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Abstract Nano-titania (TiO2) has drawn considerable

attention for decades for its excellent photocatalytic

activity. The use of photocatalyst TiO2 in the form of

surface coating is usually desired for long-term recyclable

photocatalytic performances. Yet deposition of the coatings

with appropriate nanostructures persists challenging.

Thermal spray processing usually triggered loss of photo-

catalytic anatase in the coatings. To retain anatase structure

from starting TiO2 powder, in this study, cold spray was

employed to deposit TiO2 nanostructured coatings using

TiO2 nanoparticles as the starting feedstock. The

mechanically blended Al-7.5 wt.% TiO2 powder was used

as the feedstock for the coating fabrication, and Al was

used as the binder for the nano-TiO2 particles. The coatings

containing anatase phase were successfully fabricated and

showed good long-term recyclable performance and ser-

vice life. After methylene blue degradation testing for three

times, the photocatalytic efficiency of the coatings still

remained over 90% of the initial photocatalytic efficiency.

After high-pressure gas purge and flame sweep processing,

the coatings retained the initial nanostructures at their

surfaces. The cold spray technical route might open a new

window for making the coatings of temperature-sensitive

nanosized particles for functional applications.
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Introduction

Nanosized titanium dioxide (TiO2) is known as a photo-

catalyst and antibacterial agent with high chemical stabil-

ity, good durability, and cost efficiency. It can convert light

energy into chemical energy to accomplish strong oxidiz-

ing ability, effectively degrading various organic and

inorganic pollutants in air and water. Consequently, TiO2

has been widely used in air purification, antibacterial

treatment, textile industry, household appliances, automo-

bile industry, and national defense and military fields (Ref

1-3). Nanosized anatase powder, which has large specific

surface area and strong photocatalytic activity, is an ideal

photocatalyst and active oxygen antibacterial agent (Ref 4).

However, in practical applications, due to the extremely

small size of nano-TiO2, the particles usually easily

agglomerate, resulting in decreased specific surface area,

and consequently subsided photocatalytic activity and

antibacterial performance. In addition, direct use of nano-
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TiO2 particles makes recycling difficult and may cause

secondary pollution (Ref 5, 6). The powder particles in

nanosizes alone are toxic, and they have been labelled as

carcinogenic by inhalation as their aerodynamic diameter is

less than 10 microns. Deposition of nano-TiO2 particles on

the surfaces of devices, components, etc., to form firmly

adhered functional coating offered the benefit of reusability

and non-pollution (Ref 7, 8). Many attempts have been

made to fabricate TiO2 coatings using a variety of tech-

niques such as sol-gel (Ref 9), self-assembly (Ref 10),

spray pyrolysis (Ref 11), magnetron sputtering (Ref 12)

and thermal spray (Ref 2, 13, 14). The processing

approaches like sol-gel, self-assembly and spray pyrolysis

are complicated and have environmental concerns, and the

magnetron sputtering method is usually associated with

expensive equipment, high production cost, and difficulties

in depositing large-area coatings. In contrast, thermal spray

technique has the advantages of low cost, ease of large-

scale coating fabrication; it is therefore a good candidate

for making coatings of a vast variety of materials. There

have been inspiring pioneering efforts in depositing nano-

titania coatings through thermal spray processing (Ref

15, 16). However, as the heating temperature is above

600 �C, anatase starts to transform into rutile structure with

reduced photocatalytic activity. Since the typical thermal

spray processes rely on melting of powder, for instance the

plasma jet temperature during plasma-spray reaches above

20,000 K, and the flame temperature during HVOF-spray

reaches about 3000 K, it keeps challenging to retain the

anatase phase during the typical thermal spray coating

deposition. Besides, sintering of the TiO2 particles would

occur during high-temperature processing, giving rise to a

reduction in specific surface area. Both effects would

deteriorate the photocatalytic performances of the TiO2

coating. Therefore, alternatively, for thermal spray fabri-

cation of nano-titania coatings, suspension or precursor

was usually employed, which has shown capability to

alleviate the heating of the nanoparticles during the

spraying (Ref 2, 17). Yet the poor adhesion and cohesion of

the coatings remain as the major hurdle affecting their

long-term functional applications.

Cold spray has been rapidly developed in recent years as

an additive manufacturing technique that uses high-speed

gas flow to accelerate solid particles, so that the particles

hit a preset substrate at a very high speed to cause plastic

deformation to form a coating (Ref 18). Inspiring research

has been extensively carried out for cold spraying metallic

materials (Ref 19) and even ceramics (Ref 4). It would be

exciting if nano-titania could be cold-sprayed to make

coating, since by doing so, both the nanosizes and anatase

structure of titania can be effectively retained after the

spraying. Research efforts have been made on cold spray

deposition of nanostructured ceramic powder for functional

applications, in particular nanostructured titania powder

(Ref 20-27). These coatings, however, do not possess

desired photocatalytic activities, for their structures are not

optimal. Due to the extremely small sizes, directly

depositing the particles in nanosizes by traditional cold

spray keeps challenging. Alternatively, vacuum cold spray

has been attempted to make the nano-titania coatings (Ref

28). In that case, nanosized powder can be successfully

deposited to form nanostructured coatings, regardless of

the necessity of further improving adhesion/cohesion of the

coatings. In this work, we tried to tackle the problems of

coating fabrication of nano-titania for desired photocat-

alytic performances. To accomplish this, aluminum was

used as metallic binder to host the nanoparticles in the

coatings.

Materials and Methods

7.5 wt.% commercial granulated nano-TiO2 powder (P25,

containing anatase phase (76.6 vol.%) and rutile phase

(23.4 vol.%)) and 92.5 wt.% spherical aluminum powder

(- 200?400 mesh, Tianjiu, Changsha, China) were mixed

at room temperature using alcohol as the medium. The

starting Al-TiO2 powder feedstock for the cold spraying

was prepared through the drying processing using a vac-

uum drying oven. The substrate was Al 7075 (Al alloy)

pretreated with sandblasting. A custom built cold spray

system was employed for the spraying. This system is

similar to the commercial cold spray systems, and the

stainless steel nozzle had the throat diameter of 3 mm, the

exit diameter of 10 mm, and the length of 225 mm. For the

spraying, nitrogen was used as the propulsive gas with the

pressure of 2.5 MPa and the temperature of 350 �C. The

powder feedrate was 50 g/min. The stand-off distance and

traverse speed of the gun were set as 30 mm and 300 mm/

s, respectively.

X-ray diffraction (Bruker AXS D8) using Cu Ka radi-

ation was employed to characterize the crystal structure of

the feedstock powder and cold sprayed coatings. The vol-

ume percentage of anatase (A) was determined according to

the following formula (Ref 29):

A ¼ 1

1 þ 1:265 IR
IA

� 100% ðEq 1Þ

where IA and IR are the x-ray intensities of the (101) peak

of anatase and the (110) peak of rutile, respectively. Inte-

grated intensities of the three main XRD peaks for each

phase were used for the calculation. Scanning electron

microscope (SEM, FEI Sirion200, USA) was used to ana-

lyze the surface morphology of the Al-TiO2 coatings, as

well as their cross-sectional morphology (etched by
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15 wt.% NaOH aqueous solution). Qualitative analyses of

the elements Ti, Al and O within the coatings were carried

out using the EDS (Oxford AZtec X-Max 20, UK). Cold

field-emission scanning electron microscope (FESEM,

Hitachi S-4800, Japan) was also employed to characterize

the topographical microstructure of the as-sprayed

coatings.

Photocatalytic activity of the coatings was evaluated by

measuring the degradation of methylene blue (MB, Alad-

din Reagent Corp., China) under irradiation of high-pres-

sure mercury ultraviolet lamp of 365 nm wavelength and

500 watts power (GGZ500). For the testing, the 10 mm910

mm sample was immersed in a double-walled beaker

which was positioned 20 cm below the lamp and was

equipped with controllable circulating cooling water to

keep room temperature in order to eliminate thermal effect.

The sample was placed in 30 mL of MB solution, and the

MB solution was continuously stirred with a magnetic stir

bar. The whole testing system was subject to dark envi-

ronment for 0.5 h to achieve an adsorption/desorption

equilibrium prior to photo-irradiation. The light absorption

plate reader (Molecular Devices SpectraMax 190, USA)

was used to measure the absorption intensity with the

absorption characteristic wavelength of 664 nm. The

degradation rate was calculated by the formula:

Dt ¼
C0 � Ct

C0

� 100% ðEq 2Þ

where C0 and Ct are the initial concentration and the

reaction time concentration of the MB, respectively, Dt is

the degradation rate at the corresponding time point. The

UV radiation testing for each sample was repeated for three

consecutive times.

Results and Discussion

The morphologies of the starting TiO2 and the Al-TiO2

powder feedstock used in this work are shown in Fig. 1.

The TiO2 particles show an average particle size of about

25 nm (Fig. 1a). After the pretreatment of mixing-stirring-

drying, the Al-TiO2 composite particles show a spherical

shape, taking the spherical Al particle as the core, and it is

enwrapped by a thick layer of the nano-TiO2 particles

(Fig. 1b, c and d). These nano-TiO2 particles were fixed on

the surface of the micron-sized spherical Al particle during

the pretreatment processing of mixing-stirring-drying.

XRD patterns of the Al-TiO2 feedstock powder and the

cold sprayed coatings are shown in Fig. 2. The feedstock

powder and the coatings are both mainly composed of Al

and TiO2, demonstrating that the nano-TiO2 particles were

successfully deposited, coexisting with the aluminum

matrix. In the feedstock powder and the coatings, TiO2 has

two crystal structures: anatase phase and rutile phase.

According to the calculation result based on the XRD

patterns using the formula (1), for the Al-TiO2 feedstock

powder, the volume fraction of the anatase phase over the

total of TiO2 is 76.6%, while for the Al-TiO2 coatings, the

volume fraction of the anatase phase over the total of TiO2

is 74.1%. It indicates that the phase composition of TiO2

particles has no remarkable change during the cold spray

processing, and the anatase phase retained its crystal

structure. The peak referring to Al2O3 phase appeared for

the cold sprayed coatings, likely due to the slight oxidation

of Al during the cold spraying or due to the embedded grit

since alumina was used as the blasting media.

Surface microstructures of the Al-TiO2 coatings are

shown in Fig. 3. The surface of the coatings is like undu-

lating hills (Fig. 3a), which is typical feature of common

cold sprayed coatings. The undulating surface topography

is caused by the plastic deformation of the Al matrix during

the deposition. It is surprisingly noted that the surface of

the coatings is tightly and evenly covered by a thick layer

of nano-TiO2 particles, and no cracks and other defects are

seen (Fig. 3b). During the cold spraying, there is a bow

wave in front of the plate, which obstructs the movement of

nanoparticles and hindered their deposition (Ref 4). That

theory explained the reason why nanoparticles cannot be

deposited by conventional cold spray. In this work, as the

nano-TiO2 particles are designed to tightly adhere to the

micron-sized Al particles, the bow wave slightly affects the

movement of large micron-sized Al-TiO2 composite par-

ticles, so the nano-TiO2 particles can be deposited rela-

tively easily.

Cross-sectional morphologies of the Al-TiO2 coatings

are shown in Fig. 4. The thickness of the Al-TiO2 coatings

ranges from 20 to 50 lm, and the coatings adhered to the

substrate tightly with no notable cracks (Fig. 4a). Com-

paring with the nano-TiO2 coatings deposited by other

techniques (Ref 29-31) with a thickness of up to 3 micron,

the thickness of the cold sprayed coating has been signif-

icantly increased. Magnified views of the coating (Fig. 4b)

indicate that the forming process of the Al-TiO2 coating is

similar as those reported for cold sprayed metallic coatings.

The presence of nano-TiO2 particles did not bring about

remarkable difficulties in cold spray deposition of the Al-

based materials. The pits on the upper surface of the sub-

strate imply its recessed and activated state as achieved by

the impingement of the Al-TiO2 composite particles. Sig-

nificant plastic deformation was clearly seen for the Al

matrix, which is essential for bonding of the materials onto

the substrate upon the impingement. The accumulation of

deformed Al also gave rise to adhesion of the nano-TiO2

particles, which are located in between adjacent Al parti-

cles (Fig. 4b).
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Further SEM characterization and EDS mapping of the

cross sections of the coatings provide clear insight into the

formation mechanisms of the nano-TiO2 particles during

the cold spraying (Fig. 5). The light area shown in

Fig. 5(a), (b) and (d) is attributed to TiO2, and the dark area

shown in Fig. 5(a) and (c) is assigned to Al. It is noted that

the shape of the agglomerated TiO2 particles that wrapped

Al particle in the starting feedstock has been transformed

from spherical to flat contour, which is attributed to the

pressing of plastic deformation of Al. Al and TiO2 particles

are staggered in the through-thickness direction, forming a

multilayer sandwich structure. The flat Al splats are con-

nected to each other and to the substrate through

mechanical interlocking, offering the coating the basic

adhesion and cohesion. The evenly distributed TiO2 layers

provide the coating with desired functions. For photocat-

alytic applications, the cohesion of the nano-TiO2 particles

as attained by anchoring of Al matrix is most likely

sufficient.

Fig. 1 SEM morphology of the

starting TiO2 (a) and Al-TiO2

powder (b) used in this work, (c,

d) high-resolution topographical

images of the Al-TiO2 particles

showing adherence of nano-

TiO2 particles on Al matrix

Fig. 2 XRD patterns of the starting Al-TiO2 powder feedstock and

the cold sprayed Al-TiO2 coatings (a), and the partially enlarged

display of the characteristic peak of titanium dioxide (b)

Fig. 3 Surface morphologies of

the cold sprayed Al-TiO2

coatings
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It is known that photocatalytic coatings play their

functions mostly through their surfaces. Topographical

views of the Al-TiO2 composite coatings are shown in

Fig. 6. The surface of the coating is covered by a TiO2

layer with obvious nanostructural features (Fig. 6a), which

would benefit photocatalysis through providing a large

number of active sites. The TiO2 particles are very evenly

distributed, and their average particle size is *30 nm

(Fig. 6b), only slightly larger than the starting TiO2 parti-

cles. This implies that during the cold spray processing, the

Fig. 4 Cross-sectional

morphology of the cold sprayed

Al-TiO2 composite coatings

showing a sandwich-like

structure with TiO2 particles

layer being interlocked by Al

splats

Fig. 5 Cross-sectional SEM

image and EDS mapping of the

cold sprayed Al-TiO2 coatings

(element distributions of Ti (b),

Al (c) and O (d) were detected

from the image (a)

Fig. 6 SEM morphology of the

surface of the initial cold

sprayed Al-TiO2 coatings

(a) showing interconnected

nano-TiO2 particles (b)
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nanoparticles retained their initial fine size, which is not

surprising since the particle heating by the gas plume

during the cold spray is limited.

To remove those nano-TiO2 particles that possibly

weakly adhered on the coating surfaces, the Al-TiO2

coating was blown by high-pressure nitrogen gas on its

surface. After the gas blowing, the surface of the coating

keeps covered by the TiO2 layer (Fig. 7a), indicating that

the TiO2 powders indeed adhered to the surface of the

coating tightly. In addition, no changes in the topography

and the size of the TiO2 particles are seen (Fig. 7b).

Further surface burning treatment at the temperature

above 1500 �C for 1 second using a high-temperature

supersonic flame spray gun did not cause loss of the

nanostructured TiO2 layer on the top surface of the coating

(Fig. 8). The surface morphology of the treated coating

(Fig. 8a and b) is similar to the initial surface (Fig. 6). It

therefore suggests that the cold sprayed Al-TiO2 composite

coating has a stable titania top layer, which consists of

nano-TiO2 particles with firm adhesion on the Al matrix.

Furthermore, however, sintering of adjacent TiO2 particles

and growth of particle size are observed (Fig. 8b), the size

of the TiO2 particles is up to 75 nm, being significantly

larger than the original TiO2 particles in the starting

feedstock powder. This phenomenon nevertheless indicates

that the aggregation of TiO2 particles and following grain

growth occurred during the short-term high-temperature

treatment. This on the other hand indicates the poor

dimensional thermal stability of the nano-TiO2 particles.

Cold spray processing route showed great potential for

depositing nanosized temperature-sensitive materials for

retaining their original physicochemical properties.

Photocatalytic testing showed promising activity of the

cold sprayed coatings (Fig. 9). It has been clear that nano-

titania with anatase structure has desired photocatalytic

performances (Ref 27, 32). To reveal the repeatable pho-

tocatalytic functions of the Al-TiO2 coatings, examination

of the UV photocatalytic degradation of MB was carried

out for three times for each coating sample. The results

show that the 1.5-hour degradation rates of the first, the

Fig. 7 SEM morphology of the

surface of the cold sprayed Al-

TiO2 coatings after high-

pressure nitrogen blowing

showing intact layer of the

nano-TiO2 particles

Fig. 8 SEM morphology of the

top layer of the cold sprayed Al-

TiO2 coatings after high-

temperature treatment for 1

second showing remarkable

grain growth of the TiO2 articles

Fig. 9 Degradation efficiency of MB by the cold sprayed Al-TiO2

coatings under UV illumination (The examination was repeated for

three times for each batch of coating samples)
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second and the third round testing are 85.9%, 81.2% and

66.7%, respectively, and the 3-hour degradation rates of the

first, the second and the third round testing are 91.2%,

91.7%, and 85.2%, respectively. The 6-hour degradation

rates of the first, the second and the third round testing are

93.5%, 93.6% and 94.4%, respectively. After 3 hours of

UV light irradiation, the degradation rates of the coatings

are above 85% even after the third time testing for the same

coating samples. The 6-hour degradation rates are still

above 93%. These results suggest excellent repeat-

able degradation performances of the cold sprayed Al-TiO2

coatings. It was also noted that the MB degradation rate of

the coatings for the 4-hour third time testing also reached

93.2%, indicating good reusability of the Al-TiO2 coatings

for photocatalytic applications. The recycling perfor-

mances of the coatings as revealed by the MB degradation

measurement were further explained by the intact topo-

graphical morphologies of the coatings after the photocat-

alytic testing (images not shown). It was noted that after

6 h photocatalytic testing in MB-containing solution, the

surfaces of the coatings kept intact. The nano-TiO2 top

layer retained the initial sizes of the nano-TiO2 particles.

Conclusions

In this work, Al-TiO2 composite powder with spherical Al

particle being enwrapped by a thick layer of nano-TiO2

particles was designed as the powder feedstock to make

nano-TiO2-containing coatings by cold spraying. Sand-

wich-like structure was constructed for the cold sprayed

Al-TiO2 coatings, and the thin layers of nano-TiO2 parti-

cles were mechanically interlocked by the Al matrix in the

coatings. A strongly adhered layer comprising nano-TiO2

particles exists on the top surface of the coatings and keeps

intact after photocatalytic testing carried out in aqueous

solutions. Excellent photocatalytic activities and good

reusability of the cold sprayed Al-TiO2 coatings were

revealed. The results would give insight into structure

design and cold spray coating fabrication of temperature-

sensitive functional nanomaterials for a variety of

applications.
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