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a b s t r a c t

Polyacrylate sodium (PAAS)/titania (TiO2) multilayers have been fabricated through the electrostatic
layer-by-layer assembly technique. The composite films display an excellent photovoltaic performance
after sintering and sensitization by cyanine dye (CD), which can be applied in dye-sensitized solar cells.
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The properties of PAAS/TiO2 multilayers are investigated by ultraviolet–visible spectroscopy (UV–vis),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction analysis (XRD), Thermogravimetric analysis
(TGA), and photovoltaic measurements. The results indicate that the thermal stability of the PAAS has
a direct influence on the performance of dye-sensitized solar cells. The energy conversion efficiency
of approximately 1.29% was obtained for dye-sensitized solar cell with TiO2/PAAS (40 bilayers) as pre-
cursor film. In addition, the composite films also show a good self-cleaning property for photocatalytic

e blue
degradation of methylen

. Introduction

Dye-sensitized solar cells (DSSCs) with high energy conversion
fficiency and low cost have been widely investigated [1–3]. Study
f DSSCs includes dye synthesis electrode material selection and
node preparation. Although DSSCs with high power conversion
fficiencies (up to 11%) have been achieved [3], the development of
ew materials and suitable device architectures is needed for fur-
her improvement in various properties. As we know, the anode of
SSCs can be fabricated by several methods such as casting, doctor
lading, screen printing, dip coating and chemical vapor deposition
4]. Recently, Chen et al. [5] reported that nanopowders synthesized
y a flat-flame chemical vapor condensation method were used as
he anodes of dye-sensitized solar cells (DSSCs), and a potentially
8% efficiency is projected for the DSSCs when the anodes are made
olely of the synthesized nanopowders. Lokhande et al. [6] reported
hat various metal oxide thin-films have been obtained by chemical
eposition methods. These simple and inexpensive chemical bath
eposition, successive ionic layer adsorption and reaction, spray
yrolysis and electrodeposition methods are suitable for applica-

ion in photoelectrochemical cells, LPG sensors, supercapacitors
nd dye-sensitized solar cells.

The electrostatic layer-by-layer assembly (ELBL) technique is
ne of the most important fabrication methods of thin-film [7].
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The ELBL assembly technique has been widely used to fabricate
compounds such as nanoparticles (NPs) [8], clays [9], and organic
matter [10]. Recently, we have fabricated Chitosan/tungstosilicate
acid-silver and phosphotungstic acid/silver thin-films by ELBL [11].
Compared with other techniques for the construction of NPs-
polymer composite film, this method only needs simple equipment
and can fabricate highly homogeneous composite films. Several
research groups have employed the ELBL method to assemble TiO2
nanoparticles/polyelectrolytes films for potential applications in
optical, electronic, and mechanical devices [12]. Besides usages
mentioned above, the ELBL deposition technique has also been
reported for the preparation of dye-sensitized solar cell with
poly(dimethyldiallylammonium chloride) PDAC/TiO2 (200 bilay-
ers) as precursor film and an efficiency of 7.2% was obtained under
1 sun at simulated AM 1.5 direct irradiation [13]. However, it is
seldom reported that the TiO2 films prepared by the ELBL tech-
nique together with other dyes except ruthenium complexes can
be sensitized in DSSCs.

In this study, titania (TiO2)/polyacrylate sodium (PAAS) com-
posite films were assembled through the ELBL method and applied
in dye-sensitized solar cells. The deposition process during the
fabrication of the homogeneous film was monitored by UV–vis
spectrometry. The composition of the {PAAS/TiO2}n multilayer

films was characterized by X-ray photoelectron spectrometer. The
effect of PAAS on the overall device efficiency of the solar cell
is discussed. And the mechanism of photocatalytic degradating
methylene blue by the TiO2 nanoparticle multilayers is investigated
as well.

dx.doi.org/10.1016/j.jallcom.2010.06.077
http://www.sciencedirect.com/science/journal/09258388
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of assembled bilayers. The absorption peak increases linearly with
Fig. 1. The molecular structure of CD.

. Experimental

.1. Materials

Sodium polyacrylate (PAAS, Mw ≥ 3000) (Ti(OC4H9)4) nitric acid (HNO3), ammo-
ia (NH3·H2O) were all A.R. grade and obtained from Shanghai Reagent Co. Propylene
arbonated (PC) was dried by molecule sieve and then distilled before use. ITO con-
ucting glass (Indium doped SnO2, sheet resistance 20 � cm−2, transmission of more
han 75% in the visible spectrum region) was purchased from Benbu Huayi Conduc-
ive Film Glass Co., Ltd. in Anhui province. A Milli-Q water with an average resistivity
f 18 M� cm−1 and pH = 6.5 was used for all experiments. The assembly of multi-
ayer films was carried out in a dust-free box at the temperature of 18 ± 1 ◦C. CD dye

as synthesized and purified. The molecular structure was confirmed by 1H NMR
s shown in Fig. 1.

.2. Synthesis of TiO2 nanoparticles

A 300 mL HNO3 (pH = 1) solution was added to a 500 mL flask. Then, 25 mL tetra-
utyl titanate was added dropwise into the above solution under vigorous stirring.
he solution was heated to and maintained at 80 ◦C for 8 h. At last, the transparent
ellow TiO2 sol was obtained and conserved at 4 ◦C. TiO2 sol was sintered at 500 ◦C
or 30 min, and then used as the sample for X-ray diffraction (XRD) measurement.

.3. Layer-by-layer assembly of {PAAS/TiO2}n multilayer film and DSSC electrode
abrication

TiO2 nanoparticles are amphoteric in nature and the charge can be controlled by
djusting the pH value. TiO2 is positively charged in pH = 1 aqueous solution, which
an attract negatively charged PAAS in ELBL self-assembly techniques. The fabrica-
ion of the multilayer film was carried out in the following way: the hydrophilized
ubstrate was first immersed into TiO2 solution for 10 min, followed by washing with
illipore water. After that, the sample was washed with Millipore water and blown
ith nitrogen gas. The TiO2 coated substrate was then immersed into 2 mg mL−1

AAS solution for 10 min following with washing and blowing steps mentioned
bove. The adsorption and rinsing steps were repeated until the required number
f bilayers was obtained. The polyelectrolyte/TiO2 composite films were calcinated
t 550 ◦C for 30 min to get sintered TiO2 nanoporous films. In order to minimize
ehydration of TiO2 from moisture in the ambient air, the electrodes were soaked
n 1 mmol L−1 CD ethanol solution for 12 h while cooling to about 80 ◦C from the
nnealing step.

.4. Photocatalytic activities of TiO2 nanoporous films

Methylene blue (MB) was used as model contaminant. Sintered TiO2 nanoporous
lm with 20 bilayers was immersed in 0.01 mmol L−1 MB solution for 10 min. Con-
aminated samples were irradiated with ultraviolet light (Pyrex filter, >280 nm,
50 W Hanovia medium pressure lamp). The amount of MB remaining in the
ultilayer was monitored by measuring the UV–vis spectra and comparing the

bsorbance measured at 665 nm.

.5. Preparation of DSSC and photovoltaic measurements

After dye sensitization, the electrodes were washed by ethanol and dried in
ir. The current–voltage curves were obtained at a scan rate of 5 mV s−1 in a
wo-electrode arrangement, which is identical with loading a variable resistor. A
andwiched photovoltaic device was prepared with the CD-sensitized TiO2 elec-
rode, a platinized ITO glass as counter electrode and 0.3 mol L−1 LiI/0.03 mol L−1 I2

C solution as electrolyte. The electrolyte was introduced into the interior of the
olar cell via capillary forces. The active area of the solar cells is 0.6 cm2, and the

hickness of the TiO2 nanocomposite film is approximately 175 nm from FESEM
mage. The current–voltage (I–V) measurement was measured under AM 1.5G at
8.5 mW cm−2 illumination. A 150 W xenon lamp combining high-intensity grating
onochromator was served as the light source. In addition, a 10 cm water filter and
350 nm cut-off filter were placed in the beam.
Fig. 2. XRD pattern of TiO2 nanoparticles.

2.6. Characterization

XPS measurements of a multilayer film were carried out on an ESCALAB 250 X-
ray photoelectron spectrometer (American Thermo Co.), at a pressure greater than
10−6 Pa. The general scan, C1s, Ti2p and O1s core-level spectra were recorded with un-
monochromatized Al K� radiation (photon energy = 1486.6 eV). XRD analysis of the
TiO2 nanoparticles was performed on a MAP18AHF instrument (Japan MAC Science
Co.). Thermogravimetric analysis (TGA-50H analyzer, Japan SHIMADZU) was carried
out in ambient atmosphere, which mimics the sintering condition. TGA curves were
recorded by heating solid samples (∼5 mg) at a rising rate of 10 ◦C/min up to 800 ◦C.

3. Results and discussion

The surface charge on colloidal TiO2 nanoparticles is crucial for
the assembly of the polyelectrolyte/TiO2 composite films by ELBL
technique. In principle, since the isoelectric point (pI) of an aque-
ous colloidal TiO2 dispersion varies from 4.5 to 6.8 [14,15], which
strongly depends on the size of particles and counterions used. Bare
TiO2 nanoparticles may serve as an amphoteric material depend-
ing on the pH of the dispersing agent. When the pH of the medium
is higher than the pI of TiO2, the surface charge of TiO2 particles
is negative. Otherwise, it is positive. In this work, TiO2 nanoparti-
cles were synthesized under an acidic medium, which are positively
charged and can adsorb negatively charged PAAS to form PAAS/TiO2
multilayered films.

Fig. 2 shows the XRD pattern of TiO2 nanoparticles. Seven
diffraction peaks are identified in the diffraction pattern. The posi-
tions of the peaks (25.4◦, 37.61◦, 47.84◦, 54.14◦, 62.75◦, 69.77◦,
75.23◦) are assigned to (1 0 1), (0 0 4), (2 0 0), (2 1 1), (2 0 4), (1 1 6),
and (2 1 5) planes of TiO2 crystals (JCPDS, 21-1272), respectively,
which were reported previously in the literature for anatase TiO2
[16]. The broadening of these peaks clearly indicates that the TiO2
particles are possible nanocrystalline.

UV–vis spectroscopy was used to monitor the assembly pro-
cess of PAAS/TiO2 multilayer film on a quartz glass. Fig. 3 exhibits
the UV–vis absorption spectra of multilayer films deposited on a
quartz slide at 200–800 nm. The spectra show a peak at 244 nm
and an absorption band in the range of 200–300 nm, respectively.
There is no absorption for PASS in the range of 200–800 nm. The
absorption at 244 nm can be assigned to the characteristic peaks of
TiO2. The above results clearly reveal that the TiO2 nanoparticles
were fabricated into the composite film. The inset of Fig. 3 shows
a plot of the absorption intensity at 244 nm against the number
the number of assembled bilayers, which suggests the TiO2 NPs in
the composite film grow regularly and uniformly. Such a behavior
could be observed in many layer-by-layer deposition systems due
to electrostatic interaction [17–19].
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Fig. 3. UV–vis absorption spectra of {PAAS/TiO2}n multilayer films on quartz sub-
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that the weight loss of PAAS is ca. 47% under the sintering tempera-
trates (the curves from bottom to top, corresponding to adsorption of 1, 2, 3, 4, 5,
nd 6 bilayers), The inset of Fig. 3 shows a plot of the absorbance intensity at 244 nm
gainst the number of the bilayers.

XPS measurements were performed to identify elemental com-
osition of multilayer films deposited on the single-crystal silicon
ubstrate. The C1s core-level spectrum recorded from the film is
hown in Fig. 4a, and it can be stripped into four main chemi-
ally distinct components at 284.65, 288.71, 286.25, and 287.65 eV,
espectively. The 284.65 and 288.71 eV peaks are attributed to the
arbon bound and carboxylate carbon of PAAS, respectively. The
86.25 eV peak is ascribed to the carbon bound to the hydroxyl
roup from residual butanol [20]. The 287.65 eV BE peak can

e assigned to the carbonyl carbon resulting from the hydroxyl
nd carboxylate bonding present in TiO2. Fig. 4b shows the Ti2p
ore-level spectrum. The Ti2p peak resolves into two spin-orbit
omponents. The peak occurs at the binding energy of 458.8 corre-

Fig. 4. XPS core-level spectra recorded from {PAAS/TiO2}10 multi
ompounds 505 (2010) 579–583 581

sponding to Ti+4. Fig. 4c shows the O1s spectrum. The 530.02 eV BE
peak is ascribed to the Ti–O bonding present in TiO2. The 531.18 eV
BE peak is assigned to the oxygen atom bound to the carboxylate
group of PAAS, or hydroxyl group from resulting butanol or H2O.
The results of XPS and UV–vis spectra confirm that the TiO2 and
PAAS exist in the composite film.

Fig. 5a shows the morphology of TiO2 multilayered film after
sintering. It is clearly observed that the TiO2 film is composed of a
three-dimensional network of interconnected nanoparticles with
an average size of 15 nm. Comparing with the size of TiO2 col-
loid, the annealing at 450 ◦C did not significantly change the size
of particles. A similar observation was reported by Kumar’s [13]
and Grätzel’s group [1]. Fig. 5b clearly shows that the thickness of
TiO2 nanocomposite film is about 175 nm.

The self-cleaning properties of TiO2 nanoparticle-based multi-
layers have been tested under UV irradiation [12a]. Glass substrate
coated with TiO2 nanoparticle-based multilayers was contami-
nated using methylene blue (MB). After UV irradiation, the amount
of MB remaining in the films as a function of time is shown in Fig. 6.
Nearly 85% of the MB in the TiO2 nanoparticle-based multilayers
decomposed after 6 h of UV irradiation. It indicates that the TiO2
thin-film has photocatalytic degradation and self-cleaning proper-
ties.

Another key component of the nanocomposite films is the
polyelectrolytes, which are insulator. When the materials are not
completely burn away in the high-temperature sintering process,
the residuals left inside the TiO2 film can increase the internal resis-
tance of the solar cell and resulting reduce the photocurrent output.
According to this consideration, the thermal stability of the poly-
electrolyte was tested by TGA (as shown in Fig. 7). It can be seen
ture of 550 ◦C. Kumar et al. also observed the similar phenomenon
that there were more residuals of the polyanions left in the final
TiO2 electrodes after sintering at 550 ◦C [13]. Due to the insulating
property of the residuals inside the final TiO2 electrode, the more

layer films deposited on Si substrate (a) C1s, (b) Ti2p, (c) O1s.
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Fig. 5. FESEM images of the surface (a) and cross-section (b) of TiO2 nanocomposite film after sintering.
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Fig. 8 shows UV–vis absorption spectra of CD in absolute ethanol
solution (a) and the dye-sensitized TiO2 nanostructured film (b).
ig. 6. The relative amount of methylene blue remaining in a 20 bilayer TiO2 mul-
ilayer as a function of time under UV irradiation.

he residual film has, the poorer the performance of the cell gets.
hen high-performance dye-sensitized solar cells were prepared,

he TiO2 paste with addition of carbon wax with 40% of TiO2 weight

as spread on the conducting glass. Carbon wax M-20,000 was

emoved from the film by sintering at 450 ◦C and electronic contact
mong nanoparticles was formed. Therefore, it can be concluded
hat the thermal stability of the polyelectrolyte plays a major role

Fig. 7. TGA of PAAS under an air atmosphere, the heating rate is 10 ◦C/min.
Fig. 8. (a) UV–vis absorption spectrum of CD in absolute ethanol solution, abso-
lute ethanol solution as reference; (b) absorption spectrum of dye-sensitized TiO2

nanostructured film deposited on conducting glass, SnO2 conducting glass as refer-
ence.

in the performance of the cell with polyion/TiO2 nanocomposite
films.
There are two absorption peaks at 540 and 576 nm in visible region
(as shown in Fig. 8a). The main absorption ranges from 490 to
600 nm. From Fig. 8b, it can be observed that the absorption range of

Fig. 9. Photocurrent density–voltage curves of solar cell made from bare TiO2 film
synthesized by coated method (a) and composites synthesized by LbL method (b)
under 58.5 mW cm−2 illumination.
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ye-sensitized TiO2 nanostructured film is wider than CD in abso-
ute ethanol solution, which results from the interlocking bridge
etween CD and TiO2 as ester-like bond.

Fig. 9 shows photocurrent density–voltage curves of solar
ells with bare TiO2 film synthesized by coating method (a) and
omposites synthesized by LbL method (b) under 58.5 mW cm−2

llumination. The energy conversion efficiencies of the cells with
TO/TiO2/CD structure and ITO/TiO2/CD LbL structure are 1.25 and
.29%, respectively. Comparing with the film with bare TiO2, there

s no distinct increase in LbL film cell. The conversion efficiency of
he DSC obtained by the above two methods is lower than the 5%
for cyanine dyes) reported for other published materials [21]. We
hink that the lower thickness of the TiO2 film might be the major
eason [13].

. Conclusions

In this study, the ELBL technique has been used as an alterna-
ive approach to fabricate nanocrystalline TiO2 electrodes for DSSCs
pplications. An efficiency of 1.29% was obtained for the solar cell
ith TiO2/PAAS as precursor film. Thermogravimetric analysis of

AAS shows that the thermal stability of the polyelectrolytes may
ave a direct effect on the overall device efficiency. Moreover, TiO2
ultilayers can be used for photocatalytic degradation of methy-

ene blue, and they exhibit self-cleaning function. The advantages
f the ELBL technique such as versatility, thickness, composition,
nd porosity control are expected to provide many new opportuni-
ies for the design and fabrication of efficient dye-sensitized solar
ells.
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