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As important catalysts for C–C coupling, copper-based materials have great potential for electrocatalytic reduction of CO2 to C2+

products. In this work, Cu2O catalysts modified with different lanthanide hydroxides were successfully synthesized and used for
CO2 electroreduction. The results showed that compared with Cu2O/Gd(OH)3 and Cu2O/Yb(OH)3 catalysts, Cu2O/La(OH)3
exhibited the highest electrocatalytic performance for CO2 reduction. This catalyst was able to maintain a high Faraday
efficiency for C2+ products (FE C2+

) of about 60% within the current density range of 400–800 mA cm−2. The highest FE C2+
reached 66% at 600 mA cm−2 and the partial current density for C2+ products reached a maximum of 488 mA cm−2. Meanwhile,
the catalyst could run stably for 40 h with a remained FE C2+

of about 60%. Multiple characterizations reveal that the introduction
of La(OH)3 promotes the formation of *CO intermediates, and also helps to stabilize the Cu(I) species in Cu2O under cathodic
potentials, thus facilitating the C–C coupling for C2+ production. This work provides a new strategy to enhance the C2+

production via stabilizing Cu(I).
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1 Introduction

Energy security and global sustainable development have
received broader attention with the increased energy con-
sumption and climate change [1–3]. Excessive CO2 con-
centration is one of the main causes of the greenhouse effect
that leads to global warming, glacier melting and sea level
rise [4–7]. In order to solve these problems, it is necessary to
find a reliable and sustainable technology to convert CO2

into useful compounds under mild conditions. At the current
stage, a number of technologies have been used for the CO2

conversion, including thermochemical [8–10], photo-

chemical [11–13], and electrochemical [14–17] routes.
Concerns about increasing CO2 emissions and the demand
for carbon-containing feedstocks have accelerated the de-
velopment of various CO2 conversion technologies [18–22].
The electrocatalytic CO2 reduction (eCO2RR) has good op-
erability and practicability, and has a broad application
prospect in the future CO2 catalytic conversion [23,24].
Through electroreduction, CO2 can be converted into valu-
able compounds including carbon monoxide, formic acid,
methanol, ethylene and ethanol [25], all of which are com-
mercially profitable.
Among these products, multicarbon (C2+) products

through the eCO2RR process have received extensive at-
tention from both academia and industry, as it is considered a
promising strategy in terms of technological feasibility and
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economics [26–29]. Cu-based catalysts have shown pro-
mising results for the C2+ production in the CO2 electro-
reduction process [30–32]. For example, Gao et al. [33]
reported a high ethylene Faraday efficiency (FE) of 72% at
500 mA cm−2 through a crystal facet engineering. Especially,
Cu(I) species (as in Cu2O) have been considered as an im-
portant active site for C–C coupling, which not only en-
hances *CO adsorption and promotes the C–C coupling, but
also stabilizes C2+ intermediates [34]. However, owing to its
instability, Cu(I) can be easily reduced to Cu(0), resulting in
rapid deactivation of the catalyst.
Lanthanide (Ln) elements have attracted particular atten-

tion as the catalyst dopants [35–38]. The incorporation of Ln
elements into Cu-based catalysts helps to adjust the elec-
tronic structure of Cu, which can alter the electron dis-
tribution of neighboring atoms [39]. On the one hand, the
wave functions of the 4f and 5d orbitals of Ln elements can
overlap and hybridize, thus facilitating interactions with the
valence band [40]. On the other hand, coupling with Ln
elements delocalizes the 4f electrons and promotes covalent
interactions with adsorbed intermediates [41]. In addition,
Ln elements can elevate the alkalinity of Cu metal catalysts
and strengthen the adsorption of CO2 on the catalyst surface
[42]. For example, He et al. [43] prepared a series of Nd-
doped CuO catalysts using a hydrothermal method and the
obtained Cu2NdOx catalyst shows a FE for C2H4 as high as
54.4% under a current density of 28.4 mA cm−2 in an H-type
cell. The introduction of Nd could help the facile formation
of *CO intermediate on the Cu(I) sites, and therefore the
generated *CO is further coupled to yield C2H4 product.
However, the measured current densities are relatively low
(> 50 mA cm−2).
In this work, Cu2O catalysts modified with different lan-

thanide hydroxides were synthesized, and the results de-
monstrated that Cu2O modified with La(OH)3 has a higher
ability to catalyze eCO2RR. Its FE C2 +

reached 66% at a
current density of 600 mA cm−2. Stability test was carried
out at a current density of 400 mA cm−2, and the FE C2 +

was
retained at about 60% during 40 h operation. Multiple
characterizations revealed that the introduction of La(OH)3
into Cu2O not only promotes the generation of *CO inter-
mediates, but also helps to stabilize the Cu(I) species in Cu2O
during the electrolysis, which plays a key role in C–C
coupling for C2+ production.

2 Experimental

2.1 Chemicals

Cuprous chloride (CuCl, 99.95%), potassium hydroxide
(KOH, 99.99%), lanthanum chloride heptahydrate (LaCl3·
7H2O, 99.9%), gadolinium chloride hexahydrate (GdCl3·

6H2O, 99.9%) and ytterbium chloride hexahydrate (YbCl3·
6H2O, 99.9%) were purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. Hydrochloric acid (HCl,
36.0%–38.0%) was obtained from Sinopharm Chemical
Reagent Co., Ltd. Deuterated water was purchased from
Adamas Reagent Co., Ltd, and dimethyl sulfoxide was
purchased from Aladdin Biotechnology Co., Ltd. Nafion
117 solution (5%) was purchased from Sigma-Aldrich.
Carbon dioxide (CO2, ≥ 99.999%) was purchased
from Tianjin Huanyu Gas Co., Ltd. All chemicals are used
directly without any purification treatment unless otherwise
noted.

2.2 Catalyst preparation

Firstly, 0.5 mmol of LaCl3·7H2O was dissolved in ethanol to
form 0.1 mM ethanol solution of LaCl3, then 1 mmol of
CuCl was dissolved in HCl to form HCuCl2 solution, and
2 mmol of KOH was dissolved in water to form 2 M KOH
aqueous solution. The ethanol solution of LaCl3 was added to
the HCuCl2 solution, heated at 35 °C for 10 min in a water
bath, and then co-precipitated by adding KOH solution. The
resulting mixture was centrifuged and dried to produce the
Cu2O/La(OH)3 with a Cu/La molar ratio of 2/1 (denoted as
Cu2La1 catalyst). Catalysts with other Cu2O/La(OH)3 ratios
were synthesized by the same method through the addition of
1.5, 0.5, and 0.25 mmoL of CuCl to obtain Cu3La1, Cu1La1,
and Cu1La2 catalysts, respectively.
The preparation of Cu2O and La(OH)3 control samples is

similar to Cu2La1 but without adding the La-based and
Cu-based precursors, respectively. The preparation of Cu2O/
Gd(OH)3 and Cu2O/Yb(OH)3 is similar to Cu2La1 catalyst,
except using GdCl3·6H2O and YbCl3·7H2O to replace
LaCl3·6H2O, respectively.

2.3 Material characterizations

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku SmartLab 9 kW (λ= 1.5418 A) instrument equipped
with Cu-Kα radiation. Scanning electron microscope (SEM)
images were taken on an FEI Verios 460 L scanning electron
microscope. Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) images were obtained from
a FEI Talos F200X microscope. X-ray photoelectron spec-
troscopy (XPS) was recorded on an ESCALAB 250xi
spectrometer (Thermo Scientific) with Al Kα as the excita-
tion source. In-situ attenuated total reflection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS)
was obtained from an FTIR spectrometer (Nicolet iS50,
Thermo Scientific) equipped with an MCT-A detector. This
measurement was performed in a custom-made three-elec-
trode cell using an Au film as the working electrode, an
Ag/AgCl as the reference electrode, and a platinum wire as
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the counter electrode.

2.4 Electrocatalytic CO2 reduction

The prepared catalyst was mixed with Nafion solution
(5 wt%) and then dispersed by ultrasonication for 10 min to
coat on commercial carbon paper (Toray, YLS-30T) with a
catalyst loading of 1.5 mg cm−2. The electrochemical mea-
surements were performed at room temperature. The eCO2

RR experiments were carried out using a flow cell with
cathode and anode separated by the anion exchange mem-
brane, Ag/AgCl (saturated KCl) as the reference electrode,
and iridium oxide coated on platinum-coated titanium felt as
the counter electrode. The cathode and anode chambers were
injected with 1 M KOH solution electrolyte with a flow rate
of 20 mL min−1. The gas chamber was fed with pure CO2 gas
with a flow rate of 50 standard cubic centimeters per minute
(sccm). The eCO2RR performance was carried out at a
constant current density using a CHI 1140c electrochemical
workstation. In the experiments, all potentials were con-
verted to the RHE reference scale using the formula (ERHE =
EAg/AgCl + 0.0591 × pH + 0.198) and compensated with so-
lution resistance.

2.5 Gas-phase and liquid-phase products analysis

The gas-phase products after eCO2RR were analyzed using a
Shimadzu GC-2014 gas chromatograph, which was equip-
ped with a TCD and FID detector with argon as the carrier
gas. The liquid-phase products after eCO2RR were analyzed
using an AVANCE III HD 400 MHz nuclear magnetic re-
sonance spectrometer, and 1 μL of DMSO was dissolved in
2 mL of D2O to prepare the NMR internal standard, and its
1H NMR spectrum was measured. The product FEs were
calculated as follows:

FE = z × F × n/Q

where z is the electron transfer number, F is the Faraday
constant (96485 C mol−1), and n is the amount of product in
moles, and Q is the total charge during electrolysis.

2.6 Computational details

All the first-principles calculations were carried out based on
the Vienna ab initio simulation package (VASP) [44,45]. The
density functional theory (DFT) was applied with the gen-
eralized gradient approximation (GGA). The Perdew-Burke-
Ernzerh (PBE) [46] was adopted for the exchange-correla-
tion functional. And the projected augmented wave (PAW)
method [47] was used to describe the electron-ion interac-
tion. The electron wave functions were expanded by a plane
wave basis set with an energy cutoff of 400 eV. A 3 × 2
supercell slab consisting of 108 atoms was used in this study

to represent the Cu2O surface. During the calculations, the
top layers were fully optimized and the bottom two layers
were frozen. The van der Waals interactions were dealt with
the DFT-D3 method with Becke-Jonson damping [48].

3 Results and discussion

3.1 Preparation and characterization of catalysts

The catalyst of Cu2O/La(OH)3 with an initial Cu/La feed
ratio of 2/1 (denoted as Cu2La1) was synthesized through a
simple co-precipitation method. TEM and SEM images
(Figure 1a and Figure S1, Supporting Information online)
showed that the Cu2La1 catalyst has a nanoparticle mor-
phology. From the HRTEM image (Figure 1b) of Cu2La1, we
could find fringes with lattice spacing of 0.246 and
0.188 nm, corresponding to the (111) crystal plane of Cu2O
and the (300) crystal plane of La(OH)3, respectively. The red
dashed line in Figure 1b highlights the interface between La
(OH)3 and Cu2O phases. The EDS elemental mappings of
Cu2La1 (Figure 1c–f) further reveal the interlaced spatial
distribution of Cu, La, and O elements.
The Cu2O/La(OH)3 catalysts with other Cu/La molar ratios

of 3/1, 1/1, and 1/2 (denoted as Cu3La1, Cu1La1, and Cu1La2,
respectively) were also prepared (Table S1, Supporting In-
formation online). They exhibited similar morphologies to
the Cu2La1 catalyst from the SEM images (Figure S2). In
addition, we prepared Cu2O/Gd(OH)3 and Cu2O/Yb(OH)3
catalysts (denoted as Cu2Gd1 and Cu2Yb1, respectively) for
comparison (Table S2). The corresponding electron micro-
scopy characterizations also revealed the prominent Cu2O
and Ln(OH)3 interfaces for these two catalysts (Figures S3
and S4).
Figure 2a shows the XRD patterns for the Cu2O/La(OH)3

catalysts with different Cu/La ratios, which exhibit the strong
diffraction peaks from Cu2O, along with the minor peaks
from La(OH)3. With the increased Cu contents from Cu1La2
to Cu3La1, the peaks from Cu2O are gradually increased. The
XRD patterns for Cu2Gd1 and Cu2Yb1 gave similar diffrac-
tion peaks with Cu2La1 (Figure 2b), indicating the successful
preparation of a series of Cu2O/Ln(OH)3 catalysts through a
general co-precipitation method. In addition, the XRD pat-
terns of Cu2O and La(OH)3 control samples were also well
indexed (Figure S5).
We further performed X-ray photoelectron spectroscopy

(XPS) to investigate the electronic structure and composition
of the catalysts (Figure 2c). The high-resolution Cu 2p and
La 3d XPS spectra were compared for Cu2La1, La(OH)3, and
Cu2O samples (Figure 2d, e). The Cu 2p3/2 region could be
well deconvoluted into two peaks, corresponding to Cu+/0

chemical state at 932.5 eV and Cu2+ chemical state at
934.3 eV (Figure 2d) [49,50]. Compared with Cu2O, Cu2La1
catalyst had a lower area ratio of Cu2+/Cu+/0, indicating a
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lower Cu valence state in the Cu2La1 catalyst (Figure 2f).
Meanwhile, the deconvoluted La 3d5/2 XPS spectra showed
that the La4+/La3+ area ratio of 0.98/1 for Cu2La1 is higher
than that of 0.86/1 for La(OH)3 (Figure 2e, f), which means

the increased La valence state in the Cu2La1 catalyst. The
above results revealed that there is a prominent electron
transfer from La(OH)3 to Cu2O after the formation of Cu2O/
La(OH)3 interfaces in the Cu2La1 catalyst.

Figure 2 (Color online) (a) XRD patterns of Cu2O/La(OH)3 catalysts with different Cu/La ratios. (b) XRD patterns of Cu2Gd1 and Cu2Yb1 catalysts. (c) The
XPS survey spectra of Cu2La1, La(OH)3, and Cu2O samples. (d) The high-resolution Cu 2p XPS spectra of Cu2La1 and Cu2O samples. (e) The high-resolution
La 3d XPS spectra of Cu2La1 and La(OH)3 samples. (f) The peak area ratios of Cu

2+/Cu+/0 and La4+/La3+ for different samples.

Figure 1 (Color online) (a) TEM image, (b) HRTEM image, and (c–f) EDS elemental mappings of the Cu2La1 catalyst.
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3.2 Performance study of eCO2RR

The eCO2RR performance of Cu2La1, Cu2Gd1, and Cu2Yb1
catalysts was then assessed via chronopotentiometry (CP) in
a flow cell, and the FEs for different products at varying
current densities (j) are summarized in Figure 3a–c. It is
worth noting that C2H4 dominates in the C2+ products. The
results showed that the Cu2La1 catalyst had a FE C2 +

above
60% over the current density range of 400–800 mA cm−2,
and reached a maximum FE C2 +

of 66% at 600 mA cm−2

(Figure 3a). For comparison, the Cu2Gd1 and Cu2Yb1 cata-
lysts only achieved FE C2 +

of 54% and 38% at 600 mA cm−2,
respectively (Figure 3b, c and Figure S6). The summary of
C2+ partial current density ( jC2 +

) in Figure 3d showed that the
Cu2La1 catalyst can obtain a maximum jC2 +

of 488 mA cm−2,
which is 1.5 and 1.9 times higher than those of Cu2Gd1 and
Cu2Yb1 catalysts, respectively.
We further tested the eCO2RR activities for other control

samples, including Cu2O, La(OH)3, and the physical mixture
of Cu2O+La(OH)3 (Figure S7). For the La(OH)3 sample, it
could not generate any C2+ products. The Cu2O and Cu2O +
La(OH)3 samples can deliver the maximum jC2 +

of 155 and
214 mA cm−2, respectively. Nevertheless, both of them are
obviously lower than that for the Cu2La1 catalyst, indicating
the prominent advantages of the Cu2La1 catalyst. We also

optimized the eCO2RR activities for Cu2O/La(OH)3 catalysts
with different Cu/La ratios and found the Cu2La1 catalyst
with a Cu/La molar ratio of 2/1 had the highest C2+ FE and
partial current density (Figure 3a and Figure S8). These re-
sults indicate that too high a Cu/La ratio (as in Cu3La1) will
lead to the reduced Cu2O/La(OH)3 interface, and too low a
Cu/La ratio (as in Cu1La2) will lead to the reduced Cu2O
active sites, which both cause the decreased eCO2RR activ-
ity. Only with a proper Cu/La ratio (as in Cu2La1) would it
display the optimized performance for C2+ production. In
terms of the FE C2 +

and jC2 +
, the Cu2La1 catalyst represents

one of the best Cu-based catalysts for eCO2RR-to-C2+

conversion (Table S3).
We further performed the cyclic voltammetry (CV) tests

within the non-Faradaic potential intervals to determine the
electrochemically active surface area (ECSA, Figures S9 and
S10). The double-layer capacitance of these catalysts was
calculated by fitting to obtain their ECSA values, which re-
vealed that the Cu2La1 catalyst gave the highest ECSA, in-
dicating that it could provide more active sites. Furthermore,
the electrochemical impedance spectroscopy (EIS) test in-
dicated that the Cu2La1 catalyst had the smallest charge
transfer resistance of ~2 ohm (Figure S11), implying a fast
charge transfer process.
The stability of the catalyst is a key factor to evaluate the

eCO2RR performance. In a flow cell with 1 M KOH as

Figure 3 (Color online) The eCO2RR performance for the Cu2La1, Cu2Gd1, and Cu2Yb1 catalysts in a flow cell. (a) FEs for various products of Cu2La1
catalyst. (b) FEs for various products of Cu2Gd1 catalyst. (c) FEs for various products of Cu2Yb1 catalyst. (d) jC2+

of the Cu2La1, Cu2Gd1 and Cu2Yb1 catalysts
at different current densities. (e) Stability test of Cu2La1 at a current density of 400 mA cm−2 in a flow cell.
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electrolyte, the Cu2La1 catalyst was subjected to CP test at a
current density of 400 mA cm−2. After electrolysis for about
40 h, FE C2 +

still remained around 60% (Figure 3e). Post-
mortem characterizations showed that Cu2La1 catalyst kept
the good structural stability (Figure S12), indicating the
significant stability for Cu2La1 catalyst at the high current
density of 400 mA cm−2. In strong contrast, Cu2O catalyst
lost its activity after only 4 h (Figure S13). The superior
stability of Cu2La1 is inferred to originate from the stabili-
zation of Cu(I) by La(OH)3.

3.3 Mechanistic studies

We first conducted DFT studies to uncover the electronic
structures for different Cu2O/Ln(OH)3 samples. The com-
puted Bader charge between Cu2O and Ln(OH)3 revealed
that all lanthanide hydroxides are the electron donors with
the electrons transferred from lanthanide hydroxide to Cu2O
(Figure 4). For example, La(OH)3 in Cu2La1 transfers 0.38
electrons to Cu2O (Figure 4a), resulting in more electrons
around the Cu site, thereby promoting CO2 adsorption and
activation of *CO intermediates. For Cu2Gd1 and Cu2Yb1
samples (Figure 4b, c), the transferred electrons to Cu2O are
0.32 and 0.31, respectively, which are lower than for the
Cu2La1 catalyst. These results suggest the limited CO2

activation on Cu2Gd1 and Cu2Yb1, which might result in
the decreased eCO2RR activity as discussed above
(Figure 3a–d).
In order to further investigate the mechanism of Cu2La1,

Cu2Gd1, and Cu2Yb1 catalysts for eCO2RR, in situ
ATR-SEIRAS was conducted to probe the adsorption beha-
viors of various key intermediates during the reaction pro-
cess (Figure 5a). The band at ~2050 cm−1 assigned to *CO,
has been known as an important intermediate for the for-
mation of C2+ products [51,52]. The Cu2La1 exhibited a
stronger *CO adsorption band than that for Cu2Gd1 and
Cu2Yb1 catalysts (Figure S14), suggesting that larger
amounts of *CO intermediates were generated on Cu2La1. In
addition, the *OCCOH band at 1185 cm−1 as a key C2+ in-
termediate through C–C coupling was obviously observed on

Cu2La1 [53,54], suggesting that Cu2La1 could favor the fast
CO dimerization process for the generation of C2+ products,
consistent with the above excellent eCO2RR activity. How-
ever, Cu2Gd1 and Cu2Yb1 catalysts produce fewer *CO in-
termediates than the Cu2La1 catalyst does, and as the current
density increases, there are not enough *CO intermediates
for C–C coupling, resulting in lower FE values for C2+

products.
The first step in eCO2RR is the activation of CO2, which

then reduces CO2 into *CO intermediate for the subsequent
C–C coupling. Therefore, the difference in CO2 adsorption
capacity plays an important role in the electrocatalytic ability
of CO2RR to generate C2+ products. As shown in the
CO2 temperature-programmed desorption (TPD) curves
(Figure 5b) and the CO2 adsorption integral values (Figure
S15), Cu2La1 has the highest capacity for CO2 adsorption,
followed by Cu2Gd1, and Cu2Yb1 has the smallest capacity.
We further found that La(OH)3 could help to stabilize

Cu(I) in Cu2La1 catalyst and the presence of Cu(I) in the
catalyst plays a crucial role in promoting the generation of
C2+ products. The X-ray absorption near-edge structure
(XANES) result shows that the Cu valence state in the
Cu2La1 catalyst is located between Cu(I) and Cu(II)
(Figure 5c), which is consistent with the XPS results. After
the eCO2RR electrolysis at a current density of
400 mA cm−2, the Cu valence state in the Cu2La1 catalyst
slightly decreased, and it is almost identical to that for Cu2O
(Figure 5d), which indicates that the Cu2O has not been
completely reduced to Cu(0) after the electroreduction. It is
well consistent with Cu Auger spectra of Cu2La1 catalyst
before and after eCO2RR tests (Figure S16). However, the
Cu valence state in the Cu2Gd1 catalyst was significantly
decreased to Cu(0) after eCO2RR (Figure 5e, f). This in-
dicates that the Cu(I) species in Cu2Gd1 cannot remain stable
and would be almost completely reduced to Cu(0), which
may be the key factor leading to its inferior eCO2RR activity.
For the Cu2Yb1 catalyst, the Yb L3-edge strongly overlaps
with the Cu K-edge (Figure S17), and thus it is unable to
detect the changes of Cu valence state for this catalyst. In
addition, the cyclic voltammetry (CV) tests gave the most

Figure 4 (Color online) The difference charge density and Bader charge map analysis for (a) Cu2La1, (b) Cu2Gd1, and (c) Cu2Yb1. The structure models in
the top and bottom represent lanthanide hydroxide and Cu2O, respectively.
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negative reduction potential for Cu2La1 catalyst (Figure
S18), further confirming that Cu2O in the Cu2La1 catalyst
could not be easily reduced and is more likely to maintain the
valence state of Cu(I) during electrolysis.

4 Conclusions

In summary, we synthesized a series of Cu2O catalysts
modified with different lanthanide hydroxides for the effi-
cient eCO2RR conversion to C2+ products. The Cu2La1 cat-
alyst can maintain approximately 60% FE C2 +

over the
current density range of 400–800 mA cm−2 in a flow cell,
much better than Cu2Gd1 and Cu2Yb1 catalysts. La(OH)3 was
found capable of helping to retain the stability of Cu(I) in
Cu2O, allowing the catalyst to keep its catalytic activity for
40 h. In-situ spectroscopic tests reveal that the introduction
of La(OH)3 could promote the generation of *CO inter-
mediates, which further form *OCCOH via C–C coupling,
thereby improving the FE C2 +

for eCO2RR. This study pro-
vides a new strategy for improving C2+ production via
eCO2RR over Cu-based catalysts.
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