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Abstract The p-n junction structure has been regarded
as an effective strategy to improve the photocatalytic
activity due to their effectively separation of photoelec-
tron-holes. In the paper, the p-NiO nanoparticles/n-TiO,
nanosphere photocatalysts were successfully fabricated
by the hydrothermal method. The structure and mor-
phology of the photocatalysts with p-n junction were
systematically characterized by XRD, XPS, SEM,
TEM, and UV-vis. And the photocatalytic performance
of the photocatalysts was evaluated by the photocatalyt-
ic decomposition of Rh B under ultraviolet light irradi-
ation. The results showed that the loading content of
NiO nanoparticles in p-n junction had influence on their
photocatalytic activity. And the optimal NiO loading
content for p-n junction photocatalysts was determined.
After the photodegradation of Rh B under UV irradia-
tion for 70 min, the degradation rates of the TiO, @NiO-
8 samples were reached to about 97.9%. The enhanced
photocatalytic performance of the TiO,@NiO compos-
ites was attributed to the formation of p-n junction at
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interfacial interaction between NiO nanoparticles and
TiO, nanospheres, which promoted the effectively sep-
aration of photo electron-holes. Moreover, the photocat-
alytic mechanisms of the p-NiO nanoparticles/n-TiO,
nanospheres photocatalysts in the degradation processes
were elucidated.

Keywords p-n junction structure - p-NiO nanoparticles/
n-TiO, nanospheres - Photocatalyst

Introduction

Semiconductor-based photocatalytic oxidation is con-
sidered to an effective way for the environment remedi-
ation (Vimonses et al. 2010; Yap and Lim 2011; Chen
et al. 2009). TiO, is a promising semiconductor materi-
al, which can be applied in photoelectrodes (Yu et al.
2014a, b), environmental purification (Xian et al. 2014),
and solar cells (Yu et al. 2014a, b) due to its high
stability, non-toxic, and safety toward humans (Gupta
et al. 2011). Therefore, TiO,-based materials have
attracted considerable attentions in the field of semicon-
ductor photocatalysis. However, the narrow light re-
sponse range and high recombination rate of
photoelectron-holes of the TiO, based photocatalyst
limited their application in some extent (Jiang et al.
2011). Therefore, many methods have been explored
to improve the photoelectron-hole separation efficiency
and widen the light response range, such as ion doping
(Oropeza and Egdell 2011; Wang et al. 2019), coupled
semiconductor (Wang et al. 2009; Bastian et al. 2018),
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and deposition of noble metal (Rupa et al. 2009; Laguna
et al. 2019). Coupled semiconductor photocatalyst has
recently received more attentions due to its high
photoelectron-hole separation efficiency and wide spec-
tral response (Huang et al. 2019; Sun etal. 2015a, b; Sun
et al. 2017). Especially, the coupled semiconductor
combined with nanoparticles materials possessing a
larger specific surface area can lead to a stronger ad-
sorption capacity as well as a better photocatalytic
performance.

It has been found that (ZnO, SnO,, NiO)/TiO, hybrid
semiconductor could obviously suppress the recombi-
nation of photogenerated electron-hole, prolong their
lifetime, and significantly enhance the photocatalytic
activity (Wang et al. 2017; Fang et al. 2017). Among
various transition metal oxides, NiO has been extensive-
ly investigated due to its interesting 3D electronic struc-
ture, which are localized in space but spread out over a
wide energy range because of strong coulomb repulsion
between them (Wang et al. 2017). This unique electronic
distribution leads to high mobility of charge carriers in
NiO, making it as a cocatalyst in the photocatalytic
water splitting, dye-sensitized solar cells (Wang et al.
2016). Moreover, NiO is an ideal p-type semiconductor
material, which has superior performance and low cost.
It is an ideal candidate to form a p-n junction with TiO,
(Wang et al. 2017; Fang et al. 2017). The p-n junction
could be formed by the recombination of a p-type semi-
conductor and an n-type semiconductor, which can im-
prove the separation of photogenerated carriers (Khun
etal. 2013). Nevertheless, NiO is generally reported as a
wide band gap semiconductor with Eg = ~ 3.5 ¢V,
precluding it from absorbing visible light, which can
be used as a suitable candidate for surface modification
materials of TiO, (Gongalves et al. 2017; Hou et al.
2016). On the other hand, assembling p-type semicon-
ductor NiO nanoparticles on the surface of n-type TiO,
nanobelts has been recently reported, displaying an ex-
cellent visible light response (Lin et al. 2011; Vinoth
et al. 2016). Therefore, it is possible to optimize the
optical property of assembling NiO nanoparticles.
Therefore, developing a new category of p-n junction
photocatalyst for NiO/TiO; is highly desirable for their
enhanced photocatalytic performance.

In this work, we synthesized TiO, microspheres by
controlling hydrolysis of TBOT in ethanol solution. And
then, TiO, @Ni(HCOs3), was obtained through coating
Ni(HCO3), on the surface of the TiO, microspheres by a
hydrothermal method. Finally, the TiO,@NiO p-n
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junction photocatalysts were prepared by calcination
of the prepared TiO, @Ni(HCOs), at different tempera-
tures. And the optimal NiO loading content for p-n
junction photocatalysts was determined. Under UV ir-
radiation to photodegradation Rh B for 70 min, the
degradation rates of the TiO,@NiO-8 samples were
reached to about 97.9%. The enhanced photocatalytic
performance of the TiO,@NiO composites was attrib-
uted to the formation of p-n junction at interfacial inter-
action between NiO nanoparticles and TiO, nano-
spheres, which promoted the effectively separation of
photo electron-holes.

Experimental
Materials

Tetrabutyltitanate (TBOT, A.R.) was purchased from
Beijing Chemical Reagent Co. Led., China; nickel ni-
trate heahydrate (Ni(NOs),'6H,0, A.R.) and potassium
chloride (KCI, A.R.) were obtained from Sinopharm
Chemical Reagent Co. Led. Urea (H,NCONH,) and
ethanol were purchased from Tianjin Eu Chen Chemical
Reagent Co. Led., China. Deionized water was used
throughout our experiments.

Preparation of TiO, microspheres

The TiO, microspheres were synthesized by controlling
hydrolysis of TBOT in ethanol. In a typical synthesis,
1.2 mL of KCI aqueous solution (0.4 mM) was mixed
with 300 mL of ethanol under vigorously stirring. After
stirring for 20 min, 5 mL of TBOT was added drop by
drop into the mixture under continuously stirring. The
stirring was ceased until the mixture became the white
suspension and then aged at a dry atmosphere. After
aging for 4 h, the reactions were finished and the white
precipitates were collected by centrifugation and
washed with ethanol and deionized water for several
times. Finally, the as-prepared white powders were dried
at 70 °C for 12 h and the TiO, microspheres were
obtained.

Preparation of TiO, @NiO composite photocatalyst
TiO,@NiO composite photocatalyst was synthesized

by hydrothermal combining with calcination process.
0.2 g TiO, as-prepared microspheres was ultrasonically
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dispersed into 120 mL deionized water. Then, different
amount of Ni(NOs),'6H,0 and urea were added into the
above suspension, stirring for 30 min at room tempera-
ture. Subsequently, the 70 mL of suspensions was trans-
ferred into 100-mL Teflon autoclave and kept at 120 °C
for 12 h. After cooling down to room temperature, the
precipitation was collected by centrifugation and
washed with absolute ethanol and deionized water for
three times. Then, the precipitation was dried at 60 °C
overnight. Finally, the dried powders were calcined at
various temperatures (400 °C, 500 °C, and 600 °C) for
3 h in air. The samples were recorded as TiO, @NiO-x,
and the x was referred to the adding amount of
Ni(NOs),'6H,0. The sample TiO,@NiO-8 which was
calcined at 400 °C, 500 °C, and 600 °C for 3 h were
labeled to TiO,@Ni0O-400, TiO,@NiO-500, and
TiO,@NiO-600 (TiO,@NiO-8 the same as
TiO, @NiO-500).

Preparation of NiO samples

0.008 g Ni(NOs),'6H,0 and 2 g urea were added into
120 mL deionized water, stirring for 30 min at room
temperature. Subsequently, the 70 mL of suspensions
was transferred into 100-mL Teflon autoclave and kept
at 120 °C for 12 h. Then, the precipitation was dried at
60 °C overnight. Finally, the dried powders were cal-
cined at 500 °C for 3 h in air. The samples were recorded
as NiO.

Characterization

The phase composition and degree of crystallization
of the sample were analyzed by Rigaku X-ray dif-
fractometer (D/Max-2200PC). The crystal morphol-
ogies of the samples were examined with field-
emission scanning electron microscopy (SEM) using
a Hitachi S4800 microscope and equipped with an
energy dispersive X-ray spectrometer (EDS). The
morphology of the products was also characterized
by a transmission electron microscope (JEM 2010
from JEOL, Japan) operated at 200 kV. The surface
electronic state was analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi). The UV-vis
absorbance spectra were recorded on a spectropho-
tometer (Lambda-950, PerkinElmer), and BaSO, was
used as a reflectance sample.

Measurements of electrochemical performance

The transient photocurrent responses and EIS measure-
ments were conducted on an electrochemical system
(CHI-760¢, Shanghai Chenhua) by using a three-
electrode electrochemical system including Pt wire and
Ag/AgCl electrode as the counter electrode and the
reference electrode, respectively.

Measurements of photocatalytic activities

The degradation of Rh B was performed to evaluate the
photocatalytic performance of TiO, @NiO. Firstly, the
0.01 g TiO, @NiO photocatalyst was added into 10 mL
Rh B (10 mg/L) solution. Then, the mixture was trans-
ferred to the quartz photoreactors and ultrasonic for
30 min in the dark condition to achieve adsorption-
desorption equilibrium. The mercury lamp of 500 W
was used as the ultraviolet light source and the circulat-
ing cooling water device was used to ensure that the test
process was performed at a constant temperature. A part
of suspension was removed at the same time interval
and the supernatant was collected by centrifugation with
the speed of 3500 r/min. Then, the UV-vis spectropho-
tometer (Lambda-950, PerkinElmer, USA) was used to
record the changes in the absorbance at 553 nm.

Results and discussion

The XRD patterns were performed to analyze the crystal
structure and phase composition of the materials.
Figure 1 showed the XRD patterns of TiO, @NiO-8
calcined at different temperature in air atmosphere.
The diffraction peaks of the anatase TiO, (JCPDS card
no. 21-1272) and bunsenite NiO (JCPDS card no. 47-
1049) were detected in all samples. Compared with the
TiO, @NiO-400, the TiO,@NiO-500 presented more
sharp diffraction peaks, which indicated that
TiO, @NiO-500 sample had higher crystallinity. In ad-
dition, two peaks at 33.1° and 35.6° were exhibited in
the TiO, @Ni0O-600, which correspond to the (104) and
(110) planes of NiTiO; (JCPDS card no. 33-0960) (He
etal. 2018). The fact indicated that the impurity phase of
NiTiO5 existed in the TiO, @NiO-600. Therefore, the
calcination temperature of TiO,@NiO photocatalyst
was selected at 500 °C.

Figure 2 showed the XRD patterns of TiO, @NiO-8
before calcination, and the patterns of pure NiO and
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Fig. 1 XRD patterns of TiO,@NiO-400, TiO,@NiO-500, and
TiO, @NiO-600

anatase TiO, were used as comparison. It can be seen
that the patterns of Ni(HCOs), indexed to JCPDS card
no. 15-0782 were detected in TiO, @NiO-8 before cal-
cination. In the synthesis process, the Ni** was deposit-
ed on the surface of titanium oxide in the form of
Ni(HCOs),, which were different with our previous
report (He X et al. 2018), and the core of TiO, was still
amorphous. After calcination at 500 °C, the core of TiO,
was transformed to anatase (as shown in Fig. 1b), which
was consistent with the patterns of the pure TiO, con-
trast sample. Meanwhile, the Ni(HCO;3), were
decomposed into NiO, CO,, and H,O, which were
evaporated and only the NiO were deposited on the
surface of anatase TiO,. The results indicated that the
NiO were successfully synthesized on the surface of
TiO, microsphere.

The SEM images of pure TiO,, NiO, and TiO, @NiO-8
were shown in Fig. 3. As shown in Fig. 3a, the diameter of
the TiO, microsphere was about 600 nm and with a rough

TiO,@NiO-8

Intensity (a.u.)

i NiO J_

10 0 30 40 S0 60 70

20 (degree)

Fig. 2 XRD patterns of TiO,@NiO-8 before calcination, pure
NiO, and TiO,
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surface. This rough surface was beneficial to the loading of
NiO particles. Figure 3b showed the SEM images of pure
NiO without TiO». It can be seen that the NiO nanoparti-
cles aggregated together, whose dispersity was inferior to
that of TiO,@NiO-8. In Fig. 3c, there are many small
particles loaded on the surface of TiO, @NiO-8
photocatalyst. In order to confirm the formation of Ni
species on the TiO, surface, the SEM-EDS elemental
maps of the TiO,@NiO-8 were further used to identify
the element distribution. As shown in Fig. 3d, the EDS
showed that three elements (Ti (green), Ni (blue), and O
(red)) were homogeneously distributed in the TiO, @NiO-
8, which confirmed the formation of Ni compound. The
above results indicated that the NiO particles were uni-
formly adhered to the surface of the TiO, microspheres.

The adding amounts of Ni(NOj3),-6H,0 affected the
morphology of TiO,@NiO photocatalyst. The SEM
images of TiO,@NiO-x (2, 4, 6, 8, 10, and 15) were
shown in Fig. 4. As shown in Fig. 4, the average
diameter of the TiO,@NiO was approximately 800
nm. For the samples of TiO,@NiO-2, TiO,@NiO-4,
and TiO,@NiO-6, some TiO, microspheres were in-
completely encapsulated and the size of the nanoparti-
cles of NiO was unevenly distributed (as shown in Fig.
4a, b, ¢), and some microspheres were aggregated to-
gether. However, the microspheres of TiO, @NiO-8
were well dispersed (as shown in Fig. 4d). The mor-
phology of monomer microspheres was perfectly regu-
lar, which could increase the contact area and absorption
between the sample and the Rh B. As shown in Fig. 4e
and f, the TiO,@NiO-10 and TiO, @NiO-15 presented
the extremely irregular morphologies. The sizes of the
microspheres were unevenly distributed and some nano-
particles were loosely packed on the surface. These
imaging data suggest that the NiO were well combined
with TiO, in TiO, @NiO-8 photocatalyst.

In order to further confirm the formation of NiO on
the TiO, surface, the TEM analysis had been used to
investigate the crystal structure of TiO,@NiO-8. The
micromorphology was shown in Fig. 5a and b. It can be
seen that the morphology of TiO, @NiO-8 was a homo-
geneous spheroid structure with the diameter of about
800 nm and the rough particles in the outer layer were
clearly visible. Figure 5c¢ showed the HRTEM of
TiO,@NiO-8 photocatalyst and the lattice fringes of
NiO and TiO, in the photocatalyst, which can be clearly
seen. Both the lattice fringes of 0.208 nm and 0.237 nm
corresponded well to (004) planes of NiO (JCPDS card
no. 47-1049) and (004) plane of anatasephase of TiO,
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Fig. 3 SEM images of TiO, (a),
NiO (b), and TiO,@NiO-8 (¢)
and the EDX spectrum and
elemental mapping of
TiO,@NiO-8 (d). Green, blue,
and red represent Ti, Ni, and O
elements, respectively

(JCPDS card no. 21-1272), respectively. Furthermore,
there were some crossing lattice fringes in Fig. Sc (area
of red rectangle), from which we could see that NiO
nanoparticles were well combined with TiO, micro-
sphere. Figure 5d showed the selected area electron
diffraction (SAED) pattern of TiO, @NiO-8 correspond-
ing to the marked region in Fig. 5c. The results con-
firmed the existence of NiO on the surface of TiO,
microsphere, and the TiO,@NiO photocatalyst had
been successfully synthesized.

In order to further detect the chemical composition of
the sample and the valence state of each element, the

XPS analysis of TiO,, TiO,@NiO-8, and NiO was
performed. The Ti 2p spectra of TiO, and TiO, @NiO-
8 photocatalyst were shown in Fig. 6. The binding
energy peaks at 458.6 ¢V and 464.3 eV were assigned
to Ti 2ps3,, and Ti 2p, 5, corresponding to Ti** in TiO,
and the Ti—O bond, respectively (Liu et al. 2014a, b). In
contrast to the TiO,, the TiO, @NiO-8 displayed a bind-
ing energy shift toward high energy for Ti, which should
be caused by the incorporation of NiO in the
TiO,@NiO-8 system through the formation of p-n
heterojunctions between the NiO and TiO, (Wang
et al. 2015). Figure 6b showed the high-resolution

Fig.4 SEM images of TiO,@NiO-2 (a), TiO,@NiO-4 (b), TiO>@NiO-6 (¢), TiO>@NiO-8 (d), TiO, @NiO-10 (), and TiO,@NiO-15 (f)
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Fig. 5 TEM images and SAED
image of the TiO, @NiO-8
calcination at 500 °C

spectra of the Ni 2p electrons of TiO, @NiO-8 and NiO.
The two characteristic peaks at binding energy of
853.7 eV and 871.7 eV correspond to Ni 2p;,, and Ni
2p1,2, respectively, which coincide with the characteris-
tic peak of Ni** (Mcintyre and Cook 1975). In addition,
it is observed that there is a lower satellite peak at the
right of each characteristic peak of Ni, which occurs
when Ni** is in a high spin state (Fominykh et al. 2017),
which indicated that NiO samples were successfully
loaded in the surface of TiO,. The O Is spectra of
TiO,, TiO,@NiO-8, and NiO can be fitted into a main
peak at about 529.7 eV, which is assigned to oxygen
atoms bound to metals and a higher binding energy of
about 531.6 eV attributed to the surface ‘OH species,
which is caused by the intrinsic oxygen vacancies of the
surface (Fig. 6¢) (Zhang et al. 2013). Hence, these
results indicated that the p-NiO nanoparticles/n-TiO,
microspheres samples were successfully prepared
(Wang et al. 2015, Cao et al. 2011, Chen et al. 2008).
UV-vis absorption was an important affecting factor
for the photocatalytic performance. The typical UV-vis
absorption spectra of TiO, @NiO-400, TiO, @NiO-500,
and TiO, @NiO-600 were shown in Fig. 7a. All samples
had extremely high intensity of light response in the

@ Springer

NiO (004)

\

.

TiO, (004)

I nm

ultraviolet region due to the characteristics of TiO,.
The spectral responded strength of the TiO, @NiO-500
in the ultraviolet region was much higher than that of
TiO,@NiO-400 and TiO,@NiO-600. The absorption
edge “red shift” of the TiO, @NiO-500 was also larger
than other samples, which indicate that TiO, @NiO-500
had the more wide light response range. Figure 7b
showed the band gap of sample calcined at 400 °C,
500 °C, and 600 °C, which were calculated from for-
mula 3-1.

B3-1

By comparison, the band gap of samples calcined at
500 °C was narrowest. Therefore, the TiO, @NiO-500
has the higher light absorption and narrower band gap,
which promoted the enhancement of photocatalytic
properties.

The UV-vis diffuse reflectance spectrum of the sam-
ples of NiO and TiO,@NiO-x(x = 0, 2, 4, 6, 10) cal-
cined at 500 °C was displayed in Fig. 8. In the spectral
curve of the pure-TiO,, a strong absorption band was
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Fig. 6 The XPS spectra of Ti 2p (a), Ni 2p (b), and O Is (¢) for TiO,, TiO,@NiO-8, and NiO

observed in the low wavelength region of 200-380 nm,
which was owing to the electrons of the valence band O
2p excited to the energy level of the conduction band Ti
3d. The TiO, existed in the form of the tetrahedral Ti*"
structure and the band gap width was about 3.3 eV (Pham
and Lee 2014; Pan et al. 2013). However, the stronger
light absorption performances of all TiO, @NiO-x sam-
ples were observed in the ultraviolet region. The absorp-
tion edge “red shifts” was mainly owing to the formation
of the p-n junction at the interface between NiO and TiO,,
band gap overlap, and strong interaction between NiO
and TiO; in the wavelength range at 350-500 nm. As the
NiO content gradually increased, the absorption edge
“red shifts” gradually increased and the TiO, @NiO-8
(TiO,@NiO-500) had the maximum absorption edge
“red shifts” in the experiment range. With the further
increase content of NiO, the absorption edge exhibited
“blue shift,” which was due to the NiO response to
ultraviolet light and the excessive NiO coating on the
surface of TiO, would prevent absorbing visible light for
TiO,, restraining the effect of p-n junction. Meanwhile,
the band gap width of NiO was about 3.5 eV and the band
gap of TiO, @NiO was significantly lower than that of the
pure phase TiO,, as shown in Figs. 7b and 8b. Among
these photocatalysts, the sample TiO, @NiO-8 exhibited
the lowest band gap. Therefore, the spectral absorption of
TiO,@NiO-8 was more conducive to improve the pho-
tocatalytic performance.

The photocurrent response can be used to test the
separation efficiency of the photo-induced electron-hole
pair, and the electrochemical impedance spectrum can be
used to characterize the reaction rate and the electrode
resistance. Figure 9 showed the photocurrent and EIS of
TiO,@NiO-x sample. Firstly, we considered the influ-
ence of temperature on the separation efficiency. When
the temperature raised from 400 to 600 °C, the response
strength of the photocurrent increased first and then de-
creased. Among these photocatalysts, the response

strength of the TiO,@NiO-500 (TiO, @NiO-8) was the
highest (as shown in Fig. 9a). Similarly, the radius of the
arc in the EIS decreased first and then increased as the
temperature increased, as shown in Fig. 9b. It was shown
that the samples with 500 °C (TiO, @NiO-8) calcination
had the highest photoelectron-hole separation efficiency
and the minimum electrochemical impedance. The rea-
son was that the TiO,@NiO-500 had higher crystalline
and no other impurity phase was generated at this calci-
nations temperature. The photocurrent response curve
and EIS of pure TiO, and TiO,@NiO-x (x = 2, 4, 6, 8,
10) composite photocatalyst were displayed in Fig. 9c
and d. It can be seen from Fig. 9¢ that the photocurrent
response strength of TiO, @NiO was obviously enhanced
compared with the pure-TiO,, indicating the increasing
photoelectron-hole separation efficiency of the
TiO, @NiO photocatalyst. As the increasing NiO content,
the response strength of the photocurrent increased first
and then decreased. The strength of the sample
TiO, @NiO-8 was higher than any others, which indicat-
ed that the separation efficiency of the photocatalyst was
the fastest. Similarly, the radius of the EIS was decreased
first and then increased with the increasing NiO content.
The radius of the circular of the sample TiO, @NiO-8 was
the smallest. This result was coincided with the test
results of transient photocurrent response.
Photocatalysis degradation to Rh B of TiO,@NiO
with different amounts of NiO under ultraviolet light
irradiation was shown in Fig. 10a and c. The adsorption-
desorption equilibrium of the photocatalyst was reached
after 30 min under the dark condition. Comparing with
P25 and pure TiO,, the TiO,@NiO-x exhibited the
better adsorption properties. This fact indicated that the
NiO nanoparticles coating on the surface of TiO, pro-
vided a larger specific surface area for Rh B absorption.
The result was verified by N, absorption and desorption
isotherms of the TiO, @NiO-x, as shown in Fig. 11. The
N, absorption of the TiO, @NiO-x was higher than that
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Fig. 7 UV-vis absorption spectra
(a) and plots of (A v)? versus (V) 16
(b) of TiO, @NiO-8 calcination at
different temperatures

Absorbance{a.i.)
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of P25 and pure TiO,, indicating the specific surface area
of TiO,@NiO-x larger. After ultraviolet light irradiation
for 70 min, the photocatalytic performance of
TiO,@NiO-25 was inferior to pure-TiO, (as shown in
Fig. 10a), which might be due to the excessive NiO
limiting the exposure of p-n junction, and the main
materials contacted with Rh B were NiO. As the amount
of NiO in the TiO,@NiO photocatalyst gradually de-
creased, the degradation ability of the photocatalyst was
gradually enhanced, such as TiO, @NiO-20,
TiO,@NiO-15, and TiO,@NiO-10. Figure 9c further
showed the relation of photocatalysis degradation for
Rh B with the NiO content in the photocatalyst. It was
found that the adsorption rate of pure-TiO, was lower
than that of all the samples containing NiO. And the
adsorption rate in TiO, @NiO-x was not obvious, which
attributed that the surface area variation for TiO, @NiO-
x was not obvious. After UV light irradiation for 70 min
of the degradation effect of Rh B in the pure-TiO,,
TiO,@NiO-2, TiO,@NiO-4, TiO,@NiO-6,
TiO, @NiO-8, and TiO,@NiO-10, samples were
76.4%, 84.5%, 87.97%, 94.9%, 97.9%, and 96.3%, re-
spectively. Among these photocatalysts, the best degra-
dation performance was the TiO, @NiO-8 photocatalyst.
The reaction rate constant k can be calculated according
to the kinetic reaction equation /n(Cy/C) = k x .
Figure 10b showed that the reaction rate constants k of
pure TiO,, TiO,@NiO-25, TiO, @NiO-20, TiO, @NiO-

P e T ST /A
40 500 50 700 800 26 28 30 32 34 36 38 40

Wavelengthinm) EgleV

15, and TiO,@NiO-10 were 5.60 x 10> min ', 1.81 x
107 min "', 2.38 x 10 min ', 3.14 x 10> min ', and
4.36 x 102 min ', respectively. In Fig. 10d, the reaction
rate constant of pure-TiO,, TiO, @NiO-2, TiO, @NiO-4,
TiO,@NiO-6, TiO,@NiO-8, and TiO,@NiO-10 was
1.8 x 102 min~", 2.4 x 107> min"', 2.7 x 10 min ",
38 x 107 min ', 54 x 10 min ', and 4.3 x 10°°
min”', respectively. We concluded that the reaction rate
of the sample TiO, @NiO-8 was the fastest, which was
consistent with the results of photocurrent response
curve and EIS. Under the ultraviolet light irradiation,
the degradation efficiency of TiO, microspheres after
NiO wrapping could be greatly improved. The improve-
ment was mainly due to the high-efficiency photoelec-
tron-hole separation and the extension of the response
range. The former was because the formation of p-n
junctions between p-type semiconductor NiO and n-
type semiconductor TiO,, which promoted the separa-
tion of photoelectron-hole pairs. The latter was due to the
charge transition of the electron donor level, and the
donor level was formed by the substitution of the 3d
orbital of TiO, for the conduction band of TiO, (Niishiro
et al. 2005).

The higher photocatalytic activity of TiO,@NiO
photocatalyst depends not only on higher surface area
but also on the separation efficiency of the electron-hole
pairs. The higher surface area provides more reactive
sites for degradation Rh B, while the higher separation

Fig. 8 UV-vis absorption spectra
(a) and plots of (A v)? versus (V)
(b) of NiO and TiO, @NiO-x (x =
0,2,4,6,10)
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Fig. 9 Photocurrent response (a,
¢) and electrochemical impedance
spectroscopy (b, d) of pure-TiO,
and TiO,@NiO-x (x =2, 4,6, 8,
10)
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efficiency of the electron-hole pairs prolongs the lifetime
of photoelectron-hole which reacts with H,O and O,
further to degraded Rh B. It is well known that the
photocatalytic activity of TiO, mainly depends on the
higher separation efficiency of the electron-hole pairs.
When the p-type semiconductor is loaded on the n-type
TiO,, a large amount of p-n junctions are formed at the
interface between the TiO, and NiO. At equilibrium
condition, negative charges are developed on p-type
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NiO, while positive charge is developed on n-type TiO,
(R. Vinoth et al. 2017), as demonstrated in Fig. 12.
Therefore, the inner electric field is formed at the p-n
junction site. Once the TiO, @NiO photocatalyst is excit-
ed by UV light irradiation, electron-hole pairs are gener-
ated. Due to the inner electric field, the photogenerated
electrons present in the conduction band of NiO migrate
into the conduction band of TiO, thereby reducing O,
into O, . Similarly, the photogenerated holes move from

Fig. 10 .The photocatalytic ( a) il ( b) 3ok ® p-rn-ji?,
degradation Rh B of all samples il TiO@Ni0-28
i irradiati TiO,@Ni0-20
under ultraviolet irradiation (a, ). 08F 2 .r'o‘,ﬂ.“m‘
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Fig. 11 N, absorption and desorption isotherms of P25, pure
TiO,, and TiO,@NiO-x (x = 2, 4, 6, 8, 10)

valence band of TiO, to valence band of NiO and react
with H,O to produce large amount of ‘OH radicals. It is
well known that the Benzoic is the most commonly used
“‘OH radical scavenger in the photocatalytic system. As
can be seen from Fig. 1s, in the presence of 1 mM benzoic
acid, the rate of degradation is significantly decreased.
This result clearly attributes that the benzoic acid
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Fig. 12 Schematic illustration of photocatalytic charge transfer
mechanism and the energy band structure for TiO, @NiO

@ Springer

quenches the ‘OH radicals and greatly inhibits the rate
of the reaction. Therefore, the -OH radicals are primarily
responsible for the effective degradation of Rh B dye.
And the photogenerated electron-hole migrating mecha-
nism indicates that the p-n junction in TiO,@NiO pro-
motes the separation of electron-hole pairs and enhances
the photocatalytic activity.

Conclusion

In summary, we synthesized that the TiO,@NiO
photocatalyst by hydrothermal method combined the cal-
cinations. The results showed that the TiO,@NiO
photocatalyst calcined at 500 °C exhibited high crystalline
and no impurity phase. Because of the formation of p-n
junction between NiO and TiO,, the recombination of
electron-hole in the TiO,@NiO photocatalyst was
prevented, which resulted into the higher photodegradation
efficiency than pure TiO,. The photoelectric performance
test confirmed that the TiO, @NiO-8 photocatalyst had the
highest photo-carrier separation efficiency and exhibited
the highest degradation rate for Rh B. Hence, it can be
used as an efficient strategy for TiO, photocatalyst to
significant upgrading the photochemical performance.
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