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a b s t r a c t

Zn2SnO4–SnO2 heterojunction nanocomposites (ZTO–SnO2) with high mass amount of ZTO were syn-
thesized by a two-step technique. The route involves firstly the synthesis of monodispersed ZnSn(OH)6

nanocubes with a 50–60 nm edge length as precursors by simple coprecipitation of Na2SnO3·3H2O and
ZnCl2 aqueous solution, assisted by ultrasonic treatment and then followed by calcination of the pre-
cursors at 800 ◦C under N2 atmosphere. The as-synthesized nanoparticles were characterized by X-ray
diffractometer (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Heterojunction between ZTO and SnO2 nanoparticle was confirmed by the electron energy loss spec-
troscopy (EELS) elemental mapping and high-resolution TEM (HRTEM). The photovoltaic performance
of the ZTO–SnO2 based DSSC was examined by measuring the J-V curves both in dark and under illumi-
SSCs nation. The results show that the ZTO–SnO2 based DSSC exhibits superior photovoltaic performance as
compared to the single phase ZTO based DSSCs. Under illumination of AM 1.5 simulated sunlight (100
mW/cm2), the open circuit voltage of the cell based on ZTO–SnO2 is 706 mV, the short-current density
is 2.85 mA/cm2, and the efficiency is 1.29% which is increased by 43% from 0.90% to 1.29% compared
with pure ZTO. The formation of the heterojunctions between ZTO and SnO2 nanoparticles is believed to
reduce the recombination between injected electrons and redox I−/I3

− and improve the performance of

the DSSC.

. Introduction

Dye-sensitized solar cell (DSSC) has been regarded as one of
ost promising photovoltaic device to achieve moderate efficiency

t ultra-low cost [1]. The DSSCs are typically constructed from thick
lms of binary oxides semiconductor nanoparticles that are sin-
ered into mesoporous network with a large internal surface area
or the adsorption of light harvesting dye molecules, such as TiO2
1], SnO2 [2], and ZnO [3] films. Recently, people are pursuing
ome new materials for replacing the widely used TiO2 in order
o avoid its limitations [4]. Titanate [5,6] and stannate [7,8] are the
nly two kinds of ternary oxides reported for DSSCs support. Both
ana-Villareal and Wu agree in that Zn2SnO4 (ZTO) is a promising
aterial for DSSCs although the efficiency (3.8%) of its correspond-

ng DSSC is not high enough. The ternary oxide is more attractive
han its simple binary components (ZnO and SnO2) as the electrode
aterial for DSSCs because it has been demonstrated that ZTO-
ased cells have also overcome the stability problem associated
ith against acidic dyes [7].

∗ Corresponding author. Tel.: +86 27 67867947; fax: +86 27 67861185.
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.10.184
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In DSSCs, the recombination of the photo-excited electrons with
the electrolyte ions is one of the principal factors that limits the
photocurrent quantum efficiency and to some extent the Voc [9].
For suppressing the recombination, the major strategy is coating a
thin layer of insulating oxide (e.g. Al2O3 [10], MgO [11], SiO2 [12],
ZrO2 [13], Nb2O5 [14], etc.) on the porous semiconductor nanopar-
ticles film. The formation of the energy barrier was found on the
semiconductor electrodes, and the suppression of charge recom-
bination has been known due to the tunneling effect that allows
electron injection across the barrier (thin insulating oxide layer)
and prevents the electron leakage from the semiconductor to the
electrolyte ions. Another strategy is the formation of heterojunction
between two oxides. By coupling different semiconductor oxides,
more efficient spatial separation of photogenerated charges (D+ and
e−) resulting from the marching relative energy band positions
of these two semiconductors occurs and suppresses recombina-
tion [9]. So far, variety of coupled semiconductor system, including
ZnO–SnO2 [15], ZnO–SiO2 [16], TiO2–Al2O3 [17], have been studied.

ZTO and SnO2 nanocrystals are both DSSCs materials, with direct

band gaps of about 3.6 eV [18,19]. When ZTO is coupled with SnO2
and being used as photoanode in DSSC, SnO2 could act as a sink
for the photogenerated electrons because the conduction band (CB)
position of ZTO is higher than that of SnO2. This charge transfer will
increase the spatial separation of injected electrons and oxidized

dx.doi.org/10.1016/j.jallcom.2010.10.184
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ZnSn(OH)6 nanocubes [21], our method is facile and low-cost.
In order to obtain ZTO–SnO2 composites from the ZnSn(OH)6

precursors, thermal behavior of the precursors was examined by
thermo gravimetric (TG) and differential thermal analysis (DTA).
As observed, a sharp endothermic peak in the DTA curve (in Fig. 2)
Fig. 1. XRD pattern (a), SEM image (b) an

yes/redox couple, and thus enhance the efficiency of the corre-
ponding DSSCs. In the present study, ZTO–SnO2 heterojunction
anocomposites with high mass amount of ZTO are successfully
btained via a two-step route, and their photovoltaic perfor-
ances in DSSCs are studied. The route involves first the synthesis

f monodispersed ZnSn(OH)6 nanocubes as precursors by sim-
le coprecipitation of Na2SnO3·3H2O and ZnCl2 aqueous solution,
ssisted by ultrasonic treatment and then followed by calcination of
he precursors at 800 ◦C under N2 atmosphere. We present DSSCs
ased on ZTO–SnO2 sensitized with (TBA)2cis-Ru(Hdcbpy)2(NCS)
called N719) as working electrodes. The measurement indicates
hat the photovoltaic performance of the ZTO–SnO2 electrode was
uperior to pure ZTO, pure SnO2 and Pm-ZTO–SnO2 (physical mix-
ure of ZTO and SnO2 nanoparticles having the same ZTO/SnO2
omposition) electrodes. The result can be explained by the forma-
ion of the heterojunctions between ZTO and SnO2 nanoparticles.

. Experimental

.1. Preparation of ZTO–SnO2 heterojunctions

Sodium stannate (Na2SnO3·3H2O) and zinc chloride (ZnCl2) were of analyti-
al grade and used as supplied. Na2SnO3·3H2O was dissolved in distilled water,
nd added dropwise into 100 mL solution of ZnCl2 (0.05 mol/L) with ultrasonically
reated for 10 min. The resultant ZnSn(OH)6 was filtered, washed with distilled
ater and ethanol, and then dried. Subsequently, the ZnSn(OH)6 precursors were

alcined at 800 ◦C for 5 h in N2 atmosphere.
For the purpose of comparison, pure SnO2 and pure ZTO nanoparticles were

lso prepared. ZTO colloid was synthesized according to the hydrothermal method
eported in the literature [7]. Tert-butylamine aqueous solution was added dropwise
o the mixed solution (water/ethylene glycol, v/v = 1:1) of ZnCl2 and tin chloride
entahydrate (SnCl4·5H2O), then the slurry was transferred to autoclave and kept
t 175 ◦C for 12 h. SnO2 nanoparticles were obtained by hydrothermal treatment
he slurry after adding NaOH solution into SnCl4 at 160 ◦C for 24 h. Additionally,
he composite without heterojunction between SnO2 and ZTO nanoparticles was
repared by a physical mixing method. In this method, pure SnO2 and pure ZTO
owders were weighed according to ZTO:SnO2 = 67:33 and subsequently physically
ixed in a ball miller with a rotating rate of 450 rpm for 4 h.

.2. Samples characterization

X-ray diffraction (XRD) patterns were obtained for the samples by using
X-2500 X-ray diffractometer (Dandong, China) with monochromatized Cu K�

adiation (� = 1.5418 Å). The morphology and structure of the as-synthesized prod-
ct were characterized using a JEOL JSM-6700F scanning electron microscope
SEM), transmission electron microscopy, selected area electron diffraction and
igh-resolution TEM (TEM/HRTEM/SAED, JEOL JEM-2010(HT) & JEM-2010FEF). The
pecific surface area of the final product was determined by using Belsorp-mini II
nstrument (Ankersmid Co. Ltd.) in the method of Brunauer–Emmett–Teller (BET)
itrogen adsorption and desorption. Optical absorptions of the product were studied
y employing Perkin–Elmer Lambda 35 UV–vis spectrophotometer.

.3. DSSCs preparation
A colloidal mixture was prepared by grinding together 1 g as-synthesized prod-
ct, 5 mL ethanol, 0.5 mL acetylacetone and 0.2 mL Triton X-100 in a mortar for
h. The colloid was dropped on the transparent conductive glasses (SnO2: F, FTO)
ith compact TiO2 nanoparticles about 10 nm and spread uniformly by a glass

od. Then the films were fired at 500 ◦C for 60 min in atmosphere. Thick films
image (c) of the ZnSn(OH)6 precursors.

were obtained after repeating above procedure several times. The counter elec-
trode was FTO glass on which Pt was deposited by sputtering. The electrolyte was
an acetonitrile/valeronitrile (85:15) based solution containing 0.03 M iodine, 0.6 M
1-butyl-3-methylimidazolium iodide (BMII), 0.1 M guanidinium thiocyanate and
0.5 M 4-tert-butylpyridine. The N719-coated film was illuminated through the con-
ducting glass support with an Oriel 69920 solar simulator as light source. Series of
J–V curves were monitored and recorded using a Princeton Research Model 263A
Potentiostat/Galvanostat. The typical active electrode area was 0.08 cm2.

3. Results and discussion

Fig. 1a shows the XRD pattern of the precursor. All the diffraction
peaks can be indexed to a pure cubic ZnSn(OH)6 structure (JCPDS,
No. 73-2384) with a lattice parameter of 7.80 Å. All the peaks are
sharp suggesting the high crystallinity of the as-synthesized prod-
uct. The SEM and TEM images in Fig. 1b and c indicate that the
as-synthesized ZnSn(OH)6 is a cubic structure and the sizes are
almost monodisperse. All of the nanocubes seem to be mutually
separated without agglomeration. The average cubic edge length is
in the range of 50–60 nm. The ZnSn(OH)6 nanoparticles show cubic
shape mainly because of their intrinsic structures having cubic sym-
metry. In preparing ZnSn(OH)6, it was noted that the ultrasonic
treatment is crucial to form uniform cubes. Only big aggregates
composed of ZnSn(OH)6 nanoparticles were obtained by vigorous
stirring the reactant solution but without ultrasound irradiation. It
is well known that ultrasonic cavitation in liquid may release enor-
mous energy and improve the ion-diffusion rate which is effective
for deagglomeration [20]. The synthesis procedure was occurred
in room temperature and without any surfactant. Compared to the
hydrothermal method by using PVP as surfactant to fabricate the
Fig. 2. TG and DTA curves of ZnSn(OH)6 precursors.
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ig. 3. (a) XRD pattern of the calcined products. (b and c) Calculated XRD patterns
f Zn2SnO4 and SnO2.

t 215.6 ◦C corresponds to a continuous mass loss of 21.2% from
0 ◦C to 368 ◦C in the TG curve, which could be attributed to the

oss of the three water molecules according to the equation:

nSn(OH)6 → ZnSnO3 + 3H2O

But its total mass loss is higher than the theoretical value
18.9%) calculated from the above equation. This difference may be
ttributed to the release of absorbed water in the air. An exother-
ic peak at 724.5 ◦C can be observed, which is attributed to the

hange in phase from the amorphous to crystalline state and the
ecomposition of ZnSnO3 according to the following equation:
ZnSnO3 → Zn2SnO4 + SnO2

On the basis of the thermal measurement result, we thermally
reated ZnSn(OH)6 at 800 ◦C for 5 h. The XRD pattern of the final
amples is shown in Fig. 3a. No extra reflections are observed
pounds 509 (2011) 2186–2191

except for those of ZTO (JCPDS, No. 73-1725) and SnO2 (JCPDS,
No. 77-0451). This makes it possible for quantitative determina-
tion of phase composition by applying the ‘adiabatic principle’
[22]. The mass fractions estimated from integrated intensities of
{1 1 1}ZTO and {1 1 0}SnO2

are WZTO ≈ 67.07% and WSnO2 ≈ 32.93%,
respectively. Additionally, their estimated average sizes of the
nanoparticles are 60–70 nm (ZTO) and 20–30 nm (SnO2), respec-
tively. Fig. 3b and c are calculated XRD patterns of ZTO and SnO2,
whose intensities are not normalized. The composite pattern based
on estimated mass fractions is superimposed on the experimental
data in Fig. 3a, which shows good coincidence.

The morphology of the final ZTO–SnO2 composites after ther-
mal treatment is shown in Fig. 4. The SEM and TEM images in Fig. 4
indicate that the appearance of the product is not only multifaceted
particles but also have smaller spherical particles. The surface of the
multifaceted particles is covered with the spherical nanoparticles.
The inserted selected area electron diffraction pattern (SAED) in
Fig. 4b confirms the crystalline nature of the nanoparticles and the
composites to be a mixture of the cubic ZTO (a) and the tetragonal-
phase SnO2 (b), which is consistent with the observation from XRD
patterns (Fig. 3a). A typical TEM image of the composite and the
corresponding X-ray elemental maps shown in Fig. 5 give an intu-
itionistic image for demonstrating the smaller spherical particles
being SnO2 and the multifaceted particles being ZTO. A HRTEM
image of the ZTO–SnO2 interface in Fig. 5d shows that a kind of
composite heterojunction forms between ZTO and SnO2 particles.
The fringe spacing of 3.36 Å can be indexed to the (0 0 1) plane of
SnO2 and that of 3.02 Å can be attributed to the (2 2 0) plane of ZTO.
Dislocations were observed at the ZTO–SnO2 interface to relax the
misfit stress of two phases and reduce the interfacial elastic energy.
The dislocation formation was widely reported for crystal growth in
lattice-mismatched system [23] and alloy evolution under thermal
exposure [24].

The BET surface area of ZTO–SnO2 composites is 13.6 m2 g−1

which is not a quite high value. However, it is still larger than that
of ZTO–SnO2 composite reported by Moon et al. [25], in which the
highest BET surface is 4.3 m2 g−1 in different ration of the product.
The enlarged BET is attributed to the much smaller particle sizes of
ZTO and SnO2 than that reported in Ref. [25].

UV–vis absorbance spectrum of the ZTO–SnO2 composites is
shown in Fig. 6 and the spectra of pure ZTO, SnO2 and Pm-ZTO–SnO2
are presented also. The band gaps of ZTO–SnO2, ZTO, SnO2 and Pm-
ZTO–SnO2 were estimated at 3.63 eV, 3.69 eV, 3.61 eV and 3.68 eV.
The band gap of energy of ZTO–SnO2 is lower than that of pure ZTO.
It may be attributed to the synergistic effect by the heterojunction
between ZTO and SnO2 nanoparticles. The similar phenomenon in
ZnO–SnO2 coupled catalysts is reported by Lim and co-workers
[15].

The photovoltaic performance of ZTO–SnO2 in DSSC is examined
together with the cells based on pure ZTO, SnO2 and Pm-ZTO–SnO2
electrode of comparable thickness (about 8 �m) by measuring the
photocurrent density–voltage (J–V) curves both in dark and under
illumination. The morphology of the pure ZTO and pure SnO2
nanoparticles are almost similar as that in Fig. 4a, respectively.
Fig. 7 presents the J–V curves of DSSC based on these electrodes and
N719 as a dye sensitizer. The corresponding solar cell parameters
are summarized in Table 1. As observed in Table 1, ZTO–SnO2 based
DSSC exhibits the superior photovoltaic performance compared to
the pure ZTO or SnO2 electrode, the Jsc, Voc and � is 2.85 mA/cm2,
706 mV and 1.29% under simulated illumination with a light inten-
sity of 100 mW/cm2.
In the present experiment, the Voc of the cell based on pure ZTO
is 674 mV, which is higher than the value of TiO2 (not shown here).
This result is corresponding to the report by Lana-Villarreal et al. [8]
who considered the position of the conduction band (CB) for ZTO is
located at higher energy than for TiO2. The CB of SnO2 is 0.45 V lower
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Fig. 4. SEM (a) and TEM (b) image of ZTO–SnO2.

Fig. 5. (a–c) EELS elemental mapping results, corresponding to Zn (b), Sn (c), r

Table 1
Current–voltage characteristics of DSSCs based on different photoanode and the
specific surface area of photoanode materials.

Electrode Jsc (mA/cm2) Voc

(mV)
FF � (%) Specific surface

area (m2/g)

ZTO 1.99 674 0.67 0.90 50.9
ZTO–SnO2 2.85 706 0.63 1.29 13.6.
Pm-ZTO–SnO2 1.29 555 0.56 0.39 103.0
SnO2 5.66 149 0.34 0.28 158.4
espectively, (d) HRTEM of the interface between ZTO and SnO2 particles.

than that of TiO2 [19] so it can be proposed that the CB edge poten-
tial of ZTO is more negative than that of SnO2. The energy band
structure diagram in the ZTO–SnO2 heterojunction is elucidated
schematically in Fig. 8. Under illumination of AM 1.5 simulated
sunlight, an excited dye molecule on a ZTO particle could inject an
electron to the CB of ZTO which is interlinked with SnO2 particles.
The injected electron is not enriched on the FTO back contact or
recombines as usual, while the electron easily transfers to the CB of

the SnO2 which is lower than ZTO via interfaces. It is favourable for
the separation of negative and positive charges and it reduces the
probability of the injected electron recombination with the redox
I−/I3− or the oxide dye. As a result, the injected electrons can accu-
mulate effectively in the FTO back contact which could also increase



2190 B. Li et al. / Journal of Alloys and Com

Fig. 6. UV–vis absorption spectrums of ZTO, ZTO–SnO2, Pm-ZTO–SnO2 and SnO2.

Fig. 7. J–V curves of DSSCs based on ZTO, ZTO–SnO2, Pm-ZTO–SnO2 and SnO2.

V
C
t
H
d

Fig. 8. The energy level diagram in ZTO–SnO2 heterojunction.
oc [26]. The recombination between the injected electrons on the
B of the photoanode material and the I−/I3− is well known to be
he main pathway for charge recombination in DSSC systems [27].
owever, Voc may be also influenced by SnO2 for its lower con-
uction band positions comparing with ZTO. But the suppression
pounds 509 (2011) 2186–2191

of recombination to increase Voc occupies the leading role which
caused the ZTO–SnO2 based cell exhibits larger Voc than the pure
ZTO based DSSC.

Although the band potentials of two semiconductors (ZTO
and SnO2) can fulfill the thermodynamics conditions for the
interparticle charge transfer, the presence of the heterojunction
is additionally needed to allow the highly efficient interparti-
cle charge transfer. The composite prepared by the two-step
method possesses heterojunction caused by ionic thermal diffu-
sion. In order to elucidate the significance of heterojunction, we
further prepared 67/33 ZTO/SnO2 combined semiconductors Pm-
ZTO–SnO2, without heterojunction, by a physical mixing method
as a reference. Pure SnO2 and pure ZTO powders physically mixed
in a ball miller with a rotating rate of 450 rpm for 4 h. The wide
and weak diffraction peaks (not shown here) of the XRD pattern of
SnO2 suggest its poor crystallinity. And the SnO2 mixed with ZTO
by grinding would obtain worse crystalline for Pm-ZTO–SnO2. A
large number of defects and the poor crystallinity resulting from
the grinding may facilitate the injected electron recombination in
the Pm-ZTO–SnO2 based DSSC. As seen in Fig. 7 and Table 1, the
Pm-ZTO–SnO2 based DSSC shows a rather low photovoltaic perfor-
mance as compared to the ZTO–SnO2. This implies the superiority of
the two-step method. The main advantage of the method is the for-
mation of heterojunctions between the two materials, making the
charge transportations via interfaces and giving rise to the decrease
of charge recombination. It is also interesting that the Voc of Pm-
ZTO–SnO2 based DSSC is even lower than that of ZTO based cells.
It may be due to the low Voc of the pure SnO2 based DSSC which
is dragged the whole performance down in Pm-ZTO–SnO2 based
DSSC. Furthermore, the large aggregates formed by SnO2 particles
also block the transport of electrons [28].

In order to testify the suppressing recombination in ZTO–SnO2
based cell, the BET surface area of the four kinds of photoan-
odes which would affect the Jsc is investigated and summarized in
Table 1. The calculated BET surface area of pure ZTO, SnO2 and Pm-
ZTO–SnO2 is 50.9, 158.4 and 103.0 m2 g−1, respectively, while the
BET surface area of ZTO–SnO2 is 13.6 m2 g−1. Given that the surface
areas of ZTO, SnO2 and Pm-ZTO–SnO2 are much greater than that
of ZTO–SnO2, one would expect ZTO, SnO2 or Pm-ZTO–SnO2 based
DSSCs to show substantially higher Jsc than the ZTO–SnO2 based
DSSCs due to the more adsorption of dye. However, the result is
contrary to the assumption except SnO2. A small amount of dye
adsorption but a high Jsc is in ZTO–SnO2 based cell, which indi-
cates that the improvement on Jsc is mainly caused by suppressing
recombination in the ZTO–SnO2 based DSSC.

To clarify the effect of the charge recombination in this system,
the current–voltage characteristic of the films under dark condi-
tions were measured as shown in Fig. 7. The onset of the dark
current for DSSC based on pure SnO2, pure ZTO and Pm-ZTO–SnO2
is obviously more negative than that for ZTO–SnO2 based DSSC indi-
cating that charge recombination between injected electrons and
I3− being retarded in the heterojunctions photoanode. The reduc-
tion of dark current in ZTO–SnO2 heterojunction accounts for the
increased Voc in the system.

4. Conclusions

In this work, ZTO–SnO2 heterojunction composites were syn-
thesized from nearly monodisperse ZnSn(OH)6 nanocubes as
precursors. It is beneficial to prepare precursors without using

any surfactant but by assisting ultrasonic treatment. The EELS
and HRTEM investigations indicated that the heterojunctions were
formed in the composites between ZTO and SnO2 nanoparticles
after thermal treatment of ZnSn(OH)6 nanocubes. The ZTO–SnO2
based DSSC shows superior photovoltaic performance than single
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