
Influence of carbon atmosphere on surface morphology
and photocatalytic activity of TiO2 coatings by multi-heat
treatment

Sujun Guan1 • Liang Hao2 • Hiroyuki Yoshida3 • Hiroshi Asanuma1 •

Fusheng Pan4 • Yun Lu1

Received: 15 October 2015 / Accepted: 14 December 2015 / Published online: 22 December 2015

� Springer Science+Business Media New York 2015

Abstract Photocatalyst titanium dioxide (TiO2) coatings

on alumina (Al2O3) balls had been prepared by mechanical

coating technique with titanium (Ti) powder and multi-heat

treatment (pretreatment-oxidation–reduction). The influ-

ence of carbon atmosphere during multi-heat treatment on

the surface structure and photocatalytic activity of TiO2

coatings was investigated and characterized. Results show

that thin coatings of TiO2 and Ti2CO form on the surface of

Ti coatings during pretreatment in air or in carbon atmo-

sphere, respectively. Due to the pretreatment, different

surface morphologies of rutile TiO2 form on the surface of

Ti coatings, during subsequent oxidation in air. Oxygen

vacancies are generated in the lattice of rutile TiO2, during

subsequent reduction in carbon atmosphere. The photo-

catalytic activity of the TiO2 coatings prepared by multi-

heat treatment is effectively enhanced, compared with the

TiO2 coatings prepared by solo-oxidation of Ti coatings.

The visible light photocatalytic activity of TiO2 coatings

treated in carbon atmosphere could be effectively enhanced

by more than eight times. The photocatalytic activity under

ultraviolet is more related with nano-fiber morphology,

while the photocatalytic activity under visible light is

related with the narrowed band gap.

1 Introduction

Titanium dioxide (TiO2) has been attracted much attention

for numerous environmentally friendly applications in

various fields, such as water and air purification, decon-

tamination, the production of carbonaceous solar fuels, and

the self-cleaning surfaces, due to its suitable band edge

positions, excellent stability, and low cost [1–6]. However,

the application of TiO2 has been limited to the ultraviolet

(UV) range due to its wider band gap, and fast electron–

hole recombination due to a high density of trap stats [6–8].

Several reviews highlight the advances in the field of

enhancing the visible-light active TiO2 photocatalysts,

mainly by sensitization with small band gap semiconduc-

tors, and narrowing the band gap via elemental doping [9–

13]. Recently, it has been shown that manipulating struc-

ture morphology and electronic structure are an effective

approaches to improve the separation and transportation of

charge carriers [14–16]. An enormous amount of research

has been devoted to introduction of oxygen vacancy into

TiO2. Oxygen vacancies could serve as shallow donors to

form the extra electron energy levels to narrow the band

gap [17, 18]. After Chen et al. reported the preparation of

‘‘black’’ anatase TiO2, many researches have successively

proven that hydrogen treatment is an effective method to

form surface oxygen defects and enhance its photocatalytic

activity [6, 19, 20]. As the problem of hydrogen treatment

requires high-pressure hydrogen atmosphere, simpler and

safer methods are expected to enhance the photocatalytic

activity [21, 22].
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In this work, photocatalyst TiO2 coatings were prepared

by mechanical coating technique (MCT) and multi-heat

treatment (pretreatment-oxidation–reduction). The influ-

ence of carbon atmosphere on the microstructure and

photocatalytic activity of TiO2 coatings was investigated

and characterized. The relationship among photocatalytic

activity and surface morphology as well as narrowed band

gap is discussed.

2 Experimental

2.1 Preparation of Ti coatings

Ti powder (average diameter of 30 lm) and alumina

(Al2O3) balls (average diameter of 1 mm) were used as

the coating materials and the substrates, respectively. A

planetary ball mill (Type: P6, Fritsch, Germany) was

used to perform the mechanical coating operation. Ti

coatings were fabricated by MCT, with the rotation speed

of 480 rpm for 10 h, named as ‘‘M10-Ti’’. The detailed

MCT procedure can be found in our previous works [23,

24].

(a)  

1mm 

M10-C-O-R 

M10-O' M10-O'-O M10-O'-O-R 

M10-C M10-C-O 

M10-Ti M10-O M10-O-R 
(b)  

(c)  

Fig. 1 Appearance photograph of the samples by multi-heat treat-

ment. a Without pretreatment, b with pretreatment in air, c with

pretreatment in carbon atmosphere
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Fig. 2 XRD patterns of the samples by multi-heat treatment. a Without pretreatment, b with pretreatment in air, c with pretreatment in carbon

atmosphere
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2.2 Preparation of photocatalyst coatings

The prepared Ti coatings were pretreated with carbon

atmosphere (in carbon powder, average diameter of

150 lm) at 1073 K for 2 h, and named as ‘‘M10-C’’. The

process of pretreatment with carbon atmosphere has been

described in detail previously [25]. For comparison, the Ti

coatings were also pretreated in air 1073 K for 2 h, named

as ‘‘M10-O0’’. Then, the pretreated samples were oxidized

at 1073 K for 15 h in air, named as ‘‘M10-C-O’’ and

‘‘M10-O0-O’’, respectively. Finally, the oxidized samples

were treated in carbon atmosphere at 973 K for 0.5 h,

named as ‘‘M10-C-O-R’’ and ‘‘M10-O0-O-R’’, respectively.

In this work, the treatment in carbon atmosphere after

oxidation is referred to as reduction.

2.3 Characterization

The crystal structure and phase purity of the prepared

samples were analyzed by X-ray diffraction (XRD) (JDX-

3530, JEOL, Japan) equipped with Cu-Ka radiation at

30 kV and 20 mA, employing a scanning rate of 0.02� s-1

in the range from 23� to 65�. The surface morphology and

cross-sectional structure of the samples were observed by

scanning electron microscopy (SEM) (JSM-5300, JEOL,

Japan). The ultraviolet–visible absorption spectra of the

prepared samples was measured by an ultraviolet–visible

spectrophotometer (UV–Vis, Model MSV-370, Jasco,

Japan) with a wavelength range of 370–750 nm.

2.4 Photocatalytic activity

Photocatalytic activity was evaluated by measuring the

degradation rate of methylene blue (MB) solution (C0:

10 lmol/L, 35 mL) under UV and visible light irradiation

at room temperature by referring to Japanese Industrial

Standard (JIS R 1703-2), which had been described in

detail previously [24, 25]. The prepared samples were

firstly dried under UV light (FL20S BLB, Toshiba) for

24 h, and adsorption of MB solution (20 lmol/L, 35 mL)

was carried out in the dark for 18 h. The evaluation of

photocatalytic activity was carried out under UV (irradi-

ance of 1 w/cm2, FL20S BLB, Toshiba) and visible light

(irradiance of 5000 lux, NEC FL20SSW/18). To clearly

show the photocatalytic activity of samples, the difference

(Dk) of the degradation rate constants between ksample and

kMB solution was used.
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Fig. 3 Comparison of morphology of samples by multi-heat treatment. a Without pretreatment, b with pretreatment in air, c with pretreatment in

carbon atmosphere
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3 Results and discussion

3.1 Appearance and phase structure

From Fig. 1, it clearly shows the influence of carbon

atmosphere on the appearance of the samples, during the

multi-heat treatment. Without pretreatment, the color

changes from silvery (M10-Ti) to light-white (M10-O)

during oxidation, then to light-grey (M10-O-R) during

reduction. With pretreatment in air, the color changes to

dark-blue (M10-O0), then to dark-white (M10-O0-O) during

oxidation, then to dark-grey (M10-O0-O-R) during reduc-

tion. While with pretreatment in carbon atmosphere, the

color changes to brown (M10-C), then to dark-white with

slight yellow (M10-C-O) during oxidation, then to grey

(M10-C-O-R) during reduction.

Figure 2 shows the XRD patterns of the samples during

the multi-heat treatment. With pretreatment in air, the

relatively higher diffraction peaks of rutile TiO2 and lower

peaks of anatase TiO2 are detected from the M10-O0

sample, indicating that TiO2 is formed on the surface of Ti

coatings. While with pretreatment in carbon atmosphere,

the diffraction peaks at 36.1�, 42.0�, and 60.9� could be

attributed to the (111), (200), and (220) crystal planes of

Ti2CO, respectively. After oxidation in air, the diffraction

peaks of samples are well indexed to the crystal planes of

rutile TiO2, indicating that only rutile TiO2 is formed.

During subsequent reduction in carbon atmosphere, there is

no evident change in the formed phases.

Considering the appearance and XRD patterns, the color

becomes dark-blue (M10-O0) after pretreatment in air is

related to the formation of TiO2 with mixed-phase of

anatase and rutile on the surface (Fig. 2b). The color

becomes brown (M10-C) during pretreatment in carbon

atmosphere, which is related to the formation of the phase

Ti2CO on the surface (Fig. 2c). The difference in color

during subsequent oxidation among M10-O, M10-O0-O and

M10-C-O is related to surface morphology and thickness of

the crystal coatings [23–25]. The color change during

reduction indicates that reduction affects the formation of

oxygen vacancies, which produce the color centers of Ti3?

in the TiO2 [26, 27], and this is similar to these results

obtained by hydrogen treatment [7, 20].

3.2 Microstructure evolution

After subsequent oxidation, the effect of pretreatment in air

or carbon atmosphere on the surface morphology is shown

in Fig. 3. Compared with M10-O sample, the crystal size of

the samples with two kinds of pretreatment (M10-O0-O and

200 m 
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Fig. 4 Comparison of cross section of samples by multi-heat treatment. a Without pretreatment, b with pretreatment in air, c with pretreatment

in carbon atmosphere
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M10-C-O) is smaller and the surface morphology changes

from columnar (M10-O) to micro-size (M10-O0-O) and

nano-fiber (M10-C-O), especially along micro-bands

(M10-C-O) [25]. Micro-bands are clearly observed on the

surface of M10-C-O sample, but not on the other two

samples (M10-O and M10-O0-O). Moreover, after further

reduction in carbon powder, the change of surface mor-

phology is slight.

Morphology change shows that the formed TiO2 and

Ti2CO during pretreatment in air and carbon atmosphere
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respectively, have a remarkable effect on the subsequent

oxidation process. It is well known that Ti can easily react

with oxygen to form titanium oxide, and the growth of

titanium oxide depends on the predominant diffusion of Ti

or oxygen [28, 29]. The predominance diffusion of Ti

versus oxygen is influenced by oxygen concentration,

oxidation temperature, and the initial layer on the surface

of Ti coatings [30]. Various morphologies of titanium

oxide, such as pin-shaped, lamellar and needle, or nano-

fiber, could be formed during different oxidation processes

[29–31]. Compared with the M10-O sample, the mor-

phology change on the sample of M10-O0-O and M10-C-O

is due to the initial coatings of TiO2 and Ti2CO formed

during pretreatment, could cause the oxidation process to

occur under a different low oxygen concentration [32, 33].

Therefore, the pretreatment is the main factor on the

morphology change, which causes the different growth

model of TiO2 during the subsequent oxidation.

Figure 4 shows SEM images of the change of cross

sections of the samples, during multi-heat treatment. While

pretreatment in air, the TiO2 coatings could be found from

M10-O0 and the thickness is about 5 lm, while Ti2CO

formed during pretreatment in carbon atmosphere is too

thin to be detected from M10-C. During subsequent oxi-

dation, the different initial oxidized coatings could affect

the oxygen concentration, which is matched with the

change of surface morphology. After oxidation, the thick-

ness of oxidized samples is similar, while more inner layer

had been oxidized (M10-C-O). The more inner oxidized

layer is related with the micro-crack formed during pre-

treatment in carbon atmosphere [25]. Moreover, after

reduction, the cross sections of the samples hardly change.

3.3 Photocatalytic activity

The photocatalytic activity of as-prepared samples is

evaluated by degradation of MB solution under UV and

visible light irradiation, as shown in Fig. 5. For all samples,

the concentration of MB solution decreased at different

rates under UV and visible light irradiation. It means all

samples show photocatalytic activity. After oxidation, the

effect on photocatalytic activity of pretreatment in carbon

atmosphere is obvious under visible light irradiation

(Fig. 5c). After reduction, the influence of carbon atmo-

sphere for all samples is significant, as shown in Fig. 5b, d.

Compared with pretreatment, the enhancement on photo-

catalytic activity of carbon atmosphere under visible light

irradiation (Fig. 5d) is more significant than that of under

UV irradiation (Fig. 5b).

Figure 6 shows the degradation rate constants Dk of MB

solution with different samples. It can be seen that pre-

treatment effect on photocatalytic activity under UV irra-

diation is similar, while pretreatment effect in carbon

atmosphere on photocatalytic activity under visible light

irradiation is more effective than that of pretreatment in air.

Compared with the TiO2 coatings prepared by solo-oxi-

dation of Ti coatings, the visible light photocatalytic

activity of TiO2 coatings treated in carbon atmosphere by

multi-heat treatment could be effectively enhanced by

more than eight times.

The influence of carbon atmosphere on photocatalytic

activity could be attributed to the following reasons.

Oxygen vacancies generated in the lattice of TiO2 coatings

during reduction is the main factor to shift absorption to the

visible light region, as shown in Fig. 7a. The shifted visible

400 500 600 700

 M10-O
 M10-O`-O
 M10-C-O
 M10-O-R
 M10-O`-O-R
 M10-C-O-R

Energy (eV) 

(a
hv

)1/
2 

 (c
m

-1
/2

 eV
1/

2 )
 

A
bs

or
ba

nc
e 

 (a
.u

.) 

Wavelength (nm) 
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3

 M10-O
 M10-O-R
 M10-O'-O-R
 M10-C-O-R

(b) (a) Fig. 7 a UV–Vis absorption

spectra of the as-prepared

samples, b plots of (ahv)1/2

versus the photon energy (hv) of

the UV–Vis absorption spectra

3878 J Mater Sci: Mater Electron (2016) 27:3873–3879

123



light absorption benefits the narrowed band gap from

2.88 eV of M10-O sample to 2.78 eV of M10-C-O-R

sample (Fig. 7b), to generate more photo-induced electrons

and holes to enhance the photocatalytic activity [34–36]. In

addition, the pretreatment effect of carbon atmosphere on

surface morphology is another factor to further enhance the

reduction effect, as shown by the photocatalytic activity

(Fig. 5b, d). It could be concluded that the photocatalytic

activity under UV is more related with surface morphol-

ogy, while the photocatalytic activity under visible light is

related with the narrowed band gap.

4 Conclusions

In summary, we have demonstrated that the multi-heat

treatment with carbon atmosphere is a safe, simple, and

effective strategy to enhance the photocatalytic activity of

TiO2 coatings. The formed oxide coatings during pre-

treatment benefit the formation of TiO2 coatings with

smaller surface morphology during subsequent oxidation.

Oxygen vacancies generated in the lattice of TiO2 coatings

during the reduction is in favor of shifting the visible light

absorption, which effectively enhances the photocatalytic

activity under UV and visible light irradiation. The smaller

surface morphology further enhances the reduction effect.

The photocatalytic activity under ultraviolet (UV) is more

related with surface morphology, while the photocatalytic

activity under visible light is related with the narrowed

band gap.
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