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Leveraging oxygen mobility with zirconia in
low-temperature plasma for enhanced methane
reforming to syngast

FNU Gorky,? Levi Pile,® Grace Jones,® Apolo Nambo,” Mourad Benamara“ and
Maria L. Carreon (2 *2

Despite extensive efforts to optimize the single-step production of syngas, hydrocarbons, and oxygenates
via plasma catalysis, several challenges remain unresolved. In particular, understanding the various reaction
pathways is hindered by the complexity of the reactions and the diverse range of chemical products
formed. In this study, our main objective is to evaluate and compare the influence of zirconia on reaction
pathways, methane (CH,4) and carbon dioxide (CO,) conversions (%), and syngas selectivity (%) relative to
the plasma-only route. Experiments were conducted at a low radio-frequency plasma power of 50 Watts
without external heating. The results demonstrated significantly enhanced conversions of carbon dioxide
and methane when the reaction chamber was packed with zirconia (ZrO,). Methane conversion was
observed to be the highest at a rich CO, feed [CO,: CH,4 (2:1)], while plasma only revealed conversion of
20.1%. After packing with zirconia, the conversion increased to 71.2% (3.5 times increment). On the other
hand, carbon dioxide conversions were also observed to be the highest at a feed composition of
CO,:CHy4 (2:1), with plasma only (13.6%) vs. with zirconia packing (60.9%) revealing a 4.4 times increase.
Interestingly, at the rich CO, feed composition, the syngas product (CO + H,) selectivity increased after
packing ZrO, by 1.1 times for CO and 1.2 times for H,. Optical emission spectroscopy (OES) analysis
revealed important insights into the gas phase, with signatures of atomic oxygen (O) being the dominant
plasma species in the gas phase under plasma-only conditions, while their intensities plummeted when
zirconia was introduced, indicating active oxygen diffusion onto the surface of zirconia. Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS) confirmed important surface alterations after
plasma exposure and most importantly provided experimental proof on zirconia's oxygen mobility. These
findings provided an integral perspective into the design of catalytic materials that enhance oxygen
mobility, enabling low-temperature and energy-efficient dry methane reforming for a sustainable future.

Global energy demands and the urgent need to combat climate change call for innovative approaches that convert raw materials into cleaner fuels. In this
context, dry methane reforming (DRM) emerges as a promising route to valorize methane and carbon dioxide, transforming greenhouse gases into syngas. Our
research aims to understand the oxygen mobility of zirconia within a low-temperature, electron-mediated plasma environment to unravel mechanistic insights
that address two challenges: enhancing syngas yields at room temperature and mitigating catalyst deactivation from carbon deposition. Comprehensive gas
phase and surface analysis revealed zirconia’s ability to shuttle oxygen between its lattice and surface sustains dynamic redox cycles, encouraging plasma driven
activation pathways for methane and CO, and simultaneously gasifying nascent carbon deposits to prevent coking. Compared with the conventional route
DRM, our plasma catalytic system achieves significant reductions in energy input, and prolonged catalyst stability. These findings inform the rational design of
oxygen mobility focused materials, paving the way for scalable, decentralized syngas production and next-gen electrified energy conversion technologies.
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The dry reforming of methane (DRM) is a chemical reaction in
which methane (CH,) and carbon dioxide (CO,) react to form

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ ~ SY nthetic gas (Sy ngas)v a mixture of hydrogen (HZ) and carbon
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monoxide (CO). DRM is a well-studied and highly endothermic
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reaction (see eqn (1)) and requires high temperatures (800-
1000 °C) and moderate (1-10 bar) to high (20-30 bar)
pressures.”

CH, + CO, — 2CO + 2H,, AH° =+247 kJ mol™* (1)

The interest in DRM has grown to utilize CO, to obtain
value-added products and to make use of high CO, content
natural gas deposits that cannot be economically used for
steam reforming."?

Traditionally, hydrocarbons and oxygenate production has
relied on multi-step thermal catalytic processes involving
decomposition of CH,; and CO, at elevated temperatures
(800-1000 °C) and pressures (20-50 bar) towards the produc-
tion of synthetic gas. To further produce essential chemicals,
the produced syngas is further processed through another step
via the Fischer-Tropsch synthesis (temperatures of 250-350 °C
and pressures of 20-50 bar) to produce hydrocarbons and
oxygenates, such as alkanes, aldehydes, ketones, and alcohols.
While effective, these steps are energy-intensive and economic-
ally demanding, driving researchers to explore alternative cat-
alytic routes that reduce energy consumption. The growing
urgency to mitigate greenhouse gas emissions while producing
value-added chemicals has increased the interest in various
catalytic routes such as plasma-catalytic DRM.>*

The activation of methane and carbon dioxide poses a
significant challenge in thermal catalytic processes due to their
high bond dissociation energies of 434.2 k] mol~* for C-H in
CH, and 530.7 k] mol™' for C=0 in CO,. These conditions
necessitate extreme temperatures, which often lead to the decom-
position of intermediates, limiting single pass conversions and
selectivity. The search for energy alternatives positions non-
thermal plasma (NTP) as a promising alternative, enabling effi-
cient activation of CH, and CO, under mild conditions (room
temperature and atmospheric pressure). By generating high-
energy electrons in a low-temperature environment, NTP offers
a non-selective but energy-efficient alternative to produce
syngas,”>” hydrocarbons®'® and oxygenates''** in a single step.

Specifically for the partial oxidation of methane (POM),
studies have shown that oxygen can effectively activate methane
in plasma environments; however, excessive oxidation frequently
results in the overproduction of CO, and undesired byproducts.14
Using CO, as a milder oxidant offers dual benefits: mitigating two
of the most prevalent greenhouse gases while producing valuable
chemicals. For the specific case of plasma-catalysts the resulting
synergy enables partial oxidation pathways that favor the for-
mation of oxygenates and hydrocarbons as products, presenting
an alternative under mild conditions for the DRM.">™”

Catalyst design and plasma-catalyst synergy is critical to advan-
cing plasma-catalytic processes. While precious metals have tradi-
tionally dominated catalytic applications due to their superior
performance, their high cost and limited availability make them
economically unfeasible for large-scale implementation.'®
Research has increasingly focused on earth-abundant materials,
such as silica, alumina, and zirconia, which offer comparable
catalytic performance under specific conditions. However, findings
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from thermal catalysis do not always translate seamlessly into
plasma catalysis, needing a deeper understanding of material
behavior under plasma conditions.

In thermal catalytic research, high temperatures (800-
850 °C) are required for achieving higher efficiencies of CH, and
CO, conversions. Supports like silica,'® alumina,”® and zirconia®
are commonly used impregnated with transition metals as cata-
lysts. Zirconia is highly stable over high temperatures making it
suitable for sustaining multiple cycles.”” Literature reports, at the
relatively low temperature of 600 °C, show that Ni-Zr on MCM-41
achieved 91% methane conversion,” highlighting the effective-
ness of zirconia-based supports even under moderate conditions.
Similarly, Pt-impregnated ZrO, at 700 °C exhibited 80.1% methane
and 84.6% CO, conversion,> surpassing Ni-based catalysts at the
same temperature. The introduction of Ni with a Zr promoter at
700 °C improved the conversion to 73% for methane and 76.7%
for CO,,> displaying the role of metal promoters in enhancing
catalytic activity. Overall, zirconia-based catalysts with Pt and Ni-Zr
combinations demonstrated higher conversion at lower tempera-
tures with less metal loading, making them more efficient for
high-temperature thermal catalysis.

In plasma-catalytic systems, zirconia-based materials displayed
promising performances. In particular, zirconia and ceria based
oxides like Ni-Ce,Zr; ,O, within a dielectric barrier discharge
(DBD) plasma reactor enable CO, conversions up to 80% with
100% methane selectivity at temperatures as low as 90 °C, whereas
in thermal catalysis temperatures above 300 °C were required to
achieve comparable results.”® Plasma activation of CO, resulted in
the formation of CO* and O* species, facilitating enhanced
conversion rates at lower temperatures.>’ > Furthermore, hydro-
gen plasma treatment of Ni-based ceria-zirconia catalysts was
found to be an effective alternative to conventional thermal
reduction, maintaining similar catalytic activity and strengthening
Ni-support interactions.*® The role of Ce and Zr promoters in
hydrotalcite-derived catalysts was also examined, displaying that
while Zr-containing catalysts exhibited higher activity under
plasma conditions, the overall impact of these promoters on
catalytic performance remained minimal.*" In plasma catalysis
literature, zirconia based materials have been employed for CO,
hydrogenation, however, while designing the materials, the
impregnation of multiple metals and ceramics makes it challen-
ging to isolate the individual contributions. In this study, we
employed pristine zirconia to investigate the effect of oxygen
mobility and its effect towards product distribution during dry
methane reforming. Zirconia stands out as an ideal candidate
for plasma-catalytic DMR due to its intrinsic oxygen mobility,
structural stability under harsh conditions, and potential to
mitigate coke formation. Coking, a persistent challenge in
methane reforming, significantly degrades catalyst performance
by blocking the active surface with carbon build-up.*’ The
oxygen mobility in zirconia’s matrix facilitates the active removal
of amorphous carbon species, preventing their buildup and
prolonging catalyst life. Furthermore, the porous structure of
zirconia offers the possibility to enhance its interaction with
plasma, improving methane decomposition towards value added
products.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Our group has previously explored NTP (RF and DBD) applica-
tions for various chemistries including ammonia synthesis,**® dry
methane reforming,"® plastics decomposition to fuels,*>*° methane
upgrading,® graphene synthesis from biomass,** greenhouse gas
plasma based membrane separation,” carbon capture and plasma
based desorption,*? using various catalysts such as inorganic metal
oxides,******> Jow-metaling point alloys,*®*” perovskites,***°
zeolites,**>***® hybrid materials such as MOFs,****® and porous
organic materials such as CC3% for storage and catalytic applica-
tions showing the importance of tailoring materials for plasma.

Although the industry typically produces syngas via coal
gasification®" and steam reforming of methane,”” dry methane
reforming (DMR) has attracted significant research interest
over the past several decades because it incorporates carbon
dioxide, a major pollutant, into useful products; however, the
DRM reaction has faced major challenges, such as catalyst deac-
tivation due to coking at high temperatures. Building on the
extensive literature covering both thermal and plasma catalytic
DRM, our study involves lowering the amount of energy required
to activate reactants, with the objective of enhancing syngas
production, while employing commercial materials like zirconia.
Building on extensive studies of both thermal and plasma-catalytic
dry reforming of methane, we aimed to minimize the energy
needed to activate CH, and CO, under low-temperature plasma.
To achieve this, we selected commercial zirconia for its exceptional
suitability to plasma environments because it combines outstand-
ing thermal stability, chemical inertness to corrosive species,
resistance to sintering and phase changes, and high mechanical
hardness, which all help it sustaining the energetic particle colli-
sions during plasma discharges. Materials like zirconia, known for
its oxygen vacancy, provide a reactive surface that can interact with
plasma activated species (CO,*, O*) in a manner conceptually
similar to that described in the recent plasma catalytic chemical
looping system™ involving Ce,-Zro;0,.>* In addition, zirconia’s
abundant oxygen vacancies facilitate rapid ion mobility, enabling
it to capture and gasify nascent carbon deposits and thus suppress
coking. Through this work, we are exploring key reaction pathways
in plasma catalytic DRM and demonstrating an energy efficient
approach. The overarching goal of our findings is to lay the
groundwork for the future development of tailored zirconia-
based thin films or membranes, offering a scalable, economically
viable route, for converting greenhouse gases into valuable chemi-
cals for sustainable energy conversion.

2. Experimental

2.1. Materials and methods

Commercial zirconia was provided from Luxfer MEL Technol-
ogies (Manchester, England), reference number (XZ01501/09).
Fumed silica was purchased from Fasco (CAB-O-SIL® M-5).

2.2. Zirconia characterization

The commercial zirconia catalysts used in this study were
degassed under vacuum at 100 °C for 5 hours. Nitrogen
physisorption isotherms were measured at 77 K using a 3Flex
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Micrometrics instrument to determine the Brunauer-Emmett-
Teller (BET) surface area, pore size, pore volume, and particle
size (um) of both fresh and plasma-exposed catalysts. The
morphology of the commercial zirconia was examined using
an FEI Nova Nanolab 200 Dual-Beam system, which is equipped
with a high-resolution field-emission gun analytical scanning
electron microscope (SEM) operating at 15 kV. The commercial
zirconia was analysed using powder X-ray diffraction (XRD)
with a Panalytical X'Pert Materials Research Diffractometer,
employing Cu Ko radiation (/ = 1.54 A) over a 20 range of 20°-
80°. To ensure accurate crystallinity assessment, the intensity
scale (a.u.) was standardized across all catalysts. X-ray photo-
electron spectroscopy (XPS) was carried out on a VersaProbe II
system featuring a monochromatic Al Ko source. All XPS
measurements were acquired with the electron take-off angle
set at 47°. Raman spectra were recorded on a Horiba LabRAM
HR micro-Raman spectrometer (Horiba Scientific) equipped
with a monochromated 532 nm laser.

2.3. DMR plasma setup

The experiments were conducted in an in-house built RF plasma
reactor using CO, (Airgas, 99.99%) and CH, (UHP Airgas) as
reactants. The flow rates varied between 10 and 100 sccm,
controlled via a mass flow controller (MFC). Plasma generation
was achieved using an RF power supply with a Seren IPS, Inc.
Matching Network. The reaction conditions included a plasma
power range of 50-300 W and a pressure of 0.3 Torr, consistent
across all experiments. Vacuum was maintained using an
Edwards Dry scroll pump (nXDS6i). Each reaction used 1.2 g of
zirconia, ensuring uniform catalyst loading across the electrode
area. The vacuum pump’s outlet was connected via copper tubing
to the inlet valve of a gas chromatography (Agilent 8860) system
equipped with an Agilent HP-PLOT U column 30 m X 0.320 mm x
10 pum, (see Fig. S1 for a complete schematic, ESI). All experi-
ments were performed in triplicates. Key plasma species were
analysed using optical emission spectroscopy (OES). Light emitted
from the plasma discharge was directed through an optical
system, and the emission spectra of the glow region were
recorded. A dual-channel ultraviolet-visible-near-infrared (UV-vis-
NIR) spectrophotometer (Avantes Inc., USB2000 Series) was used
in scope mode, covering a spectral range of 200-1100 nm with a
600 lines per mm grating and a resolution of 0.4 nm. A bifurcated
400-um fiber optic cable was employed for spectral collection.
Based on optimal spectroscopy conditions, the integration time
was set to 5 s with 100 averages, following the methodology
established in previous studies.*

2.4. Zirconia textural properties

Our primary investigation was dedicated towards analysing the
difference in textural properties of zirconia at different calcina-
tion temperatures before conducting plasma-based reactions.
The XRD revealed the effect of calcination temperature on the
phases of zirconia. At 400 °C, the sample predominantly
exhibits cubic phases, specifically the (111) reflection. As the
temperature increases to 500 °C, both cubic (111) and mono-
clinic (111) phases become comparable in intensity, indicating

EES Catal., 2025, 3, 743-755 | 745
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a phase transition. At 600 °C, the monoclinic phase (111)
becomes dominant and Fig. 1a confirms the evidence of the
monoclinic phase.

We conducted the calcination at 1000 °C, and the sample
exclusively shows monoclinic phases (111), with no cubic phase
contribution (see Fig. S2, ESIT). This temperature-dependent phase
evolution highlighted the critical role of calcination temperature in
selecting the desired zirconia phase, with cubic phases being the
target for further study due its symmetric configuration. Cubic
phases offer high surface areas as evident via physio-chemical
properties described in the experimental table (see Table 1). Apart
from surface area, it is well reported in the literature for materials
like zirconia and ceria that the cubic phases offer enhanced
anionic mobility®> and redox properties,”® and the cubic phase
also offers lower elastic modulus and higher malleability over
other phases such as monoclinic and tetragonal phases.”” Based
on the literature, the vacancies (defects) can be co-related with
lattice relaxation observed in doped cubic zirconia. This directly
implies that lower elastic modulus causes a higher degree of
relaxation allowing lower binding energies with oxygen vacancy
and improved mobility.>®

The zirconia samples calcined at different temperatures
revealed significant changes in surface area and structural proper-
ties. At 400 °C, ZrO, exhibits the highest BET surface area of 122.45
m” g~ and pore volume of 0.49 cm® g, along with the smallest
particle size (48.99 nm), correlating with a cubic XRD phase. As the
calcination temperature increases to 500 °C, the BET surface area
and pore volume decrease, while pore size and particle size grow,
indicating a transition to a hybrid phase exhibiting cubic + mono-
clinic phases. At 600 °C, the material exhibits the lowest surface
area (49.79 m”> g™ ') and the largest particle size (120.48 nm),
dominated by the monoclinic phase (see Fig. 1b and Table 1).

Similarly, our experimental data revealed unimodal pore size
distribution. At a lower calcination temperature (400 °C), the pore
size was smaller (6.3 nm), whereas higher temperatures led to an

(a)
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Fig. 1
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Table 1 Textural properties for zirconia at different calcination
temperatures

Sample ZrO,-400 ZrO,-500 ZrO,-600
BET surface area (m> g %) 122.45 76.23 49.79
Langmuir surface area (m* g ') 163.96 104.19 67.51
Pore volume (cm® g~ %) 0.49 0.46 0.39
Pore size (nm) 14.19 22.39 29.92
Particle size (nm) 48.99 78.70 120.48
t-Plot external surface area (m” g ')  133.82 76.60 51.30

increase in pore width (up to 28 nm) (see Fig. S3, ESIt). The N,-
isotherm revealed characteristics of type II isotherms, which were
characterized by an initial monolayer adsorption at lower relative
pressures, followed by a sharp rise that indicated multilayer
adsorption at intermediate pressures. The presence of a hysteresis
loop suggests the existence of pores, indicating that capillary
condensation had occurred within the pores. This was classified
as an IUPAC type H3 loop,” where the adsorption branch
resembled a type II isotherm, and the lower limit of the
desorption branch was typically located at the cavitation-
induced p/p,. Hysteresis loops of type H3 were associated with
non-rigid aggregates of plate-like particles but also appeared when
the pore network consisted of macropores that were not entirely
filled with pore condensate.>® These results revealed the influence
of calcination temperature on zirconia’s phase, porosity, and
surface characteristics, with lower temperatures favouring the
desirable cubic phase. In the literature it is well noted that cubic
zirconia facilitates redox reactions, which can further enhance
oxygen mobility.*’

3. Results and discussion
3.1. Plasma only

Our initial investigations entailed acquiring the methane and
carbon dioxide conversion with and without external cooling.

—— 7r0, (400°C)
Q300 4= 2r0, (500°C)
— Zr0, (600°C)

50

o

0 01 02 03 04 05 06 07 08 09 1
Relative Pressure (p/p,)

(a) XRD revealing the effect of calcination temperature on ZrO, phases; (b) Nitrogen isotherms at different temperatures on different zirconia

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A steady state for DRM reactions was observed after 45 minutes,
and with long operation time, the temperature around the
electrode area increased. To differentiate the effect of heat vs.
plasma, we studied how varying plasma power will affect
methane and carbon dioxide conversion. This was investigated
under plasma-only conditions using an in-house RF (radiofre-
quency) plasma reactor under varying power conditions, with
and without external cooling. A cooling fan was positioned near
the electrode area to control temperature. The total flow rate
was maintained at 25 sccm with a CO,: CH, feed ratio of 1:1,
and no external heating applied. All results were averaged from
triplicate measurements over a reaction time of 2 hours. We
selected these parameters as baseline, as most of the experi-
mental results demonstrated that increasing plasma power
led to higher methane and carbon dioxide conversion in
both configurations. Without the cooling fan, methane conver-
sion increased from 15.51% at 50 W to 42.77% at 300 W, while
carbon dioxide conversion rose from 11.24% to 35.3%.
A similar trend was observed with the cooling fan, where
methane conversion improved from 14.83% at 50 W to 46%
at 300 W, and carbon dioxide conversion increased from
10.77% to 37.53%. At all power levels, slightly higher conver-
sions were recorded with the fan, suggesting improved reaction
efficiency due to better temperature regulation near the
electrodes. Additionally, standard deviations were generally
lower with the external cooling, revealing more stable reaction
conditions. The results highlight the significant role of plasma
power in enhancing conversion efficiency and suggest that
thermal management strategies, such as electrode cooling,
can further optimize performance in plasma-assisted dry
methane reforming. However, the comparative difference was
minor and for the further studies we conducted experiments
without a fan to reduce energy requirements. We also selected
50 Watts (minimal plasma power) to further explore various
parameters, such as plasma power (Watts) and feed ratio
(CO,:CH,), and various flow rates (sccm) to further analyze
the methane and carbon dioxide conversion in a more com-
prehensive way (see Fig. S4, ESIY).

The effect of total flow rate on methane and carbon dioxide
conversion was investigated at the minimal plasma power of
50 W to reduce energy cost. The CO,:CH, feed ratio was
maintained at 1:1, and no external heating was applied over
a reaction time of 2 hours. The results indicated a decreasing
trend in both methane and carbon dioxide conversion as the
total flow rate increased. At 10 sccm, the highest methane and
carbon dioxide conversions were observed at 25% and 17.20%,
respectively. As the flow rate increased to 25 sccm, the conver-
sions slightly dropped to 19.23% for methane and 15.60% for
CO,. Further increasing the flow rate to 40 sccm, 75 sccm, and
100 sccm led to a continued decline in conversions, with the
lowest values recorded at 100 sccm (8.77% methane and 7.73%
CO, conversion). The experimental observations revealed that
lower flow rates favored higher reactant residence time, possibly
increasing the lifetime of active species allowing for more
effective plasma-activated reactions on the gas phase. On the
other hand, at higher flow rates the lower residence time led to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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limited reactant activation and increased the possibility to
undergo recombination of initial plasma species in the afterglow
region, eventually leading to lower conversion efficiencies. The
standard deviation values remained relatively small across all
conditions, indicating consistent experimental reproducibility.

Finally, the effect of CO,:CH, feed ratio on methane and
carbon dioxide conversion was examined in the RF plasma
reactor at 50 W with a total flow rate of 25 sccm. The results
demonstrated that higher methane content in the feed mixture
led to increased CH, and CO, conversions. The 3:1 ratio
exhibited the highest conversions, with 26.1% for methane
and 17.8% for CO,, while a progressive decrease was observed
as the CH, ratio increased, reaching the lowest values at 1:3
CO, : CH, (9.3% methane and 7.8% CO, conversion). This trend
suggested that excess CO, enhances plasma reactivity, as
evident from the experimental data that higher methane rich
composition can lead to methane recombination which even-
tually leads to lower conversion of methane (Fig. 2).

3.2. Zirconia plasma catalysis

Our next investigations lead towards understanding the impact
of packed bed reaction in plasma-DRM. The packed bed con-
taining 1.2 grams of cubic zirconia (ZrO,) versus plasma-only
conditions on methane and carbon dioxide conversion was
evaluated in an RF plasma reactor at 50 W, with a total flow
rate of 25 scem and equimolar feed ratio. The results revealed
that conversion efficiencies were widely enhanced with ZrO,
across all feed ratios. Under plasma-only conditions, the equi-
molar feed (1:1) yielded a methane conversion of 15.5% and a
CO, conversion of 11.97%. However, with the addition of ZrO,
the equimolar system achieved a methane conversion of
63.73% and a CO, conversion of 57.19%, approximately a 4.1-
fold and 4.7-fold increase, respectively. In addition, under CO,-
rich conditions (2:1), methane conversion improved from
20.1% to 71.2% (a 3.5-fold increase) and CO, conversion from
13.6% to 60.9% (a 4.4-fold increase), while under CH, rich
conditions (1:2), the values increased from 11.3% to 55.1% for
methane (a 4.8-fold improvement) and from 9.8% to 41.6% for
CO, (a 4.2-fold improvement). These findings confirmed that
the addition of ZrO, had markedly boosted conversions (%)
compared to plasma-only conditions (Fig. 3). The synergistic
interaction between the plasma and zirconia likely played an
integral role in enhancing these conversions. ZrO,, known for
its oxygen-mobilizing capabilities, facilitated oxygen diffusion,
promoting efficient redox pathways for important plasma spe-
cies. Herein, these results displayed the importance of plasma-
material synergy, where active oxygen species generated in
plasma can interact with the zirconia surface, further driving
symmetrical molecules like methane to activate and dissociate.
Similar observations were also identified in thermal catalytic
routes with zirconia employed as in thermal catalytic routes it
displayed very high conversions for methane and carbon diox-
ide (see Table S1, for the complete state of the art, ESIt).

For objectivity, we compared an inert material’s (silica)
performance with zirconia. At similar parameters previously
reported, we compared analytically using no catalyst

EES Catal., 2025, 3, 743-755 | 747
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3:1 1:3

(plasma only), a packed-bed with fumed silica, and a packed-
bed with zirconia, across CO,: CH, feed ratios of 2:1, 1:1, and
1:2. In the plasma only setup, methane conversion decreased
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from 20.1% at a 2:1 ratio to 15.5% at 1:1 and 11.3% at 1:2,
while CO, conversion fell from 13.6% to 12.0% and 9.9%,
respectively. Introducing a silica-packed bed boosted perfor-
mance: methane conversion rose to 42.8% at2:1,38.4% at1:1,
and 35.6% at 1:2, with corresponding CO, conversions of
29.6%, 23.4%, and 18.2%. The zirconia-packed bed delivered
the highest conversions in every case, achieving 71.2% methane
and 60.9% CO, conversions at 2:1, then 63.7% and 57.2% at
1:1, and finally 55.2% and 41.7% at 1:2 (see Fig. S5, ESIT).
Overall, both packed-bed reactors evidently outperformed the
plasma-only setup, with zirconia proving to be the most effec-
tive material for methane and carbon dioxide conversions.

This enhanced conversion directly influenced product selec-
tivity, favouring syngas (CO and H,) and C, alkane and olefins,
while suppressing the formation of heavier alkanes and oxyge-
nates. The syngas production varied with changes in the feed
ratio (CO,:CH,). When comparing plasma-only operation to
the zirconia-packed system, a notable increase in syngas pro-
duction was observed after packing with zirconia (see Fig. 4).
The comparative syngas selectivity increased +14% after zirco-
nia packing for the CO,-rich feed ratio (2: 1 CO, : CH,), followed
by the equimolar feed (1:1 CO,: CH,) with +10.9% increment
in selectivity, and the methane-rich feed (1:2 CO,:CH,) with
+8.5% increment in selectivity.

Interestingly, the highest overall syngas (H, + CO) produc-
tion in the packed bed with zirconia occurred at the CO,-rich
feed ratio (2:1 CO,:CH,) with 85.06% selectivity, followed by
the equimolar feed (1:1 CO,: CH,) with 74.13% selectivity, and
the methane-rich feed (1:2 CO,:CH,) with 60.23% selectivity.
The increased interaction of the zirconia surface with oxygen
species likely facilitated CO, activation, enhancing syngas yield.
Additionally, olefin (C,H,) selectivity improved at a methane
rich feed ratio (1:2 CO,:CH,) with plasma only at 14%
selectivity and 11.5% with zirconia, suggesting stronger plasma
recombination of methane derived active species that leads to
olefins. Conversely, alkane production was observed to be the
highest at a methane rich feed ratio with ethane (C,Hs)
selectivity for plasma only vs. zirconia (16.5% vs. 12.8%), while
a small fraction of propane (C3;Hjg) selectivity was observed to be
slightly higher with plasma only vs. zirconia (1.5% vs. 1.4%).
This decline suggests that the selectivity of the products
was favoured towards syngas, rather than light hydrocarbons
(C5-Cs) (see Fig. 4).

In particular, in the case of the methane-rich feed composition
(1:2 CO,:CH,) the syngas production, CO selectivity increased
from 30.7% for the plasma-only to 35.9% for the zirconia-packed
bed, while H, selectivity significantly increased from 20.8% to
24.2%. The increased availability of active oxygen species on the
zirconia surface likely facilitated CO, activation and oxygen
mobility, further improving the syngas yield. Additionally, olefin
(C,H,) selectivity decreased from 14.4% (plasma only) to 11.5%
(zirconia), displaying no enhancement on methane upgrading
towards olefins over zirconia. While alkane production remained
relatively higher in plasma only, observed with ethane (C,Hs)
selectivity (16.5% vs. 12.8%), the propane (CsHg) selectivity
remained constant from 1.5% to 1.4% suggesting that the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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zirconia surface promoted single carbon-hydrogen species con-
sumption into methane reforming towards syngas rather than
their recombination to alkane formation (see Fig. 4a). Further-
more, oxygenated compounds such as formaldehyde selectivity
slightly increased (2% vs. 3.7%), while acetone production
decreased (0.6% to 0.2%). Interestingly, trace amounts of metha-
nol (0.1%) and ethanol (0.05%) were detected only in the zirconia-
packed system (Fig. 4b), indicating improved oxygen interaction
between plasma and zirconia. The trends observed with rich
methane feed improved more with an equimolar feed (Fig. 4c
and d) and the best selectivity was observed with the CO, rich feed
2:1 (CO,:CH,) (Fig. 4e and f) with minor fraction of oxygenated
compounds such as aldehydes, ketones and alcohols. Formalde-
hyde and acetone were observed to be the highest with plasma
only at the CO, rich feed (5% and 0.9%).

Moreover, we compared the product selectivity perfor-
mances with the silica packed bed, please see Fig. S6 (ESIT).
For syngas, in the plasma-only mode, CO selectivity was 39.5%,
rising to 41.1% over silica and to 46.5% over zirconia. Hydrogen
selectivity dropped from 23.7% in plasma alone to 18.3% with
silica but rose to 27.6% with zirconia. In the case of alkenes,
ethylene selectivity increased from 13.1% in the bare plasma to
15.2% on silica before falling to 8.6% on zirconia, while
(alkanes) ethane rose moderately from 15.4% (plasma only) to
17.2% (silica) then fell to 11.1% (zirconia). Propane selectivity
was low in all configurations but increased gradually from 0.6%
to 1.0% to 1.7% across plasma, silica, and zirconia.

Furthermore, to investigate zirconia’s properties after plasma
exposure, we conducted experiments with three cycles (6 hours)
to check the stability at 50 Watts of RF plasma power. The results
revealed no critical changes in crystallinity or phases observed,
uncovering robustness for long DRM operations (see Fig. 5).

Similarly, no textural or morphological changes were observed
for all three cycles on SEM images (see Fig. S7, ESIt), the zirconia-
packed reactor exhibited only minimal declines in activity, high-
lighting its stability under extended operation (see Fig. S8, ESIT).
At a CO,:CH, feed ratio of 2:1, methane conversion decreased

© 2025 The Author(s). Published by the Royal Society of Chemistry

gently from 71.2% in the first cycle to 70.1% in the second and
68.2% in the third, while CO, conversion decreased from 60.9% to
58.8% and 58.1%, respectively. A similar trend was seen ata 1:1
feed ratio, where methane conversion dropped from 63.7% to
61.8% and then to 60.3%, and CO, conversion dropped from
57.2% to 55.3% and 54.8%. Under methane rich feed (1:2),
methane conversion only edged down from 55.2% to 53.3% and
52.8%, with CO, conversion moving from 41.7% to 40.2% then to
39.2%. These slight decreases on the order of 2-3 percentage
points over 6 hours demonstrated that zirconia maintained high
reactivity and conversion (%) with minimal deactivation over
extended plasma exposure.

3.3. Gas phase analysis

We conducted detailed optical emission spectroscopy (OES)
analyses for both the combined CO, + CH, feed and for pure
CO, and CH, feeds. Under pure CO2 conditions (Fig. S9, ESI}) the
intensity of atomic oxygen species, as observed at wavelengths of
777 nm (3s°S° — 3p°P) and 844 nm (3s°S° — 3p’P), was
significantly lower in the zirconia-packed system compared to
the plasma-only configuration, 3807 a.u. and 3245a.u.(zirconia)
versus 56 445a.u.and 59 645a.u.(plasma-only), respectively (see Fig.
S9, ESIt). This reduction suggested that reactive oxygen species
(ROS) were effectively mobilized from the gas phase towards the
zirconia surface, consistent with heterogeneous kinetics wherein
nearly all of the reaction occurs on a solid surface.®* When looking
at the interactions of pure CH4 plasma and zirconia packed bed-
Plasma, we observed a small reduction in the CH* EOS signal,
highlighting that carbon species derived from CH, plasma have
little interaction with zirconia, and this small interaction was
enough to increase the H signals more than 2 times. When a
mixture of gasses is used, CO and H are the predominant species
in the EOS analysis, increasing dramatically in the zirconia-
plasma system. Based on the experimental data, it was evident
that CO* (297 nm) and hydrogen-alpha (656.3 nm) surged signifi-
cantly when the feed composition changed from methane rich
(1:2) CO,:CH, to equimolar and CO, rich feed ratios, and this

EES Catal,, 2025, 3, 743-755 | 749
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trend was also reported by Devid et al®® (see Fig. 6). This CO,+e  — CO* + O* (general pathway, OES displays CO*
enhancement in reactive species correlated with a significant shift dominance)

in product selectivity; for instance, the zirconia system yielded CO, — COy: + e~
increased selectivity towards syngas further supporting the con-
clusion that the zirconia altered the reaction pathway by enhan-

(ionization)
CH, activation:

cing the generation of specific gas-phase intermediates. CH, + 3¢~ — CH* + 3H*

3.4. Plausible plasma activation (gas phase) 3.5. Surface analysis

Electrons (e”) and excited species (*) driven bond cleavage: Gas phase analysis provided important insights. However, it is
CO, activation: limited in its ability to fully characterize the material surface
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(zirconia). To gain a complete understanding of the overall
reaction, we performed Raman spectroscopy. After plasma
treatment, the zirconia samples exhibited changes in Raman
intensity. The bands at 532 cm ' (Zr-O stretching)®® and
560 cm " (oxide-vacancy vibration)®* well defined in the control
(see Fig. 7), disappeared after plasma exposure confirming the
role of zirconia’s oxygen mobility during the DRM reaction.
Furthermore, we conducted XPS analysis, and binding energies
for zirconia before and after plasma exposure are presented in
Table 2. In general, the binding energy (eV) reduced for zirconia
after plasma exposure, and the deconvoluted XPS analysis
revealed that pure zirconia exhibited an O 1s lattice oxygen (Zr-
O) peak at 529.39 eV with a 43.9% area, whereas after plasma
exposure the peak shifted to 529.11 eV with a 42.2% area (see
Fig. 8a and c). This minor alteration indicated a modification in
the lattice oxygen associated with the formation of oxygen vacan-
cies. The surface hydroxyl (Zr-OH) component in the control
sample was observed at 530.93 eV with a 56.0% area, shifting to
530.51 eV with a 42.9% area after plasma exposure, confirming
the reduction of hydroxyl groups during the reaction (see Fig. 8a
and d). Interestingly, a new O 1s peak appeared at 532.65 eV with a
14.8% area after plasma exposure, explicitly representing the
formation of C-O species on the surface (see Fig. 8a and c).

Zr 3d spectra represented the two split peaks which described
the spin-orbit coupling, where the 3d electrons split into two
distinct energy levels (5/2 and 3/2) for the Zr4" state. An analysis of
the Zr 3d region demonstrated that the Zr 3ds,, peak shifted from
181.59 eV with a 45.7% area in pure zirconia to 181.39 eV with a
50.1% area after plasma treatment, and the Zr 3d;/, peak shifted
from 183.92 eV with a 54.2% area to 183.74 eV with a 49.8% area
which may correspond to the changes in local rearrangements in
Zr** sites (see Fig. 8b and d). Reported binding energies (eV) were
consistent with literature values (see Table S2 for details, ESIT).

Based on the observations it is confirmed that the RF
plasma dry methane reforming slightly modified the zirconia
surface. These modifications, in turn, supported increased

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxygen mobility and accelerated the continuous removal and
conversion of surface carbon to CO during the plasma catalytic
dry reforming reaction.®* %%

3.6. State of the art and plausible mechanism

While comparing the presented results with the literature, it is
important to mention in the literature various plasma sources

EES Catal., 2025, 3, 743-755 | 751
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were evaluated for DRM over a wide range of applied powers at
equimolar feed ratios from low power plasma sources DBD (7-
40 Watts)">'>165%7% o high power sources of RF plasma (25-
150 Watts),*> gliding arc (GA)”' with 165 Watts, and microwave
(MW)">”* with 1000-3000 Watts, without catalysts and additional
packing materials. In our presented work low-power radiofre-
quency (RF) plasma at 50 W without any catalyst achieved CH,4
and CO, conversions of 16.5% and 11.9%, respectively. Plasma
material synergy plays an integral role in enhancing the methane
and carbon dioxide conversions. Moreover, it has been demon-
strated by various researchers that transition metals on
alumina,”®”* silica,”® zeolites’® and MOFs,"*> DMR can be selec-
tively controlled towards the desired products. However, it is
important to note that due to limited resources and growing
urgency for rare earth metals, researchers are focusing on improv-
ing design and incorporating earth abundant materials.'®"
Herein, a highly stable material such as zirconia was introduced
at low power (50 W), enhancing the conversions markedly to
63.7% for CH, and 57.1% for CO, (see Fig. 9 and Table S3, ESIT).

It is well noted that major reactions in heterogenous cata-
lysis occur on the surface.’’ In this work, zirconia’s surface
reactions played a critical role in enabling syngas formation
due to the presence of oxygen vacancies (Vo) facilitating the
mobility of atomic oxygen.

On the surface the reaction initiates with CO, splitting, where
CO, in the gas phase interacts with a zirconia vacancy, leading to

View Article Online

EES Catalysis

the formation of surface adsorbed CO and O species. In order to
confirm this, we compared the signatures of plasma only and the
zirconia surface when using pure CO, OES, and interestingly we
observed the intensities of the atomic oxygen were extremely high
in plasma only and drastically reduced with the zirconia packed
system, which implies higher adsorption of atomic oxygen on the
zirconia surface (see Fig. S9a and b in the ESIf). Based on the
measured species of the gas phase via OES we hypothesize that
firstly, methane underwent dehydrogenation, dissociating into CH
radicals and atomic hydrogen. On the zirconia surface, the gas
phase exhibited stronger CH* (431 nm) signatures compared to
plasma only and looking at the selectivity we can observe higher
recombination of methane derived active species in the plasma
only system. On the other hand, atomic hydrogen (656.3 nm) levels
were lower than in plasma only conditions. This implies a higher
recombination of hydrogen in the zirconia-plasma system high-
lighting the impact of the catalyst-plasma synergistic effect in DMR.

A pathway to mitigate carbon deposition (coking) on zirco-
nia’s surface is through the reaction of atomic carbon with
atomic oxygen to produce CO in the gas phase. In this scenario,
the oxygen migration increases due to the presence of vacancies
(Vo) and oxygen species consumed can be replenish. Finally,
hydrogen atoms recombine to form molecular hydrogen (H,
formation). These surface reactions cooperatively improved the
syngas generation (see Fig. 10).

3.7. Plausible surface reactions on zirconia

Zirconia’s oxygen vacancies (Vo) and mobility of O atoms drive
syngas formation (see Fig. 10).

CO, splitting:

COy(gas) + Vo (vacancy in ZrO,) — COqsur) + O(sur)
CH, dehydrogenation:
CH4(gas) - C(surf) + 4H(surf)
Carbon renewal:
Csurf) + Ogurf) = CO(gas)  (prevents coking)

H, formation:

4H (surr) — 2H, (gas)

Table 2 Binding energy (eV) for the pure zirconia (control) vs. after plasma exposure

Binding Energy

Control zirconia Binding energy After plasma zirconia

Species Location ev % Area ev % Area
O 1s Zr-O Lattice oxygen 529.39 43.9 529.11 42.2
Zr-OH Surface hydroxyl 530.93 56.0 530.51 42.9
C-0 Carbon-oxygen — — 532.65 14.8
Zr 3d Zr 3ds), Zr*" sites 181.59 45.7 181.39 50.1
Zr 3d;), Zr** sites 183.92 54.2 183.74 49.8
752 | EES Catal, 2025, 3, 743-755 © 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In this study, we explored plasma catalytic dry methane reforming
at minimal plasma power (50 watts). This study demonstrated the

1.0
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Fig. 9 State of the art plasma-catalytic dry reforming of methane, comparison
of (CO,/CH,4) conversion ratio vs. applied plasma power (Watts) for
DBD, 1215166970 My, 7273 GA,* DC”” and this work with RF plasma at low power.

© 2025 The Author(s). Published by the Royal Society of Chemistry

significant impact of a zirconia-packed bed on plasma-assisted
dry reforming of methane (plasma-DRM). Based on the experi-
mental results, introducing zirconia into plasma driven CO,/CH,

Methane Dehydrogenation Carbon Dioxide splitting

. Syngas
1' R B @ Formation \1

e—1

Surface Adsorption

— )

Oxygen Mobility Product formation

Fig. 10 Plausible plasma catalytic pathway for mitigating coking on the
zirconia (ZrO,) surface.
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conversion significantly improves performance. Under plasma-
only conditions, CH, and CO, conversions were 16.5% and 12.0%.
Nonetheless, packing the reactor with an inert material such as
fumed silica elevated these conversions to 38.4% for CH, and
23.4% for CO,. However, when zirconia (ZrO,) was packed, the
enhancements were even more evident, with methane conversion
increased to 63.7% and CO, conversion reaching 57.2%. The
plasma zirconia synergy facilitated CO, decomposition generating
CO and oxygen active species increasing syngas (CO and H,) yields
while reducing heavier alkanes and oxygenates. At equimolar feed
composition, the CO selectivity rose from 39.5% to 46.5%, and H,
selectivity increased from 23.7% to 27.5%. The feed composition
methane rich 1:2 (CO,:CH,) led to lower conversions due to
possible methane recombination on the other hand, with CO,
rich 2:1 (CO,: CH,) revealed as the best conversions mitigating
the possible methane recombination and leading to higher syngas
formation. Optical emission spectroscopy (OES) confirmed that
zirconia dramatically increased the CO concentrations in the gas
bulk and also favored reactive atomic oxygen species in the gas
phase. Stability tests over six hours of plasma operation at 50 W
showed no significant changes in zirconia’s properties or plasma-
catalytic performance, confirming its robustness. In conclusion,
zirconia significantly enhanced plasma DRM efficiency, increas-
ing conversion and syngas production while providing under-
standing of sustainable low temperature plasma DRM systems.
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