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ABSTRACT: A novel sandwich-type germanotungstate [C-
(NH,)3]10[Mn,{Sn(CH,),COOH},(B-a-GeW,03,),]-8H,0
(1) represents the first single crystalline polyoxometalate
(POM) functionalized by open chain carboxyethyltin, which
was designed and synthesized in aqueous solution and applied
to a dye-sensitized solar cell (DSSC) for the first time. Its
photosensitivity was explored through a fluorescence spectrum
(FL), surface photovoltage spectrum (SPV), electrochemical
method, and solid diffuse spectrum. 1 displays the primary
features of sensitizers in DSSCs, and the efficiency of the solar
cell is 0.22%. Delightedly, when 1 was employed to assemble a
cosensitized solar cell configuration by preparing a 1-doped
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TiO, electrode and additionally adsorbing N719 dyes, a considerably improved efficiency was achieved through increasing
spectral absorption and accelerating electron transport, which is 19.4% higher than that of single N719 sensitization. This result
opens up a new way to position different dyes on a single TiO, film for cosensitization.

KEYWORDS: polyoxometalate, carboxyethyltin, photosensitivity, TiO,, dye-sensitized solar cell

1. INTRODUCTION

Dye-sensitized solar cells (DSSC)s are a promising advanced
photovoltaic technology as low-cost alternatives to conven-
tional silicon-based solar cells." The core component of DSSC
is the photosensitizer.” Upon light illumination, the vectorial
electrons flow from the dye toward the semiconductor and then
transport through the mesoporous TiO, electrode.” Ruthenium
sensitizers have shown very impressive solar-to-electric power
conversion efficiency, but they are suffering from the
restrictions of noble metal.*> Subsequently, organic dyes were
developed as metal-free complexes without a limit of resources,
which have good flexibility for tailoring, but their stability is
poor.5™® Semiconductor quantum dots received widespread
attention due to their spectrum absorption tunability by the
control of size and composition, but light corrosion limited
their application.” The development of new sensitizers for
DSSCs is very important to improve the overall efficiency of the
cell and reduce the production cost. Polyoxometalates (POMs),
as a class of metal—oxygen cluster compounds based on
abundant element composition, play important roles in diverse
disciplines involving catalysis, materials science, medicine, and
analytical chemistry due to their fascinating structural, catalytic,
photophysical, magnetic, and electrochemical properties.'’™>
POMs have been found to exhibit molecular semiconductor-
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like properties®? and could be capable of acting as an

extremely valuable building block in photovoltaics. In addition,
POMs could be explored as tunable chromophores by
accommodating multiple transitional metals. It will be a new
breakthrough to explore POMs-based sensitizers on account of
their abundant element composition and high stability.
However, there were few reports on this. Su et al. put forward
a series of organoimido-substituted hexamolybdate dyes for
TiO,-based solar cells by theoretical calculations. But there was
no relevant experimental research about these dyes.** The
major challenges in exploring POMs-based dyes are the energy
level regulation of the lowest unoccupied molecular orbital
(LUMO)? and the anchoring groups to strongly bind the dye
onto the semiconductor surface.” Previously, some classic
POMs were usually applied as the electron mediator in
photovoltaics to accelerate the electron transmission and
suppress the carrier recombination on the semiconductor
surface through compositing with TiO, or ZnO due to their
lower LUMO levels than the semiconductors.*>>® On the
other hand, it is worth noting that the electron characteristic

Received: February 27, 2014
Accepted:  April 23, 2014
Published: April 23, 2014

dx.doi.org/10.1021/am501192f | ACS Appl. Mater. Interfaces 2014, 6, 7876—7884


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

and redox property of POMs could be adjusted by control of
the structure or composition, which provides a basis for
exploring a POM-based sensitizer. We have been working on
the photosensitivity of POMs, and the preliminary study which
was carried out from the energy level regulation shows the
feasibility.*”

Organotin decorated POMs>® are a class of fascinating POM
derivatives in POM-based organic—inorganic functionaliza-
tion.>”~* The charge density of oxygen ions on the surface
of POMs would change after organotin decorating,41 which
could adjust the electronic characteristic and redox properties
of POMs. We have successfully obtained five ring carbox-
yethyltin decorated POM derivatives by introducing a carboxyl
group into the POM skeleton.**™** Herein, we synthesized the
first single crystal sandwich-type germanotungstates function-
alized by open chain carboxyethyltin (1). The carboxylic acid
anchoring group could guarantee the loading of POMs on TiO,
and tight electron coupling. Then we studied its photo-
sensitivity for the first time through FL and SPV spectra, and
the detailed investigation of its redox properties by cyclic
voltammetry method (CV) and solid diffuse spectrum. Besides,
in view of the semiconductor-like nature of 1 and its high
thermal stability, a 1-doped TiO, electrode was prepared by
introducing the 1-loaded TiO, composite (denoted as 1T) to
the photoanode. Then a 1 and N719 cosensitized solar cell
configuration was constructed by further N719 sensitization.
The synergistic effect of 1 and N719 finally boosted the
efficiency of the solar cell as compared to a single N719-based
one through increasing the spectral absorption and accelerating
electron transport.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Na;,[Mn,(H,0),(GeW,0,,),]-
38H,0 and CL;Sn(CH,),COOCH; were synthesized according to the
reported methods and characterized by IR>**" All other chemicals
were purchased commercially and used without further purification.

2.2. Synthesis of [C(NH,);];o[Mn,{Sn(CH,),COOH},(B-a-
GeW,05,),]'8H,0 (1). Na;,[Mn, (H,0),(GeW,03,),]-38H,0
(1.14 g 02 mmol) was dissolved in 15.0 mL of water to form
solution A, and CLSn(CH,),COOCH; (0.24 g, 0.077 mmol) was
dissolved in 10.0 mL of water to form solution B. Then, solution B was
added dropwise to solution A. The resulting solution was stirred at 80
°C for about 2 h. After cooling to room temperature, 4 mL of 1.0 mol
L™" C(NH,);Cl and 3.86 g of KCI were added to the mixture, and
yellow precipitate was immediately obtained. The crude product was
collected by filtration and recrystallized with 15.0 mL of water. Yellow
columnar-shaped single crystals were isolated by slow evaporation for
2 weeks (yield $3% based on Ge). Anal. Calcd for
C16HgeN3oMn,Sn,Ge, W 0g0 (1) (%): C, 3.32; H, 1.50; N, 7.27;
Mn, 1.90; Sn, 4.11; Ge, 2.51; W, 57.24. Found (%): C, 3.38; H, 1.58;
N, 7.14; Mn, 1.98; Sn, 4.19; Ge, 2.60; W, 57.18. IR (solid KBr pellet v/
cm™): 3416(s), 2930(w), 2853(w), 1668(s), 1250(s), 953(m), 862
(s), 785(s), 747(s), 520(w), 459(w).

2.3. Preparation of [DODA],;c[Mn,{Sn(CH,),COOH},(B-a-
GeWy05,),]. 1 (0.05782g, 0.01 mmol) was dissolved in 20 mL of
distilled water, and to this aqueous solution was added a 30 mL
chloroform solution of DODACI (0.44g, 0.15 mmol) dropwise with
stirring. After stirring for 4 h at room temperature, the organic phase
was separated and evaporated to dryness. The target product was dried
under vacuum conditions. A 1-absorbed TiO, electrode was prepared
by immersion of a bare TiO, electrode into a dichloromethane
solution of 0.5 mM [DODA],;,[Mn,{Sn(CH,),COOH},(B-a-
GeW,04,),] for 4 h and then assembled into DSSC by a similar
method with a N719-based solar cell in the following.

2.4. Preparation of 1T. To a solution of 1 (0.04 g) in DMSO (20
mL) at 120 °C was added a P25 (0.2 g) suspension (10 mL DMSO)
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dropwise with vigorous stirring. After 2 h, the obtained mixture was
centrifugally separated, washed with anhydrous ethanol and then dried
at 80 °C for 8 h. Then the obtained 1T was mixed with P25 with a
mass fraction of 2.0% (denoted as 1T/TiO,) and then was used to
fabricate the photoanode.

2.5. Solar Cell Fabrication. FTO conductive glass was ultrasoni-
cally cleaned with surfactant, isopropanol, and ethanol. The clean
substrate was then coated with TiO, paste with 1T/TiO, and without
1T by screen printing’> and sintered at 400 °C for 30 min.
Subsequently, the resulting films were post-treated in 40 mmol L™
TiCl, solution for 30 min at 70 °C and calcined in the air at 400 °C for
30 min again. When cooled to 80 °C, the film was immersed in N719
ethanol solution for 24 h. Then the dye-covered electrodes were
covered with platinum mirrors as counter electrodes. The electrolyte is
composed of 0.1 mol L™ Lil, 0.05 mol L™ L, 0.6 mol L™ 1,2-
dimethyl-3-propylimidazolium iodide, and 0.5 mol L™' 4-tert-
butylpyridine in 3-methoxypropionitrile.

2.6. Characterization Methods. Elemental analyses for C, H, and
N were performed on a Perkin—Elmer 2400 CHN elemental analyzer.
The elemental analyses of Ge, Mn, Sn, and W were analyzed on a
Plasma-Spec-II ICP atomic emission spectrometer. IR spectra were
recorded using KBr pellets on a Bruker AXS TENSOR-27 FTIR
spectrometer in the range of 4000—400 cm™'. TG analyses were
performed on a Pyris Diamond TG—DTA thermal analyzer at a
heating rate of 10 °C min~' from 35 to 800 °C. X-ray powder
diffraction data was collected on a Bruker AXS D8 Advance
diffractometer using Cu Ka radiation (4 = 1.5418 A) in the 20
range of 5—60° with a step size of 0.02°. Cyclic voltammograms were
recorded on a CHI601D Electrochemical Workstation (Shanghai
Chenhua Instrument Corp., China), using a glassy carbon electrode as
the working electrode, a Pt wire as the counter electrode, and a Ag/
AgCl reference electrode. A NaAc/HAc buffer solution with a pH of
6.5 was used as the supporting electrolyte. The diffuse reflectivity
spectra were collected on a UV-2600 SHIMADZU UV-—vis
spectrophotometer in reflectance mode, which was measured from
200 to 800 nm using barium sulfate (BaSO,) as a standard with 100%
reflectance. The fluorescence spectra were measured on the FL900/
FS920 steady-state fluorescence spectrometer. The fluorescence
emission band is located at 392 nm upon excitation at 247 nm. The
surface photovoltage spectroscopy measurement is 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 S00 W xenon lamp (CHFXQS00 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.
A Keithley 2400 source meter and a Zolix Omni-300 monochromator
equipped with a 500 W xenon lamp were used for photocurrent action
spectrum measurements, with a wavelength sampling interval of 10 nm
and a current sampling time of 2 s under the full computer control. A
model LS1000—4S-AM1.5G-1000W solar simulator (Solar Light
Company, USA) in combination with a metal mesh was employed
to give an irradiance of 100 mW cm™2 J—V characteristics were
obtained by applying a potential bias to a testing cell and measuring
dark current and photocurrent with a Keithley 2602 source meter
under the full computer control. A metal mask with an aperture area of
0.1598 cm” was covered on a testing cell during all measurements. The
short-circuit photocurrent densities measured under this solar
simulator are well consistent with the integral of IPCEs with the
AM1.5G spectrum (ASTMG173-03).

2.7. X-Ray Crystallography. X-ray diffraction data were collected
on a Bruker Smart APEXII X-diffractometer equipped with graphite-
monochromated Mo Ka radiation (4 = 0.71073 A). An empirical
absorption correction was applied using the SADABS program. The
structures were solved by direct methods and refined by the full-matrix
least-squares fitting on F* using the SHELXTL-97 package.>® Cell
parameters were obtained by the global refinement of the positions of
all collected reflections. All the non-hydrogen atoms were refined
anisotropically. Hydrogen atoms on C and N atoms were added in
calculated positions. Crystal data and structure refinement parameters
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of compound 1 are listed in Table 1. Selected bond lengths and angles
are listed in Table S1, and hydrogen bonds are given in Table S2. The
CCDC reference number is 978867.

Table 1. Crystal and Refinement Data for Compound 1

compound 1
formula C16HggN30Mn, Sn,Ge, W 130g
formula weight/g mol ™! 5780.79
wavelength JA 0.710 73
T/K 298(2)
cryst size/mm 0.14x 0.07 X 0.06
cryst syst monoclinic
space group P2,/c
a/A 12.208(3)

b/A 17.734(4)
/A 24.861(5)
p/deg 115.658(9)
V/A3 4852.4(19)
Z 2

D, /Mg m™? 3.956

u /mm™ 22.720
F(000) 5154

Ry, 0.1107

R, (I > 26(D)* 0.0574
wR, (all data)” 0.1410
goodness-of-fit on F* 0.986

“R, = YIE| — IEN/YIE); wRy = X [w(F.2 — F2)*)/ Y [w(F.2)?*]"2.

3. RESULTS AND DISCUSSION

3.1. Crystal Structures. Single crystal X-ray diffraction
analysis reveals that 1 is composed of one polyoxoanion
[Mn,{Sn(CH,)COOH},(B-a-GeW,0,,),]'°", 10 isolated [C-
(NH,);]*, and eight crystal waters moleculars (Figure S1). The
polyoxoanion of 1 displays the well-known sandwich-type
structural feature. It can be viewed as two B-a-[GeW,05,]"""
units (Figure 1) combined with two [Sn(CH,),COOH]J**
moieties and two Mn** cations sharing corner O atoms of
WOy octahedra and GeO, tetrahedra. The W—O distances are
in the range of 1.680(16)—2.445(13) A. Two Mn?* cations and
two [Sn(CH,),COOH]*" moieties were located in the inner
and outer positions in the central core of the complex,
respectively (see Figure 2). In 1, each [Sn(CH,),COOH]*"

Figure 1. Polyhedral and ball-and-stick representation of the
polyoxoanion in 1.
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Figure 2. Ball-and-stick representation of the central
{(SnCH,CH,COOH),Mn,0,,} fragment of polyoxoanion 1.

unit links two B-a-[GeW,03,]'" units via five terminal oxygen
atoms from two POMs units, forming hexa-coordinated
environments for two Sn centers (Snl and its symmetrical
equivalent position). The Sn—C distance is 2.11(3) A, and the
Sn—O distances are in the range of 2.093(16)—2.150(15) A.
Each Mn?" ion is six-coordinated by six terminal oxygen atoms
derived from two B-a-[GeWy0;,]'°" units. The Mn—O
distances are in the range of 2.049(14)—2.300(1S5) A.
Furthermore, the estertin precursor [Sn(CH,),COOCH;]*"
hydrolyzes into carboxyethyltin [Sn(CH,),COOH]** during
the reaction process; such a phenomenon has never been
observed in our recent reports on POM-estertin deriva-
tives.*™* But the difference is that the original Sn—O oy
bond is broken resulting in the cyclic carboxyethyltin converted
into a chain structure (see Scheme 1).

Scheme 1. Hydrolysis of Estertin into Open Chain
Carboxyethyltin Group during the Synthetic Process of 1

3+
H,C
3 \T :
+
Coy [Mn(H;0)2(GeWs0s),]"> Q
HZC/ o in aqueous solution SIS ZEtiat—a
Hzc— Sn

As shown in Figure 2 and Scheme 1, in the [Sn-
(CH,),COOHJ*" unit, there is an exposed carboxyl group.
The newly exposed carboxyl-terminal group can link with metal
cations or organic groups; that is to say, it can make the POM-
carboxyethyltin derivatives further functionalized. This provides
a guarantee for the adsorption of POMs on the surface of TiO,.
In the packing arrangement of 1 (Figure S2), the adjacent
sandwich-type polyoxoanions are stacked into a 3-D supra-
molecular framework via the extensive H-bonding interactions.

The powder XRD pattern of compound 1 and its simulated
PXRD pattern are shown in Figure S3. Their main peak
positions are in good agreement with each other, confirming
that the product is a pure phase. The differences in reflection
intensity are probably due to preferred orientation in the
powder samples. The structure of 1 was further characterized
by FTIR shown in Figure S4.

3.2. Photoelectrochemical Characterization. Fluores-
cence and surface photovoltage spectra were first carried out to
study the charge transfer process at the interface of TiO, and 1.
Figure 3a shows the fluorescence emission spectra. The
aqueous solution of 1 has a fluorescence emission band at
392 nm upon excitation at 247 nm. When a moderate amount
of TiO, powder was added to the above solution, the emission
of 1 with a maximum at 392 nm is very efficiently quenched by
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Figure 3. (a) Effect of TiO, on the fluorescence emission spectrum of 1 in aqueous solution with the concentration of § X 107 mol L™*. Red line,
no TiO, present; blue line, [TiO,] = 0.25g L™". (b) The surface photovoltage spectrum of compound 1 (red line) and 1T. (c) The schematic energy
level of 1 and TiO,. (d) The current—voltage curve of 1 sensitized solar cells under AM 1.5 illumination with dimethyldioctadecyl cation (Figure S7)

in dichloromethane.

TiO,, which indicated that the photoinduced electron trans-
mission from 1 to TiO, clusters could be established from the
fluorescence quenching.>* Actually, TiO, extracted the photo-
electrons in 1 due to the higher LUMO of 1 and tight coupling
between TiO, and 1. To further confirm this process, we
collected an SPV spectrum to characterize the carrier separation
and transfer behavior at the interface of TiO, and 1.°° Figure 3b
shows the SPV spectrum of 1 and the 1T composite.
Compound 1 displays significant surface photovoltaic at 340
nm, demonstrating that 1 has a semiconductor nature and
would produce effective electron—hole separation upon
excitation. Meanwhile, the 1T composite displays a stronger
surface photovoltage response than 1. This phenomenon could
be attributed to the electron transfer between 1 and TiO,.
Figure 3c shows the energy level diagram of TiO, and 1,
which was obtained by the CV and diffuse reflectivity spectra in
Figure SS. Because the LUMOs of POMs are formally a
combination of d orbits centering on the metal atoms,*® the
LUMO of 1 could be estimated by finding out the applied
potential for the first reduction, from which the onset reduction
potential was —0.74 V (vs NHE). The CV curve in Figure S6
shows that two anodic peaks were located at 0.73 and 0.96 V,
which correspond to the oxidation to Mn™ and Mn' species,
respectively, and were accompanied by cathodic peaks at 0.65
and 0.88 V.>” As a molecular type of semiconductor, the band
gap of 1 could be determined by the plot of Kubelka—Munk
function F against energy E (Figure S5b),*® from which an E, of
1 was estimated as 2.28 eV by the intersection point between
the energy axis and the line extrapolated from the linear portion
of the absorption edge. Anyway, the electronic characteristic of
1 was achieved in Figure 3¢, which was featuring higher LUMO
and smaller E, than TiO,. These natures render compound 1
the fundamental feasibility to be a potential useful sensitizer for
photovoltaic application. Finally, The current—voltage charac-
teristics of 1 sensitized solar cells under simulated AM 1.5
irradiation are shown in Figure 3d. A short-circuit current
density (J,.) of 0.745 mA cm™ and an open-circuit voltage
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(V,.) of 0.423 V were produced with a fill factor (FF) of 0.688,
for a power conversion efliciency of 0.22%, whereas a
nonsensitized nanocrystalline TiO, gave an efliciency of
0.09% (data not shown). On the contrary, the precursor of 1,
Na,[Mn,(H,0),(GeW,0,,),]-38H,0, did not show the
positive sensitizing effect, which was possibly due to its lower
LUMO (Figure S8) and lack of anchoring group. In conclusion,
the sensitization mechanism of 1 could be proposed as in
Figure 3c: upon illumination, the electrons in 1 would transfer
from HOMO to LUMO, and the excited electrons vectorially
flow from 1 toward CB of TiO,. The remaining holes are
further transmitted to the hole transporting material to achieve
its sensitizing capability finally.

3.3. Morphologies and Compositions of 1T. Consider-
ing the semiconductor-like nature of 1, and its smaller band gap
than TiO,, a cosensitized solar cell configuration was
constructed by N719 sensitized 1 doped TiO, photoanode to
detect the synergistic effect of 1 and N719 in DSSC. We first
prepared a 1T composite, which was subsequently introduced
in the photoanode of DSSC. After sintering and N719
sensitization, 1 and N719 cosensitized configuration was
constructed finally. During the experiment, 1 in DMSO
solution could strongly adsorb on the surface of TiO,. When
TiO, powder was introduced into the DMSO solution of 1, the
bright yellow color of the solution becomes shallow after
stirring for a period, and the supernatant absorption spectrum
shows significant reduction compared to the original free
DMSO solution of 1 after centrifugation, which is shown in
Figure S9. This phenomenon indicated that 1T composite was
successfully prepared.

Figure 4 shows the HRTEM images. Figure 4a presents the
HRTEM image of a pure P25 sample, which shows irregularly
polygonal and spherical particles with sizes ranging from 15 to
50 nm.*” Compared to the pure P25, the average diameter of
the 1T composite in Figure Sb did not change significantly.
However, some TiO, particle aggregations exist in the
composite. Meanwhile, the surface of the composite was
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Figure 4. HRTEM images of pure P25 (a) and 1T composite (b). The
inset is the higher magnification image of the 1T composite.

rougher with many tiny granules dispersing around TiO,
particles. It can be more clearly seen from the inset of Figure
4b that the size of the granules is about 2 nm, which is very
close to the dimension of polyoxoanion 1. So we speculated
that these granules may be the adsorbed polyoxoanions on the
surface of TiO,. Meanwhile, the granules distributed uniformly
and have no obvious aggregation, which was essential for POMs
to perform effective photoelectric conversion. We further use
energy dispersive spectrometry (EDS) to investigate the
elemental composition of the composite (Figure S$10). Figure
S10 shows apparent W element, which further confirmed the
adsorption of compound 1 on the TiO, surface. Sn and Mn
elements were not marked due to their small amount. The
thermal stability of 1 was analyzed by its TG curve (Figure
S11), which displays that a three step weight loss occurred in
the temperature range of 30—652 °C. The former two steps are
corresponding to a weight loss of 2.5% and 10.4%, respectively,
which are attributed to the loss of water molecules and organic
cation [C(NH,);]" units. The third step after S00 °C was due
to the decomposition of the organic tin functional group. This
indicated that the organic tin groups remained after sintering at
400 °C, which could still guarantee the integration of TiO, and
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POM. The TG curve has slightly risen after 652 °C, which may
be caused by the oxidation of tin in an air atmosphere.

Figure S shows the XPS spectra of the as-prepared 1T
composite to show the oxidation state of Ti, W, and Sn atoms.
The XPS spectrum for Ti atoms in Figure Sa exhibits two peaks
at ca. 458.2 eV in the energy region of Ti,;/; and ca. 463.9 eV
in the energy region of Ti,,,, which are consistent with the
Ti" oxidation state.**®" The binding energy located at 35.0 and
37.0 eV in Figure Sc is attributed to Wy of the POM anions,
which is consistent with the W"" oxidation state and suggested
that the POM anions existed in the form of the oxidized state.®>
The XPS spectrum for Snsy (Figure Sd) shows two peaks at ca.
485.9 and 494.3 €V in the energy regions of Snyq/, and Sn3g3 /2
separately, which correspond to the Sn! oxidation state.®>%*
Figure Sb displays the XPS spectra for O;,. The binding energy
located at 529.4 eV is attributed to O in the Ti—O bonding. >
Two other peaks of high binding energy (531.75 and 532.95
eV) were also observed, which are ascribed to O*  in
carboxyethyltin group.®® This result implied the carboxyl of
organotin group to be contributed to the adsorption of POM
existing in the as-prepared 1T composite on the surface of
TiO,.

3.4. Performance of DSSCs. After being assembled into
the sandwich DSSCs with single N719 sensitized and 1 and
N719 cosensitized photoanodes, their performances were
investigated under simulated AM 1.5 illumination (100 mW
cm™?). All the data of DSSCs were the average of three
experimental values, and the absolute deviations were
calculated. The photocurrent—voltage (J—V) results in Figure
6a show that the performance of the DSSCs with 1 and N719
cosensitization was enhanced compared to the single N719.
The 1/N719 samples exhibit improved photocurrent (Ji
12.79 mA cm™) over N719 samples (J,. = 11.54 mA cm™).
The increase of ] relates to more photoelectron injection and
more efficient charge transfer in the photoanode. Compared
with bare TiO,, 1-doped TiO, could absorb more visible light
due to the smaller band gap of 1 than TiO,, which endowed the
cosensitized solar cell with more sunlight absorption. The V.
was also enhanced by the introduction of 1 from 643 mV to
693 mV. This was due to the suppression of electron and hole
recombination in cells, which could also be confirmed by the
less dark current in 1/N719 cosensitized solar cells in Figure 6a.
In order to detect the performance of the cells under different
wavelengths of light, we carried out incident photon conversion
efficiency (IPCE) experiment of DSSCs. As depicted in Figure
6b, compared with the DSSCs with single N719 sensitized
electrode, the DSSCs using 1/N719 cosensitized electrode
exhibit higher photocurrent conversion efficiency under UV
and visible light. This was ascribed to the doping of 1 in TiO,,
which could both utilize more sunlight and accelerate the
electron transport in the photoanode.

A dye desorption experiment was carried out to understand
the N719 loading on two different electrodes. Two different
N719 sensitized electrodes were immersed in 0.1 M NaOH
solution and then allowed to stand overnight. The UV/vis
spectra of dye solutions desorbed from the two kinds of
electrodes were used to characterize the N719 loading, which
was shown in Figure S12. As can be seen, almost the same
amount of N719 adsorbed on the two kinds of electrodes,
indicating that there was little difference in the contribution to
the performance of the DSSCs by N719 loading.

In order to better understand the electron transport and
carrier recombination behavior in the two kinds of DSSCs, we
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Figure 6. Current—voltage curves under AM 1.5 illumination (solid line) and in the dark (dashed line) of DSSCs with single N719 (dark line) and
1/N719 (red line) sensitization (a). IPCE for different DSSCs using single N719 (dark line) and 1/N719 (red line) sensitization (b). The EIS
spectra of N719 (dark line) and 1/N719 (red line)-based DSSCs: Nyquist plots (c). Bode phase plots (d) under AM 1.5 illumination (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.

performed electrochemical impedance spectroscopy (EIS) and
created an open-circuit voltage decay (OCVD) curve. Figure
6¢,d show the EIS result of the DSSCs with single N719 and 1/
N719 cosensitization under AM 1.5 illumination of 100 mW
cm™? 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 two semicircles from high to low frequency
in the Nyquist diagram (Figure 6c) are assigned to the charge-
transfer resistance at the interface of the counterelectrode—
electrolyte (Rpt) and the charge-transfer resistance occurring at
the TiO,-dye-electrolyte interface (Ret).*” As shown in Figure
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6¢, compared with N719 sensitized cells, the 1/N719 cells have
larger Rct. The increase in resistance at the TiO,-dye-
electrolyte interface is beneficial for reducing charge recombi-
nation, which could result in smoother electron transfer. Figure
6d shows the Bode phase plots of the EIS result, which displays
the frequency peaks of the charge transfer process at different
interfaces in DSSCs. From the characteristic low frequency
peak, the electron lifetime in the photoanode can be
determined by the formula: 7, = @' = (27fma) " The
lower frequency in 1/N719 samples corresponds to the
increased 7, indicating that 1 could effectively suppress the
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recombination of electrons and holes in cells, which was
consistent with the result of the dark current—voltage curve.
OCVD analysis was also used to confirm the above result,
which monitors the decay of Voc after turning off the
illumination in a steady state.”® The inset in Figure 7 shows
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2 06 { ~-1/N719
> € —N719
004 k-
7] E) .
° S s
£ 0 0.2 . 2,
- > '1“‘ R,
3 N
= 0.0 v
s 0 10
=
3 s Time/s
7‘—D—DUDUEDDDCDH[ IDEW%@:J o
0 7.‘
T T ¥ T T T T T T
0.0 0.1 0.2 0.3 04 0.5 0.6
Voltalge / V

Figure 7. Electron lifetime of DSSCs based on N719 (dark box) and
1/N719 (red circle) sensitization. The inset is their corresponding
OCVD spectra.

the OCVD curves of DSSCs with N719 and 1/N719
sensitization, and the photovoltage transient spectra demon-
strated that Voc decays more slowly for 1/N719 samples,
whereas it decays more quickly for N719 samples. Figure 7
shows the electron lifetime calculated from the OCVD curve,
which was obtained by the formula 7, = (kT/e)(dV/dt)™". As
shown in Figure 7, the electron lifetime in 1/N719 samples is
much larger than in the N719 sample, indicating the variation
trend is consistent with the result of EIS analysis.

Bl CONCLUSION

In conclusion, the first open chain carboxyethyltin decorated
POM was designed and synthesized, and its semiconductor-like
property was investigated by energy level estimation, which
shows that it possesses a smaller band gap and higher LUMO
than that of TiO,. An initial examination of compound 1
anchored to nanocrystalline TiO, shows that it can function as
a sensitizer for a TiO,-based solar cell. In addition, 1 and N719
cosensitized solar cell configuration was constructed to detect
the synergistic effect of 1 and N719, which significantly
improved the solar-to-electrical energy conversion efficiency
compared with single N719 sensitization. This enhancement
was due to both the smaller band gap of 1 than TiO, and its
role of accelerating electron transmission in the photoanode.
These studies show that POMs functionalized by open chain
carboxyethyltin could be promising candidates for exploring a
new POM-based sensitizer, which will open a new chapter for
photoelectrical functionalization of organotin decorated POMs.
Future research will focus on synthesizing new carboxyethyltin
decorated POMs featuring more visible absorption and
employing them to modify TiO, in photovoltaic devices.
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