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Abstract 13 

This study presents new insights on the effect of (sub)micrometer particle sized materials in 14 
plasma-based CO2-CH4 reforming by investigating the performance of SiO2 spheres (with/without 15 
supported metal) of varying particle sizes. (Sub)micron particles synthesized through the Stöber 16 
method were used instead of (sub)millimeter particles employed in previous studies. Increasing 17 
particle size (from 120 nm to 2390 nm) was found to first increase and then decrease conversion 18 
and energy yield, with optimal performance achieved using 740 nm 5 wt % Ni loaded SiO2, which 19 
improved CO2 and CH4 conversion, and energy yield to 44%, 55%, and 0.271 mmol/kJ, 20 
respectively, compared to 20%, 27%, and 0.116 mmol/kJ in an empty reactor at the same flow rate. 21 
This significant performance improvement in a fully packed reactor, highlights the importance of 22 
selecting a suitable particle size. The findings can offer guidance towards rational design of 23 
catalysts for plasma-based reactions. 24 
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1 Introduction  27 

The emission of greenhouse gases and the resulting climate change is a major issue for mankind. 28 
A lot of technologies are being studied for the conversion of greenhouse gases and the utilization 29 
of renewable resources, such as CO2 hydrogenation and biomass conversion [1,2]. Among them, 30 
CO2 reforming of methane (dry reforming) is an attractive technology since it simultaneously 31 
utilizes two greenhouse gases (CH4 and CO2), which can come from sustainable resources such as 32 
biogas, to produce chemical products and clean fuels [3-8].  33 

However, a large amount of energy is needed to activate the CH4 and CO2 because of their high 34 
stability. For example, classical thermocatalytic reactions always need a high temperature (> 35 
800 ℃), leading to problems like energy losses and catalyst deactivation. Non-equilibrium plasma 36 
catalysis is considered to be promising to overcome these problems, since CH4 and CO2 can be 37 
activated at a relatively low temperature (lower than 250 ℃) [9-12]. The accelerated electrons with 38 
high energy in plasma are able to dissociate the stable CH4 and CO2 molecules, while the other 39 
species with larger mass keep the overall kinetic temperature at a lower level [13-15]. Among the 40 
various types of non-equilibrium plasma reactors, the dielectric barrier discharge (DBD) reactor is 41 
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one of the easiest to be combined with catalysts or packing materials, as it has a simple structure 42 
and operates at close to ambient temperature and atmospheric pressure [16-19]. 43 

Nevertheless, low conversion and energy yield (i.e., the amount of CO2 and CH4 converted per 44 
unit energy input) in a DBD reactor are its main drawbacks [20-22]. Using alumina dielectric 45 
material, Khoja et al., demonstrated relatively good performance with an energy yield of 0.085 46 
mmol/kJ [23]. Tu et al., reported an energy yield of 0.19 mmol/kJ by altering the catalyst packing 47 
method [22]. Although using a lower specific energy input (SEI) could provide a higher energy 48 
yield in some studies [22,24,25], the conversion of CH4 and CO2 was concomitantly reduced. 49 
Moreover, the existing catalysts and packing materials for DBD reactors have limited benefit in 50 
performance. In the majority of dry reforming studies with undiluted feed gases and fully packed 51 
fixed bed packings or catalysts, the conversion of CH4 and CO2 was lower than in the empty reactor 52 
at the same flow rate [22,24,26,27]. Table 1 shows a comparison of the conversion of CO2 and CH4 53 
in empty and fully packed reactors, obtained from literature, at the same gas flow rates. Although 54 
the conversions of CH4 and CO2 vary in different papers depending on the operating conditions, a 55 
common feature is that the performance of fully packed reactors with catalyst/packing was not 56 
improved, and even more often decreased, compared to empty reactors. The positive effects of 57 
packings/catalysts in literature could often not compensate for the negative effects on converted 58 
amounts resulting from their filling in the reactor, thereby hindering their potential for industrial 59 
applications. Some literature reported that catalysts or packings improved the dry reforming 60 
conversion compared to empty reactors [13,28], but since the processes were performed at a 61 
constant space time, the gas flow rate was reduced to exclude the volume reduction caused by the 62 
packings or catalysts, resulting in a significant increase in SEI. Hence, it was not clear whether the 63 
improvement in conversion came from the packing/catalyst or from the higher energy input [29]. 64 

Table 1. Comparison of conversion of CO2 and CH4 in empty and fully packed DBD reactors at the same 65 
flow rate in literature of plasma-based dry reforming. 66 

Performance of empty reactor Performance of packed reactor 

Reference CO2 

conversion (%) 

CH4 

conversion (%) 
Packing/Catalyst 

CO2 conversion 

（%） 

CH4 conversion 

（%） 

22 33 

γ-Al2O3 22 27 

[30] 
Ag/γ-Al2O3 22 27 

Pt/γ-Al2O3 22 33 

Cu/γ-Al2O3 16 33 

15 18 

γ-Al2O3 12 15 

[19] 
Cu/γ-Al2O3 8 16 

Au/γ-Al2O3 15 16 

Pt/γ-Al2O3 13 17 

6 2 Ni-Mn/γ-Al2O3 2 4 [24] 

20 37 

ZrO2 12 27 

[28] 
SiO2 18 22 

α-Al2O3 22 33 

BaTiO3 20 13 

8 23 

Quartz Wool 3 24 

[31] γ-Al2O3 3 8 

Zeolite 3A 2 3 

 67 

A main challenge in the study of plasma catalysts in DBD reactors is that the effect of the 68 
catalyst is much more complex than in thermal reactors. It is not only the reaction between activated 69 
molecules and the active components of the catalyst, but it also includes the influence of the 70 



catalysts on the plasma discharge. Various properties of the catalyst, such as the dielectric 71 
properties, shape, size and structure, have an effect on the plasma filamentary discharge, which is 72 
the main discharge mode in the DBD reactor, consisting of a number of independent micro-73 
discharge filaments [29,32,33]. Several studies have reported the effect of packing materials 74 
without active catalytic element on the plasma reaction, to investigate the effect of possible catalyst 75 
supports on the discharge and to distinguish the physical and chemical effects of the interaction 76 
between the plasma and the catalyst. In some studies, the catalytically inactive dielectric supports 77 
showed even a better performance in terms of conversion than the supports loaded with metal active 78 
components, due to the physical influence on the discharge [19,30]. Simulation studies found that 79 
one of the important physical effects of the catalyst was the polarization of the dielectric packing 80 
in the electric field of the DBD reactor, generating an enhanced electric field near the contact points 81 
of the packing [34]. It was also proven in experiments that this effect changes the discharges and 82 
enhances the conversion [35,36]. Furthermore, the packing partially changes the plasma discharge 83 
mode in DBD reactors from filamentary discharge to a surface discharge [37], which may also be 84 
beneficial for plasma-based dry reforming [20,38,39]. However, the packing also reduces the 85 
available discharge volume, and consequently the possible trajectories of micro-discharges, which 86 
has a negative effect on the plasma reaction [40]. In addition, for the same gas flow rate, it also 87 
reduces the space time of the feed gas in the plasma discharge area, which is also unfavorable for 88 
the conversion of the reagents [35,41]. 89 

These effects are greatly affected by the particle size of the packing materials and the catalysts. 90 
One of the reasons for the limited performance of the packings/catalysts might be that their positive 91 
effects are less important than negative effects, due to an inappropriate or non-uniform particle size 92 
[28,35]. There have been some studies on the size of the packing materials in plasma reactions, but 93 
the particle sizes in these studies were all in the millimeter or submillimeter range, which is 94 
relatively large for the gap dimensions (also in the millimeter range) of a common DBD reactor 95 
[28,29,32,42]. Therefore, their positive effect on the discharge behavior, such as turning 96 
filamentary discharges into surface discharges, may be small, leading to the existing studies on the 97 
effect of particle size in plasma reaction (not only plasma-based dry reforming, but also similar 98 
plasma reactions such as CO2 decomposition) did not achieve good performance. Smaller particle 99 
sizes down to micron or submicron sizes have not yet been studied because they are considered to 100 
have too small void space and they are expected to reduce the space time too much, leading to too 101 
much negative effects in plasma catalysis, or even the prevention of plasma propagation between 102 
the particles [35,43,44]. However, in experiments, submicron or micron particles cannot achieve 103 
the closest packing in the reactor when loaded by tapping, so the void spaces and space times might 104 
not be too low.  105 

Therefore, in this work, in order to improve the conversion and energy yield of dry reforming 106 
in DBD reactors, and to better understand the interaction of catalyst particles with the plasma and 107 
the influence of catalyst size, we use uniform silica spheres of submicron and micron size, to study 108 
the effect of support particles with different particle sizes on the plasma-based dry reforming. 109 
Furthermore, we also explore the changes after depositing a certain amount of catalytically active 110 
metal component on the silica support. All experiments were performed at constant gas flow rate 111 
and supplied power, so the applied specific energy was constant. The performance comparisons 112 
between the empty reactor and a packed bed reactor include the negative effects of fully packing 113 
the reactor, such as the greatly reduced space time. 114 

2. Materials and methods 115 

2.1. Preparation of samples 116 

2.1.1. Preparation of silica spheres 117 



Ammonia solution (25 wt %), tetraethyl orthosilicate (TEOS), and ethanol were purchased from 118 
Sigma-Aldrich. Silica spheres with average diameters of ~120 nm, ~460 nm, ~740 nm, and ~810 119 
nm were synthesized by the traditional batched Stöber method [45], while silica spheres with 120 
average diameters of ~1.13 μm, ~1.8 μm and ~2.39 μm were synthesized by a semi-batched 121 
modified Stöber method [46]. For the Stöber method, a certain amount of ammonia solution and 122 
water were dissolved in ethanol (see [45] for their ratio). The solution was agitated at 400 rpm and 123 
20 ℃, and 50 mL tetraethyl orthosilicate (TEOS) was added to it. Then, the solution was kept 124 
stirring at the same temperature for 24 h. Finally, it was centrifuged, and dried at 80 ℃ for 24 h to 125 
obtain silica spheres. In the semi-batched Stöber method proposed in the literature [46], 1.3 g of 126 
~810 nm silica prepared by the batched Stöber method was dispersed in 22.6 mL ethanol solution 127 
with 0.7 mol/L NH3 and 8 mol/L H2O, as a seed suspension. TEOS/ethanol solution in a volume 128 
ratio of 1:2 was slowly added into the stirring seed suspension at room temperature. After 129 
centrifugation and drying, silica spheres with diameters larger than 1 μm were obtained. According 130 
to the average diameters of the silica spheres (in nm), the samples are denoted as Si-120, Si-460, 131 
Si-740, Si-810, Si-1130, Si-1800, and Si-2390, respectively. 132 

2.1.2. Impregnation of metals on silica 133 

Copper, iron, and nickel, as common dry reforming catalytically active metals, were supported 134 
on silica particles in this work. Copper nitrate trihydrate and ferric nitrate nonahydrate were 135 
purchased from Acros, and nickel nitrate hexahydrate was purchased from Sigma-Aldrich. The 136 
three metal nitrates were formulated into 100 mL separate precursor aqueous solutions. Then the 137 
silica spheres were dispersed in the precursor solutions with stirring for 5 h. The mass percentages 138 
of metal elements in solution relative to the SiO2 used for impregnation were 0.2%, 1% and 5%, 139 
respectively. After drying the full solution at 40 ℃ and calcination at 650 ℃ for 6 h, the metal 140 
oxide loading on the silica particles was obtained. The samples were reduced at 800 ℃ for 6 h in a 141 
tube furnace with 250 mL/min 2% H2/Ar, before testing their catalytic performance in plasma dry 142 
reforming. They are denoted as Mx/Si-Y, where x is the mass percentage of metal to silica and Y is 143 
the diameter of the silica spheres in nm. For example, the silica spheres with a diameter of 740 nm 144 
supporting 1 wt % Ni are denoted as Ni1/Si-740. 145 

2.2. Catalyst and plasma characterization 146 

Scanning electron microscopy (SEM) was performed by the FEI Quanta 250 field emission 147 
scanning electron microscope at an operating voltage of 20 kV. The diameter of more than 30 silica 148 
spheres in the electron microscope images were measured and averaged. 149 

Nitrogen sorption was carried out on an automated gas sorption system (Quantachrome 150 
Quadrasorb SI). Before the measurements, the samples were degassed under high vacuum at 200 ℃ 151 
for 16 h. During the sorption measurements, the temperature was kept at -196 ℃ by liquid nitrogen. 152 
The surface area was determined by the multi-point Brunauer–Emmett–Teller (BET) method. 153 

The metal-loaded samples were characterized by X-ray diffraction (XRD) on a Panalytical 154 
Empyrean PRO MPD diffractometer using Co radiation. The scanning speed for the continuous 155 
mode measurements was 0.07⁰/s. The XRD of all samples were measured after reduction at 800 ℃. 156 
Some samples were re-calcined at 650 ℃ and then measured by XRD to compare their oxides, to 157 
prevent differences in the samples due to surface oxidation caused by storage in air. 158 

Oxygen-temperature programmed oxidation (O2-TPO) was performed for the metal-loaded 159 
samples on the ChemStar TPX Chemisorption Analyzer. The samples were degassed first at 200 ℃ 160 
for 1 h with 50 mL/min pure He flow. After cooling down to 50 ℃, the O2-TPO was carried out in 161 
50 mL/min flow of 5% O2/He, from 50 ℃ to 800 ℃ with 10 ℃/min ramping rate. 162 

Thermogravimetric analyses (TGA) were carried out on a Mettler Toledo TGA-DSC 3+, with a 163 
80 mL/min flow of O2. A heating rate of 10 ℃/min from 30 ℃ to 800 ℃ was applied. 164 



Electrical characterization of the plasma was monitored by part of the setup shown in Figure 1. 165 
During the dry reforming test, the voltage was monitored by a high voltage probe (Tektronix, 166 

P6015A) and the current pulse was monitored by a Rogowski coil (Pearson 4100). The number of 167 
micro-discharges was obtained by counting the peaks per period in the current profile after 168 
excluding signal noise by applying a Savitzky-Golay filter of polynomial order 3 [29]. It should be 169 
noted that this is not the exact number of discharges in the reactor, but should be interpreted as 170 

apparent values. This is because the discharges might occur simultaneously, but only one current 171 
peak is shown in the current profiles, and some small discharges might be excluded as signal noise. 172 
However, multiple collections of current data and an average of the number of current peaks can 173 
be used to compare and study the effects of different samples on the discharge. A capacitor (10 nF) 174 

was connected in parallel with a low voltage probe (Picotech, TA150) and in series with the reactor 175 
to measure the dissipated charge in the plasma. The displaced charge of the discharge is the detected 176 
charge difference before and after discharge. An oscilloscope (Picotech, Picoscope 6402D) was 177 
used to collect all the signals and to show them on a PC. A Q-U graph, also known as a Lissajous 178 

figure, was plotted with the applied voltage (U) and dissipated charge (Q) as the horizontal and 179 
vertical axes, respectively. The power of the discharge generated in the DBD reactor, i.e. plasma 180 
power (P), can be determined from the area of Lissajous figures: 181 

𝑃 =
1

𝑇
∮ 𝑈(𝑄)𝑑𝑄         (1) 182 

The power of the power supply (Ps, supplied power) can be calculated from the applied voltage 183 

(U(t)) and the current in the circuit (I(t)): 184 

𝑃𝑠 =
1

𝑛𝑇
∫ 𝑈(𝑡

𝑛𝑇

0
)𝐼(𝑡)𝑑𝑡         (2) 185 

The difference between the supplied power and the plasma power is the reactive power, that is the 186 
power that does not produce a discharge. 187 

The counting and calculation of all electrical characteristics was completed by a MATLAB script 188 
[29]. 189 

 190 
Figure 1. DBD plasma set-up of the dry reforming tests. 191 



2.3. Plasma dry reforming tests 192 

A fixed bed DBD plasma reactor (illustrated in Figure 1) was applied to test the performance of 193 
the samples for plasma-based dry reforming. A grounded stainless steel rod with a diameter of 13 194 
mm was used as the inner electrode. An alumina tube with an outer diameter of 21.8 mm and an 195 
inner diameter of 17.41 mm was coaxially placed around the stainless steel inner electrode as a 196 
dielectric barrier, so the spacing between the inner electrode and dielectric barrier, which is the 197 
discharge gap, was about 2.2 mm. A stainless steel mesh was tightly wound around the alumina 198 
tube as an outer electrode and connected to a high voltage, supplied by a function generator 199 
(Tektronix, AFG 2021) and a high voltage amplifier (TREK, model 20/20C-HS). The length of the 200 
outer electrode was 50 mm. The function generator provided an input signal with a frequency of 3 201 
kHz, which was amplified by the amplifier. The electrical signals were collected by the oscilloscope 202 
and displayed on the PC to calculate the power in real time. The amplitude of the input signal from 203 
the amplifier was adjusted according to the calculation to keep the power of the power supply 204 
constant at 50 W. 6 g of silica spheres were filled in the entire plasma discharge space, and 2 g of 205 
glass wool was blocked at both sides to fix the spheres. The tapped volume of 6 g of silica spheres 206 
was larger than the volume of the discharge space (5.27 mL) for all particle sizes, to avoid the 207 
possible effect of glass wool on both sides on the discharge. Moreover, since the packing volume 208 
of the 6 g sample in the reactor is unknown, in order to calculate the packing density and space 209 
time, the samples were repacked in a volume equal to the discharge space (5.27 mL) of the reactor 210 
to measure the weight of the particles in the discharge space. 211 

The silica spheres without supporting metal were tested directly in the DBD reactor. For the 212 
evaluation of silica with supporting metal, the samples were first reduced in a tube furnace 213 
(Carbolite Gero TF1 12/60/300) with 200 mL/min of 2% H2/Ar gas flow rate at 800 ℃ for 6 h 214 
before being packed into the reactor. The feed gas entering the reactor consisted of 10 mL/min of 215 
CH4 and 10 mL/min of CO2 controlled by mass flow controllers (Bronkhorst EL-FLOW Select). 216 
An online gas chromatograph (Trace GC 1310, Interscience) with a thermal conductivity detector 217 
(TCD) and a flame ionization detector (FID) was used to analyze the composition of the outlet gas. 218 
A digital pressure gauge was connected at the inlet of the GC to measure the pressure in the line. 219 
In all experiments, the measured pressure was ~1.05 atm regardless of whether the gas flowed 220 
through the bypass or the packed bed reactor. The composition of the feed gas was determined by 221 
the GC after the reactor was flushed for 30 minutes and before the plasma was turned on. The 222 
amounts of CO2 and CH4 in the feed gas were denoted as CO2,in and CH4,in, respectively. The power 223 
was then turned on to generate plasma and maintained at 50 W for 30 min to allow plasma 224 
stabilization. After that, the outlet gases were analyzed and marked with “out”, i.e., CO2,out, CH4,out, 225 
H2,out, COout and CxHyOz,out. The conversion of CO2 and CH4 were defined as Eq. (1) and Eq. (2) 226 

𝑋𝐶𝑂2
(%) =  

𝐶𝑂2,𝑖𝑛 − 𝐶𝑂2,𝑜𝑢𝑡

𝐶𝑂2,𝑖𝑛
 · 100%       (3) 227 

𝑋𝐶𝐻4
(%) =  

𝐶𝐻4,𝑖𝑛 − 𝐶𝐻4,𝑜𝑢𝑡

𝐶𝐻4,𝑖𝑛
 · 100%       (4) 228 

The (H-based) selectivity to H2, and the C-based selectivity to CO and of the other products 229 
were calculated by Eq. (3) to Eq. (5) 230 

𝑆𝐻2
(%) =  

𝐻2,𝑜𝑢𝑡

2 × (𝐶𝐻4,𝑖𝑛 − 𝐶𝐻4,𝑜𝑢𝑡)
 · 100%      (5) 231 

𝑆𝐶𝑂(%) =  
𝐶𝑂𝑜𝑢𝑡

(𝐶𝐻4,𝑖𝑛 − 𝐶𝐻4,𝑜𝑢𝑡) + (𝐶𝑂2,𝑖𝑛 − 𝐶𝑂2,𝑜𝑢𝑡)
 · 100%     (6) 232 

𝑆𝐶𝑥𝐻𝑦𝑂𝑧
(%) =  

𝑥 × 𝐶𝑥𝐻𝑦𝑂𝑧,𝑜𝑢𝑡

(𝐶𝐻4,𝑖𝑛 − 𝐶𝐻4,𝑜𝑢𝑡) + (𝐶𝑂2,𝑖𝑛 − 𝐶𝑂2,𝑜𝑢𝑡)
 · 100%    (7) 233 



The energy yield (EY) of dry reforming was defined as the amount of CO2 and CH4 that can be 234 
converted per kJ of energy input in the plasma, as shown in Eq. (6) 235 

𝐸𝑌 (𝑚𝑚𝑜𝑙/𝑘𝐽) =  
(𝑉𝐶𝑂2𝑋𝐶𝑂2+𝑉𝐶𝐻4𝑋𝐶𝑂4)

𝑃𝑉𝑚
·

1000

60
(

𝑊𝑚𝑖𝑛

𝑘𝐽
)    (8) 236 

Where VCO2 and VCH4 are the volumetric flow rate of CO2 and CH4 in the feed gas (in mL/min), 237 
and XCO2 and XCH4 are the conversion of CO2 and CH4, respectively. P is the plasma power (in W) 238 
and Vm is the molar gas volume (24.4 mL/mmol). Finally, the 1000/60 (Wmin/kJ) stands for the 239 
conversion of Wmin to kJ, in order to obtain the same units as in the left-hand side. Dry reforming 240 
produces CO, H2 and unknown amounts of various hydrocarbons from CO2 and CH4, causing an 241 
unknown coefficient of expansion and pressure increase in the outlet gas. The GC however always 242 
samples at a constant ambient pressure, so the gas composition analyzed by the GC has systematic 243 
errors. Therefore, 10 mL/min of N2 was added into the outlet gas (without passing through the 244 
reactor) as an internal standard to correct for this and exclude the errors [47]. The amount of the 245 
components (e.g., CO2,in, CH4,in, H2,out, COout) in the equations (3)–(8) is the amount corrected using 246 
N2 internal standard by the method reported in reference [47], which are also shown in Supporting 247 
Information (SI) as Eq. (S1)–(S3). 248 

3. Results and discussion 249 

3.1 Particle size effect of the dielectric packing on plasma-based dry reforming 250 

The morphology and size of the silica particles were measured by SEM. As shown in Figure 2, 251 
all silica samples were of similar spherical shape with uniform diameters. The diameters of all 252 
measurable spheres (more than 30) on each SEM image were measured to calculate the average 253 
particle size and to plot the particle size distribution. The mean particle sizes were 120 nm, 460 nm, 254 
740 nm, 810 nm, 1130 nm, 1800 nm, and 2390 nm, respectively, and were used to name these 255 
samples. The particle size distribution shown in Figure 2h confirms that all samples were relatively 256 
uniform in size. The uniform size and shape made these samples suitable for studying the effect of 257 
the particle size in plasma-based dry reforming. 258 



 259 
Figure 2. SEM images of (a) Si-120, (b) Si-460, (c) Si-740, (d) Si-810, (e) Si-1130, (f) Si-1800 and (g) Si-260 
2390. (h) Particle size distribution of all samples. 261 

Figure 3 shows the reforming conversion and energy yield for plasma-based dry for the empty 262 
reactor and the packed bed reactor with different sizes of silica spheres, at a constant 20 mL/min 263 
feed gas flow rate (1:1 of CH4 to CO2) and 50 W applied power. Higher or at least comparable 264 
conversions of CH4 and CO2 were obtained for almost all diameters of the silica spheres compared 265 
to the empty reactor. This illustrates that the positive effects of the submicron and micron silica 266 
packing on the conversion were sufficient to compensate or even outweigh its negative effects (e.g., 267 
the reduction in space time) [22,29,32] Moreover, the conversions of CH4 and CO2 first increase 268 
and then decrease with increasing diameter of the silica spheres. The silica spheres with a diameter 269 
of about 740 nm showed the highest conversion. More specifically, the CO2 and CH4 conversion 270 
raised from 20% and 27% in the empty reactor, to 42% and 54%, respectively. Since the 271 
experiments were performed at a constant supplied power and the same gas flow rate (not the same 272 
space time), the specific supplied energy in the empty reactor and for all packed reactors was 273 
constant. Nevertheless, the distribution, number and intensity of the discharges are different, 274 
resulting in different plasma powers at the same supplied power (see Table 2). The rest of the circuit 275 
was the same and each experiment was repeated three times, so we believe the different plasma 276 
power was due to the catalyst or packing and this is an important information for catalyst design. 277 
The portion of the supplied power that was not converted to discharge power was lost in the circuit 278 
as heat or returned to the source as reactive power. The energy yield followed a similar but not 279 
exactly correlated trend as the conversion due to the different plasma power. For example, since 280 



the plasma power generated in the reactor with Si-120 was significantly lower than that of the other 281 
samples, and possibly also due to its larger specific surface area (the effect of which will be 282 
explained below), the energy yield of Si-120 was higher than that of Si-460, hence different from 283 
the conversion trend. The energy yield was improved from 0.116 mmol/kJ to a maximum of 0.252 284 
mmol/kJ for the Si-740 packing. The effect of particle size on conversion included its effect on the 285 
discharge power generated in the reactor, while the energy yield showed the effect of particle size 286 
normalized by plasma power. With such a large effect of the submicron and micron range particle 287 
sizes on the conversion and energy yield, it is clear that non-uniform or inappropriate particle sizes 288 
in some plasma-catalytic studies might have been an important reason for the poor performance of 289 
catalysts in plasma-catalytic conversion [22,26,27].  290 



 291 
Figure 3. Conversion of CH4 and CO2 (left y-axis) and energy yield (right y-axis) in plasma-based dry 292 
reforming, in the empty DBD reactor and the packed reactor with different particle sizes of SiO2 at the same 293 
gas flow rate. The error bars were obtained from standard errors based on three repeat repacking experiments. 294 

Dielectric packing materials such as SiO2, which have been commonly used as supports and 295 
were not considered catalytically active in dry reforming, improve the conversion of plasma-based 296 
dry reforming due to two possible effects. One is the enhanced electric field around the contact 297 
points between the packing particles, resulting from the polarization of the dielectric, which has a 298 
promoting effect on the conversion of CH4 and CO2 [34,35,48]. Another is the surface discharge 299 
on the packing particles. It has been reported that the plasma discharge mode in the DBD reactor 300 
was partially changed by the packing from a filamentary discharge, which is not energy efficient, 301 
to a surface discharge [22,31,37]. Both effects work better for smaller particles, which have more 302 
contact points, smaller void spaces for filamentary discharge (determined by the particle size and 303 
packing density) and a larger external surface area in the same packing volume. The specific surface 304 
areas of the samples measured by N2-sorption are in Table 2. The nitrogen-sorption isotherms are 305 
shown in Supporting Information (SI), Figure S1, which indicates that the SiO2 samples are non-306 
porous particles, except for the Si-120 which may have pores due to particle agglomeration. 307 

However, as mentioned above, the tested conversion and particle size of the SiO2 packing did 308 
not exhibit a simple linear relationship. This is because of the coinciding negative effects of the 309 
packing, which are also more pronounced in smaller particles. Possibly smaller void spaces 310 
between smaller particles limit more the trajectories of the discharge [40]. If the samples were 311 
packed with the closest packing in the reactor, the void spaces between Si-120 samples, with the 312 
smallest particle size, might be only tens of nm, and the plasma cannot even be generated and 313 



propagated in it because it is smaller than the Debye length [43,44]. Although the (sub)micron 314 
particles cannot achieve the closest packing in the reactor by tapping as mentioned above, and the 315 
fact that we have conversion and we see electrical signals characteristic for a discharge in the Si-316 
120 packed reactor also proves that plasma can be generated, either in the void space or as surface 317 
discharges, the propagation of the plasma between the smaller particles is still expected to be more 318 
restricted due to their smaller void spaces. Moreover, the packing reduces the volume of the 319 
discharge space (from 5.27 cm3 to ~ 3 cm3, calculated based on the occupied volume of the amount 320 
and density of SiO2). Therefore, the gas passes through a smaller volume and the space time is 321 
reduced from ~15.8 s to ~ 4 s, which would lower the conversion [28,41]. At space times in the 322 
order of 20 seconds and less, small changes in space time are expected to decrease conversion 323 
substantially as it is further from partial equilibrium conditions [33]. The packing densities of SiO2 324 
particles, calculated from their weight in the discharge space and the volume of the discharge space 325 
in the reactor, are shown in Table 2. The smaller the SiO2 particles, the more they are packed and 326 
the higher the packing density, resulting in a greater negative impact on the discharge. For the silica 327 
spheres with submicron and micron particle sizes used in this study, their positive effects on the 328 
discharge are dominant over the negative effects, so that higher energy yield and higher CH4 and 329 
CO2 conversion can be obtained at the same gas flow rate and power supply. The combined effect 330 
of the positive and negative effects of silica particles results in a first increase and then a decrease 331 
in conversion and energy yield with particle size. 332 

Due to the limited measurement range of the PC connected oscilloscope system and the 333 
fluctuating discharge in the empty reactor, the connection between PC and oscilloscope was always 334 
broken. Hence, the displaced charge, and thus the Lissajous figures, of the empty reactor could not 335 
be obtained. The slopes of Lissajous figures obtained in the DBD reactor filled with SiO2 particles 336 
with different sizes are shown in Figure S2. More detailed data of the discharges, as obtained from 337 
the voltage, charge and current data are listed in Table 2. The plasma power was calculated by 338 
multiplying voltage and plasma current, and the average number of micro-discharges per period 339 
was the number of peaks in the normalized current profile after excluding signal noise [29]. The 340 
raw data of the Lissajous figures and voltage and current profiles for SiO2 with different particle 341 
sizes in a period are shown in Figure S3 and Figure S4. As shown in Table 2, although the 342 
conversion in the empty reactor was lower than in the SiO2 packed reactor, the root mean square 343 
current (RMS current) of the plasma was higher, and the applied peak-to-peak voltage (Upp) 344 
required to achieve the same supply power was lower. The plasma power and number of micro-345 
discharges were also higher in the empty reactor compared to the packed reactor filled with particles 346 
with diameter smaller than Si-810. This indicates that the SiO2 packing hindered the plasma 347 
discharge and maybe partially changed the filamentary discharge mode to surface discharge 348 
[22,31,36,37], and that the plasma discharged more often and was more powerful in the empty 349 
reactor.  350 

The negative effects decreased with increasing particle size, which is also reflected in the 351 
electrical signal data in Table 2. Although there are exceptions, from Si-120 to Si-2390, the plasma 352 
power, plasma current, and number of micro-discharges all have a tendency to increase with 353 
increasing SiO2 particle size, and the required peak-to-peak voltage decreases accordingly. This 354 
means that there is a higher energy input and a higher chance of individual discharges in the packed 355 
reactor with larger particle sizes [49]. It can be noticed from the Lissajous figures that the displaced 356 
charge (vertical distance between two vertices on the right side of the parallelogram) during the 357 
discharge also increased with the particle size. Dividing it by the number of micro-discharges yields 358 
the average filament charge, which characterizes the strength of the discharge. The latter was also 359 
positively correlated with particle size. There was also a rough trend in the slopes on the left and 360 
right sides of the Lissajous figure, which increased slightly with particle size, indicating that the 361 
discharge fraction was larger in the reactor with large particles. These data verify that smaller 362 



particles are not conducive to discharge in DBD reactors, which is one of the reasons why the 363 
conversion and energy yield first increase with increasing particle size. 364 

Table 2. Specific surface area and packing density of the SiO2 spheres with different diameters filled in the 365 
DBD reactor, as well as the electrical characterization data measured and calculated from the recorded signals 366 
of the oscilloscope of the dry reforming experiments. 367 

 

Power 

supplied 

(W) 

Specific 

surface 

area 

(m2/g) 

Packing 

density 

(g/cm3) 

Upp 

(kV) 

Plasma 

power 

(W) 

RMS 

Current 

plasma 

(mA) 

Number of 

micro-

discharges 

(a.u./T) 

Average 

filament 

charge 

(nC/disch.) 

Empty 

reactor 
50.4 / / 18.8 27.4 24.5 75 / 

Si-120 50.3 27 0.97 27.1 22.1 10.6 54 7.5 

Si-460 50.5 6 0.96 23.2 27.2 12.6 70 8.4 

Si-740 50.3 5 0.95 24.8 26.0 12.5 70 7.7 

Si-810 50.7 4 0.95 24.3 27.3 10.8 76 7.0 

Si-1130 50.1 4 0.91 21.0 29.2 16.2 72 10.5 

Si-1800 50.3 3 0.85 20.3 31.3 14.4 80 10.4 

Si-2390 49.7 3 0.84 20.0 31.2 14.3 74 11.0 

 368 

The selectivities of the main products formed in plasma-based dry reforming with the SiO2 369 
spheres of different particle sizes are shown in Figure 4. It should be noted that the carbon and 370 
hydrogen mass balance calculated from the product selectivity does not reach 100% (shown in 371 
Figure S5) because a few possible liquid products and carbon deposits attached to the catalyst 372 
and/or the reactor walls, as well as other gaseous products not calibrated in the gas chromatograph, 373 
could not be counted. As shown in Figure 4a, for all SiO2 particle sizes, the main product was 374 
syngas (CO and H2), and the CO selectivity was always higher than the H2 selectivity (probably 375 
due to the formation of C2H6 and C3H8 or water, as shown in Figure 4 and Figure S5). Comparing 376 
the empty reactor and the packed reactor with silica particles of different sizes, the syngas 377 
selectivity appears to be related to the CH4 and CO2 conversions. Although there was not an 378 
accurate correspondence, there was a general trend that the lower the conversion of CH4 and CO2, 379 
the greater the selectivity to CO and H2, i.e., the selectivity decreases first and then increases with 380 
increasing particle size. The selectivities of C2H6, CH3OH and C2H5OH (Ethanol, EtOH) also 381 
follow this trend (see Figure 4b and 4c). As shown in Figure 4b, the selectivity to C3H8 and C2H4 382 
shows an increasing trend with increasing SiO2 diameter, which might indicate that more micro-383 
discharges or higher plasma power favor the formation of these two products. However, little C3H8, 384 
C2H4 and C2H2 (selectivity below 1%) were produced in the empty reactor despite it also having 385 
more micro-discharges and higher plasma power, probably due to the discharge mode in the empty 386 
reactor being different from the packed reactor. In addition, the voids between particles may also 387 
affect radical recombination and thus selectivity. Although the voids between particles (> tens of 388 
nanometers) are much larger than the diameter of the product molecule, we cannot exclude that 389 
enhanced collision with the surface might play a role. 390 



 391 

Figure 4. Product selectivities in plasma-based dry reforming, in the empty reactor and the packed reactor 392 
with different particle sizes of SiO2 spheres, for (a) CO and H2, (b) ethane, propane, ethylene, acetylene and 393 
(c) methanol, ethanol (EtOH) and dimethyl ether (DME). The error bars were obtained from standard errors 394 
based on three repeat repacking experiments. 395 

3.2 Particle size effect of metal catalysts supports on plasma-based dry reforming 396 

According to the above results, the SiO2 spheres with a diameter of 740 nm show the highest 397 
conversion for both CO2 and CH4, resulting from the combination of the positive and negative 398 



effects of the packing on the discharge. Supported metal catalysts are common traditional dry 399 
reforming catalysts. Therefore, Si-740 was used as a support to prepare metal loaded catalysts of 400 
Cu, Fe and Ni to test their performance in plasma-based dry reforming. The XRD patterns of 401 
catalysts loaded with 5% of the different metals are shown in Figure S6. The dry reforming test 402 
conditions were the same as in Figure 3. The obtained Lissajous figures and detailed electrical 403 
characteristics are shown Figure S7, Figure S8 and Table S1, respectively. Interestingly, as shown 404 
in Figure 5, after loading with metal catalytic active components, the conversion of dry reforming 405 
was not improved in most samples, but decreased. Similar results have been reported in literature 406 
(e.g., [19,30], which could be caused by the interaction between metal and plasma (i.e., changing 407 
surface discharges to local point-to-point discharge [50,51]), which may be detrimental to the dry 408 
reforming. Another possible explanation could be that, the metal catalyzed the reverse reaction of 409 
dry reforming. In the majority of cases of this study, the positive effects of catalytic activity cannot 410 
compensate for the negative effects of metal loading. Among these samples with different metals 411 
and different loadings, Ni5/Si-740 exhibits relatively better performance, and it was the only sample 412 
that improves the conversion of both CH4 and CO2 compared to unloaded Si-740 particles, under 413 
the here applied conditions. Due to the catalytic activity of the metal and its interaction with the 414 
plasma, the role of the supported metal catalyst particles in the plasma-based dry reforming can be 415 
considered complex. Therefore, it is necessary to study whether the effect of the catalyst support 416 
particle size on the plasma-based dry reforming is still following the same trend as the pure silica 417 
packing.   418 



 419 

Figure 5. Conversion of CH4 and CO2 in plasma-based dry reforming of Si-740 without metal (benchmark – 420 
horizontal dashed line), and with different metals and loadings. The error bars were obtained from standard 421 
errors based on three repeat repacking experiments. 422 

Silica spheres with all diameters were loaded with 5 wt % Ni and their catalytic performance 423 
for plasma-based dry reforming was tested. The test conditions were the same as in Figure 3. The 424 
diameter of the particles with Ni (Figure S9) was found not to have changed significantly compared 425 
to the pure SiO2 particles. The XRD patterns and O2-TPO of Ni-loaded samples are shown in Figure 426 
S10 and Figure S11, respectively, and they do not show an obvious difference and trend for 427 
different support particle sizes. Hence, any differences observed in the plasma are most likely 428 
originating from differences in particles sizes. The variation of packing density (see Table 3 below) 429 
caused by the particle size is similar to that of the SiO2 spheres without nickel loading. As shown 430 
in Figure 6, similar to the unloaded silica particles, the conversion of CO2 and CH4 (including the 431 
effect of particle size on plasma power) and energy yield (showing the particle size effect 432 
normalized by plasma power) first increased and then decreased with increasing support particle 433 
size. The catalyst with support diameter of 740 nm still shows the best performance: it improves 434 
the CO2 and CH4 conversion from 20% and 27% in the empty reactor, to 44% and 55%, respectively. 435 
The energy yield reaches 0.271 mmol/kJ with the Ni5/Si-740 catalyst. Furthermore, not all sizes of 436 
supported Ni/SiO2 catalysts perform better than the unloaded silica particles (see Figure 3, also 437 
shown as dot lines in Figure 6). The conversion of dry reforming for Si-460, Si-740, and Si-1800 438 
was improved after 5% Ni loading, but it decreased for Si-120, Si-810, Si-1130, and Si-2390 439 



(relatively small changes for Si-120, Si-740 and Si-1800, less than 5%). The metal loading of 440 
differently sized particles not only changes the catalytic dry reforming activity of the silica particles, 441 
but also affects the plasma discharge [36,52]. The presence of the metal might enhance the electric 442 
field and electron density further in the proximity of the particle contact points, partially 443 
transforming the surface streamer discharges of the plasma on the dielectric into point-to-point 444 
local discharges [51,53,54]. Due to the size-dependent differences in properties, such as the number 445 
of contact points, void space and surface area, it could create a difference so that the effect of the 446 
interaction between metal and plasma was positive or negative on dry reforming, for particles with 447 
different diameters. Therefore, the change in conversion resulting from metal loading (i.e., the 448 
combined effect of metal catalytic activity and metal-plasma interaction) can be expected different 449 
for catalysts with different particle sizes. However, this change did not affect the trend of the 450 
material performance in function of particle diameters in our study. Which hints to a smaller, 451 
superimposed effect on plasma properties of the metal loaded packing compared to the impact of 452 
the size of SiO2 support, while chemical effects can still play an important role (see the changes in 453 
selectivity). The particle diameter of the packing/ support therefore is indeed an important factor in 454 
plasma-based dry reforming, even in supported metal catalysts. 455 

 456 

Figure 6. Conversion of CH4 and CO2 (left y-axis) and energy yield (right y-axis) in plasma-based dry 457 
reforming with 5 wt % Ni loading on different particle sizes of SiO2. The error bars were obtained from 458 
standard errors based on three repeat repacking experiments. 459 

The discharge data from the tests of the supported Ni catalysts in Figure 6 are listed in Table 3 460 
(the raw voltage and current profiles are shown in Figure S12), and the slopes and raw data of 461 



Lissajous figures are shown in Figure S13 and Figure S14. It can be noticed from the table that the 462 
plasma current and average filament charge have no obvious trend with particle size, while other 463 
parameters, including plasma power, number of micro-discharges and peak-to-peak voltage, still 464 
follow a similar trend to those of the unloaded SiO2, but with smaller differences. That is, the 465 
hindering effect of catalyst packing on the filamentary discharge decreases with increasing particle 466 
size, while less surface discharge might take place [22,31,36,37]. Compared with the pure SiO2, 467 
the number of micro-discharges of the Ni-loaded SiO2 catalyst particles increased for all sizes, 468 
which could be attributed to the change of the plasma discharge induced by the metal, i.e., from 469 
surface discharge to point-to-point local discharge [50,51]. 470 

Table 3. Packing density of SiO2 particles in the DBD reactor and electrical characterization data 471 
measured and calculated from the recorded signals of the oscilloscope of the dry reforming experiments with 472 
5 wt % Ni loading on different particle sizes of SiO2.  473 
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Packing 
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Upp 

(kV) 

Plasma 
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(W) 
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Current 

plasma 

(mA) 

Number of 

micro-

discharges 

(a.u./T) 

Average 

filament 

charge 

(nC/disch.) 

Ni5/Si-120 50.6 0.93 25.2 24.5 11.9 75 8.0 

Ni5/Si-460 50.5 0.94 24.1 26.8 12.3 72 8.2 

Ni5/Si-740 50.0 0.92 25.4 25.0 11.4 79 6.4 

Ni5/Si-810 50.5 0.93 23.1 26.7 14.0 79 9.2 

Ni5/Si-1130 50.3 0.89 22.9 27.8 12.2 83 8.6 

Ni5/Si-1800 50.3 0.85 21.5 30.1 12.8 91 8.4 

Ni5/Si-2390 50.0 0.85 21.3 30.2 12.6 83 9.2 

 474 
The product selectivities of Ni5/SiO2 catalysts with different support particle sizes are shown in 475 

Figure 7, and the carbon and hydrogen mass balances calculated from the product selectivity are 476 
shown in Figure S15. Compared with unloaded pure SiO2, the selectivity trend of Ni5/SiO2 is not 477 
obvious. Although some products, such as C2H6 and CH3OH, still roughly follow a similar 478 
selectivity trend to the unloaded SiO2, the differences between catalysts with different support 479 
diameters are not large (note the difference in Y-axis in Figure 7 versus Figure 4). This may be due 480 
to the reduced differences in electrical characteristic and the influence of metal catalytic activity on 481 
the reaction path [20,55-57]. The particles with different particle sizes support the same mass 482 
fraction of metal Ni, which might reduce the difference in product selectivity. 483 

In addition, the stability of dry reforming performance of Si-740 and Ni5/Si-740 was studied. 484 
As shown in Figure S16a, the conversion (CO2 and CH4) changes of both Si-740 and Ni5/Si-740 485 
were less than 2% in 12 h DRM test. Figure S16b shows the TGA-DTG results of Si-740 and 486 
Ni5/Si-740 before and after 12 h plasma dry reforming. As shown in Figure S16b, used Si-740 lost 487 
less weight from 30 ℃ to 110 ℃ than fresh Si-740, indicating less water absorption on the surface 488 
of used Si-740. The weight change of Si-740 before and after DRM is almost the same after 110 ℃. 489 
The Ni5/Si-740 before and after DRM also showed almost the same TGA curve. These indicate 490 
little carbon deposition on both Si-740 and Ni5/Si-740 during the 12 h DRM. 491 



 492 

Figure 7. Product selectivities in plasma-based dry reforming with 5 wt % Ni loading on different particle 493 
sizes of SiO2 spheres, for (a) CO and H2, (b) ethane, propane, ethylene and acetylene, and (c) methanol, 494 
ethanol (EtOH) and dimethyl ether (DME). The error bars were obtained from standard errors based on three 495 
repeat repacking experiments.  496 



4. Conclusion 497 

In contrast to literature describing millimeter-sized packing materials, we synthesized uniform 498 
(sub)micron SiO2 spheres, ranging from 120 nm to 2390 nm in diameter, to be used as packing in 499 
DBD plasma-based dry reforming, and we deposited metals on these SiO2 particles to prepare 500 
supported catalysts. We found that due to their larger positive effect on the plasma discharge, 501 
packing the DBD reactor with uniform submicron and micron SiO2 spheres (including both SiO2 502 
with or without metal loading) can achieve an increase in both conversion and energy yield of 503 
plasma-based dry reforming, from 20% CO2 conversion, 27% CH4 conversion and 0.116 mmol/kJ 504 
energy yield in the empty reactor, to a maximum of 44% CO2 conversion, 55% CH4 conversion 505 
and 0.271 mmol/kJ energy yield. The metal loading does not necessarily improve the dry reforming 506 
performance, and it may even reduce the CH4 and CO2 conversion due to the interactions between 507 
metal and plasma, even at small wt%. 508 

We investigated the influence of packing/catalyst support particle size. We found that due to the 509 
balance between the promoting effects (e.g. enhancement of local electric field, change of discharge 510 
mode) and the hindering effects (e.g. restriction of the filament path and reduction of the space 511 
time) of the particle filling on the plasma discharge, the conversion of plasma-based dry reforming 512 
first increase and then decrease with increasing particle size. There is an optimal particle size 513 
(possibly sub-micron), which may be different with different materials or reactor configurations, 514 
to maximize the conversion of CO2 and CH4. In this study, both pure SiO2 spheres and 5 wt % Ni-515 
loaded SiO2, particles with a diameter of 740 nm exhibit the best performance. The particle size 516 
affects not only the conversion, but also the selectivity to various products. The effect on the 517 
selectivities may be attenuated by the metal loading as less influence on selectivity in function of 518 
particle size was observed. 519 

In summary, submicron and micron silica spheres show good performance for plasma-based dry 520 
reforming either as dielectric packings or catalyst supports, and the particle size exhibits an 521 
important effect. It is important for plasma catalysis reactions in general to find a suitable particle 522 
size, as this can largely affect the performance. A suitable catalyst/packing particle size for plasma-523 
based processes in DBD reactors might be in the sub-micron range, due to its large modification to 524 
filamentary discharge, rather than the millimeter-scale particles commonly used in the literature 525 
and in industrial applications. Moreover, plasma-catalyst interactions and discharge effects must 526 
be taken into account in the selection of active elements, as important negative effects might be 527 
present after active element loading. 528 
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