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a  b  s  t  r  a  c  t

(N,  S)-codoped  titania  (TiO2) is synthesized  by  a simple  template-free  solvothermal  method  as  photoan-
ode  for  dye-sensitized  solar  cells  (DSSCs).  The  results  confirm  that N and  S  have  been  doped  into  the
lattice  of  anatase,  which  can  enhance  the  visible-light  absorbance  and  promote  the electron  transporta-
tion  in  TiO2.  The  prepared  (N,  S)-codoped  TiO2 exhibits  pure  anatase  phase  mesoporous  nanoparticles
vailable online 22 September 2011
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with  average  diameter  of 60 nm.  Mixing  (N,  S)-codoped  TiO2 with  Degussa  P25  as photoanode  results
in  the improvement  of  open-circuit  voltage  and  short-circuit  photocurrent  density  of  DSSC.  And  the
corresponding  DSSC  obtains  a high  conversion  efficiency  of 8.0%.

© 2011 Elsevier B.V. All rights reserved.
esoporous nanoparticles

. Introduction

Dye-sensitized solar cell (DSSC), which has the advantages of
ow cost, simple preparation procedure, and relatively high energy-
onversion efficiencies, has become the research focus of the
ew energy field [1–4]. Nanostructured TiO2 could provide rapid
lectron transportation, large surface area for adsorption of dye
olecules, and close electrical contact with the redox electrolyte

nd has been considered as a favorable material for the photoanode
pplication for DSSC [5–7]. However, pure anatase shows photo-
atalytic activity only under ultraviolet light irradiation due to its
ide band gap (3.2 eV), which leads to a low solar energy utiliza-

ion. Many attempts have been made to improve the photocatalytic
erformance of TiO2 photoanode for DSSCs by doping non-metal
lements such as N, C and S [8–10]. For the N-doped TiO2 photoan-
des, improvement of both the open circuit voltage and the visible
bsorption [8],  have been reported and high conversion efficiency
as been recorded. In addition, the enhanced electron lifetime and
reat stability for N-doped TiO2 DSSCs has been observed [11,12].
t has been suggested that doping TiO2 with nonmetal elements
uch as N, C, and S can lead to the significant red-shift of the optical

bsorption edge [13–19].  Latest researches show that different ions
odoping into TiO2 can further enhance its photocatalytic activity
20]. The previous researches [21–23] indicated that (N, S)-codoped

∗ Corresponding author. Tel.: +86 27 8755 8142; fax: +86 27 8755 8142.
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TiO2 can greatly improve the photocatalytic activity of TiO2 under
visible light irradiation due to the hybridization of the introduced N
2p and S 3p, which could also promote the transportation of photo-
generated electrons in TiO2. However, to the best of our knowledge,
there is no detailed research on (N, S)-codoped TiO2 used as pho-
toanode for DSSCs up to now.

In this paper, we synthesized (N, S)-codoped mesoporous
TiO2 (NST) nanoparticles by a simple template-free solvothermal
method using thiourea as the sources of the nitrogen and sulfur,
and then applied it as photoanode for DSSC. The mesoporous NST
nanoparticles were mixed with Degussa P25 as photoanode and
their performance in DSSC were evaluated. The improvement of
the visible-light absorbance and the high specific surface area of
this novel combined photoanode with mesoporous nanoparticles
contribute to the increase of the performance of DSSC.

2. Experimental

2.1. Synthesis of (N, S)-codoped TiO2 nanoparticles

(N, S)-codoped TiO2 (NST) nanoparticles were prepared by a simple solvother-
mal  method. In a typical synthesis process, 0.003 mol thiourea was  firstly dissolved
in  30 mL  ethanol. Subsequently, the solution was added dropwise to a mixture of
0.003 mol  tetra-butyl orthotitanate (TBOT) and 4 g HCl (37 wt%) under stirring at
room temperature. After 120 min of stirring, the obtained transparent mixture was

◦
transferred into the Teflon-lined autoclave and heated at 150 C for 6 h. Then the
resultant mixture was washed with ethanol and separated by centrifugation three
times to collect a white precipitate. Finally, the samples were obtained by anneal-
ing at 450 ◦C for 2 h. For comparison, undoped pure TiO2 nanoparticles were also
synthesized by removing thiourea during the synthesis process, and named NST0.

dx.doi.org/10.1016/j.jallcom.2011.08.072
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chibo@hust.edu.cn
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Table 1
Composition (wt%) of various TiO2 cells.

Type of cells NST particles Degussa P25

1 0 100
2 5 95
3 10 90
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.2. Fabrication of photoanodes

TiO2 photoanode films were fabricated on the fluorine-doped SnO2 glass
ubstrate (FTO, 10 � �−1) by a doctor-blade method. In order to optimize the con-
tituent, NST particles and Degussa P25 TiO2 were mixed at different weight ratio to
repare various TiO2 photoanodes. The ratios of each TiO2 photoanode are listed in
able 1. TiO2 particles were dispersed in �-terpineol as solvent and ethyl cellulose
s  binder. The photoanodes were obtained by calcination the coated combined TiO2

lms at 450 ◦C for 30 min.

.3. Photovoltaic measurements

The photoanodes were immersed in an acetonitrile and tertbutanol (1:1) solu-
ion  with 5 mM N719 (Solaronix SA, Switzerland) dye for 12 h to adsorb dye

olecules. Pt counter electrodes were produced by coating H2PtCl6 solution onto
TO glass and sintered at 450 ◦C for 60 min. The redox electrolyte was composed
f  0.3 M LiI, 0.05 M I2, 0.3 M DMPII and 0.5 M TBP in acetonitrile. Photovoltaic per-
ormances were measured under a simulated AM1.5 solar source (CHF-XM500W,
eijing Trusttech Co. Ltd., China). Photocurrent voltage curves and impedance spec-
ra were obtained from the electrochemical workstation (Solartron S1 1287–1260).

.4. Characterization

The crystal phases of synthesized TiO2 nanoparticles were determined by X-
ay  diffractometer (XRD) with a Cu K� radiation. The binding energy (BE) of NST
as  measured by X-ray photoelectron spectroscopy (XPS). The microstructure was
etected by the field emission scanning electron microscopy (FESEM). The absorp-
ion spectra of the photoanodes were recorded with the UV–vis spectrophotometer.

. Results and analysis

Fig. 1 illustrates the XRD patterns of the NST and NST0 sam-
les. It could be found that NST sample exhibits homogenous pure
natase phase, while the NST0 sample contains both the anatase
nd rutile phase. Normally, anatase titania is more capable of con-
erting solar energy than rutile titania as the photoanode for DSSC.
he results confirm that in the procedure for TiO2 synthesis, dop-
ng may  result in the formation of pure anatase rather than the

ixture of anatase and rutile phase. Fig. 2a shows the morphol-

gy of the as-prepared NST particles. The particles are relatively
resenting a spherical morphology with a diameter of approxi-
ately 60 nm.  Fig. 2b exhibits the cross-sectional view of cell 3,
hich contains 10 wt% NST and 90 wt% P25. It indicates a mixture

Fig. 2. FESEM micrograph of (a) NST partic
Fig. 1. XRD patterns of the NST and NST0 nanoparticles.

of TiO2 nanoparticles with different sizes, where the smaller ones
are P25 of particle size 25 nm and the larger are NST about 60 nm.
This hierarchical particle size distribution would enable the more
surface area and routes for electrons transportation. Furthermore,
Fig. 3 shows the typical nitrogen adsorption–desorption isotherm
of the as-prepared NST sample, which is a type IV isotherm curve
with H2 hysteresis loop, the characteristic of mesoporous materi-
als [13,24,25].  The inset of Fig. 3 is the corresponding BJH result
about the pore size distribution. It confirms that the high specific
surface area of NST is due to its mesoporous particle structure.
The corresponding BJH result confirms that the pore size of NST is
about 13.7 nm and BET surface area is 68.2 m2/g. Thus, the cell with
mesoporous nanoparticles and hierarchical structure would pro-
vide sufficient surface area rendering the photoanode high light
harvesting through adsorbing more dye molecules on the TiO2
surface.

To investigate the existence of N and S in doped TiO2, the XPS
spectra of NST, N 1s and S 2p are shown in Fig. 4. The peak for N
1s appears clearly at a BE of 398.9 eV, as shown in Fig. 4c, which
refers to N species substitute for O atoms in the anatase TiO2 lat-
tice according to the relative researches [26,27],  providing an N 2p
state just above the valence band. Fig. 4b shows the S 2p peak at
around 168.3 eV. Researches [28,29] have indicated that S 2p peaks
are found for high oxidation states at BE > 168 eV. Thus these two  BE

6+ 4+
peaks can be attributed to S in the lattice replace for Ti , meaning
the S cationic doping in the lattice. It is also due to SO4

2− ions on
TiO2 forming bidentate linkages with Ti4+ ions [26,30]. According

les, (b) cross-sectional view of cell 3.
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Fig. 3. A typical N2 adsorption–desorption isotherm curve for NST. The inset: BJH
result.

t
a

m
t
0

Table 2
Photovoltaic performance of dye-sensitized solar cells based on each cell.

Cell Voc (V) Jsc (mA  cm−2) FF (%) � (%)

1 0.749 12.59 62.56 5.9
2 0.820 18.2 46.23 6.9
3 0.822 19.00 51.22 8.0
4  0.836 13.85 40.59 4.7
Fig. 4. The XPS spectra of (a) the NST nanoparticles, (b) S 2p, and (c) N 1s.

o the XPS analysis result, the content of N, S element is 0.62 at%
nd 0.35 at%, respectively.
I–V curves of the assembled cells based on the as-prepared
esoporous TiO2 nanoparticles and commercial Degussa P25 pho-

oanode are shown in Fig. 5, of which the effective areas are
.25 cm2. The measured open-circuit voltage (Voc), short-circuit
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Fig. 5. I–V characteristics of DSSCs with different photoanodes.
5  0.724 10.01 55.19 4.0
NST0 0.733 8.98 50.13 3.3

photocurrent density (Jsc), fill factor (FF), and light-to-electric
conversion efficiencies (�) are listed in Table 2. Compared to
the pure undoped TiO2 (NST0) photoanode, (N, S)-codoped TiO2
(NST cell 5) photoanode can remarkably improve Jsc from 8.98 to
10.01 mA cm−2, FF from 0.50 to 0.55, and � from 3.3% to 4.0% simul-
taneously, though Voc for the two photoanodes is almost similar.
The improvement may  be related with the following two factors.
One refers to the fact that (N, S)-codoped anatase NST is more ben-
eficial than undoped NST0 containing little rutile phase in DSSC,
the other is that S and N codoping could greatly improve the light
absorption of TiO2 under visible light irradiation as depicted in the
UV–vis absorption spectra (Fig. 6). The improvement of the visible-
light absorbance may  increase the number of photo-generated
electrons and holes to participate into the photocatalytic reaction,
which can enhance the performance of the DSSC. For comparison,
photoanode with pure P25 is also shown in Table 2 (cell 1). It could
be found that NST photoanode shows a little worse property than
P25 photoanode, which may  be due to the smaller particle size and
higher specific surface areas of P25.

An interesting result is that photoanode with the mixture of NST
with P25 in ratio would enhance the performance of DSSCs effec-
tively compared to the pure NST or P25 photoanode. Table 2 shows
the performance of DSSCs with different photoanode composition
of NST and P25 ratio. Generally, DSSCs with photoanode of the mix-
tures with NST and P25 have the enhanced performance. A sharp
increase of Voc and Jsc are observed with the sacrifice of fill fac-
tor on cell 2, 3, and 4 that have mixture photoanode of NST and
P25, compared with cell 1 or 5. For the mixture photoanodes, the
ratio of NST and P25 is found to be crucial to optimize the prop-
erties of the cells. With the increase of NST content from 5 wt%
to 20 wt%, the conversion efficiency first increases and reaches the
peak in cell 3, then decreases. The best performance of these cells is
achieved in cell 3 and the corresponding Voc, Jsc, and FF of cell 3 are

−2
0.822 V, 19.00 mA cm and 0.512, respectively, yielding an overall
conversion efficiency (�) of 8.0%, which is 35.6% higher than that
of cell 1 with single pure P25. The unique mesoporous nanopar-
ticles and reasonable hierarchical structure can both load large
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Fig. 6. UV–vis absorption spectra of P25, NST and NST0.
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Fig. 7. EIS spectra of the DSSCs of cell 1 and cell 3.

mount of dye molecules and induce efficient electrolyte diffusions.
urthermore, the addition of NST nanoparticles offers a consider-
ble improvement of the visible-light absorbance, resulting in more
hoto-generated electrons and holes to participate in the photocat-
lytic reaction. Moreover, the doping of N into the O lattice can not
nly increase the Voc of DSSC, attributing to Vfb shifts to the neg-
tive direction appreciably, but also improve the Jsc by retarding
he dye degradation, as proved in the reference [8].  Thus, the high
fficiency observed on cell 3 is expectable.

To explore the difference in the interfacial characteristics of the
hotoanodes, electrochemical impedance spectroscopy (EIS) of the
SSCs was measured at an applied bias of Voc and a frequency of

ange from 0.01 Hz to 1 MHz  with AC amplitude of 10 mV  at sim-
lated AM1.5 solar light. Fig. 7 shows EIS of the cell 1 and cell 3.
hree well-defined semicircles noted in the high region (>1 kHz),
he middle region (1000–1 Hz) and the region of 1–0.1 Hz in both
f the two EIS spectra are assigned to charge transfer processes
ccurring at the Pt/electrolyte interface and TiO2/dye/electrolyte
nterface, within the electrolyte in Nernst diffusion respectively
31]. The resistance of cell 3 at the TiO2/dye/electrolyte interface
ecreases to some extent over cell 1. The decreased resistance at the
iO2/dye/electrolyte interface suggests that the diffusion of elec-
rons in cell 3 is faster and more effective than that in cell 1, which is
rucial to achieve a higher overall conversion efficiency. Usually the
iO2/dye/electrolyte interface is significant as the interface control-
ing the photocurrent of the DSSC and the lower interfacial resistant
s expected for high performance DSSC, which is consistent with the
endency of the observed Jsc. It is therefore demonstrated that the
odoping of N and S could successfully accelerate the diffusion of
lectrons on the TiO2 electrode and retard the charge recombina-
ion at the TiO2/dye/electrolyte interface, which finally leads to an
mprovement of Jsc.

. Conclusion
In summary, mesoporous (N, S)-codoped TiO2 nanoparticles
ere successfully synthesized via a simple solvothermal method
ith the thiourea as the resources of N and S. The absorbance of

[
[
[
[

mpounds 512 (2012) 23– 26

visible-light of NST appears stronger than NST0 and P25. The DSSC
composed with NST and reasonable ratio of P25 showed high over-
all performance with light-to-electric conversion efficiency of 8.0%,
due to its hierarchical nanoparticle structure and high visible-light
absorbance. The results confirm that (N, S)-codoped TiO2 is proved
to be a promising photoanode material for high performance DSSCs.
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