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Designing asymmetrical structures is an effective strategy to optimize metallic
catalysts for electrochemical carbon dioxide reduction reactions. Herein, we
demonstrate a transient pulsed discharge method for instantaneously con-
structing graphene-aerogel supports asymmetric copper nanocluster cata-
lysts. This process induces the convergence of copper atoms decomposed by
copper chloride onto graphene originating from the intense current pulse and
high temperature. The catalysts exhibit asymmetrical atomic and electronic
structures due to lattice distortion and oxygen doping of copper clusters. In
carbon dioxide reduction reaction, the selectivity and activity for ethanol
production are enhanced by the asymmetric structure and abundance of
active sites on catalysts, achieving a Faradaic efficiency of 75.3% for ethanol
and 90.5% for multicarbon products at —1.1V vs. reversible hydrogen elec-
trode. Moreover, the strong interactions between copper nanoclusters and
graphene-aerogel support confer notable long-term stability. We elucidate the
key reaction intermediates and mechanisms on Cu40-Cu/C,0; moieties
through in situ testing and density functional theory calculations. This study
provides an innovative approach to balancing activity and stability in
asymmetric-structure catalysts for energy conversion.

M Check for updates

The electrochemical catalytic carbon dioxide reduction reaction
(CO3RR) driven by renewable electricity provides a green solution for
energy and environmental crises"”. Multi-carbon compounds (C,.),
such as ethylene, ethanol, and propanol, have higher accessional value
compared to single-carbon organic products (Cy)**. Among them,
ethanol (EtOH) is considered an outstanding liquid fuel and industrial
chemical owing to its significant energy density and wide range of

applications™*®. Besides, EtOH also possesses the advantages of long-
term storage, ease of transportation, and scalability”®. Due to the high
energy barrier associated with C-C bond formation, it competes with
the formation of C-H or C-O bonds, making it challenging to generate
C,. liquid products through CO,RR. Recently, multiple investigations
have demonstrated that copper-based catalysts feature a highly effi-
cient conversion from carbon dioxide to C,. products, with high
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selectivity’™. Even when the C-C coupling process is successfully
achieved on copper catalysts, the production of other complex C,.
products, such as ethylene and acetate, remains a significant challenge.
Therefore, achieving control over the evolution of reaction inter-
mediates while designing highly active catalysts is crucial for advan-
cing efficient electrochemical CO,RR to produce ethanol. To
overcome this obstacle, the catalyst must possess unique electronic
and structural properties that facilitate the selective formation of
ethanol. Specifically, the catalyst should provide a favorable reaction
environment that stabilizes key intermediates involved in the CO,
reduction pathway to ethanol. Modulating the local electronic struc-
ture of catalyst active sites to enhance the binding affinity for specific
reaction intermediates can effectively steer the reaction towards
ethanol rather than other byproducts. Concurrently, the catalyst must
maintain a high density of active sites to facilitate the selective
reduction of CO, to ethanol. In a word, the catalyst should allow for
effective electronic interactions with CO, and its intermediates, pro-
moting the desired reaction pathway while inhibiting competing pro-
cesses. Customizing asymmetric nanostructured catalysts represents a
promising solution in this context. This approach involves precise
regulation of the geometric structure, morphology, coordinate struc-
ture, and size of catalysts, thereby optimizing specific surface area, and
the types and quantities of specific active sites, ultimately leading to
improved catalytic ability”™. Additionally, doping with other ele-
ments, whether metals or non-metals, can introduce new active sites,
modify electronic properties, and enhance stability’*"*. Regulating the
interface binding between metals and carriers is another critical
strategy that can strengthen metal-support interactions, improve dis-
persion of catalytic species, and enhance overall catalyst durability and
performance?®*% The construction of atomically dispersed active sites
represents a cutting-edge approach, offering maximal atomic effi-
ciency and unique coordination environments that can dramatically
increase catalytic activity and selectivity” . Collectively, these stra-
tegies provide the multifaceted approaches available for advancing the
development of high-performance catalysts. However, the selectivity
and current density for electrocatalytic CO, reduction to C,. products
also remain inadequate*”’ >’

Atomically dispersed catalysts with asymmetric structures gen-
erate localized polarization fields due to charge density gradients,
making them highly suitable for the electrocatalytic CO,RR by polar-
izing nonpolar CO, molecules®* . However, these catalysts often face
challenges related to long-term stability. Carbon-supported catalysts
containing metal or metal oxide nanoclusters offer a high density of
active sites for electrocatalytic reactions and feature precisely tunable
metal-support architectures® . This tunability facilitates the design
of catalysts with both high selectivity and enhanced long-term stability
for CO,RR**™*, Specifically, the active copper atoms within nanos-
tructured Cu or CuOy clusters on carbon supports exhibit favorable
adsorption properties for intermediates such as *CO and *H, leading to
high selectivity for C,, products and ethanol**. By adjusting the
carbon-supported copper nanocluster configuration, it is possible to
construct high-density asymmetric active centers that efficiently con-
vert CO, to ethanol during CO,RR. This design strategy may address
the limitations of poor ethanol selectivity and insufficient long-term
stability in electrocatalytic CO,RR. The pulsed discharge method is
capable of delivering high-density current through conductive carbon-
based supports within microseconds, generating instantaneous
intense electric effect and heat effect that induce precursor metal salts
to undergo micro-explosions induced from rapid decomposition and
sublimation. The ultra-short duration of the pulsed discharge leads to a
rapid temperature drop, creating a quenching effect that is conducive
to the formation of uniform metal nanoclusters. Consequently, this
method is well-suited for synthesizing size- and morphology-
controlled metal nanoclusters with asymmetric structure on con-
ductive carbon-based supports. Leveraging the rapid non-equilibrium

strategy to synthesize structurally tunable nanocluster/graphene cat-
alysts exhibits extraordinary potential for applications in the electro-
catalytic CO,RR. The multi-step reaction process of CO, reduction to
ethanol is characterized by high energy barriers and intricate
mechanisms®™*%, Synthesis of nanocluster catalysts with well-defined
active centers using the pulsed discharge method facilitates the study
of the electrocatalytic CO,RR mechanisms on asymmetric active sites
and provides deeper insights into the structure-activity relationships
in electrochemical catalysis.

In this work, graphene aerogels support Cu nanocluster catalysts
(Cu Clu/GAs) with Cu,0-CuC,0; atomic interaction structures are pre-
pared by a pulsed discharge strategy efficiently. The size of nano cop-
pers on GA can be modulated from 1.4 nm to 7.5 nm by pulsed discharge
conditions. Impressively, the Cu Clu/GAs exhibit high selectivity and
activity in CO,RR to produce EtOH. Moreover, this catalyst proposes a
long-term stability (> 60 h). The Cu Clu/GAs with asymmetric distribu-
tion of atomic and electronic coordination structures are confirmed
through atomic-level structural analysis. In situ X-ray absorption fine
structure (XAFS) measurements for Cu, > Clu/GAs demonstrate that the
asymmetric Cu,0-CuC,0; moieties could promote the EtOH production
in the electrocatalytic CO,RR process. The oxide state of Cu in Cu;; Clu/
GAs is decreased through the detection of in situ XAFS and in situ near-
ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) during
the CO,RR process. The main intermediates are detected by in situ
attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FITR) and in situ Raman tests. The pathways of CO,RR on
Cuy0-CuC,0; are figured out by the calculation of density functional
theory (DFT). Additionally, other metal clusters supported by GAs (M
Clu/GAs, M = Co, Ni, Pt, Ru) with asymmetric structures could be syn-
thesized by pulsed discharge approach.

Results and discussion

Synthesis and morphology characterizations of Cu Clu/Gas
Graphene hydrogel (GH) could be prepared by the hydrothermal
assembly method®. The graphene oxide solvent was poured into a
glass bottle with an inner diameter of 15 mm and a depth of 25 mm. The
copper chloride was added to the suspension to form a certain con-
centration of CuCl, solvent. The GH was immersed in the CuCl, solvent
for 5h. Then the beaker including GH and solvent were frozen using
liquid nitrogen. During the frozen vacuum drying process, the ice
sublimated and the CuCl, nano-crystals were separated on the surface
of graphene aerogel (GA, Supplementary Fig. 1). Then the GA in size of
®9 x 15 mm was fabricated (with CuCl, 5wt%). The content of CuCl,
can be modified by the mass of CuCl, in the bottle. The CuCl,/GAs were
compressed into the copper tube by copper plugs (Supplementary
Video 1). Subsequently, the tube was fixed with two electrodes for
discharge (Supplementary Figs. 2 and 3). After the charging of the
capacitor, the air switch was triggered for pulsed discharge. The CuCl,
would be decomposed into Cu and chlorine (Cl,) rapidly in the dis-
charge tube due to the transient Joule heating. After pulsed discharge,
the decomposed Cu atoms converged to form Cu clusters on the GAs
during a rapid cooling process to form Cu Clu/GA specimens. Figure 1a
presents the formation schematic diagram of Cu Clu/GA.

A presentative discharge current waveform in the copper discharge
tube containing a CuCl,/GA is shown in Fig. 1b, revealing the typi-
cal current-voltage (I-U) waveforms in the resistance-inductance-
capacitance (RLC, Supplementary Fig. 4) circuit during the pulsed
discharge. Our pulsed discharge technique shares similarities with
the spark plasma sintering (SPS) technology, wherein self-heating
via Joule heating and localized plasma synergistically facilitate
the decomposition-diffusion-agglomeration process, leading to the
formation of dispersive metal nanoclusters from metal salt nanocrystals.
The difference lies in the SPS using an on-off DC pulsed current, whereas
the pulsed discharge employs a current pulse of underdamped wave-
form with a duration of several hundred microseconds. When the 3D
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Fig. 1| The synthesis and characterizations of Cu, ; Clu/GAs. a A schematic plot
of the preparation strategy by the transient pulsed discharge. b The current curve
of the circuit in the Cu, ; Clu/GAs synthesis process. ¢ A photomacrograph of Cu, 7
Clu/GAs. d EDS mapping images, C (red), O (green), and Cu (purple). e A HAADF-
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STEM figure (dark field). f The local magnified image of Cu,; Clu/GAs. Inset is a

locally enlarged IFFT image of a marked single cluster. g Nanoclusters size dis-
tribution frequency.

porous GA with capacitive properties is applied by the current pulse with
an underdamped waveform, its equivalent resistance is significantly
lower than that under direct current. The GA within the copper tube can
obtain sufficient current, leading to the generation of Joule heating
effects by itself (Supplementary Fig. 5 and Note 1, Supplementary
Video 2). GA supports loaded metal nanocluster catalysts that could be
rapidly synthesized under the transient pulsed discharge technology.
Especially, the I-U curves (Supplementary Fig. 6) indicate that the resis-
tance of the circuit did not change during the pulsed discharge process,
implying that the GA support was no decomposition and phase change
after the transient pulsed discharge treatment, as evidenced in the
recovered intact GA after pulsed discharge (Fig. 1c). The CuCl, nano-

crystals in GA decomposed to form Cu** and CI” ions under the action of
high temperature. These ions burst out and agglomerate to form clus-
ters anchoring on the GA support during pulsed discharge. Moreover,
the air in the porous and defects of GA may form multiple local corona
discharge plasma, consisting of O ions and N ions. This effect could
potentially activate the metal clusters, causing them to repeatedly
vaporize and condense on the graphene, resulting in uniformly sized
nanoscale metal clusters and establishing strong atomic interactions
with the GA support.

Additionally, the high-frequency varying current on the copper
tube generates a circular time-varying electromagnetic field inside the
copper tube. After the decomposition of the metal salt nanocrystals

Nature Communications | (2025)16:1203


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56534-1

loaded on the graphene aerogel, the resulting Cu ions move under the
influence of the changing electric and magnetic fields, which accel-
erates the diffusion process of the metal atoms and may result in a
more uniform distribution of the nanoclusters. The magnetic pinch
effect caused by the dynamic electromagnetic field inhibits the radial
expansion of the formed ions®, which maintain a relatively high-
density plasma including Cu, and O ions in GA. Consequently, the
mixed Cu and O ions agglomerate to form clusters on the defects of
graphene (Supplementary Figs. 7 and 8). Cu clusters/nanoparticles of
various sizes (1.4 nm, 1.7 nm, 2.7 nm, 4.1 nm, and 7.5 nm) with the same
amount of Cu loading were synthesized and securely anchored onto
graphene by adjusting the charging voltage to increase the pulsed
discharge duration. They are identified as Cu, 4 Clu/GAs, Cu; 7 Clu/GAs,
Cuy7 NPs/GAs, Cuy; NPs/GAs, and Cu;s NPs/GAs, respectively (Sup-
plementary Figs. 9-14). The results in Supplementary Table 1 indicate
that inputting higher energy in a shorter time would result in the for-
mation of smaller Cu nanoparticles on GAs.

The density of Cuy ; Clu/GA was calculated at ~10.8 mg/cm? through
precise testing, which is very lightweight compared to dense materials
(Supplementary Table 2). The 3D porous structure of Cuy; Clu/GA is
also performed by scanning electron microscope (SEM, Supplementary
Fig. 10). There is no significant difference in the low magnification
transmission electron microscopy (TEM) image between Cu,; Clu/GA
and the initial GA. A lot of nanoclusters are distributed on graphene by
the high-magnification TEM images. Figure 1d shows the mapping
energy dispersive spectrum of Cuy; Clu/GAs, where the carbon (C),
oxygen (0), and Cu elements are uniformly distributed in the reduced
graphene oxide (r-GO). The Cu atoms content of Cuy 7 Clu/GA is 8.41 wt
% measured by inductively coupled plasma optical emission spectro-
metry (ICP-OES). Figure le presents a high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image of
Cuy7 Clu/GAs, plenty of clusters were dispersed onto the graphene.
Uniformly sized Cu clusters were so evenly seeded on graphene
because the instantaneous characteristics of pulsed discharge inhibit
the continued growth of these Cu clusters. Figure 1f shows the higher
maghnification HAADF-STEM image of Cu;; Clu/GAs, and some local
crystal plane spacing could be measured, while the Cu,O crystal fea-
tures were identified. The inset is a locally enlarged inverse fast Fourier
transform (IFFT) image of a marked single cluster. Nanoclusters exhibit
severe lattice distortion, which is due to the thermal effect and elec-
tromigration coupling effect generated by high-frequency pulsed dis-
charge, resulting in atomic diffusion at different speeds in different
directions (Supplementary Fig. 15). Meanwhile, Cu nanoclusters are
highly susceptible to oxidation due to their high specific surface energy.
Subsequently, a wide range of Cu nanoclusters with different batches
(Supplementary Fig. 11) were counted by the Nanomeasure software,
and the distribution of frequency-diameter was shown in Fig. 1g. It can
be seen that Cu clusters with a diameter of 1.7 nm predominate (> 40%),
with over 85% of the clusters distributed within the 1.5-2.0 nm range.

Electrocatalytic characterizations

The electrocatalytic CO,RR performance of Cu;4 Clu/GAs, Cuy; Clu/
GAs, Cu, 7 NP/GAs, Cuy 1 NP/GAs, and Cu; s NP/GAs was evaluated by an
H-type cell (Supplementary Fig. 16). Linear sweep voltammetry (LSV)
plots (Fig. 2a) are employed to acquire polarisation curves in the CO,-
saturated 0.5M KHCO; aqueous solution. Moreover, the activity of
Cuy7 Clu/GAs exhibited the lowest onset potential and the fastest
decreasing current density in all samples. The FEs of EtOH (FESg.on)
were obtained at different potentials (from —0.8V to -1.2V) for Cu,
Clu/GAs and Cu; s NP/GAs, as shown in Fig. 2b. Impressively, the FEg.on
of Cuy7 Clu/GAs reached 75.3% at -1.1V, while the FEsgoy of other
samples (Supplementary Fig. 17) remained at the relatively lower level
in the wide potential range. Furthermore, the FEsg oy of Cuy 7 Clu/GAs
could be maintained > 55% at —-0.9 V to -1.2V, exhibiting high selec-
tivity on EtOH production from CO,RR, which was better than the

performances of Cu,; NPs/GAs, Cus; NPs/GAs, and Cu;s NPs/GAs.
Moreover, the partial current densities of EtOH (Jg.on) of Cuy 7 Clu/GAs
were calculated (Fig. 2¢) from -0.8V to -1.2V, and the optimal Jgon
was -33.5mA cm at —-1.1V. The current densities of other samples
were weaker than that of Cuy; Clu/GAs at the potential range.
Impressively, the performance of Cu;; Clu/GAs exceeded the most
listed electrochemical catalysts on CO,RR-to-EtOH in recent literature
(Supplementary Fig. 18 and Supplementary Table 3). Figure 2d pro-
vides the FEs of various products on Cuy; Clu/GAs at the operated
potential from —0.6 V to -1.2 V vs. RHE. The main products were H, and
CO at the higher potentials (-0.6 V and -0.7 V), and the product of
EtOH was first detected when the potential decreased to —0.8 V (Sup-
plementary Table 4), EtOH dominated at lower potentials (from -0.9 V
to —1.2 V). Meanwhile, the FEs of C;, and C,:, H,, were counted and
presented in Supplementary Fig. 19, and FEc,, reached a surprising
90.5%. Additionally, the CO,RR performance of Cuy4 Clu/GAs at dif-
ferent potentials was provided in Supplementary Fig. 17 and Supple-
mentary Table 5, the FEg,oy reached a decent 66.5% at —0.9 V.

The electrochemical surface area (ECSA) is employed to further
investigate the performance of catalysts, which provides a qualitative
assessment of the density of active sites and specific surface area. The
double-layer capacitance method was used to calculate the ECSA
values for Cuy 4 Clu/GAs and Cuy 7 Clu/GAs, with the results presented
in Supplementary Fig. 20. The ECSA values for Cu; 4 Clu/GAs and Cu, 7
Clu/GAs reached 116.5 and 108.8 m2 g, respectively. The ECSA value of
our catalysts exceeds that of the most recently reported catalysts
(Supplementary Table 6), indicating that the active site density and
specific surface area of Cuy; Clu/GAs and Cuy4 Clu/GAs are at a rela-
tively high level among similar catalysts. Interestingly, the ECSA value
of Cuy 7 Clu/GAs is slightly higher than that of Cu; 4 Clu/GAs, suggesting
that the more oxidized 1.4 nm Cu atoms do not provide a greater
number of active sites compared to the less oxidized 1.7 nm Cu atoms.
This result is consistent with the results obtained from the electro-
chemical performance tests for CO, reduction reactions.

The long-term stability of CO,RR is crucial and the potential issue
of metal dissolution should not be overlooked. The stability mea-
surement results of Cuy; Clu/GAs are shown in Fig. 2e, the FEg, oy Of
Cuy ;7 Clu/GAs keep on > 74% with a negligible current density loss at the
operated potential of —1.1V during the 60 h stability measurement. At
the same time, all the Jg,on remain below -33.0 mA cm™ from begin-
ning to end. These indicate that Cu;; Clu/GAs possess long term sta-
bility in the electrocatalytic CO,RR process. The comprehensive
performance of Cuy; Clu/GAs is evaluated in the electrochemical cat-
alytic CO,RR process, as shown in Fig. 2f. Compared to Cu/Ng 14C** and
Cuy4 Clu/GAs, the Cuy; Clu/GAs is the most versatile in all aspects. The
long-term stability of Cuy 4 Clu/GAs is not as robust as that of Cuy 7 Clu/
GAs, maintaining stability for only 25 hours at —0.9 V vs. RHE without
significant degradation. Furthermore, the CO,RR performance of Cuy 7
Clu/GAs in a flow cell (Fig. 2g) was conducted, and the LSV curve of
Cuy7 Clu/GAs is presented in Fig. 2h. The FEg,on and Jgon reached
68.7% (Fig. 2i) and -339.8 mA cm™ (Fig. 2j) at —1.1V vs. RHE respec-
tively, which were competitive compared to previous report (Supple-
mentary Table 3). As the potential decreases from -0.6 V to 1.2V vs.
RHE, EtOH and C,. products come to dominate, suppressing the
production of C; products and H,. Furthermore, the stability mea-
surement (60 h) manifested that the loss of potential and FEgoy Were
ignorable at -500 mA cm™ for Cuy; Clu/GAs in the flow cell (Fig. 2k).
The impressive activity, selectivity, and stability of Cu; ; Clu/GAs make
it a promising candidate for practical electrode applications in elec-
trocatalytic CO,RR for EtOH production.

Atomic coordination structure and chemical state analysis of
Cuy7 Clu/GAs

Figure 3a illustrates the high-resolution Cu 2p XPS spectra of Cuy 7 Clu/
GAs and Cu;4 Clu/GAs. Two main peaks at 953.4 eV (Cu 2py;) and
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Fig. 2 | CO,RR performance of Cu, ; Clu/GAs. a LSV curves of Cu, 4 Clu/GAs, Cu, 7
Clu/GAs, Cu, 7 Clu/GAs, Cuy; Clu/GAs, and Cus; s Clu/GAs measured in CO, satu-
rated electrolyte. b The FE of EtOH production detected by gas chromatography.
¢ The partial current density of EtOH. d The FEs of all products on Cu,; Clu/GAs at
different potentials. e The long-term stability measurement of Cu,; Clu/GAs at
-1.1V vs. RHE. f The comprehensive performance of Cu, 7 Clu/GAs. g The schematic

draw of the flow cell. h LSV curve of Cu,; Clu/GAs in the flow cell. i The FEs of all
products on Cu, ;7 Clu/GAs at different potentials (from —0.7 V to -1.2 V) in the flow
cell. j The partial current densities of EtOH in the flow cell. k The long-term stability
measurement results of Cu;; Clu/GAs at -500 mA cm2 in the flow cell. The
potential was iR-corrected.

933.6 eV (Cu 2ps,) were usually allocated to either Cu® or Cu™'in Cu, 7
Clu/GAs. C1s XPS spectrum of Cu, 7 Clu/GAs and Cu, 4 Clu/GAs present
an additional peak at 282.9 eV corresponding to the Cu-C bond (Fig. 3b
and Supplementary Fig. 21), which implies the effect of strong oxide-
support interaction existed possibly between Cu,0/CuO clusters and

GAs**»*, According to the findings of organic element analysis tests
(Supplementary Table 7), the oxygen content is highest in Cuy4 Clu/
GAs, followed by Cuy; Clu/GAs, and is lowest in GAs, consistent with
the qualitative XPS results (Supplementary Figs. 21-23). This suggests
that additional oxygen is introduced from the atmosphere during the
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pulsed discharge synthesis process of Cu Clu/GAs. X-ray diffraction
(XRD) reveals a broad peak from the (002) of the GAs (Supplementary
Fig. 24), the weak peaks of Cu were displayed in Cu; s NPs/GAs. How-
ever, no diffraction peaks corresponding to Cu,O crystals were
detected in Cuy; Clu/GAs, which indicates that the size of the Cu,O
clusters may be below the detection limit*. Raman spectroscopy was
further employed to study the defect on GAs, two significant peaks at
1343cm™ and 1585cm™ represent the characteristics of graphene
(Supplementary Fig. 25). The value of Ip/lg increased to 1.19 from 1.09,
indicating an increase in defects in graphene after the transient pulsed
discharge. Combined with the analysis of XPS results, the formation of
C-Cu bonds and the entry of oxygen atoms in the Cu Clu/GAs may be
the main reasons for the increase of Ip/lg. X-ray absorption spectro-
scopy (XAS) was utilized to further study the geometric and electronic
structure of Cu Clu/GAs. The C K-edge absorption spectrum of GAs,
Cuy; Clu/GAs, and Cu;4 Clu/GAs under soft XAS were illustrated in

Fig. 3c. The a, b, and c regions represent different types of chemical
bonds, which are m*C = C (286.1 eV), 6*C-O/C-Cu ( - 289.2 eV), and Ti*C-
C (292.7 eV). Furthermore, the ¢*C-O/C-Cu of Cu;; Clu/GAs and Cu, 4
Clu/GAs were enhanced after pulsed discharge, which is consistent
with the above results of XPS and Raman.

Figure 3d exhibits the Cu K-edge X-ray absorption near edge
structure (XANES) spectra of the Cu;; Clu/GAs and the references
(Cu foil, CuO, and Cu,0). The absorption edge of the Cu;; Clu/
GAs was between the CuO and Cu,0, demonstrating the oxidation
state of Cu is in the middle valence state (+1 to +2)°**’. A mar-
ginally higher rising edge could be attributed to the electron
transfer from the GAs support to the Cu,O nanocluster. The
Fourier transformed (FT) k*-weighted extended X-ray absorption
fine structure (EXAFS) spectra of Cu, 7 Clu/GAs (Fig. 3e) displayed an
enhanced peak at 1.5 A with a lower peak at 2.4 A in R space. The
enhanced peak came from the superimposed contribution of Cu-C
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and Cu-O, and the lower peak corresponding to the Cu-Cu bonds
contribution revealed the existence of Cu,O clusters in Cu; 7 Clu/GAs.
The Cu K-edge wavelet transform (WT) EXAFS results of Cuy; Clu/
GAs and references are presented in Fig. 3f. The high-intensity zone
of the Cuy; Clu/GAs in the first shell occupied a wider range than Cu
foil, Cu,0, CuO, which originated from the joint contribution of Cu-
C, Cu-0, and Cu-Cu. Figure 3e, g, and Supplementary Fig. 26 depict
the fitting results of Cuy; Clu/GAs in R space, q space, and k space,
respectively. The fitting result confirmed that the Cu-O/C bond
length is 1.92 A with the coordination number (CN) 3.2, and the Cu-
Cu bond length is 2.55A with the CN 1.0 (Supplementary Table 8),
indicating that Cu atoms in Cu;; Clu/GAs were predominately
coordinated with C/O atoms. Moreover, the EXAFS spectrum and
fitting results in R space of Cu; 4 Clu/GAs, Cu,; NPs/GAs, Cuy; NPs/
GAs, and Cuy s NPs/GAs are shown in Supplementary Fig. 27, the Cu-
Cu bond was gradually strengthened with the increase in size. The
fitting results in k space and q space are shown in Supplementary
Fig. 28, and the WT EXAFS results are displayed in Supplementary
Fig. 29. Notably, The CN of Cu-C/O was increased and the CN of Cu-
Cu was decreased because the oxidation degree of Cu was weakened
when the nanoparticle size increased from 1.4 nm to 7.5 nm, which is
consistent with the results of HADDF-STEM.

Synthesis and structural characterizations of M Clu/GAs (M = Ni,
Co, Pt, Ru)

The other metal clusters (M = Ni, Co, Pt, Ru) were easily generalized
through the transient pulsed discharge synthesis strategy, only
requiring the change of CuCl, to corresponding metal salts. Supple-
mentary Figs. 30-33 present the HADDF-STEM images, XANES spec-
trum, FT-EXAFS, fitting, and WT EXAFS results of M Clu/GAs, they all
exhibit uniform clusters on GAs with high quality. The best-fit struc-
tural parameters were shown in Supplementary Table 9, and the effect
of strong metal/oxide with support existed on the M Clu/GAs. The
extended investigations manifest the generality of the transient pulsed
discharge strategy to construct unsymmetrical atomic structures and
electronic structures for catalytic reactions. The electrochemical cat-
alytic performance of four catalysts (Co; 7 Clu/GAs, Ni; o Clu/GAs, Pt; g
Clu/GAs, and Ruy 7 Clu/GAs) for CO,RR was tested in the H-type cell and
the flow cell (Supplementary Figs. 34 and 35). The LSV curves of the
four catalysts were utilized to evaluate their respective electrocatalytic
performances. The FEs for different products of the four catalysts were
obtained from O to -1.0 V vs. RHE, revealing distinct catalytic products.
The primary electrochemical catalytic products for the Co;7 Clu/GAs
catalyst were H,, CO, HCOOH, and CHy. For the Ni; o Clu/GAs catalyst,
the main products were H,, CO, and HCOOH. The Pt; g Clu/GAs catalyst
primarily produced H, and CO, with a minor amount of CH4 generated
at 1.0V vs. RHE. The Ru;; Clu/GAs catalyst primarily yielded H,, CO,
and HCOOH, with a small quantity of CH, produced at 1.0 V vs. RHE.
In comparison to Cu systems, GA-supported Co, Ni, Pt, and Ru clusters
are unable to produce C,. products during CO,RR. Besides, the cata-
lytic activity and selectivity for C; products require further improve-
ment. These performances are influenced not only by the inherent
properties of the metal elements themselves but also by factors such
as the size, loading, and coordination structure of the metal
nanoclusters.

In situ XAFS and in situ ATR-FTIR studies

Investigating the atomic structure-activity relationship of Cu;; Clu/
GAs on the CO3RR process is essential to demonstrate the reaction
mechanism. Therefore, in situ XAFS is employed to reveal the practical
catalytic centers of Cu;; Clu/GAs on the electrochemical catalytic
CO,RR (Supplementary Fig. 36). The in situ Cu K-edge XANES results of
Cuy 7 Clu/GAs at open circuit, —0.9 V, and -1.1V vs. RHE are displayed in
Fig. 4a. When the potential was changed, the sample underwent a
drastic change. The energy at the absorption position gradually

decreases as the potential decreases from O to —-1.1V (illustrated in
Fig. 4a), while the intensity of the white line peak decreases, indicating
an alteration in the valence state of Cu in Cuy; Clu/GAs. The FT-EXAFS
spectra of Cuy 7 Clu/GAs in the CO,RR process are presented in Fig. 4b.
The peak position of Cu-Cu slightly transferred to the left, which
revealed that the bond lengths of Cu-Cu were compressed a bit with
the applied potential decreased. On the contrary, the Cu-O/C coordi-
nation bonds were in a stretched state during the CO,RR process. In
other words, the pinched Cu-Cu metal bonds provided mainly a large
number of active sites for CO,RR. The fitting results are shown in
Supplementary Fig. 37 and Supplementary Table 10, the Cu-Cu bonds
were enhanced and the Cu-C/O bonds were weakened gradually with
the decrease of the operated potentials. Figure. 4c displays the WT-
EXAFS results of Cu;; Clu/GAs at open circuit, 0.9V, and -1.1V vs.
RHE. The intensity maximum (-~ 5.6 A™) at open circuit and 0.9 V was
similar to Cu,O or CuO. With the decrease of the operated potential, a
new intensity maximum (-10 A™") was performed gradually, indicating
that Cu,O clusters were reduced on the GAs. Moreover, the high-
intensity zone at -5A™ was still maintained when the operated
potential was -1.1V, indicating that there was still a strong interaction
between Cu clusters and graphene at the interface.

Furthermore, the normalized first derivative profiles of Cu K-edge
XANES spectra with different potentials are shown in Supplementary
Fig. 38. Furthermore, the oxidation state of Cu could be evaluated by
comparing the peak position. The absorption edges were significantly
changed with the decreased operated potential, which explicitly
manifested that the process of CO,RR on Cu,; Clu/GAs is potential-
dependent. When the absorption edge of Cu shifts to the lower energy,
itis usually considered a reduced Cu valence state. The specific valence
state of Cu under different conditions is depicted in Fig. 4d. The
valence states of Cu in Cuy; Clu/GAs were similar under ex-situ and
open circuit conditions, and the valence state of Cu was between Cu*
and Cu®* due to the strong oxide-support effect. CO, was adsorbed at
the active site of Cup; Clu/GAs in the CO,-saturated electrolyte,
resulting in the interaction between the 3d orbitals of the unpaired Cu
atoms and the 2p orbitals of the carbon atoms in the CO,. Upon the
imposition of the reaction potential, a progressive decline in the oxi-
dation state of Cu was observed. In the context of EXAFS analysis, it is
important to note that the data obtained represents an average over
the entire sample. At a potential of 1.1V vs. RHE, the average oxidation
state of Cu encompasses the collective contributions from Cu-Cu, Cu-
support, and Cu-intermediates interaction on the Cu;; Clu/GAs cata-
lyst. As the active Cu sites on the surface of the Cu clusters adsorb the
intermediates during the CO,RR, this further leads to a redistribution
of electrons at the asymmetric Cu-C/O active sites. Importantly, the
electron modulation effect of the asymmetric Cu sites enhances their
reactivity as the main adsorption sites.

To further study the important adsorbed intermediates in the
CO,RR process, the in situ ATR-FITR measurement was carried out at
different operated potentials. Notably, distinct vibration peaks were
detected at -1450 cm™ when the operated potentials reached 0.8 V vs.
RHE (Fig. 4e), which could originate from the vibration of antisym-
metric *CHs, an important intermediate for C,. products. Moreover,
two new bands at around 1770 cm™ and 1915 cm™ can be identified as
the C =0 groups and the produced *CO bound to the Cu surface when
the operating potential was below —0.8 V vs. RHE. This implies that the
H* radical is affected by other products at —0.8V vs. RHE, which is
consistent with the electrochemical test findings. With the gradual
decrease in applied potentials, the absorption peak of *CO peak was
enhanced, indicating a strengthened interaction between the Cu sites
and the *CO intermediates. Therefore, the in situ ATR-FTIR results
provided experimental evidence elucidating the reaction mechanism
for CO,-to-EtOH conversion and demonstrated that *CH; and *CO are
the important intermediate species adsorbed on the catalyst surface.
Figure 4f provides the evolution process of the Cu;; Clu/GAs catalyst
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potentials. f Proposed strategy for the process of electrocatalytic CO,RR to pro-
duce ethanol on Cu;; Clu/GAs at different potentials (yellow, O; blue, C; red, Cu).

at different potential conditions. The Cu,O clusters were gradually
reduced to Cu nanoclusters with the decrease of operated potential,
and the Cu nanoclusters supported on r-GO exhibited good EtOH and
C,. production capabilities in electrochemical catalytic CO,RR. After
testing, Cu nanoclusters were gradually oxidized into Cu,O clusters
supported on r-GO due to their exposure to air.

In situ Raman, in situ NAP-XPS and DFT calculations
Bader charge and differential charge density analysis results displayed
that the average partial charge of five Cu atoms in the Cus0-CuC,0,
moiety was +0.37e” due to the charge transfer between Cu and
O-doped carbon substrates, specifically for the Cu atom bonding with
oxygen atoms, as shown in Fig. 5a. This fractional charge state of Cu
makes its oxidation state closed to 0.5 favoring C-C coupling, which is
also a reliable descriptor for C,. product selectivity, as evidenced by
the previous report®. The moderate oxidation state of Cu (i.e., 0.5)
induced by the partial oxygen coordination enhanced the C-C coupling
to benefit the C,. selectivity.

To further elucidate the reaction intermediates during the
electrochemical CO,RR, we performed in situ Raman spectroscopy

(Supplementary Fig. 39) under a range of applied potentials (OCP,
-0.8V,-0.9V,-1.0V,-1.1V vs. RHE). The peaks observed at 417 cm™
and 600 cm™ (Fig. 5b) are conventionally assigned to Cu-O vibra-
tional modes®**°, suggesting that despite the partial reduction of the
Cu clusters at lower potentials, oxygen persists within the clusters.
Moreover, oxygen within the Cu-C,0; coordination with the support
could also be discernible. The peaks at 593 cm™ and 1160 cm™ are
indicative of *CO, stretching modes, reflecting the initial adsorption
of CO, on the Cu sites. The peaks at 276 cm™ and 352 cm™ are indi-
cative of Cu adsorbing the *CO species, a pivotal intermediate in the
CO3RR pathway towards ethanol formation. The Cu-*CO species at
352 cmis typically regarded as being in a stretched configuration®’.
The peaks near 2025 cm™ and 2100 cm™ signify the low and high
frequency bands of *C=0 stretching (Fig. 5c), respectively. An
enhancement in peak intensity with increasingly negative applied
potentials implies that reducing the potential augments the activity
of the Cu sites, thereby facilitating increased adsorption of inter-
mediates during the CO,RR. The observed leftward shift of the
Raman peaks as the potential decreases is ascribed to the electro-
chemical Stark effect®>.
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In situ NAP-XPS tests were carried out to monitor the surface
evolution of the Cuy; Clu/GAs catalyst under varying potentials (OCP,
-0.4V, -0.9V, -1.1V vs. RHE) during the CORR in the alkaline envir-
onment (Supplementary Fig. 40). Fitting of the Ols peaks at different
potentials revealed a gradual weakening of the Cu-O bond as the
potential decreased in Fig. 5d, indicating an increased degree of Cu
reduction at lower potentials, consistent with the findings from in situ
XAFS. The reduction in the Cu valence state is likely to influence the
catalytic activity and selectivity. Concurrently, the ratio of the C-O
bond peak area to the C = O bond peak area increased with decreasing
operational potential, suggesting a higher prevalence of EtOH and
n-PrOH products at -1.1V. This observation is indicative of the

catalyst’s preference for C,. product formation at more negative
potentials, underscoring the potential-dependent selectivity of the
CO3RR on the Cu;; Clu/GAs catalyst.

To gain a deeper understanding of the atomic-scale mechanism
underlying the CO, reduction process leading to C, products (ethanol,
ethylene, and acetic acid) on the asymmetric Cu,0-CuC,0; moiety, we
undertook a meticulous study of the hydrogenation process,
accounting for the potential involvement of various intermediates
through DFT calculations (Supplementary data 1). Supplementary
Fig. 41 elucidates the relative stability of various doped carbon sub-
strates considering the Cu atom with different coordinated numbers of
C and O atoms (such as CuCs, CuC,0;, CuC;0,, and CuQOs;) by the
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calculations of formation energies, indicating that doped carbon
substrate with CuC,0; moiety possesses lowest formation energy of
all. Supplementary Fig. 42 marks the optimized Cu,0-CuC,0; config-
urations, where the Cu4O cluster is bonded to the CuC,0,-graphene,
with numerals “0-3” designating the prospective adsorption sites of
the CuyO cluster. Supplementary Fig. 43 illustrates the possibly
adsorbed models of the CO, molecule, in which the Cu “2” site in a
quasi-linear configuration exhibits a stable structure with an adsorp-
tion free energy of 0.20 eV. Supplementary Figs. 44 and 45 present the
optimized models of the *COOH and *CO species, respectively, with
adsorption free energies of 0.19 eV and —0.32 eV. Note that the calcu-
lations of adsorption free energies of intermediates for CO,RR on the
Cu40-CuC,0; catalyst were benchmarked with the energy of CO,, H,,
and H,0 molecules. Hence CO species owned much stronger binding
strength on the Cu,0-CuC,0; surface with lower adsorption energy
than that of pure Cu surface, such as Cu(111), and Cu(100)**¢, sig-
nificantly enhancing the surface coverage of *CO species. Based on the
previous reports>”, in combination with experimental characteriza-
tion results in Figs. 4e and 5b, the *CO intermediate served as a pivotal
species for the formation of the C, product, which can be obtained
from the C-C coupling process via *CO dimerization, *CO-*CHO, or
*CO-*COH binding step. After detailed DFT simulations in Supple-
mentary Fig. 46, the *CHO species on the Cu,0-CuC,0; moiety exhibits
a much lower adsorption energy of 0.30 eV than that of *COH with
1.27 eV, revealing the preferential generation of the *CHO species in the
hydrogenation process of *CO intermediate to support *CO-*CHO
coupling, not prone to *CO-*COH coupling.

Figure 5e shows the minimum energy pathway of C-C coupling
through the *CO-*CO and *CO-*CHO process, corresponding optimized
configurations on the initial state (IS), transition state (TS), and final
state (FS) in Supplementary Figs. 47 and 48. The *CO-*CHO coupling
process exhibits a smaller reaction energy and activation energy barrier
with 0.13 and 1.28 eV than that of *CO-*CO dimerization with 1.75 and
1.83 eV, respectively, indicating C-C coupling preferred by *CO-*CHO
linking step. Besides, the reaction energy and activation barrier of the
CO-CHO coupling process on the Cu,0-CuC,0; catalyst is also lower
than that of Cu (100) by 0.44 and 1.36 eV, and Cu (111) surface by 0.35
and 144 eV in Supplementary Figs. 49-51, respectively, signifying
enhanced C-C coupling activity by the introduction of asymmetrical Cu
clusters. Because of the exclusion of explicit solvent, pH, electrode
potential, and the intermediate coverage effects, both C-C coupling
processes all possess a little higher energy barriers, specifically for the
*CO-*CO coupling, compared with the previous work on the bulk Cu
(111) and Cu (100) surfaces®*”*%, Based on the above analysis, all the
primary steps of C, products before C-C coupling are the same, i.e.,
CO, > *CO, > *COOH > *CO > *CHO > *CO-*CHO > *CO*CHO. Due to
the lower activation barrier, all the intermediates after C-C coupling are
investigated based on the *COCHO species. The lowest energy path-
ways towards the identified CH;CH,OH, C,H,, and CH3COOH products
were illustrated in Fig. 5f, and the optimized models of intermediates
were displayed in Fig. 5g, Supplementary Figs. 52 and 53. The detection
of key reaction intermediates (such as *CHz and *CO) above in situ
Raman and in situ FTIR experiments supports the theoretical calcula-
tions. The CH3;COOH path ramified at the sixth proton-coupled-
electron transfer (PCET) step, while the CH;CH,OH and C,H, pathway
shared the former ten PCETs, and bifurcated at the 11" coupled proton-
electron-transfer process. The common intermediate for the
CH5CH,0H and C,Hy, such as *HCO-CHO (7b), was superior to form
than the intermediates of CH;COOH (7a: COCH,0) by lower adsorption
energy of -0.24eV, indicating the preferential generation of
CH3CH,O0H and C,H, before CH3;COOH®***’°, This mechanistic inves-
tigation verified the experimental measurements in Fig. 2d, where
CH5CH,0H and C,H, are the major products, with no detection of
CH;COOH species. Compared to the CH;CH,OH and C,H, formation
from CO, (which are all the 12-electron reduction products), the

common intermediate for CH;CH,OH, i.e., CH3;CHO (11c) has much
lower adsorption energy than C,H, intermediate (11b: CH,CH,0) by
0.33 eV. Additionally, free energy diagram analysis further unearthed
that the potential-determined step (PDS) of CH3;CH,OH formation was
the last step (12c - 13c: *CH3CH,0 > CH3CH,OH) with the free energy
change of 0.83 eV, much lower than that of C,H, with 110 eV (PDS:
13b > 14b: *OH - *+ H,0), revealing the preferred generation of C,
product CH;CH,OH. This agrees with the much higher percentage of
CH5CH,O0H over the C,H, product in the experimental results for the
Cu40-CuC,0; catalyst as shown in Fig. 2d.

Discussion

In summary, we successfully achieved precise control over the cluster
size of unsymmetrical Cu Clu/GAs catalysts through a pulsed discharge
strategy. By adjusting the charging voltage from 7.4 kV to 9.0 kV, we
synthesized a range of Cu Clu/GAs with varying cluster sizes (1.4 nm,
1.7nm, 2.7nm, 4.1nm, 7.5nm). Among these, Cu;; Clu/GAs, char-
acterized by unsymmetrical Cu,0-CuC,0; moieties on GAs, demon-
strated superior catalytic activity and stability for CO, reduction to
EtOH and C,. products at a charging voltage of 8.6 kV. Our experi-
mental results, supported by theoretical calculations, reveal that the
enhanced electrochemical performance is attributed to the optimal
atomic and electronic structures of the Cu,0-CuC,0O; moieties,
establishing an interesting structure-activity relationship. The pulsed
discharge strategy utilized in this study presents a promising approach
for the scalable production of Cu Clu/GAs catalysts. The ability to finely
tune cluster sizes and their associated catalytic properties indicates
that this method could be applied in industrial contexts, particularly in
established CO, reduction systems aimed at sustainable ethanol pro-
duction. The high efficiency of these catalysts in converting CO, to
ethanol and C,. products underscores their potential to contribute to
carbon neutrality efforts. The insights gained from this study not only
advance our understanding of catalyst design and performance but
also lay a solid foundation for the rational development of next-
generation catalysts tailored for specific industrial applications.
Overall, this work significantly enhances the feasibility of sustainable
CO, utilization, thereby supporting the global transition towards car-
bon neutrality.

Methods
Chemicals
Copper chloride (CuCl,, 99%, Alfa Aesar), Cobalt chloride (CoCl,, 99%,
Alfa Aesar), Nickel chloride (NiCl,, 99%, Alfa Aesar), Hydrogen hexa-
chloroplatinate (H,PtClysxH,0, 99.995%, Alfa Aesar), Ruthenium
chloride (RuCl;, 99%, Alfa Aesar), methanol (analytical grade, Alfa
Aesar), KHCO; (Sigma Aldrich), Nafion D-521 dispersion (5wt%,
Alfa Aesar).

Preparation of Cu Clu/GAs

In a typical synthesis, the single-layer graphene oxide (GO) was
diluted and mixed fully in deionized water (GO/H,0 =2 mg/g). The
uniformly dispersed GO was put into a hydrothermal reactor, heated
at 180°C for 6 h, and graphene hydrogel gradually formed. The
graphene hydrogel was fully immersed in CuCl, aqueous solution
for 5 h, and then quickly frozen in liquid nitrogen. Subsequently, GA
support CuCl, nanocrystals (CuCl,/GA) were formed by freeze-
drying. Afterward, the as-prepared CuCl,/GA was filled into the
copper discharge tube for the pulsed discharge process. Then the
discharge tube containing CuCl,/GA was connected to the discharge
circuit. The discharge voltage could be changed to produce differ-
ent size metal clusters/nanoparticles supported by GAs. When the
air switch is triggered, the intense pulsed current passes through the
copper discharge tube and CuCl,/GA. The pulsed current and vol-
tage features of Cu;; Clu/GAs and other samples are displayed in
Supplementary Table 1.
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The CO;RR tests are presented in Supplementary Note. 2, the
XAFS measurements and data processing are depicted in Supplemen-
tary Notes. 3-5. The in situ ATR-FTIR, in situ Raman, and in situ NAP-XPS
tests and the details of DFT calculation methods are shown in Supple-
mentary Notes. 6-9.

'H Nuclear magnetic resonance analysis

The yield of liquid products, such as EtOH, and n-PrOH during
constant potential electrolysis (4000 s) was quantified by nuclear
magnetic resonance (NMR) spectroscopy®”. These products were
recorded on a Bruker Avance Ill NMR spectrometer operating at
1.7 T (500 MHz 'H), and dimethyl sulfoxide (DMSO, 99.9%) was
utilized as an internal standard. The same spectral acquisition
parameters were used for all spectra to ensure full relaxation and
quantification. The acquisition parameters were: time domain data
size (65536); number of dummy scans (2); number of scans (16);
spectral width (19.9899 ppm); loop count time domain (1); spectral
width in Hertz (10,000 Hz); filter width (125,000 Hz); pause width
(45°); delay 1 (5s) and delay 2 (0s). For the NMR tests, a 700 pl
electrolyte sample was mixed with 35 pl of internal standard solution
(the mixture of 10.0 ul DMSO and 14 ml of D,0). The ratio of relative
peak area obtained standard curves of each product.

ECSA measurement

The ECSA is measured by cycling the electrode under the same con-
ditions used for catalytic testing within the non-Faradaic region. When
the electrode is cycled at varying scan rates (v), the variation in non-
Faradaic current density (j) should exhibit a linear relationship with the
scan rate, allowing the slope to provide the double-layer capacitance
(Cqi=j/v). The density of electrochemically active sites can be calcu-
lated by multiplying the active site density of a flat surface by the
roughness factor (Ry). Similarly, the specific surface area of the elec-
trode can be estimated by multiplying the geometric surface area by
the roughness factor. We conducted cyclic voltammetry (CV) to sup-
plement the measurements of the double-layer capacitance values for
Cuy7 Clu/GAs and Cuy4 Clu/GAs to calculate the ECSA of the catalysts.
The calculation is defined as follows: ECSA=R(S, where S represents the
actual surface area of a smooth metal electrode, typically equivalent to
the geometric area of the carbon paper electrode (in this work,
S=1.0 cm?). The roughness factor Ry is estimated through the ratio of
the double-layer capacitance Cg4; of the working electrode to that of the
corresponding smooth metal electrode (Cgyer). Here, we use the
average value of 0.04 mF cm™ for Cgyer in alkaline solutions without
taking the used material and measurement conditions into account’.
The Cq values are determined by measuring the capacitive current
associated with double-layer charging, utilizing the scan rate depen-
dence of cyclic voltammetry. The potential window for the cyclic vol-
tammetry was set between 0.05V and 0.35V (vs. RHE) in a saturated
CO; environment with 0.5 M KHCOj3 solution. The scan rates employed
were 10, 20, 40, 60, 80, 100, and 120 mV's™.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the
article and its Supplementary Information files. All other relevant
source data are available from the corresponding authors. Source data
are provided with this paper.
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