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At present, high efficiency and low fabrication cost are still the main goal that people pursuit for next-genera-
tion solar cells such as dye-sensitized solar cells (DSSCs) and organic solar cells (OPVs). Polyoxometalates
(POMs), as an environmentally friendly material, are a type of stable, low cost and soluble oxide clusters with de-
sirable features, including highly tunable structural properties, peculiar optoelectronic properties and excellent re-

dox properties. Thus, during the recent years, POMs have been increasingly recognized as important building
blocks for DSSCs and OPVs. In this review, the development of various molecular and hybrid materials derived
from POMs is discussed with regard to the function in solar cells.
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Introduction

Polyoxometalates (POMs) are a large group of met-
al-oxygen clusters derived from two or more inorganic
acids by elimination of water. If the POM is condensed
from the same inorganic acids, it is named iso-polyoxo-
metalate; If not, the POM is named hetero-polyoxo-
metalate. In general, POMs are composed of three or
more transition metal oxyanions linked together by
shared oxygen atoms to form a large, closed 3-dimen-
sional framework.!"*) The metal atoms that make up the
framework are termed the addenda atoms and they are
usually group 5 or group 6 transition metals in their high
oxidation states, for example vanadium, niobium, tanta-
lum, molybdenum, tungsten, efc. One or more hetero
atoms (such as phosphorus, silicon, germanium, efc.)
are enclosed in the center of the framework by sharint%
neighbouring oxygen atoms with transition metals.*
Due to the possibilities of there being different combi-
nations of transition metal atoms and hetero atoms, the
structures of POMs are versatile. Six fundamental POM
structures are shown in Figure 1, exhibiting Keggin,
Dawson, Anderson, Waugh, Silverton and Lindqvist
structures.”® The above structures can be distinguished
by the ratio of addenda atoms to hetero atoms. Keggin
and Silverton structures are 1 . 12 series, Dawson and
Waugh belong to 1 : 9 series, Anderson and Lindqvist
are 1: 6 series and 6 : 19 series, respectively.l”! Dif-
ferent metal cations and different valence ions can re-
place the absence of POMs, the formation of the deriva-
tives not only expands the variety and structure of
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POMs, but also improves the application area of POMs
in practice.!"”!

(a) (b) (©

(d) (e) (®
Figure 1 Six typical structures of polyoxometalates: (a) Kegin,
(b) Dawson, (c) Anderson, (d) Waugh, (e) Silverton, (f) Lindqvist.

POMs exhibit a rich diversity of properties owing to
their structural versatility. The main physicochemical
properties of POMs are as follows:

(1) The thermal stability of POMs is very good, the
molecular size is large and the relative molecular weight
is high (10°—10%).

(2) The composition elements are rich, non-toxic,
tasteless, non-volatile, easy to be dissolved in oxygen-
containing organic solvents such as water, ether, ethanol,
acetone, efc.

(3) POMs have excellent redox properties and the
majority of reduction shows blue, known as the "hetero-
poly blue", oxidation will restore color. ) The redox
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potential can be easily tuned by adjusting the structure
and composition of POMs.['"*'

(4) Surfactants can effectively prevent the aggrega-
tion of POMs and obtain a variety of organic/inorganic
hybrid materials.!'>'!

These special and superior physicochemical proper-
ties make POMs become the focus of research in many
fields, such as catalyzed synthesis,!"”"'¥! photocataly-
sis,[m] solar cell,“g’zo] medicine,[2 2 electrochemistry,[22’23]
geochemistry®” and magnetism.”*

Recently, the research of POMs in the field of solar
energy conversion has been studied a lot, especially ap-
plied in dye-sensitized solar cells (DSSCs) and organic
photovoltaic cells (OPVs) as a building block. Both of
DSSCs and OPVs are the third generation of solar cells
that have attracted considerable interests because of
their relatively low cost, facile fabrication, high effi-
ciency, and compatibility with flexible substrates./***"!
The typical device structures of DSSCs and OPVs are
shown in Figure 2. They are usually made up by a pho-
toanode/electron extraction layer, dye/light absorption
materials, electrolyte/hole transport layers, and a coun-
ter electrode/metal electrode.
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FT0 } ——Electrolyte Hole Transport layer
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Figure 2 Typical device structures of DSSCs and OPVs.

POMs possess good structure durability, solution
processing in organic solvents, excellent redox proper-
ties, easy synthesis and low cost, especially the semi-
conductor characteristics. All of these unique properties
make POMs be a novel and important building block for
DSSCs and OPVs.*2% There are several existing re-
views on POM-based materials for energy conversion,
which mainly discussed the application in photocataly-
sis, catalyzed water oxidation, energy storage and pho-
toelectric properties of POM-based thin films. The ap-
plication in solar cells was seldom covered or did not
update the latest progress.****! In this review, we will
mainly focus the topic on the application of POMs as a
building block in the field of DSSCs and OPVs. We
summarize the recent development of POM-based ma-
terials in the field of DSSCs and OPVs, furthermore, the
working mechanism of POM-based materials in solar
cells, problems and the research trends in the near future
are also discussed.

POMs for Solar Cells

POMs based electronic interface materials

POMs can accept electrons readily and undergo re-
versible redox reactions without changing intact struc-
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ture, which makes the POMs be a good electronic inter-
face material in DSSCs or OPVs. Much attention has
been paid to exploring new POMs as a photoanode or
electron collection layer to improve the photoelectric
conversion efficiency (PCE) of solar cells.

In 2009, Yoon and co-workers first applied PW,04¢-
incorporated TiO, (PTA/TiO,) nanodisc film electrodes
in DSSCs by simply spreading phosphotungstic acid
(PTA) solution on the TiO, nanodisc surface.””’ PTA/
TiO; nanodiscs film electrodes showed higher photoe-
lectrochemical efficiency than TiO, nanodisc film elec-
trodes. POMs can serve as an electron mediator, which
avoids most of backward electron transfer reactions and
helps to enhance the PCE.

In 2013, Wang and co-workers successfully prepared
PTA/TiO, composite by combining sol-gel method and
hydrothermal method. Electrochemical impedance
spectroscopy and open circuit voltage decay curves
showed that the POMs can effectively reduce the elec-
tron recombination and obtained a longer electron life-
time."” Subsequently, they tried to fabricate PTA/TiO,-
based interfacial layer for DSSCs by the layer-by-layer
(LBL) method. The PCE at 100 mWscm > of a (PTA/
TiO;);-based DSSC was significantly enhanced by 54%
compared with a DSSC with no treatment and by 20%
compared with a TiCls-treatment DSSC. Enhanced per-
formance was attributed to that PTA molecules promot-
ed electrons to transfer from TiO, to the external circuit
and the recombination of electrons was efficiently sup-
pressed by the PTA-based interfacial layer. The working
mechanism was shown in Figure 3."" In 2015, Li and
co-workers found that the introduction of WO; into
PTA/TiO; films could further favor electron transfer by
retarding recombination, leading to a higher photocur-
rent. The introduction of WO3, together with the excel-
lent electron mediator PTA into the TiO, photoanode,
provided a new route to boost the performance of
DSSCs.*

Besides PTA, the introduction of some other Keggin-
type POMs can also work similarly in photoanode. Xu
and co-workers prepared a HySiW,04¢/ZnO composite
film by one-step electrodeposition method. Compared
with the pristine ZnO film, the photo current and PCE
of the DSSCs based on the composite film were signifi-
cantly enhanced. The photoinduced electron transfer
between POM and ZnO increased the efficient dissocia-
tion of excited electron-hole pairs.[43] In 2013, a series
of POMs [H-MW ;04 (M=P, x=3; M=Si, Ge, x=4)]
were introduced into ZnO photoanodes by Li and
co-workers. They investigated the effects of different
Keggin-type H{MW ;04 on the performance of DSSCs.
The results demonstrated that the presence of
H,MW,04 improved the performance of DSSCs effi-
ciently by inhibiting the dark current, and the presence
of H3PW ;04 gave the best PCE.[*!

As the development of POMs, it was found that the
introduction of transition metal element of Co, Ni, Cu,
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Figure 3  Schematic diagram of electron transfer in the
(PTA/TiO,),-based DSSCs (n=1—5) (From Ref. [41]).

Ru, etc. into the POMs could extend the light absorption
to visible region, which was beneficial to the light har-
vest for solar cell. In 2014, Yang and co-workers pre-
pared a novel SiW;Co/TiO, power by hydrothermal
method. SiW;Co was also a kind of Keggin-type POMs
and the absorption band and photoelectric response
range was extended to the visible region compared with
the commercial P25 powder, as shown in Figure 4.
When SiW;;Co/TiO, powder was mixed with the com-
mercial P25 powder in a ratio of 1 . 1, the short circuit
current increased by 63%.+] Following this work, they
further successfully prepared SiW;;Cu/TiO, and
SiW1Ni/TiO, powder by replacing the divalent metal
Co with Cu or Ni. When SiW;;Cu/TiO, or SiW; N1/
TiO, powder was mixed with P25 powder used as a
photoanode, the PCE of 7.9% and 7.82% was obtained,
which was much higher than that of pure P25-based
photoanodes (~6%). The great enhancement of the de-
vice performance was attributed not only to the decrease
of the charge carrier recombination but also the ex-
panded absorption spectrum to the visible region.m’%]
Meanwhile, Wang and co-workers loaded TiO, on the
surface of the tri-pyridine-ruthenium heteropolytung-
state [RU(bipY)3]2[SiW12040]2'C2H5OH'8H20 (1@T102),
which was mixed with P25 powder to serve as pho-
toanode material in DSSCs. It was found that the transi-
tion metal ruthenium improved the performance of the
cell and the short-circuit photocurrent density was
20.4% higher than that of the pure P25-based cells and
4.4% higher than that of the H4SiW,049@TiO,-based
cells.*”V In 2015, Wang and co-workers synthesized a
di-vanadium-substituted Lindqvist-type POM [Cu(Ci;-
HgNy)q ]2 [VaW4019]°4H,0O (2). Ultraviolet photoelec-
tron spectroscopy and density functional theoretical
studies indicated that the energy level of 2 matched well
with the conduction band of the TiO, and the absorption
was extended to the visible region by Cu. When
2-doped TiO, composites (2@TiO,;) were mixed with
P25 nanoparticles as photoanodes for DSSCs, the PCE
of the DSSC assembled with 2@TiO,/P25 photoanode
was improved by 21.6% compared with that of the
DSSC assembled with pure P25 photoanode. This en-
hancement of device performance was attributed to the
smaller band gap of 2 than that of TiO, which acceler-
ated electron transmission in the photoanode and better
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UV/Visible absorption.! In 2016, a pure inorganic
donor-acceptor (D-A) type polyoxometalate Ke¢Hala-
SiW4037Co3(H,0);3]*17H,0  (SiWoeCos)/reduced gra-
phene oxide (RGO) nanocomposite was employed to
DSSCs as a photoanode by Wang and co-workers. The
SiWeCo3/RGO-3@P25 photoanode exhibited a wide
spectrum (200—800 nm) and the performance of the
cells was improved by 28.05% compared to the P25
photoanode. This increase in the photovoltaic perfor-
mance was ascribed to the full spectrum properties of
SiW,Coj and the quick and effective transformation of
the photoinduced electrons of SiWyCos on the graphene
sheets.[*”
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Figure 4 (a) UV-vis spectra of SiW,;Co, commercial P25 and
TiO,/SiW;;Co; (b) IPCE of dye-sensitized solar cells based on
P25, TiOy/SiW;Co and P25-TiO,/SiW;;Co. (From Ref. [45])

In addition, a Dawson-type heteropolyacid {PzMolgVI}
and its two-electron heteropoly blue {PzMovaomVI}
were successfully doped into TiO, photoanode by a
simple sol-gel method, the corresponding DSSCs
achieved a significant enhanced performance due to the
suppressed dark current and the increased electron life-
time. The working mechanism was very similar with
that of Keggin-type POMs.['!)

POMs were usually used as photoanode together
with TiO; or ZnO in DSSC. However, they can also be
used as a photoanode alone by itself without TiO, or
ZnO owing to their intrinsic semiconductor properties.
In 2015, Yadollahi and co-workers synthesized a Keg-
gin-type hybrid polyoxometalate [SiW;;039(Si(CH,)s-
NH;),0] (hybrid-POM) and the pristine hybrid-POM
thin film was used as a photoanode in DSSC for the
first time.””) When fabricated with a D35 organic dye
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as the sensitizer and an one-electron fast redox mediator
cobalt complex, a promising improvement of photocur-
rent (Js), IPCE values, and efficiency was achieved
compared with that of the mesoporous titania structure.
They attributed the improvement to that the crystalline
structure of hybrid-POM led to an increase in the elec-
tron lifetime and a decrease in the recombination of the
electrons with the redox mediator on the surface.””
Pristine POMs could be used not only in DSSCs as
photoanode materials, but also in the application of
OPVs as an electron extraction layer. In 2013, Palilis
and co-workers first extended the use of POMs (PTA)
as an electron extraction layer in hybrid organic photo-
voltaic cells (HyOPVs) based on a bulk heterojunction
P3HT:PCBM-61 active layer. As shown in Figure 5,
PTA functioned as an efficient electron extraction/elec-
tron transport layer (EEL/ETL) due to its highly favor-
able optical properties and well energy level matching.
Compared with the cells without electron extraction
layer, an overall increase of ~40% in the short circuit
photocurrent of the PW12 modified cell was achieved,
while open circuit voltage increased from 0.61 up to
0.65 V and the fill factor raised from 0.36 to 0.41 re-
sulting in a 70% improvement in the device PCE."! In
2015, Vasilopoulou and co-workers applied a series of
POMs (H4SiW12040, H3PW12040, H3PM012040,
HsPV,W 10040, (NH4)6P2W 1306, and (NH4)sP2Mo;306)
with different low occupied molecular orbital (LUMO)
in OPVs as electron extraction layers. They found that
the POMs could be readily reduced at the interface with
an Al electrode and that the degree of reduction was
strongly affected by the position of their LUMO level
which was related with the electronegative metal cen-
ters and the structure of POMs. The lower the LUMO
level of POMs was, the better the device performance
was. They attributed the enhancement to a large de-
crease of the electron injection/extraction barrier and
improved electron transport.”>*!

Al
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Figure 5 Schematic architecture of the fabricated HyOPV and
Keggin structure of the (PW1,04)°” anion of tungsten polyoxo-
metalate. (From Ref. [51])

POMs based light absorption materials

The high reactivity of POM molecule makes it pos-
sible to modify its structure at the molecular level. By
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introducing organic chromophore or derivatives to the
structure of POMs, the absorption of POMs can be ex-
panded from the ultraviolet light to the visible/infrared
light. These hybrid materials are a new kind of light
absorption materials for solar cells. Indeed, great efforts
have been devoted to developing organic/inorganic hy-
brid materials containing covalently linked POMs.

Peng and co-workers first applied POM-based mate-
rials in OPVs as light absorption materials in 2005.
Hexamolybdate clusters were embedded through cova-
lent bonds into the main chain of poly(phenylene acet-
ylene)s. This hybrid polymer was soluble in organic
solvents such as DMF and DMSO and showed intense
absorption in the visible range. Simple single-layer
photovoltaic cells with a device configuration of ITO/
hybrid polymer/Ca was fabricated and a PCE of 0.15%
has been obtained. The current density-voltage curve
and the chemical structure of the hybrid polymer were
shown in Figure 6.5 In 2013, Ruhlmann and cowork-
ers fabricated a  25-layer film containing
oy-Fe"P,W;04,”" polyanion and H,TPhN(Me);P*
tetracationic porphyrin by a layer-by-layer self-assem-
bly method, when it was assembled in photoelectro-
chemical cell which showed a 25 times higher photo-
current density than that for POM-free monolayer film.
These results convincingly demonstrated the potential
applications of POM-based organic/inorganic hybrids in
molecular electronics and photonics.™

Voc =047V
Isc = 1.12 mA/cm?
Power eff. = 0.15%

0 0.2 0.4 0.6 0.8 1
Bias (V)

Figure 6 Current density vs. voltage for an ITO/hybrid poly-
mer/Ca device. (Reproduced from Ref. [53])

In 2013, Wang and co-workers synthesized a novel
Keggin—type POMs [(CH3)4N]5[PW11039RhCH2COOH]‘
6H,0 (PW;Rh-COOH, Figure 7) with the arm group
(-COOH) and it was the first POM-based photo-
sensitizer explored in DSSCs. PW;;Rh-COOH dis-
played a certain degree of photovoltaic response be-
cause of the good visible-light response and a PCE of
0.141% was obtained.” Following this work, they de-
signed a sandwich-type germanotungstate [C(NH;);]10-

Chin. J. Chem. 2016, 34, T47—756
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[MIlz{SH(CHQ)QCOOH}2(B-0C—GCW9034)2]'8H20 [Sn(C—
H,),COOH-Mn-GeWy-Mn-Sn(CH,),COOH] function-
alized by open chain carboxyethyltin, which was also
used as a photosensitizer in DSSCs. The PCE of the
solar cell was 0.22%, higher than that of PW;Rh-
COOH.”® In 2016, Wang and co-workers synthesized
three Keggin-type transition metal-substituted POMs,
(nC4Ho)s-N )sNay[SiWe037{Co(H,0)3} ] 1 1H,O (SiWo-
Co3), (nC4Ho)sN )4[(Si04)W1oMn",05¢Hg]*1.5CH;CNe
2H,0 (SiWioMn'2), and (nCsHo)aN " )3 sHss[(SiO4)-
WioMn"™"Y,056]°10H,090.5CH;CN  (Siw;oMn"™™,).
They were used as photosensitizers for p-DSSCs utiliz-
ing NiO as a photoanode. These POMs were the first
pure POM-based dyes used in p-DSSCs and all the three
dyes showed good visible light absorption: SiWyCo;
(350 — 663 nm), SiW;oMn", (350 — 800 nm) and
Siw,oMn"™", (350—800 nm) , respectively. PCEs of
0.038%, 0.029%, and 0.027% were obtained, respec-
tively, which were higher than that of coumarin 343
(0.017%).5"
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e
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Figure 7 Energy level diagram and scheme of POM sensitiza-
tion mechanism. (From Ref. [54])

In 2013, Wang and co-workers first applied a spheri-
cal keplerate {W7,V30} as the electron acceptor in a
photovoltaic system and a water-soluble poly(p-phe-
nylenevinylene) derivative was chosen as the electron
donor. The composite film was fabricated by the LBL
self-assembly method and showed significant photocur-
rent response. This work demonstrated that keplerate-
type POMs ({W7,V3}) could be a promising electron-
acceptor material and represented a promisin§ strategy
in designing polymer photovoltaic devices.”™ In 2015,
Peng and co-workers synthesized two novel polythio-
phene-based hybrid conjugated polymers (P2 and P3)
containing different amounts of hexamolybdate clusters,
which showed an absorption in the range of 400—700
nm. They fabricated OPVs with a device configuration
of ITO/PEDOT:PSS/(P2 or P3)/Ca/Al, and a PCE of
0.24% was obtained for P2, which was among the
highest values reported for POM containing hybrid
polymers.[sg]

By combining of density functional theory (DFT) and
time-dependent DFT (TDDFT) approaches, Su and
co-workers investigated a series of POM-based organ-
ic-inorganic hybrids with different m-conjugated thio-
phene bridges as sensitizers for application in DSSCs
(Figure 8). The results showed that the absorption spec-
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tra were systematically broadened and red-shifted with
increasing sizes of the m-conjugated spacer and the
length of n—conjugation.[ﬁo] In 2016, they further inves-
tigated the UV-vis spectra and charge transfer (CT)
characters of Zn-porphyrin-polyoxometalate hybrids
with different n-conjugated bridges by DFT and TDDFT
methods. They revealed a similar influence of n-conju-
gated bridges on sensitizers. The longer m-conjugated
bridges and higher delocalization of systems would lead
to the red shift and broadened absorption peak.[m] These
theoretical studies provided valuable insight into the
molecular design of novel POMs-based organic-inor-
ganic hybrid for the further application in solar cells.

e e
D ) JT =) A
400 600 800 1000 1200
o

Figure 8 Molecular structures of POM-based organic/inorganic
hybrid materials 1—6. (Reproduced from Ref. [60])

POMs based electrolyte and hole extraction materi-
als

The electron accepting ability makes POMs (espe-
cially for PTA) a good dopant to improve the ionic
conductivity of solid electrolyte and retard the recom-
bination of electron-hole pairs in DSSCs. What’s more,
some of the POMs have excellent redox properties,
which can be oxidized and reduced at the same time, so
they can form stable redox couple to replace I3 /" redox
couple in DSSCs.

PTA was mixed with PVDF or PEO as a solid elec-
trolyte in DSSCs to assist I3 /I redox couple. It was
found that the PTA could inhibit the recombination of
electron-hole pairs, greatly improve the efficiency and
stability of the solar cells.”** In 2007, Chen and
co-workers successfully prepared a kind of novel com-
posite polymeric gel comprising room-temperature ionic
liquids (1-butyl-3-methyl-imidazolium-hexafluoropho-
sphate, BMImPF¢) and PTA in poly(2-hydroxyethyl
methacrylate) matrix and employed it as a quasi-solid
state electrolyte in DSSCs. Interestingly, they found that
the ionic conductivity of the composite polymer elec-
trolyte was effectively enhanced due to the addition of a
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small amount of PTA. Unsealed devices employing the
composite polymer electrolyte with a 3% content of
PTA achieved a PCE of 1.68% under the irradiation of
50 mW/cm” light intensity. After two months of work,
the PCE of the device was maintained for 70% —
75%.°1 In 2010, Sivakumar and co-workers prepared a
new type of inorganic-organic hybrid solid state poly-
mer electrolyte consisting of PTA impregnated poly-
epichlorohydrin with iodine/iodide and TiO, nanofiller
for DSSCs. The PCE was found to be 5.48% and the
stability of the fabricated dye sensitized solar cell was
enhanced compared to the bare polymer electrolyte. It
was attributed to the effect of PTA in impeding the back
electron transfer, and increasing the ionic conductivity
of the polymer electrolytes.

In 2014, Wang and co-workers firstly employed two
Keggin-type polyoxometalates (KsCo''W,049 and
KSCOHIW12040) as the redox couPle in DSSCs. The re-
dox potential value of the Co"/Co" couple matched
with the potential of dye and the TiO, conducting band.
DSSCs with the POMs redox couple achieved relatively
high ¥, (651 mV) and FF (0.549).1°") In addition, they
firstly introduced two Anderson-type heteropolyanion-
supported copper phenanthroline redox couples
[Al(OH)sM04O15{Cu(phen)(H>0)>},][AI(OH)sM0gO15-
{Cu(phen)-(H,O)Cl};] (denoted as POMI-Cu-phen)
and  [Cr(OH)eMogOs-{Cu(phen)(H,0),},][Cr(OH)¢-
MosO;5{Cu(phen)(H,O)Cl},] (denoted as POM2-Cu-
phen) into DSSCs. The incorporation of Anderson-type
heteropolyanions retarded the electron-hole recombina-
tion at the dyed TiO, photoelectrode/electrolyte inter-
face, facilitated the electron transfer from [Cu(phen),]"
to dye cation, and tuned the redox potential of Cu(I/II)
effectively. the short-circuit photocurrent, open-circuit
voltage and the PCE were significantly increased by 2.2
times, 26.8% and 3.93 times, respectively, compared to
the pristine copper phenanthroline redox couple. The
working mechanism of DSSC with POM1/POM2-Cu-
phen redox couple based electrolyte was shown in Fig-
ure 9.

In the case of OPVs, similarly with the PTA which
could be used as an electron extraction layer in OPVs
owing to the energy level alignment at the cathode elec-
trode, some POMs could be explored as hole extraction
materials due to the energy level alignment at the anode
electrode. Keggin phosphotungstic acid (HzPW 04,
PMA) has been investigated as a hole extraction layer
both in normal and inverted organic photovoltaic devic-
es. The PMA layer could be fabricated by a spin coating
process without any further treatment and the devices
employing PMA as hole extraction layers exhibited bet-
ter optical properties, less charge recombination and
excellent long term stability compared with an evapo-
rated MoO; device.[””7” Alaaeddine and co-workers
introduced the use of the Dawson K4[P,W;30¢;] as an
efficient hole extraction layer in conventional structured
OPVs and the efficiency of the cell with K¢[P, W 30¢;]
was higher than that of the cell with PEDOT:PSS (2.6%
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Figure 9 A schematic working mechanism of DSSC with
POM1/POM2-Cu-phen redox couples based electrolyte. ("....."
represents covalent bond, "a" represents the positive shift of the
redox potential of Cu(I/I1).) (Reprodued from Ref. [68])

vs. 1.5%)."Y In 2015, Vasilopoulou and co-workers did
some systematic research on the working mechanism of
the POM-based hole extraction layer in OPVs. They
selected two typical kinds of Keggin POMs (PTA and
PMA) and their Dawson counterparts (NH,)sP2W5Og,
and (NH4)¢P,Mo0,50¢,, as the hole extraction materials
in single junction and tandem OPVs. The schematic
architecture of the OPV devices was shown in Figure 10.
They found that all these materials exhibited a nearly
similar extremely high work function (WF) of 6.0—6.2
eV, but differed on the position of their LUMO, which
was heavily dependent on the type of the cluster (e.g.,
Keggin or Dawson) and the addenda atoms. It was ob-
served that all POMs and especially those having a deep
LUMO level lying below the highest occupied molecu-
lar orbital (HOMO) of the donor polymer were highly
beneficial for device operation when used as hole ex-
traction layers in OPVs. This was attributed to interfa-
cial p-doping of the polymer donor which was caused
by an electron transfer reaction between the polymer
donor and the low LUMO POMs, resulting in negligible
barrier hole extraction and enhanced hole transport
rates.!’”!

POMs based counter electrode (CE) materials

POMs have excellent electrocatalytic activity. In
some electric catalytic processes, some POMs can carry
out fast and reversible electron transfer process without
degradation. This characteristic makes the POMs as a
good supporting material for counter electrode in
DSSCs and they are usually used together with con-
ducting polymer, Pt or carbon materials.

In 2010, Almeida and co-workers synthesized two
kinds of conducting polyanilines (PANI) doped with
PTA and PMA (PANI-PTA and PANI-PMA), respec-
tively and they utilized the PANI-POMSs as new types of
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Figure 10 Schematic architecture of the OPV devices with (a)
the conventional structure ITO/POM/P3HT:PC71BM/ZnO/Al
(OPV 1) and (b) the reverse structure FTO/ZnO/P3HT:IC60BA or
PTB7:PC71BM/POM/Ag (OPV 2 and OPV 3). The chemical
structures of the organic semiconductors used are also shown. (c)
The structure of the tandem device. ( From Ref.[72])

counter electrodes in DSSCs. Due to the chemical oxi-
dation of aniline by POMs, the conductivity values were
improved from 10 Secm™ (for pristine PANI) to 0.1
Seem™' (for PANI-PTA and PANI-PMA). When
PANI-POMs were used as a counter electrode in DSSCs,
the PCE of the devices were improved from 0.15% (for
pristine PANI) to 0.21% (for PANI-PMA) and 0.29%
(for PANI-PTA)."*! In 2012, Guo and co-workers fabri-
cated a long-term stable Pt counter electrode modified
by SiWyAls/poly(diallyldimethylammonium chloride)-
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based multilayer film by the electrochemical deposition
method, which could markedly increase short-circuit
photocurrent, open-circuit voltage and the PCE when
used in DSSCs. The PCE increased from 5.62% to
6.76% and the architecture of the DSSC was shown in
Figure 11.7¥

PODA
POM

B Ui

Figure 11  Schematic architecture of the DSSC based on
POM-modified counter electrode. ( From Ref. [74])

In 2013, Yuan and co-workers successfully prepared
a POM-doped poly(3,4-ethylenedioxythiophene) (PE-
DOT) hybrid film counter electrode by electropolymer-
ization in an environmentally friendly aqueous solution
(Figure 12). The hybrid film presented a similar surface
morphology to lotus leaf, the microstructure of which
was a regular distribution of mastoid shapes. The dis-
persion of Kg[SiW,;039]*13H,0 (SiW;;) improved the
electrocatalytic activity and the efficiency of DSSCs
based on hybrid film counter electrodes was almost as
high as that of DSSCs with Pt counter electrodes.””

Figure 12 FESEM images of (a, c) PEDOT-only film and (b, d)
SiW11-PEDOT film. ( From Ref.[75])

In 2014, Sang and co-workers successfully synthe-
sized two novel open-chain carboxyethyltin decorated
sandwich-type germanotungstates (Sn(CH,),COOH-Cu-
GeWy-Cu-Sn(CH;),COOH and Sn(CH,);COOH-Co-
GeWy-Co-Sn(CH,),COOH). By Combining the high
conductivity of single-walled carbon nanotubes and the
catalytic activity of polyoxometallic derivatives, the
electrocatalytic activity of single-walled carbon nano-
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tubes toward triiodide reduction could be markedly in-
creased. The photovoltaic performance was comparable
to that of Pt electrodes. The architecture of DSSC based
on POM-modified counter electrode and the current
density-voltage curves were shown in Figure 13. This
work provided a new strategy for the design of low cost
and high efficiency of non-platinum counter electrode
materials.[’®

FTO = TO/dye

SWNT/POMs

a

=)

Current Density / mA cm?
L

— — |
03 04 05 06 07
Voltage I V

0+ =
00 01 02

Figure 13 Schematic architecture and the current density vs.
voltage curves of the DSSCs based on POM-modified counter
electrode. ( From Ref. [76])

Conclusions and Outlook

POMs are a versatile functional material and they
can nearly act as all the roles in the architecture of
DSSCs or OPVs. In this review, we have summarized
the recent progress of POMs in DSSCs and OPVs clas-
sified by the building block in cells.

We first introduce the recent progress of POMs used
as electronic interface materials. It reveals that
POM-based electronic interface materials can act as a
kind of electron shuttle and they have the ability to ac-
cept electron from the inorganic semiconductors and
organic or metal complex sensitizers and then donate
electron from reduced heteropoly blue to the external
circuit. The working mechanism of POMs in DSSCs is
shown in Figure 14. On one hand, the electron transfer
process mediated by POMs efficiently improves the
dissociation of excitons. On the other hand, the interfa-
cial layers of POMs can reduce the backward electron
transfer from TiO; to electrolyte solution or sensitizers,
which retards the electron recombination in DSSCs.
Both roles that the POMs play are beneficial to enhanc-
ing the performance of DSSCs. For the working mecha-
nism of the POMs in OPVs, the energy barrier between
the active layer and the metal cathode can be reduced by
POMSs. The lower the LUMO level of POMs is, the
smaller the energy barrier is and then the better the de-
vice performance is. In regard of the working mecha-
nism and the development process of POM-based elec-
tronic interface materials, we can find the facts that the
energy level of POMs could be adjusted by controlling
their structures and the spectral absorption range of
POMs can be tuned by varying transitional elements.
Nevertheless, the molecular design rules of POM-based
electronic interface materials are still not clear and sys-
tematic variations in the structures of POMs should be
studied.
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Figure 14 Mechanism of electron flow through POM/TiO,
photoanode.

Secondly, in view of the POM-based light absorption
materials, many novel light absorption materials have
been synthesized based on POM-based inorganic-or-
ganic hybrid materials. They combine inorganic and
organic features and may achieve synergistic effects.
However, the explore of POM-based light absorption
materials in optoelectronic field just starts, the photoe-
lectric convention efficiency of solar cells is very low
and more researches are needed. Due to the abundant
organic semiconductor molecules, there is a large space
to develop the POMs hybrid materials as a kind of light
absorption materials. Especially, much attention should
be paid to the organic semiconductor with large m-con-
jugated structures according to Su and coworker’s theo-
retical results.

Thirdly, owing to the excellent electron accepting
ability, POMs can be good dopants to improve the ionic
conductivity of solid electrolyte and adjust the hole col-
lection energy barrier in OPVs. It is meaningful to ex-
plore the application of POMs into newly developing
optoelectronic devices, such as tandom solar cell, per-
ovskite solar cell, quantum dot solar cells, electrolumi-
nescent devices, etc.

Fourthly, the excellent electrocatalytic activity allows
POMs to be used as a part of CE together with conduct-
ing polymer, Pt or carbon materials. POMs play the role
of the improvement of the durability and electrocatalytic
activity for CE. The types of POM-based CE are very
few now and novel POMs with excellent electrocata-
lytic activity are desired.

What’s more, in view of the fabrication of POM-
based optoelectronic films, lots of easy and low-tem-
perature processed methods are exploited, such as LBL
Methode, spin-coating technique, electrodeposition
technique, etc. These easy and low-temperature pro-
cessed methods are very suitable for practical applica-
tions in optoelectronic devices and flexible devices.
While most of the common-used semiconductors need
to be high-temperature processed during the device fab-
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rication and POMs are usually used together with these
semiconductors, such as TiO,, ZnO, Pt counter electrode,
etc. Thus, the exploitation of pristine POMs with supe-
rior semiconductor properties is an interesting direction
in future.

In brief, with the continuous development of new
POMs derivatives and POM-based hybrid materials, the
application of the POMs in solar energy conversion will
become broader and more in-depth.
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