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Phase Formation of Nano-TiO, Particles
during Flame Spraying with Liquid Feedstock
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The nanostructured TiO, photocatalytic coatings were synthesized through flame spraying with liquid feed-
stock under different conditions. The nanostructured TiO, deposit of substantial anatase phase was annealed
at different temperatures. X-ray diffraction analysis showed that significant transformation from anatase to
rutile occurred at a temperature above 600 °C. However, thermal analysis suggested that the phase trans-
formation from anatase to rutile started at a temperature from 400 to 500 °C. It was found that the grain size
of rutile phase was larger than that of anatase. The deposits annealed at temperatures lower than 450 °C were
photocatalytically active. However, the deposit annealed at 500 °C, which contained 95% anatase crystalline,
became photocatalytically inactive. Based on the experimental findings, a model is proposed to explain the
phase transformation of the nano-TiO, particles and the phase formation in flame-spraying of nanostruc-

tured TiO, deposit with liquid feedstock.

Keywords flame spraying with liquid feedstock, nanoparticle,
phase formation, phase transformation, photocatalytic
coating, TiO,

1. Introduction

Titanium dioxide (TiO,) is widely used in photocatalytical,
optical, electrical, and tribological applications (Ref 1-5). The
performance of TiO, is significantly influenced by the crystal-
line structure. For example, TiO, as a photocatalyst in anatase
phase presents a higher photocatalytic activity than that in rutile
phase (Ref 6-8). Three types of crystalline structures, including
anatase, rutile, and brookite are usually present in the synthe-
sized TiO,, synthesized through sol-gel, vapor deposition, ther-
mal spraying, etc. (Ref 1-5). Among three phases, rutile is a ther-
mally stable phase. Anatase and brookite crystalline will
transform to rutile as they are annealed at temperatures from 450
to 1100 °C (Ref 9-13). Therefore, the controlling of the crystal-
line structure of TiO, coating through processing is of essential
importance to control the property and performance of TiO, de-
posits.

Thermal spraying with liquid feedstock was reported to fab-
ricate nanostructured ceramics such as ZrO, and Al,O; (Ref 14-
16). The author’s previous study revealed that the nanostruc-
tured TiO, deposits can be synthesized through flame spraying
with a solution of butyl titanate as liquid feedstock (Ref 17-18).
During spraying, butyl titanate is decomposed to form TiO,,
which is deposited onto a substrate in the form of nano-sized
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particles. The deposit is constituted mainly of anatase TiO, with
a small fraction of rutile TiO,. The crystalline structure of the
TiO, deposit was influenced by spraying conditions including
the atomizing conditions of the feedstock, the concentration of
butyl titanate in the solution, and processing parameters. How-
ever, the grain size of rutile estimated by the Scherrer formula
was larger than that of anatase.

The aim of this paper is to clarify the phase formation during
the flame spraying of TiO, coating with liquid feedstock through
the examination of the phase evolution in spraying and post-
annealing.

2. Materials and Experimental
Procedures

2.1 Materials

Butyl titanate [Ti(OC,H,),] (Xingta, Shanghai, People’s Re-
public of China) was used as the liquid precursor to form the
TiO, deposit. Butyl titanate was diluted in an analytically pure
ethanol (Ante, Suzhou, People’s Republic of China) to make the
solution with a concentration of 30% for spraying. A stainless
steel plate sample with dimensions of 105 x 25 x 1.5 mm was
used as a substrate for the coating deposition. Prior to spraying,
the substrate was blasted with 24 mesh alumina grit.

2.2 Deposition of the Coating

A liquid flame spraying torch was used to fabricate TiO,
coatings, and the details of the torch design can be found else-
where (Ref 17). Typical spraying conditions are shown in Table
1. Propane was used as fuel gas. Flame power resulting from the
combustion of fuel gas was calculated according to combustion
heat of propane. Oxygen was used as the atomizing gas. During
the coating deposition, the spray torch was manipulated by
a robot (Motoman, Kitakyushu) and traversed at a speed of
500 mm/s relative to the substrate. The temperature of the sub-
strate was measured by an infrared (IR) thermodetector
(RAYRPM30L3U, Santa Cruz, CA). The spraying was repeated
for several passes; meanwhile, the temperature of the substrate
during deposition was lower than 200 °C.
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Table 1 Typical flame spraying parameters

Parameter Value

Propane Pressure 0.1 MPa
Flow 7.3 1/min

Oxygen Pressure 0.5 MPa
Flow 43 I/min

Atomizing gas Pressure 0.3 MPa
Flow 70 I/min

Spray distance 150 mm

Feed rate of liquid feedstock 10 ml/min

2.3 Characterization of the Coating

An x-ray diffraction (XRD) system (Rigaku D/max-2400,
Tokyo, Japan) was used to determine the phase constitution and
grain size of the deposit. XRD analysis was carried out using
Cu K, radiation at 40 kV and 100 mA with a scan speed of
2 °/min for 20. Peak area was used as peak intensity to estimate
the anatase content in the nanostructured coating:

Ay

CA= A 1265 Ay

- 100% (Eq 1)
where C, is the anatase content in the deposit, and A, and 4, are
the areas covered by rutile peak (110) and anatase peak (101) in
the XRD pattern, respectively. The grain size was estimated by
the Scherrer formula. The morphology of the nano-sized particles
in the coating was examined through transmission electron micros-
copy (TEM; JEM-200CX, Tokyo, Japan). Thermal analyses in-
cluding thermal gravimetry (TG) and differential thermal analy-
sis (DTA) were carried out using thermal analyzer (TGASI,
TA2000, New Castle, DE) at a heating speed of 20 °C/min.

The phase transformation from anatase to rutile in the nano-
structured TiO, was also examined through investigation of the
photocatalytic performance of TiO, coatings to degrade acetal-
dehyde under ultraviolet (UV) irradiation with a dominant
wavelength at 360 nm. A quartz cuvette with the dimensions of
®26 x 220 mm was used as the photocatalytic reactor. The ra-
diant intensity at the coating surface was about 30 W/m?. The
acetaldehyde concentration in the cuvette was determined by
gas chromatography (GC; Agilent 6890, Little Falls, CA). The
photocatalytic activity was estimated by fitting the change of the
relative concentration of acetaldehyde with irradiation time with
the following Langmuir-Hinshelwood equation:

t
In(c)=— - (Eq2)

where c is the relative concentration of acetaldehyde, ¢ is the
irradiation time, and T is the time constant of photocatalytic deg-
radation. According to Eq 2, the smaller the value of 7, the better
the photocatalytic performance of the coating. In the current
study, the photocatalytic activity of the TiO, coating was de-
fined as the reciprocal of .

3. Results

3.1 Effect of Spray Parameters on
Phase Formation

Figure 1 shows the cross-sectional morphology of the coating
sprayed on a glass substrate for 10 passes under typical spray
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Fig. 1 Cross-sectional morphology of the coating sprayed for 10
passes

conditions in Table 1. The coating thickness was estimated to be
around 30 pum according to the photograph. It proved that the
TiO, coating was formed on the substrate surface. TEM inves-
tigation revealed that the primary particles in the coating
presented nano-size, and the average particle diameter was esti-
mated to be 14 nm (Ref 17). Figure 2 shows the influence of
spray distance on the anatase content in the as-sprayed coating.
In comparison with 58% anatase content in the coating sprayed
at a distance of 100 mm, the anatase content in the coating de-
posited at a spray distance of 150 mm increased to 95%. As the
distance was increased from 150 to 250 mm, the anatase con-
tent of 95% was present in all coatings. Figure 3 illustrates the
effects of flame power on the anatase content and the grain size
in the coatings sprayed at 150 mm. As the flame power increased
from 12 to 17 kW at a spray distance of 150 mm, the anatase
content decreased from 95 to 29%. With further increase of the
flame power to 21.8 kW, the anatase content decreased to 22%.
It can be seen (Fig. 3b) that the grain sizes of rutile and anatase
phases were increased with the increase of the flame power.
Moreover, it can be clearly recognized that the grain size of
rutile was larger than that of anatase regardless of the anatase
content in the coatings.

3.2 Effect of Annealing Treatment on the
Microstructure of the TiO, Deposit

Figure 4 shows the XRD patterns of the as-sprayed TiO,
coating and the TiO, coatings after annealing treatment. Figure
5 shows the effect of the annealing temperature on the crystalline
structure of the coating annealed at different temperatures for 30
min. The coating was deposited under conditions shown in
Table 1. From XRD patterns of these coatings, it was found that
no significant phase change occurred to the coatings annealed at
temperatures below 600 °C. Moreover, the anatase content was
decreased with the increase of the annealing temperature from
600 °C. It was found that the grain size of rutile was always
larger than that of anatase for the coatings annealed at tempera-
tures above 650 °C. Figure 6 shows the morphologies of nano-
sized particles within the as-sprayed coating and the annealed
coatings at different temperatures of 650, 750, and 800 °C. The
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Fig. 2 Effect of spray distance on anatase content in the as-sprayed
TiO, coating

TEM examination of the coating confirmed that no significant
change in the size of the primary nanoparticles within the coatings
occurred under the annealing conditions in the current study.

Figure 7 shows experimental results obtained through TG
and DTA for the as-sprayed TiO, deposit detached from the sub-
strate. It can be recognized that the weight loss took place within
three temperature ranges. Temperature rising from room tem-
perature to 200 °C resulted in about 4% weight loss. The next
temperature change from 200 to 400 °C led to 2% weight loss,
and the further heating from 600 to 800 °C yielded 1.3% weight
loss. The DTA curve in Fig. 5 shows a very wide endothermic
peak nearly covering the whole temperature range in the experi-
ment.

3.3 Effect of Annealing Treatment on
Photocatalytic Performance of the
TiO, Coating

Figure 8 shows the change of the relative concentration of
acetaldehyde with irradiation time using typical TiO, coatings
compared with the result obtained without coating. The coating
was deposited under conditions shown in Table 1. Without coat-
ing, 20% acetaldehyde was decomposed in 40 min by the pho-
tolysis of acetaldehyde under 360 nm ultraviolet irradiation. It is
clearly seen that 90% acetaldehyde was photocatalytically de-
graded with the as-sprayed coating and the coating annealed at
450 °C. Moreover, the coating annealed at 500 °C did not pre-
sent photocatalytic activity to degrade acetaldehyde when com-
pared with the result only by the ultraviolet irradiation.

Figure 9 represents the effect of the annealing temperature on
the photocatalytic activity of the annealed TiO, coatings. The
as-sprayed coatings in anatase phase presented much higher
photocatalytic activity than that in rutile phase annealed at
800 °C. The photocatalytic activity of the coatings annealed at
temperatures from room temperature to 450 °C was the same as
that of the as-sprayed one. However, the activity was signifi-
cantly decreased when the coating was annealed at temperatures
higher than 450 °C.
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Fig.3 Effects of flame power on (a) anatase content and (b) grain sizes
of both anatase phase and rutile phase in the as-sprayed TiO, coating

4. Discussion

Thermal analysis yielded a total 7.3% weight loss for the as-
sprayed coating when it was heated from room temperature to
800 °C. It can be considered that 4% weight loss from room
temperature to 200 °C resulted from the release of physisorbed
water on the TiO, particles surface. The 3.3% weight loss in total
from 200 to 800 °C can be attributed to the desorption of the
hydroxyl (OH) group on the TiO, surface (Ref 19, 20). The de-
calescence below 400 °C is caused by the desorption of water
and OH group, which needs energy to leave the surface of TiO,
particles. The differential temperature decreased continuously
by 2 °C with the increase of the temperature till 400 °C, which
corresponds to 6% weight loss due to the desorption of water and
OH group from the TiO, surface. With the further heating from
400 to 1000 °C, the differential temperature turned to increase
with the increase of the temperature. Because there was no ob-
vious particle coarsening within the coating, it can be considered
that the temperature increasing resulted from the phase trans-
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formation from anatase to rutile, although XRD analysis did not
detect the onset of the phase transformation until 600 °C. As a
result, it can be considered that the phase transformation from
anatase to rutile started at around 450 °C.

Moreover, the deposits annealed at temperatures lower than
450 °C presented photocatalytic activity similar to that of the
as-sprayed one. However, the deposit annealed at a temperature
of 500 °C that contained about 95% anatase became photocata-
Iytically inactive. Despite the anatase content change from 95 to
0% in the deposits annealed at temperatures higher than 500 °C,
those deposits presented no significant difference in the photo-
catalytic activity. Because no obvious particle coarsening was
observed in the deposits after annealing treatment under the pres-
ent conditions, the surface areas of the deposits annealed at dif-
ferent temperatures should have no significant change. There-
fore, taking thermal analysis into account, it can be considered
that the difference in the photocatalytic activity was attributed to
the phase transformation from anatase to rutile.

XRD analysis revealed that the grain size of rutile was larger
than that of anatase. Taking the results of thermal analysis and
the photocatalytic activity into account, it can be considered that
the phase transformation from anatase to rutile started at the sur-
face of the nano-sized particles, as schematically shown in Fig.
10. When the nanostructured TiO, coating is annealed at tem-
peratures higher than 450 °C, the nucleation of rutile crystalline
takes place at certain sites of the particle surface. The preferable
growth of the rutile phase near the particle surface layer may
form a shell of rutile covering on the anatase core. Once a com-
plete rutile shell is formed, the surface of the particles shows
little photocatalytic activity due to the much limited photocata-
lytic activity of the rutile phase compared with the anatase
phase. Consequently, the coatings annealed at temperatures
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Fig.5 Effects of annealing temperature on (a) anatase content and (b)
grain size within the TiO, coating

higher than 450 °C presents the similar photocatalytic inactivity
regardless of their much different anatase content.

During spraying, the butyl titanate is decomposed to form
TiO, through heating of the flame. The formation of the anatase
phase within the coatings sprayed at distances of 150-250 mm
means that nearly pure anatase is synthesized and should be de-
posited in the form of nanostructured TiO, coating on the sub-
strate because the phase transformation from rutile to anatase is
irreversible. The result showed that when the spray distance was
kept at 100 mm, about 42% rutile was present in the coating. It
was found that with the parameters shown in Table 1, the length
of spray flame was about 150 mm. Therefore, the substrate was
immersed in the flame when the spray distance was kept at 100
mm. Because the deposited anatase will transform to rutile by
postheating as revealed by the annealing treatment, it is reason-
able to consider the rutile phase presented in the coating
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Fig. 6 (a) Morphologies of the nanoparticles within the as-sprayed TiO, coating and the coatings annealed at different temperatures: (b) 650 °C,

(c) 750 °C, (d) 800 °C

resulted from the phase transformation of the deposited anatase
TiO, due to the annealing effect of the flame. Moreover, when
the deposition was carried out at flame powers of 17 or 21.8 kW,
the flame length increased. As a result, the substrate was covered
by a more intensive spray flame at higher flame power, and con-
sequently, more anatase phase transformed to rutile phase.

5. Conclusions

The nanostructured TiO, coating was flame-sprayed with
liquid feedstock at different parameters. The coating containing
essentially anatase phase can be deposited at a long spray dis-
tance. The heating of the deposited coating by spray flame led to
the phase transformation from anatase to rutile, which is respon-
sible for the formation of rutile phase in the coating. The XRD
results showed that the significant phase transformation from
anatase to rutile by annealing treatment occurred at the tempera-
ture higher than 600 °C. It was found that the grain size of rutile
was always larger than that of anatase in the as-sprayed coating
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and annealed coatings despite the phase content in the coating.
The deposits annealed at temperatures lower than 450 °C were
photocatalytically active. However, the deposit annealed at the
temperature of 500 °C became photocatalytically inactive, al-
though the coating contained about 95% anatase crystalline. Re-
garding the initiating phase transformation temperature from
anatase to rutile suggested by thermal analyses, it can be pro-
posed that the nucleation of the rutile crystalline starts at the
surface of nanoparticles during the phase transformation from
anatase to rutile in nanoparticle. The rutile phase grows prefer-
ably along the surface. The preferable growth of rutile crystal-
line near particle surface layer results in the formation of a shell
of rutile covering on the anatase core. The phase formation in
flame spray deposition of nanostructured TiO, with liquid feed-
stock, the phase transformation during annealing treatment of
nanostructured TiO,, and the change of the photocatalytic per-
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Fig.10 Schematic diagram for phase transformation of the TiO, nano-
particle

formance of the TiO, coatings with annealing treatment can be
reasonably explained by the present model.
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