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bstract

p–n Junction photocatalyst NiO/TiO2 was prepared by sol–gel method using Ni(NO3)2·6H2O and tetrabutyl titanate [Ti(OC4H9)4] as the raw
aterials. The p–n junction photocatalyst NiO/TiO2 was characterized by UV–vis diffuse reflection spectrum, X-ray powder diffraction (XRD) and
-ray photoelectron spectroscopy (XPS). The photocatalytic activity of the photocatalyst was evaluated by photocatalytic reduction of Cr2O7

2− and
hotocatalytic oxidation of rhodamine B. The results show that, for photocatalytic reduction of Cr2O7

2−, the optimum percentage of doped-NiO
s 0.5% (mole ratio of Ni/Ti). The photocatalytic activity of the p–n junction NiO/TiO2 is much higher than that of TiO2 on the photocatalytic
eduction of Cr2O7

2−. However, the photocatalytic activity of the p–n junction photocatalyst NiO/TiO2 is much lower than that of TiO2 on the

hotocatalytic oxidation of rhodamine B. Namely, the p–n junction photocatalyst NiO/TiO2 has higher photocatalytic reduction activity, but lower
hotocatalytic oxidation activity. Effects of heat treatment on the photocatalytic activity of p–n junction photocatalyst NiO/TiO2 were investigated.
he mechanisms of influence on the photocatalytic activity were also discussed by the p–n junction principle.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, the photocatalytic degradation of various
inds of organic and inorganic pollutants using semiconductor
owders as photocatalysts has been extensively studied [1–4].
wing to its relatively high photocatalytic activity, biological

nd chemical stability, low cost, non-toxic nature and long-
erm stability, TiO2 has been widely used as a photocatalyst
5,6]. However, the photocatalytic activity of TiO2 (the band
ap of anatase TiO2 is 3.2 eV and it can be excited by pho-
ons with wavelengths below 387 nm) is limited to irradiation
avelengths in the UV region, thereby the effective utilization
f solar energy is limited to about 3–5% of the total solar spec-
rum. Some problems still remain to be solved in its application,
uch as the fast recombination of photogenerated electron–hole

airs. Therefore, improving photocatalytic activity by modifica-
ion has become a hot topic among researchers in recent years
7,8]. One approach is to dope transition metals into TiO2, and
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he other is to form coupled photocatalysts [9,10]. Recently, it
as found that substitution of a non-metallic element such as
itrogen, fluorine, sulfur, carbon, etc., for oxygen in the TiO2
attice is more efficient in improving its photocatalytic activity
n the visible region [6,11–14]. Doping of metal ions, such as
g+, Cu2+, Fe3+, etc., has been widely employed to enhance

he photocatalytic activity of TiO2 [15–18]. Doped-NiO into
emiconductors, such as TiO2, InVO4, NaTaO3, etc., has been
eported in a few literatures [19,20]. But the photocatalysts were
sually applied to produce hydrogen and oxygen from water.
he results show that the efficiency of photocatalytic splitting
f water for the doped-NiO photocatalyst was higher than that of
ure semiconductor photocatalysts. It was proposed that oxide
ickel facilitate the photoexcited electrons transfer and hence
uppress recombination of photogenerated electron and hole.

It is known that NiO is p-type semiconductor [21,22], and
iO2 is n-type semiconductor. When p-type NiO and n-type
iO2 integrates, a p–n junction will be formed between p-NiO

nd n-TiO2. Theoretically, when p-type semiconductor NiO and
-type semiconductor TiO2 form p–n junctions, the inner elec-
ric field will be formed in the interface. At the equilibrium, the
nner electric field makes p-type semiconductor NiO region have

mailto:chshifu@hbcnc.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.11.063
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he negative charge, while TiO2 region have the positive charge.
nder near UV illumination, electron–hole pairs may be created
n the n-type semiconductor TiO2 surface, and the photogener-
ted electron–hole pairs are separated by the inner electric field.
he holes flow into the negative field and the electrons move to

he positive field. As a result, the photogenerated electrons and
oles are separated efficiently, and the photocatalytic activity is
nhanced.

In this study, the p–n junction photocatalyst NiO/TiO2 was
repared by the sol–gel method using Ni(NO3)2·6H2O and
etrabutyl titanate [Ti(OC4H9)4] as the raw materials. The p–n
unction photocatalyst NiO/TiO2 was characterized by UV–vis
iffuse reflection spectrum, X-ray powder diffraction (XRD) and
-ray photoelectron spectroscopy (XPS). The photocatalytic

ctivity of the photocatalysts was evaluated by photocatalytic
eduction of Cr2O7

2− and photocatalytic oxidation of rhodamine
. Effect of heat treatment on the photocatalytic activity of
–n junction photocatalyst NiO/TiO2 was discussed. The pos-
ible mechanisms of p–n junction formation and separation of
hotoexcited electron and hole were also investigated.

. Experimental

.1. Materials

Tetrabutyl titanate [Ti (OC4H9)4] was prepared in our lab-
ratory. N-butyl alcohol, ethyl alcohol, potassium dichromate
K2Cr2O7), Ni(NO3)2·6H2O, rhodamine B and other chemi-
als used in the experiments were of analytically pure grade.
hey were purchased from Shanghai and other China Chemical
eagent Ltd. without further purification. Deionized water was
sed throughout this study.

.2. Preparation of p–n junction photocatalyst NiO/TiO2

Precursor solutions for TiO2 powder were prepared at the
oom temperature by the sol–gel method described in Refs.
23,24]. A 50 ml tetrabutyl titanate was dissolved in 100 ml n-
utanol, and stirred vigorously for 1 h, assigned as solution A.
uantitative Ni(NO3)2·6H2O solution was mixed with 200 ml

thyl alcohol and dilute nitric acid (HNO3), assigned as solution
. Then, the mixture B was added dropwise into solution A. The
bove solutions that meet the previously designed mole ratio of
i/Ti with 0.0, 0.05, 0.1, 0.5, 1.0, 2.0, 10.0 and 20.0% were pre-
ared, respectively. The colloidal solutions formed were dried
t room temperature for 24 h in a dust-free environment before
eat treatment. Finally, the colloidal powders were heated in air
t 400, 500, 550, 600 and 700 ◦C for 2, 3, 4 and 6 h, respec-
ively. In this way, different kinds of p–n junction photocatalyst
iO/TiO2 powder samples were prepared.

.3. Photoreaction apparatus and procedure
Experiments were carried out in a photoreaction apparatus.
he schematic diagram is shown in Fig. 1. The photoreaction
pparatus consists of two parts. The first part is an annular
uartz tube. A 375 W medium pressure mercury lamp (Institute

c
m
1
a

ig. 1. Schematic diagram of photoreaction apparatus. (1) lamp; (2) water-
ooling inlet; (3) water-cooling outlet; (4) reaction solution; (5) stirring rod;
6) magnetic agitator; and (7) light.

f Electric Light Source, Beijing) with a maximum emission
t about 365 nm is hung in the empty chamber of the annu-
ar tube, and running water passing through an inner thimble
f the annular tube. Owing to continuous cooling, the temper-
ture of the reaction solution is maintained at approximately
0 ◦C. The second part is an unsealed beaker of a diameter
2 cm. At the start of the experiment, the reaction solution (vol-
me, 300 cm3) containing reactants and photocatalyst was put in
he unsealed beakers, and using a magneton to stir the reaction
olution. The distance between the light source and the surface
f the reaction solution is 11 cm. The UV irradiation intensity
the wavelengths below 400 nm) of the reaction solution surface
s about 18,300 �W cm−2. In the experiments, the initial pH
f the reaction solution was 5.0. The amount of photocatalyst
sed was 2.0 g L−1, the initial concentrations of Cr2O7

2− and
hodamine B are 3.8 × 10−4 and 1.0 × 10−4 mol L−1, respec-
ively. The illumination time of each experiment was 20 min.
n order to disperse the photocatalyst powder, the suspensions
ere ultrasonically vibrated for 20 min prior to irradiation. After

llumination, the samples (volume of each is 5 cm3) were taken
rom the reaction suspension, centrifuged at 7000 rpm for 10 min
nd filtered through a 0.2-�m Millipore filter to remove the par-
icles. The filtrate was then analyzed. In order to determine the
eproducibility of the results, at least duplicated runs were car-
ied out for each condition for averaging the results, and the
xperimental error was found to be within ±4%.

.4. Characterization

UV–vis diffuse reflectance spectroscopy measurements were
arried out using a Hitachi UV-365 spectrophotometer equipped
ith an integrating sphere attachment. The analysis range was

rom 300 to 700 nm, and BaSO4 was used as a reflectance stan-
ard.

In order to determine the crystal phase composition and the

rystallite size of the photocatalysts, X-ray diffraction measure-
ent was carried out at room temperature using a Philips MPD

8801 X-ray powder diffractometer with Cu K� radiation and
scanning speed of 3◦/min. The accelerating voltage and emis-



3 rdous

s
s
S

c
t
s
a

l
r

2

s
d
m
u

i
f

η

w
c
i

3

3
a

t
o
5

F
C
r

w
c
N
o
a
t
t
g
a
d
t
d
a
c
d
t
t
t
t
d
N
l
e
a
3

a
t
s
p
s
8
i
a

22 C. Shifu et al. / Journal of Haza

ion current were 35 kV and 20 mA, respectively. The crystallite
ize was calculated by X-ray line broadening analysis using the
cherrer equation.

X-ray photoelectron spectroscopic (XPS) examination was
arried out on a Thermo ESCALAB 250 multifunctional spec-
rometer (VG Scientific UK) using Al K� radiation. All XPS
pectra were referenced to the C1s peak at 284.8 eV from the
dventitious hydrocarbon contamination.

UV irradiation intensity of the medium pressure mercury
amp was measured by a UV radiometer (UV-A type UV
adiometer China).

.5. Analysis

The concentration of Cr2O7
2− in solution is determined

pectrophotometrically using diphenylcarbazide reagent as a
eveloper. The concentration of rhodamine B in solution is deter-
ined spectrophotometrically. 721-type spectrophotometer was

sed throughout this study.
The photoreduction efficiency of Cr2O7

2− and the photoox-
dation efficiency of rhodamine B were calculated from the
ollowing expression:

= (C0 − Ct)

C0
× 100%,

ere η is the photocatalytic efficiency; C0 is the initial con-
entration of reactant; Ct is the concentration of reactant after
llumination time t.

. Results and discussion

.1. Effect of amount of doped-NiO on the photocatalytic
ctivity
Fig. 2 shows the effects of amounts of doped-NiO on the pho-
ocatalytic reduction of Cr2O7

2− and photocatalytic oxidation
f rhodamine B. The photocatalysts were heated at temperature
50 ◦C for 2 h, and fixed illumination time for each experiment

ig. 2. Effects of amounts of doped-NiO on the photocatalytic reduction of
r2O7

2− and photocatalytic oxidation of rhodamine B. (�) Cr2O7
2−; and (�)

hodamine B.
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as 20 min. From Fig. 2, it can be seen that, for the photo-
atalytic reduction of Cr2O7

2−, the photoreduction activity of
iO/TiO2 increases remarkably with the increase in the amounts
f doped-NiO up to 0.5% (mole ratio of Ni/Ti). The optimum
mount of doped-NiO is 0.5% (mole ratio of Ni/Ti). When
he amount of doped is higher than optimal amount, the pho-
oreduction activity of the NiO/TiO2 photocatalyst decreases
radually as the amounts of doped-NiO increases. The results
lso show that without NiO present, namely, the pure TiO2 pow-
er photocatalyst, its photoreduction activity is the lowest, and
he photoreduction efficiency is 35.2%. When the amount of
oped-NiO is 0.5% (mole ratio of Ni/Ti), the photoreduction
ctivity of NiO/TiO2 is at its peak, and the photoreduction effi-
iency is 87.0%. It is clear that the photoreduction activity of
oped-NiO (when the mole ratio of Ni/Ti is 0.5%) is two times
han that of pure TiO2. However, under the same condition, for
he photocatalytic oxidation of rhodamine B, the photooxida-
ion activity of NiO/TiO2 decreases rapidly with the increase in
he amounts of doped-NiO up to 0.1%. But when the amount of
oped-NiO is from 0.1 to 0.5%, the photooxidation activity of
iO/TiO2 varies slowly. For the pure TiO2 powder photocata-

yst, its photooxidation activity is at its peak, the photooxidation
fficiency of TiO2 is 75.5%. When the amounts of doped-NiO
re 0.5 and 2.0%, the photooxidation efficiencies are 62.2 and
0.1%, respectively.

The possible reasons are as follows. First, an addition of small
mount of NiO can prevent the growth of the TiO2 granule, and
his made specific surface area of the photocatalyst increases,
o the photocatalytic activity increases. For example, when the
hotocatalysts were heated at temperature 500 ◦C for 2 h, the
pecific surface areas of pure TiO2 and NiO (0.5%)/TiO2 are
0.8 and 115.6 m2/g, respectively. Second, when doping NiO
nto TiO2 granule, the crystal phase transformation of TiO2 from
natase to rutile is inhibited. It was reported that anatase has a
igher photocatalytic oxidation and reduction activity than that
f rutile [25,26]. The above results are verified by XRD. Third, it
s a great important reason, it is known that NiO is p-type semi-
onductor and TiO2 is n-type semiconductor. When doping NiO
nto TiO2 granule, a number of micro p–n junctions NiO/TiO2
hotocatalysts will be formed. At the equilibrium, the inner elec-
ric field formed which made p-type semiconductor NiO region
ave the negative charge while TiO2 region have the positive
harge. Under near UV illumination, electron–hole pairs may
e created on the n-type semiconductor TiO2 surface. With the
ffect of the inner electric field, the holes flow into the negative
eld and the electrons move to the positive field. Thus, the pho-

ogenerated electron–hole pairs will be separated effectively by
he p–n junction formed in the NiO/TiO2. At the same time, it
as been reported that p-type NiO species acts as hole traps and
ollector [27]. Therefore, there were enrichment electrons in the
nterface to react with Cr2O7

2− adsorbed on the photocatalyst
urface, so the p–n junction photocatalyst NiO/TiO2 has higher
hotocatalytic reduction activity than that of TiO2, but lower

hotocatalytic oxidation activity. According to the above obser-
ations, the p–n junction formation model and the schematic
iagram of electron–hole separation process on the surface of
iO2 are illustrated in Fig. 3.



C. Shifu et al. / Journal of Hazardous Materials 155 (2008) 320–326 323

F
h

o
o
T
0
m
4
N
r
p
t

3
a

r
r
d
t
h
u
a
f
o

F
p

F
(

a
t
r
e
r
c
F
t
r

e
W
t
m
t
t
2

a
t
t

ig. 3. p–n Junction formation model and the schematic diagram of electron–
ole separation process.

In order to further verify the photocatalytic oxidation activity
f the p–n junction photocatalyst NiO/TiO2, the photocatalytic
xidation of methyl orange (MO) and NO2

− were also studied.
he results show that when the amounts of doped-NiO are 0.0,
.5 and 2.0%, illumination for 20 min, for 1.0 × 10−4 mol L−1 of
ethyl orange (MO), the photooxidation efficiencies are 68.3,

5.8 and 36.6%, respectively; and for 1.0 × 10−4 mol L−1 of
O2

−, the photooxidation efficiencies are 33.0, 20.4 and 11.2%,
espectively. The conclusion is the same as above. Namely, the
hotooxidation activity of NiO/TiO2 decreases gradually with
he increase in the amounts of doped-NiO.

.2. Effect of heat treatment on the photocatalytic
ctivity

The fixed amount of doped-NiO in the sample is 0.5% (mole
atio of Ni/Ti). Effects of heat treatment on the photocatalytic
eduction of Cr2O7

2− and the photocatalytic oxidation of rho-
amine B are shown in Figs. 4 and 5, respectively. It can be seen
hat the photocatalytic activity of NiO/TiO2 varies with different
eat treatment temperatures and time. From Fig. 4, it is clear that,

nder the experimental condition, the photocatalytic reduction
ctivity of NiO/TiO2 is greater than that of pure TiO2. However,
rom Fig. 5, it is clear that the photocatalytic oxidation activity
f NiO/TiO2 is lower than that of pure TiO2.

ig. 4. Effect of heat treatment on the photocatalytic reduction of Cr2O7
2−. (�)

-NiO/n-TiO2; and (�) TiO2.
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ig. 5. Effect of heat treatment on the photocatalytic oxidation of rhodamin B.
�) p-NiO/n-TiO2; and (�) n-TiO2.

From Fig. 4, it can be seen that, the photocatalytic reduction
ctivities of NiO/TiO2 vary with the change of different heat
reatment temperatures and time. In this study, the best prepa-
ation condition is about 550 ◦C for 2 h, and the photoreduction
fficiency of Cr2O7

2− can reach 87.0%. The photocatalytic
eduction activity of NiO/TiO2 prepared in any other preparation
onditions is lower than that of heat treatment at 550 ◦C for 2 h.
rom Fig. 5, it is clear that, the change of photocatalytic oxida-

ion activity of NiO/TiO2 is the same as that of the photocatalytic
eduction of Cr2O7

2−.
It is clear that, the highest photocatalytic activity of NiO/TiO2

xists in an appropriate heat treatment range of 500–600 ◦C.
hen the heat treatment temperature is out of this range,

he photocatalytic activity of NiO/TiO2 is very low. Further-
ore, within this range, there is an optimum heat treatment

ime at each treatment temperature. For example, when the
reatment temperature is 550 ◦C, the best treatment time is
h.

When the heat treatment temperature is 400 ◦C, the photocat-
lytic activity of NiO/TiO2 increases with the increase of heat
reatment time up to 3 h; when the heat treatment time is higher
han 3 h, the photocatalytic activity of NiO/TiO2 decreases grad-
ally with the increase of the heat treatment time; when the heat
reatment temperatures are 500 ◦C and 600 ◦C, respectively, the
hotocatalytic activity of NiO/TiO2 decreases with the increase
f heat treatment time at the same temperature; when the heat
reatment temperature is 700 ◦C, the photocatalytic activity of
iO/TiO2 decreases rapidly with the increase of heat treatment

ime.
From Figs. 4 and 5, it can also be seen that, for pure TiO2, the

ame conclusion is obtained as NiO/TiO2 photocatalyst. But, it
s clear that the NiO/TiO2 photocatalyst is highly sensitive to
eat treatment temperature and time than that of TiO2, espe-
ially for the photocatalytic reduction of Cr2O7

2−. For example,
hen the NiO/TiO2 photocatalyst was heated at temperature
50 ◦C for 2 h, the photoreduction efficiency is 87.0%; when it
as heated at temperature 550 ◦C for 6 h, the photoreduction

fficiency is 51.5%. The photoreduction activity of NiO/TiO
2
ecreases by 40.8%. For TiO2 photocatalyst, when heated at
emperature 550 ◦C for 2 h, the photoreduction efficiency is
5.2%; when heated for 6 h, the photoreduction efficiency is
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0.9%. The photoreduction activity of NiO/TiO2 decreases by
nly 12.2%.

The above observations show that heat treatment temperature
nd time are the important factors that influence the photocat-
lytic activity of NiO/TiO2. In this work, when the samples
ere heated in an appropriate range (500–600 ◦C) or within in

his range, and heated for an optimum time, the photocatalytic
ctivity of NiO/TiO2 is at its best. It is proposed that in above
reparation conditions, the surface of NiO/TiO2 will not only
roduce more active sites, but also promote the separation of the
hotogenerated electrons and holes.

The photocatalytic activity of TiO2 mainly depends on
hether the electron–hole pairs can be separated effectively

28,29]. On the TiO2 surface, the photoexcited electrons and
oles can change in various ways. Among them, the two com-
etitive processes, i.e., capture and recombination, are the most
mportant ones. Photocatalytic reaction is effective only when
he photoexcited electrons–holes can be captured. If there are
o appropriate capturers of electrons or holes, they will recom-
ine with each other and give off heat inside or on the surface of
emiconductor. It is known from the mechanism of separation
f electrons and holes that, in order to increase the photocat-
lytic activity of TiO2, two important ways should be considered.
ne is to increase the separation efficiency of the photoexcited

lectron–hole pairs, and the other is to increase the amount of
he photoexcited activity species [30]. For the NiO/TiO2 pho-
ocatalyst, because of the formation of the p–n junction in the
iO/TiO2, the photogenerated electron–hole pairs are separated
y the inner electric field. At the same time, p-type NiO species
cts as hole traps and collector [27]. So the p–n junction photo-
atalyst NiO/TiO2 has higher photocatalytic reduction activity
han that of TiO2, but lower photocatalytic oxidation activity.

.3. Characterization of NiO/TiO2 photocatalyst

Fig. 6 shows the XRD patterns of NiO/TiO2 and pure TiO2
eated at different temperatures for 2 h. The amount of doped-
iO is 0.5% (mole ratio of Ni/Ti). From the XRD patterns of
iO/TiO2, it can be seen that there is only anatase crystal phase
resent within the appropriate range of heat treatment tempera-
ures (400–600 ◦C), and there is no diffraction peak of rutile. But
hen the heat treatment temperature is higher than 600 ◦C, with

n increase of heat treatment temperature, anatase will transfer
o rutile gradually. When heat treatment reaches 800 ◦C for 2 h,
he crystal phase of the samples will be transferred into rutile
ompletely.

However, for pure TiO2, when heat treatment temperature
s 400 ◦C, the XRD pattern shows TiO2 consists of anatase
nd rutile. It is clear that, the transformation temperatures from
natase to rutile crystal phase are enhanced greatly when dop-
ng NiO into TiO2. The characteristic diffraction peaks of TiO2
re connected with heat treatment temperature. As is shown in
ig. 6, it can be seen that, the higher the heat treatment temper-

ture, the stronger the diffraction peaks, and the narrower the
eaks become. This indicates that with the increase of the heat
reatment temperature, the crystal phase of TiO2 becomes per-
ect, and some crystal grains agglutinate and become bigger. The

i
t
p
i

ig. 6. XRD patterns of pure TiO2 (A) and p-NiO/n-TiO2 (B) heated at different
emperature.

esults also show that when the amount of doped-NiO is 0.5%,
he diffraction peaks of NiO cannot be found in XRD patterns.
his illustrates that NiO is highly dispersed in the bulk phase of

he catalyst. When the amount of doped-NiO is higher than 5.0%,
he diffraction peaks of NiO can be found in XRD patterns. It
an be calculated by the Scherrer formula that when the samples
ere heated at 500 ◦C for 2 h, there is no NiO present, and the

verage diameter of TiO2 is about 19.92 nm. When the amount
f doped-NiO is 0.5%, the average diameter of NiO/TiO2 is
bout 14.33 nm. From the result, it is clear that when doping
iO into TiO2, the growth of TiO2 crystal grain is inhibited.
his causes the crystalline size decrease and the specific sur-

ace area increase. Accordingly, the photocatalytic activity of
iO/TiO2 photocatalyst is enhanced.
Fig. 7 shows UV–vis diffuse reflection spectra of NiO/TiO2

nd TiO2, respectively. From Fig. 7, it can be seen that absorption
avelength range of the NiO/TiO2 is extended greatly towards
isible light, compared with pure TiO2 photocatalyst, and its
bsorption intensity is also increased a little. The photoexcited
avelength range increases with the increase in the amount
f doped-NiO. In theory, because the absorption wavelength
ange is extended greatly towards visible light and absorption

ntensity increases, the formation rate of electron–hole pairs on
he photocatalyst surface also increases greatly, resulting in the
hotocatalyst NiO/TiO2 exhibiting higher photocatalytic activ-
ty. From the above results, it is known that the photocatalytic
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ig. 7. UV–vis diffuse reflection spectra. (a) TiO2; (b) NiO (0.1%)/TiO2; (c)
iO (0.5%)/TiO2; and (d) NiO (20.0%)/TiO2.

ctivity of NiO/TiO2 photocatalyst is strongly dependent on
he amount of doped-NiO. The photocatalytic reduction activ-
ty increases with the increase in the amount of doped-NiO up
o 0.5% (mole ratio of Ni/Ti). There is no evident relationship
etween the photocatalytic activity of NiO/TiO2 photocatalyst
nd photoexcited wavelength range. Namely, widening photoex-
ited wavelength range does not increase photocatalytic activity
f the photocatalyst in the experimental condition.
Fig. 8 shows higher resolution scanning XPS spectra of Ni
p and O 1s, respectively. It can be seen that, from XPS spec-
ra of the NiO/TiO2 (omit), the photoelectron peak for Ti 2p

Fig. 8. Higher resolution scanning XPS spectra of Ni 2p and O 1s.
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ppears clearly at the binding energy of 459.0 eV. The photo-
lectron peaks of O 1s and Ni 2p are at the binding energies of
29 and 856.2 eV, respectively. It is known that the photoelec-
ron peaks of Ni3+ and Ni are at the binding energy of 857.3
nd 852.6–852.8 eV, respectively. It is proposed that the bind-
ng energy of 856.2 eV is assigned to Ni2+. In order to further
etermine the oxidation state of the doped nickel, ion chemical
nalysis was used. The result shows that the doped nickel exists
n the form of Ni2+.

From the high resolution scanning XPS spectra of Ni 2p, it is
lear that the spectra can roughly be divided into two edges split,
eferred to as 2p1/2 (≈870–885 eV) and 2p3/2 (≈845–869 eV)
dges, respectively. Ni 2p XPS is assigned to Ni2+. Similar
esults were reported in Refs. [31,32]. There is no obvious
ifference between the peaks of the sample before and after
hotocatalytic reaction, which indicates that the oxidation state
f nickel remains stable in the reaction process. From high res-
lution scanning XPS spectra of O 1s in Fig. 8, it can be seen
hat oxygen on the sample surface exists at least in three forms
ith the following binding energies 530.4, 528.5 and 532.2 eV.
hile the main peak at 530.4 eV is attributed to O lattice of TiO2

ince it is seen at the same position as that of the O 1s peak of
any rutile and anatase TiO2 surfaces [6,33], that at 528.5 eV

s not clear. Freshly cleaved NiO crystal shows an O 1s peak
29.5 or 1 eV below that of TiO2 [34]. It is thus plausible that
his O 1s peak is related to NiO particles or of oxygen atoms at
he vicinity of both Ni and Ti atoms. The peak at 532.2 eV is

ost likely due to irreversibly adsorbed water molecules on the
urface. It is just because so much adsorption oxygen exists on
he TiO2 surface that they become captives of photogenerated
lectron–hole pairs directly or indirectly. Therefore, recombina-
ion of the photogenerated electron–hole pairs is suppressed, and
he quantum efficiency of photocatalytic reaction is improved.

. Conclusions

The p–n junction NiO/TiO2 photocatalysts were prepared by
he sol–gel method using Ni(NO3)2·6H2O and tetrabutyl titanate
s the raw materials. The photocatalytic reduction activity of
iO/TiO2 photocatalysts is higher than that of the pure TiO2.
owever, the photooxidation activity of NiO/TiO2 photocata-

yst is much lower than that of TiO2. Namely, the p–n junction
hotocatalyst NiO/TiO2 has higher photocatalytic reduction
ctivity, but lower photocatalytic oxidation activity. The opti-
um amount of doped-NiO is 0.5% (mole ratio of Ni/Ti). The

ddition of NiO not only increases transformation temperature
rom anatase to rutile, but also prevents the growth of TiO2
ranule. As the formation of p–n junction NiO/TiO2 photocat-
lyst and p-type NiO species acts as hole traps and collector,
he photogenerated electron–hole pairs are separated by the
nner electric field, and the photocatalytic reduction activity is
nhanced greatly.
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