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Abstract 11 

The effect of pore size on plasma catalysis is crucial but still unclear. Studies have shown 12 

plasma cannot enter micropores and mesopores, so catalysts for traditional thermocatalysis may 13 
not fit plasma catalysis. Here, 3D porous Cu and CuO with different pore sizes were prepared 14 

using uniform silica particles (10–2000 nm) as templates, and compared in plasma-catalytic dry 15 

reforming. In most cases, the smaller the pore size, the higher the conversion of CH4 and CO2. 16 
Large pores reachable by more electrons did not improve the reaction efficiency. We attribute this 17 

to the small surface area and large crystallite size, as indicated by N2-sorption, mercury intrusion 18 
and XRD. While the smaller pores might not be reachable by electrons, due to the sheath formed 19 

in front of them, as predicted by modeling, they can still be reached by radicals formed in the 20 
plasma, and ions can even be attracted into these pores. An exception are the samples synthesized 21 
from 1 μm silica, which show better performance. We believe this is due to the electric field 22 

enhancement for pore sizes close to the Debye length. The performances of CuO and Cu with 23 
different pore sizes can provide references for future research on oxide supports and metal 24 

components of plasma catalysts. 25 

Keywords: Plasma catalysis; Dry reforming; 3D porous catalysts; Effect of pore size; 26 

Dielectric barrier discharge reactor 27 

 28 

1. Introduction 29 

Plasma catalysis is considered a promising alternative to various traditional chemical 30 

processes, such as the decomposition of gaseous pollutants and the synthesis of organic chemicals 31 
[1-3]. CO2 reforming of methane (dry reforming) is one of the attractive processes among them 32 
since it simultaneously utilizes two greenhouse gases (CH4 and CO2), which can come from 33 

sustainable resources such as biogas, to produce fuels and chemical products [4-9]. Due to the 34 
low chemical reactivity of CH4 and CO2, the classical thermocatalytic reaction requires a high 35 

temperature (at least 800 ℃) to provide sufficient energy to activate them, which leads to 36 
problems like energy loss and deactivation of the catalysts [10-15]. These problems can be 37 
overcome by non-equilibrium plasma, since it allows the reaction to proceed at relatively low 38 

temperatures (lower than 250 ℃) [16-18]. The high-energy electrons produced by plasma can 39 
break the stable chemical bonds of CH4 and CO2, while the gas molecules themselves can remain 40 

close to room temperature, hence the term “non-equilibrium plasma” [19-21]. A popular type of 41 



 

 

non-equilibrium plasma reactor is the dielectric barrier discharge (DBD) reactor, which is 42 
straightforward to be combined with a catalyst. Moreover, it is easily to be applied in the 43 

chemical industry because it can be operated at ambient temperature and atmospheric pressure 44 

[22-26]. 45 

A DBD reactor operating in CO2/CH4 mixtures is typically in filamentary discharge mode, 46 
composed of a large number of independent micro-discharge filaments, which is greatly affected 47 
by the size and geometry of the reactor, as well as by the packing materials and catalysts filled in 48 

the reactor [27-30]. Therefore, the interaction between the plasma and the catalyst must be taken 49 
into account to study the plasma-catalytic dry reforming, not only the reaction process of feed gas 50 

molecules and the catalyst. Moreover, the reactant gas in the plasma state may exhibit quite 51 
different properties than in thermal reactions. Hence, the role played by the catalysts is more 52 

complicated than in thermal catalysis and is still not entirely clear. 53 

The catalysts used in the existing studies are often the same as or slightly modified from the 54 
catalysts for traditional thermocatalytic dry reforming. Some studies reported that the catalyst had 55 

a synergistic effect with the plasma to promote the conversion of CH4 and CO2. For example, 56 
Vakili et al. [31] deposited Pt nanoparticles on the metal-organic framework material UiO-67 57 

MOF as a catalyst, which enhanced the conversion of CH4 and CO2 in the diluted feed gases 58 
(5000 ppm). Zeng et al. [32] studied γ-Al2O3 supported transition metals (Ni, Mn, Co, Cu), and 59 
found that compared with only plasma in an empty reactor, filling pure γ-Al2O3 or γ-Al2O3 60 

supported transition metal catalysts in the reactor yielded an improvement in the conversion of 61 
CH4 (maximum increase was from ~14% to ~20%), although the conversion of CO2 slightly 62 

decreased (from ~10% to ~9%). However, more studies showed inverse effects of the catalysts on 63 
plasma dry reforming, especially for those experiments using undiluted feed gases [33,34]. Wang 64 
et al. [18] also used a γ-Al2O3 support loaded with the same transition metal Cu as Zeng et al.. 65 

Moreover, also noble metals (Au, Pt), which are generally considered to be more active for dry 66 
reforming, were used as active ingredients [18,35]. However, due to the inhibition of the 67 

discharge by the catalysts, both the γ-Al2O3 with and without supporting metals reduced the 68 
conversion of CH4 and CO2 compared to the plasma reaction in an empty reactor, although the 69 
selectivity of some products was improved. Michielsen et al. [36] and Andersen et al. [37] 70 

reported that if keeping the same space time as the empty DBD reactor, packing materials and 71 
catalysts do have positive effects on the dry reforming (DRM) reaction. However, the (catalytic) 72 

packing material decreased the discharge volume in the reactor, leading to a shorter space time in 73 
the plasma. For some materials, the promotion of the DRM reaction due to the catalytic activity 74 
or electric field enhancement of the packing could not compensate for the decreased conversion 75 

caused by the loss in volume. In short, since there are so many factors affecting the interaction 76 
between catalyst and plasma, a wide variety of very different research results on plasma-catalytic 77 

dry reforming have been published in literature, even for similar packing materials. However, a 78 
general observation is that the majority of porous catalysts did not show an improvement in 79 

plasma catalysis [38]. 80 

In order to study how porous materials affect the plasma in a DBD reactor, some researchers 81 
have simulated the behavior of plasma streamers in catalyst pores. Zhang et al. [39-42] studied by 82 

modeling whether plasma can enter catalyst pores. Their simulations showed that plasma could 83 
only be generated or penetrate into pores that are larger than the so-called Debye length, which is 84 

hundreds of nanometers at typical plasma-catalytic conditions. However, the porous materials 85 
applied as catalyst supports in the existing plasma-catalytic dry reforming studies were usually 86 
only with micropores or mesopores smaller than 10 nm. Hence, these are much smaller than the 87 

pore size in which plasma can be formed. Although microporous or mesoporous materials show 88 
good performance in traditional thermocatalytic dry reforming, because of their large specific 89 



 

 

surface area, the surface area resulting from the small pores might be ineffective for plasma 90 
reactions according to the simulation of Zhang et al. However, if the micropores and mesopores 91 

were ineffective for plasma reactions, the question arises what then caused the improved 92 
conversion in plasma-catalytic dry reforming, reported in those papers applying microporous or 93 

mesoporous catalysts? 94 

In many papers, only part of the DBD reactor space was packed with a little catalyst, to 95 
promote conversion of dry reforming by catalysts, although they might not mention or study this 96 

[32,43,44]. Tu et al. reported that instead of packing the catalyst particles into the entire discharge 97 
gap, packing a small amount of catalyst into a part of the gap improved the conversion of dry 98 

reforming [38]. Ray et al. studied the performance of Ni-Mn/γ-Al2O3 bimetallic catalyst for dry 99 
reforming, and found that the reactant conversion of full catalyst packing and 50% catalyst 100 
packing in a DBD reactor were similar to or even worse than that without catalyst, while 25% 101 

catalyst packing showed the best performance among all conditions [45]. They suggested that the 102 
reduction of discharge in DBD reactors, resulting from catalyst particle packing, is the reason that 103 

a partially packed or empty reactor has better performance than a full catalyst packed one. 104 
Furthermore, the conclusion of Zhang et al. [39-42] that the plasma cannot enter or be formed in 105 

the pores of microporous or mesoporous materials (e.g. γ-Al2O3) is another reason that a catalyst 106 
packing greatly reduces the plasma volume. It is reasonable that the more catalyst filling, the 107 
greater the negative effect on the plasma reaction. However, the dry reforming performance of 108 

some partially packed reactor (e.g. 25% Ni-Mn/γ-Al2O3 packing) is better than that of an empty 109 
reactor, which implies that the catalyst also has a positive effect on the plasma dry reforming in 110 

some way, even if the pores are unreachable to plasma. There is a balance between this positive 111 
effect and the negative effect of catalyst packing, which is the reason for the better conversion in 112 
partially packed reactors. However, this partial packing method is a compromise between catalyst 113 

and plasma. It reduces the negative effect of catalyst on the plasma, but also means that neither 114 
the plasma nor the catalyst can be fully utilized. Since one of the negative effects of catalysts on 115 

plasma is caused by the small pore size, a potential way is to apply catalysts with larger pores into 116 
which the plasma can enter, to see if it can maintain the positive effects of the catalysts while 117 
decreasing the negative effects of catalyst particles on plasma discharge. In addition, although the 118 

micropores and mesopores are ineffective for plasma discharge, their comprehensive effects on 119 
the plasma dry reforming processes are unknown. In order to truly combine the advantages of the 120 

catalyst and plasma reaction, and to know the right future research direction of the catalyst for 121 
plasma reactions, it is crucial to study the role of catalyst pores and the effect of pore size in 122 

plasma-catalytic dry reforming. 123 

Some studies compared different catalyst supports that may possess different pore sizes, but 124 
they were limited to materials with pores of a few nanometers, while the larger plasma-reachable 125 

pores have rarely been studied [46-48]. Moreover, since the difference in materials, structures and 126 
properties of different supports resulted in too many interference factors, it is impossible to 127 

conclude the effect of the pore size on plasma dry reforming from these studies. 128 

In the present paper, we thus synthesized catalysts of the same material with different pore sizes 129 
in the range of a few nanometers to micrometers and studied their performance for dry reforming 130 

in a DBD plasma reactor. Since the common porous supports or porous structure preparation 131 
process cannot adjust the pore sizes in such a large span, silica spheres with different diameters 132 

were prepared first as templates and then removed by etching to get 3D porous catalysts with 133 
different and controlled intraparticle pore sizes, as shown in Figure 1. The size of interparticle 134 
voids resulting from particle packing is not the focus of this work and did not vary significantly 135 

between samples. In existing studies, various metals, such as Pt, Au, Rh, Ru, Cu, Ni, etc., are 136 
typical active components of plasma dry reforming catalysis [18,37,45,49]. Noble metals usually 137 



 

 

have higher catalytic activity, but considering the cost of these catalysts and their presence on the 138 
critical raw material list, more abundant metals such as Cu and Ni are more promising research 139 

targets. In this work, copper was applied as the metal active ingredient, and unreduced copper 140 
oxide was also investigated as an example of a material with a certain dielectric constant. The 141 

porous structured samples consisted of pure copper or copper oxide without any support, so the 142 
influences of the supports (e.g. metal-support effects, alkalinity of the supports) do not have to be 143 

considered in this study, in contrast to literature studies using porous supported catalysts. 144 

 145 

 146 

Figure 1. The process for the 3D porous catalysts synthesis (left), and explanation of the interparticle voids and 147 
intraparticle pores (right). 148 

2. Experimental 149 

2.1. Preparation of the 3D porous catalysts 150 

Ammonia solution (wt % = 25 %), tetraethyl orthosilicate (TEOS) and ethanol were purchased 151 

from Sigma-Aldrich. Copper nitrate trihydrate was purchased from Acros. 152 

2.1.1. Preparation of SiO2 spheres template 153 

The silica spheres were synthesized by a modified Stöber method from our previous study 154 

[50]. A certain amount of ammonia solution was dissolved in deionized water. The solution was 155 
agitated gently at 20 ℃ and 200 mL tetraethyl orthosilicate was added into it. Then, we kept 156 
stirring the mixture at the same temperature for 24 h. The silica spheres were obtained after 157 

centrifugation and drying at 80 ℃ for 24 h. The different ratios of ammonia to water were used to 158 
adjust the diameter of the silica spheres. Silica particles with diameters of about 10 nm, 50 nm, 159 

100 nm, 600 nm, 1 and 2 μm were synthesized as templates for the next step of impregnation. 160 

2.1.2. Impregnation and etching of metal ingredients 161 

The silica samples were calcined at 800 ℃ for 12 h to interconnect the spheres. Excess copper 162 
nitrate (twice the mass of silica) was dissolved in ethanol and subsequently the silica was added. 163 
The mixture was left without agitation for 48 hours to complete the impregnation. Then, the solid 164 



 

 

product was dried in an oven at 80 ℃ for 24 h. The resulting sample was calcined in a crucible at 165 
650 ℃ to decompose the nitrate species. Finally, the silica template was removed by etching with 166 

2 M NaOH aqueous solution at 80 ℃ for 5 h. After washing to neutral and drying at 80 ℃, the 167 

3D porous metal oxide was obtained.  168 

The samples were denoted by the diameter of the silica particles used in the impregnation. For 169 
example, copper oxide synthesized using 10 nm and 2.5 µm silica particles as templates were 170 
denoted as CuO-10 and CuO-2500, respectively, and if reduced with H2 before plasma testing, 171 

the catalysts are denoted as Cu-10 and Cu-2500, respectively. 172 

2.2. Characterization of the catalysts 173 

X-ray powder diffraction (XRD) was applied to characterize the crystal phases of all the CuO 174 
samples. The measurements were performed by a D8 advance Eco diffractometer with Cu-Kα 175 
radiation (λ= 1.5406 Å) at a scanning range of 10–80° 2θ and a scanning rate of 0.04°/4 s. The 176 

XRD patterns of all the samples were normalized by dividing every peak by the most intense 177 

peak to get relative intensities. 178 

The scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) 179 
were used to investigate the topography and surface composition of the samples. They were 180 

carried out by the FEI Quanta ESEM FEG 250 field emission microscope with an EDX detector 181 

operating at 20 kV. 182 

Nitrogen sorption was used to study the pore size (< 50 nm) and specific surface area of the 183 

samples. The measurements were carried out on a Quantachrome Quadrasorb SI automated gas 184 
sorption system. The samples were degassed for 16 h under high vacuum at 200 ℃ before the N2-185 

sorption measurements. The temperature was kept at -196 ℃ by liquid nitrogen during the N2-186 
sorption. The surface area was determined by the multi-point Brunauer–Emmett–Teller (BET) 187 
method and the pore size distribution was determined by non-local density functional theory 188 

(NLDFT) on the adsorption branch. 189 

Mercury porosimetry was applied to study the macropores (> 50 nm). The mercury 190 

porosimetry was executed on a Themo Electron Corporation Pascal 140 + 240 series, operating in 191 
2 different pressure regimes. Prior to mercury intrusion the samples were vacuum dried for 10 192 

minutes. 193 

Diffuse reflectance infrared Fourier transform (DRIFT) spectrometry was performed with a 194 
resolution of 4 cm−1 and the accumulation of 100 scans, on a Nicolet 6700 Fourier Transform IR 195 

spectrometer, to study the surface groups of the CuO samples. The samples for the measurements 196 
were diluted by KBr to 0.5 wt%, and pure KBr was used as a background. The spectra were 197 

obtained after stabilizing for 30 min with 80 mL/min of Ar flushing at room temperature. 198 

Hydrogen-temperature programmed reduction (H2-TPR) and oxygen-temperature programmed 199 
oxidation (O2-TPO) were combined to check if the CuO samples were reduced completely in the 200 

tube furnace when Cu was needed for the dry reforming test. The measurements were carried out 201 
on the ChemStar TPX Chemisorption Analyzer. First, the samples were degassed at 350 ℃ for 2 202 
h with 50 mL/min pure He flushing. After cooling down to 50 ℃, the first O2-TPO was carried 203 

out from 50 ℃ to 800 ℃ with 10 ℃/min ramping rate, under 5% O2/He at a flow rate of 50 204 
mL/min. After cooling down to 50 ℃ again, the H2-TPR was performed to 800 ℃ with 205 

10 ℃/min ramping rate, under 50 mL/min of 5% H2/Ar. The second O2-TPO was done with the 206 

same procedure as the first one after cooling down. 207 



 

 

Thermogravimetric analyses (TGA) were performed on a Mettler Toledo TGA-DSC 3+ in a 208 

continuous 80 mL/min flow of O2. A heating rate of 10 ℃/min from 30 ℃ to 800 ℃ was applied. 209 

2.3. Plasma-catalytic performance test of the catalysts 210 

2.3.1. Set-up of the DBD reactor 211 

A fixed bed DBD reactor as illustrated in Figure 2 was applied to study the plasma-catalytic 212 
performance for dry reforming of the catalysts with different pore sizes. The inner electrode was a 213 
stainless steel rod with outer diameter of 13 mm. An alumina dielectric tube with 21.8 mm outer 214 

diameter and 17.41 mm inner diameter was coaxially placed over the stainless steel rod as a 215 
dielectric barrier, so the discharge gap between the inner electrode and dielectric barrier was 216 

about 2.2 mm. A stainless steel mesh was used as outer electrode by tightly winding it on the 217 
outside of the alumina tube. The length of the outer electrode, which determines the length of the 218 
discharge zone, was 10 mm. 4 g of catalyst powder was filled in the whole plasma zone with 2 g 219 

glass wool at both sides to fix the powder. The tapped volume of 4 g of samples was larger than 220 
the volume of the discharge space (1.05 mL), to avoid the possible effect of glass wool on both 221 

sides on the discharge. Moreover, in order to measure the weight filled in the discharge space to 222 
calculate the packing density, the particles were repacked in an amount that just fills the discharge 223 

space of the reactor. 224 

The inner electrode was grounded, and the outer electrode was connected to a high voltage 225 
supplied by a function generator (Tektronix, AFG 2021) and a high voltage amplifier (TREK, 226 

Model 20/20C-HS). The generator provided a signal with a frequency of 3000 Hz, and the 227 
amplifier amplified the input signal by 2000. A high-voltage probe (Tektronix, P6015A) was used 228 

to measure the voltage, and a Rogowski coil (Pearson 4100) was used to monitor the current. The 229 
current profile was filtered by applying a Savitzky-Golay filter of polynomial order 3 to exclude 230 
the signal noise [28]. The number of peaks per period in the current profile, after excluding signal 231 

noise, was used to study the number of micro-discharges in this study. It should be noted that this 232 
is not the exact number of discharges that occurred in the reactor, since the discharges might have 233 

occurred simultaneously, while only one peak of current was shown in the current profiles. In 234 
addition, some small discharges might be excluded as signal noise. However, multiple collections 235 
of current data and an average value of the number of current peaks can be used to compare and 236 

study the effects of different samples on the discharge even though the obtained numbers should 237 
not be interpreted as absolute but as apparent values. The charge in the plasma was monitored by 238 

a capacitor (10 nF) connected in series and a low-voltage probe (Picotech, TA150) connected in 239 
parallel with it. The displaced charge was obtained from it by taking the detected charge 240 
difference before and after discharge. All the signals were collected by an oscilloscope (Picotech, 241 

Picoscope 6402D) and shown on a PC. The data was calculated in real time to adjust the 242 
amplitude of the input signal from the amplifier, in order to keep the power of the power supply 243 

constant at 50 W. The calculation and counting of electrical parameters are done automatically by 244 

a MATLAB script. 245 

2.3.2. Catalyst performance evaluation 246 

The copper oxide was filled and tested directly in the reactor. However, to evaluate the copper 247 
samples, the copper oxide powder was reduced in a tube furnace (Carbolite Gero TF1 12/60/300) 248 

with 250 mL/min of 2% H2/Ar gas flow at 450 ℃ for 8 h before being packed into the reactor. 249 

The reduction temperature of CuO was 450 °C which is determined by H2-TPR.  250 



 

 

For the plasma-catalytic dry reforming test, the feed gas consisted of 5 mL/min of CH4 and 5 251 
mL/min of CO2, and the flow rate was controlled by mass flow controllers (Bronkhorst EL-252 

FLOW Select). 10 mL/min of N2 was added in the outlet gas as internal standard to exclude the 253 
impact of the gas expansion. The product gases from the reactor outlet were analyzed by an 254 

online gas chromatograph (Trace GC 1310, Interscience) equipped with a thermal conductivity 255 
detector (TCD) and a flame ionization detector (FID). Thermocouples were used to measure the 256 
temperature of the external electrodes and the gas at the outlet (about 10 cm from the discharge 257 

space) of the reactor. In all our experiments, the gas temperature at the outlet of the reactor was 258 
about 20–25 ℃, and the temperature of the external electrode was about 50 ℃. Also, Van 259 

Turnhout et al. recently presented a novel method to determine the temperature of the catalyst 260 
surface, and revealed that the plasma-induced temperature rise in a DBD reactor is limited (≤ 261 
150 ℃) [51]. It might always be possible that the temperature in the reactor is higher at some 262 

places (local hot spots) and dependent on the type of packing material and operating conditions; 263 
however, since thermal dry reforming hardly takes place below 300 ℃ [38], we can consider that 264 

the conversion of CH4 and CO2 in our reactor is mainly due to the plasma reaction. After flushing 265 
the filled reactor with the feed gas for 30 minutes without plasma, the composition of the outlet 266 

gas was analyzed and recorded as blank measurements, and the amount of CO2 and CH4 were 267 
denoted as CO2,in and CH4,in respectively. Then, the power was applied to generate plasma, and 268 
kept at 50 W for 30 minutes. The gases generated and unconverted feed gas after 30 min were 269 

analyzed and their amounts were marked with “out”, i.e., CO2,out, CH4,out, H2,out, COout and 270 

CxHyOz,out. The conversion of CO2 and CH4 are calculated by Eq. (1) and Eq. (2) 271 XCO2 =  CO2,in − CO2,outCO2,in  · 100%       (1) 272 

XCH4 =  CH4,in − CH4,outCH4,in  · 100%       (2) 273 

The selectivity (S) of the products are defined by Eq. (3) to Eq. (5) 274 SH2 =  H2,out2 × (CH4,in − CH4,out)  · 100%       (3) 275 

SCO =  COout(CH4,in − CH4,out) + (CO2,in − CO2,out)  · 100%     (4) 276 

SCxHyOz =  x × CxHyOz,out(CH4,in − CH4,out) + (CO2,in − CO2,out)  · 100%    (5) 277 

The energy yield (EY) of the reaction was defined as the amount of CO2 and CH4 that can be 278 

converted per kJ of input energy, as shown in Eq. (6) 279 EY (mmol/kJ) =  (VCO2XCO2+VCH4XCO4)PVm  · 100060 (WminkJ )     (6) 280 

Where VCO2 and VCH4 are the volumetric flow rate (in mL/min) of CO2 and CH4 in the feed gas. 281 
Vm is the molar gas volume (24.4 mL/mmol) and P is the plasma power (in W). The factor 282 

1000/60 (Wmin/kJ) is to convert the unit from Wmin to kJ. 283 

The DRM reaction produces CO, H2 and various hydrocarbon products, resulting in the 284 
expansion with an unknown coefficient and pressure rise of the outlet gases. The GC always 285 

depressurizes the gases to ambient pressure during sampling, so the direct calculation of 286 



 

 

conversion and selectivity from gasout and gasin obtained by the GC will have systematic errors. 287 

Therefore, 10 mL/min N2 flow was applied as the internal standard to reduce the errors [52].  288 

 289 

Figure 2. DBD reactor setup for the dry reforming of methane. 290 

3. Results and discussion 291 

3.1. Structure and properties of the catalysts 292 

The normalized XRD patterns of the 3D porous CuO samples, synthesized from silica 293 
particles of different sizes, are shown in Figure 3, and the original XRD patterns are shown in 294 

Figure S1 in Supplementary Material. A sample with copper oxide loading but without etching 295 
away the SiO2 is also characterized by XRD for comparison. It is obvious that a broad peak 296 

attributed to (111) reflection of SiO2 is detected at 2θ = 21.60° in the sample without etching, 297 
while it is no longer present in all etched porous copper oxide samples. The diffraction peaks at 298 
other angles, such as the peaks at 2θ = 32.51°, 35.42°, 38.71°, 48.72°, 53.49°, 61.52°, 66.22°, 299 

68.12°, 72.37°, and 74.98° are indexed to the (1 1 0), (0 0 2), (1 1 1), (2 0 -2), (0 2 0), (1 1 -3), (3 300 
1 -1), (2 2 0), (3 1 1), and (0 0 4) crystal planes of Tenorite CuO (JCPDS 48-1548). These peaks 301 

get sharper with the increase of particle size of the applied SiO2 template during the syntheses 302 
(from CuO-10 to CuO-600), suggesting that the crystallinity and crystallite size of CuO is getting 303 
higher owing to the CuO sintering by calcination at 650 ℃. When smaller silica particles are used 304 

as templates, the gaps between the particles are smaller, which restricts the growth of crystallites, 305 
resulting in smaller grains of copper oxide and thinner pore walls. On the contrary, thicker pore 306 

walls and larger copper oxide crystallites are obtained when larger silica particles are used as 307 
templates. The crystallinity and crystallite size of the CuO-600, CuO-1000 and CuO-2000 is 308 

similar, and no longer increase significantly with increasing particle size of the SiO2 template.  309 



 

 

 310 

Figure 3. The normalized XRD patterns of the 3D porous CuO samples. 311 

SEM measurements were carried out to observe the morphology and pore sizes of the 3D 312 

porous CuO samples, and the images are shown in Figure 4. All the samples in the figure show 313 
spherical pores with relatively uniform size. According to the design of the synthesis process 314 

shown in Figure 1, the pores should be connected, and the holes in the pore walls observed in 315 
Figure 4 fit that. EDX analysis proves that the silica particles can be etched away successfully by 316 
NaOH solution (see Table S1 in Supplementary Material) as less than 0.5% Si is left on the 317 

surface of CuO. 30 measurable pores in the SEM images were measured to get the average pore 318 
size of the samples, and it was found that the pore size of the samples were slightly smaller than 319 

the diameter of the corresponding silica particle templates used in the synthesis. The mean 320 
diameter of CuO-100, CuO-600, CuO-1000 and CuO-2000 are about 82 nm, 574 nm, 937 nm, 321 
and 1891 nm, respectively. The smaller diameter is probably caused by shrinkage of the pores 322 

during the calcination at 650°C and/or the etching of silica spheres. The pore size of CuO 323 
synthesized from 10 nm and 50 nm silica particles were too small to be observed by scanning 324 

microscopy, but their pore size can be characterized and calculated by N2-sorption, by which 325 
more comprehensive pore diameter data of the samples can be obtained, including information of 326 

the bulk of the pores (adsorption branch) and the pore necks (desorption branch). A closer look 327 
inside the pores reveals that the junctions between the spherical pores (i.e. pore necks) are smaller 328 
in size than the diameter of the spherical pores themselves. This can be more clearly observed in 329 



 

 

the CuO SEM images of the larger pores. This is reasonable because the size of the contact 330 
surface between the template silica spheres was smaller than the diameter of the spheres 331 

themselves. The shape of the pores is a stack of multiple hollow spheres, rather than a cylindrical 332 
channel. The SEM images of CuO-100, CuO-600, CuO-1000 and CuO-2000 were only used to 333 

measure the diameter of the pore bodies, not the size of the pore necks. To measure the diameter 334 

of the pore necks more accurately, mercury intrusion porosimetry was applied.  335 

 336 

Figure 4. SEM images of 3D porous CuO. (a) CuO-100 synthesized from silica particles with a diameter of about 100 337 
nm. (b) CuO-600 synthesized from silica particles with a diameter of about 600 nm. (c) CuO-1000 synthesized from 338 
silica particles with a diameter of about 1 µm. (d) CuO-2000 synthesized from silica particles with a diameter of about 339 
2 µm. 340 

Figure 5 displays the pore size distribution of the porous copper oxide samples based on N2-341 

sorption (NLDFT adsorption branch) and mercury intrusion porosimetry. The pore size 342 
distribution (calculated by BJH desorption branch) and N2-soption isotherms of CuO-10 and 343 

CuO-50 are shown in Supplementary Material, Figure S2 to obtain more complete information on 344 
the pore structure. Since nitrogen sorption and mercury intrusion porosimetery are applicable to 345 
different pore size ranges, the CuO-10 and CuO-50 samples were characterized by nitrogen 346 

sorption, and the other samples were determined by mercury intrusion porosimetry. Due to the 347 
different systematic errors of the two characterization methods, the pore size distribution of 348 

samples obtained by different methods cannot be accurately compared, but they are put into the 349 
same figure to roughly compare the pore size distributions and get an intuitive impression. 350 
Important to note is that, due to the ink-bottle effect, the pore size obtained by mercury intrusion 351 



 

 

is only the size of pore necks, which will be smaller than the actual bulk pore size (cf. SEM 352 
images, Figure 4) of the samples [53,54], while the pore size obtained by N2-sorption includes 353 

both pore neck size (desorption branch, Figure S2) and bulk pore size (adsorption branch, Figure 354 
5). The pore size distribution of all samples suggests relatively uniform pores [53]. It is worth 355 

mentioning that because the synthesized CuO samples are powders with tens of µm particle size, 356 
there is another broad pore size distribution at the micrometer scale in the results of mercury 357 
intrusion (as shown in Figure S3), which reflects the size of the inter-particle gaps rather than the 358 

bulk pore size [55,56].  359 

 360 

Figure 5. Pore size distribution of 3D porous CuO samples obtained by N2-sorption (for CuO-10 and CuO-50) and 361 
mercury intrusion (for the other samples). 362 

The maxima of the pore size distributions calculated from N2-sorption and mercury intrusion 363 
porosimetry of all CuO samples are listed in Table 1. For CuO-10 and CuO-50, the pore size is 364 
much smaller than the diameter of the silica spheres used in the synthesis, which might be caused 365 

by shrinkage during thermal treatments [57]. In addition, consistent with the conclusions drawn 366 
from the SEM images, the pore neck size of CuO-100, CuO-600, CuO-1000, and CuO-2000 367 

measured by mercury intrusion is smaller than the diameter of the silica spheres used in the 368 
synthesis. Although the pore size of all porous samples is not equal to the diameter of the silica 369 

spheres, it is obvious that there is a positive correlation with it, resulting in an increasing trend 370 
with the use of larger silica template particles. Hence, uniform pore catalysts with different pore 371 
sizes are indeed successfully prepared over a large pore size span. The apparent surface area 372 

determined using the Brunauer–Emmett–Teller (BET) theory by N2-sorption is also listed in 373 
Table 1. Initially, it decreases rapidly with increasing pore size from CuO-10 to CuO-100. 374 



 

 

However, for the macroporous samples from CuO-100 to CuO-2000, the differences in specific 375 

surface area are very small as the pore size changes.  376 

Table 1. Pore sizes and specific surface areas of 3D porous CuO samples obtained from N2-sorption, SEM and mercury 377 
intrusion. 378 

Samples 
Bulk pore 

diameter 

Pore neck 

diameter 

Specific 

surface area 

Mean particle 

diameterd 

Packing 

density 

Packing density of 

reduced sample 

CuO-10 2.6 nma / 236 m2/g 8 μm 1.6 g/mL 1.7 g/mL 

CuO-50 6.1 nma 4.3 nma 152 m2/g 8 μm 1.7 g/mL 1.8 g/mL 

CuO-100 82 nmb 64.0 nmc 8 m2/g 10 μm 1.7 g/mL 1.7 g/mL 

CuO-600 574 nmb 195.0 nmc 2 m2/g 9 μm 1.6 g/mL 1.7 g/mL 

CuO-1000 937 nmb 361.2 nmc 2 m2/g 9 μm 1.6 g/mL 1.7 g/mL 

CuO-2000 1891 nmb 565.6 nmc 1 m2/g 10 μm 1.7 g/mL 1.8 g/mL 

aPore size characterized by N2-sorption, including bulk pore diameter (deduced by NLDFT from the adsorption 379 
branch) and pore necks diameter (deduced by BJH from the desorption branch). bBulk pore size measured and 380 
calculated by SEM images. cPore size characterized by mercury intrusion, which is considered to only account for the 381 
size of the pore necks. dThe particle distribution is broad (see the SEM images in Figure B.3), and thus the mean value 382 
is only present as a rough indication of differences in size between different powders but cannot be used to derive 383 
conclusion about e.g. void space due to the broad particle size distribution. 384 

In addition, as shown in Figure S4, the porous CuO particles synthesized by the method in this 385 

paper are not uniform in shape and particle size. The particle diameters of the porous CuO 386 

particles range from ~5 m to ~40 m, and the average particle diameters calculated from 387 
measurements of more than 50 particles from the SEM images of Figure S4 are summarized in 388 

Table 1. As shown in the table, compared with the large differences between the pore diameters 389 
(ranging from 2.6 to 1891 nm), the difference in mean particle diameter between the sample 390 

particles was relatively small, and the particle diameter did not show an obvious tendency to 391 
increase with increasing pore size. The average particle diameter of CuO-10 and CuO-50 was 392 
slightly smaller than for the other samples, because they included more small particles around 5 393 

m. Due to the similar mean particle diameters of the samples, their packing densities in the 394 
reactor, calculated from the weight of the particles packed in the discharge zone and the volume 395 

of the discharge space, as shown in Table 1, did not show significant variations with pore size. 396 
Therefore, samples with different pore sizes packed in the DBD reactor are expected to have 397 
similar space times. Hence, although the particle size and interparticle void space, as well as the 398 

packing density of the particles, could in principle affect the plasma performance and we cannot 399 
exclude it, its impact is expected to be less for all packing materials used in this work, compared 400 

to the change in pore size, which covers more than three orders of magnitude. 401 

The infrared (IR) spectra of the CuO samples with different pore sizes are shown in Figure S5. 402 
After flushing with 80 mL/min Ar for 30 min, all CuO samples did not show obvious hydroxyl 403 

groups, probably due to the 650 ℃ calcination during the syntheses. The peaks appearing at 404 
around 537 cm-1 and 585 cm-1 can be attributed to the vibrations of Cu-O. A peak at 835 cm-1 405 

could be assigned to the residual traces of silica after the etching, and no other peaks of SiO2 was 406 



 

 

observed. A sample of CuO-1000 was characterized by IR again after the DRM, and no 407 

significant change on its surface properties was observed after plasma based dry reforming. 408 

3.2. Dry reforming performance of the catalysts with different pore sizes 409 

 410 

Figure 6. Conversion of CH4 and CO2 in plasma-catalytic dry reforming, of 3D porous (a) Cu and (b) CuO samples 411 
with different pore sizes. The dashed line is the conversion of the empty reactor only with plasma at the same gas flow 412 
rate. The error bars were obtained from standard errors based on three repeat experiments. 413 

Plasma-catalytic dry reforming tests were performed on porous samples with different pore 414 
sizes before and after reduction. Figure S6 shows the results of TPO-TPR-TPO of the samples 415 

after reduction. The oxygen consumption of the two TPOs was consistent, indicating that the CuO 416 
samples were completely reduced in the tube furnace. The conversions of CH4 and CO2 in the 417 

plasma-catalytic reaction are shown in Figure 6. The dashed lines in Figure 6 are the CH4 and 418 
CO2 conversions at the same gas flow in an empty reactor only with plasma. In most cases, 419 
similar to the results in the majority of literature on plasma dry reforming, the CH4 and CO2 420 

conversions for the catalysts were lower than those in the empty reactor at the same flow rate. 421 
This is because the positive effects of catalysts are not enough to compensate for their negative 422 

effects, such as hindering discharge and reducing space time. However, the best performing 423 
samples for a certain pore size in Cu and CuO (i.e. Cu-10 and CuO-1000) exhibited higher 424 
conversion than the empty reactor, illustrating the importance of the pore size effect on the 425 

plasma catalytic process, and the positive effects of the fully packing catalyst with suitable 426 
properties in the plasma catalytic dry reforming can cover its negative effects. There are very 427 

similar trends in Figure 6a (reduced copper samples) and Figure 6b (unreduced copper oxide 428 
samples). The first trend is that among the samples with pore sizes smaller than Cu-1000 or CuO-429 
1000, the smaller the pore size, the higher the obtained conversion. This seems normal from a 430 

thermocatalytic dry reforming point of view, because the smaller pore catalysts have a higher 431 
surface area (see specific surface area of the different samples in Table 1) to facilitate the 432 

adsorption and catalytic reaction at the surface. In a plasma reaction, however, it is unusual. 433 
Previous studies on pore size generally suggested that the high surface area in small pores was 434 

ineffective since the smaller the pore size, the fewer electrons in the plasma can propagate into 435 
the pores during the discharge [39-41,58-61]. The direct comparison of the performance of 436 
catalysts with different pore sizes (Figure 6) shows results that are in contrast to the conclusions 437 

drawn from previously reported simulations or experimental studies of plasma propagation within 438 
catalyst pores [40,41,59,60]. The results suggest that although electrons may not be able to enter 439 



 

 

the smaller pores to activate gas molecules and interact with the catalyst surface inside the pores, 440 
the smaller pores still have some advantages, which are more important than the fact that plasma 441 

cannot enter inside these small pores.  442 

First, the advantage of materials with large pores enabling more electrons to enter to react with 443 

the surface may not be as great. According to the data shown in Table 1, even if the pore size is 444 
large enough that the plasma streamer can propagate directly in it, resulting in the effective 445 
surface area of plasma reaction equal to its total surface area, the specific surface area of the 446 

catalyst with macropores is so low that it could not bring much benefit to the catalytic reaction. 447 
Second, although it is difficult for electrons in the plasma to enter the smaller pores to activate 448 

gas molecules due to the prevention of the plasma sheath, radicals or positively charged ions 449 
generated in the plasma will not be blocked. These plasma species may still diffuse into the pores, 450 
or (in case of the ions) even be accelerated out of the plasma into the pore, and thus react with the 451 

catalyst surface [61,62]. The lifetime of the free radicals will determine how deep they can 452 
penetrate into the pore. Third, the high roughness of the catalysts with small pores, resulting from 453 

the higher number of pores at the surface, causes electric field enhancement in the plasma, which 454 
creates more reactive plasma species that can interact with the catalyst. It can also be observed 455 

that the plasma power and the average filament charge show a correlation with the conversion of 456 
the reactants (we refer to Table 2 later for more details) [42,63-65]. Fourth, The larger external 457 
surface area of the catalysts with small pores (again due to a higher number of pores at the 458 

surface), may be another reason for their better performance. Fifth, the small crystallite size of 459 
catalysts with small pores shown in Figure 3 may also be favorable for the plasma catalytic dry 460 

reforming, because the small crystallites have more exposed active sites [66-69]. Sixth, space 461 
time may also affect the conversion. As shown in Figure S7, the conversion of CO2 and CH4 for 462 
two representative samples, i.e., Cu-10 and CuO-1000, is greatly affected by the gas flow rate 463 

(which results in different space times). It should be realized that small variation in space time 464 
resulting from packing density variation can also affect the performance results to some extent. 465 

Moreover, as mentioned before, the CuO-10 and CuO-50 particles had slightly (10–20%) smaller 466 
mean particle diameters (8 µm versus 9–10 µm). The void space between the particles and the 467 
contact points between particles might be different. This provides a complexity of positive and 468 

negative effects of performance, which are mutually interfering and are expected to have an 469 
optimum value of particle size [27,28]. However, since the differences in mean particle diameter 470 

and packing densities between the samples were small (compared to the 3 orders of magnitude 471 
differences in pore sizes ) and did not show an obvious trend with pore size, it is difficult to 472 
estimate the role of space times, particle sizes and packing densities. Nevertheless, we cannot 473 

exclude their effects.  474 

In most cases, Cu with the same pore size exhibited better performance than CuO (cf. figure 475 

6a and 6b) as metals are the typical active components for dry reforming reactions [42,58]. An 476 

exception is observed for the samples synthesized from the 1 m silica spheres, i.e., the 477 
conversion of CuO-1000 is higher than of Cu-1000. These samples are also exceptions to the 478 

trend that the smaller the pore size, the better the performance. Indeed, these samples show a 479 
higher conversion in plasma-based dry reforming than both the smaller and larger pore size 480 

samples, and CuO-1000 even shows the highest conversion among all the unreduced CuO 481 
samples. We believe this can be attributed to the electric field enhancement in the pores with 482 
diameters close to the plasma Debye length (ca. 600 nm at typical plasma catalysis conditions) 483 

[39,40]. This electric field enhancement enables Cu-1000 and CuO-1000 to perform better than 484 
the other samples. Since mainly surface discharges occur in DBD plasma packed with materials 485 

with relatively low dielectric constant [42,58,70], such as CuO (ɛr = 18.1), the electric field 486 
enhancement in this case due to surface charging is stronger than that of Cu-1000. Metals are in 487 
this context equivalent to a dielectric with infinite dielectric constant, and thus, the plasma will 488 



 

 

mainly be characterized by local filamentary microdischarges [42,58,70]. As samples with small 489 
pores can provide more and smaller discharge gaps for the local filamentary microdischarges, 490 

they are more favorable in Cu samples for the plasma reaction than the electric field enhancement 491 
of Cu-1000 [42,70]. The above factors together can explain why CuO-1000 shows the highest 492 

conversion of the unreduced CuO samples, while Cu-10 is the best among the reduced Cu 493 

samples.  494 

Among the other macroporous samples with similar specific surface area, CuO-2000 showed 495 

better performance than CuO-600, while the performance of Cu-2000 is similar to that of Cu-600. 496 
This might also be because the discharge mode dominated by surface discharges in CuO is more 497 

in line with the simulation of plasma propagation in pores [40]. which predicts that a larger pore 498 
size allows more electrons to enter. However, in case of metallic materials, the discharge mode 499 

(characterized by local filamentary micro-discharges) is different. 500 

 501 

Figure 7. Product selectivities in plasma-catalytic dry reforming, for CO and H2 of 3D porous Cu (a) and CuO (c) 502 
samples with different pore sizes, and for ethane, propane, ethylene, acetylene, methanol, ethanol and dimethyl ether of 503 
3D porous Cu (b) and CuO (d) samples with different pore sizes. The error bars were obtained from standard errors 504 
based on three repeats. 505 

The selectivities of the main components formed in plasma-catalytic dry reforming with the 506 
various 3D porous samples with different pore sizes are plotted in Figure 7. The carbon and 507 
hydrogen mass balance (shown in Figure S8) is not entirely 100%. Therefore, there might still be 508 

a few possible liquid products and carbon deposits attached to the catalyst and the reactor, as well 509 



 

 

as the presence of other gaseous products that were not calibrated in the gas chromatograph, 510 
which cannot be counted. As shown in Figure 7a and Figure 7c, syngas is the predominant 511 

product in all experiments, and the CO selectivity is always higher than that of H2. When 512 
comparing the samples with different pore sizes, some products do not differ significantly in 513 

selectivity, while others do. Interestingly, the difference in selectivity appears to correlate with 514 
the conversion of the reactants. A rough trend seems to be that samples exhibiting higher CH4 and 515 
CO2 conversions also have higher syngas (CO and H2) selectivities, but lower selectivities for 516 

some unsaturated hydrocarbons and oxygenated organics, such as ethylene, methanol, and ethanol. 517 
The selectivity decrease is most striking for the Cu-1000 and CuO-1000 samples, and may be 518 

caused by the enhanced electric field in the samples, causing a higher conversion due to the 519 
higher energy input, and apparently a lower selectivity to these unsaturated hydrocarbons and 520 
oxygenates, in line with literature [33,45]. The empty reactor had higher plasma power (see Table 521 

2 below) due to the absence of packing material which may hinder the discharge, also following 522 
the above trend, which exhibited a relatively high syngas selectivity and a low unsaturated 523 

hydrocarbon and oxygenates selectivity. Besides the electric field enhancement, the reaction of 524 
radicals within the pores is another factor that might affect the selectivity [61,62]. The trends in 525 

selectivity for the various products are different, indicating a different impact of the pore size on 526 
the reaction paths of the radicals. For example, the selectivity towards acetylene is low in CuO-527 
1000 but relatively high in CuO-10, although both of them show a high conversion of CO2 and 528 

CH4. Since CO is the predominant carbon-containing product, the carbon balance shown in 529 
Figure S8 has a similar trend to the selectivity of CO. For example, among the copper samples, 530 

Cu-10 also has the highest sum of detectable carbon-containing products selectivities. However, 531 
the carbon balance of CuO-1000 is lower than that of other samples, although its CO selectivity is 532 
similar or even slightly higher than other samples. This indicates that more carbon deposits or 533 

other products not calibrated in the GC were generated during the dry reforming of this sample. 534 

In order to study the stability of dry reforming performance and possible carbon deposition on 535 

the samples, long-time plasma DRM tests and TGA measurements were performed. As shown in 536 
Figure S9, the performance of Cu-10 decreased slightly (1%–2%) after 12 h of testing, while the 537 
conversion of CH4 and CO2 of CuO-1000 did not change significantly (< 1%). Figure S10 shows 538 

the TGA data of CuO-1000 and Cu-10 after 12 h plasma dry reforming. The used CuO-1000 has 539 
a small weight loss (~ 0.1%) when heated to 800 ℃ in 80 mL/min of O2, indicating that there is 540 

little carbon deposition on its surface and it was not reduced by H2 and CO products in plasma 541 
dry reforming, which may be due to the relatively low input energy in this study. The TGA data 542 
of the used Cu-10 were compared with that of fresh Cu-10, since the weight loss was covered by 543 

the weight increase caused by the oxidation of Cu. The weight difference after heating to 800°C 544 
between the fresh Cu-10 and used Cu-10 was about 4.5%, which could be attributed to the carbon 545 

deposition from the 12 h plasma dry reforming, and this is also in line with its slightly reduced 546 
performance. In addition, as shown in Figure S11, the reducibility of CuO-1000 did not change 547 

after the DRM test. 548 

The electrical signals of the plasma experiments were recorded and collected by an 549 
oscilloscope. As seen in Table 2, 26–28 kV peak-to-peak voltage (Upp) was applied to achieve a 550 

constant 50 W supplied power. However, depending on some factors, such as the structure and 551 
dielectric constant of the packing samples, at the same supplied power, the distribution, number 552 

and intensity of the discharges are different, resulting in different plasma powers. The portion of 553 
the supplied power that is not converted to plasma power is lost in the circuit as heat or returned 554 
to the source as reactive power. A higher plasma power, such as for the Cu-10, CuO-10, and 555 

CuO-1000 samples, means higher energy input, which produces a more reactive plasma, leading 556 
to their higher conversion. The higher plasma power in the empty reactor illustrates the hindering 557 

effect of the catalyst in the discharge, which should be one of the reasons why the conversion of 558 



 

 

most samples is lower than that in the empty reactor. The average number of micro-discharges 559 
per period is counted by the number of peaks in the normalized current profile after excluding 560 

signal noise. It may not be the exact number of micro-discharges, but subject to some system 561 
errors, as some discharges may coincide, or some may be too small and therefore are excluded as 562 

signal noise. By dividing the transferred charge by the number of micro-discharges in the same 563 
period, we obtain the average filament charge, which is a measure for the average strength of the 564 
discharge. Both a larger number of micro-discharges and more powerful discharges can have a 565 

positive effect on the conversion of plasma-based dry reforming. However, it is difficult for both 566 
to achieve relatively high values in the same reaction, since the catalyst pore size did not show a 567 

significant effect on the displaced charge. The displaced charge of the empty reactor could not be 568 
obtaine due to the limited measurement range of the PC-connected oscilloscope and the unstable 569 
discharge in the empty reactor. As shown in Table 2, a higher average filament charge often 570 

corresponds with fewer discharges, and exhibits higher conversion, cfr. Figure 6. Therefore, our 571 
results suggest that the strength of the discharges has a larger effect on the conversion of plasma-572 

based dry reforming than the number of micro-discharges. 573 

However, most copper samples showed lower plasma power and discharge intensity than 574 

copper oxide with the same structure, despite they had a higher conversion of CO2 and CH4. The 575 
packing of the porous Cu powders in the reactor made some conductive particles to be directly 576 
connected to the grounded inner electrode to form an equipotential, which may cause most of the 577 

discharge to occur in the small gaps between the outermost particles (probably at the same 578 
potential as the electrode) and the dielectric barrier, and less point-to-point micro-discharges in 579 

the gaps between the other powders in the gap [42,58,70]. Although the reduced Cu has a 580 
negative impact on the discharge, they showed better performance in most cases than the CuO 581 
samples with higher plasma power and more produced radicals and ions, which might be due to 582 

its better catalytic activity for dry reforming. Figure S12 shows the energy yields of the different 583 
samples, which exhibit the sample performance after normalizing for the difference in discharge 584 

power. The trend of EY variation with pore size is similar to that of conversion, further 585 
confirming the effect of pore size of the samples on the dry reforming performance. Since the 586 
discharge power of the Cu samples is always lower than that of the CuO samples, the 587 

performance advantage of Cu over CuO, shown by the EY, is larger than that shown by the 588 
conversion (except for Cu-1000 and CuO-1000). Since one of the reasons why the empty reactor 589 

has a higher conversion than most samples is its high discharge power, after excluding the 590 
influence of discharge power, two more samples, i.e., Cu-50 and Cu-1000, show better 591 

performance than the empty reactor, based on the EY.  592 



 

 

Table 2. Electrical characterization data measured and calculated from the recorded signals of the oscilloscope of the 593 
DRM experiments with the samples of different pore sizes. 594 

Samples 
Upp 

(kV) 

Power 

supplied 

(W) 

Plasma 

power 

(W) 

Displaced charge 

(nC) 

Number of 

micro-discharges 

(a.u./T) 

Average filament 

charge 

(nC/disch.) 

Empty 

reactor 
25.9 50.5 27.8 / 176 / 

Cu-10 26.3 50.5 19.5 558 141 4.2 

Cu-50 28.3 50.2 15.7 596 137 3.8 

Cu-100 26.7 50.2 16.5 529 168 3.3 

Cu-600 27.3 50.2 16.5 561 154 3.2 

Cu-1000 28.0 50.1 15.7 488 139 4.1 

Cu-2000 26.6 50.3 17.2 562 165 3.8 

CuO-10 26.9 50.4 20.1 547 138 4.0 

CuO-50 26.7 49.9 19.3 557 156 3.6 

CuO-100 26.4 50.3 19.7 671 134 5.0 

CuO-600 26.4 50.3 19.2 665 155 4.3 

CuO-1000 26.0 50.6 24.4 608 85 7.2 

CuO-2000 26.8 50.5 19.5 589 151 3.9 

 595 

4. Conclusion 596 

In this study, we investigated the effect of catalyst pore size on plasma-based dry reforming. 597 
The samples evaluated in this study were 3D porous Cu or CuO, synthesized from uniform silica 598 
particles in the range of 10 nm to 2 μm used as templates. Since the samples have similar pore 599 

structure, and consist of the same single chemistry without the interference of a support material, 600 
the plasma results can clearly show the influence of the catalyst pores in the plasma-based dry 601 

reforming. 602 

Based on the conclusions drawn from previous simulation studies, we would expect that the 603 
larger the pore size, the better the catalyst performance, and the best results would be obtained for 604 

catalyst pore sizes above the plasma Debye length (hundreds of nanometers at typical plasma 605 
catalysis conditions [39,40]). That is because pores larger than the Debye length allow the plasma 606 

streamer to penetrate inside the catalyst pores and thus generate a larger contact area between 607 
plasma and catalyst surface for chemical reactions. However, our results do not reveal that the 608 
larger catalyst pore size is more favorable for the plasma reaction, but they show the opposite 609 

trend in most cases, with the exception of CuO-1000 (and Cu-1000 to some extent as well). This 610 
suggests that even when the electrons cannot enter the catalyst pores, because they are smaller 611 

than the Debye length, these pores can still be reached by radicals formed in the plasma, and ions 612 
can even be attracted into them due to the electric field, and these radicals and ions can give rise 613 

to the plasma-catalytic reactions. Among the reduced Cu samples, Cu-10 showed the highest 614 
conversion of CH4 and CO2, while among the CuO samples, CuO-1000 showed the highest 615 
conversion. We attribute the latter to the electric field enhancement, as predicted by modeling, as 616 

this pore size is close to the Debye length. The conversions of CH4 and CO2 of Cu-10 and CuO-617 
1000 are higher than those of the empty reactor, indicating that the fully packing catalyst does not 618 

necessarily have a negative effect on the conversion as in the literature, and as long as it has a 619 



 

 

suitable structure, the conversions of of CH4 and CO2 can be improved. Furthermore, a rough 620 
trend indicates that the higher the conversion of CH4 and CO2, the generally higher is the 621 

selectivity of syngas among the various products, and the lower is the selectivity of some 622 
unsaturated hydrocarbons and oxygenated organics. Finally, from the correlation with the 623 

electrical characteristics, we can conclude that the strength of the micro-discharges has an 624 
important effect on the conversion of CH4 and CO2 and the selectivity of the products, although 625 

there is no perfect correlation. 626 

In the 3D porous samples synthesized by the template method, the thickness of the pore wall 627 
varies with the pore size, resulting in changes in the crystallite size of the components. Samples 628 

with larger pore sizes have larger crystallite size, which is detrimental to the conversion of dry 629 
reforming [66-69]. The difference in specific surface area for samples with pore sizes smaller 630 
than 100 nm and samples with larger pores is two orders of magnitude. Therefore, even if the 631 

plasma streamers can propagate into the large pores and react with the entire surface of the 632 
sample, which is not possible for the pores smaller than the Debye length, the total contact area 633 

with plasma will not rise a lot, and thus, it will not bring much improvement. On the other hand, 634 
even if plasma streamers cannot propagate in the smaller pores, as mentioned above, radicals or 635 

positively charged ions can still diffuse into these catalysts, and the latter even be attracted into it, 636 
and the effective contact area of these radicals and ions in small pores is much larger than for 637 

catalysts with larger pores. 638 

In summary, we demonstrated that catalysts with smaller pores perform generally better for 639 
plasma-based dry reforming, but there are exceptions depending on the properties of the materials. 640 

The possible electric field enhancement due to surface charging in the large pores of a certain 641 
pore size can greatly improve the reaction efficiency. This enhancement effect is strong for CuO, 642 
which is characterized by a relatively small dielectric constant, while it is weak for metallic 643 

catalytically active components. Therefore, in future research of catalysts for plasma reactions, 644 
macroporous supports with specific pore size (possibly several hundreds of nanometers) and 645 

metal active components with micropores (or the combination of both) are two potential feasible 646 
directions. This is not only for dry reforming, but could also be valid for more plasma-catalytic 647 

processes. 648 
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