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ABSTRACT

Plasma catalysis is a rapidly growing field, often employing a packed-bed dielectric barrier discharge plasma
reactor. Such dielectric barrier discharges are complex, especially when a packing material (e.g., a catalyst) is
introduced in the discharge volume. Catalysts are known to affect the plasma discharge, though the underlying
mechanisms influencing the plasma physics are not fully understood. Moreover, the effect of the catalysts on the
plasma discharge and its subsequent effect on the overall performance is often overlooked. In this work, we
deliberately design and synthesize catalysts to affect the plasma discharge in different ways. These Ni or Co
alumina-based catalysts are used in plasma-catalytic dry reforming of methane and ammonia synthesis. Our work
shows that introducing a metal to the dielectric packing can affect the plasma discharge, and that the distribution
of the metal is crucial in this regard. Further, the altered discharge can greatly influence the overall performance.
In an atmospheric pressure dielectric barrier discharge reactor, this apparently more uniform plasma yields a
significantly better performance for ammonia synthesis compared to the more conventional filamentary
discharge, while it underperforms in dry reforming of methane. This study stresses the importance of analyzing
the plasma discharge in plasma catalysis experiments. We hope this work encourages a more critical view on the
plasma discharge characteristics when studying various catalysts in a plasma reactor.

1. Introduction

intensive Haber-Bosch process [1-5].
Packed-bed dielectric barrier discharge (DBD) plasma reactors are

To combat the anthropogenic climate change, many potential solu- often employed in plasma catalysis, as they allow for an improved

tions are being developed. In the field of plasma-catalytic gas conver-
sion, two main approaches exist. Firstly, greenhouse gases, with a main
focus on COy, could be converted into environmentally harmless or even
useful chemicals. Secondly, existing chemical processes that are
responsible for significant greenhouse gas emissions could be electrified
in order to produce the required chemicals with renewable energy
sources. Examples of such approaches are dry reforming of methane
(DRM), where CO4 and CH4 are converted into syngas, and NHs syn-
thesis, potentially serving as a decentralized alternative to the energy-

contact between the plasma and the catalytic material, since the packed
catalyst can be placed inside the discharge volume [6]. The introduction
of any packing material will unavoidably change the conditions of the
plasma discharge. On the one hand, the packing will decrease the
available gas volume, thus decreasing the residence time at a given mass
flow rate of the gas, compared to an empty reactor. On the other hand,
the packing material will alter the (di)electrical properties of the system,
inevitably altering the discharge properties [7]. However, the effect of
such packing material on the plasma discharge, and especially its
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subsequent effect on the plasma-catalytic performance, is not yet fully
understood. Moreover, when comparing various catalytic materials in
plasma catalysis, their effect on the plasma discharge is often over-
looked. This makes it difficult to attribute certain changes in e.g. con-
version solely to a catalytic effect, when potential differences in the gas
phase chemistry are neglected. In plasma catalysis, many physical and
chemical processes contribute to the overall performance, which im-
pedes straightforward interpretation and comparison of different studies
[8]. Furthermore, optimal (plasma) conditions often differ vastly
depending on the reaction of interest. Therefore, we decided to study
both DRM and NHj synthesis, since they have very different reaction
mechanisms and thermodynamic characteristics, the former being
endothermic, and the latter being exothermic. Moreover, previous
studies indicate that various plasma discharge characteristics could
affect the overall performance of these reactions in a different way
[9-11].

Often, adequate analysis of the plasma discharge is missing in
existing literature reports [12-21], and while indeed sometimes the
effect of the catalyst on the plasma discharge was noted in DRM
[22-26], NHg synthesis [27-35] or for other gas conversion applications
[36-39], a systematic investigation of the discharge parameters is rare.
Nevertheless, Peeters and van de Sanden proposed a detailed and pro-
found electrical model of a DBD, enabling an extensive study of the
discharge parameters based on conventional measurements (i.e., Lissa-
jous figures) and relatively straightforward calculations [40]. Moreover,
modeling results indicate that certain aspects of the plasma discharge (e.
g. filamentary versus uniform discharge) could indeed affect the gas
conversion, independently of any catalytic effect [9-11].

Recently, Brune et al. performed a detailed investigation of the effect
of a catalytic packing on the plasma discharge for DRM, with a specific
focus on the microdischarges [24]. It was shown that despite identical
syntheses using incipient wetness impregnation, different metals had a
different effect on the plasma discharge, notably the number of micro-
discharges. This aberrant behavior was in part attributed to differences
in the chemical nature of the catalysts. Likewise, when using a higher
metal loading in plasma-catalytic NH3 synthesis, Ndayirinde et al. found
that a similar synthesis technique yielded an increased metal concen-
tration at the surface of the support (alumina) beads [35]. The exposed
metal was expected to cause drastic alterations of the plasma discharge,
which proved to be highly beneficial for NH3 synthesis. Finally, Seyn-
naeve et al. studied the impregnation of such beads with Fe and Cu and
found that small changes in the synthesis protocol could yield signifi-
cantly different metal distributions [41]. Despite these recent de-
velopments, a clear understanding of what causes the changes in the
plasma discharge and what precise properties of the plasma affect the
overall performance is still lacking.

Therefore, this work focuses on how the catalytic packing material
affects the plasma discharge, and how that in turn influences the plasma-
catalytic performance. Since metal-loaded (alumina) beads or pellets are
often employed in plasma catalysis research, the distribution of the
metal on and throughout the beads is emphasized. Two different types of
catalysts are designed and synthesized to have drastically different
distributions of metal throughout the support beads, deliberately aiming
to influence the plasma discharge. These catalysts are synthesized with
either Ni or Co as a catalytic metal, supported on porous y-Al;O3 beads.
Ni and Co are chosen because they are very often used in plasma-
catalytic DRM [42,43] and NH3 synthesis [35,44,45], respectively. By
using metals that are studied frequently, we aim to enable a more
straightforward comparison with previous and future work. At the same
time, both metals will be used for both reactions in this work, in order to
make a direct comparison between the reactions, attempting to under-
stand how the reactions perform under practically identical plasma-
catalytic conditions, and to investigate how identical synthesis pro-
tocols for different metals can still yield different results. The first type of
catalyst is synthesized using the common wet impregnation technique
[45], resulting in metal nanoparticles scattered throughout the entire
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support bead. The second type of catalyst is synthesized by spray coating
[46], a technique which concentrates all deposited metal at the surface
of the alumina beads.

These sets of catalysts are used in plasma-catalytic DBD experiments
for both DRM and NHj synthesis. The performance of the various cat-
alysts is compared with an emphasis on the properties of each plasma
discharge. The goal is to elucidate the influence of packed catalysts on
the plasma discharge and its subsequent effect on the reaction perfor-
mance. We explicitly note that the synthesized materials will be called
catalysts throughout this work, even though their effect on the reaction
may not always be entirely clear, being either physical, chemical, or a
combination of both. However, as this is common practice in the plasma
catalysis community, this phrasing seems most appropriate.

2. Methods
2.1. Catalyst synthesis

All catalysts were synthesized starting with commercial y-AloO3
beads (Sasol, product number: 604130) with a diameter of 1.8 mm.
Every type of catalyst was synthesized with approximately 30 g of dried
beads so that the DRM and NHj synthesis experiments could be per-
formed using pristine catalysts from the same batch. Filling the reactor
entirely takes around 12.5 g of beads, leaving some margin for losses and
analyses.

For the wet impregnation (WI), an aqueous solution of the respective
precursor was prepared, Ni(NO3),-6H20 (Sigma-Aldrich, 97.5 %) for the
Ni catalyst and Co(NO3),-6H20 (Sigma-Aldrich, >98 %) for the Co
catalyst. The amount of precursor was chosen to yield a final metal
loading of 10 wt% and the volume of the solution was chosen to
correspond to 0.75 ml per g of Al,O3 beads, as that was empirically
determined to be the volume of liquid the beads can absorb. After drying
the beads, the precursor solution was added to the beads, followed by
continuous stirring for a few minutes to ensure a homogeneous distri-
bution of the precursor. Next, the beads were left to dry in ambient
conditions overnight after which they were dried at 120 °C for 24 h.
Further, the beads were calcined in air at 400 °C for 6 h and finally
reduced in a tube furnace with 2 % Hy in Ar (Air Liquide, >99.999 %) for
8 h at 550 °C. Note that this reduction step was only done overnight
immediately prior to plasma-catalytic experiments, to limit the potential
re-oxidation of the catalysts through prolonged storage.

The spray-coated (SC) catalysts were prepared according to a pro-
tocol adapted from Uytdenhouwen et al. [46]. In preliminary synthetic
experiments, the 10 wt% catalysts proved to be too structurally unstable
for further use in the plasma catalysis experiments, because the much
thicker shell obtained with this high amount of metal partially detached
from the beads, making the estimate of the loading highly inaccurate.
Therefore, only 3.3 wt% and 1 wt% Ni and Co catalysts will be discussed
from here onwards. An aqueous solution of the respective precursors
was prepared (Ni(NO3)2-6H20 and Co(NO3)3-6H20) with a concentra-
tion of approximately 0.6 M in amounts to yield the correct metal
loading of either 3.3 or 1 wt%. This solution was stirred and heated to
80 °C. Next, a 3 M NaOH (Acros Organics, 98.5 %) solution of approx-
imately the same volume as the Ni/Co solution was added to the pre-
cursor while stirring continuously. This volume ensured a very basic
environment, promoting the precipitation of the Ni/Co species. When
adding the NaOH solution, a Ni or Co oxyhydroxide was formed and
precipitated. After stirring for 2 h at 80 °C, the precipitate was left to
settle under static conditions. Next, the clear supernatant was removed
and 150 ml of water was added followed by stirring for a short time. The
precipitate was again left to settle and this washing step was done three
times in total. After the washing steps with water, the same washing
steps were done three times using isopropanol (Merck, >99.8 %). This
procedure finally yielded a suspension of either Ni or Co oxyhydroxides
in isopropanol. For the actual spray coating, the dried Al;O3 beads were
placed in a rotating drum, after which the prepared suspension was
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slowly sprayed on the rotating beads. Warm air was sent into the drum
to promote rapid evaporation of the solvent, while the spraying was
done intermittently to prevent the suspension from entering the pores.
Finally, after all the suspension was sprayed and most of the solvent
evaporated, the beads were left to dry overnight in ambient conditions.
Identical to the wet impregnated catalysts, these beads were then dried
for 24 h at 120 °C, calcined in air at 400 °C for 6 h and reduced in 2 % Hy
in Ar at 550 °C for 8 h.

2.2. Catalyst characterization

2.2.1. Scanning electron microscopy

To investigate the metal distribution throughout the beads as well as
the metal coverage at the surface of the beads, and the total metal
loading of the WI catalysts, scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX) analyses were performed
using a Thermo Fisher Scientific Quanta 250 ESEM equipped with an
Oxford Instruments EDX detector. Prior to SEM analysis, two beads of
every batch were embedded in an epoxy resin (EPO-TEK 353ND-T4),
ground and polished to expose a smoothened cross-section of each
bead. These samples were then attached to an SEM-stub and coated with
a circa 10 nm layer of C to improve the conductivity during SEM anal-
ysis. EDX maps were acquired from the cross section and quantified to
yield a radial distribution of the catalyst metal throughout the bead
[35], as described in more detail in the Supplemental Information (SI,
Section S1, Fig. S1). Furthermore, whole beads were glued to an SEM-
stub using silver paint and coated with a circa 10 nm layer of C to
investigate their surface. Samples were analyzed using either secondary
electron (SE) or backscattered electron (BSE) imaging [47]. SE-SEM
imaging is very sensitive to surface topography, which was employed
here to study the structure of the SC shell at the surface of the beads.
BSE-SEM imaging is sensitive to the atomic mass of the sample and was
therefore used to study the distribution and coverage of Ni or Co at the
surface of the beads, yielding a higher signal compared to the lighter
Al,03 background.

2.2.2. X-ray powder diffraction

To determine the oxidation state of the metal loaded on the catalyst,
X-ray powder diffraction (XRD) was used to characterize the various
samples. For these analyses, a Bruker D8 ADVANCE eco XRD machine
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was used, operating with a Cu K-a X-ray source. The beads were crushed
in a mortar prior to XRD analysis.

2.2.3. Ny sorption

In order to probe the specific surface area of the various catalysts, Ny
sorption at 77 K and subsequent Brunauer-Emmett-Teller (BET) analysis
was performed. The sorption measurements were performed using a
Quantachrome Quadrasorb SI analyzer and the BET calculations were
carried out using QuadraWin software.

2.3. Plasma reactor setup

A schematic representation of the setup is provided in Fig. 1, whereas
the exact dimensions of the reactor are presented in the SI (Section S2,
Fig. S3). The reactor consists of a ceramic tube (alumina, Ceratec)
wrapped with a 100 mm wide metal mesh that acts as the powered
electrode. A steel rod placed through the ceramic tube acts as the
grounded electrode and creates a gap of 4.5 mm between the rod and the
ceramic tube that is packed with the (catalyst) beads. The catalysts were
held in place by glass wool at both ends and the gases were sent to the
reactor through mass flow controllers (Bronkhorst). A 23.5 kHz sinu-
soidal voltage was applied by the G10 S-V (AFS GmbH) power supply
unit (PSU) and sent to the outer electrode of the reactor through a
transformer with a constant applied PSU power of 100 W. A high voltage
probe (Tektronix P6015A) was used to measure the applied voltage via
the digital oscilloscope (Pico Technology PicoScope 6402A). The central
rod was connected to the ground through a capacitor (10 nF) over which
the voltage was monitored by the oscilloscope through a voltage probe
(Pico Technology TA150). The current through the grounded cable to
the capacitor was measured using a current monitor (Pearson Elec-
tronics 4100), also connected to the oscilloscope.

For the DRM experiments, a mixture of CO5 and CHy4 (Air Liquide,
>99.998 % and > 99.995 %, respectively) was sent to the reactor at a
total flow rate of 100 mln/min (normal ml per min) [48] in a CO3/CH4
ratio of 1:1 or 2:1. We emphasize that we controlled the mass flow rate
(and not volumetric flow rate) in the experiments, which was measured
in mln/min. The outflow of the reactor was sent through a cold trap to
condense the liquid fraction, which was determined to be mostly water
(>98 %) with small amounts of methanol and ethanol by a separate gas
chromatography (GC) measurement. Further, the total volume of the
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Fig. 1. Schematic representation of the reactor setup. The “Gas analysis” consists of an NDIR for NH3 synthesis, or of a cold trap followed by a GC for the DRM

experiments.
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liquid fraction was very small (in the order of a few hundred pl), which
prevented an accurate measurement. After the cold trap, the online GC
(Agilent 990 Micro GC) sampled gas from the exhaust line to determine
its composition. The GC was equipped and calibrated to measure COs,
CHy4, CO, Oq, Hy, Ny, CoHy, CoHy, and CyHg. As gas expansion can in-
fluence the measurements [49,50], Ny was used as a standard for the GC
measurements, by adding a continuous flow of 20 mln/min Ny to the
outflow of the reactor before sampling by the GC. Before every experi-
ment, the GC sampled at least three times to determine a baseline for the
concentrations of the gases entering the reactor and used as a standard.
The plasma was on for 1 h for each experiment with the GC sampling
approximately every 5 min. This allowed the system to reach quasi-
steady state after around 15 min, which then left enough samples to
average the measurements. These peaks in the chromatograms were
integrated, averaged over the samples during the quasi-steady state and
converted to concentrations using our calibration. The standard devia-
tion of the various peak areas and the error on the calibration were used
to determine the error on the concentration of every component.

For the NHj3 synthesis experiments, a mixture of N, and Hy (Air
Liquide, >99.999 %) with a total flow rate of 100 mln/min was sent to
the reactor. For these experiments, No/H; ratios of 3:1, 1:1 and 1:3 were
used. The outflow of the reactor was then analyzed by a non-dispersive
infrared sensor (NDIR, Rosemount X-stream Enhanced XEGP Contin-
uous Gas Analyzer, Emerson). The plasma was on until the NH3 con-
centration in the outflow remained stable for at least 10 min, which was
then averaged over this stable area to determine an overall NH;3 con-
centration for that experiment. An illustration of the evolution of the
NHj; concentration as a function of time is provided in the SI (Section S3,
Fig. S4). The standard deviation of the set of stabilized concentration
measurements was used as the error on the measurements.

To mimic the residence time of a packed reactor, experiments for all
gas mixtures were also performed with an empty reactor at 200 mln/
min, as the packing is expected to occupy roughly half of the volume of
the reactor, thus approximately reducing the apparent residence time by
a factor of two [51].

2.4. Discharge characterization

During the plasma experiments, various snapshots were acquired by
the oscilloscope, monitoring the applied voltage and the measured
current. During operation, the charge-voltage (Q-V) diagram, so-called
Lissajous figure, was also shown to monitor the discharge during the
experiment. For the detailed analysis of the discharges, only the applied
voltage and the measured current were used. This method was
compared in the SI (Section S4) to another common technique of using
the voltage over the monitoring capacitor, which proved to be practi-
cally identical. Many of the analyses characterizing the discharge are
based on the work of Peeters et al. [40,52].

During each experiment, multiple (at least three) snapshots were
acquired with the oscilloscope when a (quasi-)steady state was reached,
saving the applied voltage and measured current. The electrical mea-
surements coincided with the gas-phase analyses, thus not including the
initial phase of the experiment. Each of these snapshots was analyzed to
yield the various discharge characterizing metrics (i.e., plasma power,
microdischarge quantity, effective dielectric and cell capacitances,
burning voltage, conductively transferred charge, as discussed in detail
below) and the variation between the snapshots was used to determine
an error on the various characteristics.

The first important property of the DBD plasma, is the plasma power
P. This is determined by multiplying the applied voltage V and the
measured current I and taking the average of these values over a whole
number of cycles (11 in one snapshot in our case). This is illustrated in
Eq. (1).

1

P=1 /0 V) e 10t e))
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Further analyses of the plasma discharge are based on the work of
Peeters and van de Sanden [40], accounting for partial surface dis-
charging. Note that this electrical model we employ was developed for a
system without a packing material. Hence, caution is advised when
applying these equations to our data. However, there is no model in
literature for a packed bed DBD, and we believe this approach is justi-
fied, because the packing can be seen as a part of the gap, indeed
drastically changing its properties (as described below), but not neces-
sarily breaking the proposed model.

In order to do these analyses, the geometric dielectric capacitance
Cgiel has to be determined. This capacitance is inherent to the reactor
setup, but it is challenging to measure. Therefore, a theoretical calcu-
lation is used to approximate this capacitance, as shown in Eq. (2)

2rkeyL
Int

@

diel =

with k the dielectric constant of the material used for the dielectric
barrier (10, as provided by the manufacturer), &, the permittivity of
vacuum, L the length of the discharging part of the reactor (100 mm), b
the outer diameter of the dielectric cylinder (22 mm) and a the inner
diameter of the cylinder (17 mm). This yields a dielectric capacitance of
216 pF, which is needed for the further calculations. As Eq. (2) is based
on an ideal system and the dielectric constant is not known with great
precision, a relative error of 10 % on the dielectric capacitance will be
used in further error propagation calculations.

Next, the effective dielectric capacitance (g and the cell capacitance
Ccenn can be extracted directly from the Lissajous figures by fitting a
straight line to the beginning (“plasma-off” segment) and end (“plasma-
on” segment) of the rising side of the curve for C,.y and {41, respectively
(illustrated in Fig. 2). These calculations were performed for every full
PSU cycle in the oscilloscope snapshots. The obtained values were found
to be effectively identical to those extracted from averaged Lissajous
figures, as presented in the SI (Section S5).

A Q
Plasma OFF__" e
Plasma ON
2AU \Y;
P, >
Qo
s S50
- CceII
Vokepk

Fig. 2. Illustration of parameters extracted from the Lissajous figures. The
derivative of the “plasma off” section yields the cell capacitance Cc, the de-
rivative of the “plasma on” section yields the effective dielectric capacitance
Cdiel, the difference between the maximum and the minimum of the applied
voltage yield the peak-to-peak voltage Vpi.pk, the difference between the volt-
ages at which the charge crosses zero yields 2AU, which is used to calculate the
burning voltage Uy, and the difference in charge between the (ideally parallel)
“plasma off” sections yields Qq, which is used to calculate the conductively
transferred charge AQg;s.
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Further, the partial discharging can be quantified. Partial surface
discharging is the effect where the plasma is only formed in a part of the
reactor, thus neglecting certain areas of the dielectric barrier, the so-
called non-discharging areal fraction « [40]. This is a defining charac-
teristic of the DBD plasma discharge and, among other things, causes a
discrepancy between the true and measured (or effective) dielectric
capacitances (Cgie; and {gie, respectively). Eq. (3) describes how a can be
calculated based on the measured and estimated dielectric capacitances
and cell capacitance, discussed earlier.

Caiet — Saiet
— diel — Sdiel 3
Cdiel - Cr:ell ( )
Analogously, the discharging areal fraction f can be defined as:
f=1-a “

In an ideal, fully discharging (i.e. @ = 0) DBD, the burning voltage is
measured as half of the distance between the zeros (Q = 0) of the Lis-
sajous figures (see again Fig. 2). When accounting for partial discharg-
ing, this measured burning voltage AU can be converted to a true
burning voltage Uy:

aC, 1l 1- M
Up=%(1+"T)AU = —S AU 5
b ( +/}Cd:el> 1 —% )
diel
Next, the conductively transferred charge AQg;s can be calculated based
on the measured charge difference between the two “plasma-off” phases
Qo. This Qp can be extracted from the measured Lissajous figures by
determining the difference between the intersects of the fitted “plasma-
off” curves with the Q-axis (see again Fig. 2). Then, AQg;s can be
calculated using the following equation:

Qo
Ceelt (6)

1 — Cear
Caiel

AQuis =

Additional details and theoretical background regarding these equations
can be found in the work of Peeters and van de Sanden [40].

Another important, though hard to quantify, discharge characteristic
in a DBD is the number and intensity of microdischarges. These short-
lived, localized and intense discharges are typical in many DBD exper-
iments and they have a significant impact on the gas-phase chemistry
[9-11], yet they are tricky to quantify [53]. Firstly, the hardware re-
quirements to precisely measure the fast change in current are stringent.
Further, the interpretation of the data is rarely straightforward. For
example, it is challenging for an automated analysis to accurately
“count” the number of microdischarges when multiple discharges are
taking place at the same time in the reactor. Alternatively, manual
counting is rarely desirable as it is labor-intensive and sensitive to
human error and bias. As the current monitor used in this work
(Rogowski coil, Pearson Electronics 4100, with a rise time of 10 ns [54])
struggles to capture the true structure of microdischarges, we did not
attempt to “count” the number of microdischarges, let alone try to
integrate them individually, as this would have introduced too many
uncertainties. Rather, we took a more general and prudent approach by
defining a “microdischarge quantity”, based on the frequency spectrum
of the current signal. As our hardware is at its limit to measure the
microdischarges, but not entirely incapable, we assume that micro-
discharges are still registered, albeit slightly deformed. First, we calcu-
lated the capacitive displacement current Igispiacemens and subtracted it
from the measured current I to yield the true plasma current Iyjgsma. The
displacement current Igiplacement is calculated using the following equa-
tion (see SI Section S6 for more details) [40,52]:

dv(t)

Liisptacement (l ) = CMIT -

Next, we applied the fast Fourier transform (FFT) to the plasma current
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signal, and integrated over a wide frequency range from 10 to 100 MHz,
corresponding to a time-scale range of 10 to 100 ns. This value does not
have an immediate physical interpretation, but it allows for an objective,
relative comparison between experiments with various catalysts. For
example, both a larger number of microdischarges, and a higher current
spike during the microdischarges, will increase the “microdischarge
quantity”, so it can be seen as a combination of the number and intensity
of the microdischarges. More details on this quantification can be found
in the SI (Section S7).

2.5. Performance metrics

2.5.1. Dry reforming of methane
The DRM reaction proceeds as follows:

CH, + C0,-2CO +2H, (RD

Hence, the formation of additional gas molecules (see reaction (R1)
causes an expansion of the gas. On the other hand, solid carbon depo-
sition, formation of larger molecules, and condensation of liquid com-
ponents could cause a contraction of the gas mixture. Therefore, the flux
ratio ap,, was determined empirically with the standard method (i.e., by
adding a fixed flow of the standard N3 and monitoring its concentra-
tion), using the following equation [49,50]:

Ay = ” (8)

with yI the fraction of “internal standard” (N) without plasma and y5,
the fraction of N with plasma, as measured by the GC.

Next, the absolute conversion X®* of CO5 and CHy can be calculated.
The absolute conversion only considers the individual reactant and how
much of the used reactant was actually converted:

sout

M Q)
Xlile — Vi y,il Vi 9)

with i the reactant of interest (either CO5 or CHy), yﬁ" the fraction of
reactant i as measured without plasma and y?"* the fraction of reactant i
as measured with plasma. The total conversion X' can then be deter-
mined by combining both absolute conversions, weighted by their
respective fraction in the influx. The influx fractions IF are calculated
based on the measured concentration of CO, and CH4 without plasma:

in
Yi

IFi = in in
Ycor t YCra

10

Combined with these influx fractions, the absolute conversions can be
used to calculate the total conversion:
Xior = X2 IF cor + Xy *IF cs an
Taking into account the measured plasma power P, the specific energy
input (SEI) can be calculated:
P
SEl = — 12)
Oin
with Qi the flow rate going into the reactor. Next, the energy cost (EC)
can be determined by combining the SEI with the total conversion:

SEI
ECpru = X 13)

101

This ECpry has the same unit as the SEI, and they can be expressed in
different units (e.g. kJ/1 or kJ/mol), depending on conversion factors in
the formulas [50]. It should be interpreted as the amount of energy used
for the conversion of CO; and CHy.

Further, the selectivity towards certain products j based on atoms A
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can be determined:

out

A
A Hi Oy

R o — 14
O = )

with yf‘ the number of atoms A in product j and y# the number of atoms
A in reactant i.

2.5.2. NHj3 synthesis

During the NH3 synthesis experiments, the outflow of the reactor was
analyzed by an NDIR, measuring the NH3 concentration in the gas
mixture. As only one chemical reaction takes place, the stoichiometry of
that reaction suffices to take the gas contraction into account (see Re-
action (R2).

Knowing this, the mass flow rate of NH3 in the outflow of the reactor
(MFR$}f:3) can be calculated:

in  out
_ MFR YR

MFRy;, = 15
M T i, 4o
where MFR™, is the combined flow rate of N, and Hy at the inlet and y4,

is the measured fraction of NHs at the outlet. Similar to DRM, an energy
cost (ECngs) can be defined for the NH3 synthesis. However, this ECyys
is defined slightly differently, namely as the amount of energy used for
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the production of the synthesized NH3, rather than for the conversion of
reactants, as in the case of DRM:

ECyys = (16)

P
MFR};,

3. Results and discussion
3.1. Catalyst synthesis and characterization

For the WI catalysts, SEM-EDX maps were acquired from cross sec-
tions of the beads. The acquired data was processed as described in the SI
(Section S1) to yield a radial distribution of the catalyst metal
throughout the alumina beads, as well as a total metal loading. The
distributions, shown in Fig. 3A, illustrate that the catalyst metals are
distributed homogeneously throughout the entire bead, penetrating to
the center of the beads, with a slight increase in concentration towards
the edge. The total metal loadings (11.1 wt% and 10.0 wt% for the Ni
and Co beads presented in Fig. 3A, respectively) agree with the expected
10 wt%. Measurements of a second bead of each catalyst are presented
in the SI (Section S1, Fig. S2) and are in good agreement with the first
measurements.

Notably, the BSE-SEM images of the surfaces of the WI catalysts show
a discrepancy in metal nanoparticle coverage between the Ni and Co
catalyst, as illustrated in Fig. 3B and C. The BSE signal is higher at the
position of heavier atoms, thus highlighting the Ni and Co nanoparticles

Fig. 3. SEM analyses of the various catalysts. A: Radial distribution of Ni and Co throughout WI beads; total metal loadings for these catalysts are 11.1 wt% (Ni) and
10.0 wt% (Co). B: BSE-SEM image of the surface of a WI Ni bead. C: BSE-SEM image of the surface of a WI Co bead. D: SE-SEM image of a cross-section of a SC Ni 3 wt
% bead, presenting the nanoparticles inside the Ni shell at the surface of the bead. E: BSE-SEM image of the surface of a SC Ni 3.3 wt% bead. F: BSE-SEM image of the
surface of a SC Ni 1 wt% bead. G: SE-SEM image of a cross-section of a SC Co 3.3 wt% bead, presenting the nanoparticles inside the Co shell at the surface of the bead.
H: BSE-SEM image of the surface of a SC Co 3.3 wt% bead. I: BSE-SEM image of the surface of a SC Co 1 wt% bead.
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against the AloOsbackground. It is clear that the WI Co catalyst have a
substantially higher coverage of nanoparticles at the surface compared
to the WI Ni catalyst. A similar accumulation of Co particles at the
surface of the catalyst was observed by Ndayirinde et al. for their Co-
based WI catalysts [35]. The accumulation they observed was even
more pronounced, though they used an adapted synthesis method and
used a much higher metal loading. More advanced synthesis protocols
may be employed to obtain more control over the precise metal distri-
bution [55,56].

The SEM analyses of the SC beads reveal a clear shell at the surface of
the beads. The shell consists of metal(oxide) nanoparticles, as evidenced
in Fig. 3 D (Ni) and G (Co). Moreover, the BSE-SEM images of the surface
of the beads in Fig. 3E, F, H, and I reveal that the shell is relatively
inhomogeneous for Ni, while for Co the layer at the surface is mostly
homogeneous, with some sections missing. It is likely that by manipu-
lating the beads, some parts of the shell detached, as a strong interaction
between the particles in the shell is lacking. For the SC Ni catalysts, the
thickness of the shell varies between hundreds of nm to a few um. For the
SC Co beads, the shell thickness also varies, but it is much more
consistent. In this case, it is also obvious that for the 3.3 wt% beads, the
shell is clearly thicker (approximately 5 pm) than for the 1 wt% beads
(0.5-2 pm). Additional SEM images of the cross-sections of the SC cat-
alysts are provided in the SI (Section S8, Fig. S15).

The XRD measurements show that the reduction of the SC catalysts
was completed, as no reflections corresponding to either Ni- or Co-
oxides remained (see SI Section S8, Figs. S16 and S17). For the WI
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catalysts, however, both Ni and Co metal and oxides phases are present.
This is likely due to the inaccessibility of the innermost Ni- or Co-oxide
particles during the reduction step, likely because Hy cannot penetrate
deep enough into the pores during the reduction.

The N, sorption results indicate that the specific surface area de-
creases slightly after deposition of the catalysts compared to the blank
alumina beads (see SI, Section S10). The decrease of the specific surface
area is the highest for the WI catalysts (180-190 m2/g) and is least
pronounced for the 1 wt% SC catalysts (approximately 220 mz/g), with
a specific surface area of blank alumina of approximately 240 m?/g. We
attribute the observed effects for the WI catalysts to the penetration of
the loaded metal/metal oxides deep inside the beads during WI, effec-
tively blocking or filling the pores throughout the whole bead rather
than just the surface, causing the more significant decrease in specific
surface area. This further elucidates the partial oxidation of the WI
catalysts, since the blocked pores are then inaccessible for the Hy during
the reduction step. The SC particles, however, remain at the surface,
preserving the porosity inside the beads. Further, the SC layer of Ni or Co
is patchy and consists of particles (see Fig. 3), rather than a bulk layer,
thus allowing most of the N» to penetrate inside the pores.

3.2. Effect of the catalysts on the plasma discharge

The two main measurements of the plasma discharge and its prop-
erties are the current-voltage (I-V) characteristics and the Lissajous
(charge-voltage; Q-V) figures. These measurements offer insights in the
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Fig. 4. Representative I-V curves of the calculated plasma current Ij5sma for all experimental sets of DRM for a CO2/CHj ratio of 1:1, illustrating the clear filamentary
regime for the empty reactor, the reactor with blank Al,O3 packing and with WI Ni catalyst, while these filaments virtually disappear for the WI Co and the various

SC catalysts.
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plasma discharge, enabling a direct comparison between the various
experiments using different catalysts. Representative I-V characteristics
displaying the calculated plasma current Iyjesmq and Lissajous figures of
the DRM experiments and NH3 synthesis experiments are provided in
Fig. 4 (I-V, DRM), Fig. 5 (I-V, NHy), Fig. 6 (Lissajous, DRM), and Fig. 7
(Lissajous, NHg). The measured current and the capacitive displacement
current are shown in the SI (Figs. S9-512). While the overall shape of the
current trace is affected in some cases by the subtraction of the capac-
itive displacement current, the high-frequency characteristics of the
various signals (i.e., the microdischarges) are preserved.

For the empty reactor, as well as when it is packed with blank Al,O3
beads or with the WI Ni/Al,O3 catalysts, plenty of microdischarges are
observed in the current signal, manifesting as short but intense bursts of
current, illustrated in Fig. 4(A-D) for DRM and Fig. 5(A-D) for NH;s
synthesis. These microdischarges are strongly affected when introducing
SC catalysts or the WI Co catalyst (see Fig. 4(E-I) for DRM and Fig. 5
(E-I) for NH3 synthesis). Note that the behavior of the SC Ni 1 wt% is
aberrant in the case of NHg synthesis (Fig. 5F), most likely due to the
instability of the catalyst, where the shell detached significantly during
the manipulation of the beads (see Fig. 3).

This drastic alteration of the discharge behavior is attributed to the
presence of metallic nanoparticles at the surface of the beads (thus
exposed to the plasma). The discrepancy in the behavior between WI Ni
and WI Co further supports this hypothesis, as the WI Co had
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significantly more Co particles at the surface compared to Ni particles on
the WI Ni beads (see the SEM analysis, Fig. 3B and C). We hypothesize
that the exposed metal throughout the reactor volume “seeds” the
plasma with electrons, so that the discharge can be initiated and sus-
tained uniformly throughout the reactor volume. Alternatively, the
discharge may consist of many, very weak “microdischarges”, yielding
this seemingly more uniform discharge, rather than the more common
highly filamentary discharge mode [57]. The underlying mechanism
that provides these electrons is not fully understood and may be a
combination of various effects, such as secondary electron emission [58]
(potentially due to enhanced surface roughness [59]), surface Penning
ionization (also known as Auger de-excitation) [60,61], field emission
[62], or others. Further, the metal present at the surface is also expected
to significantly affect the formation and propagation of surface ioniza-
tion waves, which typically play an important role in packed-bed DBD
plasma reactors [63,64].

Note that these effects can be very sensitive to physical and chemical
differences, such as particle size and surface oxidation, which implies
that minor changes in the catalyst properties can affect the plasma
discharge, which in turn can alter the chemistry of the gas phase.
However, these hypotheses remain somewhat speculative, since the
precise mechanisms that enable a diffuse discharge in a DBD are not yet
fully understood (not in the least for packed-bed systems) [65].
Recently, Bajon et al. were able to achieve a diffuse CO2 plasma in a non-
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Fig. 5. Representative I-V curves of the calculated plasma current Ij,sma for all experimental sets of NH; synthesis for a Np/Hj ratio of 1:1. Note that the y-axes of the
current are wider for the empty reactor at both 100 and 200 mln/min (A,B) compared to the other graphs to prevent clipping the signal while still giving a clear
representation of the signal for the other graphs. This figure again illustrates the clear filamentary regime for the empty reactor, the reactor with blank Al,03 packing
and with WI Ni catalyst, while these filaments virtually disappear for the WI Co and the various SC catalysts (with the exception of SC Ni 1 wt%, probably due to

instability of the catalyst; see text).
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Fig. 6. Representative Lissajous figures for all experimental sets of DRM for a CO,/CH,4 ratio of 1:1, illustrating the clear difference in discharge characteristics for
the empty reactor and the reactor with blank Al,O3 packing and WI Ni or Co catalyst, on the one hand, and with the various SC catalysts (most significant for Co), on
the other hand. Especially the SC Co catalysts yield a significantly deformed Lissajous figure, indicating an increased effective dielectric capacitance Cgjel-

packed DBD, yet even for this less complicated system, the precise un-
derlying mechanisms remain unclear [66]. Therefore, further funda-
mental research is necessary to fully elucidate the relevant processes in a
DBD to enable a complete understanding of how packing materials can
affect the plasma discharge.

Similar to the I-V characteristics, the Lissajous figures show great
variance depending on the catalyst material (or empty reactor), as
shown in Fig. 6 for DRM and in Fig. 7 for NH3 synthesis. Especially the
SC (Co) catalysts yield an elongated Lissajous figure, which is more in-
clined upwards compared to e.g. the empty reactor. This indicates an
increase of the effective dielectric capacitance {gi (cf. Fig. 2 above), as
more charge is stored by the dielectric for the same applied voltage [40].
Since the actual dielectric layer is identical for all experiments, this
increased capacitance g indicates a higher discharging areal fraction
S, since a larger fraction of the dielectric now actually participates in the
plasma discharge. In practice, this means that a larger part of the reactor
volume is filled with plasma. This will be illustrated in Section 3.3
below, namely in Fig. 8B, D for DRM and in Fig. 10B, D, F for NH3
synthesis, where especially for the SC Co catalysts the values of $ are
close to 1. The same is true for the SC Ni 3.3 wt% catalyst in case of NH3
synthesis, also in line with the Lissajous plots of Fig. 7. When comparing
the Lissajous figures from the different reactions, the dissimilarity be-
tween the shapes corresponding to the empty reactors stands out. The
Lissajous figures from the empty reactor during NHj3 syntheses are
notably less regular, exhibiting significant dips in the voltage. This is
caused by the very high intensity of the microdischarges during this
reaction in an empty reactor (as also visible in Fig. 5, note the deviant y-
scale for the empty reactors) which very quickly add/remove charge
from the dielectric, briefly affecting the measured voltage. We expect
the higher breakdown voltage of N to cause the increase in intensity of
the microdischarges, as this means a higher electric field, and thus a
higher charge on the dielectric, is required to initiate the discharge.

As described in Section 2.4, these I-V curves and Lissajous figures can
be analyzed in detail to extract (semi-)quantitative information about
the plasma discharge. The results for the microdischarge quantity and

discharging areal fraction $ are presented in Fig. 8B, D for DRM and in
Fig. 10B, D, F for the NH3 synthesis experiments, and will be discussed in
Section 3.3, to correlate them with the performance metrics. In addition,
the burning voltage Up, peak-to-peak applied voltage Upk.pk, con-
ductively transferred charge AQg;, and cell capacitance C. are pre-
sented and discussed in the SI (Section S11, Figs. S20-529).

An intriguing observation is the behavior of the WI Co catalysts. As
described earlier, this catalyst completely eliminates the formation of
microdischarges (without affecting the plasma power, discussed in more
detail in Section 3.3), as is also confirmed by the microdischarge
quantity (see Fig. 8B, D and Fig. 10B, D, F in Section 3.3 below). How-
ever, for all other discharge characteristics, such as the discharging areal
fraction f, the burning voltage Uy or the conductively transferred charge
AQg;s, the WI Co catalyst performs seemingly identical to the WI Ni
catalyst or even blank Al,Os, in stark contrast to especially the SC Co
catalysts. This discrepancy between the microdischarge quantity and the
other discharge characteristics for the WI Co catalysts suggests that the
formation of microdischarges is governed by different mechanisms than
those that affect the other discharge characteristics. The strongly
affected Lissajous figures and subsequent discharge characteristics in the
SC (Co) case also indicate an increased cell capacitance C (see SI,
Section S11, Figs S21, S23, §25, S27, and S29). We attribute this to the
metallic layer at the surface of the dielectric beads. This metal/dielectric
combination seems to turn these beads into small capacitors, naturally
increasing the overall capacitance of the system. We hypothesize that
this increased capacitance contributes to the altered plasma discharge,
in particular the strong increase of the discharging areal fraction  and
the characteristics that are connected to it. Further, this metallic layer
strongly enhances the conductivity of the packing, which could allow for
the higher conductively transferred charge at the lower burning voltages
(see SI, Section S11). The burning voltage represents the gap voltage at
the places where discharges are occurring, and therefore impacts the
local electric field and ion/electron energies, though determining the
latter is not straightforward [40]. This would also explain the behavior
of the WI Co catalysts compared to the SC ones, since the WI beads



R. De Meyer et al.

Chemical Engineering Journal 488 (2024) 150838

x10°
! A: Empty B: Empty 200 min/min C: Blank Al,O4
—~ 057
)
- ;:j?
®
e
© 05
-1
1 ><’IO'6‘ ‘ ‘ ‘
D: WI Ni E: SC Ni 3.3 wt% F: SC Ni 1 wt%
—~ 0.5¢
e
S 0
©
e
© 05
-1
, x10°
G: WI Co H: SC Co 3.3 wt% I: SC Co 1 wt%
—~ 057
e
S 0
4]
e
© .05
) -5000 0 5000 -5000 0 5000 -5000 0 5000
Voltage (V) Voltage (V) Voltage (V)

Fig. 7. Representative Lissajous figures for all experimental sets of NH3 synthesis for a No/H, ratio of 1:1, illustrating the clear difference in discharge characteristics
for the empty reactor and the reactor with blank Al,O3 packing and WI Ni or Co catalyst, on the one hand, and with the various SC catalysts, on the other hand.
Especially the SC Co and SC Ni 3.3 wt% catalysts yield a significantly deformed Lissajous figure, indicating an increased effective dielectric capacitance {gie. The
discrepancy for the SC Ni 1 wt% catalyst is again attributed to instability of the catalyst; see text.

exhibit metal particles at the surface (strongly decreasing the micro-
discharge quantity), but the particles do not form a layer at the surface,
preventing charges to spread across the surface (and thus limiting the
capacitance). Given the different underlying physical mechanisms that
affect the microdischarges and the other discharge characteristics (e.g.,
partial discharging), these characteristics should always be considered
separately and one of them cannot act as a representative measure for
the others.

Another interesting observation is the very similar behavior of the WI
Ni catalysts compared to blank Al,Os. Despite having a 10 wt% metal
loading (of which a part is not fully reduced, see SI Fig. S16), the WI Ni
catalysts do not seem to alter the plasma discharge in a meaningful way.
The contrast with the WI Co is striking, and most likely due to the lower
surface coverage of the Ni particles on the WI Ni catalysts, compared to
the Co samples (see Fig. 3B and C). On the one hand, this supports our
hypothesis that metal particles exposed to the plasma can have a sig-
nificant influence on the plasma discharge. On the other hand, this result
implies that the effect of the catalyst on the plasma (compared to a
support-only packing) can be reduced significantly, perhaps even
eliminated, when the amount of metal particles at the outer surface of
the support beads/pellets is sufficiently low. Furthermore, this

10

illustrates that the total metal loading of the catalyst can be relatively
nondescriptive, especially when the distribution of the metal varies. This
is also why the WI and SC catalysts are not compared at the same
loading, since decreasing the loading of the WI Ni catalyst which already
has limited effects does not make sense, and the higher loading for the
SC catalysts was not structurally stable, as discussed in Section 2.1.
The clear change in discharge regime for the WI Co and the various
SC catalysts, i.e., fewer and/or less intense microdischarge filaments (if
any) than in the empty reactor or with blank Al,O3 packing, is also
visualized by additional observations made using a quartz tube as the
dielectric, illustrating the altered discharge behavior. The quartz tube
enabled direct observation of the plasma, which is shown in the SI
(Section S11, Fig. S19) for an empty reactor, one packed with blank
Al,03 and one with the SC Co 3.3 wt% catalyst. These pictures help
illustrate the drastic change in discharge regime when comparing the
empty and blank Al;Os3 packed reactor to the reactor filled with SC
catalyst. For the empty reactor, clear filamentary discharges are
observed, which moved around freely as the plasma was ignited. For the
blank Al,03 packing, the discharge was still clearly filamentary, indi-
cated by the bright spots in between the beads. In contrast, for the SC Co
3.3 wt% catalysts, the reactor was completely filled with a more uniform
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plasma.

It must be noted that due to the practical limitations (e.g., the
diameter of the quartz tube, etc.), the tests with the quartz tube could
not be used for quantitative measurements and were only conducted as
an illustrative example of the change of the discharge regime. Further,
these simple pictures cannot be interpreted in a scientifically relevant
way, and are shared merely to make the changes in the discharge more
tangible and visible for the reader.

3.3. Plasma-catalytic performance and effect of the discharge
characteristics

3.3.1. Dry reforming of methane

The total conversion of CO, and CHy is shown in Fig. 8A and C,
together with the measured plasma power for an empty reactor, an
empty reactor with a total flow rate of 200 mln/min to mimic the resi-
dence time of a packed reactor, and for a packed reactor with blank
Al;03 and with the various catalysts.

The first striking observation is that for the CO5/CHy4 ratio of 1:1
(Fig. 8A), the total conversion is the highest for the empty reactor, which
performed nearly identical to the reactor with blank Al,O3 beads. The SC
Co catalysts only have a slightly lower conversion, while all other cat-
alysts show a clear decrease in conversion. Indeed, microdischarges are
expected to contribute to the overall COy and CH4 conversion, as
demonstrated by previous chemical kinetics modeling from our group
[67], and the microdischarge quantity is the highest for the empty
reactor and the reactor packed with blank Al,O3, while it drops signif-
icantly for all catalysts (except WI Ni); see Fig. 8B. Besides, the more
intense microdischarges in the empty reactor (see also Fig. 4A) may also
locally heat the gas to a higher temperature, which could further
contribute to the increased conversion. On the other hand, the increased
plasma volume for the SC Co catalysts (high f, see also Fig. 8B) could
compensate for the lower microdischarge quantity, leading to a com-
parable overall conversion. The combination of a low microdischarge
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quantity with a low discharging areal fraction $ generally leads to poor
performance in DRM (e.g. SC Ni 1 wt%). In the 200 mln/min case, the
higher flow rate corresponds to a lower SEI (since the plasma power
remained constant). The lower total conversion at this higher flow rate
corresponds roughly to the decrease in SEI (i.e., a factor of 2), which
leads to a nearly identical energy cost (see SI, Section S12, Fig. S30). This
quasi-linear dependence of the conversion to the SEI indicates that in the
case of the empty reactor, the overall performance is limited by the
amount of energy that can be used for the forward reactions. Further, the
plasma power remains nearly constant over all experiments, thus it
cannot explain the stark differences in total conversion.

For the COy/CHj4 ratio of 2:1 (Fig. 8C), the SC Co catalysts outper-
form the blank Al,O3 and perform similarly to the empty reactor at the
same flow rate, but clearly better than the empty reactor at the same
residence time (flow rate of 200 mln/min). It is, however, not clear
whether this improvement is due to a chemical catalytic effect, or simply
due to a plasma (physical) effect, as it may again be explained by the
larger plasma volume (high f, see Fig. 8D).

Importantly, the plasma-deposited power remained virtually con-
stant regardless of the quantity of microdischarges (see Fig. 8A and C).
Therefore, the changes in the conversion cannot be (partially) attributed
to possible changes in power, but instead should be related to the
properties of plasma. Given the similar thermal properties for all
packed-bed experiments (i.e., the same gas flow rate, the same plasma
power, the same reactor body through which heat can transfer and
escape), we expect the overall temperature to be comparable for all
experiments. However, the filamentary discharges are most likely
creating hotspots on the catalyst, the dielectric, and in the gas, while the
more homogeneous discharges will dissipate the heat more uniformly
throughout the entire bed. Note that further insights can also be ob-
tained from the temperature inside the plasma and the catalyst bed.
However, measuring the temperature in plasma catalysis is very chal-
lenging. Introducing a temperature probe in the catalyst bed (i.e., the
plasma discharge zone) would affect the plasma itself, which would then
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Fig. 8. Total conversion and measured plasma power for the various catalysts used for DRM with a CO,/CHj, ratio of 1:1 (A) and 2:1 (C). Discharging areal fraction p
and microdischarge quantity for DRM with a CO,/CH, ratio of 1:1 (B), and 2:1 (D).
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yield wrong results, and it could damage the temperature probe.
Measuring the gas temperature downstream would only give a very
approximate temperature, as the gas cools down as soon as it exits the
plasma zone. Alternatively, measuring the exterior of the reactor pro-
vides little insight in the true temperature of the catalyst bed, because
the dielectric barrier is typically a poor thermal conductor as well,
making the correlation between the outer and the inner temperature of
the reactor difficult. To determine the true temperature at the catalyst
surface itself, advanced techniques and dedicated setups are required
[68-70], which cannot readily be coupled with conventional plasma
catalysis experiments.

Altogether, the highest conversion appears to be correlated to either
a high microdischarge quantity (i.e., many microdischarge filaments,
and/or with high intensity), or a high discharging areal fraction g (i.e.,
large fraction of reactor volume filled with plasma), and thus, plasma
(physical) effects, while chemical catalytic effects are not clearly
demonstrated. However, even though our results do not directly indicate
chemical effects, a contribution of plasma-catalytic reactions cannot be
excluded. As discussed by Loenders et al., plasma-catalytic reactions can
be counterproductive in DRM [8]. Indeed, modeling predicts that the
plasma-produced radicals may be quenched at a (transition metal)
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catalyst surface, and react back into the reactants, rather than into the
products. This may add to the physical effects that were already dis-
cussed, leading to the poor overall performance as observed here [8]. In
order to gain further insights into the contributions of plasma-catalytic
reactions (metal surface reactions, specifically), a meticulous approach
as presented by Barboun et al. would be required [71]. There, a
distinction is made between plasma-phase and surface-catalytic re-
actions in plasma-assisted NH3 synthesis. Despite offering valuable in-
sights, their approach is not directly applicable here, since the plasma
discharge differs significantly between the metal-loaded and blank
supports. Furthermore, the distribution of the metal particles on and
throughout the support is complex, hindering the rational interpretation
of accessible metal-site measurements (e.g., CO-chemisorption, as pre-
sented by Barboun et al.).

Nevertheless, we don’t make a direct comparison between thermal
and plasma catalysis in this work. Indeed, this has been often performed
in literature, and can sometimes provide additional insights. However, it
is also becoming increasingly clear that plasma catalysis cannot be
simply described as “thermal catalysis with additional complexity”
[8,34,35,45]. There is no direct correlation between the performance of
certain catalysts in thermal versus plasma catalysis. Therefore, we
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believe our work challenges this conventional paradigm, stressing the
complexity and uniqueness of plasma catalysis, requiring a dedicated
approach, independent from thermal catalysis, to achieve novel insights.

The presence of plasma-catalytic reactions is further supported by
the selectivities, since the various catalysts do affect the selectivities
towards various products. All selectivities are presented in the SI (Sec-
tion S12, Figs. S33-S35), while the most relevant ones are shown in
Fig. 9. Firstly, the Hj selectivity is either similar or increased for the
metal-loaded beads compared to the blank Al;O3. Similar observations
were made by Tu et al., where a drop in total conversion combined with
a higher Hj selectivity was observed for a Ni/Al,O3 catalyst in DRM
compared to plasma-only [22]. Further, the changes in the selectivities
towards CoHy, CoH4 and CoHg are remarkable. For all Ni-containing
catalysts, virtually no CoHy was formed, while for the Co-containing
catalysts, the CoHy selectivity was higher than for the empty reactor
or the one packed with blank Al,Os. This implies that the formation of
CoHj is less dependent on the discharge, but that indeed, a catalytic
effect is dominant here, where Co clearly outperforms Ni. However, the
underlying mechanism for this is still unclear and would require more
detailed catalyst characterization or in-situ diagnostics, which is outside
the scope of the present paper. DFT simulations of the catalyst surface,
combined with microkinetic modelling, could offer further fundamental
insights into the underlying mechanisms of this apparent surface cata-
lytic effect [72]. The C2H,4 and CoHg selectivities for the various catalysts
are generally similar or lower compared to the empty reactor. This
suggests a stronger dependence on the discharge, rather than any cata-
lytic effects. In addition, the O-based selectivities (see Fig. 9E and F)
show some variance as well. For the CO2/CH4 ratio of 1:1, the SCNi 1 wt
% and Co catalysts show the highest combined O-based selectivity,
implying that a lower amount of liquid components (mostly H0, see
above) were formed (as they are not included in this (gas-phase) O-based
selectivity). This suggests that the overall chemistry is affected
compared to the other experiments, though given the relatively large
error bars, it is hard to draw direct conclusions.

Despite the increasing number of works on plasma-catalytic DRM,
the observations reveal discrepancies which make isolating any trends
difficult. For example, similar to our observations, Tu et al. found that
when introducing a Ni/Al;O3 catalyst, the total conversion decreases,
which they also attributed to alterations of the plasma discharge [22].
Though, they also observed a dramatic increase in Hy selectivity, which
was less distinct in our experiments. Similarly, Brune et al. saw little to
no changes in conversion when introducing a Ni/AlyO3 or Co/Al;O3
catalyst, despite minor changes in the plasma discharge [24]. Con-
trastingly, Farshidrokh et al. did see an increase of the total conversion,
but the driving mechanisms remain unclear [17]. Similarly, Suttikul
et al. saw a clear increase in total conversion when introducing Ni to the
Al,0O3 support, which they attributed to catalytic effects [21]. However,
the relevant discharge characteristics were not reported, so it remains
ambiguous as to what role the discharge plays in these seemingly cat-
alytic effects. We believe that the discharge characteristics could indeed
play an important role in these observations, and clear analyses and
reporting are crucial to gain a complete understanding of the plasma-
catalytic performance.

In short, while the DRM performance is clearly affected in different
ways by the multiple catalysts, the observed differences in performance
cannot be attributed simply to catalytic effects in the conventional sense.
Various discharge characteristics, not in the least the microdischarges,
will influence the gas-phase chemistry, which can have significant ef-
fects on the overall performance. It is therefore essential to always take
discharge characteristics into account when comparing different cata-
lysts or packing materials. Interpretation of data should be done with
caution, making sure discharge effects are identical before attributing
performance changes to precisely defined catalytic mechanisms.

3.3.2. NHj synthesis
In contrast to DRM, the beneficial effect of the catalysts is much
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clearer in NHj synthesis; see Fig. 10A, C, E. In general, all SC catalysts
(except SC Ni 1 wt%, most likely due to its instability, see earlier dis-
cussion) perform significantly better than the WI catalysts, the blank
Al;03 and the empty reactor. While for an No/Hj ratio of 1:1 the Al,O3
packing already increases the NHj3 concentration by a factor of 2
compared to the empty reactor, and the WI catalysts perform even
slightly better (WINi 2.5 times higher and WI Co 3 times higher), the SC
Ni 3.3 wt% and the SC Co catalysts enhance the NH3 concentration by a
factor of over 5. The significant alteration of the plasma discharge by the
SC catalysts (which makes it much more homogenous and expanded
instead of filamentary, as indicated by the nearly doubling of the dis-
charging areal fraction $ and by the microdischarge quantity decreasing
by a factor of more than 2,see Fig. 10), drastically improves the NH3
synthesis. This is again in line with earlier chemical kinetics simulations
by our group, which predicted that NHg is largely destroyed in the
microdischarge filaments [10], as well as by previous experimental
studies [11,35,36]. In other words, fewer (and less intense) micro-
discharges will improve the NHg synthesis. Potentially, the intense fil-
aments in the empty reactor locally heat the gas volume of the filaments
substantially, contributing to the decreased NHs production due to
thermal decomposition of the formed NHs. In the altered discharge,
these fewer and/or less intense microdischarges may locally heat the gas
less, rather spreading the heat uniformly across the reactor volume. The
lack of hotspots could contribute to the increased overall performance
due to the lower rate of thermal NH3 decomposition.

The case of the WI Co catalyst is again an intriguing one. For the Ny/
Hj ratio of 3:1 (and also the 1:1 ratio, although less pronounced), it
performs somewhere in-between the SC catalysts and the blank Al,O3/
WI Ni catalysts. As discussed earlier, the WI Co catalyst eliminated the
microdischarges, which is an evident benefit for NHs synthesis, as
explained above [10]. However, the lack of microdischarges cannot be
the only parameter influencing the NH3 production, since the SC Co and
SC Ni 3.3 wt% still clearly outperform the WI Co, even though the
microdischarge quantity is not lower when using these SC catalysts. Two
other main mechanisms, besides the rather low microdischarge quan-
tity, may cause this clear improvement by the SC catalysts. Firstly, the
plasma is more expanded, filling the reactor entirely (as is indicated by
the discharging areal fraction f being close to 1, see Fig. 10B, D, F), thus
increasing the overall plasma volume. This larger plasma volume in-
creases the effective residence time, since the gas is exposed to plasma
throughout the entire reactor volume, rather than just in the discrete
filaments. At the same time, since the plasma power remains constant,
the local power density will be lower. This should enable an overall
larger NH3 synthesis, because the higher power density facilitates the
decomposition of the formed NH3 more than its synthesis, as was pre-
dicted by modeling [10]. Secondly, the SC catalysts generally expose
more metal surface to the plasma, potentially enabling a more pro-
nounced catalytic effect in the conventional sense, although the latter
would require further investigation to really prove this hypothesis.

Interestingly, the benefit of the WI Co catalyst over AloO3 and WI Ni
is no longer present at a Ny/Hj ratio of 1:3. This implies that at this
stoichiometric ratio, the destruction of NHj3 in the microdischarge fila-
ments may no longer hinder the performance. Rather, the amount of
activated Ny is expected to be too low compared to the activated Hy, as
the latter is much more readily activated by plasma given its much lower
bond dissociation energy. The lower NH3 production is expected to be a
more dominant factor compared to the destruction of NH3 for the Ny-
richer ratios. The best performance being obtained with a No/Hj ratio of
1:1 is again attributed to the higher activation energy of No compared to
H,, making the stoichiometric gas mixture less effective [34]. Note that
the highest performance of 14570 ppm NHjs at 100 mln/min with a Ny/
Hy ratio of 1:1 corresponds to a Ny conversion of 1.4 %, and an energy
cost of 60 MJ/mol. This is still far from competing with Haber-Bosch,
which very well may never be achievable for direct plasma-catalytic
NHj; synthesis. Other options, e.g., based on NOx production by warm
plasmas (which is much more energy-efficient), followed by the
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Fig. 10. NHj; outflow concentration and measured plasma power for a Ny:H; ratio of 1:1 (A), 3:1 (C), and 1:3 (E). Discharging areal fraction § and microdischarge

quantity for a Ny:Hj, ratio of 1:1 (B), 3:1 (D), and 1:3 (F).

catalytic reduction into NHg [73] are more promising in this respect.
However, reaching the best performance is not the aim of this work, as
we rather aspire to better understand plasma catalysis on a fundamental
level.

Indeed, we want to stress the importance of the gas-phase plasma
reactions, and how the packing/catalyst can affect those, indirectly
altering the overall performance. Also in literature, it was reported that
catalysts do not always have a beneficial effect on the reaction. For
DRM, for example, it was recently proposed [8] that transition metal
catalysts could even have a negative effect on the overall performance,
because they can quench the plasma radicals, and let them react back to
the reactants instead of towards the desired products. Further, for
plasma-catalytic NHg synthesis, modeling work [74] suggests that the
actual catalyst metal has little effect on the overall performance, when
radicals play a dominant role (as is mostly the case in DBD plasma),
which was further supported by experimental work [45].

3.3.3. Importance of the discharge characteristics
Inherently, plasma catalysis is complicated, with many aspects to
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take into account. In addition to the relevant parameters and mecha-
nisms in more conventional heterogeneous catalysis, such as the phys-
ical and chemical properties of the catalyst (nano)particles and support
materials, the plasma discharge cannot be neglected here. Not only is the
plasma an indispensable part of the system, it is highly sensitive to many
external factors, not in the least to the packing material (i.e., the cata-
lyst). It is therefore impossible to treat the plasma discharge as an in-
dependent “constant parameter” in an experimental setup, without
thorough analysis and comparison.

The complexity of these systems is also illustrated by seemingly
contradictory results. For example, Andersen et al. found that micro-
discharges are detrimental for NH3 synthesis, and are in fact beneficial
for NH3 decomposition [11,36]. These findings are in line with earlier
model predictions from our group [10], and with our observations in
this work, where a lower microdischarge quantity tends to correspond to
a higher NHj3 yield. On the other hand, Patil et al. reported that
microdischarges are beneficial for NHs synthesis [29,34]. It is not
straightforward to pinpoint the underlying cause of this discrepancy.
However, it illustrates that many parameters need to be taken into
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account and further fundamental research is required to fully elucidate
what mechanisms drive plasma catalysis in DBDs, especially in packed-
bed configurations.

In practice, it is crucial to monitor the plasma discharge using the
conventional electrical diagnostics. Further, a quantification of the
discharge characteristics is highly advisable, since not all discharge
characteristics are immediately visually obvious. Only when it is
confirmed that the plasma discharge is identical for two different cata-
lysts, it is possible to confidently attribute any changes in overall per-
formance to catalytic effects. Whenever there are discrepancies in the
discharge, even if they seem minor, caution is advised when interpreting
the results, as gas phase chemistry can be dominant, even in so-called
plasma catalysis.

An additional takeaway of this work is that when studying different
catalysts, simply applying the same synthesis protocol for different
(metal) precursors may not suffice, as we illustrated here by the WI Ni
and WI Co catalysts. A thorough, spatially resolved microscopic char-
acterization of the catalysts is strongly advised. Ideally, this additional
analysis goes beyond the conventional catalyst characterization tech-
niques that are commonly applied for thermal catalysis, but lack spatial
information on the support (such as XRD, N sorption, etc.).

In short, we studied here both DRM and NHjs synthesis, showing
vastly different responses to changes in the plasma discharge. DRM
seems to benefit from the presence of (more, stronger) microdischarge
filaments, as they give rise to higher CO, and CH4 conversion (in line
with model predictions [67]). For NHs synthesis, we observe the
opposite effect, since a better performance is gained with more uniform
discharges, as created by the SC catalysts, because the microdischarge
filaments destroy the formed NHgs, as also elucidated by model pre-
dictions [10]. Therefore, it is clear that every reaction or gas mixture
will react differently to changes in the discharge properties. Thus,
especially when studying lesser-known reactions, the effect of the
discharge on the specific reaction should be studied in greater detail, in
order to be able to separate gas-phase chemistry from the desired cat-
alytic reactions.

4. Conclusion

We performed a number of plasma catalysis experiments in a packed-
bed DBD reactor for both DRM and NHjs synthesis. We synthesized both
Ni and Co on AlyOj3 catalysts in two different ways, i.e., by wet
impregnation (WI) and spray-coating (SC), yielding very different dis-
tributions of metal/metal oxide on and throughout the porous support
beads. These changes in catalyst morphology had a drastic impact on the
plasma discharge, in some cases eliminating the formation of micro-
discharges, and thus forming a more homogeneous plasma, filling the
entire reactor. We also found that not all characteristics are impacted by
the same catalysts, indicating that different mechanisms govern the
various properties of the plasma discharge. Specifically, the micro-
discharges were eliminated by the WI Co catalyst (exhibiting a relatively
high coverage of nanoparticles at its surface), without displaying the
fully expanded plasma that was observed for the SC catalysts (which
have a pm-scale layer of metal nanoparticles at their surface).

Even when the same metal was deposited on the same support, but
with a different synthesis method that distributed the metal differently
on/throughout the support, the various catalysts showed great variety in
overall performance. Especially for NHs synthesis, the benefit of the SC
catalysts over the WI catalysts was tremendous. This strong improve-
ment is attributed to the altered plasma discharge, which fills a larger
part of the reactor volume, promoting the formation of NH3, while at the
same time limiting the destruction of the formed NH3 due to the lower
microdischarge quantity. For DRM, the influence of the discharge on the
overall performance was more ambiguous, but also here the plasma
discharge affects the performance. Especially the presence of micro-
discharges and a larger plasma volume (larger discharging areal frac-
tion) seem beneficial for the overall DRM reaction. By studying these
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dissimilar chemistries, we aim to illustrate how plasma properties and
their effect on the performance do not translate well between various
reactions.

Though the precise SC synthesis as described here needs further
optimization, given the unstable nature of the metallic shell (as
demonstrated for SC Ni 1 wt%), the general conclusions offer an inter-
esting perspective. By deliberately designing the packing of the reactor
in such a way, the plasma could be altered relatively easily to tune its
properties towards the desired form (i.e. diffuse rather than filamen-
tary). Further optimization can be done to design a robust packing that
resembles the presented beads, i.e., a dielectric core with a thin metallic
shell. This can serve as a template to add further catalytically relevant
materials, to aim for a desired combination of the altered plasma
discharge and other proposed beneficial mechanisms. This core-shell
structure could further serve as a simple and reliable plasma modifier to
study the effect of the plasma discharge on other reactions of interest.
Further, this could aid fundamental studies looking into the mechanisms
that govern (packed-bed) dielectric barrier discharges, as the precise
underlying mechanisms are still poorly understood.

We hope our findings are interesting, not only for the plasma catal-
ysis field, but also the entire catalysis community. Indeed, more and
more (classical) catalysis groups are starting research on plasma catal-
ysis as well, due to the large benefits of plasma (catalysis) for electrifying
chemical reactions. It is important for thermal catalysis researchers to
realize that plasma catalysis is more complex than thermal catalysis,
because introducing a (catalytic) packing in the reactor inevitably af-
fects the plasma. As presented here, small changes in that packing can
sometimes have drastic implications with regard to the plasma behavior.
When studying and comparing different catalysts, it is therefore crucial
to measure, analyze, and report the discharge characteristics for all
experiments. Given the general complexity of plasma catalysis, due to
the vast variety in both chemical and physical effects that can take place,
extra care should be taken when interpreting the results from plasma-
catalytic tests. Only when it is clear that certain changes in perfor-
mance cannot be attributed to differences in plasma behavior, it is
possible to hypothesize purely catalytic mechanisms to understand the
observed results.
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