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ABSTRACT: To construct a hybrid titania photoanode containing nanoparticles and
nanorods of varied size in a multilayer (ML) configuration for dye-sensitized solar cells, the
essence of our ML design is a bilayer system with additional layers of nanorods of well-
controlled size inserted between the transparent and the scattering layers to enhance the
light-harvesting capability for photosensitizers with small absorptivity, such as Z907. We
measured charge-extraction and intensity-modulated photoelectric spectra to show the
advantages of one-dimensional nanorods with an improved electron-transport property
and an upward shift of the potential band edge; a favorable ML configuration was
constructed to have a cascade potential feature for feasible electron transport from long
nanorods, to normal nanorods, to small nanoparticles. On the basis of the ML system
reported herein, we demonstrate how the performance of a Z907 device is improved to
attain η ∼10%, which is a milestone for its future commercialization.

SECTION: Energy Conversion and Storage; Energy and Charge Transport

Nanostructured TiO2 has many applications in photo-
catalysis, sensors, batteries, memory resistors, water

splitting, solar cells, and so forth.1−3 Among these applications,
TiO2 has been widely utilized as an efficient mediator to
transport electrons in the working electrode of a dye-sensitized
solar cell (DSSC).4−7 For a typical DSSC, a TiO2 film is
designed with a bilayer structure: a scattering layer (SL) of
thickness 2−5 μm on top of a transparent TiO2 active layer
(AL) of thickness 12−14 μm;8−11 for an AL, anatase TiO2
nanoparticles (NPs) of size ∼20 nm were employed to attain
sufficient proportions of dye-loading (DL) for light harvesting
in the visible spectral region;8,9 for a SL, particles of size 200−
400 nm were introduced to enhance the light harvesting at
wavelengths 600−800 nm.10−12 To provide direct channels for
electron transport in DSSC, various one-dimensional (1D)
TiO2 nanostructures, such as nanotube arrays,13,14 nanowire
arrays,15,16 nanofibers17,18 and nanorods of varied sizes,19−26

were developed. These 1D TiO2 nanostructures benefit from
improved efficiencies of charge collection, but the surface areas
smaller than their NP-based counterparts limit the DL on the
TiO2 surface to further promote the device performance.
Numerous efforts are reported to enhance the DL for 1D TiO2
photoanodes: one approach is to combine the 1D nanostruc-
tures with conventional NP in a blend composite;27−31 a
second approach is to form a bifunctional 1D hierarchical
structure,32−36 which is similar to the design of a spherical bead
with a 3D hierarchical morphology;12,37−39 a third approach is
to make a double-layered film structure similar to a conven-

tional NP-based device, but with the AL and SL replaced by
small and large 1D TiO2 nanostructures, respectively.

36,40

In general, four major factors to consider in the development
of a high-performance TiO2 photoanode are (1) a large specific
surface area for sufficient DL, (2) an excellent scattering effect
for enhanced light harvesting, (3) a superior electron-transport
characteristic for efficient charge collection, and (4) adequate
porosity of the film for feasible diffusion of the electrolyte.
These key factors are, however, generally mutually incompat-
ible, so that these sophisticated approaches fail to attain
efficiencies comparable with or superior to that of a
conventional NP-based device.41,42 For example, it is difficult
to simultaneously increase the surface area and light scattering
in one monolayer of TiO2, whereby flexibility results from a
bilayered structure to separate the AL and the SL on the TiO2

film. Use of TiO2 NP of size ∼20 nm as an AL in a bilayered
system confers an advantage of a large surface area, but the
thickness of the film cannot exceed ∼15 μm because the
existence of many grain boundaries in NP limits the efficient
electron transport.9 One remedy for this problem is to
incorporate promising 1D nanostructures as other layers to
enhance the DL for improved light-harvesting efficiency, but at
the same time to retain the excellent 1D electron-transport
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feature in the film for improved efficiency of charge collection.
We therefore constructed a hybrid TiO2 film with a multilayer
(ML) morphology43 to accommodate all incompatible key
factors required to make a highly efficient DSSC.
Figure 1 demonstrates the concept for the structural design

of a hybrid titania ML film. The basic idea is to maintain the

original effective design of the bilayer system with conventional
small TiO2 NPs and large SLs, but we added 1D TiO2
nanorods of varied size between the NP and SL layers to
form a hybrid TiO2 film with the ML configuration shown in
Figure 1, left. The additional 1D titania layers should have a
function to further enhance the specific surface area and the
effect of light scattering with nanorods of small and large sizes,

respectively. Moreover, each layer in the film must be arranged
to have a size in a systematic sequence so that the porosity of
the film can be readily tuned to produce a suitable mesoporous
network environment for diffusion of the electrolyte. According
to this approach to construct the ML film, we thus designed
TiO2 nanorods of three types, labeled SR, NR, and LR with
lengths ∼40, ∼150, and ∼500 nm, respectively. Figure 1 right
shows a side-view scanning electron microscopy (SEM) image
of a typical ML film of thickness ∼26 μm.
The synthesis of TiO2 nanorods of normal size (NR)

involved a simple hydrothermal method20 using titanium
tetraisopropoxide (TTIP) as a precursor in a basic aqueous
solution containing (1) diaminoethane (DAE) as a catalyst for
crystal growth, and (2) triblock copolymer PEO106−PPO70−
PEO106 (F127) and cetyltrimethylammonium bromide
(CTAB) as functional surfactants to control the anisotropic
growth of the 1D nanostructure. For the growth of short
nanorods (SR), oleic acid (OA) was added at a small fraction to
the aqueous solution containing the same TTIP/ethylenedi-
amine (EDA)/CTAB/F127 mixture. To produce the long
nanorods (LRs), much triethanolamine (TEOA) was added to
the same aqueous solution to retard the hydrolysis, with both
the peptization and hydrothermal periods being twice those of
the growth of NRs and SRs. Top-view SEM images of SRs,
NRs, and LRs appear in Figure 2a−c, respectively. Figures 2d−f
shows transmission electron microscopy (TEM) images for SR,
NR, and LR, respectively; Figure 2g−i shows the correspond-
ingly magnified TEM images, indicating the distance between
adjacent (101) lattice fringes of anatase TiO2 to be 0.35 nm.
The formation of purely crystalline nanostructures in the
anatase phase for the NP, SR, NR, and LR species was

Figure 1. Schematic demonstration of the concept for the structural
design of a hybrid TiO2 ML film.

Figure 2. SEM images of (a) SR, (b) NR, and (c) LR; TEM images of (d) SR, (e) NR, and (f) LR. (g−i) HRTEM images of SR, NR, and LR,
respectively. The arrows shown in panels g−i mark the specific distance of the adjacent lattice fringes along the (101) facet of anatase TiO2.
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confirmed with X-ray diffraction (XRD) patterns shown in
Figure S1, Supporting Information.
To examine the intrinsic photovoltaic properties of each 1D

nanostructure, we fabricated DSSC devices according to the
experimental procedure as reported elsewhere,9 but with the
photoanodes constructed of NP, SR, NR, or LR in a single
layer; the thickness of each nanostructure was carefully
controlled to be ∼11 μm. Amphiphilic dye Z907 served as a
standard photosensitizer for our tests because of its superior
endurance.44 The current−voltage (J−V) characteristics of
these devices are shown in Figure S2a, and the corresponding
IPCE action spectra in S2b; the photovoltaic parameters are
summarized in Table S1. We found a systematic trend for the
short-circuit current densities (JSC) with NP ∼SR > NR > LR,
but the trend for the open-circuit voltages (VOC) is reversed,
LR > NR > SR ∼NP. The trend of JSC is consistent with that of
DL (Table S1), and the poor performance, η = 5.8%, of the LR
device resulted from its smaller surface area giving a smaller DL.
In contrast, as JSC and VOC were complementary to each other
for the NP, SR, and NR, these devices attained similar
efficiencies of power conversion in the range η = 7.3−7.5%. To
understand the electron-transport characteristics of the four
devices, we accordingly measured intensity-modulated photo-
current spectra (IMPS), intensity-modulated photovoltage
spectra (IMVS), and charge extraction (CE);6 the results
appear in Figure 3.
Figure 3a shows plots of diffusion coefficient D versus JSC

obtained from IMPS measurements; the results indicate a trend
of electron diffusion on TiO2 with order NR > LR > NP > SR
when they were compared at the same JSC level. That the
electron diffusion of LR is less than that of NR might be
understood from the morphological features of the nanostruc-
tures, for which the formation of LR involved an aggregation of
a few sub-LR units unambiguously seen in the TEM image,
Figure 2f. The poor diffusion of SR, also unexpected, might be
due to the effect of OA bound on the TiO2 surface that was
difficult to remove completely via postannealing. NR has thus
the best diffusion characteristic among all TiO2 nanostructures

under investigation. Figure 3b shows the CE results under an
open-circuit condition, giving a systematic trend for the TiO2
potential shifts of the conduction band edge with order LR >
NR > NP > SR; relative to that of NP, the potentials of LR and
NR were increased, whereas that of SR was decreased. The
positions of the TiO2 potentials compared at the same electron
densities (Ne) are consistent with the variation of VOC in Table
S1. Figure 3c shows plots of electron lifetime (τR) versus VOC at
the open-circuit condition. All devices had fortuitously similar
τR values, but the longer nanorod LR exhibited electron
lifetimes slightly greater than the others when they were
compared at the same VOC level. This result seems consistent
with many other studies that show retarded charge recombi-
nation for electron lifetimes of 1D nanostructures smaller than
those of NP compared at the same VOC level,17 at the same JSC
level,21,24,30 or at the same level of bias light intensity.29,32,40

When the electron lifetimes were compared at the same Ne
level, the trend was SR ∼NP > NR > LR shown in Figure 3d:
this result is consistent with a conclusion reported after
comparison of the electron-transport properties between NP-
based and nanowire-based solar cells.16 Longer nanorods (LR
and NR) with a superior electron-diffusion characteristic
(Figure 3a) and greater potentials (Figure 3b) also displayed
more rapid recombination of charge (Figure 3d) than NP and
SR, but our results indicate that the magnitudes of VOC were
controlled mainly by the positions of the TiO2 potentials; the
retarded charge recombination played only a minor role.
According to the superior electron transport and increased

potential of NR, we selected NR as part of the AL in our ML
system. To examine the combined effects of NP and NR, we
constructed TiO2 photoanodes with a bilayer structure
containing NP and NR components as bottom and top layers,
respectively, in varied ratios, labeled NP5, NP4/NR1, NP3/
NR2, NP2/NR3, NP1/NR4, and NR5, in which the numbers
represent the repeated screen-printing times of each
component. The thicknesses of the films increased gradually
from 10.6 μm of NP to 13.5 μm of NR, and DL/nmol cm−2

also decreased accordingly from 122 of NP to 108 of NR

Figure 3. Characteristic plots of (a) electron diffusion coefficient (D) vs JSC, (b) VOC vs charge density (Ne), (c) electron lifetime (τR) vs V, and (d)
τR vs Ne for devices containing only a single layer (NP, SR, NR or LR) of thickness ∼11 μm.
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(Table S2). Figure S3a displays the JV curves and Figure S3b
the corresponding IPCE action spectra of these devices; the
photovoltaic parameters are summarized in Table S2. Figure
4a,b exhibits a systematic trend of photovoltaic performance of
this series: JSC decreases, whereas VOC increases upon
increasing the contribution of NR. Because the variations of
both JSC and VOC opposed each other, the efficiencies of power
conversion of the bilayer system varied only slightly within a
range η = 7.5−7.7%; the maximum efficiency occurred at the
NP2/NR3 composition.
Figure 4c shows plots of D vs JSC obtained from the IMPS

measurements. These results confirm the superior electron
transport of NR and show almost identical diffusion character-
istics for the configurations varied from NR5 to NP2/NR3; this
electron transport begins to decrease from NP3/NR2 to NP5.
Judging from the CE and IMVS results shown in Figure 4d,e,
we confirm the systematic variations on increasing the TiO2
potentials and accelerating the rates of charge recombination
with increased contribution of NR in this bilayer system. On
the basis of both photovoltaic and electron-transport properties
demonstrated in Figure 4, we understand that a thin layer of
NP is necessary for two reasons: to retain sufficient DL for
enhanced JSC, and to retard the charge recombination at the
bottom layer of the ML configuration. An idea for a design of
an optimal ML configuration for DSSC is thus achievable based
on the NP/NR bilayer system with additional LR and SL layers
to significantly enhance the effect of light scattering to improve
JSC.
The effect of the SL to enhance JSC is expected to be

significant. In our approach, the SL contains mixed TiO2 NPs
in two layers of varied size. The first SL layer (SL-1, thickness
∼3 μm) contains the commercially available ST41 (particle size
200−400 nm) mixed with NP in mass ratio ST41/NP = 50/50,

whereas the second SL layer (SL-2, thickness ∼6 μm) contains
the ST41/NP mixture at mass ratio 80/20. Figures S4a and S4b
show top-view SEM images of the SL-1 and SL-2 layers,
respectively. The design to involve small NP in the SL has two
purposes: to increase the DL, and to improve the connectivity
of the large NPs for a robust structure. As a result, JSC increased
∼30% when the bilayered SL-1/SL-2 film of thickness ∼9 μm
was added on top of the bilayered NP2/NR3 film of thickness
∼13 μm, yielding an overall cell performance (device C; Table
1) η = 9.5%. The ML system was hence designed with NP and
SL of fixed thicknesses ∼5 μm and ∼9 μm, respectively, but
with those of NR and LR systematically varied according to a
ML configuration, NP/NR/LR/SL-1/SL-2; the number of each
layer represents the repeated times of screen printing of each
component. Figure 5a−c presents side-view SEM images, JV
characteristic curves, and IPCE action spectra of these devices,
labeled A−F, respectively. Table 1 summarizes the photovoltaic
parameters of these ML devices and the corresponding shun
resistances (Rsh) determined from the JV curves.
As indicated in the SEM images shown in Figure 5a, devices

A−D were designed to assess the effect of the NR layer (shown
as red foreground) on the photovoltaic performance under
constant contributions of the NP (green foreground), SL-1 and
SL-2 layers; the thicknesses of the NR layer were controlled to
be 3.0, 6.2, 8.7, and 10.9 μm for devices A−D, respectively.
Devices E and F were designed to assess the effect of the LR
layer (blue foreground) on the photovoltaic performance based
on the structure of device C. First, according to the
photovoltaic results in Figure 5b,c, we observed a systematically
increasing trend of JSC upon increasing the contributions of NR
from device A to device D, leading to the performance of device
D attaining JSC = 18.58 mA cm−2 and η = 9.66%. The decreases
of VOC and FF upon increasing the film thickness from device A

Figure 4. Photovoltaic performance of double-layer devices containing NP and NR components in varied ratios: (a) short-circuit current density
(JSC, filled symbols) and open-circuit voltage (VOC, open symbols); (b) efficiency η of power conversion; (c) electron diffusion coefficient (D) vs JSC;
(d) VOC vs charge density (Ne); (e) electron lifetime (τR) vs Ne. SEM images of NP and NR at the top left side have the film compositions of each
device structurally represented inside panel b.
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to device D can be understood from the variation of Rsh (Table
1) showing a systematic decreasing trend. Second, with device
C as a reference, devices E and F were constructed with
additional LR layers of thicknesses 2.9 and 6.3 μm, respectively.
For device E with configuration 2/3/1/1/2, the enhancement

of JSC was less than for device D, but both VOC and FF had a
balance better than that of device D to attain a superior
performance of device E. This is also reflected by the results of
Rsh (Table 1) showing a slight increase on shun resistance from
device D to device E due to the contribution of LR. Further
increasing the contribution of LR in device F caused a slight
degradation of all three photovoltaic parameters relative to
those of device E. The best cell performance of Z907 occurred
for device E with these characteristics: JSC/mA cm−2 = 18.29,
VOC/mV = 755, FF = 0.709, and η = 9.79%.
This hybrid ML photoanode system has a flexibility to adjust

the contribution of each layer so that this approach becomes
versatile for use in photosensitizers of other types. For example,
we also examined a thiophene-based heteroleptic Ru complex
(C106)46 with large absorptivity in our ML system to perform
best at the device C configuration; work is in progress to
examine other prospective dyes with this ML approach. The
device performances of Z907 and C106 have been further
optimized at film configurations E and C, respectively, treated
with an antireflection coating on the surface of the fluorine-
doped tin oxide (FTO) substrate opposite the TiO2 film.
Figures S5a and S5b present optimized JV curves and the
corresponding IPCE action spectra of devices Z907 and C106,
respectively; the photovoltaic performances of both sensitizers
optimized with conventional TiO2 films of a double-layer
configuration, NP at 10 μm and SL-2 at 6 μm, are indicated also
as dashed curves. For Z907, optimized device E featured JSC/
mA cm−2 = 18.59, VOC/mV = 751, FF = 0.710 and η = 9.91%;

Table 1. Total Thickness (L) of Titania Film and
Photovoltaic Parameters of Devices Made of Z907 Dye, and
ML TiO2 Films with Varied Film Configurations Defined as
A−F under Simulated AM-1.5G Illumination (Power
Density 100 mW cm−2) and Active Area 0.16 cm2 with a
Black Mask of Area of 0.25 cm2

device
TiO2 film

configurationa
L/
μm

JSC/
mA cm−2

VOC/
mV FF η/%

Rsh/
kΩ

A 2/1/0/1/2 17 15.82 774 0.731 8.95 12.7
B 2/2/0/1/2 20 16.74 772 0.727 9.39 12.0
C 2/3/0/1/2 22 17.49 761 0.713 9.49 11.5
D 2/4/0/1/2 25 18.58 749 0.694 9.66 10.9
E 2/3/1/1/2 26 18.29 755 0.709 9.79 11.1
F 2/3/2/1/2 30 18.15 749 0.709 9.64 11.1

aThe ML films have a typical layer configuration NP/NR/LR/SL-1/
SL-2 with the number of each layer representing the repeated screen-
printing times, which were fixed at 2, 1, and 2 for the layers of NP, SL-
1, and SL-2, respectively. The film thicknesses/μm of the NP, SL-1
and SL-2 layers are in the ranges 4.5−4.9, 2.8−3.2, and 6.0−6.3,
respectively. The film thicknesses/μm of the NR layer are 3.0, 6.2, 8.7,
10.9, 9.1, and 8.8 for devices A−F, respectively, whereas those of the
LR layer are 2.9 and 6.3 for devices E and F, respectively.

Figure 5. (a) Side-view SEM images of TiO2 films showing ML configurations for devices A−F; (b) JV characteristic curves and (c) IPCE action
spectra of devices A−F (solid curves in distinct colors) and the reference bilayer device NP2/NR3 (dashed curve) sensitized with Z907 dye. The
molecular structure of Z907 is indicated inside panel c.
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for C106, the optimized device C exhibited JSC/mA cm−2 =
19.04, VOC/mV = 754, FF = 0.732, and η = 10.51%; both
devices are significantly superior to their NP-based bilayer
counterparts (9.3% and 9.8% for Z907 and C106, respectively),
giving a promising perspective to promote the device
performance for a DSSC based on our ML approach.
The heteroleptic ruthenium complex, Z907, exhibits out-

standing performance stability under enduring thermal stress
and light-soaking conditions to match the industrial standard of
silicon solar cells for outdoor applications;45 the device
performance was first reported to be only η = 7.8% because
of the small absorption coefficients of Z907,44 then improved to
η = 9.1% based on a bilayer film system of high quality.46,47

With our ML system reported here, we demonstrate for the
first time how the performance of a Z907 device becomes
improved to attain η ∼10%, which is a milestone for a future
DSSC to be commercialized.
In summary, we developed 1D titania nanorods of varied

lengthsSRs, NRs, and LRsto serve as dye-uptake and
electron-transport media for DSSCs. These nanostructures
were synthesized with a simple hydrothermal method using
TTIP as a precursor in a basic aqueous solution containing
F127 and CTAB; the sizes of the nanorods were controlled on
adding OA and TEOA, respectively. CE, IMPS and IMVS were
measured to understand the shifts of the TiO2 conduction band
edges, electron diffusion and kinetics of charge recombination
in devices made of these nanorods. We discovered a systematic
variation of increased potential with order LR > NR > NP >
SR; this property is consistent with the variation of VOC that is
inexplicable according to the extent of charge recombination.
Both NR and LR feature electron transport better than that of
NP; they become suitable candidates to construct a hybrid
titania photoanode for DSSC with a ML configuration in
addition to the conventional NP/SL bilayer system. The
designed ML configuration has structure NP/NR/LR/SL for
two reasons. First, the particle sizes increase gradually from the
bottom layer (NP) to the top layer (SL), so that a suitable
mesoporous network becomes available for electrolyte
diffusion. Second, the order of potential positions of these
nanostructures is correct so that an appropriate sequence of
energy cascade becomes established for feasible electron
transport from SL (ST41 mixed with a portion of NP), LR,
NR to NP. A strategy with hybrid ML photoanodes to attain a
great device performance has been achieved for an amphiphilic
sensitizer, Z907, which exhibits excellent thermal stability but
suffers from its small absorptivity. The Z907 device has been
optimized based on the ML system with a typical NP/NR/LR/
SL-1/SL-2 configuration to attain η ∼ 10%, which is a
promising advance for its future commercialization.

■ METHODS
Preparation of TiO2 Nanorods. The NRs, SRs, and LRs were
synthesized according to a standard procedure reported
elsewhere,20 but we modified the recipe to control the size of
the nanorods in a systematic manner; details follow. First, block
copolymer PEO106-PPO70-PEO106 (3.0 g, F127, Aldrich) was
dissolved in deionized (DI) water (100 mL) and stirred for 15
min at 35 °C. Second, CTAB (1.82 g, 99+%, Aldrich) was
added to the flask containing the F127 aqueous solution and
stirred for another 15 min at 35 °C. Third, DAE (1.34 mL, 99+
%, Aldrich) was added to the flask containing the mixed F127/
CTAB aqueous solution and stirred for 5 min at 35 °C. At this
stage, the prepared F127/CTAB/EDA aqueous solution served

as a common mediator for preparation of all three nanorods
before the peptization and hydrothermal treatments. For NR,
TTIP (6.5 mL, 97%, Aldrich) was slowly added to the F127/
CTAB/EDA aqueous solution and then stirred for 12 h at 35
°C. For SR, TTIP (6.5 mL) was added slowly to a beaker
containing OA (1.9 mL, 95+ %, Showa) for 5 min at 25 °C; the
TTIP/OA mixture turned pale yellow, which indicated the
formation of an OA-chelated titanium complex. Then the
TTIP/OA mixture was added slowly to the F127/CTAB/EDA
aqueous solution and stirred for 12 h at 35 °C. After
peptization, the white solution was transferred into an autoclave
(Teflon) and heated to 160 °C for 12 h to complete the
hydrothermal process for both NR and SR.
For LR, TTIP (6.5 mL) was added slowly to a beaker

containing TEOA (7.2 mL, 95+ %, TEDIA) and stirred for 5
min at 25 °C; the TTIP/TEOA mixture turned pale yellow,
which indicated the formation of a TEOA−chelated titanium
complex. The TTIP/TEOA mixture was added slowly to the
F127/CTAB/EDA aqueous solution and then stirred for 24 h
at 35 °C. After peptization, the white gel-type solution was
transferred into an autoclave (Teflon) and heated to 160 °C for
24 h to complete the hydrothermal process. These TiO2
nanorods were then collected on centrifugation, and washed
several times with ethanol. Eventually, to prepare a screen-
printable paste for all NPs and nanorods, ethyl cellulose and α-
terpineol were added to the ethanol solution of the TiO2
nanostructures; ethanol was then removed from the solution
with a rotary evaporator to obtain a viscous paste suitable for
screen printing according to a procedure reported elsewhere.48

The details to characterize the film morphology are given
elsewhere.9

Fabrication of DSSC. The DSSC devices were fabricated with
a working electrode based on hybrid nanostructured ML TiO2
films and a Pt-coated counter electrode. For the working
electrode, according to the ML configuration for each layer, the
target TiO2 paste (NP, NR, SR, LR, SL-1 or SL-2) was coated
on a TiCl4-treated FTO glass substrate (TEC 7, Hartford,
USA) to obtain a film of the required thickness (active size 0.4
× 0.4 cm2) with repetitive screen printing. The TiO2 film was
annealed according to a programmed procedure, followed by a
TiCl4 post-treatment reported previously.9,11 For the dye
uptake, the TiO2 film was immersed in a solution containing
either Z907 and CDCA or C106 and CDCA (all 0.3 mM) in a
mixture of acetonitrile and t-butanol (v/v = 1: 1) kept at 25 °C
for 3 h (Z907) or 2 h (C106). For the counter electrode, a
solution containing platinum (H2PtCl6 in isopropanol) was
spin-coated onto the FTO glass at 2000 rpm for 10 s; the
electrode as deposited was heated at 380 °C for 30 min.The
dye-sensitized working electrode was assembled with the Pt-
coated counter electrode into a cell of sandwich type and sealed
with a hot-melt film (SX1170, thickness 60 μm) under thermal
compression at 90 °C for 10 s. The electrolyte injected into the
device contains GuNCS (0.1 M), I2 (0.03 M), LiI (0.05 M),
PMII (1.0 M), 4-t-butylpyridine (0.5 M) in acetonitrile, the
same for both Z907 and C106. The details of photovoltaic
measurements are reported elsewhere.9,11

Impedance Characterization. The IMPS and IMVS spectra
were measured with CIMPS instruments (Zahner) at a short-
circuit or an open-circuit condition, respectively, based on
white LED light at five intensities (1.5−30 mW cm−2)
controlled with a slave system (XPOT, Zahner) to obtain the
photovoltaic response induced by the modulated light.6 The
modulated light was driven with a perturbation current (10%
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ac) superimposed on a dc current in the frequency range 0.1−
1000 Hz. The measurements of CE were performed with the
same CIMPS system under the same bias light irradiations;
details are given elsewhere.6

■ ASSOCIATED CONTENT
*S Supporting Information
Figures S1−S5 and Tables S1−S2. This material is available free
of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: diau@mail.nctu.edu.tw.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Everlight Chemical Industrial Corporation, Taiwan,
for providing Z907 and C106 dyes. The National Science
Council of Taiwan and Ministry of Education of Taiwan, under
the ATU program, provided financial support of this project.

■ REFERENCES
(1) Chen, X.; Mao, S. S. Titanium Dioxide Nanomaterials: Synthesis,
Properties, Modifications, and Applications. Chem. Rev. 2007, 107,
2891−2959.
(2) Szot, K.; Rogala, M.; Speier, W.; Klusek, Z.; Besmehn, A.; Waser,
R. TiO2 − A Prototypical Memristive Material. Nanotechnology 2011,
22, 254001.
(3) Khataee, A.; Mansoori, G. A. Nanostructured Titanium Dioxide
Materials: Properties, Preparation and Applications; World Scientific:
Singapore, 2012.
(4) Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H. Dye-
Sensitized Solar Cells. Chem. Rev. 2010, 110, 6595−6663.
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