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Plasma is an ionized gas, which is created by applying energy
to a gas. This can be done by heating or by applying electricity.
Plasma is often called the “fourth state of matter”, next to solid,
liquid and gas. Gas discharge plasmas are created by applying
electricity to a gas, and they are used for many technological
applications. One emerging application is in sustainable
chemistry, for the electrification of chemical reactions (in
chemical industry), also called power-to-X applications.
When an electric field is applied to a gas (e.g., due a potential
difference between two electrodes), this causes electrical
breakdown of the gas, creating positive ions and electrons.
The electrons are easily accelerated by this electric field, due
to their small mass, and they collide with the gas molecules,
causing ionization, excitation and dissociation of the molecules,
thereby creating new ions, as well as excited molecules and
radicals, respectively. These reactive species easily react
with each other, making plasma a highly reactive chemical
cocktail. This is particularly interesting for the conversion of
stable molecules, such as carbon dioxide, CO2, nitrogen, N2
and methane, CH4, into value-added compounds. Indeed,
the conversion of these molecules typically requires a lot of
energy, which otherwise would be reached by heating of the
gas. In plasma, however, the gas must not be heated as a
whole, but it is activated by the energetic electrons. Hence,
this makes it potentially more energy-efficient than classical
chemical reactions.
In addition, because plasma operates by applying electricity,
and it can be switched on/off quasi-immediately, it is very
suitable for storage of peak powers in renewable electricity and
for grid stabilization. Therefore, it can use fluctuating renewable
electricity for the conversion of CO2, N2 and CH4 into valueadded compounds (chemicals or fuels), hence the name
“power-to-X”.

Plasma-chemical conversion has several other advantages
as well, such as flexibility in terms of feed gas. It can be
used (i) for CO2 splitting into CO and O2 (where the CO is a
useful base chemical for the chemical industry), (ii) for CH4
conversion into higher hydrocarbons (e.g., acetylene (C2H2)
and ethylene (C2H4; also very interesting for the chemical
industry)) or into H2 and valuable carbon (e.g., carbon-black
or carbon nanotubes), or (iii) for the combined conversion of
CO2 and CH4 (so-called dry reforming of methane (DRM)),
for producing syngas (i.e., synthesis gas, a mixture of CO
and H2, which is very useful for the further conversion into
hydrocarbons and oxygenates; i.e., fuel additives that contain
oxygen, such as alcohols). In addition, (iv) H2 or H2O can also
be used as H-sources for the production of oxygenates from
CO2; and (v) the same can be achieved by a mixture of CH4
and O2, i.e., so-called partial oxidation of methane. Next to CO2
and CH4 conversion, plasmas are also very interesting (vi) for
nitrogen fixation into either NH3 (ammonia) or NOx (nitrates),
for e.g., fertilizer production.
Other advantages of plasma for sustainable chemistry
applications are the low CAPEX costs (Capital Expenditure), as
plasma reactors are typically low cost (in comparison to other
technologies, that for instance make use of rare-earth metals).
Figure 1 shows a microwave (MW) plasma reactor, which
simply consists of a quartz tube and a waveguide.
Finally, plasma reactors can be scaled up, needed for larger
scale production of chemicals in industry, simply by placing a
large number of reactors in parallel, as demonstrated already
many years ago for commercial-scale ozone production.
On the other hand, plasma reactors can also operate at
small scale, in contrast to some well-established chemical
processes in industry, such as the Haber-Bosch process for
NH3 synthesis. This is very convenient for the storage of peak
powers, even from a few wind turbines or solar panels, hence
for the distributed production of value-added compounds
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Figure 2: Schematic picture of the various processes occurring in plasma
catalysis.

Figure 1: Picture of a microwave (MW) plasma reactor used for nitrate
production from air, for fertilizer production. Air (or an N2/O2 mixture) is
inserted at one end, it flows through the reactor towards the other end, where
it is (partially) converted into a mixture of NO/NO2. After the reactor, NO is
further oxidized into NO2, which is captured in H2O, forming nitric acid (HNO3).

(e.g., fertilizer production by local farmers in underdeveloped
countries).
Plasma, however, also has some disadvantages for the
application of sustainable chemistry. It is very reactive, and
therefore, it typically creates a plethora of different products.
That makes product separation not straightforward. To increase
the selectivity towards specific compounds, the plasma can be
combined with heterogeneous catalysts, in so-called plasma
catalysis. The catalyst can be placed inside the plasma reactor
(so-called single-stage or in-plasma catalysis) or after the
plasma reactor (so-called two-stage or post-plasma catalysis).
In the first case, the short-lived reactive plasma species can
directly come in contact with the catalyst surface, creating
more possibilities for plasma catalysis synergy. The latter
means that the performance (in terms of conversion, energy
efficiency, product yields,…) of plasma catalysis is better than
the sum of the individual processes (i.e., plasma and catalysis
alone). Synergy in plasma catalysis is not always demonstrated
yet, and more research is needed to find optimal catalysts,
tailored to the plasma environment. Indeed, plasma catalysis
is quite complicated, and there exist many different plasmacatalyst surface interaction mechanisms (see figure 2). Hence,
the optimal catalysts in plasma catalysis are not necessarily the
same as in thermal (classical) catalysis.
Various types of plasma reactors can be used for these gas
conversion applications, but the most common are dielectric
barrier discharges (DBDs), microwave (MW) plasmas, and
gliding arc (GA) plasmas, although radio-frequency (RF)

plasmas, corona discharges, nanosecond-pulsed plasmas,
spark discharges and atmospheric pressure glow discharges
(APGDs) are also being investigated. Each of these plasma
reactors has its own characteristics, strengths and limitations.
In general, DBD plasmas exhibit a lower energy efficiency
(and higher energy cost), but as they operate near room
temperature, they are more suitable for catalyst integration
inside the plasma, i.e., single-stage plasma catalysis, for the
selective production of value-added compounds, such as
oxygenates or higher hydrocarbons , or for NH3 synthesis,
which requires a low-temperature plasma (due to its
exothermic reaction). At the other end of the spectrum, lowpressure MW plasmas exhibit a high energy efficiency, due to
efficient dissociation of the molecules, but are less convenient
for practical application. Finally, in atmospheric pressure MW
plasmas, as well as in GA plasmas and APGDs, the conversion
mainly proceeds by thermal reactions, but these so-called
warm plasmas also exhibit a relatively high energy efficiency,
and it is believed they are very promising for later commercial
exploitation. Due to their high temperature, they are however
less suitable for in-plasma catalysis, but post-plasma catalysis
should be explored, especially because the hot gas flowing out
of the reactor can be used to thermally activate the catalyst
materials.
In summary, sustainable chemistry is one of the emerging
applications of plasma technology, and will even gain in
importance, because of the need for electrification of the
chemical industry. However, more research is needed to
further improve the performance, in terms of (i) conversion,
(ii) energy efficiency, and (iii) product selectivities, by smart
reactor design and catalyst selection tailored to the plasma
environment.

The PLASMA CONNECTION
Text and images by A. Bogaerts; Edited by M. Laroussi
The Plasma Connection is a publication of the IEEE Nuclear
and Plasma Sciences Society.
The IEEE Nuclear and Plasma Sciences Society

©

Suggested Reading
1. M. Scapinello, E. Delikonstantis and G. D. Stefanidis,
The panorama of plasma-assisted non-oxidative methane
reforming, Chem. Eng. Process. Process Intensif., 2017, 117,
120.
2. R. Snoeckx and A. Bogaerts, Plasma technology – a novel
solution for CO2 conversion? Chem. Soc. Rev., 2017, 46,
5805-5863.
3. A. Bogaerts and E. Neyts, Plasma technology: An emerging
technology for energy storage, ACS Energy Lett., 2018, 3,
1013-1027.
4. P. Mehta, P. Barboun, F. A. Herrera, J. Kim, P. Rumbach, D.
B. Go, J. C. Hicks and W. F. Schneider, Overcoming ammonia
synthesis scaling relations with plasma-enabled catalysis, Nat.
Catal., 2018, 1, 269.
5. H. Patel, R.K Sharma, V. Kyriakou, A. Pandiyan, S. Welzel,
M.CM van de Sanden, M.N Tsampas, Plasma activated
electrolysis for cogeneration of nitric oxide and hydrogen from
water and nitrogen, ACS Energy Lett., 2019, 4, 2091–2095.

6. P. Mehta, P. Barboun, D. B. Go, J. C. Hicks and W. F.
Schneider, Catalysis enabled by plasma activation of strong
chemical bonds: A review, ACS Energy Lett., 2019, 4, 1115.
7. A. Bogaerts, X. Tu, J. C. Whitehead, G. Centi, L. Lefferts,
O. Guaitella, F. Azzolina-Jury, H.-H Kim, A. B. Murphy, W. F.
Schneider, T. Nozaki, J. C. Hicks, A. Rousseau, F. Thevenet, A.
Khacef, and M. Carreon, The 2020 plasma catalysis roadmap,
J. Phys. D: Appl. Phys., 2020, 53, 443001.
8. K. H. R. Rouwenhorst, Y. Engelmann, K. van ‘t Veer, R. S.
Postma, A. Bogaerts and L. Lefferts, Plasma-driven catalysis:
green ammonia synthesis with intermittent electricity, Green
Chem., 2020, 22, 6258-6287.
9. L. R. Winter and J. G. Chen, N2 fixation by plasma-activated
processes, Joule, 2021, 5, 1-16.
10. K. H. R. Rouwenhorst, F. Jardali, A. Bogaerts and L. Lefferts,
From the Birkeland-Eyde process towards energy-efficient
plasma-based NOx synthesis: A techno-economic analysis,
Energy Envir. Sci., 2021, 14, 2520-2534.
11. A.W. van de Steeg, P. Viegas, A. Silva, T. Butterworth, A.P.
van Bavel, J. Smits, P. Diomede, M.C.M van de Sanden, G.J.
van Rooij, Redefining the Microwave Plasma-Mediated CO2
Reduction Efficiency Limit: The Role of O-CO2 Association, ACS
Energy Lett., 2021, 6, 2876-2881

ABOUT THE AUTHOR
Annemie Bogaerts is full professor at the University of Antwerp, Belgium, and head of the research
group PLASMANT, which she founded in 2004, and which currently counts about 50 members.
Her research focuses on plasma chemistry, plasma reactor design and plasma-surface interactions,
both by experiments and modeling, for various applications, but mostly for sustainable chemistry
and medical applications (cancer treatment).

