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Abstract: Carbon monoxide (CO) is well recognized as one of the key intermediates for carbon 

dioxide (CO2) electrolytic reduction to C2+ products, which has been a hot research field 

recently. Developing an efficient catalyst that focuses on achieving C-C coupling is highly 

important for the production of C2+ products. In the present work, we present a feasible 

approach via the combination of electrostatic assembly and the hydrothermal method of 

coupling silicon polyanions and copper salts to build an amorphous copper hybrid material 
wrapped in carbon-silica, denoted as CuO@C-SiO2-X (where X means preparation 

temperature), as an efficient electrocatalyst for carbon monoxide reduction mainly to liquid C2+ 

products. The CuO@C-SiO2-X catalyst demonstrated excellent electrocatalytic activity and 

selectivity, especially to C2+ liquid products with the highest Faradaic efficiency of 81.5%. 

Additionally, the catalyst showed good stability. The presence of carbon enhanced electronic 

conductivity, and the silica protected the amorphous CuO from aggregation into crystalline 

structures. The present work not only provides an efficient catalyst for CO electrocatalytic 

reduction to liquid C2+ chemicals but also offers a protocol for building Cu-based catalysts with 

high selectivity to C2+ products in CO reduction. 
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1. Introduction 

Electrochemical reduction of carbon dioxide (CO2) to produce valuable 
chemicals and fuels is a promising avenue for mitigating CO2 emissions and utilizing 
renewable energy sources. This process has the potential to convert CO2 into high-
value-added products, thereby helping to address climate change and contribute to a 
more sustainable energy economy [1]. Among the produced chemicals, C2+ products 
with higher energy density and more value compared with those of C1 products, such 
as methane (CH4), carbon monoxide (CO), etc., have attracted much attention during 
the last decade. However, the formation of C2+ products involves the reduction of 
carbon dioxide and the processes of the coupling of C-C, which are difficult to realize. 
To enhance the efficiency of CO2 reduction reactions (CO2RR) for the production of 
high-value multi-carbon products, significant advancements have been made in 
designing efficient catalysts, suitable electrolytes, and electrochemical set-ups, etc., to 
enhance the catalytic activity, electrical conductivity, mass transfer, and gas 
adsorption, etc. [2–6]. However, one main focus is on developing efficient catalysts to 
achieve CO2 reduction and C-C coupling. 
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Generally, it is well known that the formation of C2+ products of electrocatalytic 
CO2 reduction processes involves a CO intermediate. CO itself is an abundant and 
cost-effective C1 resource in industries [7,8]. Developing efficient catalytic systems 
for the CO electrochemical conversion into C2+ products is highly important both in 
CO2 electrochemical reduction (CO2ER) and CO electrochemical reduction (COER). 
Especially, developing efficient catalysts for CO electrochemical reduction will 
provide a special insight into addressing challenges related to undesirable side 
reactions or low selectivity that may occur when utilizing CO2 in electrochemical 
processes. Indeed, COER, particularly when utilizing renewable electricity and 
operating in aqueous electrolytes, has garnered significant attention due to its several 
advantages. These advantages include a simple and convenient operation, the ease of 
controlling reaction conditions, and the adjustable structure of electrolytic cells. This 
has made COER an attractive research area for producing valuable chemicals and fuels. 

Similar to CO2ER, in COER, copper-based catalysts have shown their 
capabilities to convert CO into valuable multi-carbon products, comprising a 
combination of gaseous ethylene and liquid C2+ products [9–11]. Liquid C2+ products 
have garnered significant interest owing to their superior energy density and high 
added value compared with those of C1 gaseous products [12]. Efforts have been made 
to promote the formation of C2+ products through different means, including the 
implementation of engineered copper sections [10,13], grain boundary structures [14], 
alloying [15], and other approaches. However, the majority of advanced catalysts have 
shown a greater propensity for ethylene production rather than the production of liquid 
C2+ products [16–19]. For copper-based catalysts, many works focused on crystalline 
copper materials, and there are relatively fewer reports on amorphous copper 
electrocatalysts. This disparity may be attributed to the metastable structure, which 
will result in its unstable performance during the application. Catalysts with 
amorphous structures and long-range unordered atomic arrangements often possess a 
huge amount of surface low-coordination atoms, which always act as highly active 
centers for catalytic reactions. This suggests that amorphous copper is a promising 
candidate as an efficient electrocatalyst in electrolytic reactions, including COER [20]. 
Efforts to achieve efficient amorphous copper-based catalysts require precise control 
and stabilization of atoms and microstructures during synthesis. However, many of the 
existing synthesis methods, such as jet molding, laser electrodeposition, arc melting 
of pure metals, and mechanical alloying, etc., do not sufficiently address these 
considerations [21]. The catalysts synthesized by the methods mentioned typically 
exhibit a morphology with a large volume and small specific surface area, which may 
not be conducive to COER [22]. Moreover, some of these approaches require costly 
equipment and are often time-consuming processes, which can limit their practical 
applications in producing efficient and stable copper catalysts for COER [21]. Indeed, 
developing new approaches for creating stable amorphous copper-based catalysts with 
the potential for size and structure optimization is crucial for advancing their 
application in COER. SiO2 is a widely used carrier for various heterogeneous catalysts 
due to its properties, such as abundant content, low cost, and high specific surface area. 
The interface between copper (Cu) species and silica can increase the strength of the 
Cu-O bond, thereby increasing the recombination resistance of Cu species and 
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obtaining a catalyst with good stability [23]. Therefore, a catalyst combining Cu 
species with SiO2 can be designed for COER application. One potential approach is 
leveraging electrostatic interactions, which involve the attraction between species with 
opposite charges, such as cations and anions. This concept provides a promising basis 
for the fixation of metal ions and atoms to achieve amorphization in copper catalysts 
[24,25]. 

In the present work, catalysts based on amorphous spherical copper, denoted as 
CuO@C-SiO2-X (where X is calcination temperatures of 400 ℃, 500 ℃, 600 ℃, 
700 ℃, and 800 ℃), were prepared via an electrostatic interaction process, followed 
by an in-situ hydrothermal treatment method [26]. The electrochemical results showed 
that the CuO@C-SiO2-500 electrocatalyst had the highest selectivity in COER to C2+ 
products, especially liquid C2+ products, including ethanol and acetic acid. The 
presence of carbon in SiO2 could improve the electronic conductivity and 
electrochemical properties. Besides that, the catalyst possessed good stability during 
the long-term study. Through characterization and electrochemical performance tests, 
the catalyst morphology properties and catalytic efficiency of the CuO@C-SiO2-X 
material were revealed, and the electrochemical properties were further demonstrated. 
Trace amounts of carbon in the material could enhanced its electrochemical properties, 
and the silica not only could protect the amorphous CuO from aggregation into the 
crystal state but also provide a mesoporous structure for gas molecule diffusion and 
mass transfer. The present work not only offers a strategy for CO electroreduction to 
C2+ liquid products but also provides a feasible way for the construction of amorphous 
materials with abundant active sites. The findings are also expected to offer an 
important reference in the formation of C2+ liquid products in COER. 

2. Materials and methods 

2.1. Preparation of CuO@C-SiO2-X 

CuO@C-SiO2-X catalysts were synthesized using the solvothermal method, as 
modified from a previous study [27]. The synthesis began with the dissolution of 0.25 
mol of CuCl2 in 10 mL of deionized water under stirring. Tetraethyl orthosilicate (3 
mL) was then added to the CuCl2 solution with continued stirring. After that, ammonia 
(1 mL) was introduced under stirring for an additional 30 min. This mixture was 
promptly transferred to a 50mL Teflon-lined stainless-steel autoclave and was heated 
at 100 ℃ for 12 h. Upon cooling to ambient temperature, the solution underwent 
centrifugation at 6000 rpm, followed by washing with water several times. After that, 
the drying process took place under a vacuum condition at 80 ℃ for 12 h. Then, the 
catalyst was placed in a ceramic boat and calcined at 500 ℃ for 3 h at a heating rate 
of 5 ℃/min in an air atmosphere. The synthesized catalyst was denoted as CuO@C-
SiO2-500. The carbon in the catalyst was kept during the heat treatment for protection 
by SiO2 to avoid combustion. In this aspect, the CuO@C-SiO2-500 catalyst possessed 
a carbon content of 0.96%. Even in the CuO@C-SiO2-800 catalyst, the carbon content 
was tested to be 0.338% by using a total organic carbon analyzer (TOC, TOC-V CPH, 
Shimadzu). 
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For comparison, the CuO@C-SiO2 material was subjected to heat treatment at 
different temperatures, resulting in the formation of CuO@C-SiO2-400, CuO@C-
SiO2-600, CuO@C-SiO2-700, and CuO@C-SiO2-800. Additionally, to examine the 
impact of different copper precursors on the reaction, CuCl2 was replaced by CuBr2, 
CuI, Cu(NO3)2, and Cu(OAc)2, where these catalysts were denoted as CuO@C-SiO2-
Br, CuO@C-SiO2-I, CuO@C-SiO2-NO3, and CuO@C-SiO2-OAc, respectively. In 
addition, in order to exclude the effect of the carbon-silicon material, we heated and 
stirred the CuO@C-SiO2-500 catalyst with a higher concentration of sulfuric acid for 
6 h in order to remove the CuO, followed by cooling, washing with water to neutral, 
and drying to obtain C-SiO2. 

2.2. Materials 

Copper chloride dihydrate (Macklin, 99.95%), tetraethyl silicate (Macklin, 98%), 
potassium hydroxide (Macklin, 95%), ammonia (Damao, 25%), Nafion 
(perfluorinated Nafion resin with a mixture of short-chain fatty alcohols and water as 
a solvent at a concentration of 5 wt%, of which 45% was water), and a carbon fiber 
paper carrier (YLS-30T) were purchased from commercial resources. Carbon 
monoxide (99.99%) was obtained from Xi’an Teda Cryogenic Equipment Co., Ltd. 
Other reagents and chemicals were purchased from commercial sources. All chemicals 
were used directly without further purification. 

2.3. Catalyst characterization 

X-ray diffraction (XRD) patterns were acquired using Rigaku D/Max 2500, 
which employed nickel-filtered copper Kα radiation (λ = 0.154 nm) at 40 kV and 20 
mA, with a scanning rate of 10°/min. Transmission electron microscopy (TEM) 
images of the samples were obtained using a Talos F200x (Tecnai G2 F20) 
microscope. X-ray photoelectron spectroscopy (XPS) spectra were procured using a 
K-Alpha XPS spectrometer (Thermo Fisher Scientific), which exploited Al Kα as the 
source of excitation (hν = 1486.6 eV) and functioned at 15 kV and 20 mA. N2 
adsorption/desorption isotherms were recorded by using an ASAP 2460 
(Micromeritics, USA) analyzer. The specific surface areas of the catalysts were 
ascertained through the Brunauer-Emmett-Teller (BET) method. The total pore 
volume was computed by employing the single-point adsorption method at P/P0 = 
0.99, and the average pore size was determined by using the Barrett-Joyner-Halenda 
method. 

2.4. Electrode preparation 

Three milligrams of the catalyst were dispersed in a mixture of 600 μL of 
isopropanol and 45 μL of Nafion (5 wt%) for 1 h at room temperature. Subsequently, 
this well-mixed solution was applied onto a carbon fiber paper substrate (1 cm × 1 cm) 
and dried under light irradiation for future use. 

2.5. CO electrochemical reduction 

COER was performed in an H-type cell, which consisted of a three-electrode 
system of a working electrode with the CuO@C-SiO2-X catalyst, an Ag/AgCl 
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reference electrode, and a counter electrode (Pt mesh electrode). The electrochemical 
cell was separated by a Nafion-117 proton membrane into anode and cathode 
chambers. Initially, CO was bubbled in an electrolyte solution (0.1mol·L−1 KOH) for 
at least 30 minutes until saturated. Following that, the catalyst was in-situ activated, 
which was determined via linear scanning voltammetry. For COER testing, the 
product was collected after every 1 h of reaction. In all measurements, the potential 
(relative to Ag/AgCl) was converted into RHE using the following formula: 

E vs. RHE = E vs. Ag/AgCl + 0.197 + 0.059 × pH 
The gas product was analyzed using a GC-9790II gas chromatograph (Zhejiang 

Fuli Analytical Instruments Co., Ltd). Alkanes and olefins were analyzed using a 
flame ionization detector and H2 was analyzed using a thermal conductivity detector. 
The liquid product was quantified using a Bruker AVIII 600 MHz NMR spectrometer. 

3. Results and discussion 

The CuO@C-SiO2-X catalysts created were extensively characterized using 
advanced technologies. Figure A1 presents the scanning electron microscopy (SEM) 
images of the CuO@C-SiO2-X catalysts, which shows that the CuO@C-SiO2-500 
material behaved as a particle with sparse branching at the tip. From the transmission 
electron microscopy images (TEM), CuO@C-SiO2-500 consisted of spherical 
particles with fine branches on the surface, as shown in Figure 1(a) and 1(b). This 
observation was consistent with that of the findings from the SEM images. The 
branches of the catalyst were the crystal whiskers of the material. The presence of 
these branches was important for the reaction, since they contained the active sites, 
especially the CuO and carbon components, for the reaction. Besides that, these 
branches can increase the contact probability between the active sites with CO and 
water, and this was very important for the material, especially with a low BET specific 
surface area. In an electrocatalysis process, such a rough surface can promote the 
establishment of a localized electrochemical microenvironment [26]. From the SEM 
mapping, the main component for these branches was the same as the bulk structure 
of CuO@C-SiO2-500. The high-resolution TEM (HRTEM) image (Figure 1(c)) 
clearly shows the contour between the spherical body and the branches, and there were 
no lattice fringes in this image, indicating that both copper oxide and silica were in an 
amorphous state, as further confirmed by the fuzzy diffraction rings in the selective 
region electron diffraction (SAED) image (inset in Figure 1(b)). Concurrently, as 
illustrated in Figure 1(d–h), the HAADF images and corresponding EDS element 
mappings show the uniform distribution of C, Cu, Si, and O elements across the entire 
CuO@C-SiO2-500 sample with no evidence of crystal aggregation. The carbon 
element could be found. The energy spectrum recorded the percentages of C, Cu, Si, 
and O elements as 0.96%, 10.91%, 39.60%, and 48.53%, respectively (Figure 1(i)). 
The Cu loading, as tested using inductively coupled plasma-optical emission 
spectrometry, was 9.9% and consistent with the energy spectrum. 

From the SEM images of the catalysts calcined at diverse temperatures in Figure 
A1, the samples demonstrated minor structural variations. Particularly, low-
temperature-calcinated catalysts exhibited denser surface burrs, whereas catalysts 
calcinated at high temperatures resulted in comparatively sparse burrs. Combined with 
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the activity assessment, the results of the SEM images suggested that the number of 
burrs surrounding the particles could probably influence the catalytic activity. Thus, 
ensuring an appropriate active site exposure benefits the COER reaction. 

 

Figure 1. (a–b) TEM images of CuO@C-SiO2-500, where inset in (b) is SAED image. (c) HRTEM image. (d) 
HAADF image. (e–h) Corresponding EDS elemental mappings. (i) EDS energy spectrum of CuO@C-SiO2-500 
catalyst. 

The XRD profiles of the CuO@C-SiO2-X catalysts calcined at various 
temperatures are shown in Figure 2(a). The peak at 22° in the XRD pattern was a 
characteristic broad peak, indicating the amorphous nature of the silica [27,28]. The 
CuO@C-SiO2-X catalysts calcined at 700 ℃ and 800 ℃ had a series of diffraction 
peaks at 2θ = 32.5°, 35.6°, 38.7°, 48.7°, 61.5°, and 66.2° that could be classified as 
CuO (PDF#80-1917) [26,29]. The XRD patterns did not show any peaks assigned to 
CuO in the CuO@C-SiO2-X samples calcined at 400 ℃–600 ℃, indicating that CuO 
was in an amorphous form in these catalysts. From the element mappings, the Cu 
species were well dispersed on the whole grain, certifying that the Cu species were 
incorporated into the structure of SiO2. The XRD spectra of catalysts derived from 
different copper salt precursors are shown in Figure 2(b). There was only a typical 
broad peak of silica at around 22°, and no other peaks were present. The result 
indicated the catalysts derived from different copper salt precursors had also an 
amorphous structure. According to Figure A2, we found that the amorphous form of 
the catalyst was enhanced after the reaction, and no peaks of SiO2, CuO, and Cu2O 
were observed. SiO2 played an important role in the reaction, and it could prevent Cu 
species from aggregating into the crystal state. 
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The Fourier transform infrared spectroscopy (FTIR) spectra of the CuO@C-
SiO2-X catalysts are given in Figure 2(c). The absorption peak at 1621.8 cm−1 
corresponded to the expansion and contraction vibration of the C-O bond [30], further 
confirming the presence of the C element in the catalyst. The absorption peaks that 
appeared at 789.9 cm−1 and 1090.5 cm−1 could be assigned to the expansion and 
contraction vibration of the Si-O-Si bond. At 468.12 cm−1, a telescopic vibrational 
absorption peak of Cu-O was observed. Characterization peaks were found at 1090.5 
cm−1, 789.9 cm−1, and 468.1 cm−1 for the infrared absorption peaks of the CuO@C-
SiO2-X materials [31,32], indicating the presence of SiO2 and CuO in the catalysts 
[33]. 

 
Figure 2. (a) XRD patterns of CuO@C-SiO2-X catalysts calcined at various 
temperatures, (b) XRD patterns of CuO@C-SiO2-X catalysts derived from different 
copper sources, (c) FT-IR of CuO@C-SiO2-X catalysts, and (d) Raman spectra of 
CuO@C-SiO2-500 and CuO@C-SiO2-800 catalysts. 

Raman spectroscopy was performed to further verify the presence and chemical 
information of Cu and Si on the surface of the catalysts. Theoretically, copper oxide 

is a monoclinic structure with the symmetry of the 𝐶ଶ௛
଺  space group [34,35]. According 

to the space group theory, copper oxide has 12 central photo phonon modes, 𝛤 =

4A୳ + 5B୳ + A୥ + 2B୥. Among them, (A୳ + 2B୳) are acoustic modes, (A୳ + 3B୳) 

are infrared active modes, and (A୥ + 2B୥) are Raman active modes [34,35]. As seen 

in Figure 2(d), the CuO@C-SiO2-500 and the CuO@C-SiO2-800 had completely 
different Raman peaks. The former has a distinct Raman peak at 456 cm−1, assigned 
to the bending vibration of the O-Si bond. However, the CuO@C-SiO2-800 had three 

peaks at 290 cm−1, 342 cm−1, and 625 cm−1, assigned to the A୥, Bଵ୥, and Bଶ୥ modes 
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of CuO crystals, respectively [36–38], indicating the presence of large copper oxide 
structures in the CuO@C-SiO2-800 sample. Based on the Raman peak at 1119 cm−1, 
it was inferred that the interaction between CuO and SiO2 and the crystal defects led 
to the occurrence of non-Raman active vibrations. The peaks contributed to CuO were 
not found in the CuO@C-SiO2-500 catalyst, suggesting that the Cu species were 
different from those in the CuO@C-SiO2-800 catalyst. This result was in agreement 
with the results in XRD and FT-IR described above. 

XPS was used to ascertain the surface composition and chemical states in the 
CuO@C-SiO2-X samples. Figure 3 presents the analyzed surface constituents of the 
CuO@C-SiO2-500 and the CuO@C-SiO2-800 samples. By examining the Cu 2p 
spectrum of the CuO@C-SiO2-500 sample, we observed a peak at 934.6 eV, which 
was ascribed to the Cu2+ 2p3/2 state, and another peak at 954.4 eV, which corresponded 
to the Cu2+ 2p1/2 state [39–41]. A comparison between the Cu 2p XPS spectra of 
CuO@C-SiO2-500 and CuO@C-SiO2-800 (Figure 3(a) and 3(d)) did not show a 
remarkable difference, confirming that the varied activities were not derived from the 
chemical valance of samples calcined at diverse temperatures. As seen from Figure 
3(b) and 3(e), the O 1s XPS spectra could be fitted into three peaks at 533.2 eV, 532.5 
eV, and 531.5 eV, attributing to Si-OH, Si-O, and Cu-O, respectively. The Si 2p 
spectra, as depicted in Figure 3(c) and 3(f), showcased a singleton peak at 103.1 eV, 
which was indicative of the existence of silica in the catalysts [42]. The XPS results 
confirmed that the different catalytic activities between the CuO@C-SiO2-500 and the 
CuO@C-SiO2-800 samples did not stem from the chemical valance compositions.  

 
Figure 3. XPS spectra of (a) CuO@C-SiO2-500 Cu 2p, (b) CuO@C-SiO2-500 O 1s, 
(c) CuO@C-SiO2-500 Si 2p, (d) CuO@C-SiO2-800 Cu 2p, (e) CuO@C-SiO2-800 O 
1s, and (f) CuO@C-SiO2-800 Si 2p. 

As illustrated in Figure A3, we conducted the N2 adsorption/desorption 
isotherms to study the textural properties of the prepared samples. Based on the 
gathered isotherms, we determined the pore size distributions and specific surface 
areas of the catalysts, as detailed in Table A1. Following the International Union of 
Pure and Applied Chemistry (IUPAC) criteria, each tested catalyst demonstrated a 
Type IV isotherm character and an H3-type hysteresis loop. This pattern suggested the 
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presence of mesoporous structures in all examined samples. Different calcination 
temperatures resulted in varying BET surface areas and pore sizes across the catalysts. 
Specifically, the BET surface areas were as follows: 31 m2·g−1 for the catalyst calcined 
at 400 ℃, 28 m2·g−1 for catalysts calcinated at 500 ℃ and 600 ℃, 45 m2·g−1 for the 
catalyst calcined at 700 ℃, and 35 m2·g−1 for the catalyst calcined at 800 ℃. Out of 
the tested catalysts, the CuO@C-SiO2-500 sample demonstrated the smallest specific 
surface area. However, subsequent evaluations of the COER revealed its superior 
performance in catalytic reactions, which implied that the specific textural structure of 
this sample did not affect its catalytic efficiency and that mass transfer and diffusion 
were not the rate-determining steps for the COER reaction.  

4. Catalytic performances of electrochemical CO reduction 

To conduct an evaluation of the COER performances of the CuO@C-SiO2-X 
samples, linear sweep voltammetry (LSV) profiles were recorded in a CO-saturated 
KOH (0.1 mol·L−1) solution, with a scan rate fixed at 100 mV·s−1 across a potential 
range from −0.54 V to −0.79 V (vs. RHE). The LSV profiles, presented in Figure 4(a), 
displayed the impact of different calcination temperatures on catalytic performance. 
Notably, the COER current density associated with these materials first increased as 
the calcination temperature increased, peaking at 500 ℃, and then decreased. The 
highest current density on the CuO@C-SiO2-500 catalyst was probably derived from 
the availability of active sites on the catalyst. 

 
Figure 4. (a) LSV curves of different catalysts in CO-saturated 0.1 mol·L−1 of KOH 
aqueous electrolyte. Catalytic performances of COER over (b) CuO@C-SiO2-400, 
(c) CuO@C-SiO2-500, (d) CuO@C-SiO2-600, (e) CuO@C-SiO2-700, and (f) 
CuO@C-SiO2-800. 

To further probe into how calcination temperature influences the catalytic 
activity, detailed COER experiments were studied by using the CuO@C-SiO2-X 
catalysts. Figures 4(b–f) show the FE values of various electrochemical reduction 
products, such as H2, methane, methanol, ethane, ethylene, ethanol, etc., in the range 
of −0.54~−0.79 V (vs. RHE) for the CuO@C-SiO2-X catalysts in 0.1 mol·L−1 of KOH. 
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From the gas products detected by gas chromatography (GC), C2H4 and H2 were the 
main components in the gaseous product obtained from the CuO@C-SiO2-X catalyst, 
while ethanol was the main product in liquid, as confirmed by the hydrogen-1 nuclear 
magnetic resonance (1H NMR) (Figures A4 and A5). Remarkably, the CuO@C-SiO2-
500 catalyst manifested the highest FE for C2+ products (FEC2+) at 81.5%, coupled with 
a current density reaching 2.5 mA·cm−2 (Figure 4(c)). It is important to note, however, 
that the relatively low current density was derived from the low conductive nature of 
the doped SiO2 and the FE with lower than 100% was probably due to the consumption 
of electric quantity caused by the reduction of the CuO@C-SiO2-500 catalyst and the 
heat production for the high internal resistance during the reaction. These ohmic loss 
and energy loss caused the reduction in total FE values. The presence of carbon could 
improve the conductivity of the samples. In order to exclude the effect of the carbon-
silicon material on the catalytic performance of CuO@C-SiO2-X samples, we 
investigated the catalytic performance of the C-SiO2 material in the COER reaction, 
which produced only 1.18% FE of methane and a negligible amount of the C2+ product. 
The obtained GC for the reaction gas and the obtained 1H NMR for the electrolyte are 
shown in Figures A6 and A7, respectively. As documented in Table 1, compared with 
reported catalysts, the CuO@C-SiO2-500 catalyst delivered the highest FE to C2+ 
chemicals. 

Table 1. Reported catalysts for CO reduction in aqueous electrolytes. 

Catalyst Electrolyte Potential (V vs. RHE) FEC2+ (%) Products J (mA·cm−2) Cell Ref. 

Oxide-derived Cu 0.1M KOH −0.3 57% EtOH (~42%) Acetate (~15%) ~0.02 H-cell [14] 

Cu NPs (grain 
boundaries) 

0.1M KOH −0.3 ~70% EtOH (~35%) Acetate (~35%) ~0.04 H-cell [43] 

Polycrystalline Cu 0.1M KOH −0.59 ~42% Ethylene (30%) EtOH (~12%) 1.2 H-cell [44] 

Polycrystalline 
Cu/PTEE 

0.1M KOH −0.94 65% 
Ethylene (~35%) EtOH (~15%) 
Acetate (~15%) Methane (~15%) 

~150 Flow cell [18] 

Cu nanosheets 2M KOH −0.75 ~70% Ethylene (~15%) Acetate (~48%) 131 Flow cell [13] 

Cu NPs 1M KOH −0.7 ~62% 
Ethylene (52.7%)  
EtOH (~9%) 

14.9 H-cell [45] 

CuO@C-SiO2-500 0.1M KOH −0.59 ~81.5% 
Ethylene (32.9%) EtOH (39.4%) 
Acetate (9.2%) 

2.5 H-cell This work 

The effect of varying applied potentials from −0.54 V to −0.79 V (vs. RHE) on 
the FEC2+ and current density of the catalysts was also thoroughly investigated. As an 
example, the results for the CuO@C-SiO2-500 catalyst are shown in Figure 4(c), 
where its FEC2+ initially increased and reached the highest at 81.5% at −0.59 V (vs. 
RHE), before decreasing with further increases in the applied potential greater than 
−0.64 V (vs. RHE). At lower potentials (<−0.59 V vs. RHE), the FE for liquid products 
surpassed those for gas products. From −0.59 V to −0.79 V, the FEC2H4 and FEC2H5OH 
values declined, but FEH2 increased remarkably. This transition can be attributed to 
the influence of the kinetic mass transfer of carbon monoxide, with the hydrogen 
evolution reaction becoming the dominant reaction [46]. 

Electrolytes are highly important in electrochemical reactions, as they facilitate 
the interaction between cations and anions with active sites and they adjust the 
interplay among reactants, intermediates, and the products from a catalyst and 
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electrode surfaces. A deep comprehension of an electrolyte’s role could contribute 
significantly to enhancing catalyst activity and C2+ product selectivity. Figure 5(a) 
illustrates the influence of different concentrations of the KOH electrolyte on catalytic 
efficiency at −0.59 V for the CuO@C-SiO2-500 catalyst. With the increase in KOH 
concentration, the FEC2+ value showed a decreasing trend. At 0.1 mol·L−1 of KOH, 
FEC2+ achieved a peak value of 81.5%, but the total current density was the lowest for 
the lowest electrical conductivity. An increase in the KOH concentration led to a rise 
in FEH2, suggesting that a higher electrolyte concentration might impede the formation 
of C2+ species, while favoring the hydrogen evolution reaction instead. 

 

Figure 5. (a) Catalytic performances of COER: CuO@C-SiO2-500 catalyst at 
different concentrations of KOH electrolyte and (b) catalysts derived from diverse 
Cu salts precursors at −0.59 V (vs. RHE). 

A further examination of how copper salt precursors influenced COER 
performances was conducted by assessing the electrochemical behavior of catalysts 
derived from five copper salt precursors. As shown in Figure 5(b), the use of CuCl2 
yielded the highest FEC2+. A plausible explanation for this phenomenon is the presence 
of trace amounts of Cl− ions within the catalyst, which likely promoted the generation 
of C2+ species during the reaction. Previous studies confirmed that Cl− can enhance the 
adsorption of *CO on the surface of a catalyst and reduce the energy barrier of the C-
C coupling, further promoting the formation of multi-carbon (C2+) products [47–49]. 

The electrochemically active surface area (ECSA) was determined by conducting 
double-layer capacitance tests, as illustrated in Figure A8. Cyclic voltammetry scans 
were conducted from 0.668 V to 0.861 V (vs. RHE) at various scan rates of 60, 80, 
100, 120, and 140 mV·s−1. Figure 6(a) demonstrates the relationship between the scan 
rate and the change in current density (Δj = ja − jc, where ja and jc represent the anodic 
and cathodic current densities, respectively). The result of Figure 6(a) was obtained 
from Figure A8, i.e., the fitted slopes of the ECSA for each catalyst. Among the tested 
samples, the CuO@C-SiO2-500 catalyst exhibited the highest slope of 0.98 mF·cm−2 
at a potential of −0.6 V (vs. RHE) in 0.1 mol·L−1 of KOH, indicating the largest 
electrochemically active area and the potential for a superior COER activity. Notably, 
there was a small discrepancy in the ECSA and the COER performance of CuO@C-
SiO2-400 (0.92 mF·cm−2), CuO@C-SiO2-500 (0.98 mF·cm−2), CuO@C-SiO2-600 
(0.96 mF·cm−2), and CuO@C-SiO2-700 (0.95 mF·cm−2). However, the ECSA value 
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for the CuO@C-SiO2-800 catalyst was significantly lower at 0.67 mF·cm−2, which 
was attributed to its better crystallinity and fewer active sites. The aforementioned data 
suggested that the CuO@C-SiO2-500 catalyst, with its amorphous CuO, promoted the 
COER activity compared with other catalysts subjected to various calcination 
temperatures. The hybrid carbon could enhance the electrical conductivity of the 
catalyst. Additionally, the interfacial reaction kinetics were probed for the catalysts 
calcined at diverse temperatures via their Tafel slopes, with the findings presented in 
Figure 6(b). A smaller Tafel slope signifies a reduced kinetic energy demand for the 
CO activation. Consistent with the ECSA result, the CuO@C-SiO2-500 catalyst 
displayed the lowest Tafel slope at 43.29 mV·dec−1, while the CuO@C-SiO2-800 
possessed the highest at 53.50 mV·dec−1. These findings confirmed that the CuO@C-
SiO2-500 catalyst, with its amorphous CuO species, considerably diminished the 
kinetic energy barrier, favorably impacting the reaction kinetics. 

 
Figure 6. CuO@C-SiO2-X catalysts: (a) electrochemically active surface area 
(ECSA) and (b) Tafel slopes. 

The kinetics of charge transfer for the catalysts during the COER reaction were 
probed by conducting electrochemical impedance spectroscopy (EIS) measurements 
in 0.1 mol·L−1 of KOH. These measurements were obtained by setting the AC 
perturbation voltage amplitude at 5 mV, with the frequency of scans spanning from 
0.01 Hz to 100 kHz. The study of charge transfer is primarily linked to the high-
frequency range, which is indicative of an electrode’s reaction dynamics. The high-
frequency semicircular arc represents the charge transfer resistance (Rct), while the 
low-frequency regime is attributed to the diffusion of reactants or products. The 
smaller the diameter of the resulting curve, the lower the material resistance and the 
better the charge transfer. As illustrated in Figure 7(a), among the catalysts subjected 
to different calcination temperatures, the CuO@C-SiO2-500 catalyst exhibited the 
lowest electrode impedance, confirming the findings from prior LSV analyses. 
Combined with the results of the ECSA test, the CuO@C-SiO2-500 catalyst had the 
highest current density and ECSA values, leading to the inference that it had superior 
catalytic performance and the highest electrochemical activity. 
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Figure 7. (a) Electrochemical impedance spectroscopy (EIS) of catalysts calcined at 
different temperatures in 0.1 mol·L−1 of KOH electrolyte and (b) stability of 
CuO@C-SiO2-500 catalyst at −0.59 V (vs. RHE) in 0.1 mol·L−1 of KOH electrolyte. 

Under an optimal condition, the stability of the CuO@C-SiO2-500 catalyst was 
evaluated in a long-term stability test for approximately 8 h (Figure 7(b)). As the 
reaction proceeded, the FEC2+ and the current density exceeded 80% and 2.5 mA·cm−2, 
respectively. However, both these values gradually changed over time at an acceptable 
level. The loss in FEC2+ and the increase in current density for the liquid C2+ product 
may be ascribable to the electrolyte pH change close to the local electrode and 
variation of the Cu valance state.  

XPS analysis was performed on the reacted catalyst, as shown in Figure A9. The 
results revealed the presence of Cu+/0 in the CuO@C-SiO2-500 catalyst, denoting the 
partial reduction of Cu2+ to Cu+/0 (Figure A9(a)), and this was further confirmed by 
the Cu LMM spectrum (Figure A9(d)). The Cu LMM spectrum indicated the presence 
of Cu+. The CuO@C-SiO2-500 Si 2p and O 1s spectra were unchanged compared with 
those of the fresh samples (Figure A9(b) and 9(c)), suggesting that there was no 
significant change in the valence of Si and O after the catalyst was used. In conjunction 
with the SEM image of the used CuO@C-SiO2-500 catalyst (Figure A10), it was 
apparent that the overall morphology of the catalyst remained the spherical structure 
compared with those of the fresh catalysts. However, the CuO@C-SiO2-500 catalyst 
showed no branched tips, which was because of the flushing of the electrolyte. Thus, 
these branches were lost during the long-term reaction, and this was one of the main 
reasons for the loss of activity for the reaction. The result indicated that the CuO@C-
SiO2-500 catalyst possessed acceptable stability during the reaction. 

5. Conclusion 

In summary, we fabricated a series of amorphous CuO@C-SiO2-X catalysts 
through a combination of electrostatic assembly and a hydrothermal approach for 
COER. The findings indicated that the CuO@C-SiO2-500 catalyst exhibited 
outstanding electrocatalytic performance and robust stability for COER, achieving the 
highest Faradaic efficiency of 81.5% at −0.59 V (vs. RHE) for the C2+ products. The 
structural characterization and catalytic activity assessments discovered the 
relationship between structural properties and catalytic performances. Especially, we 
found that the different crystalline structures derived from diverse calcination 
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temperatures had a great influence on catalytic performance. Kinetic studies and 
electrochemical property studies showed that the CuO@C-SiO2-500 catalyst 
outperformed the control samples, partially due to the presence of appropriate amounts 
of carbon and amorphous copper oxide. 
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Appendix 

 
Figure A1. SEM images of catalysts: (a) CuO@C-SiO2-400, (b) CuO@C-SiO2-500, (c) CuO@C-SiO2-600, (d) 
CuO@C-SiO2-700, and (e) CuO@C-SiO2-800. 

 
Figure A2. XRD patterns of CuO@C-SiO2-500 catalyst before and after reaction. 

 

Figure A3. CuO@C-SiO2-X samples calcined at diverse temperatures: (a) N2 adsorption/desorption isotherms and (b) 
pore size distribution curves. 
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Table A1. Results of N2 adsorption-desorption isotherms. 

Entry Catalyst BET surface area (m2·g−1) Mean pore size (nm) Pore volume (cm3·g−1) 

1 CuO@C-SiO2-400 31 10 0.08 

2 CuO@C-SiO2-500 28 10 0.07 

3 CuO@C-SiO2-600 28 13 0.09 

4 CuO@C-SiO2-700 45 10 0.11 

5 CuO@C-SiO2-800 35 12 0.10 

 
Figure A4. GC spectra of obtained products of C2H4, C2H6, CH4, and H2 from CuO@C-SiO2-500 catalyst. 
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Figure A5. 1H NMR spectrum of liquid products from CuO@C-SiO2-500 catalyst in 0.1 mol·L−1 of KOH electrolyte. 

 

Figure A6. GC spectrum of obtained products from C-SiO2 catalyst. 

 
Figure A7. 1H NMR spectrum of liquid products from C-SiO2 catalyst in 0.1 mol·L−1 of KOH electrolyte. 



Clean Energy Science and Technology 2024, 2(2), 132. 

 

20 
 

 
Figure A8. CV curves of catalysts calcinated at diverse temperatures of (a) 400 ℃, (b) 500 ℃, (c) 600 ℃, (d) 700 ℃, 
and (e) 800 ℃ at different scan rates in range of 0.668 V–0.861 V (vs. RHE). 

 

Figure A9. XPS spectra of the used CuO@C-SiO2-500 catalyst: (a) Cu 2p, (b) O 1s, (c) Si 2p, and (d) Cu LMM. 
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Figure A10. SEM images of the used CuO@C-SiO2-500. 


