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bstract

TiO2–Fe3O4 coatings on transparent glasses were prepared by atmospheric plasma spraying (APS). As-sprayed TiO2–Fe3O4 coatings consist of
natase TiO2, rutile TiO2, Fe3O4 and FeTiO3. The grain size, rate of porosity and fractions of the anatase and TiFeO3 phases in APS coatings were
ependent on the process parameters. With an increase in plasma power, the content of anatase TiO2 and the rate of porosity in the coatings were

ecreased while the content of the resultant FeTiO3 phase and the grain size in the coating were increased. The coating condition of 500 A has the
est photocatalytic efficiency and 600 A has the worst. The photocatalytic property of the APS TiO2–Fe3O4 coatings was primarily dependent on
ynergistic effect of the fractions of FeTiO3 and anatase phases.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nano-TiO2 materials have many unique properties, which
re attractive to many researchers for various high performance
pplications. For example, TiO2 is known to be the best pho-
ocatalyst in terms of its chemical stability, low cost and lack
f toxins [1]. It can be used to decompose the organic pollu-
ants and sterilize bacterium in the air. For such applications
itania exhibits at least two disadvantages [1–9]: the electron
an only be excited from the valence to the conduction band
y ultraviolet light; the anatase phase has a tetragonal structure
nd from the viewpoint of thermodynamics it is a metastable
hase. To solve these problems, adding some metal element or
emiconductor is necessary. The additions such as Fe3O4, Pt,
nO2, Al2O3 [10–13] were used to improve the photocatalytic
roperties. Ye et al. [10] have studied the photocatalytic activ-
ty and photo-absorption of plasma-sprayed TiO2–Fe3O4 binary

xide coatings. The results showed that the TiO2–Fe3O4 coat-
ngs consist of anatase, rutile, Fe3O4 and FeTiO3, and the content
f anatase TiO2 was estimated to be approximately 4%, which is
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ower than that of TiO2 coatings from 8% to 15%. The addition
f Fe3O4 can enhance the photocatalytic activity for the for-
ation of FeTiO3 compound in the TiO2–Fe3O4 coatings. The

hotocatalytic activity of the TiO2–Fe3O4 coating is related to
he porosity, grain size and the content of the anatase phase and
eTiO3 compound in the TiO2–Fe3O4 coating. However, influ-
nce of atmospheric plasma spraying parameters on the porosity,
rain size and the content of anatase phase and FeTiO3 com-
ound in the TiO2–Fe3O4 coating have not been investigated
xtensively. With the above background, in the present inves-
igation, influence of atmospheric plasma spraying parameters
n the porosity, grain size and the content of the anatase phase
nd FeTiO3 compound in the TiO2–Fe3O4 coating, and the rela-
ionship between the process parameters of the APS process and
iO2–Fe3O4 coating photo-decomposition efficiency have been
xplored. In addition, the photocatalytic mechanism of doped
e3O4 was explained through TEM image.

. Experimental procedures
.1. Powder preparation

The original powder is composed of nearly 99.99% anatase
iO2 (HTTi-01, Nanjing high technology nano company of
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Table 1
Condition for the APS deposition of the coatings in this study

Volts (V) 60
Current (A) 300, 400, 500, 600
Argon gas (L/min) 60
Hydrogen gas (L/min) 30
Powder feed rate (g/min) 30
4 Q. Yu et al. / Journal of Molecular C

hina), which has a specific surface area of 120 m2/g. TiO2
verage particle size is 5 nm, the Fe3O4 average particle size is
0 nm. The individual nano-particle is so fine that cannot be used
or plasma spray. It is difficult to keep grain size at the nanome-
er regime in the coating, which may be achievable through the
pportunities provided by using nano-sized particles, during the
lasma spray, the particle size between 30 �m and 50 �m has
he best fluidity. Before spraying finely dispersed particles of
he material must be agglomerated to size about 30–50 �m.

particle size distribution around 50 �m was used in this
tudy.

.2. Coating preparation and characterization

.2.1. Plasma spray
The powder diameter around 50 �m was plasma sprayed

ith a GP-80 high energy plasma spraying equipment in an
pened room using hand-worked operation system. The pow-
er feeding system was an integrative apparatus with controller
ystem. The powder feed rate was fixed at 30 g/min. The trans-
arent glass (1 mm × 76 mm × 26 mm) was used as substrate.
able 1 shows plasma spraying parameters for preparation of

he nano-TiO2–Fe3O4.
.2.2. Photocatalytic properties
The schematic of the glass-plate photoreactor is shown in

efs. [14,15]. The procedure for all the experiments were
s follows: (1) airflow was started; (2) after the photoreactor

Fig. 1. X-ray diffraction patterns of TiO2–Fe3O4 coatings.

Fig. 2. Surface SEM of plasma spraying TiO2–Fe3O4 coatings under current 300 A (a), 400 A (b), 500 A (c) and 600 A (d).
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Table 2
The operating parameters for light-in-tube PCO reactor

Parameter Value

Tested VOCs Formaldehyde
Room temperature (K) 298
Initial concentration of VOCs Cini (mg m−3) 1.35
Air volumetric flow rate G (m3 h−1) 30
V 3
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olume of test chamber V (m ) 1.73
ir of photocatalytic surface A (m2) 0.002
V-light wavelength (nm) 254

nlet and outlet humidity readings were steady and equal, the
oluene was introduced; (3) when the photoreactor inlet and out-
et toluene concentrations were approximately equal, the UV
amps were turned on; (4) after the inlet and outlet toluene
evels again reached steady state, the UV lamps were turned
ff and the toluene flow was stopped; (5) the photoreactor was

ushed with the synthetic air for 15 min, and then airflow was
topped.

Table 2 shows the operating parameters for light-in-tube PCO
eactor coated with plasma-sprayed TiO2–Fe3O4 powders.

c
(
r

Fig. 3. TEM image of plasma-sprayed TiO2–Fe3O4 coat
sis A: Chemical 283 (2008) 23–28 25

.2.3. Analytical techniques
The microstructure and phase characterization of the sprayed

oatings were performed by means of X-ray diffraction (XRD),
hich use Cu target, 40 kV, 40 mA.
The KYKY-2800 type of scanning electron microscopy

SEM) made in China was used to observe the surface mor-
hologies of the coatings. Particle morphology observation and
rystal structure determination were also performed on an ana-
ytical transmission electron microscope (TEM). The porosity
f TiO2–Fe3O4 coatings was tested by mercury porosimetry
ethod, using AUTOPORE II 9220 V3.04, which is made by
icromeritics Inc., USA.

. Experimental results

.1. Microstructures of the sprayed TiO2–Fe3O4 coatings
As shown in Fig. 1, the sprayed TiO2–Fe3O4 coatings mainly
onsist of rutile phase, anatase phase and iron titanium oxide
FeTiO3). Some of the anatase phase transformed to a stable
utile phase during thermal spraying process. Through the fol-

ings 300 A (a), 400 A (b), 500 A (c) and 600 A (d).
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owing equation [16]:

= 1

(1 + 1.265IR/IA)
(1)

here IA is the highest peak intensity of anatase phase, IR is the
ighest peak intensity of rutile phase; A is the content of anatase
iO2 in the coatings. The content of the anatase is calculated

o be about 20.7%, 19.2%, 17.5% and 15.2% under the current
f 300 A, 400 A, 500 A and 600 A, respectively. It is also seen
rom Fig. 1 that with the increasing current, the content of the

esultant phase FeTiO3 is increased. During the plasma spraying,
he following reaction can take place:

iO2 + Fe3O4 → FeTiO3 (2)

t
t
e
D

Fig. 4. The selected area electron diffraction patterns
sis A: Chemical 283 (2008) 23–28

Under the conditions of 300 A and 400 A, there is still Fe3O4
hase left after spraying. However, there is no Fe3O4 remnant in
he coating after spraying at the current of 500 A and 600 A. This
esult indicates that Fe3O4 reacted with TiO2 completely due
o the higher spraying temperature, and all the Fe3O4 particles
hanged into FeTiO3.

Fig. 2 presents the SEM of the plasma-sprayed coatings
hich shows the typical surface microstructures of TiO2–Fe3O4

oatings with 300 A (a), 400 A (b), 500 A (c) and 600 A (d). The
iO2–Fe3O4 coatings are not very dense; contain many holes
nd cracks. It also can be seen that there are two kinds of struc-

ures in the coating. One is the continuous molten phase, and
he other is the loose microstructure, which resulted from the
xistence of the non-molten or semi-molten starting powders.
uring the plasma spraying, the working fluid (plasma flame)

(SAEDPs) of as-sprayed TiO2–Fe3O4 coatings.
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as a high enthalpy density [6], which is controlled by the arc
urrent conditions. The larger current offers a higher enthalpy
ensity, which induces the different melting phenomena of start-
ng powders. The low melting point (approx. 1873 K) of the
dded Fe3O4 [10] also induces the different melting phenomena.
he TiO2–Fe3O4 powders melted more fully with the increas-

ng current. The partly and unmelted particles exist is a kind of
henomenon which will be a benefit to increase the specific sur-
ace and then improve the photocatalytic activity of the sprayed
oatings [18]. Coatings with many holes and cracks also have
n important influence on the photocatalytic activity.

Fig. 3 presents the typical TEM morphologies of the
lasma-sprayed TiO2–Fe3O4 coatings under different current
onditions. From the comparison among 300 A (a), 400 A (b),
00 A(c) and 600 A (d), we can get that with the increasing
urrent, the grain size growing up gradually. The grain size is
bout 20 nm, 40 nm, 60 nm and 100 nm corresponding to 300 A,
00 A, 500 A and 600 A current conditions. A large grain size
as a small specific surface area.

Fig. 4 shows the selected area electron diffraction patterns
SAEDPs) of APS TiO2–Fe3O4 coatings. By the calculation of
he indices of crystallographic plane, the polycrystalline diffrac-
ion ring of TiO2 obtained is shown in Fig. 4(a). As confirmed by
he SAEDP, the TiO2–Fe3O4 coatings is primarily composed of
eTiO3 phase by using [0 0 1] and [5̄ 5 1] zone axes, respectively.
he calculated result is shown in Fig. 4(b) and (c). The Fe3O4
hase does not occur in the selected area electron diffraction
atterns of APS TiO2–Fe3O4 coatings, which clearly indicates
hat FeTiO3 phase directly influences the photocatalytic prop-
rty of the coating. The new FeTiO3 phase has a great important
nfluence on the photocatalytic property. FeTiO3 phase not only
an make use of long wavelength, but also can inhibit the recom-
ination of holes and electrons.
.2. Rate of porosity and photo-characteristics

Fig. 5 shows the variation of the rate of porosity with the
urrent. When the current is 400 A, it has the highest rate of

ig. 5. Variation of the TiO2–Fe3O4 coatings rate of porosity with the current.
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ig. 6. Variation of the TiO2–Fe3O4 coatings photocatalytic efficiency with the
urrent.

orosity. But when the arc current gets to 500 A and 600 A, the
hermal enthalpy is so high that the coating becomes dense and
as a low porosity as shown in Fig. 5. If the coating has a high
ate of porosity, it has a better absorption, which may lead to a
etter photocatalytic property.

Fig. 6 shows the variation of the TiO2–Fe3O4 coatings pho-
ocatalytic efficiency with the spraying current. The coating
ondition of 500 A has the best photocatalytic efficiency, while
00 A has the worst. With the arc current increasing, photocat-
lytic efficiency is increased first and then decreased.

As shown in the above results, the coating condition of 300 A
as a higher anatase fraction and finer grain size for its low cur-
ent. At the current of 400 A, it has a higher rate of porosity
ompared with other current conditions. Although the coating
ondition of 500 A had a larger grain size, lower content of
natase phase, lower rate of porosity than that of 300 A and 400 A
onditions, its photo-decomposition efficiency was still better
han the case of 300 A and 400 A. The reason may be as follow:
hen the current arrives to 500 A or 600 A, TiO2 reacted with
e3O4 completely, all the Fe3O4 particles changed into FeTiO3.
he forbidden band gap of new phase FeTiO3 is 2.58 eV [17],

ess than the anatase forbidden gap 3.2 eV [1,10]. The FeTiO3
hase as a medium mediator could receive the electrons initiated
rom value band of TiO2; consequently inhibit the recombination
f the electrons and holes [19,20,22]. The narrow band gap could
bsorb light of longer wavelength, consequently improving the
hotocatalytic property. Therefore, it seems that the content of
he FeTiO3 phase and anatase phase played a synergistic effect
inhibiting the recombination of the electrons and holes) in the
rocess of photo-decomposition. The synergistic effect is a more
ominant factor than the grain size and the rate of porosity. The
ontent of the FeTiO3 phase obtained at the current of 600 A is
lmost the same as that at the current of 500 A, but the coating
ondition of 600 A has lower anatase fraction, larger grain size
nd lower rate of porosity than 500 A; the content of FeTiO3
hase is higher than that of 300 A and 400 A. However, there is

ower content of anatase phase and higher content of rutile phase
n the coating. Therefore, the synergistic effect is weaker com-
ared to the other current conditions. Moreover, photocatalytic
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roperty of FeTiO3 phase and content of anatase phases are very
ow, and, resulting in the coating condition of 600 A has the low-
st photocatalytic efficiency. Considering all these conditions,
he coating condition of 500 A has the best photocatalytic prop-
rty. Changhoon Lee et al. [1,5,20,21] investigated single factor
uch as the grain size and porosity on photocatalytic property. It
s evident that the coating with a higher porosity and a smaller
rain size shows a greater effective photo-decomposition. Ye
t al. [8,10,22] studied the influence of Fe3O4 on photocat-
lytic property. The photocatalytic activity was improved with an
ncrease of FeTiO3 content in the coating, which was explained
y the good photoabsorbance capacity and by the two-step elec-
ron transfer model. Although single factor on photocatalytic
roperty has been investigated, combined effects of the content
f FeTiO3 and anatase phases, grain size and rate of porosity
n the photocatalytic property of the APS TiO2–Fe3O4 coatings
eed to be investigated in the future study.

. Conclusions

TiO2–Fe3O4 coatings were deposited on glass substrates by
lasma spraying. As-sprayed TiO2–Fe3O4 coatings is composed
f anatase, rutile, Fe3O4 and FeTiO3. With an increase in plasma
ower, the content of anatase TiO2 was decreased and the rate
f porosity first went up and then dropped in the coatings, the
ontent of the resultant FeTiO3 phase and the grain size in the
oating were increased. The photocatalytic property of the APS
iO2–Fe3O4 coatings was primarily dependent on synergistic
ffect of the fractions of FeTiO3 and anatase phases.
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