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The simultaneous phase- and size-controlled synthesis offief@orods was achieved via the non-hydrolytic
sol—gel reaction of continuously delivered two titanium precursors using two separate syringe pumps. As the
injection rate was decreased, the length of the;T@norods was increased and their crystalline phase was
simultaneously transformed from anatase to rutile. When the reaction was performed by injecting titanium
precursors contained in two separate syringes into a hot oleylamine surfactant solution with an injection rate
of 30 mL/h, anatase TiOnanorods with dimensions of 6 nm (thickness0 nm (length) were produced.
When the injection rate was decreased to 2.5 mL/h, star-shaped rutjen@i®@rods with dimensions of 25

nm x 200 nm and a small fraction of rod-shaped anatase madorods with dimensions of 9 nsn 100 nm

were synthesized. Pure star-shaped rutile, i@horods with dimensions of 25 nm450 nm were synthesized

when the injection rate was further decreased to 1.25 mL/h. The simultaneous phase transformation and
length elongation of the TiPnanorods were achieved. Under optimized reaction conditions, as much as 3.5
g of TiO, nanorods were produced. The Li@anorods were used to produce dye-sensitized solar cells, and
the photoconversion efficiency of the mixture composed of star-shaped rutilenBi@rods and a small
fraction of anatase nanorods were comparable to that of Degussa P-25.

Introduction this synthesis, resulting in the products being obtained in low
Recently, one-dimensional (1-D) nanostructured materials yields. Cozzoli et al. reported the controlled growth of TiO

including nanorods and nanowires have been intensively s'[udiedn"‘mocryStaIS us_ing the modulation of the hyfirolysis rate in the
because of their unique electridamagnetic? and optical presence of oleic acid as a surfactant af83* Jun et al. and

properties, which are derived from their low dimensionality and S€© et al- reported the surfactant-mehdiated shape evolution of
quantum size effect, and because of their many potential TiO, nanorods in nonaqueous meédta" Adachi et al. synthe-

technological applications such as interconnects and functionalSizéd anatase nanowires via the controlled hydrolysis of
building blocks for nanodevicésFor the past decade, nanorods  titanium(lV) isopropoxide accompanied by the use of an oriented
and nanowires of magnetic materiéisjoble metal$, and attachment mechanism for dye-sensitized solar é®ligarious

semiconductorchave been synthesized using various methods. Nonhydrolytic sot-gel reactions have been used to synthesize
Titania (TiO») is an n-type wide band-gap semiconductor nanocrystals c_)f many transmor_l-metal oxuiéél?rgntler et a!.
material with a band gap energy of 3.2 eV and has been usedSyNthesized Ti@nanocrystals via a nonhydrolytic alkyl halide

in a wide variety of applications, including dye-sensitized solar €limination reactiort®® Our research group employed a similar
cells (DSSC} photocatalyst8and photochromic devicé81-D procedure to produce ZgOnanocrystal$' and Tang et al.
TiO, nanocrystals have several advantages over their sphericafUrther extended these synthetic methods to produce nano-
counterparts in terms of their potential applications because of Crystals of HfQ and HfZri-x0,.1% Very recently, our group
their high surface-to-volume ratio, increased number of delo- Synthesized nanocrystals of i@nd ZnO via non-hydrolytic
calized carriers, and improved charge transport afforded by their €Ster elimination reactiorts. Recently, our research group
dimensional anisotropy, as reported by Cozzoli ét &ecently, ~ developed a new synthetic route to produce uniform-sized
several different synthetic routes have been employed to producg’@norods and nanowires via the thermal decomposition of
1-D TiO; nanocrystals. These include hydrothermal synthigsis, SYringe pump delivered precursors in hot surfactant soldfion.
the sol-gel procesd? surfactant-mediated synthedisi* and By combining the non-hydrolytic seigel reaction and the
template synthesi¥. Chemseddine and Moritz reported the thermal decomposition of_ the syringe pump d_ellvered precursors,
synthesis of uniform-sized Tihanocrystals with various shapes ~We were able to synthesize uniform-sized Ti@norods while
depending on the ratio of MNOH to titanium alkoxidée:32 simultaneously varying their phase and size. Because Degussa

However, the concentration of the reactants was very low in P-25 TiQ, which is composed of anatase and rutile phases at
a ratio of ca. 80:20, is known to be one of the most active

* Author to whom correspondence should be addressed. E-mail: thyeon@ photocatalysts owing to the synergic effect of the two compo-
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SCHEME 1: Schematic lllustration of the Experimental oleylamine or 1-octadecene. The final precipitate was vacuum-
Setup for the Synthesis of TiQ Nanorods dried and obtained in the form of an off-white powder. The
TiO, nanorod powders made using these procedures were
facilely dispersed in organic solvents such as hexane or
cyclohexane. For the large-scale synthesis, the amount of the
reagents, including titanium precursors, l-octadecene, and
oleylamine, was increased to 10 times of that used above.

Preparation for Dye-Sensitized Solar Cells (DSSC)For
the preparation of dye-sensitized solar cells (DSSC), three
viscous suspensions of TiQanatase, rutile, and anatase 81%
+ rutile 19%) powders were prepared by adding them to an
ethanol solution of TritonX-100 surfactant (from Aldrich). These
suspensions were deposited on an F-doped conducting glass
Experimental Section substrate (Solaronix SA, 1Q/M) by the doctor blade coating

Chemicals.Hexane, cyclohexane, ethanol, acetone, and watermethOd_ with a glass an_d SCOFC_h tape as a frame and spacer,
were distilled and degassed before use. Titanium(lV) chloride respectively. The deposited Ti@Im was sintered at 450C
(TiCl4, 99.9%), titanium(1V) isopropoxide (TTIP, 97%), 1-octa- for 1 h under ar.
decene (90%), and oleic acid (9%) were purchased from The photoelectrodes prepared using the various pavders
Aldrich Chemicals. Oleylamine was purchased from TCI. Oleyl- Were immersed in an absolute ethanol solution of 0.5 mM Ru
amine, 1-octadecene, and oleic acid were purified by vacuum 535 dye (Solaronix Co. Ltd.). Counter electrodes were prepared
distillation before use. by the sputtering of Pt on ITO glass and the electrolyte was

Synthesis of TiQ; Nanorods. In our synthesis, we used Composed of 0.5M Lil, 0.05 Myl and 0.5 Meert-butyl pyridine
syringe pumps to enable the continuous supply of the titanium IN Methoxypropionitrile. Using these components, a sandwich

precursor solutions into the hot surfactant solution. In a typical tYPe configuration was fabricated, and this was employed to
synthesis, two separate titanium precursor solutions were Measure the performance of the cell. The active area of the cells

prepared by mixing 0.22 mL of TiGland 4.78 mL of was adjusted to 0.25 c?_mTh_e film thickness an_d surface_
1-octadecene and similarly mixing 0.59 mL of TTIP and 4.41 Morphology of the deposited film was observed using scanning
mL of 1-octadecene at room temperature. The two 5 mL of €léctron microscopy (SEM). The cell performance was measured
titanium precursor solutions contained in two separate syringe USing a solar simulator (Seric) with intensity of 100 mWfcm
pumps were continuously injected into 2 mL of oleylamine through an AM 1.5 filter. Photocurrenvoltage (—V) measure-
under vigorous stirring at 300C via a syringe pump with ~ ments were performed using an Autolab PGSTAT30 poten-
various injection rates of 30 mL/h, 2.5 mL/h, and 1.25 mL/h, tiostat/galvanostat.

which correspond to total reaction times of 10 min, 2 h, and 4  Material Characterization. The titania nanorods were

h, respectively. Smoke evolved quite intensely and the color of characterized by low- and high-resolution transmission electron
the solution changed from dark purple to yellow during the microscopy (TEM), electron diffraction (ED), and X-ray dif-
reaction, indicating that Tignanorods were formed by the non-  fraction (XRD). The TEM images were collected on a JEOL
hydrolytic sol-gel reaction. By adding 50 mL anhydrous JEM-2010 electron microscope operating at 200 kV. The XRD
acetone to the resulting solution, the flocculation of the ;TiIO  patterns were obtained using a Rigaku D/Max-3C diffractometer
nanorods was brought about. After centrifugation, the flocculated equipped with a rotation anode and a Cu Kadiation source
nanorods were isolated from the supernatant and were washedA = 0.15418 nm). The elemental analysis of the Fif@norods

two or three times with 50 mL acetone to remove the excess was conducted by X-ray photoelectron spectroscopy (XPS) using

(101) e
o

5 nm

Figure 1. TEM images of TiQ nanorods obtained using an injection rate of (a) 30 mL/h, (b) 2.5 mL/h, and (c) 1.25 mL/h, respectively. High-
resolution TEM images of (d) anatase of Figure a and (e) rutile of Figure c.
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015+ illustration of the experimental setup employed for the synthesis
of TiO2 nanorods using syringe pumps. By varying the injection
rates, we were able to simultaneously control the crystalline
phase and size of the nanorods. Furthermore, the morphology
of the TiO, nanorods evolved to a branched shape while their
length was also increased.
Figure 1a shows the anatase Fi@norods with dimensions
of 6 nm (diameter)x 50 nm (length), which were synthesized
by delivering the titanium precursors at a syringe pump injection
0.05+ rate of 30 mL/h. Figure 1b shows the star-shaped rutile,TiO
nanorods with dimensions of 25 nm 200 nm mixed with a
small amount of rod-shaped anatase Jifanorods with sizes
of 9 nm x 100 nm, which were produced by the continuous
injection of the precursors at a rate of 2.5 mL/h. Finally, Figure
a0 400 50 60 700 1c shows only star-shaped rutile Ti@anorods with dimensions
Wavelength (nm) of 25 nm x 450 nm, which were obtained using an injection
Figure 2. UV —vis absorption spectrum of anatase Ti@norods with rate_ of 1.25 mL/h. ) ) o
dimensions of 6 nmx 50 nm. Figure 1d and le shows the high-resolution transmission
electron microscopic (HRTEM) images of the anatase nanorods
a Sigma Probe (Thermo VG, United Kingdom) electron with dimensions of 6 nmx 50 nm (TEM image in Figure 1a)
spectroscope for the chemical analysis (ESCA) and an Al anodeand star-shaped rutile nanorods (TEM image in Figure 1c),
as a monochromatic X-ray source. The optical properties of the respectively. The1010lattice planes of the anatase structure
TiO, nanorods were characterized by means of a Perkin-Elmerwere clearly observed in Figure 1d, while tid 0attice planes

0.10 4

Absorbance

0.00

Lambda Model 20 UV-vis spectrometer. of the rutile structure were evident in Figure 1e.
) ) The UV-vis absorption spectrum of the anatase fiO
Results and Discussion nanorods measured at room temperature exhibited typical
Synthesis of Size- and Phase-Controlled TiONanorods. absorption characteristics of Ti@anoparticles (Figure 2). The
The titania nanorods were synthesized by the non-hydrolytic Peéak maximum was calculated to be 340 nm, whick4$ nm
So|—ge| reaction of Syringe pump delivered precursjérghe blue-shifted from that of bulk anatase. This 45-nm blue-shift
subsequent non-hydrolytic alkyl halide elimination reaction was Seems to be resulted from the quantum size effect. The exciton
emp|oyed for the Synthesis of the Ti@anorods (eq 1|§C radius of TiQ is known to be in the range of 73.9 nm?’
The length of the Ti@nanorods was inversely proportional
TiCl, + Ti(OR), — 2TiO, + 4RCI Q) to the injection rate of the titanium precursor solutions. This

result demonstrates that titania seeds were formed in the early

Two syringe pumps were used to provide the continuous and stage of the synthesis and that the subsequent addition and
constant delivery of two titanium precursor solutions, thus thermolysis of the precursors contributed to the growth of the
inducing a continuous reaction and one-dimensional growth of nanorods. A similar tendency was observed for our previous
uniform-sized nanoparticles. Scheme 1 represents a schematisynthesis of Fg° nanorods via the thermal decomposition of a

@
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Figure 3. X-ray diffraction patterns of Ti@nanorods synthesized by a syringe pump:—(&) injection rate= 30 mL/h, 20 mL/h, 5 mL/h, 2.5
mL/h, and 1.25 mL/h, respectively. R and A pointed above peaks denote rutile and anatase, respectively.
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TABLE 1: Crystal Phase Ratios of TiO, Nanorods The composition of the crystal phases seems to be related to
Synthesized at Various Injection Rates of Syringe Pump the dimensions of the nanoro#sAs described above, the larger
relative strongest sized nanorods consisted of rutile phase, whereas anatase phase
injection XRD peak intensity weight percentage was dominant for the smaller sized nanorods. This tendency
rate rutile ()  anataselg) rutile anatase was presumably because certain crystal structures are more
30 mL/h 0 100.0 0% 100% stable than others in a given size regime, because of the surface
20 mL/h 18.6 100.0 19% 81% free energy, as reported by Gar¢#@210In the current synthesis,
5mL/h 100.0 64.2 66% 34% the diameter of the Ti@nanorods, rather than their length, was
2.5mL/h 100.0 20.6 86% 14% the determining factor in the phase transformation. The critical
1.25 mL/h 100.0 0 100% 0% diameter for the phase transformation from anatase to rutile was

. . . approximately 15 nm. This result was very similar to the
syringe pump delivered Fe-TOP compRéXThe syringe pump  hrevious report by Zhang and Banfield on the phase stability
played a CI’IFIC&| role in the growyh step of the nanocnystals, of titania nanocrystal&tc
ths (_:ontrolh_ng t.he length of the Tianorods. Whe_n a smgl_e The transformation from anatase phase to rutile phase from
injection of titanium precursors was performed, without using annealing at high temperature is well-known, and this trans-
a syringe pump, a mixture of polydispers_ed nanoparti_cles andormation is known to be even more accelerated for nanocrys-
short nanorods was produced (Supporting Information, SI), 5jjine titania2! The gradual transformation of anatase phase to
whlcr116 was consistent with the previous report by Trentler | .o phase by decreasing the injection rate can be explained
et al-= by the corresponding increase in the reaction time.

hPhasef _I'I_'.ransformztlon of 'I_'|02|Nanor0(|js. The é:rgstakllllne . To obtain a better understanding of the phase transformation,
phase of Ti@nanorods was simultaneously varied by changing o conducted a series of sampling experiments during the

the injection rate. At the fast injection ra}tg Of. 30 mL/h, pure ynthesis of the Ti@nanorods using a slow injection rate of
anatase nanorods were produced. As the injection rate decrease .25 mL/h. Some of the TEM images of the aliquots of the
the fraction of rutile phase increased. _F_mal!y, only rutile eaction mixture taken every 10 min are shown in Figure 4.
nanorods were produced at the slowest injection rate of 1.25 The TEM and corresponding HRTEM images after allowing

mL/ h. As descrlpgd f?‘b""ev the size of the nanorods also the reaction to proceed for 10 min revealed the presence of
increased as the injection rate decreased. The crystal structureg \-+-<e nanorods with dimensions of 7 Rrd0 nm. After the

of the nanorods were characterized by HRTEM (Figure 1d and reaction had proceeded for 20 min, thicker and branched 15

le')Aand Xjray dlffractlop (XRD) studies (Figure 3). nm x 60 nm sized nanorods with a rutile crystal structure started
quantitative apaIyS|s of cry;tal structure of the nanorods to appear. This was consistent with the explanation that the
was performed using the following equatih. critical diameter for the phase transformation was 15 nm. After
. the rutile phase appeared, the nanorods started to assemble to
Xa = [1+1.26 (&/I))] (2 form V-shaped (bipod) or Y-shaped structures and then finally
to produce star-shaped nanorod assemblies with predominant
whereX, indicates the weight fraction of anatase in the products, rutile phase. To the best of our knowledge, this is the first report
andlr andla are the intensities of the strongest diffraction peak of the synthesis of star-shaped bi@anorods.
of rutile and anatase phase in the XRD patterns. Table 1 shows Large-Scale SynthesisThe current synthetic procedure can
ratios of two crystal phases of the Ti@anocrystals synthesized be readily utilized for the large multigram scale production of
at various injection rates. the nanorods. For example, when 10 times larger amount of

Figure 4. Normal TEM images of Ti@nanorods obtained at (a) 10 min, (b) 20 min, (c) 30 min, and (d) 4 h, respectively, after initial injection
using an injection rate of 1.25 mL/h. High-resolution TEM images of (e) anatase nanorods of a, (f) rutile nanorods of b, (g) anatase nanorods of
b, and (h) rutile nanorods of d. Particularly, f and h indicated the central area of bridged rutile nanorods, and dotted lines showed crystal defects
of the center of each sample.
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TABLE 2: Crystal Size, BET, Fill Factor (ff), Open-Circuit Photovoltage (V,o), Short-Circuit Photocurrent (Jsg, and
Conversion Efficiency () of the Sample$
samples (phase, composition) dimensions (nm) BE¥gmM FF (%) Vo (V) Jsc(MA/ c?) 57 (%)
pure anatase nanorods 6 nvb0 nm 131.18 535 —0.730 9.07 3.54
81% anatase and 19% rutile 5 60 nm(A)+ 15 nmx 80 nm (R) 115.52 55.8 —0.740 9.27 3.83
pure star-shaped rutile nanorods 25 rRrd50 nm 2.07 61.2 —0.723 4.79 2.12

reagents compared to the original synthesis was used, we werél'he XPS analysis conducted after the washing process showed
able to synthesize as much as 3.5 g of the phase- and sizethat oleylamine was completely removed from the Fi@no-
controlled TiQ nanorods. The success of scale-up method could rods (Supporting Information).
be explained by the reason that the slow dropwise delivery of
precursors via a syringe pump prevented a particle aggregationConclusions
which usually hinders a large-scale synthesis. This result . .
- . In summary, the simultaneous phase- and size-controlled
demonstrated that the synthetic procedure for the nanorods via - : . . .
. . - synthesis of TiQnanorods was achieved via the non-hydrolytic
the thermolysis of syringe pump delivered precursors could be ) LE - o :
. - alkyl halide elimination reaction of titanium precursors continu-
applied to the large scale synthesis of well-controlled nanorods. . . . -
Applicati 2 - ously delivered via syringe pumps. The synthetic procedures
pplication of Dye-Sensitized Solar Cells (DSSC)rigure are highly reproducible and offer several significant advantages
5 shows thel—V curves of the DSSCs fabricated using a ghly rep 9 9

conventional TiQ/Ru 535 dye electrode. The DSSC fabricated for the synthesis of 1-D Ti@nanoparticles. First, the length

using  0umnck i coated wih TIQ nanorods wihan__ %0 PSS % e T ol be Suleneousy,
anatase-to-rutile ratio of 81:19 generated an open-circuit pho- ply by varying ! P )

tovoltage Voo) of 740 mV, a short-circuit photocurrenisf) of Second, the .Iarge-s.cale synthe_sis of un?form-sized na_norods
9.27 mA/crd, a fill factor (ff) of 55.8%, and a conversion could be achlgved via the reaction pf syringe pump delivered
efficiency (7) of 3.83%. Table 2 summarizes the characteristics P coo 20> Third, the synthesized FiGanorods were success-
and DSSC performance of three nanocrystalline sTHDM fully employed as the electrode materials for dye-sensitized solar
electrodes. cells.

As shown in Figure 5 and Table 2, the electrode fabricated
using a mixture of anatase (81%) and rutile (19%) phases
showed a conversion efficiency (alue) of 3.83%, which is
comparable to that of a mesoporous Ti&ectrode fabricated
using commercial Degussa P-25 (4.10%).
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