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Plasma-assisted dry reforming of methane (DRM) was investigated using CeO» nanorods (NR) supported Ni
catalysts in a fixed-bed coaxial dielectric barrier discharge (DBD) reactor. This study individually examined the
catalyst support, packing material, and 10 wt% Ni-CeO2 NR catalyst under pure thermal and plasma-assisted
thermal DRM environments to explore the plasma-thermal synergy. Support and packing material displayed
no discernible reactivity under thermal DRM within 450 °C; however, the catalyst exhibited reactivity beginning
around 350 °C. Alternatively, plasma-assisted DRM experiments revealed a distinct reaction occurrence at
significantly lower temperatures across all sample types. Introducing plasma demonstrated a significant
enhancement in CHy4 conversion compared to CO conversion. The 10 wt% Ni-CeO2 NR catalyst in plasma-
assisted DRM testing showed increasing conversions of CH4 and CO; with rising temperatures, peaking at
52.1 % and 46.1 %, respectively, at 450 °C. The catalyst’s improved performance in the plasma environment can
be attributed to the enhanced metal-support interaction between NiO and the CeO2 NR support, a consequence of
the rich surface oxygen vacancy concentration. However, this increase in conversion was accompanied by an
escalation in carbon deposition. Considering contributions from the thermal DRM process, the optimal operating
temperature was determined as 350 °C. Increasing plasma power at this temperature led to enhanced conversion.
However, beyond a threshold of 23.8 W power, the reaction path altered, resulting in reduced syngas output.
Increasing the CH4:CO;, feed gas flow ratio, while maintaining constant plasma power and temperature, elevated
H,/CO generation. Moreover, increasing the total flow rate under identical conditions, with a constant feed gas
flow ratio, reduced both conversions due to decreased chemical residence time. Consequently, under a constant
feed gas ratio, a higher syngas yield is achievable with lower overall flow rates.

[7-9], and steam methane reforming (SMR, CH4 + H,0 = CO + 3Hy)
[10-12]. Recently, the DRM technology has gained the most attention

1. Introduction

Nearly 82 % of the world’s energy requirements are currently met
mainly through the use of fossil fuels, and this proportion is rising
rapidly [1]. Meanwhile, significant amounts of greenhouse gases are
emitted from these fossil fuels, and the notable contribution comes from
CO; (76 %), and CH4 (16 %) [2]. Therefore, it is believed that one of the
most challenging obstacles in the twenty-first century is the conversion
of greenhouse gases into valuable chemical products [3].

These two leading greenhouse gases can be used in reforming pro-
cesses, including partial methane oxidation (POM, CHy + 0.502 = CO +
2H5) [4-6], dry methane reforming (DRM, CH4 + CO2 = 2CO + 2H3)

* Corresponding author.
E-mail address: rwang@eng.ua.edu (R. Wang).

https://doi.org/10.1016/j.cej.2023.147459

since it uses both greenhouse gases to produce syngas (a mixture of CO
and Hy) that can be used for gas-to-liquid conversion in the Fischer-
Tropsch synthesis process [13] along with some power generation ap-
plications. The DRM reaction (Eq. (1)) is highly endothermic, so a
highly active catalyst and very high temperatures (600-1000 °C) are
required to obtain an effective conversion [14]. The high energy
requirement and catalyst deactivation/aging at elevated temperatures
make the process commercially incompatible.

CHy (g + CO; () = 2CO () +2H, (o) (AHagsx = +247kImol ™) @
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Recently, the non-thermal plasma (NTP) catalytic DRM technique has
been considered very promising because of its atmospheric pressure and
favorable lower operating temperature (<500 °C) alongside reactor
compactness and adaptability [15,16]. The primary constituents of NTP
are neutral ionized gases, excited species and photons, which catalyze
the ionization, dissociation, and excitation of reactants [17]. The neutral
ionized gases consist of nonionized gases (such as Ar, Ny, O5), ions (Ar™,
N3, 03), and electrons (e~), where the positive ions and negative elec-
trons are in equal proportions, hence rendering plasma electrically
neutral. However, these ions and free radicals are chemically active to
promote subsequent ionization (e- +Ar — Art + 2e), dissociation (e~
+Ny = 2 N + e"), excitation (e~ +Ar — Ar* + 2e~), recombination (e~
+ Ar" - Ar) and so on. According to the literature [15,18], various types
of NTPs have been utilized for DRM. Among them, dielectric barrier
discharge (DBD) plasma provides a silent discharge, plasma-separated
electrodes, easy incorporation into typical catalysts, and a relatively
high conversion rate at low power and temperature, so DBD plasma-
catalytic DRM has been a popular choice in various plasma-assisted
reactor designs. Combining heterogeneous catalysis with non-
equilibrium DBD plasma, plasma-assisted DRM creates a powerful syn-
ergy where the catalyst changes the plasma discharge characteristics
and lowers the activation barrier for some gas conversion processes
[19]. For instance, the highly active catalyst in DRM, nickel (Ni), was
incorporated on several supports such as Al;03, CeO,-Al;03, ZrO,, ZSM-
5, MgO, Lay03, SiO,, Si02-Al;03, and tested in DBD environments where
the performance varied with strong metal-support interaction (SMSI),
dielectric constant value, and active participation of the support
[20,21]. Tu et al. [22] examined reduced Ni/Al,O3 and they discovered
that a significant increase in the local electric field and charge deposi-
tion on the catalyst surface caused a drop in breakdown voltage from
3.3 kV to 0.75 kV. This change in discharge characteristics also boosts
CH4 and CO; conversion up to 18 % and 13 %, respectively, at room
temperature and 100 W power, which is possibly due to the uniform
dispersion of the conductive Ni active sites. Zhang et al. [23] studied the
size of packing materials and catalytic effect under varying plasma
power and flow at a constant temperature of 110 °C using various cat-
alysts (Ni/SiO», NiFe/SiO2 and a mixture of Ni/SiO5 and BaTiO3) as well
as catalyst beds (1 and 3 mm dia. BaTiO3 and 3 mm dia. glass). The
smaller catalyst bed or packing material (1 mm in dia.) reduces CH4 and
CO4 conversion under constant plasma power (86 W) due to micro-
discharge energy dissipation. In contrast, the same-sized distinct pack-
ing materials have little effect in a plasma DBD environment.

In a plasma-catalytic DRM, more CH4 and CO5 conversion typically
takes place at high plasma power and low flow rate. This claim was also
confirmed using Ni/Las03 and LaNiO3 nanoparticles, where Zheng et al.
[24] obtained more than 60 % CH4 and more than 50 % CO, conversion
at a 50 mL/min (equivalent weight-basis Gas Hourly Space Velocity,
WGHSV = 15000 mL/g-h) flow rate, 200 °C temperature, and 200 W
plasma power. Adding promoters to catalysts improves catalytic per-
formance in the DBD plasma environment by increasing the number of
active sites, stabilizing the catalyst under reaction conditions, and
altering the reaction mechanism in some cases. For instance, introducing
promoters (K, Mg, and Ce) to the Ni/AlyO3 catalyst improved CHg4
conversion, Hj yield, and energy efficiency of the plasma-assisted DRM
[25]. The maximum CO5 (22.8 %) and CH4 (31.6 %) conversions were
achieved with the Ni-K/Al;O3 catalyst, which technically performed
better. However, the Mg-promoted catalyst significantly raised the Hy/
CO molar ratio (up to 2.2) by reducing CO, conversion. Additionally,
Zeng et al. [25] noticed that more than 80 % of the enhanced carbo-
naceous species were reactive carbon species, which can be quickly
oxidized by carbon dioxide and oxygen atoms and ensure the stability of
the catalysts during the reforming event. The strong interaction among
catalyst, support, and promoter determines the reaction performance.
The degree of reduction and the size of the Ni particles are controlled by
the strength of the Ni-support/promoter interaction. In a pure thermal
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DRM study, Jang et al. [26] investigated the connection between the
kind of support and the Ni particle size, as well as how Ni particle size
affects catalytic performance at a particular target temperature. The
results showed Ni-MgO-Ceg ¢Zrp 402 had the most considerable oxygen
storage capacity (OSC) (2.18 x 10~* gmol gcat™!) of the catalysts
created and the finest performance because of the high reduction degree
(83 %) and tiny Ni particle sizes (8.3 nm).

The involvement of CeO; as a support or promoter in thermal DRM
applications has different advantages, like limiting carbon formation
and enhancing catalyst stability due to its oxygen storage capacity and
strong interactions with metal oxides and redox characteristics. For
example, Laosiripojana et al. [27] limited the carbon formation by
adding CeO; (8 wt%) to Ni/Al;03, which led to increased activity and
stability in thermal DRM. In the investigation, they demonstrated that
the prevention of carbon formation happens during the DRM process
between adsorbed CH4, CO, and the CeO; lattice oxygen (Oyx) by CH4
(CH4 + Ox — CO + 2H; + Ox_1) and CO (CO + Ox < CO4 + O4_1) surface
reactions. It has been reported that high surface area and shape/size
controlled CeO; support can increase the activity and stability of the
uniformly distributed metal catalyst clusters. For instance, the shaped
CeO2 nanoparticle was investigated for thermal DRM application by
Cardenas-Arenas et al. [28], where they used an 8.7 wt% NiO-CeO5
nanoparticle catalyst and compared their result with a similar irregu-
larly shaped CeOg catalyst. The conversion and selectivity of both cat-
alysts were almost identical. However, the shaped CeO; catalyst was
more stable and reduced carbon deposition by 63 % on the catalyst
surface compared with the conventional CeO catalyst. Li et al. [29] did
a comparative investigation of how differently shaped CeO, nano-
particles interact with the Ru catalyst, and finally, they correlated the
exposed surface planes of CeOy nanoparticles with CO oxidation activ-
ity. The presence of oxygen vacancies within the support additionally
introduces mechanistic bifunctionality, enabling CO; activation at sup-
port sites. This phenomenon facilitates the adsorption and dissociation
of CHy4 on metal sites while helping to maintain the metal nanoparticles
in their reduced state, which is known to be a more active phase for
noble metals in DRM reactions [30]. To our best knowledge, various
nano-shaped CeO, supported catalysts in a plasma-assisted DRM envi-
ronment have not been investigated before. Our hypothesis is that
different-shaped CeOs should interact with plasma differently due to
exposed crystal planes, oxygen storage capacity, and distinct Ce>t/Ce**
redox chemistry.

In this study, we focused on a highly active Ni catalyst on CeO2 NR
support, where the exposed facet (110)/(100)/(111) have either lower
oxygen vacancy formation energy or a higher number of surface defects,
resulting in an enhanced metal support interaction (MSI) [29,31-35]. In
this aspect, the catalyst-support properties, support morphology, and
plasma-catalyst interactions were investigated. The plasma DRM per-
formance was compared for plasma alone, plasma with support, and
plasma with catalyst. The plasma DRM performance was further
analyzed under different temperatures, feed gas flow, and applied
plasma power to better understand the overall reaction mechanisms
under various circumstances.

2. Experimental section
2.1. Catalyst preparation

The CeOy NR support was prepared via a simple hydrothermal
method, as described in previous work [29,36] from our research group.
In hydrothermal synthesis, 8 mL of 6.0 M NaOH solution was added
dropwise into 88 mL of Ce(NO3)3-6H20 (0.1 M) solution in a 200 mL
Teflon liner under vigorous stirring, and then the mixed solution was
further stirred for around 20 s. The mixed solution in the Teflon liner
was sealed in a stainless-steel autoclave and kept for 48 h at 90 °C, and
the nanorod-shaped CeO, sample was formed. The obtained sample was
filtered, washed with enough deionized (DI) water (typically 700 mL)
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and 20 mL ethanol, and then dried at 80 °C for 20 h to remove water. To
further prepare the sample, the dried material was meticulously ground
using a mortar and pestle, thereby synthesizing the desired CeO, NR
powder support.

A coprecipitation method shown in Fig. 1 was employed to prepare
the NiOx/CeO2 NR catalyst, where the prepared CeOy NR support
powder was mixed with DI water and stirred in a beaker at around 60 °C.
The precipitating agent NH4(OH) (1.0 M) aqueous solution and the
aqueous precursor Ni(NOg3)3-6H0 solution were then added concur-
rently dropwise into the CeO5 NR and DI water mixer while maintaining
the solution’s pH of 9.0 ~ 9.5. The precipitated solution was further
homogenized at around 60 °C for 24 h, followed by filtering and washing
with DI water and ethanol. The washed sample was dried at 80 °C for 20
h to remove any residual water and get the solid Ni doped CeO3 NR. The
dried solid solution was meticulously pulverized using a mortar and
pestle, resulting in a fine powder. This powder was subsequently sub-
jected to calcination in a box furnace at 450 °C for 6.5 h, ultimately
yielding the desired final catalyst consisting of Ni-based nanoparticles
supported on CeO; NR. The prepared sample had a 10 wt% Ni loading,
so the sample was designated as 10 wt% Ni-CeOy NR. The coprecipita-
tion method was also used to synthesize pure NiO catalyst, as discussed
in the supplementary section.

2.2. Catalyst characterization

The crystallinity and crystal structure of the prepared samples were
determined by powder X-ray diffraction (XRD) technique, and the
samples were tested on a Philips X’Pert MPD diffractometer (Cu Ka ra-
diation (A = 1.5418 ;\)) and the 26 range was in between 10° and 90°.
The samples’ Raman spectra in the range of 200 to 1400 cm™ ! were
obtained using a Horiba Labram HR 800 Raman Spectrometer (laser
wavelength 532 nm) to examine the cell deformities and oxygen va-
cancies. Single point Brunauer-Emmett-Teller (BET) surface area and
hydrogen temperature programmed reduction (Ho-TPR) were examined
on a Micromeritics AutoChem II 2920 chemisorption analyzer. The ni-
trogen (N3) adsorption/desorption method was used to measure the BET
surface area, where the signal was collected using a thermal conduc-
tivity detector (TCD) at around 80 K. The reducibility properties of
catalyst and support were investigated in the H,-TPR experiments,

CeO, NR

Addition of support
material to solvent

10 wt% Ni-CeO, NR

Precipitated NiO on
CeO, nanorods

Adding precursor and
precipitating agent solutions and
maintaining PH = 9.0-9.5

Calcination at 450°C
for 6.5 hours
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where a mixture of Hy and Ar (10 and 90 % by volume, respectively)
flowed into a quartz tube containing sample. The peak area method,
calibrated using a reference Ag,O sample, was used to calculate how
much Hj; was consumed in the reduction process [37]. A JEOL 7000F
scanning electron microscope (SEM) with an energy-dispersive X-ray
spectroscopy (EDS) detector was used to obtain the synthesized samples’
particle morphology/agglomeration, particle sizes, and chemical com-
positions. The morphology of individual nano-shaped catalysts was
observed in a Tecnai F20 transmission electron microscope (TEM).

2.3. Experimental setup and catalytic reaction

The DRM performance was observed by testing the catalysts in a
coaxial tube fixed-bed flow DBD reactor system. The schematic diagram
of the plasma DRM catalyst testing system is shown in Fig. 2, together
with a flow diagram and a gas detection system. The testing system can
be divided into three sections: flue gas analysis, DBD reactor, and gas
supply. Gases from Airgas (purity > 99.99 %) are fed to the reactor by
mass flow controllers (Brooks GF040 Multiflo MFC, response time 1 sec)
in the gas supply section. The coaxial DBD reactor consists of two
concentric quartz tubes that are positioned inside an ATS 3210 furnace
with a maximum temperature capability of 1200 °C. The outer quartz
tube has a constant diameter of 25.4 mm, while the open-ended inner
quartz tube (OD = 6.35 mm) features an expansion portion (ID = 9.40
mm, Length = 89.9 mm). To generate plasma in the reactor, one elec-
trode (Kanthal A-1 wire, 24 g) is positioned at the center axis of the
tubes. The wire (Kanthal A-1 wire, 32 g) is wrapped around the inner
tube’s expansion section for another electrode. The center electrode is
covered with a nonporous alumina ceramic tube, which forms a
dielectric barrier. The electrodes’ discharge gap measured 6.12 mm. The
catalyst material is placed inside the inner expansion section of this
reactor part dispersed with quartz wool, and the plasma is created in this
expansion section.

The flue gas analysis system analyzes flue gases, where some gases
(CO, Hy, CHy4, CO», Ar) are detected by a quadrupole mass spectrometer
(QMS, Extrel MAX300-EGA, 300 ms, 1-250 amu detectability), and
some other gases (higher hydrocarbons like CoHg) are detected using a
custom-designed IR tunable diode laser absorption spectroscopy
(TDLAS) system. The TDLAS system component includes a quantum

(NH,)OH //’ Ni(NO,),.6H,0
Solution /

/

Solution

[y

Vigorous stirring at
60°C for 24 hours

Filtration under
vacuum

Fig. 1. Synthesizing steps of 10 wt% Ni-CeO; NR catalyst via coprecipitation method.
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Fig. 2. (a) Experimental setup of DBD plasma reactor system and (b) Quantum cascade laser absorption spectroscopy system.

cascade laser (QCL) (Alpes Laser, sbcw6200 DN) with a controller as
laser supply, a handmade Herriott cell to increase gas absorption length,
an IR detector to detect laser signal or intensity, an oscilloscope (Tek-
tronix TBS1154, 150 MHz), and a waveform generator (B&K Precision,
4055B, 1 Hz to 60 MHz). The precision of this system was tested before
in the oxidative coupling of methane reaction [38].

In the DBD plasma DRM reactor system, CH4 and CO5 have flown as
the main feed gases. Before and after the experiment, Ar gas clears or
neutralizes the reactor from other contaminated gases. Separate MFCs
are used to regulate each type of gas flow, and the gases are mixed in a
mixing chamber before entering the reactor. The furnace controls the
temperature in the reaction zone, which ranges from 100 to 450 °C with
a 4 °C/min ramp. An AC high-voltage power supply (PVM500-2500
from Amazingl.com) with a peak-to-peak voltage of 40 kV and fre-
quency of 20-70 kHz is connected to the DBD reactor to generate uni-
form plasma. The power supply frequency for this study was set at 23.3
kHz. The electrical signals (applied voltage and current) were recorded
on the same oscilloscope that was connected to the TDLAS system using
a high-voltage probe (Tektronix P6015A) and a current transformer
(Magnelab, CT-E 0.5 BNC). The plasma driver’s duty cycle was used to
manually regulate the supplied plasma power. The gas sample was taken
from the reactor and sent to the QMS and QCL absorption spectroscopy
systems. The flue gas analysis was continuous, and data was logged into
an integrated data collection system.

3. Result and Discussion
3.1. Catalyst Structure, Property, and reducibility

The powder XRD patterns in Fig. 3(a) confirm the crystal structures
of the bare CeO NR support and the CeO; NR supported Ni catalyst. The
diffraction peaks 26 found at 28.6°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°,
76.7°,79.1°, and 88.5° are allocated to face-centered cubic fluorite CeO,
(PDF# 34-0394), and these peaks are present in both CeOy NR support
and 10 wt% Ni-CeO2 NR catalyst. After incorporation of Ni onto the
support and calcination at 450 °C, the additional 26 peaks are found at
37.2°, 43.3°, and 63.9° in the 10 wt% Ni-CeO2 NR catalyst, and these
correspond to the characteristic peaks of the NiO phase (PDF#
47-1049). The low intensities of NiO peaks indicate good dispersion of
Ni particles throughout the support [39].

The Raman spectra for CeO, NR support and 10 wt% Ni-CeOy NR
catalyst are shown in Fig. 3(b). In CeO5 NR support, the most substantial
peak near 457 cm ! attributes to the vibration model of octahedral local
symmetry (F2) from the CeO; lattice [33,40]. Additional modes present
include the second-order transverse acoustic mode (2TA) at 255 cm’l,
defect-induced mode (D) at 596 cm ™, and second-order longitudinal
optical mode (2LO) at 1184 em ! [32,41,42]. The ratio of the D-band
(representing oxygen sublattice disorder) to the Fy; mode provides
insight into the oxygen vacancy density, as summarized in Table 1. The
oxygen vacancy concentration has a significant value for the NR support,
which increases upon incorporating Ni into the support. The incorpo-
ration of Ni and intense interaction with the CeO3 NR support weakened

(a) o O CeOy O NiO

10 wt% Ni-CeO, NR

Intensity (a.u.)

1 1 " 1 1 " 1

10 20 30 40 50 60 70 80 90

28

448,  ——10 wt% Ni-CeO, NR

(b)

CeO, NR

Intensity (a.u.)

200 400 600 800 1000 1200 1400
Raman Shift (cm™)

Fig. 3. (a) XRD patterns and (b) Raman spectra of CeO, NR support and 10 wt% Ni-CeO; NR catalyst.
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Table 1
Measured and calculated properties of support and catalyst.
Sample Crystallite BET Surface Oxygen Vacancy H,
Size (nm) Area (mz/ g Concentration (Ip/ consumption
catalyst) Ir2g) (pmole/g)
CeO; NR 4.4 114.1 0.21 485.1
10 wt% 5.6 145.1 0.31 1988.6
Ni-
CeOy
NR

the Ce-O symmetry bond, reflected in the Fag peak shifting from 457 to
448 cm~! [43,44]. The 2LO peak in the Ni-CeO2 NR catalyst broadened
and shifted from 1184 to 1152 cm ™! specifying CeOy, lattice distortion
and formation of Ni-O-Ce solid solution due to Ni incorporation [43,45].

The average crystallite sizes and BET surface areas of support and
catalyst are listed in Table 1, where the crystallite sizes are calculated
from the XRD results considering the peak broadness of CeO» (111) via
Scherrer equation. The crystallite size for the CeO2 NR support is 4.4 nm,
which increases to 5.6 nm after Ni incorporation on the support. Adding
Ni to the support also increases the BET surface area. According to the
XRD patterns, the excellent dispersion of Ni particles, which avoids
particle aggregation, may be the reason for increasing the surface area
[40].

The interaction between Ni species and CeO NR support and
reducibility was evaluated through the Hy-TPR experiment. Fig. 4 ex-
hibits H,-TPR profiles of CeO, support, 10 wt% Ni-CeO, catalyst, and
pure NiO catalyst, where hydrogen (Hz) reduced the catalysts and
prominent peak area determined Hp consumption. Around 90 mg of
samples were examined in each instance to evaluate the reducibility.
The CeO4 NR support primarily exhibits two prominent Hy consumption
peaks, one at roughly 475 °C and the other at around 766 °C. The first
peak attributes to the surface CeO reduction into CeOx2., and the second
peak corresponds to bulk CeO, reduction from Ce*t to ce3t [34,46].
Pure NiO has only a single reduction step at 365 °C associated with bulk
crystalline NiO phase reduction to metallic Ni [35,47]. After incorpo-
ration of Ni to the support, for 10 wt% Ni-CeOy NR, there are four
hydrogen consumption peaks noticed at 172, 208, 300, and 776 °C and
these are allocated as oy, o, B, and & peaks, respectively. The low-
intensity & peak at 776 °C is ascribed to bulk CeO2 reduction, which is
shifted from 766 °C, possibly due to the presence of some Ni, which

208, K300

—— 10 wt% Ni-CeO, NR
—NiO
CeO, NR

TCD Signal (a.u.)

200 400 600 800
Temperature (°C)

Fig. 4. H,-TPR profiles of CeO, NR support, pure NiO, and 10 wt% Ni-CeO, NR
catalyst (unequal y-axis scaling).
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forms a bimetallic Ni-Ce bond. The low-temperature a; and oy peaks at
172 and 208 °C, respectively, can be attributed to the reduction of highly
dispersed NiO species that weakly interact with the support [48,49]. The
Hy consumption peak p found at 300 °C due to the reduction of NiO
particles; in the case of pure NiO, this peak was at 365 °C. An additional
shoulder peak, observed in conjunction with the § peak at approximately
425 °C, can be attributed to the surface reduction of CeO,. This reduc-
tion event is typically observed at 475 °C for pristine CeO5 support. Both
300 and 425 °C reduction peaks are assigned to the solid solutions of
NiO-CeO», indicating a strong interaction between the two, which could
be NiO-doped CeO5 and/or CeO2-doped NiO. However, the presence of
nickel catalysts facilitates the reduction of surface CeO, notably the
Ce* ions, resulting in a shift of this peak to lower temperatures [50].
The total amount of Hy consumption is also mentioned in Table 1, and it
was calculated using the peak-area method, where the calibration was
performed using various masses of standard Ag,O sample, considering
the complete reduction reaction (Ag;0 + Hy = 2Ag + H0) [37]. The
oxygen vacancies, particle size, particle dispersions, and interactions
between the support and catalyst explained by the XRD, Raman, and
TPR data all agree with one another.

Fig. 5 shows images of the 10 wt% Ni-CeO4 NR particles and infor-
mation about the catalyst’s shape, elemental composition, and
elemental distribution. The TEM image in Fig. 5(a) demonstrates the
nanorod shape of the catalyst with exposed crystal planes. The lengths of
the rods range from 35 to 90 nm, with diameters of 5 to 10 nm. The SEM
micrograph in Fig. 5(b) illustrates the relative sizes of the catalyst par-
ticles and showcases their agglomeration. The EDS spectrum in Fig. 5(g)
identifies the elements present in the catalyst, including the substrate
carbon tape, while confirming their relative weight percentages. The
EDS mapping in Fig. 5(c—f) shows that Ni is distributed uniformly
throughout the catalyst, which is critical for DRM application. These
microscopic characterizations align with previous findings and provide
further evidence of the homogeneous Ni distribution and the strong
interaction between Ni and CeO5 NR.

3.2. Catalysis: Dry methane reforming performance

The DRM performance was utilized by testing the catalyst and
measuring output gas species in the DBD plasma experimental setup. In
the DBD reactor section, the catalyst (mass = 200 mg) to be tested was
put inside the reactor and distributed with quartz wool (dielectric con-
stant 3.76), functioning as a holding or packing material. The reactor
volume, where the catalyst is positioned and plasma is generated,
measures 6.24 cm>. Regardless of the test type (pure thermal or plasma-
assisted DRM) or sample (CeO3 NR or 10 wt% Ni-CeO4 NR), the quartz
wool packing material was always present in the reactor. The samples
were the subject of numerous experiments using various reaction set-
tings. The reaction parameters included a temperature range of 100 to
450 °C, a total flow range of 150 to 500 cm®/min, a feed gas flow ratio
(CH4:COy) range of 0.4 to 2.5, and a plasma power range of 8.3 to 27.1
W. In all cases, a plasma voltage of about 11.8 kV was applied (peak-to-
peak). The voltage and current waveforms recorded from the oscillo-
scope are directly integrated to determine the average applied plasma
power as described in the literature [51], and sample waveforms are
shown in Fig. S5. Each sample was subjected to observation under both
thermal and plasma-assisted conditions, with each observation lasting
15 min and 20 min, respectively. A total of three observations were
conducted for each condition. After each observation, the surface of the
catalyst was purged with Ar and then regenerated with a mixture of Ar
and CO; to maintain its almost identical surface chemical composition.
In Fig. S4, representative experiment cycle data recorded from QMS is
displayed. The parameters used to evaluate the performance of the DRM
process are as follows:

Conversion: The reactant conversion determines the fraction of re-
actants that undergo into reaction. The reactant conversion can be
calculated as follows.
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Fig. 5. (a) TEM image with exposed facets, (b) SEM image, (c-f) EDS mapping, and (g) EDS spectrum of 10 wt% Ni-CeO5 NR.

moles of CHy consumed} « 100% @

CH, conversion =
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moles of CO, consumed
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Yield: The yield of a particular reaction determines the reaction’s effi-
ciency. The yield can be determined using the ratio of the output product
to the input reactants.

. moles of CO produced
COyield = 100% 4
vie [moles of (CHy + COz)inpuJ x Y )

H, yield = { moles of H, produced } < 100% ©)

2 x moles of CH, input

Selectivity: The percentage of unwanted products produced alongside
intended products is determined by selectivity. This is calculated by
comparing the produced products and the actual reactants used.

.. moles of CO produced
1 = 1
CO Selectivity {moles of (CH, + CO,) consumed] x 100% ©)
L. moles of H, produced
H, selectivity = 1
2 selectivity {2 x moles of CHy consumed} x 100% @

Carbon balance and H,/CO ratio: The H,/CO ratio provides a sense of
the relative proportion of products, whereas the carbon balance de-
termines the amounts of carbon in various formats.

moles of H, produced

H = |—
2/CO {moles of CO produced} ®)

moles of (CO + CO, + CH,) + 2 x moles of C;Hy
Carbon balance = - -
moles of CH, input + moles of CO, input
x 100%

©)

Specific input energy (SIE) and Energy efficiency (EE): The SIE cal-
culates the plasma energy necessary to process the input gas and cor-
relates plasma power with the overall feed gas supplied. On the other

hand, another critical performance parameter, EE, shows how much
feed gas is transformed while utilizing a unit amount energy.

Input Power (W) x 60
1IE L)= 1
SIE(I/L) {Total Flow Rate(mL/min) x 1000 (10)
_ [moles of (CH4 4 CO;) consumed per minute x 10°
EE (mmol/kJ) = [ Input Power (W) x 60
an

3.2.1. Packing Material, Support, and catalyst performance

The thermal and plasma-assisted DRM performances were evaluated
using three samples: quartz wool (as the packing material), CeOy NR
support, and 10 wt% Ni-CeO3 NR catalyst. The experiments were carried
out at a constant temperature of 350 °C and plasma power of 23.8 W,
aiming to investigate and compare the response of each sample in the
catalytic process. The total volume flow rate was carefully regulated at
350 cm®/min, equivalent gas hourly space velocity (GHSV) of 3720 h ™%,
and 16.1 ms residence time, while the CH4 to CO, ratio was fixed at
100:250 (=0.4). Quartz wool and CeOy NR support were inert for
thermal DRM, but showed some progress in plasma-assisted catalysis.
Fig. 6 provides a comparison of performance parameters, including
conversion, yield, selectivity, carbon balance, Hp/CO ratio, and C-2
hydrocarbon production, for the packing material, support, and catalyst
in both thermal and plasma-assisted conditions. As depicted in Fig. 6(a),
the CHy4 conversion in plasma-assisted DRM was consistently higher
than the CO5 conversion, regardless of the sample type used. In contrast,
the COy conversion was relatively higher in pure thermal DRM. This
underscores the critical role played by the oxygen vacancy rich CeO; NR
support in facilitating CO4 activation (adsorption/dissociation) during
thermal DRM, contributing to a bifunctional reaction mechanism. The
introduction of plasma to the DRM reaction enhances CH,4 dissociation
and promotes its conversion over CO,, primarily due to the lower bond
dissociation energy (BDE) of CH,4 (440 kJ/mol) compared to that of COy
(523 kJ/mol) [52]. The presence of a lower quantity of CH4 relative to
CO3 in the supply may also contribute, as the plasma energy is adequate
to break fewer CH,4 bonds. These additional reacted CH4 in the presence
of plasma compared to thermal DRM helped to produce other species
along with Hy, as indicated by the graphs of yield, selectivity, and CoHg
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Fig. 6. (a) CH4 and CO; conversion, (b) Yield, (c) Selectivity, (d) Carbon balance and H,/CO ratio, and (e) C2Hg mole percentage for support and catalyst under
plasma and thermal conditions, P: Plasma, T: Thermal (Furnace temperature: 350 °C, Plasma power: ~23.8 W, Feed gas (CH4:CO2): 100:250).

formation shown in Fig. 6(b), 6(c), and 6(e), respectively. When testing
quartz wool alone, a notable quantity of CoHg was produced. However,
the introduction of CeO5 NR or 10 wt% Ni-CeO, NR into the reactor led
to a noticeable decrease in CoHg production, indicating an inhibitory
effect on CoHg formation. It is worth highlighting that among the tested
samples, the 10 wt% Ni-CeO, NR catalyst demonstrated the lowest level
of CaHg production. It might be due to the gaseous CoHg being adsorbed
on the Ni surface and splitting into CHgs (45 at the active Ni sites in the
ethane dissociation reaction (Eq. (12)) as described in the literature
[53]. Another possibility is the ethane catalytic combustion reaction
(Eqn. (13)), where the oxygen radicals (O') coming from CO; dissoci-
ation (CO3 (ads) = CO (ads) + O) on the CeOy surface react with surface
adsorbed CaHg (ads) O CH3 (ads) and produce COz with HoO [54]. This
ethane catalytic reaction can also occur with adsorbed oxygen due to the
oxygen vacancy in the CeO, support. Enhanced CH4 and CO; conver-
sions observed in the 10 wt% Ni-CeO2 NR catalyst underscore the sig-
nificant presence of enriched oxygen vacancy/exchange/diffusion,
which is closely associated with the improved metal-support interaction.
The role of oxygen vacancies in promoting CO activation was investi-
gated through a combination of DFT simulations [55], experimental
studies [56] previously. Plasma coupling in combination with oxygen
vacancy effect contributing to the improved catalytic performance.

CyHs ()= C2Hg (a0 = CH3 (ags) 12)

C,Hg (2) —C,Hg¢ (ads) T O/—>C02 Oha H,O (2) 13)
The integration of plasma-thermal-catalyst synergy resulted in the
highest performance in terms of conversion, yield, selectivity, and Hy/
CO ratio compared to both pure thermal-catalytic and plasma-only
conditions. In case of pure thermal DRM, only a small amount of reac-
tion was observed when the 10 wt% Ni-CeO NR catalyst was tested. In
contrast, the conversions in plasma-assisted DRM for the same catalyst
were substantially higher. The 10 wt% Ni-CeO2 NR catalyst in plasma-
assisted DRM achieved greater CH4 and CO» conversions than the pure
thermal environment, but there was a decrease in CO output and an

increase in Hy generation, as indicated in the selectivity plot in Fig. 6(c).
The reason might be that the presence of water vapor facilitates the
water gas shift (WGS) reaction, which is desirable at lower temperatures
(<800 °C), leading to the formation of Hy and the reduction of CO
[57,58]. An additional factor could be the deposition of carbon rather
than the formation of CO where CHy (x=1-3) could go through splitting
into coke on the catalyst surface. The carbon deposition rate was
determined through a carbon balance calculation, as illustrated in Fig. 6
(d), and it was observed that the 10 wt% Ni-CeO3 NR catalyst exhibited
the highest deposition rate. The presence of CoHg in the case of quartz
wool or CeO;3 NR support prevented carbon deposition on the surface,
resulting in minimal unbalanced carbon accumulation. At a lower
temperature, such as 350 °C, in a pure thermal environment, the Ni
catalyst exhibited lower thermal activity, leading to a reduced conver-
sion rate and consequently, less carbon deposition. In contrast, in the
presence of plasma at the same temperature, the Ni catalyst became
more active, as described by other researcher [21], facilitating the
breaking of the CoHg species bond through ethane cracking (Eqn. (15)).
Simultaneously, the possibility of additional reactions such as the Bou-
douard reaction (Eqn. (18)), methane cracking (Eqn. (16)), and steam
generation (Eqn. (17)) escalated, contributing to the deposition of
additional carbon. Therefore, the best performance was achieved for the
10 wt% Ni-CeO2 NR catalyst in the plasma-catalyst synergistic DRM
reaction under fixed conditions, including plasma power, temperature,
flow rate, and flow ratio, as depicted in the various performance graphs.

WGS Reaction : CO (4) +H,0 ) = CO; (o) + Hz (¢) (AH0sx
= —41.2kImol ") as
Ethane Cracking : C,Hg (& = 2C Ohs 3H, (2) C,Hg Ohs H, (& = 2CH,4 (e)
(15)
Methane Cracking : CHy () = C (o) +2H, (o) (AHasx = +75 kImol ')
(16)
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Steam Generation : CO, (y) + 2H, () = C (5) +2H,0 (o) (AHaosx

= —90kImol ") a7
Boudouard Reaction : 2CO () = C 5 +CO; (5 (AHaosx
= —172.4kImol ") (18)

3.2.2. Thermal effect

The temperature dependency of thermal and plasma-assisted cata-
lytic DRM is depicted in Fig. 7(a)—(e) for a constant flow condition (CHy:
CO2 = 100:250). Plasma power, ranging from 22.5 to 25.5 W, was
applied along with temperatures spanning 100 to 450 °C, as shown in
Fig. S1(b). The CH4 and CO; conversions for both the CeO, NR support
and the 10 wt% Ni-CeOy NR catalyst under both plasma-assisted and
pure thermal conditions are depicted in Fig. 7(a) and 7(b) respectively.
The performance improved with rising temperature in all scenarios,
although the rate of improvement varied based on the catalyst-support
interaction and reaction kinetics. Initially, the conversions for CeO5
NR support alone in plasma-assisted DRM displayed a slight rise until
250 °C, after which it became almost constant. The highest CH4 and CO4
conversions were observed around 4.0 % and 2.3 %, respectively, at a
maximum temperature of 450 °C. In contrast, for 10 wt% Ni-CeOz NR
both conversions increased with temperature under both pure thermal
and plasma-assisted synergy conditions, with the highest conversions.
For pure thermal DRM, catalyst reactivity was not observed until tem-
peratures reached 350 °C, whereas plasma-assisted catalytic activity was
initiated at very low temperatures, such as 100 °C. Under pure thermal
conditions, NiO reduction occurs at approximately 300 °C, as observed
in the TPR analysis, providing confirmation of the NiO activation tem-
perature for thermal DRM. Upon introducing plasma to the system at
350 °C, the CH4 and CO; conversions experienced a substantial increase
of 40 % and 34 %, respectively. The difference between conversion data
of plasma-thermal synergy and pure thermal conditions at each

60
[]CeO, NR - Plasma
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temperature, as depicted in the figure, indicates that plasma exhibits the
most significant and suitable contribution at 350 °C, followed by 400 °C
and 450 °C. At 450 °C, this catalyst achieved a maximum CHy4 and CO4
conversion of 52.1 % and 46.1 %, respectively. If plasma was not uti-
lized, a temperature of more than 750 °C was required to obtain the
same conversion amount for irregularly shaped Ni-CeO; [59].

The conversion results provided evidence to conclude that the 10 wt
% Ni-CeO2 NR catalyst exhibited higher activity in a plasma-assisted
environment compared to its pure thermal environment or the CeOq
NR support alone in a plasma-assisted environment. The additional
performance parameters, including yield, selectivity, hydrogen to car-
bon monoxide (Hy/CO) ratio, carbon balance, and energy efficiency (EE)
with temperature variations are presented in Fig. 7(c)-(e) specifically
for the 10 wt% Ni-CeO, NR catalyst under plasma-assisted conditions.
Both CO and Hj, yields exhibited an increase with temperature, although
the CO yield surpassed the Hj yield up to 400 °C, after which the H,
yield became higher, as illustrated in Fig. S1(a). This trend was also
evident in the selectivity data, where Hj selectivity initially experienced
a gradual decline, but began to rise after reaching 350 °C. This shift in
selectivity can potentially be attributed to the growing influence of
thermal catalysis, which becomes dominant at temperatures around
350 °C, as indicated by the conversion data. The effects of thermal
catalysis prompt a higher production of H, and a relatively lower pro-
duction of CO, likely due to changes in the desorption behavior of the
catalyst surface. Beyond 350 °C, the WGS reaction (Eq. (14)) is likely
facilitated by the combined effects of thermal catalysis and plasma,
leading to an enhanced rate of Hy production and a reduction in CO
production. Consequently, the selectivity data aligned with this trend.
The increased Hj production ultimately contributed to an elevated Hy/
CO ratio, as depicted in Fig. 7(d), reaching its peak value of approxi-
mately 0.62 at 450 °C.

Furthermore, data on CyHg selectivity show that plasma catalysis is
most effective in producing C-2 hydrocarbon at low temperatures. With
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the temperature increase, the higher activity of the Ni catalyst promotes
the decomposition of CoHg and the generation of other species through
ethane cracking (Eq. (15)) and ethane dry reforming (Eq. (19)) re-
actions. The carbon balance plot in Fig. 7(d) illustrates the increasing
rate of carbon deposition as the temperature rises. As the temperature
increased, a greater number of active sites on the Ni were activated,
which enhanced the possibility of methane cracking (Eqn. (16)) and the
Boudouard reaction (Eq. (18)), which ultimately enhanced carbon
coking. Considering that the plasma power remained relatively con-
stant, the EE followed a comparable trend to the conversion as shown in
Fig. 7(e). At a temperature of 450 °C, the maximum EE achieved was 4.5
mmol/kJ. The shape effect made the 10 wt% Ni-CeO; NR catalyst more
catalytically active as temperature rises, particularly in the presence of
plasma interactions. However, this increased activity was accompanied
by elevated carbon deposition, ultimately leading to catalyst deactiva-
tion, similar to the behavior observed in irregularly shaped Ni-CeOy
catalysts [59].

C,Hg¢ @+ 2CO, (@ = 4CO @+ 3H, (2) (AHzggK = +428.1kJ mol’l) (19)

3.2.3. Plasma power effect

The plasma power effect in the form of SIE on DRM performance for
10 wt% Ni-CeO NR was investigated at 350 °C, where the plasma
voltage (11.8 kV) and flow condition (CH4:CO2 = 100:250) remained
fixed. As the size of the reactor remains constant, the SIE is directly
proportional to the plasma power. The conversion, selectivity, carbon
balance, Hy/CO ratio, and energy efficiency trends are shown in Fig. 8
(a)-(d) when plasma power was varied by changing the applied current
by adjusting the plasma driver’s duty cycle. As shown in Fig. 8(a),
increasing SIE from 1.42 to 4.65 kJ/L increased CH4 and CO5 conversion
from 25.5 % to 57.8 % and from 20.0 % to 39.1 %, respectively. Because,
an escalation in plasma power enables the breakdown of a larger
quantity of reactant gas, thereby leading to an enhancement in con-
version. As the energy was applied up to 3.96 kJ/L, the CO selectivity
reduced, and the Hj selectivity rose, but as energy increased further, the
CO selectivity rose, and the Hj selectivity fell. So the behavior of
increasing conversions and decreasing selectivity above the plasma
power of 3.96 kJ/L demonstrated the involvement of reactants to pro-
duce other species besides Hy and CO. The Hy/CO ratio also supported
the trend by being greater at 3.96 kJ/L and lesser at 4.65 kJ/L since the
Ha production decreased at 4.65 kJ/L. The most likely explanation in a
broader sense is the dominance of the WGS reaction up to 3.66 kJ/L of
applied SIE, whereas the reverse water gas shift (RWGS) (Eq. (20)) re-
action’s dominance extends beyond 3.66 kJ/L of applied SIE. The RWGS
reaction is usually favorable at high temperatures (>800 °C), and this
result suggests it may be effective at high plasma power even at lower
temperatures.

The amount of carbon deposited increased with applied SIE, with the
maximum carbon deposition occurring at the highest SIE. Because high
plasma power might easily dissociate CH4 and CO; at the elementary
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level and eventually lead to methane cracking (Eq. (16)) and the Bou-
douard reaction (Eq. (18)). As seen in Fig. 8(d), as the input energy of
the plasma increased, the plasma energy efficiency decreased. Conse-
quently, operating at a lower plasma power is advantageous regarding
energy efficiency, but this results in ineffective conversions. For this
particularly nanorod shaped catalyst, increased plasma power diverted
the reaction away from DRM, which finally caused the catalyst to
deactivate quickly. In contrast, optimally applied power could pave the
way for DRM.

RWGS : CO; (g +Hs () = CO () + Hy0 (o) (AHaosx = +41.2kJ mol™")
(20)

3.2.4. Fluid flow effect

The proportion and flow of reactants may affect the reaction’s ki-
netics, which may modify how the catalyst and support interact to
produce the intended quantity of products. So, this investigation looked
at how fluid parameters influenced DRM performance. Fig. 9(a)-(c) il-
lustrates the reactant conversion, product selectivity, carbon balance,
and the Hy/CO ratio for a range of feed gas flow ratios tested at 350 °C
temperature while maintaining a constant total flow of 350 cm®/min
(equivalent GHSV of 3720 h™!), plasma power of around 23.8 W, and
applied voltage of 11.8 kV. The findings showed that CH4 and CO,
conversion decreased as the CH4:CO ratio increased (i.e., as the CHy
amount rose) until they hit a critical ratio (CH4:CO3 = 175:175 = 1), at
which time they started to rise. Numerous factors could influence the
reaction kinetics as both conversions decreased with the flow ratio. One
explanation is that the reactions are mass transfer controlled, whereby a
sufficient number of radicals may be created in gaseous phases but
cannot reach the surface at a specific proportion due to mass transfer
limitation, hence reducing the reaction rate. According to the selectivity
plot, the CO selectivity grew until CH4:CO3 = 1 and then declined, while
the Hj selectivity progressively dropped as the ratio rose and nearly
remained constant after CH4:COy = 1. The gradual decrease in Hj pro-
duction, regardless of conversion rate, may be caused by the involve-
ment of Hy in other reactions. Two possible reactions are steam
generation (Eq. (17)) and RWGS (Eq. (20)), where H; converts into HoO
in both cases. The RWGS route could also be responsible for CO pro-
duction, with CO production increasing until CH4:CO9 = 1. When CHy4:
CO9 > 1, preferring steam generation over RWGS decreases CO output
and increases CO5 conversion. The carbon balance in Fig. 9(c) exhibited
the CO selectivity’s reverse tendency, with a maximum value at a CHy4:
CO2 = 1 and a steadily falling before and after this ratio. As the con-
version was also lower at CH4:CO5 = 1, the amount of carbon released
was likewise at its lowest because the probability of coke formation
reactions decreased. On the other hand, the likelihood of coke formation
was higher with relatively higher conversion rates. The implications
determine which feed gas ratio for DRM is most advantageous. For
instance, if a larger Hy/CO ratio is required, a feed gas ratio greater than
unity may be utilized, whereas unity is favored for lower carbon
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deposition. In terms of energy efficiency, as illustrated in Fig. S3(a), the
optimal energy-efficient flow ratio is 0.4 for a fixed total flow rate of
350 cm®/min.

The impact of total flow was also examined at 350 °C, where the
plasma power of around 23.8 W, applied voltage of 11.8 kV, and flow
ratio of CH4:CO2 = 0.4 were constants. The performance parameters
associated with total flow rate are illustrated in Fig. 9(d)-(f), where
maximum CH,4 and CO- conversion was found at lower flow rates, in this
instance 150 cm®/min (equivalent GHSV of 1594 h’l). The performance
improves because less gas is delivered at a lower flow rate, and reactants
have more time to dwell in the reaction zone. Higher flow rates ensure
more feed gas supply, resulting in shorter chemical residence times that
divert in the opposite direction. Fig. S2(b) depicts the chemical resi-
dence time and flow rate relationship. The selectivity plot in Fig. 9(e)
depicts the rising CO and falling Hy trends. One possibility is the
dominance of the RWGS reaction (Eq. (20)) with an increasing overall
flow rate. The Hy/CO ratio decreased as the total flow increased, which
is more significant because higher flow rates resulted in less Hy gener-
ation because of RWGS dominance. The conversion and carbon depo-
sition decreased as the overall flow rose, peaking at the lowest flow rate.
The reactants had more time to participate in reactions when the total
flow rate was lower; consequently, conversions were higher. As a result,
the maximum EE is found at lower flow rates because it is more closely
related to feed gas transformed at a fixed plasma power. Fig. S2(a) il-
lustrates how the applied power and EE vary with the total flow. Even
though conversion and EE are higher at a lower total flow rate, the
required product selectivity could not reach a significant value since
slow reactions were focused and altered the reaction’s path. However,
DRM reaction came into focus at higher total flow rates, although
relative product formation reduced. Considering other performance
data, the 300-350 cm®/min total flow range is suitable for DRM oper-
ation at a fixed feed gas ratio of 0.4. for this nanorod shaped catalyst.

10

3.3. Comparative performance assessment

In the plasma-assisted DRM process, multiple elementary reactions
take place at the surface and radical levels. The predominance of global
reactions differs based on the specific reaction parameters. Table 2
provides an overview of the primary side reaction (excluding carbon
cracking reaction) that dominates the overall process for the 10 wt% Ni-
CeO7 NR catalyst of the specified shape.

3.4. Spent catalyst inspection

Plasma DRM delivered better conversion than thermal DRM, but it
also produced much more carbon in the deposited form, which was
determined from previous investigations under different reaction con-
ditions. Table 2 summarized the maximum and minimum carbon
deposition conditions for various reaction environments. As the tem-
perature increased, the Ni catalyst inhibited the generation of C-2 hy-
drocarbon and deposited carbon, as was previously observed. The
analysis of the used catalyst examined the verification of carbon in
deposited forms. Fig. 10(a) depicts the calculated unbalanced carbon
during plasma-assisted and pure thermal catalysis with temperature rise,
where most carbon was found in the deposited form. The spent catalysts
were characterized using the XRD, SEM, and EDX techniques after 6 h of
testing in pure thermal and plasma-assisted conditions at 450 °C to
examine the carbon deposition on the catalyst surface. After thermal
DRM, the spent catalyst XRD pattern in Fig. 10(b) did not exhibit any
carbon peak, but after plasma DRM, the spent catalyst showed promi-
nent 20 peaks of graphite at 26.6°, 42.4°, and 44.6°. Additionally, two
more peaks were found at 44.5° and 51.9°, which were associated with
the metal Ni because some NiO was converted to Ni in the presence of Hy
in the plasma-assisted environment. Compared to plasma-assisted DRM,
less carbon was deposited during thermal DRM; therefore, the XRD
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Table 2

Maximum performance, carbon deposition, and dominated side reactions under
different reaction environments.

Reaction
Environment

Overall Dominated
Side Reaction

Maximum
Performance

Carbon
Deposition
Condition

Thermal Effect
Plasma Power:
22.5—25.5W

Temperature:
100-450 °C Feed
Gas Flow & ratio:
350 cm®/min,
0.4

Plasma Power
Effect

Plasma Power:
8.3-27.1 W

Temperature:
350 °C

Feed Gas Flow &
ratio: 350 cm®/
min, 0.4

Feed Gas Ratio
Effect

Plasma Power:
23.8W

Temperature:
350 °C

Feed Gas Flow &
ratio: 350 cm®/
min, 0.4-2.5

Feed Gas Flow
Effect

Plasma Power:
23.8 W

Temperature:
350 °C

Feed Gas Flow &
ratio: 100-500
cms/min, 0.4

WGS reaction (Eqn.
(14)

WGS reaction (Eqn.
(14)) from 8.3 to
23 W and RWGS
reaction (Eqn.
(20)) from 23 to
271 W

RWGS reaction
(Eqn. (20)) from
0.4 to 1 and steam
generation reaction
(Eqn. (17)) from 1
to 2.5

RWGS reaction
(Eqn. (20))

CH4 = 52.1 % and
CO; =46.1 %
conversion at

450 °C

EE = 4.5 mmol/kJ
at 450 °C

H,/CO = 0.62 at
450 °C

CH4 = 57.8 % and
COz =39.1%
conversion at
271 W

EE = 6.3 mmol/kJ
at 8.3 W

Hy/CO = 0.53 at
23 W

CH, = 41.2%
conversion at 0.4
and CO; =39.2 %
conversion at 2.5
EE = 3.9 mmol/kJ
at 0.4

Hy/CO = 0.73 at
2.5

CH4 = 63.5 % and
CO; =48 %
conversion at 150
cm®/min

EE = 5.4 mmol/kJ
at 150 cm®/min
H2/CO = 0.68 at
150 cm®/min

Highest at 450
and lowest at
100 °C

Highest at 27.1
and lowest at
8.3 W

Highest at 0.4
and lowest at 1

Highest at 150
em®/min and
lowest at 500
cm®/min

pattern did not show a carbon peak, which complied with the carbon
balance calculation. The SEM micrographs in Fig. 11(a-c) exhibit carbon
on the surfaces of the used catalysts in both nanotube and particle form.
The EDS spectrum confirmed the elemental composition in Fig. 11(i),
and the EDS mapping in Fig. 11(d-h) illustrated the distribution of
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carbon across the catalyst surface. The deposited carbon weight per-
centage was not uniform on all catalyst particles’ surfaces. The catalyst
surface was blocked by the structured carbon that was typically in
nanotube form, preventing reactants from reacting with the catalyst,
which results in deactivation even for this shaped catalyst.

4. Conclusion

This study focused on conducting DRM in a DBD plasma reactor to
investigate the impact of plasma on a nanostructured Ni catalyst sup-
ported on CeO3 NR. The effects of plasma addition were examined by
comparing the catalyst’s performance in both thermal and plasma-
assisted synergistic conditions while also evaluating the DRM activity
of CeO, NR support and a catalyst-free system (utilizing only quartz
wool). The results revealed that the addition of plasma to the thermal
DRM process significantly enhanced CH4 conversion more than CO4
conversion, and plasma contribution to conversions is greatest at 350 °C.
Increasing the temperature accelerated the conversion process, simpli-
fying the carbon deposition pathway. Notably, the influence of plasma
power dominance was explored at a fixed temperature of 350 °C and
flow conditions (CH4:CO2 = 100:250). It was observed that higher
plasma power levels could enhance conversions, but beyond a certain
threshold, excessive carbon deposition occurred, resulting in a lower
H,/CO ratio. However, the process is more energy efficient at lower
plasma input power.

Furthermore, the effect of reactant composition in the feed gas was
examined at a constant temperature of 350 °C, a feed flow rate of 350
cm3/min, and a plasma power of approximately 23.8 W. Initially, both
CH4 and COg conversions exhibited a declining trend until the mole
ratios of CH4 and CO; reached unity. Subsequently, as the CH4:CO3 mole
ratio increased beyond unity, the conversions showed an upward trend.
The reaction demonstrated optimal energy efficiency at a mole ratio of
0.4. The total gas flow rate and residence time were found to have a
strong correlation with the observed effects. Longer residence times led
to more pronounced side reactions, resulting in extensive carbon
deposition and higher Hy/CO ratios. The DRM reaction kinetics were
influenced by flow variables such as the feed gas mixture and flow rate,
potentially leading to mass transfer or reaction-limited conditions. After
6 h of plasma-assisted DRM operation, the characterization of the spent
catalyst revealed the formation of carbon nanotubes on the catalyst
surface. This structured carbon deposition hindered surface accessibility
and concurrently reduced catalytic activity. Additionally, the reduction
of NiO to Ni resulted in a decrease in the number of active sites.

| (a) [ |Wwithout Plasma [ | With Plasma (b) < © CeOz 0 NiO A Ni O Graphite
100 10 wt% Ni-CeO, NR (Plasma)
— =5 o]
S =
80 + S
& s
T 60 =
m — - —
@ e
& o
] 40+ c
©
(@]
20
0

350 400

Temperature (°C)
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10 20 30 40 50 60 70 80 90
20 (degree)

Fig. 10. (a) Carbon balance and (b) XRD pattern of fresh and used 10 wt% Ni-CeO, NR catalyst.
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100nm

200KV X70,000 WD 99mm

Fig. 11. (a-c) SEM images, (d-h) EDS elemental mapping, and (i) EDS spectrum of used 10 wt% Ni-CeO, NR catalyst.

In conclusion, the nanorod-shaped catalyst exhibits enhanced MSI
due to larger specific surface area and oxygen vacancy. The catalyst
performs effectively under plasma-assisted conditions at lower temper-
atures pointing the capability plasma coupling with the catalyst. The
reaction becomes energy-efficient based on the applied plasma power
under specific reaction conditions, it becomes impractical in the long
run due to substantial carbon deposition. These findings contribute to
encourage a modest grasp of the complex interplay between plasma and
shaped catalyst behavior in DRM systems.
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