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A hydrothermal procedure was used to synthesis flower-like 0-0.5 wt% Ni-doped SnS,, oxidation extent of which
was tuned in air at 350 °C for various times. Photocatalysts were dip-coated on coiled wire-meshes including a
light source for oxidation of 500 ppm trichloroethylene in air. FE-SEM revealed that the SnS, flower-like
structure integrity was preserved after partial oxidation, while surface areas were dramatically enhanced.
XRD, HR-TEM, Raman, XPS and PL showed formation of fine crystalline nanoparticles and defects by oxidation
and resulted in enhanced photocatalytic activity. Band gaps and defects recombination rate of heterostructures
were tuned by partial oxidation and Ni doping. 43% oxidation of 0.34 wt% Ni-doped SnS; results in increased

surface area by 7.7 times to 100 m2/g, quenched electrons and holes recombination, increased the band gap, and
showed the highest TCE conversion of 88%, while the photocatalyst with no oxidation showed no activity.
Further addition of Ni declined the surface area and photocatalytic conversion.

1. Introduction

It is vital to remove air VOCs which cause detrimental damages to
humankind’s health and ecology system [1-3]. Among the VOCs,
trichloroethylene (TCE) is an organochloride compound used as a sol-
vent in industries for degreasing and cleaning purposes [4]. In 2012,
International Agency for Research on Cancer has classified TCE as Group
1 of carcinogenic substances to humans [5].

Recently, among the various TCE removal methods, photocatalytic
oxidation due to its room-temperature operation, its complete elimina-
tion into nontoxic CO3 and H20 products, and being cost-effective has
received tremendous attention in academic and industrial research [1,3,
6].

Photocatalysts are designed, fabricated and modified to improve the
fundamental photocatalytic steps including (i) light absorption; (ii)
transfer and separation of electrons and holes; and (iii) surface catalytic
reactions [7,8]. Different intensification strategies such as structure and
morphology improvement (size, crystallinity and shape), composition
and support, defect engineering (doping, vacancies and disorders) and
semiconductor heterostructures have been performed to maneuver the
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three basic photocatalysis steps toward an efficient charge kinetics
process and photocatalytic activity, especially for TCE degradation
[8-11]. Even though the majority of recent studies have been performed
on photocatalytic oxidation of TCE in liquid phase [12-20], various
attempts have been evaluated toward more efficient
semiconductor-based photocatalytic oxidation of TCE in air.

TiO; catalyst, due to its low cost and high durability, has been by far
the most common catalyst for photocatalytic TCE degradation in air;
however, TiO; suffers from a wide band gap and low charge trans-
mission efficiency [21-27]. Regarding TiO, modification, effects of
structure shape [28], crystal phase and particles size [29,30] have been
studied on TCE degradation in air. Besides, TiOz-sepiolite hybrid ma-
terials [31], silica-supported titania [32], zeolite-TiO5 hybrid compos-
ites [33,34] and TiO2/WOs3 nanocomposites [35] have been constructed
for photocatalytic oxidation of TCE in air. Also, other than TiO,, zeoli-
te/WO3-Pt hybrid photocatalysts were used for TCE degradation in air
[36]. Specifically, researchers have put major efforts into promoting
photocatalytic efficiency even under visible light through doping of TiO,
based materials. Thoroughly, various dopants, Pd [37], Pt [37-40], Fe
[40-42], Ni and Cr [40,42], Co [42], Ca(OH)5 [40], Cu [40,43,44], Mo,
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Nb and W [42] and N [45], have been employed for improving physi-
cochemical properties of crystalline and amorphous phases of TiO,.
Heterostructure and doping have been considered as promising ways to
enhance photocatalytic degradation activities [8-10,46]. Design and
optimization of a heterojunction between two semiconductors can
overcome the limits of individual components. In addition, the selection
of appropriate heteroatom and optimization of dopant amount lead to
the creation of point defects such as oxygen vacancies in bulk and sur-
face of semiconductors. Optimizing the structure and interface of het-
erojunctions alongside the elemental doping can enhance the separation
of electrons and holes, excitons mobility, light-harvesting ability, sur-
face reactions and consequently photocatalytic efficiency.

SnS; is an n-type direct band-gap (2.19-2.41 eV) semiconductor that
is innocuous and relatively inexpensive [47-50]. SnSy has been proved
to be a promising photocatalyst under visiblelight and short-wavelength
near-infrared irradiation due to its narrow band gap [50-52]. However,
being prone to photocorrosion, sluggish photoinduced electrons and
holes separation and valence band endowing holes with low oxidation
ability restrict its photocatalytic efficiency [50,52-54]. On the other
hand, SnO; as an n-type semiconductor has a direct wide band gap from
3.2 to 3.72 eV [47,48,54,55]. The light-harvesting ability of SnO, is
limited to the UV region of solar light [48,56]. SnO4 exhibits excellent
electron mobility and prominent oxidation ability of valence holes;
nonetheless, it still suffers from fast recombination of charge carriers
[57,58]. Thereis a type-Iheterostructure between SnS, and SnO; due to
their matched band potentials because both conduction and valence
band edges of tin sulfide are more negative than tin oxide [50,58]. The
difference in the chemical potential of sulfide and oxide causes a band
bending at the heterostructure interface, inducing an internal electric
field [46]. Strong interaction and tight-contact heterointerfaces of
coupled semiconductors serve as charges transfer channels, so the
formed built-in electric field effectively facilitates a spatial transfer and
separation of electron-hole pairs and diminishes recombination of
charge carriers. Also, SnS, can act as a photosensitizer for SnO, and
brings the photocatalytic activity about the entire solar light range [49,
55,59]. It has been demonstrated that structure, morphology, crystal
phase, and particles size depend on the preparation methods. By a
rational design of structure and morphology of SnO»-SnS; hetero-
structure, light absorption efficiency can be tuned and the interfacial
charge transfer and surface catalytic reactions can be facilitated to
satisfy three basic steps of photocatalysis.

Different strategies have been conducted to fabricate SnO,-SnS,
heterojunctions for practical applications such as photocatalysis [48-50,
54,55,58-62]. Moreover, some methods like composing with other
semiconductors [63,64], depositing on support [56] and heteroatom
doping [65], as well as introduction of vacancies [52,63], have been
employed to improve SnO,-SnS; heterojunction abilities for pollutants
photocatalytic degradation. Thermal oxidation is a convenient and
repeatable strategy for introduction of zero-dimensional (0D) particles
of SnO, into two-dimensional (2D) SnS, nanosheets [49,62,66]. 2D SnSo
owns a short-length stacked layered structure along (001) direction in
which the layers will be gradually oxidized via prolonged partial
oxidation [62]. The thin layered 2D SnS; possesses a higher proportion
of coordinatively unsaturated atoms [8,67], which can initiate oxidation
nucleation and growth. By partial oxidation, SnO» tends to create
spherical particles to reduce surface energy so that many ultrafine
nanoparticles will be formed. Three-dimensional (3D) flower-like SnS,
consists of many 2D nanoplates as building blocks. Such a 3D flower-like
structure, because of its nano-sized 2D building blocks, possesses a hi-
erarchical porous structure, more coordinatively unsaturated atoms like
sulfur vacancies on surface, higher surface/volume ratio and higher
light-harvesting [68,69]. OD SnO, benefits from larger surface area,
small crystals size and more lattice defects and enhanced charge carriers
mobility [70,71]. Flower-like SnS; serves as a uniform and
non-restructuring template for the formation of monodispersed 0D-3D
Sn0O,-SnSy heterostructures by partial oxidation. Design of such a

hierarchical heterostructure by partial oxidation paves the way for
tuning band structures, optimizing interface structure by controlling
SnO, content, regulating number of defects like oxygen vacancies that
are abundant in nano-sized metal oxides [9,63], and surface area for
higher photocatalytic efficiency.

Further, doping can be used to modify the characteristics of SnO»-
SnS, heterostructures. Doping and oxygen and sulfur vacancies are
classified as point defects and realized either as bulk or surface defects
[8]. Defect engineering, especially doping, can be performed on separate
components of heterostructures and their interface to enhance opto-
electronic properties [8]. If the radii of the dopant ion are comparable
with that of the host atom, the existing lattice ion will be replaced by
dopant, while dopant with almost lower radii will occupy interstitial
positions in lattice [8]. Ni has been chosen as the dopant for defect
engineering of the hierarchical heterostructure: (i) Due to close ionic
radius of Ni?* and Sn**, Ni can be successfully doped into flower-like
SnS, that takes advantage of layered structure for homogeneous
dispersion of dopants [72,73]; (ii) Generally, metal cation dopant can
create a mid-gap state within band structure of SnO, and SnS; either
under the conduction band and above the valence band edges or both of
them, so the electronic states reduce band gap and extend light ab-
sorption range [74,75]; (iii) The electronic states because of doping act
as trap centers for photogenerated electrons and holes, which facilitate
charge carriers separation. Also, dopants on surface trap excited elec-
trons and holes and improve their separation to react with electron ac-
ceptors or donors in photocatalytic systems [66,75]; (iv) Ni doping
creates more homogeneous distributed sulfur vacancies at the lattice of
SnS,, serving as reactive centers for oxidation [65,76]; (v) Incorporation
of Ni?" into the lattice of SnO, during oxidation inhibits crystal growth,
leading to formation of smaller particles [66]; (vi) Dopants on surface of
semiconductors act as reactive centers for photocatalytic reaction pro-
cesses [8,75].

Herein, we have synthesized flower-like 0-0.5 wt% Ni-doped SnS;
through a facile and inexpensive one-step hydrothermal method. Ni-
doped SnS»-SnO ternary photocatalysts were prepared by thermal
oxidation of Ni-doped SnS,. The morphology, heterostructure and op-
tical properties of the photocatalysts were regulated by changing SnO»
and Ni contents. For the first time, the as-prepared photocatalysts were
used for photocatalytic oxidation of TCE in dry and humid air under UV
and visible light irradiation.

2. Experimental
2.1. Synthesis of flower-like Ni-doped SnSy

Tin(IV) chloride liquid (SnCls, 99.995%), L-cysteine powder
(HSCH2CH(NH2)CO2H, > 97%) and nickel(II) chloride hexahydrate
(NiCl,.6 H30, 99.9%) were purchased from Merck. Regarding the hy-
drothermal process to prepare flower-like 0.34 wt% Ni-doped SnS,, first,
4 ml of 1 M SnCly aqueous solution and 1 g L-cysteine were dissolved in
120 ml deionized water and stirred at 400 rpm for 30 min to achieve a
transparent solution. Secondly, 1.6 ml of 0.05 M aqueous solution of
NiCly.6 H20 was added into the mixture and then well mixed by ultra-
sonication for 15 min. Finally, the homogenous solution was put in a
Teflon-lined stainless-steel autoclave and subsequently heated at 160 °C
for 24 h in an electric oven. The brownish-black product was washed
with distilled water to remove unconverted precursors and template.
Washing was done several times to reach distilled water pH of 7-8.
Eventually, the products were dried in a vacuum oven at 60 °C for 12 h.
Pure SnS; and 0.5 wt% Ni-doped SnS; were synthesized similar to the
above method, without and with Ni precursor (1.6 ml, 0.15 M aqueous
solution of NiCly.6 Ho0), respectively.

2.2. Ni-doped SnS; partial oxidation in air

To prepare Ni-doped SnOy/SnS,, the virgin Ni-doped SnS, was



partially oxidized by heating the samples at 350 °C under pure air

(99.999%) flow for different periods of time. This temperature was

selected from a temperature-programmed oxidation (TPO) profile of Ni-

doped SnS,. Fig. 1 shows the TPO test result for Ni-doped SnS; sample in

air, indicating FTIR peak areas in the range from 1290 to 1410 cm™ ! of
effluent SO, depicted versus temperature from room to 900 °C tem-

perature. 350 °C as a medium temperature for controlled oxidation of

Ni-doped SnS; samples was selected.

For each oxidation run, 200 mg sifted powder of Ni-doped SnS, was
packed in a quartz reactor placed in the vertical furnace and degassed
under 50 ml/min Argon (99.999%) flow passed through an oxygen trap
at 100 °C for two hours, and then cooled to ambient temperature. Af-
terward, Argonwas switched to pure air, which its flowrate was adjusted
at 20 ml/min and then the temperature was elevated to 350 °C by
ramping the furnace temperature at 5 °C/min and kept at this temper-
ature for different periods of time, followed by cooling to room tem-
perature. The effluent gas was passed through the gas cell of an online
Bruker (VECTOR 22) Fourier transform infrared spectroscopy (FTIR)
instrument to track released SO, gas concentration by recording spec-
trums every 2 min with an accumulation of 20 scans at a resolution of
5cm” ! The amount of SO, at each recorded FTIR spectrum was
determined by comparing its characteristic peak area with the area of
SO, peak obtained from a calibrated gas mixture (5000 ppm in Argon).

The samples without Ni doping, not oxidized and oxidized for 20 and
300 min with 0%, 43% and 100% oxide contents are denoted as ONi0Ox,
ONi430x and ONil00Ox, respectively. The samples that were doped
with 0.34 wt% Ni, not oxidized and oxidized for 0, 10, 20, 30, 50, 80,
100 and 300 min at 350 °C with oxide contents of 0%, 33%, 37%, 43%,
52%, 66%, 83%, 91% and 100% are denoted as 0.34Ni0Ox,
0.34Ni330x, 0.34Ni370x, 0.34Ni430x, 0.34Ni520x, 0.34Ni660x,
0.34Ni830x, 0.34Ni910x and 0.34Nil000x, respectively. In addition,
the sample with 0.5 wt% Ni dopant that was oxidized for 20 min with
43% oxide content is denoted as 0.5Ni430x. All samples’ specifications
are presented in Table 1.

2.3. Characterization methods

The Ni element content was determined using an inductively coupled
plasma-optical emission spectrometer (ICP-OES; SPECTRO ARCOS). The
specific surface areas were measured by the single-point BET method in
liquid N3, employing a CHEMBET-3000 instrument. Before measure-
ment, the samples were degassed at 100 °C for 2 h in Argon flow. The
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Fig. 1. Temperature-programmed oxidation (TPO) pattern of 20 mg Ni-doped

SnS,, 20 cc/min air, 5 °C/min.

Table 1

Photocatalyst samples name, Ni contents, oxidation time and percentages, crystallite sizes, adsorption, and conversion of 500 ppm of TCE in air with 250 ml/min flowrate on 0.5 g photocatalysts.

TCE conversion at 40 min

TOS (%)

TCE adsorbed (pmole/mz) in

Crystallite size (dxgp, TCE adsorbed (pmole/gc,) in
dark condition

BET surface area
(m?%/g)

Oxidation percent (SnOo,

mole %)

Oxidation duration at

350 °C (min)

Ni loading (ICP,

wt%)

Sample name

dark condition

m)

n

[S)
[S)
o
@
>
=
<
£
«
Q
2
2
9]
=
o
4

1.36
0.52
0.54
1.53

15
46
50
20
30
41

11 6.5

85
92

ONiOOx

78
66

43

20
300

O0Ni430x

100

ONi1000x
0.34N:
0.34N:
0.34N
0.34N:
0.34N:
0.34N
0.34N:
0.34N:
0.34N:

4.5

13

0.34
0.

00x

52
63

33
37
43

34
34

330x

10
20
30
50
80

0.

370x

88
44
42

0.59

59
45

100

0.34

430x
520x

52
66
83

0.34
0.

0.53

40
48
53
56
35

75

34

660x

67
76
77
35

0.34

830x
910x
1000x

91

100
300
20

0.34

0.55
0.39

4.5

101
88

100
43

0.34

0.5Ni430x




morphologies of the samples were observed using FE-SEM (MIR-
A3TESCAN-XMU) in conjunction with Energy-dispersive X-ray spec-
troscopy (EDX) and EDX mapping. The microstructure was analyzed by
TEM and HR-TEM (FEI;, Tecnai G2 F20 S-TWIN field emission trans-
mission microscope) operated at 200 kV as well as Fast Fourier trans-
form (FFT) diffraction patterns. To prepare the sample before imaging, a
suspension of the powder in 2-propanol was added dropwise on a
copper-coated carbon TEM grid. The structure and crystallinity of ma-
terials were investigated by XRD from 5° to 100° on a Philips X'Pert Pro
diffractometer with CuKa radiation (A = 0.15406 nm). The average
crystallite size of the samples was estimated from XRD patterns by
Scherrer’s equation [41]. The Raman spectra were obtained from a
Raman spectrometer (Takram N1-541) supplied with a CCD detector
using a 532 nm laser line in the wavelength range of 100-4600 cm™~ *. PL
spectra of samples were carried out using a fluorescence spectrometer
(Varian Cary Eclipse) in a 200-800 nm wavelength with an excitation
wavelength of 300 nm. The samples’ optical absorption and band gap
were performed by UV-Vis diffuse reflectance spectroscopy (Analytic
Jena; SPECORD 250) in a spectral range of 190-1100 nm. The surface
composition and phase of a sample were characterized using XPS
(Gammadata-scienta ESCA200) with a monochromatic Al K,
(1486.6 eV) radiation source and C 1s (284.6 eV) reference.

2.4. Deposition of photocatalysts on galvanized steel wire mesh as
substrates

Photocatalysts coating on wire mesh substrates, prior to activity
tests, were in a similar fashion as presented in our group’s previous work
on the photocatalytic degradation of TCE on Fe-doped TiO5 [41]. The
photocatalysts were coated on galvanized steel wire mesh (Tyler series
number 18) as substrates. A piece of wire mesh of 22 x 34 cm size was
twisted into a hollow cylinder with five layers. The rolled cylinder was
22 cm in height with an external diameter of 2.5 and an internal
diameter of 1.5 c¢m to place the lamp. Before coating, the substrates were
washed with acetone and distilled water. The dip-coating method was
used to deposit 0.5 g loading of photocatalysts so that the wire mesh
substrates were dipped for 10 min into a 10 wt% aqueous suspension of
grinded powders with an average size of 200 nm (measured by dynamic
light scattering, DLS, Micromeritics, NanoPlus-1, Fig. S1) several times.
The suspensions were dispersed by ultrasonication for 15 min. The
coated substrates were driedat 100 °C for 30 min. An aluminum foil was
used to cover the external surface of coated wire mesh substrate to
reflect the lamp radiation into the reactor. A UV radiometer (VLX-3 W,
Cole-Parmer) was used to measure UV light intensity inside the reactor.
The intensity at the substrate’s inner surface and outer surface (under
the reflector foil) were 27 and 8 W/m?, respectively (A and B positions,
Fig. S2).

2.5. Photocatalytic degradation of TCE

The photocatalytic activity of as-prepared samples coated on the
wire-mesh substrates was investigated for degradation of TCE in air
through the same reaction system utilized in our group’s previous work
(Fig. S2) [41]. The effective volume of the annular reactor (25 mm OD,
16 mm ID and 25 cm height) was 67 cm® (Fig. S3). The feed of photo-
catalytic reaction was 500 ppm TCE in the air (99.999%) with a flow
rate of 250 ml/min derived from mixing gaseous flows of 1000 ppm TCE
in air and pure air. Photocatalytic reactions were done at 25 °C and
atmospheric pressure. The feed and effluent gases from the reactor were
analyzed at various times on stream (TOS) up to 40 min by an online gas
cell in an FTIR spectrometer with an accumulation of 10 scans and
resolution of 5 cm™ . The conversion of TCE is calculated by Eq. (1):

CU—C

0

Conversion(%) = x 100, (€Y

Where C is the concentration of TCE in feed and C is the concentration
of TCE in the effluent gas. The conversion of TCE was given after 40 min
TOS unless it is stated otherwise. Bare wire mesh substrate was used for
the degradation of TCE as the blank test. The effect of water vapor on
photooxidation performance was probed by passing the air flow through
a bubbler encompassing deionized water at room temperature to acquire
about 50% relative humidity (RH) in the feed. A germicidal white light
lamp (8 W, Philips, Holland) whose wavelength range is 200-300 nm
with maximum intensity at 254 nm was used as the UV radiation source.
Photooxidation activity under visible light was examined using a fluo-
rescent visible light lamp (8 W, Philips, Holland) with a wavelength
range of 380-740 nm.

3. Results and discussion
3.1. Partial oxidation of Ni-doped SnS3

Fig. 2 exhibits the released SO versus time for 20 mg Ni-doped SnS,,
derived from the TPO test (Fig. 1). Integration of the area under the
curve provides the total amount of SO for 20 mg of Ni-doped SnS,.

The amounts of SO, released from 0.2 g of Ni-doped SnS; during
partial oxidation in each run were estimated to calculate SnO5 contents
(Fig. S4). The amount of released SO in each oxidation run divided by
the total amount of SO, for 0.2 g of Ni-doped SnS; (10 times total SO,
release from 20 mg Ni-doped SnS; oxidation in its TPO) provide
oxidation percentage. Specifications of all as-prepared samples are listed
in Table 1.

3.2. Characterization of photocatalysts

Fig. 3 shows the XRD patterns of some samples. No peak for impurity
phases was detected in the patterns. The XRD pattern of pure SnS; is
provided in the Fig. S5. No diffraction peaks related to the Ni dopant
were observed, possibly due to its small amount or successful doping of
Ni elements into SnS; and SnOj, crystalline lattice structures [41,77].

The observed diffraction peaks at 15°, 28.34°, 32.17°, 41.9°, 50.14°
and 52.42° for 0.34Ni0Ox sample are attributed to (001), (100), (101),
(102), (110) and (111) crystal plates of SnS; hexagonal phase (JPCDS
No. 23-0677), respectively. Nonetheless, unlike the SnSy reference
pattern, the intensification of (101) and (110) planes peaks indicate the
dominance of (101) and (110) preferred orientation of hexagonal SnS,.
Interestingly, the broadened and less strengthened (001) peaks at 15.2°
for ONiOOx and 15 "for 0.34Ni0Ox imply that growth of SnS, layers was
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Fig. 2. Released SO, during TPO of 20 mg Ni-doped SnS. in air at 5 °C/min
temperature ramp rate.
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inhibited along the c-axis, indicating lattice expansion, causing d-
spacing increase [76]. The (001) peak is transferred to lower degrees
after doping (15.2 " vs. 15 ), which means the d-spacing between
Ni-doped SnS; layers become a bit larger than SnS; layers. Inter-layer
enlargement and few-layered SnS; can be due to structural strain
created by lattice expansion as a consequence of creation of more sulfur
vacancies after Ni doping in crystal lattice [75]. Crystal matrix distortion
because of Ni doping induces creation of smaller particles and disor-
dered long-range structure [76,77]. The crystalline particles size of
ONiOOx and 0.34Ni0Ox corresponding to diffraction peaks at 32.17° are
6.5 nm and 4.5 nm, respectively (Table 1). The diffraction peaks at
20= 26.83°, 34.12°, 38°, 52°, 61.84° and 65.15° for 0.34Nil000x are
corresponding to (110), (101), (210), (211), (220), (310) and (301)
planes of tetragonal rutile phase of SnO, (JCPDS No. 41-1445). Incor-
poration of Ni into the lattice structure of SnO; nanoparticles formed
during thermal oxidation, replacing Sn** (0.71 A) by Ni%* with a lower
ionic radius (0.69 A), leads to inhibiting crystal growth and forming
smaller grain sizes [74,75]. This phenomenon has a good agreement
with broadened diffraction peaks of SnO,, indicating the creation of
ultra-small particles. No remarkable differences were observed between
0.34Ni430x and 0.34Nil000x diffraction spectrums. However, the
particles’ crystallite size for 0.34Ni430x and 0.34Ni1000x were 4.0 and
4.5 nm, respectively. This observation figures out SnO, particles have a
small crystalline size so that the peaks intensification for 0.34Ni430x
does not change compared to 0.34Ni1000x via prolonged oxidation
time and, consequently, increasing of SnO,. Any diffraction peak was
not detected related to hexagonal SnS;, in 0.34Ni430x spectra, perhaps
due to short-range order crystallinity because of oxidation of disordered
long-range phases, tiny crystals and/or amorphous structure [76].

The morphology, structure and EDX characterizations of 0.34Ni0Ox
and 0.34Ni430x samples were investigated with FE-SEM. Fig. 4A re-
veals that 0.34Ni0Ox was formed in a uniform hierarchical 3D flower-
like structure with microsphere aggregates sizes in the range of 1-2
micrometers. It is figured out from the high-resolution image (Fig. 4B)
that the clusters have a peony-like nanoflowers features, owning fewer
petals density with more open structures. The petals consisted of
hexagonal-like SnS; nanosheets with smooth surfaces, twisted and
curled, vertically interconnected, extended outward routed from the
center. Aggregation growth toward frizzy intertwining nanoflakes and
self-assembling of these building blocks to create such a hierarchical
structure stem from the intrinsic anisotropic nature of hexagonal SnSy
tending to reduce surface energy [77-79]. The thickness of formed layers
is about 10 nm making the structures more favorable for reactants

diffusion during photocatalytic processes [78,80].

Based on previous studies, the final structure of prepared SnS; via
hydrothermal method strongly depends on sulfur source and concen-
tration as well as solvent and reaction temperature. However, the exact
mechanism for the formation of flower-like SnS, is still unclear, the
formation of such a 3D hierarchical structure within hydrothermal
synthesis could be divided into subsequent stages [77,78,81,82-84] (i)
hydrolysis, (ii) nucleation, (iii) aggregation of nuclei leads to hexagonal
nanoplates, (iv) random angle-to-angle and edge-to-edge self--
assembling of nanoflakes of SnS,, (v) oriented growth of 3D flower-like
structure by ripening process. Thermal oxidation did not change the 3D
flower-like structure, as is shown in Fig. 4D. The magnified image
(Fig. 4E) shows that ultra-small SnO5 nanospheres were formed on
Ni-doped SnS; nanoplates, the sizes of which were up to a maximum of
10 nm. This result is consistent with XRD data, assuming very small
crystals size for SnO, particles. Creation of sulfur vacancies due to Ni
dopant provides more reactive sites prone to oxidation that can initiate
the growth of SnO5 nanospheres by thermal oxidation. Incorporation of
adjacent Ni alongside the growth of SnO; could reduce crystallinity and
particles size. Preserving the flower-like structure, even after oxidation,
clarifies the formation of a firm heterostructure between SnO5 and SnS,.
The 0.34Ni430x benefits from not only enhanced charge transfer
resulting from the formation of highly dispersed Ni-doped SnO5 nano-
particles but also improved light-harvesting as a result of internal light
reflection in flower-like structure [85]. Fig. 4C and F present EDX
spectrums of 0.34Ni0Ox and 0.34Ni430x samples, respectively.
0.34Ni0Ox consists of Sn, S and Ni elements (Fig. 4C), which S was
replaced by O after 20 min thermal oxidation, denoting 0.34Ni430x.
The S, O and Ni elements distributions in the 0.34NiOx and 0.34Ni430x
samples are shown in Fig. 4G and H. It is noteworthy that the Ni was well
distributed in the sample structure and the amount of the O element
increased through thermal oxidation.

BET surface areas of samples are presented in Table 1. SnS; possesses
a low surface area, but partial oxidation and doping dramatically
increased the surface area. Formation of ultra-small SnO, particles by
partial oxidation alongside preserving the hierarchical 3D flower-like
structure significantly increases surface area. During partial oxidation,
SnS, layers were oxidized gradually, while the layered structures
remained unchanged [62]. Oxidation increases the density of SnS; by a
factor of 1.5 that causes improvement of specific surface area. Also,
SnO, forms a different morphology, i.e., hexagonal 2D nanoplates of
SnS, are converted to tetragonal OD nanoparticles, which reduces sur-
face energy and increases surface area. The surface area can be tuned by
partial oxidation to boost photocatalytic activity. By increasing SnO,
contents from 43% to 66% and 100%, the BET surface area first declined
from 100 m?/g for 0.34Ni430x to 75 m?/g for 0.34Ni660x and then
increased again up to 101 m?/g for 0.34Ni1000x. By 66% oxidation, the
surface area was reduced, possibly due to the formation of larger SnO,
particles. The BET surface areas of heterostructures were dependent on
doping as well as partial oxidation. Doping can increase surface area, as
has been observed in other semiconductors, which may be due to the
formation of smaller particles by doping [41]. 0.34 wt% Ni could in-
crease the surface area of both SnS, and SnO,. 0.34Ni0Ox has a surface
area of 13 m?/, higher than 11 m?/g for ONiOOx. Furthermore, the BET
surface area of 0.34Ni1000x is 101 m?/g, while 92 m?/g for ONi1000x.
Interestingly, 0.34Ni430x sample with 0.34 wt% Ni showed a surface
area of 100 m?/g, 15 m?/g higher than that for ONi430x. By increasing
dopant content from 0.34 to 0.5 wt% at 43% oxidation, the BET surface
area was decreased to 88 m?/g. The higher surface area provides more
adsorption capacity and more active sites for photocatalytic oxidation.

The microstructure of 0.34Ni430x was further investigated by TEM
and HR-TEM. According to Fig. 5A, 0.34Ni430x shows a uniform 3D
flower-like structure consistent with FE-SEM results. The TEM image
(Fig. 5A) reveals that the light areas were attributed to the thin planes
laying along the substrate, while the dark ones indicate sheets perpen-
dicular to the substrate. Also, it is visible that the intertwining and
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Fig. 4. FE-SEM images of 0.34Ni0Ox (A) and 0.34Ni430x (D) and their magnified images (B and E), EDS spectrums of 0.34Ni0Ox (C) and 0.34Ni430x (F) and

elemental mapping of 0.34Ni0Ox (G) and 0.34Ni430x (H).

intertangling petals, consisting of nanosheets as building blocks, are
closely packed across the core that can preserve structural integrity.
Fig. 5B shows the polycrystalline nature of 0.34Ni430x consisting of lots
of small particles of SnO, and SnS; in the range of 2-5 nm. As can be
seen from Fig. 5B, the 0.316 and 0.278 fringe intervals are coincided
with interplanar spacing of (110) and (101) crystal planes of SnS; hex-
agonal phase, whereas that of 0.334 and 0.264 correspond to the
interplanar spacing of (110) and (101) crystal planes of tetragonal phase
of SnO5. None of the d-spacing was related to sulfide and oxide states of
Ni, mainly because Ni content is very small and is well doped into the
lattices of SnSy and SnO,. Interestingly, the lattice of 0.34Ni430x is

wholly deformed and not coherent, owning many defects and distorted
areas. The boundary defects, observed between the lattice structures,
corroborate tiny nanoparticles of SnS, and SnO,. When the particles size
is reduced, the bulk and surface defects are increased (Fig. S6). FFT
diffraction patterns of A, B and C selected regions (yellow rectangles in
Fig. 5B), presented in Fig. 5C, D and E, confirm the presence of SnSs
hexagonal, SnO; tetragonal phases and formation of SnO»/SnS; heter-
ostructure, respectively. As a corollary, the morphological observations
clarify the introduction of Ni-doped SnO; nanoparticles on Ni-doped
SnS; nanosheets, leading to the construction of a tight heterostructure,
providing a spatially favorable interfacial charge transfer.
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Fig. 5. TEM (A) and HR-TEM (B) images of 0.34Ni430x, FFT diffraction patterns of selected areas at B (C, D and E).

Unlike the XRD, the Raman is not only dependent on long-range
orders. The Raman spectra of samples are shown in Fig. 6. Cdly-like
hexagonal SnS; possesses a singly degenerating active mode of Ajq that
Sn atom is static and two S atoms have an out-of-phase displacement
with respect to each other parallel to the c-axis [86]. For 0.34Ni0Ox, the
peak at 308 cm ™! is assigned to the characteristic Raman peak of Arg
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Fig. 6. Raman spectra of the photocatalyst samples.

mode [55,58,59,64].
Tetragonal rutile SnO5 has 15 lattice vibrational modes in the center
of the Brillouin zone, which is given by Eq. (2) [87]:

I' = 1Az + 1Bjg + 1Bog + 1Eg + 1Az, +1A, + 2By, + 3E, 2

Where the Ajg, Big and Byg non-degenerate modes plus doubly degen-
erate E; mode are Raman active due to interior phonon and known as
volume modes [88]. The Ayq, By and By; modes are related to the vi-
bration of Sn-O in the plane perpendicular to the c-axis, while the E;
mode is due to the vibration of oxygen in the direction of the c-axis [87,
89]. The Ay, and E; (Sn and O vibrating with plane perpendicular to
c-axis), which are TO (transverse-optical vibration) and LO (longi-
tudinal-optical vibration) modes, are IR active and the Ay and By, (vi-
bration of Sn and O in the direction of c-axis) symmetries are silent
modes [89-91]. These modes are classified as surface phonon modes
[88,92]. The Eg mode is the most sensitive mode to the oxygen vacancies
[87]. Presence of Eg mode in 0.34Ni0Ox sample indicates the creation of
oxygen vacancies on the surface because of room-temperature oxidation
of highly active sulfur vacancies. After thermal oxidation, even for
20 min, the characteristic peak of SnS; was disappeared. The raised
shoulder at 482 cm ™! and peaks at 614 and 746 cm ™! for oxide samples
Raman spectra correspond to Eg, A1 and Byg vibration modes, respec-
tively [58,59,91]. The intensity and broadness of A4 can be due to size
effect, crystallinity and oxygen stoichiometry. Increasing particles’ size
and degree of crystallinity and supplying the oxygen vacancies in
sub-stoichiometric samples with oxygen by prolonged partial oxidation
can intensify the A;; mode peak [87,93]. The 0.34Ni430x has the
broadest and less intensified A;; peak, possibly due to smaller particles’
size and more surface defects. By oxidation to 100%, for 0.34Ni1000x,



the A;; mode peak becomes sharper, indicating growth of larger SnO,
particles and lower vacancies. The A1y peak intensity increases for
ONi430x and ONil000x compared to 0.34Ni430x and 0.34Nil000x,
respectively. It is concluded that doping induced size and crystallinity
reduction and could produce more oxygen vacancies. Increasing Ni
dopant content to 0.5 wt%, 0.5Ni430x, causes intensification of A
peak and then larger particles size. There also exist two peaks at 497,
538 cm™ ! and a shoulder at 673 cm™ ! that are assigned to Ay, (TO), Agy
(LO) and the forbidden Raman B;, modes [59,89,92,94]. Activation of
these surface phonon modes is due to the vibration of surface atoms
because of increasing surface-to-volume ratio as a consequence of
reduction of particles size and/or increase of disorder and surface de-
fects as a result of converting from crystalline to amorphous phase [88,
89,92,94,95]. Partial oxidation and Ni doping are promising ways to
tune the particles’ size and, subsequently, surface defects such as oxygen
vacancies to promote photocatalytic activity.

Fig. 7 represents results of the XPS analysis of 0.34Ni430x. The
survey spectrum, Fig. 7A, sheds light on the existence of Sn, S and O
elements in the 0.34Ni430x sample. The presence of the C element in
the spectrum is due to the hybridization of foreign carbon-based con-
taminants. The C 1s standardized binding energy, 284.6 eV, was used to
calibrate binding energies in the XPS spectra. In the magnified spectrum
of Sn 3d (Fig. 7B), there are two peaks located at 487.23 and 495.63 eV,
which are attributed to Sn 3d5/2 and Sn 3d3/2, respectively [55,62].
The spin-orbit splitting between two peaks is 8.4 eV, suggesting the
presence of valence state of sn*t in the heterostructure [59,96]. The
deconvolution of high-resolution spectra of S 2p (Fig. 7C) discloses that
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two peaks at 161.1 and 162.15 eV, with a splitting energy of 1.05 eV
own to spin-orbit coupling, are related to S 2p3/2 and S 2p1/2 doublets
of $2~ in the 0.34Ni430x [59,97]. The O 1s core-level spectroscopy in
Fig. 7D can be deconvoluted to three photoelectron peaks at the binding
energy of 530.7,531.7 and 533.2 eV. The peak at 530.7 €V is assigned to
the binding energy of 0% in SnO, lattice structure. In other words, this
peak shows the number of oxygen atoms in a fully oxidized stoichio-
metric region. The peak centered at 531.7 eV originates from oxygen in
oxygen-deficient regions of surface SnOj. Actually, this peak can be
attributed to surface-adsorbed oxygen, which can only chemically
adsorb on oxygen vacancies at the surface. The intensity of peak at
531.7 eV is higher than peak at 530.7 eV because quantity of oxygen
vacancies is more than that of oxygen atoms in fully oxidized stoichio-
metric regions at surface layers of 0.34Ni430x heterostructure. Addi-
tionally, the peak at 533.2 eV associates with surface hydroxyl group
[63,98,99].

UV-Vis diffuse reflectance spectra of the photocatalyst samples are
presented in Fig. 8. The ONiOOx and 0.34Ni0Ox show boosted not only
visible light absorption but also UV light absorption ability. It is found
that such a flower-like structure exhibits a significant light-harvesting
ability, which is beneficial for producing more photoinduced charge
carriers. Nonetheless, the ONi1000x and 0.34Ni1000x only exhibit a
significant light absorption in the UV region. Forming a heterostructure
between SnS, and SnO,, by partial oxidation of SnS; is a strategy to tune
the light absorption ability for efficient photocatalytic activities. By
increasing SnO; content to 43% and 66%, the absorption edge shifts to
lower wavenumbers toward the light absorption range of pure SnO. It is
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Fig. 7. XPS spectrum of 0.34Ni430x: Survey (A), Sn 3d (B), S 2p (C) and O 1s (D).



—---ONi1000x

—-—0.34Ni1000x
- 0.34Ni660x

---- ONi430x

- — 0.34Ni430x
0.5Ni430x .- _.

—0.34Ni00x -~ 7.

—ONi0Ox 7+

, P e

Reflectance (a.u.)

T T T
600 800 1000

Wavelength (nm)

Fig. 8. UV-vis diffuse reflectance spectra of the samples.

noteworthy that the absorption edge of 0.34Ni0Ox, 0.34Ni1000x and
0.34Ni430x had a redshift compared to ONiOOx, ONil000x and
ONi430x. Incorporating NiZ™ into lattice structure causes the s, p-d hy-
bridization and local disorder because of a lower ionic radius than Sn4+,
leading to a change in local electronic structure [100]. Increasing Ni
dopant from 0.34 to 0.5 wt%, 0.34Ni430x versus 0.5Ni430x, does not
make a significant change in light absorption ability.

The direct band gaps were calculated based on the Kubelka-Munk
equation [50,62], shown in Fig. 9A and B.

The band gaps of 0.34Ni0Ox, 0.34Nil000x and 0.34Ni430x are
1.81, 3.39 and 2.64 eV, while those of ONi0Ox, ONi1000x and ONi430x
are 1.87, 3.45 and 3.1 eV. Partial oxidation of SnS, causes taking
advantage of photocatalysis properties of SnO, nanoparticles beside
narrowing band gap of SnO; to photocatalytic activity in the entire
range of the solar light. Increasing oxidation from 0% to 100% causes an
increase in the band gap. Obviously, dopant induces band gap renorm-
alization, regarding Ni impurity level in the band structures of pure SnS;
and SnO,, creates an energy level close to the lower state of the con-
duction band and shrinks the band gap [101]. Exchanging of Ni** with
Sn** induces a charge imbalance in SnS, and SnO,, lattice, which creates
structural defects such as S and O vacancies that can act as an electron
donor near the conduction bands of SnS; and SnOs;. The band gap

200
( A) {—— 0.5Ni430x
180 91— 0.34Nid430x
N 1 s -
: 1604~ ONi430x
: ]—— 0.34Ni660x
E 1409 034Ni1000x
% ]20_*0N|]090x
< {——0.34Ni0Ox
o 100{— ONi0Ox
S
< 80
X 60
L J
~— 404
20
0

(B)3.6

Energy (eV)

shrinkage is due to mutual exchange and the Coulomb interactions be-
tween the added free electrons in the conduction band and
electron-impurity scattering [102]. Interestingly, the effect of Ni doping
on band gap narrowing is higher when there is a SnO5/SnS; hetero-
structure. The formation of SnO, particles smaller than 5 nm on SnS,
nanosheets will increase defects such as boundary ones, which is also
realized from the HR-TEM image. Ni can be better doped in the inter-
face, defects and boundaries when there is a heterostructure between
SnO;, and SnS,, thus the effect of Ni doping on the band gap can be
higher than the individual components [8]. The band gap of 0.5Ni430x
is slightly lower than 0.34Ni430x. As a result, oxidation of 0.34Ni0Ox
up to 43% leads to a heterostructure that possesses an extended
light-absorbing ability from UV to visible light ranges, indicating a
promising photocatalyst not only under UV light but also under visible
light irradiation.

Fig. 10 A depicts PL intensities of prepared samples. The PL emission
can be related to recombination of electrons and holes at bulk, interface
and surface of heterostructures. The PL peaks can be attributed to both
the radiative and non-radiative relaxation processes [103]. Radiatively
occurs by photon energy emitted from direct recombination of con-
duction band electrons and valence band holes. Non-radiatively occurs
by emitting phonon from recombination of carriers through defect states
such as dopant and vacancies in bulk and surface and interface channels
in heterostructures particles [103-105]. Maximum intensities of PL
emission of samples are presented in Fig. 10B (at 360 nm). Creating a
heterostructure between SnO» and SnS; enhanced charge carriers’ sep-
aration and transition and suppressed electron-hole recombination as
observed in other SnO5 and SnS, heterostructures [58,62]. Recombi-
nation of electrons and holes in SnO5/SnS;, heterostructures are lower
than 0.34Ni0Ox and 0.34Ni1000x, but the recombination rate is mini-
mum at specific SnO; content. 0.34Ni430x and ONi430x show the
lowest PL intensities, suggesting a lower recombination probability.
Interfacial transfer and separation of photogenerated electrons and
holes at the internal electric field are tuned by partial oxidation of
flower-like Ni-doped SnS;. The PL intensities of 0.34Ni430x and
0.34Ni1000x are lower than ONi430x and ONil000x, respectively.
Clearly, Ni doping quenches the PL intensity because Ni acts as electron
trapping centers, which enhance electron-hole separation, in other
words, enhance the non-radiative recombination process [66,106].
Increasing Ni dopant to 0.5 wt%, 0.5Ni430x, enhances PL intensity. A
shorter distance of Ni-Ni ions at higher contents of Ni that leads to
transfer energy between nearby ions can increase PL intensity, conse-
quently reducing electron-hole separation efficiency [41]. Optimizing a
heterointerface between SnS, and SnO, and defects engineering such as
tuning doping and oxygen vacancies can be an efficient path to improve
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Fig. 9. (F(R) hv)? vs ho plots (A) and optical band gaps of the samples.
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Fig. 10. (A): Photoluminescence spectra of photocatalyst samples and (B): maximum intensity at 360 nm.

electron-hole separation and transmittance.
3.3. Photocatalytic activities

3.3.1. Photocatalytic oxidation products

Fig. 11 A shows FTIR spectra of feed, 500 ppm TCE in the air, and
Fig. 11B exhibits the effluent gas of photocatalytic reactor for
0.34Ni430x after 40 min TOS.

The FTIR peaks located at 631 and 873 cm ™! are assigned to C-Cl and
at 838 and 3096 cm ™! to C-H bending vibration, which correspond to
TCE. The bands around 1631 and 3780 cm ™! are attributed to the H-O-H
bending of water molecules. For Fig. 11B, the peaks at 2143, 2331 and
2349 cm™! are related to CO and duplet O—=C=O0 bending vibrations
[41]. No characteristic peaks are observed for dichloroacetyl chloride
(DCAC, CHCI,COCl), phosgene (Cl,CO) and trichloromethane (CHCl3)
as other products of photocatalytic oxidation of TCE [107]. So, CO2, HoO
and a minor amount of CO and HCl were only products of degradation of
TCE on 0.34Ni430x.
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Fig. 11. FTIR spectra of 500 ppm TCE in air as feed (A) and the reactor effluent
gas for 0.34Ni430x (B).

3.3.2. Adsorption and degradation of TCE on photocatalysts

Fig. 12 shows the adsorption of TCE on the photocatalyst samples in
the dark condition and its degradation on the photocatalysts under UV
light. Adsorption capacities of the samples in dark condition (explained
in Supplementary material) and their photocatalytic conversion after
40 min TOS are presented in Table 1. Adsorption and activation of TCE
on the photocatalysts surface is an essential step for efficient photo-
catalysis [33,34]. The surface area above the curves in C/Cy vs. time in
Fig. 12 corresponds to the adsorption content of photocatalysts. As is
shown in Fig. 12, TCE conversion of 0.34Ni0Ox, 0.34Ni430x,
0.34Ni660x and 0.34Nil000x at 40 min TOS are 0%, 88%, 42% and
77%, respectively.

Interestingly, the adsorption ability and surface area of samples with
different oxide contents are in the order of
0.34Ni430x> 0.34Ni1000x> 0.34Ni660x> 0.34Ni0Ox. The more
adsorption of TCE prior to turning the light on, the higher photocatalytic
activity. Adsorption and conversion of TCE on 0.34Ni430x is 1.7 and 2.5
times higher than 0.5Ni430x, respectively. From photocatalysts’
adsorption capacities and surface areas, it is found that the amount of
adsorbed TCE per unit of surface area for 0.34Ni0Ox and 0.34Ni430x
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Fig. 12. Adsorption of TCE on some samples, when the light is off and pho-
tocatalytic degradation of TCE on the samples under UV light irradiation, room
temperature, atmospheric pressure and GHSV of 30000 ml/h/gcat.



are 1.53 and 0.59 prnole/m2 (Table 1), which corresponds to 0.92 and
0.35 TCE molecules/nm?, respectively. After oxidation, the number of
adsorbed TCE molecules per unit of surface area was significantly
reduced. The TCE has a planar molecule with 3.6 x 6.2 x 6.6 A di-
mensions [108], so the number of TCE molecules that are required to
cover 1 nm? of the surface can be between 2.4 and 4.2. An adjusted
content of SnOy and Ni in the heterostructure is essential to improve
surface characteristics as well as optical properties. The number of de-
fects and morphology at the surface of heterostructures, resulting from
oxidation and dopant content, enhance the reactant adsorption and re-
actions. Fig. 12 shows that when the light is switched on, the C/Cg has a
burst and then diminishes with TOS. The strong adsorption of TCE on
photocatalysts acts as a reversible deactivation that mainly causes
decreasing in TCE conversion with TOS [109]. Adjusting the composi-
tion of heterostructures, SnO, and Ni dopant contents leads to the
optimized surface area, which can improve adsorption and surface re-
action processes of TCE.

Several studies have been conducted to explore mechanisms of
photocatalytic oxidation of TCE on TiO» in the air [24,31,32,43,44,45,
107]. The exact mechanisms and effects of reaction intermediates and
reactive species in gas-phase photocatalytic oxidation of TCE have
remained unclear. The experiment runs at dark condition (Fig. 12A)
show that adsorption of TCE is very fast at the initial 10 min and reaches
equilibrium after an utmost of 40 min. After UV irradiation, desorption
and conversion of TCE take place simultaneously due to the fast decrease
in TCE amount after light irradiation (Fig. 12B). Adsorption of UV light
by the heterostructures creates electrons in the conduction bands and
holes in the valence bands, which can move toward the surface. It has
been proposed that OH free radicals are the main responsible for initi-
ating the degradation of TCE in humid air [43], but in air without water
other reactions will be responsible for oxidation of TCE [110]. The
adsorbed oxygen molecules are reduced with e at surface to produce
oxygen radicals, which break the TCE double bond, as the initiating step
of TCE oxidation in dry air. It is also established that TCE can directly
react with h* and start photocatalytic degradation [110].

Any chlorinated reaction by-products could be detected in FTIR- HyO
is produced during the photocatalysis process and no induction period
was detected in TCE degradation graphs (Fig. 12B) at the first minutes of
runs after light irradiation. The induction period is a desorption domi-
nant stage in dry air photocatalysis after light irradiation. This stage
takes place to produce water for the formation of OH radicals needed for
the pollutant degradation. If the OH radicals are the dominant respon-
sible for the oxidation of pollutants, the water may not be detected in
products [111].

3.3.3. Effect of oxidation extent

By thermal oxidation, the SnO; content of photocatalysts was
changed to find the optimum heterostructure composition between SnSs
and SnO,. TCE conversions after 30 min TOS for 0.34 wt% Ni-doped
samples with different oxidation percentages are exhibited in Fig. 13.

By partial oxidation up to 43%, the photocatalytic conversion in-
creases. Oxidation enhances the surface area of 0.34Ni0Ox, which
causes higher adsorption of TCE and provides more reaction-active
centers on the surface. Also, a heterostructure between SnO5 and SnS,
can decrease the recombination rate and enhance electrons and holes
separation and transfer through the interface. The heterostructure with
43% SnO shows the highest photocatalytic conversion, converting TCE
up to 85% after 30 min TOS. High BET surface area of 0.34Ni430x leads
to higher adsorption of TCE and more reactive centers on the surface,
which can adsorb more oxygen molecules and then provides more
radical concentration. XRD, HR-TEM and Raman analysis of
0.34Ni430x exhibited less crystallinity and ultra-small particles. Raman
spectra reveal that the particles’ size and crystallinity, consequently the
number of defects, depends on oxidation content. 0.34Ni430x hetero-
structure with tuned SnO» content, size and surface defects can quench
PL emission intensity and, as a result, electron-hole pairs recombination
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Fig. 13. TCE photocatalytic conversion after 30 min TOS for different oxide
contents of 0.34NiXOx under UV light irradiation, GHSV: 30000 ml/h/gcx.

probability. Tuned band gap caused by appropriate oxide content im-
proves light-harvesting, resulting in the generation of more electrons
and holes and higher conversion. By oxidation higher than the optimum
amount toward pure Ni-doped SnO,, TCE degradation decreases. For
0.34Ni660x, the surface area was reduced, implying larger particles.
The low surface area reduces surface reactions of TCE and then photo-
catalytic conversion. Also, oxidation higher than 43% to 66% reduces
the efficiency of electrons and holes separation, which diminishes
photocatalytic degradation. When oxide content exceeds 66%, photo-
catalytic conversion rapidly increases and shows a plateau, 67%, 72%
and 73% for 0.34Ni830x, 0.34Ni910x and 0.34Nil000x, respectively.
As SnO; content passes over a determined amount, it prevents light and
reactant accessibility of remaining SnSy, so the TCE degradation behaves
like the Ni-doped SnO» [50], Oxidation higher than 66% increases sur-
face area due to forming a hierarchical flower-like Ni-doped SnO,,
including many small nanoparticles, which enhance photocatalytic
oxidation conversion. 0.34Ni1000x shows 77% TCE conversion due to
high surface area, providing more TCE adsorption and activation on its
surface. However, PL results prove higher recombination of
electron-holes pairs for 0.34Nil000x. Lower photogenerated charges
separation efficiency does not limit photocatalytic degradation, prob-
ably due to the modified hierarchical structure that benefits from high
surface area and fast charge mobility of low-path ultra-fine SnO, par-
ticles [9]. High surface area of oxide and more surface defects because of
doping produce more reduction and oxidation centers that can over-
come low carriers’ recombination at bulk and surface.

3.3.4. Effect of Ni dopant and humidity

The effect of Ni concentration on photocatalytic degradation of TCE
was investigated by increasing its content to 0.5 wt%. Fig. 14 demon-
strates the TCE photocatalytic conversion of ONi430x, 0.34Ni430x and
0.5Ni430x after 30 min TOS. Contrasting ONi430x, 0.34Ni430x pos-
sesses higher conversion because Ni can serve as a mediator for charge
transfer and trap electrons and holes to efficiently enhance the lifetime
of electron-hole carriers at the bulk, interface and surface of hetero-
structure, as was observed in PL spectra intensities [75]. In addition, Ni
dopant can reduce crystals size and increase surface area and surface
defects of heterostructures to improve surface reactions and radicals
concentration [8]. Ni doping can enhance light absorption, increasing
the number of electrons and holes, subsequently the redox ability [66].
TCE conversion dramatically decreases for 0.5Ni430x. Increasing the Ni
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content reduces the distance between trapping centers, so quantum
tunneling increases the recombination of electrons and holes that has
also been observed in other semiconductors doping [41,75]. Further-
more, more Ni concentration can increase particles size and reduce
surface area, which reduces the adsorption of oxygen molecules and
TCE. It has been proved that an optimum amount of Ni dopant will
decrease particles size, improve surface area, light absorption and
photogenerated charges separation efficiency [66,74-76,100,112].

Zero air containing 50% RH was introduced into the reactor to
investigate the water vapor effect on TCE degradation. As shown in
Fig. 14, photocatalytic degradation of TCE in presence of water vapor is
diminished. Water molecules can be adsorbed on the heterostructure
surface by hydrogen bonding with hydroxyl groups, so water creates a
multi-layer, prohibiting TCE molecules from reaching the surface and
active centers [113]. Also, water molecules can compete with TCE for
adsorption on active sites [114]. Another reason is that water film on the
surface blocks the UV radiation, lowering light intensity [3].

3.3.5. Effect of the lamp wavelength and durability of the photocatalyst
The strength of TCE bonds, C-C, C-Cl, C-C, and C-H, are 82.6, 81.0,
145.8, 98.7 kcal mole™!, respectively. The energy of the UV lamp,

150 keal mole™?, can break these bonds, while the energy of visible light
is less than 72 kcal mole™! [115]. The effect of light wavelength on TCE
degradation is shown in Fig. 15A. TCE degradation on the bare
wire-mesh substrate as a blank test is negligible. Under visible light
irradiation, no conversion of TCE on 0.34Ni0Ox is detected, though
0.34Ni430x has a considerable conversion of 18%. Tuned content het-
erostructure of 0.34Ni430x not only enhances TCE degradation under
UV light but also acquires a narrow band gap to be a promising photo-
catalyst even under visible light irradiation.

For evaluation of 0.34Ni430x photocatalyst stability for TCE
degradation under UV light, 4 successive runs with 40 min TOS were
performed. Between two runs, the photocatalyst was exposed to zero air
for 30 min, when the UV light was on. Fig. 15B presents that there is no
significant decline in TCE conversion during 4 successive runs. It is
found that the firm heterostructure formed between SnO5 and SnS,
exhibits strong structural durability and photostability. Formation of
small SnO;, particles on flower-like SnS; prevents the agglomeration and
deactivation, improving photocatalytic conversion.

4. Conclusion

In summary, we have reported a two-step method for synthesizing
Ni-doped SnO,/SnSy heterostructures for the photocatalytic degrada-
tion of TCE in air. Partial oxidation was used to change the morphology,
improve the surface area, and regulate surface defects for higher TCE
adsorption, activation and degradation. Small particles size and less
crystallinity, resulting from tuned heterostructure composition, improve
defects quantity at the photocatalyst surface, leading to enhanced
electron-hole separation and transition at the surface and higher reac-
tive adsorbed oxygen. The staggered band alignment formed between
SnO; and SnS; leads to retarding recombination of charge carriers at the
interface. Besides, SnO5/SnS, combination extended light-harvesting
from UV to visible light range, which causes photoactivation of heter-
ostructure under visible light. Adjusted content of heteroatom doping
serves as trapping centers in the lattice structure, enhancing the lifetime
and separation efficiency of electrons and holes, especially at the sur-
face. Ni doping can improve the light-harvesting of SnO5/SnS; hetero-
structures, more considerable than SnO, and SnS,. Surface defects
resulting from Ni doping can act as reactive centers for TCE decompo-
sition. The sample with the tuned composition of Ni, SnS; and SnO,
(0.34Ni430x) as a ternary photocatalyst could convert TCE up to 88%
under UV and 18% under visible light irradiation.
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