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Abstract

Bismuth-TiO, nanocubes were synthesized via a facile sol-gel hydrothermal method with titanium tetraisopropoxide as the precursor. The
influence of the bismuth on the size, morphology, crystallinity and optical behavior of TiO, nanocubes were investigated. The samples were
characterized by X-ray diffraction analysis (XRD), transmission electron microscopy (TEM), energy dispersive X-ray (EDX), field emission
scanning electron microscopy (FESEM) and UV-visible spectroscopy (UV-vis). Photovoltaic behavior of dye-sensitized solar cells (DSSCs)
fabricated using Bi-TiO, nanocubes was studied. The DSSCs had an open-circuit voltage (V,.) of 590 mV, a short-circuit current density (J;.) of
7.71 mA/em?, and the conversion efficiency (1) of 2.11% under AM 1.5 illumination, a 77% increment as compared to pure TiO, nanocubes.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium dioxide (TiO,) is a wide band-gap semiconductor
with energy of 3.0-3.2 eV. It is widely used in applications such
as hydrogen production [1,2], gas sensors [3,4], photocatalytic
activities [5,6], dye-sensitized solar cells and photoelectrochem-
ical cells because of its relative high efficiency and high stability.
However, due to its wide band gap energy, TiO, is active only
under near-ultraviolet irradiation. Therefore, numerous
researches have been carried out over the last 20 years to
develop modified TiO; so that they are active under visible light
irradiation (A > 400 nm). One of the most studied methods is by
doping the TiO, materials with metal ions (iron [7,8], nickel
[9,10], vanadium [11,12], and chromium [13,14]) or nonmetallic
elements (nitrogen [15,16], sulfur [17,18] and carbon [19,20]).
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Among these doping methods, doping with transitional
metals is one of the most efficient methods. Researches have
been carried out to dope bismuth into TiO, to enhance the
photocatalytic activities in these systems [21-24]. However, to
the knowledge of the authors, there is no known report on the
study of bismuth-TiO, nanomaterials for dye-sensitized solar
cell (DSSC) application.

It has been reported that the metal/TiO, nanostructures will
enhance the efficiency of DSSCs. Metals compounded on
semiconductor materials increase charge-collection efficiency
due to a much slower electron-hole recombination, giving rise
to longer electron lifetime, which will result in an increasing
interfacial electron-transfer process [25-27]. Metal-TiO,
nanocomposites make an attractive research field by modifying
the structure of the working electrode to improve the
performance of solar energy conversion [28,29]. In DSSCs,
the photoelectric conversion occurs by electron injection from
photo-excited dye into the conduction band of TiO, and later
the dye is regenerated by I"/I;~ through diffusion of electrons
to the counter electrode [30,31]. Electron transport happens in
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the space charge region at nanocrystalline surface, which
separates the photo-generated electron-hole and prevents
charge recombination at the electrode—electrolyte interface.
Decrease in probability of electron—hole recombination induces
a large amount of electron—hole on the nanocrystalline surface,
resulting in higher efficiency of solar energy conversion.
Therefore, it is assumed that metal-TiO, nanocomposites could
enhance the efficiency of DSSCs because of electron-transfer
kinetics at the crystal surface and low probability of electron—
hole recombination.

Hydrothermal approach has been used extensively for the
synthesis of ceramic materials which takes advantage of a
direct preparation at low crystallization temperatures [32-34].
In this work, we utilized Ti** aqueous solution to synthesis
cube-like Bi-TiO, via sol-gel hydrothermal method. The Bi-
TiO, nanocomposites formed were fabricated into DSSCs. To
the best of our knowledge, this is the first report on the synthesis
of Bi-TiO, nanocomposites for DSSCs application.

2. Experimental
2.1. Synthesis of TiO, and Bi-TiO, nanocubes

TiO, nanocrystals were synthesized using the modified sol-
gel hydrothermal approach as reported previously [35]. In a
typical synthesis route, 30 ml titanium tetraisopropoxide
(TTIP) was added to 27 ml of triethanolamine (TEA) under
constant magnetic stirring. Deionized water (18.2 M{)cm
resistivity) was added to obtain 200 ml of clear Ti** aqueous
solution. Then, 30 ml of the Ti** solution was mixed with 30 ml
of 0.1 M ethylenediamine. The mixed solution was then poured
into a Teflon-lined autoclave and put inside the furnace at
100 °C for 24 h for gelation process. Then, the crystallization
was completed by heating up the autoclave to 180 °C for 24 h.
The hydrothermal crystallization time was varied for 24, 48 and
72 h at the same temperature with samples denoted as TiO,-24,
TiO,-48 and TiO,-72, respectively. Bi—TiO, nanocrystals were
synthesized via the same procedure mentioned above with
hydrothermal crystallization time of 72 h. The only difference
was by adding 0.3 mmol Bi(NOj3)3;-5H,0 into the TTIP and
TEA mixture during the initial stage of the synthesis process.
All the samples were recovered by washing with deionized
water followed by centrifugation for three times and dried at
60 °C in an oven overnight.

2.2. Fabrication of dye-sensitized solar cells (DSSCs)

In order to fabricate the DSSC, TiO, film electrode was
made by the doctor blade technique on an indium tin oxide, ITO
conductive glass (15 € cm resistivity). After drying in air and
sintered at 450 °C for 30 min, the resulting film were immersed
in an ethanol solution of 0.3 mM Nj dye for about 16 h. The
dye-adsorbed electrode was assembled into a sandwich-type
cell with a counter electrode (platinum-sputtered ITO glass)
and a spacer in the middle for ease of electrolyte solution
injection. A drop of electrolyte solution (Iodolyte MPN-100,
Solaronix) was introduced into the clamped electrodes using

syringe. An active area typically 0.2 cm® was employed to
measure the cell performance.

2.3. Characterization and DSSCs conversion efficiency
measurement

The morphology and size of the samples were examined by a
Philips CMI12 transmission electron microscopy (TEM)
operated at 100 kV. Measurement of the average diameter of
the samples was carried out using an I-Solution-DT (version
6.5, IMT) image analysis software. A field emission scanning
electron microscope, FESEM was used to examine the
morphology of the sample and elemental analysis of the Bi—
TiO, sample was carried out by energy dispersive analysis
(EDX). The crystallinity of the samples were characterized by a
Philip X-ray diffractometer (XRD) at a scanning rate of
0.02° s~! with Cu Ka radiation and A = 1.5418 A. The optical
properties were analyzed using a PerkinElmer Lamda-35 UV-
vis spectrometer (UV—vis). The photovoltaic activities of the
TiO, samples were measured by a Gamry Potentiostat Series G-
300 under a xenon lamp, simulated solar illumination with Air
Mass 1.5G filter (AM 1.5, 100 mW/cmZ).

3. Results and discussion

From Fig. 1, it was shown that the crystalline phase of the
TiO, nanocrystals formed is anatase phase. There are no other
peaks showing impurities or other TiO, phases like rutile or
brookite present in the sample. The crystallinity and crystallite
size increased as the hydrothermal treatment time increased
based on the intensities of characteristic XRD peaks. All the
peaks corresponded to the anatase phase of TiO, with
20 =125.3°,36.9°,37.8°,36.6°,48.0°, 53.8° and 55.0° attributed
to[101],[103],[004],[112],(200],[105] and [21 1]

Fig. 1. XRD patterns of the TiO, nanocubes (a) TiO,-24, (b) TiO,-48, (c) TiO,-
72 and (d) Bi-TiO, prepared under different experimental conditions. The TiO,
anatase peaks are labeled as square shape while the triangle shape denote peaks
attributed to the Bi element.
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plane, respectively (JCPDS 84-1285). When examining the
diffraction peaks of Bi-TiO,, it is clearly shown that there are
other peaks besides the anatase phase. These peaks are indexed
to the rombohedral phase of bismuth with 20 =27.1°, 37.8°,
39.6°,48.7° and 56.0° corresponding to [0 1 2], [1 04],[1 1 0],
[2 0 2] and [0 2 4] plane, respectively (JCPDS 005-0519). It has
been reported that the doping of bismuth into TiO, crystal
structure can be observed from the shifting of 1 0 1 diffraction
peak at 26 =25.5° [23]. For Bi doped sample, there will be a
shift to lower angle because the ionic radius of Bi** (0.103 nm)
is larger than that of Titt (0.061 nm), the distance of nearest-
neighbor crystalline plane becomes wider after Bi** ions
replace Ti** ions in TiO,. However, we do not observe this
shifting phenomenon in our work; instead there is a slight shift
towards the higher angle for Bi-TiO, sample. The slight shift
towards the higher angle may be contributed by the mixed
crystalline phases of anatase and bismuth metal. The inclusion
of bismuth also increased the crystallinity of the TiO, nanocube
crystals as can be seen from the intensity of the peaks. In
general, the increase in the crystallinity of anatase TiO, is
favorable to enhance the photovoltaic activity of TiO,.

TEM micrographs in Fig. 2 show the morphologies of TiO,
and Bi-TiO, nanocubes. The TiO, produced have cube-like
shaped for all the different hydrothermal crystallization times
and bismuth inclusion. As shown in Fig. 2(a—c), TiO,-24, TiO,-
48 and TiO,-72 have average sizes of 66 + 18, 69 + 11 and
75.2 & 17 nm, respectively. This suggests that longer hydro-
thermal treatment allows particles to grow larger. While, Bi—
TiO, nanocubes has the largest average particle size
(92.3 + 17 nm) as shown in Fig. 2(d). In comparison to the
pure TiO, nanocubes, the Bi-TiO, nanocubes have higher
reaction rate which contributed to the larger particle size
produced. Fig. 3(a) shows a FESEM image of three-
dimensional Bi-TiO, nanocubes which is in accordance to
the observation from TEM while the atomic percentages of
bismuth, titanium and oxygen were analyzed by EDX as shown
in Fig. 3(b). For EDX, several areas on the individual
nanocubes were selected for the analysis. It was found that
the average atomic ratio for Ti:O is 32.4:65.1 which agrees well
with the formation of TiO,. The atomic percentage for bismuth
is 1.5 wt.%. The EDX and XRD results have confirmed the
existence of bismuth element on the surface of TiO, nanocubes
instead of the doping of Bi**.

UV-vis absorption spectra for TiO,-72 and Bi-TiO, were
measured to study the effect of bismuth on optical property of
TiO, nanocubes (Fig. 4). Undeniably, introduction of bismuth
has modified the absorption characteristics of the TiO,
nanocubes. It is obvious that the absorption range for Bi-
TiO, have red shifted to longer wavelength which falls in the
visible range as compared to TiO,-72. This means that the Bi—
TiO, sample can enlarge the wavelength response range and
hence, enhances the solar light photovoltaic activity. This is
crucial for TiO, material as the absorption region for TiO, falls
in the UV zone which only consists of 5% in the solar light. The
formation of Bi-TiO, nanocomposites intrinsically narrows
the band-gap transition of TiO, which has the same effect as the
reported Ag-TiO, nanocomposites [26,36,37].

Fig. 2. TEM images of TiO, nanocubes (a) TiO,-24, (b) TiO,-48, (c) TiO,-72
and (d) Bi-TiO, synthesized by the sol-gel hydrothermal method.

The photocurrent density—voltage characteristics (J-V
curve) were studied under standard solar simulated light AM
1.5. From the analysis of the J-V curves, critical parameters of
the cell’s operation were obtained such as (a) open-circuit
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Fig. 3. FESEM image of cube-like Bi-TiO, (a) and EDX spectra of Bi-TiO, (b).

photovoltage V., (b) the short-circuit photocurrent density J.,
fill factor (FF) calculated using Eq. (1) and the cells overall
energy conversion efficiency (n) estimated by Eq. (2). The
parameters were shown in Table 1.

FF _ Vmax]max (l)
V()CJSC

Fig. 4. UV-vis absorption spectra for (a) TiO,-72 and (b) Bi-TiO, nanocubes.

Table 1
The critical parameters for open-circuit voltage (V,.), short-circuit current
density (J,.), fill factor (FF) and cell efficiency (1) analyzed from curves J-V.

Electrode V,e (V) Js. (mA/cm?) FF (%) n (%)
Bi-TiO, 0.59 7.71 0.46 2.11
TiO,-72 0.57 5.52 0.38 1.19
TiO,-48 0.57 3.12 0.62 1.10
TiO,-24 0.56 2.40 0.63 0.84

Fig. 5. Photocurrent density—voltage (J-V) curves for dye-sensitized solar cells
using (a) TiO,-24, (b) TiO,-48, (c) TiO,-72 and (d) Bi-TiO, nanocubes.

 Vood  FF

2 2

where V.. and J,,. are voltage and current density for
maximum power output, respectively while I is the intensity
of the incident light (mW/cmz).

From the J-V curves results as shown in Fig. 5, a short-
circuit photocurrent density (Jy.) of 7.71 mA/cm?, an open-
circuit photovoltage (V,.) of 0.59V and the conversion
efficiency (1) of 2.11% for Bi-TiO, electrode were obtained.
In comparison, Jy., V,., and n were 5.52 mA/cm?, 0.57 V, and
1.19%, respectively, for TiO,-72 electrode. There is about 39%
increase in Jg. and 77% increase in conversion efficiency for
Bi-TiO; electrode compared to TiO,-72 electrode, whereas n
and V,. for Bi-TiO, electrode are nearly the same as TiO,-72
electrode. In this case, we have improved J,. significantly
without sacrificing V., indicating that Bi—TiO, is better than
TiO, for DSSCs with the same technique. For TiO,-48 and
TiO,-24 electrodes, the J,. and 1 values were lower than TiO,-
72 which is due to the shorter hydrothermal crystallization time
as longer crystallization time resulted in higher crystallinity of
the anatase phase formed. It has been reported that anatase
phase with higher crystallinity resulted in lower probability of
electron—hole recombination as the electron transport is faster
in these anatase layer [16,17]. Furthermore, modification of the
TiO, nanocubes’ surface with bismuth has increased the charge
transport and suppressed the electrons in TiO, to recombine
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with the dye and redox species, and hence gives rise to the high
DSSCs performance.

4. Conclusion

We report a facile sol-gel hydrothermal process to prepare
Bi-TiO, nanocubes that demonstrated much higher dye-
sensitized solar cell conversion efficiency than pure TiO,.
The enhanced DSSCs conversion efficiency for the Bi-TiO,
sample is due to the formation of bismuth/TiO, nanocomposites
and the higher crystallinity of the TiO, formed.
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