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This paper proposes a comparative study on the microstructure and photocatalytic performances of tita-
nium dioxide coatings elaborated by various thermal spraying methods (plasma spraying in atmospheric
conditions, suspension plasma spraying, and high-velocity oxyfuel spraying). Agglomerated spray dried ana-
tase TiO2 powder was used as feedstock material for spraying. Morphology and microstructural character-
istics of the coatings were studied mainly by scanning electron microscopy and x-ray diffraction. The pho-
tocatalytic behavior of the TiO2-base surfaces was evaluated from the conversion rate of gaseous nitrogen
oxides (NOx). It was found that the crystalline structure depended strongly on the technique of thermal
spraying deposition. Moreover, a high amount of anatase was suitable for the photocatalytic degradation of
the pollutants. Suspension plasma spraying has allowed retention of the original anatase phase and for very
reactive TiO2 surfaces to be obtained for the removal of nitrogen oxides.
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1. Introduction

Titanium dioxide (TiO2) is an attractive material for numer-
ous technological processes. It finds applications in heteroge-
neous catalysis, in solar cells for the production of hydrogen and
electric energy, as gas sensor, as pigments in foodstuffs, paints,
cosmetics, or pharmacology, as a corrosive-protective coating,
in electronic devices as varistors, and so on. After the initial
work by Fujishima and Honda (Ref 1) on the photolysis of water
on TiO2 electrodes without an external bias, extensive studies on
titania for photoelectrical and photochemical applications have
been carried out in the last few decades. As photocatalyst, TiO2

can be used in the degradation of pollutants from air and water,
in the photo-induced superhydrophilicity, in sterilization, and
even in cancer therapy (Ref 2-4).

Among different physical and chemical characteristics of ti-
tania that have an influence on the photocatalytic performance,
the crystalline structure seems to be the most important. It is

generally assumed that the anatase (metastable phase) presents a
higher photocatalytic activity than the rutile (stable phase).
However, some anatase powders containing small quantities
of rutile present a better efficiency than that of pure anatase (Ref
5, 6).

For the photocatalytic applications, TiO2 can be used in the
form of powder or coating deposited by numerous techniques.
Generally, the reactivity of the supported titania is lower than
that of powder. The studies performed in the last years showed
that the technique of thermal spraying can be used to produce
titania coatings with an effective photocatalytic performance for
the decomposition of organic compounds or nitrogen oxides. By
the way, several methods of thermal spraying were developed to
obtain active photocatalytic deposits (Ref 7-13).

This paper describes a comparative study on the microstruc-
ture and photocatalytic performance of nanostructured TiO2

coatings elaborated by different techniques of thermal spraying:
plasma spraying in atmospheric conditions, suspension plasma
spraying, and high-velocity oxyfuel spraying (HVOF). The
coatings microstructure was characterized by scanning electron
microscopy (SEM) and x-ray diffraction (XRD). The photocata-
lytic efficiency was evaluated by degradation of gaseous nitro-
gen oxides pollutants.

2. Experimental

2.1 Materials

Anatase nanosized TiO2 powder (ST01, Ishihara Sangyo, Ja-
pan, 7 nm) was agglomerated by a spray dried technique (using
polyvinyl alcohol as organic binder) to obtain spherical microm-
eter-sized self-standing granules for thermal spraying. The pow-
der was sieved to obtain a size distribution ranging from 10 to 50
µm (Fig. 1). TiO2 P25 powder (Degussa AG, Germany) that con-
tains 82 vol.% anatase phase (27 nm grain size) and rutile (50
nm) was used as a material reference for the photocatalytic tests.
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2.2 Thermal Spraying

Different techniques of thermal spraying were used to elabo-
rate nanostructured coatings. Moreover, the spray conditions
have been adjusted to minimize the particle heat input and to
maintain the original anatase metastable phase in the coating.
Plasma spraying in atmospheric conditions (APS) was carried
out with a Sulzer-Metco PTF4 plasma gun (6 mm nozzle torch)
(Switzerland). The powder at a feed rate of about 14 g/min was
carried out by Ar (at 3 L/min flow rate) in the plasma jet obtained
from 40 L/min Ar and 3 L/min H2 plasma gases mixture. The arc
current was fixed at 400 A. XC10 (Est Acier, France) mild steel
substrates (60 by 70 by 2 mm3) previously sand blasted were
fixed at 100 mm from exit of the nozzle torch.

Plasma spraying from a powder suspension (technique
known as suspension plasma spraying, or SPS) was also used to
deposit TiO2 coatings. A special device was designed to allow
the slurry (suspension of fine particles in a solvent) injection in
the plasma jet (Ref 13). The aqueous suspension containing 25
wt.% agglomerated powder without any dispersing agent was
introduced using a peristaltic pump, at a feed rate of about 25
mL/min, in the system that ensured the atomization of the slurry
and radial injection of the resulting drops in the plasma jet. Ar-
gon at a flow rate of 5 L/min allowed the fragmentation of the
liquid in the enthalpic source. The spraying conditions were
similar to that of conventional APS.

The HVOF spraying was performed with a Sulzer-Metco
(Winterthor, Switzerland) CDS 100 gun (3 in. nozzle) using
natural methane gas, as fuel gas. The flame was obtained by the
combustion of 100 L/min CH4 with 400 L/min O2. N2 at a flow
rate of 50 L/min was also added to the gas mixture to decrease
the flame temperature. The powder feed rate was 20 g/min and
was carried by N2 at a flow rate of 9.5 L/min. The spray distance
was fixed at 150 mm. In the flame, the powder was injected by
two different methods: internal injection, that is, as in the con-
ventional HVOF process, and external injection, that is, from
outside of the nozzle torch (Ref 14).

2.3 Characterization

The coating morphology was examined using a JEOL (To-
kyo, Japan) JSM-5800 LV (SEM). X-ray diffraction (X’Pert
MPD Philips [Eindhoven, The Netherlands] diffractometer)

with Cu-K� radiation was used to assess the anatase to rutile
ratio. Scan step was 0.02° s−1 with a step time of 0.5 s in the 20
to 90° 2� range. The volume percentage of anatase was deter-
mined according to the relation (Ref 15):

CA =
8IA

8IA + 13IR
(Eq 1)

where IA and IR are the x-ray intensities of the anatase (101) and
the rutile (110) peaks, respectively. The crystallite size was
evaluated from the XRD based on the Scherrer formula.

The photocatalytic performance of TiO2 was evaluated by
the decrease of nitrogen oxides (NO, NOx) concentration in a
purpose-built test chamber described elsewhere (Ref 16). The
nitrogen oxides, prepared in situ by chemical reaction between
copper powder and nitric acid, were introduced in an environ-
mental chamber (about 0.4 m3 in volume) until the nitrogen ox-
ides concentration reached 1.5 to 2.0 ppm. A fan was also in-
stalled to ensure the homogenization of nitrogen oxides
concentration in the environmental chamber. The photocatalytic
reactor, a polycarbonate box (100 × 100 × 5 mm3) equipped with
a Plexiglas window, which permits the light passage from a 15
W daylight lamp with a fraction of 30% UVA and 4% UVB, was
placed inside the environmental chamber and crossed by the ni-
trogen oxides flow (the flow rate was 0.6 L/min). The NO
and NOx concentrations were measured continuously using an
AC-30M NOx dual chamber with a chemiluminescence ana-
lyzer (Environmental SA, France) and recorded with a data ac-
quisition system.

The photocatalytic tests were performed over the sprayed
coatings and the powders (agglomerated anatase ST01 and De-
gussa P25). 0.4 g of each powder were dispersed by mechanical
sieving on the surface of a petri dish with an area of about 54
cm2. The photocatalytic performance of the powders or the coat-
ings were evaluated as the ratio of the photocatalytic conversion
of nitrogen oxides and determined by the relations:

NO conversion �%� =
�NO�initial − �NO�UV

�NO�initial
× 100

NOx conversion �%� =
�NOx�initial − �NOx�UV

�NOx�initial
× 100

(Eq 2)

where NO conversion (%) and NOx conversion (%) are the
photocatalytic removal of NO and NOx concentrations in the
presence of the catalyst and UV irradiation, [NO]initial and
[NOx]initial represent the values of the NO and NOx concentra-
tions without UV irradiation, and [NO]UV and [NOx]UV are the
values of the NO and NOx concentrations under UV irradiation.

3. Results and Discussions

3.1 Microstructural Characterization of Coatings

3.1.1 Plasma Spraying. The morphology of the plasma
sprayed coatings depends on the way each droplet flattens and
solidifies at impact on the substrate or on the previously depos-
ited particles (Ref 17). The microstructure of TiO2 deposits de-
pends on the method of plasma spraying used. Thus, the coating

Fig. 1 SEM morphology of the agglomerated anatase ST01 nanopow-
der
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elaborated by conventional plasma spraying was characterized
by a bimodal distribution of the structure: on the one hand a thin
lamellar morphology commonly observed with sprayed coating
and on the other hand a structure of densely agglomerated
equiaxed grains (Fig. 2).

The composite structure of the coating is explained by a rela-
tively large grain-size distribution combined with the tempera-
ture heterogeneity of the plasma jet. The lamellas correspond to
fully melted particles that passed through the regions where the
temperature of the plasma is elevated. In the granular region,
partially melted particles anchored in the lamellar structure and
unmelted agglomerated particles that almost preserve the spheri-
cal morphology were identified (Fig. 2b). These particles
crossed the outer zones of the plasma jet where the thermal en-
ergy is lower.

The coating prepared by the modified method of APS, using
a liquid suspension of the powder as feedstock material (suspen-
sion plasma spraying, SPS), did not present the characteristic
lamellar microstructure of deposit made by conventional plasma
spraying as depicted in Fig. 3. The coating, relatively porous,
was constituted of fine partially melted particles as well as
“large” particles with a diameter between 2 and 5 µm, which
were already observed in the initial agglomerated powder, prob-
ably formed during the spray drying process (Fig. 4).

The mechanisms of suspension plasma spraying process
were considered to describe the coating formation (Ref 18-20).
When the previously atomized liquid suspension is injected in

the plasma, the drops are first disintegrated into smaller ones.
Then, the solvent still present in the droplets is evaporated dur-
ing the plasma crossing and the resulting particles can be heated,
melted (or partially melted), and accelerated to the target, thus
forming the coating.

3.1.2 HVOF Spraying. The morphology of the coatings
elaborated by HVOF spraying depended on the manner in which
the powder was injected in the flame. The TiO2 coating elabo-
rated by conventional HVOF process is porous and character-
ized by a layered structure that can be observed in most ther-
mally sprayed deposits (Fig. 5). This coating is mainly built up

Fig. 2 SEM morphologies of nanostructured TiO2 coating elaborated
by conventional atmospheric plasma spraying (APS): (a) fractured cross
section; (b) surface

Fig. 3 SEM images of TiO2 coating elaborated by suspension plasma
spraying (SPS): (a) cross section; (b) surface

Fig. 4 View of so-called “large” particles in the initial agglomerated
TiO2 powder
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by the melted nanoparticles impacting on the substrate that flat-
ten to form splats. When the powder was radially injected in the
flame, outside the nozzle torch (i.e., the external powder injec-
tion) the lamellar structure was hardly identified (Fig. 6). The
coating contains mainly partially/nonmelted particles that im-
pinge on the substrate to form the deposit. When the external
injection of the powder is used, the heat transfer from the flame
to TiO2 particles is not sufficient to ensure the melting before
impacting on substrate.

3.2 Crystalline Structure in the TiO2 Coatings

XRD was performed to assess the anatase-to-rutile ratio. The
analysis showed that the passage of the feedstock material (as
particles or liquid suspension) in the enthalpic source (plasma or
flame) involved modifications of the chemical state of titanium
dioxide with regard to that of the initial anatase powder. These
structural transformations depended on the method of thermal
spraying used in the elaboration of the TiO2 coatings.

Thus, as depicted in Fig. 7(a), the coating elaborated by
plasma spraying contained both anatase (10.9 vol.%, 19.2 nm
average size) and rutile (78.6 nm) as well as different titanium
suboxides (some TiOx or Magnéli phases). The existence of
nonstoichiometric titanium oxides was promoted by the pres-

ence of the hydrogen in the plasma mixture that has a reductive
character versus TiO2 (Ref 21).

In contrast, in the suspension plasma sprayed coating, only
the anatase phase was identified and the crystalline size was pre-
served (7 nm) identical to the original anatase powder. In this
case, the thermal transfer between the plasma and the material
was less important than in the case of conventional plasma
spraying, because part of the plasma energy was used to vapor-
ize the solvent of the liquid droplets. So, the flight time in the
plasma jet was not long enough that the anatase-to-rutile struc-
tural transformation occurred before the impact on the substrate.

An important phase transformation was observed in the tita-
nia coating obtained by the conventional HVOF process, where
only 12.6 vol.% anatase was identified (Fig. 7b). Moreover, the
average grains size increased to 80 nm for anatase and 90 nm for
rutile. With the modified method of HVOF technique, that is,
external powder injection, the structural change was less impor-
tant, where the anatase content was about 65.6 vol.% with a crys-
talline size of 18 nm. The rutile grains were around 122 nm.

The crystalline structure of the coating was relative to the
melting degree of the particles during spraying. It is generally
accepted that the rutile phase correspond to the fully melted par-
ticles, whereas the anatase structure was mostly present in the
partially and nonmelted particles (Ref 10). Moreover, it was ob-
served that the grain size of rutile phase in all TiO2 sprayed coat-
ings was larger than that of anatase regardless of the anatase ratio
in the deposits. It was considered that the phase transformation

Fig. 5 SEM microstructures of titania coating obtained by conven-
tional HVOF process (i.e., internal powder injection): (a) cross section;
(b) surface

Fig. 6 SEM microstructures of TiO2 deposit prepared by nonconven-
tional HVOF process (i.e., external powder injection): (a) cross section;
(b) surface

Journal of Thermal Spray Technology Volume 15(4) December 2006—579

P
eer

R
eview

ed



from anatase to rutile started at the surface of the nanosized ana-
tase particles (Ref 8, 12) and then increased by nucleation during
time in the enthalpic source.

3.3 Photocatalytic Properties

The TiO2 thermal sprayed coatings were tested in the photo-
catalysis to evaluate their performance versus the nitrogen ox-
ides removal and compared with that of the agglomerated ST01
and P25 powders (Fig. 8). The conversion rate of the pollutants
in presence of the ST01 powder was about 31% for NO and 18%
for NOx, almost similar with that obtained for the reference P25.
The photocatalytic responses of the coatings depended on the
technique of thermal spraying deposition.

A very low conversion rate of nitrogen oxides pollutants
(<5%) was obtained in the presence of the TiO2 surfaces elabo-
rated by conventional methods of APS and HVOF. The low ana-
tase ratio (<15%) was not sufficient to produce a photocatalytic
decrease of nitrogen oxides. Furthermore, it is likely that the
anatase phase was embedded in the rutile one. So, this anatase
phase cannot be excited by the ultraviolet (UV) light to contrib-
ute to the photocatalysis process.

When the suspension plasma sprayed coating was tested in
the photocatalysis, a substantial decrease in the nitrogen oxide
concentration was recorded under ultraviolet irradiation: around
52% for NO and 34% for NOx. Also, the TiO2 coating elabo-
rated by modified method of HVOF technique (with an external
injection of the agglomerated powder) permitted to remove
around 25% NO and 13% NOx.

The different photocatalytic activity of the coatings in the
nitrogen oxide conversion was principally correlated with the
composition of crystalline structure. Anatase phase is a key pa-
rameter in the photocatalytic activity, whereas the rutile is less
active (Ref 8, 12, 13, 22). A higher anatase content and a reduced
size of anatase particles ensured a better decomposition of pol-
lutants (Ref 10, 11, 23). Besides, the titania surface elaborated
by suspension plasma spraying provided a higher performance
than that of the initial agglomerated powder, although it con-
tained only anatase phase as the feedstock material. In this case,
the improvement of the photocatalytic efficiency was attributed
to the elimination of powder impurities (such as the organic
binder used in the spray drying process) and a cleaning up of the
particle surfaces when crossing the plasma. These phenomena
may ensure an important activation of the catalytic sites under
ultraviolet irradiation.

4. Conclusions

This paper proposes a comparative study on the microstruc-
ture and photocatalytic properties of titanium dioxide coatings
elaborated by different methods of thermal spraying: atmo-
spheric plasma spraying, suspension plasma spraying, HVOF,
and a modified method of HVOF with an external injection of
feedstock material, starting from an agglomerated TiO2 anatase
nanopowder. The coatings elaborated by conventional tech-
niques of APS and HVOF were characterized by the common
lamellar microstructure observed in all thermal sprayed depos-
its. Moreover, the use of nanoparticles as feedstock material in-
volved the phase transformation anatase to rutile in the enthalpic
source. The photocatalytic ability for nitrogen oxides was lower
than 5% of that correlated with the reduced anatase ratio.

Fig. 7 XRD patterns of titania coatings elaborated by (a) plasma
spraying and suspension plasma spraying and (b) HVOF and modified-
HVOF (with external powder injection) processes

Fig. 8 Photocatalytic performance of titanium dioxide in the form of
powders and thermal sprayed coatings (values of conversion rates after
30 min of UV irradiation)
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The coatings elaborated by suspension plasma spraying
(SPS) or modified method of HVOF (i.e., with external powder
injection) presented a specific structure and a high ratio of par-
tially melted particles. The particles were less heated and struc-
turally transformed in the enthalpic source. With the nonconven-
tional HVOF, an important anatase ratio was observed, while
with SPS technique the anatase content and initial crystalline
size were preserved. Furthermore, the deposits had a remarkable
photocatalytic performance in the nitrogen oxides removal,
which in some conditions was higher than that of the initial pow-
der.

The suspension plasma spraying is an interesting technique
to produce reactive titania surfaces for the photocatalytic appli-
cations. However, surface investigations are still necessary to
better clarify the photocatalytic performance of TiO2 suspension
plasma sprayed coatings.
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