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AbstractWe investigated the efficiency of oxide based hierarchical heterostructure as adsorbent for the treatment of
organic dyes, Methyl orange (MO) and Methylene Blue (MB), containing solution. Nanocrystals such as ZnO nanorods
(at various temperatures of 30, 60 and 75 oC) and SnO2 nanoparticles were synthesized by electrodeposition method
and hydrothermal approaches, respectively. SnO2-ZnO heterostructures were formed by spin coating SnO2 nanoparti-
cles on ZnO nanorods matrix to form a heterostructured film. The surface morphologies and structural characteriza-
tion of as-prepared heterostructures were investigated by scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and X-ray diffraction (XRD) techniques. While, absorption spectra of all samples were examined
by UV-vis diffuse reflectance spectroscopy. The photocatalytic activities of as-prepared samples for organic dyes degra-
dation were tested under UV light as model reaction. The SnO2-ZnO heterostructured photocatalyst showed superior
activities than individual ZnO and SnO2 nanocrystals. This heightened behavior was attributed to its better charge sep-
aration capability and the slow charge recombination originating due to difference in energy values of conduction band
edges of SnO2 and ZnO. The SnO2-ZnO heterostructure demonstrated better stability and recyclability up to five times,
which is highly desirable for potential industrial applications including dye degradation and wastewater treatment systems.
Keywords: Organic Dye Degradation, Hydrothermal Approach, Metal Oxide Heterostructures, Photocatalysis, Electro-

chemical Deposition

INTRODUCTION

Water, being the utmost necessity of life, needs continuous im-
provement in its quality and preservation of available natural reser-
voirs. Unfortunately, the continuous addition of undesirable organic
and inorganic pollutants from various sources such as industrial
discharge, chemical spills and agricultural runoff not only poses seri-
ous threats to our existing natural water reservoirs but is equally
dangerous to the ecosystem [1,2]. The alarming situation about in-
dustrial discharged pollutants is that they are composed of organic
and inorganic dyes which are more chemically stable and are resil-
ient to water, sunlight and other basic chemicals making their de-
composition even difficult. Furthermore, these dyes can produce
intense colorization to the normal water and are poisonous/car-
cinogenic for human health and marine life [3]. Among organic dye
pollutants, Methyl Orange and Methylene Blue (MO and MB) are
the largest dyes produced globally in textile, paper, pharmaceuti-
cal, cosmetics and leather industries [4-6]. Besides being carcino-
genic and mutagenic, their combined toxic effects also include di-
sruption to central nervous systems, respiratory distress, gastroin-
testinal issues and pulmonary edema for human beings [7,8]. The
contaminated wastewater with the above-mentioned dyes has been

treated by several non-destructive techniques including adsorption,
ultra-filtration, reverse osmosis, or chemical coagulations [9-13].
However, the efficiency of these methods is quite doubtful, as these
they are somewhat expensive, slow and produce some secondary
pollutants; thus further treatment is needed to remove the byprod-
ucts [14]. Photocatalysis has been regarded as one of the green and
efficient approaches that can completely remove dye pollutants
without producing any byproducts [15-21]. Photocatalysis mainly
involves photonic based charge carriers, efficient transmission of
an electron/hole as well as their recombination rates. Once the photo-
generated charge carriers have been generated, they tend to recom-
bine instantly either on the surface of the particles or in the bulk.
However, for greater efficiencies, these photogenerated carriers should
be able to generate free radicals by reacting with the absorbed spe-
cies on the nanoparticles [22]. Therefore, it is believed that by cou-
pling more than one material with different bandgaps, electron af-
finity and ionization potentials may hinder the issues of fast recombi-
nation of the photogenerated electron/hole pairs [23-27].

Usually, complex hierarchical nanostructures are constructed by
assembling nanocrystal building blocks such as nanoparticles, nano-
wires, nanotubes, nanobelts, nanosheets and nanorods. These het-
erostructures not only increase specific surface area but also pro-
vide surface active sites to trap the electrons and holes to retard
their recombination rates [28]. In recent years, a wide variety of
coupled semiconductor heterostructures such as ZnO-WO3 [29],
ZnO-TiO2 [30,31], SnO2-V2O5 [32,33], ZnO-SnO2 [34], have been
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extensively investigated for incorporation into photocatalytic reac-
tions. Among various oxides, SnO2 and ZnO are well-known semi-
conductors occupying wide direct band gaps (Eg=3.37 and 3.5 eV
at 300 K) and potentially utilized in diverse applications ranging
from photovoltaics to photocatalysis and gas sensing [35-37]. Fur-
thermore, one-dimensional nano-materials possess more exposed
surface area as well as high charge mobility rates [38].

Herein, we report the fabrication of a hierarchical nanostructure
composed of SnO2 nanoparticles on ZnO nanorods arrays for organic
dye degradation. First, ZnO nanorods array matrix was fabricated
to act as a baseline of the hierarchical heterostructure. Subsequently,
ultra-small (~5-8 nm) SnO2 nanoparticles were synthesized via hy-
drothermal process. Finally, the SnO2-ZnO heterostructure was
formed by spin-coating SnO2 nanoparticles over ZnO matrix. The
photocatalytic activity of the individual nanostructures (ZnO, SnO2)
as well as the SnO2-ZnO heterostructure was evaluated by meas-
uring the degradation abilities of organic dyes (Methyl Orange (MO)
and Methylene Blue (MB) under UV irradiation. The photocatalytic
properties of the SnO2-ZnO-based catalysts were found to be supe-
rior to individual nanostructures, and their enhanced efficiency was
addressed based on better charge separation phenomenon. The het-
erostructure proposed in this report can potentially be applied in
various environmental and industrial related sectors.

MATERIALS AND METHODS

1. Synthesis of ZnO Nanorods
All chemicals of analytical grade (99.95% purchased from sigma

Aldrich) were used throughout this study. ZnO nanorods are pre-
pared by electrodeposition method with the use of HA151 Poten-
tiostat (Hokuto Denko). Three-electrodes were used, where fluorine
tin oxide glass substrate FTO was used as working electrode, plati-
num foil was used as counter electrode and Ag/AgCl electrode in
4 M KCl solution as reference electrode. Prior to deposition, the
substrate was cleaned with ethanol followed by acetone and then
dried under nitrogen air flux. The electrodeposition was carried out
in a solution of 0.01M Zn (NO3)2·6H2O at 2mA for 30min, at vari-
ous temperature ranges (30 oC, 60 oC and 75 oC) respectively.
2. Synthesis of SnO2 Nanoparticles

The SnO2 nanoparticles were synthesized by hydrothermal ap-
proach. Typically, the aqueous solution of 12 ml of 13.5 mmol/l Tin
(IV) nitrate was added into a 50 ml autoclave. In another beaker, a
mixed solution of 15ml toluene, 0.5ml oleic acid and tert-butylamine
(0.10 ml) was prepared. After 30 minutes, both solutions were mixed
together and put in an autoclave for 36hours at 200 oC. Once, the mix-
ture was cooled at room temperature, the product was extracted, cen-
trifuged and washed several times with ethanol and deionized water.
3. Synthesis of SnO2-ZnO Heterostructures

The SnO2-ZnO heterostructures were formed by spin coating
SnO2 suspension on already formed ZnO nanorod array film. For
convenience, the electrodeposited samples (ZnO@30 oC, ZnO@60 oC
and ZnO@75 oC) were named as S-1, S-2 and S-3 afterwards. The
heterostructure (Spin coated SnO2 on S-3) sample is named as S-4
onwards.
4. XRD Characterization

The crystal structure and phase composition of the samples were

characterized by X-ray powder diffraction (Philips X’pert Multi-
purpose (MRD) with Cu K source (1.5418Å). The diffraction pat-
tern was collected for 2-Theta range between 20o-80o with a scan
speed of (0.001o/s).
5. Scanning and Transmission Electron Microscopic Analy-
sis (SEM and TEM)

The microstructures (Surface morphologies) of as-prepared nano-
structures were obtained using Nova SEM 230 and transmission
electron microscope (Philips CM200) operating at 200 kV.
6. Brunauer­Emmett­Teller (BET) Surface Area Measurements

The Brunauer­Emmett­Teller (BET) specific surface area was
evaluated by N2 absorption­desorption at low temperature (close to
liquid nitrogen temperature) on a Micromeritics Tristar 3030. To
remove the excessive moistures, the samples were pre-treated under
vacuum conditions for 3 hours at 150 oC.
7. Photocatalytic Degradation of Dyes

The photocatalytic activity of all samples was investigated by the
degradation of organic dyes Methyl Orange (MO) and Methylene
Blue (MB) dye under UV irradiation. First, a dye solution (MO and
MB) of 15.5 mg/l (total 100 ml) was formed, then 15 mg of photo-
catalyst (S-1, S-2 and S-3) was added to the solution. The beaker
containing mixed solution of dye and photocatalysts was placed
locally under the UV light source (15cm apart). Prior to UV irradia-
tion, the solution was stirred for 30 min to attain adsorption/desorp-
tion equilibrium.

After irradiation with UV light, 5 ml aliquots were collected and
subjected to centrifugation (at 4,000rpm for 10min) to ensure com-
plete removal of catalyst particles. The supernatant was collected
and used to determine the concentration of residual dye by UV-vis
spectroscopy (PerkinElmer) at 464 and 610 nm for MO and MB,
respectively. The entire procedure was triplicated for each sample.
For calculating percentage degradation of organic dyes, the follow-
ing equation was used [39,40]:

where, Co is the initial dye concentration, C is the dye concentration
after UV irradiation. We used the same conditions to recycle and
reuse the catalysts for five batches.

RESULTS AND DISCUSSION

1. Morphology and Microstructural Analysis
The surface morphologies of as-ZnO nanostructures, (S-1, S-2,

S-3) fabricated on FTO through SEM are presented in Fig. 1. At
electrodeposited temperature of 30 oC for ZnO, irregular shaped
ZnO nano-micro particles/flakes with diverse diameter range were
formed as shown in Fig. 1(a). In a general electrodeposition pro-
cess, first hydroxyl ions are formed on the substrate surface by
reducing nitrate precursors in zinc ions aqueous solution [41]. The
presence of Zn2+ ions serves as catalysis for the electrochemical
reduction of nitrate ions which may then absorbed on cathode’s
surface to liberate hydroxide ions [42].

A further increase in the reaction temperature (60 oC) leads to the
formation of ZnO nanorods with an average diameter of 50-80 nm
as shown in Fig. 1(b). The transformation of ZnO nano-micro parti-

Degradation rate %    
Co  C

Co
-------------- 
  100
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cles/flakes to nanorods is an indication of the formation of pure
ZnO phase. The elevated temperature (60 oC) favors the sponta-
neous dehydration of zinc hydroxide to form zinc oxide nanocrys-
tal as shown in Fig. 1(b). By further increasing reaction temperature
to 75 oC, the ZnO nanostructures maintain their surface morphol-
ogy of nanorods with well-organized, and dense nanorods arrays
appeared perpendicular to the substrate surface as shown in Fig.
1(c). The ZnO prefers to grow along (001) owing to its lowest sur-
face energy in aqueous solution. Therefore, the growth in [010]
direction is much slower than [001] direction, which results in the
formation of nanorod arrays. The transmission electron micros-
copy (TEM) image of a single ZnO nanorod (S-3) is illustrated in
Fig. 2(a). The diameter of the single rod was observed to be around
~100 nm. Fig. 2(b) shows the SEM image of the SnO2-ZnO het-
erostructure. It can be clearly observed that the ZnO nanorods are
well covered with the SnO2 nanoparticles of 5-10 nm diameter.
Moreover, the highly dispersed SnO2 nanoparticles can be found
in Fig. 2(c); the size of each nanoparticle was found to be in the
range of 5-10 nm (inset of Fig. 2(c)). It is quite clear that the SnO2

nanoparticles surrounded the ZnO nanorods and hence the het-
erostructure was confirmed. Moreover, in the HRTEM micrographs
(inset of Fig. 2(c)) the interplanar spacing of 0.348nm was observed,
which corresponds to the (110) plane of rutile SnO2, which was
further confirmed through XRD measurements as well.

The crystalline structure of the as-prepared samples (S-3 and S-
4) was examined by x-ray diffraction as shown in Fig. 3. The dif-
fraction spectra showed clear, sharp, and strong diffraction peaks,
and the diffracted peaks match well with the standard hexagonal

wurtzite phase of ZnO (JCPD # 36-1451) and standard rutile-like
structure of SnO2 (JCPD # 41-1445), respectively. Furthermore, no
impurity peaks related to unreacted Zn, Sn or other oxides of these
elements were observed, which is a clear indication of the forma-
tion of pure ZnO and SnO2 nanocrystals.

A bulk composition analysis of SnO2-ZnO heterostructure was
carried out through energy-dispersive X-ray spectroscopy (EDX),
as shown in supporting information, Fig. S1. From (Fig. S1), it can
be confirmed that the SnO2-ZnO heterostructure is composed of

Fig. 1. Surface morphology of as-synthesized nanocrystals: SEM image of electrodeposited ZnO (a) at 30 oC (b) 60 oC (c) 75 oC.

Fig. 2. (a) TEM of a single ZnO nanorod synthesized at 75 oC (b) TEM of ZnO-SnO2 heterostructure, (c) TEM image of dispersed SnO2
nanoparticles, inset HRTEM of a single SnO2 nanoparticles clearly showing lattice fringes.

Fig. 3. XRD patterns of the electrodeposited ZnO at 75 oC and SnO2-
ZnO heterostructure.



Metal oxide-based heterostructure for organic dye degradation 59

Korean J. Chem. Eng.(Vol. 36, No. 1)

ZnO structure [45]. The peak at 532.4 eV can be assigned to the
lattice oxygen [46]. Whilst the O peak at 533.9 eV may be attributed
to chemisorbed oxygen ions present in the sample [47]. The chem-
isorbed oxygen impurities could be O2

, O, O2
1 ,O2

2 and OH ions
as well [48,49], so the binding energy not only depends on the
charge of oxygen species but also upon the crystallographic orien-
tation of the bounded surface to which the oxygen atoms or mole-
cules are bound [48], which points to the nonstoichiometric nature
and presence of oxygen vacancies in the sample.
3. Photocatalytic Performance

The photocatalytic activity of as prepared SnO2-ZnO nanocrys-
tals (S-1, S-2, S-3 and S-4) was examined by the photodegradation
of organic dyes [anionic dye (Methyl Orange, MO) and cationic dye
(Methyl Blue, MB)] and the results are depicted in Fig. 5(a) and
5(b). For a typical experiment, 3 mg of as-prepared catalyst was

Zn, Sn, and O, which was consistent with the XRD analysis. In
addition, EDX analysis indicated that the molar ratio of Zn to Sn
was 1 : 0.9, which was close to the theoretical value.
2. Surface Composition Analysis

To investigate the surface composition and chemical states of
as-prepared SnO2-ZnO heterostructure, XPS analysis was conducted
and the results are in Fig. 4. The XPS survey scan clearly show the
peaks related to Zn, Sn and O (Fig. 4(a)). The binding energy at
1,022.3 eV (Fig. 4(b)) is identified as Zn 2p3/2, indicating a normal
state of Zn2+ in the SnO2-ZnO hierarchical structures [43]. The Sn
3d spectrum of the sample (Fig. 4(c)) appears as a spin-orbit dou-
blet at ~486.2eV (3d5/2) and ~491.3eV (3d3/2) and is in good agree-
ment with the values given in literature [44]. Three peaks at 529.8,
532.4 and 533.9 eV can be observed in O 1s XPS spectra (Fig. 4(d)).
The peak at 529.8 may be the character spectra of oxygen in SnO2-

Fig. 4. XPS spectra of the SnO2-ZnO heterostructure: (a) Survey (b) Zn 2p spectra; (c) Sn 3d spectra; (d) O 1s spectra.

Fig. 5. Photocatalytic degradation of (a) MO and (b) MB with different ZnO samples S-1, S-2, S-3 and S-4.
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added in the dye solution (12.5 mg/l dye solution). The photocata-
lytic dye degradation efficiencies of the as-prepared samples were
investigated for 125 minutes. A control experiment in which only
SnO2 nanoparticles were used as photocatalyst was also conducted
and the results are in Fig. S2 (supporting information). The dye
degradation efficiency of MO was also evaluated without adding
any photocatalyst (Fig. 5(a)). Almost no dye decolorization was ob-
served throughout the course of reaction time (125 minutes), which
indicates that UV light itself cannot degrade dye solution. An increas-
ing trend in photocatalytic dye decolorization efficiency of ZnO
nanocrystals was observed. The samples prepared at 75 oC were
found to decolor MO faster than for the photocatalyst prepared at
lower temperatures (30 and 60 oC). The degradation efficiency of
S-3 at 125 minutes reaction time was around 40%, while S-1 and
S-2 decolor MO about 22% and 29%, respectively. Even the dye
degradation ability of SnO2 is not better than ZnO (supporting infor-
mation S2). However, the SnO2-ZnO samples (S-4) were found to
express superior performance in dye degradation over two indi-
vidual materials (SnO2 and ZnO, S-1, S-2 and S-3, respectively). This
clearly shows that the presence of two phases imposes some syner-
gistic effect (Fig. 5(a)) to obtain enhanced photocatalytic perfor-
mance. The SnO2-ZnO heterostructure (S-4) exhibited the highest
photocatalytic efficiency and almost degraded ~80% of MO dye
solution in 125 minutes of reaction time.

The investigation of cationic dye degradation (MB) in the pres-
ence of all nanocrystals (S-1, S-2, S-3 and S-4) was also carried out
as shown in Fig. 5(b). As expected, the sample S-4 degraded MB
much faster than other catalysts (in the same manner as for the case
of MO). However, the overall catalytic efficiency of S-4 was much
higher for anionic dye degradation (MO) (80% degradation) than
the cationic dye (MB) (55%) degradation. This difference in catalytic
activity for the case of anionic and cationic dye may be attributed
to the pH of the medium and the isoelectric points of catalysts. For a
higher pH of the solution than the isoelectric point of catalyst mate-
rial, the surface becomes negatively charged (since the isoelectric
point of zinc oxide lies between 8.7-10.3 [50] and for lower pH than
the isoelectric, the surface becomes positively charged. This could
be a possible reason for higher degree of dye degradation efficiency
in our samples observed for anionic dyes.

The decomposition dynamics of MO and MB in the presence
of S-4 is recorded and plotted in Fig. 6(a) and 6(b), and they clearly
followed pseudo-first order reaction. Sample S-4 degraded dye MO
much faster than MB ((decomposition rates ~0.01284/min and
0.008319/min, respectively). Note that non-stoichiometry/oxygen
vacancies at high temperatures become more mobile with low proba-
bility to form deep trap sites. Therefore, a higher catalytic efficiency
is expected at elevated temperatures. To demonstrate this concept
experimentally, the degradation efficiency of MO was recorded at
high temperatures (from 30 oC up to 100 oC) as shown in support-
ing information, Fig. S3. The catalyst S-4 degraded the dye faster
at higher temperatures than at room temperature. This profound
dye degradation ability at high temperatures may be attributed to
the phonon scattering effects and increased oxygen ionic mobili-
ties. The electrons/holes can easily get scattered with the lattice
vibrations at higher temperatures, which restricts the electron-hole
recombination process.

The recyclability and reusability of S-4 for several cycles was
tested for five cycles as shown in Fig. 7. Although the degradation
efficiency slightly decreased after the fifth run (less than 5%), the

Fig. 6. Plots of  ln(C/C0) vs irradiation time at room for all samples to determine rate constant for (a) MO and (b) MB dyes. The black, red,
blue and pink lines indicate the straight lines for slope calculations.

Fig. 7. Cycling runs of MO decolourisation using SnO2-ZnO het-
erostructure.
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SnO2-ZnO catalyst remained effective and reusable under UV light
irradiation.

Based on the above experimental results, we propose the follow-
ing possible photocatalytic process for the SnO2-ZnO heterostruc-
ture (schematically shown in Fig. 8). The enhanced photocatalytic
activity of the SnO2-ZnO (S-4) heterostructure over other nanocrys-
tals may be attributed to the transfer of photogenerated electrons.

When the heterostructure is exposed with UV-light, electrons
from valence bands (VB) are excited to the conduction band (CB)
by generating similar amount of VB holes. Photogenerated elec-
trons are then injected from the CB of the ZnO to the CB of SnO2

(Fig. 8). Simultaneously, holes are injected in the opposite direc-
tion for appropriate VB offsets, thus increasing the rate of charge
separation by prolonging the recombination rate of electron-hole
pairs. Moreover, for SnO2-ZnO based heterostructure, both holes
and electrons are accessible for selective oxidation and reduction
processes on the surface of both semiconductors [36,51].

In addition, it is widely known that most heterogeneous cataly-
sis between the catalysts and reactants occurs on the surface or at
the interface, so the photocatalytic activity partly depends on the
specific surface area of materials [39,52]. Therefore, Brunauer-
Emmett-Teller (BET) surface areas of all samples were calculated
and the sample S-4 was found to exhibit highest surface area than
other samples (supporting information Fig. S4). Being occupying
highest surface area, S-4 possesses excellent dye degradation abil-
ity too. Large surface areas can provide more active sites to form
oxidative hydroxyl radicals by reacting with absorbed water and
hydroxyl radicals [53,54]. Thus, a superior dye degradation effi-
ciency was observed for the case of S-4 over other photocatalyst.
Moreover, the UV-vis diffuse reflectance (DR) spectra of all sam-
ples were carried out to estimate the band gap energies (Fig. S5).
From figure, it is clear that S-4 occupied lowest band gap energy,
which may be another reason for the enhanced photocatalytic activ-
ity of S-4 over other samples.

CONCLUSIONS

We have synthesized a series of ZnO based samples from facile
wet-chemical routes of electrochemical deposition and hydrother-
mal approach. Among all prepared samples, SnO2-ZnO heterostruc-

ture expressed superior photocatalytic activity for organic dyes de-
gradation under UV light irradiation. The highest surface area and
modified band alignment for heterostructure facilitate to prolong
the electron-hole recombination process, which were highlighted
as main route cause for the enhanced photocatalytic activities. More-
over, the heterostructure photocatalysts have shown great tendency
for recycling and reusability without sacrificing performance. This
concept of forming semiconducting heterojunctions with improved
photocatalytic activity can potentially be applied in future indus-
trial applications as well as wastewater treatment technologies to
remove undesirable organic waste.
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UV-vis Diffuse Reflectance (DR) Spectroscopy
The UV-vis diffuse reflectance (DR) spectra of the ZnO, SnO2,

and SnO2-ZnO heterostructure were carried out as shown in Fig.

S5. In the absorption edges of ZnO and SnO2 appeared at 381 and
362 nm, corresponding to band gap energies of 3.25 and 3.42 eV,
respectively. Those values were close to the reported value of ZnO
(3.37 eV) and SnO2 (3.5 eV) [1]. For SnO2-ZnO heterostructure,

Fig. S1. Elemental analysis of the hierarchical SnO2-ZnO nanostruc-
tures.

Fig. S2. Photocatalytic degradation of MO in the presence of SnO2
nanoparticles.

Fig. S4. BET surface areas of all samples.

Fig. S3. Temperature dependent rate constant values of S-4 for MO
dyes.
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two obvious absorption bands existed, which can be ascribed to
the characteristic absorption of SnO2 and ZnO. The appearance of
two kinds of characteristic absorption bands confirmed that the
SnO2-ZnO nanocomposite consist of ZnO and SnO2. Moreover,
the absorption edge of SnO2-ZnO nanocomposite was estimated
as 390 nm, which corresponds to band gap energy of 3.18 eV,
lower than those of both pure oxides. By combining the results of
XRD, XPS, TEM, and UV-vis DR spectra, we concluded the for-
mation of the SnO2-ZnO heterostructure, therefore they are
expecting to exhibit high photocatalytic efficiencies.
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Fig. S5. UV-vis DR spectra of the (a) ZnO (b) SnO2 and SnO2-ZnO
heterostructure.
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