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Atmospheric pressure plasma (APP) generates highly reactive species that are useful for surface activation.
We demonstrate a fast regeneration of iron oxides, that are popular catalysts in various industrial processes,

using microwave-driven argon APP under ambient conditions. The surface treatment of hematite powder
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Accepted 25th October 2021 by the APP with a small portion of hydrogen (0.5 vol%) lowers the oxide's reduction temperature. A near-

infrared laser is used for localized heating to control the surface temperature. Controlled experiments
without plasma confirm the catalytic effect of the plasma. Raman, XRD, SEM, and XPS analyses show that
the plasma treatment changed the chemical state of the hematite to that of magnetite without sintering.
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Introduction

The capability of exchanging oxygen in metal oxides via ther-
mochemical redox reactions has led to production of gas fuels
like carbon monoxide, hydrogen, or syngas, as well as to storage
of thermal energy in matter."® The oxygen exchange starts when
metal oxides absorb enough heat to lose their lattice oxygen and
subsequently release oxygen gas to the environment. Next, the
reduced oxides are reoxidized by various oxidants like CO,,
H,0, and O, to produce gas fuels. Such thermochemical reac-
tions can be improved when the material has a large extent of
oxygen exchange. That is to say, materials having a large redox
capacity can produce a larger amount of gas fuel and store more
energy.

Iron oxides are a promising system for redox catalysis due to
the low third ionization potential compared to other non-
stoichiometric metal oxides. Despite the potentially large
redox capacity the iron oxide has, its rapid sintering and high
reduction temperature have hindered practical use in fuel
production or energy storage.™* The high reduction temperature
leads to durability issues in the reactor wall materials as well as
significant heat loss during redox cycles. The latter requires the
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use of additional components for heat recovery to enhance the
system efficiency.>”

Integrating plasma with thermochemical redox reactions is
expected to result in multiple synergistic effects that can
address the above issues. First, applying plasma on metal oxide
catalysts including iron oxides can significantly reduce the
reduction temperature, which could alleviate both the dura-
bility and heat loss issues. Plasma offers an exceptional
advantage in making radicals such as ro-vibrationally or elec-
tronically excited molecules, ions, and neutral species which are
highly reactive for various chemical reactions.*® Such abundant
radicals acting on reactants can lower the activation barrier due
to their high reactivity'® or change the reaction pathway>" in
chemical reactions. In addition, the absorption of plasma-
generated electrons is expected to facilitate the loss of lattice
oxygen and the subsequent re-distribution of electron charge in
metal oxides."*® Those rich effects of plasma on both reactants
and metal oxide catalysts could reduce the reduction tempera-
ture or enhance the reaction kinetics at a given temperature.>**
Second, plasma can induce a self-heating effect in the applied
catalyst sample, which considerably diminishes the heating
demand for the reactor. As the self-heating effect is confined to
the impacted sample volume, the sample can reach a required
temperature with much less energy consumption compared to
that in a conventional reactor system. In some cases, it is even
expected that no additional heating is necessary other than that
provided by the self-heating. The above-mentioned advantages
make integrating plasma an attractive method to realizing
a highly efficient thermochemical redox system.

Much attention has recently been given to atmospheric
pressure plasma (APP) for its high plasma density and conve-
nient operation in an open space without the need for a bulky
chamber. While APP can be discharged with various power
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sources, ranging from DC to GHz, a microwave is particularly
known for its highly effective confinement of electrons
combined with high displacement current, generating energetic
electrons and promoting higher production rates of reactive
species.”®? Some other characteristics of microwave-driven
plasma include low voltage/power operation, long lifetime
electrode, and low production of ozone.'**7*>?3

In the current work, we report a catalytic effect of APP in
lowering the temperature required for the reduction of hematite
using a compact microwave-driven plasma jet source called
a Coaxial Transmission Line Resonator (CTLR).” A very small
amount of hydrogen, an intense reducing agent, and a near-
infrared laser (808 nm) under continuous wave mode for
localized heating are used to enhance the rate of reduction
process. The microwave plasma has non-thermal properties
(electron temperature >> gas temperature),**** hence surface
heating by plasma is limited to an order of hundreds Kelvin.
Accordingly, we combine the near-infrared laser capable of
providing rapid local surface heating, for the purpose of facili-
tating system temperature control while minimizing the
thermal effect of the plasma. In that regard, our approach of
combining laser and plasma could be catalytically more effec-
tive compared to plasma alone®>*° or laser alone process.”” Also,
it provides a platform to investigate the catalytic effects of
plasma by separating the thermal effect. More details of the
experimental setup can be found in ESI (Fig. S11).

Results and discussion

The laser-combined plasma treatment shows that the presence
of plasma helps the chemical reaction in the reduction of the
hematite. The surface of the hematite starts to reduce at the
radiation temperature (7;,q) of about 570 K in the plasma-laser
combined condition. The laser only condition, however,
requires a much higher T;,q of about 720 K for the surface to be
reduced. Fig. 1a and b show two different combinations of
plasma and laser irradiation on the hematite surface at Tyoq =
630 K, and 5 minute irradiation for each combination is per-
formed to ensure sufficient reaction. In both cases, the surface
temperature is instantly reached 630 K from room temperature
by the laser heating. Under such conditions, dramatic color
change on the surface is observed in la case, whereas no
distinct change is detected with the laser-only case as shown in
Fig. 1b. These results suggest the probable catalytic effect of
plasma on hematite powder, that is, lowering the reduction
energy barrier of metal oxides. We consider three possible
factors for the observation: microwave heating, abundant
energetic electrons, and hydrogen reactive species. A few
studies on thermochemical redox reactions via microwave
heating have been reported.”>***® The studies showed that the
direct radiation of microwave can promote the loss of lattice
oxygen on metal oxides. The microwave-driven plasma intro-
duced in the current work, however, is positioned far from the
surface. The heating effect of microwave is thus negligible.
Abundant electrons generated by the plasma are presumed to
be the main factor of low reduction temperature as electrons
play a major role in the formation of polarons and oxygen
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Fig.1 Reaction processes of (a) both plasma and laser on and (b) laser
on only, and (c) microscopic images of untreated hematite (top) and
plasma-treated hematite (bottom). In the laser-only case (b), the gas
flow and microwave (MW) power are the same as in (a). The red cross
marks in the microscopic images of (c) indicate the location of Raman
spectroscopy measurement. The ‘flow in" gas composition of (a) and
(b) are both argon mixed with 0.5 vol% hydrogen.

vacancies in metal oxides." It was shown that negative surface
charging by electrons, in terms of chemisorption, can increase
the reductive capabilities in the reduction of CO,, suggesting an
electron-induced synergistic effect in plasma catalysis."® It is
thus conceivable that the induced negative charge on the
surface can promote the reduction of metal oxides. As a small
portion of hydrogen (0.5%) mixed with argon is used for the
plasma discharge, reactive hydrogen species (H,, H', H etc.)
cannot be neglected. In particular, H, (ro-vibrationally excited
hydrogen molecule) is the dominant radical species in
microwave-induced non-thermal hydrogen plasma and can
assist the reduction process of metal oxides.'*3*3

As mentioned earlier, combining the high reactivity of
microwave plasma and the fast surface heating by laser offers
several advantages in terms of the energy efficiency and time
scale of catalytic reactions compared to the laser or plasma
alone case. The main advantage of using laser as a heating
source is the acceleration of reaction rate by compensating for
the insufficient local heating capability of plasma. The rapid
heating by laser can minimize undesired reactions as well as
prevent the destruction of the target. Laser heating is also more
energy-efficient than convection heating, as it can significantly
reduce massive heat loss from the reactor to the environment or
to the process gases.

The observed change on the hematite surface is analyzed
using a Scanning Electron Microscope (SEM), an X-ray Diffrac-
tometer (XRD), a Raman spectrometer, and an X-ray Photo-
electron Spectrometer (XPS).

We analyzed the morphological changes of the hematite
powder sample by SEM before and after the plasma treatment.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (a) untreated hematite and (b) plasma-treated
hematite for 5 minute.

Fig. 2 shows that the untreated hematite particles have the
average size under 500 nm, and the size of particle is main-
tained after the 5 minute plasma treatment without sintering.
This finding implies that the plasma treatment is a suitable
technique for reducing metal oxides without damages.

Fig. 3 shows the diffraction patterns of untreated and
plasma-treated hematite samples. It is noted that the patterns
contain both signals from the surface and the bulk of the
sample as the XRD measures bulk diffraction patterns. The
measured patterns were analyzed using the Rietveld refinement
method® to quantify the volumetric fraction of hematite and
magnetite. The detail of the method is described in Fig. S2 and
Table S1 in the ESL{ Miller index planes obtained from the
Inorganic Crystal Structure Database (ICSD) are indicated. The
Miller indices denoted by (012), (104), (111), (113), (024), (116),
(122), (214) and (300) correspond to a reference hematite
sample (ICSD code 01-080-5407 and 01-089-8103).>* The Miller
indices denoted by (111), (220), (202) and (511) correspond to
a reference magnetite sample (ICSD code 01-071-6336 and 01-
076-2949).*>** Fig. 3 shows that the plasma treatment has
partially changed the chemical state of hematite to that of
magnetite. In addition, the weakening of the signal intensity of
the treated hematite indicates that the treated sample has
a state of the 2-phase mixture (hematite-magnetite). The
observation of a fine shift in main peaks, (111), is an evidence of
phase shift.

We use Raman spectroscopy for cross-validation of the XRD
results, and X-ray Photoelectron Spectroscopy (XPS) for assess-
ment of the chemical state of the sample surfaces. Fig. 4a
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Fig. 3 XRD patterns of untreated and plasma-treated hematite
samples. The pale green box is magnified to discern the shift clearly.
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Fig. 4 (a) Raman and (b—e) photoelectron spectra collected from the
untreated and plasma-treated hematite samples. (b) O 1s for the
untreated hematite, and (c) O 1s for the plasma-treated hematite. (d)
Fe 2ps,» for the untreated, and (e) Fe 2ps/, for the plasma-treated
hematite. O, Oaq, and Oyac Mean lattice oxygen, adsorbed oxygen
(surface oxygen in the —OH or H,O form), and oxygen vacancy
(oxygen-deficient environment with O?~ vacancies), respectively.

presents the Raman spectra of untreated and plasma-treated
hematite samples. The observed peaks at A;, and E, for the
untreated sample correspond to the phonon vibrational mode
of hematite, and the continuum signal appearing near
1318 cm™ ' corresponds to the two-magnon scattering of
hematite.**** The A,, peak near 668 cm ™' for the plasma-treated
sample corresponds to the vibrational mode of magnetite.*”*
The partially weakened hematite peaks and A, of magnetite
peak show that the plasma-treated hematite has a state of the
two-phase mixture, which is consistent with the XRD results.
The surface electronic state of the samples is analyzed by
XPS. While the Oy, peak is a representative peak for typical
metal-oxygen bonds, the O,,. peak at a higher energy is
attributed to the surface oxygen vacancies. The untreated
sample has a small O,,. peak at the binding energy slightly
above 534 eV (Fig. 4b), but the plasma-treated sample shows
a much larger O,,. peak at a slightly lower energy resulting in
the high peak asymmetry (Fig. 4c).**** This indicates that the
plasma-treated sample contains a significantly larger number of
surface oxygen vacancies compared to the untreated sample.
Fig. 4d and e show the representative Fe 2p;z, peaks of the
untreated and the plasma-treated samples.*>*® Fe 2p;,, peaks
(~711 eV) exhibit multiplet characteristic wherein Fe** has
a relatively lower binding energy compared to Fe**.*” Compared
to the untreated sample, the Fe 2p;, peaks of the plasma-
treated sample show an increased signal in the lower energy
around 710.3 eV indicating that some of Fe®* are reduced to

RSC Adv, 2021, 11, 35489-35493 | 35491
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Fe*", consistent with the increased number of oxygen vacancies.
Specifically, the relative ratio of Fe>*/(Fe*" + Fe®*) can be
calculated by comparing the area under the fitted curves. The
untreated sample has only 47.7% of Fe>", which increases to
70.2% after the plasma treatment. The increased area under the
Fe®" peak suggests that the plasma treatment effectively
removes lattice oxygen in the hematite. On the other hand, the
area under the Fe** peak decreases after the plasma treatment,
presumably because Fe®" is reduced with extra electrons
supplied by plasma or by the formation of oxygen vacancies.****
It may be hypothesized that in the process the high-energy
electrons supplied by plasma help to break the Fe-O bonding,
facilitating the oxygen gas evolution. Another possible route is
that rich hydrogen radicals produced by plasma may work as an
effective reducing agent. Additional electrons, generated by the
creation of oxygen vacancies or supplied by plasma, are
consumed by the reduction process of Fe** + e~ — Fe*". Both of
the oxygen vacancy generation and reduction of Fe*" to Fe>*
could induce the lattice distortion resulting in the increase of
the lattice constant. The increased lattice constant indicates
loosening of the Fe-O bond, which generally shifts XPS peaks to
lower energy positions. In addition, the binding energy of Fe**
atoms is decreased compared to Fe*" atoms due to enhanced
electrostatic shielding by electrons. Such a reduction in binding
energy also causes overall peak shift to lower energies in XPS.
Thus, the observed overall peak shift to lower energies after the
plasma treatment (Fig. 4b-e) could be attributed to either the
lattice distortion or the enhanced electrostatic shielding, or
both.

Conclusions

Here we proposed a novel technique for the fast control of the
surface chemical state of hematite using microwave-driven
atmospheric pressure plasma. SEM, XRD, Raman, and XPS
analyses show that the chemical state of the hematite powder
was partially changed to that of magnetite by the plasma with
laser-heating under ambient pressure. The catalytic effect of
microwave-driven plasma is confirmed by the unaffected
surface of the control sample treated by laser only.

The reduced hematite by plasma showed the state of
a partially reduced 2-phase mixture rather than the completely
reduced state as metallic iron (Fe). Hematite has three well-
known reduced phases: magnetite (Fe;0,), Wiistite (Fe;_,O),
iron (Fe). The fast control capability of the surface temperature
using the laser enables the rapid reduction of hematite because
the reduction rate increases with temperature.* The combined
effect of plasma and laser surface heating also enables to reach
intermediate reduced states. Hence, the proposed laser
combined plasma system can provide a platform for the study of
reduction and oxidation process of metal oxides.

Lowering the reduction temperature by plasma may offer
significant advantages in thermochemical hydrogen produc-
tion, wherein high reduction temperatures required to generate
oxygen vacancies in metal oxides have been a critical bottleneck
for commercialization. Lower operation temperature provides
engineering benefits in system durability, the choice of heat
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sources, and thermal efficiency. Moreover, the non-sintering of
the hematite particles after treatment in our experiments
suggests that the introduction of plasma can help maintain
a constant efficiency in the redox cycles.

It is noted that our experimental setup has one limitation on
the temperature measurement. We choose the infrared imaging
camera to indirectly measure the rapid change of the surface
temperature during the treatments. However, it is difficult to
track the change of the surface emissivity during the reduction
reaction of hematite to magnetite, which is required for exact
temperature measurement. This limits the thermodynamic
analysis of the redox reaction with temperature dependence.
Developing a tool to accurately measure the surface tempera-
ture of the plasma-metal oxide interface remains as a challenge.

We have presented three probable hypotheses of the low
reduction temperature; effects of microwave heating, surface
charging of electrons, and hydrogen radicals. Further studies of
their roles are subject to future study.
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