Chapter 11 ®)
Plasma Catalysis: Challenges and Future <z
Perspectives

J. Christopher Whitehead

Plasma catalysis has been demonstrated as a promising alternative to thermal
catalysis for environmental clean-up and the synthesis of platform chemicals and
fuels from different feedstocks at low temperatures. There have been considerable
and increasing research activities in this emerging and interdisciplinary field in
recent years. However, plasma catalysis, particularly using a single-stage configu-
ration, is a very complex process involving both gas-phase reactions driven by the
plasma and plasma-assisted surface reactions. A number of challenges need to be
addressed to achieve significant advancement in this field and the full potential of
this emerging technology.

11.1 Scientific and Engineering Challenges

11.1.1 Experimental Challenges

In general terms, most of our existing information about plasma catalysis has come
from experiments performed under a variety of conditions in which the products were
measured in the output gas stream and the catalyst might be characterized before and
after processing. Such gas-phase analyses are restricted to stable species (which might
include some by-products and very long-lived intermediates such as ozone) but
contain no information about short-lived intermediates. In addition, there is always
a possible complication that reactions unconnected with the studied plasma catalysis
process might occur after processing either in the tubing or the collection vessel but
before sampling. Similarly, analysis of the surface of the catalyst after the experiment
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will only yield information about the strongly bound or long-lived products or
intermediates and may become contaminated post experiment but before analysis.

The need is to be able to routinely measure not just the final products but also the
intermediates, i.e. we need in situ measurements to extend our ex situ ones giving us
information that can aid the formation and validation of accurate reaction mecha-
nisms. These measurements will be performed both in the gas-phase and on the
catalyst surface. They can be of time-averaged concentrations for these species, but
even more valuable would be to be able to measure their time evolution and know
how they vary in different parts of the reactor. Also we would like to identify the
species in the boundary layer just above the surface as well as what is absorbed onto
the surface. Knowing the variation in concentration of all the species in the
gas-phase on moving away from the surface and also in the direction of the gas
flow will yield valuable information, i.e. we need to obtain 2- or 3-D maps of the
gas-phase species in the reactor. As an example of what can be achieved, the reader
could refer to the 2-D imaging of OH and toluene in an atmospheric gliding arc study
of the destruction of toluene in air using a planar laser beam and detected the
spatially resolved laser-induced fluorescence [1]. There is no catalyst in that exper-
iment, but one can easily imagine the extension to plasma catalysis. An alternative is
to use some of the variety of laser absorption or fluorescence techniques where the
laser beam can be moved in the reactor relative to the catalyst surface. Teramoto
et al. [2] give an example of measuring OH radical profiles in humid air plasma as a
function of distance from an electrode. Temporal information can also be obtained
using a pulsed plasma system and undertaking the detection after the pulse with a
variable delay. This can be applied to absorption and fluorescence systems using
pulsed lasers to give information about ground-state species and also for excited
species using time resolved UV/visible or infrared emission.

Analysis of species on the catalyst surface can be achieved in situ and in real time
using some infrared techniques such as diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), attenuated total reflection (ATR) and absorption [3-5].
These techniques have a sensitivity for species located on and a short distance into
the catalyst surface (of the order of microns). These techniques have all been used in
a plasma environment, and the DRIFTS and absorption measurement have already
been applied successfully to plasma—catalytic systems. They are capable of time-
resolved measurement with a resolution of about 1 s and have been combined with
parallel gas-phase measurements [3].

11.1.2 Theoretical Calculations and Modeling Challenges

Theoretical and computational methods currently play an important role in the
understanding and development of plasma catalysis, and their role will continue to
increase. At various levels, they can provide an understanding based on an assumed
model, which is inevitably approximate to some extent but can be used to replicate
and extend the results of experiments and to provide information to inform the design
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of new experiments and processes. The experimental information obtained from in
situ measurements on the gaseous and surface species can be used in conjunction
with quantum mechanical calculations of the reaction pathways in terms of their
energetics and configurations coupled with modeling and simulations of the dynam-
ics on such reaction pathways to gain an understanding of the reaction dynamics in
these plasma catalytis systems. The calculations can make predictions about the
nature of intermediates, the time profiles of the evolution and decay of the different
species that can be compared with experiments, thereby validating the assumptions
made. Inevitably, the calculations may be of reduced dimensionality for computa-
tional convenience, and we can expect to see that restriction disappearing as com-
putational power and the associated software develop [6—10]. Considerable progress
is being made at the moment in the use of modeling to explain and evaluate the
electrical effects of discharges with packing [11-13] including the effect of different
gas mixtures [12]. These calculations are forerunners of models for the effect of
packing in plasma catalysis. Models are being developed for different plasma types
such as dielectric bed discharges, gliding arc and microwave systems [14—16] that are
stepping stones towards the incorporation of a catalyst.

Hensen et al. have developed a microkinetic methodology for describing the
mechanism of catalytic reactions that makes use of density functional theory (DFT)
quantum calculations of the surface reaction potential energies for the intermediates
and calculates the kinetics without any assumptions of the critical reaction pathway
incorporating the dynamic changes of the surface during the reaction. This has been
applied to the Fischer—Tropsch process [17, 18]. For the purposes of describing a
plasma—catalytic process, it would be necessary to incorporate in a dynamic manner
the effect of the plasma on the binding of species to the surface and on the nature of
the transition state. Kim et al. [19] have presented a kinetic method to elucidate the
key steps involved in the plasma-—catalytic processing of the dry reforming of
methane with CO, by using experimental results at a range of temperatures as
input. They can separate the gas-phase reactions taking place from those on the Ni
surface. In contrast to thermal catalysis for this reaction that shows Arrhenius
behavior, the plasma catalytic systems exhibit a non-Arrhenius temperature depen-
dence. A value for the energy barrier for plasma catalysis obtained from the
relationship between rate constant and input power is 20 kJ/mol to be compared
with the activation energy for thermal catalysis of 70 kJ/mol. They attribute the
reduction to an energetically favorable interaction between plasma-generated
vibrationally excited CH,4 and the Ni sites on the catalyst.

11.1.3 Engineering Challenges

Compared with the developments and progress that are being made by experiment
and theory, there is comparatively little progress being made with scaling up plasma
catalytis systems to the industrial scale. Many experiments are now focusing on the
energy efficiency of the processing and attempting to benchmark results
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with competing techniques. These benchmark parameters are important in allowing
different plasma catalysis experiments to be compared among themselves in terms of
the effectiveness of different plasma types, different catalysts and other system
variables and as the means of comparing plasma catalysis with other competing
technologies. An excellent example of this approach can be found in the recent work
of Snoeckx and Bogaerts for the conversion of CO, [20].

When considering possible scale-up and industrial applications of plasma catal-
ysis, a whole life cost analysis must be performed to determine if the process will be
economically competitive [21]. Unless a process can be developed which has 100%
selectivity for the desired product, there can be additional costs associated with
separating a range of products such as the use of pressure swing adsorption or
membranes that require additional capital and energy input. A promising recent
development has been the hybridization of a dielectric barrier discharge (DBD)
reactor with a solid oxide electrolyser cell (SOEC) for the conversion of CO, into
CO and O, where the SOEC removes oxygen from the reactor as it is formed,
preventing the back reaction of CO and O, to reform CO, allowing complete
conversion of the CO, [22].

Many of the catalysts that are being used in the present experiments involve
expensive and scarce metals, and effort must be applied to using catalysts that are
inexpensive. It is also necessary to evaluate the long-term performance of the catalyst
in a plasma environment to demonstrate that it is at least as good as in the thermal
experiment. Interestingly, most of the catalysts used in plasma catalysis are identical
to the ones used in the analogous thermal experiment. We need to break free of this
mind-set and use the accumulated knowledge of our studies to identify the specific
characteristics of a successful catalyst in plasma catalysis and go for the goal of
designing catalysts specifically for use in a plasma catalysis system. This way we
might achieve better conversions, selectivities and higher energy efficiencies.

11.2 The Future

Despite at least 25 years of worldwide research into plasma catalysis, the vast
majority of experiments are of the laboratory scale and are probing the mechanism
of plasma catalysis. Considerable progress is being made in gaining an understand-
ing of the intricacies of the mechanism of plasma catalysis, and this is significantly
assisted by the theoretical and computational studies. There has been an evolution of
emphasis from exhaust gas remediation and NO, removal, through volatile organic
compounds (VOCs) destruction to the current focus on energy-related topics such as
methane reforming for syngas and hydrogen production, oxidative conversion of
methane, gas-to-liquid conversion of hydrocarbons and reutilization of carbon
dioxide and its implications for energy storage. It is vital for the research to remain
relevant as it gives it impact and helps to secure funding. However, there will come a
time when all this promise must be realized and blue skies research must be scaled
up, be commercialized and enter the hard commercial world. When will plasma
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catalysis make this next step? It has to be before goodwill towards continued funding
goes cold. The question to reflect upon is what we now need to do that we have not
yet done to make this step. We need to identify and exploit the unique features of
plasma catalysis processing (e.g. simplified construction, portability, rapid response,
low-temperature operation, etc.). Consideration must be given to application into
niche areas of low throughput versus competition with existing high-volume pro-
cesses. Much to consider over the next 25 years!
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