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Abstract. Photocatalysts consisting of nickel-doped ZnS/ZnO core shell nanocomposites with varying concentrations of ZnO was synthesized through chemical precipitation method. The catalyst was deployed in photocatalytic
degradation of indigo carmine dye as a model organic pollutant. Characterization of the samples was achieved
through the use of X-ray powder diffraction, Fourier transform infrared spectroscopy, transmission electron
microscopy, scanning electron microscopy, UV–vis spectroscopy and energy dispersive spectroscopy. The composites consist of wurtzite ZnO phase deposited on cubic ZnS. Optical absorption, crystallite sizes and photocatalytic
degradation efﬁciency increased with increasing ZnO concentration. Bandgap values of ZnS also decreased appreciably with increase in ZnO concentration. Ni-doped ZnS/(0.5 M ZnO) was identiﬁed as the most efﬁcient catalyst
with 91% dye degradation efﬁciency at a rate of 15.38 × 10−3 min−1 in 180 min. Meanwhile, the pristine ZnS
degraded 25% of the dye at the rate of 1.53 × 10−3 min−1 within the same time. The Ni-doped Zns/(0.5 M ZnO) was
used to degrade the dye on the basis of inﬂuence of factors such as solution temperature, hydrogen peroxide (H2 O2 )
and ethanol contents. Dye degradation increased with increase in temperature, but decreased with ethanol content.
H2 O2 content initially caused enhanced dye degradation but the efﬁciency decreased with higher H2 O2 content.
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Introduction

Semiconductor photocatalysis is currently regarded as an
appropriate technology for mineralization of organic pollutants, particularly dyes from industrial wastewater. This technology has attracted much attention due to its low cost and
environmentally friendly nature [1,2]. Several semiconductor
inorganic solids such as TiO2 , ZnO, ZrO2 and ZnS have been
studied for their photocatalytic activities for the removal of
organic pollutants from wastewater [3,4].
Nanocrystals of elements from groups II–VI are among
the most studied semiconductor compounds for their photocatalytic activities, as they possess size-tunable and exciting
optical properties owing to their strong quantum conﬁnement effect [5]. Among this group of compounds is zinc sulphide (ZnS) nanoparticle, which has a wide bandgap value
of 3.67 eV at room temperature and has been tried in photocatalytic degradation studies [6]. However, due to its wide
bandgap, ZnS lacks the ability to absorb visible light, which
is required for its effective photocatalytic activity, but rather
absorbs ultraviolet (UV) light in the wavelength range of
385 nm. This phenomenon signiﬁcantly restricts its practical
application in heterogeneous photocatalysis [7]. In addition,
ZnS nanoparticle also suffers from the rapid recombination
of the photogenerated electrons and holes, which further
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hamper its efﬁciency as a photocatalyst. To enhance its efﬁciency as a photocatalyst, ZnS nanoparticle needs to be modiﬁed so as to make it visible light active and minimize the
electron–hole recombination rates [8,9].
As far as the enhancement of photocatalytic activity of
a semiconductor photocatalyst is concerned, coupling of
two metal oxide semiconductors resulting in a core/shell
nanocomposite has been studied. These core/shell composites are known to effectively improve the visible light activity
and reduce the electron–hole recombination rate of the photocatalyst under consideration [10,11]. Research has proved
that coupling ZnS with ZnO will result in an effective
photocatalyst as the ZnS/ZnO heterostructure could lessen
the charge carrier recombination rate with improved visible
light activity [12,13]. Nonetheless, earlier research activities focused mostly on ZnS/ZnO nanocomposites only. Information on transition metal-modiﬁed ZnS/ZnO for improved
photocatalytic activity is limited.
Transition metal ions are purposely used to modify
semiconductor nanoparticles to enhance their photocatalytic
activity in the visible light region [14] and to serve as
recombination centres in order to improve charge separation.
Nickel ion (Ni2+ ) can be an effective dopant to modify ZnS,
as the ionic radius of Ni2+ (0.68 Å) is close to that of Zn2+
(0.74 Å) [15]. This means that Ni2+ can easily substitute
Zn2+ in a crystal lattice and create an impurity energy level
leading to superior visible light response of ZnS.
With ZnS being a non-toxic semiconductor material with
catalytic properties coupled with the abundant information
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available in relation to the efﬁcient photocatalytic properties
of ZnO, a Ni-ZnS/ZnO core/shell nanocomposite is envisaged to be a promising photocatalyst. The objective of this
study was to synthesize an effective photocatalyst consisting of Ni-doped ZnS/ZnO nanocomposite through chemical
precipitation method. The ZnO concentration was varied for
a ﬁxed amount of ZnS nanoparticles in order to assess the
effect of ZnO thickness on the photocatalytic activity of the
Ni-doped ZnS/ZnO nanocomposite. The Ni-doped ZnS/ZnO
photocatalyst was deployed in the degradation of indigo
carmine dye, used as a representative organic pollutant under
simulated visible light. The inﬂuence of factors such as solution temperature, hydrogen peroxide and ethanol content on
the photocatalytic degradation efﬁciency of the dye was also
considered.
2.

Experimental

2.1 Materials
All the chemicals used in this experiment including sodium
sulphide (Na2 S), zinc acetate dihydrate (Zn(CH3 COO)2 ·
2H2 O)), absolute ethanol (CH3 CH2 OH), nickel nitrate hexahydrate Ni(NO3 )2 ·6H2 O, indigo carmine and sodium
hydroxide (NaOH) were all procured from Sigma-Aldrich.
Deionized (DI) water was used throughout the experiment.
The standard indigo carmine solution (1000 ppm) was prepared by dissolving the appropriate amount in 1 litre DI
water. The standard solution was then diluted to obtain the
desired 20 ppm solution.
2.2 Synthesis of Ni-ZnS/ZnO nanocomposite
The Ni–doped ZnS/ZnO synthesis was a two-step process.
The Ni-ZnS nanoparticle was first synthesized followed by the
deposition of ZnO on the Ni-ZnS. First, 50 ml solutions of
0.5 M Na2 S and Zn((CH3 COO)2 ·2H2 O) were each prepared.
Then, a calculated amount of Ni(NO3 )2 · 6H2 O representing
0.6% Ni was dissolved in the Zn((CH3 COO)2 · 2H2 O) solution with constant magnetic stirring for 1 h. The Na2 S solution was added drop-by-drop to the Zn(CH3 COO)2 · 2H2 O)
solution at room temperature. The Ni-ZnS precipitate was
formed soon after addition of the Na2 S solution. The stirring
was continued for another 30 min after which the precipitate was separated by centrifugation at 7500 rpm for 4 min,
washed several times with DI water and ethanol and dried at
100◦ C for 12 h.
In the second process, 0.5 g of the synthesized NiZnS was dispersed in three beakers containing 200 ml DI
water through sonication for 1 h. A quantity of 50 ml
Zn((CH3 COO)2 · 2H2 O) solutions of varied concentrations
(0.1, 0.3 and 0.5 M) were added separately to each of the NiZnS mixtures in the three beakers in a dropwise manner. The
resultant mixtures were allowed to stir for 1 h. Thereafter,
3 M NaOH solution was added to each mixture drop-by-drop
with continuous stirring until a pH of 10, by which time the

Ni-ZnS/ZnO nanocomposites were formed. The precipitates
were separated by centrifugation (7500 rpm, 4 min), washed
several times with DI water and ethanol and dried at 100◦ C
for 12 h. The samples were later calcined at 300◦ C for 3 h and
pulverized to obtain the powdered nanocomposites. For the
purpose of comparison, pure ZnS nanoparticle was also synthesized following the same procedure for Ni-ZnS synthesis,
but without the addition of Ni(NO3 )2 ·6H2 O.
2.3 Characterization
The synthesized nanocomposites were characterized using
X-ray diffraction (XRD) pattern recorded on Philips PANalytical X’pert PRO X-ray diffractometer operating at 40 kV
using Cu-Kα radiation at a wavelength of 0.15406 nm.
The measurement was performed over a diffraction angle
range of 2θ = 20−80◦ . UV–visible absorption spectra and
diffuse reﬂectance were recorded using a UV-Vis spectrophotometer (Shimadzu UV-2450). Barium sulphate was
used as the reﬂectance standard. Fourier transformed infrared
(FTIR) spectroscopy was performed on PerkinElmer spectrometer (Spectrum 100) in the wavelength range of 400 to
4000 cm−1 . The FTIR analysis was performed by using KBr
pellet. The surface morphology of the samples was examined
by scanning electron microscopy (SEM) using a TESCAN
(Vega 3 XMU) system. The elemental composition of the
sample was obtained using energy dispersed X-ray (EDX)
attached to SEM.
2.4 Evaluation of photocatalytic activity
The photocatalytic degradation potential of the synthesized
ZnS, Ni-ZnS and Ni-ZnS/ZnO with 0.1, 0.3 and 0.5 M of
ZnO were probed by applying them in the degradation of
20 mg l−1 solutions of indigo carmine dye under simulated
visible light. In this process, 0.2 g of each photocatalyst was
dispersed in 200 ml of 20 mg l−1 aqueous solution of indigo
carmine dye. The mixtures were initially kept under continuous magnetic stirring without light illumination for 30 min
to establish adsorption equilibrium between the catalyst and
the dye solution. The mixtures were then illuminated at room
temperature using a Port 9600 full-spectrum solar simulator
equipped with 150 W ozone-free xenon lamp, and ﬁt with
a dichroic UV ﬁlter (λ = 420 nm). A volume of 5 ml of
the illuminated solutions were withdrawn using disposable
syringes ﬁt with 0.45 μm PVDF membranes at 30 min intervals. The dye concentration in each withdrawn solution after
illumination was determined using Shimadzu UV-2450 spectrophotometer at a wavelength of 610 nm. The experiments
were carried out for 180 min at a stirring speed of 500 rpm at
the solution pH. Discolouration efﬁciencies and kinetic studies were used to examine the photodegradation ability of the
catalysts.
2.5 Effect of solution temperature on photodegradation
A 20 mg l−1 indigo carmine dye solution of 200 ml was
degraded with 0.2 g catalyst under simulated visible light

1747

Photocatalytic property of Ni-doped ZnS/ZnO
illumination at different temperatures of 10, 25, 40, 50 and
60◦ C. The temperature was varied using a Lasec hotplate stirrer. The experiment was carried out for 180 min at a stirring
speed of 500 rpm at the solution pH. Five ml aliquots of the
illuminated solutions were taken after every 180 min and dye
content remaining in the solution was determined.

Ni-ZnS/0.5M ZnO
e
Ni-ZnS/0.3M ZnO
d

2.6 Effect of H2 O2 solution on photodegradation

Ni-ZnS/0.1M ZnO

Indigo carmine dye solution (200 ml, 20 mg l−1 ) containing
0.2 g of the Ni-ZnS/ZnO catalyst and different volumes of
50% H2 O2 solution (0, 0.5, 1.0, 1.5, 2 and 2.5 ml) were irradiated with simulated visible light. The experiment followed
the same procedure as indicated above.

c
Ni-ZnS
b

2.7 Effect of ethanol on photodegradation
In this experiment, the dye contents in the 5 ml aliquots of the
illuminated dye solutions containing no ethanol, 1, 2 and 3 ml
ethanol were determined by following the same degradation
procedure as indicated above.
3.

Results and discussion

ZnS
a
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Figure 1. XRD patterns of ZnS, Ni-doped ZnS and Ni-doped
ZnS/ZnO with varying concentrations of ZnO.

3.1 XRD analysis
The XRD patterns of pure ZnS, Ni-ZnS and Ni-ZnS/ZnO
composites with different ZnO concentrations are shown in
ﬁgure 1. The XRD pattern of ZnS and Ni-ZnS (a and b in
ﬁgure 1) displayed three peaks at 2θ values of 29◦ , 48.2◦ and
54.4◦ corresponding to (111), (220) and (311), respectively.
These diffraction peaks can be indexed to cubic ZnS and corresponds well with JCPDS (ﬁle no. 5-0566) [16]. No peak
corresponding to Ni oxide was found in the XRD pattern
of Ni-ZnS/ZnO composite, indicating that the Ni2+ ion perfectly substituted the Zn2+ ion in the ZnS lattice structure,
except for slight shift in peak positions to lower 2 theta values
of the Ni-ZnS nanoparticle. In addition to the peaks observed
for ZnS, new peaks are identiﬁed for ZnO in the XRD pattern of Ni-ZnS/ZnO nanocomposites with varying concentrations of ZnO (c–e in ﬁgure 1). These peaks which occurred
at 31.6◦ , 34.3◦ , 36.2◦ , 62.7◦ , 67.9◦ and 69.0◦ correspond to
diffraction planes of (100), (002), (101), (103), (112) and
(201), respectively, indicating wurtzite crystalline structure
of ZnO, according to standard JCPDS card number 80-0074.
This observation conﬁrmed the formation of ZnO on the
surface of ZnS nanoparticles. It is observed, according to
c–e in ﬁgure 1, that an increase in ZnO shell thickness produced corresponding increase in the peak intensities. The
strong nature of the diffraction peaks is an indication of the
high crystalline nature of the composites. Again, the fullwidth at half-maximum (FWHM) of the ZnS and Ni-ZnS
peaks are broader than those of Ni-ZnS/ZnO. This indicates
that the ZnS and Ni-ZnS have smaller crystallite sizes than
the Ni-ZnS/ZnO composites.
The crystallite sizes of the catalysts were calculated
according to Debye-Scherrer equation (Equation 1) [17] and

the particle sizes were found to be in the following order:
4.10 nm (ZnS) < 5.28 nm (Ni-ZnS) < 12.41 nm (Ni-ZnS/0.1
M ZnO) < 17.46 nm (Ni-ZnS/0.3 M ZnO) < 21.53 nm
(Ni-ZnS/0.5 M ZnO). Thus, the crystallite size of the
nanocomposites is proportional to the increase in ZnO concentration. The result of this analysis is presented in table 1.
In Equation 1, D is the crystallite size, K a shape factor with
a value of 0.9, λ the wavelength of the X-ray (0.15406 nm),
β the value of FWHM in the radiation of (101) plan in 2θ
scale and θ the Bragg’s diffraction angle at the maximum.
D=

Kλ
.
β cos θ

(1)

3.2 FTIR analysis
The FTIR spectra of the samples are presented in ﬁgure 2.
In all the spectra, the broad absorption band around 3000–
3600 cm−1 is ascribed to hydrogen stretching frequency, i.e.,
−OH stretching due to water molecules on the surface of
the nanoparticles. The weak band around 1600–2000 cm−1
may be due to microstructure formation of the samples [18].
According to ZnS standard values, a band around 900–
1500 cm−1 is designated to oxygen stretching and bending
frequency [18].
Characteristic peaks for inorganic ions are found around
1200–1100 cm−1 , while absorption peaks at 617 cm−1 and
below 500 cm−1 are attributed to Zn-S stretching and metal–
oxygen bonds [19]. In addition, based on the standard values
of ZnO, bands at around 600 cm−1 and below 500 cm−1 can
be accredited to Zn–O stretching and Zn–O–metal stretching modes [20]. The results of this analysis with respect to
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Table 1. Crystallite size, bandgap, percent degradation based on catalyst doping and rate of indigo
carmine degradation by ZnS, Ni-doped ZnS and Ni-doped ZnS/ZnO with varying concentration of ZnO.
Sample

Crystallite size (nm)

Bandgap (eV)

Degradation (%)

Rate (min−1 )

4.10
5.28
12.41
17.46
21.53

3.07
3.01
2.91
2.88
2.76

24.9
50.3
77.7
86.8
91.4

1.53 × 10−3
3.88 × 10−3
8.60 × 10−3
12.04 × 10−3
15.38 × 10−3

ZnS
Ni-ZnS
Ni-ZnS/(0.3% ZnO)
Ni-ZnS/(0.3% ZnO)
Ni-ZnS/(0.3% ZnO)

in shape, with well-deﬁned boundaries. The TEM image of
Ni-ZnS/0.5 M ZnO (ﬁgure 3b) revealed that the Ni-ZnS/ZnO
consist of both spherical and rod-like structures. The EDX
spectrum of Ni-ZnS/ZnO, which is presented in ﬁgure 3c,
revealed Zn, Ni, S, O as the components of the composite.
The presence of these elements further proves the successful
synthesis of Ni-ZnS/ZnO nanocomposites.

Ni-ZnS/0.5M ZnO
e
Ni-ZnS/0.3M ZnO
% Transmittance

d
Ni-ZnS/0.1M ZnO

3.4 Optical studies
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Figure 2. FTIR spectra of ZnS, Ni-doped ZnS and Ni-doped
ZnS/ZnO with varying concentrations of ZnO.

ZnS, Ni-ZnS and ZnS/ZnO (0.1–0.3 M ZnO) spectra corroborate the above standard values with the exception of
slight changes in peak intensities and broadness due to the
ZnS/ZnO composite formation, and overlap of certain peaks.
There are slight variations in peak intensities of ZnS and NiZnS spectra (a and b in ﬁgure 2) due to Ni doping. It is
observed, by comparing the spectra of Ni-ZnS/ZnO composites (with varying ZnO concentrations; c–e in ﬁgure 2) to that
of ZnS (a in ﬁgure 2), that peaks below 600 cm−1 exhibited
increased intensity and broadness probably due to the overlap
of metal–oxygen (ZnS and ZnO) bands. Intensities of other
peaks were also observed to increase with an increase in ZnO
concentration. These observations conﬁrm the successful
synthesis of the Ni-doped ZnS/ZnO nanocomposites.
3.3 Morphology studies
The surface morphology, microstructure and elemental composition of the samples were studied using SEM, transmission electron microscopy (TEM) and EDX images. Figure 3a
represents the SEM image of Ni-ZnS/0.5 M ZnO nanocomposite. The nanocomposites are small and almost spherical

The UV–vis absorption spectra of the synthesized samples
are presented in ﬁgure 4. The absorption edge of ZnS shifted
to visible light region with Ni-doping and further increased
with increase in ZnO concentration. Again, compared to pristine ZnS, the light absorption ability of all the samples in
the entire visible light region red shifted with increased ZnO
concentration. Thus, modiﬁcation of ZnS with Ni and ZnO
enhanced its visible light activity. The improved visible light
absorption of the modiﬁed samples may be as a consequence
of surface defect centre formation, mainly associated with
the creation of oxygen vacancies due to the introduction of Ni
ion [21,22]. It may also be ascribed to electronic interaction
between ZnS and ZnO with an increase in ZnO concentration on ZnS [23], as this may lead to a rougher surface which
reduces the reﬂection of incident light and increases the volume of optically active components [24]. The improved visible light absorption abilities of the Ni-ZnS and Ni-ZnS/ZnO
composites compared to the bare ZnS is an indication that
these catalysts may exhibit better photocatalytic activities
than ZnS.
The bandgap values of the samples were calculated
through the use of Kubelka-Munk equation (Equation 2)
[25], derived from the UV–vis diffuse reﬂectance data of this
analysis.
F (R) =

(1 − R)
,
2R

(2)

where the reﬂectance (R) = Rsample /Rreference .
The Kubelka-Munk function permits the construction of
a Tauc plot ([(F (R) ∗ hν]n vs. photo energy (hν)), where
the value of n depends on the type of semiconductor material under consideration. The value of n = 1/2 for a direct
allowed bandgap semiconductor, n = 2 for an indirect
bandgap semiconductor material and n = 3 for direct forbidden semiconductor material [26]. The Tauc plot obtained in
this analysis is depicted in ﬁgure 5. The bandgap values of
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Figure 3. (a) SEM image of Ni-doped ZnS/0.5 M ZnO, (b) TEM image of Ni-doped ZnS/0.5 M
ZnO and (c) EDX spectrum of Ni-doped ZnS/0.5 M ZnO.

samples with reduced bandgap are therefore expected to
have higher photocatalytic activities than the bare ZnS. The
inverse relationship observed between the bandgap values
and the nanoparticles size may be attributed to the quantum
conﬁnement effect [28].

0.12
0.10

(a)ZnS
(b)Ni-ZnS
(c)Ni-ZnS/0.1M ZnO
(d)Ni-ZnS/0.3M ZnO
(e)Ni-ZnS/0.5M ZnO

Absorbance (a.u.)

0.08
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0.04
0.02

3.5 Photocatalytic degradation studies

e

c
b

Figure 4. UV–visible spectra of ZnS, Ni-doped ZnS and
Ni-doped ZnS/ZnO with varying concentrations of ZnO.

Photocatalytic degradation studies of the synthesized catalysts was achieved through the degradation of 20 mg l−1
(200 ml) indigo carmine dye aqueous solution with 0.2 g of
the catalysts in 180 min under simulated visible light. The
degradation experiment was based on the inﬂuence of parameters, such as catalyst doping, effects of solution temperature,
hydrogen peroxide (H2 O2 ) and alcohol. The experiment was
initially based on the effect of catalyst doping from which the
best photocatalyst was identiﬁed. The effects of solution temperature, hydrogen peroxide and alcohol on the degradation
efﬁciency of the best photocatalyst was then assessed.

the samples were obtained by the extrapolation of KubelkaMunk function to F (R) = 0 and the values are presented
in table 1. The values were observed to decrease in the following order: ZnS (3.07 eV) > Ni-ZnS (3.01 eV) > NiZnS/(0.1 ZnO) (2.91 eV) > Ni-ZnS/(0.3 ZnO) (2.88 eV) >
Ni-ZnS/(0.5 M ZnO) (2.76 eV). Thus, the bandgap of ZnS
decreased when doped with Ni and further decreased with
increase in ZnO concentration. As the material size becomes
larger, the bandgap decreases resulting in a change in its
optical and electrical properties rendering it appropriate for
other applications [27], such as photocatalysis. The modiﬁed

3.5a Effect of catalyst doping: The indigo carmine dye
photocatalytic degradation efﬁciency proﬁle for ZnS, NiZnS, Ni-ZnS/(0.1 M ZnO), Ni-ZnS/(0.3 M ZnO) and NiZnS/(0.5 M ZnO) is shown in ﬁgure 6 and the corresponding
data are presented in table 1. The results show that all the
modiﬁed catalyst demonstrated better photocatalytic degradation efﬁciency than the pristine ZnS. It can therefore
be stated that modiﬁcation of ZnS with Ni and ZnO produced effective photocatalysts for the degradation of indigo
carmine dye. Doping of Ni2+ ion onto ZnS was observed
to improve its photodegradation efﬁciency and the efﬁciency
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Figure 5. Tauc plots for ZnS, Ni-doped ZnS and Ni-doped ZnS/ZnO with varying concentrations of ZnO.
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constants (Ka ) of degradation of the dye were determined
from the slopes of the plot of In(Co /C) against time. The
plots are displayed in ﬁgure 7 and the rate constants values
are provided in table 1.
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Figure 6. Indigo carmine degradation proﬁle of ZnS, Ni-doped
ZnS and Ni-doped ZnS/ZnO with varying concentrations of ZnO at
room temperature and solution pH.

was augmented with ZnO. A direct relationship between
ZnO concentration and photocatalytic degradation efﬁciency
was observed with Ni-ZnS/(0.5 M ZnO) making it the best
photocatalyst. The degradation efﬁciencies of the catalysts
were thus identiﬁed to be in the order: ZnS < Ni-ZnS < NiZnS/(0.1 M ZnO) < Ni-ZnS/(0.3 M ZnO) < Ni-ZnS/(0.5 M
ZnO).
The pseudo-ﬁrst-order kinetic model (Equation 3) was
applied to the experimental data, through which the rate

Co
= Ka t
C

(3)

In Equation 3, Co /C is the normalized concentration of the
dye, t the reaction time and Ka the apparent rate constant of
the reaction. According to ﬁgure 7, ZnS, the least efﬁcient
photocatalyst, degraded the dye at a rate of 1.53×10−3 min−1
while the most efﬁcient catalyst (Ni-ZnS/(0.5 M ZnO) had a
degradation rate of 15.38×10−3 min−1 . Thus, Ni-ZnS/(0.5 M
ZnO) degraded the dye about 10 times faster than ZnS, a
further conﬁrmation of Ni-ZnS/(0.5 M ZnO) being the most
efﬁcient catalyst. The improved photocatalytic activities of
Ni-ZnS and Ni-ZnS/(0.1–0.5 M ZnO) over that of ZnS can
be attributed to their high visible light activities and reduced
bandgap values.
The best photocatalyst, Ni-ZnS/(0.5 M ZnO), was then
used to study the effect of solution temperature, H2 O2 and
ethanol contents of the dye degradation efﬁciency.
3.5b Effect of solution temperature: Figure 8 shows the
percentage degradation efﬁciency of the dye at different dye
solution temperatures. It is obvious, according to ﬁgure 8,
that temperature has a noticeable effect on the degradation
efﬁciency of the dye. Degradation efﬁciency increased with
increase in temperature from 10, 25, 40, 50 and 60◦ C. The
degradation efﬁciency increased from 91.4% at the solution
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temperature to 95.8% at 60◦ C. This result can be explained
on the basis that an increase in temperature increased the
rate of dispersion of the dye molecules on the surface and
the internal pores of the catalyst resulting in enhanced degradation. The linear relationship between percent degradation and increased temperature indicates that the process is
endothermic in nature.
3.5c Effect of H2 O2 content: As electron–hole recombination is one of the hindrances for efﬁcient deployment
of the photocatalytic degradation process, addition of electron acceptors such as H2 O2 are expected to lessen the
electron–hole recombination, thereby enhancing the degradation process. With increase in H2 O2 content from 0 to
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1.0 ml, the percentage degradation efﬁciency of the dye using
(Ni-ZnS/(0.5 M ZnO) increased sharply from 91.4% at 0 ml
to 96.5% at 1.0 ml. However, increase in the H2 O2 content
after 1 ml caused a steady decrease in the degradation efﬁciency of the dye up until 2.5 ml when the degradation efﬁciency reduced to 89.6% (ﬁgure 9). These occurrences can be
explained as follows: At low concentration H2 O2 increases
the rate of degradation due to its ability to appropriately
trap the electrons, thereby inhibiting the electron–hole pair
recombination and thus increasing hydroxyl radical formation on the surface of the catalyst [29,30]. On the other hand,
an increase in the electron acceptor concentration beyond a
certain level causes it to react with the hydroxyl radical and
scavenge for the photogenerated holes. In addition, H2 O2
can modify the catalyst surface and probably decreased its
photocatalytic activity [31].
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3.5d Effect of ethanol content: The fact that hydroxyl radicals (OH• ) play a major role in photodegradation processes
can be ascertain through the use of alcohols such as ethanol,
as alcohols are known to quench hydroxyl radical [32,33].
In this experiment, ethanol content ranging from 0 to 5 ml
was added to the indigo carmine dye solution to observe its
effect on the degradation efﬁciency of the dye. The result
is given in ﬁgure 10. Degradation efﬁciency of the dye
decreased consistently with an increase in ethanol content
until at higher volumes when the efﬁciency begins to appreciate. The decrease in degradation efﬁciency can be assigned
to the ability of the ethanol to quench the hydroxide radicals.
However, the slight increase in degradation efﬁciency can be
due to the formation of ethoxy radicals (C2 H5 O• ) from direct
photocatalytic oxidation of ethanol [34].

4.

Conclusion

The synthesis of Ni-doped Zn/ZnO nanocomposite through
chemical precipitation method has been achieved and conﬁrmed by the various characterization techniques. XRD analysis showed the cubic and wurtzite crystalline phases of ZnS
and ZnO in the Ni-ZnS/ZnO nanocomposite. Optical studies proved that modiﬁcation of ZnS with Ni and ZnO caused
reduction in its bandgap with corresponding improvement
in its visible light activity. Photocatalytic degradation studies on the basis of catalyst doping revealed Ni-ZnS/(0.5 M
ZnO) as the best photocatalyst with about 91% degradation
efﬁciency of the dye in a pseudo-ﬁrst-order kinetic manner.
Photocatalytic degradation efﬁciency of dye was observed
to increase with an increase in temperature. The degradation
efﬁciency increased with increased H2 O2 content up to 1 ml
and decreased afterwards, while increase in ethanol content
decreased the efﬁciency. The Ni-doped Zn/ZnO nanocomposite is regarded as an appropriate photocatalyst for degradation of indigo carmine dye in its aqueous solution.
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