementary Table 1). Fourier
transform extended X-ray absorption fine structure (FT-EXAFS)

spectra of pristine Cu2O cube and Cu2O aggregate also clearly sup-
ported the Cu2O states (Fig. 1h). The cCu exhibited heterogeneity, yet
their average particle size of 88.9 nm was comparable to that of the
synthesized Cu2O catalysts. The XRD patterns and TEM images
of cCu revealed both metallic Cu characteristic peaks and lattice frin-
ges, as well as indications of partial oxidation (Supplementary Fig. 3).
In the Fast Fourier Transform (FFT) image, the Cu2O cube displayed
the distinct lattices of typical single crystalline Cu2O, whereas both the
Cu2O aggregate and cCu showed ring patterns, indicative of poly-
crystalline nanostructures (Supplementary Fig. 4).

Cell configuration-dependent CO2RR performance of Cu
catalysts
As-prepared Cu catalysts were tested in both H-type and MEA cells to
evaluate their CO2RR performances based on different cell config-
urations (Fig. 2 and Supplementary Fig. 5) and the catalysts’ initial
nanostructures. The dependency of CO2RR performance on
the applied potential for each type of Cu catalyst was analyzed using
step-wise chronoamperometry. Within the H-type cell configuration,
the FEC2+ of each Cu catalyst showed a volcano-like correlation as a
function of applied potential (Fig. 2a–c and Supplementary Fig. 6). The
maximum partial current density for C2+ chemicals production (jC2+)
progressively rose as the applied potential neared −1.0V (vs. reversible
hydrogen electrode (RHE), with all potentials in the H-type cell refer-
enced to RHE). Maximum FEC2+ were closely matched, recorded at
43.7, 44.4, and 43.2% for Cu2O cube, Cu2O aggregate, and cCu,
respectively.

While the overall CO2RR efficiencies of the Cu-based catalysts
showed similarities, the detailed performance metrics revealed dis-
tinct differences. The Cu2O cube demonstrated the lowest onset
potential for converting CO2RR into C2+ chemicals. Conversely, the
Cu2O aggregate achieved a significantly higher C2+/C1 ratio of 41.3 at
−1.09 V, surpassing the ratios of 14.1 for the Cu2O cube and 25.2 for
cCu. These findings confirm that the Cu2O cube and Cu2O aggregate
provide CO2-to-C2+ favored reaction sites at low overpotential and C2+

selective active sites, respectively. cCu exhibited the highest onset
potential to activate C2+ chemicals production, but more selective C2+

chemicals production compared to Cu2O cube at the optimum
reduction potential.

To demonstrate the applicability of the relationship between Cu
surface morphologies and CO2RR performances in different reaction
conditions, MEA cell was utilized to evaluate these Cu-based catalysts
with the identical electrode fabrication method to the H-type cell
(Fig. 2d–f and Supplementary Fig. 7). The MEA cell remarkably
improved FEC2+ and jC2+ even with the same catalysts. The FEC2+ of
Cu2O cube, Cu2O aggregate, and cCu improved as increasing cell
voltage, recording each maximum value as 63.3, 60.6, and 53.0%,
respectively. The highest jC2+ of −227.7mA cm-2 was achieved on the
Cu2O cube among the Cu catalysts. The trend of C2+/C1 between Cu2O
cube and Cu2O aggregate was intriguingly reversed, showing that
Cu2O cube provided a higher C2+/C1 ratio than Cu2O aggregate. In
particular, the Cu2O aggregate providing the highest C2+/C1 ratio in the
H-type cell now represented the lowest C2+/C1 ratio in MEA. These
observations provide evidence that the cell configurations can lead to
different trends in CO2RR performances, even in the same Cu-based
catalysts. Therefore, we postulate that the cell configuration may alter
the Cu reconstruction process and result in different morphological
features of Cu during CO2RR.

Operando XAS analysis during CO2RR in H-type and MEA cell
Real-time changes in the oxidation states and coordination numbers
(CN) of each Cu-based catalyst were monitored in a custom-made H-
type and MEA cell equipped with a transparent window capable of
X-raypenetration (Fig. 3 andSupplementaryFig. 8). In theH-type cell, a
step-wise potential application was employed, maintaining each

Article https://doi.org/10.1038/s41467-024-52692-w

Nature Communications |         (2024) 15:8345 2

www.nature.com/naturecommunications


voltage level for 15min, with XAS spectra collected every 5min
(Fig.3a). In contrast, due to the accelerated Cu2O reduction, XAS
spectra within theMEA cell were acquired at 3 V for 10min and at 3.5 V
for a duration of 120min (Fig. 3e).

In theH-type cell, the Cu2O cube showed a gradual reductionwith
applied potential, whereas the Cu2O aggregate remained largely
unchanged (Fig. 3b). This was evidenced by the decrease in white
line intensity in the operando X-ray absorption near-edge structure
(XANES) spectra with the application of reductive potentials,
alongside a negative shift in edge energies (Supplementary Fig. 9).
However, the kinetics of reduction as a function of potential and time
varied significantly among the catalysts, dependent on their initial
nanostructures. Among these samples, the Cu2O cube emerged as the
most electrochemically active sample, demonstrating the most
pronounced shift in its XANES spectra from open-circuit voltage
(OCV) to −1.2 V. In the FT-EXAFS spectra of the Cu2O cube, Cu-O peaks
(~ 1.5 Å) and Cu-Cu peaks associated with Cu2O (~ 2.7 Å) began dimin-
ishing from −0.6V, with the Cu-Cu peaks indicative of metallic
Cu (~2.2Å) becoming significantly prominent from −1.0V onward
(Fig. 3c). Compared to the progressive reduction of the Cu2O cube
during CO2RR over time, the Cu2O aggregate retained its Cu2O struc-
ture across all applied potentials, showing only minimal reduction
after the initial phase (Fig. 3d). The cCu showed a notable metallic
Cu phase after the initial reduction of residual surface Cu2O (Supple-
mentary Fig. 10 and 11). Analysis of the FT-EXAFS spectra for cCu
revealed a slight reductionof theCN forCu-Cuwithin the errormargin,
from 11.4 ± 1.0 to 11.1 ± 1.0 (Supplementary Table 2).

Conversely, in the MEA cell, time-resolved operando XANES
revealed that both the Cu2O cube and cCu were predominantly
reduced into metallic Cu within the initial 5min at 3 V (Fig. 3f and

Supplementary Fig. 12). In contrast, while the Cu2O aggregate also
experienced rapid reduction during the same timeframe, traces of
residual Cu2O species were still distinct until 10min at 3 V from its
white line intensity. Simultaneously, FT-EXAFS spectra showed that Cu-
O peaks (~ 1.5 Å) completely disappeared in Cu2O cube and cCu, and
the Cu-Cu peaks of metallic Cu (~ 2.2 Å) emerged and grew within the
first 10min at 3 V (Fig. 3g and Supplementary Fig. 10), consistent with
the XANES results. Cu2O aggregate showed a similar trend, albeit with
the noticeable Cu-O peak at 3 V (Fig. 3h). Upon extending the opera-
tion to 3.5 V, all Cu-based catalysts predominantly displayed metallic
Cu characteristics in their XANES spectra, with no substantial temporal
variations. Nonetheless, changes in the local Cu geometries persisted
throughout CO2RR, as evidenced by minor alterations in the CN
derived from FT-EXAFS spectral fitting. The CN for Cu-Cu slightly
decreased from 10.7 ± 0.9 to 10.4 ± 1.0 for the Cu2O cube, from
11.9 ± 1.6 to 11.6 ± 1.6 for cCu, and from 11.2 ± 0.7 to 11.6 ± 0.6 for the
Cu2O aggregate (Fig. 3f and Supplementary Table 3).

Operando XAS showed that abrupt CO2RR conditions in the MEA
cell trigger faster Cu2O reduction compared to the H-type cell.
Therefore, we postulate that cell configurations can induce distinctive
Cu oxidation states and surface morphologies during CO2RR.

Ex-situ characterizations of Cu and Cu2O catalysts post-CO2RR
in H-type and MEA cells
To investigate how different reduction kinetics of Cu2O affect Cu state
and surface morphologies, we characterized all Cu-based catalysts
using ex-situ TEM and XRD after CO2RR in H-type andMEA cells (Fig. 4
and Supplementary Fig. 13 and 14). We additionally characterized Cu
catalysts operated at 3 V for 10min in theMEAcell becauseof the rapid
Cu2O reduction in the MEA cell.

Cu(acac)2
215 C

1,5-pentanediol
CuSO4

30 C

glucose

PVP

Cu2 uCebucO 2O aggregate

c d e f

ba

g h

Fig. 1 | Synthesis and characterizations of the Cu2O cube andCu2O aggregate. Synthetic protocols for the (a) Cu2O cube and (b) Cu2O aggregate. c, e TEM, d, fHRTEM,
and lattice fringes of the (c, d) Cu2O cube and (e, f) Cu2O aggregate. g XRD patterns and (h) FT-EXAFS spectra of Cu2O cube and Cu2O aggregate.
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In the H-type cell, all the Cu-based catalysts exhibited minimal
structural changes after CO2RR (Fig. 4a–d and Supplementary
Fig. 13a–c). The Cu2O cube largely preserved its cubic shape, showing
only slight surface bumpiness. Both the Cu2O aggregate and cCu also
retained their original nanostructures, though some small debris was
observed near the nanoparticles. XAS showed that the Cu2O cube
exhibited characteristic peaks of both Cu2O and metallic Cu, with the
corresponding lattice fringes observed in XRD patterns and high
resolution TEM (HRTEM) images. FFT images revealed polycrystalline
ring patterns indicative of multi-domains of Cu and Cu2O formed
during CO2RR, suggesting a mix of phases in the Cu2O cube (Supple-
mentary Fig. 14d). The Cu2O aggregate, in contrast, displayed only
Cu2O characteristic peaks andmaintained polycrystalline ring patterns
similar to those of the pristine material (Supplementary Fig. 14e). The
post-CO2RR cCu showed exclusive metallic Cu XRD patterns along
with Cu (111) and (200) lattice fringes and ring patterns (Supplemen-
tary Fig. 14f). FromXRDpatterns, the crystal size of Cu2O cube and cCu
decreased from 4.58nm and 9.17 nm to 3.55 nm and 8.53 nm, respec-
tively, while that of Cu2O aggregate represented only minor changes
(Supplementary Table 1).

In the MEA cell environment, the Cu-based catalysts underwent
notable morphological transformations distinct from those observed
in the H-type cell, particularly after a 10min operation at 3 V (Fig. 4e–h
and Supplementary Fig. 13d–f). TheCu2Ocubedisintegrated into small
Cu domains, resulting in interconnected and agglomerated nanos-
tructures. The Cu2O aggregate, on the other hand, separated into
individual nanoparticles, each evolving into hollow structures with
defective shells containing small Cu debris. The cCu showed highly
aggregated nanostructures with bumped surfaces. During this period,
both the Cu2O cube and cCu were fully reduced to metallic Cu,
whereas Cu2O aggregate uniquely exhibited mixed Cu and Cu2O
characteristics in XRD patterns, HRTEM, and FFT images (Supple-
mentary Fig. 14g–i). An extended operation time of 120min at 3.5 V led
to further morphological changes (Fig. 4i–l, Supplementary Fig. 13g–i

and 14j–l). The Cu2O cube completely disintegrated into
subnanometer-sized Cu debris with few irregular Cu nanoparticles.
Similarly, the cCu experienced a significant disintegration of its
aggregated Cu nanostructures. Interestingly, the Cu2O aggregate
maintained its hollow and defective structure, albeit with the emer-
gence of sharp, branch-like features on its surface. XRD patterns
revealed a significant reduction in the crystal size of both the Cu2O
cube and cCu to 0.77 and 0.84nm, respectively, indicating a transition
to polycrystallinity. In contrast, the size of the Cu2O aggregate
remained largely unchanged (Supplementary Table 4).

Reconstruction mechanisms of Cu and Cu2O catalysts during
CO2RR depending on cell configurations
Through both operando and ex-situ characterizations, it becomes
evident that the Cu catalyst develops a unique intrinsic surface during
CO2RR, influenced not only by its initial nanostructures but also by the
cell configuration. To elucidate the Cu reconstruction process,
including Cu2O reduction, Cu detachment, and Cu dissolution and
redeposition, it is essential to consider their effects. The reduction of
Cu2O leads to the formation of grain boundaries, which arise from the
lattice mismatch between Cu2O and Cu domains (Fig. 5a and Supple-
mentary Fig. 15)17,38. Cu also easily detaches from the original nano-
particles and forms small Cu debris (Fig. 4i and k)39. The elevated
current density in the system raises the local pH, facilitating the dis-
solution of Cu(OH)2

- ions. Under the highly reductive conditions of
CO2RR, these Cu(OH)2

- ions are then sequentially reduced back into
metallic Cu30,31.

Due to the slower Cu2O reduction in the H-type cell, all Cu2O
catalysts preserved their original nanostructures without significant
disintegration, by forming grain boundaries. The crystal size in Cu2O
cube and cCu was reduced because of Cu2O reduction and Cu
detachment during CO2RR, yet the size of individual nanoparticles
remained largely unchanged, likely due to a balance between Cu dis-
solution and redeposition (Fig. 5b). Uniquely, the Cu2O aggregate

Fig. 2 | CO2RRperformance and selectivityof theCu-based catalysts in each cell
configuration. Cell configurations of the (a) H-type cell and (d) MEA cell. C2+

current densities of the Cu2O cube, Cu2O aggregate, and cCu in the (b) H-type cell
and (e) MEA cell. C2+/C1 ratio of the Cu2O cube, Cu2O aggregate and cCu in the (c)

H-type cell and (f) MEA cell. All error bars represent the standard deviation calcu-
lated from at least 3 data points. The applied potentials of the H-type cell were
converted toRHEwith 85% iR compensation,while the cell voltages for theMEAcell
were presented as non-iR corrected values.
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demonstrated a distinct resistance to Cu2O reduction during CO2RR
(Fig. 5c). This resistance is attributed to the original aggregated Cu2O
domains delaying the reduction of Cu+, as indicated by literature on
similar nanostructures40,41. Consequently, the Cu2O aggregate’s
robustness helped maintain its crystal size and oxidation states.

Meanwhile, the accelerated Cu2O reduction in the MEA cell leads
to a complete reconstruction of the Cu2O cube through grain
boundary formation within 10min at 3 V. The high current density, a
result of elevated CO2 concentration, facilitates Cu detachment and
initiates a cycle of Cudissolution followedby re-deposition. Therefore,
Cu2O cube and cCu construct complex networks by agglomeration of
individual nanoparticles (Fig. 4e, g). In contrast, a hollow Cu2O
aggregate nanostructure without an agglomeration was exclusively
discovered in Cu2O aggregate (Fig. 4f). A plausible mechanism is that
defective outer frameworks provide a solid framework; such frame-
work can induce faster oxygen removal from inside.

Following an extended period of operation in the MEA cell for
120min at 3.5 V, there was a notable disintegration of nanostructures
into small Cu debris, accompanied by a significant reduction in crystal
size for both the Cu2O cube and cCu (Fig. 4i, k, and Supplementary
Table 3). In contrast, the Cu aggregate developed unique hollow and
branched Cu nanostructures characterized by numerous sharp bran-
ches on their surface (Fig. 4j). These findings indicate that the abrupt
conditions of CO2RR in the MEA cell tend to favor Cu dissolution over
Cu redeposition. As a result, Cu catalysts lacking a solid framework, such
as the Cu2O cube, tend to break down into small and irregular nano-
debris within the MEA cell, regardless of their original nanostructures.

It should be noted that the different reconstruction behaviors of
Cu-based catalysts observed in H-type cell and MEA cell are multi-
faceted. The different cell configurations provide different reaction
environments, including local pH, local CO2/H2O ratio, *CO coverage,

and surface bubble formations etc., which lead to different catalyst
performances in terms of current density and FE. The critical point is
that the microenvironments affect the Cu reconstructions, which
determine the intrinsic properties of catalysts, leading to further var-
iations in CO2RR performances.

Interpretation of CO2RR performance in each cell based on Cu
reconstruction
A detailed understanding of Cu reconstruction and oxidation states,
derived from comprehensive characterization, gives insight into the
interpretation of CO2RR performance trends. In the H-type cell, char-
acterized by a notable presence of Cu+ species during CO2RR, it is
crucial to consider both the surfacemorphologies andoxidation states
to understand the performance effectively. The presence of a mixed
Cu+/Cu0 surface is recognized for its role in facilitating C-C coupling,
leading to the formation of C2+ chemicals40–42. The Cu2O cube, with its
partially oxidized surface, demonstrated a lower onset potential for
the production of C2+ chemicals production (Fig. 2a). The Cu2O
aggregate, on the other hand, has a Cu+ dominant surface but appears
to achieve the highest C2+/C1 ratio due to its grain boundary-rich sur-
face that favors the production of C2+ chemicals (Fig. 2b).

In the MEA cell, only the Cu2O aggregate represented a trace
amount of Cu+ species at 3 V. Consequently, the Cu2O aggregate
exhibited the lowest onset potential of C2+ productions due to the
presence of mixed Cu+/Cu0 surfaces (Fig. 2c). Beyond this voltage
(≥3.25 V), asCu+ specieswere reduced tometallic Cu regardlessof their
initial nanostructures, suggesting that CO2RR performances could be
governed by the surface morphologies of Cu. A potential explanation
for the relatively low C2+/C1 ratio of Cu2O aggregate in the MEA cell
involves the concept of a *CO reservoir43,44. Because high *CO con-
centrations are required to activate C-C coupling on the catalyst

H-type cell
a

Cu2O cube

MEA cell
Cu2O aggregate Cu2O cube Cu2O aggregateb e f

c d g hCu2O cube Cu2O aggregate Cu2O cube Cu2O aggregate

Fig. 3 | Operando XAS experimental methods and results of Cu-based catalysts
in each cell configuration. a Operando XAS spectra collection methods for the
H-type cell.bAverage oxidation states derived from the XANES spectra of the Cu2O
cube and Cu2O aggregate samples in the H-type cell. FT-EXAFS spectra of the (c)
Cu2O cube and (d) Cu2O aggregate samples in the H-type cell, respectively (Cu foil

was scaled by 0.4 for better illustration). e Operando XAS spectra collection
methods for the MEA cell. f Average oxidation states derived from the XANES
spectra of the Cu2O cube and Cu2O aggregate samples in the MEA cell. Time-
resolved FT-EXAFS spectra of the (g) Cu2O cube and (h) Cu2O aggregate samples in
the MEA cell, respectively.
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surface, the MEA cell may need a particularly larger *CO reservoir
compared to the H-type cell due to its higher current density condi-
tion. During the CO2RR in the MEA cell, integrated nanostructures in
Cu2O cube and cCu seem to provide a larger *CO reservoir, enhancing
the activation of C-C coupling sites and thereby achieving a higher C2+/
C1 ratio. On the other hand, the individually dispersed Cu2O aggregate
has insufficient *CO reservoir to promote the C-C coupling reaction,
resulting in an inferior C2+/C1 ratio in theMEA cell, contrastingwith the
conditions observed in the H-type cell.

We further investigated the variations in CO2RR performance in
theMEAcell over time at a static applied voltage of 3.5 V after 10min of
pre-activation at 3 V, under the same operation conditions as oper-
andoXASanalysis (Fig. 6 andSupplementary Fig. 16). It is reasonable to
note that the CO2RR performance changes were originated by the Cu
reconstruction, because the control experiment using Ag electrode
with the identical IrO2 anode showed stable performances in this vol-
tage and reaction time range (Supplementary Fig. 17 and Supplemen-
tary Table 5). Both Cu2O cube and cCu, which represented a gradual
decrease of Cu domain size during the CO2RR, exhibited a significant
decline in FEC2+ and C2+/C1 ratio only after 40min of operation. In
particular, the rapid and consistent decrease of the selectivity of C2+

chemicals wasobserved in theCu2O cube over time. It is noted that the
sub-nanometer Cu domains in the Cu2O cube are unfavorable to pro-
duce C2+ chemicals from CO2RR. It is noteworthy that the Cu2O
aggregate, which prefers to maintain its original nanostructures, had
only a minor drop in the FEC2+ and C2+/C1 ratio.

Previous studies have suggested that the diminished stability
observed in MEA cells is due to factors such as flooding45,46, hydro-
philization of the cathode47, and salt formations33,48. However, based on
the trends observed in the variations of CO2RR performance, particu-
larly in relation to the morphological changes of Cu catalysts, it is
indicated that the substantial morphological transformations of Cu
catalysts under the abrupt CO2RR conditions in theMEA cell could be a
primary cause of CO2RR deactivation towards C2+ chemicals. These
findings imply thatMEA cells necessitate a distinct approach to catalyst
design compared to H-type cells to ensure stability and efficiency
in CO2RR.

Discussion
In this study, we utilized three distinct Cu-based catalysts—Cu2O cube,
Cu2O aggregate, and cCu—within both H-type and MEA cell config-
urations to study the impact of cell environment on Cu catalyst
reconstruction during CO2RR. In the H-type cell, the Cu2O aggregate
exhibited the highest selectivity for C2+ chemical production. Con-
versely, in the MEA cell, the Cu2O cube outperformed the Cu2O
aggregate, which exhibited the lowest selectivity among the catalysts
tested. Through operando XAS and ex-situ characterizations, we
established a correlation between CO2RR performance, and the vary-
ing Cu2O reduction rate and Cu surface reconstruction influenced by
the cell configuration. The solid Cu2O aggregate, characterized by
grain boundary-rich surfaces, retained its original structure and
exhibited a slower Cu2O reduction rate, thereby enhancing C2+

a b c d

e f g h

i j k l

Fig. 4 | Ex-situ characterizations of the Cu-based catalysts. TEM images of (a)
Cu2O cube, b Cu2O aggregate, c cCu, and (d) their XRD patterns after CO2RR in the
H-type cell. TEM images of (e) Cu2O cube, f Cu2O aggregate, g cCu, and (h) their

XRD patterns after CO2RR in the MEA cell for 10min at 3 V. i–l Images show the
same analyses after an additional 120min at 3.5 V in the MEA cell.
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chemical production in the H-type cell. Meanwhile, the Cu2O cube and
cCu, more prone to reconstruction, formed a network of small Cu
domains within the MEA cell, leading to increased selectivity for C2+

chemicals compared to theCu2O aggregate. However, in the long-term
MEA operation, both the Cu2O cube and cCu disintegrated into small
Cu nanodebris, resulting in the deactivation of CO2RRover time,which
underscores their lower stability. These findings emphasize the
importance of considering cell configuration when designing highly
efficient and stable Cu-based catalysts, highlighting the distinct
requirements for MEA versus H-type cells.

Methods
Synthesis of Cu2O cube
Initially, 5.3 g of polyvinylpyrrolidone (PVP) (MW= 55,000, Sigma
Aldrich), was dissolved in 45mL of 1,5-pentanediol (96%, Sigma

Aldrich). This solution was purged with N2 for 15min and heated to
215 °C. Subsequently, a solution of 1.05 g of copper (II) acetylacetonate
(99.9%, Sigma Aldrich) in 15mL of 1,5-pentanediol was added to the
PVP mixture. The combined solution was then stirred vigorously at
215 °C under a N2 atmosphere for 21min, during which the mixture
turned bright yellow. Following the reaction, the mixture was rapidly
cooled in ice water, washed with acetone (99.5%, Duksan) and ethanol
several times, and finally redispersed in 30mL of ethanol for sub-
sequent use49.

Synthesis of Cu2O aggregate
To prepare the reaction mixture, 240mg of copper (II) sulfate
(>99%, Sigma Aldrich) and 2 g of D-(+)-glucose (>99.5%, Sigma
Aldrich) were dissolved in 100mL of deionized water (Arium mini,
Sartorius). While stirring at room temperature, 25 mL of a 0.04M

Fig. 5 | Illustration of the reconstruction of Cu-based catalysts. a Reconstruction mechanism on the Cu surface. The reduction, detachment, dissolution, and
redeposition steps are described. The morphological changes during the CO2RR of the (b) Cu2O cube, c Cu2O aggregate and (d) cCu are depicted.

Fig. 6 | Time-dependent CO2RR performance of the Cu-based catalysts at 3.5 V
in theMEAcell. Faradaic efficiencies ofH2, C1, andC2+of the (a) Cu2O cube,bCu2O
aggregate, and (c) cCu. The gas products were analyzed every 30min, and the

liquid products were collected for 15min in pure electrolyte after GC injection.
These data were obtained from single experiments for each catalyst.
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ammonia solution (35%, Thermo Fisher) followed by 25 mL of a
0.2 M sodium hydroxide (97%, Sigma Aldrich) solution were added
dropwise and in sequence. The solution was stirred for an addi-
tional 10min, during which it turned blue. Subsequently, 50mL of
a 0.03M ascorbic acid solution (99%, Sigma Aldrich) was added to
the mixture. After stirring for 1 h, the reaction mixture changed to
a yellowish-orange color. It was then washed with deionized water
and ethanol several times, followed by overnight drying under
vacuum at room temperature.

Preparation of electrodes
(1) Working electrode. To activate the ionomer, 60μL of Sustainion
XA-9 5% in ethanol (Dioxide Materials) was mixed with 60μL of 2M
potassium hydroxide (KOH, 90%, Sigma Aldrich) in ethanol (99.9%,
Duksan) and pretreated for 1 h at room temperature. 20mg of Cu
catalyst was dispersed in 2mL of ethanol with 30min of sonication.
Then, pretreated Sustainion ionomer solution was mixed with cata-
lyst dispersion to obtain catalyst ink. Then, the catalyst ink was air-
brushed with a spray gun (Gunpiece GP-2, Fuso Seiki) on a GDE
(Sigracet 39BB GDL, SGL carbon). The loading amount was deter-
mined by weighing the GDE before and after spraying (0.5mg cm−2)
on an active area of 5 cm2 for MEA cell. The uniformity of Cu catalyst
loading was confirmed by X-ray fluorescence spectrometer mapping
(Supplementary Fig. 18). For H-type cell test, the 0.5 cm2 Cu electrode
was used by cutting and masking the as-prepared electrode for MEA
cell testing. (2) Counter electrode. Platinum foil (thickness 0.2mm,
WizMac) was used as the counter electrode in the H-type cell. For the
MEA cell, iridium oxide (IrO2, 99.99%, Alfa-Aesar) was used as a cat-
alyst for the oxygen evolution reaction. 30mg of IrO2 was sonicated
and dispersed in 1mL of isopropyl alcohol with 30mg of 5wt% of
Nafion ionomer solution (Sigma Aldrich). The IrO2 ink was sprayed
on a platinized titanium mesh (thickness 0.004 inch, FuelCellStore)
with a 1mg cm−2 loading amount. The stability of the IrO2 catalyst on
the anode was evaluated by monitoring the concentration of Ir ions
in the anolyte over time using inductively coupled plasma optical
emission spectroscopy (iCAP 7000 Series, Thermo Scientific). The Ir
concentration was determined using an Ir standard solution
(1mg ml−1 in 20% HCl, Acros Organics). (3) Reference electrode. Ag/
AgCl (3M KCl, RE-5B, BASi Research Products) was used as a refer-
ence electrode in the H-type cell. The potential of the reference
electrode was calibrated by measuring its potential difference rela-
tive to a known reference electrodewith a constant potential that has
not been used for electrochemical experiments.

Cell configurations
The CO2RR performance was evaluated in two representative cell
types, a three-electrode H-type cell and aMEA cell with an active area
of 0.5 cm2 and 5 cm2, respectively. The H-type cell consists of a
catholyte chamber and an anolyte chamber. Each Chamber con-
tained an inlet and outlet for feed gas and gas products. The cath-
olyte chamber was separated from the anolyte chamber by a
Selemion AMV-N AEM (130 μm, Asahi Glass), which was activated in
deionized water more than 24 h. 28mL of 0.1M potassium bicarbo-
nate (KHCO3, 99.95%, Sigma Aldrich) was used as catholyte, and
anolyte as well. A 0.1M KHCO3 solution was stirred for more than
24 h after the KHCO3 salt was added to deionized water, and then
constantly bubbled with 20mLmin−1 CO2 for more than 2 h before
the experiments. In the MEA cell, Cu cathode and IrO2 anode were
assembled by direct contact in the form of a Sustainion X37-RT AEM
(50μm, dry, DioxideMaterials) fixed between the electrodes. Prior to
assembly, the membrane was pretreated in 1M KOH solution for 24 h
and washed with deionized water. The MEA was mounted on a
stainless steel bipolar plate and a titanium bipolar plate for
the cathode and anode, respectively. CO2 gas flowed through a
humidifier (36 °C) to be humidified with a relative humidity of 100%,

and then fed to the cathode at 100mLmin−1. 40mL of 0.1M KHCO3

solution flowed to the anode using a peristaltic pump (EMP-600A,
EMS-Tech) with a flow rate of 16mL min−1. All the CO2 flow was
controlled with a mass flow controller (El-flow, Bronkhorst). Custom-
built H-type cell and MEA cell were adapted for operando XAS ana-
lysis. For X-ray transmission, a single-chamber batch cell without
a membrane was used for H-type cell. A Kapton film was used to
transmit the X-ray to and through the catalyst surface. To avoid X-ray
disturbance by electrolyte, the working electrode was directly
attached to the Kapton film window. Reference electrode and
counter electrode were not arranged in a straight line not to block
the X-ray path. Custom-built MEA cell with holes in the anode and
cathode bipolar plate was used for operando XAS analysis. Holes
were covered with the Kapton film to transmit the X-ray.

Electrochemical measurements
In the H-type cell, 0.1M CO2-saturated KHCO3 solution was used as an
electrolyte. A Selemion AMV-N AEM was used as a membrane to
separate both cathode and anode counterparts. In the MEA cell, Sus-
tainion X37-RT AEM was used as a membrane to fabricate MEA con-
figuration. Electrochemical experiments were performed as
chronoamperometry at fixed voltages using a VSP potentiostat (Bio-
Logic) with a 10A booster. In a three-electrode system H-type cell, the
applied potential was converted to RHE with 85% iR compensation by
the following equation:

ERHE ðVÞ = EAg=AgCl + E
0
Ag=AgCl + 0:059×pH+0:85× iRs ð1Þ

where i and RS denote current and resistance, respectively, and these
parameters were determined using electrochemical impedance spec-
troscopy. The pH of the CO2-bubbled 0.1M KHCO3 was 6.82 ± 0.02,
which was measured with a pH meter (SevenCompact, Mettler
Toledo). The resistance of each electrode was measured before and
after the reaction using potentiostatic electrochemical impedance
spectroscopy at −1.1 V vs. Ag/AgCl, at whichCO2RR barely occur. In the
experiments involving a two-electrode system, MEA cell, various cell
voltages were applied and subsequently recorded. For the H-type cell,
four discrete potentials ranging from −0.6V to −1.2 V versus RHE were
sequentially applied, with each potential level being maintained for a
duration of 15min. In contrast, within the MEA cell configuration, a
step-wise voltage increase was implemented, starting from 3V to 4V,
with increments of 0.25 V at each step. To evaluate the MEA cell’s
stability, an initial potential of 3 V was applied for a short span of
10min, followed by a prolonged application of 3.5 V for 120min. All
electrochemical experiments were conducted at room temperature,
maintained between 20 and 25 °C.

Product analysis
Gas chromatography (7890B GC system, Agilent Technologies) with
a flame ionization detector and a thermal conductivity detector with
methanizer was conducted to analyze the gas products. ShinCarbon
ST 100/200 (1m, 1mm/D 1/16 OD silco, Restek) column was used. Ar
(99.999%) was used as the carrier gas for gas chromatography. Gas
samples were collected and analyzed 10min after the specific
potential, and every 15min thereafter. The liquid products were
analyzed using 1H nuclear magnetic resonance (NMR) spectroscopy
(Avance III HD 400, Bruker) with H2O suppression, using D2O (99.9
atom% D, contains 0.05 wt.% 3-(trimethylsilyl)propionic-2,2,3,3-d4

acid, sodium salt, Sigma Aldrich) as the lock solvent and internal
reference. The average CO2 flow rate was measured using a flow
meter (ADM 2000, Agilent Technologies) at the gas chromatography
system outlet. The productivity of each product from the CO2RR was
converted to FE. The FEs of the products were calculated as the ratio
of each partial current of the products to the total current using the
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following equations:

FEproduct %ð Þ= iproduct
itotal

× 100=
moleproduct × F ×N

itotal
× 100 ð2Þ

where moleproduct is the actual number of moles per second of the
product quantified by gas chromatography or NMR, F is the Faraday
constant (96,485 Cmol-1), and N is the number of electrons consumed
to produce eachproduct fromCO2. All cathodic current densities were
expressed without minus signs.

Ex-situ and operando characterizations
The physical characteristics of the catalysts and electrodes were
examinedusing SEM (Inspect F-50, FEI) at 10 kV, TEM (F20G2, TECNAI)
at 200 kV, and XRD (D8 ADVANCE LynxEye, Bruker). TEM images were
processed usingGatanMicroscopy Suite Software. Lattice fringeswere
calculated as an average length of 10 fringes. The scan rate of the XRD
data was 0.05 degree s−1 and the data were processed using Jade Soft-
ware. XRD peak analysis was conducted with reference to Cu (JCPDS
Card No. 03-1018) and Cu2O (JCPDS Card No. 78-2076). The 2θ values
for Cu (111), (200), and (220) were assigned at 43.42°, 50.62°, and
74.76°, respectively. Similarly, the 2θ values for Cu2O (110), (111), (200),
(220), and (311) were indexed at 29.56°, 36.46°, 42.34°, 61.42°, and
73.52°, respectively. The carbon peak from the substrate was observed
at 54.5°. From the XRD patterns, the full width at half maximum
(FWHM) of themajor peaks wasmeasured and the average sizes of the
grains in the particles were given by the Scherrer equation:

τ=
Kλ

ðFWHMÞ cosθ ð3Þ

where τ is the average grain size, Κ is the shape factor, which is gen-
erally 0.9, λ is the X-ray wavelength, and θ is the Bragg angle.

The same electrodes utilized in the CO2RR performance assess-
ments were employed for operando XAS measurements. The XAS
spectra were measured and the 1D KIST beamline of Pohang Accel-
erator Laboratory. These operando XAS experiments were conducted
at room temperature in a commercial H-type cell and MEA cell with
necessary modifications for spectroscopy measurements. The mea-
surements were carried out in fluorescence mode, using a Si (111)
channel-cut monochromator. Photon energy scanning in the XANES
and EXAFS regions was finely tuned, with increments of 1.0 eV for
incident radiation energy and 0.03 Å−1 for photoelectron wave-
numbers. Data collection at the Cu K-edge was conducted simulta-
neously in both fluorescence and transmission modes. Calibration of
the XANES and EXAFS analyses was achieved using data from Cu foil
standards. Reference foil data were also used for all experimental runs
to facilitate accurate energy alignment and normalization of the data.
Processing and fitting of the XAS data were performed using the
IFEFFIT-based software programs, Athena50 and Artemis51. The entire
dataset underwent calibration, alignment, and normalization, with
background subtraction executed via the IFEFFIT suite52. The χ(R) were
modeled using single scattering paths calculated by FEFF653.

Data availability
The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information files.
Source data are provided as a Source data file. Source data are pro-
vided with this paper.
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