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Electrocatalytic CO, reduction (ECR) is one of the most promising ways to mitigate CO, and fuel
production, and multicarbon products (C,;) with high chemical value attract lots of interest. Cu is
a unique electrocatalyst that can convert CO, to multicarbon products, but with limited selectivity and
activity. Here, aiming for a clear Cu® nanoparticle structure with a clear grain boundary, we report
a simple and effective method of Cu(OH),/basic copper sulphate compound material synthesis, which is
in situ reduced to Cu® nanoparticles with a clear grain boundary (GB) during the ECR process. The
Cu(OH),/basic copper sulphate-derived Cu nanoparticles show a high C,, faradaic efficiency (FE) of 81%
at —1.2 V vs. RHE, which surpasses that of state-of-the-art Cu-based catalysts evaluated in an H-type
cell. Extending the method to other basic copper salts (BCS), we successfully synthesized three other
Cu(OH),/BCS species (nitrate, carbonate and chloride), which were also converted to Cu® with a clear
grain boundary during ECR. DFT calculation results reveal that the GB sites could effectively decrease
the energy barrier of the reactant CO, adsorption and critical C—C coupling steps, which endows the

Received 17th September 2023
Accepted 16th November 2023

DOI: 10.1039/d3ta05628g

Published on 16 November 2023. Downloaded by Y unnan University on 8/24/2025 3:24:48 AM.

rsc.li/materials-a

Introduction

Following increased development of science and technology,
increasing emission of the greenhouse gas CO, has caused
a series of environmental problems." In satisfying the demand
for large amounts of industrial production, the substantial
consumption of fossil fuels exacerbates the difficulty in abating
the conflict between energy requirements and the environ-
ment.>* Electrocatalytic CO, reduction (ECR) is a promising
method to convert CO,, driven by intermittent renewable elec-
tricity under mild temperature and ambient pressure. The
products formed include CO, CH,, C,H,, HCOOH, C,H;OH,
and C3;H,OH.* Among these products, CO and HCOOH, ob-
tained during the ECR process by 2 electron transfer, are
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derived Cu electrocatalyst with high selectivity for C;H4 and C,, products.

relatively promising, and their faradaic efficiency could even
reach close to 100%.>7 Multicarbon products, such as C,H,,
C,H;0H and C3;H,OH, attract more attention because of their
higher energy density and chemical value.®* However, the
formation of multicarbon products (C,,) has always been
coupled with multi-electron transfer, intricate reaction path-
ways and high reaction barriers, which impedes systematic
research and further practical applications.*®

The cathodic catalyst is a primary factor in ECR perfor-
mance. Among metals, Cu is unique, and can catalyze the
reaction of CO, to form multi-electron products and multi-
carbon products, but unfortunately with a relatively low selec-
tivity and activity."* Consequently, modified Cu based catalysts
have been broadly researched, including studies of particle size
and morphology manipulation, tandem catalysis, valence
regulation, grain boundary construction, etc.”>™ Previous
research has found that the constructed grain boundary of Cu is
a key reason for enhanced ECR performance towards C,.
products.'®” However, the assessment of factors of enhanced
ECR performance in many reported Cu catalysts with grain
boundaries is often disrupted by other parameters, such as
different support materials and dynamic intermediate valence
states of Cu,'®" which have also proved to have an impact on
the ECR performance of Cu catalysts.”*? Hence, further
attempts are needed to construct a stable Cu® grain boundary
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via precursors with clear structures in order to gain greater
insight into the functionality of the Cu® grain boundary for high
selectivity of C,, production without possible underlying
disturbance.

Herein, in an effort to achieve a large amount of clear Cu
grain boundary, we successfully designed and synthesized
copper hydroxide/basic copper sulphate (denoted as Cu(OH),/
BCS-S) composite materials by a simple and effective hydro-
thermal method. We found that the Cu(OH),/BCS-S was in situ
reduced to Cu’ with a clear grain boundary during the ECR
process, which could effectively convert CO, into C,, products
and achieve impressive C,H, and C,, faradaic efficiencies of
65% and 81% at —1.2 V vs. RHE. DFT calculation indicates
easier CO, reactant adsorption and a reduced energy barrier of
C-C coupling on grain boundary sites, where the C-C coupling
is considered to be a key energy demanding path towards C,.
products. Based on this result, we then successfully synthesized
three other Cu(OH),/BCS species: Cu(OH),/basic copper nitrate,
Cu(OH),/basic copper carbonate and Cu(OH),/basic copper
chloride (denoted as Cu(OH),/BCS-N, Cu(OH),/BCS-Car and
Cu(OH),/BCS-Ch, respectively). The results show that these
compound materials were all reduced to Cu® nanoparticles with
clear grain boundaries and, as a result, also achieved compa-
rable faradaic efficiencies of C,H, and C,. products.

Results and discussion

The synthesis of Cu(OH),/BCS-S is achieved by means of alka-
lization of BCS-S. We first assessed the impact of the alkaliza-
tion of BCS-S using X-ray diffraction (XRD), and the morphology
using scanning electron microscopy (SEM). With an increase of
the applied amount of alkali, the crystalline phase was gradually
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Fig. 1 Structure and characterization of Cu-gas catalysts. (a) XRD
pattern of BCS manipulated with an increased amount of alkali. (b)
Dynamic Cu valence analysis using the in situ Cu LMM energy spec-
trum of Cu(OH)2/BCS-S. (c) Spherical aberration corrected trans-
mission electron microscopy (AC-TEM) analysis of Cu(OH),/BCS-S
before reduction. The different crystalline regions are separated by
yellow dashed lines for clear observation. (d) AC-TEM analysis of
Cu(OH),/BCS-S-derived Cu with the part in the red dashed box
showing the finer structure of the grain boundary (GB) formed after
reduction. All of the electroreduction processes were carried out at
—1.2Vvs. RHE in 1 M Kl saturated with CO, under ambient temperature
and pressure.
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converted from pure basic copper sulphate to Cu(OH),/BCS-S
compound materials (7 mmol NaOH), then to pure Cu(OH),
(more than 8 mmol NaOH) (Fig. 1a). It is worth noting that it
requires an accurate amount of NaOH (7 mmol) for the
successful synthesis of the Cu(OH),/BCS-S compound mate-
rials. The process of gradual alkalization of BCS-S also has an
impact on the morphology, which varies from original nano-
sheets with a diameter of 200-500 nm to nanowires with
a length of 0.5-2 um (Fig. S1 and S27).

Owing to the sensitivity of Cu species to O, in the air when
the reducing potential is applied, in situ characterizations are
essential for probing the active species and dynamic evolution
of Cu-based catalysts during ECR. Here, in situ X-ray photo-
electron spectroscopy (XPS) analysis was used to obtain quali-
tative information on the Cu valence (Fig. 1b, S3 and S47). The
in situ Cu LMM and 2p spectra show that the valence of Cu
species in the Cu(OH),/BCS-S was reduced from +2 to 0 within
the first 5 minutes at —1.2 V vs. RHE, and the Cu® of 0 valence
remained invariant after the first 5 minutes. This phenomenon
is common for many copper oxide species, as the practical
electrochemical environment during ECR is strongly
reductive.?2* In addition, we used the XRD of Cu(OH),/BCS-S at
different reduction times at —1.2 V vs. RHE to quantitatively
analyze the crystalline phases and valence states of the Cu
species (Fig. S51). The results show that the Cu(OH),/BCS-S was
completely transformed to Cu’ species within the first 5
minutes, and remained stable after 1 hour, which agrees well
with the in situ XPS analysis.

Subsequently, we applied spherical aberration corrected
transmission electron microscopy (AC-TEM) to gain greater
insight into the fine structure evolution of Cu(OH),/BCS-S
nanowires during ECR, and the results show that there are
many crystalline regions before reduction, which belong to
different crystal facets of the Cu(OH), and BCS-S species
(Fig. 1c). After the Cu(OH),/BCS-S nanowires were reduced for 5
minutes at —1.2 V vs. RHE during ECR, the Cu(OH),/BCS-S with
a nanowire morphology became Cu nanoribbons with large
amounts of clear grain boundaries (Fig. 1d and S67). These are
assembled from different Cu facets with prominent angles
between the facets. The clear grain boundary was proved to
supply a number of active sites for the ECR process, and is
beneficial to the kinetics of CO dimerization.?*>*

For the measurement of the ECR performance of the as-
synthesized materials discussed above, an H-type cell with two
compartments was applied, and KI was used as a catholyte to
promote charge transfer and improve selectivity to C,, products
by specific adsorption on the Cu surface.”*** We first measured
the ECR performance of BCS-S manipulated with different
amounts of alkali (Fig. S71). The Cu derived from these mate-
rials all shows low competing hydrogen evolution reaction
(HER) selectivity and the ECR products are mainly C,H,. When
the amount of alkali is increased, the faradaic efficiency of C,H,
first increases and then decreases, and when the amount of
alkali was 7 mmol, the Cu (Cu(OH),/BCS-S-derived Cu) delivered
peak faradaic efficiencies of C,H, and C,, of 65% and 85%. This
result could be a good indication that only when BCS-S and
Cu(OH), phases recombined adequately could the Cu derived

This journal is © The Royal Society of Chemistry 2023
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from them with a clear grain boundary achieve a great
improvement of selectivity towards C,H, and C,, products.

We then evaluated more comprehensive ECR performance of
Cu(OH),/BCS-S-derived Cu. By comparing linear sweep vol-
tammetry (LSV) activity in 1 M KI saturated with N, and CO,
(Fig. 2a), we can see a lower onset potential as well as a higher
current density under a CO, atmosphere, which indicates
a higher electrocatalytic activity towards ECR compared to HER.
Subsequently, we explored some test parameters, such as cata-
lyst loading, Nafion dosage and catholytes, to figure out the
optimized layout (Fig. S87). Fig. 2b shows the cathodic product
distribution at different overpotentials, and when the over-
potential is increased, the main product changes from CO to
C,H, (as high as 65%), then to H,. The catalytic behavior here is
common because C,H, production is a CO demanding process,
where CO is consumed in large amounts to accomplish the C-C
coupling step, and on the other hand, large overpotentials will
lead to accelerated HER kinetics.**?* As for the selectivity for
C,H, and C,, products, Fig. 2c shows that the Cu(OH),/BCS-S-
derived Cu could deliver an impressive faradaic efficiency of
C,H, and C,, of 65% and 81%, respectively, at —1.2 V vs. RHE
with a total current density of 30.2 mA cm™ 2. Moreover, the
stability test indicates good stability after continuous cathodic
polarization for 7 hours, where the current density is basically
steady and the faradaic efficiency of C,H, is also maintained at
more than 58.2% (Fig. 2d).

To stress the vital importance of the grain boundary in
Cu(OH),/BCS-S-derived Cu for high activity and selectivity of C,.
products, we comprehensively compared again the ECR perfor-
mance of Cu(OH),/BCS-S-derived Cu, BCS-S-derived Cu and
Cu(OH),-S-derived Cu, where the Cu(OH),-S was evolved from
BCS-S manipulated with excess alkali. These Cu based catalysts
with +2 valence of Cu will be easily reduced to Cu®, according to
many reports.>»*»?* Similarly, the overpotential-dependent
product distributions of BCS-S-derived Cu and Cu(OH),-S-
derived Cu show peak faradaic efficiencies of C,H, of 42% and
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Fig. 2 ECR performance of Cu(OH),/BCS-S-derived Cu. (a) Linear
sweep voltammetry (LSV) of Cu(OH),/BCS-S-derived Cu in 1 M Kl
catholyte saturated with N, or CO, at a scan rate of 5 mV st (b)
Cathodic product distribution at different potentials after an hour of
the ECR. (c) Faradaic efficiency of C,H4 and C,,. at different potentials
after an hour of ECR. (d) The stability test at —1.2 V vs. RHE. The layout
of all the ECR performance tests involves 1 M Kl catholyte saturated
with CO, under ambient temperature and pressure.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

46%, which are far lower than that of Cu(OH),/BCS-S-derived Cu
(65%) (Fig. S9 and S107). Also, LSV in 1 M KI saturated with CO,
shows a higher current activity towards ECR for Cu(OH),/BCS-S-
derived Cu. Furthermore, electrochemical impedance spectros-
copy (EIS) was employed to obtain further information on the
difference in electrochemical behavior of the three catalysts
(Fig. S117). The Nyquist plots of Cu(OH),/BCS-S-derived Cu show
a smaller hoop, which demonstrates a lower faradaic impedance
as well as faster kinetics of charge transfer. These results coin-
cide well with the enhanced activity and selectivity of Cu(OH),/
BCS-S-derived Cu towards C,, products compared to BCS-S-
derived Cu and Cu(OH),-S-derived Cu. In general, the diverse
electrochemical behavior of the three catalysts shows the
importance of the grain boundary in Cu(OH),/BCS-S-derived Cu
to promote C,, production during ECR.

To gain further insight into the mechanism by which the Cu
grain boundary in Cu(OH),/BCS-S-derived Cu leads to high
selectivity of C,, production, DFT calculations were employed.
The stable atomic structure of the £3 twin boundary model was
applied here as it represents the highest density of coincident
lattice sites at the GB plane, which includes convex grain
boundary sites (GB1) and concave grain boundary sites (GB2)
(Fig. 3a).'”** We first compared the adsorption energy of the CO,
reactant on GB1, GB2 and Cu(111), where Cu(111) was chosen
for comparison as it is the main contributor to the facets in the
Cu nanoparticles according to the XRD results shown above
(Fig. 3b). The results reveal that compared to the weak
adsorption of CO, on Cu(111) sites, the adsorption energy of
CO, decreased dramatically, even to negative values, on GB1
and GB2, which greatly promotes reactant adsorption on GB1
and GB2 and thus could promote the CO, reduction process.*”

In addition, Gong and coworkers recently proposed and
validated a possible rate limiting step for 2 e~ product (CO and
HCOOH) production, and found that the adsorption of CO,
should be the rate limiting step,®® thus the promoted adsorption
of CO, here is proposed to facilitate the production of the key
intermediate *CO, which is in great demand for C-C coupling to
form C,, products. On the other hand, as HER seems to be an
inevitable accompanying process in aqueous ECR, improved
adsorption action of the CO, reactant on the grain boundary
could suppress the competing HER to some extent due to the
site blocking effects.

Most mechanistic understanding of the reaction pathway of
C,. production agrees that C-C coupling is an essential step to
produce multi-carbon products.***° The surface coverage of *CO
should be much larger than that of *CHO or *COH, as CO is one
of the major products in ECR, which indicates that direct *CO
dimerization is more likely to occur than C-C coupling by *CO
and *CHO (or *COH).** Additionally, a large number of studies
indicate that the C-C coupling step forms a combination of two
adsorbed CO species, and is also the rate limiting step,"**>*
therefore the energy barrier of *COCO formation is an appro-
priate descriptor to embody the critical C-C coupling step.
According to our calculation, Fig. 3c illustrates that the energy
barrier of *CO-CO formation decreased a lot on GB1 and GB2,
which proves that a C-C coupling process was promoted for C,,
production when the grain boundary was present as active sites.

J. Mater. Chem. A, 2023, 11, 26481-26487 | 26483
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Fig. 3 DFT calculation of the Cu grain boundary. (a) Side and top view of two types of constructed Cu grain boundary: convex grain boundary
sites (GB1) and concave grain boundary sites (GB2), which are shown by the light brown color. (b) Calculated adsorption of CO, on GB1, GB2 and
Cu(111) facets. (c) Calculated energy barriers for the coupling of adsorbed CO on GB1, GB2 and Cu(111) facets. (d) Free energy of different
adsorbed intermediates during CO; reduction to form *COCO on GB1, GB2 and Cu(111). (e) The evolution of the optimized adsorption structures

for each reaction coordinate on GB1 and GB2.

As for the overall reaction coordinate of CO, reduction to
form the critical *CO-CO intermediate, according to a large
number of previous reports,*** we adapted the reaction
pathway as follows:

COx(g) + * — *CO, (1)
*CO, + H + ¢~ — *COOH )
*COOH + H" + e~ — *CO (3)

2%CO — *COCO (4)

The free energies of each reaction coordinate are presented
in Fig. 3d. We noticed that C-C coupling is a highly energy
demanding step, which is however promoted a lot on grain
boundary sites compared to Cu(111) sites. The dynamic opti-
mized structure evolution of the involved reaction coordinates
on the grain boundary and Cu(111) is shown in Fig. 3e and S12.}
In summary, our calculation results suggest that compared to
Cu(111) sites, the grain boundary sites here could promote CO,
reactant adsorption, and are beneficial for the production of the
key intermediate *CO, which is needed to satisfy the
consumption requirements of the C-C coupling step. A
decreased energy barrier for the critical C-C coupling step on
grain boundary sites helps further to form desired C,, products.
The calculation results agree well with the high selectivity of C,,
products catalyzed by Cu(OH),/BCS-S-derived Cu with a clear
grain boundary.

To explore the universality of the in situ construction of grain
boundaries in Cu(OH),/BCS-S-derived Cu, we extended the
method to other basic copper salts (nitrite, carbonate and
chloride). Similarly, by gradual alkalization of three BCS
precursors (Fig. S13-5151), we found that the crystalline phase
evolved from the pure BCS phase to Cu(OH),/BCS compound
materials, then to the pure Cu(OH), phase, where the optimal

26484 | J Mater. Chem. A, 2023, 11, 26481-26487

NaOH amounts required for the synthesis of Cu(OH),/BCS-N,
Cu(OH),/BCS-Car and Cu(OH),/BCS-Ch compound materials
are 1 mmol, 5 mmol and 1 mmol, respectively.

The difference between the four Cu(OH),/BCS compound
materials lies first in their morphologies (Fig. S16t), which
include nanowires for Cu(OH),/BCS-S, nanowire assembled
nanoparticles for Cu(OH),/BCS-N, long and straight nanowires
for Cu(OH),/BCS-Car, and randomly oriented nanowires for
Cu(OH),/BCS-Ch. To explore whether the in situ construction of
grain boundaries is universal for the four Cu(OH),/BCS species,
the four catalysts were cathodic polarized for 5 minutes, and the
resulting fine structures are shown in Fig. 4a, which indicates
the clear grain boundaries in the four Cu(OH),/BCS-derived Cu
species. The results proved well the universality of in situ grain
boundary construction from Cu(OH),/BCS compound mate-
rials. Moreover, we further analysed the specific construction of
the as-formed Cu® grain boundary in the Cu(OH),/BCS-derived
Cu, which shows the typical Cu [n(200) x (111)] step sites
(Fig. S20f). Owing to the specific edge defect structure, it's
widely believed that the grain boundary (Cu [n(200) x (111)]
step sites) is preponderant for facilitating the key C-C coupling
process, thus leading to promoted C,, product formation.***

The ECR performances of the Cu(OH),/BCS-N-derived Cu,
Cu(OH),/BCS-Car-derived Cu and Cu(OH),/BCS-Ch-derived Cu
are similar to that of the Cu(OH),/BCS-S-derived Cu (Fig. S17-
S197), for which the major product is also C,H,. Only when the
amount of alkali used to form Cu(OH),/BCS compound mate-
rials was moderate was the resulting ECR performance towards
C,H, products improved to 62.5%, 63.2% and 65.6% for
Cu(OH),/BCS-N-derived Cu (at —1.3 V vs. RHE), Cu(OH),/BCS-
Car-derived Cu (at —1.3 V vs. RHE) and Cu(OH),/BCS-Ch-
derived Cu (at —1.2 V vs. RHE), respectively. By comparison,
the three Cu species derived from the BCS precursors (BCS-N,
BCS-Car and BCS-Ch) show relatively low C,H, faradaic effi-
ciencies of 46.2%, 33.5% and 30.4%, respectively. The Cu

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 The grain boundaries in the four Cu(OH),/BCS-derived Cu species and their corresponding ECR performance towards C,, products. (a)
AC-TEM for the in situ constructed grain boundaries in the four Cu(OH),/BCS-derived Cu species, which are formed after in situ ECR for 5
minutes. (b) The faradaic efficiency of C,,, C; and H, of the four Cu(OH),/BCS-derived Cu species after an hour of ECR at their optimal potentials.
(c) Comparison of the selectivity and activity for C,, products exhibited by our catalysts with some other Cu based catalysts previously reported.

derived from the Cu(OH), (Cu(OH), is formed by using excess
alkali with BCS-N, BCS-Car and BCS-Ch) also shows relatively
low C,H, faradaic efficiencies of 48.2%, 48.9% and 49.2%,
respectively. Similar to Cu(OH),/BCS-S, these comparative
results stress again the critical impact of the grain boundaries
in Cu(OH),/BCS-derived Cu on the improved selectivity towards
C,H, production.

As for the desired C,. products of the four Cu(OH),/BCS-
derived Cu, Fig. 4b shows that the optimal C,, product selectiv-
ities could reach as high as 81.3%, 72%, 69.6% and 73.9% (with
suppressed low selectivities for H, of 6.7%, 17.6%, 13.7% and
16.1%) for Cu(OH),/BCS-S-derived Cu, Cu(OH),/BCS-N-derived
Cu, Cu(OH),/BCS-Car-derived Cu and Cu(OH),/BCS-Ch-derived
Cu, respectively. The slight difference in the ECR performance
for Cu(OH),/BCS-S derived Cu may be because of the greater
uniformity of its compound precursors. Compared with the other
BCS species, a larger ionic radius of the sulfate radical leads to
a lower hydration enthalpy and solubility of BCS-S,** which may
result in a greater uniformity of Cu(OH),/BCS-S during the
gradual conversion of BCS-S to Cu(OH),, as well as more grain
boundary formation during the reduction of Cu(OH),/BCS-S to
Cu®. According to our analysis, the superb ECR performance
towards C,. production comes from in situ constructed grain
boundaries to a great extent, and to the best of our knowledge,
this performance is better than that of state-of-the-art Cu-based
catalysts evaluated in H-type cells as Fig. 4c and Table S2t show.

Conclusion

In summary, we have successfully synthesized Cu(OH),/BCS-S
compound materials by gradually applying alkali to the BCS-S
precursor. The synthesized Cu(OH),/BCS-S is in situ reduced to
a clear Cu® nanoparticle structure, with clear grain boundaries,
which exhibited excellent ECR performance for C,H, and C,.

This journal is © The Royal Society of Chemistry 2023

production. The peak faradaic efficiencies of C,H, and C,. on the
Cu(OH),/BCS-S-derived Cu could reach 65% and 81%, respec-
tively, with a current density of 30.2 mA cm . This performance
exceeds that of state-of-the-art catalysts evaluated in an H-type
cell. Upon extension to three other BCS species (BCS-N, BCS-
Car and BCS-Ch), we successfully synthesized three other
Cu(OH),/BCS compounds, and observed again the in situ
formation of three Cu(OH),/BCS-derived Cu® species with clear
grain boundaries, which also delivered high faradaic efficiencies
of C,H, and C,., products (62.5% and 72% for Cu(OH),/BCS-N-
derived Cu; 63.2% and 69.6% for Cu(OH),/BCS-Car-derived Cu;
65.6% and 73.9% for Cu(OH),/BCS-Ch-derived Cu). DFT calcu-
lation revealed a lower energy demand for initial CO, adsorption
and the coupling of two *CO species on grain boundary sites,
which enabled the promoted formation of key *CO intermedi-
ates and facilitated C-C coupling towards C,, formation,
respectively. Our research presents a novel and simple method
for a large amount of clear grain boundary construction and
promoted ECR performance for C,H, and C,; production.
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