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The effect of pore size on plasma catalysis is crucial but still unclear. Studies have shown plasma cannot enter
micropores and mesopores, so catalysts for traditional thermocatalysis may not fit plasma catalysis. Here, 3D
porous Cu and CuO with different pore sizes were prepared using uniform silica particles (10-2000 nm) as
templates, and compared in plasma-catalytic dry reforming. In most cases, the smaller the pore size, the higher
the conversion of CH4 and CO,. Large pores reachable by more electrons did not improve the reaction efficiency.
We attribute this to the small surface area and large crystallite size, as indicated by Nj-sorption, mercury
intrusion and XRD. While the smaller pores might not be reachable by electrons, due to the sheath formed in
front of them, as predicted by modeling, they can still be reached by radicals formed in the plasma, and ions can
even be attracted into these pores. An exception are the samples synthesized from 1 pum silica, which show better
performance. We believe this is due to the electric field enhancement for pore sizes close to the Debye length. The
performances of CuO and Cu with different pore sizes can provide references for future research on oxide sup-

ports and metal components of plasma catalysts.

1. Introduction

Plasma catalysis is considered a promising alternative to various
traditional chemical processes, such as the decomposition of gaseous
pollutants and the synthesis of organic chemicals [1-3]. CO, reforming
of methane (dry reforming) is one of the attractive processes among
them since it simultaneously utilizes two greenhouse gases (CH4 and
CO,), which can come from sustainable resources such as biogas, to
produce fuels and chemical products [4-9]. Due to the low chemical
reactivity of CH4 and COy, the classical thermocatalytic reaction re-
quires a high temperature (at least 800 °C) to provide sufficient energy
to activate them, which leads to problems like energy loss and deacti-
vation of the catalysts [10-15]. These problems can be overcome by
non-equilibrium plasma, since it allows the reaction to proceed at
relatively low temperatures (lower than 250 °C) [16-18]. The high-
energy electrons produced by plasma can break the stable chemical
bonds of CH4 and CO,, while the gas molecules themselves can remain
close to room temperature, hence the term “non-equilibrium plasma”
[19-21]. A popular type of non-equilibrium plasma reactor is the
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dielectric barrier discharge (DBD) reactor, which is straightforward to
be combined with a catalyst. Moreover, it is easily to be applied in the
chemical industry because it can be operated at ambient temperature
and atmospheric pressure [22-26].

A DBD reactor operating in COy/CH4 mixtures is typically in fila-
mentary discharge mode, composed of a large number of independent
micro-discharge filaments, which is greatly affected by the size and
geometry of the reactor, as well as by the packing materials and catalysts
filled in the reactor [27-30]. Therefore, the interaction between the
plasma and the catalyst must be taken into account to study the plasma-
catalytic dry reforming, not only the reaction process of feed gas mol-
ecules and the catalyst. Moreover, the reactant gas in the plasma state
may exhibit quite different properties than in thermal reactions. Hence,
the role played by the catalysts is more complicated than in thermal
catalysis and is still not entirely clear.

The catalysts used in the existing studies are often the same as or
slightly modified from the catalysts for traditional thermocatalytic dry
reforming. Some studies reported that the catalyst had a synergistic ef-
fect with the plasma to promote the conversion of CH4 and CO,. For
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example, Vakili et al. [31] deposited Pt nanoparticles on the metal-
—organic framework material UiO-67 MOF as a catalyst, which enhanced
the conversion of CH4 and COs in the diluted feed gases (5000 ppm).
Zeng et al. [32] studied y-Al,03 supported transition metals (Ni, Mn, Co,
Cu), and found that compared with only plasma in an empty reactor,
filling pure y-Al;03 or y-AloO3 supported transition metal catalysts in the
reactor yielded an improvement in the conversion of CH4 (maximum
increase was from ~ 14% to ~ 20%), although the conversion of CO5
slightly decreased (from ~ 10% to ~ 9%). However, more studies
showed inverse effects of the catalysts on plasma dry reforming, espe-
cially for those experiments using undiluted feed gases [33,34]. Wang
et al. [18] also used a y-Aly03 support loaded with the same transition
metal Cu as Zeng et al.. Moreover, also noble metals (Au, Pt), which are
generally considered to be more active for dry reforming, were used as
active ingredients [18,35]. However, due to the inhibition of the
discharge by the catalysts, both the y-Al;03 with and without supporting
metals reduced the conversion of CH4 and CO5 compared to the plasma
reaction in an empty reactor, although the selectivity of some products
was improved. Michielsen et al. [36] and Andersen et al. [37] reported
that if keeping the same space time as the empty DBD reactor, packing
materials and catalysts do have positive effects on the dry reforming
(DRM) reaction. However, the (catalytic) packing material decreased
the discharge volume in the reactor, leading to a shorter space time in
the plasma. For some materials, the promotion of the DRM reaction due
to the catalytic activity or electric field enhancement of the packing
could not compensate for the decreased conversion caused by the loss in
volume. In short, since there are so many factors affecting the interac-
tion between catalyst and plasma, a wide variety of very different
research results on plasma-catalytic dry reforming have been published
in literature, even for similar packing materials. However, a general
observation is that the majority of porous catalysts did not show an
improvement in plasma catalysis [38].

In order to study how porous materials affect the plasma in a DBD
reactor, some researchers have simulated the behavior of plasma
streamers in catalyst pores. Zhang et al. [39-42] studied by modeling
whether plasma can enter catalyst pores. Their simulations showed that
plasma could only be generated or penetrate into pores that are larger
than the so-called Debye length, which is hundreds of nanometers at
typical plasma-catalytic conditions. However, the porous materials
applied as catalyst supports in the existing plasma-catalytic dry
reforming studies were usually only with micropores or mesopores
smaller than 10 nm. Hence, these are much smaller than the pore size in
which plasma can be formed. Although microporous or mesoporous
materials show good performance in traditional thermocatalytic dry
reforming, because of their large specific surface area, the surface area
resulting from the small pores might be ineffective for plasma reactions
according to the simulation of Zhang et al. However, if the micropores
and mesopores were ineffective for plasma reactions, the question arises
what then caused the improved conversion in plasma-catalytic dry
reforming, reported in those papers applying microporous or meso-
porous catalysts?

In many papers, only part of the DBD reactor space was packed with
a little catalyst, to promote conversion of dry reforming by catalysts,
although they might not mention or study this [32,43,44]. Tu et al. re-
ported that instead of packing the catalyst particles into the entire
discharge gap, packing a small amount of catalyst into a part of the gap
improved the conversion of dry reforming [38]. Ray et al. studied the
performance of Ni-Mn/y-Al,03 bimetallic catalyst for dry reforming,
and found that the reactant conversion of full catalyst packing and 50%
catalyst packing in a DBD reactor were similar to or even worse than that
without catalyst, while 25% catalyst packing showed the best perfor-
mance among all conditions [45]. They suggested that the reduction of
discharge in DBD reactors, resulting from catalyst particle packing, is the
reason that a partially packed or empty reactor has better performance
than a full catalyst packed one. Furthermore, the conclusion of Zhang
et al. [39-42] that the plasma cannot enter or be formed in the pores of
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microporous or mesoporous materials (e.g. y-AlyO3) is another reason
that a catalyst packing greatly reduces the plasma volume. It is
reasonable that the more catalyst filling, the greater the negative effect
on the plasma reaction. However, the dry reforming performance of
some partially packed reactor (e.g. 25% Ni-Mn/y-Al;O3 packing) is
better than that of an empty reactor, which implies that the catalyst also
has a positive effect on the plasma dry reforming in some way, even if
the pores are unreachable to plasma. There is a balance between this
positive effect and the negative effect of catalyst packing, which is the
reason for the better conversion in partially packed reactors. However,
this partial packing method is a compromise between catalyst and
plasma. It reduces the negative effect of catalyst on the plasma, but also
means that neither the plasma nor the catalyst can be fully utilized.
Since one of the negative effects of catalysts on plasma is caused by the
small pore size, a potential way is to apply catalysts with larger pores
into which the plasma can enter, to see if it can maintain the positive
effects of the catalysts while decreasing the negative effects of catalyst
particles on plasma discharge. In addition, although the micropores and
mesopores are ineffective for plasma discharge, their comprehensive
effects on the plasma dry reforming processes are unknown. In order to
truly combine the advantages of the catalyst and plasma reaction, and to
know the right future research direction of the catalyst for plasma re-
actions, it is crucial to study the role of catalyst pores and the effect of
pore size in plasma-catalytic dry reforming.

Some studies compared different catalyst supports that may possess
different pore sizes, but they were limited to materials with pores of a
few nanometers, while the larger plasma-reachable pores have rarely
been studied [46-48]. Moreover, since the difference in materials,
structures and properties of different supports resulted in too many
interference factors, it is impossible to conclude the effect of the pore
size on plasma dry reforming from these studies.

In the present paper, we thus synthesized catalysts of the same ma-
terial with different pore sizes in the range of a few nanometers to mi-
crometers and studied their performance for dry reforming in a DBD
plasma reactor. Since the common porous supports or porous structure
preparation process cannot adjust the pore sizes in such a large span,
silica spheres with different diameters were prepared first as templates
and then removed by etching to get 3D porous catalysts with different
and controlled intraparticle pore sizes, as shown in Fig. 1. The size of
interparticle voids resulting from particle packing is not the focus of this
work and did not vary significantly between samples. In existing studies,
various metals, such as Pt, Au, Rh, Ru, Cu, Ni, etc., are typical active
components of plasma dry reforming catalysis [18,37,45,49]. Noble
metals usually have higher catalytic activity, but considering the cost of
these catalysts and their presence on the critical raw material list, more
abundant metals such as Cu and Ni are more promising research targets.
In this work, copper was applied as the metal active ingredient, and
unreduced copper oxide was also investigated as an example of a ma-
terial with a certain dielectric constant. The porous structured samples
consisted of pure copper or copper oxide without any support, so the
influences of the supports (e.g. metal-support effects, alkalinity of the
supports) do not have to be considered in this study, in contrast to
literature studies using porous supported catalysts.

2. Experimental
2.1. Preparation of the 3D porous catalysts

Ammonia solution (wt % = 25 %), tetraethyl orthosilicate (TEOS)
and ethanol were purchased from Sigma-Aldrich. Copper nitrate trihy-
drate was purchased from Acros.

2.1.1. Preparation of SiOz spheres template

The silica spheres were synthesized by a modified Stober method
from our previous study [50]. A certain amount of ammonia solution
was dissolved in deionized water. The solution was agitated gently at
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Fig. 1. The process for the 3D porous catalysts synthesis (left), and explanation of the interparticle voids and intraparticle pores (right).

20 °C and 200 mL tetraethyl orthosilicate was added into it. Then, we
kept stirring the mixture at the same temperature for 24 h. The silica
spheres were obtained after centrifugation and drying at 80 °C for 24 h.
The different ratios of ammonia to water were used to adjust the
diameter of the silica spheres. Silica particles with diameters of about 10
nm, 50 nm, 100 nm, 600 nm, 1 and 2 pm were synthesized as templates
for the next step of impregnation.

2.1.2. Impregnation and etching of metal ingredients

The silica samples were calcined at 800 °C for 12 h to interconnect
the spheres. Excess copper nitrate (twice the mass of silica) was dis-
solved in ethanol and subsequently the silica was added. The mixture
was left without agitation for 48 h to complete the impregnation. Then,
the solid product was dried in an oven at 80 °C for 24 h. The resulting
sample was calcined in a crucible at 650 °C to decompose the nitrate
species. Finally, the silica template was removed by etching with 2 M
NaOH aqueous solution at 80 °C for 5 h. After washing to neutral and
drying at 80 °C, the 3D porous metal oxide was obtained.

The samples were denoted by the diameter of the silica particles used
in the impregnation. For example, copper oxide synthesized using 10 nm
and 2.5 um silica particles as templates were denoted as CuO-10 and
Cu0-2500, respectively, and if reduced with Hy before plasma testing,
the catalysts are denoted as Cu-10 and Cu-2500, respectively.

2.2. Characterization of the catalysts

X-ray powder diffraction (XRD) was applied to characterize the
crystal phases of all the CuO samples. The measurements were per-
formed by a D8 advance Eco diffractometer with Cu-Ka radiation (A =
1.5406 A) ata scanning range of 10-80° 26 and a scanning rate of 0.04°/
4 s. The XRD patterns of all the samples were normalized by dividing
every peak by the most intense peak to get relative intensities.

The scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) were used to investigate the topography and surface
composition of the samples. They were carried out by the FEI Quanta
ESEM FEG 250 field emission microscope with an EDX detector oper-
ating at 20 kV.

Nitrogen sorption was used to study the pore size (<50 nm) and
specific surface area of the samples. The measurements were carried out
on a Quantachrome Quadrasorb SI automated gas sorption system. The
samples were degassed for 16 h under high vacuum at 200 °C before the
Ny-sorption measurements. The temperature was kept at —196 °C by
liquid nitrogen during the Na-sorption. The surface area was determined
by the multi-point Brunauer-Emmett-Teller (BET) method and the pore
size distribution was determined by non-local density functional theory
(NLDFT) on the adsorption branch.

Mercury porosimetry was applied to study the macropores (>50 nm).
The mercury porosimetry was executed on a Themo Electron Corpora-
tion Pascal 140 + 240 series, operating in 2 different pressure regimes.
Prior to mercury intrusion the samples were vacuum dried for 10 min.

Diffuse reflectance infrared Fourier transform (DRIFT) spectrometry
was performed with a resolution of 4 cm ™! and the accumulation of 100
scans, on a Nicolet 6700 Fourier Transform IR spectrometer, to study the
surface groups of the CuO samples. The samples for the measurements
were diluted by KBr to 0.5 wt%, and pure KBr was used as a background.
The spectra were obtained after stabilizing for 30 min with 80 mL/min
of Ar flushing at room temperature.

Hydrogen-temperature programmed reduction (Hy-TPR) and
oxygen-temperature programmed oxidation (O2-TPO) were combined to
check if the CuO samples were reduced completely in the tube furnace
when Cu was needed for the dry reforming test. The measurements were
carried out on the ChemStar TPX Chemisorption Analyzer. First, the
samples were degassed at 350 °C for 2 h with 50 mL/min pure He
flushing. After cooling down to 50 °C, the first Oo-TPO was carried out
from 50 °C to 800 °C with 10 °C/min ramping rate, under 5% O,/He at a
flow rate of 50 mL/min. After cooling down to 50 °C again, the Ho-TPR
was performed to 800 °C with 10 °C/min ramping rate, under 50 mL/
min of 5% Hy/Ar. The second O»-TPO was done with the same procedure
as the first one after cooling down.

Thermogravimetric analyses (TGA) were performed on a Mettler
Toledo TGA-DSC 3 + in a continuous 80 mL/min flow of O,. A heating
rate of 10 °C/min from 30 °C to 800 °C was applied.

2.3. Plasma-catalytic performance test of the catalysts

2.3.1. Set-up of the DBD reactor

A fixed bed DBD reactor as illustrated in Fig. 2 was applied to study
the plasma-catalytic performance for dry reforming of the catalysts with
different pore sizes. The inner electrode was a stainless steel rod with
outer diameter of 13 mm. An alumina dielectric tube with 21.8 mm
outer diameter and 17.41 mm inner diameter was coaxially placed over
the stainless steel rod as a dielectric barrier, so the discharge gap be-
tween the inner electrode and dielectric barrier was about 2.2 mm. A
stainless steel mesh was used as outer electrode by tightly winding it on
the outside of the alumina tube. The length of the outer electrode, which
determines the length of the discharge zone, was 10 mm. 4 g of catalyst
powder was filled in the whole plasma zone with 2 g glass wool at both
sides to fix the powder. The tapped volume of 4 g of samples was larger
than the volume of the discharge space (1.05 mL), to avoid the possible
effect of glass wool on both sides on the discharge. Moreover, in order to
measure the weight filled in the discharge space to calculate the packing
density, the particles were repacked in an amount that just fills the
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Fig. 2. DBD reactor setup for the dry reforming of methane.

discharge space of the reactor.

The inner electrode was grounded, and the outer electrode was
connected to a high voltage supplied by a function generator (Tektronix,
AFG 2021) and a high voltage amplifier (TREK, Model 20/20C-HS). The
generator provided a signal with a frequency of 3000 Hz, and the
amplifier amplified the input signal by 2000. A high-voltage probe
(Tektronix, P6015A) was used to measure the voltage, and a Rogowski
coil (Pearson 4100) was used to monitor the current. The current profile
was filtered by applying a Savitzky-Golay filter of polynomial order 3 to
exclude the signal noise [28]. The number of peaks per period in the
current profile, after excluding signal noise, was used to study the
number of micro-discharges in this study. It should be noted that this is
not the exact number of discharges that occurred in the reactor, since the
discharges might have occurred simultaneously, while only one peak of
current was shown in the current profiles. In addition, some small dis-
charges might be excluded as signal noise. However, multiple collections
of current data and an average value of the number of current peaks can
be used to compare and study the effects of different samples on the
discharge even though the obtained numbers should not be interpreted
as absolute but as apparent values. The charge in the plasma was
monitored by a capacitor (10 nF) connected in series and a low-voltage
probe (Picotech, TA150) connected in parallel with it. The displaced
charge was obtained from it by taking the detected charge difference
before and after discharge. All the signals were collected by an oscillo-
scope (Picotech, Picoscope 6402D) and shown on a PC. The data was
calculated in real time to adjust the amplitude of the input signal from
the amplifier, in order to keep the power of the power supply constant at
50 W. The calculation and counting of electrical parameters are done
automatically by a MATLAB script.

2.3.2. Catalyst performance evaluation

The copper oxide was filled and tested directly in the reactor.
However, to evaluate the copper samples, the copper oxide powder was
reduced in a tube furnace (Carbolite Gero TF1 12/60/300) with 250 mL/
min of 2% Hy/Ar gas flow at 450 °C for 8 h before being packed into the
reactor. The reduction temperature of CuO was 450 °C which is deter-
mined by Hy-TPR.

For the plasma-catalytic dry reforming test, the feed gas consisted of
5 mL/min of CH4 and 5 mL/min of CO», and the flow rate was controlled
by mass flow controllers (Bronkhorst EL-FLOW Select). 10 mL/min of Ny
was added in the outlet gas as internal standard to exclude the impact of
the gas expansion. The product gases from the reactor outlet were
analyzed by an online gas chromatograph (Trace GC 1310, Interscience)
equipped with a thermal conductivity detector (TCD) and a flame
ionization detector (FID). Thermocouples were used to measure the

temperature of the external electrodes and the gas at the outlet (about
10 cm from the discharge space) of the reactor. In all our experiments,
the gas temperature at the outlet of the reactor was about 20-25 °C, and
the temperature of the external electrode was about 50 °C. Also, Van
Turnhout et al. recently presented a novel method to determine the
temperature of the catalyst surface, and revealed that the plasma-
induced temperature rise in a DBD reactor is limited (<150 °C) [51].
It might always be possible that the temperature in the reactor is higher
at some places (local hot spots) and dependent on the type of packing
material and operating conditions; however, since thermal dry reform-
ing hardly takes place below 300 °C [38], we can consider that the
conversion of CH4 and COs in our reactor is mainly due to the plasma
reaction. After flushing the filled reactor with the feed gas for 30 min
without plasma, the composition of the outlet gas was analyzed and
recorded as blank measurements, and the amount of CO5 and CH4 were
denoted as COg3 i, and CHy i, respectively. Then, the power was applied
to generate plasma, and kept at 50 W for 30 min. The gases generated
and unconverted feed gas after 30 min were analyzed and their amounts
were marked with “out”, i.e., CO2,out, CHs,0ut, H2,0ut; COout and CxHyO,,
out- The conversion of CO2 and CHy are calculated by Eq. (1) and Eq. (2)

Cco in T Cco out 7

Xco, = % A-100% 6
H in — H ul N

Xen, = el CH4-C LU A-100% ©)

The selectivity (S) of the products are defined by Eq. (3) to Eq. (5)

_ H2.0ul A Ve
SH: B 2 X (CH4,in - CH4,out) A 100/; (3)
Cooul N
Sco = A-100% 4
7 (CHyjn — CHyou) + (COzin — COzou) ‘ “)
CxH Oz oul A
Sc0, = A A A-100% )

(CH4,in - CH4,0u() + (COZ,in - COZ.oul)

The energy yield (EY) of the reaction was defined as the amount of
CO, and CH4 that can be converted per kJ of input energy, as shown in
Eq. (6)

VCO2 )(Co2 + VCH4 XCOq) A 1000 , Wmin

EY (mmol/KJ) = ( PV, 60 ( J

©

where Vo and Viug are the volumetric flow rate (in mL/min) of CO,
and CHy4 in the feed gas. Vy, is the molar gas volume (24.4 mL/mmol)
and P is the plasma power (in W). The factor 1000/60 (Wmin/kJ) is to
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convert the unit from Wmin to kJ.

The DRM reaction produces CO, H; and various hydrocarbon prod-
ucts, resulting in the expansion with an unknown coefficient and pres-
sure rise of the outlet gases. The GC always depressurizes the gases to
ambient pressure during sampling, so the direct calculation of conver-
sion and selectivity from gas,, and gas;, obtained by the GC will have
systematic errors. Therefore, 10 mL/min N, flow was applied as the
internal standard to reduce the errors [52].

3. Results and discussion
3.1. Structure and properties of the catalysts

The normalized XRD patterns of the 3D porous CuO samples, syn-
thesized from silica particles of different sizes, are shown in Fig. 3, and
the original XRD patterns are shown in Fig. S1 in Supplementary Ma-
terial. A sample with copper oxide loading but without etching away the
SiOs is also characterized by XRD for comparison. It is obvious that a
broad peak attributed to (111) reflection of SiO5 is detected at 20 =
21.60° in the sample without etching, while it is no longer present in all
etched porous copper oxide samples. The diffraction peaks at other
angles, such as the peaks at 20 = 32.51°, 35.42°, 38.71°, 48.72°, 53.49°,
61.52°, 66.22°, 68.12°, 72.37°, and 74.98° are indexed to the (110),
(002),(111),(20-2),(020),(11-3),(31-1),(220),(311),and (004)
crystal planes of Tenorite CuO (JCPDS 48-1548). These peaks get
sharper with the increase of particle size of the applied SiO, template
during the syntheses (from CuO-10 to Cu0-600), suggesting that the
crystallinity and crystallite size of CuO is getting higher owing to the
CuO sintering by calcination at 650 °C. When smaller silica particles are
used as templates, the gaps between the particles are smaller, which
restricts the growth of crystallites, resulting in smaller grains of copper
oxide and thinner pore walls. On the contrary, thicker pore walls and
larger copper oxide crystallites are obtained when larger silica particles
are used as templates. The crystallinity and crystallite size of the CuO-
600, CuO-1000 and Cu0-2000 is similar, and no longer increase
significantly with increasing particle size of the SiO, template.

SEM measurements were carried out to observe the morphology and
pore sizes of the 3D porous CuO samples, and the images are shown in
Fig. 4. All the samples in the figure show spherical pores with relatively
uniform size. According to the design of the synthesis process shown in
Fig. 1, the pores should be connected, and the holes in the pore walls
observed in Fig. 4 fit that. EDX analysis proves that the silica particles
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Fig. 3. The normalized XRD patterns of the 3D porous CuO samples.
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can be etched away successfully by NaOH solution (see Table S1 in
Supplementary Material) as<0.5% Si is left on the surface of CuO. 30
measurable pores in the SEM images were measured to get the average
pore size of the samples, and it was found that the pore size of the
samples were slightly smaller than the diameter of the corresponding
silica particle templates used in the synthesis. The mean diameter of
Cu0-100, Cu0-600, CuO-1000 and Cu0O-2000 are about 82 nm, 574 nm,
937 nm, and 1891 nm, respectively. The smaller diameter is probably
caused by shrinkage of the pores during the calcination at 650 °C and/or
the etching of silica spheres. The pore size of CuO synthesized from 10
nm and 50 nm silica particles were too small to be observed by scanning
microscopy, but their pore size can be characterized and calculated by
Na-sorption, by which more comprehensive pore diameter data of the
samples can be obtained, including information of the bulk of the pores
(adsorption branch) and the pore necks (desorption branch). A closer
look inside the pores reveals that the junctions between the spherical
pores (i.e. pore necks) are smaller in size than the diameter of the
spherical pores themselves. This can be more clearly observed in the
CuO SEM images of the larger pores. This is reasonable because the size
of the contact surface between the template silica spheres was smaller
than the diameter of the spheres themselves. The shape of the pores is a
stack of multiple hollow spheres, rather than a cylindrical channel. The
SEM images of CuO-100, CuO-600, CuO-1000 and CuO-2000 were only
used to measure the diameter of the pore bodies, not the size of the pore
necks. To measure the diameter of the pore necks more accurately,
mercury intrusion porosimetry was applied.

Fig. 5 displays the pore size distribution of the porous copper oxide
samples based on Ny-sorption (NLDFT adsorption branch) and mercury
intrusion porosimetry. The pore size distribution (calculated by BJH
desorption branch) and Na-soption isotherms of CuO-10 and CuO-50 are
shown in Supplementary Material, Fig. S2 to obtain more complete in-
formation on the pore structure. Since nitrogen sorption and mercury
intrusion porosimetery are applicable to different pore size ranges, the
CuO0-10 and Cu0-50 samples were characterized by nitrogen sorption,
and the other samples were determined by mercury intrusion porosim-
etry. Due to the different systematic errors of the two characterization
methods, the pore size distribution of samples obtained by different
methods cannot be accurately compared, but they are put into the same
figure to roughly compare the pore size distributions and get an intuitive
impression. Important to note is that, due to the ink-bottle effect, the
pore size obtained by mercury intrusion is only the size of pore necks,
which will be smaller than the actual bulk pore size (cf. SEM images,
Fig. 4) of the samples [53,54], while the pore size obtained by Na-
sorption includes both pore neck size (desorption branch, Fig. S2) and
bulk pore size (adsorption branch, Fig. 5). The pore size distribution of
all samples suggests relatively uniform pores [53]. It is worth
mentioning that because the synthesized CuO samples are powders with
tens of pm particle size, there is another broad pore size distribution at
the micrometer scale in the results of mercury intrusion (as shown in
Fig. §3), which reflects the size of the inter-particle gaps rather than the
bulk pore size [55,56].

The maxima of the pore size distributions calculated from Ny-sorp-
tion and mercury intrusion porosimetry of all CuO samples are listed in
Table 1. For CuO-10 and CuO-50, the pore size is much smaller than the
diameter of the silica spheres used in the synthesis, which might be
caused by shrinkage during thermal treatments [57]. In addition,
consistent with the conclusions drawn from the SEM images, the pore
neck size of CuO-100, CuO-600, CuO-1000, and CuO-2000 measured by
mercury intrusion is smaller than the diameter of the silica spheres used
in the synthesis. Although the pore size of all porous samples is not equal
to the diameter of the silica spheres, it is obvious that there is a positive
correlation with it, resulting in an increasing trend with the use of larger
silica template particles. Hence, uniform pore catalysts with different
pore sizes are indeed successfully prepared over a large pore size span.
The apparent surface area determined using the Brunauer-Emmett—
Teller (BET) theory by Na-sorption is also listed in Table 1. Initially, it
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Fig. 4. SEM images of 3D porous CuO. (a) CuO-100 synthesized from silica particles with a diameter of about 100 nm. (b) CuO-600 synthesized from silica particles
with a diameter of about 600 nm. (c¢) CuO-1000 synthesized from silica particles with a diameter of about 1 um. (d) CuO-2000 synthesized from silica particles with a

diameter of about 2 pm.
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Fig. 5. Pore size distribution of 3D porous CuO samples obtained by Nj-sorp-
tion (for CuO-10 and CuO-50) and mercury intrusion (for the other samples).

decreases rapidly with increasing pore size from CuO-10 to CuO-100.
However, for the macroporous samples from CuO-100 to CuO-2000,
the differences in specific surface area are very small as the pore size
changes.

In addition, as shown in Fig. S4, the porous CuO particles synthesized
by the method in this paper are not uniform in shape and particle size.
The particle diameters of the porous CuO particles range from ~ 5 pm to
~ 40 pm, and the average particle diameters calculated from measure-
ments of more than 50 particles from the SEM images of Fig. S4 are
summarized in Table 1. As shown in the table, compared with the large
differences between the pore diameters (ranging from 2.6 to 1891 nm),

the difference in mean particle diameter between the sample particles
was relatively small, and the particle diameter did not show an obvious
tendency to increase with increasing pore size. The average particle
diameter of CuO-10 and CuO-50 was slightly smaller than for the other
samples, because they included more small particles around 5 pm. Due
to the similar mean particle diameters of the samples, their packing
densities in the reactor, calculated from the weight of the particles
packed in the discharge zone and the volume of the discharge space, as
shown in Table 1, did not show significant variations with pore size.
Therefore, samples with different pore sizes packed in the DBD reactor
are expected to have similar space times. Hence, although the particle
size and interparticle void space, as well as the packing density of the
particles, could in principle affect the plasma performance and we
cannot exclude it, its impact is expected to be less for all packing ma-
terials used in this work, compared to the change in pore size, which
covers more than three orders of magnitude.

The infrared (IR) spectra of the CuO samples with different pore sizes
are shown in Fig. S5. After flushing with 80 mL/min Ar for 30 min, all
CuO samples did not show obvious hydroxyl groups, probably due to the
650 °C calcination during the syntheses. The peaks appearing at around
537 em ™! and 585 cm™! can be attributed to the vibrations of Cu-O. A
peak at 835 cm™! could be assigned to the residual traces of silica after
the etching, and no other peaks of SiO, was observed. A sample of CuO-
1000 was characterized by IR again after the DRM, and no significant
change on its surface properties was observed after plasma based dry
reforming.

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

Plasma-catalytic dry reforming tests were performed on porous
samples with different pore sizes before and after reduction. Fig. S6
shows the results of TPO-TPR-TPO of the samples after reduction. The
oxygen consumption of the two TPOs was consistent, indicating that the
CuO samples were completely reduced in the tube furnace. The
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Pore sizes and specific surface areas of 3D porous CuO samples obtained from Nj-sorption, SEM and mercury intrusion.

Samples Bulk pore diameter Pore neck diameter Specific surface area Mean particle diameter? Packing density Packing density of reduced sample
CuO-10 2.6 nm" / 236 m%/g 8 pm 1.6 g/mL 1.7 g/mL
Cu0-50 6.1 nm* 4.3 nm* 152 m?/g 8 um 1.7 g/mL 1.8 g/mL
Cu0-100 82 nmP 64.0 nm® 8 m%/g 10 pm 1.7 g/mL 1.7 g/mL
Cu0-600 574 nmP® 195.0 nm*® 2 m?%/g 9 pm 1.6 g/mL 1.7 g/mL
Cu0-1000 937 nm® 361.2 nm® 2 m%/g 9 um 1.6 g/mL 1.7 g/mL
Cu0-2000 1891 nm® 565.6 nm® 1 m?%/g 10 pm 1.7 g/mL 1.8 g/mL

@ Pore size characterized by N,-sorption, including bulk pore diameter (deduced by NLDFT from the adsorption branch) and pore necks diameter (deduced by BJH
from the desorption branch). ®Bulk pore size measured and calculated by SEM images. “Pore size characterized by mercury intrusion, which is considered to only
account for the size of the pore necks. The particle distribution is broad (see the SEM images in Figure B.3), and thus the mean value is only present as a rough
indication of differences in size between different powders but cannot be used to derive conclusion about e.g. void space due to the broad particle size distribution.

conversions of CH4 and CO; in the plasma-catalytic reaction are shown
in Fig. 6. The dashed lines in Fig. 6 are the CH4 and CO; conversions at
the same gas flow in an empty reactor only with plasma. In most cases,
similar to the results in the majority of literature on plasma dry
reforming, the CH4 and CO» conversions for the catalysts were lower
than those in the empty reactor at the same flow rate. This is because the
positive effects of catalysts are not enough to compensate for their
negative effects, such as hindering discharge and reducing space time.
However, the best performing samples for a certain pore size in Cu and
CuO (i.e. Cu-10 and Cu0-1000) exhibited higher conversion than the
empty reactor, illustrating the importance of the pore size effect on the
plasma catalytic process, and the positive effects of the fully packing
catalyst with suitable properties in the plasma catalytic dry reforming
can cover its negative effects. There are very similar trends in Fig. 6a
(reduced copper samples) and Fig. 6b (unreduced copper oxide sam-
ples). The first trend is that among the samples with pore sizes smaller
than Cu-1000 or CuO-1000, the smaller the pore size, the higher the
obtained conversion. This seems normal from a thermocatalytic dry
reforming point of view, because the smaller pore catalysts have a
higher surface area (see specific surface area of the different samples in
Table 1) to facilitate the adsorption and catalytic reaction at the surface.
In a plasma reaction, however, it is unusual. Previous studies on pore
size generally suggested that the high surface area in small pores was
ineffective since the smaller the pore size, the fewer electrons in the
plasma can propagate into the pores during the discharge
[39-41,58-61]. The direct comparison of the performance of catalysts
with different pore sizes (Fig. 6) shows results that are in contrast to the
conclusions drawn from previously reported simulations or experi-
mental studies of plasma propagation within catalyst pores
[40,41,59,60]. The results suggest that although electrons may not be
able to enter the smaller pores to activate gas molecules and interact
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with the catalyst surface inside the pores, the smaller pores still have
some advantages, which are more important than the fact that plasma
cannot enter inside these small pores.

First, the advantage of materials with large pores enabling more
electrons to enter to react with the surface may not be as great. Ac-
cording to the data shown in Table 1, even if the pore size is large
enough that the plasma streamer can propagate directly in it, resulting
in the effective surface area of plasma reaction equal to its total surface
area, the specific surface area of the catalyst with macropores is so low
that it could not bring much benefit to the catalytic reaction. Second,
although it is difficult for electrons in the plasma to enter the smaller
pores to activate gas molecules due to the prevention of the plasma
sheath, radicals or positively charged ions generated in the plasma will
not be blocked. These plasma species may still diffuse into the pores, or
(in case of the ions) even be accelerated out of the plasma into the pore,
and thus react with the catalyst surface [61,62]. The lifetime of the free
radicals will determine how deep they can penetrate into the pore.
Third, the high roughness of the catalysts with small pores, resulting
from the higher number of pores at the surface, causes electric field
enhancement in the plasma, which creates more reactive plasma species
that can interact with the catalyst. It can also be observed that the
plasma power and the average filament charge show a correlation with
the conversion of the reactants (we refer to Table 2 later for more de-
tails) [42,63-65]. Fourth, The larger external surface area of the cata-
lysts with small pores (again due to a higher number of pores at the
surface), may be another reason for their better performance. Fifth, the
small crystallite size of catalysts with small pores shown in Fig. 3 may
also be favorable for the plasma catalytic dry reforming, because the
small crystallites have more exposed active sites [66-69]. Sixth, space
time may also affect the conversion. As shown in Fig. S7, the conversion
of CO, and CHy4 for two representative samples, i.e., Cu-10 and CuO-
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Fig. 6. Conversion of CH4 and CO; in plasma-catalytic dry reforming, of 3D porous (a) Cu and (b) CuO samples with different pore sizes. The dashed line is the
conversion of the empty reactor only with plasma at the same gas flow rate. The error bars were obtained from standard errors based on three repeat experiments.
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Electrical characterization data measured and calculated from the recorded signals of the oscilloscope of the DRM experiments with the samples of different pore sizes.

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
Cu0-50 26.7 49.9 19.3 557 156 3.6
Cu0-100 26.4 50.3 19.7 671 134 5.0
Cu0-600 26.4 50.3 19.2 665 155 4.3
Cu0-1000 26.0 50.6 24.4 608 85 7.2
Cu0-2000 26.8 50.5 19.5 589 151 3.9

1000, is greatly affected by the gas flow rate (which results in different
space times). It should be realized that small variation in space time
resulting from packing density variation can also affect the performance
results to some extent. Moreover, as mentioned before, the CuO-10 and
CuO-50 particles had slightly (10-20%) smaller mean particle diameters
(8 um versus 9-10 um). The void space between the particles and the
contact points between particles might be different. This provides a
complexity of positive and negative effects of performance, which are
mutually interfering and are expected to have an optimum value of
particle size [27,28]. However, since the differences in mean particle
diameter and packing densities between the samples were small
(compared to the 3 orders of magnitude differences in pore sizes) and
did not show an obvious trend with pore size, it is difficult to estimate
the role of space times, particle sizes and packing densities. Neverthe-
less, we cannot exclude their effects.

In most cases, Cu with the same pore size exhibited better perfor-
mance than CuO (cf. Fig. 6a and 6b) as metals are the typical active
components for dry reforming reactions [42,58]. An exception is
observed for the samples synthesized from the 1 pm silica spheres, i.e.,
the conversion of CuO-1000 is higher than of Cu-1000. These samples
are also exceptions to the trend that the smaller the pore size, the better
the performance. Indeed, these samples show a higher conversion in
plasma-based dry reforming than both the smaller and larger pore size
samples, and CuO-1000 even shows the highest conversion among all
the unreduced CuO samples. We believe this can be attributed to the
electric field enhancement in the pores with diameters close to the
plasma Debye length (ca. 600 nm at typical plasma catalysis conditions)
[39,40]. This electric field enhancement enables Cu-1000 and CuO-1000
to perform better than the other samples. Since mainly surface dis-
charges occur in DBD plasma packed with materials with relatively low
dielectric constant [42,58,70], such as CuO (g, = 18.1), the electric field
enhancement in this case due to surface charging is stronger than that of
Cu-1000. Metals are in this context equivalent to a dielectric with
infinite dielectric constant, and thus, the plasma will mainly be char-
acterized by local filamentary microdischarges [42,58,70]. As samples
with small pores can provide more and smaller discharge gaps for the
local filamentary microdischarges, they are more favorable in Cu sam-
ples for the plasma reaction than the electric field enhancement of Cu-
1000 [42,70]. The above factors together can explain why CuO-1000
shows the highest conversion of the unreduced CuO samples, while
Cu-10 is the best among the reduced Cu samples.

Among the other macroporous samples with similar specific surface
area, Cu0-2000 showed better performance than CuO-600, while the
performance of Cu-2000 is similar to that of Cu-600. This might also be
because the discharge mode dominated by surface discharges in CuO is
more in line with the simulation of plasma propagation in pores [40].
which predicts that a larger pore size allows more electrons to enter.
However, in case of metallic materials, the discharge mode (character-
ized by local filamentary micro-discharges) is different.

The selectivities of the main components formed in plasma-catalytic

dry reforming with the various 3D porous samples with different pore
sizes are plotted in Fig. 7. The carbon and hydrogen mass balance
(shown in Fig. S8) is not entirely 100%. Therefore, there might still be a
few possible liquid products and carbon deposits attached to the catalyst
and the reactor, as well as the presence of other gaseous products that
were not calibrated in the gas chromatograph, which cannot be counted.
As shown in Fig. 7a and Fig. 7c, syngas is the predominant product in all
experiments, and the CO selectivity is always higher than that of H.
When comparing the samples with different pore sizes, some products
do not differ significantly in selectivity, while others do. Interestingly,
the difference in selectivity appears to correlate with the conversion of
the reactants. A rough trend seems to be that samples exhibiting higher
CH4 and CO; conversions also have higher syngas (CO and Hj) selec-
tivities, but lower selectivities for some unsaturated hydrocarbons and
oxygenated organics, such as ethylene, methanol, and ethanol. The
selectivity decrease is most striking for the Cu-1000 and CuO-1000
samples, and may be caused by the enhanced electric field in the sam-
ples, causing a higher conversion due to the higher energy input, and
apparently a lower selectivity to these unsaturated hydrocarbons and
oxygenates, in line with literature [33,45]. The empty reactor had
higher plasma power (see Table 2 below) due to the absence of packing
material which may hinder the discharge, also following the above
trend, which exhibited a relatively high syngas selectivity and a low
unsaturated hydrocarbon and oxygenates selectivity. Besides the electric
field enhancement, the reaction of radicals within the pores is another
factor that might affect the selectivity [61,62]. The trends in selectivity
for the various products are different, indicating a different impact of the
pore size on the reaction paths of the radicals. For example, the selec-
tivity towards acetylene is low in CuO-1000 but relatively high in CuO-
10, although both of them show a high conversion of CO5 and CHy. Since
CO is the predominant carbon-containing product, the carbon balance
shown in Fig. S8 has a similar trend to the selectivity of CO. For example,
among the copper samples, Cu-10 also has the highest sum of detectable
carbon-containing products selectivities. However, the carbon balance
of CuO-1000 is lower than that of other samples, although its CO
selectivity is similar or even slightly higher than other samples. This
indicates that more carbon deposits or other products not calibrated in
the GC were generated during the dry reforming of this sample.

In order to study the stability of dry reforming performance and
possible carbon deposition on the samples, long-time plasma DRM tests
and TGA measurements were performed. As shown in Fig. S9, the per-
formance of Cu-10 decreased slightly (1%-2%) after 12 h of testing,
while the conversion of CH4 and CO, of CuO-1000 did not change
significantly (<1%). Fig. S10 shows the TGA data of CuO-1000 and Cu-
10 after 12 h plasma dry reforming. The used CuO-1000 has a small
weight loss (~0.1%) when heated to 800 °C in a 80 mL/min of Oy,
indicating that there is little carbon deposition on its surface and it was
not reduced by Hy and CO products in plasma dry reforming, which may
be due to the relatively low input energy in this study. The TGA data of
the used Cu-10 were compared with that of fresh Cu-10, since the weight
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from standard errors based on three repeats.

loss was covered by the weight increase caused by the oxidation of Cu.
The weight difference after heating to 800 °C between the fresh Cu-10
and used Cu-10 was about 4.5%, which could be attributed to the car-
bon deposition from the 12 h plasma dry reforming, and this is also in
line with its slightly reduced performance. In addition, as shown in
Fig. S11, the reducibility of CuO-1000 did not change after the DRM test.

The electrical signals of the plasma experiments were recorded and
collected by an oscilloscope. As seen in Table 2, 26-28 kV peak-to-peak
voltage (Up,) was applied to achieve a constant 50 W supplied power.
However, depending on some factors, such as the structure and dielec-
tric constant of the packing samples, at the same supplied power, the
distribution, number and intensity of the discharges are different,
resulting in different plasma powers. The portion of the supplied power
that is not converted to plasma power is lost in the circuit as heat or
returned to the source as reactive power. A higher plasma power, such as
for the Cu-10, CuO-10, and CuO-1000 samples, means higher energy
input, which produces a more reactive plasma, leading to their higher
conversion. The higher plasma power in the empty reactor illustrates the
hindering effect of the catalyst in the discharge, which should be one of
the reasons why the conversion of most samples is lower than that in the
empty reactor. The average number of micro-discharges per period is
counted by the number of peaks in the normalized current profile after
excluding signal noise. It may not be the exact number of micro-
discharges, but subject to some system errors, as some discharges may
coincide, or some may be too small and therefore are excluded as signal
noise. By dividing the transferred charge by the number of micro-
discharges in the same period, we obtain the average filament charge,
which is a measure for the average strength of the discharge. Both a
larger number of micro-discharges and more powerful discharges can
have a positive effect on the conversion of plasma-based dry reforming.
However, it is difficult for both to achieve relatively high values in the
same reaction, since the catalyst pore size did not show a significant
effect on the displaced charge. The displaced charge of the empty reactor
could not be obtaine due to the limited measurement range of the PC-

connected oscilloscope and the unstable discharge in the empty
reactor. As shown in Table 2, a higher average filament charge often
corresponds with fewer discharges, and exhibits higher conversion, cfr.
Fig. 6. Therefore, our results suggest that the strength of the discharges
has a larger effect on the conversion of plasma-based dry reforming than
the number of micro-discharges.

However, most copper samples showed lower plasma power and
discharge intensity than copper oxide with the same structure, despite
they had a higher conversion of CO2 and CH. The packing of the porous
Cu powders in the reactor made some conductive particles to be directly
connected to the grounded inner electrode to form an equipotential,
which may cause most of the discharge to occur in the small gaps be-
tween the outermost particles (probably at the same potential as the
electrode) and the dielectric barrier, and less point-to-point micro-dis-
charges in the gaps between the other powders in the gap [42,58,70].
Although the reduced Cu has a negative impact on the discharge, they
showed better performance in most cases than the CuO samples with
higher plasma power and more produced radicals and ions, which might
be due to its better catalytic activity for dry reforming. Fig. S12 shows
the energy yields of the different samples, which exhibit the sample
performance after normalizing for the difference in discharge power.
The trend of EY variation with pore size is similar to that of conversion,
further confirming the effect of pore size of the samples on the dry
reforming performance. Since the discharge power of the Cu samples is
always lower than that of the CuO samples, the performance advantage
of Cu over CuO, shown by the EY, is larger than that shown by the
conversion (except for Cu-1000 and CuO-1000). Since one of the reasons
why the empty reactor has a higher conversion than most samples is its
high discharge power, after excluding the influence of discharge power,
two more samples, i.e., Cu-50 and Cu-1000, show better performance
than the empty reactor, based on the EY.
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4. Conclusion

In this study, we investigated the effect of catalyst pore size on
plasma-based dry reforming. The samples evaluated in this study were
3D porous Cu or CuO, synthesized from uniform silica particles in the
range of 10 nm to 2 pm used as templates. Since the samples have similar
pore structure, and consist of the same single chemistry without the
interference of a support material, the plasma results can clearly show
the influence of the catalyst pores in the plasma-based dry reforming.

Based on the conclusions drawn from previous simulation studies,
we would expect that the larger the pore size, the better the catalyst
performance, and the best results would be obtained for catalyst pore
sizes above the plasma Debye length (hundreds of nanometers at typical
plasma catalysis conditions [39,40]). That is because pores larger than
the Debye length allow the plasma streamer to penetrate inside the
catalyst pores and thus generate a larger contact area between plasma
and catalyst surface for chemical reactions. However, our results do not
reveal that the larger catalyst pore size is more favorable for the plasma
reaction, but they show the opposite trend in most cases, with the
exception of CuO-1000 (and Cu-1000 to some extent as well). This
suggests that even when the electrons cannot enter the catalyst pores,
because they are smaller than the Debye length, these pores can still be
reached by radicals formed in the plasma, and ions can even be attracted
into them due to the electric field, and these radicals and ions can give
rise to the plasma-catalytic reactions. Among the reduced Cu samples,
Cu-10 showed the highest conversion of CH4 and CO,, while among the
CuO samples, CuO-1000 showed the highest conversion. We attribute
the latter to the electric field enhancement, as predicted by modeling, as
this pore size is close to the Debye length. The conversions of CH,4 and
CO3 of Cu-10 and CuO-1000 are higher than those of the empty reactor,
indicating that the fully packing catalyst does not necessarily have a
negative effect on the conversion as in the literature, and as long as it has
a suitable structure, the conversions of of CH4 and CO can be improved.
Furthermore, a rough trend indicates that the higher the conversion of
CH4 and COo, the generally higher is the selectivity of syngas among the
various products, and the lower is the selectivity of some unsaturated
hydrocarbons and oxygenated organics. Finally, from the correlation
with the electrical characteristics, we can conclude that the strength of
the micro-discharges has an important effect on the conversion of CHy
and CO- and the selectivity of the products, although there is no perfect
correlation.

In the 3D porous samples synthesized by the template method, the
thickness of the pore wall varies with the pore size, resulting in changes
in the crystallite size of the components. Samples with larger pore sizes
have larger crystallite size, which is detrimental to the conversion of dry
reforming [66-69]. The difference in specific surface area for samples
with pore sizes smaller than 100 nm and samples with larger pores is two
orders of magnitude. Therefore, even if the plasma streamers can
propagate into the large pores and react with the entire surface of the
sample, which is not possible for the pores smaller than the Debye
length, the total contact area with plasma will not rise a lot, and thus, it
will not bring much improvement. On the other hand, even if plasma
streamers cannot propagate in the smaller pores, as mentioned above,
radicals or positively charged ions can still diffuse into these catalysts,
and the latter even be attracted into it, and the effective contact area of
these radicals and ions in small pores is much larger than for catalysts
with larger pores.

In summary, we demonstrated that catalysts with smaller pores
perform generally better for plasma-based dry reforming, but there are
exceptions depending on the properties of the materials. The possible
electric field enhancement due to surface charging in the large pores of a
certain pore size can greatly improve the reaction efficiency. This
enhancement effect is strong for CuO, which is characterized by a
relatively small dielectric constant, while it is weak for metallic cata-
lytically active components. Therefore, in future research of catalysts for
plasma reactions, macroporous supports with specific pore size (possibly
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several hundreds of nanometers) and metal active components with
micropores (or the combination of both) are two potential feasible di-
rections. This is not only for dry reforming, but could also be valid for
more plasma-catalytic processes.
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