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ABSTRACT: We describe a seeded hydrothermal process for the growth of ?}‘“
unique double-sided brush-shaped (DSBS) TiO, nanostructure assemblies i3
consisting of highly ordered rutile nanowires vertically aligned around an
annealed TiO, nanoparticle layer. The annealed TiO, nanoparticle layer seeds
the nanowire growth and also supports the DSBS structure. The morphology of
the DSBS TiO, nanostructure depends on the hydrothermal reaction time. The
diameter of the nanowires is about 6.6 nm, and with increasing reaction time l:—lsi(i-édbsh -
from 1 to 8 h the nanowire length increases from 0.6 to 6.2 um, whereas the
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thickness of the nanoparticle layer decreases from 4.3 to 2.8 um. These free-

standing nanowire arrays provide large internal surface area, which is essential for minimizing carrier recombination in high
performance photovoltaic devices. Furthermore, the nanowire architecture can help increase the rate of charge transport as
compared to particulate films because of lower concentration of grain boundaries. The power conversion efficiency of backside
(DSBS TiO,/FTO photoanode) illuminated dye-sensitized solar cells fabricated using the DSBS TiO, nanostructure assembly is
found to be depended on the nanowire length. A cell fabricated using 15.2 ym thick nanostructures sensitized by N719 has a
short-circuit current density of 12.18 mA cm™2, 0.78 V open circuit potential, and a 0.59 filling factor, yielding a maximum power

conversion efficiency of 5.61% under AM 1.5 illumination.
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B INTRODUCTION

Since the significant breakthrough in the device efficiency of
dye-sensitized solar cells (DSSCs) achieved by Michael Gratzel
and his collaborators," DSSC has been considered as one of the
most promising solutions for addressing global fossil fuel
depletion and environmental pollution problems.” A typical
DSSC consists of a photoanode, dye, electrolyte, and a
photocathode. In such a device structure, a sensitizer as light-
absorbing material is coupled with a wide bandgap nanocrystal-
line semiconductor, to realize efficient optical absorption and
charge separation.” Nanostructured TiO, is one of the most
important photoelectrode material and has been widely
investigated for use in DSSCs.* A variety of TiO, nanomaterials
with different morphologies, such as nanoparticles, nanotubes,
nanorods, nanowires, and nanosheets, etc., have been prepared
for fabrication of DSSCs, with the morphology of TiO,
nanomaterials having a significantly influence on the con-
versation efficiency of fabricated solar cells.”~'* In general, high
specific surface area, efficient electron diffusion pathway, and
pronounced light-trapping are indispensable for a high-
performance photoanode in DSSCs.'* However, these criteria
are often incompatible with one another.'® To date, the highest
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efficiency DSSC devices have used porous TiO, nanoparticle
films, with maximum cell efficiencies of 12.3% using a liquid
electrolyte'® and 15.4% with solid state electrolyte.'”® Porous
TiO, nanoparticle networks offer high internal surface area for
anchoring a large quantity of dye for maximizing light
harvesting, thereby enhancing the generation of photo-induced
carriers.'” Nevertheless, disorder in porous nanoparticulate
networks can result in poor electronic transport with increased
carrier recombination.

One-dimensional high-ordered nanoarchitectures with im-
proved electron transport properties can increase the efficiency
of dye-sensitized solar cells.”® Such nanoarchitectures in the
form of nanotubes, nanorods, and nanowires have been
suggested as better scaffolds for DSSCs, with lower carrier
recombination and more efficient electron transport.>”” The
enhanced efficiency of electron diffusion, attributed to direct
electron transport, was clearly demonstrated for vertically-
aligned TiO, nanotubes prepared by solution electrochemical
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Figure 1. Schematic illustration of the synthetic procedure of DSBS TiO, thin films and fabrication of DSSCs.

anodic oxidation of Ti metal plates or Ti films sputter coating
on TCO glass slides.® Besides TiO, nanotube arrays, 1D single-
crystalline TiO, nanowire/nanorod arrays have also been
widely studied for DSSCs. The electron transport in crystalline
wires is expected to be several orders of magnitude faster than
percolation through a random polycrystalline network. Hydro-
thermal synthesis provides an effective approach for growth of
novel nanowires/nanorods used as photoanodes.u_24 Kakiuchi
et al. prepared rutile TiO, rods on silica glass substrates by
hydrothermal reaction at temperatures of 80 and 200 °C.**
Feng et al. reported the hydrothermal growth of TiO, nanorod
arrays on FTO glass substrates and used them to fabricate
DSSCs with power conversion efficiency of 3.74%.>° Liu et al.
developed a facile hydrothermal method to grow oriented
single-crystalline rutile TiO, nanorod layers on FTO substrates
and a 3% power conversion efficiency was achieved using 4 pm-
long TiO, nanorod structure as the photoanode in a DSSC.”
Recently, DSSCs fabricated using TiO, nanostructures
consisting of 1D nanowire arrays at the bottom and a 3D
dendritic microsphere on the top layer achieved 7.2% power
conversion efficiency.”” Nevertheless, large size and dense
packing of 1D nanowires and/or nanorods can significantly
lower the exposed surface area, resulting in reduced dye
adsorption.

Opverall, the assembly of hierarchical nanostructures of 1D
nanowire arrays has attracted wide attention because of their
desirable characteristics such as special nano-topography,
hierarchical internal nanostructure, and multiphase anisotropic
interfaces. These hierarchical nanostructures are expected to
greatly enhance the performance of dye-sensitized solar cells.”®
In this work, we report on a facile process for hydrothermal
growth of unique double-sided brush-shaped (DSBS) TiO,
nanostructure assemblies consisting of highly ordered TiO,
nanowires vertically aligned around an annealed TiO, nano-
particle layer. The annealed TiO, nanoparticle layer seeds the
nanowire growth and maintains the structural integrity of the
DSBS structure. This novel DSBS structure, with highly
ordered free-standing TiO, nanowires, can provide larger
internal space and surface area as compared to a single layer of
TiO, nanowire arrays, which is beneficial for dye adsorption.
Backside (DSBS TiO,/FTO photoanode) illuminated DSSCs
have been fabricated and tested using the DSBS TiO,
nanostructure assembly. The device performance is found to
be influenced by the length of TiO, nanowires.

123

B EXPERIMENTAL SECTION

Synthesis of DSBS TiO, Nanostructure Assemblies. Figure 1
provides a schematic illustration of the synthetic procedure of DSBS
TiO, nanostructure assembly and fabrication of the DSSC device. The
first step was to prepare a TiO, nanoparticle layer using TiO,
nanoparticle paste. The paste was prepared by dispersing TiO,
nanoparticle powder (Degussa P25) into a solvent mixture of ethanol,
ethyl cellulose, and terpineol, followed by grinding the paste in an
agate mortar at room temperature for 30 min. A layer of TiO, paste
with 4=5 pm thickness was coated onto a glass slide by doctor-
printing method, dried at 80 °C for 30 min,”® and then annealed at
400 °C for 60 min in air to form a TiO, nanoparticle layer, as seen
Figure S1 in the Supporting Information. The second step was
hydrothermal growth of the DSBS TiO, nanostrucure assembly. The
obtained TiO, nanoparticle layer (2 cm X2 cm) was immersed into a
15 ml reaction solution ([H*] = ~8.8 M ) , consisting of a mixture of 1
ml titanium(IV) butoxide, 11 ml hydrochloric acid (38 wt %), and 4
mL of H,O, in a 30 mL of Teflon-lined stainless steel autoclave. After
adequate sealing, the autoclave was heated to 160 °C and maintained
at this temperature for different reaction times from 30 min up to 10 h.
The TiO, nanoparticle layer was found to separate from the glass slide
within 30 min reaction time, which is critical to the formation of the
DSBS structure because nanowires grow underneath the nanoparticle
layer as well. The DSBS TiO, nanostructures were washed three times
with deionized water and then in ethanol, and dried at 80 °C for 20
min.

Fabrication of DSSCs. The synthesized DSBS TiO, nanostruc-
tures were cut into 0.5 cm X 0.5 cm pieces. To prepare the DSSC
anode, a DSBS nanostructure assembly was glued on to a FTO glass
slide using a drop of TiO, sol as adhesive, and then annealed at 400 °C
for 1 h in air.>® The prepared anode was then soaked in 40 mM TiCl,
aqueous solution for 30 min at 70 °C, dried at 80 °C for 20 min, and
then annealed at 400 °C for 30 min in air and transferred into a N,-
filled glove box for dye absorption. The dye solution was prepared by
dissolving 0.3 mM dye N719 in methanol. The dye absorption on the
anode was performed by overnight soaking the electrode in the dye
solution at 30 °C and then rinsed with pure ethanol to remove excess
physically adsorbed dye molecules. In the fabricated DSSC, the dye-
adsorbed DSBS TiO, nanostructure functioned as a photoanode, Pt-
coated FTO glass slide functioned as a counter electrode. The
assembly was sealed in a 25 mm thick hot melt gasket made of
ionomer Surlyn 1702 (Dupont), and the electrolyte was introduced
into the cell from a drilled hole on the counter electrode. The
electrolyte solution was a mixture of 0.6 M 1-butyl-3-methyl
imidazolium iodide, 0.03 M I,, 0.10 M guanidinium thiocyanate, and
0.5 M 4-tertbutylpyridine in a mixture of acetonitrile and valeronitrile
(85/15, v/v).

Materials Characterization. The crystal structure of the
nanostructures and layers was characterized using XRD (X-ray
diffractometer, Rigaku-Smart Lab Advance). Cu—Ka radiation (4 =
1.5408 A) was used as the X-ray source, operating at 40 kV and 100
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mA. All the samples were characterized in 26 range of 20—80°, with a
scan-speed 0.8 s/step and step increment of 0.02°/s. The morphology
and microstructure of samples was characterized by optical
microscopy, field-emission scanning electron microscopy (FESEM,
HITACHI S—4800) equipped with energy- dispersive X-ray spectros-
copy (EDS). High-resolution transmission electron microscopy (TEM,
JEOL JEM-—2100) coupled with selected area electron diffraction
(SAED) was used to investigate the crystallinity and microstructure
details of the samples, operating at 200 kV. The Raman spectra of the
samples were measured using a commercial Raman spectrometer
(Horiba Labram HR 800). A 514 nm He—Cd laser was used for
excitation. The laser power on the sample surface was 20 mW. The
scattered light was detected using a thermoelectrically cooled charge-
coupled device. Surface area of the samples was determined from the
amount of N, adsorption at 77 K. A Coulter Ominisorb 100cx, USA,
was employed to obtain adsorption/desorption isotherms.

Performance of DSSCs. DSSC performance was characterized by
measuring photocurrent density-voltage (J—V) curves under AM1.5
simulated solar light (100 mW cm™, Oriel 300 W Xe lamp, and
Newport AML.S filter) over an active area of 0.2 cm®. Incident photon-
to-current efficiency (IPCE) spectra were recorded using an Oriel QE/
IPCE Measurement Kit (equipped with 150—300 W full spectrum
solar simulator). The electrochemical impedance spectroscopy (EIS)
measurements were performed using an electrochemical workstation
(AUTOLAB PGSTAT302N) under AM1.S simulated solar light (100
mW cm™) in the frequency range of 0.1 Hz to 100 kHz, with the
applied bias voltage and ac amplitude set at open-circuit voltage of the
cells and 10 mV between the counter electrode and the working
electrode, respectively.

B RESULTS AND DISCUSSION

Material Structure and Properties. The microscopic
characterization results of a DSBS TiO, nanostructure assembly
with 8 h reaction time have been used to demonstrate the
morphology and structure of the products. Figure 2a shows a
top-view optical image of the DSBS TiO, nanostructure. No
cracks are observed over the entire layer surface. Images b and ¢
in Figure 2 show top-view and side-view FESEM images of the
sample prepared under the same conditions. The entire surface
is covered by well aligned nanowires. All of the nanowires are
well-separated and free-standing, providing large internal space
and surface area. The edges of the layer are also covered with
the same high quality nanowires (Figure 2c). The cross-section
SEM image of the sample (Figure 2d) shows that nanowire
arrays with uniform sizes grow vertically around the central
layer. Bach individual nanowire has a sharp end (Figure 2e).
The average diameter of the nanowires is measured to be
around 6.6 nm. Figure 2f shows HRTEM image and SAED
pattern (the inset) of a typical single TiO, nanowire. The
SAED pattern confirms the single-crystalline nature of the
nanowires. The lattice fringes can be clearly distinguished from
the HRTEM image (the inset). The interplanar spacing is
measured to be around 0.33 nm (corresponding to the rutile
TiO, (110) planes), indicating preferential growth direction of
rutile nanowires along the [001] direction. The result agrees
with a previous report that the growth rate of different crystal
faces in rutile TiO, nanowires in strong acidic solutions
generally follows the order of (110) < (100) < (101) < (001).3*

The formation process of the DSBS TiO, nanostructure
assembly was investigated by examining the evolution of the
morphology of the materials as they proceed through the
reaction. Figure 3a—e shows cross-section SEM images of the
products formed at hydrothermal reaction times of 1, 2, 4, 6,
and 8 h, respectively. The TiO, nanoparticle layer was found
separated from the supporting glass slide within 30 min
reaction time. The initial growth of TiO, nanowires was
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Figure 2. (a) Top-view optical image of a DSBS TiO, nanostructure
formed after 8 h reaction time; (b) top-view, (c) side-view, and (d)
cross-view FESEM images of the nanostructure prepared under the
same conditions; (e) magnified FSEM image of the nanostructure
showing well-separated and free-standing nanowires with sharp ends;
(f) HRTEM image of an individual TiO, nanowire. The insets of f
show SAED pattern (top) and HRTEM image (below) of the TiO,
nanowire.

observed at 1 h, as seen in Figure 3a. All of the TiO, nanowires
grew vertically around the central TiO, nanoparticle layer. The
average nanowire length was around 0.3 um. With longer
reaction time, the length of nanowires increased significantly.
As seen in Figure 3b—e, the length of nanowires formed at 2, 4,
6, and 8 h was measured to be 0.6, 2, 2.3, and 6.2 um,
respectively. Along with the growth of the nanowires, the
thickness of the central TiO, layer gradually decreased from 4.3
um at 2 h to 2.8 um at 8 h. Figure 3f summarizes both the
length change of nanowires and thickness change of the central
TiO, nanoparticle layer with the hydrothermal reaction time.
The thickness of the DSBS TiO, nanostructure assembly
formed at 8 h reaction time was around 15.2 um, very close to
the optimized photoelectrode thickness for DSSCs fabricated
based on P25 TiO, nanoparticles.*>** In reality, the optimum
anode thickness of a DSSC depends on many factors, such as
surface area, light confinement, extinction coeflicient of the dye,
charge transport properties of the network, etc.

The mechanical stability of TiO, nanostructure assemblies
with highly ordered nanowires is determined by the thickness
and structure of the central P25 TiO, layer. This is because
along with the growth of the nanowires the anatase constituent
of the annealed P25 TiO, layer gradually dissolved away and
thus reduces the thickness of the center TiO, layer that acts as a
support for the nanowires. The thickness of the center TiO,
layer can be controlled by tuning the hydrothermal reaction
time. The DSBS TiO, nanostructure assemblies formed within
8 h are sufficiently strong to withstand the latter procedure of
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Figure 3. Cross-view SEM images of the samples formed at
hydrothermal reaction time of (a) 1, (b) 2, (c) 4, (d) 6, and (e) 8
h. (f) The length of nanowires (left) and the thickness of TiO,
nanoparticle film layer (right) as a function of the reaction time.

(JCPDS No. 21-1272) and rutile (JCPDS No. 01-1292). With
reaction time increasing from 1 to 4 h, the intensity of
characteristic peak (27°) of the product anatase phase (Figure
4b—f) decreased, while that of rutile phase increased. The rutile
phase is dominant in the product after 6 h, as seen in spectra e
and f in Figure 4. The decrease in intensity of anatase phase
peak at 27° indicates that the phase transformation from
anatase to rutile occurred during growth of the rutile nanowires.
The strong peak of the rutile phase has contributions from both
the nanowires and the starting TiO, layer. A remarkable
increase in the intensity of the rutile phase (002) peak, along
with a simultaneous decrease in the intensity of the rutile phase
(110) peak, are observed in the XRD patterns from Figure Sb
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Figure S. Raman spectra for (a) as-synthesized DSBS TiO, thin film
after 8 h reaction time, and standard (b) anatase and (c) rutile
powders purchased from Sigma. Symbols r, 4, and r/a represents peaks
of rutile, anatase, and the mixture of rutile and anatase, respectively.

DSSC fabrication. However, TiO, layers formed beyond this
time (such as after 10 h) are very fragile because they are too
thin to sustain the DSBS structure.

The BET surface area of the typical 8 h DSBS TiO,
nanostructure was calculated based on the N, adsorption/
desorption isotherms (see Figure S2 in the Supporting
Information) and is about 60 m?/g, which is larger than for
P25 TiO, nanoparticle powders (~50 m?/g).

The crystallographic structure of the products obtained at
different reaction times were identified by XRD analysis. The
XRD pattern (Figure 4a) of the initial TiO, nanoparticle layer
(Degussa P25 containing 80 wt % anatase and 20 wt % rutile)
are well indexed to the standard XRD patterns of anatase
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Figure 4. XRD patterns for (a) P25 nanoparticle powders and DSBS
TiO, thin film formed at reaction time of (b) 1, (c) 2, (d) 4, (e) 6, and
(f) 8 h. The standard XRD patterns of rutile (JCPDS No. 21-1272)
and anatase (JCPDS No. 01-1292) are provided.

to Figure Sf. Moreover, the rutile phase (101) peak of the
nanowires formed at 1 h (Figure Sb) obviously gets stronger as
compared to that for the original P2S nanoparticles (Figure Sa),
but it then slowly increases in intensity with continued growth
of the nanowires (Figure Sb—f) as there exists a ~32.8° angle
between the rutile phase [101] and the [002] planes. Thus, the
nanowires grow in the [001] direction, and the [110] crystal
planes parallel to the c axis are exposed, as also suggested from
the HRTEM and SAED results (Figure 2f inset).

The phase composition of the DSBS TiO, nanostructure
assembly has been further studied using Raman spectroscopy.
Figure S shows Raman spectra of the DSBS TiO, nanostructure
produced after a reaction period of 8 h (Figure Sa), along with
the spectra for standard anatase (Figure Sb) and rutile powder
(Figure Sc). The standard anatase powder (Figure Sb) shows
major Raman bands at 144, 399, 519, and 639 cm™},
corresponding to four Raman-active modes of the anatase
phase with symmetries of E,, By, By, and E, respectively.**
The typical Raman bands of the standard rutile phase (Figure
5b) appear at 143, 235, 447, and 612 cm™, which can be
ascribed to the B,y two-phonon trapping, Ej, and A;, modes of
rutile phase, respectively.*> The bands for the 8 h DSBS TiO,
sample (Figure Sa) are consistent with those of anatase and
rutile, confirming the co-existence of both phases.

Formation of DSBS TiO, Nanostructures. Three
processes occur during the formation of DSBS TiO,
nanostructures: (1) seeded hydrothermal nucleation of rutile
nuclei; (2) oriented growth of rutile nanowires; and (3)
dissolution of the TiO, nanoparticle layer. During the
nucleation step, relatively slow hydrolysis of titanium(IV)
butoxide under strong acidic condition ([H*] ~ 8.8 M) causes
the formation of octahedral [Ti(OH),(OH),]** monomers.*
Process conditions such as pH value of the sol-gel system,
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catalyst concentration, calcination temperature, etc., have been
found to be primary factors that can significantly affect the
particle size, crystal phase, and nanostructure of the TiO,
products.®” As the concentration of the monomers increases to
a critical value, they combine together through oxolation or
olation, resulting in the nucleation of rutile nuclei on the TiO,
nanoparticle layer. The HCl concentration determines the
crystal phase of the TiO, products because rutile is the
equilibrium phase under strongly acidic conditions.**™*" After
nucleation, nanowire growth in the [001] direction is promoted
by the differing growth rates of the distinct crystal faces of the
rutile structure. The anisotropic growth of (002) planes likely
can be explained by facet-selective adsorption of CI™ ions on
the (110) crystal planes of rutile TiO, to suppress their
grovxrth.é’zs’m"“’42 With growth of the nanowires, the anatase
constituent in the TiO, nanoparticle layer gradually dissolves,
providing additional titanium for continued growth of the
nanowires. As a result, the center TiO, layer decreases in
thickness (Figure 3f) and there is reduced anatase content in
the reaction products (Figure 4). Previous studies have shown
that the sequential process of dissolution and recrystallization
dominates the formation of titania under strong acidic
hydrothermal conditions using insoluble solid TiO, and
titanates as titanium precursors.41 When the [H*] concen-
tration is increased above 12 M under the same reaction
conditions, nanowires are not formed. This is due to the high
solubility of titanium under strong acidic conditions, consistent
with our previous results.*

The anatase-to-rutile ratio decreases with dissolution of the
anatase constitutient in the TiO, nanoparticle layer and
hydrothermal growth of the rutile nanowires. To confirm the
dissolution of TiO, nanoparticle layer (process 3), was
conducted a control experiment without the addition of
titanium(IV) butoxide. After 30 min reaction time, the
anatase-to-rutile peak intensity ratio of the product decreased
from the initial value of 5 (25° in XRD):1 (27° in XRD) (see
Figure S3a in the Supportng Information) to S (25° in XRD) :2
(27° in XRD) (see Figure S3b in the Supporting Information),
indicating that the anatase in the nanoparticle layer gradually
dissolved in the solution (see Figure S4a, b in the Supporting
Information). Because the octahedral [Ti(OH),(OH,)]*
monomers formed solely through the dissolution of anatase
in the TiO, nanoparticle layer, its low concentration likely
caused a low recystallization rate of TiO, nanowires and a fast
dissolution rate of the TiO, nanoparticle layer. Therefore, the
TiO, nanoparticle layer completely collapsed within 1 h (see
Figure S4c—e in the Supporting Information). Depending upon
the reaction time, the resulting colloidal solution could exist
either in the form of TiO, nanoparticle agglomerate
suspensions (see Figure S5b, c in the Supporting Information)
or stable clear colloids (see Figure SSd, e in the Supporting
Information). For example, agglomerates were observed after
30 min reaction time (see Figure SSb in the Supporting
Information). The shape and size of the agglomerates were
significantly different from that of particles that remained on
the TiO, layer (see Figure 4b in the Supporting Information).
As seen in Figure S6 in the Supporting Information, the TiO,
nanoparticles that remained on the glass slide after 30 min (see
Figure S6a in the Supporting Information) showed a regular
spherical shape and uniform size that are much larger than that
of irregular fine particles in the TiO, agglomerates in solution
(see Figure S6b in the Supporting Information). The result
confirms that the continuous dissolution of the anatase phase in
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the TiO, nanoparticle layer provided the reactants for the
growth of the nanowires. It also contributed to separation from
the glass slide. The central porous nanoparticle layer of DSBS
TiO, can not only help to retain the DSBS structure but also
enhance the dye absorption, thus increasing light trapping.'***

The reactants used for the growth of DSBS TiO,
nanostructures on the TiO, nanoparticle layer is not restricted
to titanium(IV) butoxide. Other titanium sources, such as
titanium isopropoxide and titanium tetrachloride, also leads to
the formation of DSBS TiO, nanostructure using the same
synthetic procedure. As seen Figure S7a, b in the Supporting
Information, the nanowires with flat ends are synthesized using
titanium isopropoxide. If titanium tetrachloride is used as the
titanium precursor, longer single side nanowires with lengths of
15 pm can be synthesized (see Figure S7c, d in the Supporting
Information).

DSSC Performance. The -V characteristics of the DSSC
devices fabricated using DSBS TiO, nanostructure assemblies
synthesized at reaction times of 4, 6, and 8 h and the annealed
P25 particle film are shown in Figure 6a. Table 1 summarizes

14

~~
&

—=—4h

—
»~
1

—a—6h

%)

—v—8h

—e—P25

—
<>
1

o«
1

Current density (mA/cm
.& =)

N
1

T T T
0.2 0.4 0.6 0.8 1.0

Voltage (V)

700

T T
500 600
Wavelength (nm)

T
400

Figure 6. (a) Characteristic I-V curves and (b) IPCE spectra for
DSSCs fabricated using DSBS TiO, thin films synthesized at different
hydrothermal reaction times of 4, 6, and 8 h. The characteristics of a
DSSC assembled using P25 particles as photoelectrode with similar
thickness is also included. The active area of all four DSSCs is 0.25

2
cm.

the cell performance parameters for all four DSSCs. Under 100
mW cm™> AML.S illumination, the cell fabricated using a 4 h
DSBS TiO, nanostructure (4 gm-long nanowires and 3.5 um
thick central nanoparticle layer) had a 2.89% conversion
efficiency (17) with J. = 5.85 mA cm™*, V,. = 0.76 V, and FF =
0.65. The cell fabricated using a 6 h reaction time DSBS TiO,
(4.5 pm long nanowires and 3.3 um thick central nanoparticle
layer) provided 1 = 4.12%, with J,. = 9.0 mA cm™2, V. = 0.79
V, and FF = 0.58. The cell fabricated using a 8 h DSBS TiO, (6
um long nanowires and 3 ym thick central nanoparticle layer)
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Table 1. Photovoltaic Parameters of Different DSSCs
Fabricated Using the 4, 6, and 8 h DSBS TiO,
Nanostructures and P25 TiO, Nanoparticles”

sample 4 h 6h 8h P25
length? (um) 2 225 3 0
central® (um) 3.5 33 3 6.5
length? (um) 2 2.25 3 0
J& (mA cm™) 5.85 9.01 12.18 11.01
v,/ (V) 0.76 0.79 0.78 0.76
FF¢ 65 58 59 50
7" (%) 2.89 412 5.61 4.18
£, (Hz) 59 10 17 26
7 (ms) 27.1 159 8.3 6.1
RX (ohm) 10.7 11.1 5.8 11.8
R,' (ohm) 19.5 12.5 116 19.6
R,” (ohm) 544 176 161 577

“All measurements were made under AM 1.5 G full sunlight
illumination (100 mW cm™2). bLength of the top nanowries.
“Thickness of the central nanoparticle layer. “Length of the bottom
nanowries (as shown in Figure S10 in the Supporting Information).
“Short-circuit current density. Open circuit voltage. ®Fill factor.
hLight—electron conversion efficiency. “The minimum frequency on the
Bode plot. /7 suggests a longer lifetime of electrons. *Sheet resistance.
ICharge transfer resistance at the counter electrode/electrolyte
interface. mCharge transfer resistance at the TiO,/dye/electrolyte
interface.

provided 1 = 5.6%, with J,. = 12.18 mA cm ™2, V,. = 0.78 V, and
FF = 0.59. The results suggest that the microstructure of DSBS
nanostructures, such as the length of nanowires, is one of the
major factors that influences the device efliciency. For

comparison, a solar cell assembled using P25 particles (0.25
cm?, 6.5 um thick nanoparticle layer) provided 5 = 4.18%, with
Jo = 11 mA ecm™, V,_ = 0.76 V, and FF = 0.50.

As a control, a DSSC was assembled using only TiO, sol as
the photoelectrode. The device characteristics measured from
the I-V curve (see Figure S8 in the Supporting Information)
were J,. = 0.028 mA cm™2, V,_ = 029 V, FF = 0.31, and 5§ =
0.025%. The device performance was substantially inferior to
those of DSBS TiO, /FTO-based DSSCs. Hence, the TiO, sol
used as adhesive in the DSBS TiO,-based DSSCs had a
negligible contribution to the power conversion efficiency of
the DSBS devices. The observed efficiency of DSSCs can be
primarily attributed to the ordered DSBS TiO, /FTO glass
photoelectrode for the backside illumination (see Figure S9a in
the Supporting Information). The backside illumination
enables light to effectively penetrate through the thin anatase
layer, bottom nanowires, central nanoparticle layer, and top
nanowires. The combination of the thin anatase layer and the
central nanoparticle layer play an important role in avoiding
light reflection as compared to frontside illumination (see
Figure S9a in the Supporting Information) and conversional
single-side nanowire arrays.”’32 For confirmation, we have
made measurements of the photocurrent-photovoltage charac-
teristics for cells fabricated using the 8h DSBS TiO,
nanostructure assembly under AM 1.5 illumination (100 mW
cm™?) from the frontside. As seen in Figure S9b in the
Supporting Information, the backside illuminated cell shows
better performance (77 = 5.61%, with J,. = 12.18 mA cm™2, V,_ =
0.78 V, and FF = 0.59) as compared with the frontside
illuminated cell (7 = 5.13%, with J,. = 12.00 mA cm™, V.
0.75 V, and FF = 0.57).
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Figure 7. (a) Full scale (0—180 Q) and (b) magnified (0—60 Q) Nyquist plots, (c) Bode phase diagrams, and (d) photovoltage—decay
measurements of the DSSCs fabricated using the 4, 6, and 8h DSBS TiO, nanostructures and P25 nanoparticles. The inset of Figure 7a shows the
equivalent circuit used to obtain the fitted curves (solid lines) by fitting the experimental data (dots). All measurements were done under simulated

AML.S solar light (100 mW cm™2).
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The initial structure of annealed P25 TiO, nanoparticle film
layer is similar to that of nanoporous annealed P25 TiO, films
used in conventional DSSCs. This annealed P25 TiO,
nanoparticle film layer eventually became thinner with much
larger internal space and less grain boundaries, as confirmed by
the film’s larger BET surface area of 60 m?2/ g, due to continued
dissolution of the anatase constituent (see Figure S10a, b in the
Supporting Information). Thus, the center porous TiO, thin
layer can improve the amount of dye loading within the DSBS
structure as compared to conversional single-side nanowire
structures. Moreover, the rutile phase of the annealed P25 TiO,
nanoparticle layer acts as a seed for the growth of highly
ordered lattice-matched rutile nanowires (See Figure S10c, d in
the Supporting Information). The final DSBS structure can
direct the transport of carriers through distances with resistance
smaller than conventional TiO, nanoparticle agglomerates (see
schematic illustration in Figure S11 in the Supporting
Information).

The IPCE spectra of the devices fabricated using DSBS TiO,
thin films with reaction time of 4 h, 6 h, 8 h, and for P25
nanoparticles are shown in Figure 6b. The device fabricated
using the 8 h DSBS TiO, nanostructure shows the highest
IPCE over the wavelength range of 350—700 nm. IPCE spectra
of all the cells with N719 dye exhibited a maximum value at
approximately 530 nm. As compared with the cell fabricated
using P25 nanoparticles with similar thickness, the IPCE of the
cell fabricated using the 8 h DSBS TiO, nanostructure shows
the highest value over the entire wavelength region, which is
consistent with its higher Jsc and efficiency as shown in Figure
6a.

Electrochemical impedance spectroscopy (EIS) was used to
characterize the DSSCs fabricated using the 4, 6, and 8h DSBS
TiO, thin films and P25 nanoparticles. Panels a and b in Figure
7 show full scale (0—180 €2) and low-resistance scale (0-60 Q)
Nyquist-plots, respectively. An equivalent circuit (see the inset
of Figure 7a) was used to fit the Nyquist plots to estimate the
electron transport parameters, such as sheet resistance (R;),
charge transfer resistance at the counter electrode/electrolyte
interface (R,), and charge transfer resistance at the TiO,/dye/
electrolyte interface (RZ).43 Equivalent circuits containing
constant phase elements (CPE1 and CPE2) and resistances
(R; and R,) were used to fit respective resistances. As shown in
Table 1, Ry, R, and R, of the nanowire-based DSSCs decrease
with increasing of the length of nanowires. For the same cell,
the resistance sequence is Rg<R1<R2. The Rg and R; values of
the cell fabricated using the 8 h DSBS TiO, nanostructure is
about half of those for the cell fabricated using P25
nanoparticles, whereas R, is about three times larger.

A further study using Bode phase-diagrams (Figure 7c)
shows two well-defined semicircles in the high frequency (>1
kHz) and low frequency (1-1000 Hz) regions, representing the
redox I'/I; reaction at the Pt/electrolyte interface and the
electron transfer at the TiO,/dye/electrolyte interface,
respectively. The other invisible one at very low frequency
(0.1-1 Hz) is attributed to the electron diffusion in I7/1;~
redox electrolytes. The lifetime of electrons in TiO, can be
estimated from the following formula: 7 = 1/(2xf,).** Larger
suggests that electrons have longer lifetime and faster diffusion
rate in the nanowire film. f; represents the minimum frequency
that can enable the DSSC to achieve higher overall power
conversion efficiency. As seen in Table 1, the lifetime of the
electrons in the nanowire structures (27.1, 15.9, and 8.3 ms) is
longer than that in the P25 nanoparticle film (6.1 ms) because
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of well-crystallized single-crystalline nature of the nanowires
with less diffusive hindrance. The peak frequency at 1-100 Hz
is inversely proportional to the electron lifetime.

Figure 7d and Figure S12 in the Supporting Information,
respectively, shows the overall and the details of the initial
photovoltage (V,.)—decay of the same four DSSCs. The
electron recombination kinetics is investigated by monitoring
the transient V. as a function of time after switching off the
light. After the light is switched off with a shutter under a steady
voltage, the Voc decays sharply due to electron recombination
(see Figure S12 in the Supporting Information), which relates
to the short electron lifetime. The nanowire-based DSSCs
exhibit significantly slower Voc decay rates as compared to that
of P25 nanoparticle-based DSSC. The longer electron lifetime
indicates that more electrons can survive transport and thus
improve the photocurrent and subsequent cell efficiency.

We have not tested the long-term performance stability of
the cell after prolonged operation because the acetonitrile and
valeronitrile in the electrolyte solution can etch the ionomer
Surlyn 1702 used as glue to seal the cell. However, most of the
chemicals and materials except for the TiO, nanostructure
assembly have been widely used in reported DSSCs, and the
long-term stability of well-sealed cells has been tested by other
investigators. Thus, the present reported cell will likely be very
stable after the sealing problem is addressed.

B CONCLUSIONS

Double-sided brush-shaped TiO, nanostructures, with highly
ordered vertically aligned nanowires, have been prepared under
hydrothermal conditions using P25 nanoparticle powder
coating acting as both the seed and providing structural
support. The structural properties of the products including the
crystalline phase, the phase composition, the length of the
nanowires, and the thickness of the central nanoparticle layer
can all be tuned by adjusting the hydrothermal reaction time.
Backside illuminated dye-sensitized solar cells have been
fabricated using the DSBS TiO, nanostructures. The cell
efficiency is influenced by the microstructure, such as the length
of the nanowires. Demonstrated conversion efficiency of 5.61%
from a 8 h reaction time sample with 6 ym long nanowire
arrays suggests that the synthesized DSBS TiO, nanostructures
can be a very promising photoelectrode material for novel
nanostructured solar cells.
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