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a  b  s  t  r  a  c  t

Multi-inorganic  element-doped  TiO2 was  prepared  as  a semiconductor  in the  working  electrode  of a  dye-
sensitized solar  cell (DSSC).  The  particle  size  of  TiO2 decreased  by  about  20%  after  the  use  of  a paint  shaker
that  enlarged  the  contact  area  between  the  TiO2 and the  dye  or electrolyte.  The  fill factor  and  efficiency
of  the DSSC  improved  by around  14%  and  more  than  a  factor  of  3,  respectively,  based  on  the effects  of
eywords:
lectrode materials
emiconductors
lectrochemical reactions
lectrochemical impedance spectroscopy

multi-element  dopants  and  the size  reduction  of  TiO2. The  mechanism  was  suggested  by electrochemi-
cal  impedance  spectroscopy,  intensity-modulated  photocurrent  spectroscopy,  and  intensity-modulated
photovoltage  spectroscopy  analysis  methods.  It  seems  that the doped  multi-inorganic  elements  (B,  C,
N and  F)  prevent  the  electrons  in  the  conduction  band  of  TiO2 from  returning  to  the  dye  or  electrolyte
for  recombination  by  improved  electron  transfer.  In addition,  the reduced  size  of  TiO2 was beneficial  for
active  reactions  at  the TiO2/dye/electrolyte  interface  by enlarging  the  contact  area.
. Introduction

The dye-sensitized solar cell (DSSC) has attracted attention as an
lternative energy device for dealing with fossil energy depletion
ecause it has many advantages such as low cost, a simple manu-
acturing process, low environmental loads and high efficiency in
onverting solar energy into electricity [1–3]. However, the indus-
rialization of DSSCs suffers from insufficient efficiency. Therefore,
umerous studies to improve the efficiency of DSSCs have been pre-
ented. They can be categorized into four types: (1) efficient dyes
or high sensitivity of the solar cell, (2) working electrode system
evelopment for easy charge transfer through the conduction band
f the semiconductor, (3) electrolytes with efficient redox couples
uch as iodide ions and tri-iodide ions and (4) counter electrode
ystems for maximized electron transport [4–6].

Among these approaches, the efficiency of the working elec-
rode system was investigated in this study because the major
ack for high performance DSSC is low efficient electron transfer
n working electrode. In the working electrode system, the elec-
rons excited in the lowest unoccupied molecule orbital (LUMO)
f the dye are transferred to the conduction band (CB) of TiO2 and
hen travel to the FTO glass. In this process, a lot of electrons in the

B of TiO2 travel to the dye or electrolyte by trapping–detrapping
vents before reaching the FTO glass collecting electrode. This phe-
omenon results in the low efficiency of the DSSC [7–9]. Therefore,
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investigations on preventing the electron trapping effects in the CB
of TiO2 have been carried out by many researchers.

In this study, the inorganic element doping method was used
to obtain a high efficiency of the DSSC by preventing the elec-
tron trapping effects in the CB of TiO2. The relation between DSSC
efficiency and multi-element dopants was  investigated based on
efficient electron transfer in the CB of TiO2. In addition, the size
reduction effects were observed to lead to an enlarged contact area
of TiO2 with the dye or electrolyte, and these effects were further
investigated. The mechanism of improved efficiency of DSSCs was
also investigated by electrochemical analysis based on inorganic
element dopants and size reduction of TiO2.

2. Materials and methods

2.1. Preparation of multi-inorganic-element-doped TiO2

Commercial TiO2 (anatase, 99.7%, 5 g, Aldrich) and tetraethylammonium
tetrafluoroborate ((CH3CH2)4N+BF4

− , TEATFB, 99%, 2.17 g, 0.01 M, Mw:  217 g,
Aldrich) were mixed with distilled water (25 ml) and then stirred at room tem-
perature for 48 h. The resultant mixture was thermally treated at 600 ◦C for 1 h with
a  5 ◦C/min heating rate and a 30 ml/min nitrogen gas flow. The commercial TiO2

and TEATFB-doped TiO2 were termed PT (pristine titania) and DT (doped titania). A
size-reduced DT sample was  prepared by using paint shaking for 20 min as shown
in  Fig. 1 and was termed SDT (size-reduced DT).

2.2. Preparation of TiO2 paste
PT, DT and SDT samples of 2 g each were added to a mixture solution of PEG (poly
ethylene glycol, molecular weight: 30,000) solution (0.5 g PEG with 7 ml  distilled
water), ethanol (Fw: 46.07, 5 ml)  and terpienol (Fw: 154.25, 1.5 ml). The resultant
mixture was  then thermally treated at 100 ◦C for 6 h.

dx.doi.org/10.1016/j.jallcom.2011.11.011
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:eujs3915@cnu.ac.kr
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Fig. 1. Diagram of the paint shaker used in this study.

.3. Preparation of working electrode

FTO (fluorine-doped tin oxide, Solaronix) was  washed with 2-propanol, ethanol
nd distilled water several times to remove impurities and was  then dried. The pre-
ared TiO2 paste was  loaded by the screen printing method with a V-350 membrane.
he TiO2-paste-loaded FTO was dried at 70 ◦C for 1 h and then thermally treated at
50 ◦C for 30 min with a 1.5 ◦C/min heating rate under an air flow of 30 ml/min. The
ye solution was prepared with 25 ml  of acetonitrile, 25 ml  of r-butyrolactone and
0  mg of dye (Ruthenium535-bis TBA, Solaronix). The prepared TiO2-paste-loaded
TO was immersed in the prepared dye solution and then stirred at 40 ◦C for 24 h
o  absorb the prepared dye in the TiO2. The thickness of the loaded TiO2 layer was
xed  at 4 �m. The resultant sample was dried at room temperature overnight.

.4.  Preparation of counter electrode

FTO was  coated with Pt paste (Pt-1, DYESOL) using a screen printing method and
hen dried at 70 ◦C for 3 h. Afterwards, it was thermally treated at 450 ◦C for 30 min
ith  a 1.5 ◦C/min heating rate under an air flow of 30 ml/min. The thickness of the

oaded Pt layer was fixed at 4 �m.

.5. Assembly of DSSC

The cell area of the counter and working electrodes was  fixed at 1 cm × 1 cm.
wo  holes in the counter electrode were punched for injection of the electrolyte. A
urlyn film (2 cm × 2 cm with a hole of 1 cm × 1 cm,  thickness: 25 �m,  Solaronix) was
ocated between the counter and working electrodes to bond the two  electrodes.
hey were clipped for immobilization of each part and then thermally treated at
00 ◦C for 4 min  to bond the two electrodes by dissolving the surlyn film. The elec-
rolyte (AN-50, Solaronix) was injected through the holes in the counter electrode.
hen, the holes were blocked by surlyn film. The assembly procedure of the cell is
resented in Fig. 2.

.6. Measurement of electrochemical properties

I–V  characteristics were measured by a photocurrent–voltage (I–V) curve ana-
yzer (IVIUM Technologies, PECK2400-N, version 2.1) under AM 1.5 (100 mW/cm2)
rradiation using a solar simulator (Peccell Technologies, PEC-L01). Electrochemical
mpedance spectroscopy (EIS) measurements were carried out under open circuit

ith an electrochemical work station (ZAHNER, IM6ex) with a frequency range of
0  mHz to 100 kHz. The magnitude of the alternating signal was  5 mV.  Impedance
easurements were carried out under a forward bias of 600 mV.
Intensity-modulated photocurrent spectroscopy (IMPS) under short-circuit
onditions and intensity-modulated photovoltage spectroscopy (IMVS) under open-
ircuit conditions were performed on the DSSCs. A light emitting diode (LED,
35 nm)  was used as the light source. The light intensity was modulated with a
ine-shaped voltage supplied by a Solartron 1255B frequency response analyzer
Fig. 2. Diagram for assembly of the DSSC in this study.

(FRA) over the appropriate frequency range. The DC light generated by the LED,
with the intensity up to 2 W m−2, was used as the superimposed constant illumina-
tion  in the measurements. The amplitude and phase shift of the current response
with respect to the modulation of the light intensity were measured with FRA.

2.7. Characterization of samples

The surface morphology of the samples was investigated by using a field emis-
sion scanning electron microscope (FE-SEM, Hitachi, S-5500). Images were taken
without prior treatment (e.g., Pt coating) to ensure the acquisition of accurate
images. The average size of the clusters was  measured by the software program
installed on the FE-SEM apparatus. The particle size density was evaluated using
a  laser scattering particle size analyzer (HELOS/RODOS & SUCELL, Sympatec GmbH
Co.,  Germany) to investigate the size reduction effect caused by the paint shaker.
The XPS spectra of used samples in this study were obtained with a MultiLab 2000
spectrometer (Thermo Electron Co., England) to evaluate the chemical species on
the surface of TiO2 based on effects of multi-element doping. Al K� (1485.6 eV) X-
rays were used with a 14.9-keV anode voltage, a 4.6-A filament current and a 20-mA
emission current. All samples were treated at 10−9 mbar to remove impurities. The
survey spectra were obtained with a 50-eV pass energy and a 0.5-eV step size. Core
level spectra were obtained at 20-eV pass energy with 0.05-eV step size.

3. Results

3.1. Surface morphology of prepared samples

FE-SEM images of the PT, DT and SDT samples are presented
in Fig. 3, displaying the surface morphology. The working elec-
trodes after loading three samples are presented in Fig. 3(a), (c)
and (e). And the morphologies of prepared three samples are in
Fig. 3(b), (d) and (f). The agglomeration degree of TiO2 was signif-
icantly decreased via using a paint shaker as seen in Fig. 3(e). The
average particle size of PT, as measured by the software program
installed on the FE-SEM apparatus, is about 27.2 ± 6.2 nm. The par-
ticle size became slightly larger due to B, C, N and F doping effects on
the surface of TiO2. The effect of the size reduction of TiO2 is shown
in the SDT sample, with an average particle size of 22.3 ± 4.5 nm.
This result correlates well with the result of the particle size dis-
tribution shown in Fig. 4. The peak position was  shifted to left side
significantly indicating the size reduction of TiO2. Therefore, it can

be concluded that the contact area of TiO2 with the dye or the
electrolyte may  be significantly increased, leading to an enhanced
reaction at the TiO2/dye/electrolyte interface for high efficiency of
the DSSC because the high contact area between semiconductor
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Fig. 3. FE-SEM images of (a and b) PT
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Fig. 4. Particle size density distribution of PT, DT and SDT samples.
, (c and d) DT and (e and f) SDT.

and dye can provide more enough sites for an efficient electron
transfer from dye to TiO2.

3.2. Chemical analysis of B, C, N and F dopants on the surface of
TiO2

The chemical bonds of B, C, N and F with TiO2 were deter-
mined by XPS analysis as shown in Fig. 5. Fig. 5(a) shows the F
1s XPS spectrum. The main peak of the asymmetrical line shape
in this spectrum can be assigned to structures containing oxyfluo-
ride (F–Ti–O) functional groups, whereas the shoulder at 689 eV is
related to the F–Ti bond [10]. These findings reveal that fluorine is
incorporated into the TiO2 by replacing oxygen atoms in its lattice,
forming non-stoichiometric TiO2–xFx structures [11]. The forma-
tion of these TiO2–xFx structures, in which the fluorine ions are
incorporated in the TiO2 lattice, contributes to the improved TiO2
crystallinity [12]. As shown in Fig. 5(b), the N 1s peak at 400 eV was

observed in the doped TiO2 samples. Similarly, a significant peak
near 402 eV and a minor peak near 400 eV, assigned to the N 1s peak,
have been reported in N-doped TiO2 [13]. Sakthivel and Kisch [10]
prepared nitrogen-doped titania from titanium tetraisopropoxide
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in the DSSC [20]. However, the gap of Voc and Vmax (�V) in each
sample showed a higher change ratio; the values of �V/Voc of PT,
DT and SDT were 29.7, 22.9 and 18.4%, respectively. This trend is
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Fig. 5. XPS peaks of SDT: (a) 

r titanium tetrachloride and thiourea [14]. They observed a bind-
ng energy of 400.1 eV, assigned to hyponitrite at the surface, which

as attributed to the doped nitrogen. Fig. 5(c) shows the XPS spec-
rum of the B 1s region on the surface of the SDT sample. Note that
he B 1s region contains only one peak and that the binding energy
hifts from 191.1 eV to 191.5 eV. This shift implies the formation of

 weak Ti–B bond and is also attributed to the interference effects
f other elements bonding with Ti. By taking into account the stan-
ard binding energy of B 1s in TiB2 (187.5 eV, B–Ti bond), this result

ndicates that the boron atom is probably incorporated with the
iO2 to some extent and that the chemical environment surround-
ng the boron is similar to that of the TiB2 [15]. In Fig. 5(d), the
eaks near 285 eV are attributed to C 1s [16]. In the case of C and F,
here is no observable peak shift, which is due to the strong bond
etween the F and C atoms and the Ti particles. In the SDT sample,
he elemental compositions of O, Ti, N, C, F and B were 57.6, 24.5,
.9, 14.2, 1.5 and 1.3 at.%. Resultantly, TiO2−xNx (x = 0.015), TiO2−xCx

x = 0.197), TiO2−xBx (x = 0.022) and TiO2−xFx (x = 0.025) structures
ere obtained in this study.

.3. Photocurrent–voltage behavior of DSSCs

The photocurrent–voltage curves of the DSSCs are presented in
ig. 6. The open-circuit voltage (Voc) and short-circuit current (Isc) of
ach sample were measured at I = 0 mA  and V = 0 V. The maximum
oltage (Vmax) and maximum current (Imax) were calculated at the
oint of maximum power (Pmax, assigned as point a, b or c in Fig. 6)
ased on following equation [17–19]:

 = I × V (1)
urthermore, the fill factor (FF) and efficiency (�) are given by

F = Vmax × Imax

Voc × Isc
(2)
Binding  ene rgy (eV )

b) N 1s, (c) B 1s and (d) C 1s.

� (%) =
[

Voc × Isc × FF
Pin × S

]
× 100 (3)

In Eq. (3),  S and Pin represent the area of the thin film on the work-
ing electrode (1 cm2) and the incident light power (100 mW/cm2),
respectively. The measured factors are presented in Table 1. Isc

increased by a factor greater than two based on the effects of dop-
ing elements and size reduction in DT and SDT, respectively. When
comparing the values of Isc and Imax in each sample, Imax showed
a slightly smaller current, indicating a small shunt resistance (R )
Voltage (V)

1.00.80.60.40.20.0

Fig. 6. I–V characteristics of the DSSC with PT, DT and SDT.
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Table 1
Photovoltaic parameters of DSSC.

Voc (V) Isc (mA  cm−2) Vmax (V) Imax (mA  cm−2) FF (%) �Va (V) � (%)

SDT 0.925 12.959 0.755 11.697 73.673 0.170 8.831
DT 0.897 9.737 0.692 8.360 66.236 0.205 5.785

a

a
f
i
t
o
t

4

4
D

e
F
a

F
g
[

PT 0.865  5.156 0.608 

�V: Voc − Vmax.

ttributed to a decreased series resistance (RS), and it is beneficial
or the higher FF and working voltage in DSSCs [21–23].  The FF also
ncreased dramatically, from 64.5 to 73.7%, based on the effects of
he multi-element doping of B, C, N and F and the size reduction
f the TiO2 particles. The efficiency of the DSSC was  improved over
hree times, up to 8.8%.

. Discussion

.1. Suggested mechanism of improved efficiency of prepared
SSCs
The suggested mechanism of the DSSC is depicted based on the
ffects of B, C, N and F doping and the size reduction of TiO2. In
ig. 7(a), the DSSC mechanism for PT is presented. The electrons
re excited by solar energy from the HOMO to the LUMO in dye

ig. 7. Suggested mechanism for the improved efficiency of the DSSC based on inor-
anic element doping and the size reduction of TiO2 with (a) PT (suggested by Grätzel
24])  and (b) SDT.
4.730 64.482 0.257 2.876

molecule, indicated as . These excited electrons diffuse into the
conduction band (CB) of TiO2, indicated as . Then, the electrons
travel through the CB of the TiO2 layer towards the FTO of the
working electrode, indicated as . In this process, a large num-
ber of electrons move to the LUMO of the dye or electrolyte due to
electron trapping effects. This process results in electron recombi-
nation, which is indicated as . The reason is considered that the
electron transfer time is a few nanoseconds from the LUMO of the
dye to the CB of TiO2, whereas the electron transfer time in the CB of
TiO2 is a few milliseconds [24,25]. Thus, the original voltage inten-
sity (indicated as ) drops significantly, shown as . Eventually,
the working voltage intensity is determined as [26–28].

The mechanism for preventing a voltage drop is shown in
Fig. 7(b). The electrons moving to the dye or electrolyte can be
transferred through CB of TiO2 based on effects of multi-element
dopants. It is well known that each B [29], C [30], N [31] and F
[32] dopant lower the CB of TiO2 resulting the steps with different
energy level as shown in [33–35].  These multi-energy level steps
can accelerate the electron flow for lower energy lever resulting in
an electron path valley. When comparing with PT sample shown
in Fig. 7(a), it can be estimated that the long electron path way  in
the CB of TiO2 with same energy level is not efficient for electron
transfer. Even though a little voltage drop can be estimated by the
lowered CB of TiO2, it seems that the preventing effect of electron
recombination is much powerful. Eventually, the enlarged electron
path way can be constructed leading the efficient electron transfer
from dye to FTO working electrode through CB of TiO2 as shown
in and . In this process, the enlarged contact area between the
semiconductor and the dye or electrolyte might also improve the
electron charge transfer at the interface [36,37]. These electrons go
to the FTO of the working electrode, resulting in enhanced volt-
age intensity, which is indicated as . Thus, an improved voltage
intensity can be obtained, which is indicated as . These results
are correlated with the increased Vmax and decreased �V shown
in Table 1 and Fig. 6. In conclusion, a drop in the voltage intensity
is prevented by electron recombination and significantly improves
the efficiency of the DSSC.

4.2. EIS of samples

The EIS results of PT, DT and SDT are presented by Nyquist plots
in Fig. 8. In general, the impedance spectrum of the DSSC shows
three semicircles in the frequency range of 10 mHz  to 100 kHz. The
first semicircle is related to the charge transfer at the counter elec-
trode measured in the kHz range. The second semicircle is related
to the electron transport at the TiO2/dye/electrolyte interface in the
range of 1–100 Hz. The third semicircle shows the Warburg diffu-
sion process of I−/I3− in the electrolyte, measured in the mHz  range
[38–40]. These three semicircles indicate the Rct1, Rct2 and Rdiff of
an equivalent circuit, as shown in Fig. 8(c). In this study, each curve
showed only two  semicircles. The Rdiff was not obvious, and it was
overlapped by Rct2 due to the very thin spacer used in the devices.
This result also agrees with the results of another group [41]. In

addition, the electrolyte is not an important parameter because
we used the same electrolyte in prepared DSSCs. Thus, the third
semicircle was  not considered in this paper. The second semicircle
decreased significantly due to the effects of the doping of B, C, N
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ig. 8. Nyquist plots of PT, DT and SDT samples measured by EIS as measured in (a)
omposite solar cells.

nd F inorganic elements and the size reduction of TiO2, as shown
n Fig. 8(a). It is notable that the electron flow from the LUMO of the
ye to the FTO through the CB of TiO2 became more efficient, sup-
orting the mechanism illustrated in Fig. 7. In the case of the first
emicircle, shown in Fig. 8(b), three samples showed the similar
alues because the preparation condition of counter electrode was
ame. And the Rs related to the sheet resistance of the FTO did not
how any significant change because the same FTO glasses were
sed in all samples. Therefore, it is notable that the electron charge
ransfer improved at the semiconductor/dye/electrolyte interface
ue to the effects of B, C, N and F dopants and the size reduction of
iO2.

.3. IMPS and IMVS of samples

IMPS and IMVS were conventional methods to investigate the
lectron transfer and recombination process. The response plots of
MPS and IMVS were shown in Fig. 9. The electron transport time
�t) and the electron recombination time (�r) can be estimated by
rom the IMPS and IMVS plots by following Eqs. (4) and (5) [42,43]:

t = 0.5 × � × f 1
min (4)

r = 0.5 × � × f 2
min (5)

here f 1
min and f 2

min are the characteristic frequency at the minimum
f the imaginary IMPS and IMVS, respectively. In addition, the elec-
ron diffusion coefficient (Dn) and the electron diffusion length (Ln)
an be determined on the basis of film thickness (d, 4 �m in this
tudy), �t and �r by following Eqs. (6) and (7) [42–44]:

n = d2

2.35 × �t
(6)

0.5

n = (Dn × �r) (7)

he calculated results are presented in Table 2. It was confirmed
hat electron was transported more quickly through TiO2 working
lectrode and electron recombination was retarded significantly.

Z'

Fig. 9. IMPS (a) and IMVS (b) of samples.
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Table 2
IMVS and IMPS parameters.

PT DT SDT

f 1
min

(Hz) 1786 2831 3177
f 2
min

(Hz) 5.639 4.479 3.992
�t (s) 8.9 × 10−5 5.6 × 10−5 5.1 × 10−5
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�r (s) 2.8 × 10 3.6 × 10 4.0 × 10
Dn (cm2/s) 0.7 × 10−3 1.2 × 10−3 1.4 × 10−3

Ln (�m) 46.4 65.6 73.6

ccordingly, Ln increased about 1.6 times and Dn improved about
-folds when comparing PT and SDT samples based on effects of
ulti-element doping and size reduction of TiO2. These results

urely support the suggested mechanism explained in Section 4.1
s an evidence.

. Conclusions

B, C, N and F doped TiO2 was prepared as a semiconductor in
he working electrode of a DSSC. The fill factor and efficiency of
he DSSC improved by around 14% and by more than a factor of
, respectively, based on the effects of multi-element dopants and
he size reduction of TiO2. The mechanism for the high efficiency of
he DSSC was suggested by EIS analysis. The B, C, N and F dopants
eem to prevent the electrons in the CB of TiO2 from returning to
he dye or electrolyte for recombination due to the efficient elec-
ron transfer in TiO2 working electrode. In addition, the size of
iO2 was reduced by using a paint shaker, which was  beneficial
or active reactions at the TiO2/dye/electrolyte interface due to the
nlarged contact area. In conclusion, high efficiency of a DSSC was
btained based on the effects of inorganic element dopants and size
eduction of TiO2.
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