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A B S T R A C T

While plasma catalysis is a promising approach for sustainable chemical transformations, the fundamental 
mechanisms governing plasma–catalyst interactions remain elusive. In particular, the role of surface defects, 
such as oxygen vacancies (OVs) in metal oxide catalysts, on plasma-catalytic CO2 hydrogenation is a subject of 
ongoing debate. To address this, we synthesized CeO₂ with varying surface OV concentrations through four 
pretreatment methods: (i) air calcination, (ii) Ar annealing, (iii) air calcination followed by in-situ reduction in 
H2/Ar plasma, and (iv) air calcination followed by thermal H2 reduction. These catalysts were evaluated in a 
temperature-controlled packed bed dielectric barrier discharge (DBD) reactor to isolate the impact of surface 
defects on plasma-catalytic CO2 hydrogenation. Samples with higher OV concentrations exhibited lower CO2 
conversion, despite the conventional view that OVs promote CO₂ activation via a (reverse) Mars van Krevelen 
mechanism. We attribute this inhibition to a significant reduction in the number and intensity of micro
discharges. This shift is likely due to a decreased work function of CeO2 following OV formation, which alters the 
plasma characteristics. In this regime, the modification of the alter the dominant gas phase chemistry appears to 
overshadow the expected surface catalytic effects. The introduction of Cu nanoparticles on CeO2 further de
creases CO2 conversion, a result that correlates directly with a drop in the number and intensity of micro
discharges. These findings highlight the critical role of discharge-catalyst interactions in plasma catalysis, which 
is impacted by the OV concentration on CeO2.

1. Introduction

Plasma catalysis has recently gained increasing interest as a prom
ising technology in the fight against climate change. Its ability to be 
rapidly switched on and off makes plasma catalysis suitable for inte
gration with intermittent renewable energy sources. However, plasma- 
catalytic gas conversion remains at a low technology readiness level 
(TRL), with many fundamental questions regarding the underlying 
mechanisms, hampering progress in the field [1].

One of the key questions in plasma catalysis pertains to the role of 
surface reactions. While most work focuses on surface reactions on 
transition metals [2,3], the contribution of oxide support materials is not 
always explicitly considered. In contrast, in thermal catalysis, it is well 
established that supports can participate in catalytic surface reactions 
[4,5]. Additionally, modelling work by Loenders et al. [6] showed that 
the use of transition metals in a plasma at 500 K for dry reforming of 
methane deteriorates system performance, because radicals generated in 
the plasma predominantly recombine back to the reactants at the 
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transition metal surface. Furthermore, various experimental studies 
show that transition metal-based catalysts added to a plasma reaction 
zone can adversely affect overall system performance [7,8]. Hence, the 
need to explore different catalyst materials becomes clear.

In this regard, multivalent metal oxides are of particular interest due 
to their ability to accommodate oxygen vacancies (OVs) through surface 
reduction via the Mars van Krevelen (MvK) mechanism [9]. OVs are 
particularly relevant for CO2 activation, as they enable the reverse MvK 
mechanism, where CO2 is activated by occupying an OV to yield CO. 
Additionally, OVs may scavenge O radicals from the plasma, suppressing 
the recombination of O and CO to CO2 in the plasma. By consuming 
these radicals, OVs suppress the back-reaction in the gas phase, thereby 
enhancing the CO2 conversion [1]. Furthermore, these sites can be re
generated in-situ through surface reduction by H2 or plasma-generated 
H species, forming H2O byproduct. Thus, CeO2 has been extensively 
explored for CO2 activation in thermal catalysis [10,11]. However, its 
behavior under the complex influence of plasma discharge remains a 
subject of intensive study.

The literature about plasma-catalytic CO2 activation on reducible 
metal oxides mentions several mechanisms. Parastaev et al.[12] used 
in-situ DRIFTS to demonstrate differences in thermo-catalytic and 
plasma-catalytic CO2 hydrogenation on a Co/CeZrO4 catalyst: OVs 
enhance CO2 reduction through a formate pathway at the metal–support 
interface during thermal catalysis, whereas CO2 hydrogenation occurs 
via the carbonyl pathway in the plasma, without involvement of OVs. 
For the latter case, the temperature must be increased substantially for 
the OVs to play a role in CO2 hydrogenation at the metal-support 
interface. In contrast, Ning et al. [13] observed enhanced CO2 conver
sion when a Cu/CeZrO4 catalyst was placed in a dielectric barrier 
discharge (DBD) plasma reactor. The authors proposed a reaction 
mechanism involving hydrogen spillover from Cu nanoparticles to CO2 
adsorbed on OVs near the metal-support interface, followed by the re
action of excited H species with adsorbed CO2 via an Eley–Rideal 
mechanism. Such a mechanism involving plasma-generated H species 
would not require the presence of a transition metal on the catalyst 
surface, preventing possible recombination reactions [6]. Nevertheless, 
the contribution of such a mechanism is probably minor, as the perfor
mance for a reactor filled with CeZrO4 support without Cu nanoparticles 
was similar to the performance of the empty reactor. Golubev et al. [14]
found that CO2 dissociation in a DBD plasma is enhanced by the pres
ence of MgO–CeO2 catalysts, and the performance increased with higher 
CeO2 content, likely involving CeO2 OVs. Similarly, Ashford et al. [15]
explained increased CO2 dissociation in a plasma to OVs in CeO2-pro
moted Fe-oxide catalysts. Cheng et al. [16] attributed the high CO2 
conversion and CO selectivity on Pd-WO3− x supported on Ni foam to 
CO2 activation on surface OVs. Despite these insightful studies, direct 
experimental evidence for the involvement of OVs in CeO2 during 
plasma-catalytic CO2 conversion is still lacking.

Moreover, recent studies by Ndayirinde et al. [8], De Meyer et al. [7]
and Merino et al. [17] showed that discharge-related modifications 
dominate over true surface-catalytic effects in packed bed DBD reactors. 
However, this insight is often overlooked in much of the existing liter
ature, which tends to focus primarily on catalytic surface interactions. 
As a result, it remains uncertain whether OVs enhance plasma-catalytic 
activity through direct involvement in surface reaction pathways or 
indirectly by altering the discharge characteristics, thereby affecting 
plasma chemistry.

To gain deeper insight into the role of OVs in plasma-catalytic CO2 
hydrogenation, this work investigates how different pretreatment 
methods of CeO2, designed to modify the OV concentration, influence its 
plasma-catalytic performance. In addition, we examine the role of a 
transition metal (Cu) deposited onto the CeO2 support to probe potential 
contributions from metal-support interfacial sites. A distinctive feature 
of this work is the integration of detailed plasma-electrical character
ization to quantify the intensity and number of microdischarges, 
coupled with density functional theory (DFT) calculations. This 

approach allows us to evaluate how surface defects and metal deposition 
alter the catalyst function in plasma during CO2 hydrogenation.

2. Methods

2.1. Catalyst synthesis

CeO2 was synthesized by an adapted template-free and scaled-up 
procedure reported by Van Hoey et al. [18] First, 32.4 g of 
CeCl3•7 H2O (99%, Merck) was dissolved in 450 ml of deionized water 
using a 1000 ml round-bottom flask. After complete dissolution, the 
round-bottom flask was placed in an oil bath, and the temperature was 
raised to 50 ◦C. Subsequently, 120 ml of a 12.5% NH4OH solution was 
added dropwise. The resulting mixture was stirred overnight at 50 ◦C 
and then transferred to a 1 L stainless-steel autoclave pressure vessel 
with a Teflon liner, where it is kept at 100 ◦C for 24 h. Next, the obtained 
slurry was filtered, washed with distilled water and dried at room 
temperature.

To gain a better understanding of the influence of OVs on plasma- 
catalytic CO2 hydrogenation, the surface OV concentration on CeO2 
was altered by applying four different approaches, as shown in Table 1. 
These treatments were selected to obtain a controlled gradient in surface 
OV concentration without significantly altering bulk structure. For 
CeO2-PR and CeO2-TR, prereduction is performed after thermal treat
ment. The duration of in-situ prereduction in H2/Ar plasma was opti
mized through XPS measurements without air exposure to ensure the 
surface reached a steady state of reduction. To validate this, we reduced 
CeO2 in-situ for 15 min and 30 min. The results showed no significant 
increase in the Ce3 + concentration between both time periods (14.3% 
for 15 min and 14.1% for 30 min), indicating that surface reduction 
reaches saturation within 15 min under these conditions. Ex-situ pre
reduction of CeO2-TR was performed before the plasma-catalytic 
experiment to limit sample oxidation.

To examine the influence of the presence of Cu nanoparticles on the 
plasma-catalytic performance of CeO2, Cu was deposited using an 
ammonia-driven deposition precipitation approach [19,20]. In this 
work, 6 g of calcined CeO2 was suspended in 97.3 ml of 0.03 M copper 
nitrate solution to obtain a Cu loading of 3 wt%. Then, a desired amount 
of NH4OH (28–30%, Acros) was added to the mixture to obtain a molar 
Cu:NH3 ratio of 1:6. Subsequently, the corresponding solution was 
stirred for 48 h at room temperature, followed by filtration and washing 
with deionized water. After drying at room temperature, the obtained 
solid was calcined in air at 550 ◦C for 6 h at a heating rate of 1 ◦C min− 1 

and subsequently prereduced in-situ in H2/Ar plasma (20 ml min− 1 Ar, 
20 ml min− 1 H2, 15 min, 24 W). The final sample is referred to as 3 wt% 
Cu/CeO2.

For all samples, the catalyst powder was pelletized using a hydraulic 
press at 2 tons, then crushed and sieved to obtain a pellet size between 
900 and 1250 µm.

2.2. Catalyst characterization

To determine the crystallographic structure of the materials, X-ray 

Table 1 
Experimental conditions for pretreatment and prereduction of the samples.

Sample name Thermal pretreatment Prereduction

CeO2 Air 
450 ◦C, 1 ◦C min− 1, 5 h

-

CeO2-Ar Ar 
450 ◦C, 1 ◦C min− 1, 5 h

-

CeO2-PR Air 
450 ◦C, 1 ◦C min− 1, 5 h

50% H2/Ar plasma, in-situ 
24 W, 15 min

CeO2-TR Air 
450, 1 ◦C min− 1, 5 h

5% H2/Ar, ex-situ 
600 ◦C, 5 ◦C min− 1, 6 h 
50% H2/Ar plasma, in-situ 24 W, 15 min
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diffraction (XRD) measurements were performed using a Bruker D8 
Advance eco X-ray diffractometer equipped with CuKα radiation (λ =
0.15406 nm). The XRD patterns were recorded at 0.04 ◦/ s in the 2θ 
range of 5 ◦ to 80 ◦.

Raman spectra were recorded using a Micro-Raman Horiba instru
ment equipped with an xPlora Plus Microscope featuring a 50x objective 
magnification, equipped with a laser with a wavelength of 532 nm.

The specific surface area and pore size distribution of the catalysts 
were determined using N2 porosimetry. The measurements were per
formed at a temperature of − 196 ◦C using a Quantachrome Quadrasorb 
SI surface area and pore size analyzer. Before N2-sorption measure
ments, the samples were degassed under vacuum during 16 h at a 
temperature of 200 ◦C using an AS-6 degasser.

Scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDX) analyses were performed using a Thermo Fisher 
Scientific Quanta 250 ESEM equipped with an Oxford Instruments EDX 
detector. TEM measurements were performed using a Thermo Fisher 
Scientific Tecnai Osiris G20, operated at 200 kV in high-angle annular 
dark-field scanning TEM (HAADF-STEM) imaging mode. Prior to elec
tron microscopy analyses, the samples were suspended in ethanol by 
sonication and vortexing, after which a few drops of the suspension were 
drop cast on an SEM stub or a holey carbon TEM grid which were left to 
dry under ambient conditions. For SEM analyses, a carbon coating of 
approximately 20 nm was applied after deposition of the sample on the 
SEM stub to avoid charging.

H2-temperature programmed reduction (H2-TPR) were performed 
using a CHEMSTAR TPx Chemisorption analyzer. 100 mg of sample was 
placed in a U-shaped tube and purged with Ar for 1 h at 50 ◦C, using a 
flow rate of 80 ml min− 1. Then, 5% of H2/Ar was introduced using a 
flow rate of 30 ml min− 1. The temperature was increased linearly from 
100 to 1000 ◦C at a heating rate of 10 ◦C min− 1. H2 consumption was 
measured as a function of temperature by a thermal conductivity de
tector (TCD). The reported data was normalized per gram of catalyst. 
Finally, the H2 consumption of each sample was determined using a 
pulse calibration method, whereby every minute, for a duration of 

10 min, an additional pulse of 517 μl pure Ar was sent over the detector.
X-ray photoelectron spectroscopy (XPS) measurements were per

formed using a K-Alpha X-ray photoelectron spectrometer (Thermo 
Scientific) with a monochromatic X-ray source. Spectra were recorded 
using an aluminum (Al) anode (1486.68 eV) at 72 W with a spot size of 
400 µm. The spectra were analyzed using CasaXPS software. The Ce 3d 
line was fitted to probe the OV concentration [21] according to a model 
described elsewhere [22,23]. The fit parameters (binding energies, peak 
areas, FWHM) are provided in Tables S2-S11. When measuring without 
exposure to air, valves on both ends of the reactor were closed after the 
experiment and the reactor was transferred to gas-tight containers in a 
glovebox, after which it was transferred to a gas-tight XPS holder.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) 
was used for determining the Cu content of the 3 wt% Cu/CeO2 sample, 
using a Spectroblue (AMETEK Inc.) spectrometer. Extraction was done 
by dissolving the sample in concentrated H2SO4 (98%) at 250 ◦C.

2.3. Plasma-catalytic performance

We conducted plasma-catalytic experiments in a temperature- 
controlled coaxial DBD reactor at atmospheric pressure (Fig. 1). The 
DBD reactor comprised two coaxial transparent glass cylinders, with 
water circulating in between at a flow rate of 5 L min− 1 and a temper
ature of 308 K. A tungsten filament was integrated into the outer cyl
inder to ground the water. Hence, the water functioned as the ground 
electrode, and simultaneously kept the temperature of the reactor wall 
constant, limiting (local) overheating. The tungsten filament was con
nected to the ground through a capacitor (10 nF). The inner diameter of 
the reactor was 4 mm. A stainless-steel electrode with a diameter of 
2 mm, used as the high-voltage (HV) electrode, was positioned at the 
center, yielding a discharge gap of 1 mm. The length of the discharge 
region was 100 mm. The catalyst sample was held in place by quartz 
wool at the bottom of the reactor, outside of the discharge zone. The 
sample was loaded into the reactor until the entire discharge region 
(0.9 cm3) is filled, corresponding to ~1.5 g of catalyst material.

Fig. 1. Schematic representation of the used plasma reactor setup: a temperature-controlled coaxial DBD reactor was operated at atmospheric pressure to study 
plasma-catalytic CO2 hydrogenation.

J. Van Turnhout et al.                                                                                                                                                                                                                         Journal of CO2 Utilization 106 (2026) 103393 

3 



An AFS G10S-V2x power supply unit (PSU) sustained the discharge 
at a fixed frequency of 23.5 kHz. During the experiment, the plasma 
power was kept constant at ~ 26 W. The average power obtained for 
each experiment is provided in Table S1 in Supporting Information (SI). 
The applied voltage and the current were monitored with a digital 
oscilloscope (Pico Technology PicoScope 6402D) connected to a high- 
voltage probe (Tektronix P6015A) and a current monitor (Pearson 
Electronics 4100). The voltage over the capacitor was monitored by the 
oscilloscope through a low-voltage probe (Pico Technology TA150).

Mass flow controllers (Alicat Scientific and Bronkhorst), which were 
connected to an H2 gas cylinder (99.999%, Air Liquide) and a CO2 gas 
cylinder (99.999%, Air Liquide) introduced the feed gases H2 and CO2 
into the reactor at a total flow rate of 40 ml min− 1 and a 3:1 H2 to CO2 
ratio. Downstream the reactor, the volumetric flow rate was continu
ously monitored using an Agilent Crosslab CS volumetric flow meter.

The outlet gas was analyzed using online gas chromatography (GC) 
(Agilent 990 MicroGC) equipped with a Molsieve 5 A column (CO, H2, 
CH4) preceded by a CP-PORABOND Q precolumn and a PORAPLOT U 
column preceded by a CP-PORABOND Q precolumn (CO2). The cali
bration curves are provided in SI, section S1 (Figures S1-S4). The 
outflow of the reactor was first sent through a cold trap to avoid damage 
to the GC caused by condensed liquids.

Each experiment consisted of three runs. For every run, four initial 
blank gas composition measurements were recorded without plasma. 
Subsequently, ten gas composition measurements were recorded with 
plasma switched on, with each measurement taking 5 min. As steady 
state was reached almost immediately, the calculations of the activity 
metrics for each run were based on the average peak areas of these ten 
outlet measurements. Finally, the results for each experiment were ob
tained by calculating the average of its three respective runs. The error 
bars represent the standard deviation between the triplicates. For the 
CeO2-PR and CeO2-TR samples, only one run was performed due to the 
limited availability of the sample. The activity metrics presented in this 
work are the CO2 conversion, H2 conversion, CO selectivity and CH4 
selectivity, and were calculated using the formulas presented in Wanten 
& Vertongen et al. [24]

The conversion is defined as follows: 

χi =
ci, inlet − αflux ∗ ci, outlet

ci, inlet
∗ 100%with i = CO2orH2 (1) 

Here, αflux is the flux ratio or volume expansion factor, which ensures 
gas expansion/contraction is accounted for in the calculation of the 
conversion. It is defined as follows: 

αflux =
ṅout

tot

ṅin
tot

=
V̇out

tot

V̇in
tot

(2) 

For the calculation of αflux, the volumetric flow rate was measured 
before ignition of the plasma (V̇in

tot). During a typical reaction experi
ment, three volumetric flow rate measurements were recorded every 
15 min (V̇out

tot ), and the average was used to calculate αflux for the 
experimental run.

The carbon- or hydrogen-based selectivity of product j based on atom 
A = C or H is defined as follows: 

SA
j =

νA
j ∗αflux ∗ cout

j
∑

iνA
i (cin

i − αflux ∗ cout
i )

∗ 100%with j = CO or CH4 (3) 

with νA
j the number of atoms A in product j and νA

i the number of atoms A 
in reactant i.

2.4. Discharge electrical characterization

During each plasma-catalytic experiment, the applied voltage, 
measured current and voltage across the monitoring capacitor were 
recorded every 15 min using an oscilloscope. These data were used to 

calculate the plasma power (P), the microdischarge quantity (see 
below), the cell capacitance (Ccell) and the dielectric capacitance (Cdiel).

In this work, the plasma power for every snapshot was calculated as 
follows: 

P =
1
T

∫ T

0
V(t) ∗ I(t)dt (4) 

with T the total time of the oscilloscope window, corresponding to N full 
periods of the applied voltage, V the applied voltage and I the measured 
current. The average power was calculated from 12 snapshots taken 
during the duration of the experiment.

Ccell can be extracted from the Lissajous figures, i.e. the char
ge–voltage (Q-V) diagram, by fitting a straight line to the “plasma off” 
phase of the Lissajous plot. The gradient of this line is Ccell, as shown in 
Figure S5 in SI [25]. Similarly, Cdiel can be calculated by fitting a straight 
line to the “plasma on” phase of the Lissajous plot, as also shown in 
Figure S5.

The microdischarge quantity was introduced by De Meyer et al. [7]
as an objective metric to quantify the number and intensity of micro
discharges in a DBD plasma. It is obtained by applying a fast Fourier 
transform to the plasma current signal, followed by integration over the 
10–100 MHz frequency range. A detailed description of the calculation 
procedure and its underlying assumptions is provided in De Meyer et al. 
[7]. Although the microdischarge quantity does not have a straightfor
ward physical interpretation, it enables consistent comparison between 
experiments with various catalyst samples. Therefore, it is presented in 
arbitrary units. A higher microdischarge quantity corresponds to more 
microdischarges and/or microdischarges with a higher intensity.

2.5. DFT calculations

To study the effect of the surface OV concentration on the work 
function (WF) of CeO2, spin-polarized density functional theory (DFT) 
calculations are performed using the Vienna Ab initio Simulation 
Package (VASP, version 6.2.1) [26–28]. The exchange-correlation in
teractions are described by the Perdew− Burke− Ernzerhof (PBE) func
tional [29]. The projected augmented wave (PAW) method is employed 
[30,31]. A plane-wave cutoff energy of 500 eV is used to treat the 
valence electrons. To adequately describe electron localization in the Ce 
4 f orbitals, on-site Coulomb interactions are included via the Hubbard 
U approach [32]. The U value is set to 4.5 eV for the Ce 4 f orbitals, 
providing sufficient localization for the electrons left on CeO2[33–35]. 
The maximum force criterion for ionic convergence is set to 0.02 eV/Å. 
Van der Waals dispersion interactions between adsorbates and surfaces 
are accounted for using the Grimme DFT-D3 method with zero damping 
[36]. Brillouin zone integrations for bulk CeO₂ are performed using a 
6 × 6 × 6 Monkhorst–Pack k-point mesh. The optimized lattice 
parameter for bulk CeO2 is 5.47 Å, which is in reasonable agreement 
with the experimental value of 5.41 Å [37]. The CeO2(111) surface is 
modeled by three O− Ce− O triple-layers with a (4 × 4) in-plane super
cell, with a vacuum layer of 15 Å. The bottom O− Ce− O layers are fixed, 
while the top two O− Ce− O layers are allowed to relax. For surface 
calculations, only Γ-point sampling is used, together with a Gaussian 
smearing width of 0.05 eV.

3. Results and discussion

3.1. Catalyst characterization

The main physicochemical characteristics of CeO2, CeO2-Ar, CeO2- 
PR, CeO2-TR, and the Cu-containing 3 wt% Cu/CeO2 sample are pre
sented in Table 2.

The N2 physisorption isotherms of all samples are depicted in 
Figure S6, and the corresponding BET surface areas are listed in Table 2. 
Interparticle porosity, characteristic for CeO2 synthesized under 
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hydrothermal conditions, is confirmed by the steep increase in the 
adsorbed volume near a relative pressure of 0.90 and the presence of a 
type H1 hysteresis loop [18]. CeO2, CeO2-Ar, and CeO2-PR exhibit 
comparable BET surface areas, in line with their similar average crys
talline sizes as determined by XRD. CeO2-TR shows a slight decrease in 
BET surface area, likely due to sintering induced by the thermal 
reduction process. Cu deposition onto the CeO2 support reduces the 
surface area to 25 m2/g, while the isotherm shape and hysteresis type 
remain unchanged, as shown in Figure S6.

XRD shows that CeO2, CeO2-Ar, CeO2-TR, CeO2-PR, and 3 wt% Cu/ 
CeO2 exhibit the cubic fluorite-like crystal structure. Compared to 
calcination in air, thermal treatment of CeO2 under Ar and plasma 
prereduction have a minor effect on the crystallite size (Table 2). CeO2- 
TR shows a slightly increased crystallite size, likely due to sintering 
induced by thermal reduction. No identifiable CuO diffraction peaks are 
visible in the diffractogram of 3 wt% Cu/CeO2, indicating high 
dispersion.

Figure S8 shows TEM images obtained from all samples, indicating 
that primary CeO2 nanoparticles stick together in larger agglomerates, 
regardless of the pretreatment. STEM-EDX mapping of the Cu/CeO2 
sample (Figure S9) shows that Cu is present in specific regions, but these 
do not correspond to well-defined structures in the HAADF-STEM im
ages, likely because the CuO particles are very small. The high Cu 
dispersion is further confirmed by the absence of CuO peaks in the XRD 
pattern of 3 wt% Cu/CeO2. SEM images (Figure S10) reveal agglomer
ates of these smaller CeO2 particles in all samples, without discernable 
difference between the samples at this scale. Accurately determining the 
particle size distributions for this sample morphology is not feasible, as 
this requires unambiguous identification of individual particles. Due to 
the high interparticle porosity and extensive agglomeration of smaller 
primary particles, the boundaries between individual particles cannot be 
objectively distinguished.

The Raman spectra of all five samples (Figure S11) contain an intense 
band centered around 460 cm− 1, attributed to the F2 g Raman mode of 
CeO2. The appearance of a shoulder between 520 and 680 cm− 1, also 
referred to as the defect-induced band or D-band, indicates the relaxa
tion of symmetry rules due to structural defects21. Nevertheless, this 
feature cannot be used to quantify defect densities. The deposition of Cu 
causes peak a red shift and broadening of the F2 g band1, indicating 
weakening of the Ce-O bonds due to the presence of CuO. Finally, two 
shoulders appearing around 350 cm− 1 and 630 cm− 1 can be assigned to 
CuO [38].

The TPR profile of CeO2 (Figure S12) contains two main reduction 
features at 530 ◦C and 780 ◦C with a broad shoulder between 300 and 
460 ◦C. The peak at 530 ◦C can be attributed to the surface reduction of 
Ce4+ to Ce3+, while the peak at 780 ◦C belongs to bulk CeO2 reduction 
[39]. The shoulder before the first main reduction peak indicates the 
presence of more easily reducible sites at the surface of CeO2. The fact 
that Ar calcination retains more OVs is supported by the almost absent 
shoulder in the reduction profile of CeO2-Ar. Consequently, CeO2-Ar 
exhibits a higher onset temperature for reduction (360 ◦C) compared to 
CeO2 (300 ◦C). Additionally, the finding that CeO2-Ar contains a higher 

OV concentration compared to CeO2 is supported by comparing the total 
H2 consumption: CeO2-Ar required less H2 for its complete reduction 
(1044 µmol/g) than CeO2 (1167 µmol/g H2). For 3 wt% Cu/CeO2, three 
additional reduction signals are visible around 204 ◦C, 245 ◦C and 292 
◦C, respectively. The peak at 204 ◦C, which exhibits a shoulder between 
105 ◦C and 180 ◦C, represents the reduction of well-dispersed Cu par
ticles. The peak at 245 ◦C can be attributed to the presence of slightly 
larger CuO particles formed during the drying step. The peak around 
292 ◦C can be assigned to a Cu-CeO2 solid solution [40,41]. Due to the 
presence of CuO, the H2 consumption of 3 wt% Cu/CeO2 is higher (1573 
µmol/g) than that of CeO2 (1167 µmol/g).

Fig. 2 shows the fitted XPS spectra along with the surface Ce3+

fraction, used here as a proxy for OVs. All pretreatments increase the OV 
concentration. Replacing air calcination with thermal treatment in Ar 
raises the Ce3+ fraction from 12.9% to 14.7%, and a comparable in
crease is observed after in-situ H2/Ar plasma pretreatment. For CeO2-PR 
and CeO2-TR, spectra were acquired without exposure to air, to deter
mine the effective OV concentration in the sample after in-situ pre
reduction. Among the protocols, thermal prereduction yields the highest 
Ce3+ fraction of 16%. As XPS can induce partial reduction of Ce4+, the 
reported Ce3+ values should be interpreted qualitatively, allowing for 
comparison between samples but not providing absolute Ce3+ fractions 
(see also section S2.6).

It should be noted that the OV concentration on a catalyst surface can 
change during reaction: an oxidative atmosphere typically decreases the 
OV concentration, whereas a reductive environment increases it, 
particularly on reducible oxide supports. Measuring the OV concentra
tion during the reaction requires in-situ XPS, which is not yet available 
for plasma-catalytic systems. To estimate these changes, we measured 
the XPS spectrum of the spent catalysts without exposure to air 
(Figures S14-S18). The results indicate a slight rise in OV concentration 
for all samples after reaction, while the general trend remains. Only for 
CeO2-Ar, the OV concentration of the spent catalyst breaks the trend, as 
this sample shows the highest OV concentration (17.0%). We attribute 
this to an inhomogeneous distribution of OVs on the surface, caused by 
the filamentary plasma behavior. Future experiments with highly time- 
and space-resolved in-situ characterization could enable a better un
derstanding of the evolution of the OV concentration during the plasma- 
catalytic process.

Overall, these results confirm that the pretreatment methods pri
marily modify surface defects while preserving bulk structure, enabling 
isolation of OV effects on plasma-catalytic performance.

3.2. Plasma-catalytic activity

3.2.1. CeO2
Initial online analysis without a cold trap and with heated gas 

transfer lines showed that CH3OH in the effluent was below the GC 
detection limit. Accordingly, in the remainder of this work we report 
gas-phase CO and CH4 products, while H2O and any oxygenates are 
removed in the cold trap downstream of the reactor. The carbon balance 
is likely not closed due to deposition of carbonaceous products in the 
plasma zone.

The plasma-catalytic performance of CeO2 is presented in Fig. 3. 
Compared to the reference empty reactor, packing the reactor with the 
samples enhances both CO2 and H2 conversion, while the CO and CH4 
selectivity are not significantly altered. For all samples, CO is the main 
reaction product, showing that the reverse water-gas shift (RWGS) re
action dominates. However, it is not always straightforward to compare 
the performance of an empty DBD reactor with a packed DBD reactor. 
On the one hand, the residence time in a packed reactor, at the same 
flow rate, is different from the empty reactor due to the reduced volume. 
Even if the flow rate was varied to keep the residence time constant, the 
specific energy input (SEI, the ratio of power over flow rate) would 
strongly change, affecting plasma-based gas conversion. On the other 
hand, the plasma-discharge characteristics change significantly upon 

Table 2 
Physicochemical properties of CeO2 samples used in this study.

Catalyst Average 
Crystallite size 
(nm)a

SBET 

(m²/g)b
H2 consumption 
(µmol/g H2)c

Cu loading 
(wt%)d

CeO2 10.8 61 1167 -
CeO2-Ar 9.4 77 1044 -
CeO2-PR 9.2 66 - -
CeO2-TR 11.8 55 - -
3 wt% Cu/ 

CeO2

11.9 25 1573 3.1

a determined by XRD, b determined by N2-sorption, c determined by H2-TPR and 
d determined by ICP-OES analysis.
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packing the reactor [8]. Therefore, this comparison should be made with 
caution [42].

The CeO2 sample shows the highest CO2 conversion, followed by 
CeO2-Ar, CeO2-PR, and CeO2-TR. Notably, the surface OV concentration 
is inversely correlated with the CO2 conversion (Fig. 3). This contrasts 
with the common hypothesis that the OV concentration enhances CO2 

activation through the reverse MvK mechanism, or prevent the recom
bination of CO and O.

To study the physical changes induced by the varying OV concen
tration, we extracted Ccell from the Lissajous figures recorded during the 
experiments. As Ccell is affected by changes in the dielectric constant of 
the material in the discharge gap, changes in the oxygen defect con
centration may lead to variations in Ccell[43]. Fig. 4 shows Ccell as a 
function of time for the above samples. The accompanying Lissajous 
figures, current-voltage plots, and Cdiel are given in section S3. While 
there is a small, but statistically significant difference in Cdiel between 
CeO2-TR and the other samples (Figure S20), the Lissajous figures show 
that the discharges behave similarly (Figure S21). As illustrated in Fig. 4, 
there is no significant difference in Ccell between the samples, indicating 
that any differences in dielectric constants between the samples are not 
sufficient to significantly alter Ccell. Moreover, there is no significant 
evolution of Ccell as a function of time, suggesting that the bulk is not 
significantly impacted throughout the experiment. Thus, a change in 
dielectric constant is not a sufficient explanation for the difference in 
CO2 conversion.

While the bulk materials do not seem to differ significantly based on 
Ccell, the surfaces do, as is clear from the measured surface OV con
centrations by XPS (Fig. 2). Earlier work by De Meyer et al. [7] showed 
that changing the surface properties of identical bulk materials can 
significantly alter the discharge homogeneity. This discharge homoge
neity can be quantified by the microdischarge quantity (see Methods 
Section 2.4). Fig. 5 correlates the microdischarge quantity to the CO2 
conversion for the different samples. The larger uncertainty in the 
microdischarge quantity for the empty reactor is due to the greater 
discharge variability in the absence of packing, compared to the packed 
reactor.

The microdischarge quantity follows the same trend as the CO2 
conversion. This result aligns with the work by De Meyer et al., [7] who 
showed that, for dry reforming of methane, CO2 activation in a packed 
bed DBD can be significantly enhanced by increasing the microdischarge 
quantity. Nevertheless, in the present study, the microdischarge quan
tity is negatively correlated with the OV concentration. CeO2 yields a 
microdischarge quantity of 0.748 ± 0.001, which gradually decreases 
with increasing OV concentration, down to a microdischarge quantity of 
0.40 ± 0.01 for CeO2-TR. To understand this correlation, we performed 
DFT calculations, which are presented below.

3.2.2. Cu/CeO2
Besides the metal-free CeO2 samples, we also studied a Cu/CeO2 

sample, as the deposition of Cu nanoparticles could enable reactions 
either at the Cu surface or at the metal-support interface [40]. Fig. 6
illustrates the results of our plasma-catalytic activity experiments on 
Cu/CeO2. Clearly, both the CO2 and H2 conversions decrease substan
tially upon loading CeO2 with Cu. This further supports the conclusion 
that the reverse MvK mechanism does not play a dominant role. 
Although our H2-TPR results show that 3 wt% Cu/CeO2 exhibits 
significantly increased reducibility due to the hydrogen spillover effect, 
this increased reducibility does not translate into higher CO2 conversion.

From Fig. 6, it is again evident that the CO2 conversion correlates 
closely with the microdischarge quantity. The microdischarge quantity 
for the reactor loaded with Cu/CeO2 (0.3744 ± 0.0006) is much lower 
than that for the reactor loaded with CeO2 (0.748 ± 0.001). To under
stand the origin of this reduction in microdischarge quantity, we per
formed DFT calculations (Section 3.3).

3.3. DFT calculations

DFT calculations were performed to elucidate the impact of OV 
concentration and the presence of Cu on the electronic structure of CeO2. 
First, we compared the electronic properties of pristine and modified 
stable CeO2(111) surfaces [44] We modeled defective surfaces with an 
OV created by removing a surface O atom (Fig. 10a) and a Cu-modified 

Fig. 2. XPS of Ce 3d for the CeO2 samples and the 3 wt% Cu/CeO2 sample. The 
spectra are normalized for visualization. All pretreatment methods effectively 
increase the OV concentration on the surface.
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surface with a single Cu atom adsorbed at the most stable hollow site 
(Fig. 10b) [45]. Fig. 10(c–e) compare the total and projected density of 
states (TDOS and PDOS) of pristine CeO2(111), CeO2(111)–OV1, and 
Cu1/CeO2(111). For pristine CeO2(111), a clear band gap of about 
2.21 eV is observed, with the valence band mainly composed of O 2p 
states and the conduction band dominated by Ce 4 f states. Upon 
introduction of an OV, defect-induced states emerge within the band 
gap, primarily associated with Ce 4 f orbitals of the reduced Ce³ ⁺ species 
neighboring the vacancy, resulting in a pronounced narrowing of the 
effective band gap. Similarly, adsorption of a single Cu atom on 
CeO2(111) leads to additional electronic states near the Fermi level, 

arising from strong hybridization between Cu 3d states and the sur
rounding Ce 4 f and O 2p states. This further enhances the electronic 
density near the Fermi level and significantly modifies the surface 
electronic structure.

Next, we investigated the WF, derived from the difference between 
the vacuum level from the electrostatic potential and the Fermi energy, 
as a function of the surface OV concentration. Therefore, two extra CeO2 
slabs CeO2(111)–OV2 and CeO2(111)–OV3 were constructed, with 2 
and 3 OVs at the surface. Fig. 10 f shows the corresponding planar- 

Fig. 3. (a) CO2 and H2 conversion along with the Ce3+ concentration obtained from XPS as a proxy for the OV concentration, and (b) C-based selectivity to CO and 
CH4, obtained for the empty DBD reactor and the packed DBD filled with the four different CeO2 samples, all in the temperature-controlled reactor (23.5 kHz, 26 W, 
35 ◦C, total flow rate of 40 ml min− 1 with CO2:H2 = 3:1). Error bars are not shown for CeO2-PR and CeO2-TR because only one experimental run could be performed 
for these samples. With an increase in Ce3+ concentration comes a decrease in CO2 conversion, while the CO and CH4 selectivities remain almost unchanged.

Fig. 4. Ccell extracted from the Lissajous figures recorded during the experi
ments with the four different samples (see legend). Note that all measurements 
are taken at the same time points (0, 15, 30 and 45 min) but are slightly shifted 
in the graph to improve legibility. There is no significant difference in Ccell 
between the samples, indicating that any differences in dielectric constants 
between the samples are not sufficient to significantly alter Ccell.

Fig. 5. CO2 and H2 conversions, along with microdischarge quantity, obtained 
for the empty DBD reactor and the packed DBD filled with the four different 
CeO2 samples in the temperature-controlled reactor (23.5 kHz, 26 W, 35 ◦C, 
total flow rate of 40 ml min− 1 with CO2:H2 = 3:1). Error bars are not shown for 
CeO2-PR and CeO2-TR because only one experimental run could be performed 
for these samples. Error bars on the microdischarge quantity in the packed bed 
reactor are in the order of 0.001, hence too small to be visible. The micro
discharge quantity follows the same trend as the CO2 conversion.
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averaged electrostatic potential profiles, in which the introduction of 
OVs on the CeO2(111) surface induces a downward shift of the vacuum 
level relative to the Fermi energy, leading to a progressive reduction of 
the WF as the OV concentration increases from OV1 to OV3 (Fig. 10 h). 
It should be mentioned that the jump in the vacuum level arises from 
OV-induced surface dipoles caused by charge redistribution and asym
metric defect placement, which shift the electrostatic potential in the 
vacuum region. Indeed, when OVs are introduced symmetrically on both 
sides of the CeO₂(111) slab, the vacuum level shift becomes negligible 
(Fig. 10 g). Moreover, Fig. 10 h also illustrates that the WF reduces 
under Cu addition (Figure S19).

To conclude, our DFT results indicate that both OVs and Cu 
adsorption lead to the appearance of defect levels within the band gap of 
CeO2(111), resulting in an increase in electronic states near the Fermi 
level.

3.4. Discussion

A key finding of this work is that the OV concentration on the CeO2 
surface significantly influences the microdischarge quantity during 
plasma-catalytic CO2 hydrogenation. Our DFT calculations demonstrate 
that an increase in the surface OV concentration introduces defect levels 
within the CeO2(111) band gap and increases electronic states near the 
Fermi level, thereby lowering the WF [46,47]. These modified physical 
properties influence fundamental plasma processes, such as secondary 
electron emission [48], surface Penning ionization [49,50], field emis
sion [51], and propagation of surface ionization waves [52,53], thereby 
modifying the discharge behavior. Specifically, we hypothesize that a 
lower WF, associated with a higher OV concentration, enhances electron 
seeding [7], which may promote a more uniform plasma with a lower 
microdischarge quantity. However, further fundamental studies are 
needed to isolate the exact mechanism by which material properties 
dictate discharge formation, particularly as subtle morphological 
changes in the catalyst may also contribute.

In turn, these discharge modifications significantly impact the 

overall CO2 conversion. Earlier work by Snoeckx et al. [54] showed that 
CO2 activation in a DBD plasma primarily proceeds through intense 
microdischarges, owing to the high electron-impact dissociation energy 
of CO2 (~8.3 eV). Consequently, the observed decrease in CO₂ conver
sion with increasing OV concentration can be attributed to the corre
sponding reduction in microdischarge quantity, which suppresses 
gas-phase CO2 activation. Our results therefore indicate that 
discharge-induced changes in the gas-phase chemistry govern the 
overall CO2 conversion, largely overshadowing direct surface catalytic 
effects. After deposition of Cu on CeO2 (3 wt% Cu/CeO2), the CO2 
conversion decreases further. Although the OV concentration is lower 
for 3 wt% Cu/CeO2 (5.8%), the introduction of metallic nanoparticles 
onto CeO2 likely alters the same fundamental physical processes, 
modifying discharge characteristics. Supporting this, our DFT calcula
tions show that Cu atoms on the CeO2(111) surface lowers the WF.

The recombination of CO and O into CO2 on Cu may also contribute 
to the observed decrease in CO2 conversion. This is supported by 
microkinetic modelling by Loenders et al. [6] which revealed that in dry 
reforming of methane, the addition of a transition metal can hinder CO2 
conversion by facilitating recombination of CO and O rather than pro
moting CO2dissociation. Furthermore, the enhanced CH4 dissociation on 
Cu suggests an alternative pathway that may account for the reduced H2 
conversion. The simultaneous occurrence of these parallel reactions 
likely establishes a steady state, resulting in the observed constant se
lectivities for CO and CH4. Developing a detailed, coupled 
plasma-surface kinetic model for plasma-catalytic CO2 hydrogenation 
would be essential to further quantify the contributions of these specific 
pathways.

Furthermore, while the 3 wt% Cu/CeO2 sample shows a significant 
reduction in surface area, this is likely not the primary cause of the 
diminished performance. In plasma catalysis, total surface area is 
generally not a determining factor for activity; reactive plasma species 
are typically not generated within small catalyst pores, and their diffu
sion into the internal pore structure is hindered by their short lifetime 
[1]. Other experiments we performed with a 6 wt% Cu loading support 

Fig. 6. (a) CO2 and H2 conversions, along with microdischarge quantity, and (b) C-based selectivity, obtained for the 3 wt% Cu/CeO2 sample in the temperature- 
controlled packed bed DBD (23.5 kHz, 26 W, 35 ◦C, total flow rate of 40 ml min− 1 with CO2:H2 = 3:1). Results for plasma-only and CeO2 are displayed for reference. 
Error bars on the microdischarge quantity for the packed bed DBD are in the order of 0.001, hence too small to be visible. A decreased microdischarge quantity for 
3 wt% Cu/CeO2 leads to a decrease in CO2 conversion, while the CO and CH4 selectivity remains unchanged.
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this reasoning: despite the further drop in BET surface area (from 
26 m2/g for 3 wt% to 19 m2/g for 6 wt%), the CO2 conversion was not 
significantly altered (18.6 ± 0.3% for 3 wt% and 19.3 ± 0.5% for 6 wt 
%). This trend confirms that the specific surface area is not the dominant 
factor determining the CO2 conversion in this system.

Overall, this work shows that for plasma-catalytic hydrogenation in a 
packed bed DBD reactor, the modification of the discharge behavior 
upon packing the reactor remains the dominant influence. This impacts 
the gas phase chemistry, while the contribution of surface reactions 
remains minimal. These findings align with existing literature and likely 
stem from the short lifetimes of plasma-activated species, their inability 
to penetrate catalyst pores [55], and the relatively large inter-pellet gaps 
characteristic for conventional packed bed DBD designs [1]. To achieve 
true plasma-catalytic synergy, research should focus on enhancing the 
transport of short-lived plasma-activated species to the catalytic surface 
by minimizing the gas phase volumes.

The limited contribution of surface reactions may also be attributed 

to the relatively low operating temperature of our system compared to 
thermal catalysis. Our TPR results show that temperatures above 350 ◦C 
are required for OV formation on CeO2, while Cu/CeO2 requires tem
peratures above 100 ◦C on Cu/CeO2. Due to the high spatial and tem
poral dynamicity of DBD plasmas, accurately determining whether the 
catalyst reaches such temperatures to replenish surface OVs remains a 
challenge. [1]. However, XPS of the spent samples (Figure S14-S18) 
reveals a measurable increase in OV concentration after reaction, 
possibly due to local hotspots or H2 dissociation within the plasma. 
Consequently, it appears that the formation of OVs is likely not the main 
bottleneck for surface reactions in this system.

4. Conclusion

We studied the influence of the surface OV concentration in various 
CeO2 samples on their plasma-catalytic activity for CO2 hydrogenation. 
Contrary to the common expectation that a reverse MvK mechanism and 

Fig. 10. (a, b) Optimized surface models of defective CeO2(111) with a surface OV (CeO2(111)–OV1) and the single-atom Cu–modified surface (Cu1/CeO2(111)), 
respectively. Ce, O, Cu atoms and the OV are represented by gray, red, blue spheres and a green dashed circle, respectively. (c – e) Total and projected density of 
states (TDOS and PDOS) of pristine CeO2(111), CeO2(111)–OV1, and Cu1/CeO2(111). The Fermi level is set to 0 eV. (f, g) Planar-averaged electrostatic potential 
along the surface normal (z direction). The Fermi level is set to 0 eV. (f) for different OV concentrations (OV1 – OV3) on CeO2(111), and (g) for CeO2(111) with two 
OVs located on one side or on both sides of the slab. The insets in (f, g) highlight the vacuum-level region to illustrate variations in the surface dipole and WF-related 
potential shifts. (h) Comparison of the WF for increased OV concentration (OV1–OV3) and Cu introduction.
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radical O scavenging by OV enhance CO2 conversion, our findings show 
the opposite trend: samples with a higher surface OV concentration 
exhibit lower CO2 conversion. A detailed analysis of the discharge 
characteristics shows that the microdischarge quantity, which is a 
quantification of both the intensity and number of microdischarges, 
decreases with increasing OV concentration. DFT calculations indicate 
that OVs on CeO2 lower the WF, modifying the fundamental discharge 
processes. The lower microdischarge quantity correlates with the 
observed decline in CO2 conversion. Loading CeO2 with Cu nano
particles leads to an additional decline in CO2 conversion, consistent 
with the further decrease in microdischarge quantity. The DFT results 
attribute this to the further decrease of the WF due to Cu introduction. 
Our findings highlight that discharge characteristics depend sensitively 
on the catalyst material and its oxidation state and therefore must be 
considered explicitly in plasma catalysis studies. Surface chemistry ef
fects cannot be interpreted independently of their concomitant effect on 
the plasma. Moreover, in conventional packed bed DBD reactors, 
product formation is dominated by non-selective gas-phase chemistry.
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