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Abstract: Electrocatalytic CO2 reduction reaction
(CO2RR) to multi-carbon products (C2+) in acidic
electrolyte is one of the most advanced routes for
tackling our current climate and energy crisis. However,
the competing hydrogen evolution reaction (HER) and
the poor selectivity towards the valuable C2+ products
are the major obstacles for the upscaling of these
technologies. High local potassium ions (K+) concen-
tration at the cathode’s surface can inhibit proton-
diffusion and accelerate the desirable carbon-carbon
(C� C) coupling process. However, the solubility limit of
potassium salts in bulk solution constrains the maximum
achievable K+ concentration at the reaction sites and
thus the overall acidic CO2RR performance of most
electrocatalysts. In this work, we demonstrate that Cu
nanoneedles induce ultrahigh local K+ concentrations
(4.22 M) – thus breaking the K+ solubility limit (3.5 M)
– which enables a highly efficient CO2RR in 3 M KCl at
pH=1. As a result, a Faradaic efficiency of 90.69�
2.15% for C2+ (FEC2+) can be achieved at
1400 mA.cm� 2, simultaneous with a single pass carbon
efficiency (SPCE) of 25.49�0.82% at a CO2 flow rate of
7 sccm.

Electrocatalytic CO2 reduction to valuable fuels and
chemicals enables CO2 resource utilization through renew-
able clean electricity.[1–6] Among the CO2 reduction prod-
ucts, multi-carbon products have drawn worldwide atten-
tions due to their high energy density and market value.[7–12]

Currently, most of the reported examples for the CO2

reduction reaction (CO2RR) to multi-carbon products (C2+)
are performed in alkaline or neutral electrolyte systems,[13–19]

expecting to improve the selectivity of C2+ products by
inhibition of the HER.[20–25] However, this strategy suffers
from the low utilization of CO2 due to its conversion into
carbonates (CO3

2� ) when employing alkaline or neutral
electrolytes.[26–28] For example, every two CO2 molecules that
react to obtain one C2H4 molecule, six CO2 molecules are
converted to CO3

2� . This means that the maximum theoret-
ical single-pass carbon efficiency is only 25% with 100%
selectivity of C2H4 in a neutral electrolyte.

[27] Due to the
presence of abundant protons, the acidic electrolyte can
avoid the formation of refractory CO3

2� , then greatly
improving the utilization rate of CO2.

[12] However, high
proton concentration in acidic electrolyte easily leads to the
undesired HER, reducing the C2+ product selectivity, which
limits the applications of acidic CO2RR.

[29–31]

The alkali cations in acidic electrolyte, especially K+,
have been shown to effectively inhibit HER, and optimize
the C� C coupling process for higher selectivity of multi-
carbon products.[26–28] Gu et al.[27] reported that the adsorp-
tion of K+ prevented the migration of protons from the
diffusion layer to the catalyst surface, causing a local OH�

environment to inhibit HER. Huang et al.[32] found that K+

can trigger CO2 activation under a proton-depletion local
OH� environment. Zhao et al.[33] reported that a K+

-enriched environment promoted C� C coupling processes,
leading to higher efficiencies for C2+ products. The high K

+

concentration is therefore advantageous, and how to
increase the local K+ concentration on the electrode’s
surface becomes an important strategy for optimizing acidic
CO2RR.

[*] X. Zi,+ Y. Zhou,+ Q. Chen, Y. Tan, X. Wang, Dr. K. Liu, Dr. J. Fu,
Prof. M. Liu
Hunan Joint International Research Center for Carbon Dioxide
Resource Utilization, School of Physics, Central South University
Changsha 410083, Hunan (P. R. China)
E-mail: fujunwei@csu.edu.cn

minliu@csu.edu.cn

L. Zhu, Dr. E. Pensa, Prof. E. Cortés
Nanoinstitut München, Fakultät für Physik, Ludwig-Maximilians-
Universität München
80539 München (Germany)
E-mail: Emiliano.Cortes@lmu.de

Dr. M. Sayed
Chemistry Department, Faculty of Science, Fayoum University
Fayoum 63514 (Egypt)

Dr. R. A. Geioushy
Central Metallurgical Research and Development Institute, CMRDI
P.O. Box: 87 Helwan 11421, Cairo (Egypt)

[+] These authors contributed equally to this work.

© 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angewandte
ChemieCommunications
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2023, 62, e202309351
doi.org/10.1002/anie.202309351

Angew. Chem. Int. Ed. 2023, 62, e202309351 (1 of 7) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0001-8248-4165
https://doi.org/10.1002/anie.202309351
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202309351&domain=pdf&date_stamp=2023-09-08


Using an electrolyte with high concentration of potassi-
um salt to provide high K+ concentration is simple and
effective. However, severe salting-out effect by high concen-
tration of potassium salt will block the gas channel of the
reactor, and cause a device failure. Moreover, restricted by
the solubility of potassium salts in the bulk electrolyte, the
concentration limit of K+ in a bulk KCl solution is �3.5 M
at normal temperature and pressure.[34] In 2016, Liu et al.[35]

proposed that local electric fields can induce a K+-concen-
tration effect. At that time, it was shown that a high
curvature Au-nanoneedle electrode generates a strong local
electric field confinement that enables the K+ concentration
at the surface of the electrode. Inspired by the field-induced
K+ concentration effect, we expect to break the solubility
limit of K+ through the enrichment of K+ on the surface of
a copper nanoneedle (CuNNs) catalyst with high curvature
structure.[36] This route may assist in the generation of highly
selective multi-carbon products (C2+) with high current
density in acidic electrolyte.

In this work, CuNNs catalysts were prepared on
polytetrafluoroethylene (PTFE) substrate with a copper
conductive layer. The CO2RR performance was tested in a
flow cell, 3 M KCl solution at pH=1 was selected as
electrolyte. Finite element simulations (COMSOL) proved
that the high-curvature Cu nanoneedle structure induces a
strong local electric field, promoting K+ accumulation on
the catalyst surface. The local K+ concentration at the
surface of the CuNNs can be as high as 4.22 M in 3 M KCl
electrolyte, which greatly exceeds the dissolution limit of
KCl in bulk electrolyte (3.5 M). Moreover, we confirm that
the K+-enriched local environment reduces the energy
barrier of C� C coupling. As a result, the CuNNs catalysts
achieve a 90.69�2.15% Faradaic efficiency for C2+ products
at 1400 mAcm� 2 in acidic electrolyte (pH=1), exceeding the
reported efficiencies so far for acidic CO2RR. The single
pass carbon efficiency (SPCE) reaches 25.49�0.82% at CO2

flow rate of 7 sccm, which is exceed to the maximum
theoretical value of 25% for 100% C2H4 selectivity in
neutral electrolyte. This work provides a new strategy for
improving the selectivity of C2+ at high current density in
strong acidic electrolyte.

Finite Element Simulations. COMSOL Multiphysics
simulations were used to investigate the reaction micro-
environment of the CuNNs and the Cu film. The details are
shown in the Simulation section of the Supporting Informa-
tion. The distribution of electric field (shown in Figure 1a)
indicates that the high curvature of the nanoneedle can
induce high-intensity electric field near the tip, specifically
up to 1.19×108 Vm� 1. With such strong local electric field,
the positively charged K+ ions accumulate in the near-
surface region of the tip (Figure 1b). In contrast, there is no
significant enhancement of electric field intensity or K+

concentration near the surface of the Cu film (Figures S1
and S2). We calculated the values of the K+ concentrations
near the tip of CuNNs and the surface of Cu film in bulk
solutions with different K+ concentrations. As shown in
Figure 1c, the local K+ concentration near the electrode
surface increases approximately linearly as the bulk K+

concentration increases. When the bulk K+ concentration is

2 M, the surface-adsorbed K+ concentration at the Cu film
is only 2.15 M. In contrast, the CuNNs exhibit a significantly
higher concentration of 3.22 M at the tip needle, approach-
ing the dissolution limit of KCl (3.5 M). Furthermore,
increasing the bulk K+ concentration to 3 M results in a
remarkable tip-adsorbed K+ concentration of 4.22 M on the
Cu nanoneedle, exceeding the solubility limit of KCl. These
results demonstrate the effective ability of CuNNs to
enhance the local concentration of K+ ions, surpassing the
limiting concentration. Consequently, the utilization of
unsaturated KCl electrolytes (such as 3 M, mitigating the
salting effect), holds promise for ultrahigh local K+ concen-
tration to expedite the carbon-carbon (C� C) coupling
process and inhibit the proton diffusion to the surface.

To investigate the impact of K+ ions on inhibiting the
HER, we conducted simulations to analyze the distribution
of OH� concentration in the near-surface region at various
bulk K+ concentrations. Figure 1d shows that the OH�

concentration is high in the proximity of the electrode
surface, which can be attributed to the sluggish diffusion of
protons caused by the presence of a high local K+

concentration. Furthermore, there is a linear correlation
between the local OH� concentration and the K+ one near
the catalyst surface, indicating that higher amounts of K+

ions result in a more pronounced OH� concentration at the
electrode surface. These simulation findings highlight the
considerable potential of CuNNs in suppressing the HER in
acidic electrolytes.

Structure and Morphology Characterization. CuNNs
catalysts were fabricated using vacuum thermal evaporation
and electrodeposition methods on PTFE substrates, as the
porous nature of PTFE enables it to act as a gas diffusion

Figure 1. The surface microenvironment of catalyst investigated by
COMSOL simulations. (a) Electric field distribution near the surface of
CuNNs. (b) The K+ concentration distribution on the surface of
CuNNs in 3 M KCl. White color indicates the absence of K+ ions. (c)
The surface- adsorbed K+ concentration of CuNNs and a Cu film in the
bulk electrolyte with different K+ concentrations. The dashed line is K+

concentration limit. (d) The concentration profile of OH- near the
surface of the catalyst in the bulk electrolyte with different K+

concentrations
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electrode in flow cells. The process involved initially
depositing a conductive Cu layer onto PTFE through
vacuum thermal vapor deposition, followed by electro-
deposition of Cu dendrites with a nanoneedle structure
(CuNNs) onto the Cu-coated PTFE substrate (Figure 2a).
For comparison, the Cu-coated PTFE substrate directly
acted as a Cu film catalyst, and the Cu nanoparticle (CuNPs)
was prepared by a similar preparation method to CuNNs.
The XRD patterns (Figure 2b) indicate that CuNNs, CuNPs,
and the Cu film on PTFE share the same Cu diffraction
peaks.[37] The XPS spectra (Figure S3) show two major peaks
at 952 and 932 eV, ascribed to Cu+/Cu0 species. Therefore, it
can be concluded that these catalysts have the same
composition.

As shown in Figures 2c-d, the Cu film exhibits a flat
morphology with uniformly sized nanoparticles and the
CuNPs exhibits large copper nanoparticles. In contrast,
Figure 2e illustrates that CuNNs consist of a dendritic
copper framework with nanoneedle structures. The corre-
sponding elemental mapping using energy dispersive spec-

troscopy (EDS) (Figures S4 and S5) confirms that Cu is the
major component, while small amounts of O are also present
due to slight surface oxidation. Furthermore, a magnified
TEM image of CuNNs (Figure 2f) reveals the pronounced
curvature of the copper needles. The curvature (k) of the
nanoneedle can be determined to be approximately
0.067 nm� 1 from a high-angle annular dark-field scanning
TEM (HAADF-STEM) image (Figure 2g). This single
nanoneedle structure aligns with the model constructed in
COMSOL Multiphysics simulations.

Local K+ concentration and C� C coupling energy
barrier. To investigate the adsorption capacity of K+, we
conducted K+ adsorption tests on CuNNs, CuNPs, and Cu
film under different K+ concentration electrolytes, with
applied potential (Figure 3a). The detailed methodology can
be found in the Supporting Information. As depicted in
Figure 3b, the local adsorbed K+ concentration at CuNNs
consistently exceeded that at CuNPs and Cu film, across
various bulk K+ concentrations. Remarkably, at the bulk K+

concentration of 3 M, CuNNs exhibited over 4 times higher

Figure 2. (a) A Scheme of the synthesis process of CuNNs. (b) XRD patterns of CuNNs, CuNPs, and Cu film on PTFE substrate. (c-e) SEM images
of Cu film, CuNPs and CuNNs, respectively. (f) TEM image of CuNNs. (g) HAADF-STEM image of a single nanoneedle from the CuNNs.
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K+ adsorption compared to the Cu film, highlighting the
significantly enhanced K+ adsorption capability of CuNNs.

Density functional theory (DFT) calculations were
employed to determine the C� C coupling energy barrier on
the Cu (100) surface for different amounts of adsorbed *CO
and K+. The results obtained from these calculations (Fig-
ure S6) reveal that an increase in the number of adsorbed
K+ and *CO species leads to a decrease in the energy
barrier for C� C coupling. Interestingly, the energy barrier of
C� C coupling is found to be more sensitive to the amount of
adsorbed K+ than *CO. This suggests that the K+-promoted
adsorption of *CO intermediates play a crucial role in
reducing the energy barrier for C� C coupling.

To investigate the impact of enriched K+-CuNNs
catalyst for the CO2 reduction to C2+, we conducted in situ
attenuated total reflection FTIR measurements on CuNNs
immersed in electrolytes with different K+ concentrations
(Figure S7). As shown in Figures 3c-e, the typical bands
ascribed to CO linear stretching (COL) in the spectral range
of 1950 to 2100 cm� 1 are observed.[38–42] When the potential
is relatively low, the intensity of the CO band increased
proportionally with the applied potential, indicating that
*CO adsorption takes place at the catalyst surface. At higher
applied potential, the intensity of the *CO band gradually

decreased due to the C� C coupling (*CO dimerization). The
onset potentials for *CO adsorption were determined to be
� 1.8, � 1.6, and � 1.2 V (vs. Ag/AgCl), while the potentials
corresponding to the *CO depletion signal were found to be
� 2.2, � 2.0, and � 1.6 V (vs. Ag/AgCl) for electrolytes with
concentrations of 1 M, 2 M, and 3 M, respectively (Figur-
es 3c–e). These findings suggest that the presence of K+ ions
promote the reduction of CO2 to *CO and facilitates the
process of *CO dimerization. Consequently, it is reasonable
to conclude that an increased K+ concentration on the
catalyst surface enhances the generation of *CO species and
ultimately promotes the formation of C2+ products.

[43–44]

Electrochemical CO2RR in acidic electrolyte. The LSV
curves of CuNNs and Cu film were obtained in various bulk
concentrations of K+ solutions while CO2 was bubbled. As
depicted in Figure S8, the onset potentials for CuNNs were
found to be more positive compared to those for Cu film,
and the reduction current density for CuNNs was higher
than that for Cu film. These observations indicate that
CuNNs possess a stronger ability for CO2 reduction. Addi-
tionally, it was observed that the current density of CuNNs
exhibited greater sensitivity to the K+ concentration,
implying that higher K+ concentrations have a significant
promoting effect on the CO2 reduction reaction. These

Figure 3. (a) Schematic diagram illustrating the determination of adsorbed-K+ concentration at the electrode surface using ion chromatography
(IC). (b) Comparison of the adsorbed-K+ concentration on Cu film, CuNPs, and CuNNs at various K+ bulk concentrations. (c–e) In situ attenuated
total reflection FTIR spectra obtained on CuNNs at different applied potentials and with different K+ bulk concentrations: (c) 1 M KCl, (d) 2 M KCl,
and (e) 3 M KCl (Potentials vs. Ag/AgCl).
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findings further support the role of high K+ concentrations
in enhancing CO2RR.

Next, we carried out electrocatalytic CO2RR measure-
ments on CuNNs, CuNPs and Cu film using electrolytes
with different K+ concentrations in a flow cell. Figures 4a–c
show the product distributions obtained for CuNNs, CuNPs
and Cu film in 3 M KCl solution at pH=1 (the detailed
values shown in Figures S9–S11). For CuNNs, the main
products of CO2RR are multi-carbon products (C2+), such
as ethylene, ethanol, and acetic acid. The FE of the C1
product gradually decreases with increasing current density,
while the FEC2+ increases. Remarkably, CuNNs exhibit an
FEC2+ exceeding 80% over a wide range of current densities
(1000 - 1600 mAcm� 2), with the highest FEC2+ reaching
90.69�2.15% at 1400 mAcm� 2. These results significantly
outperform similar CO2RR studies conducted in acidic
media. Furthermore, CuNNs display a significant suppres-
sion of H2 production (FEH2 values below 5% for 800–
1200 mAcm� 2), whereas H2 is the predominant product for
CuNPs and Cu film (about 70% at 1000 mAcm� 2). In
addition, CuNNs were tested under weakly acidic condition
(pH=3.9) and near neutral condition (pH=8.0) (Figur-
es S12 and S13).

Considering the results obtained from COMSOL simu-
lations, we can infer that the ability of CuNNs to concen-
trate K+ contributes to their remarkable performance in
CO2RR. To further explore the influence of K+, we
conducted CO2RR tests on CuNNs using electrolytes with
varying K+ concentrations. Figure 4d shows the relationship

between the current density of C2+ and the applied voltage
for CuNNs. The data clearly demonstrates that higher K+

concentrations result in higher current densities of C2+ at
the same applied potential, indicating that K+ enhances the
kinetic process of CO2RR, specifically promoting the
production of C2+ products.

We further assessed the performance of CuNNs by
evaluating the current density of C2+ and the single-pass
carbon efficiency (SPCE) at a fixed current density of
800 mAcm� 2 and various CO2 flow rates in a 3 M KCl
solution with pH=1. As depicted in Figure 4e, when the
CO2 flow rate exceeded 10 sccm (mLmin� 1), the current
density of C2+ surpassed 600 mAcm

� 2. However, as the CO2

flow rate decreases, the CO2RR performance drops due to
the lack of CO2 supply. Interestingly, the SPCE exhibited an
upward trend with decreasing CO2 flow rate, reaching
25.49�0.82% at a flow rate of 7 sccm. This value is
exceeded to the theoretically expected SPCE of 25% for
100% ethylene selectivity in neutral media.

To assess the stability of CuNNs, we conducted long-
term CO2RR tests at a constant current density of
800 mAcm� 2 in a 3 M KCl solution with pH=1. The results
(Figure S14) demonstrate that the current density of C2+

remained stable at 450 mAcm� 2 even after 8 hours of
continuous CO2RR, with the applied voltage maintained at
� 1.6 V vs. RHE. In addition, stability at higher current
density was also tested. Under the current density of
1200 mAcm� 2, CuNNs can still maintain a current density of
more than 600 mAcm� 2 in 5 hours (Figure S15).

Figure 4. The CO2RR product distributions obtained at different current densities for (a) CuNNs, (b) CuNPs and (c) Cu film. (d) The current
density of C2+ at different applied voltages in the bulk electrolyte with different K+ concentrations. (e) FE and SPCE of C2+ products obtained for
CuNNs at 800 mAcm� 2 using different CO2 gas flow rates. (f) Comparison of FEC2+, FEC1, FEH2, the current density of C2+, and the bulk pH with
other reported CO2RR systems.
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Finally, when comparing the performance of similar
catalysts for CO2RR in acidic media (details provided in
Table S1), CuNNs exhibited outstanding characteristics,
including high selectivity towards C2+ products, inhibition of
HER and high current density of C2+ in highly acidic
conditions (Figure 4f).[45–46]

In summary, CuNNs catalysts with nanoneedle structure
were used for the electrocatalytic CO2RR in acidic electro-
lytes. Compared to a Cu film, the high-intensity local electric
field of the CuNNs tips induce ultrahigh K+ concentration
in 3 M KCl at pH=1, breaking the dissolution limit of bulk
K+ solutions. As the K+ concentration increases, the
concentration of OH� also increases in the region close to
the electrode surface (due to charge neutrality), leading to
the inhibition of the HER in acidic media. Moreover, the
energy barrier for C� C coupling decreases with the high
local K+ concentration. The optimized CO2RR performance
of CuNNs in acidic electrolyte achieved a FEC2+ of 90.69�
2.15% at 1400 mAcm� 2 with a FEH2 below 5%. At
800 mAcm� 2, the SPCE reaches 25.49�0.82% at a CO2

flow rate of 7 sccm. This work confirms the great potential
of ultrahigh local K+ concentration for CO2RR in acidic
media.
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