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ABSTRACT: In this paper, we present a novel, high-yield, and cost-effective hydrothermal method for the preparation of single
crystal-like anatase TiO, nanorods (NRs) with specific {101} exposed crystal planes and preferred [001] growth direction, which
is governed by the “oriented attachment” mechanism. The successful synthesis of TiO, NRs and fine tuning on their size and
shape could be easily accomplished by adjusting the solvent compositions. The salient feature of these NRs, in lieu of traditional
nanoparticles as building blocks of photoanodes in dye-sensitized solar cell (DSSC) system, rests with their significantly reduced
grain boundaries. The electron diffusion and recombination kinetics have been critically compared for the first time with respect
to the size and shape of the novel building blocks. A high efliciency of 8.87% has finally been achieved for DSSC based on long-
thin NRs rather than short-thin or long-thick NRs, which possesses balanced optimizations on charge collection and light-
harvesting properties.
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B INTRODUCTION quickly injected and extracted to external circuit. Charge
collection efficiency of the photoanode is dictated by the kinetic
competition between electron transport in nanocrystalline TiO,
film and recombination at the TiO,/electrolyte interface, which
historically has been optimized regarding the nanoparticle (NP)
size, network geometry, etc.”” 7% In the current “record” cells,
the charge collection loss during electron diffusion is generally
considered to be small or negligible.'>*' For example, by

TiO, is one of the most successful materials widely explored
and used in solar cells,' > photocatalysis,‘"5 lithium batteries,é
photochromic devices,”® etc., because of its unique chemical,
electrical and optical properties. Despite the voluminous
reports on the synthesis of nanosized TiO, over the last two
decades,” major challenges remain on precise control over the

nanometric size, shape, and surface structure in a simple and R X
easily scalable fashion.'®™'> Yet understanding the size-, shape-, electrochemical impedance spectroscopy analysis, Gratzel and

and/or surface-dependent properties of nanosized TiO, lies at co-workers claimed that the effective diffusion length in
the heart of developing high-performance devices, 214 efficient DSSC was >50 um, 2—3 times that of the actual

As a core photoanode material of dye-sensitized solar cell film thickness (5-16 ym), implying only <2% collection loss of

(DSSC), a technically and economically credible alternative to the injected electrons.”" Recently, however, O'regan et al
the currently dominating p—n junction photovoltaic devices,

TiO, needs to be highly crystalline but nanoporous with high Received: April 8, 2014

surface area and high connectivity so that sufficient dye Accepted: May 15, 2014

molecules can be adsorbed and plenty of photoelectrons can be Published: May 15, 2014

W ACS Publications  © 2014 American Chemical Society 9698 dx.doi.org/10.1021/am502067r | ACS Appl. Mater. Interfaces 2014, 6, 9698—9704


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

argued that the effective diffusion length measured by standard
dynamic techniques was largely overestimated. They revised the
value through steady-state spectral response measurements to
about 10—20 pm, very comparable to the actual film
thickness.* Notwithstanding such unsettled debate, it is
reasonable that high densities of grain boundaries and surface
defects, associated with the traditional NP films, would hinder
fast electron transport and cause considerable interfacial
recombination, as have been experimentally demonstrated.'®
To resolve this problem, one-dimensional (1D) nanoarrays,
such as ZnO na.nowires,23 TiO, nanowires/ nanotubes,%25 etc.,
have been explored as they were suggested to have ideal
boundary-free electron transport paths. Indeed, the nanoarrays
have exhibited much faster electron transport and/or longer
electron lifetime than the NP counterparts. Unfortunately,
performance of such nanoarray-based DSSCs still lags much
behind because of insufficient dye adsorption due to low
surface area, inadequate charge collection due to poor surface
structure, and adverse light scattering due to unoptimized 3D
structure.”® Adding to the problem is the practical difficulty for
large-scale production of such nanoarrays. Hence, it is still a
significant goal to synthesize size/shape-tunable, surface-
controllable and highly dispersible nanorods (NRs) or
nanowires (NWs) as alternative to the 20 nm TiO, NPs for
DSSCs, by using technology that is compatible with fast screen
printing technique.26 We notice that randomly assembled TiO,
NRs/nanowires have been exploited in DSSC system very early
on which inspired numerous fololow-up studies,”” ' but the
question about how tiny changes in the 1D nanomaterial’s size
and shape parameters affect the charge collection kinetics and
the solar cell performance are still not clear.

In this paper, we present a novel, high-yield, and cost-
effective hydrothermal method for preparing single crystalline
anatase TiO, NRs laterally bounded by the {101} crystal planes
and preferentially grown in the [001] direction, which was
achieved by taking advantage of an “oriented attachment”
mechanism. Though, similar morphologies have been reported
in the literature variously,******> several differences of our
strategy from others are noteworthy: (1) the whole oriented
attachment process was accomplished by a one-pot hydro-
thermal reaction in one run, (2) the process avoided using
expensive solvents or additives, (3) size parameters of the NRs
could be finely tuned in the range of 15-25 nm (diameter) X
50—150 nm (length), very suitable for high-performance
DSSCs, (4) the NRs are highly dispersible unlike aggregates
reported previously which may make it difficult to fully excavate
the NRs’ potential. The successful synthesis of TiO, NRs with
tunable diameter and aspect ratio, easily accomplished with our
strategy by adjusting the solvent compositions, has allowed us
for the first time to conduct comparative studies with nanorods
of different size/shape/surface parameters and thereby optimize
cell performance while monitoring their charge collection
kinetics.

B RESULTS AND DISCUSSION

Three kinds of NRs were chosen for our study as DSSC
photoanodes: “short-thin NRs” with a mean diameter of 15 nm
and length of SO nm (Figure la, see Figure Sl in the
Supporting Information), “long-thin NRs” with a mean
diameter of 17 nm and length of 120 nm (Figure 1b), “long-
thick NRs” with a mean diameter of 25 nm and length of 150
nm (Figure Ic). Scanning electron microscopy (SEM) images
(Figure la—c) clearly reveal the uniform and well-defined
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Figure 1. SEM images of three kinds of TiO, NRs: (a) short-thin NRs
(15 x 50 nm); (b) long-thin NRs (17 X 120 nm); and (c) thick-long
NRs (25 X 150 nm). (d) SEM image of 200 X 450 nm large spindle-
like particles. The insets to a—c are the corresponding blown-up
images. (e) TEM image and (f) high-resolution TEM image of the
NRs in (c); the measured lattice parameters are consistent with the
exposed crystal side-surfaces all being the {101} planes of anatase and
the anisotropic oriented attachment growth direction being [001]. An
ideal oriented attachment NR is schematically shown in the inset of e.

morphologies of the as-synthesized TiO, NRs with different
diameters and lengths as described above. The NRs are
observed to have folded outer crystal surface, a typical feature of
NRs formed by “oriented attachment”.**** The morphology
implies incomplete fusion at the necks between primary
crystallites, distinct from the traditional “Oswald ripening”
related growth, in which smaller particles are generallzf all
exhausted to promote the growth of bigger ones.® As
confirmed by transmission electron microscopy (TEM) images
(Figure le, f, and Figure S1 in the Supporting Information), the
NRs are well-dispersed without aggregation and each of the
NRs is made from several primary crystallites with the typical
shape of anatase tetragonal {101} bipyramids, which are
interconnected through the (001) surface. “short-thin” NRs are
generally formed by attachment of 2—3 bipyramids (Figure S1
in the Supporting Information), whereas “long-thick” NRs are
connected by 4-7 primary crystallites (Figure le). According to
the typical theoretical explanation, the driving force for such
oriented attachment process is to minimize the total surface
energy of the reaction system.”> Because the {001} crystal
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planes of anatase are of higher surface energy than the {101}
planes by ~25%,''" it is reasonable that the oriented
attachment occurs preferentially along the [001] direction to
minimize the exposed {001} surfaces. In our strategy, ethylene
glycol in the composite solvent has proved critical in promoting
such an oriented attachment process. As can be seen clearly
from Figure S2 in the Supporting Information, only when a
certain volume ratio of ethylene glycol was contained in the
composite solvent, oriented attachment could occur. The
inherent reason should be ascribed to the strong chelation of
ethylene glycol to Ti centres. Direct evidence is that for the as-
synthesized products from ethylene glycol containing hydro-
thermal conditions, though after thorough washing, the peaks
representing the existence of surface absorbed ethylene glycol
molecules are present in all of their FTIR spectra (see Figure S3
in theSupporting Information). Perhaps, ethylene glycol
molecules possess different absorption affinity on different
crystal planes of primary anatase crystallites, making the energy
difference between {101} and {001} planes even larger than no
ethylene glycol mediated samples, and therefore promote the
anisotropic assembly through the active {001} planes.>® Careful
tuning of the composition ratios of ethanol, water and ethylene
glycol in the solvent (see Experiment Sectional and Table S1 in
the Supporting Information) may affect their adsorbing state
onto different crystal planes of anatase primary crystallites,
changing their surface energetic differences. As a result, the
crystal growth and oriented attachment rates in certain
directions can be adjusted. All of these provide the oriented
attachment for the formation of NRs in a controllable manner,
leading to three kinds of NRs as shown in Figure 1, which
provide an ideal material base for comparative study of the size/
shape-perfromance relationship in DSSCs. X-ray diffraction
(XRD) patterns (see Figure S4 in the Supporting Information)
confirm that the three kinds of NRs are all in pure anatase
crystal phase and their anisotropic crystal growth directions are
[001]. The average diameters of three kind NRs are calculated
to be 15.0, 16.8, 25.2 nm respectively, by applying the Scherrer
equation to the broadened (200) diffraction peaks, which are
consistent with SEM and TEM observations. Shown in Figure
1d are uniform spindlelike anatase TiO, particles with the size
of about 200 X 450 nm (corresponding XRD pattern is shown
in Figure S4 in the Supporting Information), synthesized in a
similar hydrothermal condition to NRs but with a decreased
concentration of the Ti source and an increased alkaline
concentration. Those two changes in synthesis condition led to
fewer crystal seeds and higher condensation reaction rate,
giving rise to the growth of bigger particles, which are ideal for
constructing a light-scattering layer of DSSCs.

It is known that light scattering could enhance light
harvesting of DSSCs, especially in the spectral region where
dye absorbs weakly, and ~15% improvement brought about
this way in solar cell performance has been reported.”” In
general, it can be realized by employing a double-layered
structure design of photoanode: a transparent underlayer
consisting of small building blocks providing huge surface
area for sufficient dye adsorbing, while a toplayer made of big
particles can reflect the partially transmitted light back to be
absorbed again by the underlayer.®® As reflected by the diffuse
reflectance spectrum shown in Figure SS in the Supporting
Information, a 6 um thick film made of our large spindlelike
particles could reflect 70—90% fraction of solar light back,
which attests its strong enough scattering capability. DSSCs
using such kind of 6 ym thick film as light scattering layer and
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the three kinds of NR films with thickness of about 10 + 0.5
um as the underlayers were then subjected to device
measurements.

From Figure 2a, the long-thin NR based photoanode shows a
short-circuit current density (Ji) of 17.4 mA cm™?, open-circuit
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Figure 2. (a) J=V characteristic curves of DSSCs based on the three
TiO, NRs photoanodes under AM 1.5 simulated sunlight with a power
density of 100 mW cm™ (b) IPCE spectra of the three different
DSSC devices.

voltage (V,.) of 721.2 mV, fill factor (FF) of 0.71, and therefore
an overall energy-conversion efficiency (#) of 8.87%, which is
much improved than that of the short-thin and long-thick NRs
based photoanodes with moderate # of 8.09% and 7.81%,
respectively (Table 1). The improvement on 7 mostly rests
with the higher J. of the former sample than the latter two
(17.4 mA cm™2 versus 16.0 and 14.9 mA cm™ Table 1). The
inherent reasons for ], improvements will be elucidated in
terms of the determining factors of IPCE, including light
harvesting efficiency (LHE), charge injection efficiency (®,,),
and charge collection efficiency (7.), according to the equation
of IPCE = LHE®, 1.,

First of all, @, can be neglected, which is generally very
close to 100% in case of efficient ruthlium dye (like the Z907
dye used in this work) sensitized onto TiO,.*” With respect to
LHE, it is primarily determined by the Beer’s law via the
equation,”® LHE(A) = 1 — 1077%°®, where I is concentration
of dye adsorbed on TiO, surface (here determined to be 1.43 X
1077, 1.32 X 1077, 0.73 X 1077 mol cm™2 for three kinds of
photoanodes, respectively, which are nearly proportional to
their BET surface areas, as listed in Table 1) and o is the
absorption cross section of Z907 dye (¢ = 1.22 X 10" cm?
mol~! at 540 nm).*! Accordingly, LHE (549 ) are calculated to
be 98.2%, 97.5%, and 87.1% for short-thin, long-thin and long-
thick NR based films, respectively. The LHE for the short-thin
NR based film is slightly larger than the long-thin NR based
film. However, the superior LHE of short-thin NR does not
lead to a higher IPCE than the long-thin NR based film (Figure
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Table 1. Performance Parameters of DSSCs Based on Photoanodes Made of Different TiO, NRs

samples V. (mV) J. (mA cm™) FF 7 (%)  surface area (m* g7')  absorbed dye (X1077 mol cm™)  IPCE maximum at 540 nm (%)
short-thin 716.9 16.0 0.71 8.09 10S.5 1.43 81.7
long-thin 7212 174 0.71 8.87 104.8 1.32 84.3
long-thick 723.9 149 0.73 7.81 50.0 0.73 72.7
2b). From such an inconsistence, there should be another a) shortxrs
factor effect on IPCE. We then turn to the charge collection ~ EEACILENG

efficiency 7.

Charge collection efficiency 7). is determined by the kinetic
competition between electron transport and interfacial
recombination. In order to evaluate how the size and shape
of NRs affect the competing kinetics and clarify the inherent
relationship between the cell performance and the NRs’
morphology, photocurrent/photovoltage transient decay tech-
niques were employed to measure the electron transport time
(7) and recombination time (7, also called lifetime).** The
operating principles and the experimental conditions for these
measurements are described in the Supporting Information
(Figure S6). By varying the incident light intensity, the voltage
of the cell, or more accurately the quasi Femi level or the
electron density of the film is accordingly tuned, 7 and 7, at
different voltages can be obtained by fitting the photocurrent
and photovoltage decay curves, respectively. The voltage is
equal to the offset of the electron quasi Fermi level of TiO,
with respect to the redox electrolyte, denoted as “Ep —
Eg redox - Taking note that the film thickness, d, has effects on 7,
we chose electron diffusion coefficient (D, = d%/2.357)®
instead of 7 to more accurately evaluate the photoanode films’
electron transport kinetics. From Figure 3b, ¢, it is clear that (1)
the dependences of D, and 7, on “Ex — Eg ,eq0, fit well with
the power law; (2) with the increasing “,Ex — Eg. eqox value, D,
monotonically increases and 7, monotonically decreases. These
phenomena are all in accordance with the well-known multiple
trapping model.**** In this model, electrons perform a random
walk between trap sites, the location of which can be described
by an exponential distribution function, which is the origin of
the observed power law dependences.'” With the increasing
“eEr = Eg redox » corresponding to electrons at the quasi-Femi
level closer to the conduction band edge, the electrons require a
smaller activation energy or a shorter waiting time to be
detrapped, which is why the corresponding D, is larger; by the
same token, it becomes easier for the electrons to migrate to
the TiO,/electrolyte interface leading to the corresponding
shorter 7,.

In more detail, from Figure 3b, D, of the three kind
photoanodes are found in the sequence of long-thick NRs >
long-thin NRs > short-thin NRs in the whole tested range of
“4Er — EE, redox - From the above sequence, it appears that the
longer NRs formed by oriented attachment of more primary
crystallites, meaning a smaller grain boundary density when
forming a porous film, always correspond to a higher D,. As
illustrated in Figure 3a, “short NRs” consisting of two primary
crystallites would lead to a porous film possessing twice the
grain boundary density of that with “long NRs” obtained by
oriented attachment from four primary crystallites. Traps
located at the crystal surface were also suggested to be involved
in electron transport.*® A higher surface area then corresponds
to a higher density of surface traps and therefore a lower
D,."** Perhaps, this can partially explain why D, of long-thick
NR-based film is relatively higher than that of long-thin NR-
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Figure 3. (a) Anatase crystal growth modes of NRs; comparisons of
(b) electron diffusion coefficient, D,, (c) electron lifetime, ,, and (d)
electron diffusion length, L,, as a function of the offset of the electron
quasi Fermi level of TiO, with respect to the redox electrolyte, ,Ez—
Eg redow Detween the three kind photoanodes based on short-thin, long-
thin, and long-thick NRs. ,Ex—Eg 4., is equal to the measured open
circuit voltage of the cells under different light intensities. The straight
lines represent the power-law fitting.

based film, considering that the BET surface area of the former
is nearly twice lower than the latter.
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In contrast to evidently different D, for the three kind films,
their 7, measured are much more comparable (Figure 3c). 7, of
long-thick NR based film is slightly shorter than that of the
other two NRs based films, which is opposite to their D,
sequence. A reasonable explanation is that recombination is
transport limited in porous films. Namely, with faster diffusion,
there is a greater probability per unit time that electrons
encounter relatively “rare” and stationary I, recombination sites,
which would in turn lead to faster recombination.*®

Combining D, together with 7, allows us to weigh the charge
collection property of the three kind films on the basis of their
effective electron diffusion len%th (L,), by using the equation
L, = (D,z,)™"2 for calculation.”® L, rather than individual D, or
7, is the direct parameter closely related to charge collection
efficiency 7. of the photoanode film. From Figure 3d, L, of the
three kind films, or to say their 7. are in the sequence of long-
thick NR > long-thin NR > short-thin NR, which is basically in
accordance with their D, sequence.

By comprehensive review of LHE and 7. sequences for the
three kind films, there is no doubt on the IPCE sequence of
long-thin NR > short-thin NR-based film. Only question left
over is that IPCE of long-thick NR-based film is not as-
predicted by its 7. position. It should be because of its
evidently lower dye adsorbing amount, and therefore shortage
on LHE plays the dominate role than 7. in determining its
IPCE maximum at 540 nm. Actually, this shortage could be
compensated partially at the longer wavelength region of 600—
750 nm because of its stronger light scattering ability, as
reflected by their diffuse reflectance spectra in Figure SS in the
Supporting Inforation. The wider pore size distribution of long-
thick NR-based film (see Figure S7 in the Supporting
Information) holds the key for its stronger light scattering
ability than the other two kinds of NRs.

B CONCLUSION

In summary, we have reported a novel and facile hydrothermal
process for fabricating size and shape controllable anatase TiO,
NRs governed by the “oriented attachment” mechanism. The
NRs have a high surface area desirable for large amounts of dye
adsorption, and when used together with a light scattering layer
made of large spindlelike particles synthesized in a similar
hydrothermal condition for DSSC photoanodes, they ensure
excellent light harvesting. The single-crystalline longer TiO,
NRs have much decreased grain boundaries compared to
shorter NRs, giving rise to higher charge collection efficiency.
On balance between the optimizations of light-harvesting and
charge collection efficiencies, the long-thin NR based film has
demonstrated the highest efficiency at 8.87%. More important,
the excellent charge collection property and the wide pore size
tunability could be simultaneously realized in the NR-based
photoanodes. Those characteristics are both in critical need for
various photoelectrochemical applications. Related studies to
further exploit the potential of the “oriented attachment” NRs
in various directions are on-going in our laboratories.

B EXPERIMENTAL SECTION

Synthesis of NRs and Large Spindlelike Particles. All solvent
and reagents were of analytical pure grade quality and were used as-
received. In a typical synthesis, tetramethylammonium hydroxide
solution (25 wt % in water), ethanol and distilled water were first
added to a 100 mL round bottom flask. Then, a mixture of ethylene
glycol and titanium isopropoxide was dropwise added to above
solution with vigorous stirring at 80 °C until a transparent solution was
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obtained. Afterward, the mixture was then transferred into a Teflon
autoclave with a capacity of 100 mL and kept at 230 °C for 24 h. After
the autoclave was cooled to room temperature naturally, a white
product was collected by successive centrifugation and washing with
ethanol for several times. The diameter and length of NRs can be
facilely controlled by changing the composition of precursors, so as to
large spindlelike particles (see Table S1 in the Supporting
Information).

Fabrication of TiO, Photoanode Films and DSSC. Homoge-
nous screen printing pastes were made strictly according to the
reference.”’” Films were fabricated on a conducting substrates (FTO-
coated glass, 8 Q/square, Nippon Sheet Glass, Japan) by screen
printing. The freshly deposited films were gradually heated at 325°C
for § min, at 375°C for 5 min, at 450°C for 15 min, and finally, at
500°C for 15 min. The sintered films were then treated in 40 mM
aquestion solution of TiCl, at 70°C for 30 min and calcined at 500°C
for 30 min again. After cooling to 80°C, the TiO, films were immersed
in 0.3 mM Z907 dye solution with 3-phenylpropionic acid (300 mM)
as coadsorbent in a mixture of acetonitrile and tert-butyl alcohol (1/1,
v/v) for 16 h. After rinsing in acetonitrile, the TiO, electrodes were
assembled with thermally platinized conductive counter electrode. The
two plates were sandwiched together with hot melt polymer gasket
(Surlyn, 25 pm). The electrolyte consisting of 1.0 mM 1,3-
dimethylimidazolium iodide, 50 mM Lil, 30 mM I, in a mixture of
acetonitrile, and valeronitrile (85/1S, v/v) was introduced through a
small hole drilled in the counter electrode via vacuum backfilling.

Characterizations. Morphologies of the nanomaterials were
characterized by SEM (FEI Sirion 200) at an accelerating voltage of
10 kV. TEM observations were carried out on a JEOL 2010F
microscope operating at 200 kV. XRD patterns of the TiO, powders
were obtained with a PANalytical B.V. X-ray diffraction system.
Diffuse-reflectance spectra were measured on a PerkinElmer UV/Vis
spectrophotometer (model Lambda 950). BET surface areas and pore
size distributions of the film samples were characterized by using a
ASAP 2020 accelerated surface area and porosimetry system. Dye
adsorption amount was determined by immersing the films in 1 mM
NaOH solution and monitoring the concentration of desorbed dye.
The film thickness was determined by a Veeco Dektak 150 surface
profiler system. The photocurrent-voltage characteristics were
measured using a Newport AM 1.5 solar simulator (model 91192)
at the light intensity of 100 mW cm™, calibrated by a standard silicon
reference cell. IPCE was measured on the basis of a Newport Apex
Monochromator illuminator (model 70104). Photocurrent/photo-
voltage transient decays were measured on a home-made photo-
electrical system, more details could be found in the Supporting
Information.

B ASSOCIATED CONTENT

© Supporting Information

TEM images of short-thin NRs with the size of about 15 X 50
nm, FT-IR spectra of different produtcs prepared from varied
hydrothermal precursors, SEM image of products synthesized
in similar hydrothermal conditions by varing the volume ratios
of EG and distill water as the solvents, XRD patterns of the as-
prepared films made of different NRs and large spindlelike
particles, diffuse reflectance spectra of the films made of three
kinds of NRs, details of transient photovoltage decay and
transient photocurrent measurement, pore size distributions of
the films made of three kinds of NRs, the ratios of reagents in
the hydrothermal precursors for the synthesis of different NRs
and large spindlelike particles. This material is available free of
charge via the Internet at http://pubs.acs.org.
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