
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se
http://dx.doi.org/

nCorrespondin
E-mail addre
Ceramics International 40 (2014) 3887–3893
www.elsevier.com/locate/ceramint
Enhancement of the photocatalytic performance of Ni-loaded TiO2

photocatalyst under sunlight

Yanhua Liu, Zilong Wang, Weibo Fan, Zhongrong Geng, Libang Fengn

School of Mechatronic Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China

Received 15 July 2013; received in revised form 6 August 2013; accepted 6 August 2013
Available online 13 August 2013
Abstract

A highly sunlight active Ni-loaded TiO2 nanocomposite (Ni/TiO2) is successfully prepared by a simple chemical reduction method using
tetrabutyl titanate as a precursor, Ni(NO3)2 � 6H2O as a nickel source, and N2H4 �H2O as a reductant, respectively. The crystal structure,
morphology and UV–vis diffuse reflectance characteristics are investigated by XRD, TEM, and UV–vis diffuse reflectance spectroscopy, while the
photocatalytic performance of Ni/TiO2 is evaluated by photocatalytic degradation of methyl orange solution under UV and sunlight irradiation.
Results show that the crystal structure of TiO2 is not changed upon the loading of Ni, the photocatalytic performance of TiO2 under both UV-light
and sunlight, however, is enhanced greatly. The enhancement of the photocatalytic performance of Ni/TiO2 is attributed to the increase of the
photogenerated electron–hole separation efficiency and the advanced absorption of light due to surface plasmon effect of Ni nanoparticles.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The existence of organic pollutes in water and wastewater is a
primary cause of serious pollution problems which can influence
human health, and there requires a complete removal of these
toxic and carcinogenic organic dyes [1,2]. Anatase phase of TiO2

is the most preferable photocatalyst that extensively used in
degradation and mineralization of organic dyes due to its high
efficiency, strong oxidizing power, non-toxicity, high photoche-
mical stability, and low cost [3]. However, the photocatalytic
efficiency of TiO2 is hampered by the main drawback of rapid
recombination of photo-generated electron–hole pairs. To avoid
the limitation, the modification of TiO2 with metal nanoparticles
is an effective technology to obtain more efficient photocatalytic
activity. Several research workers have reported that loading
some effective noble metals, especially Au, Ag, and Pt
nanoparticles, on the surface of TiO2 can significantly enhance
the photocatalytic performance of TiO2 [4–8]. However, such
precious metals are very expensive in the view point of practical
application. In addition, some authors have employed effective
non-precious transition metals, including Fe [9,10], Cu [11,12],
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Cr [13], Mn [14], Co, W [15], and so on, to synthesize
composite for the enhancement of photocatalytic activity of
TiO2.
Ni nanoparticles, especially supported Ni nanoparticles on

various carriers, have been extensively studied for the catalytic
activity enhancement [16–19]. Recently, Ni/TiO2 composite has
been studied. For instance, Wu et al. has prepared Ni/TiO2

nanocomposite by electroless plating technique for selective
hydrogenation of p-nitrophenol to p-aminopheol [20]. However,
the synthetic method they adopted is slightly complicated. Mean-
while, the photocatalytic activity has not been studied. In order to
enhance the photocatalytic performance of TiO2 both under UV
and sunlight, in this paper, Ni-loaded TiO2 nanocomposite is
prepared by a simple chemical reduction method, and the
photocatalytic activity of Ni/TiO2 has been evaluated. Results
show that the photocatalytic activity of TiO2 has been improved
greatly by Ni loading under both UV-light and sunlight irradiation.

2. Experimental

2.1. Synthesis of TiO2 nanoparticles

TiO2 nanoparticles were synthesized by the sol–gel method [21,
22] using tetrabutyl titanate (TBT) as a precursor. The as-prepared
ghts reserved.
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Fig. 1. XRD patterns of TiO2 and Ni/TiO2 (x¼6%).
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TiO2 nanoparticles were annealed at 500 1C for 2 h to convert the
amorphous TiO2 to the crystalline form.

2.2. Preparation of Ni-loaded TiO2 (Ni/TiO2)

The Ni-loaded TiO2 (Ni/TiO2) photocatalyst was prepared
according to the following steps: Firstly, the as-annealed TiO2

nanoparticles were suspended in 50 mL distilled water and
sonicated for 1 h to well disperse the nanoparticles. Then
N2H4 �H2O was charged into the suspension and sonicated for
10 min. Second, the solution containing 5 mg of AgNO3

(notes: which is used as nucleation sites) and the required
amount of Ni(NO3)2 � 6H2O was added dropwise, in which the
added amount of Ni was x, and x=3%, 6%, 9% and 12%,
calculated theoretically as molar ratio of loaded Ni and TiO2

(x=n(Ni): n(TiO2)). The solution was kept reaction for 2 h with
stirring after the Ni solution was dripped off. During the
reaction, the color of the suspension gradually turned gray,
indicating Ni2+ has been reduction to Ni. Finally, the obtained
powder was separated from the suspension by centrifugation
under 1500 rpm, and washed for three times with distilled
water and ethanol. Then the resulting product was dried at
60 1C for 24 h.

2.3. Photocatalytic activity investigation and evaluation

The photocatalytic activity of TiO2 and Ni/TiO2 was
evaluated by monitoring the photodegradation of methyl
orange (MO) in aqueous solution, respectively. 0.20 g of
photocatalyst of TiO2 or Ni/TiO2 was charged into 50 mL of
10 mg/L MO aqueous solution, respectively. The mixed
solution was irradiated using high-pressure mercury lamp
(λmax=365 nm) under stirring. Samples were then taken out
every 30 min and the photocatalyst was separated from the
mixture solution by centrifugation immediately, and then the
UV–vis absorption of the clarified solution was analyzed with
a UV–vis spectrometer (UV-2550, Shimadzu). The absorbance
of MO solution was measured at a wavelength of 465 nm,
which corresponds to the maximum absorption wavelength of
MO.

The photocatalytic activity of TiO2 and Ni/TiO2 was also
investigated under sunlight irradiation. 0.20 g of photocatalyst
of TiO2 or Ni/TiO2 was charged into 50 mL of 10 mg/L MO
aqueous solution, respectively. The mixed solution was
irradiated using sunlight under stirring. Samples were then
taken out every 5 min and the photocatalyst was separated
from the mixture solution by centrifugation immediately, and
then the UV–vis absorption of the clarified solution was
analyzed with a UV–vis spectrometer (UV-2550, Shimadzu).
The absorbance of MO solution was measured at 465 nm,
which corresponds to the maximum absorption wavelength of
MO.

2.4. Characterization

The morphology was observed with transmission electron
microscopy (TEM, Tecnai G2F30), the X-ray diffraction
(XRD) patterns were measured using a X-ray diffractometer
(XRD-7000, Shimadzu), and the UV–vis diffuse reflectance
spectra were characterized with a UV–vis spectrometer (UV-
2550, Shimadzu).
3. Results and discussion

3.1. Structure of Ni/TiO2

X-ray diffraction patterns of TiO2 and Ni/TiO2 are presented
in Fig. 1. The diffraction pattern of TiO2 agrees well with that
in JCPDS 21-1272 card for TiO2. The diffraction peaks present
at 25.41, 37.61, and 48.21 are typical patters of anatase, which
contribute to the (101), (004) and (200) crystal plane,
respectively. It can also be seen from Fig. 1 that both pure
TiO2 and TiO2 in Ni/TiO2 present in anatase phase, while the
loading of Ni does not influence the crystallization perfor-
mance of TiO2. In addition, the reflection peak of Ni in
Ni/TiO2 presents at 2θ¼44.61, which is marked with an
asterisk, and it accords well with that in JCPDS 04-0850 card
for Ni with face centered cubic (FCC) structure. The reflection
peak corresponds to the Ni (111) crystal plane, manifesting
that Ni has been loaded on TiO2 successfully.
3.2. Morphology of Ni/TiO2

The morphology of TiO2 and Ni/TiO2 is displayed in Fig. 2.
The morphology of TiO2 (see Fig. 2a) indicates that TiO2 after
annealing have sheet structure and agglomerate to some degree
to form particles with 20–40 nm in size. The morphology of
Ni/TiO2 (x¼6%) (as shown in Fig. 2b) displays that spherical
Ni nanoparticles with around 10–20 nm in size are clearly
dispersed on the external surface of TiO2 nanoparticles.
Because of the difference in electron density, TiO2 and Ni
nanoparticles are distinguishable and thus Ni nanoparticles can
be identified as dark spots on TiO2 nanoparticles.



Fig. 2. TEM images of (a) TiO2 and (b) Ni/TiO2 (x¼6%).

Fig. 3. UV–vis diffuse reflectance spectra of TiO2 and Ni/TiO2 composites. Fig. 4. Photocatalytic degradation efficiency of MO under UV irradiation over
TiO2 and Ni/TiO2.
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3.3. UV–vis diffuse reflectance spectra of Ni/TiO2

Fig. 3 displays the UV–vis diffuse reflectance spectra of
pure titanium oxide and the samples loaded with various nickel
contents. The spectra show a definite band edge in the UV
region ranging from 340 nm to 400 nm which attributed to
photo excitation from valence band to conduction band. It can
be clearly seen that Ni/TiO2 nanocomposites with different
nickel contents can significant exhibit a continuous and
stronger absorption band than that of pure TiO2 at the range
of 400–700 nm, which could be attributed to the surface
plasmon resonance (SPR) of Ni nanoparticles.

The band gap energies (Eg) are obtained from the wave-
length values corresponding to the intersection point of the
vertical and horizontal parts of the spectra using the equation

Eg ¼
hc

λ
ð1Þ

where Eg is the band gap energy (eV), h is Plank's constant, c
the light velocity (m/s), and λ the wavelength (nm). The
obtained values of Eg are 3.43, 3.42, 3.40, 3.41 and 3.42 eV
for the pure TiO2 and the Ni/TiO2 loaded with 3%, 6%, 9%,
12% nickel, respectively, which suggested that nickel loading
does not change the band gap energy of TiO2. Therefore, the
red shift of wavelength is not contributed to the change of band
gap, but it resulted from the absorption of nickel nanopowder
in the visible region due to the SPR effect of Ni nanoparticles.
3.4. Photocatalytic performance of Ni/TiO2 under UV-light
irradiation

Methyl orange (MO) was used as a model dye to estimate the
photocatalytic activity of Ni/TiO2 under UV-light irradiation.
The photocatalytic degradation efficiency of aqueous MO with
TiO2 and Ni/TiO2 was calculated and illustrated in Fig. 4, which
depicts the variation of photocatalytic activity of TiO2 and Ni/TiO2

at the maximal absorption wavelength of MO (namely, 465 nm)
with the irradiation time. It can be found from Fig. 4 that all the Ni/
TiO2 exhibit higher photocatalytic activity as compared with TiO2.
Moreover, with increasing the molar ratio of Ni to TiO2 from 3%
to 12%, the photocatalytic activity increases at first and then
decreases. Meanwhile, the photocatalytic activity of Ni/TiO2
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reaches the highest while the molar ratio of Ni to TiO2 arrives at
6%, and MO can be completely degraded at this optimum Ni
loading.

Fig. 5 illustrates the UV–vis absorption spectra of aqueous
MO during the photodegradation under UV irradiation over
TiO2 and Ni/TiO2 (x¼6%), respectively. As compared with the
absorbance of system catalyzed with pure TiO2 (see Fig. 5a),
Fig. 5. Photodegradation of MO under UV irradiation catalyzed with (a) TiO2

and (b) Ni/TiO2 (x¼6%).

Fig. 6. Kinetic data for the degradation of aqueous MO under UV irradiation
over TiO2 and Ni/TiO2.

Table 1
Rate constants of MO photodegradation for neat TiO2 and Ni/TiO2 under UV-ligh

Photocatalysts Pure TiO2 x¼3%

k (min�1) 0.01164 0.01504
the degradation efficiency in the system catalyzed with Ni/TiO2

(x¼6%) increases greatly and MO can be degraded quickly as
reaction time goes on, as shown in Fig. 5b. Moreover, it can be
seen from Fig. 5b that the absorbance of MO almost reaches
zero after 2 h, confirming that the as-prepared Ni/TiO2 has
outstanding photocatalytic performance.
The kinetics of MO photodegradation on the photocatalyst

surface can be described by the first-order reaction

ln
C0

Ct
¼ kt ð2Þ

where k is the rate constant (min�1), C0 is the initial
concentration of MO and Ct is the concentration of MO at
the irradiation time (t). In Fig. 6, the linear relation of ln(C0/Ct)
versus irradiation time (t) for MO is presented. Rate constants
are determined for all tested photocatalysts from the slope of
linear fitting line and the intercept is equal to zero, as showed in
Fig. 6. Meanwhile, the linear relationship between ln(C0/Ct)
and (t) indicates that the photodegradation reaction also follows
the pseudo first-order reaction. Table 1 listed the rate constants
for MO decomposition on all investigated photocatalysts. It can
be seen that the rate constants of Ni/TiO2 are higher than that
of pure TiO2, and the rate constant is near triple for the sample
Ni/TiO2 (x¼6%) compared with pure TiO2.

3.5. Photocatalytic performance of Ni/TiO2 under sunlight
irradiation

Fig. 7 shows the comparison of the photocatalytic activities
of TiO2 and Ni/TiO2 under sunlight irradiation. It can be
clearly seen that it cannot take about 30 min to decompound
the MO completely using pure TiO2 as photocatalyst.
t irradiation.

x¼6% x¼9% x¼12%

0.02897 0.02421 0.01728

Fig. 7. Photocatalytic degradation efficiency of MO under sunlight irradiation
over TiO2 and Ni/TiO2.



Fig. 9. Kinetic data for the degradation of aqueous MO under sunlight
irradiation over TiO2 and Ni/TiO2.
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However, for the Ni/TiO2 nanocomposites, the total time
decreases to less than 20 min to decompound MO solution.
Especially, for the sample loaded with 6% nickel, the total
time needed to decompound MO solution decreases to 15 min.
If the content of Ni either increases or decreases, the photo-
catalytic performance will degenerate slightly, though they are
still much better than pure TiO2.

Fig. 8 illustrates the UV–vis absorption spectra of aqueous MO
during the photodegradation under sunlight irradiation over TiO2

and Ni/TiO2 (x¼6%), respectively. As compared with the
absorbance of system catalyzed with pure TiO2 (see Fig. 8a),
the degradation efficiency in the system catalyzed with Ni/TiO2

(x¼6%) increases greatly and MO can be degraded quickly as
reaction time goes on, as shown in Fig. 8b. Moreover, it can be
seen from Fig. 8b that the absorbance of MO almost reaches zero
after 15 min, confirming that the as-prepared Ni/TiO2 has more
outstanding photocatalytic performance under sunlight.

In Fig. 9, the linear relation of ln(C0/Ct) versus irradiation
time (t) for MO is presented. Rate constants are determined for
all tested photocatalysts from the slope of linear fitting line and
the intercept is equal to zero, as showed in Fig. 9. Meanwhile,
the linear relationship between ln(C0/Ct) and (t) indicates that
the photodegradation reaction also follows the pseudo first-
order reaction. Table 2 listed the rate constants for MO
decomposition on all investigated photocatalysts. It can be
seen that the rate constants of Ni/TiO2 are higher than that of
pure TiO2, and the rate constant is near triple for the sample
Ni/TiO2 (x¼6%) compared with pure TiO2.
3.6. Mechanism of the photocatalytic performance
enhancement

The photocatalytic activity of anatase in degradation process
is usually influenced by electron–hole recombination rate.
Fig. 8. Photodegradation of MO under sunlight irradiation catalyzed with (a)
TiO2 and (b) Ni/TiO2 (x¼6%).
As far as Ni/TiO2 is concerned, Ni nanoparticles supported at
TiO2 surface can be regarded as receiving device for photo-
induced electrons, which can accelerate transfer rate of elec-
trons to oxygen and decrease the recombination rate of e�–h+.
Photocatalytic activity changing with the amount of Ni

loading is due to the increased particle size which can change
the energy level structure of Ni nanoparticles [23]. The relative
vacuum energy levels of TiO2, Ni and molecular oxygen
absorbed on TiO2 are displayed in Fig. 10. The energy level of
the conduction band (CB) of TiO2 is �4.4 eV. In order to
effectively accept the photo-induced electrons, the energy level
of Ni nanoparticles must lower than �4.4 eV. The energy
level of Ni nanoparticles are closely related with its size [23],
and which varies from �1.156 eV for single Ni atom (n¼1) to
�5.15 eV for Ni bulk. Along with the increasing of the size of
Ni nanoparticles, the energy level of Ni nanoparticles will
decrease below �4.4 eV and begin to effectively accept
photo-generated electrons (see Eq. (2)). Simultaneously, these
electrons can be transferred to molecular oxygen on TiO2 and
more molecular oxygen can be reduced to superoxide anion
(dO2

�), which can availably decrease the recombination of
electron–hole and increase the production of superoxide anion
(dO2

�). As a result, the photocatalytic property is enhanced.
When the size of Ni nanoparticles increases to some extent

(the amount of Ni loading is 6%, as showed in Fig. 4), the
energy level of Ni nanoparticles is as same as that of molecular
oxygen on TiO2, and the photocatalytic property of Ni/TiO2

reaches an optimal state. When Nin increases further, its energy
level changes to lower than that of O2 on the surface of TiO2.
Consequently, Ni nanoparticles cannot migrate electrons to the
oxygen absorbed on TiO2 though it still serves as photo-
induced electron accepter, which causes the reduction of
superoxide anion (dO2

�) and leads to the degradation of
photocatalytic performance.
The relationship between the effect of Ni and its loaded

amount may be explained as follows:

e�+Nin-Nin
� (3)



Table 2
Rate constants of MO photodegradation for neat TiO2 and Ni/TiO2 under sunlight irradiation.

Photocatalysts Pure TiO2 x¼3% x¼6% x¼9% x¼12%

k (min�1) 0.0408 0.1376 0.1710 0.1598 0.1532

Fig. 10. Schematic diagram of the transfer of photoinduced electrons on the
interface of Ni/TiO2 (means incapable).
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Nin
�+O2-Nin+

dO2
� (4)

Nin
�+h+-Nin (5)

With the size increasing of Ni nanoparticles, its energy level
is close to Ni bulk, and then the reaction (5) competes with
reaction (4). Thus, Ni nanoparticles can become recombination
center of photo-generated electron–hole pairs, which will lead
to the decrease of photocatalytic performance.

Additionally, the photocatalytic performance of Ni/TiO2

irradiated by sunlight is better than that irradiated by UV-
light. A possible explanation is as follows: the absorption of
visible light (as showed in Fig. 3) due to the surface plasmon
effect of Ni nanoparticles also resulted in the enhancement of
photocatalytic activity, because the excited electrons in Ni
nanoparticles transfer to the surface of TiO2 under visible
irradiation [8,24], and these electrons may also react with
oxygen absorbed on the surface of TiO2 to produce oxygen
radicals (dO2

�), which are able to promote the photocatalytic
reaction progress greatly in the visible region. Together,
Ni/TiO2 nanocomposites exhibit excellent photocatalytic per-
formance under the UV region included in sunlight. Hence,
Ni/TiO2 nanocomposites have better photocatalytic perfor-
mance under sunlight.

4. Conclusions

The Ni-loaded TiO2 nanocomposite (Ni/TiO2) was prepared
by a simple chemical reduction method using N2H4 �H2O as a
reductant. Ni/TiO2 shows better photocatalytic activity than
that of TiO2 on the degradation of methyl orange under both
UV irradiation and sunlight irradiation. Additionally, the
photocatalytic performance of Ni/TiO2 irradiated by sunlight
is better than that irradiated by UV-light due to the surface
plasmon effect of Ni nanoparticles. Moreover, Ni/TiO2 loaded
6% molar content of Ni has the highest photodegradation
efficiency for complete degradation of MO. As compared to
TiO2, the outstanding photocatalytic performance of Ni/TiO2

was attributed to the high photo-generated electron–hole
separation efficiency and the advanced absorption of light
due to surface plasmon effect of Ni nanoparticles.
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