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A B S T R A C T

In this study, Ni/NiO/TiO2 composite powder and thin films were successfully prepared via sol-gel method. The
results indicated that Ni/NiO/TiO2 composite with 2.5% Ni/Ti molar ratio, and the thin film calcined under
400 °C for 2 h with 3 coating layers, demonstrated the highest efficiency for Rhodamine B (RhB) degradation.
Over 99.9% of RhB was photocatalytically degraded by Ni/NiO/TiO2 thin film under 60min of simulated solar
light irradiation, whereas merely 61.9% by pure TiO2 film. This remarkable ability is caused by suitable amount
of Ni and NiO dopant (2.5%), which made the composite present a smaller crystallite size (5.16 nm), bigger
specific surface area (154.72m2/g), lower band gap energy (2.78 eV) and recombination rate of electron-hole
pairs. Additionally, the photocatalytic activity did not exhibit significant loss even after repeated use of ten
cycles, suggesting the high stability of the Ni/NiO/TiO2 thin film. The degradation test of Ni/NiO/TiO2 thin film
for different dyes (Methyl blue, Methyl orange and Rhodamine B) revealed that the photocatalyst has remarkable
activity on dye degradation. Moreover, the radical trapping experiments demonstrated that the major active
species including O2

%− and %OH played important roles in the photocatalytic process. The proposed photo-
catalytic mechanism showed that Ni and NiO could reduce the recombination of photo-generated electron-hole
pairs and decrease the band gap energy of composite, resulting in enhanced photocatalytic ability and enlarged
solar spectral response range.

1. Introduction

The development of urbanization and industrialization has led to
the increased deterioration of water quality, with the shortage of clean
water resource highlighted worldwide [1]. The most tough and per-
vasive problem in wastewater is organic dyes, which arise from textile,
printing and food industries [2,3]. Usually, the traditional methods
such as adsorption, chlorination and flocculation cannot degrade the
dyes completely, and may even generate some toxic intermediates,
leading to secondary pollution [4–6]. In view of this, more effective and
sustainable methods are needed to degrade those recalcitrant organic
pollutants in wastewater effectively.

Basically, semiconductor photocatalysis has been recognized as a
very attractive technology for wastewater decontamination. Of the
various kinds of photocatalyst, TiO2 powder photocatalytic treatment
has been regarded as the most promising method for degrading dyes in
wastewater due to its relatively strong photocatalytic activity, non-
toxicity and low cost [7–10]. Nevertheless, there are still some draw-
backs limiting its application. For example, the large band gap of TiO2

(3.2 eV) limits the utilization of solar spectrum, especially in the visible

region [11,12]. More importantly, the high recombination rate of
photo-generated electron-hole pairs may reduce the reaction efficiency
[13–15]. The difficulty of a post-treatment separation stage may affect
the application of TiO2 nanoparticle photocatalyst in the real water
environment [16,17].

To improve the practical photocatalytic performance, effort has
been doubled to modify TiO2 by combining with noble metals, such as
Ag, Pt and Au [18–21]. Nevertheless, these noble metals are expensive
for practical application. Therefore, Ni is deemed to be an appropriate
modification material [22]. Compared with other metals, Ni with a
lower cost and enhancement of photocatalytic activity under visible
light is considered as a solution for inhibiting the recombination of
photo-generated electron-hole pairs after combined with TiO2 [23].
Wang and others [24] reported that after adding 1% of nickel, the ac-
tivity of TiO2 for dye degradation can be highly improved. However,
these works are just simply discussed the effect of Ni dopant on pho-
tocatalytic activity, and there is few research focusing on the optimi-
zation of different synthesis conditions (such as the optimum doping
amount of Ni, calcination temperature, calcination time or the final
state of Ni dopant) and their interaction effect on the properties of
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photocatalyst, including crystallite size, band gap energy and specific
surface area.

On the other hand, to solve post separation problem in large-scale
application of photocatalyst powder, many attempts have been made to
immobilize TiO2 on supports, such as stainless steel, silica, zeolites,
activated carbon, for the practical application of TiO2 photocatalytic
technology [25–28]. Given that the inherent light-tight property of
these materials may reduce the light absorption in a photocatalytic
reactor, transparent glass tube with high transmittance could be a more
appropriate support with optimum light harvesting efficiency. Until
now, there has been no report about the Ni/NiO/TiO2 thin films coated
on glass tubes. Therefore, it remains a great challenge to find out a low
cost, strong oxidizing capability and high stability Ni-doped TiO2

photocatalyst and coat it on a transparent support as a thin film to
overcome the aforementioned problems.

The purpose of this research was to develop a solar-light-driven Ni/
NiO/TiO2 thin film coated on glass tubes for treatment of dyes. The
influence of Ni/Ti ratio on composite powder and the optimization of
Ni/NiO/TiO2 thin film by calcination temperature, time and number of
coating layers were investigated. The mechanism of dyes purification
was also explored by free radical scavenger test. This study would
provide a novel viewpoint of developing solar-driven-photocatalyst for
low cost dye degradation treatment.

2. Experimental

2.1. Materials

Tetrabutyl titanate (Ti(OC4H9)4), ethanol, HNO3 and Ni(NO3)2 were
utilized as TiO2 source, solvent, dispersing agent and dopant, respec-
tively. Rhodamine B (RhB), methyl blue (MB) and methyl orange (MO)
were used as model organic dyes to evaluate the photocatalytic effi-
ciency, and the structure of dyes are shown in Fig. 1. Benzoquinone,
ethylenediaminetetraacetate (EDTA) and tert-Butanol (tBuOH) were
employed as free radical scavengers. All the reagents were of analytical
grade and used without any further purification and purchased from
Wako Pure Chemical Industries, Ltd, Japan.

Simulated solar light (XC-100, SERIC., Ltd, Japan) was taken as the
irradiation source. Distilled water was used throughout this study.

2.2. Preparation of Ni/NiO/TiO2 composite photocatalyst powder and thin
film

2.2.1. Ni/NiO/TiO2 composite photocatalyst powder
Samples of Ni/NiO/TiO2 composite photocatalyst powder was syn-

thesized by sol-gel method. For a typical procedure, 6 mL tetrabutyl

titanate was dissolved in 46mL ethanol. Then, certain amount of Ni
(NO3)2 was dissolved in 11mL of 1mol/L HNO3 solution and added
into the above transparent solution drop by drop. A transparent solu-
tion was obtained when the two solutions were mixed together by
magnetic stirring at room temperature. After 8 h, the transparent sol
was obtained, and then was dried at 105 °C for 24 h. The subsequent
photocatalyst powder was collected after 2-h calcination under 400 °C
in a muffle furnace. Based on the molar ratio of Ni/Ti in composites
controlled by amounts of Ni(NO3)2 and tetrabutyl titanate in raw ma-
terial, the final products were denoted as 0%, 1.5%, 2.5%, 3.0% and
4.5% Ni/NiO/TiO2 composite, respectively. Pure TiO2 was also syn-
thesized under the same condition as control.

2.2.2. Ni/NiO/TiO2 composite thin film on glass tube
To synthesize Ni/NiO/TiO2 thin film, glass tubes (length: 15 cm, φ:

8 mm, Φ: 10mm) were employed as thin film carriers. Prior to coating,
the entire interface of glass tubes was thoroughly washed with 75%
ethanol via ultrasonic method, followed by drying. Then, as prepared
sol (Ni/Ti molar ratio: 2.5%) was coated on the inner surface of glass
tubes. After coating, the tubes were dried at 105 °C for 24 h and cal-
cined in a muffle furnace at different temperature ranging from 350 °C
to 550 °C for varying time from 0.5 to 2.5 h in a muffle furnace. To
prepare 1, 2, 3 and 4-layer films, the process of coating and drying were
repeated certain times. Finally, the Ni/NiO/TiO2 composite thin film
coated tubes were obtained and stored in a desiccator.

2.3. Analytical techniques

The Scanning Electron Microscope and Energy-dispersive X-ray
spectroscopy (FE-SEM(S-4800) + EDS) was employed to investigate the
morphology and element ratio of composite powder. X-ray diffraction
(XRD) patterns of powder and thin films were characterized by using a
Rigaku Altima III Rint-2000 X-ray diffractometer equipped with Cu Kα
radiation (λ=1.54178 Ǻ). The photoluminescence (PL) spectra with
an excitation wavelength of 325 nm were acquired with a JASCO
FP8500 fluorescence spectrophotometer. UV–vis diffuse reflectance
spectra of different samples were recorded in the range of 200–450 nm
on a Shimadzu UV-3100PC Scan UV-vis-NIR spectrometer. The specific
surface area of the composite photocatalysts was observed by Brunauer-
Emmett-Teller (BET) specific surface analysis device (Coulter SA-3100,
US).

2.4. Photocatalytic performance evaluation

The photocatalytic performance of as-prepared Ni/NiO/TiO2 com-
posite powder and thin films were evaluated by RhB, MO and MB de-
gradation. The schematic diagram is showed in Fig. 2. For photocatalyst
powder, 0.05 g of photocatalysts (with different molar ratio of Ni/Ti)
was dispersed into 50mL of 2mg/L aqueous solution of dyes and ir-
radiated under simulated solar light lamp with light intensity of 510W/
m2. For Ni/NiO/TiO2 thin film, firstly, the thin film coated tubes were
filled up with 3.5mL of 2mg/L aqueous solution of dyes. Then, the
tubes were fastened on shaker and irradiated under the same light
condition with powder degradation test. Samples from the dye solutions
was collected at time intervals of 30min, and analyzed to evaluate the
concentration of RhB, MO and MB by a Shimadzu UV-1600 spectro-
photometer at λ=554, 464 and 664 nm, respectively [29,30]. The
photocatalytic degradation efficiency was calculated according to Eq.
(1):

=
−

×R C C
C

100%0 t

0 (1)

where R is the degradation rate (%), C0 is the initial concentration of
reactant (mg/L) and Ct is the reactant concentration after t minutes of
irradiation (mg/L).

Fig. 1. The structure of Rhodamine B (RhB), Methyl blue (MB) and Methyl
orange (MO). (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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2.5. Radical trapping experiment

To investigate the major active species during the photocatalytic
degradation process by Ni/NiO/TiO2 composite film, radical trapping
experiments were conducted. The scavengers used in this study were
benzoquinone (for O2

%−), ethylenediaminetetraacetate (EDTA)
(for h+) and tBuOH (for %OH). Prior to experiments, 1 mM scavenger
was added into RhB solution, following by dark condition to reach the
adsorption-desorption equilibrium between the photocatalyst and the
dye. After irradiation by simulated solar light, the solution was col-
lected at given time intervals, and the concentration of RhB was mea-
sured.

3. Results and discussion

3.1. Optimization of the synthesis of Ni/NiO/TiO2 composite photocatalyst
powder

The composite photocatalyst powder was optimized by adjusting
Ni/Ti molar ratio, and the results are displayed in Fig. 3. The results
showed that photocatalytic activities were significantly influenced by
Ni/Ti molar ratio. The RhB degradation efficiency of Ni/NiO/TiO2

composite increased from 40% to 91% when Ni/Ti molar ratio in-
creased from 0 to 2.5%. Further increase in the molar ratio from 2.5%
to 4.5% led to a decline by 49% in the degradation efficiency. More
specifically, the photocatalytic performance of Ni/NiO/TiO2 catalysts
was optimized when the ratio of Ni/Ti equaled 2.5%. This is because a
suitable amount of Ni and NiO dopant can act as a bridge to transfer the
photo-generated electron-hole pairs to the different part of photo-
catalyst. Consequently, the recombination of photo-generated electron-
hole pairs could be inhibited. Moreover, Hsu et al. reported that, when

the amount of dopant was higher than optimal value, the particle size of
composite would increase, leading to the decrease in photocatalytic
performance [31]. Therefore, when the ratio of Ni/Ti was increased
beyond 2.5%, the efficiency of composite photocatalyst decreased.

EDS was employed to investigate the element distribution of the as-
prepared Ni/NiO/TiO2 composite powder with different Ni/Ti ratio. In
Table 1, it was detected that the Ni element appeared in all the Ni-
doped photocatalyst and the amount increased with the increasing of
initial Ni/Ti ratio. This suggest that the Ni dopant has been combined
with TiO2.

To examine the structure and composition of the as-prepared pho-
tocatalysts, XRD patterns of 0%, 1.5%, 2.5%, 3.0% and 4.5% powders
were analyzed. As shown in Fig. 4, the XRD patterns of all the samples
could be well indexed to the anatase phase of TiO2 (JCPDS 21–1272),
where the diffraction peaks at 2θ=25.0°, 37.6°, 48.0°, 54.9°, 62.3°,
68.5°, 75.0° and 82.7° contributing to (101), (004), (200), (211), (204),
(301), (215) and (224) planes, respectively. It has been reported that
anatase has a higher photocatalytic oxidation and reduction activity
than that of rutile [32,33]. Meanwhile, the peak of metallic Ni (JCPDS
file no.01-071-3762) was observed at 2.5%, 3.0% and 4.5% samples,
which proved the existence of Ni in the composite. In Fig. 4, the peaks
of NiO (110) and NiO (220) at 37.1° and 62.7° were combined with
anatase phase of TiO2 (Fig. 4(a)), and the small peak at 44.8° belonged
to Ni° (111) (Fig. 4(b)). Also, it can be found that the intensity of
anatase phase peaks increases once the Ni ratio was promoted from 0 to
2.5%, resulting in the increase of photocatalytic performance
(Fig. 4(a)). In addition, the crystal size of samples was calculated by
Scherrer equation and showed in Table 2. Comparing with other sam-
ples, 2.5% sample showed the smallest crystal size (Table 2). Normally,
smaller crystal size indicates better crystal structure and energy trans-
formation ability, resulting in higher photocatalytic activity [21]. To be
more exact, the present results suggested that doping of Ni and NiO
could improve the structure and ability of original TiO2 photocatalyst,
and the composition of Ni-doped material is Ni/NiO/TiO2.

Ni dopant did not only affect the crystal structure and size of
composite, but also influence the specific surface area. According to the
BET result (Table 2), when TiO2 was doped by Ni, the specific surface
area of powder would be greatly improved. The specific surface area of
1.5% (145.09m2/g), 2.5% (154.72m2/g), 3.0% (148.27m2/g) and
4.5% (145.87m2/g) are much bigger than 0% (20.49m2/g), as calcu-
lated by N2 adsorption-desorption isotherm curves in Fig. S1. Large

Fig. 2. Schematic diagram of dye degradation experiment by photocatalyst powder and thin film.

Fig. 3. Degradation rate of RhB by Ni/NiO/TiO2 powder at different ratios of
Ni/Ti under simulated solar light (RhB concentration: 2mg/L, light intensity:
510W/m2). Error bars represents standard deviations from replicate experi-
ments (n=3).

Table 1
Element distribution of different photocatalysts (Atomic%).

TiO2 (0%) 1.5% 2.5% 3.0% 4.5%

O 71.3 69.6 70.9 69.3 68.4
Ti 28.7 30.3 28.7 30.1 30.6
Ni 0 0.1 0.4 0.6 1.0
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specific surface area presents more reaction site on the surface of
photocatalyst powder and higher absorption ability [8]. Low specific
surface area of 0% sample demonstrated that they could be hard to

absorb enough dye or water for reaction. Also, for 2.5% sample with
biggest specific surface area, according to XRD and SEM data, it showed
the smallest crystal and particle size (Table 2 and Fig. 5). Normally,
smaller crystal and particle size indicates better crystal structure, en-
ergy transformation ability and more reaction site, resulting in higher
photocatalytic activity [22]. Doping of small amount of Ni and NiO
could prevent the growth of the TiO2 lattice, leading to the increase of
specific surface area of the photocatalyst [23,31]. Thus, the photo-
catalytic performance of Ni/NiO/TiO2 catalysts could be improved by
the Ni and NiO dopants.

The UV–vis absorption spectrum analysis was performed to de-
termine the optical property of the synthesized samples as exhibited in
Fig. 6. All the Ni/NiO/TiO2 composite revealed a stronger light ab-
sorption in the wavelength range of 400–600 nm, which belong to the
visible light area, compared with pure TiO2. Based from the UV–vis
spectra of the as-prepared samples, the band gap energy of photo-
catalysts were also calculated [10] (Table 3) using following Eq. (2):

=Eg hυ
λ (2)

Where Eg is the band gap energy (eV), h is Planck constant, υ is light
speed and λ is the wavelength (nm). The gap energy of 1.5%, 2.5%,
3.0% and 4.5% samples were estimated to be 2.67, 2.78, 2.40 and
2.36 eV respectively, which is much smaller than that of pure TiO2 (0%,
3.18 eV). These results indicated that the band gap decreased after
doping with Ni and NiO. This may account for higher photoactivity of

Fig. 4. (a) Full spectrum and (b) Ni0 peak XRD spectra of TiO2 and Ni/NiO/
TiO2 powder with different Ni/Ti ratio.

Table 2
Crystallite size and specific surface area of TiO2 and Ni/NiO/TiO2 composite
with different Ni/Ti ratio.

TiO2 (0%) 1.5% 2.5% 3.0% 4.5%

Crystallite size (nm) 5.36 5.55 5.16 5.38 5.39
Specific surface area (m2/g) 20.49 145.09 154.72 148.27 145.87

Fig. 5. SEM images of composite powders with different Ni/Ti ratio: (a) 0%, (b) 1.5%, (c) 2.5%, (d) 3.0% and (e) 4.5% (Magnification: 1kx).

Fig. 6. UV–vis absorption spectra of TiO2 and Ni/NiO/TiO2 powder with dif-
ferent Ni/Ti ratio.
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Ni/NiO/TiO2 composite under the irradiation of simulated solar light.
The morphologies of the 0%, 1.5%, 2.5%, 3.0% and 4.5% Ni/NiO/

TiO2 composite photocatalysts were observed using SEM (Fig. 5). In
comparison with TiO2 (0%) sample, there were many nanoparticles
loaded on the surface of the 1.5%, 2.5%, 3.0% and 4.5% Ni/NiO/TiO2

composite photocatalyst. And comparing with other samples, 2.5% Ni/
NiO/TiO2 photocatalyst sample showed the smallest particle size,
which could be contribute to its smallest specific surface area.

Photoluminescence spectroscopy (PL) with broad emission peaks in
the region of 445–480 nm was conducted at room temperature to in-
vestigate the electron-hole separation of the as-prepared photocatalysts.
The PL results were presented in Fig. 7 The emission peak located at
468 nm is attributed to band edge free excitons [13]. It can be easily
concluded from Fig. 7 that the sequence of the PL intensities is
2.5% < 4.5% < 3.0% < 1.5% < 0%. Lower fluorescence emission
intensity implies lower electron-hole recombination rate and higher
photocatalytic activity [12]. With the presence of Ni0 [23,32] and NiO
[33,35], the generated electron can be transfer to the different part of
composite, and the electron-hole recombination rate can be highly in-
hibited. Hence, 2.5% Ni/NiO/TiO2 catalyst possesses improved photo-
catalytic activity compared to pure TiO2 and other photocatalyst with
different Ni/Ti ratio.

These results indicated 2.5% as the optimum molar ratio of Ni/Ti for
the Ni/NiO/TiO2 composite photocatalyst with high ability under solar
light irradiation, and the photocatalyst with optimum molar ratio was
used in the following by experiments.

3.2. Optimization of the synthesis of Ni/NiO/TiO2 composite photocatalyst
thin film

As Ni/NiO/TiO2 composite powder showed a strong photocatalytic
activity after optimization, in order to develop highly efficient photo-
catalytic film, the effects of calcination temperature, calcination time
and coating layers on Ni/NiO/TiO2 composite films were systematically
investigated through photocatalytic degradation of RhB under simu-
lated solar light, and the results are shown in Fig. 8.

Firstly, Ni/NiO/TiO2 composite films were prepared under calci-
nation varying from 350 °C to 550 °C for 2 h, respectively. It can be
found from Fig. 8(a) that the photocatalytic activity of composite film
was significantly influenced by calcination temperature. The RhB de-
gradation efficiency of Ni/NiO/TiO2 composite film increased from
93.9% to 99.9% with calcination temperature increased from 350 °C to
400 °C. Then it largely decreased to 84.7% with temperature further

increased to 550 °C. Long et al. and Ren et al. have reported that the
crystallinity of TiO2 could be influenced by calcination temperature,
and the crystallinity of TiO2 is related to the electrons transport
[34,35], which further affect the photocatalytic activity. Chi et al. has
reported that the over-calcining temperature may cause serious de-
composition of the photocatalyst structure [36], and this might be the
reason of low activity of Ni/NiO/TiO2 composite film prepared at
550 °C. Hence, the optimal temperature for preparing Ni/NiO/TiO2

composite film is 400 °C.
Calcination time is also an important factor affecting the photo-

catalytic performance of as-prepared Ni/NiO/TiO2 films. The effect of
calcination time under the optimum temperature 400 °C is presented in
Fig. 8(b). When Ni/NiO/TiO2 films was heat-treated at 400 °C, the
photocatalytic activity tends to rise with calcination time, reaching the
maximum at the heat treatment time of 2 h, and then descended by
further increasing time to 2.5 h. Thus, the optimal calcination time for

Table 3
Band gap energy of TiO2 and Ni/NiO/TiO2 composite with different Ni/Ti ratio.

TiO2 (0%) 1.5% 2.5% 3.0% 4.5%

Band gap energy (eV) 3.18 2.67 2.78 2.40 2.36

Fig. 7. The PL spectra of TiO2 and Ni/NiO/TiO2 powder with different Ni/Ti
ratio.

Fig. 8. Effect of (a) calcination temperature, (b) calcination time and (c)
number of layers of 2.5% Ni/NiO/TiO2 thin film on photocatalytic degradation
of RhB under simulated solar light (RhB concentration: 2 mg/L, light intensity:
510W/m2, reaction time: 1 h). Error bars represents standard deviations from
replicate experiments (n=3).
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this composite thin film was 2 h. Basically, photocatalytic performance
of TiO2 depends upon whether the electron-hole pairs could be sepa-
rated efficiently [37,38]. With the optimum calcination time, the sui-
table structure of Ni/NiO/TiO2 film could contribute to the reduction of
recombination of photogenerated electron-hole pairs [33]. This could
be the main reason why Ni/NiO/TiO2 thin film displayed a maximum
photocatalytic activity at 400 °C for 2 h.

Moreover, the photocatalytic performance of Ni/NiO/TiO2 thin film
was affected by the number of coating layers. Fig. 8(c) demonstrates
that with increasing number of coating layers, photocatalytic activity
showed an upward trend. However, when the number of coating layers
further increased to above 3, the degradation rate of RhB fell, sug-
gesting that 3-layer film is the optimum condition. This result may be
ascribed to the appropriate thickness of film. And the thickness of 1-
layer, 2-layer, 3-layer and 4-layer samples are estimated to be
1.5 ± 0.5, 5.0 ± 2.0, 10.0 ± 2.0 and 13.0 ± 2.0 μm, respectively
(Fig. 9). As widely recognized, during photocatalytic reaction, RhB
molecules are firstly adsorbed on the solid-liquid intersurface of films,
meanwhile the photocatalyst film irradiated under solar light could
generate reactive radicals, so the RhB molecule could be degraded by
photoinduced free radicals [16]. In 1 and 2-layer samples, the thinner
film could not provide enough amount of photocatalyst for reaction.
Although 4-layer sample with thicker film could provide sufficient sites
for adsorbing RhB molecules, thicker film could block the light irra-
diation for outside, which may account for the fact that 3-layer film
with optimum thickness displayed the greatest photodegradation per-
formance.

Based on the above optimum conditions, Ni/NiO/TiO2 film coated
glass tubes calcined under 400 °C for 2 h with 3 layers were prepared, to
degrade RhB solution in comparison with pure TiO2 thin film. Fig. 10
describes that Ni/NiO/TiO2 film exhibited much higher catalytic ac-
tivity than pure TiO2 film under the irradiation of simulated solar light.
Almost 99.9% of RhB solution could be degraded in 1 h by Ni/NiO/TiO2

film, while the degradation rate of TiO2 was only around 61.9%. Ob-
viously, Ni/NiO/TiO2 film presented a promising prospect due to its
remarkable potential of photodegradation for wastewater treatment.

3.3. Repeatability experiment

The reusability of catalyst is crucial for practical application. To
evaluate the stability and reusability of Ni/NiO/TiO2 thin film, the
repetitive experiments were conducted, and the results are displayed in
Fig. 11. In Fig. 11(a), for the first round of test, the degradation rate of
RhB was 99.6%, meanwhile the rate for last round was 99.0%. In the
total 10 rounds of test, none of the degradation rates was lower than
99.0%, indicating that the photocatalytic activity of Ni/NiO/TiO2

composite film did not show significant loss. The highly consistent re-
sults for 10 rounds of repetitive test exposed the outstanding stability of
Ni/NiO/TiO2 film.

In addition, XRD patterns (Fig. 11 (b)) showed that there was almost

Fig. 9. SEM images of thin film samples with different layers: (a) 1-layer, (b) 2-layer, (c) 3-layer and (d) 4-layer (Magnification: 5kx).

Fig. 10. Photocatalytic activity of TiO2 and Ni/NiO/TiO2 thin film coated on
glass tubes for degradation under simulated solar light (calcination tempera-
ture: 400 °C, calcination time: 2 h, coating layers: 3, RhB concentration: 2mg/L,
light intensity: 510W/m2, reaction time: 1 h). Error bars represents standard
deviations from replicate experiments (n=3).
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no change between Ni/NiO/TiO2 composite film before and after ten
rounds of photocatalytic reaction. After ten-cycle photocatalytic reac-
tion, Ni/NiO/TiO2 composite film still exhibited clear and strong peaks
at 25.35°, 38.13°, 47.88°, 54.30°, 62.62° and 69.21°, which are ascribed
to (101), (004), (200), (105), (204) and (215) planes of anatase phase,
respectively. All these results reveal that the Ni/NiO/TiO2 composite
film presents a high photochemical stability and promising use in water
environment restoration.

3.4. Comparative photocatalytic degradation of different dyes over pure
TiO2 and Ni/NiO/TiO2 composite photocatalyst thin film

To determine the feasibility of the Ni/NiO/TiO2 composite thin film,
the comparative photocatalytic activity was further tested through the
photodegradation of MB, MO and RhB under simulated solar light with
shorter reaction time (30min). Fig. 12 with the degradation curve of
MB, MO and RhB revealed that Ni/NiO/TiO2 composite thin film has
higher activity than pure TiO2 and selective efficiency on different dyes.
For Ni/NiO/TiO2 composite thin film, about 23.5% of the MO was
degraded by the composite thin film, with the degradation rate of RhB
and MB reaching 74.4% and 98.0% under simulated solar irradiation,
respectively. Under the same conditions, the degradation rate of MO,
RhB and MB by pure TiO2 in 30min of solar light irradiation, were
7.5%, 45.3% and 56.5%, respectively. It is clear that the Ni/NiO/TiO2

composite thin film showed higher activity of degradation for all or-
ganic dyes than pure TiO2 and selective efficiency on different dyes.

The main reason for the selective photodegradation efficiency was
the photosensitization of dyes. The experiments outlined that dyes
could be photosensitized, whereby electron excited from dyes could be

ejected to the conduction band (CB) of photocatalyst which further
react with oxygen and form superoxide radicals [39–41]. The super-
oxide radicals in turn are responsible to degrade the dye molecules. The
Highest Occupied Molecular Orbital (HOMO) energy gap of RhB, MB
and MO are −10.128 eV, −10.494 eV and −5.624 eV, respectively
[42]. For RhB and MB, the e− is easier to be transferred to photo-
catalyst, which could explain the higher degradation rate of MB and
RhB. Although the degradation of MO by Ni/NiO/TiO2 composite films
is lower than MB and RhB, it still much higher than pure TiO2 thin film.
This suggests that the Ni/NiO/TiO2 composite films has remarkable
activity for degradation various kinds of organic dyes.

3.5. Mechanism of photocatalytic activity for Ni/NiO/TiO2 thin film

To understand the role of active radicals during photocatalytic
process, radical trapping experiments were carried out using Ni/NiO/
TiO2 composite films (Fig. 13). According to Fig. 13, compared to the
control (without scavengers), RhB degradation efficiency only de-
creased by 14.9% after 1 h of irradiation by injection of hole (h+)
scavenger (1 mM EDTA). However, photocatalytic efficiency was
greatly suppressed by the hydroxyl radical (%OH) scavenger (1 mM
tBuOH), with only 47.4% RhB molecules decomposed after 1 h of ir-
radiation. The addition of superoxide anion radical (O2%

−) scavenger
(1 mM benzoquinone) resulted in the reduction of photocatalytic effi-
ciency, with 39.8% degradation rate in 1 h. These results suggested that
h+ played less important role on photocatalytic degradation, but O2%

−

and %OH were the primary active species during photocatalytic process.
Based on the above results, a possible photocatalytic mechanism of

Fig. 11. Repetitive performance of Ni/NiO/TiO2 thin film coated on glass tubes for RhB degradation under simulated solar light: (a) stability test of RhB degradation
(1 h for one cycle); (b) XRD pattern of Ni/NiO/TiO2 thin film before and after 10 rounds of reaction.

Fig. 12. Photocatalytic degradation of MO, RhB and MB solution by pure TiO2

and Ni/NiO/TiO2 thin film under simulated solar light (calcination tempera-
ture: 400 °C, calcination time: 2 h, coating layers: 3, dyes concentration: 2mg/
L, reaction time: 30min, light intensity: 510W/m2). Error bars represents
standard deviations from replicate experiments (n=3).

Fig. 13. Photocatalytic degradation of RhB solution by Ni/NiO/TiO2 in the
presence of different scavengers under simulated solar light (calcination tem-
perature: 400 °C, calcination time: 2 h, coating layers: 3, RhB concentration:
2mg/L, light intensity: 510W/m2, reaction time: 1 h). Error bars represents
standard deviations from replicate experiments (n= 3).
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Ni/NiO/TiO2 composite film for organic degradation can be illustrated
as shown in Fig. 14. The main reactions can be described as below:

Photocatalyst + hυ→ e CB+h+VB (3)

e− CB-NiO→Ni→ e− CB-TiO2 (4)

h+VB-TiO2→ h+VB-NiO (5)

e− CB-TiO2+O2→O2
%− (6)

O2
%−+H+→ %HO2 (7)

2%HO2→H2O2 (8)

O2
%−+H2O2→ %OH+OH−+O2 (9)

h+VB-NiO+H2O/OH−→ %OH (10)

O2
%− + dyes→H2O+CO2 (11)

%OH+dyes→H2O+CO2 (12)

The transfer of photo-generated electron-hole pairs mainly depends
on the value of valence bands (VB) and conduction bands (CB) of TiO2

(3.0 eV vs. NHE and −0.2 eV vs. NHE) and NiO (0.1 eV vs. NHE and
−3.0 eV vs. NHE) as well as Fermi level of Ni (−0.25 eV vs. NHE)
[43–46]. After TiO2 and NiO were excited under simulated solar light
irradiation, the photogenerated electrons (e−) were excited from dyes
and VB of TiO2 and NiO to their CB, and h+ stayed at VB (Eq. (3)). The
excited e− on CB of NiO could flow to the Fermi level of Ni, and then
transferred to the CB of TiO2 (Eq. (4)), while photo-generated h+ on the
VB of TiO2 flowed to the VB of NiO (Eq. (5)). Due to the photo-
sensitization of dyes, a number of e− could be excited to the CB of TiO2.
The transfer of e− and h+ could effectively promote charge separation
and largely suppress the recombination of photo-generated e− and h+

pairs, leading to enhancement of photocatalytic ability. Photo-gener-
ated e− on the CB was mainly absorbed by oxygen (O2) to generate
O2%

− (Eq. (6)), while the generated O2%
− and h+ could create %OH

(Eqs. (7–10)) to react with dye molecules. Finally, organic molecules
were completely decomposed during the photocatalytic process by
O2

%− and %OH radicals (Eqs. (11) and (12)). Although during the de-
gradation of dyes, some intermediates will be generated, including N-
de-ethylated and organic acids [47]. However, when the degradation
rate of dyes reached to 100%, the residual number of intermediates
won’t be very high, and the toxicity of the solution would be highly
decreased [47,48]. In this way, a variety of dyes can be efficiently
purified by low cost solar-light-driven Ni/NiO/TiO2 composite films.

4. Conclusion

The solar-light-driven Ni/NiO/TiO2 composite powder and thin
films were successfully prepared under optimal conditions by sol-gel
method. They exhibited better photocatalytic ability on organic dyes
degradation than pure TiO2 thin films, which benefited from the charge
transfer within the composite structure under solar light irradiation.
Furthermore, the Ni/NiO/TiO2 composite films demonstrated con-
sistent stability. The photosensitization of different dyes caused selec-
tive activity of Ni/NiO/TiO2 composite films and the modified photo-
catalyst thin films showed higher activity on various kinds of organic
dyes degradation than pure TiO2. Due to its high photocatalytic ability
and stability, the Ni/NiO/TiO2 composite films shows a potential for
practical application in waste water purification.
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