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Abstract

This paper discusses catalyst preparation using thermal and cold plasmas. In general, there are three main trends in preparing
catalysts using plasma technologies: (1) plasma chemical synthesis of ultrafine particle catalysts; (2) plasma assisted deposition
of catalytically active compounds on various carriers, especially plasma spraying for the preparation of supported catalysts;
(3) plasma enhanced preparation or plasma modification of catalysts. Compared to conventional catalyst preparation, there
are several advantages of using plasmas, including: (1) a highly distributed active species; (2) reduced energy requirements;
(3) enhanced catalyst activation, selectivity, and lifetime; (4) shortened preparation time. These advantages are leading to
many potential applications of plasma prepared catalysts. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalysts are of great importance in the modern
world. At present, almost all major chemicals are pro-
duced by catalytic processes. Among these catalytic
processes, heterogeneous catalysis plays a very active
role, because of environmental concerns: in the near
future, non-environmentally friendly liquid acid cata-
lysts will be replaced by green solid acid catalysts. To
ensure an efficient reaction in heterogeneous cataly-
sis, the active phase (usually the metal) on the catalyst
surface must be highly dispersed over a large specific
surface area and the specific activity maximized. To
achieve this objective, catalytically active species are
usually deposited as very fine particles on the surface
of a highly porous support material (such as alumina,
silica, titania, and zeolites) with high thermostability,
high surface area, and suitable mechanical strength.
The conventional preparation of dispersed catalysts
usually requires a combination of several unit opera-
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tions, including (i) introduction of the metal precursor
on the support using ion-exchange, impregnation, co-
precipitation, and deposition; (ii) drying; (iii) calci-
nation; and (iv) if necessary, reduction. However, the
present state-of-the-art status of technologies for cat-
alyst preparation is far from perfect. Some of these
unit operations are not well understood. There exist
some catalytic reactions, for example, oxidative cou-
pling of methane, partial oxidation of methane, CO2
reforming of methane, and Fischer–Tropsch synthesis,
are challenging chemists all over the world to seek a
better catalyst or a more effective catalyst preparation
method. Recently, using plasmas for catalysis has at-
tracted a lot of attentions [1–18]. Some unusual chem-
ical activities have been achieved when plasma species
were involved in the catalyst surface reactions, which
have led to efforts to apply plasmas directly to prepare
more effective catalysts. In general, there are three
main trends in catalyst preparation using plasmas:

1. plasma chemical synthesis of ultrafine particle
catalysts;
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2. plasma assisted deposition of catalytically active
compounds on various carriers, especially plasma
spraying for the preparation of supported catalysts
using thermal plasmas and

3. plasma enhanced preparation or plasma modifica-
tion of catalysts.

The objective of this review paper is to summarize
the present status of plasma technologies for catalyst
preparation.

2. The performances of various plasma
techniques

In general, plasma is an ionized gas that can be
generated by a number of methods, including electric
discharges (glow, microwave, plasma jet, radio fre-
quency and so on). Depending on their energy level,
temperature, and ionic density, plasmas are usually
classified as high temperature plasmas (for nuclear
applications) and low temperature plasmas (including
thermal and cold plasmas). The low temperature plas-
mas have been used in catalyst preparation. In thermal
plasmas, like plasma jet, the gas bulk temperature is
close to the electron temperature (up to several tens
of electron volts). Therefore thermal plasmas are also
named as equilibrium plasmas. On the other hand, the
bulk temperature in cold plasmas can be as low as
room temperature, while the electron temperature can
reach as high as 10,000–100,000 K (1–10 eV). Thus
the cold plasmas are so-called non-equilibrium plas-
mas. Some of the characteristics of thermal and cold
plasmas have been given in Table 1. Electrode config-
uration of plasmas (used for catalyst preparation) has
also been shown in Fig. 1.

Table 1
Characteristics of thermal and cold plasmas used for catalyst preparation

Thermal plasma Cold plasma

Pressure Atmospheric or higher Low (<0.1 bar) for most cases
Appearance Filamentary inhomogeneous Homogeneous

Temperatures High electron temperature High electron temperature
High gas (bulk) temperature Low gas temperature

De-excitation rate in gas phase High Low
Types Plasma jet; dc corona torch; arc Glow; radio frequency; microwave
Uses Ultra-fine particles spraying; sputtering Modification or treatment of catalyst surface

3. Plasma chemical synthesis of ultrafine particle
catalysts

The theory and practice of heterogeneous cataly-
sis have demonstrated that the activity of solid-phase
catalysts is determined by their chemical and phase
composition, crystal structure, and active specific sur-
face. A close relation has been observed between the
catalyst activity and the specific surface of catalysts.
In this regard, the ultrafine particle catalysts attract
special attention because of their large specific sur-
face and less-perfect crystal lattice with a large num-
ber of vacancies [18]. These induce a high catalytic
activity. One of the most efficient methods for produc-
ing ultrafine particles has been the plasma technique
[12–25]. Thermal plasmas are known to be excellent
in the production of ultrafine particle catalysts of the
order of a few tens of nanometers with a highly de-
veloped specific surface and a high catalytic activity
[12–25]. When the plasma chemical synthesis of ultra-
fine particles is accompanied by an effective quench-
ing of products at a rate of 105–106 K/s that leads to
an extra high energy over-saturation, then conditions
are created for condensation of ultrafine particles with
an unusual distribution of the additives [26,27], de-
generated crystal structure, and numerous defects in
crystal lattice that result in a high catalytic activity
[13,15,16,26,27]. The mean particle size of plasma
synthesized particles is 5–500 nm (specific surface is
less than 100 m2/g). Moreover, quenching determines
the phase content of the produced ultrafine particles.
The purities of the ultrafine particles are simply deter-
mined by the starting materials used [18].

According to Roginskiy’s theory of over-saturation
[28], catalysts obtained under energy over-saturation
conditions must demonstrate an increased activity. The
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Fig. 1. Schematically representatives of electrode configurations of discharge phenomena applied for catalyst preparation: (a) glow discharge;
(b) microwave plasma; (c) plasma spraying.

extent of energy over-saturation of a system increases
with an increasing rate of heat transfer to it
dQ

dτ
= α(T1 − T2)dF1 (1)

whereT1 is the temperature of heat carrier (plasma
in the case considered here),T2 the temperature of
the substance heated (micrometer-size particles), and
dF is the surface separating them. If one assumes that
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the material treated is spherical with radiusR, then
the specific surface of particles belonging to different
fractions will be inversely proportional to their radii

F1

F2
= R2

R1
(2)

or the smaller the particles, the higher will be their
specific surface. However, decreasing the particles size
is only reasonable to a certain limit, defined by Biot’s
criterion

Bi = αR

λ
= R/λ

1/α
(3)

whereλ is the particle coefficient of heat conductivity
andα is the coefficient of heat transfer from the heat
carrier to the particle.

The numerator in Eq. (3) characterizes the resis-
tance to heat propagation from the surface to the cen-
ter of the particle, and the denominator characterizes
that to heat transfer from the heat carrier to the parti-
cle surface. WhenR is large, the heat-transfer process
is limited by the heat resistance of the particle and,
inversely, for smallR, by the heat resistance of the
phase interface. There obviously exists a value ofR
for which the two quantities are equal (Bi= 1)

R = λ

α
(4)

To create maximal energy over-saturation, the raw
material must be pre-dispersed to a particle size as
close as possible to that defined by Eq. (4). The cal-
culations for the case of, for example, elemental Fe or
iron oxides yield a value of approximately 50�m.

Table 2 shows some illustrative catalysts pre-
pared using plasmas. Processes involved included
ammonia synthesis, ethylene production, natural
gas reformation, low temperature steam conversion
of carbon monoxide, methanol formation, nitrogen
oxide production, methane conversion, photo-catalytic
decomposition of water and so on (Table 2).

A good catalyst must have certain characteristics.
The catalyst should:

1. provide a sufficiently high reaction rate under the
specific reactive conditions;

2. sustain its activity over a long period of time;
3. exhibit low sensitivity to poisons, such as sulfur

compounds;
4. have good mechanical strength;

5. show selectivity, it should accelerate the desired
reaction only and

6. be reduced before use since most of catalysts are
produced as oxides. The reduction period should
be as short as possible in order to avoid a decrease
in the production efficiency.

Obviously, these requirements are quite contra-
dictory. For example, high activity cannot always
be combined with good stability, whereas a stable
catalyst may be difficult to reduce. In addition, me-
chanical strength is usually inherent to high-density
catalysts that are less active. In this regard, the catalyst
prepared using thermal plasma shows better compre-
hensive performances [15,16,22–25,27]. The unique
distribution of active components on the plasma pre-
pared catalysts reduces its sensitivity to poisons. The
high specific surface of ultradispersed plasma pre-
pared catalysts, together with the numerous defects
in their crystal structure, is conducive to their fast
reduction.

Kinetic studies were also conducted on plasma syn-
thesized catalysts under conditions similar to indus-
trialized catalysts [26,27]. It has been demonstrated
that the increased catalytic activity is due to an in-
crease in the pre-exponential factor in the Arrhenius
equation at constant activation energy, i.e. to an in-
crease in the number of active centers per catalyst
weight.

It is a common misconception that plasma synthe-
sized catalysts are expensive. If one takes into account
the main characteristics of plasma synthesized cata-
lysts, including one-step production, simplicity, short
preparation period, miniaturization of equipment, and
so on, it is safe to predict plasma chemical synthesis
of catalysts will soon prove its advantages. Note that
the cost of catalysts is a small fraction of the total
cost of production (for example, 2–3% for ammonia
production).

4. Plasma assisted deposition of catalytically
active compounds on various supports

There are some reports in the literature on plasma
assisted deposition of catalytically active compounds
on various supports. Plasma spraying [7,12,39–46]
(some illustrative tests have been shown in Table 3),



C
.-j.

L
iu

et
al./C

atalysis
Today

72
(2002)

173–184
177



178
C

.-j.
L

iu
et

al./C
atalysis

Today
72

(2002)
173–184



C
.-j.

L
iu

et
al./C

atalysis
Today

72
(2002)

173–184
179



180 C.-j. Liu et al. / Catalysis Today 72 (2002) 173–184

plasma sputtering [49], and plasma assisted CVD [50]
have been employed for it, although more concerns
have been given to plasma spraying.

The unique characteristics of thermal plasma (high
effective temperature, energetic particles, etc.) make
it very suitable to prepare membrane catalysts on var-
ious supports, especially metals. Metals have some
advantages (like high mechanical strength, good
heat conductivity, and others) that make their ap-
plication in catalysis more attractive than ceramic
supports for the use of the membrane catalyst. A
typical example is the catalytic treatment of auto-
mobile exhausts. The conventional preparation of
metal-supported catalysts poses some serious prob-
lems, including (1) protecting catalytic membranes
from mechanical shock and chemical exposure to
the reaction medium; and (2) maintaining catalytic
activity at high temperatures. It is also very difficult
to prepare a catalytic membrane with a strong con-
tact between the membrane and the metal surface at
high temperatures. Plasma spraying is already widely
applied for the preparation of thick coatings of re-
fractory materials and is one of the prime candidates
for producing effective anti-corrosion coatings, espe-
cially for high temperature applications [51]. As is
shown in Fig. 1, powder is heated to near or above
its melting point in a plasma torch and then is accel-
erated by a plasma gas stream toward the substrate.
The powder used for plasma spraying is between 5
and 60�m in diameter. The size distribution of the
powder should be narrow to achieve a uniform heat-
ing and acceleration. Fine powders are heated and
accelerated more rapidly, but they tend to lose mo-
mentum quicker when sprayed at longer distances
from the torch. This usually leads to a denser coat-
ing, which is less favorable for catalyst preparations.
A porous structure of sprayed membranes or coat-
ings is necessary for catalytic applications. Changing
the particle size of the powder sprayed allowed the
physicochemical characteristics of the catalytically
active layer to be regulated (phase composition,
porosity, specific surface, thermal conductivity, etc.)
[36,43].

Several papers have shown that the porous structure
of sprayed membranes depends significantly on the jet
outflow regime (laminar, transient, or turbulent), the
components and the flow rate of the plasma forming
gas, the applied power (or the average bulk tempera-

ture), the spraying distance, and so on [36,41,42]. For
example, an increase in the plasma-forming gas flow
rates leads to a growth of the porosity of the catalytic
membranes.

Two different approaches have been used for the
synthesis of catalyst membranes using plasma spray-
ing: (1) preliminary spraying of a gradient layer
with various additives, followed by the deposition of
the catalytically active components; and (2) direct
spraying of the catalytically active components on a
support surface [36,44–46]. Khan and Frey [45] pre-
pared perovskite oxide LaMOx films (where M is Co,
Mn, or Ni) deposited on Al2O3 by a plasma spray
deposition.

There have been studies of applications of
direct-current plasma torchs with interelectrode
inserts for atmosphere plasma spraying Al2O3
(�-Al2O3 and�-Al2O3) coatings on different geome-
try (plates/foams) metal substrates [36]. Experiments
performed on metal supports of different geometries
have shown that a sprayed Al2O3 layer demonstrates
a strong and uniform adhesion to the metal surface.
The gradient layer sprayed successfully solves two
different problems [36,47]: (1) it serves as a washcoat
on which a catalyst can subsequently be synthesized;
and (2) it protects the metal surface from oxidation at
high temperatures.

The effectiveness of plasma sprayed membrane
catalysts has also been confirmed by a conver-
sion of syngas to hydrocarbons in a tube-wall
reactor using a Co–Fe plasma sprayed catalyst, re-
ported by Dalai et al. [48]. The plasma sprayed
catalyst layer is 0.16 mm thick and consists of a
mixture of metal oxide particles (CoO·Fe2O3, prin-
cipally) that are fairly uniformly distributed on the
tube surface as well as in the cross-section of the
plasma sprayed catalyst layer. The uptake of hy-
drogen and carbon monoxide of plasma sprayed
Co–Fe bimetallic catalysts was found to be higher
(8.0 and 7.4�mol/g, respectively) than the uptake of
powdered bimetallic catalysts (0.8 and 2.0�mol/g,
respectively). The experiments showed that the cata-
lytic activity of the plasma sprayed catalyst was a
strong function of the operating conditions and a
maximum CO conversion of 98.5% was achieved.
The selectivity of C5+ hydrocarbons was over 40%
when produced in the pressure range of approximately
0.69–1.03 MPa.
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5. Plasma enhanced preparation or plasma
modification of catalysts

5.1. Plasma heat treatment

The plasma enhanced preparation or plasma modi-
fication of the catalyst is usually performed after the
supported catalyst (which is made of metal oxides in
most cases) is dried. There are two techniques regard-
ing plasma enhanced preparation or plasma modifica-
tion of a catalyst: plasma heat treatment and plasma
chemical treatment (modification). The first technique
usually employs microwave plasma at low-pressures
[52–55] or atmospheric pressure [56]. Plasma heat
treatment is conducted to replace the thermal cal-
cination of a catalyst. In principle, the microwave
plasma heat treatment of a catalyst is similar to the
microwave heat treatment [55–57], but it is combined
with the chemical treatment from the active plasma
species. These catalysts prepared using the plasma
heat treatment are very different from those calcined
conventionally. Sugiyama et al. [52] reported a plasma
heat-treated Nb2O5 catalyst for the vapor-phase Beck-
mann rearrangement reaction. It has been found that
a plasma heat-treated catalyst shows weakened acid
strength and better selectivity. From XPS characteri-
zation of catalysts, Nb4+ and Nb2+ species have been
detected on the surface, in addition to Nb5+ that was
known to exist. It is clear that the catalyst has been
reduced by the plasmas. It has even been observed
that the surface color of Nb2O5 changed from white
to blue after it was plasma treated. It is apparent that
the effect of active plasma species cannot be ignored
during the plasma heat treatment.

Zhang et al. [58] reported plasma activation of a
Ni/�-Al2O3 catalyst for methane conversion to syngas
that is a typical example of combining plasma heat-
ing and chemical treating of the catalyst. First, the
radio frequency (f = 13.56 MHz) plasma with argon
as plasma forming gas has been used for the decom-
position of Ni(NO3)2 into black Ni2O3. In this step,
plasma serves as a special energy supply. Then hydro-
gen plasma at the same frequency has been applied
for the reduction of catalyst. The catalyst becomes
green at the first (Ni2O3 → NiO), then changes to
black (NiO → Ni) again by hydrogen plasma. This
represents an intensive interaction of the plasma with
the surface of the supported catalyst. The plasma pre-

pared catalyst shows a better activity and stability,
compared to the catalyst prepared conventionally. The
total treatment time is less than 3 h (1.5 h for plasma
heat treatment and 65 min for plasma reduction) at the
discharge tube temperature of 65◦C, while the con-
ventional preparation of catalyst needs 10 h of calci-
nation at 900◦C and 1 h of reduction at 600◦C.

A potential important application of plasma heat
treatment is for the preparation of zeolite catalysts
[59]. The principal objectives of thermal treatment
of zeolites at elevated temperature include template
removal from as-synthesized materials and activa-
tion in catalyst preparation. Various reactions such as
ultra-stabilization, cation redistribution, and de- and
re-alumination may take place in the zeolite, based
on the temperature applied. Maesen et al. [59] have
explored the application of a radio frequency dry air
plasma treatment for low temperature oxidation of
combustibles in various zeolites. It has been found
that such plasma treatment does not impair the zeo-
lite structure since the gas temperature during plasma
treatment is approximately 45◦C. The IR and TGA
analysis of plasma treated zeolites confirms that the
plasma has removed most of the template [59]. In
addition, it has been concluded that the plasma treat-
ment, as the conventional calcination does, affects the
long-range ordering but, in contrast to heat treatment,
plasma treatment leaves the local ordering unaffected.

5.2. Plasma chemical treatment or modification

The plasma chemical treatment or modification of a
catalyst is a process in which gases are partly broken
down into chemically active species in plasma, which
then flow to, and physically or chemically react at,
the catalyst surface [60]. Plasma itself is a complex
mixture that contains electrons, ions, photons, neutral
species, excited species (including vibrationally, ro-
tationally, and translationally excited species) and so
on. Different plasma species affect the heterogeneous
surface in very different ways. There has been con-
siderable interest in investigating the role of plasma
surface interaction in the chemical reactions under the
influence of various plasma species. Regarding the
reactivity of each plasma species toward surfaces, Tas
[61] summarized it and concluded that only radicals
and vibrationally excited molecules need to be consid-
ered for surface reactions in atmospheric non-thermal
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plasmas. Ions and detectable electronically excited
molecules are already de-excited before they start
to interact strongly with the surface, although they
may be highly vibrationally excited as a result of
de-excitation. The effect of rotational and translational
excitation can be ignored in non-thermal plasmas at
atmospheric pressure. For the case of low pressure
plasmas, such as glow discharge, electrons will be-
come more important [62], in addition to radicals and
excited molecules. Exactly, it has been observed that
the interaction of active plasma species with the cata-
lyst surface has led to some unusual catalytic activity
for waste treatment or methane conversion or the oth-
ers [1–11]. Kameoka et al. [63] reported formation of
a novel Al2O3 surface with Al–O∗ by plasma excited
nitrogen N∗

2. The following reactions are presented to
explain the observed phenomena:

N∗
2 + 6Al–OH → 2NH3 + 6Al–O∗ (5)

6Al–O∗ + 3H2O → 3
2O2 + 6Al–OH (6)

The total reaction is

N∗
2 + 3H2O → 2NH3 + 3

2O2 (7)

Reaction (3) is a thermodynamically unfavored
reaction (�G298 K = 162 kcal/mol), while this reac-
tion can take place on the Al2O3 surface activated by
nitrogen plasma. The unusual capability of plasma
species in the treatment or modification of a catalyst
for the conventional chemical processes has also been
established. Yagodovskaya and co-workers [64–66]
reported a preparation of Fe2O3/ZSM-5 catalyst for
hydrogenation of carbon monoxide using glow dis-
charge of oxygen and argon. The major objective of
that investigation was to develop a low-temperature
preparation of the Fe2O3/ZSM-5 catalyst to avoid
the reduction in both activity and selectivity of cata-
lysts due to a noticeable segregation of the metal
phase on the outer zeolite surface that occurs in
the conventional calcination thermally. They applied
a low-pressure (1 Torr) glow discharge to treat the
ZSM-5 zeolite impregnated by a solution of Fe(III)
nitrate for approximately 5–20 min. The total decom-
position of iron nitrate into the amorphous Fe2O3
and NO2, as a result of treatment by oxygen or argon
glow discharge, has been achieved. This prepared
catalyst showed a well-developed surface. The spe-
cific surface increases with the surface enriched by

iron [65], after glow discharge treatment. The reduc-
tion of iron oxide on the prepared catalyst to Fe0 by
hydrogen was facilitated. Such a plasma prepared cat-
alyst showed higher activity and better selectivity of
C2

+–C4
+ alkene, compared to the catalyst prepared

conventionally.
Diamy et al. [67,68] reported a preparation of gold-

based metallic catalysts using a dihydrogen micro-
wave plasma afterglow. An interesting application
of gold in heterogeneous catalysis is its association
with group VIII metals, such as platinum [69] and
palladium [70,71] for the preparation of supported
bimetallic catalysts. Gold is introduced either for the
enhancement of the dispersion of the more active
metal or for the improvement of selectivity or stabil-
ity of catalysts. However, the conventional reduction
of gold in hydrogen at high temperature leads very
often to large particles, especially with zeolites as
supports. The use of the afterglow of a microwave
plasma (2450 MHz) of dihydrogen has led to a better
preparation of gold-based metallic zeolite catalysts.
The afterglow is a medium that contains active hy-
drogen atoms, which works at sufficiently low tem-
peratures that the formation of large particles can be
avoided. Based on the analysis using transmission
electron microscopy, most of the particles produced
in the afterglow of dihydrogen are less than 5 nm in
diameter.

Furukawa et al. [60] also reported a plasma modi-
fication of an H–Y zeolite by a radio frequency CF4
plasma. A novel surface with new zeolite functional-
ities (e.g. hydrophobic surfaces) has been achieved.
The infrared absorption analyses clarified that the
replacement of –OH groups of zeolite by –CF3 or
–F groups on the micropore surface of the zeolite
are responsible for the formation of the hydrophobic
surface.

An important application of plasmas in the prepa-
ration of zeolite catalysts is modifying zeolite acidity.
Takeuchi [72] showed that the water and the OH
group on the HY zeolite can be removed after the
5-min treatment using microwave discharge. Lewis
acid is thereby efficiently formed in the HY zeolite.
The discharge-treated HY zeolite used foriso-butane
catalytic cracking showed a higher activity com-
pared to the catalyst prepared using conventional
calcination for 2 h at 600◦C. Moreover, the investi-
gation showed the framework of the zeolite would be
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destroyed during conventional calcination at high tem-
peratures, which can be avoided in plasma preparation.

Using low-pressure glow discharge plasmas
[73,74], a simple and novel preparation of bi-functional
catalysts for converting methane to aromatics has
also been developed. Infrared (IR) analysis shows
this preparation significantly enhances in Brönsted
acidity, which plays an important role in methane
aromatization. The intensity of Brönsted acidity of
Fe–Mo/HZSM-5, for example, increases more than
265%, compared to the same zeolite prepared con-
ventionally. The enhanced Brönsted acidity induces
a significant increase in the conversion of methane
(from approximately 11–24%) without increasing the
selectivity of coke formation. Because of the im-
portance of acidity of zeolites in catalyzing a great
number of hydrocarbon transformation reactions, the
plasma enhanced acidic properties of zeolites will lead
to many other applications, either in the petroleum or
chemical industries.

6. Conclusions

Plasma technology is an established key technology
in microelectronic fabrication and in modern surface
treatment. New applications of plasma catalyst prepa-
rations have emerged as a promising future approach.
The advantages of the plasma approach include the
following.

• Ultra-dispersed catalysts are obtained with high spe-
cific surfaces.

• The homogeneous distribution of the components in
the specimens contributes to a decreased sensitivity
to poisons.

• Its strictly constant composition is assured for se-
lectivity.

• The catalyst preparation period is short.
• The dispersion and composition of the samples can

be controlled within wide limits via variation of the
plasma chemical parameters.

To develop plasma’s potential for preparing cat-
alysts, future efforts should address: (1) designing
plasma chemical installations that would ensure com-
plete evaporation of ingredients; (2) studying conden-
sation and crystallization of nano-dispersed phases
simultaneously with plasma chemical reactions under

highly non-equilibrium conditions; and (3) investi-
gating the fundamental properties of plasma modified
catalysts.

Acknowledgements

Support from the Ministry of Education of China
and the Visiting Scholar Foundation of State Key
Laboratory of C1 Chemical Technology of Tianjin
University are very appreciated. The assistance from
Mr. Yang Li, Mr. Kai-lu Yu, Dr. Qing Xia, Ms.
Yue-ping Zhang and Dr. Tao Jiang in Tianjin Univer-
sity, China is also appreciated.

References

[1] K.-P. Francke, H. Miessner, R. Rudolph, Catal. Today 59
(2000) 411.

[2] M.A. Malik, S.A. Malik, Platinum Metals Rev. 43 (1999) 109.
[3] S.L. Brock, M. Marquez, S.L. Suib, Y. Hayashi, H.

Matsumoto, J. Catal. 180 (1998) 225.
[4] H. Miessner, R. Rudolph, K.-P. Francke, Chem. Commun.

(1998) 2725.
[5] M. Tsuji, T. Tanoue, K. Nakano, Y. Nishimura, Chem.

Commun. (2001) 22.
[6] J.F. Xia, X.X. Guo, J.Y. Kong, H.X. Hui, M. Cui, K.P. Yan,

Plasma Chem. Plasma Processing 20 (2000) 225.
[7] M.B. Kizling, S.G. Jaras, Appl. Catal. A 147 (1996) 1.
[8] K. Kunimori, T. Kuriyama, S.-I. Ito, S. Kameoka, Jpn.

J. Appl. Phys. 33 (1994) 4195.
[9] H.-S. Roh, Y.-K. Park, S.-E. Park, Chem. Lett. (2000) 578.

[10] C.-J. Liu, A. Marafee, R.G. Mallinson, L.L. Lobban, Appl.
Catal. A 164 (1997) 21.

[11] C.-J. Liu, R.G. Mallinson, L.L. Lobban, J. Catal. 179 (1998)
326.

[12] G.P. Vissokov, J. Mater. Sci. 27 (1992) 5561.
[13] G.P. Vissokov, J. Mater. Sci. 28 (1993) 6457.
[14] G.P. Vissokov, J. Mater. Sci. 33 (1998) 3711.
[15] G.P. Vissokov, Applied Plasma-Chemistry. 1. Low

Temperature Plasma. Application in Inorganic Technologies,
Tekhnika, Sofia, 1984, p. 284.

[16] G.P. Vissokov, Applied Plasma-Chemistry. 2. Low Temp-
erature Plasma. Application in Organic Technologies and
Metallurgy, Tekhnika, Sofia, 1987, p. 325.

[17] J. Blecha, J. Dudas, A. Lodes, J. Derco, J. Catal. 116 (1989)
285.

[18] S. Iijima, W. Ichikawa, J. Catal. 94 (1985) 313.
[19] H. Tanizaki, A. Otsuka, M. Niiyama, K. Iwasaki, Mater. Sci.

Eng. A215 (1996) 157.
[20] A.I. Gal, V.V. Gal, High Temp. High Pressures 8 (1976) 255.
[21] M. Uda, Bull. Jpn. Inst. Metals 22 (1983) 412.
[22] L. Rouleau, R. Bacaud, M. Breysse, Appl. Catal. A 104

(1993) 137.



184 C.-j. Liu et al. / Catalysis Today 72 (2002) 173–184

[23] T.M. Peev, G.P. Vissokov, I. Czako-Nagy, A. Vertes, Appl.
Catal. A 19 (1985) 301.

[24] J.L. Shohet, IEEE Trans. Plasma Sci. 19 (1991) 725.
[25] H. Tanizaki, A. Otsuka, M. Niiyama, K. Iwasaki, Mater. Sci.

Eng. A215 (1996) 157.
[26] G.P. Vissokov, D.Sc. thesis, Institute of Electronics, Bulgarian

Academy of Sciences, Sofia, 1994.
[27] G.P. Vissokov, P.S. Pirgov, Ultra-Disperse Powders

(Plasma-Chemical Obtaining and Properties), Poliprint, Sofia,
1998, p. 396.

[28] S.Z. Roginskiy, Adsorbtiya I Kataliz na Neednorodnyh
Poverhnostyah, Academy of Sciences, Moscow, 1948, p. 637.

[29] G.P. Vissokov, T.M. Peev, I. Czako-Nagy, A. Vertes, Appl.
Catal. A 27 (1986) 257.

[30] G.P. Vissokov, J. Electrical Eng. 1 (1997) 143.
[31] P.S. Pirgov, G.P. Vissokov, Bulg. Chem. Ind. 67 (1996) 12.
[32] G.P. Vissokov, B. Stefanov, N. Gerasimov, D. Oliver, R.

Enikov, A. Vrantchev, E. Balabanova, P. Pirgov, J. Mater. Sci.
23 (1998) 2415.

[33] G.P. Vissokov, Russ. Chem. High Energies 26 (1992) 462.
[34] P.S. Pirgov, G.P. Vissokov, Bulg. Chem. Ind. 69 (1998) 9.
[35] G.P. Vissokov, P.S. Pirgov, Appl. Catal. A 168 (1998) 229.
[36] P.N. Tsibulev, B.D. Parhomenko, in: Proceedings of the

Plasmachemistry ’79, Vol. 2, 1979, p. 60.
[37] P. Meubus, Can. J. Chem. Eng. 53 (1975) 653.
[38] Y. Nariki, Y. Inoue, K. Tanaka, J. Mater. Sci. 25 (1990) 3101.
[39] Z.R. Ismagilov, O.Yu. Podyacheva, O.P. Solonenko, V.V.

Pushkarev, V.I. Kuz’min, V.A. Ushakov, N.A. Rudina, Catal.
Today 51 (1999) 411.

[40] L. Rouleau, R. Bacaud, M. Breysse, J. Dufour, Appl. Catal.
A 104 (1993) 137.

[41] T. Yoshida, Appl. Chem. 66 (1994) 1223.
[42] J. Ilavsky, J. Forman, P. Chraska, J. Mater. Sci. Lett. 11

(1992) 573.
[43] K.-S. Shi, Z.Y. Qian, M.S. Zhuang, J. Am. Ceram. Soc. 71

(1988) 924.
[44] J.V. Gorinin, B.V. Farmakovskii, A.P. Khinski, US Patent

5204302 (1991).
[45] H.R. Khan, H. Frey, J. Alloy Comp. 190 (1993) 209.
[46] S.V. Dozmorov, A.N. Pestryakov, SU Patent 1 695 978 (1989).
[47] Z.R. Ismagilov, V.V. Pushkarev, O.Yu. Podyacheva, N.A.

Koryabkina, H. Veringa, Chem. Eng. J. 82 (2001) 355.
[48] A.K. Dalai, N.N. Bakhshi, M.N. Esmail, Fuel Processing

Tech. 51 (1997) 219.
[49] D. Dumitriu, A.R. Bally, C. Ballif, P. Hones, P.E. Schmid, R.

Sanjines, F. Levy, V.I. Parvulescu, Appl. Catal. B 25 (2000)
83.

[50] S. Ikezawa, H. Homyara, T. Kubota, R. Suzuki, S. Koh,
F. Mutuga, T. Yoshioka, A. Nishiwaki, Y. Ninomiya, M.
Takahashi, K. Baba, K. Kida, T. Hara, T. Famakinwa, Thin
Solid Films 386 (2001) 173.

[51] J. Leon Shohet, IEEE Trans. Plasma Sci. 19 (1991) 725.
[52] K. Sugiyama, G. Anan, T. Shimada, T. Ohkoshi, T. Ushikubo,

Surf. Coatings Tech. 112 (1999) 76.
[53] K. Sugiyama, Y. Nakano, H. Aoki, Y. Takeuchi, T. Matsuda,

J. Mater. Chem. 4 (1994) 1497.
[54] Y. Nakano, K. Sugiyama, S. Ogasawara, K. Enomoto,

T. Matsuda, J. Mater. Chem. 5 (1995) 527.
[55] J.K.S. Wan, G. Bamwenda, M.C. Depew, Res. Chem.

Intermediates 16 (1991) 241.
[56] K. Kiyokawa, H. Matsuoka, A. Itou,

K. Hasegawa, K. Sugiyama, Surf. Coatings Tech. 112 (1999)
25.

[57] J.K.S. Wan, Res. Chem. Intermediates 19 (1993) 147.
[58] Y. Zhang, W. Chu, W. Cao, C. Luo, X. Wen, K. Zhou, Plasma

Chem. Plasma Processing 20 (2000) 137.
[59] T.L.M. Maesen, D.S.L. Bruinsma, H.W. Kouwenhoven,

H. van Bekkum, Chem. Commun. (1987) 1284.
[60] K. Furukawa, S.R. Tian, H. Yamauchi, S. Yamazaki, H.

Ijiri, K. Ariga, K. Muraoka, Chem. Phys. Lett. 318 (2000)
22.

[61] M.A. Tas, Plasma induced catalysis, Ph.D. dissertation,
Technosche Universiteit Eindhoven, October 1995.

[62] J.T. Dakin, IEEE Trans. Plasma Sci. 19 (1991) 991.
[63] S. Kameoka, M. Kuroda, S.-I. Ito, K. Kunimori, Chem.

Commun. (1996) 2215.
[64] T.V. Yagodovskaya, V.V. Lunin, Zh. Fiz. Khim. 71 (1997)

775.
[65] E.A. Dadashova, T.V. Yagodovskaya, L.A. Beilin, E.S. Shpiro,

V.V. Lunin, Kinet. Catal. 32 (1991) 1350.
[66] E.A. Dadashova, T.V. Yagodovskaya, E.S. Shpiro, L.A. Beilin,

V.V. Lunin, V.V. Kiselev, Kinet. Catal. 34 (1993) 670.
[67] A.-M. Diamy, Z. Randriamanantenasoa, J.-C. Legrand, M.

Polisset-Thfoin, J. Fraissard, Chem. Phys. Lett. 269 (1997)
327.

[68] A.-M. Diamy, Z. Randriamanantenasoa, K. Benbouzid, J.-C.
Legrand, M. Polisset-Thfoin, J. Fraissard, in: Proceedings of
the XIIIth International Symposium on Plasma Chemistry,
Vol. II, 1712, Beijing, China, 18–22 August 1997.

[69] D. Rouabah, J. Fraissard, Catal. Lett. 34 (1995) 321.
[70] R.J. Davis, M. Boudart, J. Phys. Chem. 98 (1994) 5471.
[71] W. Juszczyk, Z. Karpinski, D. Lomot, J. Pielaszek,

W. Sobczak, J. Catal. 151 (1995) 67.
[72] N. Takeuchi, J. Electrochem. Soc. Jpn. 63 (1995) 164.
[73] Q. Xia, C.-J. Liu, Y.-P. Zhang, K.-L. Yu, B. Eliasson, B. Xue,

A plasma enhanced acidity of solid acid, in: Proceedings of
the CHEMRAWN XIVth Conference on Green Chemistry,
Colorado, USA, June 2001 (abstract).

[74] K.-L. Yu, Q. Xia, C.-J. Liu, G. Li, B. Eliasson, B. Xue,
On the plasma enhanced Bronsted acidity of solid acids, in:
Proceedings of 4th International Symp. On Green Chem. In
China (Prt 1), 221, Jinan, China, May 20–24, 2001.


	Catalyst preparation using plasma technologies
	Introduction
	The performances of various plasma techniques
	Plasma chemical synthesis of ultrafine particle catalysts
	Plasma assisted deposition of catalytically active compounds on various supports
	Plasma enhanced preparation or plasma modification of catalysts
	Plasma heat treatment
	Plasma chemical treatment or modification

	Conclusions
	Acknowledgements
	References


