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Fully reduced polyoxometalates are predicted to give rise to a broad and strong absorption spectrum,
suitable energy levels, and unparalleled electronic and optical properties. However, they are not available
to date. Here, an unprecedented fully reduced polyoxomolybdate cluster, namely
NaglM0oV600140(0OH)28]l - 19H,O {MoVeo), was successfully designed and obtained under hydrothermal
conditions, which is rare and is the largest fully reduced polyoxometalate reported so far. The MoVgo
molecule describes one Keggin {e-Moj,} encapsulated in an unprecedented {Mo,4} cage, giving rise to
a double truncated tetrahedron quasi-nesting architecture, which is further face-capped by another four
{Mog} tripods. Its crystalline stability in air, solvent tolerance, and photosensitivity were all shown. As

a cheap and robust molecular light-absorber model possessing wide light absorption, MoVeo was applied
Received Sth December 2021 to build itized solar cell photoelectronic device along with N719 dyes and the optimal
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conversion efficiency was 28% higher than that of single-dye sensitization. These results show that

DOI: 10.1039/d1sc06779f MoVeo polyoxometalate could serve as an ideal model for the design and synthesis of all-inorganic

rsc.li/chemical-science molecular light-absorbers for other light-driven processes in the future.
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Introduction

Solar energy, as a clean, environmentally friendly and renew-
able green energy, holds great promise to overcome the energy
shortage originating from the consumption of fossil fuels.** To
efficiently utilize visible and/or solar light, the capture and
storage of sunlight serving as energy for driving the formation
and transformation of available chemical fuels and electrical
energy is an effective strategy through the artificial photosyn-
thesis process and solar cell devices.* The photosensitizer for
capable light harvesting is the core part of such an energy
conversion process and extensive efforts have been devoted as
a means of developing accessible light-absorber materials.* In
general, molecular light-absorber engineering brings greater
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adaptability in the fine-tuning of orbital energetics at the
molecular level so as to explore the structure-photosensitiza-
tion relationship accurately and maximize utilization and
conversion of solar photon energy.’* To date, some light-
absorbers, including phenoxazine-based sensitizers,*” graphitic
carbon nitride* or CdSe quantum dots,* and traditional Ru-
based N719 complexes,” have been widely investigated.
However, most light-absorbers show several disadvantages such
as being composed of unstable organic dyes or noble metals
and having only narrow visible light absorption, which partic-
ularly limit their practical application. Therefore, the explora-
tions of inexpensive and robust molecular light-absorber
models with a wide photoabsorption spectrum for optimized
solar energy conversion are of great research significance.
Reduced polyoxometalates (POMs), also called heteropoly
blues, can be regarded as a rich “blue electron” storage library,
which is completely essential for the enhanced photosensitivity
of POMs in the light-driven reaction process (Scheme 1).>° Its
advantages as a light-absorber are as follows: (1) it has a broad
and strong absorption spectrum involving the visible and near-
infrared regions; (2) its energy levels suitable for effective
unidirectional electron injections and photosensitizer regener-
ations can be easily adjusted at the molecular level through the
structure, composition, and electric charge; (3) its oxygen-rich

Chem. Sci., 2022, 13, 4573-4580 | 4573


http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc06779f&domain=pdf&date_stamp=2022-04-16
http://orcid.org/0000-0003-4701-690X
http://orcid.org/0000-0002-0298-2023
http://orcid.org/0000-0001-9946-3846
http://orcid.org/0000-0002-1050-219X
http://orcid.org/0000-0002-5758-6351
http://orcid.org/0000-0002-3342-1966
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc06779f
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013016

Open Access Article. Published on 24 March 2022. Downloaded on 4/6/2026 4:01:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Scheme 1 Schematic illustration of a fully reduced {Mo"go} poly-
oxometalate light-absorber model with its secondary building blocks
and features.

surface can be activated and decorated for providing obtainable
adsorption and reaction sites; (4) as a cheap and environment-
friendly species, it possesses a superior light, electrical,
thermal, and redox stability. Thus, unparalleled electronic and
optical properties make reduced POMs a popular material for
photosensitizers or co-sensitizers with respect to photochem-
ical catalysis and solar cells.”® To date, there are still few reports
on POM-based sensitizer (or co-sensitizer) cell systems. What's
more, reduced POMs are mainly obtained in situ with the
structure hardly air-stable or isolated (e.g, reduced
[P,W150¢,]°” for on-demand H, generation),” or they are
present in mixed valence molybdenum blue stabilized by
organic groups suffering from ligand exchange and dissociation
(e.g., Keplerate-type {Mo"soMo0"",,} family).’® In particular, the
d-d transition of fully reduced POMs, such as inter valence-
charge transfer or metal-to-metal charge-transfer, may give rise
to a broader absorption spectrum in the visible region for
a better light-driven process.” Accordingly, the discovery and
exploration of fully reduced all-inorganic POMs with a well-
defined and robust architecture applied as light-absorbers in
photoelectronic devices (e.g., dye-sensitized solar cells, DSSCs)
will be a significant topic.
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Herein, an unprecedented fully reduced POM cluster,
namely Nag[Mo",0140(OH),5]- 19H,0 (Mo" ), was successfully
obtained and characterized by various physical and chemical
technologies, and it remains rare and the largest fully reduced
POM so far. Its crystalline stability in air, solvent tolerance, and
photosensitivity were all determined. As a cheap and robust
molecular light-absorber model featuring wide light absorption,
{Mo0"¢o} was applied to build a co-sensitized solar cell model
along with N719 dyes and the optimal efficiency was reached by
enhancing sunlight absorption and accelerating electron
transport, which is 28% higher than that of single N719
sensitization.

Results and discussion
Structural analysis of Mo" g,

Single-crystal X-ray structure determination revealed that Mo"g,
crystallizes in a tetragonal crystal system with space group 74,/
acd (Table S1t). The Mo"¢, cluster with T, symmetry is made up
of one {Mo;,} secondary building block (SBB), four {Mos} SBBs
and one {Mo,,} unit (Fig. 1a and S1 and S27}). The central {Mo,,}
core exhibits a e-Keggin structural motif, which can be regarded
as an isomer of the most stable a-Keggin and is essentially
obtained by rotating 60° along the C; axis through all the four
[MoY3045]""" clusters, forming a truncated tetrahedron
(Fig. 1e). Structurally, all 12 Mo(v) atoms are arranged in pairs to
form six binuclear units (Fig. S3b¥) with a Mo---Mo distance
from 2.5441(19) to 2.6094(16) A. Such Mo-based &-Keggin SBBs
have been widely used to construct POM-based extended
framework materials in the manner of connected nets, with
common examples including functional POM-based metal
organic frameworks based on zinc-modified {e-PMo;,} SBBs.*?
Here, the SBB acts as anion template species in the assembly of

Fig. 1 Polyhedral and ball-and-stick representations of (a) MoVeo, (b) planar {Moys}, (c) tripod-shaped {Mog} (green), (d) truncated tetrahedron
{Mo,4} (cyan), (e) {e-Moy,} (yellow), (f) and (g) the simplified metallic skeleton of MoVeo.

4574 | Chem. Sci., 2022, 13, 4573-4580

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc06779f

Open Access Article. Published on 24 March 2022. Downloaded on 4/6/2026 4:01:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

{FeCFe,,}

{Fe,CFe g}

Fig. 2 Polyhedral representations of the truncated tetrahedral cages:
(@) {Fe""15}, (b) {Fe"ig} and (c) {Mo",4}). The “trapping” templates are
shown in the yellow polyhedra.

MoVs0. As expected, this template structural evolution may have
originated from a “trapping” process in the cage-like {Mo,4}
host structure. The {Mo,,} unit is built by four tripod-shaped
{Mos} SBBs that are linked to each other through sharing edges,
giving rise to a truncated tetrahedral structure (Fig. 1d and
S3at). In this regard, the basic {Moe} SBB is composed of three
dumbbell-shaped {Mo,} units by sharing three edges and
a common vertex (Fig. 1c) as discovered in the reported Mo-
based hollow dodecahedron, whereas the later {Mos} SBBs
require extra SO;>~ or SO, anion ligands (Fig. S4t).%?
Remarkably, the appearance of the cage-like {Mo",,} structure
is not a fortuity, whose matrix may be derived from classical
molecular iron oxide clusters,” e.g. {Fe™;}1** and {Fe™;,}1**
(Fig. S5t). The number of Fe or Mo atoms in tetrahedral edges
increasing in a regular fashion is responsible for the formation
of this truncated tetrahedral cage family, namely {Fe™,},*
{Fe"™ g}*** and {Mo",,} (Fig. 2). As a result, the “trapping”
templates also undergo contrasting growth (from simple {Fe"";}
and {Fe™,} to bigger {Mo"4,}) in their own sizes and complex-
ities. The discoveries of such structural similarities are benefi-
cial to explore the relationships between molecular metal oxide
clusters and bulk metal oxides. In addition, each octahedral Fe
center in {Fe™;,} and {Fe'"; 3} needs to be combined with ethoxy
or pyridine groups for complete stabilization,"*”* while all the
Mo atoms in {Mo,,} are not coordinated with any organic
ligands. The inner cavity diameter of the purely inorganic
{Mo,,} cage remains approximately 6.4 A (Fig. S61), which is
a close fit for the loading of the e-Keggin {Mo,,} SBB. This
package process occurs in the four edge-sharing [Mo";0;4(-
OH);]*~ cluster (three single protonated ji,-O atoms proved by
bond valence sum (BVS) calculations,'® Tables S2 and S3+t) in the
{Mo,,} SBB occupying each window of the truncated tetrahe-
dron, respectively, and thus contributes a nested {Moj,}-in-
{Mo,,} aggregate with a common formula of {Moz¢} (Fig. 2). The
inner and outer truncated tetrahedra constructed by covalent
interactions follow the basic “small vs. large” mode.'® To the
best of our knowledge, such a close packed pattern of nested
double truncated tetrahedra has not been seen in POM chem-
istry (Fig. 1f).

It is worth noting that an unprecedented planar {Mo;s}
(Fig. 1b) assembly can be identified in {Mose}: 3 central Mo
atoms are surrounded by 12 outer Mo atoms belonging to the
edges of the hexagonal planar structure. Crucially, such planar
species are presented in polyoxomolybdate for the first time. A

© 2022 The Author(s). Published by the Royal Society of Chemistry
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similar hexagonal planar structure'” also appeared in tungsten-
containing planar {Mn¢W} (Fig. S7t), and both planar config-
urations lay the foundation for building POM-based cage-like
superclusters. Finally, each planar {Mo,;} is further connected
by one tripod-shaped {Mog} SBB via nine j1;-O bridges to form
MoV . The {Mog} cap possesses four single protonated oxygen
atoms (Fig. S8 and Table S2,T 3 u,-O and 1 p3-O atoms according
to BVS calculations). In general, if each {Mo3043} cluster in
{Mo;,}, {Mo,,4} and {Mog} serves as a vertex, thereby the whole
molecular cluster can afford a tri-tetrahedral quasi-nesting
structure (Fig. 1g and S9t), which is entirely distinct from the
previously described wheel- and spherical-shaped poly-
oxomolybdate archetypes by Miiller et al'® BVS calculations
indicate that overall metal centers are Mo" (Table S41), which
corresponds to the results of the X-ray photoelectron spectros-
copy (XPS) analysis (Fig. S10t). Additionally, the generation of
unprecedented tripod-shaped {Mog} and planar {Mo;s} as well
as truncated tetrahedral {Mo,,} entities brings the {Mo"go}
supercluster. The outer diameter of the whole cluster is
approximately ca. 15 A (Fig. S11%), and is the largest fully
reduced POM reported so far.

Stability and photochemical characterization of Mo"g,

MoV, retains crystalline stability for at least two weeks when
exposed to air and to common organic solvents (e.g. CH3CN,
CH;0H, and CH,Cl,) after soaking for 24 h, as confirmed by
powder X-ray diffraction (PXRD) analysis (Fig. 3a). The UV/vis
spectrum of Mo, polyoxoanion in solution remains unchanged
over the 24 hour monitoring process (Fig. S121). Moreover, its
stability in water was also explored by electrospray ionization
mass spectroscopy (ESI-MS), and we found that the whole cluster
associated with Na" and H" ions dominated the solution of
redissolved pure Mo"g, (Fig. $13 and Table $5t). The Ba*>* cation
exchange experiment of Mo"g, was conducted.® The uniformity
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Fig. 3 (a) Simulated and experimental PXRD patterns of MoVeo in air or
common organic solvents. (b) The UV-vis-NIR absorption spectra of
MoVeo. Inset: solid sample photo of MoYeo. (c) Tauc plots. Inset: band-
gap energy of Mo"g. (d) Mott—Schottky plots for MoYgo.

Chem. Sci., 2022, 13, 4573-4580 | 4575


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc06779f

Open Access Article. Published on 24 March 2022. Downloaded on 4/6/2026 4:01:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

of the IR reliable fingerprint peaks between Na- and Ba-deriva-
tives gives strong evidence that the Mo'g, cluster is stable
(Fig. S14t). Such inherent air-stable features and solvent toler-
ance are beneficial for better evaluation of its potential photo-
chemical applications. Therefore, solid ultraviolet-visible-near-
infrared (UV-vis-NIR) spectroscopy was carried out to assess the
photosensitivity of Mog. As shown in Fig. 3b, it exhibits a wide
absorption range including UV, visible and even observable
responses in near-infrared regions, which makes it suitable for
harvesting more solar light under simulated AM 1.5 illumination.
On this basis, the corresponding well-defined optical band-gap
energies can be assessed at about 1.47 eV based on its diffuse
reflectance spectrum (Fig. 3c). Meanwhile, the relevant conduc-
tion band of MoV, was identified and converted to vs. the normal
hydrogen electrode (NHE) by Mott-Schottky measurements
(Fig. 3d) at frequencies of 800, 1000, and 1200 Hz, which features
a higher conduction band and smaller E; compared to pure TiO,
(Fig. S157).2° These characteristics render Mo's, a robust all-
inorganic molecular semiconductor light-absorber material for
TiO,-based photovoltaic application.
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Morphologies and compositions of Mo"0/TiO, photoanodes

The scanning electron microscopy (SEM) image of the Mo" g,/
TiO, composite photoanode displays a homogeneous
morphology composed of spherical and granular particles as
expected (Fig. 4a). The corresponding energy dispersive spec-
trometry (EDS) analysis indicates the existence of Ti and Mo
(Fig. S161). TEM was conducted to further explore the
morphologies and compositions of MoVe,/TiO, composites
(Fig. 4b). Compared to the pure TiO, sample (Fig. S177), the
average diameter (=25 nm) of the composite in Fig. 4b did not
change significantly and its surface was rougher with many tiny
particles (Fig. S18t) featuring the approximate size (=2 nm) of
MoVso. Such uniformly distributed MoV granules with little
aggregation provide a favorable guarantee for effective photo-
electric conversion. Meanwhile, the elemental mapping of the
MoV /TiO, composite clearly proves the homogeneous distri-
bution of MoVs, and TiO, in the composite (Fig. 4c). XRD was
performed to track the changes in the TiO, phase in the Mo"g,/
TiO, composite. Fig. 4d illustrates that the characteristic peaks
of the composites are in agreement with those of anatase TiO,
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Fig. 4 (a) SEM and (b) TEM images of the Mo"o/TiO, composite photoanode with relevant (c) elemental mapping analyses (scale bar: 100 nm).
(d) PXRD patterns of calcined TiO, and MoVgo/TiO, composites. (e) and (f) High resolution XPS spectra of Ti 2p and Mo 3d in a Moso/TiO»
composite. (g) Raman spectra of calcined TiO,, MoVgo and MoVeo/TiO, composites. (h) The emission spectra of MoYeo and MoVeo/TiO»
composites. (i) Photocurrent responses with on-off light illumination of TiO, and MoVe0/TiO, composites.
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(JCPDS no. 21-1272), which shows that the crystal phase of TiO,
undergoes no changes after the introduction of Mo"g,. The XPS
of the Mo"40/TiO, composite (Fig. 4e and f) was used to study
the surface composition and the oxidation states of Mo and Ti
elements. The XPS peaks of Ti in the Mo",/TiO, composite are
centered at 458.5 and 464.3 eV, respectively, corresponding to
the binding energy of Ti 2ps/, and Ti 2p,/, as reported in the
literature.® As for Mo atoms, two peaks at 231.4 and 234.6 eV
ascribed to Mo*" 3ds, and 3dj,, respectively, far from the
Mo(wv) or Mo(vi) binding energies (Table S61), clearly testify the
persistent Mo(v) oxidation state during the Mo"s, composite
process.?*?* The Raman spectrum (Fig. 4g) of Mo's, featuring
two relatively strong peaks at 991 and 818 cm ' could be
assigned to the vibrations of terminal Mo=0 bands and Mo-O-
Mo bridges, respectively.”” The peaks located at 147, 396, 511,
and 635 cm ' of calcined TiO, belong to the typical anatase
phase® as proved by the XRD results. As expected, both char-
acteristic peaks could be well identified in the Mo"go/TiO,
composite, which further clarified the integrity of TiO, and
MoV, in the composite photoanode. Photoluminescence (PL)
was conducted to explore the charge transfer process between
MoV, and TiO,. Fig. 4h shows that the fluorescence emission
band of MoYs, is around 850 nm upon excitation at 553 nm and
it could be efficiently quenched by the addition of TiO,. Such
a quenching phenomenon proves that the photo-induced elec-
tron transfer process could be established from Mo, to TiO,
because of the higher conduction band of the former. Thus we
can see that the charge recombination of Mo's, has been
availably suppressed.>* What's more, the photocurrent response
remains a useful test to further evaluate this electron-transfer
phenomenon (Fig. 4i). The photocurrent changes along with the
irradiation being switched on and off have been recorded under
simulated solar illumination. The photocurrent response
intensity of Mo",/TiO, is nearly five times higher than that of
pure TiO,, which may be derived from the generated photo-
current by the introduction of MoV, upon excitation with
visible light. This result shows that MoV, could increase the
photoresponse of TiO, from the UV to visible light region. In
total, all related results further indicate the successful prepa-
ration of compositions of MoV 40/TiO, photoanodes.

Performance of {Mo",}/N719 co-sensitized DSSCs

In previous studies, the classical DSSCs (Fig. 5a) were assem-
bled with the sensitized photoanodes, the electrolyte containing
the redox pairs (I"/I;”) and a Pt counter electrode.® So a series of
Mo"0/N719 co-sensitized photoanodes with different amounts
of {Mo"s} were fabricated and the performance of these co-
sensitized electrodes in DSSCs under simulated AM 1.5 illumi-
nation (100 mW c¢cm™?) and in the dark was investigated. The
performances of the DSSCs based on Mo"4,/N719 co-sensitized
photoanodes were evidently enhanced compared to single N719
sensitized cells (Fig. S19 and S201). What's more, the amount of
the co-sensitizer had profound effects on the performances and
the cells with 5% {Mo"4} yield optimal results. The photocur-
rent-voltage (/-V) results in Fig. 5b show that the circuit current
density (Js) was improved from 13.36 mA ¢cm™> to 15.94 mA

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cm ™2 due to the existence of the 5% Mo"g, co-sensitizer. The
increase in the J,. can be ascribed to more efficient electronic
injection and collection as well as smoother transfer.”® More
specifically, the conduction band of Mo"s, (—0.81 V vs. NHE) is
between the conduction band of TiO, (—0.5 V vs. NHE) and the
excited state of N719 dye (—0.98 V vs. NHE), and the existence of
MoV, facilitates charge transfer from N719 to TiO, and then
promotes electronic injection capacity (Fig. 5a). Simultaneously,
the smaller band gap and considerable visible absorption
spectrum of MoYs, provide the co-sensitized solar cell with
more sunlight absorption for enhancing the visible photocur-
rent response. The improvement of the open circuit voltage (V)
from 682 to 734 mV could be attributed to suppressed carrier
recombination that proceeded at the interface of dye/TiO,/
electrolyte, which could also be verified by the lower dark
current in Mo"/N719 co-sensitized DSSCs (Fig. 5b). Finally, the
overall power conversion efficiency () of the co-sensitized cell
(6.63%) shows an improvement of up to 28% compared with
that of a single N719 sensitized cell (5.18%) (Table S7t). The
incident photon conversion efficiency (IPCE) was carried out to
better study the photocurrent response to incident light so as to
evaluate the performance of the DSSCs at diverse wavelengths of
light.?* As expected, Mo",/N719 co-sensitized DSSCs reveal
higher IPCE than the single N719 sensitized cell (Fig. 5¢), which
may ascribed to both more sunlight capture and faster electron
transport in the photoanode after the introduction of the MoYs,
molecular light-absorber model.

To further understand the intrinsic mechanism of sensitized
DSSCs, we developed an electrochemical impedance spectros-
copy (EIS) experiment to uncover the internal resistances. The
Nyquist curves of the DSSCs based on the Mo"4o/TiO,/N719
photoanode and TiO,/N719 photoanode are well depicted in
Fig. S21a.T The small semicircles at high frequency belong to
the charge-transfer resistance at the interface of the counter
electrode-electrolyte (Ry,), while another semicircle represents
the charge-transfer resistance at the TiO,-dye-electrolyte
interface (R.) involving charge transport or recombination.”
Obviously, the MoVs,/N719 sample possesses a higher R,
which proves that a smoother and efficient electron transfer
process was built through the charge recombination behavior
reduced by the MoV, molecular co-sensitizer. Furthermore, the
Bode phase plots of the EIS results are presented in Fig. S21b.7
The electron lifetime (z.) in both photoanodes could be calcu-
lated by using the following formula: Te = Wmin ' = 27 imax) 5
in which the fi,.x value remains the characteristic frequency
peak at the top of the intermediate frequency arc. In this way,
the lower frequency in the MoY60/N719 co-sensitized photo-
anode has a longer .. This is in line with the dark current
analyses, demonstrating the effective suppressant during the
carrier recombination.

In the meantime, the open-circuit voltage decay (OCVD) is
utilized to further verify the aforementioned results by moni-
toring the fading trend of V. after switching off the illumina-
tion within a fixed time.”® As depicted in Fig. 5d, we can
conclude that a slower photovoltage decay rate of the DSSCs
based on the Mo"/N719 sample is clearly presented, which
demonstrates that the involved electron recombination kinetics
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for DSSCs with single N719 and MoVgo/N719 sensitization. (d) OCVD spectra of DSSCs with N719 and MoV60/N719 sensitization. Inset illustration
shows their relevant electron lifetime (cell 1: MoVeo/N719 co-sensitization, cell 2: single N719 sensitization).

have been suppressed effectively. Further, the electron lifetime
could also be calculated by using the formula z. = (kT/e)(dV/
df)~" based on the OCVD curves. It is evident that the Mo"go/
N719 sample shows a longer electron lifetime than the pure
N719 sample, and such a trend is in accordance with EIS
analysis. Thus, the introduction of the MoV, molecular co-
sensitized light-absorber model is conducive to the trans-
mission of photogenerated electrons along with an enhance-
ment in the DSSC efficiency.

Experimental

All commercially available reagents, including H,MoO,, HCI,
Na,S,04, and ethanol were purchased from Aldrich and used
without further purification. Detailed characterization methods
including the structural, stability and photochemical analysis of
MoV, and morphologies and compositions of MoVgo/TiO,
photoanodes as well as related co-sensitizer performance in
photoelectronic devices have been fully presented in the ESI.{

Synthesis of Mo,

H,Mo00, (0.088 g, 0.5 mmol) and Na,S,0, (0.174 g, 1 mmol)
were dissolved in 10 ml of deionized water, respectively. The
mixture was added to 500 pl 3.0 M HCI (aq.) and stirred for
about 45 min until the solution colour was deep blue. Subse-
quently, the Mo-containing aqueous solution was transferred to
a 25 Teflon-lined stainless-steel container, which was heated to
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170 °C and kept for 72 hours, then slowly cooled to room
temperature. The solution was kept in an open 15 ml beaker for
about one week. The dark red crystals were collected and
washed with ethanol. (13 mg, yield 18% based on Mo). IR
(em™): 1620 (s), 1402 (s), 963 (s), 916 (W), 824 (W), 775 (W), 741
(s). Elemental analysis% calcd (found): Mo 64.0 (63.9).

Preparation of the Mo"4,/TiO, composite photoanode

The sintering process of TiO, powder (450 °C, 30 min) was
necessary before using. The film electrodes based on TiO, paste
were obtained through mixing pre-treated TiO, with different
mass percentages (0%, 3%, 5% and 7%) of Mo"s,. The FTO glass
plate, as the substrate of the film electrode, was treated with 40
mM TiCl, aqueous solution (70 °C, 30 min) and washed with
water and ethanol, respectively. Then, the as-synthesized TiO,
paste was coated in one layer onto the FTO glass plates via
screen-printing technology (120 °C, 5 min) giving rise to the film
electrodes, which were calcined (300 °C, 30 min) after coating
four-layered paste onto each FTO glass. Finally, the obtainable
sintered film electrodes were post-treated in 40 mM TiCl,
solution (70 °C, 30 min) and calcined again (300 °C, 30 min).

Solar cell fabrication

The prepared TiO, film electrodes were soaked in anhydrous
C,H;OH solution containing 0.2 mM N719 for 24 h. The
redundant dyes were thoroughly washed with anhydrous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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C,Hs0OH and dried under a N, atmosphere. The counter elec-
trode was a classical platinum plate. A drop of electrolyte
solution based on 0.1 M Lil, 0.05 M I, and 0.6 M 1,2-dimethyl-3-
propylimidazolium iodide as well as 0.5 M 4-tert-butyl-pyridine
in 3-methoxypropionitrile was injected between the co-sensi-
tized TiO, film and platinum electrodes to complete photo-
electronic device fabrication.

Conclusions

In summary, we designed and synthesized a brand-new poly-
oxomolybdate featuring double truncated tetrahedron quasi-
nesting architecture face-capped by four {Mos} tripods, in which
planar {Moys} and truncated tetrahedron {Mo,,} SBBs have
never been seen in POMs. As far as we know, Mo", is the largest
fully reduced POM with a definite crystal structure and great
stability either in air or common organic solvents. Its photo-
sensitive properties were systematically characterized and it
possesses a smaller band gap and higher conduction band than
TiO,. As a cheap and robust molecular light-absorber model
featuring wide light absorption, Mo'g, was employed to
assemble a co-sensitized solar cell model along with N719 dyes
and the optimal efficiency was reached by enhancing sunlight
absorption and accelerating electron transport, which is 28%
higher than that of single N719 sensitization. These results
show that Mo"s, could serve as a potential sensitizer candidate
for other light-driven reactions. This work may provide some
new enlightenment for the design and synthesis of all-inorganic
POM-based photosensitizers.
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