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Photocurrent enhanced dye-sensitized solar cells
based on TiO2 loaded K6SiW11O39Co(II)(H2O)·xH2O
photoanode materials†
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Through loading of TiO2 on the surface of K6SiW11O39Co(II)(H2O)·xH2O (SiW11Co), a novel photoanode

material has been created for dye-sensitized solar cells (DSSC). The absorbing band as well as photoelec-

tricity response range of TiO2@SiW11Co is extended to the visible range. In addition, the absorption in the

UV range is enhanced notably compared with P25 (raw TiO2). More importantly, the recombination of the

TiO2 network is avoided. TiO2@SiW11Co is mixed with P25 powder (wt ∼1 : 1) to assemble dye-sensitized

(N719) solar cells, which exhibit a short-circuit photocurrent density as high as 18.05 mA cm−2, which is

64% higher than blank samples under the standard AM1.5G global solar irradiation. In addition, the

mechanisms for SiW11Co in DSSC are proposed.

1. Introduction

Direct utilization of solar radiation to produce electricity is an
ideal way to utilize nature’s renewable energy. Dye-sensitized
solar cells (DSSCs) are one of the most promising solutions
with low cost, nontoxicity and long-term stability. DSSCs are
structured like a sandwich with a photoanode, a photocathode
and a drop of electrolyte. Semiconductor photoanodes have
been studied for over twenty years.1 Among them, TiO2 and
ZnO are the most widely used photoanode materials.2 Because
of the narrow absorbing range of the sunlight spectrum of
TiO2 (λ < 380 nm), dyes or inorganic quantum dots are used to
absorb visible light to sensitize the semiconductor. N719 is a
red dye which is usually used as a standard to evaluate the

performance of DSSCs. However, N719 can only absorb the
visible light from 400 nm to 700 nm3 which limits the overlap
with the solar spectrum. Using co-sensitizers which operate in
different regions of the solar spectrum is one approach for
broad spectral coverage of the photoresponse.4 TiO2 with
tunable band gap is also used to enhance the light absorption
of DSSCs.5,6 N-doping can narrow the band gap of TiO2 to a
certain extent, and make it easier to accept the electrons from
the sensitizer.7 Recently, heteropolyacids (HPAs) have been
widely employed as catalysts8,9 in heterogeneous reactions due
to their unique structural and chemical properties, and it is
expected to decrease fast electron–hole recombination on TiO2

due to their long transient lifetime. Also, they are known to be
ionic solids based on high molecular weight anions having the
general formula [XxMnOy]

3− with x ≤ n and may enhance ionic
transport across dye-sensitized solar cells.10 H3PW12O40-doped
TiO2 has been briefly reported in a communication, and it was
found that the electron lifetime become longer following an
increase in the amount of the polyoxometalate with a 9.43%
enhanced photocurrent.11 Differently, in this study, we
attempted to load TiO2 onto the surface of red K6SiW11O39-
Co(II)(H2O)·xH2O (SiW11Co) by using a simple one-step reac-
tion, that exhibits a short-circuit photocurrent density as high as
18.05 mA cm−2, which is 64% higher than blank samples under
the standard AM1.5G global solar irradiation. Also, through
summarizing the previous literature and the test data we have, a
working mechanism for SiW11Co in DSSCs is proposed.
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K6SiW11O39Co(II), transmittance, XRD and EDS of TiO2@SiW11Co. See DOI:
10.1039/c3dt52201f
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2. Experimental
2.1. Materials and reagents

K4[Si(W3O10)4]·xH2O, cobalt acetate, acetone, isopropyl tita-
nate, n-butyl alcohol, absolute ethyl alcohol, I2, LiI, tert-butyl-
pyridine (TBP), acetonitrile, propylene carbonate, cis-bis-
(isothiocyanato)bis(2,2-bipyridyl-4,4-dicarboxylato)ruthenium(II)
bis-tetrabutylammonium (N719), F-doped SnO2-coated glass
plate (FTO, 90% transmittance in the visible, 15 Ω cm−2).

2.2. Fabrication of SiW11Co and TiO2@SiW11Co

SiW11Co was synthesized using a similar method as that dis-
cussed in the literature.12 K4[Si(W3O10)4]·xH2O (2.0 mmol) was
dissolved into 30 mL distilled water in a flask and then heated
at 95 °C in a water bath with constant stirring. A saturated
solution of cobalt acetate (2.2 mmol) was added into the flask
dropwise, and then left to stand for an hour. After evaporating
the reaction solution to about 10 mL, and cooling it down to
room temperature, 30 mL acetone was added and the precipi-
tate was filtered. The last step was repeated until there was no
more precipitate, and the solution was transferred into a
vacuum oven at 50 °C to obtain red block crystals. The ICP ana-
lysis showed that the prepared SiW11Co has the atomic ratio
Si : W : Co : K ∼ 1 : 10.90 : 1.02 : 5.94 (calcd: 1 : 11 : 1 : 6). Accord-
ing to the FT-IR spectrum (Fig. S1†), the characteristic stretch-
ing vibrations for SiW11Co were observed at 964 cm−1 (W–Od),
906 cm−1 (Si–Oa), 814 cm−1 (W–Ob–W) and 741 cm−1 (W–Oc–

W).13 The peak at 533 cm−1 confirmed the Keggin structure of
SiW11Co to be the same as that reported the literature.13

The TiO2-loaded SiW11Co used as photoanode material was
synthesized as follows: 0.05 g SiW11Co was dissolved in dis-
tilled water by stirring it to form a dark red stock solution.
Concurrently, 5 mL isopropyl titanate was dropwise added into
3 mL n-butyl alcohol. As soon as the two solutions were clari-
fied, the solution of SiW11Co was added dropwise into the
solution of isopropyl titanate with stirring. Then, the turbid
solution was heated at 45 °C for 3 h and at 80 °C for about 3 h
until a hydrogel formed. The hydrogel was transferred into a
45 °C vacuum oven and maintained for 12 hours and then at
80 °C for 3 more hours. After washing 3–5 times by distilled
water, it was dried at 80 °C for 3 hours. Finally, TiO2-loaded
SiW11Co was obtained after calcining at 450 °C.

2.3. Characterization

Scanning electron microscopy (SEM) micrographs were taken
using a Hitachi S4800 instrument operating at 15 kV. Fourier
transform (FT)-IR spectra were measured on a Perkin-Elmer
Spectrum 100 FT-IR spectrometer with samples prepared as
KBr pellets. The SPS instrument was assembled by Jilin Univer-
sity. Monochromatic light was obtained by passing light from
a 500 W xenon lamp through a double-prism monochromator
(SBP300, China), and the signal was collected by a lock-in
amplifier (SR830, Stanford). UV-vis spectra were taken by a
UV-3600 (Shimadzu, Japan). Electrochemical impedance
spectra were recorded by a CHI660D Electrochemical Analyzer
(Chenhua, China). The sample was sandwiched between two

FTO glass electrodes. Optically transparent electrodes were
made from an F-doped SnO2-coated glass plate purchased
from Acros Organics, Belgium. The films were immersed in a
0.3 mM N719 (Solaronix SA, Switzerland) in absolute ethyl
alcohol for 24 h at room temperature. The electrolyte com-
posed of 0.05 M I2, 0.5 M LiI, and 0.1 M TBP in 1 : 1 (volume
ratio) acetonitrile–propylene carbonate was admitted by capil-
lary action. Photocurrent–photovoltage curves were recorded
by a CHI660D electrochemical analyzer. The light intensity of
AM1.5 global sunlight from a filtered 500 W xenon lamp
(CHF-XM500, Changtuo, China with an AM1.5 global filter from
Newport) was calibrated by a standard Si solar cell (calibrated at
National Institute of Metrology, P. R. China). The incident
photon to current efficiency (IPCE) was measured on an EQE/
IPCE spectral response system (Newport). All characterizations
were carried out under ambient pressure and temperature.

3. Results and discussion

Fig. 1 shows the SEM images of SiW11Co before and after
loading with TiO2. SiW11Co has a lamellar structure with some
small surfaces. After loading with TiO2 and calcining at 450 °C,
TiO2@SiW11Co changed into small pieces coated by TiO2 par-
ticles. Also the smooth surface became rough. According to the
XRD pattern of TiO2@SiW11Co (Fig. S2†), the phase can be con-
firmed as anatase.

Fig. 2 shows the UV-vis absorption of TiO2@SiW11Co com-
pared with blank samples of pure SiW11Co and commercial
P25. For both pure SiW11Co and TiO2@SiW11Co, an absorption
ranging from 300 nm to 700 nm is observed. As reported in
the literature, TiO2 only absorbs UV light (λ < 387 nm) without
any absorption in the visible and infrared regions.7 However, it
shows a good visible absorption when TiO2 is loaded onto the

Fig. 1 SEM images of SiW11Co (a) and TiO2@SiW11Co (b).
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surface of SiW11Co. In addition, a transmittance spectra is
presented in the ESI as Fig. S3† along with the analysis.

The surface photovoltage spectrum (SPS) as a well-estab-
lished noncontact and nondestructive technique can offer
important information about the semiconductor surface, inter-
face and bulk properties, and reflects the photogenerated
charge separation and transfer behavior with the aid of
light.14–16 Fig. 3 displays the SPS spectra of pristine P25 and
TiO2@SiW11Co powders without external bias. In the UV
region, it is clear that both spectra have similar profiles. The
positive peak in the wavelength range from 300 to 400 nm for
pure TiO2 was attributed to the transition O 2p–Ti 3d.17 So TiO2

on the surface of SiW11Co maintained the properties of pure
TiO2. In the visible region, the SPS signal of TiO2@SiW11Co was
enhanced significantly compared with P25 (Fig. 3), which shows
that after introducing SiW11Co, the light response region of the
sample was extended to the visible band.

The TiO2@SiW11Co were screen-printed and sensitized as
dyed photoanode, and the SPS spectra of the dyed photoanode
were measured to investigate the properties of the new photo-
anode in a DSSC (see Fig. 4). The thickness of the coating film
was controlled in screen printing. Therefore, for the film thick-
ness, and the same illumination coverage, the SPS intensity

can be quantitatively characterized and compared. In general,
higher SPS signal suggests a larger difference in band bending
before and after light irradiation. The SPS intensity in the UV
region increased after TiO2 was loaded on SiW11Co. The differ-
ence in band bending is caused by the accumulation of photo-
generated electrons on the surface, which are static electrons.
Larger SPS signal means a greater number of static electrons
accumulated on the surface. In the visible region, it shows no
weaker photoelectric signal than P25. Even a combined signal
of N719 and SiW11Co can be observed obviously in Fig. 4.
Accordingly, SiW11Co can assist TiO2 to generate a stronger SPS
signal. For a given photoanode material, the surface properties
could significantly affect the photoelectrochemistry activity. The
UV-visible absorption spectroscopy and SPS demonstrates that
the new photoelectrode of FTO/P25–TiO2@SiW11Co possessed
favorable optical and photovoltaic properties.

To acquire a better perspective on the sensitized enhance-
ment mechanism of the photoelectrode heterostructure, the
photogenerated electron transfer process between interfaces of
SiW11Co and TiO2 have been studied, and a fabricated struc-
ture similar to the standard configuration of dye-sensitized
solar cells is given in Fig. 5. Upon excitation by the sunlight,
the N719 molecules absorb the visible light (from 400 nm to
700 nm) and reach their excited state (Dye*). Concurrently,
TiO2@SiW11Co particles (mainly SiW11Co coated by TiO2)
absorb the visible light, and inject electrons into the n-TiO2

nanoparticles network, which were composed of TiO2 on the

Fig. 2 UV-vis spectra of SiW11Co, commercial P25 and TiO2@SiW11Co.

Fig. 3 Normalized SPS of P25 and TiO2@SiW11Co.

Fig. 4 SPS of N719 sensitized photoanode with P25 and TiO2@SiW11Co.

Fig. 5 Schematic illustration of the dye-sensitized photovoltaic cell
[FTO/P25–TiO2@SiW11Co/dye/electrolyte/Pt/FTO].
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surface of SiW11Co as well as P25, similarly to N719. Holes in
TiO2 were conducted out by SiW11Co and then injected to the
electrolyte. However, a certain amount of excited electrons
return back to the ground state of the dye and some react with
iodine in the electrolyte (dotted lines in Fig. 5), particularly at
the interfacial region, which may be overcome by introducing
a powerful electron acceptor. HPB (heteropolyblue) cannot be
ignored considering the reducibility of I− ions. Also, in sun-
light, most injected electrons are recaptured by I3

− before
being extracted to the external circuit. SiW11Co captured the
returning electrons to reduce itself to form HPB. HPB in this
process plays a similar role to SiW11Co, absorbing light and
injecting electrons. Meanwhile, the oxidized dye and SiW11Co
is regenerated by I−. As a result, the absorbed photon energy is
converted to heat through the two coupled redox cycles invol-
ving sensitized electron injection, dye regeneration, and
electron recapture by I3

−. The counter electrode is kept at
equilibrium, because there is no net current flowing through it.
In general, introducing SiW11Co can avoid most of the backward
reactions that take place in standard dye-sensitized solar cell
systems which reduces the power conversion efficiency (PCE).

On the other hand, under light illumination, another
process may take place in the SiW11Co system: O → M CT
(charge transfer); the band of SiW11Co was excited by the illu-
mination, which resulted in electron–hole separation.18

Excited SiW11Co injects electrons into the conduction band of
TiO2 and the electron holes in the valence band were con-
ducted out rapidly. The intermediate HPB was excited and
returned back to the excited SiW11Co, which subsequently
returned to the ground state of SiW11Co.

19 Thus, it avoided the
photoreduction of iodine on the surface of the photoanode.
Such an effective electron transfer in SiW11Co can remove the
fast electron–hole recombination on TiO2 and is ascertained
from the lifetime of the transient species available in the litera-
ture.19 In addition, high charge separation created within
SiW11Co avoids further electron–hole recombination. As a
result, the high surface area and good hole-mobility of the
TiO2@SiW11Co contribute favorably for the photocurrent gen-
eration by enhancing the absorption and avoiding the regener-
ation of electrode. Furthermore, it increases the mobility of
electrons, which reduce the chance for electron–hole recombi-
nation. All these effects greatly improved the performance and
stability of fabricated solar cells.

Typical EIS data obtained for both devices based on P25
and P25/TiO2@SiW11Co under illumination at a bias voltage
corresponding to the Voc are presented in Fig. 6. The first arc
in the high frequency range of the Nyquist plot (Fig. 6a) is
assigned to the electron-transfer process at the EL–CE inter-
face. A linear Warburg impedance feature appears in the
middle frequency range. This arises from the increase in
the electron-transport resistance of the TiO2 film due to the
decrease of the electron concentration, upon lowering
the forward bias. In the corresponding Bode plot (Fig. 6b), the
phase angle peak, corresponding to the electron diffusion
time constant in the photoanode film, appears in the middle
frequency range (from 100 to 1000 Hz). Utilizing TiO2@

SiW11Co as a photoanode material with an increase of the
radius of the semicircle in the Nyquist plot (see Fig. 6a) indi-
cates a reduction in the interfacial charge recombination rate.
In accordance with this observation, the corresponding phase
angle peak in the Bode plot (Fig. 6b) located in the low fre-
quency shifts to a lower frequency (from 17.8 Hz to 4.6 Hz).
This indicates a longer electron lifetime for DSSC with
P25/TiO2@SiW11Co.

20 From the Bode phase plots, the electron
lifetime with TiO2@SiW11Co is much longer than that
obtained with commercial P25 at the same light intensity.
However, the impedance of DSSC with TiO2@SiW11Co is too
large to present an excellent performance. Thus, mixing with
commercial P25 powder is a good method to balance the large
impedance and the long electron lifetime. Fig. 6 shows the
Nyquist plot and Bode plot of DSSC with P25 and TiO2@
SiW11Co, and both the impedance and the electron lifetime
stand between P25 and TiO2@SiW11Co, which demonstrates
an excellent performance.

These electronic processes in the DSSCs are well described
by the transmission line model shown in Fig. 7. The equivalent

Fig. 6 EIS of DSSCs with P25 and P25–TiO2@SiW11Co: (a) Nyquist plot;
(b) Bode plot of P25, TiO2@SiW11Co and P25–TiO2@SiW11Co.
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circuit elements have the following meanings: the symbols R
and C describe resistance and capacitance, respectively; O
accounts for a finite-length Warburg diffusion (ZDiff ), which
depends on the parameters Yo,1 and B, and Q is the symbol for
the constant phase element, CPE (its parameters are Yo,2 and
n).21 Table 1 lists parameters obtained by fitting the impe-
dance spectra of composite solar cells using the equivalent
circuit. The series resistance of the system (Rs) can account for
the resistance of the electrolyte, the resistance within the
photoelectrode film and the FTO electrode, as well as the
contact resistance. A short straight line observed at high
frequency is associated with the capacitance and resistance at
Pt–electrolyte interface (CPE and R2 elements).21 For the para-
meters related to the Pt–electrolyte interface, R2 deceased from
15.1 to 11.87 ohm by using TiO2@SiW11Co, so that much more
I3
− on the Pt electrode surface can form through redox reac-

tions.9 However, the DSSC with TiO2@SiW11Co shows an Rs
value of 29.83 ohm, R1 value of 20.33 ohm and R2 value of
17.24 ohm, which are larger than both that of P25 and P25–
TiO2@SiW11Co. This indicates that the impedance of the
photoanode film is too large to achieve a satisfactory perform-
ance. The large semicircle at medium frequency was attributed
to the electron transfer process at the dyed-photoanode-
material–electrolyte interface (capacitance, C1; charge transfer
resistance, R1).

21,22 C1 decreased from 1.161 to 0.994 mF and
R1 increased from 12.97 to 17.05 Ω by loading TiO2 on
SiW11Co; the increasing value of R1 means that the recombina-
tion resistance is high at the dyed-TiO2@SiW11Co–electrolyte
interface. Correspondingly, the value of C1 decreased slightly,
so that the electrons at the dyed-TiO2@SiW11Co–electrolyte
interface remain the same as that of the DSSC using P25
(∼86%) electrodes. The high recombination resistance and
similar film capacitance are favorable for improving the per-
formances of DSSC.23

Incident photon-to-electron conversion efficiency (IPCE)
curves are shown in Fig. 8. For the blank DSSC with P25, it
showed a standard IPCE curve similar to that reported in the
literature.24 The IPCE value peaked at around 540 nm, which
is consistent with the UV-vis absorption maximum. From the
IPCE curve of DSSCs with P25 and TiO2@SiW11Co, one can see

a significant enhancement in the high-energy blue region as
shown in Fig. 8. In the spectrum, the photocurrent contribution
from SiW11Co and N719 are generated from λ = 400 to beyond
510 nm, and from 450 to beyond 600 nm, respectively. Through
loading TiO2 on the surface of SiW11Co, the IPCE from 400 to
500 nm drastically increased from 45% to 72%. A region of
SiW11Co was introduced into the absorption and photon–elec-
tron curve. Besides, the region of N719 maintained a good IPCE
value, only about 10% lower than that of the blank DSSC. As a
result, the DSSC based on P25 and TiO2@SiW11Co showed a
much improved performance.

Fig. 9 shows the current density–voltage curves of DSSCs
based on films of a mixture of P25 and TiO2@SiW11Co under
100 mW cm−2 illumination. The corresponding photovoltaic
data are summarized in Table 2 with very good reproducibility.
Based on the J–V curve, the fill factor (FF) is defined as:

FF ¼ ð Jmax � VmaxÞ=ð Jsc � VocÞ ð1Þ

Fig. 9 The current density versus voltage curves of dye-sensitized solar
cells based on P25, TiO2@SiW11Co and P25–TiO2@SiW11Co under
100 mW cm−2 illumination.

Fig. 7 Equivalent circuit used to fit the impedance measurements on
the DSSCs.

Fig. 8 The incident photon-to-current efficiency (IPCE) of dye-sensi-
tized solar cells based on P25, TiO2@SiW11Co and P25–TiO2@SiW11Co.

Table 1 Summary of parameters of the equivalent circuit

DSSC samples Rs/Ω C1/μF R1/Ω R2/Ω

P25 18.33 1161 12.97 15.1
P25-TiO2/SiW11Co 24.53 994.4 17.05 11.87
TiO2/SiW11Co 29.83 621.5 20.33 17.24
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where Jmax and Vmax are the photocurrent density and photo-
voltage for maximum power output, and Jsc and Voc are the
short-circuit photocurrent density and open-circuit photo-
voltage, respectively. PCE is the overall power conversion
efficiency (Pin is the power of incident light which is 100 mW
cm−2 in this work), defined as

PCE ¼ ðFF� Jsc � VocÞ=Pin ð2Þ
When applied in a DSSC alone without P25, TiO2@SiW11Co

shows a Jsc value of 11.86 mA cm−2, which is slightly higher
than P25. However, due to a lower FF value, the PCE value is
only 4.6%, which is much lower than P25. However, when
mixing TiO2@SiW11Co powder and P25 in the weight ratio of
1 : 1, an enhanced performance was achieved. Compared with
the DSSC based on P25, DSSCs with TiO2@SiW11Co exhibit
better performance. Jsc values increased to 18.05 mA cm−2,
which was 164% of that of the DSSC based on P25. The Voc
decreased from 0.771 V to 0.718 V, which changed little com-
pared with the DSSC with P25 alone. In general, a 6.0% PCE
was achieved due to the low fill factor.

4. Conclusions

In summary, we have successfully synthesized a novel photo-
anode material, TiO2@SiW11Co, and used it for the first time
to fabricate a DSSC with high performance. TiO2@SiW11Co in
the photoanode film shows a great advantage in enhancing
the absorption of DSSC, and demonstrated the ability to
conduct out holes from the valence band of TiO2, which helps
to avoid the recombination of charge carriers in the DSSC. Fur-
thermore, a DSSC using this novel photoanode exhibited a
short-circuit photocurrent density as high as 18.05 mA cm−2,
open-circuit photovoltage of 0.718 V, and overall light
conversion efficiency as high as 6.0% under the standard
AM1.5G global solar irradiation conditions. The short-circuit
photocurrent density gave an excellent performance which was
64% higher than blank samples. Heteropolyacids may be
new photoanode materials being used in DSSCs with
high efficiency for their special physical and chemical
characteristics.
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