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Abstract

Interactions at the interface of the plasma and catalyst surface have the potential to open new chemical pathways that
have never been realized with conventional plasma alone or catalyst-only processes. Plasma catalysis is now facing a
rapid growth phase after a long, gradual period of growth over several decades. This interim report aims to analyze the
progress of plasma catalysis over the last two decades and provide some future challenges. For readers who are laymen
in this field, a brief explanation of plasma catalysis is provided in the introduction. The first part of the interim report
addresses five important matching issues for plasma and one for catalyst. We also collectively present experimental
evidence in the literature that underpins the interaction of plasma with a catalyst that is directly inserted into the plasma
zone. We also emphasize on synergy, which is sometimes mistreated by neglecting the heating effect under a high energy
input. In the second part of this report, we discuss recent achievements. A brief review of the historical development of
plasma reactors from a packed-bed to a honeycomb discharge, which is suitable for large-scale applications, is provided.
In the final part, some blueprints for future challenges are delineated based on the experimentally observed evidence from
macro- to nano- and atomic-scale measurements. Developing effective catalysts capable of utilizing vibrationally excited
hot molecules will be key for forthcoming innovations in plasma catalysis. We also underline the importance of
implementing new sets of materials (both metals and supports) by introducing recent notable examples in conventional
catalysis. The interlink between computational works on the macro/micro-scale and molecular/atomic-scale will be an
interesting task in the future.

Keywords: Plasma catalysis, matching, synergy, operando measurement, vibrational excitation, reactor design.

1. Introduction

In nonthermal plasma (NTP) chemistry, the presence of energetic electrons induces various chemical reactions
even at ambient temperature and atmospheric pressure. The collision of energetic electrons with gas molecules
produces highly reactive chemical species, which play key roles in plasma chemistry. High reactivity often
suffers from low reaction selectivity, which leads to high energy consumption and the formation of unwanted
byproducts. These experiences in the 1990s led researchers to look at the combination of plasma with a catalyst.

Plasma catalysis is becoming recognized as an emerging type of chemical process [1]. In recent years, many
scientific conferences have prepared plasma catalysis as one of the session topics. The complexity of
interactions between NTP and catalyst is far beyond our expectations, which has been made obvious by
intensive studies in the last two decades [2]. As similar topics dealing with interactions between plasma and a
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solid surface, atomic layer etching (ALE), atomic layer deposition (ALD), and plasma-enhanced chemical
vapor deposition (PE-CVD) have been studied. An extensive database was established on the optimum plasma
parameters for a desired surface change. An information link between these the past works and currently
ongoing plasma catalysis works may be necessary to establish similarities and differences. Fundamental
aspects of plasma catalysis, the reason why the combination is necessary, how the two parts can be combined,
and the expected merits have been discussed in a number of reviews and books [3-6].
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Fig. 1. Number of publications on plasma catalysis, obtained with the keywords “Plasma AND
catal*” in ISI Web of Science (title only) and “plasma catalysis” in Science Direct (all fields).

Fig. 1 shows the annual trend in the number of publications on plasma catalysis. Aside from the difference
in the number of publications, a rapid increase was observed after 2010. The combination of plasma and a
catalyst, albeit sporadically, has been considered before 2000 for NO, removal [7-9], methane conversion [10,
11], CO; hydrogenation [12], catalyst pretreatment for CO oxidation [13], and ammonia synthesis [14]. The
increasing pattern indicates that the plasma catalysis has transitioned from the startup phase to the rapid growth
phase. The main objective of this interim report is to briefly review past achievements in plasma catalysis, and
to share common challenges for further development of this topic. We also provide some critique of synergy
in plasma catalysis that has been mistreated in some cases. This report does not deal with the details of the
applications of plasma catalysis, because a number of reviews and articles are available for volatile organic
compound (VOC) removal [15, 16], NO, removal [17], CO; dry reforming [5, 18], and NH; synthesis [19, 20].
A broader perspective that links with the general behavior of plasma catalysis is discussed for both past
achievements and necessary steps for forthcoming developments.
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Fig. 2. Important keywords in plasma catalysis widely found in the literature.
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Fig. 2 summarizes the general keywords of plasma catalysis. Each plasma and catalyst possess various
parameters to be considered. In particular, some of the essential topics given in bold letters are emphasized in
this interim report. Catalysts consist of supports and active metals. A support has a high surface area (10°~10°
m? g ') to which the active metal nanoparticles (NPs) are fixed. A proper combination of active metals and
support has been the key issue of catalysis in the past. For a given set of metals and supports, the catalytic
performance is also affected by the loading amount, size of metal NPs, preparation method, and dispersion.
Matching between the plasma and catalyst requires new sets of perspectives to realize the synergistic effect,
the details of which are discussed in Section 2.1. The dynamics of the surface streamer are also important
aspect in understanding the combined effect. Development of effective catalysts that can utilize electronically
and vibrationally excited molecules at the surface of a catalyst is one of key issues in plasma catalysis.
Matching the right material requires many new steps of development. In one sense, this matching can only be
effective under intensive collaboration between material science, plasma, catalysts, and analytical instruments.
We hope that this paper will draw attention from many different fields and extend these collaborations.

2. Fundamentals of plasma catalysis

The combination of NTP and a catalyst pursues a performance that exceeds that of the NTP alone process in
terms of energy efficiency and product selectivity. Catalysts are only active when the temperature condition,
known as light-off temperature, is satisfied. Lowering the light-off temperature has long been the goal of most
catalytic reactions. Basically, low temperature and catalytic activity are incompatible within conventional
thermal catalysis. In contrast, low-temperature operation is one of the distinctive characteristics of NTP. The
presence of NTP enables catalysts to work effectively at temperatures far below the light-off temperature. The
effect of plasma on catalysis is multidisciplinary. The presence of a catalyst can also change the plasma
properties, such as the plasma mode and local densities of electrons and radicals. This section describes the
five matching issues and critiques of synergy.

2.1 Five important matchings

Matching is an essential design strategy for ensuring beneficial interactions between the plasma and the catalyst.
Of course, proper matching should avoid both undermatching and overmatching. Fig. 3 schematically
summarizes the matching parameters that should be carefully considered when designing a plasma—catalyst
system. Four types of matching are addressed for the plasma and one for the catalyst. Plasma chemistry
involves the six main particles of electrons, photons (i.e., ultraviolet (UV)), atoms, excited molecules, and
positive and negative ions, regardless of the reactions and applications [21]. Plasma catalysis is the combined
interaction of these six particles with the surface. As an additional but indispensable effect, plasma produces
electrohydrodynamic flow (EHD), electric field, and heat. In particular, the heating effect can no longer be
negligible when the specific input energy is high. Thermal plasma relies mostly on heat [22]. However, heat
should also be carefully dealt with when using NTP. Plasma chemistry and heterogeneous catalysis are
multidisciplinary fields involving electrical engineering, chemical engineering, physical chemistry, material
science, computational science, instrumental analysis, and organic/inorganic chemistry. Intensive matching of
researchers from different fields will be highly important in the future.

2.1.1 Species matching (what)

Species matching usually requires the control of the gas mixture, which is beneficial for catalytic reactions.
For example, controlling oxygen and water vapor is necessary to provide reactive oxygen species (ROS) for
oxidation. The reduction process should be coupled with reactive nitrogen species (RNS) or hydrogen.
Electrons play an essential role in both the plasma dynamics and catalytic reactions. Electron transfer from
metal NPs to the antibonding orbital of adsorbed or impinging molecules can enhance bond breaking. The
mobility of electrons is 500 times larger than that of most ions owing to their small mass. If plasma is generated
in the surface streamer mode, electrons can arrive at the surface. However, electrons in gas-phase are trapped
by electronegative molecules (H,O, 02, CO,) within 10°~1077 s, and ions can be the main form of charge
available on the surface. Density functional theory (DFT) calculations by Bal ef al. [23] showed that a
negatively charged surface can promote the splitting of CO,, and the reactivity of transition metals may be
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controllable. Similarly, Hyman and Medlin indicated that a positively charged surface reduces the adsorption
energies of O species on Pt(111), whereas a negatively charged surface increases adsorption [24]. The other
expected effects of these electrons and ions are charging and neutralization with opposite charges. Local
charging and the resulting electric field can induce electron emission (field emission) and charge transfer. lons
also arrive at the surface in many ways. lons are left behind the track of the surface streamer. Positive ions
may preferentially neutralize near the metal surface, where abundant electrons are available. Depending on the
internal energy state of the ions, dissociative recombination can occur at the surface where it collides. If these
processes can be realized under proper control, new sets of catalytic reactions may be possible. Excited
molecules are also interesting components of the plasma. Electronically excited species usually decay to the
ground state, accompanied by light emission. Their typical relaxation times are of the order of ~107" s, and
thus, they are less likely to reach the surface before deactivation. Vibrational energy is an interesting topic in
surface chemistry. Molecular beam experiments have demonstrated its significant contribution in terms of
dissociative adsorption, sticking probability, and surface accommodation. A detailed discussion is provided in
Section 4.3.

2.1.2 Flux matching (how much)

Flux matching is related to the mole fraction, which must be converted. The higher the target value, the more
flux is required. Plasma chemistry is often controlled by the specific input energy (SIE), which is the ratio of
discharge power to gas flow rate, as given in Eq. (1). A variety of different names (specific energy input,
energy density, input energy density) and units (J L™, Wh Nm™, eV molecule ') have been coined, but the
main concept is identical.

discharge power Pais

Specific input energy = = (H

gas flow rate Q

Species (what)
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Fig. 3. Matching between plasma and catalyst: (a) matching parameter, (b) flux matching.

SIE is a useful knob for tuning the flux of reactive species from plasma. The first mention of SIE may date
back to the 1960s (see [25] and references therein), when it was explicitly described as “specific energy is the
significant parameter for comparing results of experiments carried out in different reactors.”. The same
concept, albeit with different names (specific energy, power density, or specific corona power), has also been
used in electrostatic precipitators [26-28].“More reaction with less energy input” has been the ultimate goal
of every form of plasma chemistry. “Much less” in plasma catalysis may include “less catalytic materials” but
energy consumption has to be ranked as a higher priority. As shown in Fig. 3 (b), most environmental
applications deal with pollutants at the parts per million (ppm) level, herein referred to as PPM chemistry.
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Many NTP reactors intrinsically produce ROS/RNS at the 10'-10? ppm level which is consistent with most
environmental applications. In other words, there exists a natural flux matching of plasma species to PPM
chemistry. This is one of the reasons why some large scale applications were achieved more than 10 years ago
[29]. Atmospheric-pressure plasma jets using He or Ar as carriers also belong to PPM chemistry. Ono et al.
measured the flux of ROS in a He plasma jet to be in the range of ~ 10™"* cm ™ [30]. The role of UV, emitted
from discharge in an air-like mixture, has long been a subject of controversy. Currently, the UV contribution
to plasma chemistry is considered to be negligible not because of the photocatalytic reaction but because of its
low UV flux. Quantitative measurements of UV flux in air plasma by several groups revealed that it is only on
the order of several pW cm 2, which is approximately three orders of magnitude less than that of outdoor solar
UV flux (2—5 mW cm?) [31]. It should be noted that an external light source with sufficient UV flux can
improve the performance of plasma catalysis [32-34].

However, most energy-related applications (ammonia synthesis, hydrogen production, methane reforming,
and CO, hydrogenation) require high mole fractions to be reacted. To meet the requirement, the flux of reactive
species should be increased to the parts per hundred (PPH) level, which is simply referred to as “PPH (percent)
chemistry” in this paper. Increasing the applied voltage and frequency (i.e., high input power) is the first option
for plasma to provide a higher radical flux. However, a higher energy input is a drawback of plasma for
practical applications on a mass production scale.

2.1.3 Position matching (where)

Position matching is the effective distance between the plasma and the surface of the catalyst to ensure mutual
interaction. Chemical reactions between a plasma and catalyst depend primarily on the mass transfer of radicals
between the interface of the plasma and the catalyst surface. For better use of short-lived chemical species, the
distance between the plasma and the surface is important. The dimensionless parameter A describes the
interaction criteria between the reactive species and the catalyst [31].

A=H <1 )

Lp

Lp and L,indicate the diffusion length of the reactive species, and the distance between the plasma and catalyst,
respectively. The diffusion length (Lp) is limited by the reactivity of the plasma species. Under atmospheric
pressure, the two-dimensional Lp is approximately 60 pm. If the plasma is generated at a distance beyond Lp
interactions of radicals with the catalyst can hardly occur. Recently, Nozaki ef al. experimentally observed that
plasma-induced oxidation of Ni into NiO occurs within 20 um [35], which is consistent with this estimation.
The parameter A can also be applied to other plasma processes such as sterilization, plasma medicine and
surface treatment. A shorter L; will increase the chances of interaction between the plasma and the target
materials (i.e., the catalyst in the case of plasma catalysis).

Some ROS have a long lifetime, so they can be utilized even downstream of the plasma reactor. Ozone-
assisted catalysis (OAC) is one good example of this strategy [36-38]. Heat from the plasma can also be utilized
in the subsequent catalyst bed depending on the distance between the plasma zone and the catalyst bed.

2.1.4 Time-scale matching (when)

Chemical reactions in plasma can be considered a three-step process. The first step is radical formation on the
course of the discharge channel (streamer or microdischarges) within 10°~107"s™'. The second sept is fast
radical reaction, which has a typical time-scale of 10°~10"* s. Some radicals recombine to form relatively
stable molecules, such as Os, and H,O», which can finally induce slow reactions even outside the plasma reactor.
Diffusion is an obvious example of different timescales between the plasma and catalyst. Diffusion coefficients
in gas-phase are in the 10" cm*s ' range: O = 0.27 cm?s ™!, O = 0.21 cm?®s ™', and O3 = 0.1~0.2 cm*s™'. The
diffusion on the surface is a function of temperature (D = Dye~Fa/¥8T) and the typical values are in the range
of 10~10"°cm?s™" , which is several orders of magnitude smaller than those in the gas phase. The catalytic
turnover timescale is known to be in the range of 1072~10? s™' [39]. Somorjai postulated that surface
reconstruction may be associated with the turnover time-scale. Bal and Neyts reported a collective variable-
driven hyperdynamics (CVHD) method for modeling CH4 reaction on surfaces [40]. For CH4 decomposition
on Ni(111) at 800 K, elementary reactions ranged from rather fast step such as dissociation of a C—H bond (~
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50 ps), to the slow decomposition of adsorbed CH, (0.1 ms). One possibility to bridge the large time-scale gap
between the plasma and the catalyst is adsorption. Isotopically labelled probe (**0,) experiments [41] and
chemical titration [42—47] methods revealed that oxygen or nitrogen species can be survived on the surfaces
long time. For example, oxygen species fixed on Ag NPs can survive for over 10 h, even retaining their
chemical activity for CO or NO oxidation. Despite the experimental evidence on plasma-induced surface
fixation, the exact forms on the surface are still unknown.

When vibrationally excited molecules collide with the surface, vibrational energy is used for either local
heating or endothermic energy for the chemisorption of incident molecules. Metal NPs can be heated within
107 s, but their contribution to catalytic reactions is questionable because they also exhibit the rapid cooling.
This timescale does not match the typical catalytic turnover frequency. Another important issue is the energy
released via charge recombination on the catalyst surface. This is a well-known phenomenon in plasma-
enhanced gas-phase NP synthesis [48, 49]. Moreover, induction heating of NPs, and supported nanostructures
[50] caused by the high-frequency electric field (kHz to MHz) has a negligible effect. Although temperature
increase at the molecular scale is difficult to identify, such energy can modify the adsorbed surface species that
induce unique plasma-induced reaction pathways.

2.1.5 Material matching (what)

Most catalysts consist of nanometer-sized active metals (M = Ag, Cu, Mn, Fe, Ni, Pd, Pt, Rh, Ru etc.) dispersed
on high-surface area supports (TiO2, y-Al,O3, SiO,, CeO,, metal-organic frameworks (MOF), or zeolites).
Unsupported metal catalysts are exceptional, but have also received increasing attention [51, 52]. The
performance of a given metal differs depending on the support on which the material component is dispersed.
In particular, the atomic- and nano-scale interfaces of metal NPs and supports play an important role in the
dynamics of metal NPs and catalytic reactions. Material matching can be simplified to what types of catalyst
can work well in a plasma environment and how they can be found through experiments and modeling.

From the authors’ experience over the last 20 years, it is clear that not all catalysts can be effective in a
plasma environment. A substantial increase, so-called synergy, is only possible when plasma is matched with
a proper combination of gases, catalysts, and heating conditions. Precious metals, such as platinum group
metals (PGMs), have been widely used in many catalytic processes because of their high activity, stability, and
selectivity. PGMs are used most notably for environmental catalysts, including exhaust gas cleaning in
automobiles. Replacing PGMs with ubiquitous materials remains challenging. The myriad applications of
PGMs (Ru, Rh, Pd, Pt, Ir, and Os) also indicate a huge potential impact on industry if sustainable alternatives
are developed. Considering the extensive studies over several decades in material science and catalysis,
advances in substituting PGMs with cost-effective abundant materials are still limited. Most importantly, it is
usually difficult to exceed the extraordinary performance of PGMs with alternative metals. Nevertheless,
several interesting findings have been reported, especially for bimetallic catalysts. For example, Kusada et al.
synthesized Pd—Ru solid—solution—alloy NPs for H; storage and CO oxidizing ability [53]. The Pd—Ru solid—
solution—alloy NPs exhibited higher CO conversion than a Pd or Rh catalyst alone, and the optimum ratio was
found at Pd/Ru = 1. These new materials may have high potential when combined with NTPs.

It is worth mentioning that “activity inversion” is observed between thermal and plasma catalysis. What
works well in thermal catalysis does not guarantee the same performance in plasma catalysis. Fig. 4 shows an
example in which the activity is reversed from thermal catalysis to OAC for CO oxidation on a bimetallic Ag—
Pd catalyst [54]. In thermal catalysis, the order of CO conversion was Pd-LaFeOs; > Pd—Cu > Pd > Pd-Mn>
Pd-Fe > Ag—Pd at 200 °C, which is almost the reverse order of that of OAC. In situ Fourier transform infrared
(FTIR) measurements revealed that the cooperative effect in the Ag—Pd catalyst involved modification of CO
adsorption and the suppression of intermediate accumulation [54]. High-angle annular dark field (HAADF)
images and energy-dispersive X-ray spectroscopy (EDS) measurements confirmed the proximity of the two
active components (Ag and Pd), which was essential for the cooperative interaction. According to the X-ray
absorption near edge structure (XANES) measurement of a Pd—Ag/yAl,O; catalyst by Huang et al. [55], the
Pd d-band electron density increased in the presence of Ag. Similar activity inversions have been reported for
single-stage and two-stage configurations. For VOC removal cases, Mn catalysts have been found to be active
in the two-stage process because of their high potential for utilizing O3. However, Mn catalysts are less active
when they are placed directly in the plasma zone (single-stage). This trend suggests that the optimum catalytic
material for plasma catalysis can be found among hitherto less focused materials. More detailed discussion
and future perspectives are discussed in Section 4.5.
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Fig. 4. Example of activity inversion for CO oxidation: (a) Osz-assisted CO oxidation,
(b) thermal oxidation of CO. The inset figure indicates HAADF-EDS of the Ag—Pd
catalyst: [54] with permission from Elsevier.

2.2 Plasma-induced heating

One of the mandatory questions for plasma catalysis has been whether the reaction is solely driven by the heat
provided from the plasma. In case of NTPs for environmental applications (PPM chemistry), plasma-induced
gas heating (AT) has been neglected because it is generally operated with a relatively small SIE (J L™). In the
1990s, plasma catalysis was intensively studied for treatment of exhaust gases from automobiles. At that time,
the maximum SIE request from car manufacturers was approximately 50 JL™', which equals to about 3% of
the fuel penalty. In laboratory-scale experiments focusing on fundamental aspects, less attention has been paid
to energy consumption. However, careful attention to the energy input and the resulting heating is necessary
to discriminate the working mechanism in plasma catalysis. In principle, a temperature increase can rearrange
the properties of both the plasma and catalyst.

Fig. 5 shows the plasma-induced heating in the plasma reactor. The heating data of a plate-to-plate dielectric
barrier discharge (DBD) reactor in air (1 mm gap) [56] and in He (3.1 mm gap) [57] is given as a reference
(without packing materials). AIST data were measured with a fiber-optic thermometer, and Li ez al. [58] used
optical emission spectroscopy of the second positive system of N, to estimate the temporal gas temperature
increase due to streamer propagation. The Eq. 3 line corresponds to the temperature increase, assuming that
100% of the discharge power is converted to temperature. However, as indicated in Eq. 4, heat loss occurs in
the reactor, including the heat capacity of the packing material.

o = () ®

AT = (pm};pQ> — (wall loss) — (AH) 4)

Considering the intrinsic nature of plasma-induced heating, the real temperature of the catalyst bed (Trear) will
always be higher than the setting temperature (Ts), as shown in Eq. 5. The two main factors for AT are plasma-
induced heating and the heat of reaction. The enthalpy change (4H) becomes negative for exothermal reactions
and vice versa for an endothermic reaction.

Treal = Tset + AT (5)

In contrast to “PPM chemistry”, “PPH chemistry” usually requires a higher SIE value (> 1 kJ L™). In these
cases, temperature control plays a pivotal role in the design and operation of any kind of catalytic process.
Overheating induces the sintering of active metal components, which eventually leads to permanent
deactivation. In the case of endothermic reactions, the temperature of the catalyst decreases as the chemical
reaction initiates. Kameshima et al. visualized the temperature profiles of methane reforming reactions using
infrared thermography [59].
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Fig. 5. Plasma-induced heating in a packed-bed with various materials. The Eq. (3)
line indicates the gas heating trend assuming that all the input energy was used in gas
heating.

The heat transfer characteristics in a two-parallel plate CHs-fed DBD reactor were studied thoroughly based
on energy balance, local gas heating effect, gas temperature measurement, and heat loss to the wall [60, 61].
When a streamer bridges the gas gap, the streamer further propagates along the dielectric barrier; therefore,
80% of the input power is lost to the wall as heat. Approximately 10% of the input power was used for the gas
heating. This implies that, in the case of a packed-bed DBD reactor, the heat generated by streamers is
transferred selectively to the catalyst pellets, as validated by high-speed imaging of streamer formation
dynamics, showing that streamers propagate in close contact with the pellet surface and cover a wider surface
area [62]. In the case of an endothermic reaction (AH > 0: Eq. 4), the heat generated by the DBD is recovered
efficiently as the enthalpy of the product species. Detailed gas temperature analysis was performed in a packed-
bed DBD reactor for CH4 dry reforming using the rotational temperature of CO Angstrom system [63]. As
time- and space-averaged values, the gas temperature and catalyst bed temperature were equilibrated, and the
temperature profile of the catalyst bed was visualized by infrared thermography. The plasma heating and
energy efficiency are correlated with the SIE. For simplicity, stoichiometric CH4 dry reforming was assumed
(CH4+ CO4 =2CO + 2H,: SER = AH = 247 kJ mol™"). Here, SER represents the specific energy requirement.
Considering the conservation of energy between the discharge power and endothermic reaction enthalpy, the
following equation is obtained:

xFCH4AH = SIE X (FCH4 + FCOZ) = SIE X FCH4(1 + (X) (6)
Energy efficiency = oo X SAI—I; @)

x denotes CH, conversion (0 < x < 1), F is the feed gas flow rate (mol s™"), and a is the ratio of CO; to CHy4
flow rate. A similar definition is applicable to exothermic reaction systems [64]. When SIE = 123.5 kJ mol™’
at a = 1 and x = 1, the energy efficiency becomes 100 %. In other words, excess energy input beyond SIE =
123.5 kJ mol " induces plasma heating and thermal reaction dominates the catalytic reaction; plasma-induced
synergism is no longer anticipated with much lower energy efficiency. The SIE must be carefully tuned so that
plasma heating is minimized, and the synergistic effect is maximized.

2.3 Definition of synergy

Over the last ten years, many studies have reported the synergy of plasma catalysis. However, in some cases,
validation is obscure. This situation becomes distinct when a plasma catalysis reactor is operated with a high
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SIE, which inevitably leads to the heating of the catalyst reactor to be reactive even without plasma. Synergy
is one of the main issues in plasma catalysis. The lexicographic definition of synergy is that the combined
effect is greater than the sum of their individual effects, as described in the following equation.

_ [Mpia—cat

synergy Factor = [Mpiasma + [Mcataiyst (8)

Here, [n] indicates the chemical conversion rate of either decomposition or synthesis. Subscripts indicate the
type of reaction.

Fig. 6 shows three cases (a) — (c) of plasma catalysis in interpreting the obtained results. The key issue here
is the heating effect in the presence of plasma. When the conversion with plasma catalysis exceeds the sum of
each process (SF > 1), i.e., case-(a) in Fig. 6, it can be considered as a synergistic effect exist. It is often
considered that the catalyst temperature is identical with or without plasma. As indicated in the previous section,
the plasma always induces heating according to the amount of injected energy. Temperature increase has also
been confirmed in NTP jets, where it can even be touched with human skin [65]. Therefore, it is more
reasonable to consider synergy, as in the case (b), where a slightly higher contribution of thermal catalysis and
enhanced plasma-induced conversion are also considered. As indicated in Fig. 3 and Section 2.2, temperature
is one of the available components from plasma; therefore, heating should be properly considered in process
optimization. To properly address the synergy in plasma catalysis, it is important to avoid excess heating of
the catalyst, where thermal catalysis becomes dominant over the other pathways. One important precaution is
maintaining SIE below 1 kJ L' for considering synergy in plasma catalysis. For example, the discharge power
of 2 W seems to be small, but it amounts to 1.2 kJ L™ for a total flow rate of 100 mL min ™. In the case of PPH
chemistry, there are many papers mentioning synergy under SIE higher than 1 kJ L™' and sometimes even >
50-250 kJ L™ at extreme conditions. In case (c) with a high SIE, the catalysts are thermally activated with
sufficient activity to even cancel the synergy-like effect brought by the plasma. Careful consideration cannot
be overemphasized to avoid controversy regarding synergy in plasma catalysis [31, 66, 67].

The main strategy to establish synergy for plasma catalysis is to maximize the contribution of plasma-induced
species that have been wasted because of the lack of effective methods. Heating from the plasma can be
effectively used to optimize the reaction. For example, a heat-tight reactor should be considered for the up-hill
reaction, which requires heat to compensate for AH by heat supply. Proper cooling may be necessary when
plasma catalysis is applied for a downhill reaction with a large heat of reaction. Hot molecules of vibrationally
or translationally excited states are considered rich seam for groundbreaking breakthroughs in plasma catalysis.
The details are further discussed in Section 4.3.
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Fig. 6. Model cases of synergy in plasma catalysis. T;-T4 indicate the temperature in
increasing order. Cases (a), (b), and (¢) in plasma catalysis show the possible
perspectives for understanding the synergy.
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3. Recent developments
3.1 Plasma catalysis reactors
3.1.1 Packed-bed reactor and the effect of packing materials

The packed-bed type reactor was first developed for particle collection [68, 69], where ferroelectric materials
(BaTiO3) were packed between two mesh electrodes. It has since been extended to sterilization [70], odor [71],
and VOC removal [70, 72—74]. Packed-bed reactors with various packing materials have shortly become a
platform device in plasma catalysis [75-77] owing to their simple structure and convenience. Fig. 7
schematically illustrates the packed-bed reactors developed in the 1990s. The most widely accepted effect of
packing materials is electric field augmentation at the contact point between the pellets. Pellets can be
considered as a series of capacitors and resistors. When a high voltage is applied to a packed-bed reactor, the
voltage-drop simply follows the capacitance of the pellet (Cpeier) and air gap (Ceap). Since Cpelier > Cyap 18

established for most packing materials, partial discharge always initiates at the contact point when the electric
field exceeds the breakdown voltage of the working gas. For materials with a high dielectric constant, such as
BaTiOs, partial discharge is always dominant over other discharge modes (see Fig. 7(a)). When proper catalysts
are packed, surface streamers become dominant over the partial discharges, as shown in Fig. 7(c). The
properties of packing materials that affect the discharge mode are surface conductivity [78], dielectric constant
[77, 79], and size [80]. The catalysts packed in the plasma can directly interact with plasma, so the packed-bed
reactor is often referred to as a single-stage, in-plasma, or plasma-driven catalyst reactor. There are also various
types of reactors, including multi-stage reactors with different materials, but these are beyond the scope of this

paper.
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Fig. 7. Schematic of packed-bed reactors: (a) partial discharge only, (b) partial discharge
dominant over streamer, (¢) surface streamers dominant over partial discharge.
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Packing materials can alter the plasma properties which leads to modification of chemical reactions to some
degree. In the early 1920s, several studies on the packing a glass wool on electrical discharge were reported
[81, 82]. Glass wool is generally considered to be inactive as a catalyst. However, the presence of glass wool
alters the discharge more uniformly over the entire volume. Later, Gallon et al. observed plasma generation
by intensified charge-coupled device (ICCD) imaging and confirmed the uniform discharge in the presence of
glass wool [83]. Schmidt-Szalowski and Borucka investigated the effect of silica (1.2—3.2 mm) packing on
ozone generation. They reported that silica packing increased ozone concentration by 1.4 to 1.6 times with
higher ozone yield [84]. However, the observed packing effect can be explained by the modification of the
plasma distribution in space, which has less to do with catalytic action.

After 2000, unsupported materials, such as y-Al,O3, and zeolite, were tested and found to be effective when
used alone or in combination with BaTiO;. For example, y-Al,Os has a relatively large surface area (~ 300 m*
g 1), so it can trap large numbers of molecules on its surface, including in its inner pores. In the case of pollutant
removal (PPM chemistry), packing materials with high surface areas significantly alter the reaction conditions
from “large volume with low concentration” to “small area with high concentration” [85-87]. Six plasma-
induced particles can effectively collide with molecules concentrated on the surfaces, which can lead to an
increase in energy efficiency. This adsorption-induced modification of concentration and space may play a
role in PPM chemistry, but it is a less important form of chemistry.
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Fig. 8. I-V characteristics and discharge pattern with (a) BaTiOs; (& = 10000), (b)
Ag(10)/HSY. Inset ICCD camera photos are taken under discharge in air. Reproduced with
permission from the Institute of Electrostatics Japan (IJPEST).

Fig. 8. shows voltage-current waveforms for (a) BaTiOs and (b) Ag/HSY catalysts [88]. There is no
apparent difference between the BaTiOs beads and the Ag/HSY pellets. In both cases, the plasma consisted of
a number of current pulses that resemble each other. Each current pulse had a full width at half maximum
(FWHM) of approximately 40 ns. Similar I-V characteristics do not assure a similar plasma pattern, especially
in the catalyst-packed plasma reactor. Considering the small plasma area in the case of BaTiO; beads, relatively
dense plasma is produced in a fixed area (at the contact points of pellets), which may result in high plasma
density. This dense current flow in a small volume may increase the gas temperature. This temperature effect
was experimentally confirmed by the low ozone formation and high NO, formation in the case of a BaTiOs-
packed reactor [89].

From the perspective of effective surfaces involving chemical reactions, pellets have a structural
disadvantage over honeycomb. The large pressure drop in a packed-bed reactor is another important drawback.
At present, packed-bed reactors can still be useful for laboratory-scale studies to measure the effect of various
parameters.

3.1.2 Honeycomb discharge

Honeycombs are of great importance in heterogeneous catalysis, as they provide a high surface-to-volume
ratio, low pressure drop, and high mass and heat transfer. A combination of plasma and honeycomb catalysts
can be performed either in a two-stage system [90] or a one-stage system depending on the position of the
honeycomb catalyst [8, 91]. The generation of stable discharges through the channels of the honeycomb
represents a major challenge in honeycomb discharge from a practical perspective. The discharge in such a
confined geometry of channels has a relatively high onset voltage compared to the discharge generated in open
(non-confined) air, due to the loss of charged particles by interaction with the channel walls. This discharge is
often less stable with frequent sparking, which can eventually lead to undesired mechanical damage to the
ceramic channel walls. Moreover, it is also difficult to achieve uniform plasma distribution inside honeycomb
channels when using adequate discharge power. Nevertheless, in recent years, progress has been made in
honeycomb discharge both experimentally (for both multiple capillaries and honeycomb monoliths) and
theoretically [92, 93].

The first studies on plasma combined with honeycomb catalysts (honeycomb monoliths and bundles of
capillaries) in a common system appeared approximately 20 years ago. Fundamental studies have mostly used
transparent capillaries suitable for visualization and optical emission spectroscopy. For example, Blin-Simiand
et al. visualized the discharge propagation inside honeycomb channels using an ICCD and found plasma
filaments randomly distributed inside honeycomb propagating both along and across the channels [94]. The
reactor design considered in the last ten years includes wire-to-ground (Fig. 9a, b) [95-98], wires-to-wires (Fig.
9b, ¢) [99, 100], mesh-to-mesh vertical (Fig. 9d) [91, 101-103] or parallel to honeycomb [99], pin-to-mesh
(Fig. 9¢) [104], plane-to-plane (Fig. 9f) [94], sliding discharges (AC discharge with an additional DC electrode)
coupled with a packed-bed reactor (Fig. 9g) [2, 105-109], sliding discharge with surface discharge (Fig. 9h)
[2, 108, 110], and sliding discharges with micro-hollow surface DBD (Fig. 9i) [2, 110], two micro-hollow
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surface DBD between a honeycomb monolith (Fig. 9j) [108]. The materials considered for honeycomb are
cordierite [91, 94, 100, 102, 103], Cu/ZSM-5 [98], HZ-B zeolite [96, 97], and diesel particulate filter (DPF)
[104, 111].

a)

T - 1

f) 9) h)

generation.

In addition to experimental works, several studies have been conducted on numerical simulations of plasma
generation and propagation inside honeycomb monoliths or similar geometries. Jansky et al. simulated
discharge propagation in capillary tubes of a honeycomb catalyst and studied the effect of tube radius and
permittivity on the discharge structure and its propagation velocity [92, 93]. They reported an increase in
discharge velocity and change in its tubular structure to homogeneity with diminishing radius as a result of the
change in the electrical field distribution. In contrast, Zhang et al. simulated the discharge propagation in
honeycomb and studied the interaction of plasma with the capillary tube material [112]. The simulations
showed that the discharge velocity was enhanced when the discharges were initiated at the dielectric surface
rather than at the center of the capillary tube owing to the surface charging process. This process creates an
additional electric field along the surface, enhances the electron density, and increases the discharge
propagation velocity.

The systems were studied for both their physical and chemical properties. Hensel et al. investigated the
effect of the diameter and length of capillary tubes on the electrical and optical characteristics of discharges
[106, 107, 113]. Takashima et al. studied the effects of air humidity and temperature on honeycomb discharge
generation and properties and found a positive effect on the discharge stability [108]. Cimerman et al. showed
that discharge stability, as well as light emission intensity, is supported by an increase in both the air flow rate
and air relative humidity [110]. The chemical activity of the discharges was tested in terms of ozone production
[110], NO, removal in the selective catalytic reduction (SCR) using an Fe-zeolite-supported honeycomb
catalyst [109], and the regeneration of diesel particulate [111].

Recently, Mok and co-workers introduced a large humidified air plasma using a sandwich-type honeycomb
plasma (SHP) configuration, as shown in Fig. 10 (a), and (b) [91]. The SHP reactor is comprised of two
mesh/perforated electrodes acting as a high-voltage and ground electrode and honeycomb catalyst located
inside the two electrodes with an adjustable distance between the electrode and honeycomb side. They also
examined the dependence of honeycomb plasma discharge (HPD) on reactor configuration, honeycomb
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composition, and temperature to reveal plasma discharge by an SHP [91, 102, 114]; an initial application for
environmental issues was also performed [103]. As shown in Fig 10 (b), the discharge power increased
significantly with the water content in the gas mixture [91]. Under proper conditions, the plasma discharge
developed inside the channels of the monolith as shown in Fig. 10 (d). One reason for the plasma development
in the honeycomb channel is the enhancement of the relative permittivity (e, dielectric constant) of the monolith
with water vapor [114]. Another important factor is the surface conductivity, which is clearly seen by the sharp
decrease in impedance with an increase in water vapor. A similar conclusion was published for DBD
microdischarges in humid air mixtures [115]. Takashima ef al. reported a positive influence of higher humidity
in capillary honeycomb discharges in terms of stability and extension of the plasma area [108].
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Fig. 10. (a) Honeycomb reactor. (b) Effect of water vapor content in the discharge power and
impedance (bare monolith; total flow rate: 75 L min ", applied voltage: 25 kV), data adapted
from [91]. Images of plasma discharge (c) without monolith and (d) with bare monolith (total
flow rate: 60 L min_l, 30 kV, 50 mm in honeycomb thickness, 93 mm in diameter, 300 cups,
dp =2 mm, de= 0 mm), (c) and (d) reprinted from [114] with permission from IOP Publishing.
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The performance of the HPD was found to be highly dependent on the applied voltage, flow rate, electrode
configuration, distance, monolith type and temperature. Fig. 11 shows the effect of the temperature on the
discharge power. The temperature increase from 26 to 42 °C reduced the discharge power from 15 to 10 W,
that is a reduction in discharge power of ~0.3W/°C. A similar trend was observed at higher temperatures (b).
Simultaneously, the performance of the HPD decreased with temperature. It is postulated that the modification
of electrical components (i.e., surface conductivity, and capacitance) by the adsorbed water on the monolith is
the main reason, but this needs to be studied in detail.

This section gives a brief historical review of the development from capillary discharges to honeycomb
discharges. Although there are still issues to be resolved and improved, honeycomb discharge will play an
important role in practical applications. One such issue is that the total volume of plasma is often unknown,
and it is not clear whether it is generated in every channel of the honeycomb catalyst. Another issue is the
stability of the discharge and its mode (streamer, spark) which is critical for applications, such as exhaust gas
cleaning and DPF regeneration. As indicated in Section 2.1.5, a tailored design of honeycomb materials is
required for the best matching with plasma. Nevertheless, systems of honeycomb discharge have shown great
potential and many of the presented works may serve as a good starting point for future experimental
investigations at larger scales.

3.1.3 Fluidized-bed DBD reactor

Unlike thermal catalysis, improving the mutual interaction between NTP and a catalyst (five matching)
requires a peculiar strategy because plasma is neither generated nor diffused into micropores (Section 2.1.3).
A packed-bed DBD (PB-DBD) is a form of fixed-bed reactor characterized as "random packing" configuration.
A honeycomb-type fixed-bed reactor is characterized as "structured packing" [116]. The honeycomb reactor
is commonly used for exhaust gas treatment of automobiles, as discussed in Section 3.1.2, and the contact area
between the gas and honeycomb is maximized with a minimum pressure drop.

Gas in

t 1 t Gas out

Fig. 12. Fluidized-bed DBD reactor. SiOz (300-425 pm), 4 g loaded, CO»: 200 cm® min™, 2.5
Pa, 25 °C, 30 W (12 kHz sinusoidal high voltage).

Meanwhile, the PB-DBD is easy to construct and has become a standard configuration in laboratory-scale
experiments. A fluidized-bed reactor is well known for its excellent heat and mass transport performance; thus,
a high interaction between the plasma and catalyst is anticipated. However, due to the difficulty in ensuring a
better fluidized motion of the catalyst powder, a limited number of studies are available. Sekiguchi et al.
studied a spouted-bed reactor combined with gliding arc discharge for CH4 reforming with Ar dilution [117].
Crushed Al,Os-supported catalysts containing different metals were studied (Ru, Rh, Pt, and Pd). CHy
conversion was unexpectedly low because the temperature of the gliding arc was estimated to be below 300 °C,
and the reactor temperature was lower than 100 °C. Therefore, catalyst-dependent reactivity and plasma-
induced synergism were not confirmed. In addition, the electrical properties of the spouted-bed gliding arc
discharge were not presented. Wang et al. has studied CH4/CO, reforming with Ar dilution using a fluidized-
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bed DBD (FB-DBD) reactor and compared its performance with that of a PB-DBD reactor [118]. Crushed
Ni/ALLO; catalysts with meshes from 70 to 100 were used (power size ranged from 210 pum to 150 pm) and
SIE ranged from 0.20 to 0.79 eV molecule '. The fluidized motion of the catalyst powder was not presented,
and the CH4 and CO; conversions of the FB-DBD were poorer than those of the PB-DBD. The authors
calculated the degree of synergy using the same definition as in Eq. (8): the synergy factor for CH4 conversion
is 1-1.25 with no difference between the FB- and PB-DBD reactors. Note that a synergy factor = 1 indicates
that there is no synergistic effect of DBD. As for CO, conversion, that of the FB-DBD was slightly higher than
that of the PB-DBD; the reverse water gas shift (RWGS) reaction (CO, + H, = CO + H,0) was promoted by
the DBD, yielding a smaller amount of H,. More recently, Bouchoul ef al. have studied an FB-DBD reactor
for CH4/CO, reforming with 75 vol% He dilution (SIE = 1.52 eV molecule ') [119]. AL,Os grains with sizes
of 355-650 pm were used. Similar to Ref [118], the reforming performance of the FB-DBD was poorer than
that of the PB-DBD. In Ref. [117, 119], fluidized behavior was not provided by either images or movies;
therefore, detailed heat and mass transport capability was difficult to analyze. Moreover, Ar or He was used
for the large dilution. In all cases, the reforming performance was poorer than that of the PB-DBD reactor.
Nozaki et al. successfully developed an FB-DBD reactor that operated at 5-20 kPa and 20—400 °C without
dilution gas. Fig. 12 shows a snapshot of the FB-DBD using 4 g SiO, powder (300-425 um). CH4/CO>
reforming and CO, hydrogenation have been investigated using various types of catalysts (SIE < 1.5 eV
molecule™"). The reforming performance of FB-DBD was clearly enhanced by PB-DBD in all cases. The
results will be published shortly.

3.2 Catalyst regeneration and industrial use

Plasma catalysis includes the application and implication of discharge phenomena in the overall life of catalysis
or preparation, reaction, and even regeneration of the catalyst. The catalyst can provide the benefit of reducing
the activation energy barrier. However, because the catalytic function is based on the surface chemistry of the
active sites of a catalyst, there could be physical and chemical changes in the surface during the course of the
reaction that could deteriorate the chemical function of the catalyst. The deactivation of the catalyst has diverse
mechanism depending on the origin of the deactivation. The aspects of deactivation can be classified into 1)
carbon deposition, 2) oxidation, 3) sintering, 4) poisoning, 5) fouling. These aspects of deactivation are
tabulated below [120].

Some of the above types of deactivation can be resolved by removing the reasons for deactivation and
restoring the active sites. However, other types of deactivation, such as sintering and physical fracture of
microstructures cannot be regenerated. The main methods of achieving regeneration are 1) thermal
regeneration, where high-temperature conditions can remove impurities and fouling, and 2) supplying
chemical species that can react with impurities, resulting in the removal of such impurities. Here, plasma can

Table 1. Mechanisms of catalyst deactivation [120].

Mechanism Type Brief definition/description

Blockage of catalytic sites by strong chemisorption

Poisoning Chemical .
of some species
Thermal degradation and Thermal or Thermally induced loss of catalytic surface area,
sintering thermochemical support area, and active phase-support reactions
Fouling Mechanical Physical dep0s1.t10n of spemes.from the fluid phase
onto the catalytic surface and in catalyst pores
Vapor formation Chemical Production of volatiles in the reaction of gases with

the catalyst phase

Vapor-solid and solid-solid Chemical Reaction of vapor, support, or promotor with the
reactions catalytic phase to produce an inactive phase

Loss of catalytic material due to abrasion; loss of
Attrition/crushing Mechanical internal surface area due to mechanical crushing of
the catalyst
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play a role in the regeneration of the deactivated catalyst. Plasma can supply heat either directly or indirectly
(plasma-assisted combustion). Plasma can supply species such as reactive oxidants (O, O3, OH) or reductants
(H, H»). The followings are representative cases of catalyst regeneration using plasma. First, the plasma itself
can provide heat for the catalyst. However, heating by plasma alone can raise the issue of energy cost. A plasma
burner that can supply a strong flame stabilization mechanism can be an effective tool for heating with
minimized use of electric power by utilizing the chemical energy of fuel released by combustion. Removal of
ammonium bisulfate (ABS) by a plasma burner is a good example of such an application [120]. The
temperature of the exhaust gas after the turbocharger in a low-speed marine engine is approximately 200 °C.
Because of low-temperature conditions in the SCR reaction and sulfur content in the fuel, ABS is generated,
and the catalyst becomes deactivated by fouling of ABS (see Fig. 13 left). A plasma burner can be used for the
regeneration of ABS by heating the catalyst above 350 °C. Fig.13 shows a catalyst before and after catalyst
regeneration, with a plasma burner used as a heat source [120].

regeneration (right). With permission from Elsevier.
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Fig. 14. H, temperature-programmed reduction (TPR) patterns that compares plasma and
thermal reduction of CuO to Cu [122]. With permission from Springer.

Second, plasma can play an important role in the desorption and oxidation of the deposited material in the
catalyst. Ozone injection and oxygen plasma can be used for the removal of accumulated carbon on the pack-
bed reactor with an Au/TiO; catalyst, where discharge in the catalyst bed produces enhanced desorption and
removal of carbonaceous deposits [121]. Plasma can also be used to reduce oxidized metal catalysts. Plasma
can provide different reaction paths with the help of plasma-generated H radicals that can induce an Eley-
Rideal type reaction with oxygen in CuO. The H radical-initiated reaction path can remove the rate
determining-step (desorption of water from the catalyst) of reduction by desorption of the excited surface OH.
Removal of the rate-determining step results in an enhanced reduction performance or reduction in lower
temperature conditions than that of thermal regeneration. Fig.14 shows a comparison of the plasma reduction
and thermal reduction of the CuO catalyst to Cu.

A specific feature of chemical regeneration of the catalyst by plasma is that the beginning of regeneration
may originate not from surface-adsorbed species but from plasma-generated gas phase species (radical or
excited molecules) before adsorption. This difference can result in differences in the kinetic of the reaction and
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different surface energies. One aspect to consider in the regeneration of catalysts in plasma catalysis is that the
discharge itself can vary with the progress of catalyst regeneration. During regeneration, the catalytic surface
experiences a change in conductivity and dielectricity, which affects the discharge itself. Therefore, in the
course of designing the reaction conditions for the regeneration of a catalyst, this type of possible change
should be considered.

3.2.1 Cases of commercial-level technology: DPF regeneration

Together with NO,, particulate matter (PM) is a representative emission of diesel engines. PM is a type of
agglomerated carbon or carbonaceous organic material. DPF is the most widely adopted technology for PM
removal. PM is deposited on the filter and should be regenerated or burned out periodically. To elevate the
exhaust gas temperature above 550 °C, which is required to burn out the accumulated PM, a heat source is
required. A plasma burner can provide a wide flammability and stable flame in oxygen deficient and rapidly
varying flow rates of exhaust gas [123]. The plasma DPF system has been applied in heavy-duty trucks in the
air force of Korea. Fig. 15 shows the removal efficiency of PM in 39 military trucks measured using an
opacimeter. For the 39 tested vehicles over a three-year testing period, 98 % of average PM removal and
successive regeneration of DPF were achieved by the plasma burner.
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Fig. 15. Removal performance of PM in diesel truck operated by plasma DPF technology.

4. Future challenges
4.1 Surface dynamics of supported nanoparticles

The surfaces of metal NPs constitute active sites for most catalysts. A primary concern in catalyst preparation
is the uniform distribution of small supported metal NPs to maximize the surface area. A variety of methods
of decorating metal NPs on the surface of a support with small size and high dispersion have been developed.
The prepared metal NPs are often subjected to dynamic changes according to the sequential processes of
adsorption, reaction, and desorption. Fig. 16 schematically describes the reconstruction of the metal NPs along
with the reaction conditions. Early evidence on the surface reconstruction of Rh and Pt—Rh alloy particles was
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Fig. 16. Dynamics of supported NPs during redox cycles; (A) dynamic reconstruction of metal
NPs, (B) environmental TEM (ETEM) images of atomic scale Pt oxidation in O, (C) reduction
of Pt oxide in CO/O,. The time scale of reduction from (a) to (f) was approximately 600 s. (B)
and (C) reproduced by permission of The Royal Society of Chemistry (RSC) [132].

reported by Wang and Schmidt using transmission electron microscopy (TEM) [124]. The size and
morphology of the Pt—Rh NPs changed when they were exposed to the redox cycle. A similar observation was
also reported for a Co catalyst for the Fischer—Tropsch reaction [125]. Balcerzak et al. [126] observed
reversible peak shifts of Ru (Ru’— Ru?**— Ru’) in various redox environments using in situ X-ray
photoelectron spectroscopy (XPS) analysis. Strong metal-support interaction (SMSI) is an interesting
phenomenon in which the supported metal NPs are covered by a thin layer of support after exposure to high
temperature. The SMSI is usually observed with supports such as TiO, and CeO,, but not for SiO;. Interestingly,
the effect of the SMSI depends on the type of reaction. For most environmental applications, such as exhaust
gas cleaning in automobiles and CO removal in air, the SMSI is detrimental to catalytic performance [127].
When a metal NP is completely encapsulated, it is in a state often referred to as the catalyst passive state or
simply the SMSI state. However, it benefits from the Fischer-Tropsch process because highly active interfaces
are formed between the Ru NPs and TiO, [128]. Bonanni ef al. demonstrated that Ar ion sputtering and
subsequent annealing at 1100 K can transform fully passivated Pt/TiO; catalyst (i.e., SMSI state) to a highly
active form [127]. Sintering is a well-known mechanism that leads to the permanent deactivation of the catalyst.
Two proposed mechanisms, particle migration and coalescence (PMC) and Ostwald ripening (OR), are also
related to the surface dynamics of metal NPs [129, 130]. In the case of Pt/Al,O3 at 600 °C, small Pt NPs (~ 5
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nm) migrated at 270 nm h™', but larger particles (~ 24 nm) moved at a distance equal to their diameter. The
loss of small NPs is correlated with a rapid decrease in catalytic activity. Proper matching between the active
metal and the support can mitigate the deactivation process. Nishihata et al. [131] indicated that Pd NPs can
reversibly move into and out of the perovskite lattice and demonstrate long-term stability.

The advent of operando measurement techniques provided an important insight into the nature of supported
NP catalysts, which are usually considered as active sites for surface reactions. An important tool is
environmental transmission electron microscopy (ETEM), which can measure samples under realistic reaction
gas mixtures. Yoshida et al. [132] measured Pt NPs with varying gas partial pressures of CO and O,. Fig. 16
(B) shows the oxidation progress of Pt with increasing O, partial pressure (up to 1.64 Pa) at room temperature.
The initial Pt(111), (a), showed an atomic distance of 0.24 nm and surface reconstruction gradually appeared
with increasing O partial pressure to 8.07 x 10! Pa, finally reaching atomic distances of 0.27—0.28 nm, which
were assigned to a—PtO; and f—PtO,. Under the tested conditions, oxidation of Pt NPs occurred only in several
atomic layers from the surface. The PtO, particles can be reduced, as shown in Fig. 16 (C), by adding CO,
which is six orders of magnitude smaller than O,. As the CO partial pressure was increased to 3.25 x 10~ Pa,
the top right corner (circled area) began to decrease. Finally, the Pt oxides were completely reduced to metallic
Ptata CO pressure of 3.95 x 107 Pa. Interestingly, the reduced Pt showed round edge and facet indexes, (110)
and (311), which were also different from the original stage (111). This operando analysis clearly demonstrates
that the supported Pt NPs undergo dynamic changes according to the reaction conditions. They also reported
similar dynamics of Au-AgO nanofacets in a CO/air mixture [133] and Au/CeO; in CO/air [134].

Plasma can provide both highly oxidative and reductive environments on the surface of the catalyst. Several

groups experimentally observed the size changes of supported metal NPs before and after plasma catalysis.
For example, Jwa et al. [135] used a Ni/B-zeolite catalyst for the methanation of CO/CO,. TEM images and
X-ray diffraction (XRD) patterns indicated that Ni particles were reduced from 25.8 nm to 18.7 nm with better
dispersion. Understanding the dynamic changes of metal NPs may provide adequate evidence for “whys” and
“why nots” in plasma catalysis.
Catalyst preparation using plasma is also highly linked with the dynamic behaviors of metal NPs at the nano-
and atomic scales [136]. Plasmas can treat catalysts for calcination, oxidation, and reduction at much lower
temperatures [137]. Low-temperature processing is attractive for metal NPs that are susceptible to
agglomeration at high temperatures. A variety of plasmas have been used instead of thermal calcination: O
plasma [138, 139], H, plasma [140], Ar plasma [141], RF plasma [142], glow discharge [143, 144], y-ray
irradiation [145], and Oj; injection [146]. There have been several reports on the substantial changes in
supported metal NPs after exposure to plasma.

Table 2 summarizes the reported plasma effects on the catalysts. Wang et al. used DBD plasma in an O»/N»
mixture to prepare a Pt/CeQO; catalyst [147]. The plasma-treated catalyst reduced Too (the temperature to get
90% conversion) from 287 °C to 208 °C for toluene oxidation. TEM and CO pulse chemisorption revealed
smaller particle size, higher dispersion, Ce®>" amounts, and higher oxygen vacancies as a result of DBD plasma
treatment. Pastor-Perez ef al. found that Ar plasma-treated Pt/CeQ; catalysts exhibited higher performance in
the water-gas shift reaction (WGS) [141]. XPS and XANES analyses revealed that plasma treatment generated
electron-enriched Pt NPs which showed a very strong interaction with the CeO, support. The enhanced metal-
support interaction of Pt/TiO, was also reported by Zou et al. [148], who treated a catalyst with a low-pressure
DC Ar glow discharge at 100 Pa. Xu et al. applied O plasma to an Au/Co0Q,/SiO; catalyst and found good CO
oxidation activity due to the size reduction and good dispersion of plasma-treated metal NPs [149]. Wang et
al. reported that O, plasma-treated carbon black (CB) exhibits electrochemical generation of hydrogen
peroxide with 100% Faradaic efficiency [150]. The current density reached 0.44 mA cm ™ at the theoretical
potential of H,O, generation, and the mass activity (300 A g”") was the highest among state-of-the-art catalysts.
Microscopic and spectroscopic characterization as well as DFT calculations, indicated that the performance
was due to the defective carbon structure after plasma treatment.

Rapid advances in state-of-the-art analytical technology have enabled the visualization of atomic-scale
dynamics of metal NPs under realistic reaction conditions. This information also suggests that a variety of
changes in metal NPs that have been experimentally observed may possess high potential for tailored
preparation of catalysts with higher activity and better stability. The examples presented in this section
demonstrate only the tip of the iceberg. We believe that the smart coupling of plasma-catalyst interaction is
not limited to direct activation of catalysts, but catalyst preparation and regeneration of deactivation should
also be further explored in the future.
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Table 2. Effect of plasma on the catalyst during the catalyst preparation.

CAT Plasma conditions Remarks Ref
pressure gas plasma

Small size (~ 3 nm),
Au/Si0; 400 mTorr 0O RF selective hydrogenation of C;Ha, [138]
optimized neutral surface charge of the Au NPs

Au/Co0,/Si0, 1 atm 0> RF Smaller size, higher dispersion [149]
AWTIO, | atm 0, DBD Small size with narrow 51z§ distribution, . [151]
large amount of low-coordinated Au species
PUCeO, 0.15 Torr Ar RF glow Electrqn—ennched PF particles .Wlth very [141]
strong interaction with the ceria support,
PUCeO, | atm 0./, DBD Smaller Pt size with higher dispersion, [147]

high concentration of O, vacancies and Ce*
Complete reduction of Pt NPs,

Pt/TiO, 1 atm Hy/Ar DBD smaller size with higher dispersion, [152]
enhanced M-support interaction

Good photocatalyst for H, production,

PUTIO; 100 Pa Ar DC glow Enhanced metal-support interaction

[148]

Good dispersion,

good NO reduction with CHy4
Higher metallic Pd ratio,
Pd/FeO, 1 atm H» DBD abundant oxygen vacancies, [140]
enhanced low temperature CO oxidation

Pt/NaZSM-5 50-150 Pa Ar DC glow D [144]

PdO/Alumina  100-200 Pa Ar DC Glow ?  Lower light-off temperature for CH4 combustion [153]

HN,O, 1 atm Air, N, DBD Comparable to Pt as electrocatalyst [154]
Co—Pt 50 Pa N,—H Glow Good metal dispersion 155
Jy-ALO; 2= P [155]
Mon thrff 100 Pa Or, Ar DC glow  Reduction of metal ions to metals, [156]
supports

Plasma produces mainly Ni(111) with fewer

I:L"“;ggff’ I atm Air DBD  defect, [157]
pp Improved coke resistance
- - oo
Ni/y-ALO; | atm Ar AC Increase in CH,4 conversion (5-10%), [158]

preventing carbon deposition on Ni
1.2 Glow plasma followed by thermal calcination: ¥ M = Pt, Pd, Ag, Au, supports = TiO2. y-Al203, HZSM-5:
4 supports = MgO, SiO2, MgAl204,

4.2 Challenge: operandol in situ diagnostics

Advances in analytical instruments allow the measurement of unstable intermediates, structural changes, and
redox conditions, which is helpful for gaining a deeper understanding of the reaction mechanism. As discussed
in the previous section, several examples of in situ and/or operando diagnostic tools have been developed to
capture the atomic-scale dynamics of the catalyst surface. Operando measurement is a technical term for
measuring surface phenomena on catalysts under realistic reaction conditions [159-161]. To date, a number
of methods have been developed for operando spectroscopy, including Raman, UV, FTIR, X-ray adsorption,
XRD, ETEM, ambient pressure XPS (AP-XPS), and ambient pressure scanning tunnel microscopy (AP-STM).
Synchrotron radiation spectroscopy has become a cutting-edge technique for operando measurement of
catalysis. Vamvakeros et al. measured five-dimensional (three spatial, one scattering, and one time/imposed
state) tomographic diffraction imaging of a multi-component catalyst (Ni—Pd/CeO,-ZrO,/Al,O3) under
different gas mixtures (He, Ho/He, O>/He, CH4/O;) [162]. The non-destructive operando XRD-CT (computed
tomography) technique enables in sifu imaging of the phase and structural changes of metals and supports by
unveiling the elementary steps of the catalytic reaction.
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In conjunction with the five matching issues and tailored design of plasma catalysis, a good understanding
of the surface structure and its transit morphology is essential to elucidate numerous uncertainties remaining
in the interaction of plasma with the catalyst. However, the number of surface measurement techniques
available for plasma catalysis is limited. Extension of these techniques to plasma catalysis usually requires
significant modification, mostly due to the presence of high-voltage and electromagnetic noise from plasmas.
Non-intrusive measurements are the first option for plasma catalysis. Synchrotron X-rays have also been
employed in plasma catalysis to measure the dynamic changes of catalysts under plasma activation. For
example, Gibson et al. [163] employed X-ray absorption fine structure (XAFS) for CHs oxidation over a
Pd/Al,O3 catalyst and observed no meaningful changes in the extended X-ray absorption fine structure
(EXAFS). However, they estimated the heating of Pd NPs from the amplitude of the EXAFS oscillations and
concluded that the Pd temperature rise was insufficient to activate the thermal CH4 oxidation reaction.

One of the rapid modifications made for plasma catalysis is operando FTIR or diffuse reflectance infrared
FTIR spectrometry (DRIFTS). Turan et al. [164] reported DBD coupled DRIFTS for measuring water
desorption from KBr within a 1 min interval. Rivallan et al. applied the operando IR technique to measure the
oxidation of isopropanol (IPA) on y-Al,O3; by DBD [165]. Knoll et al. [166] measured CH4 oxidation over an
alumina/silica-supported Ni catalyst using a DRIFT system coupled with an Ar/O, plasma jet. They postulated
that the surface carboxylate group (COQ") is closely involved in the conversion of CHs to CO and CO,. Stere
et al. [167] used DRIFTS coupled with mass spectroscopy (DRIFTS-MS) to determine the surface species
during the hydrocarbon-SCR reaction over Ag/Al,Os. Sheng et al. [168] measured CHy4 reforming with CO»
over a Ni—La/Al,O; catalyst and showed that plasma activation resulted in 1.7 times increase in the formation
of bidentate (1560 and 1290 cm™") and monodentate carbonate (1425 and 1345 cm™"). Moreover, new peaks
of bicarbonate (1655 cm™') and bridge carbonate (1720 cm™') were formed because of NPT interactions.
Rodrigues et al. also applied operando DRIFTS to trace the intermediates during the oxidation of IPA and
toluene over metal oxides (y-Al,Os, TiO; and CeO3) [169]. Oxidation of PM over Au/y-Al,O3; was monitored
by Lu et al. using in situ plasma DRIFTS-MS [170]. We find that DRIFT measurement will be one of must-
have analytic tools for various plasma catalysis reactions in the near future.

4.3 Finding effective catalyst for the vibrationally excited molecules

Plasma is generated and sustained through electron-molecules collisions. NTP is characterized by electrons
with kinetic energies much higher than those of ions and gas molecules. The high-energy electrons undergo
multiple inelastic collisions with the dominant gas molecules to produce ionization and excitation. Fig. 17
shows the typical fractions of electron energy in NTP reactor. The mean energy of the electrons found in most
NTP reactors is below 10 eV. In this energy range, most of the electron energy is dissipated to form
vibrationally excited molecules. It should be noted that the direct electron impact pathway for the
dissociation/decomposition of pollutants in the ppm range could not constitute a major mechanism. Energy
costs to generate particles are simple to estimate for vibrational << electronic << ionization, so the effective
utilization of vibrational energy is the key to making plasma catalysis energy-effective. The importance of
using vibrational energy to improve energy efficiency was already pointed out in the early 1990s [171].
However, there have been relatively few reports of direct experimental evidence supporting the significant role
of hot (vibrationally, translationally excited) molecules in gas-phase reactions. Two-photon absorption laser-
induced fluorescence (TALIF) measurements of two consecutive pulses clearly demonstrated that vibrationally
excited N> molecules, N, (v), enhanced the formation of N atoms when the interval between the first and second
pulses was less than 300 ps [172]. Homogeneous CO; dissociation by vibration-to-vibration energy transfer is
explained by the ladder-climbing mechanism [173—175]. The most important vibration mode is the asymmetric
stretching vibration:

CO, (1) + CO, (m) — CO, (n+1) + CO, (m—1) — CO + O + CO, (W) (R1)

Here, n, m, and w denote asymmetric vibrational quantum numbers. Vibrationally excited CO; is produced by
the electron impact in NTP. Multiple collisions between vibrational CO; lead to dissociation into CO and O
when the vibrational quantum number exceeds v = 21 which corresponds to the CO; dissociation limit (5.52
eV) [176]. To ensure such high collision frequency, high-pressure NTP such as DBD and gliding arc discharge
are desired. The vibrational ladder-climbing mechanism is more efficient than the direct dissociation pathway

21



Int. J. Plasma Environ. Sci. Technol. 15 (2021) e01004 H.H. Kim et al.

because energy transfer between CO; (r) and CO; (m) occurs efficiently without excess energy transfer into
the electronically excited state of CO,. However, there is a trade-off between energy efficiency and CO»
conversion: the production of a higher vibrational state (CO, (n+1)) inevitably accompanies the deactivation
of the counter molecule (CO, (m—1)). This trade-off relationship is observed in DBD, gliding arc discharge,
and microwave plasma, as presented in recent review papers [177, 178].

Yamazaki et al. have performed a kinetic study of plasma-activated CO, dissociation using low-pressure
recombining hydrogen plasma [179]. They selected this unique plasma as an extremely low-energy electron
plasma source that is suitable for CO, vibrational activation and minimizes the inefficient direct dissociation
process. Moreover, they performed comprehensive in situ plasma diagnostics of the recombining plasma,
showing an electron density; 10'®~10' m™ and a mean electron energy of 0.15—-0.45 eV at 8.8 Pa. Vibrational
ladder-climbing via multiple electron collisions becomes the dominant pathway because of the low gas
pressure and high electron density:

CO»(n) + e — COy(n+1) +e (R2)

Unlike high-pressure NTP such as DBD and gliding arc discharge, vibration-vibration (V-V) energy transfer

is inefficient in low-pressure recombining plasma. Meanwhile, the electron-induced ladder-climbing
mechanism is possible, yielding a CO; conversion as high as 60%. Their study implicates the necessity of a
new plasma source for efficient CO- splitting via an electronic process: a low-energy and high-density electron
plasma would break the limitation of the trade-off between CO, conversion and energy efficiency via an
electron-induced ladder-climbing pathway. Vibrationally excited molecules are populated in the gas phase via
a ladder-climbing mechanism, which further contributes to and promotes surface reactions when
heterogeneous catalysts are combined.
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Fig. 17. Energy dissipation in electron-molecule collision: (a) dry air [180] courtesy of
Copyright (1997) The Physical Society of Japan and The Japan Society of Applied Physics,
(b) CO;, [177] with permission from The Royal Society of Chemistry (RSC).

The dissociation of chemical bonds depends on the bond strength, which is closely related to the internal
energy state. Fig. 18 illustrates two representative cases in which vibrational energy plays a role in the surface
chemistry. One is the so-called (a) collision of hot molecules that are in either a vibrationally or rotationally
excited state. This topic has long been the subject of molecular beams, which are discussed below. The second
type is (b) vibrational excitation of adsorbed molecules by the energy exchange of plasma-induced particles
(photons, electrons, and excited molecules). Oh et al. observed the lateral hopping of a CO molecule on
Ag(110) using action spectroscopy with a scanning tunneling microscope (STM-AS) [181]. Once molecules
are vibrationally activated, regardless of the position at which they are activated, a substantial increase in
reaction rate can be obtained. Marinov et al. [46] experimentally measured the deactivation probability of
vibrationally excited N, on various surfaces using infrared titration combined with quantum cascade laser
absorption spectroscopy. The probability of deactivation depended on the type of materials: silica (5.7-11 x
10%) > Pyrex (6-11 x 107*) > ALOs (5.7-11 x 10™*) > anodized Al (291 x 10™*) > TiO; film (19 x 107%).
However, these values can be greatly enhanced when the surface is replaced by active metal NPs.
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Fig. 18. Promoting chemical reactions through kinetic energy: (a) hot molecule collision, (b)
vibrational excitation of adsorbed molecules by energy exchange from incident photons,
electrons, and excited molecules.

Molecular beam techniques, especially energy-state resolved molecules, have provided useful basic
information regarding dissociative adsorption, energy barriers of impinging molecules for a given surface, and
desorption. Fig. 19 shows an example of excited hot molecules enhancing the absolute sticking probability of
CH, on a clean Ni(100) surface [182]. When the CH4 molecules were excited (open circles in the figure) with
an infrared laser to the vs mode, a dramatic enhancement in the initial sticking probability was observed for all
tested energy ranges. It was also observed that the initial reaction probability increased with the incident kinetic
energy of CH, impinging on the clean Ni(111) surface [183]. The isotope-labeled experiment (CHD3) revealed
that the initial reaction probability of dissociative chemisorption on Ni(111) increased by a factor of ~10° when
the translational energy was increased from approximately 50 kJ mol™' to 90 kJ mol™'. The same group later
compared the initial reaction between vibrational energy (Evi,) and transitional energy (Etans) and provided a
clear conclusion that E.i, is more effective than Eians in promoting the reactivity of CHs on clean Ni(111) [184].
Juurlink et al. indicated that CH4 molecules excited to v = 1 of the v3-CH stretching vibration are up to 1600
times more reactive on a clean Ni(100) surface than molecules in the ground state [182]. Bisson ef al. compared
the reactivity of CHs (2v3) on Pt(111) and Ni(111) and found that Pt(111) has a much higher sticking coefficient
[185]. It must be mentioned that the saturated coverage by CHs and H on these metal surfaces is not influenced
by vibrational excitation [186]. When the catalyst surface is saturated by rapid chemisorption via plasma,
further CH4 conversion is not possible. In fact, plasma-induced synergy for CH4+/CO; reforming over Ni/Al,O3
has not been clearly observed [187]. In contrast, a synergistic effect was obtained using a La—Ni/Al,O; catalyst
because CO; is activated by plasma simultaneously, which increases mono- and bidentate carbonates over La
to react with neighboring adsorbed CH4 fragments. Active sites for CH4 are regenerated and thus overall CHy
and CO; conversion are increased by plasma; cooperative activation of CHs and CO; together with appropriate
combination of catalysts is critically important.

Recently, Quan ef al. indicated that vibrational energy was more effective than transitional energy in the
Eley-Rideal type dissociative adsorption of CO; on a model surface of Cu(111) and Cu(100) [188]. They also
indicated a mode-selective result in which bending mode dominated over the symmetric and asymmetric
stretching modes. Furthermore, the reaction rate was independent of the surface temperature and was found to
be a function of the vibrational energy of CO,. This is a very striking conclusion because the energy state of
the impinging molecules determines reactivity rather than the surface temperature. The effective surface
accommodation of vibrationally excited molecules may depend on the nature of the surface. Despite some
clear evidence in molecular beam studies, the efficient utilization of these vibrationally excited molecules
remains an unexplored area. If we can realize the effective utilization of vibrationally excited molecules, a
ground-breaking process can be established. The development of a nanosecond pulse power supply (output
voltage up to 30 kV, pulse width <20 ns, and frequency 10°~10° Hz) is necessary to distinguish the contribution
of heating and hot molecules in plasma catalysis.
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4.4 Newly emerging materials (examples in NH3; synthesis)

Developing plasma catalysis free from PGMs could be an attractive route to pursue. As indicated in Section
2.1.5, plasma catalysis has the potential to utilize materials that are considered less active. For example, Yan
et al. recently reported hafnium (Hf) as a possible alternative to Pt for water electrolysis. They first treated Hf
using DBD in air and then switched to N, plasma to obtain hafnium oxyhydroxide (HfN,O,), which is
comparable to Pt as an electrocatalyst for hydrogen production from water electrolysis [154]. A very similar
strategy has been applied for O incorporation in MOS,, which can also substitute Pt as an electrocatalyst for
H, formation [139]. Pt has also been widely used for the oxidation of hydrocarbons because of the superior
catalytic activity and excellent durability. However, in the plasma catalytic oxidation of VOCs, Ag can achieve
similar or even better activity [189]. Considering the rapid transition from fossil fuels to clean energy in the
near future, the substitution of PGMs will be more heavily focused on energy-related topics.

The Haber-Bosch process has been used for ammonia synthesis for more than 100 years, but it still attracts
attention from researchers and society. Recently, various new materials have been developed and tested as new
possible supports for Ru catalysts. Fig. 20 compares the space time yield (STY) in ammonia synthesis. The
(mmol g' h™"), the amount of product per unit time per unit weight of catalyst, is an important measure of
catalytic activity for a given reaction. The STY is also a type of reaction rate normalized with the amount of
catalyst used.

STY — [Cilin— [Cilout (9)

gcar h

[Ci], gcaT, and £ represent the molar concentration of species 7, amount of catalyst (g), and space velocity,
respectively. Ru appears to be the most popular active metal. One noticeable recent trend is the development
of new materials for supports that have never previously been investigated. These include electride [190, 191],
Pr,0; [192], BaO-6A1,03; (BHA: barium hexaaluminate) [193], Ba—Ca(NH;), [194], and LagsCe501.75 [195].
By 2000, an STY of 1000 pmol g ' h™' was a measure of the high performance of NH; synthesis at 0.1 MPa.
Substantial enhancement from the pmol to mmol level has been achieved over the last 10 years. As plasma
parameters are not considered in STY, energy-related evaluation is also required for plasma catalysis. One of
the widely used metrics in plasma chemistry is energy yield, which measures energy consumption (kWh) to
obtain the unit weight of ammonia (g-NH3). However, one should be aware of the meaning and limitation of
energy yield because it is only valid for the range in which a linear correlation between conversion and SIE is
guaranteed (Ref. [196] and supporting information). Barboun et al. [197] achieved 3.6 mmol g h™! with M
(M =Ni, Co)/y-Al,O3 at 20 k] L™". Li ez al. [198] observed a linear relationship between NH; concentration (~
10800 ppm) and SIE (~15 kJ L") with Ru(5)/0-ALOs and the resulting STY was approximately 16.4 mmol
g 'h™!. However, the energy yield was about 3.1 g-NH; kW 'h™!. According to the analysis performed by
Rouwenhorst et al. [199], the energy yield versus NHs concentration shows a bell-shaped curve and the
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maximum value is about 36 g-NH; kW™ h™" at 0.2% NH; concentration [196]. The NH; synthesis reaction
favors high pressure, which is still an unexploited area for plasma catalysis. According to the electrocatalytic
NH; synthesis performed by Manabe et al. [200], an STY of 30 mmol g”'h™! with an energy yield of 36.3 g-
NH; kW™ h™" was obtained at 0.9 MPa. It is interesting to see how the pressure-dependent behavior of plasma
catalysis affects energy yield, the bell-shaped curve, and the maximum NH; concentration.
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Fig. 20. Comparison of STY in ammonia synthesis at 0.1 MPa. Thermal catalysis adopts H»/N>
=3, whereas for plasma catalysis H»/N> = 0.2—0.3.

A typical drawback of Ru catalysts is poisoning by hydrogen, which mitigates the benefits of high pressure.
However, Ru on electride and Lag sCeo501.75 can avoid hydrogen poisoning and lead to higher NH3 yields at
higher pressures. Ogura et al. reported an STY of 13.4 mmol g 'h™! with Ru/Lag sCeo 50175, which is the highest
value obtained with a Ru catalyst. They further indicated that the STY increased with pressure to 31.3 mmol
g 'h™' (1.0 MPa) and 44.4 mmol g ' h™' (3.0 MPa) without saturation or decrease. Catalyst characterization
using HAADF-STEM and EDX mapping, electron energy loss spectroscopy (EELS), and IR spectroscopy
revealed that the Ru NPs were partially covered with the thermostable support (LagsCeosO;.75) and the
cooperative interaction for N» dissociation at the interface was suggested as a plausible mechanism for the high
yield of NH3. In 2020, Hosono’s group at the Tokyo Institute of Technology reported a remarkable NH; yield
with Ni-loaded lanthanum nitride (Ni/LaN) [201]. In conventional works, Ni has been considered a less active
metal for NH; synthesis, but a significant enhancement was achieved by combining it with LaN owing to a
dual-site mechanism. Nitrogen vacancies in LaN were found to be active for the dissociation of N», which is
the rate-determining step for all NH3 synthesis reactions. Ni metal NPs loaded onto the nitride dissociated H,.
The dual sites for activating N, and H; separately were the key factors enabling the Ni catalyst to be comparable
with the Ru-based catalysts.

Binary and ternary catalysts can broaden the scope of plasma catalysis as has already been proven in the
conventional thermal catalysis. As mentioned in Section 2.1.5, the combination of two ubiquitous metals that
can substitute PGMs will be an important avenue for plasma catalysis. Data accumulation of dynamics on the
metal NPs under plasma application may accelerate the development of new catalysts tailored for plasma
catalysis. Although the number of examples is still limited insofar, “activity inversion” suggests that material
screening needs to be performed in a wider spectrum than expected from the literature for thermal catalysis.

4.5 Arrhenius plot and activation energy
The Arrhenius plot is widely used to determine the activation energy for a given catalytic reaction. As the
temperature increases, the proportion of molecules that can overcome the energy barrier increases. The energy

barrier (i.e., activation energy E, in kJ mol™') indicates the minimum energy required to initiate a given reaction,
as indicated in Fig. 21 (a). Catalysts can increase the reaction rate by providing a new pathway that has smaller
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E, compared to the uncatalyzed reaction. A large activation energy indicates that a high gas temperature is
required to overcome the reaction barrier. In the case of reactions dominated by rapid radical chemistry, the
activation energy can take a zero value, indicating no temperature-dependent behavior. However, most
catalytic reactions mediated by surface active sites have activation energies determined by the slowest process
in all elementary steps. The decrease in E, in plasma catalysis can be interpreted as the plasma-driven pathway
dominating over the thermal-driven pathway. As mentioned in the previous section, vibrational excitation can
also promote the reaction, as is expressed in Eq. (10).
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Fig. 21. Activation energies in (a) thermal reaction, and (b) contribution of vibrational energy
in plasma catalysis.

120

[ Plasma catalysis

60 n Thermal catalysis

=
£
2
>
>
T 60 -
5]
=
K]
@
2 30 n
o
) H H
0
2 , < e o o\
\(.\\(\ o @% A . \\:& ‘2‘}’\, ’é\b \é\b é’ sﬁe
N W Qp\ ISAEEE ,z’\% & R L@ 2
2 o &° e S <¥ S N
N \ S N <& \a S
S N \\g,o' N S Q¥ N
@ W
i~

Fig. 22. Comparison of activation energies in ammonia synthesis at 0.1 MPa.

Fig. 22 presents the activation energies for NH; synthesis for both thermal and plasma catalysis.
Conventional C12A7:0% has an activation energy of 104 kJ mol™'. Kanbara et al. indicated that the
performance of Ru-loaded electride (C12A7:¢7) depends significantly on the degree of electron substitution
for O*" anions, and observed a decrease in the activation energy from 110 kJ mol™' to 50 kJ mol™' under
optimum conditions [191, 202]. For the Ni/LaN NP catalyst, the rate-determining step was the combination of
H" and Niagice. The experimentally measured activation barrier (60 kJ molfl) was consistent with the computed
energy barrier of hydrogenation of Niaice (0.54 eV or 52.1 kJ mol™"). In the case of plasma catalysis, the
activation energy was found to be 24.4 kJ mol™' and 28.7 kJ mol™' for AC pulse energization, respectively.
Murakami et al. [203] studied electrocatalytic synthesis of NH; with a Cs(9.9)-Ru(5.0)/SrZrOs catalyst, albeit
slightly different from plasma catalysis, and reported activation energies of 107.0 kJ mol™" and 38.2 kJ mol™'
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without and with an e-field, respectively. A similar drop in activation energy was reported in plasma catalysis
for CO, methanation, where the E, values for thermal reaction and plasma catalysis were 82 kJ mol ' and 21
kJ mol ™!, respectively [204]. On the other hand, non-Arrhenius behavior was reported for dry reforming of
CH,4 with CO; over Ni/y-Al,O3 by Kim et al. [205], where the activation energy remained constant over the
tested temperature range and plasma input power (1-7 W).

Although the Arrhenius plot and activation energy can provide some insight into plasma catalysis, one
important unsolved question is about “temperature”. A rift still exists between catalysis and plasma in using
the term “temperature”. It should be noted that the Arrhenius plot in thermal catalysis is considered to be under
thermal equilibrium conditions. However, different levels of temperature coexist in NTPs: extremely high
electron temperature (7. > 10* K), vibrational temperature (Tvi, = 10°~10° K), rotational temperature (Tror =
~10% K), and transitional and gas temperature (T = Tians < 10? K). This non-equilibrium nature of plasma
means plasma catalysis can even exceed the thermal equilibrium limit [206, 207]. This is not surprising if we
remember that plasma is the only technique for O3 production on an industrial scale. Ozone (Os3) generation,
which is not produced thermodynamically under ambient conditions (R3: AG > 0), has long been a good
example of how the non-equilibrium nature of plasma can overcome thermodynamic limitations. It must be
also mentioned that NTP does not break the law of physics: ozone synthesis via R6 occurs spontaneously (AG
< 0); obviously, the role of NTP is to dissociate O, into O + O (R4) by a method other than using thermal
energy (R5: AG = 231.8 kJ mol ™). The key issue is to promote R4 kinetically and not thermodynamically.
Because R4 can be formulated as a temperature (7,) independent term, the apparent activation energy in the
conventional Arrhenius expression can yield an unexpectedly small value of E, ~ 0 k] mol . As discussed in
Section 4.5, analysis of the Arrhenius curve and the interpretation of the activation energy must be carefully
performed. In the case of the two-temperature model where vibrational and translational temperatures are
different, the individual contributions of 7, and 7.i, can be formulated using modified Arrhenius expression
by finding 7, and T7i, experimentally. This theoretical treatment of plasma catalysis emphasizes the necessity
of new plasma diagnostic methods to determine the vibrational temperature of target molecules. The theoretical
treatment of V-V and V-T transition kinetics must be further improved.

1.50; — O3 AH = 142.7 kJ mol ™ AG =163.2 kJ mol ™ (R3)
O;+e > 0+0+e Threshold energy = 5.2 eV (R4)
0, -0+0 AH =249.2 kJ mol™' AG =231.8 kJ mol™! (R5)
0+0,+M - 0;+M  AH=-106.5kJ mol AG =—68.6 k] mol ! (R6)

The electron temperature is the primary tuning knob to control the radical production rate in the gas phase;
however, T, is not directly coupled with surface reaction chemistry and, thus, the contribution of 7 is not
formulated in the Arrhenius expression. Meanwhile, the number density of vibrationally excited molecules in
different vibrational quanta is correlated to 7.i, assuming Boltzmann distribution, yet 7.i, and 7, take different
values in NTP. This unique contribution of 7., has been studied in molecular beam research, providing useful
and insightful reaction kinetics involving vibrationally excited molecules. One debate has yet to be solved: the
molecular beam study does not provide a technical approach to generate abundant vibrationally excited
molecules without increasing the temperature of the entire reaction system. Laser-induced vibrational
excitation is not practical because of the cost. Moreover, the laser does not penetrate and is not accessible to
packed-bed catalysts in a reactor. Obviously, NTP provides a scalable and viable solution.

Sheng et al. have performed a kinetic analysis of CH4 dry reforming (CHs + CO, = 2CO + 2H>) in a PB-
DBD reactor. Reaction orders, activation energy, and the contribution of vibrationally excited CHs were
experimentally validated and correlated with mode-selective vibrational activation of CH4 and its reactivity
over metal surfaces [208]. First, the plasma did not change the reaction orders for CH4 and CO; because the
saturated surface coverage was not influenced by vibrational excitation [186]. The activation energy for 12
kHz DBD (83.2 kJ mol ") was slightly decreased compared to in thermal catalysis (91.2 kJ mol "), whereas
the reaction rate constant obviously increased. Reaction promotion was possible temporarily during streamer
propagation, but the catalyst surface was not fully covered by the streamer swarm [62]. Moreover, during the
DBD-off period over the cycle, plasma-induced synergy was obviously absent. This fact implies that we
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observed a mixture of thermal and plasma catalysis, which is defined as mixed catalysis in Ref. [208]: overall
CHs conversion is increased by the superposition of DBD, but the reaction is essentially dominated by thermal
catalysis. A similar reaction behavior was observed for CH4 steam reforming [209]. When 100 kHz DBD was
applied, the activation energy decreased dramatically from 91.2 k] mol™" to 44.7 kJ mol'. The lifetime (V-T
transition decay time) of bending-mode CH4 at 873 K and 5 kPa was estimated to be 31 us, while gas
breakdown occurred every 5 ps at 100 kHz: bending-mode CHs was accumulated in the reactor and
continuously reacted on the catalyst including during the DBD-off period. In the case of 12 kHz DBD, the
DBD-off duration (42 ps) is longer than the lifetime of the bonding-mode CHy; vibrationally excited species
are fully deactivated or consumed during the DBD-off period.
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Fig. 23. Activation energy of vibrationally excited CH4 reacting over Ni [208]. With permission from Elsevier.

Q 2v; —Ni(111)

Activation energy (kJ/mol)
~y 2v; — Ni(100)

v; — Ni(100)
» — Ni(100)
vz — Ni(111)
(9]
~
3v, — Ni(100)
v3 — Pt111)
3 — Ir(111)

3vy — Ni(111)
2vy — Pt(111)

The activation energy was compared with the mode-selective vibrational kinetics of CH4 chemisorption over
various Ni surfaces (Fig. 23). Unlike molecular beam studies, plasma catalysis possesses intrinsic complexity
of phenomena: (1) the catalyst surface is not clean and is contaminated by various adsorbed species. (2) metal
NPs inherently consist of various facets on their surfaces. Not only the metal surface, but also the support
materials and catalyst-support-interfaces play a significant role. (3) Not all molecules are excited in the
selective vibrational mode. Moreover, the radicals and charged particles play role. (4) Plasma-induced
modification of crystal structure and/or crystal defects in metal oxide support materials are also important.
Nevertheless, it is worth mentioning that the activation energy for selective vibrational CHs, on average, is
close to the experimentally observed activation energy. The results further indicate that the overtone stretching
vibration mode (2vs) further decreases activation energy to 23—27 kJ mol™'. Although the overtone vibration
mode is not generated by a single electron collision owing to the selection rule of vibrational transition,
multiple electron collisions with vibrational species are possible when vibrational molecules are accumulated
in a 100 kHz operation. The situation then becomes similar to the electron-induced ladder-climbing mechanism
(see R1). Further reaction enhancement by DBD is highly anticipated.

4.6 Modelling of plasma and catalyst: from each alone to in combination

Modeling of the plasma catalyst is an attempt to understand the five important matching issues described in
Section 2.1 by combining plasma reactions, which are non-selective volumetric gaseous processes mostly at
atmospheric pressure, and catalyst reactions, which are selective surface reaction at the gas-solid interface.
Models for plasma include input variables, such as power supply, discharge gas, reactor geometry, and pellet
type, and provide the spatial-temporal electric field, gas species density (even at a specific energy level),
electron temperature, and gas temperature (including rotational and vibrational), which will eventually be
important input data for atomic/molecular-scale simulation on the surface.

A typical plasma-catalyst reactor is a packed-bed concept, so the model must account for the complex
geometry of packing materials to set up a calculation domain, and the pellets shapes can be spherical, spheroid,
or even rod-shaped. Fig. 24 briefly describes the modeling approach used to obtain fundamental plasma
parameters in plasma catalysis. Specific pellets coated with conductive/non-conductive catalytic materials can
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be used; the surface pore structure, porosity, conductivity, and permittivity may be changed [31]. The boundary
conditions of each electrode or pellet surface should be carefully determined. Assuming that the surface
reaction model is important, the possible mechanisms are surface charging and charge accumulation,
adsorption and desorption, recombination, secondary emissions, thermal reactions, and catalytic material-
induced reactions. While the plasma-catalyst interactions seem complex, simulation can help us understand
more with the power of simplicity by assuming a specific fluid or particle model.

— Input — Output —
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Corona, DBD Nspecles(’x];’)

Ngpecies(iv,?) at specific E-level
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Fig. 24. Expected result of plasma catalyst modeling.

The fluid model approach is suitable for atmospheric plasma simulation at the micrometer scale [210-216].
Most of previous modeling studies have focused on analyzing the geometrical effects of packed materials.
Kang et al. first attempted to simplify single and double-stacked packed-bed discharges in a 2-D fluid model
and showed the advantage of a packed-bed structure that exhibits high electric field at the contact between
neighboring pellets [210]. In the latter work, distinct streamer propagations on a spherical pellet surface
without catalytic coating were discussed for primary/secondary streamer and cathode-directed streamer [212,
213]. Further studies have reported the concept of surface ionization wave [217], streamer propagation along
the pellets and transfer to the void [215], and even interference of the metallic catalyst on the streamer
propagation in 2-D models [214, 217]. Because the fluid model is advantageous for describing the classic
multi-physics phenomena of plasma-catalyst, future simulation is expected to include more physical/chemical
models to solve complex coupled phenomena such as material, chemical, and thermal effects. Although
computing power is getting increased faster than ever, continuous efforts to optimize calculation algorithms
are necessary to minimize the computation load and computing time. The quality of modeling results can be
enhanced with proper feedback of measurement data, such as the gaseous/surface reaction cross-section,
reaction rate, reaction path, and even information about the developing catalysts. Modeling of plasma dynamics
on both the macro-scale (i.e., packed-bed reactor) and micro-scale including intrapores has been rapidly
developing in recent years. Plasma modeling has been and will continue to be an attractive way to understand
the physics of plasmas. It is believed that recent and future advances in plasma modeling continue to provide
our society with valuable insights into plasma catalysis research.

Over the last two decades, computational science has become an essential tool in catalysis work to predict
elementary reactions at the atomic/molecular scale and to determine the energy barrier and reaction pathways.
Since catalytic reactions occurs at the atomic level, the multi-dimensional phenomena of the gas (plasma) —
solid (catalyst) reaction cannot be handled only by the fluid model. For this reason, recent studies have
attempted particle or particle-fluid hybrid models and paid attention to atomic-scale simulations [218-221].
The flux- and species-resolved data from plasma modeling are imperative for atomic/molecular scale
simulations to elucidate the true nature of plasma catalysis. The dynamic of atomic-scale interaction purely
belong to the computational field, density function theory (DFT) calculation and molecular dynamics (MD),
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because there is no available technology to monitor the rapid interaction between incident molecules and the
surface with corresponding time resolution (10 ~107'% s). There is no question about the importance of the
roles of atomic-scale simulations in plasma catalysis. DFT calculations can provide the interatomic forces
between hundreds of atoms and simulate detailed catalytic reactions; however, it is mostly static simulation
for catalytic reactions within picoseconds. Previous work has shown that atomic-scale simulations can predict
adsorption, chemical bond breakage, and diffusion into the atoms in a Ni catalyst under CH, plasma [220].
DFT can also provide a more in-depth simulation of dry reforming and CO, activation [218, 221]. Future
simulation is expected to focus on the development of time-dependent DFT describing a longer reaction period
including additional species in the calculation. Another challenge of atomic-scale simulation is to reduce the
heavy computational load with less calculation time.

5. Conclusion

The publication trends of plasma catalysis clearly indicate the phase transition from early development to rapid
growth. A variety of chemical reactions have been tested using different types of reactor designs, which
sometimes makes it difficult to compare the results from one to another. This interim report outlines the past
achievement in plasma catalysis and addresses some critical issues on which a general consensus needs to
reach for further development. A special critique is given on the present state of plasma catalysis, especially
regarding synergy.

As blueprints for future work, we have addressed several important issues and requirements. The
development of in sifu and operando measurement techniques is important for the systematic evaluation of
plasma catalysis. The development of nanosecond pulsed power supply capable of delivering high voltage (~
30 kV) with high frequency should be on the “To-Do list” for plasma community. Vibrational energy in plasma
has long been considered a magic key for forthcoming big progress. We have addressed the promising
possibility of incorporating vibrational energy by providing decent examples obtained from molecular beams
and surface science. The development of new catalytic materials for NH3 synthesis also suggests another
direction in which plasma catalysis can be pursued in the future. The combination of new materials and plasma
still possesses immeasurable potential to open a new phase of the chemical reaction. Activity inversion
indicates that a breakthrough in material matching can be achieved with unexpected materials that have been
considered less active in conventional thermal catalysis. Atomic/molecular scale simulation combined with
operando measurements is expected to answer important questions about the interfacial and defect control of
catalytic reactions and the chemical nature of NPs.

We hope that this interim report can address some of the ongoing uncertainty and guide future development
under intensive multidisciplinary collaborations between researchers from different scientific backgrounds.
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