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Abstract Human health is deteriorating due to the
effluent containing heavy metal ions and organic dyes.
Hence, photoreduction of Cr(VI) to Cr(IIl) and degradation
of rhodamine B (RhB) using a novel photocatalyst is
particularly important. In this work, /A-BN/NiS,/NiS
composites were prepared via a simple solvothermal
method and a double Z-scheme heterojunction was
constructed for efficiently removing RhB and Cr(VI).
The 7 wt-% h-BN/NiS,/NiS composites were character-
ized via a larger specific surface area (15.12 m*-g™),
stronger light absorption capacity, excellent chemical
stability, and high yield of electrons and holes. The
experimental result indicated that the photoreduction
efficiency of the 7 wt-% h-BN/NiS,/NiS photocatalyst
achieved 98.5% for Cr(VI) after 120 min, which was about
3 times higher than that of NiS,/NiS (34%). However, the
removal rate of RhB by the 7 wt-% h-BN/NiS,/NiS
photocatalyst reached 80%. This is due to the double
Z-scheme heterojunction formed between NiS,/NiS and
h-BN, which improved the charge separation efficiency
and transmission efficiency. Besides, the influence of
diverse photogenerated electron and hole scavengers upon
the photoreduction of Cr(VI) was studied, the results
indicated that graphene-like #-BN promoted transportation
of photoinduced charges on the surface of the #-BN/NiS,/
NiS photocatalyst via the interfacial effects.
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1 Introduction

To date, increasing attention has been paid to environmental
problems and human health all over the world [1]. A heavy
metal ion or an organic dye is extensively present in the
effluent from textile, electroplating, ceramic, machinery, and
mining manufacturing industries, which is a major threat to
human health [2—4]. The best method of eliminating Cr(VI)
ions would be to convert Cr(VI) to low poisonous Cr(III)
ions, meanwhile, rhodamine B (RhB) could be oxidized to
small molecules (CO, and H,O). Nowadays, many new
solutions have been researched and applied to waste water
treatment, such as spontaneous reduction, electroreduction,
and photoreduction [5]. In contrast, photocatalytic reduction
has been in the spotlight as a prospective way owing to its
sustainability and eco-friendly nature.

Until now, precious metal-based photocatalysts have
been regarded as highly efficient catalysts and can reach
high energy conversion efficiency [6]. However, the
defects and high cost impede in the way of large-scale
application of precious metal-based materials. To change
this unfavorable situation, much research has been done
and some metal sulfides have been widely employed as
highly efficient photocatalysts to improve the photocata-
lytic efficiency as well as lower the product costs [7,8]. In
particular, hybridized bimetallic sulfides have better
photocatalytic performance than monometallic sulfides
[9,10]. When two or more metal species were combined,
more active sites could be provided and the electrochemi-
cal reaction was promoted. Kuang et al. [11] systematically
investigated the MoS,-NiS,/NGF composites for effective
water splitting. MoS,-NiS,/NGF afforded ample active
sites and multiple paths during transmission of electrons,
which benefited from the synergistic effect of NGF and
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bimetallic sulfides. Luo et al. [12] prepared CF/MoS,/
Bi,S; cloth in a controlled manner via a hydrothermal-
solvothermal two-step method. MoS,/Bi,S; decorated
carbon-fiber cloth exhibited a higher photocurrent and
photocatalytic activity for efficiently degrading various
types of flowing wastewater. Most importantly, bimetallic
sulfides are to form the heterointerfaces, which are able to
modify the surface properties of particles and enhance the
stability and photocatalytic performances, which have
been reported previously [13,14].

In order to further improve the photocatalytic perfor-
mance, a recently used effective way is to incorporate
transition-metal sulfides with graphene-like boron nitride.
Recently, boron nitride with a diversified sheet structure
has been successfully synthesized by various methods,
including mechanical method [15], chemical vapor
deposition [16], and liquid phase exfoliation [17]. It has
been proved to be a prospective support for different
composites because of its diversified sheet structure, higher
surface area, chemical resistance, excellent thermal
stability, and nontoxicity [18]. The high porosity of
h-BN can effectively increase the accessible superficial
area of loaded catalysts and supply abundant active sites.
Due to its unique electronic structure, and 4-BN also has
inherent negative charges, which make it a good material
for hole receptors and for promoting the hole/electron
carrier separation [19,20]. In addition, other methods have
been developed for synthesizing composites, such as
assisted sol-gel method, electrospinning, impregnation,
and in-situ precipitation. However, the solvothermal
method offers more advantages, including simple prepara-
tion, environment friendly, and low cost.

Based on the above studies, in the present study, a
designed solvothermal method for fabrication of the
ternary catalyst of #-BN nanosheet supported NiS, and
NiS nanocrystals was introduced. Of particular interest to
the work, the 2-BN/NiS,/NiS composite was able to fully
combine the advantages of both A-BN and bimetallic
sulfides, constructing a double Z-scheme heterojunction
and offering more active sites. The A-BN/NiS,/NiS
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composite showed a higher photocatalytic performance
than the other counterparts. Because of the synergistic
effect, strong interactions existed in the composite, which
achieved a higher activity and cycling stability for
eliminating Cr(VI) and RhB pollution. The result can
offer a novel reference for exploring a rational design of
highly efficient photocatalysts.

2 Experimental
2.1 Reagents

All the reagents were of analytical grade, containing
Ni(NOs),-6H,0, sulfur powder (S), ethylene glycol (EG),
polyvinylpyrrolidone (PVP K-30000), ethanol (C,H¢O),
RhB, K,Cr,0;, KBrOs;, edetate disodium (EDTA-2Na),
isopropanol (IPA), AgNOsj, 1,4-benzoquinone (BQ),
Na,S0y, and Nafion solution (Sigma-Aldrich).

2.2 Synthesis of the #-BN/NiS,/NiS composite

Zhang et al. [21] have reported the controllable preparation
method of graphene-like #-BN. A-BN/NiS,/NiS compo-
sites were successfully synthesized by a solvothermal
method. In the synthesis approach, moderate amounts of
h-BN powders were firstly dispersed in 80 mL of EG under
sonication for 60 min. Then, 0.349 g Ni(NO;), - 6H,0 and
0.064 g S power were dispersed into 60 mL of the above
mixed solution by stirring for 20 min. Afterwards, 0.12 g
PVP was added to the above mixture and stirred for 40
min, the as-obtained mixture was transferred to a 100 mL
Teflon-lined stainless-steel reactor for solvothermal reac-
tion and kept at 200 °C for 12 h. Finally, the resultant black
mixture was isolated by centrifugation and washed several
times with distilled water and absolute ethanol, and finally,
it was dried at 60 °C for 12 h. Using the above method, 3,
5, 7 and 10 wt-% h-BN/NiS,/NiS photocatalysts were
prepared in turn, and the detailed synthesis method is
illustrated in Scheme 1.

' Stirring 200°C 12h
‘% h-BN Ni(NO,),6H,0 + NiS,
S PVP-K30000 2 NiS

Scheme 1 Schematic illustration of 4-BN/NiS,/NiS photocatalysts synthesis.
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2.3 Characterization

Phase structures of the sample were analyzed by a Bruker-
AXS D8 X-ray diffraction (XRD) system. The XRD
patterns with Cu-Ka as the irradiation source and a
scanning speed of 5°-min~' were recorded in the range of
260 = 10°-80°. The morphological characteristics of the
samples were observed via scanning electron microscopy
(SEM, Quanta™250 FEG), transmission electron micro-
scope (TEM, JEOL/JEM 2100 F) at 200 kV. The element
chemical information was observed via PHI 5600 X-ray
photoelectron spectroscopy (XPS). Ultra-violet-visible
(UV-vis) diffuse reflectance spectroscopy (DRS, UV-240)
was used to evaluate the visible-light absorption capacity.
The photocurrent response and electrochemical impedance
spectroscopy (EIS) measurements were performed on the
CHI-650E electrochemical workstation (Chenhua, China).

2.4 Photocatalytic performance evaluation

Photocatalytic performances of the as-prepared samples
were investigated by eliminating Cr(VI) (K,Cr,O7) and
RhB. Firstly, a 20 mg A-BN/NiS,/NiS composite was
added to 100 mL of 10 mg-L "' K,Cr,O; or 100 mL of
10 mg-L™' RhB during this experiment. Before illumina-
tion, the mixture solution was stirred in darkness for some
time to achieve the absorption-desorption equilibrium.
After that, the lighting apparatus, a 300 W Xenon lamp,
was used for simulating sunlight. Then, a mixture of 10 mL
was taken out from the suspension every 30 min and
centrifuged at 8000 r-min"' for 5 min to remove the
photocatalyst. Finally, the concentration of Cr(VI) or RhB
was measured in accordance with the absorption peaks at
352 or 554 nm by the UV-vis spectrophotometer.

2.5 Photoelectrochemical measurement

Photoelectrochemical performance of the sample was
measured by a CHI-650E electrochemical workstation
(Chenhua, China) using Ag/AgCl and Pt wire as reference
and counter electrodes, respectively. Moreover, the light
source was a 300 W Xenon lamp and 0.5 mol- L™ Na,SO,
was used as the electrolyte solution. During preparation of
the working electrode, the sample was added into 1 mL
ethanol and ultrasonicated for 20 min to form a slurry.
Then, Nafion as an adhesive, 5 pL adhesive, and 20 pL
slurry were dripped on the indium tin oxide glass with a
0.5 ¢cm? conductor. Finally, a whole working electrode was
successfully obtained.

3 Results and discussion

For analyzing the crystal phase structure of the undoped
and A-BN supported NiS,/NiS samples, the XRD pattern
has been shown in Fig. 1. For the polyhedral NiS,/NiS
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nanocrystals, the major cubic phase NiS, (JCPDS file No.
73-0574) together with a little hexagonal phase NiS
(JCPDS file No. 75-0613) could be observed, and there
were no other impurities. In addition, two broad diffraction
peaks of 4#-BN with a layered structure located at about
26.5° and 42.3° were detected, which were in accordance
with the (002) and (100) crystal planes of pure 4-BN
(JCPD file no.34-0421) [22]. However, in terms of the 7
wt-% h-BN/NiS,/NiS composite, no characteristic peaks of
h-BN could be found; this may be a result of the great
dispersion property, the weak diffraction intensity, and low
content of 2-BN [23,24].

7 wt-% h-BN/NiS,/NiS

NiS,/NiS

Intensity

NiS, PDF#73-0574

|

’ NiS PDF#75-0613

002 h-BN

10 20 30 40 50 60 70 80
20/(°)

Fig. 1 XRD patterns of different samples.

Figure 2 shows the morphology of #-BN, NiS,/NiS, and
7 wt-% h-BN/NiS,/NiS composite. In Figs. 2(a) and 2(d),
2D h-BN as an outstanding photocatalytic substrate
material exhibited a peculiar graphene-like layer structure.
In addition, the form of 2D graphene-like #-BN nanosheets
appeared to curl during high temperature calcination under
nitrogen atmosphere (Fig. 2(d)). Figures 2(b) and 2(e)
show the uniform morphology of NiS,/NiS nanocrystals
with a size of about 200 nm. And, we can confirm that the
polyhedral NiS,/NiS nanocrystals could successfully
obtained by a facile solvothermal method. Besides, two
different polyhedrons (NiS, and NiS) were also observed
in Figs. 2(b) and 2(e), which was in line with the XRD
result. In Figs. 2(c) and 2(f), a large number of NiS,/NiS
heterojunctions were evenly distributed on the surface of
h-BN by the solvothermal method, which could effectively
increase the more active sites in A~-BN/NiS,/NiS. The
intimate interfaces between NiS,/NiS and /-BN
nanosheets might have promoted electrons transfer for
enhancing the photocatalytic performance. Moreover, in
Fig. 2(g), Ni, S, B, and N elements and the basic shape of
the polyhedral NiS,/NiS nanocrystal were clearly observed
on energy dispersive spectrometer (EDS) elemental
mapping; thus, indicating that 2-BN nanosheets success-
fully supported the polyhedral NiS,/NiS nanocrystal.
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Fig. 2 SEM images of (a, d) #-BN, (b, ) NiS,/NiS, (c, f) 7 wt-% h-BN/NiS,/NiS; (g) EDS elemental mapping of 7 wt-% h-BN/NiS,/

NiS for Ni, S, B, and N.

The microstructure of 7 wt-% h-BN/NiS,/NiS was
observed by TEM images and EDS spectrum in Fig. 3. In
Figs. 3(a,b), the graphene-like #-BN nanosheets could be
obviously found on the surface of polyhedral NiS, and NiS
nanocrystals. Among them, the crystal size of the
polyhedral NiS, and NiS was approximately 200 nm. As
shown in Fig. 3(c), the distinct graphene-like A#-BN
nanosheet with a lattice distance of 0.33 nm was in agree
with the (102) plane [25]. Besides, the interplanar pitch of
the (200) plane of NiS, was 0.284 nm [26]. But, Fig. 3(d)
corresponded to the red square in Fig. 3(c), the lattice pitch
of 0.198 nm was consistent with the (102) plane of NiS
[27]. These results were in accordance with the analysis
outcome of XRD, proving the existence of /4-BN,
polyhedral NiS, and NiS nanocrystals. Figures 3(c,d)
display the existence of a tight heterojunction interface
between polyhedral NiS,/NiS nanocrystals and graphene-
like A-BN nanosheets. In addition, the EDS spectrum
confirmed that the prepared 7 wt-% Ah-BN/NiS,/NiS
composite contained Ni, S, B, and N, and no other
impurity elements (Fig. 3(e)). The 7 wt-% h-BN/NiS,/NiS
composite was the ternary structure composite photocata-
lyst, and the heterojunction interfaces provided fast

electron transport channel, which effectively improved
the photocatalytic activity of the photocatalyst.

As shown in Fig. 4, the XPS measurement was
investigated for 7 wt-% h-BN/NiS,/NiS to analyze the
corresponding chemical states of elements. It can be seen
from Fig. 4(a) that the survey spectra of the 7 wt-% h-BN/
NiS,/NiS composite proved the presence of Ni, S, B, and
N, which was in accordance with the EDS analysis. Figure
4(b) shows the XPS spectrum of B 1s and the peak value
190.7 eV could be clearly discovered, which can be
attributed to B-N bonding. In Fig. 4(c), the major N 1s
peak at 398.4 eV was attributed to N*~ in 4-BN. For the
obtained NiS,/NiS sample, Fig. 4(d) displays the high-
resolution XPS spectra of Ni 2p, two peaks located at
856.3 and 876.4 eV belonging with 2p3, and 2p;/, of Ni*™.
The peaks of 853.7 and 873.6 eV were ascribed to 2ps3.»
and 2p;,, of Ni*". Besides, satellite peaks confirmed the
existence of the Ni** oxidation state. The surface slight
oxidation of NiS,/NiS led to the appearance of Ni**, which
was in accordance with previous research [28,29]. Two
strong peaks of S 2p at 161.7 and 162.4 eV were observed
in Fig. 4(e), which corresponded to S 2p;/, and S 2p3/, of
Ni-S bonding, while the peak at 163.6 eV was attributed to
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Fig. 3 (a, b) TEM and (c, d) high-resolution TEM images of 7 wt-% h-BN/NiS,/NiS photocatalyst; (¢) EDS spectrum of 7 wt-% h-BN/

NiS,/NiS photocatalyst.

divalent sulfide ions (S,*) [29]. In addition, a small peak at
168.8 eV was assigned to the sulfates with high oxidation
state, which resulted from the oxidation of S* during
sample preparation [30]. More importantly, in Figs. 4(d,e),
compared with binding energies of NiS,/NiS, the Ni**
2p3/2 (8537 CV), Ni*+ 2p3/2 (8565 eV), Ni*+ 2p1/2 (8741
eV), Ni** 2p;» (877.1 €V) and S* 2p,,» (161.7 eV), S*
2p3 (162.4 eV), S;> 2p (163.6 eV) in the 7 wt-% h-BN/
NiS,/NiS showed a positive shift, which was related to the
electron cloud density of Ni and S. However, the change in
binding energy was negatively related to the direction of
electron migration in the composites, implying that the
electrons migrated to #-BN nanosheets from the NiS,/NiS
surface [31]. The XPS results proved that the double Z-
scheme heterostructure of the 7 wt-% h-BN/NiS,/NiS
composite had formed, which effectively accelerated the
transport and separation of electrons.

The nitrogen adsorption-desorption isotherms (Fig. 5) of
h-BN, NiS,/NiS, and 7 wt-% h-BN/NiS,/NiS were
characteristic of type-IV curves with a hysteresis loop,
which indicated the presence of a mesoporous structure
[32]. The insets in Figs. 5(a—c) show the distribution of
pore size, and the pore size of 2-BN, NiS,/NiS, and 7 wt-%
h-BN/NiS,/NiS displayed mainly ranged from 0.98-3.97,
1.69-6.51, and 1.61-5.20 nm, respectively. In Figs. 5(b,c),
the specific surface area of 7 wt-% h-BN/NiS,/NiS (15.12
m?*- g ') was larger than that of NiS,/NiS (10.82 m?*-g™),
which can be attributed to the introduction of #-BN, and
the Brunner-Emmett-Teller (BET) surface area of 4#-BN
(Fig. 5(a)) was 1571.78 m*- g'; thus, A-BN as a promising
support can supply abundant active sites for effectively
improving the photocatalytic performance. Besides,

according to the Barrett-Joyner-Halenda method, the
corresponding cumulative pore volumes were calculated
by the desorption branch curve of the N, adsorption—
desorption isotherms and it showed cumulative pore
volumes of 0.995, 0.017 and 0.024 cm*- ¢!, respectively.

The photocatalytic performances of NiS,/NiS and #-BN/
NiS,/NiS were investigated via Cr(VI) reduction and
degradation of RhB (Fig. 6). In Fig. 6(a), a small amount of
h-BN supported NiS,/NiS nanocrystals could improve the
photocatalytic activity. The BET surface area of #2-BN was
1571.78 m?- g™"; thus, 7 wt-% h-BN/NiS,/NiS with a BET
surface area of 15.12 m*-g ' was larger than NiS,/NiS
(10.82 m?- g™"). The introduction of 4-BN provided large
specific surface area for NiS,/NiS composite; thus,
adsorption of Cr(VI) by A-BN/NiS,/NiS was higher than
that by NiS,/NiS after 60 min in a dark room. At darkness,
the 7 wt-% h-BN/NiS,/NiS photocatalyst was added, and
after 30 min, the adsorption of RhB reached 10.75%. After
irradiation for 120 min, only 34.0 wt-% of Cr(VI) was
removed by NiS,/NiS, but 7, 5 and 3 wt-% h-BN/NiS,/NiS
photocatalysts could eliminate about 98.5%, 92.6%, and
43.3% of Cr(VI), respectively. The reason for this
occurrence may be that the double Z-scheme heterostruc-
ture promoted the separation efficiency of the photogen-
erated carriers. However, the photocatalytic performance
of 10 wt-% h-BN/NiS,/NiS was lower than that of the 7 wt-
% h-BN/NiS,/NiS photocatalyst, which may be due to
excess #-BN covering the photocatalytic active sites on the
NiS,/NiS nanocrystal surface. For Cr(VI) reduction, the
absorption peaks at 372 nm are illustrated using the 7 wt-%
h-BN/NiS,/NiS photocatalyst during a 30 min interval
(Fig. 6(b)). With irradiation time prolongation, the
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Fig. 4 XPS spectra of 7 wt-% h-BN/NiS,/NiS (a) survey spectra, (b) B s, (¢) N 1s, (d) Ni 2p, (e) S 2p.

absorption peaks were gradually decreased and they
disappeared after 120 min, indicating that Cr(VI) could
be converted to Cr(Ill) by the 7 wt-% h-BN/NiS,/NiS
photocatalyst.

Figure 6(c) shows that the experimental results for
reduction Cr(VI) by NiS,/NiS and 7 wt-% h-BN/NiS,/NiS
conformed to the pseudo-first-order dynamics plot. The
dynamics model was calculated by the following formula

—In(C/Cy) = k-t [33], where £ is the reaction rate constant, ¢
is the photocatalytic reaction time, Cy and C are
concentrations of the K,Cr,O5 solution before illumination
and at time £ In Fig. 6(d), the reaction rate constant for Cr
(VI) reduction by NiS,/NiS nanocrystals, 3, 5, 7 and
10 wt-% h-BN/NiS,/NiS composites were 0.0029, 0.0074,
0.0218, 0.0284 and 0.0096 min', respectively. Apparently,
the photoreduction rate of the 7 wt-% h-BN/NiS,/NiS
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Fig. 5 N, adsorption-desorption isotherms and pore size distribution curves (inset) of (a) #-BN, (b) NiS,/NiS, and (c) 7 wt-% h-BN/

NiS,/NiS.

photocatalyst for Cr(VI) was the highest. For degradation
of RhB (10 mg-L™), the RhB adsorption and photo-
catalytic performance were also tested (Fig. 6(e)). At
darkness, after 30 min, the 7 wt-% h-BN/NiS,/NiS
photocatalyst was added, the RhB solution achieved the
adsorption-desorption equilibrium and the adsorption of
RhB reached 10.75%. After irradiation for 180 min, the
degradation efficiency of RhB reached 80%, and RhB had
been oxidized by superoxide radicals, hydroxyl radicals,
and holes to many small molecules (H,O and CO,). In
terms of the four time photocatalytic recycling test, the
7 wt-% h-BN/NiS,/NiS composite still had good stability
in reducing Cr(VI) (Fig. 6(f)).

In Table 1, the photocatalytic activity of the other NiS,-
based composites is exhibited for comparison with 4-BN/
NiS,/NiS, and it showed that A-BN/NiS,/NiS had an
outstanding photoreduction performance.

In Fig. 7, Fig. 7(a) exhibits the UV-vis DRS of different
samples in the region between 200 and 700 nm. It may be
seen that the graphene-like #-BN displayed absorption
characteristic in the ultraviolet range of 200-300 nm due to
the wide band gap of #-BN. NiS,/NiS nanocrystals showed

a stronger light absorption performance in the region of
200-700 nm, which is beneficial for photocatalysis
[42,43]. After the introduction of A-BN, the optical
absorption characteristic of the 7 wt-% h-BN/NiS,/NiS
composite was greatly enhanced; thus, showing that it
could be used as an effective photocatalyst. However, the
light absorption capability of the 7 wt-% h-BN/NiS,/NiS
composite was slightly lower than that of NiS,/NiS
nanocrystals, which may be attributed to white color of
h-BN [44]. The DRS result indicated that there was a
strong interaction between NiS,/NiS and 4-BN, favoring
photocatalytic reactions.

In Fig. 7(b), the Cr(VI) removal mechanism was testified
by the addition of 1 mmol KBrOj as the trapping agent of
photoelectrons. Compared with the no scavenger group,
Cr(VI) reduction was suppressed by adding KBrO; [45].
The addition of KBrOjz considerably decreased the
photoreduction rate from 97.1% to 40.4% after 2 h,
proving that 7 wt-% h-BN/NiS,/NiS sample produced
electrons. Further, transient photocurrent responses
(Fig. 7(c)) were performed by 400 s on-off cycles
under light irradiation. With the introduction of A-BN,
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Fig. 6 (a) Photoreduction efficiency of Cr(VI) (10 mg~L71) with adding different photocatalysts under light irradiation; (b) UV-vis
absorption spectra of Cr(VI) under different time using 7 wt-% h-BN/NiS,/NiS photocatalyst; (c) kinetics curves of Cr(VI) reduction;
(d) rate constant k; (e) degradation of RhB (10 mg-Lﬁl) with adding 7 wt-% h-BN/NiS,/NiS composites; (f) recycling test of

photoreduction Cr(VI).

h-BN/NiS,/NiS composite samples displayed a higher
photocurrent intensity compared with NiS,/NiS, and it can
be conjectured that electrons could be more easily
transferred between the A-BN and NiS,/NiS interface,
and the 7 wt-% h-BN/NiS,/NiS composites displayed the

highest photo-current density. It was demonstrated that a
double Z-scheme heterojunction was formed between
NiS,/NiS and #-BN, which improved the charge separation
efficiency and facilitated the effective separation of
electron-hole pairs. As shown in Fig. 7(d), 7 wt-%
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Table 1 Comparison of the photocatalytic performances in the present work and the previously reported NiS,-based composites

Catalyst Pollutant Light source Removal Time/min Ref.
NiS,-rGO Congo red Simulated sunlight 97.03% 40 [34]
NiS/LaFeO; Methyl orange Simulated sunlight 90.9% 120 [35]
a-NiS/Bi, O3 Tramadol 250 W Xe lamp 94% 180 [36]
NiS,/g-C3Ny Ciprofloxacin 350 W Xe lamp 65% 210 [37]
BiVO4/NiS/Au Tetracycline 300 W Xe lamp 82% 25 [38]
NiGaO4/NiS,/WO5 NO,™ Simulated sunlight 87.03% 240 [39]
NiS/BiVO, Methyl orange 300 W Xe lamp 95.6% 90 [40]
NiS/BiOBr RhB 450 W Xe lamp 99.5% 50 [41]
NiS, (111)rGO Cr(VI) 1100 W Xe lamp 97% 150 [8]
h-BN/NiSy/NiS Cr(VI) 300 W Xe lamp 98.5% 120 This work
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Fig. 7 (a) UV-vis DRS and (b) photoreduction Cr(VI) with different scavenger of 7 wt-% h-BN/NiS,/NiS; (c) transient photocurrent
responses and (d) EIS of NiS,/NiS and 3, 5, 7 and 10 wt-% h-BN/NiS,/NiS samples.

h-BN/NiS,/NiS photocatalysts exhibited a smallest semi-  fore, the test result was also consistent with improvement
circle radius on an EIS Nyquist plot than other photo- in the Cr(VI) photoreduction rate and degradation
catalysts, suggesting that #-BN reduced electron transfer efficiency of RhB.

resistance as a typical 2D graphene-like material. There- Photoluminescence (PL) spectra analysis was performed
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to further study the separation efficiency of electron-hole
pairs with a Xe lamp as an illuminant (Fig. 8). Figures 8(a,
b) display the PL spectra of NiS,/NiS and 4-BN/NiS,/NiS
composite samples under the excitation of 357 nm, and
NiS,/NiS had the strongest emission spectrum with the
peak located at about 435 nm, manifesting the highest
recombination rate of electron-hole pairs. However, the
7 wt-% h-BN/NiS,/NiS composite showed the weakest PL
emission intensity compared with NiS,/NiS nanocrystals,
which meant that the existence of #-BN could decrease the
recombination rate of electron-hole pairs [46]. The result
indicated the double Z-scheme electron transfer pathway
from NiS,/NiS to A-BN [47], which was conducive to
improving the catalytic property of the photocatalyst.
These phenomena were in accordance with the analysis
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outcome of EIS, UV-vis DRS, and transient photocurrent
responses. Therefore, the /#-BN/NiS,/NiS photocatalyst
was effective for degradation of RhB and reduction of
Cr(VD).

With respect to the above experiments and discussion, in
Fig. 9, a reasonable mechanism is illustrated for eliminat-
ing Cr (VI) and RhB. First, DRS analysis indicated that
7 wt-% h-BN/NiS,/NiS displayed a wider absorption range
compared with the NiS,/NiS nanocrystals in harvesting
light. Second, graphene-like #2-BN improved the photo-
catalytic performance of NiS,/NiS nanocrystals, and this
can be attributed to the interfacial charge transfer along the
double Z-scheme route. According to the literature, the
NiS, had a conduction band (CB) potential of 0.89 V
(vs. NHE) and a valence band (VB) potential of 1.19 V

(a) —— 3 wt-% h-BN/NiS,/NiS
— 5 Wt-% h-BN/NiS,/NiS
— 7 Wt-% h-BN/NiS,/NiS
— 10 wt-% h-BN/NiS,/NiS

(b) — 3 wt-% h-BN/NiS,/Ni$
— 5 Wt-% h-BN/NiS,/NiS
— 7 wt-% h-BN/NiS,/NiS
— 10 wt-% h-BN/NiS,/NiS

- — NiS,/NiS -
k| |

) —1 Il L 1 1 1 L 1 T 1 1 1 1 1 Il
380 400 420 440 460 480 500 380 400 420 440 460 480 500

Wavelength/nm

Wavelength/nm

Fig. 8 PL spectra of (a) the as-prepared ~#-BN/NiS,/NiS and NiS,/NiS, and (b) #-BN/NiS,/NiS photocatalysts with different contents of #-BN.

E vs. NHE

S

Fig. 9 Schematic mechanism of 7 wt-% h-BN/NiS,/NiS photocatalyst.
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(vs. NHE), the CB and VB values of NiS were 0.53 and
0.99 V in potential vs. NHE, respectively. Therefore, the
band gaps of NiS and NiS, were 0.4 and 0.3 eV,
respectively [37,48]. For A-BN, the CB potential of #-BN
(-0.44 V) was a negativity greater than —0.33 eV in terms
of the O,/*0, reduction potential, and the VB potential of
h-BN (3.51 eV) was greater than the oxidation potential of
OH/*OH (2.38 eV). Further, the actual valence/conduc-
tion band energies of samples were tested (Fig. S1 and
Fig. S2, cf. Electronic Supplementary Material). When the
7 wt-% h-BN/NiS,/NiS photocatalyst was irradiated, the
photoinduced electrons in NiS and NiS, were excited and
rapidly transferred from VB to CB. The electrons in the CB
of NiS, and NiS recombined with some of the holes in the
VB of #-BN, forming a double Z-scheme heterojunction.
The remaining holes could combine with OH™ on the
surface of 4-BN to form *OH (E°(OH/*OH) = 2.38 eV),
while adsorbed O, was reduced to *O, (E® (0,/*0,) =
—0.33 eV) by electrons in the VB of #-BN [49]. Then, the
RhB could also be oxidized by *O, and *OH to many
small molecules (H,O and CO,). It has been demonstrated
that the double Z-scheme heterostructure between NiS,/
NiS nanocrystals and #-BN effectively separated electrons
in the CB of 4-BN. Therefore, the graphene-like 4-BN
supported NiS,/NiS nanocrystals can provide more photo-
generated electrons and holes for enhancing the photo-
catalytic activity in removing RhB and Cr(VI).

4 Conclusions

The graphene-like #-BN/NiS,/NiS ternary composite was
fabricated to utilize the solvothermal method, and it
displayed a superior photocatalytic performance for
eliminating Cr(VI) and RhB. The double Z-scheme
heterojunction formed between NiS,/NiS and A-BN
facilitated rapid separation of electron-hole pairs as well
as effective electron migration. In addition, because of the
double Z-scheme heterojunction, the 7 wt-% h-BN/NiS,/
NiS photocatalyst achieved 98.5% for Cr(VI) after 120
min, which was about 3 times higher than that of NiS,/NiS
(34%). Meanwhile, the 7 wt-% h-BN/NiS,/NiS photo-
catalyst also exhibited excellent photocatalytic perfor-
mance for removing RhB, and it also had excellent
stability. This study offers a viable reference to develop a
stably effective and BN-based bimetallic sulfide photo-
catalytic material for purifying wastewater.
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