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The high-nuclear cluster compound Na48[HxMo368O1032(H2O)240(SO4)48]·ca.1000H2O (denoted as
{Mo368}) represents the known nanoscale hedgehog-type cluster anion with the diameter of approxi-
mately 6 nm. Herein, a TiO2@{Mo368} composite was prepared through a sol–gel process for the
first time. SEM, XPS, and UV–vis spectra were employed to characterize their chemical composi-
tion and structures. Meanwhile, the as-obtained composite was further mixed with P25 (Degussa
P25 titania photocatalyst) then applied as the photoanodes of dye-sensitized solar cells (DSSCs); the
results showed that DSSCs with the P25-TiO2@{Mo368}-based photoanodes exhibited better perfor-
mance than that with pure P25-based photoanodes, which was due to less carrier recombination and
longer electron lifetime in the former DSSCs by the results from analysis of dark current measure-
ment, electrochemical impedance spectroscopy, and open-circuit voltage decay curve.
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1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted widespread concern of both scientific
research and industrial fields since their discovery in 1991 due to their low cost, facial
operation, and stable performance [1]. DSSCs are composed of four parts, a semiconductor
photoanode, sensitizers, electrolyte with a redox couple, and a counter electrode [2]. The
preparation craft of the photoanodes is crucial to the overall power conversion efficiency of
DSSCs [3]. A variety of different semiconductors have been used to prepare the
photoanodes [4]. The most common material is TiO2 which exhibits very high stability [5].
However, several kinds of carrier recombinations still existed in the TiO2-based
photoanodes, and the dominant one is the recombination of injected conduction band
electrons with the oxidized dyes and oxidized species in the electrolyte [6]. Therefore,
reducing recombination is expected to further improve the overall photoelectric conversion
efficiency of DSSCs. According to the literature, modification of TiO2 with certain
doping agents is an effective way to suppress the recombination and enhance electron
transport [7]. Graphene and carbon nanotubes have been applied to modify the photoanodes
of DSSCs [8].

Polyoxometalates (POMs) are a unique class of molecular metal–oxygen clusters, which
have received wide attention in catalysis, medicine, and materials science field owing to
their versatile structures and compositions [9]. POMs have excellent redox properties and
are capable of accepting or releasing multiple electrons reversibly without changing their
structures [10]. Therefore, POMs could be applied as an electron mediator to reduce the car-
rier recombination on the surface of TiO2 or ZnO for enhancing their photocatalytic or pho-
tovoltaic conversion capability [11]. The commonly used one is the classic Keggin or
Dawson structure, and there is little research about other types of POMs [12]. The high
nucleation of POMs is one research hotspot of POMs chemistry [13]. The high-nuclear
metal–oxygen clusters not only have unique structures, but also nanometer size [14]. Hence,
they show broad application prospects in materials science [15]. Recently, we reported a
spherical keplerate {W72V30} acting as the electron acceptor in a photovoltaic system which
is a promising alternative electron acceptor to the traditional electron acceptor fullerene
(C60) [16]. High-nuclear molybdenum clusters represent another kind of typical compound.
Prof. A. Müller has conducted the most thorough research for this system [17]. Thereinto,
{Mo368} reached the highest high-nuclear metal–oxygen cluster system, which represents
an unusual giant hedgehog-shaped molybdenum oxide-based nanocluster with the size of
approximately 6 nm and containing 368 metal atoms [18]. Furthermore, there are two kinds
of molybdenum ions with different valences existing in this compound. These features relat-
ing to the unusual structure and mixed valence could be expected to make {Mo368} trans-
port electrons effectively. Thus, we prepared a TiO2@{Mo368} composite to confirm
whether the nanoscale hetero blue {Mo368} could enhance the photoelectric conversion effi-
ciency of TiO2-based photovoltaic system as an electron mediator. In this paper, the sol–gel
technique was employed to prepare TiO2@{Mo368} composite, which was further mixed
with P25, then applied as the photoanode of DSSCs. The results show that the introduction
of TiO2@{Mo368} composite could effectively improve the short-circuit current and open-
circuit voltage of DSSCs through suppressing the dark current and increasing the electron
lifetime.

3874 Y. Wang et al.
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2. Experimental

2.1. General methods and materials

All chemicals were commercially purchased and used without purification. {Mo368} was pre-
pared according to the literature [19] and characterized by FTIR spectra (figure S1, see online
supplemental material at http://dx.doi.org/10.1080/00958972.2014.976211) and cyclic
voltammetry. FTIR spectrum was recorded from 400–4000 cm−1 on an Agilent Technologies
FTIR spectrometer. UV–vis absorption spectra were obtained using a 752 PC UV–vis spec-
trometer. The diffuse reflectivity spectra were collected on a SHIMADZU UV–vis Spectro-
photometer UV-2600 in reflectance mode, measured from 200 to 800 nm using barium
sulfate (BaSO4) as a standard with 100% reflectance. Thermal stability of {Mo368} was deter-
mined by TG analysis on a Perkin-Elmer TGA7 instrument in flowing N2 with a heating rate
of 10 °C min − 1. The electrochemical experiments were recorded on a CHI 601D electro-
chemical workstation at room temperature using glassy carbon electrode as the working elec-
trode, a Pt wire as the counter electrode, and Ag/AgCl as the reference electrode. 0.5 M
Na2SO4/H2SO4 with pH 1.5 was used as the supporting electrolyte. XPS was performed on
F-doped SnO2 glass using an ESCALAB-MKП photoelectronic spectrometer with a Mg Kα
(1253.6 eV) achromatic X-ray source. The morphology and structure of TiO2@{Mo368}
composite as well as the morphology and chemical composition of the composite of
P25-TiO2@{Mo368} were characterized with a scanning electron microscope (SEM; XL-30
ESEM FEG, Micro FEI Philips) at an accelerating voltage of 20 kV. All the photoelectro-
chemical experiments were performed using a potentiostat (CS 350, Wuhan CorrTest Instru-
ment Co. Ltd, China) at room temperature equipped with a Xenon lamp as the light source.

2.2. Preparation of TiO2@{Mo368} composite

TiO2@{Mo368} composite was prepared with the method similar to that reported in the lit-
erature [20]. Five milliliters of titanium isopropoxide was dissolved in 3 mL n-butyl alco-
hol to give a solution (A), and 0.05 g {Mo368} was dissolved in distilled water to form a
dark blue solution (B). Then the solution B was added dropwise into solution A with stir-
ring. The mixture was heated at 45 °C and 80 °C for 3 h, successively. The resulting hydro-
gel was placed in a 45 °C vacuum oven for 12 h and then maintained at 80 °C for 3 h.
After washing five times by distilled water, it was dried at 80 °C for 3 h. Finally, TiO2@
{Mo368} composite was obtained.

2.3. Fabrication of DSSCs

Firstly, P25 powder was sintered at 400 °C for 30 min. Then the TiO2 paste was prepared
according to a similar method in the literature by mixing TiO2@{Mo368} composite and the
calcined P25 with a mass fraction of 0.5%. The photoanodes were prepared by coating one
layer of paste on the FTO glass plates which had been ultrasonic cleaned in detergent solu-
tion and absolute ethanol for 30 min, respectively, by screen-printing followed by drying
for 5 min at 120 °C [21]. This screen-printing procedure was repeated four times to control
the thickness of the working electrode. After drying in air, the P25-TiO2@{Mo368} compos-
ite films were calcined in air at 325 °C for 30 min. Subsequently, the resulting sintered films
were post-treated in 40 mM TiCl4 solution for 30 min at 70 °C and calcined in air at 325 °C
for 30 min again.

TiO2@{Mo368} composite 3875
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The obtained TiO2 electrodes were immersed in a 0.2 mM N719 absolute ethanol solu-
tion for 24 h at room temperature to complete the sensitizer uptake. The excess unanchored
dyes were rinsed off with absolute ethanol and dried with N2. Then the dye-covered TiO2

electrodes were covered with platinum mirror as counter electrodes. 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 between the electrodes
by the capillary action.

3. Results and discussion

3.1. Photoelectrochemical property of {Mo368}

The electrochemical properties of {Mo368} were investigated by cyclic voltammetric
method in the pH 1.5 Na2SO4/H2SO4 electrolyte solution at a scan rate of 100 mVs−1, as
shown in figure 1(a). There are two cathodic peaks located at −0.18 V and −0.62 V, which
correspond to the redox processes of MoVI and MoV centers in the polyoxoanion frame-
work and are accompanied by their anodic peaks at −0.44 V and −0.072 V, respectively.
Because the lowest unoccupied molecular orbitals (LUMO) of POMs are formally the com-
bination of d orbitals centered on the metal atoms [22], the LUMO of {Mo368} could be
estimated by its onset reduction potential that is positioned at 0.32 V versus normal hydro-
gen electrode (NHE). Figure 1(b) shows the UV–vis absorption spectrum of {Mo368}
aqueous solution. It can be seen that {Mo368} exhibits wide absorption covering UV, near-
infrared to the visible region. The UV light absorption was related to the charge transfer
from oxygen to metal while the absorption from near-infrared to the visible region was
attributed to Mo(V) d–d transitions and Mo(V)–Mo(VI) intervalence charge transfer (IVCT)
transitions in the {Mo368} framework [23]. The inset of figure 1(b) shows the schematic
energy levels of TiO2 and {Mo368}, which indicated that {Mo368} possessed a lower
LUMO level than that of the conduction band of TiO2. Hence, {Mo368} is expected to act
as an electron acceptor for suppressing the carrier recombination on the surface of TiO2.

Figure 1. (a) The cyclic voltammogram of {Mo368} in Na2SO4/H2SO4 electrolyte solution with pH 1.5; (b)
UV–vis absorption spectrum of {Mo368} aqueous solution; the inset is the schematic energy level of TiO2 and
{Mo368}.

3876 Y. Wang et al.
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3.2. Characterization of TiO2@{Mo368} and the composite film of P25-TiO2@{Mo368}

The solid diffuse reflection spectrum was employed to characterize the UV–vis absorption
of the as-obtained TiO2@{Mo368} powder (shown in figure 2), and for comparison the
UV–vis absorption of P25 and {Mo368} were both studied. P25 exhibits its characteristic
absorption in only the UV region because of its wide bandgap. {Mo368} shows broad
absorption covering the entire UV, visible, and near-infrared regions, which is consistent
with its absorption spectra in aqueous solution. The enhanced absorption in the visible and
near-infrared scale could result from light scattering between solid particles. Finally, the pre-
pared TiO2@{Mo368} composite displays both stronger UV and visible-to-near infrared
absorption, which confirmed the successful composition of TiO2 and {Mo368}.

The XPS spectrum was employed to characterize the oxidation state of Ti and Mo.
Figure 3(a) shows the XPS spectra for Ti which exhibits two peaks located at about
464.2 eV in the energy region of Ti2p1/2 and around 458.4 eV in the energy region of
Ti2p3/2, which correspond to the TiIV oxidation state [24]. The binding energy at about

Figure 2. Solid diffuse reflection spectrum of P25 (dark line); TiO2@{Mo368} (red line); and {Mo368} powder
(blue line) (see http://dx.doi.org/10.1080/00958972.2014.976211 for color version).

Figure 3. The XPS spectrum for Ti2p (a) and Mo3d (b) of the TiO2@{Mo368} composite.

TiO2@{Mo368} composite 3877
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231.6 eV and 234.4 eV are attributed to Mo3d5/2 and Mo3d3/2, respectively [25], which
indicated that {Mo368} was incorporated into TiO2.

Figure 4 shows the SEM images of TiO2@{Mo368} compared with pure {Mo368}. As
can be seen, the pure {Mo368} shows the irregular block structure with micron-grade size,
which is due to the large aggregation of {Mo368}. Compared with {Mo368}, the TiO2@
{Mo368} composite enters into the dispersed nanoparticles with size of around 100 nm,
which laid a foundation for introducing this composite into the photoanodes of DSSCs.
However, some particle aggregates still exist in the composite. Further, the thermal stability
of {Mo368} was investigated by thermogravimetric analysis. Figure S2 shows its TG curve
which displays a two-step weight loss from 30 to 600 °C. The first step corresponds to loss
of water and the second one is related to the structure collapse of the polyoxoanion. This
result indicated that the structure of {Mo368} remained after sintering at 325 °C. Figure 5
shows the SEM image and EDX diagram of the composite film of P25-TiO2@{Mo368}.

Figure 4. SEM image of (a) {Mo368} and (b) TiO2@{Mo368} ethanol dispersion.

Figure 5. The SEM image and EDX diagram of the composite film of P25-TiO2@{Mo368}.

3878 Y. Wang et al.
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A number of aggregations exist in the composite, which is similar to that of TiO2@
{Mo368}. The EDX analysis demonstrates the existence of Ti, O, Mo, Na, and S, which
could confirm that {Mo368} was incorporated into the composite of P25–TiO2@{Mo368}.

3.3. Performances of DSSCs

The performances of DSSCs with two different kinds of photoanodes were detected under
simulated AM 1.5 illumination (100 mW cm−2). Seven DSSCs with the P25–TiO2@
{Mo368}-based photoanodes and pure P25-based photoanodes were fabricated, and their
photovoltaic parameters are listed in tables 1 and 2, separately. As can be seen, the repro-
ducibility was satisfactory. The set of DSSC with the performance on the intermediate level
was selected to represent the average level. The current–voltage (J–V) curves show that the
performances of DSSCs with P25–TiO2@{Mo368}-based photoanodes were enhanced com-
pared with that of pure P25-based DSSCs. The inset of figure 6(a) lists their photovoltaic
parameters. Through introduction of TiO2@{Mo368}, the short-circuit current (Jsc) was
improved from 14.7 to 16.8 mA cm−2 with the open-circuit voltage (Voc) increasing from
684 to 711 mV, resulting in enhanced energy conversion efficiency from 6.56 to 7.26%.
However, the fill factor (FF) of former DSSCs decreased slightly. The improvement of Jsc
indicated that more electrons were conducted to an external circuit. Figure 6(b) is the dark
current curves to determine the electron back-flow processes in DSSCs, which shows that
P25-TiO2@{Mo368}-based DSSCs had smaller dark current than that of pure P25-based
DSSCs. This result is consistent with the increased short-circuit photocurrent. Figure 7
shows the photocurrent–time curves when light is regularly switched on and off. It can be
concluded that both kinds of DSSCs exhibit the stable photocurrent under continuous

Table 1. Photovoltaic properties of seven parallel DSSCs with the
P25-TiO2@{Mo368}-based photoanodes under simulated AM 1.5 illumination
(100 mW cm−2).

Jsc (mA cm−2) Voc (mV) FF Eff (%)

1 16.43 705 0.632 7.32
2 16.60 722 0.608 7.29
3 16.88 715 0.603 7.28
4 16.80 711 0.608 7.26
5 16.56 703 0.623 7.25
6 16.77 715 0.602 7.22
7 16.86 686 0.622 7.20

Table 2. Photovoltaic properties of seven parallel DSSCs with the pure
P25-based photoanodes under simulated AM 1.5 illumination (100 mW cm−2).

Jsc (mA cm−2) Voc (mV) FF (%) Eff (%)

1 14.12 701 0.658 6.51
2 15.32 705 0.603 6.52
3 14.77 683 0.650 6.55
4 14.69 684 0.653 6.56
5 15.79 666 0.624 6.57
6 15.10 689 0.634 6.60
7 14.86 721 0.617 6.61

TiO2@{Mo368} composite 3879
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illumination, and the higher photocurrent of the former DSSCs is consistent with the result
of the J–V curve.

Electrochemical impedance spectroscopy (EIS) was performed to understand the electron
transport and carrier recombination behavior in the two kinds of DSSCs [26]. Figure 8
gives the typical Nyquist plots of DSSCs, which display two semicircles from high to low
frequency corresponding to charge transfer resistance at the interface of the counter elec-
trode and electrolyte (Rpt) and the charge transfer resistance at the TiO2–dye–electrolyte
interface (Rct). As shown in figure 8, the P25-TiO2@{Mo368}-based cells have larger Rct,
which could be beneficial for reducing the carrier recombination for smoother electron
transmission. Further, cell 2 exhibits larger series resistance than that of cell 1, and this may
be the reason that FF of cell 2 decreased. The inset of figure 8 is the Bode phase plots of
DSSCs, which give the frequency peaks of the charge transfer processes at different
interfaces in DSSCs. The electron lifetime in the photoanode can be calculated from the
characteristic low frequency according to equation (1) [27]. The lower frequency in cell 2
corresponds to longer electron lifetime, which contributed to increasing of Voc.

Figure 6. (a) The current–voltage curves of DSSCs with P25-TiO2@{Mo368}-based photoanodes (red line, cell 2)
and pure P25-based ones (dark line, cell 1) under the simulated AM 1.5 illumination; the inset shows their perfor-
mance parameters; (b) Dark current curves of different DSSCs (see http://dx.doi.org/10.1080/00958972.2014.
976211 for color version).

Figure 7. Photocurrent–time curves of two different kinds of DSSCs with 25-TiO2@{Mo368}-based photoanodes (red
line) and pure P25-based ones (dark line) (see http://dx.doi.org/10.1080/00958972.2014.976211 for color version).

3880 Y. Wang et al.
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se ¼ xmin
�1 ¼ ð2pfmaxÞ�1 (1)

Figure 9(a) shows the open-circuit voltage decay (OCVD) curve of DSSCs to monitor
the decay of Voc after the illumination has been turned off. It can be seen that Voc of the
P25-TiO2@{Mo368}-based DSSCs decays more slowly than that of pure P25-based cells.
This result indicated that the electron back-transfer was effectively inhibited by the intro-
duction of {Mo368}@TiO2. Further, the electron lifetime could also be obtained by equation
(2) [28], which is shown in figure 9(b). The longer electron lifetime in cell 2 indicated that
the variation trend is consistent with the result of the EIS analysis.

se ¼ �kBT=e dVoc=dtð Þ�1 (2)

Figure 8. Nyquist plots for the EIS spectra of two different kinds of DSSCs under AM 1.5 solar illumination of
100 mW cm−2 at a forward bias of the open-circuit voltage with an ac potential amplitude of 10 mV and a
frequency range from 0.1 Hz to 100 kHz; the inset is their bode phase plots.

Figure 9. (a) The OCVD curves of the DSSCs with two different kinds of photoanodes; (b) the calculated
electron lifetime.

TiO2@{Mo368} composite 3881
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In addition, our DSSCs with the P25-TiO2@{Mo368}-based photoanodes exhibit much
higher FF than ones with the P25-TiO2@SiW11Co-based photoanodes, although the Jsc and
Voc of our DSSCs are both slightly lower than that of the later ones. As a result, the photo-
electric conversion efficiency of our DSSCs with P25-TiO2@{Mo368}-based photoanodes is
higher than that of ones with the P25-TiO2@SiW11Co-based photoanodes [20]. The detailed
information can be seen in table S1 in the Supplementary material.

4. Conclusion

A TiO2@{Mo368} composite was prepared through a simple sol–gel process. Further, this
composite was mixed with P25 then applied as the photoanode of DSSCs, which could
enhance the photovoltaic performance of DSSCs through suppressing the dark current and
increase the electron lifetime. This work provides a new way for photoelectric functionali-
zation of high-nuclear POMs clusters. Further research on the application of other high-
nuclear POMs clusters is currently underway.

Supplementary material

FTIR spectra and TG curve of {Mo368} as well as the comparison of photovoltaic
properties of DSSCs with P25-TiO2@SiW11Co and P25-TiO2@{Mo368} photoanodes are
available online.
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