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The efficient utilization of CO, as a carbon feedstock is vital for achieving carbon neutrality while enabling
sustainable production of C; chemicals. Plasma-assisted catalytic conversion has emerged as a promising
strategy under mild conditions, yet its progress is limited by the lack of highly active and plasma-tolerant
catalysts. In this work, an In,O3-ZrO, composite catalyst with high catalytic activity, excellent thermal
stability and long service life was successfully prepared by combining the chemical precipitation method
with plasma technology. The In-Zr (1:1) catalyst exhibited the best performance, reaching a CO,
conversion of 26.3% and CO selectivity above 90% at an SIE of 104 kJ L~*. Compared with pure In,Os,
the composite showed markedly improved thermal stability, sustaining continuous operation for
450 min, three times longer than In,Os. Plasma modification induced a higher concentration of oxygen
vacancies (1.69 x 103 spins per g), increased surface area (56.7 m? g™4), and a narrowed bandgap (2.49
eV), which synergistically enhanced catalytic activity. Mechanistic studies and DFT calculations further

revealed that the strong plasma-catalyst interaction facilitates CO, activation pathways. This study
Received 4th October 2025

Accepted 5th January 2026 demonstrates not only the durability of In-Zr composites but also highlights plasma modification as an

effective strategy to design next-generation catalysts for plasma-assisted CO, utilization. Meanwhile, the
DOI: 10.1039/d5ta08108d In-Zr catalyst successfully developed in this study, with its outstanding performance, stability and

rsc.li/materials-a durability, is a highly promising candidate material for high-temperature industrial catalytic processes.

the most effective scientific strategies.’®™® Carbon monoxide
(CO) possesses significant commercial value as a C; resource,
serving as a precursor to produce various value-added chem-
icals.’™ Consequently, the direct conversion of CO, into CO
and O, constitutes a significant industrial process.">"”

1. Introduction

In recent years, the persistent rise in carbon dioxide (CO,)
emissions intensified concerns over global warming and
climate risk, posing a major challenge to sustainable
development.’” Meanwhile, the global transition from fossil-
fuel-based systems to low-carbon and hydrogen-enabled
energy technologies is accelerating.® Therefore, converting
CO, into high-value products, such as CO, CH,, and CH;0H,°
via carbon capture and utilization (CCU) is regarded as one of

CO, = CO + 1/20,, AH = 283 kI mol ! (1)

There are several methods for CO, conversion: pyrolysis,
electrocatalysis, photocatalysis, and plasma catalysis. None-
theless, due to the dissociation energy of C=0 being 5.5 eV, the
pyrolysis process requires elevated temperatures approaching
2000 K to facilitate the breakdown of CO,. The catalysts
employed in electrocatalytic and photocatalytic processes are
often precious metal catalysts, which are relatively expensive.
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Conversely, non-thermal plasma technology (NTP) produces
high-energy electrons ranging from 1 to 10 eV at ambient
temperature and pressure,'®*° which can cleave the C=0 bond,
thereby facilitating the decomposition and conversion of CO,.
Thus, NTP is considered a viable alternative to conventional
conversion methods. Common plasma generation methods
include glow discharge, microwave discharge, and dielectric
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barrier discharge (DBD).”* Among them, DBD is more appro-
priate for CO, conversion owing to its benefits of stable
discharge, homogeneous gas distribution, and effective gas
tightness.”>>*

The NTP technique for CO, processing offers advantages
such as (1) operation at ambient temperature and pressure, (2)
reduced energy input requirements, and (3) enhanced CO
selectivity. Nevertheless, the limited utilization of high-energy
electrons produced by NTP prevents a single plasma from
attaining high CO, conversion efficiency. Consequently, the
integration of plasma technology with catalysts to collabora-
tively facilitate the breakdown of CO, is the primary research
focus in this domain.? In 2020,” Ray et al. introduced a g-C3N,
- based catalyst into a DBD system and demonstrated that 5%
ZnO + g-C3N, enhanced the catalytic conversion of acidic gases,
such as CO,, owing to the abundance of alkaline sites. In 2023,>*
Rao et al. investigated the synergistic catalytic effects of several
alkali metal oxides with DBD, revealing a trend of SrO > Al,O; >
MgO > CaO. In 2024,” Hadi et al. confirmed that oxygen
vacancies in metal oxides enhanced the catalytic breakdown of
CO,.

Cubic-phase indium oxide (c-In,0;) is notable among many
metal oxides that tend to produce oxygen vacancies, owing to its
stable thermodynamic configuration and superior catalytic
performance.*®** We previously synthesized In,0;
catalysts with elevated oxygen vacancies using chemical
precipitation coupled with DBD technology and confirmed their
efficacy in synergistically enhancing the catalytic conversion of
CO, when used with DBD.***® In,0; has remarkable catalytic
activity at lower temperatures (225 °C), but at elevated temper-
atures, it experiences a significant decrease in activity, resulting
in catalyst deactivation.

To address the issues of short lifespan and thermal deacti-
vation of In,0; catalysts, our research team selected ZrO, as
a second component owing to its excellent thermal stability and
catalytic potential, based on preliminary screening experi-
ments. In this study, In,0;-ZrO, composite catalysts with
different indium-zirconium molar ratios were successfully
prepared by combining chemical precipitation and DBD tech-
nology and placed in a DBD reactor to explore the effects of
synergistic interactions between catalysts and DBD plasma on
the catalytic conversion of CO,. It is important to promote the
application of plasma catalysis technology in CO, conversion.
This work aims to promote the application of plasma-catalysis
technology in CO, conversion. The catalytic performances of
In,03, ZrO, and In,03-ZrO, catalysts with different indium-
zirconium ratios were compared in a DBD reactor. In addition,
the composite catalysts were analyzed to gain insight into
improving the reaction mechanism for the catalytic conversion
of CO, in the DBD reactor and the possible reasons for its high
lifetime.

nano-

2. Experimental
2.1 Plasma reactor setup

Fig. 1 illustrates the interior configuration of the experimental
apparatus and DBD reactor. The reaction gas utilized was high-
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purity CO, (Shanxi Lizhe Gas Corporation, purity: 99.99%), with
the flow rate regulated between 10-80 mL min~ ' using a pres-
sure regulator valve and a mass flow meter (ACU10FD-LC,
produced by Beijing AccuFlow Technology Co., Ltd). After flow
regulation, the gas was introduced at one end of the DBD
reactor, traversed the plasma region to undergo the reaction,
and subsequently, the reaction products were collected at the
opposite end. The gaseous products of the reaction were
analyzed using a GC9790 II gas chromatograph equipped with
a thermal conductivity detector (TCD) to determine their
composition after reaction. The experiment utilized a high-
voltage AC power supply as the power source. The detailed
setup is shown in Fig. 1a.

Fig. 1b illustrates the internal structure of the DBD reactor.
The primary structure of the DBD reactor comprises a quartz
tube with an internal diameter of 15 mm. A stainless-steel rod,
measuring 13 mm in diameter and 150 mm in length, is posi-
tioned along the axis within the quartz tube as the inner elec-
trode. A 120-mm-long stainless-steel mesh was positioned
around the outer surface of the quartz tube to serve as the outer
electrode. The reactor's discharge gap measured 1 mm, while
the discharge length was 120 mm. The catalyst was introduced
into the DBD reactor via the incorporated powder catalyst (IPC)
approach. The plasma power signal was measured using
a TM10 oscilloscope (Tecman Electronic Instrument Holdings
Limited).**

2.2 Catalyst preparation

The catalysts were synthesized using a chemical precipitation
process integrated with DBD plasma technology. Using the
catalyst with an In,0;3-ZrO, molar ratio of 1 : 1 (designated as In-
Zr (1:1)) as a case study: initially, 1.86 g of indium nitrate and
1.07 g of zirconium nitrate were dissolved in 50 mL of deionized
water to create the precursor solution, followed by the dissolu-
tion of sodium carbonate in deionized water to prepare
a sodium carbonate solution at a concentration of 0.2 mol L™,
The catalyst was synthesized using chemical impregnation
while stirring at 80 °C and 800 rpm, using a syringe pump to
maintain a flow rate of 120 mL min '. Subsequently, the
sodium carbonate solution was gradually added to the
precursor solution via a syringe pump at 120 mL min~" under
continuous stirring (80 °C, 800 rpm) until the pH reached 10.
Following a three-hour aging period at 80 °C, the suspension
was filtered, rinsed with hot deionized water, and then dried at
80 °C for 12 hours, followed by calcination in a muffle furnace
(heating rate of 5 °C min~", calcination temperature of 450 °C,
duration of 3 hours). The resultant powder samples were posi-
tioned in a DBD reactor and treated in batches at 60 W for 20
minutes, ultimately yielding a light yellow powdered In-Zr (1: 1)
catalyst. The specific raw material dosages and reaction
parameters of other catalysts prepared by the chemical precip-
itation method are shown in Table 1.

A mechanical grinding method was adopted to prepare the
physically mixed composite catalyst. The experimental proce-
dures are as follows: 2.77 g of In,03 sample and 1.23 g of ZrO,
sample were dried and uniformly mixed, followed by grinding

J. Mater. Chem. A, 2026, 14, 8976-8988 | 8977


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta08108d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 06 January 2026. Downloaded on 4/5/2026 10:20:12 PM.

(cc)

View Article Online

Journal of Materials Chemistry A Paper

Outer electrode

Inner electrode
Discharge gap (1mm) ‘

|

Transformer Mass flow meter  Regulators

‘ DBD reactor

COﬁnl

13mm 15mm

|

High voltage

0 " i 1
' ' H

' '
ower supply . ' ' !
P pply /\ ' : l CO, out i
| Plasma Catalyst ' !
| s = |

A . '
: Discharge length ' !
Oscillograph Gas chromatograph workstation Gas chromatograph (]20mm) i
1

e

200nm 100 nm
— - —

50 nm
I

Fig. 1 Schematic of the experimental setup and the details of a cylindrical DBD plasma reactor: (a) schematic of the experimental setup; (b)
details of the cylindrical DBD plasma reactor. SEM image of (c) In,Os, (d) ZrO,, and (e) In-Zr (1: 1); (f) TEM image of In-Zr (1: 1), (g) EDS analysis of
In-Zr (1:1), (h) HRTEM image of In-Zr (1:1), (i) HAADF-STEM image and elemental mapping images of In-Zr (1:1).

Table 1 Catalyst preparation parameters

Catalyst type Dosage of In(NOs); Dosage of Zr(NO3), Stirring rate Calcination conditions
In,05 3.00¢g 0g 800 rpm 450-5 °C min~*
In-Zr (7:3) 2.61g 0.64¢g 800 rpm 450-5 °C min~*
In-Zr (1:1) 1.86 g 1.07 g 800 rpm 450-5 °C min~*
In-Zr (3:7) 112 ¢ 150 g 800 rpm 450-5 °C min !
ZrO, 0g 3.00g 800 rpm 450-5 °C min~*
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in a mortar for 10 minutes to ensure sufficient mixing. Finally,
the target physically mixed composite catalyst was obtained.

2.3 Chromatographic analysis and parameter definition

The CO, conversion rate, CO yield, and CO selectivity were
defined as

CO, conversion rate (%) = {C 2 12 _zcinz out} x 100 (2)
CO out
1 V) —
CO yield (%) = {C - in] x 100 (3)

CO out
CO, in— CO, out} <100 (4)

CO selectivity (%) = [

where CO, in, CO, out, and CO out are the molar flow rate of
input CO, (mol min~"), and output of CO, (mol min~") and CO
(mol min™"), respectively.

The specific input energy (SIE) is defined as.

SIE (L") = [mput power (W) x 60}

Fco, in

where Fco, in is the flow rate of CO, (mL min1).
The energy efficacy of the reaction is defined as.

n (%) =

22.4 x SIE

CO, conversion x AH (kJ moll)] ©)

The residence time of CO, in the DBD device was determined
by the following equation.

V

CO, in

Residence time (s) = { } x 60 (7)
where V represents the volume of the DBD plasma zone, which
is 5.3 mL, and F represents the various inlet flow rates.

2.4 Catalyst characterization

The various c-catalyst samples were individually analyzed using
X-ray diffraction (MiniFlex 600), and spectra were produced
within the range of 26 = 0°-90°. The microstructures of various
catalysts were examined with a Hitachi SU8230 field emission
scanning electron microscope and an FEI Tecnai F20 trans-
mission electron microscope, while the elemental compositions
of the In-Zr (1:1) catalysts were analyzed using an X-Twin
energy-dispersive X-ray spectrometer (EDS). The surface chem-
ical compositions and oxidation states of the various catalysts
were ascertained using X-ray photoelectron spectroscopy
(Thermofisher ESCALAB Xi+). The quantity of bulk oxygen
vacancies in the samples was assessed using electron para-
magnetic resonance (EPR) spectroscopy (Bruker A300 Ger-
many). A Shimadzu 3600-Plus UV-Vis spectrometer was
employed to acquire diffuse reflectance UV-Vis spectra span-
ning 200-800 nm, and the bandgap energies were determined
using the Tauc plot technique. Ultimately, CO, adsorption and
desorption studies were conducted utilizing a kinetic gas
adsorption analyzer (Conta Autosorb-iQ) at 273 K, with CO, as
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the adsorbate gas. All samples were degassed under vacuum at
120 °C for 7 hours prior to analysis. The surface area of each
catalyst was determined using the BET (Brunauer-Emmett-
Teller) technique, while the pore volume and pore size of each
catalyst were measured from the BJH (Barrett-Joyner-Halenda)
desorption curve.

The specific parameters of the Density Functional Theory
(DFT) simulation calculations are as follows:

Computational software and procedures: all first-principles
calculations were performed using the Vienna A4b initio Simu-
lation Package (VASP). Modelling and visualisation were con-
ducted using Materials Studio and VESTA software.

Exchange-correlation functional: The Perdew-Burke-Ern-
zerhof (PBE) functional under the generalized gradient
approximation (GGA) was employed.

Dispersion correction: to accurately describe intermolecular
weak interactions, the DFT-D3 method was employed for
dispersion correction.

Planar wave cutoff energy: set to 520 eV.

Electronic self-consistency iterations: energy convergence
criterion set to EDIFF = 10" eV.

Atomic geometry optimisation: force convergence criterion
on each atom set to EDIFFG = 0.02 x eV A™".

3. Results and discussion
3.1 Microscopic morphology of the catalyst

The surface morphology of In,03, ZrO,, and In-Zr (1:1) was
characterized using scanning electron microscopy (SEM), as
seen in Fig. 1c-e. Fig. 1c and d show the SEM images of In,0;
and ZrO,, respectively. In,O; exists as nanoparticles with an
average size of around 100 nm, while ZrO, exhibits a distinct
morphology characterized as ‘amorphous,’” with particle sizes
ranging from 200 to 400 nm. The particle size ranges from 200
to 400 nanometers. Fig. 1e illustrates the surface morphology of
In-Zr (1:1) composite catalysts, revealing the nanoparticle
morphology of In,O; alongside the droplet-like structure of
ZrO,. A distinct interface between the various morphologies is
evident, signifying that the structure is heterogeneous,
comprising In,0; and ZrO,. The presence of multiple hetero-
geneous interfaces increases the exposure of active sites,
thereby enhancing catalytic activity.

The catalysts' morphological characteristics were examined
and analyzed by transmission electron microscopy. Fig. 1f
presents the TEM image of the In-Zr (1:1) catalyst, whereas
Fig. 1h displays the HRTEM image corresponding to its desig-
nated location. The assessment of the catalysts through Fourier
and inverse Fourier transformations (Fig. S1), along with lattice
spacing measurements, indicates that the In-Zr (1:1) catalyst
displays two lattice fringes corresponding to the (111) crystal-
lographic plane of ZrO, and the (222) crystallographic plane of
In,0;, thereby reaffirming the heterogeneous structure of the
In-Zr (1:1) catalyst. Meanwhile, we have performed SAED
analysis of the composite sample, with the results presented in
Fig. S1. It can be seen that the diffraction pattern consists of
diffraction rings rather than diffraction spots, indicating that
this region has a polycrystalline structure. Additionally, through
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the analysis of these diffraction rings, they can be indexed to
different crystal planes of In,O; and ZrO,, which further
confirms the component composition of the composite catalyst.

Fig. 1i presents the HAADF-STEM and elemental mapping
images of the catalysts, accompanied by energy dispersive X-ray
spectroscopy (EDS) and elemental analysis (Fig. 1g and S2).
Fig. 1e illustrates that, among the three constituents In, Zr, and
O in the catalyst, the O element predominates, while the molar
ratio of In to Zr is approximately 2 : 1. This observation aligns
with the design of the composite catalyst, In-Zr (1 : 1), where the
molar ratio of In,Oj3 to ZrO, is also 1 : 1. The elemental mapping
image (Fig. 1g) reveals a homogeneous distribution of the
elements In, Zr, and O throughout the catalyst. This confirms
that the In-Zr (1:1) catalyst consists of a heterogeneous
composition, with ZrO, and In,0; interwoven. This heteroge-
neous structure enhances catalytic activity, while the interac-
tion of the dioxide phases improves the overall performance of
the catalyst through synergistic effects.

We also conducted SEM and TEM characterizations on the
In-Zr (1:1) composite catalyst after DBD treatment, and the
detailed results are presented in Fig. S3. A comparison of the
SEM images before and after treatment reveals that the cata-
lyst's overall morphology, particle size, and distribution
remained consistent. Low-magnification TEM images further
confirm that DBD treatment did not cause obvious sintering,
fragmentation, or agglomeration of the particles. To investigate
potential effects on the crystal structure, we conducted HRTEM
analysis. It can be observed that the clear lattice fringes in the
catalyst were completely retained after treatment. These data
strongly indicate that the DBD plasma treatment we employed
is a mild and highly selective surface modification technique.
This technique enables precise regulation of the catalyst's
surface properties without altering its bulk morphology or
crystal structure.

3.2 Catalytic activity evaluation

To validate the catalytic conversion of CO, by various catalysts
in the DBD reactor, 0.2 g of each catalyst was introduced into
the DBD reactor using the IPC method. The CO, inlet flow rate
was maintained at 20 mL min~ ", while the specific energy input
(SIE) of the system was regulated by modulating the input
power. The test outcomes are illustrated in Fig. 2. Fig. 2a and
b illustrate that an increase in the specific energy input of the
DBD system resulted in a substantial enhancement in CO,
conversion and CO production. This occurs because, at elevated
SIE, the plasma generates more energetic electrons, thereby
increasing the collision likelihood between CO, and these
electrons, ultimately improving CO, conversion.* The catalyst-
filled DBD exhibits a substantial enhancement in CO, conver-
sion and CO yield relative to the catalyst-free DBD. This results
from the synergistic interaction between the catalyst and
plasma discharge in CO, conversion.'>*® The total CO, conver-
sion efficacy follows the sequence: In,0; > In-Zr (7: 3) > In-Zr
(1:1) > In-Zr (3:7) > ZrO,. From this, In,0; demonstrates
a greater contribution to CO, conversion than ZrO,. Fig. 2d
illustrates that the maximum CO yield is achieved in the DBD
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system containing In-Zr in a 1:1 ratio. In conjunction with the
CO selectivity illustrated in Fig. 2c, it is evident that the CO
selectivity of the DBD reactors diminished to varied extents
following the introduction of the catalysts, although the CO
selectivity of the In-Zr (1:1) synergistic DBD consistently
remained elevated (>90%). This explains the high CO yield
observed with the In-Zr (1: 1) DBD system at increased SIE. The
In-Zr (1:1) catalyst therefore selectively promotes the conver-
sion of CO, to CO within the DBD reactor.

Fig. 2d illustrates the comparative energy efficiency of several
catalysts over different SIEs. The energy efficiency of DBD
systems containing catalysts surpasses those of the empty
DBDs, indicating that the presence of catalysts enhances the
utilization of energy for CO, conversion rather than for heat
dissipation.

The catalyst's stability is similarly crucial in practical appli-
cations. In the operation of DBD, the gas temperature within the
system rises with increasing input power®” (Fig. S4), and
excessive temperatures might adversely influence the catalytic
activity of the catalyst. To assess the thermal stability of several
catalysts, 0.2 g of each catalyst was introduced into the DBD
reactor using the IPC technique and evaluated at an input power
of 80 W (SIE = 237 k] L', T = 251.8 °C). The findings are
presented in Fig. 2e. During the early phase of the reaction, the
CO, conversion in all reactors progressively rose over time,
indicating that the catalyst is undergoing activation. At 50
minutes, the CO, conversion in the DBD reactor containing
In,0; and In-Zr (7:3) began to decrease gradually, ultimately
stabilizing at approximately 16%, which is lower than that of the
catalyst-free DBD. In contrast, the CO, conversion in the DBD
reactor filled with In-Zr (1:1), In-Zr (3:7), and ZrO, catalysts
continued to rise, eventually stabilizing at a level exceeding that
of the catalyst-free DBD. The likely explanation for this behav-
iour is that ZrO, possesses significant thermal stability and its
physicochemical properties remain stable at elevated tempera-
tures, while the incorporation of ZrO, helps to preserve the
catalytic activity of the catalysts under high-temperature
conditions.

To investigate the service life of the composite catalyst, 0.2 g
of In,O; catalyst, ZrO, catalyst and In-Zr (1:1) catalyst, identi-
fied as the most effective among the composite catalysts, was
introduced into a DBD reactor via the IPC method. The service
life of the catalyst was measured under the condition of SIE =
104 kJ L', where the system energy efficiency reaches its
maximum. The results are shown in Fig. 2f. During the initial 0-
80 minutes, the In,0; catalyst undergoes an activation phase,
during which the conversion of CO, progressively rises over
time. During the 80-180 minute interval, the In,O; catalyst
remains in the stabilization phase, exhibiting negligible varia-
tion in its CO, conversion rate. After 180 minutes, the CO,
conversion of In,0; starts to decline and ultimately drops below
that of the empty-loaded DBD. After activation, the ZrO, catalyst
can also maintain a high CO, conversion rate. Although slightly
lower than that of the In-Zr (1 : 1) composite catalyst, no obvious
downward trend is observed, demonstrating excellent stability.
In comparison, the activation duration of the In-Zr (1:1) cata-
lyst significantly exceeds that of the pure In,O; catalyst, with the

This journal is © The Royal Society of Chemistry 2026
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Fig.2 The impact of SIE on (a) CO, conversion rate, (b) CO yield, (c) CO selectivity, and (d) energy efficiency of different packing materials; (e)
thermal stability of different packing materials; (f) comparison of the lifetimes of In,Os and In-Zr (1: 1) under the optimal SIE.

former exhibiting an activation period of 0-150 minutes and
consistently achieving superior CO, conversion rates during
this timeframe. During the 150 to 450 minute interval, the In-Zr
(1:1) catalyst exhibited stability, with CO, conversion remain-
ing constant across time and no observable deactivation phase.
This signifies that the catalyst's lifespan was significantly
enhanced with the incorporation of ZrO,.

Based on these findings, it was determined that the In-Zr (1:
1) catalyst exhibited not only elevated CO, conversion and CO
yield but also the capability to selectively break down CO, into
CO, with superior thermal stability and longevity compared to
the pure In,O; catalyst. Consequently, the ensuing composite
catalysts were investigated utilizing In-Zr (1 : 1) catalysts.

3.3 The effect of SIE and residence time

In order to investigate the effect of In-Zr (1 : 1) catalyst dosage on
the catalytic conversion performance of CO,, different dosages
of In-Zr (1 : 1) catalyst were placed in the DBD reactor using the
IPC method, and the flow rate of CO, gas inlet was controlled at
20 mL min~*, while the tests were carried out at different SIEs,
and the results of the experiments are shown in Fig. 3a-d.
Fig. 3a-c show the CO, conversion, CO yield and energy effi-
ciency at different In-Zr (1 : 1) dosages, respectively. At low SIE,
the CO, conversion, CO yield and energy efficiency of the
catalyst-filled DBD are higher than those of the catalyst-free
DBD due to the synergistic effect between the catalyst and the
plasma, which promotes the conversion of CO,. However, the
CO, conversion of the DBD reactors filled with 0.3 g and 0.4 g of
In-Zr (1:1) was ultimately lower than that of the catalyst-free

This journal is © The Royal Society of Chemistry 2026

DBD reactor at high SIE. This is due to the stacking of excess
catalysts in the reactor, which makes it difficult for the catalyst
to fully contact CO, and reduces its utilization rate, while a large
amount of catalyst stacking hinders the plasma discharge,
which ultimately leads to a decrease in the CO, conversion
performance. Although the CO, conversion of 0.1 g In-Zr (1:1)
at high SIE was slightly higher than that of empty DBD, its CO
yield at high SIE was lower than that of empty DBD, which also
matched with the lower CO selectivity of 0.1 g catalyst at high
SIE (Fig. 3d). The possible reason for this situation is that the
catalyst dosage is too low, and the catalysis is not sufficient. The
overall trend of catalyst dosage is 0.2 g > 0.1 g> 0.3 g > 0.4 g. This
indicates that excess catalysts tend to accumulate in the DBD
reactor, which not only has a low utilization rate but also affects
the plasma discharge, while insufficient dosage may lead to
reduced catalytic activity. Therefore, the amount of catalyst
needs to be strictly controlled.

The residence time of CO, gas in the DBD system influences
its overall conversion efficiency. The residence time is deter-
mined using eqn (7), and the test results are illustrated in
Fig. 3e and f. The CO, conversion rate rises with an increase in
residence duration, irrespective of the presence of a catalyst
(Fig. 3e). The duration of CO, gas presence in the discharge
zone correlates positively with the likelihood of it being struck
by energetic electrons. The CO, conversion in the In-Zr (1:1)
system exceeds that of the DBD reactor without catalyst at
extended residence times, whereas the CO, conversion in the
catalyst-free DBD exceeds that of the catalyst-filled DBD at
shorter residence times. This is likely because the catalyst needs

J. Mater. Chem. A, 2026, 14, 8976-8988 | 8981
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sufficient time to absorb CO,; an inadequate residence time
hinders CO, from adhering to the catalyst's surface, thus
limiting its catalytic effect. The catalyst may also influence
plasma discharge, resulting in reduced CO, conversion. Fig. 3f
illustrates the correlation between energy efficiency and varying
residence times, revealing a declining trend in energy efficiency
as residence time increases. This phenomenon occurs because
prolonged CO, presence in the system facilitates its heating by
high-energy electrons. A greater amount of energy is expended
as heat, leading to reduced energy efficiency. The energy effi-
ciency of the reactor containing In-Zr (1:1) was significantly
enhanced at the longest residence time of 22.9 seconds, sug-
gesting that CO, and In-Zr (1:1) achieved optimal contact
during this duration, allowing high-energy electrons to facilitate
CO, conversion rather than dissipating energy as heat.

3.4 Mechanistic analysis

To examine the catalytic mechanisms of the catalysts In,O3,
ZrO,, In-Zr (1:1), and In-Zr (1: 1)-DBD (the latter being derived
from In-Zr (1:1) catalysts treated for 20 minutes in a DBD
reactor under an air atmosphere at 160 V), XRD, XPS, EPR, and
BET characterization tests were conducted. The findings are
illustrated in Fig. 4. Fig. 4a presents the XRD diffractograms of
several catalysts, demonstrating that the In,O; and ZrO,
samples align well with their respective PDF cards. In the In-Zr
(1:1) composition, the typical peaks of the ZrO, sample are
largely aligned, and the distinctive peaks of the In,O; (211)
crystal plane emerge at a 26 diffraction angle of 21.5°.%® This

8982 | J Mater. Chem. A, 2026, 14, 8976-8988

demonstrates that the In-Zr (1:1) composite catalyst was
effectively synthesized. In contrast, the comparison of the In-Zr
(1:1) catalysts prior to and following DBD treatment did not
provide a discernible change, thus confirming that the DBD
treatment does not influence the crystallinity of the catalysts.
Fig. 4b-g presents the XPS test results for several catalysts.
Fig. 4b and c present the characterization test results for In 3d
and Zr 3d, respectively. Notably, binding energies of 452.4 eV
and 444.8 eV correspond to In3d;/, and In3ds/,, while binding
energies of 183.5 eV and 181.1 eV correspond to Zr3d;, and
Zr3ds,. This observation is attributed to the characteristic spin-
orbit splitting of In** and Zr"* ions. Comparing In,0; and ZrO,,
both In3d;/, and In3ds), in In-Zr (1:1) catalysts shift to lower
binding energies, whereas Zr3d;,, and Zr3ds, shift to higher
binding energies. This indicates an electron transfer from Zr**
to In** during the formation of In-Zr (1:1) catalysts.*® This
indicates that the In-Zr composite catalyst is not a simple
physical mixture, but rather that chemical interactions occur
between In,0; and ZrO,. To verify that such interactions are
conducive to enhancing its catalytic performance, a physically
mixed In-Zr composite catalyst was prepared and subjected to
a series of tests and characterizations, with the results pre-
sented in Fig. S5. As can be seen from the XRD and TEM
patterns in Fig. S5, the physically mixed In-Zr composite catalyst
was successfully synthesized. Meanwhile, in comparison with
the physically mixed In-Zr composite catalyst, the chemically
combined In-Zr composite catalyst exhibits more oxygen
vacancies, stronger CO, catalytic conversion capability, and
superior thermal stability. All the above research results

This journal is © The Royal Society of Chemistry 2026
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(a) XRD patterns; XPS patterns of (b) In 3d, (c) Zr 3d, (d) O1s-In,03, (e) Ols-ZrO,, (f) Ols-In-Zr (1:1), and (g) Ols-In-Zr (1:1)-DBD; (h) EPR

patterns of different catalysts; BET patterns of different catalysts with respect to (i) pore size distribution, (j) accumulated empty volume, and (k)

cumulative surface area.

confirm that the interactions between In,0; and ZrO, in the In-
Zr composite catalyst have improved its catalytic conversion
performance. In Fig. 4b and ¢, comparing In-Zr (1: 1) with In-Zr
(1:1)-DBD reveals no significant alteration in the binding
energy of either In®* or Zr*", indicating that the DBD treatment
during catalyst synthesis does not influence the electronic
states of In and Zr species.

Fig. 4d-g shows the O 1s spectra of the catalysts, indicating
that oxygen exists in three forms for each catalyst. The species
with a binding energy of around 530 eV corresponds to lattice
oxygen (Olattice), the peak near 531 eV is attributed to surface
oxygen vacancies (SOV), and the peak exceeding 532 €V is
associated with the adsorbed oxygen (Oads)* on the catalyst
surface. ZrO, exhibits a greater number of oxygen defects than
In,0;, indicating its enhanced propensity for oxygen vacancy
formation. The proportion of oxygen defects in the In-Zr (1: 1)
composition is lower than that in ZrO, but significantly higher
than in In,0;, suggesting that the incorporation of ZrO,
promotes the development of oxygen vacancies in the catalyst.
Comparing the catalysts pre- and post-DBD treatment, the
fraction of O-defects is significantly increased, indicating that
DBD treatment promotes the creation of oxygen vacancies in the
catalysts. XPS primarily indicates the existence of surface
oxygen vacancies; hence, the formation of bulk oxygen vacan-
cies (BOV) resulting from the migration of oxygen vacancies to
the interior is not detectable in the XPS spectra.** To examine
the potential migration of surface oxygen vacancies inside the

This journal is © The Royal Society of Chemistry 2026

catalysts, electron paramagnetic resonance spectroscopy (EPR)
was employed for analysis, with the findings presented in
Fig. 4h. The results indicate that both catalyst types exhibit
distinctive signals associated with bulk oxygen vacancies at g =
2.003.” Table 2 presents the quantitative data on oxygen
vacancies, illustrating the general findings. The order of oxygen
vacancy concentration is In-Zr (1: 1)-DBD > ZrO, > In-Zr (1:1) >
In,03, with the highest concentration of oxygen vacancies, 1.69
x 10", seen in the In-Zr (1:1)-DBD catalysts. This may result
from the DBD treatment, where high-energy electrons produced
by the plasma impact the catalyst,*** leading to the removal of
oxygen from its surface to create oxygen vacancies, while some
surface oxygen vacancies migrate inward to form bulk oxygen
vacancies. The presence of oxygen vacancies significantly
enhances the catalytic conversion of CO,,* elucidating the high
efficiency of the In-Zr (1:1)-DBD catalysts in this process. In
addition, the overall performance of DBD-assisted catalysis is
excellent.?®

Fig. 4i-k illustrate the pore size distribution, cumulative pore
volume, and specific surface area plots of several catalysts,
respectively. Fig. 4i illustrates the pore size distribution of
several catalysts. Additionally, in combination with Table 2, it is
observed that the average pore size of In,O; is around 0.627 nm,
while both ZrO, and In-Zr (1: 1) exhibit an average pore size of
0.573 nm, and In-Zr (1:1)-DBD has an average pore size of
0.6 nm. All catalysts possess pore diameters in the microporous
range, exceeding the kinetic diameter of the CO, molecule (0.48
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Table 2 Bulk oxygen vacancies and surface adsorption data of catalysts

BOV Average pore Pore volume Surface area CO, adsorption E,

(spins per g) width (nm) (em® g™ (m*>g™) (em® g™ (eV)
In,0, 1.254 x 10" 0.627 0.0129 50.154 5.68 2.7
7r0, 1.612 x 10" 0.573 0.0144 47.716 4.57 4.58
In-Zr(1:1) 1.289 x 10" 0.573 0.0176 54.694 5.54 2.58
In-Zr (1:1)-DBD 1.69 x 10" 0.6 0.0181 56.689 5.86 2.49

nm), hence confirming their capacity to collect CO,. While
smaller pore sizes are unfavorable for CO, adsorption, exces-
sively large pore sizes lead to the desorption of CO,, making it
easily dislodged. Therefore, In-Zr (1:1)-DBD, characterized by
moderate pore sizes, is most conducive to CO, adsorption,
corroborating the data presented in Table 2 and Fig. S6. Fig. 4j
and k illustrate the cumulative pore volume and specific surface
area plots of various catalysts, respectively. When considered
alongside Table 2, it is evident that both the pore volume and
surface area of the composite catalysts exceed those of the pure
catalysts. This enhancement can be ascribed to the heteroge-
neous structure of the composite catalysts, which induces
surface defects, thereby augmenting pore volume and specific
surface area.”” The In-Zr (1:1)-DBD catalyst exhibited the
greatest pore volume of 0.181 cm® g~ and the highest specific
surface area of 56.689 m> g~ . This is likely due to a substantial
quantity of high-energy electrons produced by the DBD
impacting the catalyst surface, resulting in an increased
number of defects on the catalyst surface. The combination of
elevated pore volume and increased specific surface area
enhances CO, capture by the catalysts, elucidating why the peak
CO, adsorption (5.86 cm® g~ ") in Table 2 and Fig. S6 is seen in
In-Zr (1:1)-DBD. Meanwhile, in Fig. S6, the incomplete closure
of the desorption curve indicates strong adsorption of CO, by
the catalyst under the tested conditions, correlating with its
excellent adsorption performance.

Both In,O; and ZrO, are classified as semiconductor mate-
rials. The forbidden bandwidth (E,) is a critical performance
metric for semiconductors. To investigate the E, of various
catalysts, UV reflectance spectra were transformed over the
range of 200-800 nm to establish the correlation between (a/v)>
and the optical energy (hv). The bandgap value was determined
from the intersection of the tangent line with the horizontal
axis,” with results presented in Fig. S7 and Table 2. The
bandgap of In,0; is 2.7 eV, that of ZrO, is 4.58 €V, and that of
the composite catalyst In-Zr (1: 1) is 2.58 eV. The likely cause of
this scenario is that the composite material has a greater
number of defects (e.g., oxygen vacancies), which possess energy
levels that reduce the energy gap between the valence and
conduction bands. Conversely, In-Zr (1:1)-DBD exhibits the
lowest band gap, E, = 2.49 eV, indicating that the bombard-
ment of the catalyst by high-energy electrons produced by the
plasma has induced a greater number of defects within the
catalyst. This facilitates electron transitions from the valence
band to the conduction band, thereby augmenting the catalyst's
electrical conductivity.*” The reduced band gap further implies
an increased susceptibility to excitation by the plasma, both of
which enhance the catalyst's efficacy in CO, reduction.

8984 | J Mater. Chem. A, 2026, 14, 8976-8988

3.5 Density functional theory (DFT) simulations

To further elucidate the underlying mechanism, DFT simula-
tions were conducted using the VASP program. Based on the
XRD analysis results, the oxygen vacancy formation energies
and CO, adsorption energies corresponding to the crystal
planes of the strongest peaks and second-strongest peaks of
In,03, ZrO,, and In-Zr (1:1) were calculated. Meanwhile, the
structural schematics of CO, adsorption on different crystal
planes were simulated, charge distribution of CO, adsorbed on
the heterojunction surface of In-Zr composite catalysts with and
without oxygen vacancies, as shown in Fig. 5, and the specific
calculation results are presented in Table 3. The equations used
to calculate the oxygen vacancy formation energy (Eyac), the CO,
adsorption energy (E.qs) and the charge density (Ap) were as
follows.

Eyc=Ep + 1/2E02 — Ep (8)
Eads = Eslab-co, — Estab — Eco, 9)

AP = Ptotal — Psubstrate — Padsorbate

According to the data in Table 3, it can be seen that E,,.
follows the trend of ZrO, < In-Zr (1:1) < In,0;. In general,
smaller oxygen vacancy formation energy indicates that it is
easier to form oxygen vacancies,*® from which it can be inferred
that the oxygen vacancy content roughly follows the trend of
ZrO, > In-Zr (1 : 1) > In,0;. In addition, the E,qs was —2.749 eV at
the ZrO, end face and —2.383 eV at the In,0O; end face, which
were much smaller than those of the pure In,O; and ZrO,,
suggesting that compared to the In,0; and ZrO,, the composite
In-Zr (1: 1) catalyst was more favorable for the thermodynamics
of the CO, adsorption.* In-Zr (1:1) not only exhibits a lower
oxygen vacancy formation energy but also has the lowest CO,
adsorption energy. Although the actual formation of oxygen
vacancy and CO, adsorption is influenced by external kinetic
factors and sample morphology, these results still explain the
excellent CO, catalytic conversion performance of In-Zr (1:1)
composite catalysts.

The differential charge density distributions clearly show
distinct charge-transfer behaviors for the two systems. On the
pristine In,05-ZrO, surface (Fig. 5), only limited electron accu-
mulation is observed around the adsorbed CO, molecule, cor-
responding to a small electron transfer of 0.171|e|. In contrast,
the introduction of an oxygen vacancy leads to a much stronger
electronic interaction between CO, and the catalyst surface
(Fig. 5), resulting in a substantial electron transfer of 0.875|e].

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Schematic structure of CO, adsorption on different crystalline surfaces of In,Os, ZrO, and In-Zr (1:1).

Table 3 Calculated data on the correlation energies of different crystal faces of In,Oz, ZrO, and In-Zr (1:1)

In,0; (222) In,0; (440)\ Zr0, (220) Zr0, (111) In-Zr (1:1) In,0; face In-Zr (1:1) ZrO, face

Eo, —9.893

Eco, —22.95

Ep —841.839 —425.727 —651.834 —8783787 —298.191 —297.414
Ep —849.335 —433.285 656.006 —883.475 —303.285 —304.541
Eco,siab —866.13 —450.104 —676.709 —903.519 —323.524 —323.113
Eyac 2.549 2.611 —0.774 —0.259 0.148 2.181
Eqas —1.341 —1.427 —1.925 —1.782 —2.383 —2.749

This pronounced charge enrichment on the defective surface
indicates that the oxygen vacancy greatly enhances the electron
donation ability of the catalyst, thereby strengthening the acti-
vation of the adsorbed CO,. The results demonstrate that
oxygen vacancies play a critical role in strengthening electron
donation to CO,, thereby boosting its activation and improving
the overall catalytic performance of the In,0;-ZrO,
heterojunction.

This journal is © The Royal Society of Chemistry 2026

3.6 Evaluation of catalytic efficiency

Fig. 6 illustrates a comparison between the present study and
previous studies conducted over the past five years, demon-
strating that the In-Zr (1: 1) catalyst developed herein achieves
the highest CO, conversion rate at moderate input power. The
catalyst formulated in this work shows a distinct advantage,
underscoring its potential for future applications.
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This work presents a schematic mechanism for the improved
conversion of CO, using In-Zr composite catalysts inside the
DBD reaction system, integrating experimental characterization
and DFT simulations (Fig. 7). Plasma catalysis can generate
both homogeneous and heterogeneous reactions.>® In the
catalyst-free DBD reactor, the predominant homogeneous
reaction involves high-energy electrons dissociating CO, mole-
cules via electron impact, which is the principal route for CO,
dissociation in the DBD plasma reactor. Upon introducing the
catalyst into the DBD reactor, both homogeneous reactions in

CO2 Conversion

View Article Online

Paper

the gas phase and heterogeneous reactions on the catalyst occur
simultaneously,* and this interplay enhances the overall CO,
conversion efficiency of the system. Furthermore, introducing
an In-Zr composite catalyst into the discharge zone of the DBD
reactor facilitates the emergence of novel CO, decomposition
reaction pathways, supplementing the existing high-energy
electron excitation mechanism. There are primarily three
pathways to enhance the CO, conversion efficiency of the
system. (1) A significant quantity of oxygen vacancies, as
demonstrated in our prior research and existing literature, can
significantly facilitate the conversion of CO, in the DBD reactor.
Oxygen vacancies on the catalyst will sequester CO, gas mole-
cules within the reactor, extending their residence time in the
discharge zone, thereby increasing their likelihood of collision
with high-energy electrons and eventually improving the total
catalytic conversion efficiency.”” (2) The BET analysis indicates
that the In-Zr composite catalyst possesses the highest specific
surface area and the greatest pore volume. A larger specific
surface area facilitates enhanced interaction between CO, gas
molecules and the catalyst, while an increased pore volume
allows for greater adsorption of CO, gas molecules by the
catalyst. (3) Upon plasma activation, the reduced bandgap
promotes the separation of electron-hole pairs inside the
catalyst, allowing electrons to be transported to the adsorbed
CO, molecules on the catalyst's surface, thereby facilitating the
breakdown of CO,. The reduced bandgap facilitates the sepa-
ration of hole-electron pairs while impeding their recombina-
tion, which greatly benefits the catalytic conversion of CO,.
Moreover, introducing a catalyst into the DBD reactor alters the
plasma discharge from filamentary to a hybrid filamentary-
surface mode. This modification augments the electric field
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Fig. 7 Mechanistic analysis of the superior comprehensive catalytic performance in In-Zr composite catalysts.
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strength in the discharge region, thereby stabilizing the
discharge and enhancing CO, conversion.

4. Conclusion

In summary, a series of In,0;-ZrO, composite catalysts were
developed through co-precipitation and post-modified using
DBD plasma for CO, decomposition in a plasma-catalytic
system. The In-Zr (1:1) composition exhibited optimal perfor-
mance, achieving a CO, conversion rate of 26.3% with CO
selectivity exceeding 90%, along with excellent thermal stability
and a prolonged catalytic lifetime of up to 450 minutes.
Comprehensive characterization and DFT analysis confirmed
that the superior performance originates from (i) the generation
of abundant oxygen vacancies, (ii) enhanced specific surface
area and pore volume, and (iii) a reduced bandgap promoting
charge separation. These factors collectively improve CO,
adsorption, activation, and electron transfer under plasma
conditions. The results offer an engineering-oriented strategy
for designing robust and efficient plasma-catalyst systems
suitable for scalable CO, conversion applications.
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