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Abstract. Single crystal TiO; nanorod (TNR), aligned vertically and packed with the length up to
10 um on the surface of FTO glass, are prepared hydrothermal method, without any surfactant
materials. By adjusting reaction time and concentration of titanium precursor solution, the
morphology of TNRs is controlled and result in 20-50 nm of diameters, 4-10 um length and the
inter-distance between TNRs are approximately 3.8 nm. Morphology-controlled TNR arrays are
applied to a photoanode in photovoltaic cell. photo-conversion efficiency of Packed TNRs with
10 um length reached 4.2%.

Introduction

Photovoltaic solar cells have been received huge attention with the growing demands of green and
clean energy [1]. Especially, since Oregan and Gratzel reported mesoporous TiO, electrode dye
sensitized solar cells (DSSCs) in 1991[2] the related works have been widely reported for the
enhanced performance. For enhancing DSSCs performance, several things need to be considered such
as dyes with high adsorption coefficient and electrolyte with more stability [3,4]. Among these, the
study has been especially focused on the functions of the fast electron transport and high electron
collecting ability. Until now, Nanocrystalline TiO, electrode with 12 pm-thick film ,using FTO glass
as a substrate is the most general photoelectrochemical electrode. Although its has large surface area,
the electron diffusion in nanoparticulate films was interrupted because of electrons are trapped at the
contacts between nanoparticles.

Study about vertically aligned single crystalline semiconductor nanorod/nanowire electrodes
receive huge attention from researchers because those electrodes provide direct electrical pathways
for photogenerated electrons [8-16]. Several materials such as TiO; and ZnO are tried to get possessed
nanorod/nanowire sturucture. The highest solar to electricity conversion efficiency has been achieved
by [10 0] oriented multichannel ZnO nanowire array, which reached to 6.15% [21]. In ZnO-based
DSSCs electrodes such as 1-dimensional (1D) crystalline nanorod or nanowire arrays, has poor photo
conversion efficiencies because of the instability of ZnO in acidic dye solution and low surface area
.approximately 2% less compared to those made from TiO, [17-20]. Polycrystalline TiO, nanotube
array films can reduce the recombination rate and TiO; nanotube electrodes show slightly faster
electron transport rate in DSSCs. However the fabrication of TiO; nanotube array films is very
challenging because of a series of steps such as Ti film deposition, an anodization step, and sintering,
which reduce the conductivity of the FTO layers [22-24]. Although there are some articles researched
on synthesis of vertically oriented single-crystalline TNRs or TiO, nanowires using a variety of
synthesizing methods [25,26] , those electrodes could not produce remarkable enhanced performance
in their DSSCs because of their low roughness factor, which results in insufficient short circuit
current. Roughness factor relate with surface area of electrode which can affect amount of adsorbed
dye on the surface of electrode. Therefore, for better performance, the roughness factor needs to get
larger. Considering roughness factor, closed packed single crystalline rutile TiO, with 1D longer
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length provides larger surface area and increases their roughness factor. Recently, several strategies
have been tried for enhancing the efficiency of DSSCs using 1D TNRs photoanodes, such as
combination with 3D structures [27,28] or etching to porous nanorod arrays [29].

In this study, we demonstrated simple hydrothermal methods [30] for the controlled morphology
of closed packed single crystalline rutile TNR arrays up to 10 pm length on FTO glass. Controlling the
morphology, length, and diameter of TNRs are tried to get the highest efficiency of DSSC electrode.
Possible mechanism for the formation of TNRs was suggested and solar light to electricity conversion
efficiency of single crystalline TNR electrodes with many different morphology, length, and diameter
has been studied.

Experimental

Synthesizing vertically aligned TNRs on FTO coated substrate

A 20 mL of sealed teflon reactor was filled with 4.5 mL of hydrochloric acid (37 wt%) and 4.5 mL
of deionized water. After the solution was stirred for 10 min, 1.5 mL of titanium butoxide (97%,
Aldrich) was added into the solution with stirring for another 10 min. And then 6 mL of toluene and
1.5 mL of titanium tetrachloride (final: 1 M titanium tetrachloride in toluene) were added with stirring
for another 10 min. FTO substrates were put in solution composed with deionized water, acetone, and
2-propanol (V: V: V =1: 1: 1) and sonicate for 10 min. The substrate was dried with a nitrogen gas
flowing. For a thin TiO; layer with 20 nm thick deposited on the FTO coated glass, TiO, layer was
coated on FTO by using spin coater with 2 wt% of titanium (IV) bis(ethyl acetylaceto) diisopropoxide
in butanol (1-butanol) solution and then sintered the FTO glass in furnace at 450 °C for 4 h. TiO,
layered FTO glass was placed vertically on side wall. The reactor carried hydrothermal reaction out at
180 °C from 1 to 8 h and then cooled to room temperature. The TNRs samples were washed with
ethanol and DW(deionized water) subsequently, and dried with a nitrogen stream.

Assembly of DSSCs with rutile TNRs photoanode

For assembly of DSSCs, the prepared samples were put in 0.3 mM N-719 dye (Solaronix Inc.,
Switzerland) solution of tert-butanol: ACN (V: V: =1: 1) for 24 h to finish the dye adsorption
[24,31].The counter-electrode was prepared as 100 nm of Pt on a FTO substrate by sputter. It is
necessary to place a 25 um thick SX-1170 spacer (Solaronix Inc., Switzerland) between the TNR and
Pt counter-electrode for protecting TNRs from the heat pressing and injecting redox electrolyte. A
liquid electrolyte for DSSC was prepared using MPN-100 (Solaronix, Inc., Switzerland). This
electrolyte was injected into the space between the anode and the cathode. The photovoltaic properties
of DSSCs were monitored by recording the photocurrent-voltage (I-V) curves with active sample
areas of 0.48 cm” under simulated 1 sunlight with 100 mW cm™ of A.M 1.5 (300 W Oriel Solar
Simulator).

Characterization and Photovoltaic Performance Measurement of DSSCs

Operating at 30 kV and 15 mA at a scanning rate of 0.02 deg. step-1 in the 20 range of 10° <26 < 80°,
XRD with Cu Ko radiation (A = 1.54056 A) from a Rigaku MiniFlex II desktop For characterize the
crystal structure of TNR, X-ray was used. Microscopic observation of TNR and their film was
conducted with a scanning electron microscope (SEM, Cold Field-Emission Scanning Electron
Microscope Hitachi S-4300) and a transmission electron microscope (TEM, JEOL, JEM-2100F,
operated at 200 keV).

After careful calibration with a Si reference cell (PV Measurements Inc.), the photovoltaic
performance of a DSSCs was measured under a 1-sun condition (100 mW cm?, AM 1.5 G) using a
solar simulator (Newport) equipped with a 300-W Xe lamp and a Keithley (Model 2400) source
meter. A black mask with a 0.16 cm” aperture was laid on the cells during irradiation. The DSSCs
were measured both in the dark and under illumination in the 1-MHz- to 200-mHz-frequency range
while an AC voltage of -0.70 V was applied using a DIGITAL-AVR potentiostat (UPS BANK,
Korea) operating in the two-electrode mode. The IPCE measurement was conducted by QEX7 (PV
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Measurements, Inc.) with a chopping speed of 10 Hz. To identify the chemical composition on the
surface of the film, X-ray photoelectron spectroscopy (XPS, MultiLab 2000) analyses were performed
and calibrated by the binding energy of C 1s 284.6 eV. Nitrogen adsorption/desporption isotherms
were measured with an automated QUADRASORB ‘SI’ analyzer of Quantachrome Instruments at
77 K.

Results and Discussion

Fig. 1(a-e) show the top viewed- and cross sectional SEM images of the as-synthesized TNR array
films. With the reaction times for 1-8 h, samples show significant uniformity and compact array of
aligned nanorods with tetragonal crystallographic planes. This result shows that by increasing
reaction time, the length of TNRs and the diameter of square shape TNRs can be increased. During
the reaction process, TNRs nucleate and grows toward [001] axis direction, which was monitored by
XRD, TEM and SAED. TNR peaks are well matched with the XRD database of tetragonal rutile
(JCPDS no. 88-1175). The enhanced (001) peak in Fig. 1(f) XRD pattern demonstrates that the well
single crystallized TNRs are grown vertically on the FTO coated glass Also the diffraction peaks such
as (110), (111), and (211) are disappeared on spectrum, this also indicates that TNRs were grown in
the [001] direction. The results of the vertically grown TNRs with 10 um on FTO glass were shown in
Fig. 1(e) and 2. Consistent with the XRD data, in TEM and SEAD study, TNRs have (110) inter-plane
distance of 0.325 nm and the TNRs are vertically grown along the (110) crystal plane with the [001]
direction from the lattice fringe and SAED pattern. Additionally, they indicate that TNRs are
completely crystalline along their entire lengths toward [001] direction.
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Figure 1. Top view and cross sectional SEM images of Veftically grown TNR samples on FTO coated
glass at 180 °C with different reaction times: (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h, and (e) 8 h. (f) is a typical
XRD pattern of the nanorod array film on FTO as shown in (e).
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Figure 2. TNRs vertically grown on FTO glass; (a) TEM image of the TNRs, (b) HRTEM image of
the TNRs, (¢) SAED pattern.

By the hindrance which is triggered from the reduced space between TNRs, the closely-packed TNRs
stop growing. The average length of TNR was increased from 4 um for 1 h of reaction to 10 um long
for 8 h of reaction. When the growth time get over 8 h, caused by a equilbrium between growth rate
and dissolution rate, there is no further increase in the diameter and length of nanorods. At the
beginning of the reaction, the concentration of the titanium salt is high enough to grow the TNRs. The
growth system of TNRs approaches equilibrium as the crystal growth rate starts to decrease at the
longer reaction time. Due to the role of TiCly, the longer nanorods are synthesized than the previously
reported by Liu et al. [26]. TiCl, could control the length, diameter and packing density of the TNR
arrays. First, the addition of TiCl, remarkably increased the ionic strength of the reaction solution and
the enhanced ionic strength through electrostatic screening triggers formating smaller crystals. And as
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a result of this, the possibility of colliding with neighboring nanorods is reduced. Second, CI ions can
adsorb onto the side (110) facet selectively and play a important role for a diffusion barrier for the
growth of side facet suppressing the diffusion of the precursors to the side surface of TNRs [37,38].
Hence by TiCly addition, rate of diameter growth is retareded. and longer TNRs can be formed. In Fig.
3, this suggestion can be confirmed by changing the concentration of the initial precursor in the
reaction solution. The diameter of nanorods could be increased by reducing the volume of TiCly in the
reaction solution from 1.5 mL to 0 mL and some part of the tetragonal shape of TNRs change into the
circular shape by further reducing the amount of Cl” in the reaction solution because the decreasing
concentration of Cl” ions triggers the formation of larger crystals and varies square shape of nanorod
cross section to crrcular shape due to reduce ionic strength

Figure 3. SEM images of Vertrcally grown TNR array on FTO substrate at 180 °C for 4 h with diverse
amounts of TiCly in the reaction solution. (a) 0 mL, (b) 0.6 mL, (¢) 0.9 mL, and (d) 1.2 mL of TiCl,.

Figure 4. SEM images of vertically oriented TNRs array on TCO substrate at 180 °C for 4 h with
diverse amounts of titanium butoxide in reaction solution; (a) 0 mL, (b) 0.5 mL, (¢) 1.0 mL, and (d)
1.5 mL of titanium butoxide.

Fig. 4 shows that the density of the TNRs could be changed by increasing the initial volume of
titanium butoxide in the reaction solution from 0 to 1.5 mL. Decreasing of the quantity of titanium
butoxid induces the reduction of the nucleation density, and this leads the decreased packing density
of the TNRs. When for the titanium source, there is only TiCly, the width of the TNRs increases
rapidly up to average value of 300 nm diameters and the nanorod with 300 nm diameters is consisted
of a bundle of TNRs with 20 - 30 nm diameters. This is resulted from a higher chemical reactivity of
TiCls, which leads to the larger size of the seed particles for the nucleation. The increase of the
amount of titanium butoxide in a solution which composed with 1.5 mL of TiCls (1 M in toluene),
toluene 6 mL, 4.5 mL of deionized water and 4.5 mL of HCI, prevents the formation of a bundle of
TNRs and the increase of the TNRs diameter by the decreased reactivity of Ti*". Therefore, an
increase in diameter of nanorods induces decrease the packing density of the nanorods, which triggers
the decrease of dye adsorption, despite the longer length. But the rapid growth in length compensates
the lower surface area caused by enlarging the diameter of TNRs in our experimental condition.

To get detailed elemental information on the surface of the as-obtained TNR array films, the typical
XPS spectra of the Ti 2p and O 1s were checked as shown in Fig. 5 The XPS spectrum of Ti 2p only
shows doublet peaks at 458.6 eV (Ti 2p3/2) and 464.2 eV (Ti 2pl/2), corresponding to the
characteristic Ti*" oxidation state in titania lattice [32]. For the O 1s core level spectrum, it contains a
main peak at low binding energy of 529.8 eV and another peak at high energy binding energy of
531.5 eV, which comes from the crystal lattice oxygen (02°) of Ti—O-Ti and the oxygen in hydroxyl
groups (—OH) from the surface adsorbed water on TiO, surface, respectively [32-34]. The presence of
surface hydroxyl groups is related with adsorption ability photosensitive dyes such as N719 sensitizer
[35,36].
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Figure 5. The typical XPS spectra of the as-obtained sample TiO,/FTO film: (a) Ti 2p; (b) O 1s. The
black curves correspond to the experiment data, and they were fitted with the colored curves

(including background, dissociated peaks, and peak sum) using an XPS fitting program
(XPSPEAK41).
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Figure 6. TNRs vertically grown on FTO coated glass with 8 h of reaction time (a) N2
adsorption/desorption isotherms of vertically oriented TNRs array and (b) N2 adsorption/desorption
isotherms of pore size distribution of vertically oriented TNRs array.

The Brunauer-Emmett-Teller (BET) specific surface area of the TNRs with 10 pm is determined as
29 m? g'1 in Fig. 6(a). The TNRs provide less surface area for adsorbing dyes than the P25 film with
~55 m* g of surface areas although the TNRs possesses higher crystallinity [39]. Fig. 6(b)
demonstrates that the average pore diameter of the TNRs array is determined as 3.83 nm by the
nitrogen adsorption/desorption measurement, which suggests that the average inter-distance between
the TNRs is determined as 3.83 nm. For further application, we have checked light-to-electricity
conversion efficiency of single crystalline TNRs electrode with diverse morphology, length, and
diameter in DSSC device. Fig. 7 shows the I-V characteristics of samples synthesized by different
reaction time under AM 1.5 illumination. Additional photovoltaic parameters are shown in Table 1. A
photoconversion efficiency of 1.4% is accomplished for 4 pm length TNR arrays, with an open circuit
voltage (Voc) of 0.77 V, fill factor (FF) of 0.63, short circuit current density (Jsc) of 2.8 mA cm? and
Photoconversion efficiencies of 6.0 and 10.0 pm lengths of TNR arrays are achieved at 2.8% (Voc =
0.77 V, Jsc = 6.3 mA cm™?, FF = 0.58), and 4.2% (Voc = 0.75 V, Jsc = 11.5 mA cm™, FF = 0.54),
respectively. The increased surface area enhances the solar cell performance by the increased amount
of dye absorption, corresponding to decrease of the packing density per unit area of the TNR
electrode.
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Figure 7. I-V curves of the vertically oriented TNRs array grown on FTO substrate with different
lengths based dye sensitized solar cells under 1 sun illumination (AM 1.5, 100 mW cm™). (a) 4, (b) 6,
and (c) 10 um lengths of TNRs arrays.
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Summary

Vertically aligned, closed packed single crystalline rutile TNR arrays up to 10 um length on FTO
substrate was prepared by low-temperature hydrothermal method. For enhancing of the cell
efficiency, several growth parameters such as the growth time and initial reactant concentration were
selectively chosen to produce TNRs up to 10 um length. A light to electricity conversion efficiency
could be reached up to 4.2% by employing 10 um length TNR as the photoanode in a DSSC
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