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Plasma catalysis is gaining increasing interest for the synthesis of chemicals and fuels, but the underlying
mechanisms are still far from understood. This hampers plasma-catalyst synergy. Indeed, there is not
enough insight into the optimal catalyst material tailored to the plasma environment, and vice versa, in
the optimal plasma conditions for the catalyst needs. Furthermore, plasma catalysis suffers from energy
losses via backward reactions, and probably most importantly, there is a clear need for improved plasma

Received 31st January 2025, reactor design with better contact between plasma and catalyst. In this paper, we describe these critical

Accepted 31st March 2025 limitations and suggest possible solutions. In addition, we stress the importance of correct measure-

DOI: 10.1039/d5ey00027k ments and consistent reporting, and finally we also propose other promising plasma—material combina-

tions beyond the strict definition of catalysts. We hope this opinion paper can help to make progress in

rsc.li/eescatalysis this booming research field.

Broader context

Plasma catalysis, initially mainly used for VOC removal, has received an ever-increasing amount of interest for gas conversions such as CO, and CH,
conversion, and NH; and NO, synthesis. Plasma couples particularly well with renewable energy sources, because of how rapidly it is switched on and off again
and thus could prove useful for energy storage into liquid fuels such as CH;OH (methanol). However, in contrast to its applications for VOC removal, the
plasma applications for gas conversions are at a much lower TRL, mainly because of low energy efficiencies and low product selectivities. Thus, there is a clear
need for better insights into the current limitations. In this paper, we aim to identify the critical limitations in the field, and where possible, we suggest what is
needed to overcome them, to make plasma catalysis an alternative to the present thermo-catalytic systems, while being competitive with other sustainable
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alternatives.

1. Introduction

Plasma catalysis is gaining increasing interest for various
applications, for air pollution control (i.e., removing low con-
centrations of harmful components, like volatile organic com-
pounds (VOCs), particulate matter and NO,, from the air'”),
and for sustainable chemistry (such as CO, and CH, conver-
sion, including CO, hydrogenation, partial oxidation or dry
reforming of CH, (DRM) to produce syngas, higher hydro-
carbons or oxygenates, as well as NH; and NO, synthesis from
N, and H, or air, respectively®%).
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The first application field is already at high technology
readiness level (TRL), with commercial devices available for
many years, especially for VOC removal (see e.g., the 2020
plasma catalysis roadmap for more details'), and the main
metric is conversion of VOCs, rather than energy efficiency. In
contrast, the second application field is at much lower TRL,"
and still faces several challenges, such as limited energy
efficiency, limited product yield, and limited product selectiv-
ity. The main reason is that the underlying mechanisms are far
from understood.*”**'7 Indeed, while plasma-catalyst
synergy is often reported (for instance'®??), in other cases it
is not observed (for instance®*™°). Hence, there is a need for
better insights into the current limitations, and especially how
to overcome them, in order to make significant progress in this
emerging research field.

This paper aims to identify the critical limitations in the
field of plasma catalysis for sustainable chemistry applications,
and where possible, we also suggest what is needed to solve the
limitations. We believe the main limitations are: (i) lack of

EES Catal., 2025, 3, 669-693 | 669


https://orcid.org/0000-0002-5873-7158
https://orcid.org/0000-0002-2794-199X
https://orcid.org/0000-0003-2377-5282
https://orcid.org/0000-0001-9875-6460
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ey00027k&domain=pdf&date_stamp=2025-04-08
https://rsc.li/eescatalysis
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00027k
https://pubs.rsc.org/en/journals/journal/EY
https://pubs.rsc.org/en/journals/journal/EY?issueid=EY003004

Open Access Article. Published on 02 April 2025. Downloaded on 4/7/2026 9:39:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

insight in the optimal catalyst material tailored to the plasma
environment, leading to trial-and-error experiments often
based on insights from thermal catalysis, (ii) the plasma
conditions not being tuned to the catalyst needs and thereby
suboptimal plasma activation of molecules, (iii) the need for
improved plasma reactor design with better contact between
plasma and catalyst, (iv) the needs for correct measurements
and consistent reporting of the obtained results, and (v) energy
losses via the backward reactions, both thermo-catalytic as well
as plasma-enhanced, and related to this, the need to think out
of the box.

These aspects will be discussed in the following sections.
We will only focus on in-plasma catalysis, where the catalyst is
placed inside the plasma reactor, typically performed with
dielectric barrier discharge (DBD) plasmas, because of their
relatively low operating temperatures, required for the catalyst
stability. Indeed, this combination is the most straightforward
for plasma-catalyst synergy, due to the direct contact between
reactive (short-lived) plasma species (or other plasma compo-
nents, like the electric field) and the catalyst surface. However,
it is not necessarily the best combination. Indeed, placing a
catalyst post-plasma, as is investigated for warm plasmas,
might be more beneficial, because the hot plasma gas can be
used to thermally activate the catalyst. Therefore, at the end of
the paper, we will also discuss some other plasma-material
combinations (in a broader sense than only catalysts) that are
promising to create synergy, also in post-plasma configuration.

2. Lack of insight into the optimal
catalyst material

Many researchers, certainly in the past, used catalysts active for
thermal catalysis in their plasma setup, such as nickel-based
catalysts for DRM.'®*” However, plasma creates many reactive
species, as well as an electric field, which may interact with the
catalyst, so the best catalysts in thermal catalysis are not necessa-
rily the best in plasma catalysis. While there is general awareness
of the difference, and of the need to design catalysts tailored to the
plasma environment, there is still a clear lack of insight into which
catalysts would be most suitable in plasma catalysis.

2.1. Metal catalysts act as radical scavengers - insights from
computer modeling

Loenders et al.*® developed a coupled chemical kinetics model
for plasma-catalytic DRM, describing both the plasma and
catalyst surface chemistry, and studied the effect of different
metal catalysts. Note that this model only focuses on chemistry
and hence does not consider the physical effects of introducing
a catalyst material into a DBD reactor. The model suggests that
metal catalysts do not improve the performance, because they
act as radical scavengers. Indeed, this is not unexpected:
radicals are readily adsorbed at a catalyst surface, which is
not a problem if they would react to the desired products
(e.g., CO, H,, oxygenates). However, the model reveals that the
radicals rather react back into the reactants (CO, and CHy, in case
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of DRM). Furthermore, as the radicals easily adsorb at the catalyst
surface, their density inside the plasma significantly drops, com-
pared to plasma without catalyst. Hence, also the reaction rates
inside the plasma, aiming to produce value-added compounds,
drop upon implementing a catalyst, resulting in a net lower
production as compared to plasma without catalyst.

Fig. 1 presents the net CH;OH production rates from CO,/
CH, mixtures, calculated by the model of Loenders et al.,*® for
plasma-only (without catalyst), or combined with a Rh, Cu or Ag
catalyst, for a 1:1 CO,/CH, mixing ratio. The blue bars repre-
sent the total production rates, which in the case of plasma-
only is given by the plasma production rate. It is clearly higher
than for the combination with any of the three catalysts.
Indeed, the radicals are adsorbed at the catalyst surface, but
only a small fraction reacts to CH;OH (cf. orange bars, and note
the logarithmic scale of the y-axis). At the same time, the radical
density inside the plasma drops due to the radicals being
scavenged at the catalyst surface, so the CH;OH formation
rates inside the plasma are also lower than in plasma-only
(¢f the purple bars), and the sum of both (i.e., the blue bars in
Fig. 1) are significantly lower than in plasma-only.

This poses a fundamental problem for plasma catalysis,
because radicals are the most important plasma species in
DBD reactors (especially at high plasma powers), which are the
main plasma sources used in plasma catalysis. Hence, accord-
ing to this model, a metal catalyst rather acts as “anti-catalyst”
in plasma catalysis, resulting in lower performance than in
plasma without catalysts.

It should be noted that the model of Loenders et al. sim-
plifies reality, as it only models the surface reactions occurring
on a single, ideal metal facet (Ag(111), Cu(111) and Rh(111),
respectively), thus ignoring, to some extent, the complexity of a real
heterogenous catalyst. Indeed, the model does not account for e.g.
surface defects, different facets, or metal-support interactions, and
assumes that the catalyst does not undergo chemical modifica-
tions such as oxidation. Moreover, it only focuses on the chemical
kinetics, and it assumes perfect contact between the catalyst and
the plasma, and therefore does not account yet for mass transport
to and from the catalyst surface. If the radicals have a lifetime that
is too short, they might even not be able to diffuse to the catalyst
surface within their lifetime, unless they would be formed at/near
the catalyst surface (see further). Thus, the model likely over-
estimates the effect of surface reactions. Regardless, the effect of
radical adsorption on the transition metals seems to be either
negligible or negative in case of CH;0H production from CH, and
CO,. It should be noted, however, that radical scavenging can have
a net positive effect for other plasma-catalytic reactions, such as for
NH; synthesis, where the surface coverage with H,qs is high
because H, easily adsorbs dissociatively on the metal surface even
in the absence of plasma. In this case, N or NH, radicals in the
plasma can readily react with adsorbed H, forming NH;.%*"

2.2. Which catalysts can work in optimal synergy with the
reactive plasma environment?

The question thus arises: which catalysts are needed, that are
better tailored to the reactive plasma environment, to realize

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Calculated net CHsOH production rate at steady state (t = 10° s) for plasma without catalyst, or combined with a Rh, Cu or Ag catalyst, fora 1:1
CO,/CH4 mixing ratio, at a total pressure of 1 bar and a temperature of 500 K. The color bars indicate the total reaction rate, the rate on the catalyst
surface and inside the plasma (see legend). Note that the rates are logarithmically scaled. The model predicts that the CHzOH production rate in plasma-
only is higher than when combined with any of the catalysts investigated. See details in text. Reproduced from ref. 28 with permission from Elsevier,

copyright 2023.

plasma-catalyst synergy? Based on the above, it may be inter-
esting to consider catalysts other than transition metals.
Would metal oxide catalysts, for example, show a different
behavior, i.e., not scavenging radicals? Indeed, similar to their
use in thermal catalysis, metal oxides are reported to enhance
the oxidation of hydrocarbons to CO, in plasma-catalytic
systems.*® Moreover, Patil et al.>* illustrated that the presence
of supported metal oxides enhances nitrogen fixation, but
attribute this effect to the facilitation of microdischarges,
rather than a chemical interaction with the plasma-activated
species. The authors further suggest that increasing the tem-
perature may be necessary to unlock new surface pathways.
An interesting feature of multivalent metal oxides is their
ability to accommodate oxygen vacancies (OV), formed by
oxidizing a reactant, inducing partial (superficial) reduction
or lattice distortions of the catalyst, according to the Mars van
Krevelen (MvK) mechanism. The reverse MvK mechanism is
particularly interesting for CO, activation, where CO, is acti-
vated by filling the OV, forming CO, as illustrated in Fig. 2.
Parastaev et al.®> proposed, based on in situ DRIFTS experi-
ments, that the role of OV for thermo-catalytic CO, hydrogena-
tion on a Co/CeZrO, catalyst indeed lies in the enhancement of
the reduction of CO, through a formate pathway, in which
formates are formed on OV at the metal-support interface.
Meanwhile, the authors suggest that for the plasma-catalytic
system, these formates do not play a role in CO, hydrogenation,
unless the temperature is increased substantially. On the other
hand, Ning et al.*® report an enhanced CO, conversion upon
loading with Cu/CeZrO, compared to the empty DBD reactor
and propose a reaction mechanism involving (i) a hydrogen

© 2025 The Author(s). Published by the Royal Society of Chemistry

spillover from the copper nanoparticles to CO, adsorbed on OV
near the support-metal interface, and (ii) a reaction following
the Eley-Rideal mechanism, in which excited H species directly
react with CO, adsorbed on OV. The latter is of particular
interest, as this plasma-enabled mechanism would not require
the presence of a transition metal on the catalyst surface.
However, the contribution of this mechanism seems to be
limited, as the performance of the reactor filled with the
CeZrO, support is similar to the performance of the empty
reactor.

Golubev et al.*” found that CO, splitting in a DBD plasma is
enhanced by introducing MgO-CeO, catalysts and that the CO,
dissociation improves with an increasing CeO, fraction. The
authors assigned this activity to surface reactions on the OV of
CeO,, although no direct proof of surface species is provided.
Similarly, Ashford et al.*® reported enhanced CO, splitting on
ceria-promoted iron oxide catalysts in plasma, attributing this
to surface reactions involving OV, although the mechanism
remains speculative. We believe metal oxides with OV can have
a beneficial role for CO, splitting along two mechanisms
(see Fig. 2): (i) O radicals can be scavenged from the plasma
by OV (preventing reactions to form CO, from CO and O
radicals), or (ii) via dissociation of CO, adsorbed on the vacancy
forming CO in gas phase while the O atom combines with the
OV, incorporating the O into the lattice directly. In both cases,
0, is formed in a next step by generating two new OV, closing
the catalytic cycle.

An alternative explanation for the plasma-catalytic activity
for CO, hydrogenation can be the formation of H radicals,
which can react with the metal oxides to form water and a

EES Catal., 2025, 3, 669-693 | 671
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Fig. 2 Possible mechanisms involving oxygen vacancies (OV) in plasma-catalytic CO, splitting on a multivalent metal oxide (in grey). (i) Shows the
scavenging of O atoms from the plasma by OV on the metal oxide, preventing them from the backwards reaction with CO. (ii) Shows the splitting of CO,
adsorbed on an OV at the metal oxide surface, thus the reverse Mars van Krevelen mechanism. In both cases, the catalytic cycle is closed by the formation

of O, at the oxide surface.

reduced metallic surface. Further thermo-catalytic and plasma-
catalytic reactions can then occur on the metallic surface.
Similarly, in oxidative environments, it is important to realize
that transition metals can be oxidized to their respective oxides,
while nitrides and carbides can be formed in the presence of
activated nitrogen or carbon-containing molecules.

Based on the above, we believe that the use of metal oxides
in plasma catalysis, like in thermal catalysis, may be beneficial
for oxidation reactions. As always in plasma catalysis, special
attention should be given to the influence of metal oxides on
the physical properties of the plasma. Importantly, these phy-
sical properties should be reported as a function of time, as
in situ reduction of these metal oxides may alter the dielectric
properties of the material over the course of the experiment.
Ideally, the oxidation state of the metal is monitored in situ, as
for example done by Gibson et al.,*® who performed in situ XAFS
experiments in a DBD reactor, providing information on the
bulk oxidation state. The possible role of OV for CO, activation
in plasma remains largely unclear, as the current literature
either suggests a limited role of OV on the surface reactions, or
suggests mechanisms mainly based on structure-activity corre-
lations. In situ techniques, like in situ FTIR, but also in situ XPS,
can greatly help elucidate the role of OV in plasma catalysis.
Indeed, on one hand, the possible role of OV in the formation
of surface species in plasma-catalytic systems remains unclear,
while on the other hand it is largely unknown to what extent OV
are formed, filled (especially by reactive O radicals formed in
the plasma), and regenerated in these systems. For example,
Parastaev et al.>® found that OV are not formed on a CeZrO,
support exposed to pulsed H, plasma without the presence of

672 | EES Catal, 2025, 3, 669-693

cobalt. Instead, hydroxyl (OH) groups are formed. Also, plasmas
are highly heterogeneous in time,*® making it difficult to draw
conclusions regarding OV density linked to plasma species.
Moreover, the effect of OV on the physical properties of the
plasma remains thus far unexplored.

In addition to redox properties, oxides can also contain acid
and/or base surface sites. Recently, the use of zeolites for plasma-
catalytic applications has gained traction. Xu et al.*' reported the
good performance of Ru-loaded ZSM-5 nanostructures for CO,
methanation, which they attribute to enhanced Ru dispersion.
Additionally, they find that the positioning of Ru nanoparticles (on
the inside or outside of the zeolite framework) determines the
accessibility of the nanoparticles to the reactive plasma species.
Fan et al.*? show the use of a Ni/HZSM-5 catalyst for DRM and
claim that the selectivity can be tuned towards alcohols by enhan-
cing the Lewis acid sites with strong acidity. Conversely, the
presence of Bronsted acid sites and Ni** species leads to relatively
high acetic acid selectivities. Similar findings are reported by Wang
et al.,” who studied the plasma-catalytic DRM on HZSM-5 and
13X zeolites.

The use of zeolites for plasma catalysis, however, seems
somewhat counterintuitive. Indeed, while zeolites are known
for their complex microstructures and relatively controlled
acidity (both in terms of number of active sites as well as acid
strength), computer modeling has predicted that plasma strea-
mers cannot penetrate inside pores smaller than the so-called
Debye length®*™*® (which is typically above 500 nm for typical
plasma catalysis (DBD) conditions), and thus, reactive plasma
species cannot be generated inside such small pores. Moreover,
diffusion of these reactive species into small pores is also very

© 2025 The Author(s). Published by the Royal Society of Chemistry
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limited (see more detailed discussion in Section 4.1 below).
Hence, one could wonder if the complex, ordered microstruc-
ture of zeolites is necessary for obtaining the above results.
In this regard, we propose the consideration of amorphous
silica-alumina (ASA) as catalysts in future studies. Indeed,
Coumans et al.*’” showed that the Bronsted (and Lewis) acidity
of ASA can be tuned, negating the need for structured micro-
porosity found in zeolites. Evaluating the activity of ASA in
comparison to zeolite benchmarks may clarify the potential
role of Brgnsted or Lewis acid sites in the plasma-catalytic
activity of zeolites and may simultaneously enhance the surface
area available to plasma-generated reactive species. Note that
many oxides and mixed oxides, in addition to alumina-silicates,
have acid-base properties®® and the performance in plasma
catalysis may be explored. Especially, macroporous acidic
materials would be worthwhile exploring.

At this stage, however, the behavior of catalysts other than
metal surfaces cannot be investigated with chemical kinetic
plasma-catalyst models, such as the one developed by Loen-
ders et al.,*® because the necessary input data for such models
(typically obtained from density functional theory) is lacking.
Experimentally, however, these materials can easily be tested,
though the interpretation of the obtained experimental results
is often not straightforward. In Section 5, we discuss some
important considerations for plasma-catalytic experiments in
more detail.

3. The need to tune plasma conditions
to the catalyst needs

On the other hand, we can also reformulate the question posed
in Section 2.2: which plasma conditions are needed to work in
optimal synergy with typical (metal) catalysts? The obvious
answer would be: conditions that exploit other plasma species,
rather than plasma radicals, such as (electronically and vibra-
tionally) excited gas molecules.

3.1. Are excited molecules more suitable to create
plasma-catalyst synergy?

The reason why (electronically and vibrationally) excited gas
molecules could be a more obvious choice to explore plasma-
catalyst synergy is because these species can reduce the energy
barrier for dissociative adsorption at the catalyst surface, as
compared to molecules in the ground state, and therefore
enhance the reaction rates, compared to thermal catalysis.
For example, Juurlink et al.*° found that CH, molecules excited
to v =1 of the v3 C-H stretching vibration are up to 1600 times
more reactive on Ni(100) than CH, in the ground vibrational
state. This is indeed why thermal catalysis researchers show
interest in plasma catalysis, as efficiently distributing energy
into reactive vibrationally excited states, or electronically
excited states, could greatly decrease the activation energy of
a catalytic reaction. For electronically excited states, to the best
of our knowledge, there is no existing literature on their
potential role in surface chemistry. Therefore, we will focus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on vibrational excitation in this section, while not ruling out a
potential role of electronic excitation.

Some authors have explicitly studied the role of vibrationally
excited molecules in plasma catalysis.>***>> Mehta et al.>'*?
and Engelmann et al*® demonstrated computationally that
vibrationally excited molecules can increase NH; synthesis
rates on materials that are kinetically limited by N, dissocia-
tion, and for this reason, that the optimal catalytic material in
plasma catalysis can be different from thermal catalysis, as well as
that NH; yields can exceed equilibrium limits at low temperatures.
On the other hand, Engelmann et al.*® also demonstrated that at
practical DBD conditions, radicals appear more important than
vibrationally excited molecules. Engelmann et al.*° further explored
the role of vibrationally excited CH, on the non-oxidative coupling
of CH, using microkinetic modelling, and found that vibrationally
excited species are essential for enhancing the selectivity towards
ethylene, especially on Pt, Rh and Pd surfaces.

Besides their ability to reduce the energy barrier for disso-
ciative adsorption, creating electronically and especially vibra-
tionally excited gas molecules requires less energy than creating
radicals, because the latter often occurs through electron
impact excitation to higher electronically excited levels, fol-
lowed by dissociation."* Simply stated, making radicals is too
energetically costly: the required energy for this is largely
wasted, certainly if these radicals will recombine at the catalyst
surface, generating heat.

This was demonstrated by Rouwenhorst et al.,>® who classi-
fied plasma-catalytic NH; synthesis in DBD plasma into four
possible mechanisms: (a) plasma-phase NH; synthesis, (b)
surface-enhanced plasma-driven NH; synthesis, (c) plasma-
enhanced semi-catalytic NH; synthesis (also including Eley-
Rideal reactions), and (d) plasma-enhanced -catalytic NH;
synthesis (only including Langmuir-Hinshelwood pathways),
see Fig. 3. This classification was based on whether dissociation
(and thus: radical creation) of both N, and H,, only N,, or
neither N, nor H, occurs in the plasma phase. When N, is
dissociated in the plasma, hence creating radicals, the theore-
tical minimum energy required for NH; production was calcu-
lated to be 0.47 M]J per mol-NH;.>*> On the other hand, a better
energy efficiency can be reached if plasma only promotes
dissociation of N, on the catalytic surface upon excitation,
instead of dissociating N, in the plasma. Upon vibrational
activation, the N, dissociation barrier on Ruthenium can be
decreased by about 70 kJ mol™',>* which is equivalent to an
energy cost of 0.035 MJ per mol-NHj.

This is similar to values reached for a large-scale Haber-
Bosch process (0.025-0.043 M]J per mol-NH;, ammonia synthesis
loop only). If no heat losses occur and only N, is vibrationally
activated for NH; synthesis, plasma catalysis may be competi-
tive with a small-scale, container-sized Haber-Bosch process
(compatible with renewable energy sources).'™** It should be
noted that additional energy will be required for separation in
case of the plasma-catalytic process, which adds to the energy
requirement for NH; synthesis.”>

In general, the energy cost of DBD reactors is nowadays still
too high for plasma catalysis to be competitive with other

EES Catal., 2025, 3, 669-693 | 673
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Fig. 3 Possible mechanisms for plasma-catalytic NH3z synthesis: (a) plasma-phase NH3 synthesis, (b) surface-enhanced plasma-driven NHsz synthesis, (c)
plasma-enhanced semi-catalytic NHz synthesis (also including Eley—Rideal reactions), and (d) plasma-enhanced catalytic NHz synthesis (only including

Langmuir—Hinshelwood pathways).

technologies, e.g., a factor 4-5 for CO, splitting and DRM,"*
factor 5-10 for NH; synthesis,'"' and a factor 5-8 for NO,
synthesis.”® This can indeed be attributed to the dominant
formation of radicals, which requires too much energy. In case
of N,, the bond dissociation energy is 945 k] mol~*. Further-
more, the dominant formation of radicals leads to high gas-
phase activity, inhibiting potential selectivity gains by plasma
catalysis. This high energy cost will hamper industrial imple-
mentation. However, even in case of mild plasma-activation of
N,, it will be difficult for plasma-catalytic NH; synthesis to
compete with thermal catalysis, as the reaction is exothermic,>”
implying that any energy input from the plasma will be lost
as heat.

A critical note is, however, needed. Recent experimental
work by Bayer et al.®” shows that, for the investigated condi-
tions, NH; production is (i) enhanced by introducing a catalyst
material (Ag, Fe and Fe), and (ii) this enhancement can be
attributed to surface-mediated reactions involving N radicals,
and not vibrationally excited N,. Later work by the authors™®
shows that the limited contribution of vibrationally excited N,
is not due to their low prevalence, but rather because they are
rapidly quenched due to vibrational relaxation at the catalyst
surface. Only vibrationally excited species with sufficiently high
energy (depending on the catalyst material) can undergo dis-
sociative adsorption faster than vibrational relaxation. In the
applied plasma jet setup, in which the catalyst is not placed in
the discharge region, but rather downstream (i.e. in the after-
glow), the density of these high-energy vibrationally excited
species was found to be (much) lower than the density of N
radicals. Thus, the contribution of the latter towards catalytic
reactions is (much) more significant than that of the former.

674 | EES Catal., 2025, 3, 669-693

In DBDs, the distance between the catalyst and the plasma
(<1 mm, ideally «1 mm, see also below) is significantly
smaller than in the setup studied by Bayer et al (5 mm),
limiting vibrational relaxation in the gas-phase and thus pos-
sibly enhancing the densities of high-energy vibrationally
excited species. Nevertheless, this work shows that not the total
density of vibrationally excited species is relevant for plasma
catalysis, but rather the density of vibrationally excited species
with sufficiently high energy to overcome vibrational relaxation
at the catalyst surface. Vibrational relaxation at the catalyst
surface should be considered when modelling the interaction
between vibrationally excited species and a catalyst surface.

In short, enhancing the contribution of excited molecules
to plasma-catalytic surface reactions could be beneficial for
plasma-catalyst synergy, reducing the energy barrier for dis-
sociative adsorption with relatively mild energy demand as
compared to dissociation in the plasma. Consequently, also
the energy efficiency of the system would be enhanced.

3.2. How can we maximize (vibrational) excitation in the
plasma?

As mentioned in Section 2.1 above, DBD plasmas mainly
produce radicals, while electronically and especially vibration-
ally excited gas molecules are typically less prominent. The
reason is that DBD plasmas are characterized by a relatively
high reduced electric field (i.e., electric field divided by the gas
number density (E/N), expressed in Td, where 1 Td = 10 >' V
m?). Indeed, typical reduced electric field values in DBD plas-
mas are above 100-200 Td, giving rise to relatively high electron
energies, typically at least several eV, which is most suitable
for electron impact dissociation to radicals, while vibrational

© 2025 The Author(s). Published by the Royal Society of Chemistry
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excitation requires lower electron energies (order of 1 eV).
Electronic excitation is also more prevalent than vibrational
excitation at these higher electron energies, but electronically
excited molecules quickly relax to the ground state (or lower
excited levels) by emission of radiation, unless they are in
metastable levels. In the following discussion, we will therefore
mainly focus on the potential of vibrationally excited mole-
cules, although we do not want to rule out the potential benefit
of electronically excited molecules.

We could maximize the population of vibrationally excited
molecules by trying to tune E/N in DBDs to lower values, in the
order of 50 Td."* In theory, this can be realized by applying a
lower voltage (creating a weaker electric field: E = V/d). This was
again demonstrated by Rouwenhorst et al,”® for plasma-
catalytic NH; synthesis, where a relatively low power resulted
in a catalytic effect, and a lower energy cost. Indeed, the authors
observed that the catalyst was more active in plasma catalysis in
the case of Ru supported on more basic oxide supports, which
is a characteristic phenomenon for Ru-based catalysts in ther-
mal catalysis, due to an enhancement in N, dissociation activity
on the catalyst.

A critical note is, however, needed. At low power, the NH;
yield will be low, so the overall performance of plasma catalysis
might be too limited, or a compromise may be needed to
optimize both NH; yield and energy cost. Furthermore, a
practical issue arises when trying to reduce E. Indeed, a mini-
mum voltage is required to sustain the discharge (Vyus), effec-
tively forming a lower limit for E. This Vs can be expected to
decrease with rising temperature, lower gas flow rate, lower
pressure, and smaller discharge gaps. It also depends on the
composition of the gas filling the discharge gap. Interestingly,
Sheng et al>® found that, at 5 kPa, V. can be drastically
reduced by increasing the frequency. Indeed, increasing the
working frequency from 12 kHz to 100 kHz reduced the
sustaining voltage almost threefold. Thus, power supply opera-
tion at high frequencies may be beneficial for reducing E/N,
enhancing the population of vibrationally excited species.

It should be noted that the breakdown voltage is higher than
the voltage required to sustain the plasma, allowing for a
reduction in applied voltage after ignition, but both voltages
are typically within the same order of magnitude.

Another option to reduce E/N is to increase the gas number
density (N), by either increasing the pressure, or by decreasing
the temperature (following ideal gas law). However, as men-
tioned above, increasing the pressure typically increases Vg,
so this is not a straightforward option to lower E/N. Likewise, a
lower temperature also increases Vg,s. Moreover, catalysts
generally become less active upon decreasing the temperature,
further questioning this strategy. Finally, pressure and tem-
perature can also impact vibrational-translational (VT) relaxa-
tion, which is much more prominent at higher pressure and
temperature, thus reducing the population of vibrational levels.
Therefore, increasing the pressure would have a detrimental
effect on the vibrational population, while a lower temperature
could be beneficial (see also below). Clearly, the options to
reduce E/N in a DBD are limited.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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An alternative would be to develop completely new reactor
designs, being closer to the concept of warm plasmas, such as
gliding arc, microwave, and atmospheric pressure glow dis-
charge. These are indeed characterized by lower E/N (order
of 50 Td). In such warm plasmas, vibrational excitation is
thus more important, as schematically illustrated in Fig. 4
(top panel), which shows that most of the electron energy goes
into electron impact vibrational excitation for E/N values below
ca. 50 Td (hence, typical for warm plasmas), while electronic
excitation, ionization and dissociation take over at higher E/N
(typical for DBDs). Warm plasmas also exhibit much lower
energy costs for gas conversion applications, *°°~* at least for
endothermic reactions (hence not for NH; synthesis''). However,
the vibrationally excited molecules easily relax back to the ground
state upon collision with gas molecules (VT relaxation), thereby
increasing the gas temperature, which is typically too high (order
of 3000 K or more) for catalyst implementation inside the plasma.
Hence, warm plasmas are not suitable for in-plasma catalysis.
Nevertheless, they can be used for post-plasma catalysis, where
the hot gas can thermally activate the catalysts.®* ¢ However, in
this case, reactive plasma species do not reach the catalyst, but
there would only be thermal activation of the catalyst. Thus, the
catalysis mechanism itself is in line here with that of thermal
catalysis.

In conclusion, we believe there is a need to design an
intermediate type of plasma, in between DBD and warm
plasmas, with E/N around 50 Td, so that (i) vibrational excita-
tion is important, but (ii) gas heating is minimized, by avoiding
that the vibrationally excited levels would quickly relax to the
ground state. The reason why the latter should be avoided is
twofold. First, it allows the vibrationally excited molecules to
still be exploited for plasma catalysis. Second, if vibrationally
excited molecules retain their energy longer, less energy is
converted into heat, helping maintain a lower gas temperature.
If the gas temperature can remain below 1000 K, catalysts can
be directly inserted in the plasma, for direct plasma-catalyst
synergy without the risk of thermal damage. Fig. 4 summarizes
how a lower E/N (order of 50 Td) could in principle be realized,
by either lowering E or by increasing N, although some para-
meters (pressure, p, and temperature, 7) affect E and N in the
opposite way, showing why it is not so straightforward to realize
such conditions.

3.3. Should we target other plasma components to create
more plasma-catalyst synergy?

Plasma produces other components as well, besides radicals
and (electronically and vibrationally) excited levels, such as ions
and electrons, which can give rise to catalyst surface charging,
and thus modify the electronic structure of the catalyst material
during operation via band structure shifts or work function
changes, potentially altering the reactivity of the surface. For
example, for CO, activation, negative charging of the catalyst
surface can alter the adsorption process by (i) shifting the
antibonding states of CO, toward the valence band, (ii) increas-
ing the polarization effects and (iii) changing the adsorption
site of the molecule.®”
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Fig. 4 Schematic representation of how to increase the population of vibrationally excited molecules in plasma catalysis. The graph under “new reactor
design” illustrates that warm plasmas (with E£/N around 50 Td) would be more suitable to promote vibrational excitation, and was adapted from ref. 14

with permission from Royal Society of Chemistry, copyright 2017.

Furthermore, plasma is also characterized by an electric
field that can interact with a catalyst surface. Although research
on the effects of electric fields and surface charging remains
limited, Bal and Jafarzadeh et al.®’~®® have investigated these
effects through DFT simulations, providing valuable insights.
For instance, charging a dielectric Al,Oz surface loaded with
a single metal atom (Ti, Ni or Cu) was found to activate a CO,
molecule upon adsorption.®® Also, the adsorption energy of
CO, on TiO,-supported Nis and Cus catalyst clusters was found
to rise upon charging,®” and the effect of both charging and
electric fields on the adsorption and activation of CO, on
various Cu-surfaces was investigated.®® Additionally, Mangolini
and coworkers showed by temperature-programmed desorption
measurements coupled to in situ DRIFTS that plasma reduces the
effective binding energy of CO on Pt surface, and their DFT
simulations also revealed the role of plasma-induced charging
and electric fields in this process.”® However, Rouwenhorst and
Lefferts showed that the electric fields in plasmas are negligible
versus alkali promoters on Ru-based catalysts for NH; synthesis.”
For reference, alkali promoters typically have an electric field in
the range 0.5-1.0 V A~',”*> while modelling and imaging studies
indicate electric fields of only 107*-107% v A™* for plasmas.**”*"7

Finally, the possible role of photons (emitted due to relaxation
of electronically excited gas species) or high-energy electron-
induced electronic excitation of the catalyst surface should
be considered, especially in the case of semi-conductors.

676 | EES Catal, 2025, 3, 669-693

The intensity of the UV light emitted by plasma is generally
considered to be insufficient to activate semi-conductors
to a significant extent.””® However, the band gap of semi-
conductors is typically within the same range as the average
electron energy in DBD plasma, so that the creation of electron-
hole pairs may be induced by these high-energy electrons. This
would enable mechanisms not unlike the ones found in
photocatalysis. While previous studies suggest the occurrence
of this effect,”®”® its existence has, to the best of our knowl-
edge, not yet been unequivocally shown. Nevertheless, a better
understanding of these effects, both on the structure and
composition of catalysts, and validated with experiments,
would be beneficial to potentially exploit these plasma compo-
nents for creating plasma-catalyst synergy.

3.4. Does plasma catalysis benefit from elevated
temperatures?

Several studies have previously reported a temperature depen-
dence of apparent plasma-catalyst synergy, raising the question
whether external heating is required to obtain real plasma-
catalyst synergy. Nozaki et al.*® demonstrated improved plasma
catalysis performance for steam reforming of CH, (SRM), as the
CH, conversion in DBD plasma with Ni/SiO, catalyst was higher
than the sum of plasma-only and thermal catalysis, in the tem-
perature range between 673-873 K.'® Furthermore, Kim et al.*°
reported a temperature dependence of plasma-catalyst synergy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for DRM, showing synergy at temperatures above 600 K. The
authors attributed the observed synergy to vibrationally excited
CH, molecules, lowering the activation energy for CH, disso-
ciative adsorption, and thus increasing the surface reaction
rates.’® Other reports showing apparent plasma-catalyst
synergy also predominantly involve experiments at elevated
temperatures.”*>?

The question thus arises: do these reports show that external
heating is required to obtain plasma-catalyst synergy, or can
the results be explained by plasma-induced overheating of the
catalytic surface? Indeed, while DBD plasma is often consid-
ered to be around room temperature, in reality the system is
locally heated, especially in the vicinity of (intense) micro-
discharges. Thus, the surface temperature can locally surpass
the externally applied temperature in so-called “hot spots”.
Although recently several authors developed methods to moni-
tor the temperature of a catalyst surface in a DBD in situ,>>>>"
DBD plasma is notoriously inhomogeneous in both time and
space. This means that to provide accurate data on the surface
temperature in a DBD, in situ measurements should be both
highly time- and space-resolved, adding additional complexity.
At present, in situ temperature measurements are limited to
providing a temperature averaged over a relatively long timescale
(much longer than the lifetime of microdischarges) and over a
relatively large volume (much larger than the volume exposed to a
microdischarge). Therefore, we believe that at present, it is
impossible to rule out the contribution of plasma-induced over-
heating to these observed synergies. Attributing these reported
synergies to plasma-surface interactions, like enhanced dissocia-
tive adsorption of vibrationally excited CH, on transition metals,
is therefore, in our opinion, not yet properly substantiated,
especially considering the limited prevalence of these species in
atmospheric pressure DBDs, as discussed in Section 3.2.

Regardless, we believe that to obtain plasma-catalyst synergy,
it is sensible to operate at elevated temperatures. Indeed, low
operating temperatures may be problematic for achieving
plasma-catalyst synergy, as many elementary surface reactions,
which lie at the basis of catalysis, require elevated temperatures
to take place. Indeed, while non-thermal plasma can enhance
the often rate-limiting activation of reactants, potentially alter-
ing the rate-limiting step of a reaction, the kinetic barrier of
subsequent surface reactions remains, as illustrated in Fig. 5.
For example, Rouwenhorst et al.®” showed that for NH; syn-
thesis on Ru-based catalysts at temperatures below 200 °C, the
hydrogenation steps at the surface and/or NH; desorption
become rate-limiting instead of N, activation, even if N radicals
are supplied to the surface. In other words, while non-thermal
plasma can supply the catalyst surface with an abundance
of reactive species, the subsequent reactions at the surface
(including desorption) will still require elevated temperatures,
unless they are barrierless. It should be noted that non-thermal
plasma can potentially also alter other elementary reaction
steps to some extent. For example, it has been suggested that
electron-induced desorption of surface adsorbates can play a
role in plasma catalysis," although to the best of our knowl-
edge, this has not yet been experimentally shown. Eley-Rideal
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Fig. 5 Potential energy scheme of an arbitrary exothermic, heteroge-
neously catalyzed reaction with activated adsorption. The full line repre-
sents the barrier of the corresponding gas phase reaction, while the dotted
lines represent the barriers of the subsequent elementary reactions at the
catalyst surface. Plasma activation of the reactants is shown by the purple
dashed line, showing a reduction in the barrier towards adsorption and an
increase in potential energy of the reactants. However, subsequent bar-
riers remain the same, showing the need for elevated temperature for
these elementary reactions to take place.

reactions could also contribute to low-temperature surface
activity, but recent work by Michiels et al® shows that
their prevalence in plasma-catalytic systems is often greatly
overstated.

It thus becomes apparent that while non-thermal plasma
can potentially lower the activation energy of a catalytic reaction,
it does not fully remove the need for external heating if plasma-
catalyst synergy is desired. In plasma-catalytic experiments
at room temperature, plasma chemistry can be expected to
dominate, and plasma-catalytic effects are likely to be largely
physical in nature (see Section 4.2).

It should be noted that increasing the temperature of the
plasma-catalytic system can have additional effects, which may
not be negligible. Firstly, a higher temperature could lead to a
reduced E/N, when the system is operated at constant power
and frequency. Indeed, in this case, the operating voltage
drops, lowering E/N. However, with increasing temperature, at
constant pressure, the gas number density decreases, enhan-
cing E/N. The influence of higher temperature on the preva-
lence of vibrationally excited species is therefore not straight-
forward. Secondly, an important consideration is that the
electron recombination rate coefficient depends on the gas
temperature. This effect can largely be resolved by consistent
experimental design, in which a catalyst should always be
compared to a reference tested at the same temperature.
Finally, the diffusion coefficient of reactive species is propor-
tional to temperature to the power 1.5, and their recombination
rate coefficient also depends on temperature, so that the
interaction between reactive species and the surface may be
altered at higher temperatures (see also Section 4.1).
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4. Plasma chemistry is too dominant

4.1. Limited contact between plasma and catalyst — need for
more efficient packing geometry

4.1.1. The need for smaller void space so that reactive
plasma species can reach the catalyst. Even if the ideal catalyst
tailored to the plasma environment is identified, and the
plasma conditions are optimally tuned to the catalyst needs,
we have no guarantee to reach plasma-catalyst synergy.
An important additional consideration is the mass transport
of reactive plasma species towards the catalytic surface. Indeed,
even if their densities can be increased by tuning the plasma
conditions, reactive species should be able to reach the catalytic
surface within their lifetimes, to enable surface reactions. This
problem was convincingly illustrated by Bayer et al,®* who
showed that for NO production from N, and O,, the consump-
tion of N in the gas phase is detrimental for the occurrence of
surface reactions in their plasma-catalytic system, limiting the
NO production.

We can describe the space that is covered by reactive species
formed in a streamer by a cylindrical volume with a certain
length L (i.e. the discharge length), and a radius R, with the
streamer being at the center of the cylindrical volume, as
illustrated in Fig. 6. For species i, given a certain discharge
length L, a diffusion time 7;, and a diffusion coefficient D;, the
radius of this volume can be estimated by eqn (1),*> in which
Jo is the first zero of the zero order Bessel function (x2.405).
This radius thus represents the distance travelled by species i
perpendicular to the streamer.

D; is typically in the order of 10> m” s~ at 300 K. Moreover,
typical DBD reactors used for gas conversion have discharge
gaps in the mm range, so we take L = 10> m. Finally, we take 1;
equal to the lifetime of the species; while it is impossible to
generalize the latter for all reactive species formed in DBD
plasma, we estimate lifetimes to be in the order of 10~ s at
300 K, based on modelling work for the lifetime of O radicals at
2000 K.*® Inserting these values in equation 1 yields an R of
8 x 107° m.

R o

5 (1)

In other words, reactive species are estimated to be present
up to a distance of 8 x 10~> m perpendicular to the streamer.
Hence, reactive species generated at a distance >8 x 107> m
from the surface can be expected to mainly react in the plasma
phase, thus contributing to the plasma chemistry. Note that
this “diffusion length” (in fact it is the contribution to the total
diffusion length perpendicular to the streamer) is of a similar
order of magnitude as estimated by Kim et al.,*” who applied
the Einstein-Smoluchowski relation in one dimension. It is
thus clear that, near room temperature, the void space diameter
should be smaller than 100 pm to promote the surface
reactions with respect to the plasma chemistry.

Note that the above is only a rough estimate, used to provide
an order of magnitude of the diffusion length rather than the
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Fig. 6 Representation of the space covered by reactive species generated
in a streamer as a cylindrical volume with length L and radius R. An example
of the total diffusion length (Lgi) Of a reactive species is shown in the
figure, along with its direction. The contribution of the direction perpendi-
cular to the streamer to this diffusion length, and thus the maximum
allowed distance between the streamer and the catalytic surface, is given
by Laittx, Which is equal to R.

exact value. The lifetime of reactive species can greatly differ
from the lifetime we estimated above. For example, Jiang and
Bruggeman®® showed that for the plasma-catalytic oxidation of
CH,, the CH30, radical may play a significant role in the
formation of CH;OH. The lifetime was estimated to be in the
order of 107° s, i.e. an order of magnitude larger than our
estimate. However, it should be noted that the authors applied
a plasma jet, in which the catalyst is exposed to the afterglow of
the plasma, rather than positioned in the discharge region, so
that the mechanism will inherently favor long-lived species.
We believe, however, that short-lived reactive species, particu-
larly vibrationally excited species, are of vital importance to
create plasma-catalytic synergy, as discussed above, justifying
our lower estimate. In fact, for vibrationally excited species, our
calculated R is likely an overestimation, as they are typically
characterized by very short lifetimes. For example, the lifetime
of vibrationally excited CO, molecules in a low pressure
(6.7 mbar) CO, glow discharge was estimated to be in the order
of 1072 5.5% At atmospheric pressure, the VT relaxation will be
much faster, and thus the lifetime much shorter. We estimate
the lifetime of vibrationally excited CO, at atmospheric pres-
sure to be in the order of 107> s, based on calculations using
the same chemistry and modelling approach as used in Tsonev
et al.,*® but for atmospheric pressure. Using this estimation, we

© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtain an R value of 2 x 10> m, suggesting the need for a void
space of 20 pm or lower.

Moreover, the available surface area in plasma catalysis is
inherently (much) smaller than in thermal catalysis using
porous support particles. Indeed, as discussed in Section 2.2,
reactive plasma species cannot be generated in small catalyst
pores, and diffusion from the plasma to inside the pores is
limited due to the short lifetimes of these species, with a
diffusion length similar to the diffusion length estimated at
the outer surface of packed bed particles. That means that only
a thin outer layer of a porous particle is accessible to activated
species and any active sites deeper in the porous particles
cannot contribute.

4.1.2. Potential of smaller beads or microporous materials.
This might indicate that the most common plasma catalysis
design for in-plasma catalysis, i.e., packed bed DBD, is not the
most suitable geometry. Specifically, the packing beads are
typically in the order of 1-2 mm diameter,”*®* and the void
space between the packing beads are thus of the same order,
hence too large compared to the optimal void space of below
100 um, postulated above.

An option could be to use smaller beads, which will also
reduce the void space. Wang et al.®> demonstrated that (sub)-
micrometer SiO, spheres (with and without supported Ni
catalyst) in the range between 120 and 2390 nm yielded
significant performance improvement in a packed bed DBD
used for DRM, with the best performance reached for the
740 nm spheres (with 5 wt% Ni), resulting in CO, and CH,
conversions of 44 and 55%, and an energy yield of 0.271 mmol
k], compared to 20%, 27%, and 0.116 mmol k] * for plasma-
only, at the same flow rate. Such improvement is typically not
seen for the more common mm-sized spheres and might
indicate that smaller bead sizes are indeed more effective,
due to the reduced void space. On the other hand, care must
be taken not to have significant pressure build-up due to a
too dense packing (which could also explain the reported
enhanced activity in Wang et al.®®) and that the void sizes
are still large enough for plasma streamers to propagate
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between the electrodes (i.e. in the range of the Debye length).
The latter is not easily verifiable, as often opaque reactors
and/or electrodes make it impossible to visually observe the
catalytic bed. Fig. 7 gives a schematic representation of the
importance of the multi-scale morphology of the catalyst bed
for the interaction with activated plasma species.

Another possible solution could be to use catalyst/support
materials with wide enough pores (preferably above 1 um) so
that plasma can be created inside the pores. Catalyst/support
structures usually aim at maximal surface area to maximize the
number of active sites per unit volume in catalytic reactors, and
therefore, macro-porous structures are less common in cataly-
sis. Nevertheless, many macroporous materials are available for
other applications, e.g. for inorganic membranes, and several
techniques have been described in literature, e.g. based on
templating techniques.®® Wang et al. recently managed to
prepare 3D porous Cu and CuO catalysts with different pore
sizes up to 2 pm, using templates based on uniform SiO,
particles (10-2000 nm), and applied them to plasma-catalytic
DRM.”

4.1.3. Alternative plasma-catalyst designs
packed bed DBD. Besides packed bed reactors, other possible
plasma-catalyst designs should also be evaluated, such as
honeycomb, foam-like structures or three-dimensional fiber
deposition (3DFD) structures, in which the void space can be
adapted. These structures allow a large surface area with low
pressure drop. Zhang et al.”® demonstrated by modeling how
plasma streamers can penetrate through such geometries, but
the practical use in plasma catalysis is still quite limited,
certainly for gas conversion applications.”” *°" In addition,
parallel plate micro-DBDs with small interelectrode distances
could be used. Khunda et al'®® showed the potential of
pyramid-shaped electrodes in a micro-DBD reactor for CO,
splitting, demonstrating greatly enhanced CO, conversion
due to increased heat transfer between the cold electrode and
the gas. While the authors have not yet combined this system
with any catalyst, they suggest the results could be further
improved by using thin catalyst layers as electrode coatings.

instead of
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Fig. 7 Left: Various geometrical considerations for plasma—catalyst interaction, such as the inter-particle void distance, the catalyst pore diameter, and
the diffusion length. Right: Criteria for direct interaction inside catalyst pores. Reproduced from ref. 87 with permission from Elsevier, copyright 2015.
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To optimize the contact between the plasma and the catalyst,
we believe it is essential that the discharge gap of such
microreactors is minimized to limit the bulk plasma volume
versus the catalyst surface area.

It is also worth exploring the potential of surface DBDs, as they
create plasma directly on the surface. Furthermore, we hypothe-
size that they give rise to a more uniform plasma, thus with
enhanced contact between plasma and catalyst surface. Grid-like
electrodes could be used, as for example shown by Xie et al.'® or
Jakob et al.*®* Ideally, the catalyst could be deposited within the
electrode grid, and the grid spacing should be optimized in order
to ensure optimal contact between plasma and catalyst. The dead
volume of such a reactor should be minimal to ensure the gas
flow is effectively treated by the plasma (see e.g. Di et al.'%).

Note that a packed bed DBD reactor has the disadvantage
that the packing can lead to lower conversions (at the same gas
flow rate) due to a reduction in reaction volume. In this regard,
several authors proposed a different way of introducing the
catalyst into the reactor, namely as a coating on the reactor wall
or on the electrode. Garcia-Moncada et al.'°® coated pm-thin
layers of Pd/Al,O; on the wall of a DBD reactor for the coupling
of CH,. They found a 200% increase in selectivity towards
higher hydrocarbons as compared to the blank reactor, while
CH, conversions barely decrease. Moreover, they reported an
enhanced hydrocarbon selectivity compared to the reactor
partly packed with the same catalyst in powder form. More
recently, Gregory et al.'®” applied a similar method for CO,
hydrogenation. They coated the inner wall of a quartz tube with
Ir/TiO, and used a helical inner electrode to enhance the
contact between reactive plasma species and reactor wall. The
authors reported an enhancement in CH, selectivity for the
coated reactor as compared to the blank reactor with a factor of
1.5, along with enhanced CO, conversion, but did not compare
the results to a packed-bed DBD. Similarly, Peters et al.°® coated
their electrode with a catalyst layer, showing enhanced decom-
position towards CO, in the oxidation of n-butane, with minor
changes in conversion, as compared to the uncoated electrode.

While these studies show that coating the electrode or the
wall of a DBD reactor can enhance the selectivity of the system,
while retaining (or even increasing) conversions, there is at
present no reason to assume that these systems work inherently
better than packed bed DBDs. Indeed, the former have the
advantage of maximizing the reaction volume and thus conver-
sion, but we believe these systems are limited because they
inherently allow for a large contribution of non-selective
plasma chemistry to occur at current, relatively large gap sizes.
In our opinion, the main goal of plasma catalysis would be to
enhance the selectivity of a system with respect to plasma-only,
rather than increasing the conversion(s), and in that respect
optimizing the relative contribution of surface reactions would
be essential. Hence, we believe such reactors can only work if
the void space is sufficiently small (in the pm range as dis-
cussed above, but larger than the Debye length).

4.1.4. Exploring spatially uniform plasmas for better plasma-
catalyst contact. In general, a spatially uniform plasma could
improve the contact between plasma species and catalyst
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surface. Perhaps this could be facilitated by applying external
UV light, in a plasma-photo-catalysis reactor, as this enhances
the release of electrons by negative ions.'® Also, Ji et al,**°
recently showed that a double dielectric barrier discharge
(DDBD) exhibits glow-like discharge character, which acti-
vates CH, molecules and protects CH;OH from overoxidation.
Alternatively, the type of dielectric material used in a DBD
reactor can also affect the uniformity, as demonstrated by
Zhou et al'' for a nanosecond-pulsed DBD. The authors
compared the effects of alumina, quartz, polycarbonate and
polypropylene, based on discharge images, current-voltage
characteristics and optical emission spectroscopy (OES), and
they concluded that for dielectric materials with high relative
permittivity, the electric field rises, as well as the electron
density and temperature, resulting in more uniform and stable
plasma by merging of the electron avalanches.''" Pulsed opera-
tion is also expected to enhance the uniformity of atmospheric
pressure DBD plasma, as the formation of filaments is
suppressed.’™® Furthermore, the Okazaki group reported the
creation of (uniform) atmospheric glow discharges by simulta-
neously tuning the electrode shape, operating frequency, gap
width, and dilution with Ne, He, or small fractions of CH, in
Ar.""® More recently, the use of the one atmosphere uniform
glow discharge plasma (OAUGDP) was reported in air."'*
Although its uniformity is certainly interesting, to the best of
our knowledge, this type of plasma has not yet been success-
fully applied for in-plasma catalysis.

Finally, Gao et al.''> compared various metal-supported
catalysts (Ni-CuO, Co-CuO and NiCo-CuO) in a DBD for CO,
splitting, as well as with a plasma-only system, and reported a
synergistic interaction between plasma and NiCo-CuO catalyst.
Based on OES and ICCD imaging, the authors revealed that
the NiCo-CuO catalyst improves the plasma uniformity and
modifies the plasma energy distribution, promoting the for-
mation of excited molecules and their subsequent catalytic
reactions on the NiCo-Cu surface. Hence, this example illus-
trates how the choice of catalyst can affect the plasma uni-
formity (thereby possibly improving the contact between
plasma and catalyst surface, c¢f above) and can also promote
the formation of excited species, which can work in better
synergy with the catalyst (see Section 3.1 above).

4.1.5. Considerations based on plasma catalysis for air
pollution control. Plasma catalysis is already used for air
pollution control (e.g., VOC removal) at much higher TRL" with
packed bed DBD reactors. Hence, this packing geometry does not
suffer from too large void space and limited contact between
plasma and catalyst surface, as discussed above. On the other
hand, possibly, the packing mainly affects the plasma electrical
behavior, with the chemical reactions mainly taking place inside
the plasma, rather than at the catalyst surface. Indeed, it is easier
to break down molecules towards thermodynamically favorable
products (typically CO, and H,O) than to selectively produce
more complex value-added compounds, which is the purpose of
the production of chemicals and fuels. This may explain why the
application of air pollution control is already at higher TRL. The
other important reason is that the energy efficiency in these
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applications is less critical, as the purpose is to solve an environ-
mental problem, and the number of molecules to convert is
small, as concentrations are usually in the ppm range. In con-
trast, energy efficiency is critical in case of synthesis of chemicals
and fuels. Moreover, long-lived O; seems to play an essential role
in the plasma-catalytic mechanism of VOC oxidation,"*®*™"® as it
reaches the catalyst surface to a greater extent than the short-
lived reactive plasma species that likely play a role in the
formation of chemicals and fuels. Nevertheless, it might be
useful to evaluate the operating principle of plasma catalysis in
air pollution control, to gain a better understanding about the
contribution of catalytic reactions versus plasma chemistry. Such
insights may guide improvements in the performance of plasma
catalysis for the production of chemicals and fuels.

4.2. Chemical catalytic effects are masked by the physical
effects of the catalysts

An important consequence of the plasma chemistry being
dominant is that the effects of the catalyst (or rather: material)
on the discharge behavior, and thus on the plasma chemistry,
overshadow any possible catalytic effect. This was demon-
strated by Ndayirinde et al.,”" for plasma-catalytic NH; synth-
esis, where the metal catalyst coating on the dielectric beads
acts as plasma modifier rather than as real chemical catalyst.

A similar conclusion was also reported by Navascués
et al.,'"*® and by De Meyer et al.’®> The latter compared two
catalyst synthesis methods, i.e., wet impregnation and spray
coating, and demonstrated how the catalyst synthesis method
changes the catalyst coverage on the beads, which in turn
affects the plasma behavior. Specifically, the authors showed
that the so-called microdischarge quantity (which is defined
based on both the number of microdischarges and their
intensity) drops dramatically upon catalyst coating (especially
for the spray-coated catalysts), while the discharge areal frac-
tion (i.e., a measure for the fraction of the reactor volume filled
with plasma) increases, both demonstrating the evolution from
filamentary to uniform plasma (see Fig. 8).
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It is clear from this figure that the DBD plasma discharge
characteristics have a significant impact on the overall perfor-
mance (ie., produced NH; concentration), despite employing
similar catalytic materials (Ni or Co, with two different catalyst
synthesis methods). The spray-coated (SC) Ni catalyst with 3.3 wt%
loading, and the SC Co with 3.3 and 1 wt% loading are character-
ized by the highest discharging areal fraction and lowest micro-
discharge quantity, representing the most uniform plasma, and
they give rise to the highest NH; concentration formed. The latter
is in line with model predictions, which indeed revealed that NH;
gets destroyed inside microdischarge filaments,"”® and thus, a
more uniform plasma yields a higher net NH; production. Hence,
the catalyst materials (and synthesis method) have a physical effect
on the plasma behavior, which in turn affects the plasma chem-
istry, and maybe this physical effect masks the possible chemical
catalytic effects. Similar results were shown for DRM, but in this
case, increasing the microdischarge quantity enhanced the perfor-
mance, as intense microdischarges are required to activate the
reactants,”” again in line with model predictions.'”" Thus, the
desired physical effect is reaction-dependent, suggesting that for
efficient use of plasma catalysis, it may be essential to align both
the physical and possible chemical effects, so that both work in
synergy.

We believe many groups are not yet fully aware of this effect.
Hence, it is important that researchers always analyze the plasma
electrical characteristics (i.e., current-voltage profiles, obtained
with oscilloscopes and probes with sufficient time-resolution and
bandwidth, as well as Lissajous figures) to account for this effect.
Only if the plasma electrical behavior is the same, the real
chemical-catalytic effects of catalysts can be compared.

5. The need for correct
measurements, standardization and
consistent reporting

It is clear from above that plasma catalysis still faces funda-
mental challenges. Nevertheless, many groups have reported

‘-Beta * Microdischarge quantity

Fig. 8 Effect of catalyst synthesis method (wet impregnation (WI) vs. spray coating (SC)) and catalyst loading (10, 3.3 and 1 wt%) on the produced NH3
concentration and measured plasma power (A), as well as on the discharging areal fraction f# and microdischarge quantity (B), for a N, : H, packed bed

DBD plasma, with gas mixing ratio of 1:1 and total gas flow rate of 100 mL min~
, corresponding to the same residence time as in the packed bed DBD) and with a

1

same flow rate of 100 mL min~* and at a flow rate of 200 mL min~

1. Comparison is also made with the data for an empty DBD reactor (at

packed bed with blank Al,O3z beads (first three data points in A and B). Reproduced from ref. 92 with permission from Elsevier, copyright 2023.
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excellent results, in particular for the synthesis of oxyge-
nates.>***12>130 However, similar experiments in other labs
were not able to obtain such high oxygenate yields. Thus, the
question arises: is there a fundamental reason that can explain
these excellent results, compared to other reports that do not
report plasma-catalyst synergy? In general, we believe that in our
research field practical problems and discrepancy in observa-
tions and interpretation should be discussed more critically, also
when results seem less favorable for practical applications, so
that other researchers can learn from it.

An important example is the quality of the data on conver-
sion and formation of products. This depends on the quality of
the analysis methods used for measuring the conversion of
reactants, as well as the formation of products. In catalysis
research, it is a good habit to report the mass balance, calculat-
ing the number of atoms entering and leaving the reactor. This
is usually done for C and N. Balances on O and H are more
difficult because quantitative analysis of H,O is usually not
possible. In case water is not converted or formed, also bal-
ances on H and O are possible. In catalysis research, usually a
mass balance closure within 95% is accepted as a sign that the
experiment is not affected by e.g. analysis errors or material loss
via leakages. This causes more challenges when many different
products are formed, compared to the selective conversion to
only one or two products.

Because analysis methods result in concentrations in feed
and product mixture, also accurate data on the flow rates of
both streams is required. The flow rate of the feed stream is
usually controlled by mass flow controllers. The flow rate of the
product stream, however, can be different and needs to be
measured in case of gas expansion or contraction. Indeed,
when the number of moles before and after a reaction changes
(e.g., in DRM: CO, + CH, — 2CO + 2H,), the volumetric flow
rate will also change, which affects the measurement of con-
version and product yields, as explained in detail in other
work."?""*? As demonstrated by Wanten, Vertongen et al.,'*?
many formulas circulate in literature, and when not correctly
accounting for gas expansion, they can overestimate (but also
underestimate) the conversion and product yields, and there-
fore also energy cost and energy efficiency.

Mass balances become even more difficult when products
form that condensate, resulting in two product streams, i.e.
products in the gas phase and products in a separate liquid
phase. In that case, reliable information of concentrations in
both phases, as well as on the amount of gas phase and liquid
phase is required. The amount of gas phase can be obtained via
the flow rate. The amount of liquid formed is usually deter-
mined based on weight. This is all rather troublesome and
therefore in thermal catalysis research, formation of liquid
products is prevented, if possible, by using online gas analysis
(e.g. online gas chromatography) while heating the lines
between the outlet of the reactor and the online GC, again
preventing condensation of e.g. oxygenates.'** 1?8

Unfortunately, offline measurements are typically reported
in the plasma catalysis community when oxygenates are
formed, condensing the oxygenates in a cold trap, which are
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analyzed post factum.*®**'?>"3% In our (PLASMANT) group,
this approach was also used before,'*® because online measure-
ments of oxygenates were not possible at that time. Indeed,
such measurements are not straightforward with every GC,
especially when they are equipped for the analysis of perma-
nent gases. It is important to explicitly state the measurement
method, because offline measurements on condensed products
affect the quality of the data. Unfortunately, the weight of liquid
products, and sometimes even the flow rate of the product
gas stream, are not reported in plasma-catalytic studies with
product condensation. Thus, mass balances are missing, endan-
gering the reliability of the data. Moreover, using this methodo-
logy, authors are inherently comparing a steady-state measure-
ment (online gas analysis) with a cumulative measurement (off-
line liquid analysis from cold trap). Even more serious is the fact
that sometimes, the product distribution in the liquid phase is
used to calculate a “selectivity” to a specific product, based on
exclusively products in the liquid phase, without mentioning that
this has no meaning in terms of the absolute selectivity to that
product, as gas phase products are denied in the calculation.
This highlights the need for greater transparency in reporting
methodologies to ensure reproducibility and comparability across
studies. Additionally, the protocols used for the offline measure-
ments are often not adequately described. We believe that to
correctly quantify oxygenates, online measurements with a rigor-
ous check on the mass balance (instead of just assuming a closed
mass balance) should become the standard, adopting the meth-
ods generally used in research on thermal catalysis. For improving
our collective understanding of the underlying processes, it is vital
that such yields should be adequately reported, especially when
seemingly spectacular results are reported, as is increasingly the
case in recent literature.>®*312>7130

In general, there is a need for more standardization in
plasma catalysis research, so that insights from one study can
also be applied to other studies, to make general progress in
our field, and to improve reproducibility of experiments.
Indeed, at present, we are often limited to activity testing in
packed bed DBDs in which multiple effects are confounded,
providing information about the system, rather than about
catalytic activity. In this regard, we explicitly wish to refer the
reader to a recent publication by Lefferts,'*® in which the
author provides important considerations for obtaining correct
intrinsic kinetic data in (plasma-)catalytic systems. This is
essential when comparing experimental results with microki-
netic models.

We believe the field may benefit from simpler plasma
catalysis setups (e.g., planar DBD with catalyst coated onto
the dielectric material and/or electrode, instead of packed-bed
DBD), useful to gain more insights into structure-activity
relationships by in situ/operando diagnostics, and facilitating
a one-on-one comparison with microkinetic models. For a
better understanding of the potential role of surface reactions,
it is vital that the use of in situ/operando techniques is not limited
to steady-state conditions, but that transient conditions are
also considered, for example by using isotope switches."*"*>
Currently, claims about plasma-catalytic reaction mechanisms
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are often made based on steady-state in situ FTIR experiments,
while these experiments do not allow for distinguishing
between surface intermediates and spectator species. In con-
trast, in situ/operando experiments at transient conditions can
separate spectator species from surface intermediates, so that
they, in combination with other techniques like SSITKA (steady-
state isotopic transient kinetic analysis), can help elucidate the
reaction mechanisms. Although the reactors applicable for
in situ/operando spectroscopy are usually poor chemical reac-
tors, the detailed insights obtained can be useful to identify
limitations and further improve the performance of plasma-
catalytic systems.

We again want to stress the importance of a holistic
approach to plasma catalysis, in which both the chemical and
physical effects of a catalyst material are considered, along with
their potential interplay. We believe that plasma is still too
often seen as a black box by researchers in our field, while it is
clear that physical effects cannot be decoupled from chemical
effects. For plasma-specific considerations on standardization
of diagnostics, computations, reporting and plasma sources, all
of which are vital to improve the reproducibility of experiments
from one lab to another, we want to refer the reader to the work
of Alves et al."*?

Naturally, the need for standardization should go hand in
hand with comprehensive and consistent reporting of all
experimental conditions. Indeed, a wide variability in reactor
setups exists. Among others, the reactor design should be fully
described, including electrode materials, discharge gap widths
and dielectric barrier materials, and where possible, pictures
should be included along with schematics. The working fre-
quency, as well as the plasma power (not the applied PSU
power) should be provided, along with recorded current and
voltage profiles. Regarding the catalyst material, the synthesis
method should be described in detail, with special attention to
pre-treatments, such as drying and ex situ reduction. Indeed,
while in thermal catalysis the catalyst is often reduced and/or
activated in situ, most plasma-catalytic setups are not suitable
to reach the high temperatures required for this, forcing
researchers to perform these pre-treatments before loading
the catalyst into the reactor, or neglecting them altogether.
Alternatively, in situ reduction by H,/Ar plasma is performed,
although little information is available on its efficacy. Catalyst
characterization should be done after the same pretreatment,
as well as after the plasma catalysis experiment, without
exposure to ambient. Moreover, special attention should go to
catalyst shaping and morphology, as this can greatly impact the
experimental results. In short, we believe that describing the
experimental details is particularly important in our field, enabling
unequivocal and exact reproduction by other researchers.

Finally, correct and transparent reporting is also crucial for
modeling of plasma catalysis. This includes careful analysis of
the modeling input data (e.g., rate coefficients), as the modeling
output critically depends on the input. Rate coefficients of gas-
phase reactions are characterized by some uncertainties, and
good practice should take these into account when evaluating
the output. This was illustrated by some authors, applying a
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Monte Carlo procedure for selecting the rate coefficients within
their range of uncertainty, demonstrating that the modeling
results are subject to accumulated uncertainties, and cannot be
used for quantitative predictions, but only to explain qualitative
trends.'**'*® When modeling plasma-catalyst surface inter-
actions, the risk of incorrect predictions is even larger, as the
input data are either based on sticking coefficients, which are
too approximate, or on DFT data, but this DFT data is subject to
larger uncertainties than often realized (e.g., too approximate
density functionals, inconsistent data sets, or simply unavail-
ability of data, leading to rough approximations). Moreover,
DFT results are sometimes used to explain plasma catalysis
experimental data, but there is a large gap between the atomic
scale and plasma catalysis reactor scale, where many other
effects come into play, such as changes in discharge character-
istics due to a catalyst packing, as explained earlier.

6. Thinking “out of the box": the
combination of plasma with other
materials

Besides the combination of plasma with catalysts, we believe
that other materials can also be interesting in combination
with plasma, more specifically sorption materials, scavenging
materials or membranes, for separation purposes. Indeed, they
would allow for the removal of products, suppressing thermo-
catalytic, plasma-catalytic, and gas phase product decomposi-
tion, improving the energy efficiency. This is conceptually
illustrated in Fig. 9, using a metaphor for plasma catalysis
introduced by Lefferts."*® Indeed, an endergonic reaction can
be illustrated as pumping water to a higher level. The pump is
equivalent to plasma enabling the reaction, while the leak in
the upper reservoir represents losses caused by the backward
reaction. The left panel represents plasma catalysis without any
separation, while the right-hand panel represents plasma cat-
alysis with integrated separation of the product in the third,
leak-tight reservoir. The consequence is that the size of the leak
to the lower container is decreased, and the energy efficiency is
increased.

Indeed, in thermal catalysis, the reverse reaction will take
place when approaching thermodynamic equilibrium. Once the
conversion is at equilibrium, e.g. by increasing the contact time
in a fixed bed reactor, the forward reaction rate is equal to the
reverse reaction rate, resulting in a net-zero rate. This has no
consequences for the energy efficiency because the zero rate
implies no heat generation or consumption. As explained in
detail by Lefferts,'*® reverse reactions will occur even more in
case of plasma catalysis, because not only the thermal back-
ward reaction sets in, but also this reaction is enhanced by
plasma activation of the product molecules. In this case, energy
efficiency deteriorates because of the plasma energy input,
while decreasing the conversion, showing the potential benefit
of in situ product separation.

With respect to sorption materials, Rouwenhorst et al.**’
reported NH; protection, by shielding it from decomposition in
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Fig. 9 Pumping water as a schematic model for plasma catalysis of an endergonic reaction with a significant leak representing the backward reaction
(left panel) and plasma catalysis with integrated separation of product, decreasing losses via the backward reaction (right panel). Expanded version of a

figure published by Lefferts.*4°

the plasma, upon sorption inside the pores (of zeolite 4A) that
cannot be reached by plasma, followed by desorption after the
plasma is turned off. This results in much higher NH; yields,
i.e., a factor two compared to without using an adsorbent. Such
“shielding protection” was also claimed by Wang et al.'*® using
mesoporous MCM-41, but without providing clear evidence
because thermal desorption of NH; was not considered.
Indeed, protective adsorption of ammonia results in a decrease
of the ammonia concentration in the product mixture, com-
pared to an experiment with a catalyst with the same rate of
formation of ammonia, without protective adsorption of
ammonia. This decrease will be observed if the catalyst is not
yet saturated with ammonia, and once it is saturated the same
steady state ammonia production will be achieved with both
catalysts. Protective adsorption can suppress ammonia decom-
position exclusively if ammonia desorption and flushing out of
the reactor is done in absence of plasma. Instead, Wang et al.**®
reported the opposite effect, and operate in continuous mode.
Nevertheless, these examples show the potential of rational
catalyst/material design, based on insights into the mechan-
isms, i.e., that NH; gets destroyed by plasma microdischarges
and that plasma streamers cannot penetrate into catalyst pores
when they are smaller than ca. 500 nm, both obtained by
modeling.*>"*® We believe such in situ product removal can
also be interesting for other plasma catalysis applications, such
as for CH;0H production, to avoid product decomposition in
the plasma phase, which is indeed identified as a limitation in
plasma catalysis.

A similar approach can be utilized for plasma-based NO,
synthesis from N, and O,. Rouwenhorst et al.>® demonstrated
that the energy yield could be improved by a factor 15 upon
adsorbing NO, on MgO, followed by desorption after the
plasma is turned off. This “shielding” thus limits the reverse
Zeldovich mechanism in the plasma, in which NO would react
back into N, and O,.

Interesting to note is also the work by Li et al, who com-
bined a DBD plasma with solid sorbents packed inside the reactor,
for one-step plasma-based CO, capture and utilization.'***>*

684 | EES Catal, 2025, 3, 669-693

Hence, in this innovative concept, the sorbents are not used to
remove the products from plasma (or to protect them from being
decomposed in the plasma), but for carbon capture, followed by
desorption and conversion inside the plasma. Similarly, Giam-
maria et al.™>> demonstrated a synergistic effect for CaCO; decom-
position to CaO and the reverse water gas shift reaction in a DBD
plasma. CaO can then be used again for CO, capture.

For separation purposes, the combination of DBD plasma
with solid oxide electrolyser cell (SOEC) in a hybrid reactor was
reported already about 10 years ago for CO, splitting.'>® The
SOEC was able to remove the oxygen from the plasma region,
thereby avoiding the backreactions from CO into CO,, and thus
increasing the overall CO, conversion. Even more, this setup,
using Co-Mo catalyst supported on a quartz substrate inside
the hybrid reactor, allowed to synthesize carbon nanotubes,
based on CO, as carbon source.'”?

Specifically for separation, several interesting papers have
recently been published, combining plasma with membranes.
Studies are reported for cold plasmas (DBD), such as for CO,/
CH, separation based on zeolites,">* or H, separation with Pd-
based membranes,'*™"*° but also for warm plasmas, where the
hot effluent gas can activate the membrane, such as for O,
removal with perovskite-based membranes.*¢**¢*

Besides membranes, also other materials can be placed in/
after a plasma reactor, to remove one of the reaction products,
and thus shifting the equilibrium to the right. For instance,
Delikostantis et al.'®® reported a successful example of plasma-
assisted chemical looping, by placing a nanostructured CeO,/
Fe,O; oxygen scavenger post-plasma, which suppresses the
recombination of CO with O atoms, by capturing the latter. They
were able to reach an overall CO, conversion at the reactor outlet
of ca. 29%. According to chemical equilibrium calculations, such
conversion values can only be achieved above 2775 K, hence above
the operating temperature in these experiments. Therefore, the
authors concluded that plasma with post-plasma scavenging
materials can significantly overcome chemical equilibrium limits.

A similar example of plasma-assisted chemical looping
applied to CO, splitting was recently presented by Long
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et al.,"® based on Ce, ;Zr, 50, Oxygen carrier, yielding 84% CO,
conversion and no O, in the outlet stream. The authors
reported a significant drop in the temperature needed for the
chemical looping process, from 650-1000 °C in conventional
chemical looping, to only 320 °C, suggesting a clear synergy
with the plasma process.

More in general, the concept of chemical looping could also
be interesting to overcome the limitations of plasma catalysis,
i.e., by decoupling reactant consumption and product genera-
tion stages, so that products can be collected without down-
stream separation, and destruction of products in the gas phase
is limited.'®*'®®

Inspired by this concept, Sharma et al.'®® combined plasma
with proton-conducting SOEC for NH; production from N, and
H,O. In this innovative concept, plasma is used to activate N,
(at the cathode), which reacts towards NH; with hydrogen
species that are produced by water oxidation over the anode
and transported through the proton-conducting membrane
towards the cathode. Other concepts, combining plasma-
based N, fixation to NO, with some kind of catalytic and/or
electrochemical reduction to NH; have also been developed in
recent years."®” 72

Veng et al. recently presented a membrane-DBD reactor,
using a porous Al,O; membrane as dielectric barrier and as
distributor of H,, leading to much higher NH; production than
using pre-mixed N, and H,."”> The membrane was surrounded
by catalyst powder on porous glass wool support filling the
plasma region. The authors used electrical, optical and spectro-
scopic diagnostics, and also Fourier-Transform Infrared
spectroscopy, and concluded that the glass wool support sup-
presses microdischarges, leading to higher NH; production,
because NHj; is typically destroyed in the microdischarges, as
explained above.'?°

Finally, the combination of warm plasma with a post-plasma
carbon bed results in successful oxygen scavenging (e.g., ref.
174-178). Indeed, the produced O and O, from CO, conversion
react with the carbon atoms, avoiding their recombination with
CO. Furthermore, the fraction of CO, that is not converted by
the plasma can also react with the carbon atoms if the carbon
bed temperature is above 1000 K, through the reverse Bou-
douard reaction, thereby producing more CO. For instance,
Girard-Sahun et al. could enhance both the overall CO, conver-
sion and energy efficiency by a factor two, while the CO
production was even three times higher, and nearly all O,
was removed from the product mix, which significantly reduces
separation costs.'”® Finally, both Biondo et al.,"”® and O’Mod-
hrain et al.'’” developed an improved setup, reaching higher
temperature at the catalyst bed, resulting in even higher con-
version and energy efficiency. The carbon sourcing is a key
factor determining the sustainability for a carbon bed as oxygen
scavenger.

All these examples show that combining plasma with
(sorption, membrane, scavenging) materials is promising, indi-
cating indeed that we should think “out of the box”, as there is
a lot of potential in plasma-material combinations, beyond the
classical plasma catalysis concept in the strict sense.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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7. Outlook

It has been argued numerous times that plasma catalysis is
especially suitable for small scale operation, related to fast
changes in capacity, which is especially important in view of
intermittent availability of green electricity. We want to share
our thoughts about what type of conversions for the synthesis
of chemicals and fuels would be most promising with this
in mind.

¢ In general, we believe that plasma catalysis, in the broader
sense, is most promising aiming at endergonic reactions (AG >
0), for which thermal catalysis is not suitable; instead, plasma
catalysis is directly competing with electro-catalysis and photo-
catalysis. However, plasma catalysis is easier to scale than
electro-catalysis, because the latter has the disadvantage that
reactions can take place only at the surface of electrodes with
limited surface area. Typical examples are CO, and H,O dis-
sociation and NO, synthesis from N, and O,, as well as CH,
coupling, CH, pyrolysis and H,S dissociation. Note that these
reactions can be turned into exergonic reactions, the next
category to discuss, by using extremely high temperatures.

e The second most promising application would be exergo-
nic endothermic reactions (AG < 0, AH > 0). Energy losses in
the plasma can be used to deliver the required heat, in addition
to enhancing rates via plasma catalysis. The main competition for
this approach is electrical heating of thermal-catalytic endothermic
reactions, which is already at higher TRL. Reforming reactions,
including RWGS and DRM, as well as NH; cracking, belong to this
category. Note that the subdivision between the first and second
group is a bit arbitrary, and depends on the operating temperature:
at higher temperature, the reactions of group 1 would shift to group
2 as well. However, catalysts cannot operate at very high tem-
peratures because adsorption of reactants is thermodynamically
impossible.

e Exergonic exothermic reactions (AG < 0, AH < 0) are less
likely to be successful. Possible advantages would be to operate
at milder conditions compared to thermal catalysis, which
might lead to an advantage in capital cost (CAPEX) and operat-
ing cost (OPEX), but only if the energy efficiency is at least
similar to the thermal catalytic competition. A typical example
is NH; synthesis, but so far, the energy efficiency is an order of
magnitude too low. Energy loss in the plasma further increases
the cost for removing not only the reaction heat but also
the heat caused by plasma energy loss. In case heat integration
is possible at the production location, the capital cost will
increase for the required heat exchangers.

In general, we want to stress that energy efficiency is the
Achilles heel for plasma catalysis to produce chemicals and
fuels, especially when keeping in mind that high product
concentrations are required. The consequence is that product
decomposition will occur significantly, devastating energy effi-
ciency. Therefore, as indicated in previous section, integration
of conversion and separation is needed and the field of plasma
catalysis should seek interaction with the research community on
process intensification."”*'® Furthermore, chemistry intensification
is an opportunity for plasma-based conversion technology for
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production, ie. replacing multiple conversion steps with one single
conversion. A typical example is the production of nitric acid
(HNO;): replacement of the sequence “H, production + NH; syn-
thesis + NH; oxidation” by a single step, i.e., “NO, production from
air”.

The latter process is typically carried out in warm plasmas,
such as gliding arc, microwave, and atmospheric pressure glow
discharges, where the chemistry is mainly thermal, but it is
much more efficient than in cold plasmas, like DBD, typically
used in plasma catalysis, as briefly explained in Section 3.2.
This was not only demonstrated for NO,. production from air,
but also e.g., for CO, splitting, DRM, and NH; cracking.'*'818?
The reason why these warm plasmas are promising for energy-
efficient production of chemical and fuels is because the
heating does not occur through the walls, but from the gas
itself, making it an easy way of heating to very high tempera-
tures. For instance, a recent techno-economic analysis for CO,
conversion in gliding arc plasma with carbon bed reported that
the energy cost was 43% less than for electrolysis and conven-
tional CO, conversion methods.'®* However, as mentioned in
Section 3.2, the gas temperature in these warm plasmas is in
the order of 3000 K and more, which is too high for catalyst
implementation inside the plasma. Therefore, these warm
plasmas typically operate without catalysts, although they can
also be operated with post-plasma catalysts that are thermally
activated, which we believe is an interesting application of
plasma catalysis, worth to be further explored.

Overall, plasma reactor design, considered as a chemical
reactor, as well as design of the entire chemical process, including
the required separations and possibly heat integration, is essential
to realize plasma-catalytic production of chemicals and fuels. From
a chemical engineering point of view, the concentration of targeted
molecules in the product mixture should be as high as possible to
limit costs of separation and recycling of unconverted reactants.
This makes the need to integrate plasma(-catalytic) conversion with
separation even more urgent.

Industrial thermal catalysis has been studied and optimized for
more than a century, while plasma catalysis research, especially for
the synthesis of chemicals and fuels, is quite new. It is obvious that
it takes time to optimize and increase the level of understanding of
plasma catalysis, requiring more fundamental insights, systematic
studies and critical analysis. Then, plasma catalysis can be an
interesting supplement to the existing conversion technologies
that will be needed to electrify the chemical industry. In that
respect, plasma catalysis should not be compared to today’s
technologies based on fossil feedstock and energy. Instead, plasma
catalysis should be compared to alternative technologies based on
green electricity, including electro-catalysis, photo-catalysis, pro-
cesses based on green H, and electrical heating of endothermic
conversions.

8. Conclusion

Clearly, there are several hurdles to take in plasma catalysis for
the production of chemicals and fuels, before it becomes a
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mature technology ready for industrial implementation. There
is a need for more insight into the most suitable catalysts
tailored to the plasma environment, and/or for changes in
plasma reactor design to reach optimal plasma-catalyst inter-
action. Moreover, the effect of the packing material in a DBD on
the plasma physics should be considered and may be even
exploited for some reactions. The critical role of mass transport
in plasma catalysis, and the need to improve plasma-catalytic
reactor design (instead of just empirical reactor optimization)
was recently also highlighted by Bayer et al.®*

Designing the optimal catalyst should focus both on shap-
ing (to allow sufficient contact between plasma species and
catalyst surface and ensure the plasma chemistry does not
dominate the surface chemistry) and on composition/structure
(tuning the catalyst to the plasma environment, to avoid radical
scavenging by metal catalysts in case of DRM, or exploiting the
role of OVs in metal oxides). On the other hand, also the plasma
reactor design needs improvement to maximize plasma-
catalyst contact, as well as to tune the plasma conditions
towards lower E/N. In this way, we could maximize vibrational
excitation, which requires less energy than radical production,
thus reducing the energy cost of plasma catalysis, which is
nowadays still too high for the production of chemicals and
fuels. Importantly, that would also strengthen the conceptual
approach of plasma catalysis, as dissociative adsorption on the
catalyst surface would remain an elementary reaction, like in
thermal catalysis, but now enhanced by vibrational excitation.
In fact, we believe the optimal plasma catalysis reactor should
be in between DBD and warm plasmas, ie., with reduced
electric fields around 50 Td (for maximum vibrational excita-
tion) but gas temperatures below 1000 K, to allow the direct
implementation of catalysts (i.e., in-plasma catalysis), for opti-
mal plasma-catalyst synergy.

Finally, we should not just focus on plasma catalysis in a
strict sense, but more in general on the combination of plasma
with materials, like adsorbents or membranes, to protect the
products from being decomposed in the plasma, or to remove
them from the plasma. Integration of plasma(-catalytic) con-
version with separation technology can suppress product
decomposition. We presented some success stories from litera-
ture, e.g., based on sorption materials, SOEC, membranes,
chemical looping materials and post-plasma carbon beds.

In conclusion, we believe plasma catalysis, or better, plasma-
material interaction, has a lot of potential, especially for endergonic
and endothermic reactions, but more fundamental research is
needed to understand the synergy. This will require multi-
disciplinary research, because besides the chemical (catalytic)
effects, also physical effects of the catalyst (or supports) on the
plasma behavior must be considered.
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