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A combination of a gliding arc plasmatron (GAP) reactor and a newly designed tubular catalyst bed (N-bed) was
applied to investigate the post-plasma catalytic (PPC) effect for dry reforming of methane (DRM). As comparison,
a traditional plasma catalyst bed (T-bed) was also utilized. The post-plasma catalytic effect of a Ni-based mixed
oxide (Ni/MO) catalyst with a thermal catalytic performance of 77% CO and 86% CH4 conversion at 700 °C was
studied. Although applying the T-bed had little effect on plasma based CO5 and CH4 conversion, an increase in
selectivity to Hy was obtained with a maximum value of 89% at a distance of 2 cm. However, even when only
a-Al,O03 packing material was used in the N-bed configuration, compared to the plasma alone and the T-bed, an
increase of the CO5 and CHy4 conversion from 53% and 53% to 69% and 69% to 83% was achieved. Addition of
the Ni/MO catalyst further enhanced the DRM reaction, resulting in conversions of 79% for CO2 and 91% for
CH4. Hence, although no insulation nor external heating was applied to the N-bed post plasma, it provides a
slightly better conversion than the thermal catalytic performance with the same catalyst, while being fully
electrically driven. In addition, an enhanced CO selectivity to 96% was obtained and the energy cost was reduced
from ~ 6 kJ/L (plasma alone) to 4.3 kJ/L. To our knowledge, it is the first time that a post-plasma catalytic
system achieves this excellent catalytic performance for DRM without extra external heating or insulation.

between two electrodes between which there is an electric potential
difference. This causes gas breakdown, and the creation of free electrons

1. Introduction

Simultaneously converting CH4 and CO5 through dry reforming of
methane (DRM) has been a topic of significant interest for researchers
worldwide for decades [1-3]. Due to the high stability of CO, molecules,
the reaction is endothermic (CO, + CH4—2CO + 2H,, AH° =
247kJ/mol) which requires the reaction to usually happen at high
temperatures over 700 °C. Furthermore, during the reaction, carbon
deposition on the catalyst and catalyst sintering will cause deactivation
of the catalyst, limiting its further industrial application [1].

Among the various types of technologies to improve the state of the
art, plasma, the fourth state of matter containing reactive species
(electrons, ions, radicals, and excited molecules), provides a particularly
unique pathway as it can use flexible and renewable electrical energy
sources, and can relatively easily be scaled up [4-7]. In its simplest case,
plasma is a (partially) ionized gas, which is produced by gas flowing

and ions. The electrons collide with the gas molecules, producing also
other reactive species, such as radicals and excited molecules. This
chemical species cocktail creates a reactive environment that facilitates
the dissociation of stable molecules, such as CO3 and CH4 under DRM
conditions [8]. The product obtained from the plasma DRM reaction
mainly contains syngas (Hy/CO), as well as hydrocarbons and oxygen-
ates [8-13]. Extensive investigation for plasma-based DRM has been
done with various types of plasma technologies, such as dielectric bar-
rier discharge (DBD) [10,14-19], radio-frequency (RF) discharges
[20-22], glow discharges [13,23], microwave (MW) discharges
[24-27], corona discharges [28,29], and gliding arc (GA) discharges [8,
30-35]. It is worth to note that the GA plasma is a promising plasma type
for DRV, as it can generate electrons with an energy of around 1 eV,
which is ideal for the CO; vibrational excitation during the dissociation
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process [31,36,37].

However, the classical two-dimensional (2D) GA plasma is still fac-
ing limitations, such as limited conversion of 10-40%, because a
considerable fraction of feed gas does not pass through the plasma re-
gion [37-41]. Therefore, new designs were developed with improve-
ments of cylindrical electrodes and tangential gas entrances, which
allow the formation of a vortex flow, resulting in longer residence times
and eventually higher conversions of 14-65% [8,30-32,42,43]. Among
them, a gliding arc plasmatron (GAP), developed by Nunnally et al. [44],
showed high potential for DRM [8,30,31]. Nevertheless, the highest
conversion is still in the range of 40-60% in the plasma alone case [30],
which is lower than the typical value of around 90% achieved in thermal
catalytic DRM at high temperatures above 750 °C [45-47]. Therefore, a
method to improve its plasma performance is needed. Implementing a
catalyst bed after the plasma, forming a post-plasma catalytic (PPC)
system, can possibly further improve the gas conversion.

Currently, for this type of GAP setup, no systematic study on PPC
DRM was performed. But lessons can be learnt from other types of GA
PPC DRM systems. Zhang et al. [48] showed by means of simulation that
after adding the catalyst bed, a strong backflow of gas above the catalyst
bed occurred, which partly flowed back to the plasma area, where it was
further treated by the plasma. Li et al. [49] investigated the relation
between distance and temperature in a GA plasma system and summa-
rized how the distance between a catalyst bed and plasma affected the
results of reforming of biogas with feed gas molar ratio of CH4:CO2:0, =
3:2:1.8. They found that the catalyst mid-bed temperature elevated from
647 °C to 779 °C as the distance between the catalyst bed and the top of
the plasma reactor cylinder decreased from 11 to 4 cm, which was
attributed to the decrease of heat loss from the GA plasma when
approaching the plasma area. Consequently, the conversions of CH4 and
CO, increased from 82% and 82% to 92% and 2% to 20%, respectively
[49].

Martin-Del-Campo et al. [42] recently investigated the performance
of DRM in a rotating gliding arc (RGA) plasma coupled with a spouted
bed reactor system with and without catalyst. The authors found that the
conversions of CO, and CHy for plasma alone were higher than those
with catalyst. A possible reason was that the presence of a catalyst bed
filled with materials interfered with the arc formation, which limited the
formation of active species produced by the plasma [42]. On the con-
trary, in another study reported by Zhu et al. [34], an enhancement in
the conversion of CH4 from 52.6% to 58.5% was observed when the RGA
plasma was combined with a Ni/y-Al,O3 catalyst loaded with 10 wt%
Ni, compared with plasma alone for DRM. However, the presence of the
catalyst had almost no effect on the CO5 conversion. Moreover, Liu and
co-workers [50] reported that supplying extra heat to the catalyst
reactor after plasma could be a possible way to improve the GA
plasma-catalytic system. Compared to warm plasma alone (WP) (no
catalyst), warm plasma catalysis without heating (WPC-NH) resulted in
almost the same conversions of CO, and CHy, suggesting that the
Ni-based catalyst did not contribute to the DRM reaction, although it
had good performance in the conventional thermal catalytic (CC) case.
This was due to the low temperature of the after-plasma gas flow, which
was only in the range of 350 °C to 500 °C, at which the Ni-based catalyst
is inactive for DRM. Once extra heating was added at a temperature of
850 °C, the warm plasma catalysis with heating (WPC) case exhibited
the highest conversions for both CO5 and CH4. Moreover, these values
increased as the feed gas flow rate decreased, resulting in 94% CH4
conversion and 91% CO, conversion at a gas hourly space velocity
(GHSV) of 3200 h™'. In another newly reported paper, Lian et al. [51]
compared warm plasma coreforming of dilute bioethanol and methane
to produce hydrogen, with the warm plasma-catalysis case, in which
extra heating at 800 °C improved the carbon conversion from 66% to
97%, the hydrogen yield from 55% to 78% and the energy efficiency
from 80% to 85%. Their research suggested the importance of extra
heating in the warm plasma catalytic system, which also proves that
temperature is an importance issue for post-plasma catalysis. Thus, the
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question comes up whether there is a solution able to transfer more heat
from the plasma to the catalyst and improve the catalytic conversion,
without any extra heating? This would indeed be the ultimate goal to
obtain a fully electrically driven processes including heat (energy)
integration of the plasma to the post-plasma catalyst [52].

In the present study, a Ni-based mixed oxide (Ni/MO) catalyst
derived from LDH (layered double hydroxide), which was reported to
have a good performance in thermal catalytic DRM [53], was coupled
with a GAP reactor for DRM. Different from the traditional tray type
catalyst bed (T-bed) used behind the GAP reactor, we propose a newly
designed tubular catalyst bed (N-bed) with the purpose to enhance heat
and mass transfer of the plasma exhaust to the post-plasma catalyst bed,
as this was hypothesized as the key reason for the absence of catalytic
performance as introduced in the introduction part. Therefore, the
N-bed was directly connected to the plasma chamber and positioned
inside the post-plasma quartz tube, forming a double wall effect, which
was hypothesized to avoid the need for insulation or external heating.
Finally, we compared our experimental results with the thermal catal-
ysis using the same catalyst and the state-of-the art, illustrating the
potential for further improvement in the post-plasma catalysis system.

2. Experimental
2.1. Catalyst preparation and characterization

The support of MgAl-LDH was synthesized via the co-precipitation
method as reported [54]. Then, 10 wt% Ni was loaded on the
MgAl-LDH via the wet impregnation method, by contacting, the
MgAIl-LDH with Ni(NOg3)2.6 H2O solution for 12 h while stirring, after
which the Ni/MgAIl-LDH was dried at 80 °C overnight and calcined at
800 °C for 6 h. The obtained Ni/MgAl mixed metal oxide (denoted as
NiO/MO) powder was pressed into tablets at 5 MPa. Then, the tablets
were crushed and sieved into a size of 0.4-0.6 mm.

Based on the Hy-TPR profile (Fig. 2B), the sample already started to
be reduced at 700 °C. Moreover, calcination was done at 800 °C with the
aim to prevent increased aggregation. Therefore, we decided to reduce
the sample at the same temperature as for calcination, being 800 °C for a
duration of 6 h with a 2% Hy/Ar gas at a flow rate of around 100 mL/
min, a heating rate of 10 °C/min, before they were applied for reaction.
a-AlyO3 spheres (Alfa Aesar, 3/16 in.) were crushed and sieved into the
same size fraction to be utilized as filling material. Before being used for
reaction, the reduced catalyst Ni/MO and a-Al,O3 were uniformly mixed
in a bottle. For a fair comparison, both thermal and GAP catalytic DRM
were performed at the same GHSV of 480 L~g'c£t~h'l.

XRD, and Hy-TPD were done for the catalyst before being used for the
reaction. TG-MS was conducted for the catalyst after the DRM reaction
to analyze the weight loss and carbon deposition of the used-catalyst.
The details for these characterizations are given in the supporting
information.

2.2. Thermal catalytic DRM

To compare with the plasma-catalytic DRM, the Ni/MO catalyst was
also used in thermal catalytic DRM tests. For these experiments, the
catalyst size fraction was 0.25-0.4 mm, considering the size of the
quartz tube reactor used. 10 mg unreduced NiO/MO material and
100 mg o-AlyO3 with the same size fraction were mixed uniformly
before they were filled into a quartz tube fixed bed reactor supported on
quartz wool. Before starting the DRM reaction, the uniform mixture was
reduced by 20% Hy/Ar with a flow rate of 80 mL/min at 800 °C for
0.5 h. Then, the gas was changed to pure Ar with the same gas flow rate
for another 0.5 h. To start the reaction, the gas was changed to a ratio of
Ar:CO,:CH4 = 8:1:1 with total gas flow rate of 80 mL/min to keep the
same GHSV as in the plasma catalysis condition. After reduction of the
catalyst and flushing by Ar, the catalytic activity was measured at
discrete temperature steps. Usually, for fixed bed thermal catalytic DRM,
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the experiments are performed by increasing temperature which takes
less time. However, potential carbon deposition and accumulation at
low temperature could significantly affect the catalytic activity. In our
study, the high temperature catalytic performance is the most important
data, which we need for comparison with the results under post-plasma
catalysis conditions. Therefore, to avoid any loss of catalytic activity
during DRM from low temperature tests, we have chosen to start with
the reaction at high temperature. The temperature was decreased point
by point from 800 to 400 °C and pure Ar was utilized during the tem-
perature decreasing process. At each temperature point, the reaction
was maintained for more than one hour and during this period the outlet
gas was collected and analyzed by a Thermo Scientific Trace 1300 GC.

2.3. Plasma-catalytic DRM

Schematic diagram of the GAP DRM experimental setup is given in
Fig. S1. The GAP device was described in detail before [36,55,56].
Mixed gas was supplied to the plasma with a composition of No:CH4:CO2
= 8:1:1 (or 8:0.6:1) at a total gas flow rate of 8 L/min (Air Liquide, Ny
purity 99.999%, CO5 purity 99.998%, and CH4 purity 99.995%). The
flow rate of each gas was controlled by Bronkhorst mass flow controllers.
The plasma in the GAP was generated by applying a high voltage to the
cathode with a DC power supply (APS — Advanced Plasma Solutions).
The voltage and current of the plasma were measured by a high-voltage
probe (Pintek HVP-15HF) and a current sense resistor of 3 Q. The data of
voltage and current were collected by a two channels digital storage
oscilloscope (Tektronix TDS 2012C). The current used for the plasma
was 0.25 A and a voltage around 0.6-0.8 kV was obtained. The plasma
power was calculated based on the measured voltage and current.

The post-plasma reactor tube was made of quartz with an inside
diameter of 6.4 cm. There are six outlets at different positions on the
reactor with a diameter of 1 cm to allow extra gas to be added through
them or implement thermocouples. Herein, they were all sealed by
valves during the reaction process. A thermocouple is placed after the
catalyst bed through the first outlet to record the temperature of the gas
that passes through the catalyst bed. The distance from the thermo-
couple to the top of the quartz reactor is 4.9 cm (Fig. 1 C). To add the
catalyst just after the post-plasma exhaust, we developed a newly
designed tubular catalyst bed (N-bed), as shown in Fig. 1A-B. Detailed
pictures are shown in Fig S2. The N-bed is directly connected to the
anode of the plasma reactor by a stainless steel connector (detailed
photographs, see Fig. S2A-B). A tubular body with a diameter of 3.5 cm
and height of 4.5 cm was utilized and at the bottom a mesh was stacked
inside where the catalyst can be placed on. As comparison, the
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traditional catalyst bed (T-bed) was also utilized (Fig. 1 C), which was
made of a metal ring combined with a mesh tray and which can be
adjusted in height closer or further from the plasma exhaust. The dis-
tance between the T-bed and the plasma varied from 2 cm to 4 cm and
the reaction conditions were denoted as T-bed-l, where | is the distance
in centimeter.

For the plasma-catalytic DRM reaction, 1 g reduced catalyst with 4 g
a-AlyO3 filling material was mixed uniformly and placed in/on the
catalyst bed for both configurations. In comparison, plasma alone or
with 5 g a-Al,O3 filling material only was also tested at the same reac-
tion conditions. A total gas flow rate of 8 L/min with composition of Ny:
CO2:CH4 = 8:1:1 was applied to generate the plasma. A gas hourly space
velocity (WHSV) of 480 L~g'c}1t-h'1 was obtained. Besides this, with the
same gas flow rate, a lower CH4/CO5 ratio of 0.6 was also tested.
Furthermore, a blank experiment with only the N-bed was performed in
this ratio. After starting the plasma, gas data was collected by a Thermo
Scientific/Interscience Trace 1300 Gas Chromatograph (GC).

2.4. Gas analysis

For the plasma-catalytic DRM system, the products were analyzed by
the trace GC. Nitrogen was used as internal standard gas. The definitions
and formulas to calculate the conversions, carbon-based selectivity (for
CO, CyHj, and CyHy) and carbon balance, hydrogen-based selectivity
(for Hy), yield, specific energy input (SEI), and energy cost (EC) are
shown in supplementary information.

3. Results and discussion
3.1. Catalyst characterization

The XRD patterns of as-prepared Ni-LDH and the Ni/MO catalyst
(after calcination and reduction) are shown in Fig. 2 A. For the Ni-LDH,
peaks at 11.3°, 22.9°, 34.8°, 39.3°, 46.6°, 61.8° and 63.1° were noted,
confirming the successful synthesis of the Ni-LDH phase. The introduc-
tion of Ni did not alter the LDH structure. The Ni/MO catalyst, produced
after calcination and reduction, exhibited XRD patterns with peaks of
Ni® at 26 values of 44.3°, 51.7° and 76.3°. Additionally, phases of MgO
and NiO were detected in the Ni/MO catalyst. The appearance of NiO in
the reduced Ni/MO can be either due to a partial reoxidation of the Ni
during the measurement or/and incomplete reduction of the NiO/MO
sample as the sample was reduced at 800 °C, similar to the calcination
temperature.

The Hy-TPR was conducted to examine the reduction behaviour and

1
—

Thermocouple

m

Fig. 1. (A) Schematic description of the newly designed tubular catalyst bed (N-bed), (B) photograph of the N-bed connected to the plasma-catalytic system, and (C)
photograph of the traditional catalyst bed (T-bed) used in the plasma-catalytic system.
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Fig. 2. (A) XRD patterns of the Ni-LDH and reduced Ni/MO; (B) H,-TPR of the calcined NiO/MO, and (C) nitrogen adsorption-desorption isotherms at -196 °C of the

as-prepared Ni-LDH and the obtained NiO/MO after calcination.

the interaction between Ni and the support, as shown in Fig. 2B. The TPR
results revealed a single wide peak centered at approximately 880 °C,
attributed to the reduction of Ni2* species in the metal oxide to Ni® [57].
The absence of other peaks indicates a uniform distribution of Ni and the
lack of bulk crystallite NiO species formation.

After calcination, a nickel-based mixed oxide (NiO/MO) was ob-
tained. The surface area, porous and textural properties of the Ni-LDH
and NiO/MO were measured by Ny sorption. Fig. 2 C shows the Ny
sorption isotherm of the Ni-LDH and NiO/MO samples. The change in
hysteresis at relative pressures > P/Py 0.45 suggests the change in
morphology of the particles after calcination from a plate-like
morphology to small particles with interstitial porosity. The apparent
BET specific surface area of Ni-LDH was 117 m?/g. After calcination the
resulting NiO/MO exhibited a larger specific surface area of 178 m?/g.
This increase is attributed to the collapse of the layered structure and the
loss of interlayer molecules or anions.

3.2. Thermal catalytic activity

To provide a benchmark for the post-plasma catalysis, the catalyst
was evaluated towards its thermal catalytic DRM performance. The
thermal catalytic performance of the Ni/MO catalyst at various tem-
peratures is shown in Fig. 3. To isolate the impact of the a-Al;O3 filling
material from the catalytic effect, an experiment was conducted using
110 mg of a-Al;,O3 following the same procedure. As shown in Fig. 3,
both CO, and CH4 showed 0% conversion in the temperature range of
400-800 °C. This confirms that a-Al;03 has no catalytic effect on DRM
within this temperature range. For the catalyst, its catalytic activity of

100

80 1

60 A

404

Conversion (%)

20+

(E = = m A Emm e mAr = o= =A== o=

400 500 600 700 800

Temperature (°C)

Fig. 3. CH,4 and CO; conversions by the Ni/MO catalyst and « -Al;03 during the
thermal catalytic DRM reaction at different temperatures. In the a-Al,O3 case,
the 10 mg catalyst was replaced by 10 mg a-Al,O3. Experimental conditions:
catalyst: 10 mg, gas flow rate: 80 mL/min (GHSV = 480 L-gih™), gas
composition: Ar:CO5:CHy = 8:1:1.

the catalyst enhanced as the temperature increased. Maximum conver-
sions of CO, and CH4 of 86% and 96% were obtained at 800 °C, which
decreased to 77% and 86% for CO, and CH4 as the temperature
decreased to 700 °C. The selectivity of CO and H; (see Table S1), how-
ever, did not change and remained around 88% for CO and 100% for Hj.
Moreover, the Hy/CO ratio was 0.9 in both conditions. Usually, if a side
reaction due to the reverse water gas shift reaction (RWGS, CO, +

H,—CO + H»0, AH® = 41kJ/mol) would happen in the DRM process,
the conversion of CO5 would be expected to be higher than that of CHy.
However, the conversion of CH4 consistently exceeded that of CO- at all
temperature points measured. This higher CH4 conversion can be
attributed to the direct CH4 decomposition, forming coke, which blocks
the active sites needed for CO, activation [58]. Although methane
decomposition occurs at temperatures from 600 °C to over 1000 °C,
depending on the method and catalyst presence. The Boudouard reac-
tion (2C0—C + CO,, AH® = — 172kJ/mol) is another key side reaction.
This reaction is expected to be less favored above 700 °C due to the
positive Gibbs free energy change, which indicates a shift in favorability
towards methane decomposition at higher temperatures [59-61]. The
high CO selectivity (100%) observed below 600 °C suggests limited
occurrence of the Boudouard reaction, likely due to high CO,/CO ratios
at low CO, conversions and/or kinetic limitations, as shown in Table S1.
The decrease in CO selectivity to 92% at 600 °C and 89% at 700 °C can
be linked to increased carbon formation via the Boudouard reaction and
the commencement of thermal methane decomposition around 600 °C.
At 800 °C, the methane decomposition likely becomes the predominant
factor in reducing CO selectivity to 88%.

3.3. GAP plasma-catalytic activity

The T-bed with adjustable distance between the plasma and catalyst
was applied, in addition to the N-bed configuration. To study the po-
tential catalytic performance of the catalyst, excluding the filling effect
of the post-plasma bed itself, experiments were compared with tests
using only a-Al;O3 at the same total amount. Besides this, in the T-bed
configurations, to keep the heat produced by plasma in the reactor,
aluminum silicate insulation cotton was wrapped around the T-bed
reactor as shown in Fig. S3 (for the N-bed configurations, no insultation
or external heating was added). The performance of plasma-catalytic
DRM in the T-bed configuration is shown in Fig. S4, which suggested
no obvious improvement with the addition of insulation. Moreover,
considering carbon deposition on the catalyst in the early plasma stage,
which may lead to the deactivation of the catalyst and a decrease in the
plasma-catalytic performance, a lower CH4/CO5 ratio of 0.6 was also
tested in both T-bed and N-bed cases and compared to a ratio of 1, to
study how it affected the results. These results are shown in the Fig. S5-
S6 and discussed at the end of Section 3.3.1 in comparison with the
results with a ratio of 1:1.
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3.3.1. Plasma-catalytic DRM with CH4/CO3 ratio of 1

The conversions (left y-axis) of CO2 and CH4 for DRM in the GAP
plasma-catalytic system and the at CH4/CO> ratio of 1 are shown in
Fig. 4. These results illustrate that by adding the catalyst at a distance of
2 cm (T-bed-2 Ni/MO), the conversion of CO, kept almost unchanged
around 53-54%, while the CHy4 conversion decreased from 66% to 63%.
Increasing the distance between the catalyst bed and the plasma from
2 cm to 3 cm, both the conversion of CO, and CH4 increased a bit to 55%
for CO, and 65% for CH4, while the increase of CO, was within the error
range. Although the increase of the CH4 conversion was higher than the
error (from 63% to 65%), it was still slightly lower (65% vs 66%)
compared to the plasma alone configuration. When moving the distance
further away from the plasma exhaust to 4 cm, however, the CO, and
CH4 conversion became similar to the pure plasma case. The different
tendency changes for CO, and CHy in the T-bed cases could imply that a
possible backflow to some degree was beneficial for CO, but inhibited to
some extent the CH4 dissociation, but further research is needed to
confirm this. The decreasing effect of Ni-based catalysts (loaded on
Al;03 and SiO2) on the conversions in plasma-catalytic DRM in a GA
plasma system was also reported in literature [43]. The influence dis-
appeared when the distance of the T-bed to the plasma exhaust was
increased to 4 cm, which could be due to a weakened effect of the
backflow. Changing the catalyst to filling material of a-Al;O3 and
comparing it with Ni/MO at 4 cm distance showed no obviously changes
in conversion, which implies that the catalyst had no catalytic activity at
this distance.

As suggested by the thermal catalytic DRM results shown in Fig. 3
and the literature [62], higher temperatures benefit the catalyst to
improve the DRM results. Therefore, a comparison experiment with
insulation material wrapping around the reactor to avoid heat losses was
conducted in the T-bed configuration (see photographs of the reactor in
Fig. S3B). After being wrapped with insulation material, the tempera-
ture after the catalyst bed increased (Fig. S3C), although it remained
limited to about 450 °C. However, when looking at the conversion and
selectivity, no improvement was achieved (Fig. S4), as the temperature
still remains too low compared to what is needed to thermally activate
the catalyst (Fig. 3).

Therefore, a new catalyst bed (N-bed) was designed to collect more
heat from the GAP device, by directly connecting it with a metal
connector to the plasma reactor segment and forming a double-walled
configuration with the quartz tube around the smaller N-bed con-
nected to the plasma, hypothesized as a means to prevent the need for
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Fig. 4. Conversions (left y-axis) of CH4 and CO, and the temperature (right y-
axis, green line) at 4.9 cm after plasma 15 min at different GAP post-plasma
catalyoiefiguratiGmpositésnCHE-@HSV:
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external heating and insulation material to be added. As shown in the
Fig. 4, once the N-bed configuration was applied, even when only
a-Al,O3 was used, the conversion of both CO, and CH, increased to 69%
for CO2 and 83% for CHy4. This cannot be due to catalytic activity, as it
was proven that a-AlyO3 did not exhibit catalytic effects in previous
studies. Therefore, we believe this is attributed to differences in the flow
behaviour such as strong backflow, caused by the special design of the
N-bed. Due to the sealed tubular body, all the gas is forced to go through
the filling material before expanding in the wider quartz tube, and due
to blocking effects (i.e., a slight increase in the feed gas pressure from
about 0.25 bar to 0.3 bar, which was measured by a pressure gauge,
shown in experimental setup in Fig. S1) by the catalyst bed, more gas is
expected to form a stronger backflow, possibly resulting in a longer
residence time for the reactants as well as radicals formed in the plasma
region, which could explain the higher conversions. Although, as re-
ported by Zhang et al. [48], the addition of a T-bed can cause backflow
as well, the unsealed side part of the T-bed can give a pathway for the gas
to go through, which weakens the backflow. Varying the distance of the
catalyst bed post-plasma can to some degree affect the strength of the
backflow. However, based on the results, the combined effect of back-
flow and catalytic activity in the T-bed configuration is still negligible
compared with the effect in the N-bed configuration with a-Al,O3. To
exclude the effect of the presence of the N-bed itself from the packing
and catalyst effect, it was added to the GAP DRM without any catalysts
or filling materials inside (as shown in Fig. S5). Compared with the
plasma alone (no catalyst or a-Al,Os filling material), the conversions of
both CO3 and CH4 remained almost the same. This proved that the N-bed
itself did not cause any backflow of plasma gas without the addition of
packing materials (either a-Al;O3 or catalysts).

In the presence of the Ni/MO catalyst, the CO, conversion further
improved to 79% and that of CH4 increased to 91%. As the 1 g a-Al,03
was replaced by 1 g Ni/MO catalyst with the same particle size, the
distance between the catalyst or the a-AloO3 and post-plasma are the
same, suggesting the same gas backflow behaviour. Therefore, this
improvement can be attributed to the thermal catalytic performance of
the catalyst. In contrast to the T-bed, the design of the N-bed clearly
benefits from the catalyst, due to the direct connection of catalyst bed to
the plasma device, helping the transfer of heat and mass from the plasma
to the catalyst bed, which contributes to the heating of the catalyst.
Furthermore, the metal connector helps the heat transfer from the
electrode to the catalyst bed as well. Moreover, just like in the N-bed
a-AlO3 case, all the feed gas flows through the catalyst, while in the T-
bed, some gas tends to go through the path of least resistance or pressure
drop, which means part of the gas would pass directly from the side part
of the T-bed rather than passing through the catalyst. This decreases the
contact between feed gas and catalyst and finally leads to very limited, if
any, catalytic activity. An additional positive effect might result from the
double walled configuration formed by the N-bed and the post-plasma
cylinder (Fig. 1B), in which the catalyst bed is embedded in a larger
outer quartz reactor tube containing exhaust gas of the catalyst bed. This
might insulate the heat of the N-bed part to some extent as also visible by
the temperature differences at 4.9 cm for the T-bed and N-bed config-
uration in Fig. 4 (right y-axis, 233-284 °C vs. 462-524 °C). Although,
without the catalyst or a-Al,Oj filling material, this insulation (formed
by the double-wall of the N-bed and inside the quartz wall) seems
insufficient, as deduced from the experiment with the empty N-bed. As
the N-bed is placed at a close distance after the GAP plasma exhaust, the
long-lived plasma-excited species may possibly contribute to the
improved conversion. However, at the flow rates applied, at least around
0.2 s would be required for the species to reach the catalyst bed, which is
longer than the lifetime of excited plasma species (millisecond range) [6,
55]. This means that all radicals have recombined before reaching the
catalyst, and they do not directly interact with the catalyst surface. In
addition, the heat released upon their recombination (change in
enthalpy) is already included in the “hot gas™ reaching the catalyst. In
other words, the plasma acts as a heat source for post-plasma thermal
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catalysis. Moreover, the molecules reaching the catalyst are different
from the classical thermal process as it consists of the composition
formed in the plasma and plasma exhaust (recombination products). To
reveal the role of reactive plasma species in our case in more detail,
computer simulations could offer valuable insights, but developing such
models is very challenging and outside the scope of this paper.

The temperature at 4.9 cm post-plasma was measured by a thermo-
couple (see Fig. 1B-C), which was placed after the catalyst bed once the
catalyst was added. The temperature data shown in Fig. 4 (right y-axis)
illustrates that a higher temperature was achieved in the N-bed config-
uration, i.e., around 462 °C during the reaction process for the Ni/MO
catalyst, and even around 524 °C for the a-Al;Os. In the T-bed-3 Ni/MO
catalyst case, the temperature was only around 233-284 °C. It indicates
the temperature in the catalyst layer in the N-bed is higher than in the T-
bed and this higher temperature promotes the catalyst, explaining its
higher catalytic activity. Additionally, after reaction, a small amount of
catalyst was found aggregated either together or with the filling material
in the N-bed case, which can be due to the high temperature. However,
this phenomenon did not appear in the T-bed. As shown in Fig. S3C, in
the T-bed case with insulation, the temperature after the catalyst bed can
reach about 450 °C, similar with that in the N-bed with Ni/MO, how-
ever, the latter had improved performance for GAP DRM. This illustrates
that the design of the N-bed, which can cause better mass and heat
transfer and might have a different impact on flow behaviour (feed gas
pressure changed from 0.25 bar to 0.3 bar, meausred by the pressure
gauge in Fig. S1), plays a crucial role for the enhancements. Moreover,
the fact that for a-AlyO3 in the N-bed, the temperature was higher than
for the Ni/MO catalyst proves the catalytic effect of the catalyst, as DRM
is an endothermic reaction, which leads to a decrease in the tempera-
ture. This phenomenon also appeared in the configuration with a CHy/
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CO4, ratio of 0.6 (Fig. S5).

In contrast with the CH4 and CO; conversion, which were little
affected by the position of the catalyst in the T-bed, the selectivity of Hy
and by-products (CaHz and CyHy) varied significantly, as shown in
Fig. 5A-B. With the addition of the T-bed, at 2 cm, the selectivity of CO
decreased from 69% to 66%, whereas that of Hy increased from 79% to
89% at this position. By increasing the distance to 3 cm and 4 cm, the
selectivity of CO kept almost unchanged, whereas the Hy selectivity
decreased a bit to around 80%, i.e., to almost the same value as without
T-bed and catalyst. When using the N-bed without catalyst, the selec-
tivity to Hy was 78%, i.e., almost the same as with the plasma alone
configuration. However, the selectivity to CO was clearly enhanced from
69% for plasma alone to 89% for the a-Al;O3 filled N-bed. A further
increase of the CO and H selectivity was obtained with the addition of
Ni/MO catalyst, resulting in the highest selectivity value of 96% for CO
and 92% for Hy, respectively. This can be due to the facilitating effect of
the N-bed, which improves the mass and heat transfer to the catalyst and
eventually promotes the catalyst, explaining its higher catalytic activity.

An increase in the selectivity to CoHy from 18% to 20-22% was
observed when the T-bed was added (cf. Fig. 5B). Changing the distance
and filling material (catalyst or a-Al,O3) caused the CyHjy selectivity
values to fluctuate around 21%, suggesting that the configurations like
distance and catalyst had limited effect on the CyHj selectivity in the T-
bed cases. However, the selectivity to CpHy dropped from around
20-22% for plasma alone and the T-bed configurations, to 4% for the N-
bed with Ni/MO catalyst and to 12% for the N-bed with a-Al303. The
same decreasing trend happened for the CyHy selectivity which declined
from around 1.6% (T-bed cases) to 0.4% (N-bed with Ni/MO) and 0.8%
(N-bed with a-Aly03). These changes are in accordance with the selec-
tivity enhancing trend of CO and Hjy. On the one hand, this can be
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and specific energy input (SEI) into the system (right y-axis) in different cases. Gas composition: Ny:CH4:CO, = 8:1:1, GHSV: 480 L-geih™.
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attributed to the catalytic effect performed by the catalyst. On the other
hand, the efficient transfer of heat from the plasma to the inside region
of the catalyst bed may cause a higher temperature environment which
may be not beneficial for the production of relatively unstable products
like CoH; and CaHy. Moreover, also the backflow of gas into the plasma
afterglow, containing reactive species, might provide a positive effect.

The yield of CO and Hy (Fig. 5 C) shows that the highest yields were
achieved in the N-bed case with catalyst, yielding 85% for CO and 84%
for Hj, respectively, while in the T-bed, for all cases, the CO and Hy
yields were very similar as in the plasma alone case. However the Hy/CO
ratio increased to 1.6 (for T-bed with catalyst at a distance of 2 cm), as
compared to 1.4 in plasma alone configuration, due to the increase of
selectivity towards Hy. However, with the N-bed, the Hy/CO ratio was
lower than 1 (0.88 for N-bed with Ni/MO, and 0.89 for N-bed with
a-Al,03). This can be attributed to two reasons. Firstly, the catalytic
effect of the catalyst promotes the COy conversion and thus produces
more CO (see the thermal DRM result in Fig. 3). In addition, some
deposited carbon might be converted into CO as the carbon balance
increased to around 100% in the N-bed configuration (Fig. S7A).

The specific energy input (SEI) for the various configurations was
plotted in Fig. 5D (right y-axis), and illustrates that compared with
plasma alone, upon addition of the catalyst bed, no matter T-bed or N-
bed, the SEI is almost constant around the values of 3.6 — 3.8 kJ/L, as the
plasma power and flow were constant. Therefore, since the conversions
barely changed in the T-bed at different positions with Ni/MO catalyst
or a-Al0s3, the energy cost was stable in the range of 6.3-6.4 kJ/L (see
Fig. 5D: left y-axis). As the N-bed improves the plasma-catalytic con-
versions of COy and CHy, the energy cost values for the plasma catalytic
process are lower, at 5.0 kJ/L in case of a-Al;0O3 and 4.3 kJ/L for the Ni/
MO catalyst. These results demonstrate that the N-bed can efficiently
improve the GAP post-plasma catalytic DRM reaction.

Considering the catalyst can deactivate due to the carbon deposition,
which may also happen in this plasma-catalytic DRM system, the hy-
pothesis was verified whether the catalyst can already deactivate due to
carbon deposition at the early plasma start up, before the temperature
was reached at which the catalyst was active. For this reason, experi-
ments with a lower CH4/CO> ratio of 0.6 (gas composition: No:CH4:CO»
= 8:0.6:1) were done to compare the performance of the catalyst in the
different catalyst beds (results see Figs. S5-6). The results indicate that
this is probably not the reason why the T-bed is not working properly
(see conversion, selectivity, yield, SEI and energy cost data in
Figs. S5-6). The temperature after the T-bed and N-bed was collected as
well (Fig. S5), showing that the gas temperature after the N-bed was also
higher than that in T-bed (around 400 °C vs. 300 °C). Hence, the com-
bined effects of the higher temperature, strong backflow or change in
flow behaviour and double-walled insulation formed by the specially
designed structure must be an important reason why the N-bed works
well and the T-bed was inactive.

3.3.2. Carbon deposition and analysis

Nevertheless, carbon deposition is one of the main drawback for
catalyst deactivation in DRM. Therefore, it is meaningful to study the
carbon deposition in the plasma-catalytic DRM. The carbon balance of
the plasma alone and coupled with catalysts for the different types of
catalyst bed configurations for DRM are shown in Table S2. It can be
noticed that reducing the CH4/COx ratio from 1 to 0.6 can decrease the
loss of carbon, which, in the plasma alone case, increases from 93% to
99%. This difference became negligible in the N-bed cases as the carbon
balance was 100% in both cases. Moreover, in the plasma alone or with
T-bed configurations at CH4/CO; ratio of 1, some carbon can be
collected by paper on the inside wall of the post-plasma tube, which
became negligible in the N-bed configurations.

TG in O, gas coupled with MS was used to analyze the amount of
carbon deposition on the catalyst after about 35-45 min of DRM reac-
tion in the different reactor configurations at a CH,4/CO; ratio of 1
(Fig. 6). Combined with the DTG result in Fig. S8A, it can be seen that
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Fig. 6. TG, DTG and the MS results of Ni/MO catalyst obtained after DRM
reaction in different reactor configurations (In T-bed plasma configuration, the
reaction time is around 35 min, in N-bed configuration, the reaction time is
around 45 min, and in the thermal catalytic reaction, the reaction time is the
entire temperature range procedure). Gas composition: N:CH4:CO, = 8:1:1,
GHSV: 480 L-g:h .

there was only about 2% total weight loss for thermal utilized Ni/MO
catalyst at a temperature below about 400 °C. Enlarging the result of MS
m/z=44 (Fig. S8B) indicates two peaks of CO; in the temperature of
100-500 °C and 700-850 °C. MS results of m/z=28 and 18 (Fig. S8C)
suggest the presence of H,O and absence of CO as part of the weight loss.
Much more weight loss was observed in both T-bed and N-bed post-
plasma configurations. In the T-bed configuration, carbon was lost in a
temperature range of around 300 °C up to about 550 °C, coinciding with
about 3.6% weight loss. MS data of m/z of 28 and 18 show that a small
amount of CO was formed, visible from the sharp peak at around
400-500 °C, while no H,0 signal was observed in this temperature
range. Similar phenomena were found in the N-bed case although with
some difference. The weight loss occurred in a larger temperature range
of around 350-800 °C with 3.8% weight loss and the CO peak was wider
from about 420 °C to 650 °C. The TG results suggest that the carbon
deposited on the catalyst mixture in the N-bed configuration had
stronger interaction than those in the thermal catalytic or T-bed con-
figurations or that the type of carbon formed was different. Furthermore,
although in the thermal catalytic DRM, the least carbon deposition was
found, the carbon balance was only 89%, which is lower than the 96% in
the T-bed and 100% in the N-bed configurations. Several reasons may
lead to this. A possible reason is that for the TG process, around 100 mg
mixture of Ni/MO catalyst and a-AlyO3 sample was utilized, while this
implies only 1/11 wt of catalyst in the thermal catalytic case (as 10 mg
catalyst was mixed with 100 mg a-Al,03) and in T-bed and N-bed con-
figurations this value is 1/5 (as 1 g catalyst mixed with 4 g a-Aly03).
Assuming all the carbon would be deposited on the catalyst, after
correction, the carbon deposition should be around 4.4%, a bit higher
than those in the T-bed and N-bed configurations. Besides this, consid-
ering the carbon balance in N-bed configuration was 100%, this
conflicted with the carbon loss in TG-MS. This could be caused by the
carbon deposition before the plasma reaches its maximum conversion
and thus temperature. Furthermore, as the internal standard gas N, was
present in the feed gas, it may lead to some larger error on the results.
Hence, the underlying reasons are not yet fully clear and require more
research, which is outside of the scope of this paper, focusing on the
benefits of the N-bed versus the T-bed.

The carbon collected in the plasma cases was further studied via
Raman spectra (Fig. 7). The spectra of the samples all exhibited typical
carbon signals at around 1346 cm™ (D band) and 1574 cm’? (G band),
whereas the G band peak shifted to a higher wavenumber (1586 cm’l)
for the N-bed and an even higher wavenumber (1601 em™) for T-bed.
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Fig. 7. Raman spectra of carbon produced under plasma or plasma-
catalytic conditions.

Furthermore, the spectrum for plasma alone showed a 2D band
(2678 cm'l), attributed to the overtone of the D band.

The ratio of relative intensity of the D band to the G band (Ip/Ig) in
the Raman spectrum (Fig. 7) is commonly used to quantify the defects
and crystallinity of graphene samples. The low value of Ip/I indicates a
high degree of graphitization of the samples [40,63,64]. For the three
cases, the Ip/Ig values were approximately 0.79 for plasma alone case,
0.97 for T-bed case, and 1.12 the for N-bed case, showing a decreasing
trend of graphitization of the carbon formed.

3.4. Comparison of DRM results with various plasma configurations

The reactant conversion, product selectivity, and energy cost are
important parameters to evaluate the performance of plasma-catalytic
DRM. Therefore, we list these performance data in Table 1, along with
the experimental conditions (catalyst (if used), CH4/COx ratio, gas flow
rate, and plasma power), for various plasma reactors reported in liter-
ature. It is clear that our obtained conversion of CH4 and CO5 are higher
than most of the reported values for GA, RGA, DBD, sparking plasma and
MW plasma, while at a significantly lower energy cost and using a higher
gas flow rate. Although in the GA plasma with extra external heating to
850 °C, the conversion of CH4 and CO- and the selectivity to CO and Hy
were higher [50], the energy cost was about 6 times higher. Considering
the catalytic performance, our GAP post-plasma-catalytic DRM reaction
with N-bed and Ni/MO catalyst is competitive to the current state of the

Table 1
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art.
4. Conclusion

We present a GAP plasma reactor in combination with a newly
designed catalyst bed, containing a Ni/MO catalyst derived from LDH,
for post-plasma-catalytic dry reforming of methane. The catalytic ac-
tivity of the catalyst was evaluated and compared with a traditional
fixed bed for thermal catalytic DRM and a maximum 96% CH4 and 86%
CO conversion was achieved at 800 °C. For the post-plasma-catalytic
DRM reaction, two types of catalyst bed configurations (tray-type T-
bed and newly designed N-bed) were applied to study how the catalyst
bed design affects the results. We found that using a traditional catalyst
bed (T-bed) had little effect on the conversion of CO2 and CHy, while the
use of the newly designed catalyst bed (N-bed) can efficiently enhance
both CO; and CH4 conversion, and CO and Hj selectivity, and decrease
the energy cost at the same time, without external insulation or heating,
providing a true, fully electrically driven process, transferring the heat
produced in the plasma to the post-plasma catalysis. When using a CHy/
COq ratio of 1, the highest conversions of CO2 of 79% and CH4 of 91%, in
combination with a vast increase in selectivity to CO (96%) and Hj
(91%), were obtained in the N-bed with Ni/MO catalyst present, which
are comparable to those achieved in the thermal catalytic DRM at 800
°C. This improvement was proven to be caused by the catalytic activity
of the catalyst, which was facilitated by the direct connection of the N-
bed to the GAP plasma device, transferring more heat from the GAP
device, activating the catalyst, while also providing beneficial mass
transfer and flow behaviour. The latter was deduced from the improved
performance in the presence of a-Al,Os filling in the absence of catalytic
material, in combination with the lack of enhanced performance in case
of an empty N-bed connected to the plasma.

To our knowledge, this is the first time that excellent catalytic ac-
tivity in a PPC system was observed without requiring extra external
heating or insulation, which indeed illustrates the high potential of PPC
systems towards process electrification and plasma energy, ie. heat,
recovery.
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GAP Ni-based metal oxide” 1:1 508 8 91 79 95 92 4.3 This
work

GA: gliding arc plasma; RGA: rotating gliding arc plasma; DBD: dielectric barrier discharge plasma; MW: microwave plasma; GAP: gliding arc plasmatron.
n/a: Data not reported or could not be determined from the data mentioned in the paper.
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