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INTRODUCTION

The demineralization of various toxic contaminants in
wastewater using solar light has attracted different researchers.
The byproducts and wastewater discharged through various
industries contain high concentration of toxic materials [1].
Due to growing industrialization, the contaminated water with
such toxic waste has already aggravated the situation by affecting
health of living beings. In this regard, an intensive research on
the development of nanocomposite with optimum photocat-
alytic activity has been pursued by different research groups.
These nanocomposites have attracted researchers significantly
due to their unique optical, electronic and chemical properties
arising from the synergistic effect of metal oxides in photo-
catalytic activity. Accordingly, several metal oxides such as
TiO2, ZnO, WO3, Mo2O3, V2O5, Bi2O3, Fe3O4 and SnO2 [2-9]
have been demonstrated as a successful alternative to the various
conventional methods for the remediation of environmental
problems. Electron-hole (e-h) pairs get generated after UV
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light irradiation on photocatalyst that further promotes
formation of •OH radicals (reactive species) which is advanced
oxidation process and prominent technique for complete miner-
alization of toxic organic pollutants in industrial wastewater.
However, the photocatalytic efficiency of photocatalyst
decreases by the e-h pair recombination to that of interfacial
charge transfer. To overcome this problem two metal oxide
semiconductor particles with different ionization potential,
band energy levels and different electron affinities are coupled.
After irradiation the photo-induced electrons get excited from
valence band to conduction band. These excited electrons further
get transferred to the conduction band of the metal oxide semi-
conductor with lower energy. Simultaneously, the photogene-
rated holes are migrated in opposite direction from lower valence
band to higher valence band. This results in separation of e-h
pair which further decreases the recombination rate. Accor-
dingly the various combinations of different metal oxide
semiconductors like ZnO-In2O3 [10], CeO2-SnO2 [11], TiO2-
WO3 [12], NiO-SnO2 [13], ZnO-Cr2O3 [14], TiO2-Fe2O3 [15]



and ZnO-SnO2 [16] have been investigated. Among several
studied metal oxides, ZnO and SnO2 found very active in presence
of solar energy. The matching energy levels, ease of synthesis,
high electron mobility, non-toxicity, low crystallization
temperature and low cost are some of the peculiarities of ZnO
and SnO2 those have attracted the researchers. The surface of
both metal oxides is commonly used as a sink of vacancies.
The oxygen deficiencies in pure state of ZnO and SnO2 are low
and can be increased by doping method. Also the quantum
efficiency of these metal oxides is less due to high rate of e-h
pair recombination and large band gap. Pertaining to this, the
literature reports the enhanced photocatalytic activity by
coupling of ZnO and SnO2 metal oxides. Such composites
have already found their applications in solar cells, transistors,
lithium ion batteries and photocatalysis [17]. However, the
undoped ZnO-SnO2 nanocomposite still could not able to shift
the absorption to visible region. The continuous efforts have
been made to change the optoelectronic properties of semi-
conductor nanocomposites by addition of small quantity of
dopant that alters the regular arrangement of crystal lattice.
Among such dopants, the addition of nonmetals on metal
oxides decreases both the band gap energy and e-h pair recom-
bination by the formation of mid gap energy states as well as
increasing the quantity of defects into the crystal lattice of
metal oxides [18-24]. Carbon, boron and sulphur, especially
act as active doping elements and enhance the photocatalytic
activity of nanocomposite [25-27]. According to literature
survey most of the study were concluded in combination of
different metal oxide semiconductor doped with metal or non-
metals. Doping of C, B and S on ZnO-SnO2 yet not been evaluated
and reported in the literature.

Thus, the present work deals with the successful synthesis
of B, C and S-doped ZnO-SnO2 nanocomposite photocatalyst
by precipitation method. The results show the least particle
size and highest photocatalytic activity for S-doped ZnO-SnO2.

EXPERIMENTAL

All the chemicals (zinc nitrate, stannic chloride, ethylene
glycol, sodium hydroxide, ammonia, thiourea, boric acid) used
for the preparation of B/C/S-doped ZnO-SnO2 nanocomposites
were analytical grade and purchased from Merck so used
without further purification.

Synthesis of doped B/C/S ZnO-SnO2 nanocomposites:
B/C/S-doped ZnO-SnO2 nanocomposites were synthesized by
using precipitation method. Zinc nitrate (0.5 M, 100 mL) and
stannic chloride was added into 500 mL beaker along with 20
mL 10% ethyl alcohol and 2 mL conc. HNO3 and stirred for 1 h,
followed by the addition of 0.1M carbon, boron and sulphur
source. Citric acid/ethylene glycol, boric acid and thiourea were
taken as a source of carbon, boron and sulphur, respectively
for the preparation of C/B/S-doped ZnO-SnO2, separately. The
pH of the resultant mixture was adjusted to 7 by using 0.1M
NaOH to get the precipitate. The mixture was further stirred
for another 12 h and then left for aging next 5 days. Then it
was evaporated at 80 ºC to get powder which is further crushed
and calcined at 450 ºC for 2 h. The obtained powder was used
for dye degradation study and characterization.

Characterization: X-ray diffraction (XRD) for phase purity
and structure determination was performed on Brucker D8

Advance diffractometer with CuKα as radiation source (λ =
1.1506) at a scan rate 0.03º s-1. The morphology, particle size
and composition of prepared nanophotocatalysts were studied
by using field emission scanning electron microscope (Nova
nanoSEM NPEP303). FT-IR spectrum was recorded on Avatar-
330 spectrophotometer in the range of 4000-400 cm-1. The
microstructure were studied by using Technai F30 HRTEM,
FEG field emission transmission electron microscope (TEM)
working at 300kV. A UV-Vis diffuse reflectance spectrum (UV-
DRS) was carried out using PE LAMBDA35 spectrophotometer
in the range of 200-800 nm. Photoluminescence emission spectra
(PL) was employed to study the e-h pair recombination and
recorded at excitation energy 325 nm on photoluminescence,
SCINCO FluoroMate FS-2 using 3 nm slit width at room temp-
erature. Raman spectra were recorded on Renishaw InVia Raman
spectrometer using a 532 nm argon ion laser from 100-2000
nm. Chemical composition and valence band spectra of nano-
composites were studied using X-ray photoelectron spectro-
scopy using (XPS; ESCA-3000, VG Microtech, Uckfield, UK).
To study the specific area of prepared samples, nitrogen adsor-
ption/desorption measurement at 77 K on the basis of BET
equation were done using Micrometrics ASAP 2020 systems.

Photocatalytic study: Photocatalytic activity of series
of doped and undoped ZnO-SnO2 samples were studied by
using degradation of methyl orange under natural sunlight
irradiation. The solar light used for irradiation was isolated
and measured by UV irradiance meter in the range of 370-
500 nm and found to be 26.15 W/m2 in average. The photo-
catalytic dye degradation study was performed from 1 p.m. - 2
p.m. in the month of May 2017. The experiment was carried
out in 250 mL glass beaker containing 100 mL aqueous solution
of methyl orange (50 mg/L). Prepared photocatalyst (0.025 g)
was added into the above aquous methyl orange solution with
stirring at room temperature. In order to form equilibrium
between methyl orange and sample photocatalyst the mixture
was stirred continuously in the dark for 60 min. After attaining
of equilibrium the beaker was exposed to sunlight. Then 5 mL
dye suspension from glass beaker was collected by using syringe
after the interval of every 10 min. The sample from collected
suspension was removed by filtration through Millipore filter.
The decrease in the concentration of methyl orange in the suspen-
sion was studied by using UV-visible spectrophotometer at
λmax = 507 nm. The degradation efficiency of methyl orange
was studied using following expression:

o

o

C C
Degradation efficiency (%) 100

C

−= ×

where, Co and C are absorbance of methyl orange prior and
after the irradiation of sunlight.

RESULTS AND DISCUSSION

XRD analysis: The samples were characterized by XRD
technique in order to study the crystal structure and phase purity
of prepared undoped and doped ZnO-SnO2 nanocomposite.
Fig. 1 shows the diffraction pattern of these photocatalysts
with several sharp peaks. The peaks at 2θ = 30.7º, 34.3º, 47.8º,
67.9º are well assigned as 100, 002, 110 and 201, respectively,
are in good agreement with the standard pattern for hexagonal
wurtzite structure of ZnO (JCPDS file No.: 36-1451) [28].
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Fig. 1. XRD patterns of undoped ZnO-SnO2, B-doped ZnO-SnO2, C-doped
ZnO-SnO2 and S-doped ZnO-SnO2 calcined at 450 °C for 2 h in air

Further, additional peaks at 2θ = 27.02º, 33.8º, 38.1º, 52.1º,
57.98º  are assigned as 110, 101, 200, 211 and 002, respectively
corresponded to the rutile tetragonal structure of SnO2 (JCPDS
file No.: 41-1445) [29]. All the sharp and intense peaks in the
diffraction pattern indicate the well crystalline nature of samples.
The peaks corresponding to non-metal (B, C and S) dopant
were not appeared in XRD pattern. This confirms the successful
doping of S on nanocomposite, low concentration of dopant
and single phase of synthesized samples [30]. The increased
crystalline size of undoped to B/C and S-doped ZnO-SnO2

was calculated by using Scherrer′s equation as shown in Table-
1. The calculated crystalline size is in good agreement with
the size observed in TEM study.

TABLE-1 
MORPHOLOGICAL AND STRUCTURAL PROPERTIES OF 

UNDOPED AND B/C/S-doped ZnO-SnO2 NANOCOMPOSITES 

Sample Particle size 
(nm) 

Surface area 
(SBET) = (m2 g-1) 

Band gap 
energy (eV) 

Pure ZnO-SnO2 35.6 21.5 2.84 
B-doped ZnO-SnO2 28.5 37.7 2.82 
C-doped ZnO-SnO2 16.3 59.9 2.79 
S-doped ZnO-SnO2 9.2 69.1 2.74 
*Pore size was calculated by BJH theory, BET technique was used to 
study surface area of nanocomposite and band gap energy was 
estimated using UV-DRS. 

 
FT-IR analysis: Fig. 2 depicts the typical FT-IR spectra

of series of undoped and B/C/S-doped ZnO-SnO2 nanocom-
posites within range 4000-400 cm-1. The observed peaks of
absorbed water molecules at 3459 and 1640 cm-1 correspond
to OH stretching and bending vibration mode, respectively.
The peak intensity gets increased from undoped to S-doped
ZnO-SnO2. The spectra also revealed the Zn−O (520 cm-1) and
Sn−O (669 cm-1) stretching modes [31,32]. The remarkable
absorption peak of SO4

2− at 1100 cm-1 in S-doped ZnO-SnO2

indicates the formation of S−O bond in the nanocomposite
[33]. The characteristic absorption peak at 800 cm-1 suggests
the existence of bridged Zn−O−Zn, Sn−O−Zn and Sn−O−Sn
bond [34].

SEM analysis: It is well known that photocatalytic activity
mostly depends on the surface morphology and structure of
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Fig. 2. FT-IR spectra of (a) pure ZnO-SnO2, (b) B-doped ZnO-SnO2, (c)

C-doped ZnO-SnO2 and (d) S-doped ZnO-SnO2

nanocomposite. Accordingly, we studied the surface morphol-
ogy of synthesized undoped and B/C/S-doped ZnO-SnO2 using
scanning electron microscope. The corresponding high resolution
SEM images shown in Fig. 3a-d revealed the significant structural
differences for both doped and undoped ZnO-SnO2 nanocom-
posites. The agglomerated spherical crystals were observed
in case of undoped ZnO-SnO2 nanocomposites (Fig. 3a) whereas,
B-doped ZnO-SnO2 (Fig. 3b) developed flower like morphology.
C-doped ZnO-SnO2 shows (Fig. 3c) crushed dry leaves like
structure. In case of S-doped ZnO-SnO2 the artificial flower
made by broken wood pieces type of structure is observed
(Fig. 3d). EDX spectrum shown in Fig. 3e clearly revealed the
purity of sample and showed presence of S, Zn and Sn in the
nanocomposite.

TEM analysis: The morphological study of series of
doped and undoped ZnO-SnO2 was carried out using TEM
and HRTEM images as shown in Fig. 4a-f. The particles in
undoped ZnO-SnO2, B-doped ZnO-SnO2 and C-doped ZnO-
SnO2 appeared as nanorods with agglomeration (Fig. 4a-d).
The observed interplanar distances (Fig. 4e) 2.79 and 2.59 Å
indicates the (1 0 0) and (0 0 2) plane of hexagonal wurtzite
ZnO. In addition to this, the interplanar distances 3.36 and 2.67
Å exhibited the (1 1 0) and (1 0 1) planes of rutile SnO2 [35].
It is also observed that the small pores in the TEM morphology
indicate the mesoporus nature of prepared nanocomposite. The
detailed lattice structure of S-doped ZnO-SnO2 was studied using
HRTEM as shown Fig. 4e. The polycrystalline structure and
good crystallization of S-doped ZnO-SnO2 nanocomposite is
observed in ring like SAED pattern (Fig. 4f). The smaller size
provides higher surface area which effectively increases the
photocatalytic activity of nanocomposite. The measured average
particle size was found to be 30-40 nm (ZnO-SnO2), 20-30
nm (B-doped ZnO-SnO2), 10-20 nm (C-doped ZnO-SnO2) and
5-10 nm (S-doped ZnO-SnO2). Thus, the uniform spherical
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Fig. 3. FESEM images of (a) undoped ZnO-SnO2, (b) B-doped ZnO-SnO2, (c) C-doped ZnO-SnO2, (d) S-doped ZnO-SnO2 and (e) EDX
spectrum of S-doped ZnO-SnO2

Fig. 4. TEM images of (a-b) undoped ZnO-SnO2, (c) B-doped ZnO-SnO2, (d) C-doped ZnO-SnO2 and (e) HRTEM image and (f) SAED
pattern of S-doped ZnO-SnO2
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morphology with least particle size was exhibited by S-doped
ZnO-SnO2. The obtained values are in good agreement with
XRD study and those calculated using Scherrer′s equation
(Table-1).

XPS analysis: The surface structure and composition of
synthesized S-doped ZnO-SnO2 was investigated by XPS tech-
nique. Fig. 5a shows a high resolution XPS spectra of Sn3d. It
displays symmetric spin orbital splitting of Sn3d3/2 and Sn3d5/2

at 486.7 and 495.1 eV, respectively and thus revealed the presence
of SnO2 crystals in the sample. The energy separation of these
peaks (8.42 eV) is in line with the reported SnO2 values [36].
The high resolution XPS spectrum for O1s peak can be decon-
vulated into three main peaks at 530.1, 531.1 and 532.2 eV as
shown in Fig. 5b). The lower peak at 530.1 eV indicates the
Sn−O−Sn bonding and the middle peak at 531.1 eV attributes
Sn−O−Zn bonding [37], while the peak at 532.2 eV is ascribed
to adsorbed OH group [38]. In Fig. 5c, the high resolution
XPS graph of S2p3/2 show peak at 169.8 eV corresponding to
S6+ states which indicates the successful doping of sulphur

atoms on the surface of ZnO-SnO2 nanocomposites [39]. Two
symmetric peaks for Zn2p orbital appeared at 1022.1 eV
(Zn2p3/2) and 1045.2 eV (Zn2p1/2) confirmed the existence of
normal oxidation state of Zn2+ in the sample (Fig. 5d) [40].
All these results points that the prepared photocatalyst is
actually composed of ZnO and SnO2 with sulphur doping.

UV-vis DR spectral analysis: The optical properties of
prepared samples were studied by diffuse reflectance spectra
as shown in Fig. 6. The prominent absorption edge of undoped
ZnO-SnO2 was estimated at 437 nm [41]. However, after non-
metal doping the consistent red shift was observed. The promi-
nent absorption at 437 nm was shifted towards the visible region
with decrease in band gap energy. This decrease in band gap
energy can be attributed to the synergistic effect of doped non-
metal. The S-doped ZnO-SnO2 nanocomposite shows absor-
ption peak at 452 nm (increment of 15 nm) that exhibit the
enhanced photocatalytic activity as compared to undoped ZnO-
SnO2. The absorption edge at higher wavelength in visible
region indicates the more utilization of solar light for methyl
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Fig. 5. High resolution XPS spectra of S-doped ZnO-SnO2 (a) Sn3d5/2, Sn3d3/2, (b) O1s, (c) S2p and (d) Zn2p
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Fig. 6. UV-visible DRS of prepared photocatalysts

orange degradation. The band gap energy values of prepared
photocatalysts were estimated using following equation:

α(hν) = A(hα – Eg)1/2

where Eg, α, ν, h and A are the band gap energy (eV), absorption
coefficient, frequency of light (s-1), Planck′s constant (6.626
× 10-34 m2Kg/s) and a constant, respectively [42]. Thus the
calculated band gap energies of undoped ZnO-SnO2, B-ZnO-
SnO2, C-ZnO-SnO2 and S-ZnO-SnO2 are reported in Table-1.

Photoluminescence analysis: Photoluminescence (PL)
measurements can be used to detect various fundamental material
properties. In order to study the optical properties of prepared
undoped and B/C/S-doped ZnO-SnO2 nanocomposite photo-
catalysts were characterized by PL at room temperature (Fig.
7). Spectrum shows three emission bands in visible region at
414, 467 and 540 cm-1 from the transition in various kinds of
defect states and oxygen vacancies in the nanocomposites [43].
The recombination of photoinduced e-h pair in the semiconductor
is responsible for photoluminescence of photocatalyst and the
intensity is directly proportional to the rate of e-h pair recombi-
nation. The intensity of PL peaks decreases from undoped
ZnO-SnO2 to B/C/S-doped ZnO-SnO2. This result shows the
lowest rate of e-h pair recombination in S-doped ZnO-SnO2

nanocomposite. The doping of non-metal does not shift the
emission of ZnO-SnO2 nanocomposite but the decreases the
PL intensity. This indicates that non-metal doping successfully
suppresses e/h pair recombination.

Photocatalytic activity: The photocatalytic activity of
undoped and B/C/S-doped ZnO-SnO2 nanocomposite photo-
catalysts was studied by photodegradation experiment of
methyl orange dye in aqueous solution under natural sunlight
irradiation at λmax 507 nm. Methyl orange dye is used as a
representative of the organic pollutant to study the photodegra-
dation ability of photocatalysts. Fig. 8 displays the comparison
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Fig. 7. Room temperature photoluminescence emission spectra of (a)
undoped ZnO-SnO2, (b) B-doped ZnO-SnO2, (c) C-doped ZnO-SnO2

and (d) S-doped ZnO-SnO2
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Fig. 8. Photocatalytic degradation of methyl orange over undoped and
doped ZnO-SnO2 under solar light irradiation

of the degradation of methyl orange by undoped and B/C/S-
doped ZnO-SnO2 photocatalysts. The dye degradation compe-
tency of the photocatalyst is defined in terms of C/Co where
Co and C are the initial and reaction concentration of methyl
orange after the equilibrium, respectively. The recorded photo-
catalytic activity both in dark as well as without addition of
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photocatalyst revealed that methyl orange dye remains unreduced.
It is well known that ZnO-SnO2 photocatalysts has the dye
degradation ability. Accordingly for ZnO-SnO2, Fig. 8 shows
50 % methyl orange degradation after 60 min. It is worth to
note that ZnO-SnO2 exhibit enhanced dye degradation ability
upon doping of boron, carbon and sulphur. Remarkable methyl
orange degradation of about 99 % was recorded in case of S-
doped ZnO-SnO2 within the same period of time. The enhanced
photodegradation efficiency of S-doped ZnO-SnO2 can be
attributed to the synergetic effect of low particle size, high
surface area and low band gap energy of sulphur doping on
ZnO-SnO2 nanocomposites.

Mechanism for the enhanced photocatalytic activity:
The schematic representation of solar photocatalytic methyl
orange dye degradation using S-doped ZnO-SnO2 photocatalyst
is shown in Fig. 9. It is well known that the photocatalytic
activity of ZnO-SnO2 photocatalyst depends on its band alignment.
The characterization results revealed the modified structure
of ZnO-SnO2 nanocomposite upon sulphur doping. When ZnO
and SnO2 form a heterojunction, due to their different work
functions electrons are transferred from SnO2 to ZnO. This
transfer of electrons continues until the alignment of their Fermi
levels. Thus, the attained thermal equilibrium forms a depletion
layer at the interface.

O2
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Fig. 9. Schematic representation of methyl orange dye degradation using
S-doped ZnO-SnO2

The irradiation of solar light generates e/h pair in the photo-
catalyst. These photogenerated electrons get excited from
valence band (VB) to conduction band (CB) in both ZnO and
SnO2 and create holes in the valence band. Further these
electrons move from ZnO to SnO2 (SnO2 have lower CB than
ZnO) and holes from SnO2 to ZnO (ZnO have higher VB than
SnO2). Accordingly, the electrons get collected to SnO2 and
holes to ZnO due to the depletion layer induced by different
work functions, which leads to enhancement in their lifetime
due to decrease in e/h pair recombination. Further, adsorption
of dissolved oxygen takes place on the surface of the photo-
catalyst. The electrons present in the conduction band of SnO2

generate superoxide radical anions which on protonation convert
to   and finally generates   radical. On the other side, the holes
present in the valance band of ZnO with physisorbed water
molecules create HO• radicals. It is well known that HO• radical
is strong oxidizing agent and demineralize the organic molecules
such as methyl orange. The proposed mechanism (Scheme-I)
for degradation of methyl orange on the surface of S-doped
ZnO-SnO2 photocatalyst can be summarized as:

2 CB VB 2 CB VB(ZnO-SnO ) + h (ZnO (e /h )-SnO (e /h ))− + − +→ ⋅ ⋅ν

CB VB 2 CB VB VB 2 CB(ZnO (e /h )-SnO (e /h )) (ZnO (h )-SnO (e ))− + − + + −⋅ ⋅ → ⋅ ⋅

2 CB 2 2 2SnO (e ) + O SnO  + O  − −⋅ → i

2O  + H   HOO− + →i i

2 2 22HOO   H O  + O→i

2 2 CBH O  + e   HO  + HO− −→ i

VBZnO (h ) + HO   HO+ −⋅ → i

HO  + MO  degradation→i

Scheme-I: Proposed mechanism for the methyl orange (MO) degradation
on the surface of ZnO-SnO2 photocatalyst

In addition to this increased e/h pair separation, the conco-
mitant modifications in the structure of nanocomposite on
sulphur doping contributes to enhanced photocatalytic activity.
The sulphur doping enhances the photocatalytic efficiency
mainly due to: (a) creation of more defects or oxygen vacancies
in the crystal upon S-doping which can inhibit the recombi-
nation of the photoexcited charge carriers; (b) it also decreases
the band gap and shifts the absorption towards visible light
region. Also the formation of Sn−O−Zn bond, interfacial charge
transfer and reduction in back reaction brings improvement
in the lifetime of photoinduced charge carriers and their efficient
separation. The interaction of doped sulphur with the photo-
catalyst (ZnO-SnO2) efficiently creates the fitting environment
for the generation of HO• and results in the enhanced photo-
catalytic efficiency.

Conclusion

To summarize, a new nanocrystalline undoped and B/C/
S-doped ZnO-SnO2 semiconductor with enhanced photocatalytic
activity was successfully synthesized by simple precipitation
method. It was found that, S-doped ZnO-SnO2 shows increased
photocatalytic activity as compared to undoped as well as B
and C-doped ZnO-SnO2 for the degradation of methyl orange
dye under solar light. XPS study clearly showed the successful
doping of sulphur on nanocomposite. The lowest rate of e-h
pair recombination in S-doped ZnO-SnO2 was confirmed by
photoluminescence intensity measurement. All the doped
nanocomposites exhibited red shift in DRS study with S-doped
ZnO-SnO2 being shifted more towards visible region. The imp-
roved photocatalytic activity of nanocomposites was attributed
to least particle size, high BET surface area, low binding energy
and overlapping of S2p orbital with the O2p orbital of ZnO
and SnO2. Present findings suggest the possible use of cheaper
doping elements with enhanced photocatalytic activity for the
degradation of methyl orange dye using solar light.
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