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Abstract. The use of atmospheric pressure plasma to enhance catalytic chemical
reactions involves complex surface processes induced by the interactions of plasma-
generated fluxes with catalyst surfaces. Industrial implementation of plasma catalysis
necessitates optimizing the design and realization of plasma catalytic reactors that
enable chemical reactions that are superior to conventional thermal catalysis
approaches. This requires the fundamental understanding of essential plasma-surface
interaction mechanisms of plasma catalysis from the aspect of experimental
investigation and theoretical analysis or computational modelling. In addition,
experimental results are essential to validate the relative theoretical models and
hypotheses of plasma catalysis that was rarely understood so far, compared to
conventional thermal catalysis. This overview focuses on two important application
areas, nitrogen fixation and methane reforming, and presents a comparison of
important aspects of the state of knowledge of these applications when performed
using either plasma-catalysis or conventional thermal catalysis. We discuss the
potential advantage of plasma catalysis over thermal catalysis from the aspects of
plasma induced synergistic effect and in sifu catalyst regeneration. In-situ/operando
surface characterization of catalysts in plasma catalytic reactors is a significant
challenge since the high pressure of realistic plasma catalysis systems preclude the
application of many standard surface characterization techniques that operate in a
low-pressure environment. We present a review of the status of experimental
approaches to probe gas-surface interaction mechanisms of plasma catalysis,
including an appraisal of demonstrated approaches for integrating surface diagnostic
tools into plasma catalytic reactors. Surface characterizations of catalysts in plasma
catalytic reactors demand thorough instrumentations of choices of plasma sources,
catalyst forms, and the relative characterization tools. We conclude this review by
presenting open questions on self-organized patterns in plasma catalysis.
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1. Introduction

Plasma assisted catalysis has attracted interests since it may offer the potential to enhance
conventional catalytic processes and/or overcome some of the demanding requirements of thermal
catalysis [1]. Inspired by the success of plasma technology in the semiconductor industry [2, 3],
plasma catalysis has the promise to improve conventional thermal catalysis because of a number
of different aspects.

Firstly, the cocktail [4] of plasma agents that includes reactive radicals, electrons, ions, and UV,
along with electric field effects, may produce novel phenomena in gas-catalyst surface interactions.
For instance, plasma assisted catalysis has been reported to show a synergistic enhancement of
reaction rates and product selectivity as compared to conventional thermal catalysis [1, 5, 6]. In
addition, a recent report showed that the reaction rates in plasma catalysis can exceed thermal rates
as determined by chemical equilibrium of thermal catalytic reactions [7].

A second motivation is that plasma catalytic reactors enable decentralized implementation of the
required infrastructure. Decentralization is of extreme importance, since current industrial Haber-
Bosch (H-B) processes for ammonia production include indispensable peripheral reactors for
hydrogen production [8, 9] and CO removal [10]. The H-B reactor and peripheral reactors together
with relative specific power plants always require significant capital investment for infrastructure
realization. However, plasma catalytic reactors are more flexibly powered either by renewable
energy or grid-scale electricity [11] and operate at relatively modest pressure and temperature.
Hence plasma assisted N fixation reactors show great advantages in small-scale distributed
production reactors/plants [11-13] with less capital investment [14, 15].

Lastly, plasma-catalytic reactors are expected to exhibit better energy efficiency. The energy
efficiency of plasma catalytic processes could be improved by selecting suitable plasma sources
[12], applying vibrational excitation of gaseous reactant [11], or by reducing power consumption
and recovering heat [15].

Plasma catalytic reactions have been reported for various chemical applications, including
methane reforming, e.g. dry reforming of methane [16], steam methane reforming[17], and partial
oxidation of methane[18], nitrogen oxidation and reduction fixation [19, 20], along with CO
oxidation [21], CO, conversion [22], VOC [23] and pollutant removal [24]. These applications
used a number of different plasma sources [9, 25-29]. Plasma sources employed for plasma
catalytic reactors include DBD plasma sources [30-40], gliding arc plasma sources [41, 42],
plasma jet sources [25, 43-45], glow [46-48] and corona [49] discharges, and others [50, 51].
Additionally, catalyst properties vary widely, e.g. for methane reforming catalysts that differ in
particle size, material, e.g. cobalt, nickel or noble metal based catalysts [52, 53], catalyst loading
[54] and promoter choices [55], along with different catalyst supports [56] that have been
employed. These differences make the comparison of reports obtained for diverse plasma assisted
catalytic reactors and the interpretation of plasma catalysis data challenging [57]. To avoid these
complications, we focus in this review on two model plasma-catalytic systems, 1. e. methane
reforming and nitrogen fixation. For heterogeneous catalysis, elementary surface processes like
reactant adsorption, adsorbate reaction, and desorption of reactive species determine the catalytic



performances. We review the knowledge on elementary surface processes of catalytic reactions
available in published reports.

It should be noted that some reactors that use only plasma-induced reactions instead of
heterogeneous reactions by thermal catalysts are out of the scope of the present work [58-61].

The review is organized as follows: First, we discuss surface phenomena in plasma catalysis. The
synergistic enhancement of catalytic surface processes is dependent on appropriate plasma catalyst
surface interactions [1, 62], and thus will reflect if elementary surface processes can be enhanced
or tailored using low temperature plasmas. This is followed by a discussion of the effect of plasmas
on catalyst deactivation/regeneration induced by elementary surface processes. Second, thermal
heterogeneous catalysis for the two catalytic model systems mentioned above is briefly reviewed
as a foundation and comparison for understanding elementary surface processes of plasma
catalysis. Next, several aspects induced by the low temperature plasmas that can tune surface
processes for synergistic effects are discussed. Third, we review operando surface characterization
techniques suitable for analysis of heterogeneous catalysis processes and aim at unraveling plasma
catalyst interactions in terms of elementary surface processes. Characterization tools currently
employed for diagnostics of plasma catalytic reactors are also discussed. Next, instrumental
aspects for operando characterizations in plasma catalytic reactors are described that reflect the
increased complexity when heterogeneous catalysis is combined with the low temperature plasma.
Finally, self-organized patterns induced by surface processes seen in thermal catalysis are
described along with self-organized patterns observed in low temperature plasma systems and
open questions relative to plasma catalysis are discussed. Conclusions are summarized in the last
section.

2. Plasma catalysis and surface processes
2.1 Synergistic effect and surface processes

A synergistic effect has been seen for plasma catalytic reactors [1]. For plasma catalysis, a
synergistic effect indicates a situation where the consequences of the plasma coupled with thermal
catalysts on a given process, e.g. product yield, exceed the sum of the individual effects of plasma
and thermal catalysis by themselves [1, 63]. Despite a lot of attentions to these aspects, the
evidence on significant synergistic effects in plasma catalytic reactors is not as clear as one may
expect [63]. For the model catalytic process of methane conversion [6], the synergistic effect for
methane conversion was found for a supported Pd catalyst only for large DBD discharge power
that required a high operating voltage (4 kV V,,) and a catalyst temperature lower than 200 °C in
a reactor similar to a packed bed DBD catalytic reactor. Tu et al. confirmed a synergistic effect
for a DBD assisted reactor used for drying reforming of methane when a NiKAl catalyst at
temperature of 160 °C was employed [55]. In a packed bed catalytic reactor, a synergistic effect
was seen with a 2% weight Ni catalyst at 550 °C used for dry reforming of methane [64].
Specifically, the methane conversion rate for the plasma catalytic reactor was ~40% larger than
the sum of conversion rates measured separately when an AC power supply was used, but it was
less than 5% for a pulsed power supply. For steam reforming of methane [65], a synergistic effect
in a DBD assisted catalytic reactor was seen when the supported Ni catalyst was held at a moderate
temperature of 300 - 400 °C. In a packed bed plasma catalytic reactor used for destruction of



toluene, the destruction percentage of toluene in the plasma catalytic reactor was about 3 times
larger than the sum of destruction percentages of plasma only and Ag/y-Al,O, thermal catalysis
only if the catalyst temperature is lower than 250 °C, indicative of a synergistic effect [66]. A
synergistic effect was also seen for a DBD plasma catalytic reactor used for ammonia
decomposition employing various cheap metal catalysts (Ni, Co, Cu, Fe) and various supports at
an operating temperature of 450 °C [67]. The synergistic effect was dependent on catalyst
temperature of Fe based catalyst between 390 — 410 °C [68]. For some catalytic processes, e.g. a
packed bed plasma catalytic reactor used to break down propane and propene with both Pt/y-Al,O,
and Mn,O/y-ALO, catalysts, the plasma catalytic effect did not exceed the sum of the individual
effects seen for plasma only and thermal catalysis only situations [69].

From the review of the literatures, it appears that the operating range over which important
synergistic effects for plasma catalytic reactors are seen is quite limited. The fact that little
fundamental understanding of the impact of plasma on elementary surface processes is available
makes the mechanistic basis of synergistic effects unclear and presents a barrier to possibly
achieving significant synergistic effects.
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Figure 1. Exemplary processes in plasma catalysis.

In plasma catalytic reactors a number of complex surface-related processes are important (see
figure 1): the interaction of plasma induced gaseous fragments that can react in the gas phase (see
(D in figure 1), along with the chemical processes that take place at the catalyst surface ((2) and
(3) in figure 1). The incoming reactants at the catalyst surface in a plasma catalytic reactor consist
of the input reactants that are the same as in thermal catalytic reactors (see (3) in figure 1) and the
featured plasma induced species, ions, electrons, or photons (see (2) in figure 1). The catalytic
reactions may be accelerated by the plasma induced reactive intermediates or by surface chemical
modifications, physical morphology changes, and/or plasma-induced electric field or defects [70,
71]. On the catalyst surface, adsorption of species can be enhanced in ambient condition that is
not possible in conventional thermal processes by plasma excited species [13, 68]. In addition,
plasma enhanced desorption processes are found to be important in plasma catalysis, as is shown
that the plasma induced recombinative desorption of adsorbed N significantly enhances the
ammonia decomposition on metal catalysts [67, 72].

2.2 Catalyst deactivation/regeneration and surface processes
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Figure 2. Schematic of carbonaceous deposition on Ni catalyst (a) and TEM image of carbon
deposition on supported Ni catalyst (b). Figure (b) reprinted from [73], with permission from
Elsevier.

Deactivation of thermal catalysts is ubiquitous for industrial processes and based on various
reaction pathways on the catalyst surfaces [74]. For dry methane reforming using Ni catalysts,
carbon deposition and coke formation are the most important deactivation mechanisms [75, 76].
As shown in figure 2, amorphous carbon may be deposited over active sites of the catalysts and
thus Ni particles are blocked from interacting with the reactants. Coke formation is mainly due to
hydrocarbon film formation [74, 76]. Reaction pathways of carbon deposition are shown in table
1. As seen, carbon deposition is overwhelmingly due to methane pyrolysis reaction R1 at a
temperature higher than 900 °C. When the temperature is moderate (550 - 700 °C), the Boudouard
reaction R2 leads to the carbonaceous deposition. According to the general working conditions of
plasma catalysis, the catalyst temperature is expected to be even lower than 500 °C. At this
temperature, catalytic dehydrogenation R3 dominates the carbon deposition process. As long as
active carbon atoms formed on the Ni surface are not desorbed, they can be dissolved into the Ni
catalyst until they exceed the solubility limit. Subsequently, carbonaceous layers will develop into
different structures, including whiskers (see figure 2(b)), flakes, and others [76].

Table 1 Reaction path of carbon deposition

Reactions Reference
R1 CH, — 2H, + Cy [57,77]
R2 2CO — CO; + Cu [76, 77]
R3 CH, —» CH,.. + Hyuo — 2H,, + Cu [74, 78]

Another catalyst deactivation process is the catalyst loss due to vapor formation. If we consider
the Ni catalyst used for the methane conversion process, the adsorption of four CO moieties on the
Ni catalyst surface can lead to the formation of nickel carbonyl which is volatile [75]. Volatile
catalyst loss mechanisms are especially important for industrial nitrogen fixation processes that
use Pt catalyst. In the Ostwald process, the Pt catalyst is oxidized to platinum dioxide. Oxidized
Pt is volatile around 900 °C and lost at the rate of 0.3 g per ton of produced nitric acid [79].

Plasmas may change the catalysts’ stability [80, 81] that is one of the most important factors
for realistic applications. One reason for the reduced catalyst stability leading to catalyst
deactivation in methane-containing environments is coke formation. Plasma-induced excessive



methane activation accelerated coke formation on Ni catalysts as reported for a packed bed DBD
plasma catalytic reactor used for dry reforming of methane [82]. Another factor reducing the
catalyst stability refers to structural and textural modification. Plasma treatments lead to oxidation
of metal cluster under even mild temperature, including nickel oxidation in the plasma-assisted
dry reforming of methane [83], and AuO, formation from metallic Au in the plasma-assisted
acetaldehyde decomposition [80]. In addition, Pt catalyst particles may mitigate on support surface
and lead to the sintering during a dielectric barrier discharge as shown by X-ray diffraction
technique [84].Transmission electron microscopy revealed the average size of gold cluster of a 2%
Au/CeZrOy catalyst increased from 0.7 nm to 1.8 nm after the non-thermal plasma treatment,
indicating a sintering [85].

But plasma regeneration of catalysts has been even more reported by a number of investigators
[86-91]. These approaches are of interest owing to reports of great ex situ efficiency of catalyst
regeneration using low temperature plasma techniques for surface modifications. Ex sifu plasma
regeneration of catalyst is of less interest than in-situ catalyst regeneration techniques used in
industrial situations, e.g. single atom catalysis [78]. Ideally, plasma regeneration of catalysts
should occur simultaneously (operando) with the plasma catalytic reactions [92]. For instance,
coke formation can be suppressed by plasma techniques as shown in [83]. For methane conversion
with Ni catalysts, operando DRIFTS measurements showed a correlation of the decrease of CH,,
bond during plasma exposure with the increase of C-O surface bonds (see figure 3), implying the
potential for operando plasma regeneration of catalysts [93]. The application of operando plasma
regeneration of catalysts deserves further study, along with investigation of surface processes in
plasma catalytic reactors and optimization.
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Figure 3. Schematic of operando plasma regeneration of catalysts via removal of CH, bond.
Reproduced with permission from [93], copyright 2020 IOP Publishing.

3. Tailoring surface processes in plasma catalysis

To tailor the surface processes in plasma catalysis, it is essential to unravel elementary surface
processes and distinguish heterogeneous catalytic processes as compared to gas phase reactions.
An understanding of surface processes for model catalytic systems has been obtained using surface

science approaches for conventional thermal heterogeneous catalysis and will be reviewed first.

3.1. Surface processes in the model thermal catalytic systems.



Two catalytic reaction systems chosen as model systems and well established in industrial settings
are briefly described.

3.1.1 Nitrogen fixation

Reductive nitrogen fixation focuses on ammonia production by the Haber-Bosch process. In
industry, this is performed with an iron catalyst at a temperature of 400 — 600 °C and pressure of
20 — 40 MPa [79]. Plasma oxidative nitrogen fixation is concerned with the formation of nitric
acid that is the starting material for agricultural fertilizers. Plasma oxidation of dinitrogen to nitric
oxide by the Birkeland-Eyde (B-E) process preceded the H-B process [94]. However, the H-B
process is economically superior to the B-E process. Nitric acid is industrially produced via
oxidation of ammonia by the Ostwald process at 800 - 900 °C, and pressure of 0.2 — 4 MPa using
a Pt catalyst [79, 94].

Surface processes of ammonia production using the conventional H-B process have been
systematically studied by Ertl and coworkers [95-101] using an experimental surface science
approach [95, 102]. Some of their key findings are schematically shown in figure 4. Adsorbed
atomic nitrogen is formed via a precursor of an intermediate adsorbed molecular nitrogen species
[97]. Sequential hydrogenation of the atomic nitrogen adsorbate on the iron surface leads to
adsorbed molecular ammonia that desorbs as gaseous product. The reaction paths shown in figure
4 were established using a single crystal Fe catalyst in an ultra-high vacuum (UHV) environment.
Nevertheless, the theoretical values obtained with the reaction pathways on single crystal catalysts
predicted an ammonia yield that was found to be in good agreement with experimentally obtained
values for realistic industrial catalytic processing conditions [95].
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Figure 4. Schematic of surface processes of ammonia synthesis in the H-B process

The surface processes producing nitric acid by ammonia oxidation using a Pt catalyst have also
been studied using a surface science approach employing a UHV chamber and single crystal
catalysts [103-106]. The mechanisms established in that work are schematically shown in figure
5. The surface reactions consist mainly of sequential dehydrogenation of adsorbed ammonia
followed by the oxidation of the atomic nitrogen via the reaction with atomic oxygen adsorbate on
the Pt surface.
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Figure 5. Schematic surface processes of ammonia oxidation in Ostwald process

Surface processes in a catalytic reaction are always limited by one or several rate-determining
steps [107]. Identification of the rate-determining step critically depends on the local catalytic
conditions, such as catalyst surface properties, surface coverage conditions, temperatures,
pressures and additional factors [102, 108]. For instance, if we take the H-B process in realistic
conditions, a small number of catalytic experiments indicated that at higher partial pressure of
ammonia, ammonia desorption is the rate-determining step owing to the ammonia blocking the
catalyst sites for nitrogen dissociation [102, 109, 110].

However, the rate-determining step of H-B process is more assumed as the dissociation of
molecular nitrogen to atomic nitrogen [111, 112] as the triple nitrogen bond has a high dissociation
energy of ~945 kJ/mol [113, 114]. Cleavage of the dinitrogen bond adsorbed on transition metals,
i.e. iron in the H-B process, is promoted by electron donation to the 7* orbitals of N> from d orbitals
of the electron-donating Fe catalyst [97, 113-115]. The energy barrier or activation energy of
dissociation of adsorbed dinitrogen on the iron surface is decreased to around 4 kJ/mol as shown
in figure 6(a), two orders of magnitude smaller than that of the gas phase reaction. Additional
studies showed how to further decrease the activation energy for ammonia synthesis by tailoring
the electron donation capacity of catalyst materials [114, 116] and by vacancy based nitrogen
activation [ 117]. Furthermore, the theoretical limit of catalyst performance is characterized by the
scaling relation connecting the activation energy of N> dissociation and the binding energy of N
related intermediates on the catalyst surface for ammonia synthesis [118, 119]. As the scaling
relation is catalyst structure dependent, it was concluded that oxides may be ideal catalysts for
ammonia synthesis at low pressure [118]. As the major barrier for the improvement in thermal
catalytic ammonia synthesis was the scaling relation, plasma catalysis was reported to produce
ammonia at mild temperature and pressure at rates comparable to the realistic high pressure and
temperature industrial H-B process by overcoming the scaling relation [120].
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Figure 6. Potential diagram of dissociation adsorption of dinitrogen and hydrogen on the iron
catalyst (a) and methane on the Ni catalyst (b). The modified figure (a) is based on systematic
experimental work by Ertl ef al. [95, 98, 115], adapted with permission from [95], copyright
Wiley Materials. It should be noted that the activation energy of dissociation/adsorption of
dinitrogen on iron catalyst is dependent on the catalyst surface coverage and crystal structure
[97, 98]. The 60 kJ/mol value given in figure (b) is based on Ref. [121]. For an explanation of
the other values presented here, see section 3.1.2.

For plasma assisted nitrogen fixation, plasma induced dissociation of dinitrogen is an extra
reaction pathway for nitrogen atoms in addition to the adsorption/dissociation of N> on iron
catalyst surfaces [35, 44, 122, 123]. And the plasma induced dinitrogen dissociation via e + N, —
e + 2N has an energy threshold around 9.8 eV [124] (945 kJ/mol). Atmospheric pressure low
temperature plasmas with an average electron energy of approximately 1 eV have roughly a
fraction of 10 of the total electron with the energy above 9.8 eV due to the non-equilibrium
characteristics of low temperature plasmas and enable around 1% ammonia production [70, 124].
In addition, simulation results showed that the reaction H + NH — N + H> can produce a similar
number density of N atom as the electron impact dissociation of N> in an atmospheric pressure
No/Hz plasma catalytic model for ammonia synthesis [125].These imply the possibilities of further
reducing energy costs in plasma catalysis in comparison with conventional thermal catalysis.

3.1.2 Methane reforming

The hydrogen needed for industrial H-B processes is supplied by steam methane reforming. Steam
methane reforming reactions use nickel catalysts at a temperature of 750 — 850 °C and pressure of
3 — 5 MPa [79]. For steam methane reforming there exist successful theoretical studies aimed at
elucidating the surface processes for nickel catalysts [ 126-128]. The model derived from that work
is shown in figure 7. Gaseous methane is reformed on the Ni catalyst surface mainly via primary
dehydrogenation of adsorbed methane molecules followed by oxidation of the intermediate carbon
and desorption of molecular hydrogen. To the best of the authors’ knowledge, there are few direct
experimental studies reported using surface science approaches to study the surface processes as
in the case of H-B and Ostwald processes in section 3.1.1. Nevertheless, helpful work on methane
conversion has been described in references [129, 130].

g%cm CO“ H, 0, gzo
(SR

Figure 7. Schematic surface processes of methane reforming by O» and H>O.

Catalytic methane reforming on Ni catalysts begins with dissociative adsorption of methane
molecules on the catalyst surface [128, 131]. The rate of C-H bond cleavage determines the rate



of methane conversion [132-136]. As shown in figure 6(b) the activation energy of C-H bond
cleavage in the gas phase is around 435 kJ/mol [132, 137, 138]. With the methane molecule
adsorbed on the Ni catalyst surface, the activation energy or barrier energy [133, 139] of
dissociative adsorption of methane decreases to around 58 kJ/mol [126, 128, 135, 140, 141] for
the first dehydrogenation of CHs and H atom formation on the Ni(111) surface. The activation
energies for diverse Ni crystal surfaces differ slightly [126, 135].

As reported in [142] for a plasma catalytic reactor used for methane oxidation, plasma induced gas
phase reactions dominate the creation of products as long as the catalyst temperature is lower than
200 °C. Plasma induced gaseous reactions can include dehydrogenation of methane via electron
[55, 56, 143, 144] and metastable species [145] impact dissociation for methane conversion. The
rate determining step for methane conversion is C-H cleavage that has a threshold energy of 8.8
eV [145] (849 kJ/mol) via electron impact dissociation, e + CH, — e + CH, + H, in plasma catalysis.
Even though the threshold energy of electron impact induced C-H cleavage is larger than the
thermo-catalytic activation energy in figure 6(b), non-equilibrium low temperature plasmas could
tailor the elemental surface processes on catalysts, such as the adsorption or desorption processes
of species, by excited species as discussed in section 2.1 and detailed in next section.

3.2 Tailoring processing variables in plasma catalysis

The understanding of elementary surface processes obtained for thermal heterogeneous catalysis
of CH4 and N> described above shows that the significantly decreased activation energies of bond
cleavage for C-H and N=N on catalyst surfaces relative to dissociation energies in the gas phase
are the foundation of thermal catalysis for these gas-solid systems. This implies that for the gas-
plasma-solid systems of plasma catalytic reactors, tailoring of the plasma enhanced surface
processes and/or plasma induced gas phase reactions could be instrumental for further decreasing
catalytic activation energies. This could then be reflected in substantial and competitive synergistic
effects for plasma catalytic reactors.

Several features of reactants produced in plasma catalysis have been reported to be candidates for
tailoring plasma catalytic surface processes. These include the impacts of vibrationally excited
radicals, electrons, electric fields, ions and photons present in plasma catalytic reactors on surface
processes and will be reviewed now.

3.2.1 Effect of vibrationally excited species

The effect of vibrational energy on surface reactivity in gas-surface interaction has been
investigated more at low pressure. Using an UHV chamber, Ceyer ef al showed that the energy
barrier to dissociative chemisorption of methane on a Ni(111) catalyst can be overcome by the
translational or vibrational energy of methane molecules. They found that the probability of
dissociative chemisorption of methane on Ni(111) catalysts was enhanced in an exponential
fashion. As the methane translational energy increased from 50 kJ/mol to 71 kJ/mol they saw an
increase of the probability of dissociative chemisorption of methane on Ni(111) by 2 orders of
magnitude [146]. With a N, beam directed at a Fe(111) crystal surface in an UHV chamber, the
dissociative adsorption probability of nitrogen molecules increased tenfold as vibrational energy
increased from 0.3 eV to 0.6 eV [147]. The enhanced reactivity of vibrational molecules and

10



greater dissociative adsorption on metal surfaces has also been reported for water-Ni(111) [148],
hydrogen-Cu(111) [149, 150], dinitrogen-Ru(001) [151], methane-Ir(111) [152], and methane-
Pt(111) [153]. Moreover, a density functional theory (DFT) model suggested that vibrational
excitation of methane should significantly enhance the reactivity of methane on single crystal Ni
surfaces by increasing the dissociative sticking probability [154].

For plasma catalytic processes involving CHa, vibrationally excited methane [65, 136, 155, 156],
CO; [155], and H20 [65] species were postulated to enhance dry/steam methane reforming. The
apparent activation energy of methane dissociative adsorption on Ni catalyst was found to have a
~10 kJ/mol decrease for a packed bed DBD catalytic reactor [133]. This is of the same order as the
energy threshold for electron induced vibrational methane of 0.1 eV [156, 157]. In a packed bed
DBD catalytic reactor operated at 5 kPa pressure for dry reforming of methane [82], the production
rate of vibrationally excited methane at 12 kHz and 100 kHz excited discharge has been estimated
by solving Boltzmann’s equation. The authors found that the dependence of the production rate of
vibrational methane correlated well with the dependence of the net methane conversion rate at the
two discharge frequencies. Furthermore, the apparent activation energy of methane dissociation
for a NiLa/Al,O3 catalyst was obtained from an Arrhenius plot. As compared to the thermal
activation energy of around 91 kJ/mol, the activation energy changed slightly for the 12 kHz DBD
catalytic reactor but was only 44.7 kJ/mol for the 100 kHz plasma catalytic reactor. The authors
concluded that the activation energy decrease was due to the twofold increase of vibrationally
excited methane yield for the 100 kHz reactor as compared to the 12 kHz reactor [158].

The authors of reference [68] reported that ammonia conversion in a DBD catalytic reactor using
an iron catalyst increased by 40% as a result of plasma excitation. They reported a correlation
between the electronically excited ammonia reflected by OES spectra and ammonia conversion;
And an enhanced adsorption of excited NH3 compared to the ground state ammonia adsorption on
Fe catalyst was elucidated by temperature-programmed desorption. It was concluded that the
increase of ammonia conversion was due to electronically excited ammonia that enhanced the
capacity and strength of adsorption. The authors of reference [13] found that the activation energy
of a plasma catalytic reactor for ammonia production was around one third of the value seen for a
thermal catalysis reactor, and attributed the decrease to the contribution of vibrationally excited
nitrogen species. Work from [120] predicted the contribution of vibrationally excited nitrogen to
ammonia synthesis in low temperature atmospheric pressure plasma catalytic reactor led to a
production rate that matched the industrial H-B process performed at high temperature and high
pressure.

The enhanced rate of dissociative adsorption on metal surfaces by vibrationally excited molecules
is not conclusive yet in work on gas-surface interactions since the enhancement is often entangled
with that resulting from the increase of the translational energy of molecules and limited
experimental results were reported [159-161]. For plasma catalysis, attempts have been described
to clarify the enhancement effect due to the low temperature plasma relative to the overall effect
seen in the plasma catalytic reactor, by performing plasma-only and plasma-assisted catalysis
experiments [162, 163]. It is also of great importance to decouple effects of the basic elements of
the plasma cocktails by experimental observation, especially for effect of the vibrationally excited
species. The reason is that it is often assumed that vibrationally excited species are quite effective
to induce synergistic effect of plasma catalysis (see statements above), while on the other hand
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contributions of the vibrational excitation to plasma activation is always accompanied by
electronic and/or ionization activation in plasma catalysis.

3.2.2 Electronic effect at plasma-catalyst interface

The unique interfacial layer formed by charged particles in a plasma catalytic reactor is perhaps
the most distinctive feature of plasma catalysis. Surface charging [164] in plasma catalytic reactors
was found to be a powerful parameter to tune catalyst reactivity and selectivity of CO> splitting on
supported transition metal (Ti, Ni, Cu) single atom catalysts (SAC) [165]. High electron power
and ion power density deposited in the thin interfacial layer on supported Ni catalyst can trigger
heterogeneous reactions and enhance CO production for CO; splitting [166]. Moreover, the
surface ionization wave or discharge [167-169] formed in the interfacial layer on the catalyst was
found to be influenced by the dielectric constant of the catalyst support.

Electron flux

One mechanism to tune surface processes in plasma catalysis via the interfacial layer may be due
to the electron flux at the catalyst surface. In heterogeneous catalysis, two types of electron induced
flows are generated during the chemisorption processes [170]. Electrons are transferred from the
metal catalyst to the adsorbed molecules, which enhances dissociative chemisorption. Quantum-
mechanical analysis of the interaction with catalysts shows that transfer of d orbital electrons from
the transition metals to the antibonding orbitals of the adsorbing molecules facilitates the
dissociation of the adsorbates. For nitrogen adsorbed on an Fe catalyst, electrons transfer from the
metal catalyst to the antibonding orbitals of nitrogen weakens the adsorbed dinitrogen bond and
strengthens the Fe-N» bonds, and in this fashion decreases the activation energy of dissociative
adsorption [97]. For the CHs-Ni system, electron transfer from the o orbitals of C-H to the vacant
d orbital of Ni leads to bonding of the adsorbed species [171] [140, 172]. The C-H bond is broken
as it is stretched on the Ni catalyst [173, 174].

On the other hand, non-adiabatic electronic excitation during the exothermic chemical processes
on the catalyst surface leads to a flow of electrons with 1 — 3 eV energy that have been called “hot
electrons” [170, 175, 176]. Generation of this type of electrons can be due to exothermic
chemisorption processes [170, 177], or incident photons [178, 179]. The hot electron flow
influences elementary surface processes, including atomic scale desorption [180, 181], and
diffusion/reaction processes [182, 183]. Additionally, it has been found that hot electrons can
induce a current through the interface of the metal catalyst and the oxide support. This current has
been well correlated with the turnover frequency of the catalysts via the comparable activation
energies of the current and the turnover rate [176, 184, 185].

Electric field effects

The enhanced local electric field may tune surface processes via the dipole moment of the
adsorbates. An elegant example of tailoring surface process via dipole moment in thermal catalysis
is the potassium promoted iron catalyst for ammonia synthesis. As shown in the upper two images
of figure 8(a), adsorption of N> on the iron surface leads to a small dipole moment (~ 0.4 D) [97].
Charge transfer from K in close proximity can enhance the dipole moment. The adsorption energy
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of dinitrogen can thus be increased by ~40%, which reduced the activation energy for dissociative
adsorption [115, 186]. On the other hand, as the dipole moment of adsorbed NH3 is opposite to
that of Fe-Nj, the presence of potassium reduced the adsorption energy of NH3. As shown in the
lower two images of figure 8(a), the desorption process was enhanced in this way. The promotion
effect of K for an iron catalyst for ammonia production is in agreement with industrial applications
[109]. As the local electric field is a unique feature of plasma catalytic reactors as compared to
thermal reactors, control of the electric field on catalyst surfaces may be useful for tuning surface
processes and thus plasma catalytic activity or selectivity. A dipole moment-based mechanism has
been described in the review of electric field induced catalysis [187]. As shown in figure 8(b), the
surface coverage of water on Ni catalyst obtained by X-ray photoelectron spectroscopy positively
correlated with the applied electric field strength for steam methane reforming. It should be noted
that the electric field required to observe a significantly enhanced catalytic activity is in the range
of 0.1 — 1 V/A as indicated in [187]. This is larger than observed electric fields at the plasma-solid
interfacial layer which are about 1 — 100 kV/cm [164, 166, 169, 188] (10° — 107 V/ A). However,
as the scale of powder catalysts is of the order of ~um or smaller, the local electric field seen for
plasma catalytic reactors may increase due to the reduced radius of curvature for irregularly shaped
powder catalysts.
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Figure 8. Surface processes for K promoted iron catalyst used in ammonia synthesis (a) and
dependence of the water coverage on a Ni surface post reactions of steam methane reforming
at different electric field strengths via XPS. Figures (a) and (b) reprinted with permission from
[186] and [187], copyright 2010 John Wiley and Sons and 2018 American Chemical Society
respectively. The electric field values employed for the results of figure (b) are in the V/A
scale.

3.2.3 Effect of photon emission and energetic ions

Plasma-related photon emission and energetic ion bombardment are also expected to influence
catalytic surface processes. For DBD catalytic reactors used for CO; splitting [5], UV emission is
not high enough to activate photo-catalysts for CO conversion to CO. Collision-induced surface
modification by energetic ions has been mentioned as a possible mechanism in references [1, 62].
Collison induced dissociative chemisorption and desorption of methane on Ni(111) surface was
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reported for situations utilizing an Ar beam with a minimum kinetic energy of 1.21 eV and 1.0 eV,
respectively [146, 189, 190]. This is larger than the kinetic energy of species for commonly used
atmospheric pressure plasma jets [ 191] for which this energy is on the order of 0.01 eV. Therefore,
for typical plasma catalysis systems used for methane reforming with Ni and nitrogen fixation with
iron, collision-induced modification of surface processes may rarely take effect. The etching effect
on catalysts seen in plasma catalytic reactors has been very mild. For instance, ion-assisted etching
processes typically involve ion energies at the order of 10 eV or larger, and for low pressure
systems are due to ion acceleration by dual frequency RF power supply or an extra bias RF power
supply on the substrate side. These approaches are not used for current plasma catalytic reactors.
On the other hand, in computational modeling of surface processes using atmospheric pressure
plasma sources by Kushner ef al., the presence of energetic ions has been noted and they discussed
that upon interaction of plasma streamers with flat surfaces, ion energies can reach from tens of
eV to 100 eV, depending on the dielectric material the surface consists of [192]. For ion interaction
with 45 pum particles, energies of up to 3 — 10 eV per ion was theoretically obtained [193].
Therefore, the energies of the ion appear unclear especially for the currently studied plasma jets or
DBD catalytic reactors. As a result, role of ion bombardment for surface processes requires further
work to draw definitive conclusions.

4. Characterization of surface processes in plasma catalysis

The mechanistic complexity of plasma catalytic reactors makes the design of plasma catalytic
reactors based on trial and experimentation unrealistic, given the number of possible approaches
to integrate plasma sources and the large number of catalyst choices. The obtaining of mechanistic
insights on plasma-catalyst interactions at the molecular or atomic level based on studies of plasma
catalytic processes is required instead for laying the groundwork for the design of better plasma
catalytic reactors. This includes characterization of the outermost layers of catalysts via operando
characterizations, establishing knowledge on the interactions of incoming fluxes, kinetics of
surface processes and the downstream products.

As shown in table 2, in a plasma catalytic reactor, the type of information of interest may be
separated roughly into three groups.

Firstly, the incoming fluxes from plasma sources are unique for plasma catalysis and can be studied
by different types of laser/optical diagnostics. A review of such characterization methods has been
given in reference [194].

Secondly, the downstream characterization of products can be quantified via in-line gas
chromatography [133], mass spectrometry [43, 82, 83], or infrared absorption spectroscopy [25].
Combined with ex situ surface characterization, a large portion of published reports used
information on downstream products to evaluate the performance and synergy of plasma catalytic
reactors as described in section 2.1.

Thirdly, for catalyst surface characterization, information on the adsorbates formed on catalyst
surfaces is of the essence for understanding plasma catalytic reaction kinetics. In situ/operando
characterizations of intermediates on catalysts have rarely been reported and knowledge on the
intermediates is quite limited considering all the possible adsorbates that may be produced on
catalysts in plasma catalytic reactors. To clarify the terms, operando refers to real operational
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conditions, i.e. under the temperature, the pressure, and plasma conditions that are used for the
actual practical processes; in situ means at a location, generally meaning inside the catalytic reactor.
For the reported work on plasma catalysis, in situ was often used, while in fact it meant operando.
In this work, the usage of in situ or operando follows each literature. Surface analysis tools are
now well developed for ex situ/in situ characterization of the catalyst (see table 2) and have been
widely employed for the study of thermal heterogeneous catalysis, including questions of catalyst
reconstruction, chemical state changes and others [76]. In contrast, little work has been reported
on operando investigation of the evolution of surface structure for catalysts in plasma catalysis.
This aspect determines the catalyst reactivity in the chemical environment.

Table 2 Characterizations of plasma catalytic reactors

Objective Note Typical characterization
tools
Spatial dependence of reactive species Laser induced
Plasma induced | produced by plasma source, electron fluorescence, molecular
fluxes arriving at | density and properties, ions, metastables, beam mass spectrometry
the catalyst surface reactive oxygen and nitrogen species, local | [194], ICCD image [195],
electric field, etc. etc.
Adsorbates: intermediates, species Infrared technique [196],
adsorption, adsorbate motion, desorption etc. *
Characterization of | Adsorbents: catalyst active sites, catalyst Raman spectroscopy
catalyst surfaces | geometric/electronic structure, catalyst [197], X — ray absorption
during processing | chemical states, surface structure spectroscopy [198], etc. *
reconstruction, surface defects, vacancies,
steps, kinks, etc.
Downstream Products produced in reactor gas chromatography [133],
products IR absorption
spectroscopy [25], etc.

* more other techniques could be referred to the Appendix
4.1 Activation energy of sorption and surface coverage

Adsorption and desorption activation energies are of utmost importance for evaluating reaction
energies and catalytic reaction kinetics. Adsorption of molecules with surface could lead to the
formation of a chemical bond or not, relating to chemisorption or physisorption respectively [199].
The activation energy of adsorption E, 45 can be obtained based on the observed surface coverage
of the adsorbate. According to [199], the rate of adsorption is given by

aoy P Eags
Tads(Or) = 073 = o= Sof (Br)exp(= =9 (1)

where 7,45 1s the adsorption rate of species and reflects the surface coverage; 6, = 0 /0y, is the
relative surface coverage as compare to the saturation surface coverage of the species; g, is the

density of adsorption sites; F = P/,/2mmkTg,s defines the incoming flux of adsorbing species at
the surface based on kinetic gas theory; s, is the initial sticking probability; f(6,) indicates the
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dependence of the sticking probability on surface coverage. For a well-defined adsorption process,
E,q4s 1s obtained from a plot of In(r,45/P) vs 1/T for constant surface coverage [199]. The surface
coverage is obtained by the application of surface analysis techniques. For instance, in the study
of the dissociative chemisorption of dinitrogen on single crystal iron, the atomic nitrogen adsorbed
on a polycrystalline iron foil [200] or single crystal iron [98, 99] was quantified using Auger
electron spectroscopy (AES) of the Nl1s (380 eV) peak in an UHV chamber. Work function
measurements have been performed to acquire the coverage of adsorbed molecular nitrogen to
study the intermediate precursor of N> dissociative chemisorption as the electron beam of AES
interferes with the N> adlayer [97]. When a powder catalyst was used for ammonia synthesis,
adsorbed nitrogen was quantified by the weight change at near-ambient pressure [201].

Likewise, the activation energy of desorption Eg.s can be determined via the surface coverage.
According to [199], the rate of desorption is given by

doy Edes
Tdes = —0p dt = _UAV(@r)aneXp(_ I(:_T) (2)

where v is the pre-exponential frequency factor and n is the reaction order [199]. Temperature-
programmed desorption (TPD) is generally used to study desorption process using a quadrupole
mass spectrometer by heating the catalysts linearly after exposing the catalyst to a given dose of
gas species. Details of TPD can be found in references [199, 202]. Note that when the adsorption-
desorption equilibrium of certain species has been established, i.e. 1,45 + 74es = 0, the isosteric
enthalpy of adsorption satisfies gt = Eges — Eaqs [199].

The sequences of elementary steps in a plasma or thermal catalytic process that consist of
adsorption of reagents, surface reaction of intermediates, and desorption of products can often
simplified to the rate-determining step or steps based on the real conditions [108]. Combinations
of activation energies of key elementary steps lead to an apparent activation energy. A simpler
method to obtain the apparent activation energy is based on the rate of methane conversion for
plasma assisted dry reforming of methane [133, 158] or the rate of ammonia production for plasma
assisted nitrogen fixation [13]. If we take the dry reforming of methane as an example, it is
important to distinguish the plasma induced catalytic methane conversion (as (2) and (3) in figure
1) from the plasma induced gaseous methane conversion to obtain the apparent activation energy
of plasma catalytic processes using the methane conversion rate. This correction of plasma induced
gaseous methane conversion was taken into account in [133]. Another basic method to obtain
apparent activation energy is to characterize in situ/operando surface coverages of intermediates
and use these to deduce the activation energy of each key elementary step on catalyst surface and
combine them together in order to formulate more well-grounded overall reaction sequences of
plasma catalytic processes.

4.2 Characterization of Intermediates

For atmospheric pressure plasma catalysis determination of surface coverages of intermediates,
their temperature dependence and activation energies are difficult because of competing
requirements. For heterogeneous catalysis, elementary steps on catalysts have been investigated
via surface analytical tools at low pressure using well-defined model catalysts, and involves a
pressure gap and material gap relative to industrial catalysts working at high pressure and
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temperature [95, 199, 203-206]. The combination of that complex environment with low
temperature plasma enhances the complexity and associated difficulties to perform in
situ/operando characterization of surface processes [165].

At this time, infrared vibrational spectroscopy [207] is the technique that is most easily applied for
operando studies of intermediates in plasma catalytic reactors.

4.2.1 Infrared spectroscopy

The surface coverage of adsorbates can be determined by transmission infrared spectroscopy as
demonstrated for several plasma catalytic reactors [47, 51, 208-211]. When performing
transmission IR, the catalysts must be placed in a holder [51] or pressed into a pellet [47, 208-211]
for immersion into the plasma. The IR light beam penetrates the catalyst sample and the transmitted
light is typically collected by a customized collector, either a mercury cadmium telluride (MCT)
or a deuterated L-alanine doped triglycene sulphate (DLaTGS) detector. As an example, we display
in figure 9 changes of surface coverage of different intermediates obtained during plasma assisted
oxidation of toluene.
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Figure 9. Schematic of in situ transmission infrared spectroscopy in a plasma assisted toluene
oxidation. Left: the IR light goes through the catalyst sample, right: the evolution of surface
coverage of intermediates. Reproduced with permission from [51], copyright Wiley Materials.

Another IR technique commonly used for characterization of powder catalysts is diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) based on collection of diffuse
reflected IR light. DRIFTS can reduce the interference of catalysts support as compared to the
transmission IR technique. To get ample diffuse reflected IR signal, it is preferred that the particle
size does not to exceed the wavelength of the incident IR wavelength, ~ 10 um for mid IR. The
penetration depth of DRIFTS can be calculated based on the extinction coefficient of the
corresponding catalysts [212]. Applications of operando DRIFTS for various plasma catalytic
reactors can be found in the literature [25, 43, 51, 213-215]. As shown in figure 10, the C-O bond
evolution rate under various partial pressures and catalyst temperatures has been obtained during
plasma catalytic methane conversion. In figure 10(a), with the methane switched off, desorption
of C-O under plasma exposure takes place at constant catalyst temperature. It is worthy to note
that figure 10(b) demonstrated the formation of C-O intermediates at a temperature as low as 25
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°C, whereas this would not occur without the plasma at 500 °C. The result in figure 10 also suggests
that for conditions where the catalyst temperature can be carefully controlled, DRIFTS
measurements may be combined with operando TPD, along with other temperature-programmed
techniques, especially at atmospheric pressure. Note temperature-programmed desorption of CO»
has recently been reported by Nozaki et al at around 10 kPa [216].
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Figure 10. Dependence of C-O bond evolution rate on partial pressure (a) and catalyst
temperature (b) in a plasma catalytic reactor for methane conversion. Experimental setup details
are provided in figure 15(b) in section 5.1. Figure (b) adapted with permission from [93],

copyright 2020 IOP Publishing.

Figure 11 shows the recent applications of IR transmission and DRIFTS techniques to study the

surface intermediates in plasma assisted nitrogen fixation and methane conversion, respectively.

Figure 11(a) identified the surface nitrogenous adsorbates by IR transmission technique in a
plasma catalytic reactor for ammonia production. IR transmission spectra showed the effect of
different catalysts on the nitrogenous adsorbates: Ni/y-Al,O; catalysts favor NH, adsorbates
formation while Fe/y-Al,O3 catalysts enhance formation of N2H, and lower the concentration of
nitrogenous adsorbates. In this work, IR transmission technique also revealed the promotion effect
of high temperature and plasma irradiation on NH3 desorption from catalysts [217]. Figure 11(b)
showed the surface adsorbed C-O evolution by DRIFTS technique in a plasma catalytic reactor for
methane conversion. DRIFTS technique demonstrated the C-O surface bond intensity was reduced
as a result of increasing the supply of oxygen to the plasma catalytic reactor. Oxidation of C-O by
reactive oxygen species implied that the Eley—Rideal mechanism might proceed in the plasma
catalytic reactor, rather than the sole Langmuir-Hinshelwood mechanism seen in thermal catalysis
[93]. This requires further validation combined with the gas phase characterization.
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Figure 11. FTIR transmission spectra collected for Ni and Fe/y-Al203 catalyst surfaces after the
plasma-activated reaction of N2 and H» using non-thermal plasmas as well as spectra without
plasmas (a) and DRIFTS C-O bond intensity adsorbed on Ni catalyst surface under pulsed Ar-
Ar/O2-Ar plasma sources (b), respectively. Experimental setup details of figures (a) and (b) were
reported in references [217] and [93], respectively. Figure (a) adapted with permission from
[217], copyright 2020 American Chemical Society. Figure (b) reproduced with permission from
[93], copyright 2020 IOP Publishing.

In addition to the use of transmission IR and DRIFTS studies described above, IR-based attenuated
total reflection (ATR) technique is possible while few reported yet to study surface processes
operando in plasma catalytic reactors. ATR-FTIR measurements have been performed to
characterize the ~30 nm thin layer of Pt catalyst precipitated on the ZnSe internal reflection
element (IRE) crystal of an ATR accessory of an FTIR apparatus in order to study the adsorption
and oxidation of CO on Pt clusters [218]. The ATR-FTIR technique has been employed in other
plasma processing work, e.g. studies of plasma assisted atomic layer etching of SiO> [219] and
silicon nitride [220], and such approaches are relevant for plasma catalysis as well.

For operando DRIFTS technique at atmospheric pressure, IR-sensitive gaseous species can
introduce interferences to the IR signals of surface intermediates that require correction in practice.
Meanwhile, surface-specific IR techniques have also been developed, including polarization
modulation infrared reflection absorption spectroscopy (PM-IRRAS) and sum frequency
generation vibrational spectroscopy (SFG) [221]. So far, few studies reported the applications of
both techniques in atmospheric pressure plasma catalysis. The PM-IRRAS technique has been
applied for the study of plasma processing of materials interfaces [222], the characterization of the
evolution of intermediates on powder catalysts for NO, storage-reduction in thermal catalysis
[223], and research on the adsorption of octadecanethiol on gold surface in a triple-phase
gas/liquid/solid system without plasmas [224]. The SFG technique has been applied to well-
defined model catalysts at low pressure or ambient pressure [225-227], and some work on the
investigation of surface intermediates on industrial powder catalysts by SFG has also been
published [228-230]. Other in situ SFG studies of plasma processing applications include the
characterization of polymer surfaces exposed to atmospheric pressure plasma [231, 232].

A description of additional variations of the IR techniques that may be useful for operando
surface intermediates characterization during plasma catalysis can be found in references [131,
196, 207, 221]. The application of the IR technique is the most practical solution for in
situ/operando characterization for plasma catalysis so far. An important aspect of IR
characterization for plasma catalysis is the assignment of IR spectral peaks obtained within an
atmospheric pressure plasma environment as compared to thermal catalysis. Another aspect lies in
the application of other IR techniques, such as the PM-IRRAS or SFG that are successfully used
in thermal heterogeneous catalysis or other plasma processing applications, into the plasma
catalytic reactors. The requirement of the plasma being in direct contact with the catalysts
introduces significant challenges to operando characterization. This requires a suitable
instrumental approach and compatible plasma sources as discussed in section 5.

4.2.2 X-ray photoelectron spectroscopy
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The major challenge to implement X-ray photoelectron spectroscopy (XPS) to operando
investigations of plasma catalysis is the low-pressure requirement of the XPS technique. Most
published plasma catalysis work involving XPS characterization is based on ex situ XPS
measurements of intermediates. Examples include a) the study of adsorbed H2O on Ni based
catalyst in a reverse water-gas shift process using a DBD plasma system [233], or b) research on
O related adsorbates in oxygen plasma assisted NO conversion over Mn Oy catalysts [234]. For
plasma catalytic ammonia synthesis, no adsorbed nitrogen was detected by ex sifu XPS on carbon
coated alumina catalysts after exposure to the No—H> plasma, and it was owed to weak absorption
of nitrogen and easy removal in vacuum required for XPS [70]. Post exposure to the N>-H> DBD
plasma alumina and alumina-supported transition metal catalysts were studied by XPS and various
NHx species were identified as in figure 12. Figure 12 shows that alumina has the largest amount
of adsorbed NH3, while transition metal catalysts (Fe, Ni, Cu) show larger amounts of NH>
adsorbates as compared to alumina [37]. Additionally, with the plasma jet catalytic reactors placed
inside a 102 Torr pre-chamber, quasi in situ XPS demonstrated the formation of NOx and CN

intermediates on a perovskite powder catalyst for NO and CH4 removal [235].
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Figure 12. Ex situ XPS identified the NH, intermediates on used catalysts (left) and revealed
the concentrations of the NH. adsorbates on various catalysts (right). Reproduced with
permission from [37], copyright 2019 American Chemical Society.

To circumvent the pressure gap, ambient pressure XPS (AP-XPS) has been developed and
operando AP-XPS characterizations have been performed to study surface processes in thermal
heterogeneous catalysis [135, 204, 236-239]. However, it should be noted that AP-XPS requires a
pressure of around several mbar (~ 0.1 kPa) [238] and thus only enables the application of the XPS
technique to ex situ or quasi in situ characterization for atmospheric pressure plasma catalysis.

4.3 Operando catalyst characterization

The catalyst activity is strongly related to the catalyst surface geometrical/electronic structure and
it is known that even simple adsorption processes lead to reconstruction of the catalyst [98, 186].
Given that during plasma catalysis the catalysts are immersed in a more reactive environment, it
is likely that geometrical and electronic structure of the catalysts may change more than under
thermal catalysis conditions [204, 240]. As illustrated in a CO2 DBD plasma catalytic reactor using
a Ni catalyst, more NiO was formed and concentrated in the outer 20 um layer of the catalyst pellet
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compared to thermal catalytic processes [83]. This was contributed to the oxygen uptake of the
catalyst above the thermal equilibrium. The plasma environment gave rise to reactive oxygen
species that can lead to PtO, formation for Pt catalysts [241]. In addition, it is important to mention
that the oxygen species of the newly in situ formed oxide compounds at the catalyst surface differ
from surface adsorbed O with respect to the electronic structure and reactivity (see [199, 242]).

At this time, operando catalyst characterization in plasma catalysis is still rarely reported, although
this situation has more recently changed. For instance, in a hybrid non-thermal plasma catalytic
reactor used for methane oxidation, in situ X-ray absorption spectroscopy (XAS) [243] was used
to study catalyst structure changes. This study showed a subtle difference in the extended X-ray
absorption fine structure (EXAFS) for Pd/Al>Os catalysts. The results indicated little change of the
catalyst structure including the chemical oxidation state in non-thermal plasma catalysis [198].
Another work from the same group was reported to apply the in situ IR technique to investigate
chemical states of catalysts [85] and the structure change of nanoparticles were observed in plasma
catalytic reactors.

4.3.1 Indirect IR technique

The IR techniques can also be used to study catalyst structure in an indirect manner. For instance,
IR peak shifts or half width changes of adsorbed probe molecules, such as NO, CO, and others,
are useful in this respect [207, 244]. As shown in figure 13, compared to the minor C-O DRIFTS
peak shift (< 4 cm™) on two types of supports of a transition metal catalyst, the C-O DRIFTS
spectra displayed a large difference depending on whether the rhodium catalyst was in the form of
nanoparticles or atomically dispersed in the support. Most importantly, the CO DRIFTS spectra
peak at 2130 cm™ was seen for oxidized rhodium catalysts [245]. This CO probe molecule was
also used to study in situ the response of gold-based catalysts exposed to low temperature plasma
in a water-gas shift plasma catalytic process [85]. The authors observed a significant structural
change in the Au-CO adsorption property via in situ DRIFTS, indicating that Au®-CO (2095 cm™)
gradually converted to Au®-CO (2120 cm™) during plasma activation. The plasma-induced
hydroxyl may lead to Au oxidation but meanwhile reduce the overall activation barrier.
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Figure 13. IR spectra of CO adsorbed at saturation coverage on various catalysts (a) 0.2 wt.%
Rh/y-Al20O3, (b) 3 wt.%Rh/y-Al2O3, (¢) 0.2 wt.% Rh/ZrO2, and (d) 3 wt.%Rh/ZrO; . The spectra
were obtained by DRIFTS. Reprinted with permission from [245], copyright 2019 American
Chemical Society.
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4.3.2 Raman spectroscopy

Raman vibrational spectroscopy is a good complement to IR vibrational spectroscopy and can be
used to characterize catalyst structure. It is difficult to directly detect chemical state changes of
catalysts using the IR technique, since for practical FTIR instrumentation the vibrational IR
frequency of most metal oxides exceeds the cutoff frequency of ~600 cm™ of the FTIR platform
[246]. Since Raman vibrational spectroscopy is a surface-specific technique and catalyst supports
like silica or alumina are commonly not Raman active, this provides the opportunity to detect
vibrations in the lower wavenumber range. Raman spectroscopy can cover the energy range from
200 — 4000 cm™ and is thus applicable for the study of surface intermediates with vibrational
energy values lying in this range [247]. An example of such an application is the case of adsorbed
toluene or O,> on vanadium and gold catalysts as described in [248].

Operando Raman spectroscopy has been mostly utilized to study evolution of metal catalyst on
oxide in abundant thermal catalytic or electrochemical processes. Examples are Ru catalyst
oxidation during partial oxidation of CH4 [249], a-PtO> formation on single crystal Pt in an
electrochemical surface process [250], or reduction of CuO to metallic Cu during CO>
electrochemical reduction [251]. Coke or carbon nanotube formation has also been studied via in
situ Raman spectroscopy [252-254]. For plasma catalysis, the rarely published work so far that has
utilized in situ Raman spectroscopy appears to be focused on the study of ZnOx. A decorated PdZn
alloy was found to be intact at the interface of the Pd active site and ZnO supports during a DBD
assisted reverse water-gas shift process and the alloy at the interface significantly promoted the
plasma catalytic CO2 conversion [197]. The small cross-section of Raman scattering implies that
the Raman scattering signal is typically weak. This has been overcome by several techniques that
can be used to enhance Raman signal intensity [255]. The combination of plasma sources and
Raman spectroscopy brings challenges due to the reactive plasmas or the spatial requirements of
plasma sources and, as shown in section 5, requires significant instrumentation innovation.

We conclude that operando catalyst characterization is essentially required to obtain a thorough
understanding of the dynamic structure of catalyst active sites and the impact of any changes of
plasma operating characteristics on the corresponding catalytic performance in the plasma
environment.

5. Plasma catalytic reactors and instrumentation

An overview of surface characterization techniques that may be of interest for the study of plasma-
catalysis is presented in the appendix. The presence of plasma sources in plasma catalytic reactors
introduces additional requirements for operando studies of plasma catalyst interactions but are
essential for systematic and rational development of plasma sources and catalysts in such reactors.

5.1 Plasma sources
Plasma catalytic reactors place catalysts inside the discharge zone. The packed bed DBD catalytic
reactor is a configuration based on an intuitive structure aimed at achieving better catalytic

efficiency by contact of plasma and catalyst. This type of plasma catalytic reactor has been applied
to various catalytic processes and catalysts. From the point of view of operando characterization,
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this system has disadvantages since it is not easy to obtain the plasma fluxes arriving at catalyst
surfaces, given the confined volume of the packed bed DBD catalytic reactor, which severely
restricts operando measurements of incoming fluxes. For such a system the contribution of
vibrationally excited CH4 has been postulated to drastically reduce apparent activation energy of
methane decomposition, but lacks experimental confirmation [158].

Additionally, operando surface characterization requires specific designs for this kind of
configuration. Stere et al developed a fixed bed DBD catalytic reactor suitable for in sifru DRIFTS
measurements, and their configuration is shown in figure 14 [213, 256]. The IR light is transmitted
through a ZnSe window at one end of the catalyst bed coupled to the DBD plasma, and the diffuse
reflected light is collected from the other ZnSe window. This instrumentation is a good example
for operando surface characterization in a packed bed DBD plasma catalytic reactor. However, it
is still difficult to obtain information on the incident fluxes, and this configuration can primarily
provide DRIFTS related information for catalyst surfaces. The creation of more flexible designs
of plasma catalytic reactors that are more amenable for operando characterization techniques is an
important need.
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Figure 14. A fixed bed DBD plasma catalytic reactor specifically designed for in situ DRIFTS.
Reproduced with permission from [256], copyright Royal Society of Chemistry.

The detachment of the core plasma discharge zone from the catalyst leads to a large parameter
space of the plasma catalytic reactors for operando characterization. A pin-plate DBD discharge
with catalysts placed on the plate also makes possible to perform in situ DRIFTS and has been
demonstrated in [214, 216]. Figure 15(a) is the in situ plasma-DRIFTS cell as an example. The
cell had the catalysts in the dielectric barrier discharge with the high voltage electrode a needle
above. The IR sensitive KBr plate was placed on top to seal the plasma catalytic reactor and
enabled the DRIFTS. More details of the setup could be referred to [216].

Plasma catalytic reactors using plasma jet sources are more versatile for operando characterization
of the incoming fluxes and surface processes. Figure 15(b) is one example of a plasma jet catalytic
reactor. The operando characterization results of the catalysts with such reactors were displayed
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in section 4.2.1. The catalyst was placed below the effluent of the plasma jet rather than inside the
discharge zone. Such plasma jet catalytic reactors are expected to be of lower efficiency compared
to packed DBD catalytic reactors, especially if the plasma jet is located far away from the catalyst.
As the plasma jet moves closer to the catalyst, the situation can become more similar to that of a
packed bed DBD catalytic reactor with the catalyst in contact with the core plasma discharge. As
the plasma jet moves farther to the catalysts, the catalysts are treated downstream of the plasma
jet, which makes the plasma catalytic reactor work similar to two-stage plasma catalytic reactors
[62]. This type of plasma jet catalytic reactor has been used to study NO, removal using in situ
DRIFTS [43]. On one hand, such two-stage plasma catalytic reactor or post plasma catalytic
reactor applying a plasma jet as in figure 15(b) enable operando catalysts surface characterizations
with more freedom. Meanwhile, the effluent chemistry can be controlled by the gas feed, plasma
power and other parameters. The fluxes of plasma generated species incident on the catalyst
surface can be quantified using in situ laser or optical diagnostics that have been used to
characterize reactive species, electrons, ions and other species produced by atmospheric pressure
plasma jets [194, 257-259]. Hence, this two-stage plasma catalysis arrangement of plasma jet
catalytic reactors has on the other hand significant implications for understanding the effects of
plasmas on catalysts with the abundant characterization techniques for the arriving fluxes. More
insights about two-stage plasma catalysis can be obtained from [57, 62].
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Figure 15. Schematic diagrams of a pin-plate DBD plasma catalytic reactor (a) and a plasma jet
catalytic reactor (b) for in situ (operando) DRIFTS. Reproduced with permission from [216]
and [93], copyright Royal Society of Chemistry and 2020 IOP Publishing respectively.

5.2 Catalysts

Commonly used heterogeneous metal catalysts are based on metal clusters with a size lower than
1 — 3 nm range, dispersed on high-specific-area-support particles, such as silica or alumina, in the
form of nanoparticles on the scale of ~ 20 — 200 nm and potentially with a small portion of
promoter additives. Catalyst synthesis techniques, including impregnation, precipitation, etc., have
been described in [260]. These procedures typically yield polycrystalline metal clusters with
several crystallographic surface planes [204, 240]. The inherent complexity of synthesizing well-
defined industrial catalysts reproducibly also adds to the challenge of operando characterization
of surface processes on catalysts in both thermal catalytic reactors and plasma catalytic reactors.
As mentioned, so far there have only been limited applications of DRIFTS, and XAS for operando
characterization of surface processes in plasma catalytic reactors.
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Figure 16. Evolution of schematic model catalysts used to study the kinetics of elementary steps
of catalytic surface processes (a) and a successful example of reaction cell for CO oxidation on
Pt via in situ SFG characterization at atmospheric pressure (b). Reprinted with permission from
[261] and [262], copyright Royal Society of Chemistry and 2006 American Chemical Society
respectively.

3D nanoparticle array

In thermal catalysis, well-defined model catalysts arranged in various geometries, as shown in
figure 16(a), have been used to investigate the kinetics of elementary steps of surface catalytic
processes. The catalysts include single crystal model catalysts, catalysts of nanoparticles deposited
on supports to act as simplified versions of industrial catalysts, and others. For instance, single
crystal iron catalysts have been employed to study ammonia synthesis [98, 99, 115]. By depositing
nanoparticles on supports, such as a silicon wafer, characterization of the kinetics of surface
processes can be performed using surface science approaches [206, 227, 261, 263-265].

An example of surface characterization employing a Pt model catalyst is shown in figure 16(b).
The Pt nanoparticle catalysts were deposited on the sapphire internal reflection element by the
Langmuir—Blodgett (LB) technique. The sapphire internal reflection element was used to enhance
the SFG signal and remove interferences originating from particles smaller than the wavelength of
the incident light and other scattering processes. Simultaneously, the downstream yield of products
was quantified by GC. For a plasma catalytic reactor this approach is possible, for instance by
placing a plasma jet source below the catalyst-coated surface. Thus, a combination of operando
characterization of incident fluxes from plasma sources along with the monitoring of the kinetics
of surface adsorbates, and downstream product characterization is possible.

5.3 Physical interaction of catalysts and plasmas

As stated in section 5.2, well-defined catalysts favor the operando characterizations of surface
reaction processes. When applying different catalysts into plasma catalytic reactors, different
catalysts can tailor the plasma discharge behaviors as well and characterizing the effect of catalysts
on discharges is of significant importance. [266] reported the effect of catalyst supports, particle
size, and the porosity on the discharge and the ammonia production in a packed bed DBD plasma
reactor. As shown, a) the quartz wool and y-ALLO; supports in the plasma reactors enabled dense
filamentary discharges and lead to the highest ammonia product compared to other types of
supports. b) Smaller particle size, 200 um as used, led to increased particle-particle points and
amplified local electric field and enabled higher ammonia production. ¢) Inside the pores formed
no discharge and plasmas cannot diffuse into pores, indicating the porosity had little effect on
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plasma catalysis. Meanwhile, the simulation work in [267] predicted that commonly used catalyst
supports such as alumina or silica with the dielectric constant lower than 20 should allow easy
microdischarge formation inside smaller pores on scale of 10 um.

So far direct characterization of plasma discharge on catalysts surface were reported with ICCD
imaging technique [168, 195]. An example of such technique is shown in figure 17. In figure 17(a),
two ICCD camera lenses were at the left; on the right, the catalyst beads were placed inside a pin-
plate discharge. Figure 17(b) showed one of the series of images characterizing the plasma
propagating on catalysts surface via ICCD images.

(b)

Figure 17. Setup of ICCD imaging technique (a) and the plasma discharge behavior obtained on
catalyst surface (b). In figure (b) the, 10 ns indicates the image was acquired 10 ns after the
discharge onset. PD indicated the partial discharge, while PS meant primary streamer. Adapted
with permission from [195], copyright 2016 IOP Publishing.

The plasmas can trigger the intermediates formation and changes in catalysts oxidation state as
discussed in section 4 that requires operando characterization in plasma catalysis. Plasmas also
induce the temperature change of the catalysts per direct contact. In addition, the catalyst
temperature is an important parameter determining catalyst performance from applications of
thermal heterogeneous catalysis. Accurate measurement of the temperature of catalysts in plasma
catalytic reactors is essential to study catalyst kinetics for plasma catalysis.

The thermocouple was used to obtain the catalyst temperature in plasma catalytic reactors as shown
in figure 14 and 15(b). Application of thermocouple (TC) in plasma catalytic reactors should be
careful to monitor the bulk or surface temperatures of the catalysts. According to the detailed work
in [268], the bulk catalyst temperature can be significantly different from what was obtained even
when the TC was placed in the vicinity of the catalyst. In addition, the catalyst surface temperature
per the contact with the plasma is different from the catalyst bed temperature obtained with the TC
downstream from or even inside the catalysts. This poses significant challenges when applying the
TC to acquire the catalyst surface temperature in plasma catalysis. The infrared camera is not
applicable to obtain the catalyst surface temperature in IR based techniques due to the entangled
IR signals from gas phase and the sample. The optical pyrometer, used to calibrate the catalyst
surface temperature in thermal catalysis [268], could also be interfered by the plasma emission for
operando measurement. So far, the TC seems to be the choice for the catalyst temperature but
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needs prudent integration into plasma catalytic reactors and necessary calibrations considering the
exact location of the TC and the difference of the bulk and surface temperatures of the catalyst bed.

In summary, it is stressed that the operando characterizations of physical interaction of plasmas
and catalysts, including the discharge behavior on the catalyst and the catalyst surface temperature,
are of essential importance for the study of plasma catalysis. The instrumentation required for such
characterization needs thorough considerations of both catalyst types and properties, and the
apparatus in the plasma environment.

6. Spatio-temporal patterns in plasma catalysis - an open question

When surfaces are exposed to low temperature plasma, self-organized patterns can be formed.
Trelles [269] reviewed a broad range of self-organized patterns in plasma-surface interaction
environments. An example is shown in figure 18(a) for a solid metal electrode in a Xe micro hollow
cathode discharge (MHCD) [270]. From the aspect of stability and bifurcation analysis, when the
discharge current is lower than a critical value (e.g., ~ 1 mA for the conditions shown), a self-
organized pattern is established in the MHCD as small perturbations from the discharge grow and
do not reach a chaotic and turbulent state [269]. The experimental observation of such patterns has
been reproduced in modeling studies, e.g. using a drift-diffusion model and solution of Poisson’s
equation [269, 271, 272]. Self-organized patterns are also important when interacting plasma
sources with liquid surfaces, e.g. as seen for a pin liquid discharge, and have been explained by
reaction-diffusion models [273, 274].

Surface reactions in catalysis take place at microscopic length scales but can exhibit mesoscopic
or even macroscopic spatio-temporal patterns whose origin is based on time-dependent
concentration patterns at surfaces. While this phenomenon has a different origin, it is possible that
there can be interactions with plasma-formed patterns above the surfaces being exposed. In thermal
catalysis, spatio-temporal surface patterns are governed by reaction-diffusion processes and have
been reported when thermal catalysts are exposed to reactants (see figure 18(b) for the case of CO
oxidation on a Pt catalyst) [275]. In the example shown, the patterns arise from the following
effects: The local defect density, e.g., vacancy, kinks, or steps, can lead to a locally lower CO
surface coverage. This in turn can lead to enhanced adsorption of atomic oxygen that subsequently
interacts with adjacent CO adsorbate and reduces the CO surface density in those areas. The
reduced CO surface density in the adjacent area triggers the new cycle and the spatio-temporal
pattern based on the reaction diffusion fronts propagates.

This spatio-temporal patterns may be difficult to form on powder catalysts, as the pattern scale in
figure 18(b) is ~ 100 um that is larger than or comparable to the powder catalysts support sizes on
0.1 — 10 um scale that contain nm metal catalyst cluster. Note in figure 18(b) the patterns were
formed on the flat single crystal Pt catalysts. In addition, the characteristic scale of patterns in
plasma-solid system in figure 18(a) is 0.1 — 1 mm that approaches 0.1 mm scale of patterns in
figure 18(b). Another factor lies in the pressure that induces important temperature-dependent
effects owing to the higher reaction rate for catalytic systems in figure 18(b) at higher pressure
[276].
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Patterns formed over solid surfaces exposed to plasmas are reproduced by the drift-diffusion model
which can be considered as a special case of the transient-advective-diffusive-reactive (TADR)
model [269]. Spatio-temporal patterns formed on the catalyst surfaces in thermal catalysis are
governed by the reaction diffusion equation that is a simplified TADR model. When placing a
single crystal flat metal surface into the plasma, self-organized patterns formed similar to figure
18(a) are coherent to local ion density, electron density, or the electric field [271]. Local charges
as well as the electric field may affect the local reactions between adsorbates and catalyst surface
as stated in [130] that leads to organized pattern as in figure 18(a). This plasma-induced change,
along with local defect-induced change (as seen in figure 18(b)), may lead to formation of an
observable pattern.

As a conclusion, it is possible that for the plasma-sources favoring formation of spatio-temporal
patterns, e.g., micro hollow cathode sources, spatio-temporal patterns on catalyst surfaces under
reaction conditions may be generated, and potentially enhanced by reaction/diffusion processes
known from thermal catalysis. At this time there is little known about this, but the observation of
such patterns on catalyst surfaces exposed to low temperature plasma sources in plasma catalysis,
and correlation with plasma-induced spatio-temporal patterns, could be significant.

4] 6 ma W lmd
-
08 ma dy 0.3 md
(a) (b)

Figure 18. Images of self-organized patterns on a solid molybdenum cathode of a micro hollow
cathode discharge (a) and CO oxidation on a Pt catalyst surface during thermal catalysis (b).
Figure (a) used Xe at 128 Torr, the MHCD discharge current is as marked, and the diameter of
the luminous zone is 1.5 mm [270]. Figure (b) shows four photoemission electron miscopy
images on Pt(110) for CO oxidation with time interval 30 s, 7= 448 K, Po> = 4x10™* mbar, Pco
= 4.3x10” mbar [275]. Figure (a) reproduced with permission from [270], copyright 2004 IOP
Publishing. Figure (b) reprinted from [275], with the permission of AIP publishing.

7. Conclusions

We provided a brief overview of the study of surface processes in plasma catalysis and its
relationship to thermal catalysis. The considerations presented here are aimed to serve as a guide
for the investigation of surface processes in plasma catalysis. Thermal catalysis mainly proceeds
via the Langumir-Hinshelwood mechanism at the atomic scale on catalyst surfaces. The activation

28



energy of dissociative chemisorption is significantly reduced by the catalyst, which serves as the
foundation of thermal catalysis. A motivation of plasma catalysis is the hope that this approach
can further decrease the activation energy of dissociative chemisorption via a) the impact of
different precursor fluxes and b) plasma modification of catalyst surfaces and impact on surface
processes.

Key variables in plasma catalysis that may lead to synergistic effects in plasma catalysis were
discussed, including the contribution of vibrationally excited species, interfacial layer phenomena,
and photon and ion irradiation of the surface from the plasma. While each of these may enhance
elementary surface processes in plasma catalysis, at this time direct experimental proof for this is
lacking. The study of surface coverages and of elementary surface processes needs to be
performed by operando surface characterization, along with the characterization of intermediates
to confirm the enhancement of thermal catalytic processes in the plasma environment.

Currently, most of the operando surface characterization efforts in plasma catalytic reactors focus
on intermediate dynamics by infrared vibrational spectroscopy. Of these, the most easily
implemented surface characterization technique appears to be DRIFTS, and there have been a few
reports describing such studies. Operando characterization of the electronic/morphological
structure of catalysts is lacking, and we briefly reviewed some of the experimental challenges
introduced by the plasma environment. Operando characterization of the elementary steps in
plasma catalytic reactors demands significant developments of instrumentation to integrate
characterization tools with setups combining plasma sources and thermal catalysts. Typical DBD
plasma sources as used in packed bed catalytic reactors are useful for investigating reactor
efficiency but present great challenges for diagnostics. The plasma jet/catalyst combination is
highly flexible with regard to combining characterization techniques for both gas phase and surface
processes of plasma catalytic reactors. Therefore, plasma jet catalytic reactors, or setups that
integrate other plasma sources with model catalysts while enabling the characterization of active
species fluxes, are promising for enhanced characterization of elementary surface processes.
Nevertheless, this should be considered a first step, since it is likely that such systems will lack
plasma-surface interaction aspects that may be important in setups that may be most interesting
from the point of view of applications, e.g., packed bed catalytic reactors.
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Appendix

Table 1. Brief survey of surface characterization techniques of potential interest for
the study of plasma-catalysis. The overview presents representative reports on
techniques previously used to perform surface chemical or structural characterization
under either in situ/operando conditions near atmospheric pressure or low-pressure.

Technique and
acronym

Information
obtained

Note

Reference

In situ/operando techniques reported at close to atmospheric pressure or highe

r

chemical
state,
coordination
numbers

energy larger than the excitation
threshold and measurements follow the
de-excitation process. Depending on
excess energy above the excitation
energy, X-ray absorption spectra mainly
contains regions of X-ray absorption
near edge structure (XANES) within
~50 eV above the threshold energy and
extended X-ray absorption fine structure

Diffuse reflectance Chemical Specific to powder catalysts. It is based | [43, 93,
infrared Fourier signature of | on the IR vibrational absorption of 196]
transform spectroscopy | adsorbates adsorbed species on catalysts.
(DRIFTS) on catalysts
Attenuated total Chemical Based on the evanescent wave formed [196, 218]
reflection Fourier signature of | by total internal reflections. This
transform infrared adsorbates technique generally uses well-defined
(ATR FTIR) on catalysts | thin films/layers.
Polarization Structure of | Applies differential IR vibrational [223, 277,
modulation infrared adsorbed absorption of s- and p- linearly 278]
reflection absorption matter or polarized light for characterization of
spectroscopy (PM- thin layers adsorbed molecules or intermediates on
IRRAS) catalysts to enhance sensitivity.
Sum frequency Structure of | The IR laser excites the adsorbed [225, 229,
generation (SFG) adsorbed intermediates to a higher vibrational 262, 279]
matter or level and the second visible laser excites
thin layers the system to another virtual electronic
level. The photon is emitted by anti-
Stokes relaxation, with the frequency
summing that of IR and visible light.
Surface enhanced Surface Increased electromagnetic field at rough | [255, 280]
Raman spectroscopy structure of | surface enhances the Raman scattering
(SERS) catalysts or | signal of catalysts, and reflects chemical
adsorbed states and/or adsorbed intermediates
intermediates
X-ray absorption Structure of | Core level electron of an atom is excited | [243, 281-
spectroscopy (XAS) the catalysts: | by incident X-ray photons with an 287]
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(EXAFS) within ~ 50-1000 eV above
the threshold energy; The spatial
resolution depends on the X-ray
penetration depth.

X-ray diffraction Crystalline Analysis of scattered X-ray versus [288-291]

(XRD) structure, scattering angle and analysis using
reflecting Bragg relationship provides information
chemical on crystalline phases of bulk or powder
composition | catalysts.
of catalysts

X-ray fluorescence Chemical Energetic incident X-ray causes [292, 293]

(XRF) composition | electrons ejection from inner electronic
of catalysts levels. As the vacant level is filled by

electrons from higher occupied orbitals,
characteristic secondary X-rays are
emitted.

X-ray scattering Surface Similar to XRD. This generally implies | [291, 294-
structure of | ultra small-, small-, or wide-angle X-ray | 298]
catalysts scattering. It also indicates inelastic

scattering.

Spectroscopic Thickness Most easily applied to flat samples/thin | [299-302]

ellipsometery (SE) and optical film structures. Change of the
constants polarization is quantified by the
(dielectric amplitude ratio and phase difference
function) of | when the incident light interacts with
multi-layer the material.
material
structure

Mossbauer Surface Based on the Mossbauer effect [303-307]

spectroscopy structure of | describing the nearly recoil free
catalysts emission or absorption of photons by

nuclei in solids.

Nuclear magnetic Structure of | The nuclei with the magnetic moment [308-313]

resonance (NMR) intermediates | interact with an externally applied
and catalysts | magnetic field. With the incident pulsed

RF energy, the nuclei are deflected and
emit electromagnetic wave when relax
back to the original state. The obtained
spectra is highly dependent on the
nuclei environment of the samples
Neutron diffraction Structure of | Similar to XRD but using neutron [314, 315]

intermediates
and catalysts

irradiation which has very different
cross sections and provides
complementary information.
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Neutron scattering Structure of | Similar to X-ray scattering. But [316-318]
intermediates | neutrons are scattered from the nuclei
and catalysts | while X-ray are scattered from
electrons, giving rise to strongly
differing cross sections and sensitivity
to different elements.
Scanning tunneling Surface A conducting tip scans over the surface | [319-323]
microscopy (STM) geometrical | vin close proximity, and the tunneling
and current depends on both the separation
electronic of tip and surface and surface electronic
structure of | properties, enabling determination of
catalysts surface structure at atomic scale. Quasi
in situ STM can be obtained using
specially designed reactors.
Transmission electron | Surface A special nanoreactor is required inside | [324-327]
microscopy (TEM) geometrical | the electron microscope for operando
structure of | TEM studies at high pressure.
catalysts
Atomic force Surface Related to STM, but focused on [328-330]
microscopy (AFM) geometrical | measuring deflection of the tip due to
structure of | the force of the tip. This provides
catalysts information on surface topography.
Typical technique working in vacuo
X-ray photoelectron Information | Emission of core level electrons of [135, 204,
spectroscopy (XPS) on elemental | atoms takes place as a result of X-ray 239]
composition | irradiation and gives information on
and chemical | elemental composition and chemical
bonding of bonding. Ambient pressure XPS
catalysts or | systems are being developed and
adsorbates. enabling increasingly work at higher
pressure, e.g. 0.05 - 5 mbar.
Low-energy electron Surface Electrons below ~500 eV scattered from | [331-334]
diffraction (LEED) structure of | surfaces are detected to determine
(crystalline) | angular distribution, which is
catalysts characteristic of surface
crystallographic structure, e.g. of single
crystal samples.
Electron energy loss Electronic Based on analysis of the characteristic [332, 335,
spectroscopy (EELS) structure of | energy losses of monoenergetic 336]
catalysts or | electrons inelastically scattered from the
adsorbates surfaces.
Auger electron Chemical Energetic electron (1 — 10 keV) [332, 337,
spectroscopy (AES) state of bombardment of catalyst causes the 338]
catalysts core-hole excitation and upon filling of
and/or vacant states with electrons originating
adsorbates
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from higher energy orbitals, Auger
electron emission takes place.
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