Article
pubs.acs.org/JPCC

Hybrid TiO2−SnO2 Nanotube Arrays for Dye-Sensitized Solar Cells
Umang V. Desai, Chengkun Xu, Jiamin Wu, and Di Gao*
Department of Chemical and Petroleum Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania 15261, United States
S Supporting Information
*

ABSTRACT: Tin oxide (SnO2) is a promising wide band gap
semiconductor material for dye-sensitized solar cells (DSCs)
because of its high bulk electron mobility. Employing vertically
ordered 1-D nanostructures of SnO2 as the photoanode may
overcome the limit of current DSCs by using new redox
mediators with faster kinetics than currently used ones.
Synthesizing such nanostructures and integrating them into
DSCs, however, has been proven challenging. Here, we
demonstrate that, by using ZnO nanowires as a sacriﬁcial
template, vertically aligned SnO2 nanotube arrays may be
feasibly synthesized through a liquid-phase conversion process,
and the synthesized SnO2 nanotubes can be further coated with
a thin layer of TiO2 to form hybrid TiO2−SnO2 nanotube arrays.
Both the resulting SnO2 and hybrid TiO2−SnO2 nanotube arrays are used to fabricate DSCs, and the best performing cell
delivers a promising eﬃciency of 3.53%. Transient photovoltage measurements indicate that the electron recombination lifetime
in hybrid TiO2−SnO2 nanotubes is signiﬁcantly larger than those in TiO2 nanotubes, ZnO nanowires, and ﬁlms of sintered TiO2
nanoparticles, suggesting promise of the TiO2-coated SnO2 nanotubes for further improvement of DSCs.

■

INTRODUCTION
Dye-sensitized solar cells (DSCs) based on metal oxide
semiconductor photoanodes have attracted considerable
interest for solar energy harvesting and conversion. 1,2
Eﬃciencies of up to 12% have been reported by using a
mesoporous ﬁlm of sintered TiO2 nanoparticles as the
photoanode.3 The main advantage of using a random
nanoparticle network is the high surface area available for dye
adsorption, leading to improved light harvesting. However,
further improvements in device performance have been limited
by the poor electron transport characteristics of TiO 2
nanoparticle ﬁlms.4 In addition to TiO2, various metal oxide
semiconductors, including ZnO,5 SnO2,6 and Nb2O5,7 have
been studied for their potential use as photoanodes in DSCs.
Among these, SnO2 is one of the most promising wide band
gap semiconductor materials for DSCs. Bulk electron mobility
in SnO2 (μe = 100−200 cm2 V−1 s−1)8 is orders of magnitude
higher than TiO2 (μe < 1 cm2 V−1 s−1)4 and comparable to
ZnO nanowires (μe = 200 cm2 V−1 s−1).9 The high electron
mobility may open up possibilities to further improve DSCs, for
example, by using redox mediators with faster kinetics than
currently used ones.10,11 Very fast electron injection into SnO2
from the excited dye molecules has also been reported (≈150
ps) which is comparable to TiO2.12 Furthermore, use of SnO2
as a photoanode may make the DSC less susceptible to UV
degradation, due to the large band gap of SnO2, leading to
better long-term stability than DSCs employing ZnO or TiO2
electrodes.13,14
Mesoporous ﬁlms of SnO2 nanoparticles have been used as
photoanodes in DSCs.6,7 The eﬃciencies of these DSCs,
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however, have been less than those using TiO2 nanoparticles.
The open-circuit voltage (VOC) of SnO2 nanoparticle-based
DSCs has been limited to less than 0.4 V.6,7,15,16 Such a small
VOC prohibits further exploration of using mesoporous ﬁlms of
SnO2 nanoparticles as photoanodes for DSCs. As a promising
alternative to sintered nanoparticles, 1-D nanostructures
facilitate electron transport by providing a direct conduction
pathway for the electrons. Gubbala et al. have used SnO2
nanowires as photoanodes in DSCs, and a VOC of 0.56 V is
obtained, a 0.2 V increase compared to DSCs that use sintered
SnO2 nanoparticles.15 Although a VOC of 0.56 V is still too low
to be considered for DSC applications, this result indicates that
1-D nanostructures may overcome some of the limitations of
sintered nanoparticles. The SnO2 nanowires in their DSCs,
however, are randomly placed on the substrate, and therefore,
the advantages of 1-D nanostructures may not be fully taken. In
DSCs, photogenerated electrons need to travel through the
sensitized ﬁlm to be collected before they recombine.
Apparently, aligning the 1-D nanostructures vertically across
the thickness of the sensitized ﬁlm, compared to random
placement, provides a signiﬁcantly more eﬃcient path for
electron transport and thus can reduce the recombination
probability of photogenerated electrons. In addition, vertically
aligned 1-D nanostructures also provide straight channels for
ﬁlling the sensitized ﬁlm with solid-state electrolytes, which is a
promising approach to solve the packaging challenge and
Received: September 28, 2012
Revised: January 23, 2013
Published: January 24, 2013
3232

dx.doi.org/10.1021/jp3096727 | J. Phys. Chem. C 2013, 117, 3232−3239

The Journal of Physical Chemistry C

Article

Figure 1. Schematic of the process for synthesizing vertically aligned SnO2 nanotube arrays.

formation of a vertical SnO2 nanotube array. The synthesized
SnO2 nanotube array was then calcined in air at 450 °C for 1 h.
For synthesizing hybrid TiO2−SnO2 nanotube arrays, a thin
layer of TiO2 was deposited on the surface of SnO2 nanotubes
by immersing the SnO2 nanotube array in a solution of 0.1 M
(NH4)2TiF6 and 0.2 M H3BO3 for 20 min. This solution was
prepared by mixing 3 mL of 0.1667 M bulk solution of
ammonium hexaﬂuorotitanate (AHFT) ((NH4)2TiF6, Aldrich),
prepared by dissolving 3.3 g of AHFT in 100 mL of water and 2
mL of 0.5 M H3BO3. The TiO2 nanoparticle-based electrode
was prepared by applying a paste of TiO2 nanoparticle onto the
conducting substrate (ITO) by doctor blading. The paste used
consisted of commercially procured TiO2 nanoparticles (15
nm) dissolved in 10 mL of ethanol and 0.2 mL of isopropoxide.
The TiO2 nanoparticle ﬁlm obtained by this method was 10−
11 μm thick. The method used for synthesizing TiO 2
nanotubes has been published by our group before.18
Fabrication and Characterization of DSCs. The
synthesized nanotube arrays were immersed in 0.5 mM
(Bu4N)2[Ru(4,4′-(COOH)-2,2,-bipyridene)2(NCS)2] (N719
dye) in ethanol overnight. A 60 μm thick hot melt sealing
ﬁlm (SX 1162-60, Solaronix) was sandwiched between the
nanotube array and the platinized counter-electrode. A solution
containing 0.1 M LiI, 0.1 M I2, 0.5 M tert-butylpyridene, and 0.6
M tetrabutylammonium iodide in acetonitrile was used as the
electrolyte. Cells were tested under AM 1.5G simulated
sunlight (model 67005, Oriel) using a Reference 600
Potentiostat (Gamry Instruments). Photovoltage decay experiments and electrochemical impedance spectroscopy (EIS) were
carried out using the same Reference 600 Potentiostat. EIS
spectra were measured at open-circuit voltage under illumination of 100 mW/cm2 AM 1.5G simulated sunlight and under
dark conditions. The frequency range is 0.01−100 kHz. The
magnitude of the alternative signal is 20 mV.

improve the long-term stability of DSCs. Therefore, vertically
aligned 1-D nanostructures have recently attracted considerable
interest for their potential use as photoanodes in DSCs. Both
vertically aligned ZnO nanowires5,17 and TiO2 nanotubes18
have been used to fabricate DSCs, and indeed, faster electron
transport and improved electron collection eﬃciency, compared to photoanodes based on sintered nanoparticles, has
been reported. DSCs fabricated by using vertically aligned SnO2
1-D nanostructures, however, have not been reported, primarily
due to the diﬃculty in synthesis of such nanostructures.
Here, we report a method for synthesizing vertically aligned
SnO2 nanotube arrays by using ZnO nanowire arrays as a
sacriﬁcial template. The sacriﬁcial ZnO nanowires are
converted to SnO2 nanotubes via liquid-phase SnO2 deposition
and simultaneous ZnO dissolution. The resulting SnO2
nanotube arrays are used to fabricate DSCs, showing improved
photovoltaic performance compared to SnO2 nanoparticlebased devices. In addition, it is found that coating the SnO2
nanotubes with a conformal thin layer of TiO2 leads to a
signiﬁcant increase in open circuit voltage (VOC) and ﬁll factors
(ﬀ) for the DSCs, resulting in much higher eﬃciencies.
Transient photovoltage measurements indicate that the photogenerated electron lifetime in the hybrid TiO2−SnO2 nanotubes is substantially longer than that in TiO2 nanoparticles,
TiO2 nanotubes, and ZnO nanowires, suggesting promises of
the TiO2-coated SnO2 nanotubes for further improvement of
DSCs.

■

EXPERIMENTAL SECTION
Synthesis of Arrays of ZnO Nanowires, SnO2 Nanotubes, and Hybrid TiO2−SnO2 Nanotubes. ZnO nanowire
arrays were grown directly on indium doped tin oxide (ITO)coated glass substrates. The substrates were ﬁrst cleaned by
acetone/ethanol sonication and rinsed thoroughly with
deionized (DI) water. The substrates were then subjected to
ultraviolet ozone (UVO) to remove any residual organics. The
clean substrates were seeded by spin coating with 5 mM zinc
acetate solution in ethanol followed by thermal decomposition
at 300 °C. The seeded substrates were placed in an aqueous
growth solution containing 0.025 M zinc nitrate, 0.0125 M
hexamethylenetetraamine, 0.005 M polyethylenimine, and 0.35
M ammonium hydroxide at 90 °C for 6 h. The synthesized
ZnO nanowire arrays were then rinsed with DI water and
calcined in air at 450 °C for 1 h. For SnO2 conversion, 0.15 M
bulk solution of ammonium hexaﬂuorostannate (AHFS)
((NH4)2SnF6) (Aldrich) was prepared by dissolving 4 g of
AHFS in 100 mL of water. The aqueous solution for conversion
was prepared by mixing 3 mL of 0.15 M AHFS, 1 mL of 0.5 M
H3BO3, and 1 mL of water. The nanowire array was then placed
in this aqueous solution of 0.09 M ((NH4)2SnF6) and 0.1 M
H3BO3 at room temperature for 30 min, which resulted in the

■

RESULTS AND DISCUSSION
Figure 1 schematically shows the process for synthesizing
vertically aligned SnO2 nanotube arrays by using ZnO
nanowires as a sacriﬁcial template. The process starts with
growing vertically aligned ZnO nanowires on ITO-coated glass
substrate by a hydrothermal method. This is followed by
conversion of ZnO nanowire arrays to SnO2 nanotubes via
SnO2 deposition and simultaneous ZnO dissolution by placing
the ZnO nanowire array in an aqueous solution of (NH4)2SnF6
and H3BO3. The conversion process can be described by the
following chemical reactions:18−20

3233

SnF6 2 − + 2H 2O → SnO2 + 6F− + 4H+

(1)

H3BO3 + 4HF → HBF4 + 3H 2O

(2)
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Figure 2. ZnO nanowires and converted SnO2 nanotube arrays. (a) SEM image of a ZnO nanowire array on ITO. Scale bar, 5 μm. (b) SEM image of
a converted SnO2 nanotube array. Scale bar, 5 μm. (c) Top-view SEM image of a SnO2 nanotube array. Scale bar, 2 μm. (d) EDX spectra for a ZnO
nanowire array, curve a, and a SnO2 nanotube array after conversion, curve b.

ZnO + 2H+ → Zn 2 + + H 2O

Figure 3a shows the X-ray diﬀraction (XRD) pattern for the
SnO2 nanotubes. The XRD pattern can be indexed to
tetragonal rutile structured SnO2 (JCPDS card no.: 41-1445).
No peaks corresponding to crystalline ZnO were detected,
conﬁrming the conversion of ZnO nanowires to SnO 2
nanotubes. The as-synthesized SnO2 nanotubes are polycrystalline. The size of individual SnO2 crystals in the polycrystalline
nanotubes was estimated by using the Scherrer equation, D =
0.89λ/β(cos θ), where λ is the wavelength of the X-ray
(1.54056 Å), β is the peak width at half-maximum in radians,
and θ is the Bragg angle.21,22 Using this equation, the mean
particle size was estimated to be 3.3 nm. Figure 3b shows a
transmission electron microscopy (TEM) image of an
individual SnO2 nanotube, where the hollow core and a wall
of 15−20 nm thick can be clearly seen. Figure 3c shows a highresolution TEM (HRTEM) image of the wall of an individual
SnO2 nanotube. The lattice spacing of 0.34 nm shown in Figure
3c corresponds to the (110) plane of SnO2.
The synthesized SnO2 nanotubes were then used to fabricate
DSCs. The red curve in Figure 4 shows the photovoltaic
performance of a representative DSC based on SnO2 nanotube
arrays. The DSC yielded an eﬃciency of 1.13% with a shortcircuit current (JSC) of 8.05 mA/cm2 and a VOC of 0.50 V. The
VOC obtained is almost 0.20 V higher than those reported for

(3)

During the conversion process, (NH4)2SnF6 hydrolyses on the
surface of the nanowires, resulting in the deposition of SnO2 on
the surface of ZnO nanowires. (NH4)2SnF6 hydrolysis also
results in formation of acids which aids in the dissolution of
ZnO. It should be noted that a small amount of HF may be
present in the solution after the conversion process and
necessary precautions need to be taken.
Figure 2a shows a representative cross-section scanning
electron microscopy (SEM) image of a ZnO nanowire array
synthesized by the hydrothermal method previously developed
by our group.17 The wires are 10 μm in length and 150−200
nm in diameter. Parts b and c of Figure 2 show representative
cross-section and top-view SEM images of a SnO2 nanotube
array. It is observed that the SnO2 nanotubes retain the length
of ZnO wires, most of them are open at the top end, and the
hollow cores have approximately the same width as the original
ZnO wires. Figure 2d shows energy dispersive X-ray (EDX)
spectra recorded before (curve a) and after (curve b) the
conversion process. In comparison to curve a, curve b shows
strong peaks for Sn and O and no detectable peak for Zn,
indicating that most of the ZnO nanowires have been
converted to SnO2 nanotubes.
3234
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Figure 4. I−V characteristics of DSCs using SnO2 nanotube arrays
with (blue curve) and without (red curve) TiO2 coating.

and consequently higher light harvesting eﬃciency and higher
current densities.
However, VOC and ﬁll factors (ﬀ) for these devices are still
low when compared to typical TiO2-based devices, which is
characteristic of SnO2 as a photoanode.15,23,24 Eﬃciency of
DSCs based on photoanodes of SnO2 has been shown to
improve by coating the surface of SnO2 with a conformal
barrier layer such as TiO2 or Al2O3.13,16,24 We here use a liquidphase deposition method to coat the walls of SnO2 nanotubes
with a thin layer of TiO2. The method involved immersing a
SnO2 nanotube array in a solution of (NH4)2TiF6 and H3BO3
for up to 30 min, and the deposition of TiO2 can be described
by the following chemical reactions:25
TiF6 2 − + 2H 2O → TiO2 + 6F− + 4H+

(4)

H3BO3 + 4HF → HBF4 + 3H 2O

(5)

Parts a and b of Figure 5 show an SEM image and an EDX
spectrum, respectively, of the SnO2 nanotube array coated with
TiO2, indicating fairly uniform deposition of TiO2 while
retaining the morphology of the original SnO2 nanotube array.
Parts c and d of Figure 5 show a TEM image and a line-scan
EDX proﬁle, respectively, of a single TiO2-coated SnO2
nanotube, conﬁrming uniform deposition of a 20−25 nm
thick TiO2 layer on the SnO2 nanotube.
DSCs were fabricated using these hybrid TiO2−SnO2
nanotubes. A representative I−V characteristic of these DSCs
was shown by using a blue curve in Figure 4. The photovoltaic
performances of DSCs based on (i) SnO2 nanotubes and (ii)
hybrid TiO2−SnO2 nanotubes were summarized and compared
in Table 1. In comparison, coating the SnO2 nanotubes with a
thin layer of TiO2 led to a signiﬁcant improvement in VOC and
ﬀ―VOC increased from 0.50 to 0.70 V and ﬀ from 0.28 to
0.50. The much improved photovoltaic performance could be
mainly attributed to slower recombination rates due to surface
passivation of sub-band-edge surface states.8 The conduction
band-edge of SnO2 is 0.4 V more positive than TiO2.15 Thus,
the electrons injected into TiO2 from the dye would be readily
injected into the SnO2 nanotubes, allowing fast electron
transport to the current-collecting surface. TiO2 forms an
energy barrier, forcing electrons to travel toward the currentcollecting surface.13,15 These factors result in considerable
reduction in recombination rate, leading to improved VOC and
the cell eﬃciency.
Our best performing cell delivered an eﬃciency of 3.53%,
with JSC of 10.08 mA/cm2, VOC of 0.70 V, and ﬀ of 0.50. This

Figure 3. (a) X-ray diﬀraction pattern for a SnO2 nanotube array. (b)
TEM image for a single SnO2 nanotube. (c) HRTEM image, showing
lattice spacing corresponding to the (110) plane for SnO2.

SnO2 nanoparticle based DSCs.15,16 This increase in VOC could
be attributed mainly to the faster electron transport and lower
recombination rates for the nanotube based DSC. These factors
were veriﬁed by studying the recombination kinetics discussed
later. The measured JSC was signiﬁcantly higher than the
previously reported JSC for similar DSCs based on SnO2 1-D
nanostructures.23 This could be mainly attributed to the higher
roughness factor, resulting from longer nanotubes of our arrays,
compared to previously reported SnO2 1-D nanostructures.
Increase in roughness factor would imply higher dye loading
3235
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Figure 5. SnO2 nanotubes coated with TiO2. (a) SEM image. Scale bar, 5 μm. (b) EDX spectra. (c) TEM image of a TiO2-coated SnO2 nanotube.
Scale bar, 50 nm. (d) Line-scan EDX proﬁle obtained along the line shown in part c.

eﬃciency is still low when compared to typical TiO 2
nanoparticle-based DSCs. This is mainly due to the low
internal surface area of our nanotube arrays when compared to
a nanoparticle ﬁlm. This results in lower dye adsorption and
hence lower light absorption. This constraint may be overcome
by synthesizing longer nanotubes. Recently, we have reported a
method for synthesizing multilayer ZnO nanowire arrays with
lengths of up to 40 μm.25 Work is currently underway to
convert these multilayer assemblies into SnO2 nanotubes.

Table 1. Photovoltaic Performance Data of DSCs Based on
(i) Bare SnO2 Nanotubes and (ii) TiO2-Coated SnO2
Nanotubes
bare SnO2 nanotubes
2

JSC (mA/cm )
VOC (V)
ﬀ
η (%)

7.99
0.49
0.27
1.06

±
±
±
±

0.06
0.01
0.01
0.07

TiO2-coated SnO2 nanotubes
9.91
0.68
0.49
3.47

±
±
±
±

0.17
0.02
0.01
0.06

Figure 6. Open-circuit voltage decay curve and calculated electron recombination lifetime for ﬁve diﬀerent anodes: (i) TiO2-coated SnO2 nanotubes,
(ii) SnO2 nanotubes, (iii) TiO2 nanotubes, (iv) ZnO nanowires, and (v) TiO2 nanoparticles. (a) Voltage-decay curve. (b) Electron lifetime
determined from open-circuit voltage decay measurement.
3236
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Figure 7. Electrochemical impedance spectroscopy (EIS) for DSCs based on (i) hybrid TiO2−SnO2 nanotubes and (ii) bare SnO2 nanotube arrays
under illumination of AM 1.5G simulated sunlight at an applied bias of VOC. (a) Nyquist plots. (b) Bode phase angle versus frequency plots.

surface states.8 These factors lead to further lowering of the
recombination rates, resulting in enhanced VOC and ﬀ for DSCs
based on the hybrid TiO2−SnO2 electrodes.
We also performed electrochemical impedance spectroscopy
(EIS) to further understand the improved performance of the
hybrid electrodes. Figure 7a shows Nyquist plots for DSCs
based on hybrid TiO2−SnO2 and bare SnO2 nanotubes
obtained by EIS carried out under illumination of AM 1.5G
simulated sunlight at an applied bias of VOC. The impedance
components of the interfaces in the DSCs are observed in three
diﬀerent frequency regimes. The arcs observed in the EIS
spectra may be assigned to the impedances due to the
conducting layer/semiconductor interface, Pt/electrolyte interface, and photoanode/dye/electrolyte interface.29,30 In the
middle frequency range of 0.1−104 Hz, the semicircle on the
Nyquist plot is associated with the charge transfer across the
photoanode/dye/electrolyte interface and the size of the
semicircle represents the resistance to recombination.
As can be seen from the Nyquist plots in Figure 7a, the
semicircle observed in the middle frequency range is larger in
the case of the hybrid TiO2−SnO2 nanotube photoanode than
that for the bare SnO2 nanotube photoanode. This indicates
increased recombination resistance, which results in lower
recombination rates at the photoanode/dye/electrolyte interface for DSCs using the hybrid TiO2−SnO2 photoanodes. The
electron lifetime, τr, can be estimated from the maximum
angular frequency of the impedance semicircle arc at middle
frequencies, according to the relation:

To further understand the performance of DSCs based on
SnO2 nanotubes and hybrid TiO2−SnO2 nanotubes, transient
photovoltage measurements were conducted, by monitoring
the VOC as a function of time upon turning oﬀ the illumination,
to study the electron recombination kinetics. The experiments
were repeated with DSCs based on TiO2 nanoparticles, TiO2
nanotubes, and ZnO nanowires of the same thickness, and the
results were compared. Figure 6a shows VOC decay as a
function of time for ﬁve diﬀerent anodes: (i) TiO2-coated SnO2
nanotubes, (ii) SnO2 nanotubes, (iii) TiO2 nanotubes, (iv)
ZnO nanowires, and (v) TiO2 nanoparticles. It was observed
that DSCs based on TiO2-coated SnO2 nanotubes and SnO2
nanotubes showed a much slower VOC decay rate than DSCs
based on the other three electrodes, indicating much slower
recombination rates. From the VOC decay rate, the photoelectron recombination lifetime (τr) may be determined by the
following equation:26,27
⎛ k T ⎞ ⎛ dV ⎞−1
τr = −⎜ B ⎟ × ⎜ OC ⎟
⎝ e ⎠ ⎝ dt ⎠

(6)

where kB is the Boltzmann constant and T is temperature. The
calculated τr is plotted in Figure 6b for ﬁve diﬀerent electrodes.
It is observed that the τr values for TiO2−SnO2 nanotubes,
SnO2 nanotubes, and TiO2 nanotubes are almost 2 orders of
magnitude higher than that for TiO2 nanoparticles. They are
also much higher than the literature reported τr for SnO2
nanoparticles.15
The much larger τr in the nanotubes compared to
nanoparticle ﬁlms may be explained by an internal radial
electric ﬁeld that is developed within the walls of the nanotubes.
This electric ﬁeld drives the electrons away from the interface,
preventing recombination with the electrolyte.18 The primary
reason for longer lifetimes in TiO2 based nanotubes as
compared to ZnO nanowires is due to the intrinsic material
properties. It has been reported that the conduction band of
TiO2 is composed of d-orbital electrons that are less susceptible
to recombination than the electrons in ZnO.28 Among the ﬁve
diﬀerent electrodes, the hybrid TiO2−SnO2 electrode exhibits
the slowest recombination rates, slightly slower than the bare
SnO2 nanotube arrays. This could be due to the energy barrier
formed by the TiO2 coating, forcing the electrons to ﬂow
toward the current collecting surface and preventing the
electrons from ﬂowing in the opposite direction. Introduction
of TiO2 may have also passivated the reactive low-energy SnO2

τr =

1
2πfmax

(7)

where f max is the maximum frequency of the midfrequency
peak.24 Thus, a peak shift to a lower frequency represents
longer electron recombination lifetime. For DSCs with a hybrid
TiO2−SnO2 photoanode, a longer electron lifetime of 18.9 ms
is obtained compared to 12.8 ms for DSCs based on a bare
SnO2 photoanode. The longer electron recombination lifetime
of the hybrid TiO2−SnO2 photoanode compared to the bare
SnO2 photoanode is in agreement with the trend observed in
the transient photovoltage measurement. It needs to be noted
that the absolute values for recombination lifetimes obtained by
EIS diﬀer from those reported by photovoltage decay
measurements. The primary reason for this could be that, in
photovoltage decay measurements, the cell was allowed to
3237
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Table 2. Parameters Determined by EIS for Photoanodes Based on (i) Bare SnO2 Nanotubes and (ii) TiO2-Coated SnO2
Nanotubes
bare SnO2 nanotubes
TiO2-coated SnO2 nanotubes

Rw (Ω)

Rk/Rw

keff (s−1)

τr (ms)

Deff (×104 cm2/s)

Ln (μm)

145 ± 15
165 ± 20

12.75 ± 1.45
33.45 ± 2.35

11.9 ± 1.08
8.39 ± 0.06

12.89 ± 1.17
18.91 ± 0.14

1.71 ± 0.33
2.89 ± 0.11

14.72 ± 0.79
23.31 ± 0.12

hole transporting materials, making them promising candidate
anodes for solid-state DSCs.10,11 Furthermore, the vertically
ordered SnO2 nanostructures may ﬁnd other applications in gas
sensors34 and lithium-ion batteries.35,36

decay through low carrier density states, resulting in longer
electron lifetimes. On the other hand, EIS measurements were
performed at open-circuit voltage, when electron density is the
highest.
Electrons with longer τr can obtain longer diﬀusion length
(Ln) and more easily escape the electron recombination. Ln can
be derived using the following equations:31−33

Ln 2 = Deff × τr

(8)

Deff = (R k /R w )L2keff

(9)
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Table enlisting the photovoltaic parameters for diﬀerent
electrodes used for open-circuit transient photovoltage decay
studies; electrochemical impedance spectroscopy (EIS) spectra
for DSCs based on hybrid TiO2−SnO2 nanotubes and bare
SnO2 nanotube arrays under dark conditions. This material is
available free of charge via the Internet at http://pubs.acs.org.

where Rw, Rk, L, Deff, and keff represent the resistance of electron
transport in photoanode, resistance of charge transfer related to
recombination, thickness of the photoanode, eﬀective electron
diﬀusion coeﬃcient, and constant of eﬀective rate for
recombination, respectively. The values of these parameters
were estimated from the central arc of Nyquist and Bode phase
plots as described by J. L. Song.33 Rw is determined from the
diameter of the middle semicircle in the Nyquist plot shown in
Figure 7a, and Rk is determined from the diameter of the
middle semicircle in the Nyquist plot obtained under dark
conditions (Figure S1, Supporting Information). keff is
estimated from the maximum peak frequency obtained from
the Bode phase plot in Figure 7b. The calculated values are
tabulated in Table 2. The results indicate that the hybrid
photoanode is superior to the bare SnO2 nanotube photoanode
with signiﬁcantly larger Ln, Deff, and τr but smaller keff. Besides
the expected increase in electron lifetime, a larger eﬀective
diﬀusion coeﬃcient was also observed in the case of the hybrid
photoanode. The reason for large Deff could be due to the
passivation of the low energy SnO2 surface trap states. These
results explain the improved photovoltaic performance of the
hybrid TiO2−SnO2 photoanode as compared to the bare SnO2
photoanode.
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