
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
de

 d
es

em
br

e 
20

22
. D

ow
nl

oa
de

d 
on

 7
/2

/2
02

6 
12

:5
3:

06
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A crystal growth
aBeijing National Laboratory for Molecular

Interface and Chemical Thermodynamics

Excellence in Molecular Sciences, Institu

Sciences, Beijing 100190, P. R. China. E-mai
bUniversity of Chinese Academy of Sciences,
cShanghai Key Laboratory of Green Chem

Chemistry and Molecular Engineering, Ea

200062, P. R. China
dInstitute of Eco-Chongming, 20 Cuiniao R

Shanghai, 202162, P. R. China

† Electronic supplementary informa
https://doi.org/10.1039/d2sc04961a

Cite this: Chem. Sci., 2023, 14, 310

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 6th September 2022
Accepted 5th December 2022

DOI: 10.1039/d2sc04961a

rsc.li/chemical-science

310 | Chem. Sci., 2023, 14, 310–316
kinetics guided Cu aerogel for
highly efficient CO2 electrolysis to C2+ alcohols†

Pengsong Li,a Jiahui Bi,ab Jiyuan Liu,ab Qinggong Zhu, *ab Chunjun Chen, a

Xiaofu Sun, ab Jianling Zhang, ab Zhimin Liu ab and Buxing Han *abcd

To realize commercial CO2 electrochemical reduction to C2+ alcohols, the selectivity and production rate

should be further improved. Establishing controllable surface sites with a favorable local environment is an

interesting route to guide the C2+ pathway. Herein, we report a room-temperature one-step synthetic

strategy to fabricate a highly stable Cu aerogel as an efficient CO2 reduction electrocatalyst. Controlling

crystal growth kinetics using different reductants is an efficient strategy to modulate the nucleation and

growth rate of Cu aerogels, enabling the creation of efficient surface sites for the C2+ pathway. Over the

Cu aerogel obtained by reducing Cu2+ using a weak reductant (NH3$BH3), the faradaic efficiency of C2+

products could reach 85.8% with the current density of 800 mA cm−2 at the potential of −0.91 V vs.

reversible hydrogen electrode, and the C2+ alcohol selectivity was 49.7% with a partial current density of

397.6 mA cm−2, while the Cu aerogel prepared using a strong reductant (NaBH4) was favorable to

generating CO. Experimental and theoretical studies showed that the selectivity of the reaction

depended strongly on the desorption and dimerization of *CO intermediates on the catalysts. The strong

reductant induced a defective Cu surface that could facilitate the desorption of the *CO intermediate,

subsequently producing CO, whereas the low defect Cu produced using a weak reductant could

significantly enhance the selectivity for the C2+ product by improving *CO adsorption and the C–C

coupling on the catalyst. This work opens a new way for constructing efficient electrocatalysts for CO2

electroreduction to C2+ alcohols.
Introduction

Electrochemical conversion of CO2 is a promising strategy to
abate the consumption of fossil resources and close the carbon
neutral energy cycle.1,2 The reduction products, such as high-
energy density multi-carbon (C2+) alcohols, are of particular
interest, as they have a correspondingly high market price
consistent with global demands.3 To date, many electrocatalysts
have been designed to improve the catalytic performance of the
CO2 reduction reaction (CO2RR) to C2+ alcohols, such as FeTPP
[Cl]/Cu (5,10,15,20-tetraphenyl-21H,23H-porphine iron(III)
chloride/Cu),4 N–C/Cu (nitrogen-doped carbon layer on Cu),5
Sciences, CAS Key Laboratory of Colloid,

, CAS Research/Education Center for

te of Chemistry, Chinese Academy of

l: qgzhu@iccas.ac.cn; hanbx@iccas.ac.cn

Beijing 100049, P. R. China

istry and Chemical Processes, School of

st China Normal University, Shanghai

oad, Chenjia Town, Chongming District,

tion (ESI) available. See DOI:
Cu–CuI,6 Cu2S–Cu–vacancy7 and Ce(OH)X/Cu.8 Remarkably, the
CO2RR to ethanol has been reported using an N–C/Cu catalyst
with a faradaic efficiency (FE) of up to 53.7% with a partial
current density of 161.1 mA cm−2.5 Over the Cu–CuI catalyst, the
optimum partial current density of C2+ alcohols could reach 299
mA cm−2 with a moderate selectivity of 33.4%.6 Several catalyst
design strategies have also been developed,9–11 including
precipitation, electrodeposition, sputtering, evaporation, defect
engineering, hybridization, surface modications and recon-
structions. However, the CO2 to C2+ alcohol electrocatalytic
system still remains limited by the low productivity rates at high
product selectivity, making it difficult to meet the commercial
demand.12,13 This is due to the complex and uncontrollable
reaction pathways during the CO2 reduction.3 The binding
environment of the *CO intermediate on the active sites
determines the subsequent reaction paths.14,15 The *CO inter-
mediate can either undergo desorption to release the CO
product or dimerization to form *OCCO embarking on the C2+

pathway.16–19 Therefore, it is vital to develop highly active
surface sites that improve the *CO adsorption properties and
ultimately promote the C–C coupling to form C2+ alcohols.20,21

Tuning the surface structure at the atomic level is of primary
importance in the generation of efficient active sites for the
CO2RR.22,23 At the nanoscale, crystal defects largely inuence the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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properties and functionalities of catalysts.24–26 Specically, each
active site has its own features due to the unique local structural
environment, and the catalytic activity towards the CO2RR can
be modied by the presence of surface defects.27,28 It has been
reported that creating defects can enhance the CO2RR perfor-
mance, but the specic defect–activity relationships have not
been fully elucidated.29,30 That is, structural disorder is not
detrimental, but may not be all benecial to the C2+ pathway.
Considering the high complexity of CO2 reduction toward C2+

products, the major bottleneck in the catalyst design lies in
establishing controllable surface sites and, ultimately, guiding
the reaction pathway.31

Here, we demonstrate a room-temperature one-step
synthetic strategy to fabricate a highly stable Cu aerogel as an
efficient CO2RR electrocatalyst. Controlling crystal growth
kinetics can efficiently modulate the nucleation and growth rate
of Cu aerogels, enabling the creation of efficient surface sites for
increasing C2+ product selectivity. Theoretical studies suggest
that the adsorption strength of *CO intermediates on Cu sites
depends strongly on the defects. By reducing the defect level on
the Cu aerogel surface, the desorption and dimerization of *CO
intermediates can be regulated to a preferable C2+ pathway. A
strong reductant (sodium borohydride, NaBH4) induces abun-
dant irregular defects in the Cu aerogel to facilitate the
desorption of the *CO intermediate, subsequently producing
CO, while the low defect Cu produced under weak reducing
conditions (borane ammonia complex, NH3$BH3) can easily
facilitate the C–C coupling pathway, which leads to C2+ prod-
ucts. Remarkably, the Cu aerogel obtained by reducing Cu2+

using a weak reductant (NH3$BH3) can yield a C2+ FE of 85.8% at
the current density of 800 mA cm−2 and the potential of−0.91 V
vs. reversible hydrogen electrode (RHE), and the C2+ alcohol
selectivity was 49.7% with a partial current density of 397.6 mA
cm−2.

Results and discussion

Our study focused on modulating the nucleation and growth
rate of Cu to change the surface structure of Cu aerogels. In the
chemical reduction process, Cu2+ in the solution was reduced to
metallic Cu0 and then it agglomerated into clusters growing up
into an aerogel at room temperature. We selected reductants
with different reduction reactivities to control the crystal growth
kinetics in the process. Using a strong reductant (NaBH4), the Cu
nucleation proceeds rapidly, leading to a small particle size and
an irregular defect-rich surface, whereas the crystal nucleation
rate in the weak reductant (NH3$BH3) solution is slower than
that in the strong reductant solution, resulting in a larger
particle size and low defects (Fig. 1a). The as-synthesized Cu
aerogels are denoted as sr-Cu (strong reductant-induced Cu)
and wr-Cu (weak reductant-induced Cu). In order to establish
trends in crystal growth rates with respect to the defect level, we
prepared a series of Cu aerogels using reductant mixtures of
NaBH4 and NH3$BH3 with different compositions (the molar
ratios of NaBH4 : NH3$BH3 = 5 : 1, 1 : 1 and 1 : 5).

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images showed that both sr-Cu and
© 2023 The Author(s). Published by the Royal Society of Chemistry
wr-Cu had a porous network structure self-assembled by
nanoparticles (Fig. 1b, c, f and g) and demonstrated that the
particle size of Cu became larger when applying a weaker
reductant. Furthermore, the surface areas of sr-Cu and wr-Cu
determined by the Brunauer–Emmett–Teller method were
10.53 and 5.75 m2 g−1, respectively. Fig. 1d and h show the
selected area electron diffraction (SAED) patterns of sr-Cu and
wr-Cu particles marked in Fig. 1c and g, respectively. They reveal
that sr-Cu and wr-Cu had a well-dened cubic crystal phase with
diffraction rings indexed to (111) and (200) lattices. High-
resolution transmission electron microscopy (HRTEM) images
conrmed that the lattice spacings of both sr-Cu and wr-Cu
aerogels were 0.21 nm, corresponding to the lattice plane
distance of the (111) plane of face-centered cubic metallic Cu.
The main difference was that the wr-Cu crystal surface (Fig. 1i)
was atter than the sr-Cu crystal surface (Fig. 1e), which indi-
cates lower defects in wr-Cu. The obvious trend of 5 : 1-Cu to 1 :
5-Cu further conrmed that a weak reductant could give rise to
lower crystal surface defects than a strong reductant (Fig S1–
S3†). The electron energy loss spectra (EELS) of sr-Cu and wr-Cu
were also recorded. As shown in Fig. 1j, it is observed that the
two main features of these edges are the strong white-lines L3
and L2 separated by about 20 eV, which is attributed to the spin
orbit splitting of the 2p core hole consistent with the metallic
Cu.32 Furthermore, compared with wr-Cu, the Cu-L3 edge of sr-
Cu was shied by 0.3 eV towards the higher energy region. The
Cu K-edge X-ray absorption near edge structure (XANES)
(Fig. 1k) clearly revealed that the Cu K edge position (8979.04
eV) of wr-Cu was similar to that of metallic Cu (8979.01 eV),
while the Cu K-edge position of sr-Cu was located at a higher
energy (8979.31 eV). The Fourier-transform extended X-ray
absorption ne structure (EXAFS) spectrum can accurately
reveal the local structure of a catalyst.33 When comparing with
Cu metal and wr-Cu, sr-Cu possessed a slightly longer rst-shell
Cu–Cu bond (Fig. 1l). In addition, the small angle X-ray scat-
tering (SAXS) technique was employed to analyze the fractal
structure. The surface fractal (Ds) values were obtained from the
ln(I(h)) vs. ln(h) plots (Fig. S4†). It can be seen that the surface of
sr-Cu (Ds = 3.97) was coarser than that of wr-Cu (Ds = 3.28),
indicating the existence of more defects in the Cu catalyst ob-
tained using a strong reductant.

Powder X-ray diffraction (XRD) data demonstrated the pres-
ence of metallic Cu (PDF#04-0836) in these Cu aerogels
(Fig. S5†). Among them, sr-Cu had a weak-intensity (111)
diffraction peak, indicating its low crystallinity. The elemental
valence states and chemical composition of the Cu aerogel
surfaces were also investigated by X-ray photoelectron spec-
troscopy (XPS). For all the Cu aerogels, two main peaks around
952.1 eV and 932.3 eV were observed (Fig. S6a†), corresponding
to Cu 2p1/2 and Cu 2p3/2 peaks, respectively. Auger electron
spectroscopy (AES) further conrmed that the Cu species were
composed of Cu0 and Cu+ (Fig. S6b†) on the surface.34 The peak
located at 570 eV (Cu+) was attributed to the surface oxidation of
metallic Cu in air aer taking it out from the 1 M KOH electrolyte.
The N 1s and B 1s spectra in Fig. S7† suggest that the aerogels
were free from N and B elements. In addition, no N or B was
detected in the inductively coupled plasma mass spectrometry
Chem. Sci., 2023, 14, 310–316 | 311
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Fig. 1 (a) Schematic diagram of the formation of the Cu aerogels with high defects (sr-Cu) and low defects (wr-Cu) at room temperature. (b)
SEM, (c) TEM, (d) SAED patterns and (e) HRTEM images of the sr-Cu aerogel. (f) SEM, (g) TEM, (h) SAED patterns and (i) HRTEM images of the wr-
Cu aerogel. (j) The EELS profiles of the Cu-L2,3 edge recorded across the sr-Cu and wr-Cu aerogels. (k) The XANES spectra and (l) Fourier-
transform Cu K-edge EXAFS spectra of sr-Cu, wr-Cu aerogels and Cu foil.
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View Article Online
(ICP-MS) measurement over the wr-Cu and sr-Cu aerogels.
Combining the above results, we can conclude that the as-
synthesized aerogel catalysts are mainly metallic Cu.

The as-prepared Cu aerogels were used as electrocatalysts in
a ow cell reactor using 1 M KOH solution as the electrolyte to
evaluate the CO2 electrochemical reduction performance. The
wr-Cu catalyst resulted in a larger total current density at the
same potential than the sr-Cu, 5 : 1-Cu, 1 : 1-Cu and 1 : 5-Cu
catalysts with the CO2 feed gas, suggesting its high electro-
catalytic activity (Fig. S8 and S9†). Under the reaction condi-
tions, the liquid products HCOOH, CH3COOH, CH3CH2OH
(EtOH), and CH3CH2CH2OH (PrOH) were detected by 1H
nuclear magnetic resonance (1H-NMR) (Fig. S10†), and H2, CO,
and C2H4 were the gaseous products determined using gas
312 | Chem. Sci., 2023, 14, 310–316
chromatography. As displayed in Fig. 2a, b and S11,† all the Cu
aerogels yielded products with a combined FE of around 100%.
As the major C1 product, the FE of CO was gradually suppressed
with increasing current density, and the selectivity of C2+

products was enhanced simultaneously. Taking the electrolysis
at 300 mA cm−2 and 800 mA cm−2 as examples, sr-Cu delivered
the highest CO FE and wr-Cu exhibited the highest C2+ FE,
suggesting that the *CO desorption occurred easily on the
crystal surface of sr-Cu, but it was signicantly suppressed on
wr-Cu. The other catalysts had properties somewhat between sr-
Cu and wr-Cu, and the CO selectivity followed an increasing
sequence of wr-Cu < 1 : 5-Cu < 1 : 1-Cu < 5 : 1-Cu < sr-Cu. This
phenomenon of increased FE of CO was also observed on the
OD Cu catalyst with high roughness.35 As expected, the FE
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FE for each CO2RR product and H2 on (a) sr-Cu and (b) wr-Cu at various current densities ranging from 300 to 1000 mA cm−2. Error bars
represent the standard deviations frommultiplemeasurements. CO and C2+ FE values on different catalysts under the current densities of (c) 300
mA cm−2 and (d) 800mA cm−2. (e) Plot ofDs values vs. FE of C2+ products over sr-Cu, 5 : 1-Cu, 1 : 1-Cu, 1 : 5-Cu and wr-Cu at the current density
of 800 mA cm−2. (f) FE and partial current density of C2+ alcohols on different catalysts at the current densities of 800 mA cm−2.
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values of C2+ products showed the opposite sequence (Fig. 2c
and d). These differences suggest that the CO product formation
was inhibited, and the generation of C2+ products was promoted
by increasing the crystal surface defect of the Cu aerogel. We
correlated the Ds values with the FE of C2+ products and found
a linear relationship (Fig. 2e) indicating that the defect level in
the catalysts is directly related to the performance of the elec-
trochemical reduction of CO2 to C2+ products. Especially, using
wr-Cu as the catalyst, the FE of total C2+ products could be as
high as 85.8% with the current density of 800 mA cm−2 at a low
applied potential of −0.91 V vs. RHE. The selectivity of C2+

alcohols (EtOH and PrOH) could reach 49.7% with a partial
current density of 397.6 mA cm−2 (Fig. 2f and S12†). Compa-
rably, the FE of C2+ alcohols over sr-Cu was only 17.3%, and the
main product was CO with an FE of 43.3%. Systematic
comparisons to state-of-the-art catalysts reveal that the as-
synthesized wr-Cu aerogel was a very efficient electrocatalyst
for C2+ products, especially for the high rate production of C2+

alcohols (Table S1†). Furthermore, sr-Cu was annealed in a N2

atmosphere at 400 °C for 2 h to obtain a at crystal surface.
Fig. S13† shows that the defects decreased aer annealing. The
FE of CO reduced and the FE of C2+ products enhanced (Fig.
S14†), which also indicates that the C–C coupling process was
favored aer the defect level of the sr-Cu catalyst was reduced by
annealing. The above results suggest that the selectivity differ-
ences were due to the relative amount of defects. The defects in
the Cu catalysts were the active sites for the C1 pathway, and the
at crystal surfaces were the active sites for C2+ products. In
order to verify that the products were derived from CO2, we used
isotope labeled 13CO2 or Ar to replace CO2 in the same set-up.
From 1H NMR spectra in Fig. S15,† we can see the H signals
© 2023 The Author(s). Published by the Royal Society of Chemistry
of HCOOH, CH3COOH, EtOH and PrOH, which split into two
peaks by coupling with the 13C atom. These results conrm that
the feed gas CO2 was the only source of carbon in the reduction
products.

We also determined the electrochemical double-layer
capacitance (Cdl), which was calculated from cyclic voltammo-
gram (CV) curves to obtain the electrochemical active surface
area (ECSA) of the catalysts (Fig. S16a–e†).36 The linear slopes in
Fig. S16f† show that the Cdl value of sr-Cu was 23.5 mF cm−2,
which was higher than that of wr-Cu (7.4 mF cm−2). This is
consistent with the TEM results that sr-Cu possessed a smaller
particle size than wr-Cu. Aer normalizing the partial current
density of C2+ to ECSA (Fig. S17†), wr-Cu still exhibited the
largest current density in the potential range from −0.6 V to
−1.2 V vs. RHE, which indicates that the superior intrinsic
CO2RR activity mainly originated from the surface modulation
of the defect level. The results of long-term stability experiments
(Fig. S18†) demonstrated that wr-Cu was stable at least for 15 h
at 800 mA cm−2. Aer the continuous CO2 electrolysis, the
morphology (Fig. S19†) and low defect crystal surface (Fig. S20†)
of wr-Cu were well preserved. Moreover, the Ds value of wr-Cu
was 3.25 aer 15 h continuous electrolysis (Fig. S21†), which
is very close to that of the initial wr-Cu (Ds = 3.28). This indi-
cates that the Cu aerogel with porous network structures could
be maintained at a high current density for long-term electrol-
ysis due to the natural porous network structures and metallic
state.

Further investigation of the kinetics of the C1 and C2+

pathway on different Cu aerogels is very interesting. Therefore,
an in situ Raman spectroscopy study was carried out over the sr-
Cu and wr-Cu aerogels in a custom-built Raman setup
Chem. Sci., 2023, 14, 310–316 | 313
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(Fig. S22†). We could monitor the formation and dimerization
of *CO to study the pathway, because it is well known that the
activity and selectivity of C2+ products in the CO2RR are closely
related to the formation of the *CO intermediate and subse-
quent dimerization on the catalyst surface.37 As depicted in
Fig. 3a and b, there are no peaks indexed to Cu2O in the range of
400–650 cm−1, which indicated that there were no Cu+ species
on the surfaces of sr-Cu and wr-Cu at the reduction potentials.38

As the applied potential shied negatively, the peaks at 365
cm−1 and 1560 cm−1 became cognizable on both sr-Cu and wr-
Cu, corresponding to the restricted rotation of Cu–CO stretch-
ing and O]C–C–OH vibration, respectively.39,40 The appearance
of the O]C–C–OH intermediate indicates that aer *CO
dimerization, the oxygen atom of the CO dimer was rst
hydrogenated and subsequently reduced to C2+ products. The
decrease of *CO peak intensity at the potentials more negative
than 0.1 or 0 V vs. RHE could be attributed to the C2+ product
process.41 At more negative potentials (−0.5 and −0.6 V vs.
RHE), the band of Cu–CO disappeared over sr-Cu but it was still
noticeable over wr-Cu, which indicates the stronger adsorption
of *CO on the wr-Cu catalyst.42 Therefore, we can conclude that
the wr-Cu aerogel can stabilize the *CO intermediate and
promote C–C coupling for the C2+ pathway. Moreover, the
gradual disappearance of Raman signals at more negative
Fig. 3 The in situ Raman spectra for sr-Cu (a) and wr-Cu (b) aerogels at v
voltage. (c) The electrochemical CO stripping voltammetry test for sr-Cu,
Proposed structure–activity relationship diagram on different Cu aerogel

314 | Chem. Sci., 2023, 14, 310–316
potentials indicates that these intermediates undergo very fast
CO2 reduction kinetics, representing a faster reaction rate. In
addition, we observed that the Raman peaks from both catalysts
experienced a continuous red shi as the applied potential
decreased, which could be explained by the electrochemical
Stark effect, a phenomenon where the local electric eld could
regulate the interaction between the catalyst active centres and
adsorbates, thus shiing the vibrational frequencies of
intermediates.

To investigate the strength of CO binding on the different
catalysts, we conducted further experiments. The electro-
chemical CO stripping voltammetry tests were performed to
probe the CO desorption ability on the as-synthesized Cu aer-
ogels.43 As shown in Fig. 3c, a sharp CO stripping prole with
a dominant peak appeared around 0.81 V vs. RHE for wr-Cu,
whereas they were around 0.69 V and 0.75 V vs. RHE for sr-Cu
and 1 : 1-Cu, respectively. The positive shi of the peak indi-
cates that wr-Cu has stronger binding ability towards CO,
leading to higher selectivity for C2+ products, which is consis-
tent with the results in the in situ Raman spectra. In the context
of these ndings, we then conducted an in-depth study of the
pathway. By modulating the nucleation and growth rate of Cu
using different reductants, the defect level on the Cu aerogel
crystal surface could be changed, and the desorption and
arious potentials (vs. RHE) during the CO2RR. OCV means open-circuit
1 : 1-Cu andwr-Cu aerogels in CO-saturated 0.1 MNa2SO4 solution. (d)
surfaces: comparison of key steps in the C1 and C2+ reaction pathways.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dimerization of *CO intermediates could be regulated to tune
C2+ selectivity (Fig. 3d). Particularly, the strong reductant
induced abundant defects in the Cu aerogel, which was bene-
cial to the desorption process of the *CO intermediate for the
high FE of CO, whereas the low defect Cu formed with the weak
reductant could not only enhance the adsorption strength of CO
intermediates, but also made the adsorption direction orderly,
efficiently promoting C–C coupling to C2+ products.

It is also interesting to study how the reaction pathway varies
with surface structures. In this work, density functional theory
(DFT) calculations were used to study the catalytic activity for
C2+ products on these active sites. Considering that *CO was the
crucial reaction intermediate, and its adsorption/desorption
strength at active sites depended on the properties of Cu
surfaces, four model structures including Cu(111)-pristine,
Cu(111)-dislocation, Cu(111)-step and Cu(111)-dislocation/step
were selected to carry out the theoretical simulations. As
shown in Fig. 4a, we denote them as Cu-p, Cu-d, Cu-s and Cu-d/
s, respectively. In the CO2RR process, the *CO intermediate
formation was subject to the hydrogenation of CO2 molecule
(*COOH) in the aqueous electrolyte (Fig. 4b). The irregular and
defective Cu structures (Cu-d, Cu-s and Cu-d/s) could reduce the
reaction energies for the CO2 hydrogenation, which are bene-
cial to the subsequent formation of *CO intermediates.
However, the energy for *CO desorption for CO formation was
signicantly reduced at the defective Cu structures, reaching
0.2 eV at the Cu-d/s (Fig. 4c). At the same time, the reaction
energies associated with the dimerization of *CO intermediates
toward *OCCO showed an upward trend over the defective Cu
structures (Fig. S23 and S24†). We then calculated the reaction
energy differences of *CO dimerization and *CO desorption
over the different structures (Fig. 4d). The *CO dimerization was
Fig. 4 (a) DFT periodic slab models for Cu(111)-pristine, Cu(111)-
dislocation, Cu(111)-step and Cu(111)-dislocation/step structures
(denoted as Cu-p, Cu-d, Cu-s and Cu-ds, respectively). (b) Gibbs free-
energy diagrams for the proposed steps of conversion of CO2 to *CO
intermediate. (c) Reaction energies for *COdesorption to CO and *CO
coupling to *OCCO on Cu catalysts with various defects. (d) Differ-
ences in reaction energies for *CO coupling to *OCCO and *CO
desorption to CO.

© 2023 The Author(s). Published by the Royal Society of Chemistry
much easier on the Cu-p surface, while the *CO desorption was
easier on the Cu-d/s surface. This further indicates that
compared to Cu-d, Cu-s and Cu-d/s, the Cu-p structure could
improve C2+ selectivity. Ultimately, our results corroborated that
the CO desorption/dimerization depended on the local geom-
etry of the surface; the defect Cu-d, Cu-s and Cu-d/s sites were
responsible for CO production, while Cu-p sites favoured C2+

product generation; due to the low defect the Cu surface could
facilitate C–C coupling.

Conclusions

In summary, we found that crystal growth kinetics can guide the
generation of efficient surface sites in Cu aerogels for increasing
C2+ product selectivity using a room-temperature one-step
synthetic strategy. The crystal growth rate is pivotal to ratio-
nalize the electrocatalytic properties of the catalysts. Using wr-Cu
as the catalyst, the FE of C2+ products can reach 85.8% at the
current density of 800mA cm−2 and potential of−0.91 V vs. RHE,
and the C2+ alcohol selectivity is 49.7% with a partial current
density of 397.6 mA cm−2. The adsorption of the important *CO
intermediate is notably enhanced on wr-Cu, which offers abun-
dant precursors for C–C coupling and further reduction. Theo-
retical studies further suggest that the CO adsorption strength on
Cu sites depends on the nature of defects. A high defect structure
is benecial for reducing the desorption energy of the *CO
intermediate to get the CO product, whereas the relatively at Cu
aerogel with low defects favors the C–C coupling pathway, which
leads to a high selectivity of C2+ products. This work provides
a new route to design efficient catalysts towards C2+ products in
the CO2RR, and brings new insights into the role of surface
defects in electrochemistry.
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A. Proppe, P. Todorović, F. Li, T.-T. Zhuang,
C. M. Gabardo, A. R. Kirmani, C. McCallum, S.-F. Hung,
Y. Lum, M. Luo, Y. Min, A. Xu, C. P. O'Brien, B. Stephen,
B. Sun, A. H. Ip, L. J. Richter, S. O. Kelley, D. Sinton and
E. H. Sargent, Nat. Energy, 2020, 5, 478–486.

6 H. Li, T. Liu, P. Wei, L. Lin, D. Gao, G. Wang and X. Bao,
Angew. Chem., Int. Ed., 2021, 60, 14329–14333.

7 T.-T. Zhuang, Z.-Q. Liang, A. Seitokaldani, Y. Li, P. De Luna,
T. Burdyny, F. Che, F. Meng, Y. Min, R. Quintero-Bermudez,
C. T. Dinh, Y. Pang, M. Zhong, B. Zhang, J. Li, P.-N. Chen,
X.-L. Zheng, H. Liang, W.-N. Ge, B.-J. Ye, D. Sinton,
S.-H. Yu and E. H. Sargent, Nat. Catal., 2018, 1, 421–428.

8 M. Luo, Z. Wang, Y. C. Li, J. Li, F. Li, Y. Lum, D.-H. Nam,
B. Chen, J. Wicks, A. Xu, T. Zhuang, W. R. Leow, X. Wang,
C.-T. Dinh, Y. Wang, Y. Wang, D. Sinton and E. H. Sargent,
Nat. Commun., 2019, 10, 5814.

9 T. Jaster, A. Gawel, D. Siegmund, J. Holzmann, H. Lohmann,
E. Klemm and U.-P. Apfel, iScience, 2022, 25, 104010.

10 Z. Ni, P. Wang, F. Quan, R. Guo, C. Liu, X. Liu, W. Mu, X. Lei
and Q. Li, Nanoscale, 2022, 14, 16376–16393.

11 A. Touqeer, L. Shuang, S. Muhammad, L. Ke, A. Mohsin,
L. Liang and C. Wei, Nano Res. Energy, 2022, 1, e9120021.

12 Z. Sun, Y. Hu, D. Zhou, M. Sun, S. Wang and W. Chen, ACS
Energy Lett., 2021, 6, 3992–4022.

13 R. I. Masel, Z. Liu, H. Yang, J. J. Kaczur, D. Carrillo, S. Ren,
D. Salvatore and C. P. Berlinguette, Nat. Nanotechnol.,
2021, 16, 118–128.

14 J. D. Goodpaster, A. T. Bell and M. Head-Gordon, J. Phys.
Chem. Lett., 2016, 7, 1471–1477.

15 R. Kortlever, J. Shen, K. J. P. Schouten, F. Calle-Vallejo and
M. T. M. Koper, J. Phys. Chem. Lett., 2015, 6, 4073–4082.

16 T. Zheng, K. Jiang and H. Wang, Adv. Mater., 2018, 30,
1802066.

17 J. H. Montoya, C. Shi, K. Chan and J. K. Nørskov, J. Phys.
Chem. Lett., 2015, 6, 2032–2037.

18 W. Ren, X. Tan, J. Qu, S. Li, J. Li, X. Liu, S. P. Ringer,
J. M. Cairney, K. Wang, S. C. Smith and C. Zhao, Nat.
Commun., 2021, 12, 1449.
316 | Chem. Sci., 2023, 14, 310–316
19 P. Li, J. Liu, J. Bi, Q. Zhu, T. Wu, J. Ma, F. Zhang, J. Jia and
B. Han, Green Chem., 2022, 24, 1439–1444.

20 C. Long, X. Li, J. Guo, Y. Shi, S. Liu and Z. Tang, Small
Methods, 2019, 3, 1800369.

21 S. K. Yichen Meng, H. Liu, Q. Fan, X. Ma and S. Zhang, Acta
Phys. Chim. Sin., 2021, 37, 2006034.

22 S. Nitopi, E. Bertheussen, S. B. Scott, X. Liu, A. K. Engstfeld,
S. Horch, B. Seger, I. E. L. Stephens, K. Chan, C. Hahn,
J. K. Nørskov, T. F. Jaramillo and I. Chorkendorff, Chem.
Rev., 2019, 119, 7610–7672.

23 Y. Li, D. Zhang, W. Qiao, H. Xiang, F. Besenbacher, Y. Li and
R. Su, Chem. Synth., 2022, 2, 9.

24 J. Carnis, A. R. Kshirsagar, L. Wu, M. Dupraz, S. Labat,
M. Texier, L. Favre, L. Gao, F. E. Oropeza, N. Gazit,
E. Almog, A. Campos, J.-S. Micha, E. J. M. Hensen,
S. J. Leake, T. U. Schülli, E. Rabkin, O. Thomas, R. Poloni,
J. P. Hofmann and M.-I. Richard, Nat. Commun., 2021, 12,
5385.

25 Y. Jia, K. Jiang, H. Wang and X. Yao, Chem, 2019, 5, 1371–
1397.

26 Q.Wang, Y. Lei, D. Wang and Y. Li, Energy Environ. Sci., 2019,
12, 1730–1750.

27 Y. Wang, P. Han, X. Lv, L. Zhang and G. Zheng, Joule, 2018, 2,
2551–2582.

28 Z. Gu, H. Shen, Z. Chen, Y. Yang, C. Yang, Y. Ji, Y. Wang,
C. Zhu, J. Liu, J. Li, T.-K. Sham, X. Xu and G. Zheng, Joule,
2021, 5, 429–440.

29 W. Quan, Y. Lin, Y. Luo and Y. Huang, Adv. Sci., 2021, 8,
2101597.

30 Y. Xue, Y. Guo, H. Cui and Z. Zhou, Small Methods, 2021, 5,
2100736.

31 C. Xiao and J. Zhang, ACS Nano, 2021, 15, 7975–8000.
32 L. Laffont, M. Wu, F. Chevallier, P. Poizot, M. Morcrette and

J.-M. Tarascon, Micron, 2006, 37, 459–464.
33 Z. Weng, Y. Wu, M. Wang, J. Jiang, K. Yang, S. Huo,

X.-F. Wang, Q. Ma, G. W. Brudvig, V. S. Batista, Y. Liang,
Z. Feng and H. Wang, Nat. Commun., 2018, 9, 415.

34 P. Li, J. Bi, J. Liu, Q. Zhu, C. Chen, X. Sun, J. Zhang and
B. Han, Nat. Commun., 2022, 13, 1965.

35 C. W. Li and M. W. Kanan, J. Am. Chem. Soc., 2012, 134,
7231–7234.

36 S. Gao, Y. Lin, X. Jiao, Y. Sun, Q. Luo, W. Zhang, D. Li, J. Yang
and Y. Xie, Nature, 2016, 529, 68–71.

37 Y. Wang, J. Liu and G. Zheng, Adv. Mater., 2021, 33, 2005798.
38 X. Chen, J. Chen, N. M. Alghoraibi, D. A. Henckel, R. Zhang,

U. O. Nwabara, K. E. Madsen, P. J. A. Kenis, S. C. Zimmerman
and A. A. Gewirth, Nat. Catal., 2021, 4, 20–27.

39 J. Gao, H. Zhang, X. Guo, J. Luo, S. M. Zakeeruddin, D. Ren
and M. Grätzel, J. Am. Chem. Soc., 2019, 141, 18704–18714.
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