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ABSTRACT: In the field of material chemistry, it is of great
significance to develop abundant and sustainable materials for solar
energy harvesting and management. Herein, after evaluating the energy
band characteristics of 13 kinds of polyoxometalates (POMs), the
trisubstituted POM compound K6H4[α-SiW9O37Co3(H2O)3]·17H2O
(SiW9Co3) was first studied due to its relatively smaller band gap (2.23
eV) and higher lowest unoccupied molecular orbital (LUMO) level
(−0.63 V vs NHE). Additionally, the preliminary computational
modeling indicated that SiW9Co3 exhibited the donor−acceptor (D−
A) structure, in which the cobalt oxygen clusters and tungsten skeletons
act as the electron donor and electron acceptor, respectively. By
employing SiW9Co3 to modify the TiO2 film, the visible photovoltaic
and photocurrent response were both enhanced, and the light-induced
photocurrent at 420 nm was improved by 7.1 times. Moreover, the highly dispersive and small sized SiW9Co3 nanoclusters
loading on TiO2 were successfully achieved by fabricating the nanocomposite film of {TiO2/SiW9Co3}3 with the layer-by-layer
method, which can result in the photovoltaic performance enhancement of dye-sensitized solar cells (DSSCs), of which the
overall power conversion efficiency was improved by 25.6% from 6.79% to 8.53% through the synergistic effect of POMs and Ru-
complex.
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1. INTRODUCTION

Recently, energy and environmental problems have been the
two major issues for human society. Solar energy has been the
ideal source to satisfy the future energy demand.1−7 The
photovoltaic devices constructed from inorganic semiconduc-
tors represent one of the most promising strategies to realize
sustainable energy supply.8−11 TiO2 nanomaterials appear to be
distinguishing candidates owing to its high chemical and optical
stability, nontoxicity, and low cost. However, the large band gap
(3.2 eV) limits TiO2 to only exhibit relatively high reactivity
under ultraviolet (UV) light, and its photoelectric chemical
actions are not activated by visible and infrared light although
they were dominant in the solar radiation.12−15 Great efforts
have been devoted to drive TiO2 toward visible light absorption
including certain dye sensitization or doping with metal or
nonmetal ions.16−20

POMs are a class of unique nanoscale and environmentally
friendly transition metal−oxygen clusters composed of earth
abundant elements, which exhibit superior optoelectric
chemical properties and have enormous potentials on solar
energy usage because of their inherent semiconductor-like
features.21−26 POMs have reversible redox properties; their

oxidative and reduced state can stably exist simultaneously.
Accordingly, POMs are capable of electronic transmission and
storage, which represent a valuable and promising building
block in the photocatalytic system and photovoltaic devi-
ces.27−31 Besides, their electronic characteristics and energy
levels involving the LUMO and the highest occupied molecular
orbital (HOMO) can be regulated by adjusting the
composition, size, structure, and charge density.32−35 Fur-
thermore, molecular modification and design laid the
foundation for achieving multifunctional POMs because of
the high reactivity of surface oxygen sites in POMs. For
example, the donor−acceptor structures of POMs have been
proposed theoretically, which has been proved to be beneficial
for the electronic transmission.36 Besides, a series of POM-
based dye sensitizer based on organoimido-substituted
hexamolybdates have been studied and designed via density
functional theory.37 The classical Keggin type POMs have been
applied to reduce the exciton recombination in TiO2.

38,39

Received: May 6, 2015
Accepted: June 1, 2015
Published: June 1, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 13714 DOI: 10.1021/acsami.5b03948
ACS Appl. Mater. Interfaces 2015, 7, 13714−13721

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b03948


Herein, a series of POMs including Keggin, Dawson, lacunary,
and transitional metal trisubstituted structures were inves-
tigated systematically to analyze their energy band structures.
Thereafter, the trisubstituted SiW9Co3 was applied first to
modify TiO2 thin films owing to its smaller band gap and
higher LUMO level, which resulted in the final enhanced
visible-induced photocurrent and photovoltaic response. More-
over, the nanocomposite film of {TiO2/SiW9Co3}3 was
assembled with the layer-by-layer method because the
depositing layer number of three has been proved to be
appropriate for superior photovoltaic performance.40 The
highly dispersed and small sized SiW9Co3 nanocluster loading
on TiO2 was successfully achieved, which may result in efficient
photovoltaic performance enhancement of DSSCs, and the
overall energy conversion efficiency enhanced to 8.53%, that
was 25.6% higher than that without modification.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. All the raw materials employed

were used as received without further purifications. The involved
POMs are as follows: H3PW12O40 (PW12), H4SiW12O40 (SiW12),
H4GeW12O40 (GeW12), K6CoW12O40 (CoW12), H3PMo12O40
(PMo12), H3SiMo12O40 (SiMo12), H3GeMo12O40 (GeMo12),
H6P2Mo18O62 (P2Mo18), K6P2W18O62 (P2W18), K8SiW11O39 (SiW11),
K10P2W17O61·20H2O (P2W17), H9P2W15V3 (P2W15V3), SiW9Co3,
which were prepared according to the literature methods41−45 and
characterized by FTIR (Supporting Information Figure S1), Raman
spectra (Supporting Information Figures S2−S4), and TG curves
(Supporting Information Figure S5).
2.2. Preparation of SiW9Co3-Adsorbed TiO2 Electrodes. First,

the SiW9Co3 anion was encapsulated with the cations of
dimethyldioctadecyl (DODA) through ion metathesis reactions with
a similar reported method,46 and the product was characterized by
FTIR (Supporting Information Figure S6). Second, TiO2 electrodes
were prepared by the screen printing technique.47 Thereafter, TiO2
electrode was immersed in the 0.5 mM CH2Cl2 solution of DODA-
encapsulated SiW9Co3 for 4 h to complete the adsorption process.
Then the excess SiW9Co3 was rinsed off with CH2Cl2 and dried with
N2. Finally, a two-electrode system was fabricated to evaluate the
photocurrent response under different wavelengths. Specifically, the
SiW9Co3-adsorbed TiO2 electrode was covered with a platinum mirror
electrode, between which an electrolyte solution composed of 0.1 M
LiI, 0.05 M I2, 0.6 M 1,2-dimethyl-3-propylimidazolium iodide, and 0.5
M 4-tert-butylpyridine in 3-methoxypropionitrile was introduced.
2.3. {TiO2/SiW9Co3}3 Nanocomposite Film Assembly. The

layer-by-layer technique was applied to fabricate the {TiO2/SiW9Co3}n
hybrid film. First, TiO2 colloid was prepared according to a similar
reported method.48 Second, the FTO substrate was ultrasonically
treated with the piranha solution to form a hydrophilic surface. Then,

the treated glass was alternately dipped into TiO2 colloid for 5 min and
1.0 mM SiW9Co3 solution for 10 min, rinsed with deionized water, and
dried in a N2 stream after each dipping. This process was repeated for
three cycles, and the built-up film was expressed as {TiO2/SiW9Co3}3.

2.4. Solar Cell Fabrication. The above nanoscale {TiO2/
SiW9Co3}n thin film was introduced into DSSCs by screen printing
TiO2 paste on the well-modified FTO to fabricate the photoanode.
The contrast experiment was carried out through the similar process
except using the pretreated FTO glass by 40 mM TiCl4 at 70 °C for 30
min. Thereafter, the photoanodes were sintered at 400 °C for 30 min
and post-treated with 40 mM TiCl4 solution at 70 °C. Then the
resulting films were immersed in N719 ethanol solution for 24h.
Finally, the sandwich DSSCs were assembled by covering a platinum
mirror on the photoanode and introducing electrolyte solution
composing of 0.1 M LiI, 0.05 M I2, 0.6 M 1,2-dimethyl-3-
propylimidazolium iodide and 0.5 M 4-tert-butylpyridine in 3-
methoxypropionitrile by the capillary action.

2.5. Characterization Methods. Cyclic voltammograms were
recorded on a CHI601D Electrochemical Workstation (Shanghai
Chenhua Instrument Corp., China), using glassy carbon electrode as
the working electrode, a Pt wire as the counter electrode, and Ag/AgCl
reference electrode. The solid diffuse reflectivity spectra was collected
on SHIMADZU UV−vis spectrophotometer UV-2600, which was
measured from 200 to 800 nm using BaSO4 as a standard with 100%
reflectance. The surface photovoltage spectroscopy measurement was
carried out on a lab-made instrument, which constitutes a source of
monochromatic light, a lock-in amplifier (SR830-DSP) with a light
chopper (SR540), and a photovoltaic cell. A 500 W xenon lamp
(CHFXQ500 W, Global xenon lamp power) and a double-prism
monochromator (Hilger and Watts, D300) provide monochromatic
light. The construction of the photovoltaic cell was a sandwich-like
structure of ITO−sample−ITO. AFM images were taken on a silicon
slide by a Digital Instruments Nanoscope IIIa instrument operating in
contact mode with silicon nitride tips. XPS was performed on F-doped
SnO2 glass using an ESCALAB-MK∏ photoelectronic spectrometer
with a Mg Kα (1253.6 eV) achromatic X-ray source. The
nanostructures were characterized with high resolution transmission
electron microscope (HRTEM) (JEOL-2100F) at an acceleration
voltage of 200 kV.

3. RESULTS AND DISCUSSION

3.1. Photoelectrochemical Characterization of POMs.
In order to preliminarily recognize the electronic characteristics
of different POM building blocks, 13 kinds of POMs were
purposefully investigated to evaluate their energy band
structures, including the classical Keggin and Dawson POMs,
the lacunary as well as the transitional metal trisubstituted
structures, with the solid diffuse reflection method (Supporting
Information Figures S7−S8) and the cyclic voltammetry

Figure 1. LUMO and HOMO redox potentials vs normal hydrogen electrode (NHE) and energy levels vs vacuum for 14 POMs as well as that of
TiO2. Different colors of lines represented different series of POMs. Their polyhedron structure diagrams were shown in (a) Keggin, (b)
monolacunary Keggin, (c) trisubstituted Keggin, (d) Dawson, (e) monolacunary Dawson, and (f) trisubstituted Dawson.
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(Supporting Information Figure S9). Their energy band
structures, namely, the HOMO and LUMO positions have
been systematically classified and compared with that of TiO2

in Figure 1. Their relationship was summarized as follows: The
band gap of POMs can be tailored by changing their structures
and composition. POMs based on W series usually featured
larger Eg than Mo series. Saturation reduction of POMs can
induce the increase of band gap that can also be adjusted by
introducing transitional metals. Meanwhile, the LUMO energy
levels of POMs are associated with the central atom and
coordinated atoms. A smaller oxidation number of central atom
resulted in a higher LUMO level when POMs have the same
structures and coordinated atoms. For instance, the LUMO
levels of POMs follow the following order: CoW12 > SiW12

(GeW12) > PW12. Additionally, POMs based on W series
showed higher LUMO than Mo series when their structures
and central atoms are the same. Further, we can see most
POMs featured larger band gaps and lower LUMO as
compared with those of TiO2. In contrast, by incorporating
three Co2+ ions to the SiW9 subunit, SiW9Co3 featured a

relatively narrower band gap (2.23 eV) and higher LUMO level
(−0.63 V vs NHE). It is known that a more narrow band gap
normally results in stronger visible response, and the higher
LUMO can be advantageous to the electronic injection into
TiO2. Thereby, of all the involved POMs, SiW9Co3 was most
expected to act as the modifier for driving TiO2 toward visible
utilization.
Figure 2a compared the absorption spectra of P25 and

SiW9Co3 powder, which illustrated that SiW9Co3 exhibited the
broad optical absorption covering throughout the whole of UV
and visible regions whereas P25 absorbed only UV light below
400 nm. In addition, the optical band gap (Eg) of SiW9Co3
could be estimated by its diffuse reflection spectrum, from
which a plot of K-M function F against energy E was drawn
(Figure 2c) and Eg was determined as the intersection point
between the energy axis and the line extrapolated from the
linear portion of the absorption edge in the plot.49 Finally, the
estimated Eg of SiW9Co3 (2.23 eV) demonstrated it exhibited
the semiconductor-like feature.

Figure 2. (a) UV−vis diffuse reflectance spectra of P25 (dark line) and SiW9Co3 (red line). (b) Cyclic voltammograms of SiW9Co3 in LiAc/HAc
buffer solution at pH = 6.0. The onset reduction potential was determined as the intersection of the x axis and dashed line that was determined by
finding out the intersection point between two tangents from the linear portion of the first reduction peak and baseline. (c) The plot of F against
energy E for SiW9Co3 and the inset are the schematic energy levels of TiO2 and SiW9Co3. (d) The schematic charge-transfer process in D−A type
SiW9Co3: Co, purple polyhedron; W, blue polyhedron.

Figure 3. Several simulated molecular orbitals of SiW9Co3. Color code: Co, deep blue; W, light blue; O, red.
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The redox property of SiW9Co3 was evaluated by the cyclic
voltammetry in the deoxygenated LiAc/HAc electrolyte
solution with pH value of 6.0 using a three-electrode system
comprising a glassy carbon working electrode, a platinum wire
counter electrode, and Ag/AgCl reference electrode. As shown
in the inset of Figure 2b, the redox peaks between 0.6 and 0.9 V
were assigned to the oxidation and reduction processes of the
{Co3} moiety, and the reduction and reoxidation peaks of the
tungsten framework were located in the voltage region from
−0.6 to −1.2 V. The cathodic peak at −1.1 V corresponded to
two anodic peaks at −0.93 and −0.7 V, respectively, indicating
that the reduction of tungsten was related to a multielectron
process and their reoxidation was stepwise. Because the LUMO
of POMs is the combination of d orbitals centered on the
tungsten atoms,50 the LUMO energy levels could be estimated
by finding out the applied potential for the first reduction.
Furthermore, because the reduction of SiW9Co3 involved a
multielectron process, the onset reduction potential (−0.63 V
vs NHE) of SiW9Co3 presented the average position of its
LUMOs. Conclusively, the energy level scheme of TiO2 and
SiW9Co3 was shown in the inset of Figure 2b.
Furthermore, the molecular orbital of SiW9Co3 was

preliminarily studied by the computational modeling (Figure
3),51 which illustrated that the HOMO and LUMO of SiW9Co3
were located on the cobalt oxygen clusters and tungsten
framework, respectively, indicating that optical irradiation
would induce electronic transmission from the {Co3} unit to
the {W9} framework. Accordingly, SiW9Co3 could be regarded
as a kind of donor−acceptor type POM, and the cobalt oxygen
clusters and tungsten framework act as the electron donor and
electron acceptor, respectively. Figure 2d illustrated the
electronic transmission process scheme from the electron
donor to the electron acceptor of SiW9Co3 upon light
excitation. The surface photovoltage spectrum (SPV) was
conducted to characterize the charge transfer at the interface of
P25 particles and SiW9Co3 upon optical excitation.52 From
Supporting Information Figure S10 we can see that P25
exhibited a sole photovoltage peak around 360 nm, which was
ascribed to the charge separation upon only UV light excitation
because of the large band gap of TiO2. Nevertheless, the SPV
response of P25/SiW9Co3 composite displayed two character-
istic peaks, which were possibly attributed to the photo-
generated charge transfer between SiW9Co3 and P25 particles.
Notably, in the visible region, P25/SiW9Co3 composite
exhibited higher photovoltage than bare P25, which demon-
strated that modification of SiW9Co3 could broaden the optical
response range of TiO2.
3.2. SiW9Co3-Adsorbed TiO2 Photoanode. The as-

prepared P25 electrode by screen printing was adsorbed by
SiW9Co3 by soaking the photoanode in the CH2Cl2 solution of
DODA encapsulated SiW9Co3. Its adsorption on titanium
electrode was mainly derived from the interaction between the
hydroxyl groups carried on TiO2 nanoparticles53 and the
surface oxygen active site of POMs. The adsorbed amount of
POMs was semiquantitatively analyzed by EDS (Supporting
Information Figure S11). It can be concluded that the mass
fraction of SiW9Co3 in TiO2 electrode was 18% based on W
and Ti. XPS spectrum and AFM images were recorded to
characterize the composite film. The XPS spectrum (Figure
4a,b) was applied to detect the oxidation states of W and Co
elements in the composite film, which also confirmed the
successful immobilization of SiW9Co3 on the surface of P25
film. The XPS spectrum for W4f exhibited two peaks at ca. 35.3

and 37.4 eV, corresponding to the binding energy of W4f7/2 and
W4f5/2, which were consistent with the oxidation state of WVI.54

The XPS spectrum for Co2p showed two peaks at ca. 781.7 eV
in the energy region of Co2p3/2 and 797.6 eV in the energy
region of Co2p1/2, which were consistent with the oxidation
state of CoII.55 These results were consistent with those of
isolated SiW9Co3 powder (Supporting Information Figure
S12), which demonstrated that SiW9Co3 was stable during its
incorporation in TiO2 film. The surface morphology and
homogeneity of P25 film and SiW9Co3-adsorbed P25 film were
presented by AFM images. Compared with a P25 film (Figure
4c) that had an average surface roughness Ra of 4.725 nm, the
surface of SiW9Co3-adsorbed P25 film (Figure 4d) became
rougher with Ra of 5.155 nm, and was covered by more tiny
granules, which was assigned to the penetration of SiW9Co3
among TiO2 nanoparticles. Besides, no large agglomeration
appeared, indicating the uniform distribution of SiW9Co3.
A two-electrode system cell was fabricated to evaluate the

photocurrent response of P25 film in the presence and absence
of SiW9Co3, respectively. Figure 5 showed the photocurrent−
time curves of two kinds of electrodes under different
monochromatic illumination. As was concluded, SiW9Co3-
adsorbed P25 film had significantly higher anodic photocurrent
than bare P25 electrode upon irradiation from 400 to 450 nm,

Figure 4. XPS spectrum of SiW9Co3-adsorbed P25 film for (a) W4f
and (b) Co2p. AFM images in the tapping mode of (c) P25 film and
(d) SiW9Co3-adsorbed P25 film.

Figure 5. Photocurrent density−time curves of SiW9Co3-adsorbed
P25 film (red line) and bare P25 film (dark line) under light
irradiation at (a) 400, (b) 410, (c) 420, and (d) 450 nm.
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and especially the 420 nm light-induced photocurrent was
increased by 7.1 times, which probably resulted from the
generated photocurrent by the modification of SiW9Co3 upon
excitation of visible light. This result was consistent with that of
the SPV results, demonstrating that SiW9Co3 could expand the
photoresponce of TiO2 from UV to visible light region. To
further compare the effect of SiW9Co3, the photocurrent
response curves of SiW12-, SiW11-, and SiW9-adsorbed P25 films
upon irradiation from 400 to 420 nm were also recorded
(Supporting Information Figure S13), which illustrated that
SiW9Co3 displayed the highest photocurrent whereas SiW12,
SiW11, and SiW9 did not exhibit the positive effect. This maybe
resulted from either their larger band gaps or lower LUMO
levels, which further indicated that the superior optoelectronic
performance of SiW9Co3 contributed to the visible photovoltaic
response. The insufficient photovoltaic response of SiW9 may
be attributed to its large band gap despite its higher LUMO.
Additionally, the current−voltage characteristics of the two-
electrode cell constructed from the SiW9Co3-absorbed TiO2
film under the simulated AM 1.5 irradiation were evaluated
(Supporting Information Figure S14), and the photovoltaic
parameters were listed in Supporting Information Table S2. A
short-circuit current density (Jsc) of 1.2 mA cm−2 and an open-
circuit voltage (Voc) of 0.423 V were produced with a fill factor
(FF) of 0.597, giving a power conversion efficiency of 0.3%,
whereas a bare TiO2 film gave an efficiency of 0.1% (data not
shown), which further confirmed the positive photovoltaic
effect of SiW9Co3. The dark current density measurement in
Supporting Information Figure S15 indicated that SiW9Co3-
based solar cell had lower dark current density than bare TiO2
solar cell, which demonstrated that the modification of
SiW9Co3 successfully retarded the dark current. This was
possibly ascribed to the coverage of SiW9Co3 on TiO2 that
hindered the contact of conduction band electrons with
electrolyte.
3.3. {TiO2/SiW9Co3}3 Nanocomposite Film. In order to

probe the synergistic effect of SiW9Co3 in the DSSCs, a
SiW9Co3-modified TiO2 nanocomposite film was introduced
into the Ru-complex-based photovoltaic cells. Specifically, the
layer-by-layer method was applied to assemble the nanoscale
{TiO2/SiW9Co3}3 composite film, on which the P25 film was
subsequently deposited via screen printing. After calcination,
N719 adsorption was achieved for the final construction of
DSSCs.
UV−vis absorption spectrum was conducted to monitor the

growth process of the layer-by-layer film on a quartz substrate.
The characteristic absorption peak at ca. 245 nm in Supporting
Information Figure S16 was ascribed to SiW9Co3, and the
increase in the absorbance of SiW9Co3 with increasing number
of layers indicated the successful incorporation of SiW9Co3.
The deposition amount ratio of POMs and TiO2 was
semiquantitatively analyzed by EDS (Supporting Information
Figures S17−S18), from which the mass fraction of SiW9Co3
was evaluated to be 31%. The morphology of TiO2 nano-
crystalline films was characterized by HRTEM. As shown in
Figure 6, the lattice spacing of TiO2 was measured to be 0.345
and 0.356 nm in TiO2 nanocrystalline film and {TiO2/
SiW9Co3}3 nanocomposite film, respectively, which can be
both assigned to the (101) lattice facet for anatase.56

Supporting Information Figure S19 revealed that the size of
TiO2 nanocrystalline was about 8 nm. After formation of a
composite with SiW9Co3, many tiny dark granules dispersed on
the surface of TiO2 nanocrystalline (shown in the red circle of

Figure 6b), and the size of granules was about 1.2 nm, which
was just consistent with the size of Keggin anion. The absent
lattice fringe of POMs indicated that SiW9Co3 existed in the
form of dispersed and individual clusters on the surface of TiO2
and not in the crystalline state.57,58 Electrostatic attraction
between TiO2 and POMs exists because the TiO2 surface is
positively charged in acidic conditions59 whereas POMs carry
negative charge. Interaction between them can benefit the high
dispersion and small size of POM clusters, resulting in avoided
aggregation and more accessible surface active sites, which was
expected to facilitate the electron transfer between POMs and
TiO2 and be beneficial to the photovoltaic response.
The cross-sectional SEM image of the final fabricated

photoanode is shown in Figure 7, which illustrated that

{TiO2/SiW9Co3}3 nanocomposite film was deposited between
the FTO substrate and P25 layer, and it displayed a more dense
structure than the P25 layer, which was due to the smaller size
of nanocrystalline TiO2.

3.4. DSSCs Performance. The performance of DSSCs with
a {TiO2/SiW9Co3}3 nanocomposite film (cell 1) was evaluated
under simulated AM 1.5 illumination (100 mW cm−2) (Figure
8a). The detailed photovoltaic parameters were summarized in
Supporting Information Table S3. To assess the reproducibility
of DSSCs, three sets of parallel experiments were carried out
for each DSSC. The photocurrent−voltage (J−V) results
showed that the photovoltaic performance of cell 1 was
enhanced compared with that of DSSCs with no treatment of

Figure 6. HRTEM images of (a) TiO2 nanocrystalline film and (b)
{TiO2/SiW9Co3}3 nanocomposite film.

Figure 7. Cross-sectional SEM image of the photoanode film
consisting of {TiO2/SiW9Co3}3 nanocomposite film and P25 film.
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SiW9Co3 (cell 2). By incorporating the {TiO2/SiW9Co3}3
nanocomposite film, the Jsc was increased from 15.6 to 18.1
mA cm−2. The increase of Jsc relates to more efficient electronic
injection, transfer, and collection. Because the LUMO of
SiW9Co3 (−0.63 V vs NHE) mediated the conduction band of
TiO2 (−0.5 V vs NHE) and the excited state of N719 (−0.98 V
vs NHE), SiW9Co3 tended to facilitate the charge transfer from
Ru-complex to TiO2 and to enhance the electronic injection
ability. Additionally, SiW9Co3 can synchronously broaden the
visible absorption region and improve the visible photocurrent
response owing to its smaller band gap. The improvement of
Voc from 705 to 758 mV could be ascribed to the reduced
carrier recombination that occurred at the interface of FTO/
electrolyte and TiO2/dye/electrolyte. Finally, the overall
photoelectric conversion efficiency was improved by 25.6%
from 6.79% to 8.53%.
The open-circuit voltage decay (OCVD) curve monitors the

decay process of Voc after turning off the illumination.60 As
shown in Figure 8b, the Voc decayed more slowly for cell 1 than
for cell 2, which means the carrier recombination rate in cell 1
was lower than that of cell 2. The inset of Figure 8b showed the
electron lifetime calculated from the equation τ = (kT/e)/(dV/
dt)−1, which illustrated that cell 1 had the longer electron
lifetime. On the basis of these results, one can conclude that the
electron transmission of the DSSCs was more efficient with the
nanocomposite film of {TiO2/SiW9Co3}3.
To further study the electron transmission process, electro-

chemical impedance spectroscopy (EIS) was carried out to
reveal the internal resistances in DSSCs. The two semicircles
from high to low frequency in the Nyquist curve are classically
assigned to the charge-transfer resistance at the interface of the
counter electrode and electrolyte (Rpt) and the charge-transfer
resistance at the TiO2/dye/electrolyte interface (Rct).

61 As
shown in Figure 8c, Rct of cell 1 was larger than that of cell 2,
demonstrating an improvement on the retardation of carrier
recombination. Furthermore, the electron lifetime can be

estimated from the characteristic frequency of the middle
semicircle in the Bode plot according to the relation τe =
(2πfmax)

−1, from which the smaller frequency of cell 1 in Figure
8d corresponded to longer electron lifetime, further confirming
the result of OCVD analysis.

■ CONCLUSION
In summary, the donor−acceptor type POM compound has
been first applied to modify TiO2 thin film owing to its earth
abundant source, semiconductor-like feature, small optical band
gap, and higher LUMO on the basis of energy level regulation
of a series of POMs. By modification of the TiO2 film with
SiW9Co3, the visible light-induced photocurrent was 7.1 times
higher than that of bare TiO2 film at 420 nm, and the surface
photovoltage response of TiO2 expanded to the visible region.
Additionally, the highly dispersed and small sized SiW9Co3
nanoclusters were successfully distributed on TiO2 through
fabricating the {TiO2/SiW9Co3}3 nanocomposite film with the
layer-by-layer method, which can effectively improve the
performance of DSSCs after being introduced into the
photoanodes. This work opens new opportunities to develop
abundant and sustainable materials for solar energy harvesting
and management, and also provides guidance for the
photoelectrical functionalization of POMs, and opens a new
way for driving TiO2 film toward visible light utilization. Future
work will focus on fabricating POM nanomaterials to exploit
their application in the fields of energy and materials.
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