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Control of the microstructure of TiO, coatings through preparation methods significantly influences the
coating performance. In this study, a vacuum cold-spray process, as a new coating technology, is used to
deposit nanocrystalline TiO, coatings on conducting glass and stainless steel substrates. TiO, deposits were
formed using two types of nanocrystalline TiO, powders with mean particle diameters of 200 and 25 nm.
Coating microstructures were characterized by scanning electron microscopy and x-ray diffraction analysis.
Results demonstrate that a thick nanocrystalline TiO, coating can be deposited by the vacuum cold-spray
process. The coating was found to consist of particles stacked as agglomerates that build up to several hun-
dred nanometers. The coating also presents a mesoporous microstructure that could be effective in such
applications as photocatalytic degradation and dye-sensitized solar cells.

Keywords ceramic coating, mesoporous structure, nanocrystal-
line material, TiO,, vacuum cold spray

1. Introduction

Titanium dioxide, a stable, nontoxic semiconducting mate-
rial with excellent photocatalytic activity, has attracted much at-
tention (Ref 1, 2) over the years. It has been widely used in pho-
tocatalytic degradation of harmful and toxic organic pollutants
(Ref 3, 4), dye-sensitized solar cells (Ref 5, 6), solar water split-
ting (Ref' 1), etc. TiO, coatings in the immobilized form are more
desirable than TiO, powders. Moreover, a recent study showed
that nanocrystalline TiO, coatings had better performance when
used in the above-mentioned applications (Ref 7).

Several processing methods, including sputtering, sol-gel
processes (Ref 8, 9), vapor deposition (Ref 10, 11), and thermal
spraying (Ref 12, 13), have been developed to deposit nanocrys-
talline TiO, powders. In all of these processes, the coatings are
deposited at a temperature from 300 up to 2000 °C (Ref 14).
High temperatures during processing may change the micro-
structure of TiO,, which makes it less effective in photoelectro-
chemical applications. Previous study revealed that cold spray-
ing could deposit a nanostructured TiO, coating with excellent
photocatalytic performance when agglomerated nano-TiO,
powders are used (Ref 15). However, it was found that, under the
conventional cold spraying process, the coating thickness was
limited to ~10 pm when deposition was performed using an ag-
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glomerated nanopowder. A recent study revealed that submi-
crometer-sized solid ceramic particles can be deposited on a sub-
strate directly in a reduced-pressure atmosphere (Ref 16).
However, few reports were concerned with deposition of
nanocrystalline ceramic coating using nanometer-sized par-
ticles. In the study described herein, a vacuum cold-spray (VCS)
system was developed and used to deposit 25 nm diameter TiO,
powders on the surface of conducting glass. The TiO, coatings
deposited have potential use in solar water splitting electrodes
and dye-sensitized solar cells. TiO, powder with a mean diam-
eter of 200 nm was also used to deposit a coating on a stainless
steel surface for comparison. Deposition characteristics and mi-
crostructure features of the deposited TiO, coatings were exam-
ined.

2. Experimental Procedures

2.1 Materials

TiO, powders of 200 nm (ST-41, Ishihara, Japan) and 25 nm
(P25, Degussa, Dusseldorf, Germany) in diameter were used as
feedstocks in coating deposition. Powder ST-41 was composed
of anatase crystalline structure, and powder P25 was a mixture
of 75% anatase and 25% rutile. Figure 1 shows the morphologies
of the two powders. Stainless steel and transparent indium tin
oxide (ITO) conducting glass (STN-180, Nanbo, Shenzhen,
China) were used as metallic and ceramic substrates, respec-
tively, for coating deposition. ITO conducting glass was selected
as a substrate for use of a nano-TiO, coating as the electrode in
a dye-sensitized solar cell (Ref 17). The surface roughness, R,,
of ITO was <0.02 pm. On the other hand, stainless steel with a
surface roughness of 0.03 um was used as a typical metal sub-
strate. Prior to spraying, the substrates were ultrasonically
cleaned in acetone.

2.2 TiO, Coating Preparation

The TiO, coating was deposited using a VCS system devel-
oped in our laboratory (Fig. 2). The system consists of a vacuum
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Fig.1 Morphologies of TiO, powders used in the experiment: (a) ST-
41 and (b) P25
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Fig.2 Schematic diagram of the VCS system

chamber and a vacuum pump, an aerosol room, an accelerating
gas feeding unit, a particle-accelerating nozzle, a two-
dimensional worktable, and a control unit. TiO, particles were
accelerated by high-pressure He gas. Spray parameters are given
in Table 1.

2.3 Characterization of the Coating

The surface morphology and microstructure of coatings were
examined by scanning electron microscopy (SEM) (Quanta 200,
FEI, The Netherlands). The crystalline structures of the as-
sprayed coating and powder were characterized by x-ray diffrac-
tion (XRD) (Shimadzu XRD-6000, Kyoto, Japan) with Cu Ka
radiation. The microhardness of the coating was measured by
Vickers hardness tester (HV-5, Huayin, Laizhou, China) at a
load of 20 grams with loading time of 10 s.
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Table 1 Vacuum cold spray parameters

Chamber pressure, Pa 2x10°
Pressure in the aerosol room, Pa 1x10°
He gas flow, L/min 3
Distance from nozzle exit to substrate, mm 5
Nozzle orifice size, mm X mm 2.5%x0.2
Substrate traversal speed, mm/s 5

3. Results and Discussion

3.1 Coating Thickness Growth Characteristics
During Deposition of Nanocrystalline TiO,

Figure 3 shows the cross-sectional morphology of nanocrys-
talline TiO, coatings deposited by VCS using powder P25 at
different spray passes. The coatings were deposited on the glass
surface and were then fractured after deposition. All coatings in
different thicknesses presented good adhesion to the substrate
after fracturing. It was found that the thickness of coating in-
creased with the number of the spray pass. A nanocrystalline
TiO, coating several tens of micrometers thick can be attained
by the VCS process using 25 nm TiO, particles, as shown in Fig. 3c.

3.2 Microstructure of the Coating

Figure 4 shows a typical cross-sectional morphology of the
deposited coating using 200 nm TiO, powder. It was found that
an apparently dense TiO, coating was formed with a uniform
thickness on the stainless steel substrate using the present system
under the conditions shown in Table 1.

Figure 5 shows typical surface morphology of a TiO, coating
deposited using 200 nm powders. It was clear from the surface
morphology that the coating deposited using 200 nm TiO, par-
ticles was formed by stacking of agglomerates with diameters on
the order of hundreds of nanometers. Despite the dense micro-
structure observed in the cross section (Fig. 4), it is possible to
observe pores at the coating surface (Fig. 5). This result suggests
that the coating was formed mainly by agglomeration of small
particles upon impact at high velocity with limited particles ag-
gregation. An average Vickers microhardness of 235 HV was
obtained for the coating deposited using 200 nm powders under
a20-gram load. This hardness number is much lower than that of
the sintered bulk TiO, and comparable to that of the green body
preform before sintering. This fact suggests weak bonding be-
tween deposited particles. However, the coating shows good
enough adhesion with the substrate as well as good cohesion
within the coating to be used in photocatalytic degradation and
dye-sensitized solar cell applications.

Deposition of a Ti coating by VCS revealed that a tamping
effect through successive impact of sprayed particles on the de-
posited coating is one mechanism responsible for densification
of the cold spray coating (Ref 18, 19). Although it is impossible
for ceramic particles to deform under the impact of spray par-
ticles, the tamping effect will compact the coating through slip-
ping of the nanoparticles in the coating under high impact pres-
sure. As a result, an apparent dense coating is formed with
successive deposition of spray particles. Because of insufficient
compaction and lack of aggregation between nanoparticles, the
coating formed in the current study is considered to have a me-
soporous microstructure.
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Fig.3 Cross-sectional view of the nanostructured TiO, coating depos-
ited on ITO glass substrate using 25 nm TiO, powder by the VCS pro-
cess at different spray passes: (a) 1, (b) 4, and (c) 12

Figure 6 shows the typical morphology of a TiO, coating
deposited using 25 nm powders. This surface morphology sug-
gests formation of a denser coating than that which occurs when
using the 200 nm TiO, powder. Detailed examination showed
that the coating was formed by successive stacking of nanostruc-
tured agglomerates having diameters of ~100 nm. SEM exami-
nation of the as-deposited surface shows that the surface pores
are much smaller in the coating deposited using 25 nm TiO,
powders (Fig. 6b) than 200 nm TiO, powders (Fig. 5). There-
fore, it can be considered that, the smaller the particles, the more
compact the coating that is formed. Consequently, a dense coat-
ing can be deposited using smaller sized particles.

Figure 7 shows the XRD patterns of TiO, coatings deposited
by VCS compared with those of the starting powders. The crys-
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Fig.4 Cross-sectional view of the nanostructured TiO, coating depos-
ited on a stainless steel substrate using 200 nm diameter powders by the
VCS process: (a) low magnification; (b) high magnification

Fig. 5 Surface morphology of the nanostructured TiO, coating depos-
ited on a stainless steel substrate using 200 nm diameter powder by the
VCS process

talline structure did not change after deposition, with full reten-
tion of the original anatase structure. This result indicates that
the original crystalline structure of the powder can be retained
after vacuum cold spray to form a deposit. Therefore, the crys-
talline structure of deposit can be controlled through design of
the structure of the starting powder.

The present results showed that, when using a stream of solid,
ceramic, nanometer-sized particles under low-pressure condi-
tions, a nanocrystalline TiO, coating can be built up on both
metal and ceramic substrates. The hardness test result suggests
that the coating behaves mechanically as ceramic green body
preform. This fact implies that nanoparticles in the coating are
weakly bonded together. Preliminary study of dye-sensitized so-
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Fig. 6 Surface morphology of the nanostructured TiO, coatings de-
posited on ITO glass substrate using 25 nm diameter powder by the VCS
process: (a) low magnification; (b) high magnification

lar cell performance shows comparable high solar energy con-
version efficiency between the VCS-sprayed TiO, coating and
the coating prepared with the doctor blading process (Ref 17).
The TiO, coating in the study is 11 um thick and had been ap-
plied by VCS with 25 nm powders. The previous result (Ref 17)
shows that the VCS nanocrystalline TiO, coating has sufficient
electron transfer ability, which implies good contacts among
nanoparticles in the coating. These results also suggest that the
present coating adheres well to the substrate, with bonding
mechanisms that are similar to other conventional wet ceramic
coating processes, such as tap-casting and doctor blading. Al-
though the local damage to brittle substrate surface upon impact
of nanoparticles (Ref 20) may benefit the mechanical interlock-
ing between particles and substrate, the bonding mechanisms of
the nanoceramic particles with their substrates may not depend
solely on mechanical interlocking. On the other hand, ceramic
particles may be embedded into the steel surface, creating me-
chanical bonding. Future study is needed to examine the bond-
ing mechanisms between nanoparticles and substrates and be-
tween nanoparticles within the deposit.

4. Conclusions

In this study, the authors demonstrated the successful depo-
sition of nanocrystalline TiO, coatings on ITO conducting glass
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Fig.7 XRD patterns of (a) 25 nm TiO, powder and the coating depos-
ited on ITO conducting glass substrate by the VCS process, and (b) 200
nm TiO, powder and the coating deposited on a stainless steel substrate
by the VCS process

and stainless steel substrates using two types of nanocrystalline
TiO, powders by vacuum cold-spray process. The TiO, coating
deposited by this method was formed by stacking of nanostruc-
tured TiO, agglomerates having diameters on the order of hun-
dreds of nanometers. The coating thickness can easily be con-
trolled through spraying passes. The nanostructured TiO,
coatings exhibited an apparent dense microstructure. The low
microhardness values of the coating suggest the formation of
weak bonding among nanoparticles. The original nanocrystal-
line structure of the starting powder can be completely retained
in the coating.
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