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Abstract

Conversion of Cr(VI) to Cr(III) in mitigating pollution of water bodies is of significant importance to public
health due to the fact that Cr(VI) is known to be a potent carcinogen, while Cr(III) is relatively low in toxic-
ity. Photocatalytic approaches are considered as important means to achieve this reduction. Here, TiO2 /SnS2

core-shell nanostructures have been produced using a single-step hydrothermal method and its photocatalytic
activity is tested for the reduction of aqueous Cr(VI). The structural and optical properties of the as-synthesized
products are characterized by XRD, HRTEM, Raman, FTIR, XPS and DRS techniques. The present work re-
veals that by calcining the core-shell nanoparticles in Ar atmosphere a defective Ti3O5 phase is formed as the
core with low band gap, and hence, offers improved light absorption in the visible range. However, its pho-
toactivity was found to be lower than that of the core-shell nanoparticles annealed in oxidizing atmosphere.
The observed lower photoreduction was due to the presence of midgap states which acted as recombination
centres and hence, reduced the photocatalytic activity.
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I. Introduction

Cr(VI) is a common contaminant found in effluent

waste waters from industries that carry out leather pro-

cessing, paint manufacturing, chromate salt production

etc. [1]. Due to its high level of toxicity, the maxi-

mum concentration of Cr(VI) in drinking water and

in industrial wastewaters/effluents are regulated glob-

ally. The easiest method to treat Cr(VI) is to convert

it to the less toxic Cr(III) which can then be precipi-

tated as Cr(OH)3 [2]. However, the conventional chem-

ical reduction methods need significant use of a reduc-

ing agent such as ferrous sulphate, which is not scal-

able and also imposes significant cost. On the other
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hand, semiconductor mediated photocatalytic reduction

of Cr(VI) has advantages such as simple operation,

cost effectiveness, high efficiency, dependence on nat-

ural solar energy and no discharge of unwanted soluble

chemicals [3,4]. To this end, several researchers have

reported on the photocatalytic activity of semiconduc-

tors like TiO2, SnO2, ZnO, CeO2 and SrTiO3 [5–7].

However, in all these cases, the photoreduction yield

leaves much scope for improvement. Towards the im-

provement of photoreduction catalysts useful for the re-

duction of Cr(VI), use of core-shell nano heterostruc-

tures appear to be a promising direction. Recent devel-

opments show that core-shell nano heterostructures de-

ployed for photovoltaic and photocatalysis applications

indicate substantial potential for practical use [8]. Type

II core-shell structures [9–11] have an alignment of va-
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lence and conduction bands such that one charge car-

rier is confined to the core while the other is confined to

the shell. In addition, a combination of phases used in

the core and shell allow absorption of wavelengths that

would otherwise not be possible with a single material.

In this investigation, we choose TiO2 as the core ma-

terial. TiO2 is already a well-known semiconductor ma-

terial for photocatalysis applications [12]. TiO2 based

nanostructures have been shown to be promising due

to their excellent stability, lesser electron-hole recom-

bination and efficient transport properties [13]. How-

ever, due to its wide band gap (3.0–3.3 eV), the effi-

ciency in the solar spectrum is relatively poor. Hence,

TiO2 works well only when coupled with lower band

gap semiconductors as sensitizers [14]. Unfortunately,

these semiconductor sensitizers are toxic and very of-

ten unstable [15]. This imposes a practical set of prob-

lems too. Hence, it is necessary to find nontoxic semi-

conductor materials as sensitizers, which could be used

as a shell with a TiO2 core. Within these constraints, sul-

phide nanomaterials like SnS2 which have low band gap

(Eg = 2.3 eV) and lower toxicity [16] appear to show a

lot of potential. It may in fact be noted that SnS2/TiO2

nanocomposites display excellent photocatalytic degra-

dation of aqueous Cr(VI) due to the formation of a

heterojunction [17]. However, till date TiO2/SnS2 core-

shell nanoparticles with TiO2 core and SnS2 shell have

not been reported.

Recently, the presence of an intrinsic defect in the

TiO2 matrix, like oxygen vacancy (V••O ) has been shown

to trigger visible light activity of TiO2 [18]. Previ-

ous reports showed that annealing of TiO2 nanoparti-

cles in hydrogen can produce defective “black” tita-

nia nanoparticles with a stoichiometry of TinO2n-1 and

a narrow band gap of ∼1.0 eV [19]. Under this situa-

tion, black TiO2 can aid in improved light absorption in

the visible regime, and hence appear to offer consider-

ably improved prospects for photocatalytic activity over

“white” TiO2. Generally, visible light photocatalytic ac-

tivity of semiconductors depends on factors such as: ef-

ficient full solar spectrum absorbance, electronic band

structure, photoactive surfaces and interfaces, charge

separation and charge recombination [20]. The elec-

tronic band structure, especially the sub-band gap states,

plays a very important role in governing these factors.

For the sub-band gap states to be photocatalytically ac-

tive, they must have a favourable energetic location for

the desired reaction and should offer adequate lifetimes

for the excited charge carriers to participate in the pho-

tochemical reaction [21]. These complex interplays of

sub-band gap states essentially mean that one-on-one

correlation between increased light absorption and in-

creased photoactivity would not necessarily be true.

The aim of the present work was to synthesise

TiO2/SnS2 core-shell nanostructures in a single-step hy-

drothermal route followed by calcination in oxidizing

or Ar atmospheres to induce the formation of pure ru-

tile TiO2 or with defective Ti3O5 phase in the core.

The structural and optical properties of the TiO2/SnS2

nanoparticles were investigated and their influence on

the photocatalytic activity in the reduction of Cr(VI) to

Cr(III) was explored.

II. Experimental details

2.1. Materials

All chemicals were of analytical grade and were

used without further purification. Tin(IV) chloride pen-

tahydrate (SnCl4 · 5 H2O, 99% purity), thioacetamide

(C2H5NS, 99% purity), titanium tetra iso-propoxide

(TTIP, 99% purity) and acetic acid (99% purity) were

purchased from Alfa Aesar, India. Ethanol (99.9%,

A.R.) was obtained from Merck, India.

2.2. Preparation of samples

A simple hydrothermal method was used to produce

the core-shell nanostructures. 0.5 ml of titanium tetra

iso-propoxide (TTIP) was stirred with 1 ml ethanol.

Thereafter, an SnS2 precursor consisting of 0.01 mol

SnCl4 · 5 H2O and 0.02 mol C2H5NS and 40 ml of

5 vol.% acetic acid aqueous solution was added in a

dropwise manner. The mixture was stirred continuously

and vigorously for 15–20 min until a clear homogeneous

solution was obtained. This solution was then trans-

ferred to Teflon-lined stainless-steel autoclaves of ca-

pacity 50 ml and the sealed autoclaves were maintained

at 180 °C for 12 h. This was followed by natural cooling

to room temperature. The as-formed yellow precipitates

of TiO2/SnS2 core-shell nanoparticles were filtered and

washed with distilled water and ethanol and finally dried

in a hot air oven at 80 °C for 1–2 h. Thereafter, the pow-

ders were calcined in an oxidising atmosphere at 300 °C

for 1 h (labelled as CS1). Another batch (also hydrother-

mally synthesized at 180 °C for 12 h) was calcined in Ar

atmosphere at 300 °C for 1 h (labelled as CS2).

SnS2 and TiO2 were also synthesized separately via

hydrothermal reactions of their respective precursors

(0.01 mol SnCl4 · 5 H2O + 0.02 mol C2H5NS + 40 ml

5 vol.% acetic acid aqueous solution for SnS2) and

(0.5 ml TTIP + 1 ml ethanol + 40 ml 5 vol.% acetic acid

aqueous solution for TiO2) at 180 °C for 12 h. The as-

produced TiO2 nanoparticles were calcined at 300 °C

for 1 h in both oxidizing (labelled as TiO2-O) and Ar

atmosphere (labelled as TiO2-Ar).

2.3. Characterization

Phase identification of the core-shell nanomaterials

was carried out by X-ray diffraction (Pan Analytical

Xpert Pro) in the 2θ range from 10° to 90° with Cu Kα
radiation using a step size of 0.02°. The microstructures

were investigated by HRTEM (Technai G Twin F-20).

Raman spectra were obtained at room temperature with

a Witec alpha 300R Raman spectrometer using 532 nm

excitation wavelength and the chemical states of the el-

ements were measured by XPS (SPECS HSA-3500).

The vibration modes of the as-synthesized samples were
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studied using FTIR spectroscopy (Perkin Elmer system

one FTIR) and UV-Vis absorption spectroscopy using

a Hitachi U3300 spectrophotometer was used to deter-

mine the optical and photocatalytic parameters of the

samples.

2.4. Photocatalytic tests

Photocatalytic properties of the as-synthesized prod-

ucts were tested using the reduction of aqueous

K2Cr2O7 solution under visible light (λ > 420 nm) ir-

radiation. This was carried out in a photochemical re-

actor using a 300 W Xenon lamp. A water-cooled jack-

eted quartz tube was used to separate the light source

from reaction mixture which ensured minimal transfer

of heat from the lamp to the reaction chamber. This

was essential so as to avoid thermal degradation (ther-

molysis) of the K2Cr2O7 solution. Before illumination,

100 ml of 160 mg/l K2Cr2O7 (Alfa Aesar, 99%) solu-

tion containing 50 mg of photocatalyst was magneti-

cally stirred in the absence of light for 2 h. For all the

photocatalytic reactions, the K2Cr2O7 solution was kept

at a chosen distance from the light source. For studying

the progress of the degradation reactions, 4 ml of the so-

lution was taken from the reactor during illumination at

scheduled intervals and centrifuged to separate the pho-

tocatalyst. Following this step, UV-Vis spectroscopic

measurements were made in order to determine the con-

centration of the K2Cr2O7 solution. In order to quantify

the photocatalytic activities of TiO2, SnS2 and the core-

shell nanoparticles, the following definition was used

for photo-degradation efficiencies (PDEt):

PDEt =
C0 − Ct

C0

× 100 (1)

Here, C0 and Ct are concentrations of the K2Cr2O7 solu-

tion at irradiation time of 0 (soon after dark adsorption

equilibrium is achieved and at the outset of the irradia-

tion experiment) and after t minutes, respectively.

III. Results and discussion

3.1. XRD analysis

XRD patterns of the as-synthesized core-shell nano-

particles as well as the pure TiO2 and SnS2 nanoparti-

cles calcined under different atmospheres are shown in

Fig. 1. The diffraction peaks were indexed to hexago-

nal berndite SnS2 (JCPDS no. 98-004-8478) and tetrag-

onal rutile TiO2 (JCPDS no. 98-004-6116) respectively

(Fig. 1a). The tetragonal anatase phase (JCPDS no-98-

010-933) can be detected in both TiO2-O and TiO2-Ar

(Fig. 1c). A shift of the diffraction peaks corresponding

to TiO2 toward lower angles was observed for the TiO2-

Ar (Fig. 1d) as well as for the CS2 sample (Fig. 1b), due

to the formation of oxygen deficient TinO2n-1. While no

diffraction peaks corresponding to Ti3O5 were evident

in the XRD patterns, the possibility of Ti3O5 forming

could not be ruled out as the quantity could be less than

Figure 1. XRD pattern of core-shell nanoparticles - CS1, CS2 and pure SnS2 (a), XRD pattern (magnified) corresponding to
TiO2 peak (110) of CS1 and CS2 (b), XRD pattern of TiO2-O and TiO2-Ar (c) and XRD pattern (magnified) corresponding to

TiO2 peak (001) of TiO2-O and TiO2-Ar (d)
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Figure 2. HRTEM images of core-shell nanoparticles: a) CS1, b) magnified view of CS1, c) CS2 with rutile TiO2 nanorods and
d) CS2 with Ti3O5 nanorods

the detection threshold limit of XRD. Thus, in order to

detect and quantify the existence of Ti3O5, HRTEM and

XPS experimental results were investigated.

3.2. Microstructural study

HRTEM was used to reveal the structure and study

the detailed morphology of the as-synthesized samples

(Fig. 2). In case of the sample CS1 (Fig. 2b), core-

shell nanoparticles consisting of rutile TiO2 nanorods

of 71 nm length and 12 nm diameter coated with SnS2

with a shell thickness of 10 nm were seen. The lattice

fringe spacing of the core was 0.34 nm matching with

the {110} planes of rutile TiO2 while that of the shell

was 0.33 nm matching with the {010} planes of SnS2.

In case of the sample CS2, rutile TiO2 nanorods

(30 nm length, 10 nm diameter) (Fig. 2c) as well as de-

fective Ti3O5 nanorods (41 nm length, 10 nm diameter)

(Fig. 2d) coated with SnS2 having a shell thickness of

5 nm and 18 nm, respectively, were seen. The lattice

fringe spacing of the core for rutile TiO2 was 0.31 nm

matching with the {110} planes, while the lattice fringe

spacing of the defective Ti3O5 core was 0.48 nm match-

ing with the {002} planes of Ti3O5 and the lattice

fringes spacings of the shell in both cases were 0.60 nm

matching with the {002} planes of SnS2. It is believed

that oxygen vacancies (V••O ) created in the rutile TiO2

structure during the annealing in Ar atmosphere induced

lattice stresses resulting in the formation of the distorted

oxygen-deficient Ti3O5 phase with an expansion in the

lattice spacing. These results demonstrate that calcina-

tion atmosphere is a critical parameter for phase control

of TiO2 based core-shell nanostructures.

3.3. Raman spectroscopy analysis

Raman spectroscopy, performed using an excitation

wavelength 532 nm revealed the defects induced as well

as other changes in the local structure of the core-shell

nanoparticles (Fig. 3a). The Raman spectrum of the

SnS2 reveals a peak at 302 cm-1 (A1g mode of SnS2) [16]

while the pure TiO2-O and TiO2-Ar (Fig. 3b) both show

the B1g mode (400 cm-1 and 515 cm-1) and B2g mode

(637 cm-1) of anatase [22] with an additional large and

broad peak at 2600 cm-1 in case of the TiO2-Ar indicat-

ing the presence of oxygen vacancies [23]. For all the

core-shell nanostructures, blue shift of the Raman band

occurred for SnS2 (302 cm-1 to 311 cm-1) as well as a

red shift of rutile TiO2. The shift in the Raman band of

SnS2 was due to the tensile strain in the shell induced by

the core [24]. Red shift of about 20 cm-1 in the Raman

band of rutile TiO2 (612 cm-1 to 592 cm-1) in case of the

CS2 compared to CS1 indicated that the original TiO2

lattice had broken down into a disordered Ti3O5 phase

with some amount of oxygen vacancies [18] which was

further confirmed by XPS results.

3.4. FTIR analysis

FTIR spectroscopy (Fig. 4) was also performed

to investigate the vibrational modes of the core-shell

nanoparticles (CS1 and CS2) as well as the TiO2

nanoparticles (TiO2-O and TiO2-Ar). For the pure SnS2,

the peaks at 633 cm-1 and 1115 cm-1 were found to be re-

lated with vibrations of the Sn–S bonds [25]. The band

at 1623 cm-1 may be attributed to the bending mode of

OH bonds [26]. The broad band appearing at 3400 cm-1
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Figure 3. Raman spectra of: a) core-shell nanoparticles and b) TiO2-O and TiO2-Ar

Figure 4. FTIR spectra of: a) core-shell nanoparticles CS1, CS2, SnS2 and TiO2 and b) FTIR spectra of the -OH stretching
region measured for TiO2, SnS2 and core-shell nanoparticles

as well as the peak at 3742 cm-1 present in the TiO2,

SnS2 and the core-shell nanomaterials were attributed

to surface hydroxyl groups [26]. For the hydrothermally

synthesized TiO2-O and TiO2-Ar, the peaks at 400–

800 cm-1 were ascribed to the bending modes of Ti–O

bonds [27]. The spectra showed features of complex vi-

brations due to TiO2 and Ti2O3. The band at 3848 cm-1

for the TiO2-O was due to the presence of tetrahe-

drally coordinated vacancies designated as 4Ti4+
−OH,

whereas the band at 3897 cm-1 was due to octahedral

vacancies designated as 6Ti3+−OH arising from the re-

sult of water adsorption of the Ti3+ states of Ti3O5 [28].

Formation of the core-shell nanostructures resulted in

a shift in the band positions corresponding to the Sn–

S bands of SnS2 as well as Ti–O bands of the samples

TiO2-O and TiO2-Ar [29].

3.5. XPS analysis

XPS was used to investigate the essential components

and oxidation states of the as-synthesized SnS2, TiO2

and TiO2/SnS2 core-shell nanostructures as well as to

understand the nature of the Ti3O5 chemical bonds. Fig-

ures 5 and 6 show the XPS spectra of the CS1 and

CS2 confirming the presence of Ti, O, Sn and S. The

spectra of both CS1 and CS2 showed peaks located at

459 eV and 465 eV which corresponded to Ti 2p3/2 and

Ti 2p1/2, respectively, confirming the existence of Ti4+

in both CS1 and CS2 with additional peaks at 457 eV

which corresponded to the Ti3+ state of Ti2O3 in case

of the CS2 [28]. On the other hand, O 1s of CS1 con-

sisted of two peaks – 532.1 eV (Ti4+−O) and 534.6 eV

(OH– ) [30]. Likewise for CS2 O 1s, the peaks could

be deconvoluted into three peaks – 530.5 eV (Ti4+
−O),

532.1 eV (Ti3+
−O) and 533.5 eV (OH– ) [30,31]. For the

CS2, the binding energies of Sn 3d5/2 (487 eV), Sn 3d3/2

(496 eV) and S 2p1/2 (163 eV), and for the CS1, binding

energies corresponding to Sn 3d5/2 (486.5 eV), Sn 3d3/2

(495 eV), S 2p3/2 (161.5 eV) and S 2p1/2 (162.7 eV)

were observed. It was seen that the binding energy of O

1s showed a positive shift of about 1.4 eV from 530.6 eV

to 532 eV for CS1 and a negative shift of about −0.6 eV

from 530.6 eV to 530 eV for the CS2 in comparison with

O 1s of the TiO2-O and TiO2-Ar samples. This may

be due to the close contact between the TiO2 and SnS2

nanoparticles, which formed a heterojunction with some

electrons being transferred from the SnS2 shell to the

TiO2 core [32]. Minor shifts in the binding energies val-

ues of Sn 3d5/2, Sn 5d1/2 as well as S 2p1/2 of CS2 and

CS1 were also observed compared to the corresponding

values in case of bulk SnS2 [33].

The formation of the Ti3O5 chemical bonds can be

explained from the XPS spectrum of the sample TiO2-
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Figure 5. XPS spectra of core-shell nanoparticles CS1 with the deconvolution: a) Ti 2p core level, b) O 1s core level,
c) Sn 3d core level and d) S 2p core level

Figure 6. XPS spectra of core-shell nanoparticles CS2 with the deconvolution: a) Ti 2p core level, b) O 1s core level,
c) Sn 3d core level and d) S 2p core level
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Figure 7. XPS spectra of TiO2-O and TiO2-Ar with the deconvolution: a) Ti 2p core level, b) O 1s core level of TiO2-Ar,
c) Ti 2p core level and d) O 1s core level of TiO2-O

Figure 8. UV-vis DRS of CS1, CS2, SnS2 and TiO2 nanoparticles (a, c) and band gap evaluation from the Tauc plots of CS1,
CS2, SnS2 and TiO2 nanoparticles (b, d)
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Ar (Figs. 7a and 7b). The Ti 2p spectrum of the TiO2-

Ar (Fig. 7a) was resolved into three components where

the binding energy value of 457 eV was identified with

the +3 oxidation state of Ti in Ti2O3, while those at

459.4 eV and 465 eV were identified with the +4 ox-

idation state of Ti in TiO2 [28,30]. The O 1s (Fig.

7b) spectrum consisted of three peaks: 528.9 eV (as-

signed to oxygen bonded to Ti3+), 530.5 eV (Ti4+
−O),

and 532.3 eV (OH– ) [28]. Quantitatively, 67.3% were

due to Ti4+ believed to be arising from the reaction of

the surface (Ti3+) states of the Ti3O5 nanoparticles with

water during hydrothermal synthesis. It was seen that

the (Ti3+/Ti4+) ratio was (1:10) which was much lower

than the expected value for a Ti3O5 phase (2:1) [34].

This implied that the amount of Ti3O5 formed during

hydrothermal synthesis was very low (and, therefore,

could not be detected in the XRD pattern). The forma-

tion of Ti3+ was closely associated with the presence of

oxygen vacancies which was calculated to be 11.6% us-

ing the ratio of the areas under the Ti3+ 2p3/2 peak and

the Ti4+ 2p3/2 peak.

3.6. Optical studies

Diffuse reflectance spectroscopy (DRS) of the sam-

ples was carried out to determine the band gap energy

and results are presented in Fig. 8. The direct band gaps

(Eg) were estimated from the Tauc plots (Figs. 8b and

8d). The band gap of the pure SnS2 was 2.26 eV and

those of the pure TiO2-O and TiO2-Ar were 3.04 eV

and 2.48 eV, respectively. For the TiO2-Ar an additional

lower band gap of 1.4 eV was also observed which was

due to the presence of oxygen vacancies [35]. The band

gaps of the CS1 and CS2 nanoparticles were 2.18 eV

and 2.12 eV, respectively. The absorption intensity of

the core-shell nanoparticles was higher compared to the

pure TiO2-O. In case of the CS2, the decrease in the

band gap occurred due to the formation of the defec-

tive Ti3O5 as core with oxygen vacancies. DRS absorp-

tion measurements of the TiO2-Ar (Fig. 8c) showed a

broad absorption over the entire visible spectrum indi-

cating that the oxygen vacancies helped in generating a

sub-band just below the conduction band edge of pure

TiO2 thereby narrowing the band gap to 1.4 eV. Hence, it

is evident that the calcination atmosphere was a critical

parameter in controlling the band gap of the TiO2/SnS2

core-shell nanostructures.

3.7. Photocatalytic performance

The photocatalytic activities of the SnS2, TiO2, and

the TiO2/SnS2 core-shell nanoparticles in the reduc-

tion of aqueous Cr(VI) under visible light irradiation

are shown in Fig. 9a. It can be seen that in the pres-

ence of the TiO2-Ar nanoparticles, very little reduction

of Cr(VI) took place under visible light irradiation for

120 min. On the other hand, the reduction took place

rapidly in the presence of the CS1 and CS2 as well as

the SnS2 nanoparticles. The photocatalytic activity fol-

lowed the order: CS1 > SnS2 > CS2 > TiO2-O > TiO2-

Ar. The variation of C/C0 with time indicated that in

60 min the K2Cr2O7 in the solution degraded by 21%,

Figure 9. Photocatalytic degradation curves of core-shell nanoparticles CS1 and CS2, SnS2, TiO2-O and TiO2-Ar (a) and
schematic diagrams of electronic transition between TiO2 and SnS2 under visible light irradiation for CS1 (b) and CS2 (c)
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67%, 72%, 100% and 95% in the presence of the TiO2-

Ar, TiO2-O, CS2, CS1 and SnS2, respectively. Although

the pure SnS2 nanoparticles showed higher photocat-

alytic reduction at higher concentrations of Cr(VI), later

the core-shell nanomaterial CS1 showed slightly better

performance when compared to the pure SnS2 and TiO2

nanoparticles as well as the CS2 core-shell nanoparti-

cles.

Mechanism of photocatalytic degradation

The relative band edge positions associated with both

CS1 and CS2 revealed the mechanism of photocatalytic

activity (shown schematically in Fig. 9b and Fig. 9c, re-

spectively). For the CS1 nanoparticles, the valence band

edges of TiO2 and SnS2 are −2.87 eV [36] and −1.76 eV

[37], respectively, with respect to the vacuum level and

the valence band offset was determined by using the fol-

lowing expression [36]:

∆Ev = (Ev − Ecl)TiO2
− (Ev − Ecl)SnS2

+ ∆Ecl (2)

where (Ev − Ecl) is the difference between the valence

band maximum and a conveniently identifiable core

level (which in this case is Ti2p and Sn3d while ∆Ecl is

the difference between the characteristic core levels in

TiO2 and SnS2, where the heterojunction had formed).

For the CS1 nanoparticles, although a large valence

band offset value (−1.36 eV) existed between TiO2 and

SnS2, this heterojunction could be anticipated as a type

II heterojunction. In this system, upon excitation, photo-

generated electrons from the higher energy conduction

band (CB) of TiO2 moved towards the conduction band

of SnS2 and holes generated in the valence band (VB)

of SnS2 moved towards the valence band of TiO2. The

electrons in the CB of SnS2 reacted with the dichromate

ions converting Cr(VI) to Cr(III). However, at the same

time some of these electrons reacted with the adsorbed

oxygen to produce •O –
2 radicals, which, in turn, gen-

erated hydroxyl radicals (•OH) by reacting with H2O.

These hydroxyl radicals (•OH) oxidised some of the

Cr(III) back to Cr(VI) to a limited extent [38]. The re-

actions can be described as follows:

TiO2 + hν(visible) −−−→ TiO2(e−CB + h+VB) (3)

SnS2 + hν(visible) −−−→ SnS2(e−CB + h+VB) (4)

TiO2(e−CB) −−−→ SnS2(e−CB) (5)

SnS2(h+VB) −−−→ TiO2(h+VB) (6)

2 Cr2O 2−
7 + 3 (e−CB)SnS2

+ 2 OH+ −−−→ 4 Cr3+ +

+ 10 H2O + 2 O2 (7)

SnS2(e−CB) + O2 dissolved −−−→ •O −

2 (8)
•O −

2 + H2O −−−→ •O2H + OH− (9)
•O −

2 + H+ −−−→ •O2H (10)
•O2H + OH− −−−→ H2O2 +

•OH (11)

H2O2 −−−→ 2 (•OH) (12)

3 (•OH) + Cr3+
−−−→ Cr6+ + 3 OH− (13)

On the other hand, in case of the CS2 sample upon

excitation, photogenerated electrons from the higher en-

ergy conduction band (CB) of SnS2 moved towards the

conduction band of TiO2 while holes generated in the

valence band (VB) of TiO2 moved towards the valence

band of SnS2. While the majority of the electrons in

the CB of TiO2 resulted in the generation of •O –
2 rad-

icals and reduced Cr(VI) to Cr(III), some of the •O –
2

radicals formed hydroxyl radicals (•OH) that oxidised

Cr(III) back to Cr(VI) to a limited extent, thereby de-

creasing the rate of photodegradation. In addition to the

reactions (3, 4 and 9–13), the following reactions took

place:

SnS2(e−CB) −−−→ TiO2(e−CB) (14)

TiO2(h+VB) −−−→ SnS2(h+VB) (15)

2 Cr2O 2−
7 + 3 (e−CB)TiO2

+ 2 OH+ −−−→ 4 Cr3+ +

+ 10 H2O + 2 O2 (16)

TiO2(e−CB) + O2 dissolved −−−→ •O −

2 (17)

At higher concentrations of Cr(VI), the CS1 nanopar-

ticles showed slightly lower photocatalytic reduction

activity than the pure SnS2 nanoparticles due to the

fact that the amount of produced hydroxyl radicals

was higher in the case of CS1 leading to the oxida-

tion of Cr(III) back to Cr(VI). However, after 40 min of

photocatalytic degradation, the reduction rate for SnS2

nanoparticles decreased due to the trapped adsorbed O2

on the SnS2 surface reducing the available active sites

for degradation [39]. On the other hand, in the case of

CS1, due to the special core-shell morphology and type

II heterojunction formed at the TiO2/SnS2 interface, an

improved photoreduction compared to SnS2 nanoparti-

cles was observed at the later stage of photodegradation.

So, when the TiO2/SnS2 core-shell nanoparticles

were used, an enhancement in the photocatalytic reduc-

tion activity could be expected vis-à-vis a single-phase

material, as the recombination of photogenerated car-

riers was suppressed in this heterostructured material.

The above offers a reasonable explanation as to why the

CS1 showed the highest photocatalytic reduction activ-

ity when compared to the single phase SnS2 and TiO2.

On the other hand, despite having a type II hetero-

junction at TiO2/SnS2 interface, the CS2 showed lower

photocatalytic activity than the CS1 as well as SnS2.

From the energy band diagram of the CS2 sample it can

be seen that the valence band maximum due to oxygen

vacancies moved by 1.79 eV towards the TiO2 conduc-

tion band minimum edge [35] and resulted in the for-

mation of a narrow band gap (Eg = 1.4 eV) of TiO2.

At the same time, the Ti3+ defect states in the TiO2-Ar

caused a sub-band formation between the CB and VB of

TiO2 and the resulting midgap state acted as a charge re-

combination centre, thereby increasing the recombina-

tion rate, and, consequently, reduced the photocatalytic

activity of CS2 [21] (as seen schematically in Fig. 9c).
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IV. Conclusions

TiO2/SnS2 core-shell nanostructures were success-

fully prepared using a single-step hydrothermal method

and the photocatalytic activity was tested for the re-

duction of aqueous Cr(VI). The core-shell nanoparti-

cles were modified by annealing in air (sample: CS1)

and Ar atmosphere (sample: CS2). The core of the lat-

ter sample was found to be rich in oxygen vacancies

and had a lower band gap (∼1.4 eV). However, the CS1

sample performed much better at photoreduction than

the individual constituent phases (TiO2 and SnS2). This

was attributed to a type II heterojunction being formed

at the TiO2/SnS2 interface, which offered effective pho-

toreduction. On the other hand, the improved light ab-

sorption characteristics of the CS2 sample due to low-

ered band gap resulted in poorer photoreduction per-

formance when compared to the CS1 sample. This was

due to the presence of midgap states which acted as re-

combination centres, and hence, reduced the photocat-

alytic activity in the visible spectrum. Given the above

results, the work offers fresh insights into the prospects

of sulphide-oxide core-shell nanostructures in produc-

ing next-generation photoreduction catalysts.
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