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Photoelectrochemical Properties of TiO, Nanorods Calcined
from Titanate Nanorods
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Abstract: Hydrothermally synthesized titanate nanorods are calcined at three different temperatures (300,
500, 700°C). The prepared samples are characterized by scanning electron microscope / transmission elec-
tron microscopy and X-ray diffraction. These samples are used to fabricate photoelectrodes for dye-sensi-
tized solar cells. It is found from current voltage curve measurements that dye-sensitized solar cells with
anatase nanorods calcined at 700°C shows the best photoelectrochemical performance, with a photovoltaic
conversion efficiency of 1. 13%. Electrochemical impendence spectroscopy (EIS), intensity-modulated pho-
tocurrent spectroscopy (IMPS), and intensity-modulated voltage spectroscopy (IMVS) are used to further
investigate the kinetics process of TiO, film electrodes. The results indicate that the anatase nanorods, cal-
cined at 700°C, have a lower charge-transfer resistance, a faster transport time and a longer electron life-
time, implying lower electron-hole recombination and a higher charge-collection efficiency.
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Dye-sensitized solar cells (DSSCs)as a promis-
ing low-cost alternative for solar energy conversion
have received considerable attention as a potential

161 Tt consists of a dye-

cost-effective alternative
sensitized semiconductor electrode, redox electro-
lyte, and counter electrode. The semiconductor e-
lectrode is the hard core among the three parts.
For photovoltaic properties of dye sensitized solar
cells (DSSCs), it is mainly determined by two fac-
tors, light harvesting efficiency and electron trans-
port efficiency. Electron-transfer kinetics, which
mainly competes among electron injection, recom-
bination, and regeneration, plays an important
role in the efficiency of DSSCs. Certainly the elec-
tron-transfer kinetics depends strongly on the mor-
phology and crystal structure of semiconductor
materials 7107

One-dimensional TiO, nanostructures (nano-
rods, and nanowires) have a relatively small
amount of grain boundaries and can act as single
crystal, which is able to reduce the grain boundary
effect and provide fast electron transport "%,
However, a better understanding of the potential
effect of the semiconductors structure on electron-
transfer kinetics is still necessary for further im-
proving DSSCs performance.

In this work, we calcined protonated titanate
nanorods at different temperatures to make the
structure transformation to TiO, (B) nanorods and
anatase nanorods. The photoelectrochemical prop-
erties of the calcined TiO, rods were investigated.
It is found that the DSSCs with anatase nanorods
calcined at 700°C shows the highest photovoltaic
conversion efficiency. This can be attributed to a
lower charge-transfer resistance and a longer
lifetime for the sample calcined at 700°C, as
proved by EIS, IMPS and IMVS,

1 Experimental details

1.1 Sample Preparation and Characterization

The samples were prepared via the hydrother-
mal reaction of titanium with NaOH solution ac-

cording to our previous works 1. Anatase TiO,

was mixed with 10mol « L ' NaOH solution. After
being sonicated in an ultrasonic bath for 0.5 h, the
resulting suspension was transferred to a Teflon-
lined autoclave and heated to 180°C for 48h. The
solid product was recovered and rinsed with
distilled water, 0.1mol « L™" HCI, and distilled
water until pH = 7. After being dried at 60°C for
2 days, the as-prepared sample was calcined at
300, 500, 700°C for 2 h in air. The structure and
morphology of the resultant samples were detected
using X-ray diffraction (Rigaku D/max-2500) and
transmission electron microscopy (FEI Tecnai 20).
N, adsorption data were measured using a NOVA
2 000e ( Quantachrome) instrument, and the
surface area was

specific evaluated by the

Brunauer-Emmett-Teller (BET) method.

1.2 Photoelectrochemical Performance

The titanate nanorods were mixed with
ethanol and stirred to obtain a fluid mixture. Then
a film was made by the doctor blade method on a
fluorine-doped tin (FTO) oxide conductive glass
(LOF, TEC-15, 15Q/square ). After

calcined at 300, 500, 700°C in air for 2 h, the films

being

were soaked in an ethanol solution of N-719 dye for
about 24h. The dye-adsorbed TiQ, electrode was
assembled into a sandwich-type cell with a counter
electrode ( platinum-sputtered FTO glass) by
clamps. A drop of electrolyte solution (0. 5mol ¢
L 'Lil, 0.05mol « L ' I,, and 0.5mol « L ! 4-
tertbutylpyridine in acetonitrile) was introduced
into the clamped electrodes. The active area of the
electrode was about 0. 25cm?*. Photocurrent-voltage
curves were measured with a Zahner IM6ex elec-
trochemical workstation using a Trusttech CHF-
XM-500W source under simulated sun illumination
( Global AM 1.5, 100mW « cm * ).
Electrochemical impedance spectra were conducted
using a Zahner IM6ex electrochemical workstation.
A perturbation of 10mV was applied, and data
were collected from 100 kHz to 0.1Hz. IMVS
under open-circuit conditions and IMPS under
short-circuit conditions were carried out using the

Zahner CIMPS-2 system. The lamp house was pro-
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vided with a blue-light-emitting diode (470nm)
driven by a PP210 (Zahner) frequency response
analyzer. The AC component of the current to the
LED generated a modulation (10%) superimposed
on the DC light intensity with the frequency range
from 1 000 to 0. 01 Hz for IMPS and IMVS,

2 Results and discussion

2.1 Analysis of SEM images

As shown in Figure la, the sample calcined at
300°C keeps the nanorod morphology with a length
of several micrometers and diameter of about
100nm. The interference fringe spacing of the
nanorods, which was measured from the high-res-
olution transmission electron
(HRTEM) image of the sample (the insert in Fig-

ure la), is about 0. 37nm, corresponding to the in-

microscopy

terplanar distance of the (110) plane in TiO, (B)
phase. Nanorods of titanate are shortened when
calcined at 500°C (Figure hortened 1b). After cal-
cination at 700°C, the nanorods become shorter

and thicker.

() 700 °C

(b) 500 °C

Fig.1 TEM image of TiO; nanorods obtained after calcination of

titanate nanorods at different temperatures

2.2 Analysis of XRD measurements

The transformation of the crystal structure of
the samples is detected by X-ray diffraction (XRD)
(Figure 2). All the diffraction peaks of the sample

calcined at 300°C and 500°C can be indexed to TiO,
( B) ( JCPDS74-1940 ). With

temperature increasing to 700°C, only the anatase

calcination

phase is found in XRD patterns. Meanwhile, the
peak intensities increase obviously with increasing
temperature, indicating the improvement of crys-

tallization of nanorods.

(101)

Intensity (a.u.)

Fig.2 XRD patterns of TiO: nanorods obtained after calcination

of titanate nanorods at different temperature

2.3 Analysis of UV-vis spectra

UV visible spectrophotometer (UV vis) ab-
sorption spectra of the samples are shown in
Figure 3a. TiO, nanorods absorbs UV light under
380nm wavelength and has no photoresponse in the
visible light region. The UV absorbance of TiO,
(B) is obviously higher than that of anatase nano-
rods. The enhanced light absorption of TiO,(B) is
attributed to the fact that it has more surface
defects (relatively poor crystallization as shown in
XRD patterns) than anatase phase. Figure 3b
shows the UV vis absorption spectra of N-719 dye
adsorbed on the nanorods calcined at different tem-
peratures. Two main absorption peaks appear in
the absorption spectra. The peak in the UV light
region results from TiO,, and the other peak at a-
bout 545 nm is ascribed to the absorption of dye N-
719. Dye-absorbed TiO, (B) -calcined at 300°C
show the highest absorption intensity in the visible
light region. With the calcinations temperature ris-
ing, the absorption intensity reduces gradually.

The results suggest TiO, (B) can adsorb a
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relatively large amount of N-719 dye, due to more

surface defects and higher specific surface area

Absorbance (a.u.)

300 400 500 600 700 800
Wavelength/nm

(a) Absorptionspectra of TiO, nanorods obtained at different temperatures

(the surface area for nanorods calcined at 300°C,

500, 700°C is 19, 14 and 10m® * g~ ' respectively).
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(b)Absorption spectra adsorbed with N-719 dye

Fig.3 Absorptionspectra of different nanomaterials

2.4 Analysis of photoelectrochemical properties

Figure4 shows the photocurrent voltage char-
acteristics (I-V) of the DSSCs with the nanorods
calcined at 300, 500, 700°C. It can be clearly found
that both short-circuit current (J.) and open-
circuit voltage (V,..) of the corresponding DSSCs
are improved with the increase of the calcination
temperature. J . and V. of the DSSCs with anatase
nanorods (700°C) are up to 3.28mA * cm * and
0. 78V, respectively, demonstrating the best per-
More  detailed

summarized in Table 1. Anatase nanorods obtained

formance. parameters  are
at 700°C show the highest photovoltaic conversion
efficiency, 1.13%. The photoelectrochemical per-
formances will be further discussed in combination

with the EIS results in the following discussions.
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Fig.4 I-V curves for cells using different nanorods electrodes. I1-
lumination intensity of 100mW - c¢m ? with Global AM

1. 5 and the active area of 0. 25cm?® were applied

EIS analysis could help to understand the elec-
tron kinetics of the DSSCs by analyzing the varia-

tions in impedances associated with the different

[14-15]

configurations of applied cells . Fig. 5 shows
the typical Nyquist plot of the DSSCs. The Nyquist
plots exhibited only one semicircle which corre-
sponded to the electron transport and transfer at
TiO,/dye/electrode interface ). Equivalent circu-
it containing a constant phase element (CPE) and
resistances (R,) is used to fit the corresponding
resistances (Fig. 5, inset). And the results for
300°C, 500°C and 700°C are 415.2, 173.6 and
74. 3Q. The charge-transfer resistance at the TiO,/
dye/electrolyte interface for nanorods calcined at
different temperatures is clearly different, showing
a temperature-dependent order: 300°C >500°C >
700°C. Thus, the reaction activity for DSSCs also
follows the temperature-dependent order: 700°C >
500°C >300°C. This is in agreement with the order

of the photoelectrochemical performance as presen-

ted in the photocurrent-voltage characteristic
measurement.
Table 1  Detailed photovoltaic parameters of DSSCs made by TiO;

nanorods calcined at different temperatures,

j .\‘c/ SI’)}".T/
Nanorods ) Vol V. Fp 7/ %
(mA *cm ™ ?) (m?+g D)
300°C 0. 90 0.605 0.52 0. 28 19
500°C 2.35 0.700 0.45 0.75 14
700°C 3.28 0.780 0.44 1.13 10

IMPS and IMVS were used further to investi-
gate the electron transport and recombination
processes, as shown in Figure 6. The electron col-
lection time (r,) and the recombination time (z,)
can be estimated from the IMPS plots and the
IMVS plots, respectively 1. The detailed param-
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Fig. 5 Impedance spectra of DSSCs made of TiO: nanorods
calcined at different temperatures. The inset shows the e-
quivalent circuit for the impedance spectrum. Rct:
charge-transfer resistance of TiO,/dye/electrolyte inter-

face; CPE: constant phase element.

eters are listed in Table 2. It is found that r, incr-
eased with the calcination temperatures rising,
showing a clear order: 700°C >500°C >300°C and
74 shows the reverse order: 300°C >500°C>700C.
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(a) Short—circuit IMPS response

A short electron transport time means fast electron
transport process in the photoanode film, and low
probability of electron recombination, and a long
lifetime means enough time for electrons to trans-
port, which are important to improve charge-col-
lection efficiency and energy conversion efficiency
of DSSCs #, The above results indicate nanorods
calcined at 700°C show the optimized fast reaction
kinetics. It is considered that the good crystallinity
and the cylindrical geometry could allow the nano-
rods to support radial electric fields that could
keep the electrons away f{rom the nanorods
surface, thereby reducing surface electron densities

[11]

and recombination Anatase nanorod show

better crystallinity and less defects than TiO, (B)

nanorod, for which more electron could be sur-

vived.
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Fig.6  Short-circuit Imps and IMVS response with different materials

Table 2 Detailed IMPS/IMVS parameters of DSSCs made by TiO;
nanorods calcined at different temperatures,
NR 74/ ms z,/ ms
300°C 2.07 19. 70
500°C 1. 46 54
700°C 0. 94 93.7

3 Conclusion

After calcination at different temperatures, the
synthesized titanate nanorods can be converted to
TiO,(B) nanorods and anatase nanorods. Anatase
nanorods calcined at 700°C show better photoelec-
trochemical performance than TiO; (B) nanorods,
and the corresponding DSSCs has the photovoltaic
conversion efficiency of 1.13%. EIS, IMPS and
IMVS indicate that the anatase nanorods calcined

at 700°C have a lower charge-transfer resistance,

faster electron transport and longer electron life-
time, due to its unique morphology and structure.
The results are very significant for further under-
standing the effects of the morphology and crystal-
line structure of photoelectrode materials on pho-
toelectrochemical properties, and for the design of
efficient photoanode materials with optimum struc-
tures for DSSCs.
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