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ABSTRACT: In this work, electrospun nanofiber embedded with zinc oxysulfide
(Zn(O,S)) has been demonstrated as an efficient and robust photocatalyst for
hydrogenation of nitrobenzene to aniline under solar light irradiation at mild conditions
with methanol as the hole scavenger. The solid solution state of Zn(O,S) in electrospun
nanofiber was successfully revealed by high-resolution transmission electron microscopy and
X-ray diffraction analyses in which the lattice fringes and diffraction planes located in
between those of ZnO and ZnS phases. Moreover, the electrochemical and optical
properties of Zn(O,S) embedded in polyethylene oxide (PEO) nanofiber are found to be
better than those of ZnO and ZnS indicating more efficient photocatalytic activities as well.
The photocatalytic hydrogenation of nitrobenzene to aniline occurred completely within 2 h
of the photocatalytic reaction with a reusability of 95% after five consecutive runs. Finally,
the mechanism of photocatalytic hydrogenation by Zn(O,S) embedded in the PEO (PZOS)
nanofiber involves a total of six electrons (e−) and six protons (H+) to hydrogenate
nitrobenzene to nitrosobenzene, phenylhydroxylamine, and aniline.

1. INTRODUCTION
The chemical contamination in freshwater by organic
compounds has been one of the most popular issues. For
instance, nitrobenzene has contaminated the environment
resulting from practical uses in industries. Nitrobenzene is
widely used in industries and is stable due to its aromatic ring.
Currently, nitrobenzene can be converted to a more valuable
compound, aniline, through a hydrogenation reaction.1 The
hydrogenation reaction of nitrobenzene to aniline was
observed in 1854 by a process called Bećhamp reduction
utilizing iron and hydrochloric acid.2 As compared to
nitrobenzene, aniline possesses relatively low toxicity and is
frequently used as a vital precursor in a wide variety of
industries (e.g., dyes, consumer goods, pharmaceutical
companies, etc.).3 Generally speaking, contamination by toxic
compounds is harmful to our environment and dangerous for
human health without proper treatments.

Generally, the hydrogenation reaction from nitrobenzene to
aniline is performed at relatively high temperature and high
pressure and involves a reducing agent (NaBH4) as reported
elsewhere.4 Some studies also performed the catalytic
reduction of nitrobenzene to aniline using platinum group
metals (PGMs), which is not economically viable. For instance,
Torres et al. (2013) reported the hydrogenation of nitro-
benzene using Au/TiO2 and Au/SiO2 catalysts.5 The work
utilized tiny gold particles because Au did not exhibit hydrogen
chemisorption capability. Moreover, Moghaddam et al. (2014)

synthesized a nano-Fe3O4@Al2O3 catalyst on a pressurized
flow system at 150 °C and 30 bar back pressure.6 Moving
forward, more sustainable approaches highlighting the
principles of mild reaction conditions, green chemistry, and
economically friendly methods are urgently required.

Among several methods, catalysis using light illumination as
the driving force, so-called photocatalysis has gained
researchers’ attention owing to its simplicity and unlimited
light sources in nature. Even though there are a lot of
photocatalysis works have been reported, however, the
unsolved challenges still remain. One of the most important
factors in the photocatalysis method is the recombination
between e− and hole (h+) as the photocatalysts are irradiated
with suitable light sources. This is because the success of
reduction or oxidation reactions is highly dependent on these
photocarriers.7 Another factor is the resident time of target
compounds occupied at the active surfaces of photocatalysts.
In other words, the photocatalysts must exhibit good
chemisorption capability. Zinc oxide (ZnO) and zinc sulfide
(ZnS) are the most well-known semiconductors due to their
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wide bandgap materials (>3 eV), large exciton binding energy
(40−60 meV), and excellent physicochemical properties.8,9

For optimization purposes, there are several strategies to
enhance the photocatalytic activity of catalysts, such as doping
processes, solid solution, heterojunction, surface plasmon
resonance, etc.10−13 Solid solution catalysts have been reported
to demonstrate excellent catalytic activity as reported else-
where.14,15

With this regard in mind, the authors synthesized and
characterized the solid solution of zinc oxysulfide (Zn(O,S))
on a polyethylene oxide (PEO) nanofiber. Herein, the PEO
nanofiber was used not only for Zn(O,S) growth substrate to
increase the surface-to-volume ratio,16−19 but also to enhance
the chemisorption of nitrobenzene during the photoreaction.
The novelty in this study is the fabrication of Zn(O,S) solid
solution in the PEO nanofiber for photocatalytic hydrogen
evolution reaction (HER) and hydrogenation reaction of
azobenzene to aniline under mild conditions which has not
been reported previously. The application of Zn(O,S)
embedded in the PEO (PZOS) nanofiber was to reduce
nitrobenzene to aniline under mild conditions with the
assistance of methanol as the hole scavenger.

2. MATERIALS AND METHODS
2.1. Chemicals. PEO (MW = 200.000), zinc nitrate

hexahydrate (Zn(NO3)2·6H2O, Sigma Aldrich, 98%), and
thiourea (Sigma Aldrich, 99%) were used as received without
any further purification.

2.2. Preparation of PZO, PZS, and PZOS Nanofibers.
In a typical experiment, 8 g of PEO was stirred overnight in a
solution of 50% ethanol to obtain a viscous solution. A desired

amount of Zn(NO3)2 was added to the viscous solution. Then,
the mixture solution was transferred into a syringe tube
equipped with a stainless-steel needle (Ø = 0.154 mm), and
the electrospinning process was carried out at a constant
voltage of 20 kV and a distance of 10 cm between the tip of the
needle and drum collector (covered with aluminum foil).20

The as-electrospun nanofiber was annealed in a muffle furnace
at 350 °C for 2 h to obtain a PEO-containing ZnO (PZO)
nanofiber. To synthesize ZnS embedded in PEO nanofiber
(PZS) and PZOS nanofibers, a desired amount of thiourea was
added into the mixture solution prior to the electrospinning
process. Subsequently, the as-electrospun nanofibers were
annealed under a nitrogen atmosphere at 300 °C to fabricate
PZS nanofibers. Meanwhile, for PZOS, the as-electrospun
nanofiber was annealed with a controlled gas of oxygen and
nitrogen with a 20:80 ratio. The fabricated PZO, PZS, and
PZOS nanofibers were carefully stored in an electrical oven at
50 °C for further use.

2.3. Nanofibers Characterizations. The morphology of
PZO, PZS, and PZOS nanofiber samples was observed using
field emission scanning electron microscopy (FESEM, JSM-
6500) and field emission gun transmission electron microscopy
(FEG-TEM, Tecnai G2 F30). The crystallinity of nanofibers
was examined using X-ray diffraction (XRD, D2 phaser) with
the 2θ from 15° to 70°. The chemical functionalities of
nanofibers was analyzed using Fourier transform infrared
(FTIR) analysis; meanwhile, XPS analysis was carried out to
determine the chemical states in the composite nanofibers. The
optical properties of samples were determined by diffuse
reflectance spectroscopy (DRS) and photoluminescence (PL).
Further, the electrochemical properties were characterized

Figure 1. SEM images of pristine (a) PZO, (b) PZS, and (c) PZOS nanofibers at low magnification. High-magnification SEM images of (d) PZO
annealed at 400 °C, (e) PZS sulfurized at 350 °C, and (f) PZOS partially sulfurized at 350 °C. (g, h) TEM images of PZOS nanofiber at different
magnifications with (i) its corresponding high-resolution TEM lattice fringe image.
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through electrochemical impedance spectroscopy (EIS) and
transient photocurrent (TPC) analyses in a KCl 0.1 M
solution.

2.4. Photocatalytic Reduction of Nitrobenzene. 50 mg
of nanofiber was added in a photocatalytic reactor followed by
adding 10 ppm of nitrobenzene (with volume of 400 mL H2O
and 50 mL methanol). Prior to starting the photoreaction, the
solution was purged using Ar gas for 30 min to eliminate the
atmospheric gas, and a nanofiber sample was allowed in the
solution under dark conditions to reach absorption−
desorption equilibrium. Afterward, solar light was irradiated
toward the photocatalytic reactor and an aliquot was taken

every 15 min for UV−vis spectrum measurements. Moreover,
the reusability of nanofibers was also investigated by testing the
samples for five consecutive cycles for photocatalytic reduction
of nitrobenzene.

3. RESULTS AND DISCUSSION
3.1. Morphology of Nanofibers. Figure 1a−c depicts the

morphological images of pristine PZO, PZS, and PZOS
nanofibers before the annealing process. As can be seen, there
is no significant alteration for pristine PZO, PZS, and PZOS
nanofibers where the samples exhibited smooth surfaces of

Figure 2. (a) Diffractogram of PEO, PZO, PZS, and PZOS nanofibers recorded from 15° to 70°. (b) FTIR spectra of PEO, PZO, PZS, and PZOS
nanofibers were analyzed using the KBr method. The high-resolution XPS spectra of (c) Zn 3d, (d) O 1s, (e) S 2p, and (f) C 1s.
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nanofibers. For annealed samples, a lot of tiny particles were
observed on nanofiber surfaces revealing the existence of
photocatalysts for ZnO, ZnS, and Zn(O,S) in Figure 1d−f,
respectively. The average diameters of PZO, PZS, and PZOS
nanofibers were found to be 20 ± 4.6 nm. Moreover, TEM
analysis was conducted to further analyze the embedded
Zn(O,S) in PEO nanofibers as shown in Figure 1g−i. Figure
1g indicates that the PZOS nanofiber is surrounded by tiny
particles that are distributed uniformly and the average size of
embedded Zn(O,S) photocatalyst is measured to be 5 ± 0.9
nm as shown in Figure 1h. Figure 1h also proved the
agglomeration of particles showing the cohesion between PEO
and Zn(O,S).21 To confirm the successful synthesis of
Zn(O,S) embedded in the PEO nanofiber, the lattice fringe
analysis of a high-resolution TEM (HRTEM) image was
performed. It is noticed that there are three different d-
spacings found in the HRTEM image of PZOS (Figure 1i).
The measured d-spacing values are 2.75, 2.87, and 3.09 Å
located between those of ZnO and ZnS (111) planes
confirming the phase of Zn(O,S).

3.2. Crystallinity and Chemical Functionalities of
Nanofibers. The crystallinity of nanofiber samples was
determined using XRD analysis and the diffractogram is
shown in Figure 2a. Initially, there are two main peaks for PEO
located at 19.1° and 23.3°. The PZO nanofiber exhibits peaks
at 33.4°, 38.9°, 56.3°, and 66.9° corresponding to the crystal
planes of (111), (200), (220), and (331), respectively, and
these peaks are matched with the standard cubic ZnO (JCPDS
card no. 65-2880). For the sulfurized sample (PZS), the arose
peaks at 28.5° (111), 47.7° (220), and 56.2° (311) referred to
zinc blende ZnS (JCPDS card no. 65-0309). Moreover, the
successful embedment of Zn(O,S) in the PEO nanofiber was
revealed by its diffractogram in Figure 2a in which the broad

peak in PZOS shifted from 28.5° to higher 2θ of 31.1° and
located between the peaks of cubic ZnO and zinc blende ZnS.

FTIR analysis was performed to determine the chemical
functionalities contained in the composite nanofibers, and the
FTIR spectra of PEO, PZO, PZS, and PZOS nanofibers are
shown in Figure 2b. In the FTIR spectrum of PEO, the peaks
at 3441 and 2883 cm−1 referred to the functional groups of
stretching -OH and CH sp3, respectively.22 The organic
functionality peaks of bending CH2, stretching C−O−C,
bending C−H, and stretching C−C were located at 1445,
1106, 958, and 849 cm−1, respectively.20,23 In the presence of
ZnO in PEO nanofibers, there was an additional peak observed
at a wavelength of 438 cm−1 corresponding to the stretching
vibration of Zn−O.24,25 Meanwhile, the presence of ZnS in
PEO nanofibers was indicated by the Zn-S stretching vibration
peak at 610 cm−1.26 Furthermore, the stretching vibration peak
of Zn(O,S) was found at 554 cm−1 in between those of ZnO
and ZnS peaks.

The chemical states contained in the PZOS nanofiber were
further determined using XPS analysis. Figure 2c,d shows the
high-resolution XPS spectra of Zn, O, S, and C, respectively.
There are two typical peaks of Zn which correspond to Zn
3d5/2 and 3d3/2 orbitals located at 1021.5 and 1044.4 eV,
respectively.27 The binding energy in O 1s orbital related to O
lattice in Zn−O and C−O−H in the PEO polymer was located
at 532.5 and 533.8 eV, respectively, as shown in Figure 2d.27,28

The respective peak positions of S 2p3/2 and 2p1/2 were located
at 162.6 and 163.8 eV as shown in Figure 2e.29 In the C 1s
XPS spectrum, it was found that there are three peaks referred
to as C−C (284.5 eV), C−O (286.3 eV), and C�O (288.2
eV) as shown in Figure 2f.27

3.3. Optical and Electrochemical Properties of Nano-
fibers. The optical and electrochemical properties of the
nanofiber samples were characterized using DRS, PL, EIS, and

Figure 3. (a) DRS spectra, (b) Tauc plot, (c) PL, (d) EIS, and (e) TPC profiles of PZO, PZS, and PZOS nanofiber samples.
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TPC analyses. DRS analysis is an analytical technique that is
used to study the optical absorption of samples and its
converted Tauc plot is to determine the optical bandgap (Tauc
bandgap). The DRS results showed that PZO, PZS, and PZOS
nanofibers absorb light at 378, 328, and 348 nm, respectively
(Figure 3a). Accordingly, the Tauc bandgap values of PZO,
PZS, and PZOS nanofibers were found to be 3.28, 3.71, and
3.52 eV, respectively (Figure 3b). PL analysis was conducted
to determine the recombination rate between photogenerated
electrons and holes in the photocatalysts. As can be seen in
Figure 3c, PZO and PZS possessed relatively high PL intensity
denoting a shorter lifetime of photogenerated electrons and
holes in ZnO and ZnS. After transitioning to Zn(O,S), the PL
intensity of PZOS nanofiber drastically decreased 2.5-fold as
compared to those of PZO and PZS nanofibers. These results
demonstrated that photogenerated electrons and holes in
PZOS could proceed with more efficient reduction and
oxidation reactions. Moreover, the charge transfer resistance
at the interfaces between the samples and electrolyte was
measured using EIS analysis under a Randles electrical circuit.
The smallest semicircle resistance of PZOS as shown in Figure
3d obviously leads to better charge transfer of photogenerated
electrons and holes in the electrolyte as compared to those of
PZO and PZS nanofibers. As photocatalysts require light as a

driving force to generate electrons and holes, TPC analysis was
carried out under an on−off condition as shown in Figure 3e.
The TPC result also shows a good agreement with EIS results
in which the PZOS nanofiber generates the highest photo-
current of ∼1.4 mA during the TPC measurement (Figure 3e).

3.4. Photoreduction of Nitrobenzene. Based on the
optical and electrochemical measurements, it can be seen that
PZOS demonstrated the most optimum photocatalytic proper-
ties compared to those of PZO and PZS nanofibers. Therefore,
the PZOS nanofiber was applied for photocatalytic reduction
of nitrobenzene under mild conditions with methanol as the
hole scavenger. Initially, the peak of nitrobenzene was observed
at 268 nm (Figure 4a).30 Prior to starting the photocatalytic
reaction, the PZOS nanofiber was allowed to absorb
nitrobenzene until reached a saturated equilibrium condition
(30 min). After saturation, the solar light source was irradiated
to the photocatalytic reactor and an aliquot was taken every 15
min for UV−vis measurement. For the first hour, the
nitrobenzene peak decreased gradually and at 60 min of
photoreaction, the peak at 268 nm shifted toward a higher
wavelength and a new shoulder peak appeared at 306 nm
referred to as the intermediate of phenylhydroxylamine.31 In
this regard, nitrosobenzene intermediate was not detected due
to its rapid conversion to phenylhydroxylamine.32 Afterward,

Figure 4. (a) UV−vis spectra of photocatalytic reduction of nitrobenzene to aniline by PZOS nanofiber under mild conditions. (b) Plots of Ct/C0
vs reaction time of nitrobenzene degradation by PZO, PZS, and PZOS nanofibers. (c) Reusability performances of PZOS nanofiber for
photocatalytic nitrobenzene reduction for five consecutive cycles.
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there were two new peaks arose at 236 and 282 nm
corresponding to the aniline compound, and the photo-
reduction of nitrobenzene to aniline by the PZOS nanofiber
was completed within 2 h (Figure 4a).33 In this study, we also
compare PZOS nanofiber photocatalytic activity with PEO,
PZO, and PZS nanofibers. The results show that the PEO
nanofiber is unable to proceed with the photocatalytic reaction,
whereas PZO and PZS nanofibers perform worse photo-
reduction performances (Figure 4b). To further study the
robustness, the reusability of PZOS nanofiber was investigated
by conducting five consecutive runs of photocatalytic nitro-
benzene reduction. The reusability activities of PZOS
nanofiber remained higher than 95% after five consecutive
tests showing that the PZOS nanofiber has good durability
(Figure 4c).

It was found that there are relatively fewer studies regarding
the catalytic hydrogenation of nitrobenzene to aniline. Table 1

shows several works of literature that reported the catalytic
hydrogenation of azobenzene to aniline using different
catalysts. The synthesized PZOS nanofiber exhibited com-
parable performance as compared to those of other catalysts
for nitrobenzene hydrogenation (Table 1).

3.5. Mechanism of Photocatalytic Hydrogenation.
The schematic illustration of PZOS nanofiber including the
bandgap arrangement as well as the mechanism reaction for
photoreduction of nitrobenzene to aniline on PZOS nanofiber
are shown in Figure 5a,b, respectively. Upon light irradiation,
electron-hole pairs were generated and the electron absorbed
the energy from photon and excited to the conduction band
leaving a hole in the valence band (Figure 5a).38,39 Afterward,
e− in the conduction band was ready to proceed with the
reduction reaction involving H+ to hydrogenate nitrobenzene
to aniline; on the other hand, the oxidation reaction was
executed by h+ in the valence band.40,41 As reported elsewhere,
the conversion of nitrobenzene to aniline mainly involves two
steps. First, the hydrogenation of nitrobenzene to phenyl-
hydroxylamine through the intermediate of nitrosobenzene
involving four e− and H+. Then, the final product of aniline was
obtained by further reduction by two more e− and H+ as
shown in Figure 5b.42,43

4. CONCLUSIONS
In summary, we demonstrated a fabrication of electrospun
nanofiber mats embedded with Zn(O,S) photocatalyst for
photocatalytic reduction of nitrobenzene to aniline under mild
conditions under solar light irradiation. The successful
synthesis of Zn(O,S) embedded in the PEO nanofiber is
proved by HR-TEM and XRD analyses in which their lattice

fringes and diffraction planes are located in between those of
ZnO and ZnS. This solid solution state of Zn(O,S) embedded
in a nanofiber demonstrates a superior photocatalytic activity
of nitrobenzene hydrogenation to aniline under solar light
irradiation under mild conditions with methanol as a hole
scavenger. The photocatalytic hydrogenation from nitro-
benzene to aniline involves six e− and six H+ converting
nitrobenzene to nitrosobenzene, phenylhydroxylamine, and
aniline. Finally, this work contributed not only to green
recycling technology but also for industrial applications.
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Table 1. Comparison of Recent Literature on Catalytic
Hydrogenation toward Nitrobenzene

materials
driving
force

catalyst
mass [nitrobenzene]

reaction
time ref

Cu@C NaBH4 10 mg 0.2 mmol 10 min 34
palladium/
carbon

H2 gas 0.1 g 0.08 mol 100 min 35

Pd/TiO2 UV light 25 mg 100 μmol 18 h 36
Ni−Mg-co-
doped
Zn(O,S)

solar
light

10 mg 30 ppm 2 h 37

PZOS
nanofiber

solar
light

50 mg 10 ppm 120 min [this
work]

Figure 5. (a) Schematic illustration of PZOS nanofiber for
photocatalytic reduction of nitrobenzene to aniline. (b) Reduction
mechanism reaction of nitrobenzene to aniline.
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