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Abstract: Pure ZnS and Ni2+-doped ZnS nanorods (Zn;_Ni,S, x=0, 0.01, 0.03, 0.05 and 0.07, mole fraction, %) were synthesized by
hydrothermal method. The effects of Ni** doping on the phase-structure, morphology, elemental composition and optical properties
of the samples were investigated by X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), X-ray
energy dispersive spectrometry (EDS) and ultraviolet—visible spectroscopy (UV—Vis), respectively. The photocatalytic activity of
Zn;_Ni,S nanorods was evaluated by the photodegradation of organic dyes Rhodamine B (RhB) in aqueous solution under UV light
irradiation. The results show that all samples exhibit wurtzite structure with good crystallization. The morphologies are
one-dimensional nanorods with good dispersion, and the distortion of the lattice constant occurs. The band gap of Zn;_,Ni,S samples
is smaller than that of pure ZnS, thus red shift occurs. Ni*"-doped ZnS nanocrystals can enhance photocatalytic activities for the
photodegradation of RhB. Especially, Zng 4;Nig ¢3S sample exhibits better photocatalytic performance and photocatalytic stability for

the decomposition of RhB.
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1 Introduction

With the industry development, population growth
and urbanization, the increasing pollution of natural water
and air has become one of the considerable challenges to
the modern human society and eco-system [1—3]. The
main contamination source is artificial dyes which are
non-biodegradable and toxic. The poisonous complexes
in water media create awful hazard to the human health.
Various treatment techniques have been applied for
eradicating the dangerous pigments from wastewater,
including coagulation—flocculation, centrifugation, ion
exchange, sedimentation, membrane filtration,
adsorption, photocatalysis and distillation. Compared
with the traditional techniques, nanocrystalline semi-
conductor photocatalysis is a promising and effective
technique for photocatalytic degradation of the pollutants
and toxins due to their advantages such as nontoxic,
inexpensive, strong oxidizing activity and chemical
stability [4].

ZnS is a multifunctional n-type semiconductor
material with a wide direct band gap of 3.67 ¢V and a
free exciting binding energy of 60 MeV [5,6]. ZnS
semiconductor nanocrystals exhibit novel properties and
wide application prospect such as solid state solar-cells,
optoelectronic devices, energy storage, biosensors,
ultraviolet  detectors, devices and
photocatalysis [7,8]. In recent years, some researchers
have studied transition metal ions doped ZnS semi-
conductor nanocrystals to explore photoluminescence
properties and room-temperature ferromagnetism by
providing extra positive carriers in the host
material [9—11]. The crystal structure and band structure
of ZnS nanocrystals can be modified by controlling the
preparation process, changing the kinds and amount of
doping elements, further improving the magnetic and
optical properties [12,13]. Furthermore, doping with
transition metal ion configurations could significantly
improve the separation rate of photo-induced charge
carriers in semiconductor photocatalysts, which inhibits
the recombination of photogenerated electron—hole pairs
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and enhances the photocatalytic activity greatly.

However, to the best of our knowledge, there are
rare reports about the effect of doping concentration on
the photocatalytic properties of transition metal ions
doped ZnS nanocrystals. Therefore, the main aim of this
study is to investigate the influences of Ni*" doping on
the microstructure and photocatalytic activity of
transition metal ions doped ZnS nanocrystals at different
doping contents. In this study, Zn;_Ni,S nanocrystals
with different doping contents (x=0, 0.01, 0.03, 0.05 and
0.07, mole fraction, %) were synthesized by hydro-
thermal method. The effects of Ni*' doping content on
the phase-structure, morphology, elemental composition,
optical properties and photocatalytic activity of the
as-prepared samples were studied and compared.
Moreover, the possible photocatalytic mechanism was
discussed.

2 Experimental

2.1 Synthesis mechanism

Zn;,Ni,S (x=0, 0.01, 0.03, 0.05 and 0.07)

nanocrystals were prepared by hydrothermal method [14].

All raw materials used were analytical grade without
further purification. The manufacturing process was as
follows: according to the chemical formula Zn, NiS
and the mole ratio of the metal cation, weighed
stoichiometric Zn(Ac),-2H,0, (NH;),CS and NiCl,-
6H,0 were dissolved in 80 mL ethylenediamine (C,HgNy)
and deionized water (1:1 in volume ratio) to obtain a
solution. The mixture was magnetically stirred at room
temperature until the solution mixed uniformly for 1 h.
Then, the resulting mixed solution was transferred into a
100 mL Teflon-lined stainless steel autoclave. The
hydrothermal reaction process was conducted at 200 °C
for 12 h in an oven. At the end of the reaction, the
autoclave was cooled to room temperature naturally. The
resulting precipitate was separated centrifugally and
washed with distilled water and absolute alcohol several
times, respectively. The obtained products were dried in
an oven at 60 °C for 10 h. Thus, Zn;_,Ni,S nanocrystals
were collected and used for further studies.

2.2 Characterization techniques

The crystal structure and phase of as synthesized
samples were determined by a powder X-ray diffracto-
meter (Japan Rigaku D/Max—2400) with Cu K, radiation
at =1.54056 A. The samples were scanned in a 26 range
from 10° to 90° with a scanning rate of 0.005 (°)/s and
a step size of 0.02°. The average crystalline grain size of
the products was estimated from the half maximum
width and the peak position of an XRD line broadened
according to the Scherer formula. The morphology and

microstructure of the samples were observed by
high-resolution  transmission electron  microscopy
(HRTEM, JEM-2010). The mole fraction of the
products was verified by X-ray energy dispersive
spectroscopy (EDS). The absorption spectra were
analyzed using ultraviolet—visible (UV—Vis, TU-1901)
spectrophotometer.

2.3 Measurement of photocatalytic activity

The photocatalytic activities of pure ZnS and Ni*'-
doped ZnS nanorods were investigated by monitoring the
decolorization of Rhodamine B (RhB) in an aqueous
solution under UV light irradiation at room temperature.
In a typical process, 50 mg of photocatalyst powder was
added to 100 mL RhB aqueous solution with an initial
concentration of 10 mg/L. The mixed suspension was
magnetically stirred in a quartz beaker in the dark for
30 min to ensure the adsorption—desorption equilibrium
of the prepared catalysts and organic dye molecules in
the reaction system. Then, the colloidal solution was
irradiated by using a UV light mercury lamp with the
central wave length of 365 nm as the light source. The
photocatalytic experiment was conducted at room
temperature in a cylindrical glass vessel, and the colloid
surface was maintained a distance of 30 cm from the
light source to avoid heat effect. During the photo-
catalytic process, approximately 3 mL irradiated
suspension was sampled periodically. The UV—Vis
spectrum of the supernatant after centrifugation was
recorded to observe the adsorption and degradation
performance. For the assessment of organic pollutant
degradation, typical absorption peak of RhB at 554 nm
was chosen as a reference point in absorption spectra.
The photocatalytic degradation rate () is defined as the
following equation: #=(Cy—C,)/Cy*100%, where C, is the
initial concentration of RhB and C, means the
concentration of RhB after light irradiation for time ¢.

3 Results and discussion

3.1 Phase composition

The XRD patterns of Zn;_Ni,S (x=0, 0.01, 0.03,
0.05 and 0.07) nanomaterials are shown in Fig. 1. The
diffraction peaks are well ascribed to the reflection of
(100), (002), (101), (102), (110), (103) and (112)
crystallographic planes of ZnS, respectively. The samples
possess single-phase ZnS wurtzite structure (JCPDS card
No. 36—1450) with lattice parameters ¢=3.829 A and
c=6.279 A. No extra peaks of the secondary phases such
as metal clusters or metal oxides are observed when the
mole fraction of Ni** ranges from 1% to 5% in the XRD
patterns, which indicates that all Ni** effectively
substitute Zn”" sites in the ZnS host lattice without
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changing the wurtzite structure of the parent ZnS.
However, the NiS peaks appearing in the sample
Zny93Nig ¢7S reveal that doping 7% Ni is excessive.
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Fig. 1 XRD patterns of Zn,_ Ni,S (x=0, 0.01, 0.03, 0.05 and
0.07) nanorods

The average crystalline grain size of the products is
estimated according to Scherrer formula as follows:
KA

D= 1
Bcosd M

where D represents the average crystalline size, K(=0.89)
is the Scherrer constant, 1 is the X-ray wavelength
(Cu K, 1=1.54056 A), 0 is the Bragg angle and B
represents the full width at half maximum of the (002)
plane. The crystallite size of the samples is summarized
in Table 1. It has been observed that the diffraction peak
of the (002) plane gradually increases with increase of
Ni** content and the crystallite size decreases from 35 to
29 nm with increase of Ni*" content from 0 to 7%. The
lattice constants a and c¢ are calculated by the
crystallographic formula:

2
a=d,, \/%(hz +hk +12)+[%] 2 )

The corresponding parameters of the diffraction
peak (002) for undoped and doped ZnS samples are
shown in Table 1. The lattice constant and inter planar
distance of Ni*'-doped ZnS samples decrease as the
doped Ni** content increases. This indicates that the
changes in peak position, peak width and peak intensity
depend on the lattice parameter because the Ni*"
occupies Zn®" sites in the wurtzite matrix.

3.2 Morphology

HRTEM is a versatile technique to estimate particle
size distribution and structural information. The
morphologies of the pure ZnS nanocrystals are high

Table 1 Parameters of XRD patterns for Zn,_Ni,S (x=0, 0.01,
0.03, 0.05 and 0.07) nanorods

Lattice constant/A

Sample 20/(°) dyd A D/nm
a c
Pure ZnS 28.40 3.139 3.829 6.279 35
ZnyooNiggS 2849 3.130  3.824 6.261 33

Zny¢7Nigo3S  28.52 3.128  3.815 6.255 31
ZnposNigosS  28.62 3.117  3.805 6.234 30
Zng93Nigo7S  28.84 3.093  3.777 6.190 29

quality one-dimensional nanorod structures in Figs. 2(a)
and (b). The diameter is in the range of 10—20 nm, and
the average is approximately 15 nm. Meanwhile, the
average length is about 100 nm. Compared with pure
ZnS, the diameter and length of Zng¢;Nig3S nanorods
slightly become shorter and wider in Figs. 2(c) and (d).
The diameter of Zny¢7Nij ¢3S sample is about 20 nm, and
the length ranges from 100 to 200 nm, which reveals that
a well oriented growth along the (002) direction
possesses good crystallization with clear lattice fringe
and no obvious defects. The fringe spacing is about
0.312 nm, which is close to the (002) inter planar
distance of wurtzite ZnS structure. The shrink of crystal
lattice occurs because the radius of Ni*" (0.69 A) is
smaller than that of Zn*" (0.74 A).

The corresponding selected area electron diffraction
(SAED) patterns of pure ZnS and Zn;¢7Nig ¢3S samples
consist of one center and many diffraction rings with
different radii in insets of Figs. 2(b) and (d), respectively.
The diffraction rings from inside to outside are
corresponding to (100), (002), (101), (102), (110), (103)
and (112) planes of wurtzite ZnS structure, which is in
good agreement with the results of XRD patterns. This
further indicates that all Ni** successfully substitutes the
Zn*" lattice site.

3.3 Chemical components

Figure 3 depicts the EDS spectra of the pure ZnS
and Znj¢7Nig3S nanorods to determine the composition
of the samples. The spectra reveal that only the expected
characteristic peaks of Zn and S elements are present in
pure ZnS in Fig. 3(a). For Znj¢7Nip3S nanorods, it also
obviously confirms the presence of Ni element besides
Zn and S elements. Within the detection limit of the
instrument, no other impurity atoms are found in
Fig. 3(b). The quantitative mole and mass fractions of the
compositional elements are indicated in the inset of
Fig. 3. The estimated mole fractions of Zn, Ni and S are
very close to the nominal values. EDS results indicate
that Ni*"-doped ZnS samples are successful synthesized
by hydrothermal method, further verifying XRD
conclusion. Ni*" ions are successfully substituted as
dopant in Zn( ¢7Nig03S matrix.
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Fig. 2 HRTEM images (a, ¢) and SAED patterns (b, d) of pure ZnS (a, b) and Zn; ¢7Nij S (c, d) nanorods
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Fig. 3 EDS spectra of pure ZnS (a) and Zng 97Nig ¢3S (b) nanorods

3.4 UV—Vis spectra

The UV—Vis absorption spectra for Zn;_,Ni,S (x=0,
0.01, 0.03, 0.05 and 0.07) samples are recorded in Fig. 4.
Ni**-doped ZnS samples exhibit an obvious enhanced
absorbance in the UV light region (<350 nm) compared
with pure ZnS. The optical band gap is calculated
according to Tauc relation as follows [15]:

(ahv)'" = A(hv-E,) (3)

where /v is the incident photon energy, v is the photic
frequency, E, is the optical band gap, A(=4nk/A)

represents the absorption coefficient, 4 is the Plank
constant, k& and A represent the absorbance and
wavelength, respectively, and o is the absorption
coefficient, which is obtained using the Kubelka—Munk
function:

oa=F(R)=(1-R)*/(2R) 4)

where R is the percentage of reflected light. For direct
band gap ZnS nanocrystals, n=1/2, (ahv)* gives the best
linear fitting curve in the band edge region. The
relationship between (ahv)* and hv is represented by the
inset of Fig. 4. The values of E, are obtained by
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extrapolating the linear region of the curve on Av axis at
(ahv)*=0. The estimated optical band gaps of Zn, Ni,S
(x=0, 0.01, 0.03, 0.05 and 0.07) samples are 3.79, 3.77,
3.74, 3.75 and 3.76 eV, respectively. It is obviously seen
that the band gap of pure ZnS is higher than that of the
doped ZnS, therefore red shift occurs. Furthermore, the
band gaps of the doped ZnS decrease as Ni*' doping
content increases. It is critical that Zng¢;Nij3S sample
exhibits the minimum band gap (3.74 eV). The s—d and
p—d interactions create positive corrections to the valance
band and conduction band edges, respectively, leading to
the band gap narrowing.

(ahv)*/a.u.

o

3.60 3.65 3.70 3.75 3.80 3.853.90 3.95
hvleV

—— Pure ZnS
—— Zn, ooNi, S

0.99_ .0.01
0.97 10,03

Zn 95Ny 5S

Zny 3Ni 7S

250 300 350 400 450 500 550 600 650
Wavelength/nm
Fig. 4 UV—Vis absorption spectra of Zn;_,Ni,S (x=0, 0.01, 0.03,
0.05 and 0.07) nanorods

3.5 Photocatalytic activity

In order to study the influence of doping content on
the degradation rate, the photocatalytic activities of
Ni*"-doped ZnS nanorods were evaluated for the
photodegradation of RhB in aqueous solution under UV
light irradiation. Figure 5 shows the RhB degradation of
Zn_Ni,S samples with different doping contents versus
time (f) under UV light irradiation. The RhB cannot be
disintegrated in aqueous solution under UV light
irradiation for 180 min, which reveals good stability
without catalyst, implying good photocatalytic activity of
Zn;_,Ni,S (as catalyst) samples.

The degradation rate of pure ZnS for RhB after UV
light irradiation for 180 min is 36.5%, exhibiting
relatively high photocatalytic performance. Ni*'-doped
ZnS samples display greatly higher photocatalytic
activities pure ZnS. The degradation rates for Zn,_,Ni,S
(x=0.01, 0.03, 0.05 and 0.07) are 94.04%, 98.53%,
91.21% and 86.82%, respectively. This demonstrates that
the dopant in localized electronic states is served as
photo-generated charge carrier traps under UV light
irradiation. Furthermore, the photocatalytic activity of
the doped ZnS increases with increasing the Ni*" doping
content from 0 to 3%, and it then decreases with further
increasing Ni*" doping content.
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0.8¢ - Znyg9Nig ;S
—=Zn 97Nig 3S
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—— Zn 7Nl 035
e Zno.95N!o.oss
-5t = Znye3Nig ;S
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Fig. 5 Photocatalytic activities (a) and first-order Kkinetics
plot (b) of Zn;_,Ni,S (x=0, 0.01, 0.03, 0.05 and 0.07) nanorods
Zny¢7Nigp3S  photocatalyst demonstrates the
maximum degradation rate of 98.53%, which indicates
that there exists an optimal doping content of 3% for
catalysts to photodegrade RhB dyes. The increased
photocatalytic activity of Ni*’-doped ZnS nanorods is
ascribed to the crystal structure and band structure of the
semiconductor adjusted by doping Ni*" ions. The doped
Ni*" ions are help to enhance the separation efficiency of
electron—hole pairs. In addition, they effectively increase
the transport of photogenerated carriers and
recombination of electrons and holes, which is beneficial
to the photocatalytic activities of RhB. However,
excessive Ni*" ions have a negative effect on the
photocatalytic activity when the Ni*' doping content
exceeds 3% owing to the increase of recombination
probability of electron—hole pairs.
The first-order kinetics plot of Zn;_,Ni,S nanorods
for the photodegradation of RhB is shown in Fig. 5(b).
The degradation rate of the RhB accords well with
pseudo-first-order kinetic equation:

In(C,/Co)=—hkt (5)

where C, and C, are the concentrations at time ¢ and
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initial concentration of RhB, respectively, ¢ is the
irradiation time, and k& denotes the apparent first-order
reaction rate constant. The rate constant & is determined
from the plot of In(C/C,) versus t. The k values of
photocatalytic degradation rate for Zn;_,Ni,S (x=0, 0.01,
0.03, 0.05 and 0.07) are 0.0058, 0.0177, 0.0292, 0.0239
and 0.0215 min', respectively. The photocatalytic
activities of Ni*"-doped ZnS samples increase with
increasing the Ni*" doping content until reaching the
maximum value firstly, and then decline with further
increase of Ni*" concentration. It is worthy to mention
that the rate constant of the Zng¢;7Nip3S nanorods is
0.0292 min ', which is about four times larger than that
of pure ZnS. Meanwhile, it is much higher than those of
Zn Ni,S (x=0, 0.01, 0.05 and 0.07). Ni-doped ZnS
samples could improve the photocatalytic performance
under UV light irradiation, which is attributed to
doped Ni*" ions, predominantly narrowing the optical
band gap and enhancing optical absorption intensity via
recombination of electrons and holes.

Wen-hua ZHAO, et al/Trans. Nonferrous Met. Soc. China 29(2019) 157—-164

The recycling reactions were carried out for the
RhB photodegradation of Zng¢;Nig3S sample to study
the stability and reusability, as shown in Fig. 6(a). Even
though the RhB photodegradation rate slightly decreases
in every cyclic process, the photocatalytic activity is
retained over 90% of its original activity after five
successive recycling experiments. The XRD patterns of
Zng97Nig3S sample before and after five consecutive
photocatalytic reactions without obvious change are
shown in Fig. 6(b). Meanwhile, the synthesized
Zn,_,Ni,S nanorods possess better photocatalytic activity
for the degradation of RhB and are voluntarily reused in
aqueous solution.

3.6 Photocatalytic mechanism

The possible mechanism of Znj¢7Ni ¢3S nanorods
for the photodegradation of RhB is proposed in Fig. 7,
which illustrates the redox reactions of photo-generated
carriers under UV light irradiation. The band edge
positions of the conduction band (CB) and valence band

1.0
"(a) (b) |
0.8+ 1strun [|2nd run | 3rd run |\ 4th run || 5th run
|
] ool J‘W Zny 97Nig 035
> ; Il
04f L]
0.2¢ \- \o\ ) '\ Zn; o7Ni, 35S after five cycles
0 180 360 540 720 900 10 20 30 40 50 60 70 80 90
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Fig. 6 Recyclability for photocatalytic degradation of RhB (a) and XRD patterns with and without five cycles (b) of Znj¢7Nig ¢3S

nanorods
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Fig. 7 Photocatalytic degradation mechanism of Zng 97Nig g3S nanorods for photodegradation of RhB under UV light irradiation
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(VB) of the ZnS nanoparticles can be determined using
the following equations [16]:

Evg=X—E.+0.5E, (6)
Ecg=Evg—E g 7

where Eygp is the VB energy, Ecp is the CB energy, X is
the electronegativity of the semiconductor, E, is the free
electron energy (4.5 ¢V, vs NHE), and E, is the band gap.
The CB and VB positions of ZnS and Zn;_NiS
nanorods are qualitatively calculated:

Ecg(ZnS)=1.51 eV, Eyg(ZnS)=2.28 eV,
ECB(anfoixS):71.46 eV, EVB(anfoixS):2.28 eV.

The electrons (e) in the VB of ZnS are excited to the
CB under UV light irradiation, leading to the generation
of holes (h") in the VB of ZnS simultaneously. The
doped ZnS effectively promotes the generation of photo-
induced electron—hole pairs. The negative charge
electrons in the VB jump to the CB by leaving positive
charge holes on the VB (Eq. (8)). Because the doped ZnS
reduces the average crystallite size and narrows the band
gap, electrons from the CB move to the surface of the
catalyst, which modifies the oxygen to superoxide anion
radicals (-O;). The Ni** ions could facilitate the
transfer of the photogenerated carriers by trapping the
excited electrons. Conversely, the photo-generated holes
on the VB are available to react with the water solution
to form -OH and H' (Egs. (9) and (10)). Hydrogen ions
(H") react with oxygen molecule to form hydrogen
peroxide simultaneously (Eq. (11)). Furthermore, the
generated hydrogen peroxide reacts with -O, to form
hydroxyl radicals (-OH), hydroxyl ions (OH) and
oxygen molecule (O,) (Eq. (12)).

These photo-generated hydroxyl radicals (-OH)
acting as oxidant agents immensely react with the
organic contaminates, which is favourable to the organic
pollutant decomposition. Finally, -OH and -O, oxidize
the RhB to CO,, H,O and other small molecule minerals
(Eq. (13)) [17-19].

ZnS:Nit+hv—ZnS:Ni(e)+ZnS:Ni(h") (8)
ZnS:Ni(e)+0,—ZnS:Nit-0; 9
ZnS:Ni(h")+H,0—ZnS:Ni+-OH+H" (10)
0,+H"—H,0, (11)
H,0,+-0; — OH+OH +O, (12)

‘OH, -0, +organic molecules—H,0+CO,+minerals (13)
4 Conclusions
(1) Zn;_Ni,S nanorods with different Ni doping

contents (x=0, 0.01, 0.03, 0.05 and 0.07) were
synthesized by hydrothermal method. All Zn, NiS

nanorods synthesized using this method possess wurtzite
structure with good crystallization. Ni** ions occupy the
lattice site of Zn>" to generate single-phase ZnS
nanocrystals.

(2) The morphologies of all the samples are uniform
one-dimensional nanorods with good dispersion. The
crystalline size decreases and the shrink of lattice
constant occurs as Ni*" doping content increases. The
band gap of Zn, NiS nanocrystalline is smaller than
that of pure ZnS, thus red shift occurs.

(3) The doped Zn;_Ni,S samples enhance photo-
catalytic activities for the photodegradation of RhB
under UV light irradiation. The Zngg¢;Nige;S sample
exhibits the best photocatalytic performance and
maximum rate constant.
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