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Global warming, driven by rising levels of CO2 in the atmosphere, is an environmental predicament

confronted by humanity. Plasma catalytic decomposition of carbon dioxide into carbon monoxide is

a practical approach to mitigate this challenge, which can be a crucial step in carbon recycling. Metal

selenides are promising candidates owing to their abundant reserves and outstanding electron transfer

properties, making them highly active in chemical reactions. In this study, the morphology of AlO(OH)

and the dispersion of Cu2−xSe were optimized by hydrothermal synthesis temperature. Specifically, the

Cu2−xSe-Al-180 catalyst, prepared at a hydrothermal temperature of 180 °C, formed AlO(OH) with good

crystallinity and a nanoscale thin-sheet structure, with Cu2−xSe uniformly distributed on the AlO(OH)

support. The reaction of CO2 decomposition to CO production by integrating Cu2−xSe-Al-180 with

dielectric barrier discharge (DBD) plasma led to a CO2 conversion of up to 28.07% at a specific input

energy (SIE) of 58.07 kJ L−1. The excellent CO2 adsorption properties of AlO(OH) and Cu2Se reduce the

activation energy barrier of the reaction, and Cu2Se further promotes the excited activation of CO2 in

the plasma. These findings offer valuable insights for the development and design of catalysts in the field

of plasma catalysis and highlight the potential of CuSe-based materials in CO2 reduction technologies.
1. Introduction

In recent years, the harmful effects of the greenhouse effect on
the environment have been a topic of discussion, as society has
progressed and individuals have become more conscious of
environmental protection.1 To effectively mitigate CO2 emis-
sions, governments worldwide have actively pursued various
policies and measures.2

In response to signicant production of CO2, current
approaches mainly involve carbon capture, storage, and
conversion.3 The ultimate objective is to capture CO2 in large
quantities and efficiently convert it with minimal energy
consumption, thereby addressing excessive CO2 emissions and
achieving carbon neutrality. Among these methods, direct
decomposition of CO2 into CO and O2 is considered effective as
the resulting CO can serve as a versatile chemical precursor in
various industries.4 However, the activation of CO2 at ambient
temperature and pressure poses challenges to the treatment
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process, hindering the subsequent reactions.5 Consequently,
the combination of light, electricity, and catalysts is commonly
employed to overcome this obstacle and facilitate CO2

decomposition.6–8 Nevertheless, low utilization of light energy,
catalyst deactivation, and electrode material loss present
ongoing challenges in the CO2 conversion process.9,10 In
contrast, dielectric barrier discharge (DBD) plasma demon-
strates the ability to activate gases and promote the decompo-
sition of CO2 under ambient conditions.11,12

The use of DBD plasma alone is effective in activating gas,
but the addition of a catalyst is oen necessary to further reduce
energy consumption and improve selectivity. Research efforts
are currently focused on developing efficient and stable cata-
lysts that can operate at low temperatures. Nanostructured
metal compounds, such as oxides, suldes,13 and selenides,
have been investigated for CO2 reduction. Metal selenides have
garnered signicant attention due to their abundant reserves,
low cost, and exceptional catalytic performance.14,15 Selenium
atoms in metal selenides exhibit robust electron transport
capacity, allowing these compounds to possess catalytic prop-
erties similar to metals.16 Furthermore, the light absorption
properties, modiable band structure, and adaptable local
surface plasmon resonance features of metal selenides
contribute to their signicant potential in photoelectric catal-
ysis.17 Cuprous selenide, a semiconductor material, has been
used in photocatalytic and electrocatalytic reduction of carbon
J. Mater. Chem. A, 2025, 13, 8445–8455 | 8445
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dioxide.18 However, its application in dielectric barrier
discharge plasma requires further investigation. Studies have
shown that cuprous selenide inuences the quantity of active
sites, CO2 adsorption capacity, and kinetic characteristics of the
catalyst.19 In composite materials, cuprous selenide can act as
a catalytic reaction center, enhancing the number of adsorption
sites for reactions through synergistic interactions with the
support material.20 In addition, the choice of a suitable carrier is
crucial. AlO(OH) has been identied as a carrier that can
provide increased CO2 adsorption sites owing to its large
specic surface area and appropriate alkaline sites.21,22 The
structure of the catalyst support and the distribution of active
elements signicantly affect the overall efficiency of the cata-
lyst.23 Therefore, the process of catalyst preparation plays
a crucial role in determining these aspects.

This work focuses on the single-step synthesis of Cu2−xSe-
AlO(OH) material using conventional hydrothermal treatment
and investigates the inuence of various hydrothermal
temperatures on the crystallization of the catalyst carrier and
the dispersion of active components. The resulting Cu2−xSe-
AlO(OH) catalyst possesses semiconductor properties and is
utilized in conjunction with DBD plasma for the CO2 decom-
position reaction.
2. Experimental
2.1 Materials

Nano-alumina (g-Al2O3, 99.9%) was purchased from Aladdin
Reagent (China) Co., LTD. Copper nitrate (Cu(NO3)2$2.5H2O,
AR), sodium hydroxide (NaOH, AR) and ethylenediamine tet-
raacetic acid (C10H16N2O8, AR), were obtained from Tianjin
Fengboat Chemical Reagent Technology Co., LTD. Anhydrous
sodium selenite (Na2SeO3, 99%) was supplied by Alfa Esha
(China) Chemical Co., LTD. Hydrazine hydrate (H4N2$H2O, AR,
$80%) and hydrochloric acid (HCl, AR, 36–38%) were procured
from Sichuan Xilong Science Co., LTD.
2.2 Catalyst preparation

The catalyst was synthesized by hydrothermal method, which is
specied as follows: rstly, 28 mmol of NaOH was dissolved in
28 mL of deionized water. Then, 0.7 mmol of Cu(NO3)2$2.5H2O
and 6 mmol of EDTA were added successively to the solution.
Aer ultrasonication for 30 min, 0.68 mmol of Na2SeO3 and
14 mL of hydrazine hydrate were added. Then the mixture was
magnetically stirred for 10 min, and an appropriate amount of
g-Al2O3 was added during the stirring process. Aer stirring, the
resulting mixture was transferred to a high-pressure Teon-
lined reactor with a capacity of 100 mL and treated for 6 h at
140 °C, 180 °C and 220 °C, respectively. Aer the hydrothermal
treatment, the product was rst treated with 1 M hydrochloric
acid, then washed by deionized water and anhydrous ethanol
for 3 times, and nally dried in a vacuum drying oven at 60 °C
for 3 h to obtain Cu2−xSe/AlO(OH). The catalyst was labeled as
Cu2−xSe-Al-y, where y represents the temperature of the hydro-
thermal treatment. The AlO(OH)-180 catalyst was produced by
following the same steps as above without adding copper and
8446 | J. Mater. Chem. A, 2025, 13, 8445–8455
selenium sources under hydrothermal conditions at 180 °C. The
material was simply ground before use.

2.3 Catalyst characterization

X-ray diffraction (XRD) was performed on a Brucker JV-DX X-ray
diffractometer with operating voltages and currents of 40 kV
and 40 mA, respectively. For the determination of pore and
specic surface area of catalyst, the BET instrument AUTOSORB
IQ was used to analyze pore volume and pore size through the
adsorption and desorption curve data. X-ray photoelectron
spectroscopy (XPS) tests were performed on a Thermo Scientic
K-Alpha instrument with monochromatized Al Ka as a light
source, an energy of 1486.6 eV, an operating voltage of 12 kV,
and a lament power of 72 W. Tecnai G2 TF30 Philipps-FEI
scanning electron microscope (SEM) and Tecnai G2 F20 S-
TWIN high-resolution transmission electron microscope (HR-
TEM) were used to analyze the morphology and structure of
the catalyst. CO2 temperature programmed desorption (CO2-
TPD) experiments were performed using a Micromeritics
AutoChem II 2920 instrument to study the surface basicity of
the materials. In addition, a plasma emission spectrometer
(ULS2408, Avantes B.V.) was used during the experiment to
capture the excited substances generated during the DBD
plasma discharge to further explore the reaction mechanism.
The capture range of the spectrum is 200–1000 nm.

In situ DRIFTS measurements were made using a Thermo
Fisher Fourier Transform Infrared Spectrometer (iS50 FT-IR). It
was rst pretreated at 100 °C and 50 mL min−1 under N2

atmosphere for 30 min, then cooled down to 25 °C, then N2

purged for 10 min, and then the background spectra were
collected. Then 20 mL min−1 pure CO2 gas was introduced for
30 min. Aer adsorption saturation, CO2 was turned off, and
plasma discharge was turned on for 30 min, and the spectra
were collected. The temperature of the reaction area was always
kept at 25 °C during the plasma discharge to exclude the effect
of temperature on the reaction. Each spectrum was recorded at
an average of 64 scans with a resolution of 4 cm−1.

2.4 Catalyst activity test

The device used in the experiment is shown in Fig. 1. The
plasma power generator was provided by Nanjing Suman
Plasma Technology Co., LTD. (Model: CTP-2000K), the power
input voltage is 0–220 V, the output voltage is 0–40 kV, and the
discharge frequency is maintained at 9 ± 0.1 kHz. The reactor
that generates low temperature DBD plasma is a single dielec-
tric coaxial tube structure. Quartz glass with an inner diameter
of 22 mm, outer diameter of 26 mm, tube wall thickness of
2 mm and length of 300 mm is selected as the medium. A
400 mm long, 16 mm diameter solid rod of 304 stainless steel
was used as the high-voltage electrode and a rubber plug was
used to secure the high-voltage electrode to the center of the
quartz tube. The grounding electrode is 200 mesh 304 stainless
steel mesh, which is xed to the outer wall of the quartz tube by
Teon insulation tape. For each experiment, quartz wool was
used to hold the catalyst within a 15 mm long plasma discharge
zone.
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic diagram of experimental apparatus.

Fig. 2 Performance diagram of catalyst reaction in DBD plasma
environment.
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Aer the output voltage of the power supply is attenuated by
1000 times, it is monitored by the digital oscilloscope (model
TDS 2024C, Tektronix) through the probe. A Lissajous curve is
drawn according to the measurement data of the oscilloscope,
and the plasma discharge power (P) and specic input energy
(SIE) are further calculated to study the plasma discharge
characteristics.

PðkWÞ ¼ f � Cm � S

1000
(1)

SIE
�
kJ L�1� ¼ P

½F �in
(2)

where f represents the output voltage frequency, kHz; Cm is the
sampling capacitance inside the plasma power generator, which
is 0.47 mF; S represents the average Lissajous graph area of
a single period; [F]in represents the CO2 inlet ow rate, L s−1.

During the experimental procedure, CO2 gas with a purity of
99.99% was introduced into the plasma reactor through a mass
ow controller (MFC, D07-19B, Beijing Seven Star Electronics
Co., LTD.) at a constant ow rate of 40 mL min−1. Each time,
samples were collected 30 min aer the reaction had stabilized.
The gas phase products were analyzed using an online gas
chromatograph (Model GC-9790II) equipped with a column
(Agilent J&W CarboPLOT P7), a thermal conductivity detector
(TCD), and a hydrogen ame ionization detector (FID). An
ozone analyzer (Model UV-100) was employed to determine the
presence of ozone in the products with a sensitivity of 0.1 ppm.
According to the test results, no ozone was produced during the
experiment. In addition, the experiment did not detect carbon
accumulation. This study mainly focused on the product CO,
and the conversion rate measured by the CO2 content at the
inlet and outlet was within the experimental error range,24 so
the CO2 conversion rate (XCO2

) was calculated as follows:

XCO2
ð%Þ ¼ ½CO2�in � ½CO2�out

½CO2�in
� 100 (3)

where [CO2]in and [CO2]out represent the import and export
molar ows of CO2, mol s−1, respectively.
3. Results and discussion
3.1 Catalyst performance

DBD plasma was combined with catalysts prepared under
various hydrothermal temperatures to facilitate CO2
This journal is © The Royal Society of Chemistry 2025
decomposition reactions. The efficacy of DBD plasma alone and
DBD plasma in conjunction with AlO(OH)-180 catalyst was also
evaluated, as shown in Fig. 2. Throughout the experiment, no
additional carbon-based byproducts were detected, and
complete conversion of CO2 into carbon monoxide and oxygen
occurred, and CO selectivity and carbon balance is about 100%.

Fig. 2 illustrates the relationship between SIE and voltage,
showing a consistent increase in SIE as voltage rises. The CO2

decomposition rates of standalone DBD plasma and DBD
plasma combined with AlO(OH)-180, Cu2−xSe-Al-140, Cu2−xSe-
Al-180, or Cu2−xSe-Al-220 also demonstrate a steady ascent.
This phenomenon can be attributed to the higher voltage levels,
which enhance the electric eld strength within the plasma
discharge zone, thereby leading to increased excitation, ioni-
zation, and dissociation of the reaction gas.25 DBD plasma
possesses unique properties that allow for the decomposition of
CO2 when utilized independently, resulting in a CO2 conversion
rate of 6.72% at an SIE of 58.07 kJ L−1. The coupling of DBD
plasma with the catalysts signicantly improved the CO2

decomposition compared to plasma alone. Additionally, the
combination of plasma with Cu2−xSe-Al-140, Cu2−xSe-Al-180, or
Cu2−xSe-Al-220 catalysts demonstrated distinct variations in
CO2 decomposition effectiveness. Among the three catalysts,
Cu2−xSe-Al-180 displayed the highest efficiency, with CO2

conversion up to 28.07% at an SIE of 58.07 kJ L−1. This was
followed by Cu2−xSe-Al-220, with a CO2 conversion of 23.21% at
the same SIE. The CO2 conversion performance of Cu2−xSe-Al-
140 catalyst prepared at 140 °C was slightly lower than that of
AlO(OH)-180 prepared at 180 °C, with a CO2 conversion of
16.02% at an SIE of 58.07 kJ L−1. These ndings demonstrate
the signicant inuence of hydrothermal temperature on
catalyst activity. In a comprehensive comparison of energy and
conversion efficiency, the Cu2−xSe-Al-180 catalysts showed good
performance compared with other reports.26,27,45,51,56–61
3.2 Morphology and structural analysis of catalysts

The catalyst was analyzed using XRD to determine its phase
composition (Fig. 3). For comparative purposes, the AlO(OH)-
J. Mater. Chem. A, 2025, 13, 8445–8455 | 8447
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Table 1 Structural characteristics of materials

Catalysts SBET (m2 g−1)
Pore volume
(cm3 g−1)

Average pore
size (nm)

g-Al2O3 134.5 0.90 26.88
Cu2−xSe-Al-140 120.8 0.77 23.12
Cu2−xSe-Al-180 32.5 0.13 15.68
Cu2−xSe-Al-220 33.1 0.19 22.37
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180 material, which was prepared under identical conditions to
the Cu2−xSe-Al-180 catalyst but without the addition of copper
and selenium sources, was also subjected to XRD analysis for
comparison. Moreover, the raw material, g-Al2O3, was con-
ducted too.

The XRD characterization results are displayed in Fig. 3a.
The characteristic peaks of g-Al2O3 are observed at 2q values of
32.8°, 36.76°, 39.5°, 45.64°, 60.11°, and 66.98° (JCPDS 46-
1131).28 For the AlO(OH)-180 catalysts prepared without Cu and
Se precursors, diffraction peaks appeared at 2q values of 14.5°,
28.2°, 38.4°, 45.8°, 48.9°, 49.3°, 51.7°, 55.3°, 60.6°, 64.1°, 65.0°,
67.0°, 67.7° and 72.0°. These peaks correspond to the charac-
teristic peaks of AlO(OH) (JCPDS 83-2384), indicating successful
synthesis and modication of the g-Al2O3 raw material to yield
well-crystallized AlO(OH)-180 catalysts.29 The AlO(OH) charac-
teristic peaks were prominent in the Cu2−xSe-Al-140, Cu2−xSe-
Al-180, and Cu2−xSe-Al-220 catalysts prepared at 140 °C, 180 °
C, and 220 °C hydrothermal conditions, respectively. The
intensity of the AlO(OH) diffraction peaks increased with higher
hydrothermal temperatures, suggesting improved AlO(OH)
crystallinity in the Cu2−xSe-Al-180 catalyst compared to the
Cu2−xSe-Al-140 catalyst. In addition, characteristic peaks of
Cu2Se were observed at 27.1°, 45.0°, 53.3° (JCPDS 88-2043). The
introduction of Cu2Se into the AlO(OH) carrier did not alter the
crystal structure of AlO(OH), as indicated by the unchanged
position of the AlO(OH) diffraction peak and decreased inten-
sity. The effect has been reported in previous studies.30 Addi-
tionally, the diffraction peaks of the Cu2−xSe-Al-180 catalyst at
2q values of 27.1° and 45.0° were broader and lower in intensity
compared with those of Cu2−xSe-Al-140 and Cu2−xSe-Al-220
catalysts, suggesting superior dispersion of Cu2Se in the
Cu2−xSe-Al-180 catalysts prepared under hydrothermal condi-
tions at 180 °C.31 However, the characteristic peaks of CuSe were
not observed in XRD patterns, possibly due to the lower peak
intensity of CuSe compared to Cu2Se.32,33
Fig. 3 (a) X-ray diffraction patterns of g-Al2O3, AlO(OH)-180, Cu2−xSe-
desorption isotherms.

8448 | J. Mater. Chem. A, 2025, 13, 8445–8455
The N2 adsorption–desorption isothermal curves and pore
size distribution curves of catalysts prepared at different
hydrothermal temperatures are depicted in Fig. 3b. According
to the IUPAC classication, all the isotherms in the gure are of
type IV, suggesting that the catalyst possesses a mesoporous
structure.34 Nevertheless, notable distinctions can be observed
in the hysteresis loops of the materials produced under varying
hydrothermal conditions. Specically, the Cu2−xSe-Al-140 cata-
lyst, synthesized at 140 °C, exhibits a H1 hysteresis similar to
that of g-Al2O3, indicating an ordered mesoporous structure in
the material.35 On the other hand, Cu2−xSe-Al-180 and Cu2−xSe-
Al-220 materials, prepared at hydrothermal temperatures equal
to or greater than 180 °C, display H3 type hysteresis loops,
suggesting the material is composed of slit holes with ake
particles.36

The detailed structural characteristics of the material are
shown in Table 1. At a hydrothermal temperature of 140 °C,
there is only a slight decrease in the specic surface area, pore
volume, and pore diameter of the Cu2−xSe-Al-140 catalyst
compared to the raw material g-Al2O3. The XRD pattern of
Cu2−xSe-Al-140 reveals the presence of poorly crystalline
AlO(OH). This suggests that maybe only the outer layer of g-
Al2O3 transformed into AlO(OH) or transformation was not
complete yet at lower hydrothermal temperature, while the
overall structure of the Cu2−xSe-Al-140 catalyst remained largely
Al-140, Cu2−xSe-Al-180, and Cu2−xSe-Al-220 and (b) N2 adsorption–

This journal is © The Royal Society of Chemistry 2025
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unchanged.37 In contrast, at a hydrothermal temperature of
220 °C, the specic surface area, pore volume, and pore diam-
eter of the catalyst were signicantly reduced, from 134.5 m2 g−1

to 33.1 m2 g−1, from 0.90 cm3 g−1 to 0.19 cm3 g−1, and from
26.88 nm to 22.37 nm, respectively. These results suggest that
temperature plays a crucial role in regulating the structure
morphology of AlO(OH). Among the three distinct hydro-
thermal temperatures, catalyst fabricated at 180 °C exhibited
the lowest specic surface area, pore volume, and pore diam-
eter, measuring 32.53 m2 g−1, 0.13 cm3 g−1, and 15.68 nm
respectively.

The hydrothermal approach is important in material prep-
aration.38 Intriguingly, by adjusting the hydrothermal reaction
conditions, different product morphologies, crystal morphol-
ogies, and particle sizes can be obtained.39,40 In this study, three
catalysts, namely Cu2−xSe-Al-140, Cu2−xSe-Al-180 and Cu2−xSe-
Al-220, were analyzed using SEM and TEM techniques, with
the results as shown in Fig. 4.

Based on the SEM images, the Cu2−xSe-Al-140 catalyst
hydrothermally synthesized at 140 °C (Fig. 4a) exhibits an
irregular and granular structure. In contrast, the Cu2−xSe-Al-180
catalyst synthesized at 180 °C (Fig. 4b) exhibits a sheet structure
with excellent crystallinity and uniform dispersion. The
Cu2−xSe-Al-220 catalyst synthesized at a higher hydrothermal
Fig. 4 From left to right, the first, second, and third columns correspond
Al-140, Cu2−xSe-Al-180, and Cu2−xSe-Al-220, respectively. SEM imag
elemental mappings: (g–i); HRTEM images: (j–l).

This journal is © The Royal Society of Chemistry 2025
temperature of 220 °C (Fig. 4c) retains the sheet structure, but
notable aggregation is observed. This suggests that an optimal
hydrothermal temperature contributes to the formation of
a superior morphology, providing more active sites for the
reaction.41,42 Additionally, HAADF-STEM characterization of the
three synthesized materials reveals distinct differences. The
Cu2−xSe-Al-180 catalyst fabricated at 180 °C (Fig. 4e) possesses
a uniform nanosheet structure, which is distinguishes it from
the Cu2−xSe-Al-140 catalyst produced at 140 °C (Fig. 4d) and the
Cu2−xSe-Al-220 catalyst synthesized at 220 °C (Fig. 4f). XRD
analysis conrms that the main phase composition of the
catalyst is AlO(OH) and Cu2Se. HAADF-STEM element mapping
(Fig. 4g–i) conrms that the nanosheet is composed of AlO(OH).
Notably, while Cu and Se elements in the Cu2−xSe-Al-140 cata-
lyst (Fig. 4g) and the Cu2−xSe-Al-220 catalyst (Fig. 4i) exhibits
aggregation, Cu and Se elements in the Cu2−xSe-Al-180 catalyst
(Fig. 4h), synthesized at a hydrothermal temperature of 180 °C,
demonstrates excellent dispersion. This nding is consistent
with the results of the XRD analysis.

The HRTEM images of the catalysts are shown in Fig. 4j–l. In
the Cu2−xSe-Al-140 catalyst (Fig. 4j), the 0.328 nm crystal
spacing is attributed to the (111) facet of Cu2Se, while the
0.186 nm spacing is related to the (051) facet of AlO(OH). For the
Cu2−xSe-Al-180 catalyst (Fig. 4k), the 0.201 nm spacing
to the structural characterization maps of the three materials, Cu2−xSe-
es: (a–c); HAADF-STEM images: (d–f); HAADF-STEM corresponding
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corresponds to Cu2Se (220) and the 0.234 nm spacing to
AlO(OH) (031). In the Cu2−xSe-Al-180 catalyst (Fig. 4l), the
0.329 nm crystal spacing belongs to the (111) plane of Cu2Se,
and the 0.198 nm spacing is attributed to AlO(OH) in the (131)
plane. The above indicates that Cu2Se was successfully loaded
on the AlO(OH) surface in all three catalysts.43,44
3.3 Analysis of catalyst surface chemical properties

The catalyst was characterized using X-ray photoelectron spec-
troscopy (XPS) to determine the chemical valence of the mate-
rial. Fig. 5 presents the XPS spectra, specically the Cu 2p and
Se 3d spectra of three catalysts, namely Cu2−xSe-Al-140,
Cu2−xSe-Al-180, and Cu2−xSe-Al-220.

Analysis of Fig. 5a demonstrates that the three catalysts,
namely Cu2−xSe-Al-140, Cu2−xSe-Al-180, and Cu2−xSe-Al-220,
contain elements such as Cu, Se and O. Further analysis of
the Cu 2p spectrum (Fig. 5b) reveals that the peaks adjacent to
the binding energy of 933.4 eV and 953.2 eV correspond to the
Cu 2p3/2 and Cu 2p1/2 orbits, respectively, suggesting the pres-
ence of Cu2+. The two peaks at 940–945 eV belong to the satellite
peaks of Cu2+ and also prove the presence of Cu2+ in the
material. The peaks near 932.3 eV and 952.1 eV represent
Fig. 5 (a) XPS spectra, (b) Cu 2p spectrum, (c) Se 3d spectrum, and (d) C

8450 | J. Mater. Chem. A, 2025, 13, 8445–8455
characteristic peaks of Cu+ in the Cu 2p3/2 and Cu 2p1/2
orbits.45,46 Analysis results indicate variations in the contents of
Cu2+ and Cu+ among the three catalysts, namely Cu2−xSe-Al-140,
Cu2−xSe-Al-180, and Cu2−xSe-Al-220. Particularly, the Cu+

content of the Cu2−xSe-Al-180 catalyst (52.29%) was signicantly
higher than that of the Cu2−xSe-Al-140 catalyst (28.05%) and the
Cu2−xSe-Al-220 catalyst (38.78%). In Fig. 5c, the observed
double peaks of the Se 3d orbital near 53.8 eV and 54.6 eV
correspond to the Se2− valence state. This suggests that the Se
element exists in the form of Se2− in the materials prepared
under three hydrothermal conditions.47 The Cu2−xSe-Al-180
catalyst contains a higher amount of Cu2Se.

Previous research has indicated that the presence of
moderate basic sites enhances the adsorption and trans-
formation of CO2.48 It has been observed that AlO(OH) can
provide a greater number of basic sites for this process.49 To
investigate the variation in basic sites among catalysts synthe-
sized at different hydrothermal temperatures, CO2-TPD tests
were conducted on three catalysts, namely Cu2−xSe-Al-140,
Cu2−xSe-Al-180, and Cu2−xSe-Al-220. The results depicted in
Fig. 5d demonstrate that the basic sites of the catalyst fall into
two categories: weak basic sites in the temperature range of
O2-TPD curve.

This journal is © The Royal Society of Chemistry 2025
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250–400 °C and moderate basic sites within the range of 400–
600 °C.50 It is evident that Cu2−xSe-Al-140 contains both weak
and moderate basic sites. At hydrothermal temperatures
exceeding 180 °C, both Cu2−xSe-Al-180 and Cu2−xSe-Al-220
exhibit a signicant presence of moderate basic sites. These
ndings indicate that both Cu2−xSe-Al-180 and Cu2−xSe-Al-220
catalysts demonstrate effective CO2 adsorption capabilities. In
addition, relevant literature indicates that Cu2Se also has good
CO2 adsorption capacity.51 Therefore, the Cu2−xSe-Al-180 cata-
lyst can provide multiple adsorption activation sites for the
reaction.

Combining the above characterization results, the hydro-
thermal temperature was found to be the primary factor
affecting the physicochemical properties of the catalysts.
Specically, the Cu2−xSe-Al-180 and Cu2−xSe-Al-220 catalysts
have much smaller specic surface area, pore volume, and pore
diameter than Cu2−xSe-Al-140. However, they have more
moderate basic sites, resulting in better CO2 adsorption
capacity. Additionally, the Cu2−xSe-Al-180 catalysts demonstrate
well-crystallized lamellar AlO(OH), better dispersed Cu2Se, and
a higher proportion of Cu+, all of which contribute to the
outstanding catalytic performance of Cu2−xSe-Al-180.

3.4 Analysis of reaction mechanism

The XPS analysis was conducted on the Cu2−xSe-Al-180 catalyst
both before and aer the reaction, in particular aer a ∼50 h
stability test at a SIE of 58.07 kJ L−1. The results depicted in
Fig. 6a indicate a notable decrease in the Cu+ ratio of the
Cu2−xSe-Al-180 catalyst from 52.29% before the reaction to
Fig. 6 (a) Cu 2p and (b) Se 3d spectra before and after the reaction of Cu
systems; (d) stability test diagram of Cu2−xSe-Al-180 catalyst at a SIE of

This journal is © The Royal Society of Chemistry 2025
19.42% aer the reaction. Conversely, the Cu2+ ratio exhibited
an increase from 47.7% to 80.58% over the same period. These
ndings suggest that Cu+ undergoes oxidation throughout the
course of the reaction process.45

Regarding the Se element (Fig. 6b), only the presence of Se2−

was identied prior to the reaction. However, following the
reaction, a distinct new binding energy peak emerged at 59.1 eV,
corresponding to the characteristic peak of single-tooth Se4+.52

These observations provide evidence that the active component
Cu2Se in the Cu2−xSe-Al-180 catalyst underwent transformation
during the reaction.

The XRD analysis of the Cu2−xSe-Al-180 catalyst aer the
reaction was compared to that before the reaction, as depicted
in Fig. 6c. It was observed that the characteristic peak of
AlO(OH) in the catalyst remained relatively stable aer the
reaction, suggesting the resilience of AlO(OH) under the DBD
plasma reaction conditions. However, the diffraction peak of
Cu2Se showed a signicant attenuation aer the reaction. Due
to the small amount of CuSeO3, it was not detected in XRD, as
determined by XPS characterization involved the trans-
formation of Cu+ into Cu2+ and Se2− into Se4+. These results
indicate that the active component Cu2Se in the Cu2−xSe-Al-180
catalyst was converted into CuSeO3 during the reaction.

Additionally, as illustrated in Fig. 7, the excited states of
individual plasma, plasma-bound AlO(OH)-180, and plasma-
bound Cu2−xSe-Al-180 in the catalytic decomposition reaction
of CO2 were detected using a plasma emission spectrometer.
These measurements were conducted to gain further insight
into the microscopic processes underlying the reaction.
2−xSe-Al-180 catalyst. (c) Plasma emission spectra of different reaction
58.07 kJ L−1.
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Fig. 7 Emission spectra of the reaction process.
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The peaks within the 300–420 nm range were found to
correspond to the excitation characteristic peaks of CO2

+(A2Pu–

X2Pg).53 The emission spectral peak of CO2
+(A2Pu–X

2Pg) was
detected across all three discharge systems within this range.
However, the signal intensity of the distinctive peak was low
when CO2 was converted by a single plasma, suggesting limited
excitation of CO2 by a single plasma source. In contrast, the
incorporation of AlO(OH)-180 and Cu2−xSe-Al-180 in DBD
plasma led to an enhancement in the intensity of the excitation
characteristic peak of CO2

+(A2Pu–X
2Pg). This enhancement

indicated that the catalysts facilitated the generation of more
excited species from CO2. The characteristic peaks at approxi-
mately 210 nm, 440 nm, 490 nm, and 540 nm corresponds to
CO(d3D–a3P), while the characteristic peak at approximately
260 nm corresponds to CO.54 These outcomes indicated that the
conversion of CO2 to CO was the primary reaction taking place
during the process. The characteristic peaks located around
420 nm and 440 nm correspond to C2(A

3Pg–X
3Pu), but their

intensity is extremely low, and no formation of multi-carbon
products is detected. The distinct peaks observed at
Fig. 8 In situ DRIFTS spectra of Cu2−xSe-Al-180 catalysts.

8452 | J. Mater. Chem. A, 2025, 13, 8445–8455
approximately 390 nm and 690 nm are attributed to the
O2(C

3Du–a
1Dg) transition states.55 These ndings suggest that

certain O excited states participate in the reaction mechanism
to produce O2. Overall, the integration of DBD plasma with the
Cu2−xSe-Al-180 catalyst enhances the activation and decompo-
sition of CO2.

In order to deeply investigate the reactionmechanism, in situ
DRIFTS characterization was carried out on the Cu2−xSe-Al-180
catalyst as shown in Fig. 8. The large peaks at 2200–2400 cm−1

belong to the CO2 adsorption peaks. The peaks at 2174 cm−1

and 2119 cm−1 belong to the gaseous and weakly adsorbed CO,
and the peak at 2076 cm−1 belongs to the bridge adsorption on
the CO on Cu2−xSe.56,57

The peak of CO2 gradually weakened while the peak of CO
gradually enhanced as the reaction proceeded. This suggests
that CO2 is directly converted to CO aer adsorption over
Cu2−xSe-Al-180 catalyst. Previous studies have shown that the
introduction of a catalyst in a plasma environment can promote
CO2 adsorption, lower the reaction activation energy barrier,
and enhance the excited activation of CO2.58,59

The reactions involved in this study are as in equations
(R1)–(R6).60,61 The incorporation of Cu2−xSe-Al-180 catalyst
mainly facilitated (R1)–(R3). During the reaction, accompanied
by the production of (R6).

e− + CO2 / CO + O + e− (R1)

e− + CO2 / CO + O− (R2)

e− + CO2 / CO2
+ + 2e− (R3)

e− + CO2
+ / CO + O (R4)

O2
− + CO2

+ / CO + O (R5)

Cu+ + Se2− + O− − 6e− / Cu2+ + Se4+ + O2− (R6)

The reaction mechanism of CO2 decomposition by the
Cu2−xSe-Al-180 catalyst in DBD plasma for CO production is
This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Schematic of CO2 decomposition by DBD plasma combined with Cu2−xSe-Al-180 catalyst.
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illustrated in Fig. 9. Overall, the incorporation of the Cu2−xSe-
Al-180 catalyst into the plasma electric eld enhances the exci-
tation and conversion of CO2. In addition, the presence of O
excited states in the electric eld makes the transition from
Cu2Se to CuSeO3, but this transition is slow, which is the reason
why the Cu2−xSe-Al-180 catalyst is not deactivated aer a long–
time reaction.
4. Conclusions

In summary, the morphology of AlO(OH), the dispersion of
Cu2Se, and the ratio of Cu+ to Cu2+ during the preparation of
materials via using the hydrothermal method were found to be
inuenced primarily by the hydrothermal temperature. Specif-
ically, the Cu2−xSe-Al-180 catalysts were prepared under
hydrothermal conditions at 180 °C, resulting in the formation
of nanoake-like AlO(OH), highly dispersed Cu2Se, and a higher
Cu+ content. The combination of Cu2−xSe-Al-180 with DBD
plasma was employed for CO2 decomposition to generate CO,
with a CO2 conversion efficiency of up to 28.07% achieved at an
SIE of 58.07 kJ L−1. This remarkable effect can be attributed to
the superior CO2 adsorption properties of AlO(OH) and Cu2Se,
which lowers the activation energy barrier of the reaction and
facilitates the excitation of CO2 within the electric eld of the
DBD plasma, which is further enhanced by Cu2Se. XPS and XRD
characterization results indicated that the active component,
Cu2Se undergoes a transformation to CuSeO3 during the reac-
tion process, which also contributes to the gradual decline in
catalyst activity.
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