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Abstract: Photocatalytic degradation of pollutants is one of the cleanest technologies for environmental
remediation. Herein, we prepared NiO/NiTiO3 heterostructure nanofiber (200 nm) films by
electrospinning and high temperature heat treatment, using nickel acetate and tetrabutyltitanate as
nickel and titanium sources, respectively. The NiO/NiTiO3 heterostructure has advantages of good
photodegradation rate constant and stability. By controlling the temperature, we can optimize the
phase composition of these nanofibers for better photocatalytic performance. Based on our findings
of the Rhodamine B degradation results, the best performance was obtained with 10% NiO and
90% NiTiO3; 92.9% of the Rhodamine B (5 mg/L) was degraded after reaction under full spectrum
irradiation for 60 min. More importantly, the repeating test showed that these nanofiber films can
remain active and stable after multiple cycles. The mechanisms of the photocatalysis reactions were
also discussed. This demonstration provides a guideline in designing a new photocatalyst that we
hope will serve the environmental needs for this and the coming century.
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1. Introduction

As our society and the economy prosper, the amount of pollutants discharged increases rapidly
and causes serious environmental problems. For example, the organic pollutants have irreversible
effects on natural ecosystems and fresh water sources [1]. Many approaches have been proposed to
solve these problems, such as activated carbon adsorption, photocatalytic degradation, and Fenton
oxidation [2,3]. Among them, photocatalytic degradation reactions show great potential, due to the
use of a clean and free reaction source, solar energy [4].

Several significant studies focus on optimizing high-performance semiconductor photocatalysts
for pollutant degradation, including oxides (TiO,, ZnO, SnO;) [5-7], sulfides (CdS, ZnIn,Sy) [8,9],
nitrides, and oxynitrides (TazN5 and TaON) [10]. One way of improving the performance of existing
materials is to optimize them through microstructural control and/or exposure of the more active crystal
planes. The second method is to control the energy band structure of the photocatalysts by ion-doping
or defect modification. The objective is to expand their photoresponse range, thereby improving
their photocatalytic efficiency. Examples of this approach include black TiO;_, and nitrogen-doped
TiO,_«Ny, which are both reported in the literature with excellent photocatalytic properties in the
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visible light region [11,12]. The third route is the formation of a composite material consisting of
a photocatalyst and a highly conductive material. The purpose of the conducting material is to
suppress the recombination of electron-hole pairs by enabling fast photogenerated electrons transfer.
Examples of materials used for this purpose include graphene, carbon nanotubes, carbon quantum
dots, and nanometals [13-15]. The fourth approach is the formation of heterojunctions between
two semiconductors with different band structures, such that separation of photogenerated charge
carriers is realized by band structure matching. For example, investigations of BiO3/BiWOg, Agl/BiO],
and TiO,/WOs3; showed that the heterojunction band structures in these materials can effectively
inhibit electron-hole recombination and improve photocatalytic performance [16-18]. Based on the
success of these four approaches, we have chosen composite heterostructures owing to the synergistic
improvement of photocatalyst performance efficiency by both expanding the photoresponse range of
wide bandgap semiconductors and suppressing the rapid recombination of photogenerated carriers.

Nano-catalysts can broaden the band gaps of their bulk counterparts due to quantum size
effects, giving them stronger redox capability. Furthermore, the specific surface area increases with
decreasing size scale. Within the nanoscale, we can expect a large specific surface area for more
catalytic active surface sites and a higher capacity to adsorb pollutants. These effects ultimately
lead to high catalytic activity. The practicality of nano-catalysts is, however, restricted due to the
difficulties in recycling and reusing. Herein, we employ an electrospinning technique to construct
a nano-catalyst into an easily reusable macroscale geometry. Electrospinning is a technique which
uses a high-voltage electrostatic field to break down a precursor solution and form a one-dimensional
nanofiber material [19]. The resulting fiber will be randomly stacked at the collecting end to form a
porous membrane structure that can be maintained after the post-treatment. In practice, the organic
pollutants pass through the photocatalyst membrane for degradation, thus the long-term reuse of the
photocatalyst materials can be realized. We have chosen nickel titanates (NiTiO3) and nickel oxide
(NiO) for our heterostructure nano-catalyst. NiTiO3; with a typical ilmenite-type trigonal structure
is an n-type semiconductor with a band gap of 2.15 eV, which has application in the fields of gas
sensors, catalysts, and rectifiers [20]. NiO is an ideal p-type semiconductor with a band gap of 3.40 eV,
which has good photocatalytic performance [21]. Its band gap structure indicates that it is an ideal
semiconductor capable of forming a p-n junction with NiTiO3. At present, the NiO/NiTiO3 p-n junction
nano-structure and its photocatalytic properties is rarely reported. Therefore, in this work, we propose a
NiO/NiTiO3 composite nanofiber membrane material formed by electrospinning combined with in situ
heat treatment. By adjusting the nickel and titanium source in the electrospinning precursor, we control
the amount of NiO (5-25%) present in the catalyst. The crystal phase and chemical composition, as well
as the micro- and macrostructure of the composite material are studied. The NiO/NiTiO3 heterojunction
model is carried out to clarify the underlying mechanism of photocatalytic performance improvement.

2. Results and Discussion

2.1. Crystal Phase Composition of NiO/NiTiOz Composite Nanofibers

Figure 1 shows the X-ray powder diffractometer (XRD) patterns of the as-prepared composite
nanofiber films obtained at 600 and 800 °C. Comparing with the standard diffraction patterns of
NiO and NiTiOj3, the phase composition of the product obtained at 600 °C is exclusively NiTiO3.
As the temperature increased to 800 °C, a distinct NiO diffraction peak appears, indicating a mixture
of NiTiO3 and NiO. No other peaks are detected here. The three diffraction peaks at 37.2°, 43.3°,
and 62.8° corresponding to NiO (111), (200), (220) crystal plane, and the remaining diffraction peaks
corresponding to (012), (104), (110), (113), (014), (116), (018), (300) planes of NiTiOs, respectively.

To further study the elemental composition and chemical state of the sample, X-ray photoelectron
spectroscopy (XPS) characterization of the NiO(10%)/NiTiO3 obtained at 800 °C was carried out,
as shown in Figure 2. From the full spectrum shown in Figure 2a, four elements, Ti, Ni, C, and O, can
be determined in the sample. Carbon is presented as a standard component. From the high-resolution
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scan in the Ni2p region, shown in Figure 2b, the characteristic Ni2p1, and Ni2p3/, peaks are observed
(separated due to spin-orbit coupling) at peak binding energies of 873.8 eV and 855.8 eV, along with their
satellite peaks. The main peaks are not symmetrical, and can be fit using two symmetrical Gaussian
peaks, which are attributed to Ni-O in NiO and NiTiOj; [22,23]. There are two isolated peaks in the
high resolution XPS spectrum of Ti2p, corresponding to Ti2p;,, and Ti2p3,, at peak binding energies of
463.8 eV and 458.1 eV, respectively [24,25]. The binding energy difference is 5.7 eV between the peaks,
which is consistent with Ti existing in the form of Ti** ions. Individual peak fitting indicates that the
titanium atoms are in two binding environments in the crystal [23]. Figure 2d is a detailed scan in the
O1s region. The Ols feature can be fitted by two peaks, at 530.7 eV and 529.7 eV, corresponding to the
Ti-O and Ni-O bonds, respectively [26,27]. The results of the above XPS analysis further confirm that
both NiO and NiTiOj3 exist in the sample, which is consistent with the XRD analysis discussed above.
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Figure 1. XRD patterns of NiO(10%)/NiTiO3 composite nanofibers calcined at different temperatures.
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Figure 2. XPS spectra of NiO/NiTiO3 composite nanofibers calcined at 800 °C. (a) survey scan, and
high-resolution scans of (b) Ni2p, (c) Ti2p, and (d) Ols.
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The bonding structure of the sample NiO/NiTiO3; was also investigated by Fourier Transform
infrared (FT-IR) spectroscopy in the range of 4000-400 cm™, as shown in Figure 3. The broad peak
at 3426.4 cm™! corresponds to the pyrrole functional group originates from the organic compounds
which are not completely decomposed during calcination. The peak near 520 cm~! may be the
tensile vibration of the Ni-O and the Ti-O bonds [28], while the peak near 440 cm~! corresponds
to the Ti-O-Ni bond [29]. These results consist of the aforementioned structure and composition of
NiO/NiTiO3 samples.
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Figure 3. FTIR spectra of NiO/NiTiO3 composite nanofibers calcined at 800 °C.

2.2. Morphology and Microstructure of the NiO/NiTiOz Sample

The microscopic morphology of the nanofiber membrane before and after heat treatment at 800 °C
was characterized by scanning electron microscopy (SEM), using the NiO(10%)/NiTiO3 as an example.
It can be seen from the SEM images in Figure 4 that the NiO/NiTiO3 precursor nanofibers obtained by
the electrospinning process are layered and interwoven and form a membrane structure. The surfaces
of these fiber are smooth with an average diameter of about 460 nm. After heat treatment at 800 °C,
the membrane structure composed of nanofibers is maintained without any obvious fracturing apart
from a small number of ultrafine fibers that can also be seen in the higher magnification image Figure 4d.
The majority of the nanofibres have an average diameter of roughly 200 nm, or 2.3 times smaller than
that of the precursor fibers with a rough surface. The main reason for the reduction in diameter is
the decomposition and combustion of organic matter during heat treatment. In addition, the rough
surface of the heat-treated NiO/NiTiO; indicates that the NiO and NiTiO; crystals in the nanofibers
have gone through a nucleation and growth process to form irregularly arranged grains and pores.

Transmission electron microscope (TEM) and high resolution TEM (HRTEM) were used to further
analyze the grain distribution, size, and elemental composition of the NiO(10%)/NiTiO3 samples
after heat treatment at 800 °C. From the images in Figure 5a,b,d, the crystal grains in the nanofibers
are randomly packed in a compact manner, with a typical grain size of 50-100 nm. The nanofibers
appear to be continuous with a rough surface. The nanofiber analyzed in Figure 5d has a diameter
of about 176 nm, which is consistent with the estimate of 200 nm from SEM images. The electron
diffraction pattern (Figure 5c) from a selected region in Figure 5b shows that the fiber is composed of
a polycrystalline structure. The high-resolution images shown in Figure 5e,f are used for structural
analysis due to the presence of clear lattice fringes. The lattice fringe spacing in the region in Figure 5e
is 0.23 nm, which is consistent with the interplanar spacing of the (100) crystal plane of NiO, while the
lattice fringe spacing in the region in Figure 5f is 0.48 nm, consistent with the expected spacing of the
(003) planes of NiTiO3 [22]. These results confirm that both the NiO and NiTiO3 phases are presented
in the nanofibers after heat treatment. Furthermore, the scanning transmission electron microscopy
(STEM) mode was used to measure the diameter and elemental composition of NiO/NiTiO3 nanofibers.
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As shown in Figure 6b, the fiber diameter is about 160 nm, with a rough surface. Elemental analysis
by EDAX in Figure 6¢,d shows that the Ti, Ni and O elements distribute uniformly in the radial fiber
direction and form a uniform NiO/NiTiO3 composite structure. The energy dispersive X-ray (EDX)

spectrum shows that no other impurity elements are present in the fiber, consistent with the XRD, XPS
and FT-IR above [30].
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Figure 4. SEM images of (a,b) precursor of a NiO(10%)/NiTiO3 composite nanofiber membrane, and
(c,d) the same sample calcined at 800 °C.

Figure 5. (a,b,d) TEM images of NiO/NiTiO3 composite fibers calcined at 800 °C, (c) selected area
electron diffraction in (b), and (e,f) high-resolution TEM images.
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Figure 6. (a) STEM-HAADF images of NiO(10%)/NiTiO3 composite nanofiber films, (b,c) show the
EDX element Line Scanning of the yellow line in (a), (d) shows the EDX energy spectrum.

2.3. Photocatalytic Performance and Photocatalytic Mechanism

The absorption spectrum of NiO(10%)/NiTiO3 at 800 °C is shown in Figure 7a. The plateau starting
at310 nm is consistent with the absorption characteristics of NiO, and the absorption peak around 450 nm
is similar to the absorption characteristics of NiTiO3 reported in the literature [29]. Thus, the energy gap
of NiO and NiTiOj is calculated to be 2.81 eV and 2.39 eV herein. Figure 7b shows the photocatalytic
degradation of Rhodamine B versus time for NiO/NiTiO3 nanofiber membranes with different NiO
molar ratios (5%, 10%, 15%, 20%, 25%). In the dark reaction stage, the adsorption-desorption equilibrium
was reached after 15 min. As shown in the figure, pure NiTiOj3 fiber and NiO/NiTiO3 nanofibers
containing 5%, 10%, 15%, 20% and 25% NiO show the degradation of 81.4%, 88.8%, 92.9%, 91.6%,
89.4%, and 87.7%, respectively, after 60 min illumination under UV-visible full spectrum. The results
indicate that the NiO/NiTiO3 composites present a higher degradation rate than pure NiTiO5 regardless
of the amount of NiO presented. Figure 7c shows the first-order kinetic reaction curves, from which
the degradation rate constant k can be obtained. A summary of K for various NiO/NiTiO3 samples
is shown in Figure 7d and shows that K increases firstly and then decreases with the increase of
molar ratio of NiO. The NiO(10%)/NiTiO3 exhibits the fastest reaction rate, with a degradation rate
constant of 2.40. Compared with similar studies in literatures, including novel photocatalysts [31] and
the physical adsorption method based on sodium montmorillonite clay [32], microwave-activated
rice husk ash [33], and activated carbon [34], the NiO(10%)/NiTiO3 composite nanofiber also reveals
comparable photocatalysis performance. Moreover, the composite nanofiber photocatalyst owns
unique advantages, such as excellent catalytic rate, high stability, ease in separation, and reusability.
In order to verify the stability of photocatalytic performance of the NiO/NiTiO3 composite, cycling
degradation performance was carried out. The results, in Figure 8, show that the photocatalytic
performance can be maintained after repeated cycles. The degradation rate slightly decreases after the
first cycle, which may be due to a loss of photocatalyst quality during multiple filtrations.
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Figure 7. (a) The UV-vis diffuse reflectance spectra of NiO(10%)/NiTiO3 composite nanofiber films;
(b) degradation of RhB concentration with respect to reaction time and (c) their first order reaction
kinetics curve and (d) K values of the degradation rates of various samples. Rhb is a blank control
group in figure (b), which hardly degrades after 60 min illumination under UV-visible full spectrum.
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Figure 8. Cycling degradation curves of NiO(10%)/NiTiO3 nanofiber films on the degradation of
5 mg/L RhB.

The mechanism of photocatalytic degradation enhancement of the NiO/NiTiO3; composite is
discussed in Figure 9. The mechanism involves photo-generated charge carriers’ separation and
transfer promoted by the energy band dislocation at the NiO/NiTiO3 junction. Separation allows more
efficient use of the generated charge carriers. Under full-spectrum illumination, electrons can absorb
energy in NiO and NiTiO3, moving from the valence band to the conduction band with a corresponding
number of holes generated in the valence band. At the p-n heterojunction interface of NiO and NiTiO3,
the boundary potential of the NiO conduction band (-1.23 eV vs. NHE) is lower than that of NiTiO3
(0.23 eV vs. NHE) [35,36], resulting in easy transfer of photogenerated electrons from the conduction
band of NiO to the conduction band position of NiTiO3. This phenomenon can encourage in situ
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absorption of oxygen to generate superoxide radicals, O, [37-39]. At the same time, Rhodamine B
is decomposed due to the hole (h*) in NiO and NiTiO5 generated by photo illumination. Since the
potential of the valence band of NiTiOj is higher than the potential of H,O/-OH (2.38 eV vs. NHE),
both superoxide O,~ radicals and photogenerated holes play a role in photocatalytic degradation
by NiO/NiTiO3 composite fibers. Furthermore, the valence band potential of NiTiOj is also higher
than that of NiO, and the photogenerated holes generated by NiTiO3 are more easily transferred to
the valence band of NiO. In addition, the p-n heterojunction between NiO and NiTiOj also forms a
local electric field at the phase interface. When the electrons of the p-n heterostructure composite are
excited by illumination, this electric field moves the photogenerated electron to the n-type NiTiO3
semiconductor and the hole to the valence band of the p-type NiO. These two opposite charge carrier
movements effectively suppress recombination of the photo-generated electrons and holes, thereby
increasing the photocatalytic degradation rate of the composite.
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Figure 9. Diagram of the photocatalytic mechanism of NiO-NiTiO3 composite nanofiber films.

3. Materials and Methods

3.1. Experimental Reagent

The main chemicals in this paper are as follows: polyvinylpyrrolidone (PVP, Mv = 1,300,000,
Alfa Aesar, Ward Hill, MA, USA), tetrabutyl titanate (C14H3O4Ti, 99.5%, Sinopharm Chemical Reagent
Co, Shanghai, China), nickel acetate (Ni(CH3COO),, 99.5%, Aladdin, Shanghai, China), and absolute
ethanol (C,H50H, 99.7%, Chemical Reagent Co, Shanghai, China).

3.2. Preparation of NiO/NiTiO3 Composite Nanofiber Membrane

Nickel acetate (1.00, 1.05, 1.10, 1.15, 1.20, or 1.25 mmol) was dissolved in 2 mL of acetic acid to
obtain solution A. A second solution B was prepared by adding 0.6 g polyvinylpyrrolidone (PVP) to
10 mL of ethanol. Solutions A and B were mixed at the ratio needed to meet the required viscosity
for spinning. The resulting mixture was magnetically stirred until uniform. An extra 1.00 mmol of
tetrabutyl titanate was added with continued stirring to obtain the precursor solution.

An appropriate amount of the precursor sol was spun using a conventional single spinneret
electrospinning apparatus with a glass reservoir, using a voltage of 17.5 kV, receiving distance of 20 cm
and a feed rate of the spinning solution of 1 mL/h. This film (the NiO/NiTiO3 composite fiber precursor)
was placed in a muffle furnace at room temperature, then heated at a rate of 1 °C/min to 400 °C, where
it was held for 0.5 h. The temperature was then raised at 1 °C/min to either 600 or 800 °C for 0.5 h.
The material was then cooled to room temperature at a rate of 1 °C/min. This process burned off the
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organic component in the precursor membrane and generated a NiO/NiTiO3 composite nanofiber
membrane with stable morphology.

3.3. Characterization and Performance Testing

The crystal phase composition of the sample was analyzed by X-ray powder diffractometer (XRD,
D8 Advance, Bruker, Billerica, MA, USA), and the morphology of the sample was analyzed using
scanning electron microscopy with a field emission source (SEM, Supra-55, Carl Zeiss Company,
Oberkochen, Germany). Microstructural analysis was performed using transmission electron
microscope (TEM, FEI Tecnai G2 F20, Hillsborough, OR, USA). The near-surface composition of
the sample was characterized using X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI, Thermo
Scientific, MA, USA). UV-visible diffuse reflectance spectroscopy was carried out using UV-Visible
spectroscopy (UV-Vis, CARY 300, Agilent, Santa Clara, CA, USA). Metal oxide bond type and functional
groups were analyzed by Fourier transform infrared spectroscopy (FTIR, Tensor 27, Bruker, Karlsruhe,
Baden-Wiirttemberg, Germany).

For photocatalytic performance testing, Rhodamine B (5 mg/L) was used as a model organic
pollutant. Twenty milligrams of a NiO/NiTiO3 composite nanofiber membrane sample was added into
30 mL Rhodamine B solution. After 15 min of dark reaction treatment, a full-spectrum parallel light
source, providing stable photon energy, was switched on. The supernatant liquid was collected every
15 min till 1.5 h of total illumination, and the absorbance of the liquid at 554 nm was measured using a
visible spectrophotometer (VS, 722N, Shanghai Precision Scientific Instrument Co., Ltd., Shanghai,
China). Since the photocatalytic degradation reaction of Rhodamine B at low concentration is a
quasi-first-order reaction, the relationship between the reactant concentration (c) and the reaction time
(t) satisfies the following relationship:

Incp/cy = Kt 1)

where ¢ is the initial concentration, ¢ is the concentration at the time t, and K is the rate constant.
Photocatalytic performance is then evaluated by using the rate constant K of for rhodamine B.

4. Conclusions

The NiO/NiTiO3; nanofiber porous membrane was successfully prepared from electrospinning
the PVP/nickel acetate/tetrabutyl titanate nanofiber memebrane precursor after calcination at 800 °C.
The two phases are uniformly distributed in the radial direction with individual crystallite diameters
of about 50-100 nm, forming a continuous fiber with a diameter of roughly 200 nm. The NiO/NiTiO3
composite with 10% NiO could degrade about 92.9% of the rhodamine B solution after 60 min
illumination under full-spectrum light. The degradation rate and rate constant of this composite were
significantly improved as compared to pure NiTiO3. This is because the NiO/NiTiO3 heterojunction
promotes the generation of superoxide radicals O,” and photogenerated holes h* by efficiently
separating photogenerated charge carriers.
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