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ABSTRACT One-dimensional electrospun nanofibers of p-type NiO/n-type ZnO heterojunctions with different molar ratios of Ni to
Zn were successfully synthesized using a facile electrospinning technique. X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy-dispersive X-ray (EDX) spectroscopy, transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
UV—vis diffuse reflectance (DR) spectroscopy, resonant Raman spectroscopy, photoluminescence (PL) spectroscopy, and surface
photovoltage spectroscopy (SPS) were used to characterize the as-synthesized nanofibers. The results indicated that the p—n
heterojunctions formed between the cubic structure NiO and hexangular structure ZnO in the NiO/ZnO nanofibers. Furthermore, the
photocatalytic activity of the as-electrospun NiO/ZnO nanofibers for the degradation of rhodamine B (RB) was much higher than that
of electrospun NiO and ZnO nanofibers, which could be ascribed to the formation of p—n heterojunctions in the NiO/ZnO nanofibers.
In particular, the p-type NiO/n-type ZnO heterojunction nanofibers with the original Ni/Zn molar ratio of 1 exhibited the best catalytic
activity, which might be attributed to their high separation efficiency of photogenerated electrons and holes. Notably, the electrospun
nanofibers of p-type NiO/n-type ZnO heterojunctions could be easily recycled without a decrease of the photocatalytic activity due to

their one-dimensional nanostructural property.
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1. INTRODUCTION
uring previous decades, photocatalysis, as a “green”

technique, has been extensively used in the area of

environmental remediation because various kinds
of pollutants can be decomposed completely by photocata-
lytically active semiconductors under light irradiation (1, 2).
With the steady and fast growing field of nanoscience and
nanotechnology, the nanostructural semiconductor metal
oxides have become the promising photocatalysts in envi-
ronmental remediation due to their easy availability, non-
toxic nature, and biological and chemical stability (3—5).
Among those nanostructural semiconductor metal oxides,
zinc oxide (ZnO) nanomaterials, naturally n-type semicon-
ductors with a wide bandgap (E; = 3.37 eV), have been
recognized as excellent materials for photocatalytic pro-
cesses due to their high photosensitivity, high catalytic
activity, suitable bandgap, low cost, and environmental
friendliness (6—9). However, enhancing the photocatalytic
efficiency of ZnO nanocatalysts to meet the practical ap-
plication requirements is still a challenge because of the
bottleneck of poor quantum yield caused by the fast recom-
bination rate of photogenerated electron—hole pairs (10).
Therefore, many efforts have been developed to increase the
separation efficiency of photogenerated electron—hole pairs
of ZnO nanocatalysts. Research found that ZnO-based het-
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erojunctions, such as metal (Ag, Au, Pt, etc.)/ZnO and
semiconductor (TiO,, SnO,, CdS, NiO, etc.)/ZnO heterojunc-
tions, could obviously suppress the recombination of pho-
togenerated electron—hole pairs by the mutual transfer of
photogenerated electrons or holes in the heterojunctions
(11—=15).

Among these composite materials, the NiO/ZnO hetero-
structural nanomaterials attract much interest in particular
because of NiO, as a p-type semiconductor (Eg = 3.5 €V),
which possesses high p-type concentration, high hole mobil-
ity, and low lattice mismatch with ZnO, which is beneficial
for the formation of p—n heterojunction with ZnO (16—18).
Theoretically, when the p-type and n-type semiconductor
form p—n heterojunctions, the inner electric field will be
formed in the interface of p—n heterojunctions. At equilib-
rium, the inner electric field makes the p-type semiconductor
region have a negative charge, while the n-type semiconduc-
tor region has a positive charge (19). When the p—n hetero-
junction is radiated by ultraviolet (UV) light with the photon
energy higher or equal to the band gaps of p-type and n-type
semiconductors, the photogenerated electrons can move to
the conduction band (CB) of n-type semiconductors and the
photogenerated holes to the valence band (VB) of p-type
semiconductors due to the formation of an inner electric
field. Thus, the formation of a p-type NiO/n-type ZnO het-
erojunction might hinder the recombination of photogener-
ated electron—hole pairs and improve the photocatalytic
efficiency.
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On the other hand, the separation of the nanostructural
photocatalysts from the solution after reaction is another
challenge in a practical photocatalytic process. Many studies
found that the semiconductor metal oxide electrospun
nanofiber photocatalysts possessed high photocatalytic ac-
tivity and favorable recycling characteristics due to their one-
dimensional (1D) nanostructural property. These electro-
spun nanofiber photocatalysts are deemed potentially good
candidates for practical applications (20—22). In particular,
the electrospun nanofibers of ZnO-based heterojunctions,
such as Ag/ZnO, SnO,—ZnO heterojunctions nanofibers, and
so on, have been of immense interest in recent years due
to their enhanced photocatalytic activity and favorable
recycling characteristics (23—25). However, the photoca-
talysis performances based on the electrospun nanofibers
of p-type NiO/n-type ZnO heterojunctions have not been
explored until now.

In the present work, we report a successful attempt for
the fabrication of p-type NiO/n-type ZnO heterojunction
nanofibers using the electrospinning method. It was found
that the p-type NiO/n-type ZnO heterojunction nanofibers
exhibited excellent photocatalytic activity superior to the
electrospun NiO and ZnO nanofibers, which could be as-
cribed to the high separation efficiency of photogenerated
electron—hole pairs from the p—n heterojunction. Moreover,
due to the large length-to-diameter ratio, the as-electrospun
nanofibers could be reclaimed easily by sedimentation
without a decrease in photocatalytic activity.

2. EXPERIMENTAL SECTION

2.1. Preparation of the p-Type NiO/n-Type ZnO Heterojunc-
tion Nanofibers. In a typical procedure, the nanofibers of p-type
NiO/n-type ZnO heterojunctions were synthesized using
an electrospinning and calcination method. It is described
as follows: First, 1.2 g of acetate salt with nickel acetate
[Ni(CH5COOQO), - 4H,0]/zinc acetate [Zn(CH5COO), - 2H,0] mo-
lar ratios of 0.5 and 1 were mixed with 37 mL of N,N-dimeth-
ylformamide (DMF) in a glovebox under vigorous stirring for
30 min. Subsequently, 6 g of polyacrylonitrile (PAN; M, =
500 000) was added to the above solution. After stirring at room
temperature for 12 h, the precursor solution of the PAN/
Ni(CH5COO0),/Zn(CH5CO0), composite was obtained. Subse-
quently, the above precursor solutions were drawn into a
hypodermic syringe. The positive terminal of a variable high-
voltage power supply was connected to the needle tip of the
syringe while the other terminal was connected to the collector
plate. The positive voltage applied to the tip was 10 kV, and the
distance between the needle tip and the collector was 10 cm,
resulting in a dense web of the electrospun composite nanofi-
bers of PAN/Ni(CH5COO),/Zn(CH5COO0), being collected on the
aluminum foil. Afterward, the above composite nanofibers were
calcined at a rate of 25°/h and remained for 2 hat 550 °C. Thus,
p-type NiO/n-type ZnO heterojunction nanofibers with different
Ni/Zn molar ratios were successfully prepared. Moreover, to
investigate the structure and photocatalytic activity of the p-type
NiO/n-type ZnO heterojunction nanofibers, pure NiO and ZnO
nanofibers were prepared using the same experimental condi-
tions. In the following discussion, the p-type NiO/n-type ZnO
heterojunction nanofibers with original Ni/Zn molar ratios of 0.5
and 1 were denoted as NZ1 and NZ2 nanofibers, respectively.

2.2. Characterization. X-ray diffraction (XRD) measure-
ments were carried out using a D/max 2500 XRD spectrometer
(Rigaku) with a Cu Ka line of 0.1541 nm. Scanning electron
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FIGURE 1. XRD patterns of the electrospun nanofibers: (a) NiO
nanofibers, (b) NZ1 nanofibers, (c) NZ2 nanofibers, (d) ZnO nanofiber.

microscopy (SEM; XL-30 ESEM FEG, Micro FEI Philips) and high-
resolution transmission electron microscopy (HRTEM; JEOL
JEM-2100) were used to characterize the morphologies of the
products. X-ray photoelectron spectroscopy (XPS) was per-
formed on a VG-ESCALAB LKII instrument with a Mg Kot ADES
(hv = 1253.6 eV) source at a residual gas pressure below 1078
Pa. UV—vis diffuse reflectance (DR) spectroscopy of the samples
was recorded on a Cary 500 UV—vis—NIR spectrophotometer.
The photoluminescence (PL) and resonant Raman spectroscopy
of photocatalysts were detected with a Jobin Yvon HR800 micro-
Raman spectrometer using a 325 nm line from a He—Cd laser.
The surface photovoltage spectroscopy (SPS) instrument was
similar to that described in the literature (26). During the
process, the sample was put between the indium tin oxide (ITO)
and stainless steel electrodes to form a sandwich structured
photovoltage cell.

2.3. Photocatalytic Test. The photoreactor was designed
with an internal light source surrounded by a quartz jacket (50
W high pressure mercury lamp with main emission wavelength
313 nmand an average light intensity of 2.85 mW cm ™), where
the suspension included the nanofiber catalyst (0.01g), and an
aqueous RB (100 mL, 10 mg/L) completely surrounded the light
source. The suspension was stirred in the dark for 30 min to
obtain a good dispersion and establish adsorption—desorption
equilibrium between the organic molecules and the catalyst
surfaces. The acidity of the suspension was neutral. The tem-
perature of the suspension was maintained at 30 £ 2°C by
circulating water through an external cooling coil, and the
system was open to the air. Decreases in the concentrations of
dyes were analyzed using a Cary 500 UV—vis—NIR spectropho-
tometer at A = 553 nm. At given intervals of illumination, the
samples of the reaction solution were taken out and then
centrifuged and filtered. Finally, the filtrates were analyzed.

3. RESULTS AND DISCUSSION

The X-ray diffraction (XRD) patterns of the as-electrospun
nanofibers are shown in Figure 1. All diffraction peaks in
Figure 1a and d could be perfectly indexed as the cubic
structure for NiO (JCPDS-78-0643) and hexagonal structure
for ZnO (JCPDS 36-1451), respectively. Furthermore, the
diffraction peaks of the NiO and ZnO nanofibers were sharp
and intense, indicating the highly crystalline character of the
nanofibers. As observed in Figure 1b and c, two sets of
diffraction peaks existed for NZ1 and NZ2 nanofibers, which
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Table 1. Physicochemical Properties of the
As-Electrospun Nanofibers

amount used

sample grain size (nm) diameter (nm) for test (g)
NiO nanofibers 13.5 93 £ 15 0.01
NZ1 nanofibers 17.8—31.4 61 £ 11 0.01
NZ2 nanofibers 14.9-29.6 68 £ 15 0.01
ZnO nanofibers 32.4 128 + 14 0.01
TiO, nanofibers 15.7 346 + 85 0.01

were correspondingly ascribed to the cubic structure NiO
and hexagonal structure ZnO. In addition, the diffraction
peaks of NiO were strengthened gradually when increasing
the original molar ratio of Ni to Zn from 0.5 to 1 in the NiO/
ZnO nanofibers (from NZ1 to NZ2 nanofibers). No charac-
teristic peaks for impurity were observed, suggesting that
the composition of the above nanofibers was NiO and ZnO.
Moreover, the average grain sizes of the products were
calculated by applying the Debye—Scherrer formula and are
listed in Table 1. It can be seen that the average grain size
of NiO and ZnO nanoparticles was about 13.5—17.8 and
29.6—32.4 nm, respectively, in the as-electrospun nanofi-
bers. It is worthwhile to note that the diffraction peaks of
NiO and ZnO in the NZ1 and NZ2 nanofibers were still sharp
and intense, implying the high crystallinity of the nanofibers
after calcining at 550 °C for 2 h.

Figure 2A and B show the typical scanning electron
microscopy (SEM) images of the as-electrospun NZ1 and NZ2
nanofibers, respectively. It could be seen that these ran-
domly oriented nanofibers had a rough surface after calcina-
tions at 550 °C due to the decomposition of PAN. The
lengths of NZ1 and NZ2 nanofibers could reach several
micrometers. Furthermore, the diameter of NZ1 nanofibers
was about 61 &+ 11 nm, which was smaller than that of NZ2
nanofibers (68 &+ 15 nm). Meanwhile, Figure 2C and D show

the energy-dispersive X-ray (EDX) spectra from Figure 2A
and B, respectively. It was further confirmed that the NZ1
and NZ2 nanofibers were composed of Ni, Zn, and O. In
addition, EDX analysis indicated that the molar ratio of Ni
to Zn was about 0.5:1 for NZ1 nanofibers and 1:1 for NZ2
nanofibers, which was close to the theoretical value. The
insets of Figure 2C and D were the EDX mappings of Ni, Zn,
and O from Figure 2A and B, respectively. It was clearly seen
that the Ni, Zn, and O had homogeneous distribution in the
NZ1 and NZ2 nanofibers.

In order to study the microstructure of the as-electrospun
NiO/ZnO nanofibers, high-resolution transmission electron
microscopy (HRTEM) observations were carried out. Figure
3 shows the representative TEM images of the NZ2 nanofi-
bers. The low-magnification TEM image of the NZ2 nanofi-
bers is displayed in Figure 3A. It can be seen that the NZ2
nanofibers are composed of nanoparticles, and each nano-
particle attached to several other nanoparticles. Meanwhile,
Figure 3B shows a high-resolution image from the red circle
of Figure 3A, which revealed the simultaneous presence of
the crystalline NiO and ZnO crystal lattices in the NZ2
nanofibers. The interplanar distances of 0.241 nm were
close to the d spacings of the (1 1 1) planes of the cubic
structured NiO. The interplanar distances of 0.281 nm
agreed well with the lattice spacing of the (1 0 0) planes of
the hexagonal structured ZnO. Moreover, a distinguished
interface and continuity of lattice fringes between the NiO
and ZnO nanoparticles can be observed in Figure 3B, sug-
gesting that the p—n heterojunction might be formed be-
tween the NiO and ZnO nanoparticles in the NiO/ZnO
nanofibers.

The chemical composition of the as-electrospun NiO,

NZ2, and ZnO nanofibers was studied by X-ray photoelec-
tron spectroscopy (XPS) analysis, and the corresponding
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FIGURE 2. SEM image of as-electrospun nanofibers (A), NZ1 nanofibers, and (B) NZ2 nanofibers. (C) EDX spectrum from image A. The insets
show the elemental maps of Ni, Zn, and O concentrations in image A. (D) EDX spectrum from image B. The insets were the elemental maps

of Ni, Zn, and O concentrations in image B.
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FIGURE 3. (A) TEM image of the as-electrospun NZ2 nanofibers; (B) HRTEM of p-type NiO/n-type ZnO heterojunction region in the NZ2

nanofibers.
A &
ZnO nanofibers 5§
N
=] o "
® B2 O
~ g VN NZ2 nanofibers
g |
[72]
c M
3 NiO nanofibers
£ 2 @ o
o~
Q > l Z
0 400 800 1200
Binding Energy (eV)
Zn 2p Ni 2p
Zn 2p,, C
— Zn2p,,
|

[}
[}
[}
Zno nanofibers !

l

T
1020 1035 1050 855 870 885
Binding Energy (eV)
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results are shown in Figure 4. As observed in Figure 4A, the
fully scanned spectra indicate that Ni, O, and C existed in
the NiO nanofibers, while Zn, O, and C existed in ZnO
nanofibers. Furthermore, all of the peaks on the curves of
the NZ2 nanofibers were ascribed to Ni, Zn, O, and C, and
no peaks of other elements were are observed. The C
element could be attributed to the adventitious carbon-based
contaminant, and the binding energy for the C 1s peak at
284.6 eV was used as the reference for calibration. There-
fore, it was concluded that the NZ2 nanofibers were com-
posed of three elements, Ni, Zn, and O, which was in good
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agreement with the above XRD and EDX results. Subse-
quently, the Zn 2p high-resolution XPS spectra of the ZnO
and NZ2 nanofibers are analyzed in Figure 4B. For ZnO
nanofibers, there were two symmetric peaks in the Zn 2p
region. The peak centered at 1021.8 eV corresponded to the
Zn 2psp, and another one centered at 1044.9 eV was
assigned to Zn 2p;, (27). Interestingly, in Figure 4B, the
binding energy of Zn 2p (2ps, and 2p,;) for the NZ2
nanofibers shifts remarkably to the higher binding energy
(about 0.9 eV) compared with the corresponding value for
ZnO nanofibers. However, the observed spin-orbit splitting
of Zn 2p (between Zn 2ps, and Zn 2p;;,) for the NZ2
nanofibers is about 23 eV, which is consistent with the
corresponding value of pure ZnO nanofibers, indicating a
normal state of Zn?* in the ZnO and NZ2 nanofibers (28, 29).
Figure 4C shows the Ni 2p high-resolution XPS spectra of
the NiO and NZ2 nanofibers. As observed in Figure 4C, the
Ni 2p signal of NiO nanofibers could be deconvoluted into
five peaks. The binding energies at 854.2, 856.1, and 861 .4
eV were attributed to the Ni 2ps;; peaks, and the 873.8 and
879.5 eV peaks were attributed to the Ni 2p,,, peaks. The
Ni 2ps), peaks were assigned to Ni** ions in the NiO nanofi-
bers (30). The peak at 854.2 eV was due to NiOg in octahe-
dral symmetry, and the peak at 856.1 eV was attributed to
NiOs or Ni** in pyramidal symmetry according to the
experimental results and theoretical calculation of Sorian et
al. (31). In Figure 4C, similar to the NiO nanofibers, the Ni
2p signal of the NZ2 nanofibers could also be deconvoluted
into five peaks. However, compared with the Ni 2p peaks
(2ps12 and 2p, ) of NiO nanofibers, the Ni 2p peaks for NZ2
nanofibers shifted toward the lower binding energy with the
value about 0.5 eV. Traditionally, the binding energy shifts
in the XPS spectra could be explained by two kinds of
mechanisms: the different electronegativities of metal ions
and the strong interaction (electron transfer) between nano-
crystals (11, 23, 32, 33). In our experiment, the electrone-
gativity of the Ni** ion was about 1.91, which was about 0.26
larger than that of the Zn** ion. The Ni** ion could withdraw
the electrons from the Zn?* ion, so the screening effect of
electrons would decrease for the Zn** ion but increase for
the Ni** ion. Thus, the Zn 2p peaks shifted toward the higher
binding energy, while the Ni 2p peaks shifted to the lower
binding energy. It was suggested that there might be
Ni—O—Zn bonds present at the interface between the NiO
and ZnO nanoparticles, which further confirmed the TEM
results. In addition, when the NiO and ZnO nanoparticles
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the (ahv)? vs photon energy (hv) for ZnO and NiO nanofibers.

attach together, electron transfer could occur from the n-type
ZnO to p-type NiO nanoparticle until the system attains
equilibration. Therefore, the Zn 2p and Ni 2p peaks in our
experiment shifted toward the higher and lower binding
energies, respectively. It was indicated that there might exist
a strong interaction between the p-type NiO and n-type ZnO
nanoparticles. These results indicated the formation of p—n
heterojunctions in the NiO/ZnO nanofibers.

Figure 5 shows the UV—vis diffuse reflectance (DR)
spectroscopy of the NiO, NZ1, NZ2, and ZnO nanofibers. As
shown in Figure 5a and d, the strong absorption peaks of
the as-electrospun NiO and ZnO nanofibers were located at
about 305 and 355 nm, respectively (27, 34). Furthermore,
a weak absorption peak with a maximum around 720 nm
was observed in NiO nanofibers, which could be assigned
to intra-3d transitions of Ni** in the cubic crystal field of NiO
(35—=37). In Figure 5b and c, all of the characteristic absorp-
tion peaks of NiO and ZnO existed in the UV—vis DR
spectroscopy of the NZ1 and NZ2 nanofibers. It was con-
firmed that the NiO/ZnO nanofibers were composite materi-
als that consisted of NiO and ZnO. The band gap energy of
the NiO and ZnO nanofibers was calculated by eq 1 (38):

ahv = A(hv — E)" S0

where o, v, Eg, and A are the absorption coefficient, light
frequency, band gap, and a constant, respectively. More-
over, n depends on the characteristics of the transition in a
semiconductor: direct transition (n = 1) or indirect transition
(n=4). For NiO and ZnO, the value of n was 1 for the direct
transition (18). Therefore, the band gap energy of the NiO
and ZnO nanofibers in our experiment could be estimated
from a plot of (ahv)? versus photon energy hv. As observed
in the inset of Figure 5, the band gap of NiO was evaluated
to be 3.42 eV, while the band gap of ZnO was found to be
about 3.22 eV. Those values were close to the reported
values of NiO (3.5 eV) and ZnO (3.37 eV) (8, 18).
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FIGURE 6. Resonant Raman scattering spectra of ZnO, NZ1, and NZ2
nanofibers. The inset shows the intensity ratio between the second-
and the first-order Raman scattering as a function of the atomic ratio
of Ni/Zn in the above nanofibers.

Figure 6 shows the resonant Raman scattering spectros-
copy of the ZnO, NZ1, and NZ2 nanofibers. It could be seen
that the main peaks of the 1—4 longitudinal optical (LO)
phonon mode for ZnO nanoparticles appeared in all three
electrospun nanofibers. It is known that the electron—phonon
interaction could be probed by resonant Raman scattering
when the exciting photon energy was resonant with the
electronic interband transition energy of the wurtzite ZnO.
In the experiment, the above electrospun nanofibers were
excited by the 325 nm line (3.81 eV) of a He—Cd laser.
According to the results of the UV—vis DR spectra, the band
gap of ZnO nanoparticles was about 3.22 eV in our present
work. It meant that the multiphonon scattering was easily
observed in the resonant Raman spectra of the ZnO, NZ1,
and NZ2 nanofibers. According to the theory of polar optical
phonons in wurtzite nanocrystals, the LO phonon mode in
disordered oriented ZnO nanoparticles should be a mixture
of A;-LO (574 cm™ ') and E;-LO (583 cm™!) (39). In Figure 6,
four major bands of LO phonon modes centered around 577,
1140, 1723, and 2297 cm™! are observed to result mainly
from the polar symmetry modes A;-LO and E;-LO and their
overtones. Furthermore, in the inset of Figure 6, the inte-
grated intensity ratios (after subtracting the background)
between the second- and the first-order LO Raman scatter-
ings (I,io/li10) are found to decrease remarkably from 1.13
to 0.69, while an increase of the Ni/Zn molar ratios in the
electrospun nanofibers occurs from 0 to 1. The LO Raman
scattering included contributions from both the deformation
potential and Frohlich potential that involved the long-range
interaction generated by the macroscopic electric field as-
sociated with the LO phonons (40—42). It had been reported
that the coupling strength between the electron and LO
phonon (deduced from the ratio of the second- to the first-
order Raman scattering intensity) weakened with a decrease
in the grain size of ZnO nanocrystals (42). However, the
grain size of ZnO nanoparticles in ZnO, NZ1, and NZ2
electrospun nanofibers was about 32.4, 31.4, and 29.6 nm
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FIGURE 7. (A) Degradation profiles of RB in the presence of the NZ1 and NZ2 nanofiber photocatalysts but in the dark and with UV light
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curves of RB photocatalytic degradation with different electrospun nanofibers: (a) NiO nanofibers, (b) NZ1 nanofibers, (c) NZ2 nanofibers, (d)
ZnO nanofibers, (e) TiO, nanofibers. (D) Photocatalytic activity of the NZ2 nanofibers for RB degradation with three time cycling uses.

from the results of XRD. It was suggested that the decreasing
of Lio/lio could hardly be ascribed to the grain size of the
ZnO nanoparticles in our experiment but might come from
the inner electric field in the interface of p-type NiO and
n-type ZnO nanoparticles due to the electron transfer be-
tween NiO and ZnO nanoparticles.

To demonstrate the photoactivity of the as-electrospun
nanofibers of p-type NiO/n-type ZnO heterojunctions for the
degradation of organic pollutants, we carried out experi-
ments of the photocatalytic degradation of rhodamine B (RB)
as a test reaction. As observed in Figure 7A, the control
experiments were performed on the p-type NiO/n-type ZnO
heterojunction nanofibers (NZ1 and NZ2 nanofibers) under
different conditions: (1) in the presence of nanofiber pho-
tocatalysts but in the dark and (2) with UV light irradiation
but in the absence of the nanofiber photocatalysts. These
results revealed that there was no appreciable degradation
of RB after 120 min either in the absence of UV light
irradiation or in the absence of nanofiber photocatalysts.
However, in Figure 7B, an obvious degradation of RB was
observed under UV light in the presence of the NZ1 and NZ2
nanofibers. Furthermore, in the comparative experiments,
the NiO, ZnO, and TiO, electrospun nanofibers were used
as a photocatalytic reference to understand the photocata-
lytic activity of the p-type NiO/n-type ZnO heterojunction
nanofibers. As shown in Figure 7B, the degradation ef-
ficiency of RB was about 42.6, 99.7, 76.4, and 86.6% for
the NiO, NZ1, ZnO, and TiO, nanofibers after 50 min,
respectively. Notably, the time for an entire decolorization
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of RB over the NZ2 nanofibers was only about 40 min, which
was much shorter than the corresponding degradation time
of NiO, NZ1, ZnO, and TiO, nanofibers, suggesting that the
NZ2 nanofibers exhibited the highest photocatalytic activity
among those nanofiber nanocatalysts. For a better compari-
son of the photocatalytic efficiency of the above electrospun
nanofibers, the kinetic analysis of degradation of RB was
discussed. The kinetic linear simulation curves of the pho-
tocatalytic degradation of RB over the above nanofiber
photocatalysts showed that the above degradation reactions
followed a Langmuir—Hinshelwood apparent first-order ki-
netics model due to the low initial concentrations of the
reactants. The explanation is described below (43):

r = dC/dt = RKC/(1 + KC) (2)

where r is the degradation rate of the reactant (mg/(L min)),
Cis the concentration of the reactant (mg/L), ¢ is the UV light
irradiation time, & is the reaction rate constant (mg/(L min)),
and K is the adsorption coefficient of the reactant (L/mg).
When the initial concentration (Co) is very low (C, = 10 mg/L
for RB in the present experiment), eq 2 can be simplified to
an apparent first-order model (44):

In Cy/C = Kt = Ryt 3)

where R, is the apparent first-order rate constant (min™").
The determined R, for different catalysts is summarized
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Scheme 1. Schematic Diagram Showing the Energy
Band Structure and Electron—Hole Pair Separation
in the p-Type NiO/n-Type ZnO Heterojunction
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in Figure 7C. It was indicated that the photocatalytic reactiv-
ity order was NZ2 nanofibers > NZ1 nanofibers > TiO,
nanofibers > ZnO nanofibers > NiO nanofibers, which was
consistent with the activity studies above. Moreover, Figure
7D showed the photocatalytic degradation of RB over the
NZ2 nanofibers under UV light irradiation with three time
cycling uses. It was indicated that those nanofiber photo-
catalysts with high photocatalytic activity could be easily
recovered by sedimentation and would greatly promote their
industrial application in eliminating organic pollutants from
wastewater.

On the basis of the above experimental results and the
theory analysis, a proposed energy band structure diagram
of the p-type NiO/n-type ZnO heterojunction is elucidated
schematically in Scheme 1. When the p-type NiO and n-type
ZnO formed the p—n heterojunction, the electron transfer
occurred from ZnO to NiO while the hole transfer occurred
from NiO to ZnO until the system attained equilibration due
to the carrier diffusion between the NiO and ZnO. Mean-
while, an inner electric field was built in the interface
between NiO and ZnO because of the electron and hole
transfers. When the p-type NiO and n-type ZnO heterojunc-
tion was excited by UV light with a photon energy higher or
equal to the band gaps of NiO and ZnO, the electrons in the
VB could be excited to the CB with simultaneous generation
of the same amount of holes in the VB. From the energy
band structure diagram of the p-type NiO and n-type ZnO
heterojunction in Scheme 1, it can be found that the photo-
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generated electron transfer occurred from the CB of NiO to
the CB of ZnO and, conversely, the photogenerated hole
transfer could take place from the VB of ZnO to the VB of
NiO, suggesting that the photogenerated electrons and holes
were efficiently separated. Furthermore, the better separa-
tion of photogenerated electrons and holes in the p-type NiO
and n-type ZnO heterojunction was confirmed by comparing
the PL and SPS spectra of the ZnO and NZ1 and NZ2
nanofibers. In Figure 84, it is shown that the NZ1 and NZ2
nanofibers exhibited much lower emission intensity than
ZnO nanofibers, indicating that the recombination of the
photogenerated charge carrier was inhibited greatly in the
p-type NiO and n-type ZnO heterojunction. Further investi-
gation found that the NZ2 nanofibers appeared lower in
emission intensity than NZ1 nanofibers, suggesting a high
separation efficiency of photogerenated electron—hole pairs.
Meanwhile, as observed in the inset of Figure 8A, the
normalized PL spectra for ZnO, NZ1, and NZ2 nanofibers
indicated that the visible emission of NZ1 and NZ2 nanofi-
bers was obvious higher than that of ZnO nanofibers, which
might be attributed to the increase of the surface oxygen
vacancy defects of ZnO nanoparticles in the p-type NiO/n-
type ZnO heterojunction nanofibers. According to the litera-
ture (45), the oxygen vacancy defects on the surface of ZnO
nanocrystals benefited the separation efficiency of photo-
generated electron—hole pairs. To further confirm the ef-
ficient charge separation in p-type NiO and n-type ZnO
heterojunction nanofibers, we carried out an SPS experi-
ment, and the results are shown in Figure 8B. All samples
had a clearly SPS response, indicating that the photon
absorption indeed induced the charge generation and sepa-
ration. By comparing the SPS peak of ZnO nanofibers, the
p-type NiO/n-type ZnO heterojunction nanofibers showed
the bule-shift with an increase in the molar ratios of Ni to
Zn. Furthermore, the SPS response range increased with an
increase in the Ni/Zn molar ratios in the p-type NiO/n-type
ZnO heterojunction nanofibers. It was implied that the
separation efficiency of photogenerated electron—hole pairs
was improved. The efficient charge separation could in-
crease the lifetime of the charge carriers and enhance the
efficiency of the interfacial charge transfer to adsorbed
substrates and then account for the higher activity of the
p-type NiO and n-type ZnO heterojunction nanofibers. The
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FIGURE 8. (A) PL emission spectra of ZnO, NZ1, and NZ2 nanofibers. The inset shows the normalized PL spectra of ZnO, NZ1, and NZ2 nanofibers.

(B) Surface photovoltage spectroscopy of ZnO, NZ1, and NZ2 nanofibers.
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photocatalytic mechanism in our experiment is proposed as
follows:

uv
(p-type NiO/n-type ZnO) + hv — e (ZnO) + h+(NiO)

e +0,— 0

h* + oH — oHu’

0} + H,0 — HO} + OH~

HO} + H,0 — H,0, + OH"

H,0, — 20H"

OH' + RB — CO, + H,0

Under UV light irradiation, the photogenerated electrons
moved to the ZnO side; meanwhile, the photogenerated
holes moved to the NiO side. Afterward, the holes were
ultimately trapped by surface hydroxyl groups (or H,O) at
the catalyst surface to yield OH* radicals. The dissolved
oxygen molecules reacted with the electrons to yield super-
oxide radical anions, O,*—, which on protonation generated
the hydroperoxy, HO,®, radicals, producing hydroxyl radical
OH*, which was a strong oxidizing agent for decomposing
the organic dye (46, 47).

CONCLUSION
In summary, by using a sol—gel process and electrospin-

ning technology, p-type NiO/n-type ZnO heterojunction
nanofibers with different molar ratios of Ni to Zn were
successfully fabricated. The investigation of photocatalytic
ability indicated that the p-type NiO/n-type ZnO heterojunc-
tion nanofibers possessed higher photocatalytic activity than
the pure NiO and ZnO nanofibers for the degradation of RB
dye under UV light irradiation due to the enhanced separa-
tion efficiency of photogenerated electron—hole pairs from
the p—n heterojunctions. In addition, these nanofibers could
be easily recycled without a decrease in the photocatalytic
activity due to their one-dimensional nanostructure proper-
ties. Also, it is expected that the p-type NiO/n-type ZnO
heterojunction nanofibers with high photocatalytic activity
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will greatly promote their industrial application in the elimi-
nation of organic pollutants from wastewater.
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