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A B S T R A C T

Dye-sensitized solar cells (DSSCs) generate excitons (bound electron-hole pairs) upon absorptio

photon from the sunlight and undergo dissociation at the donor/acceptor materials interface to cr

free electrons and holes. Major challenges in DSSCs until now have been to achieve maximum exc

generation followed by dissociation, electrons injection and transportation with minimum recomb

tion, which are controlled by the dye/metal oxide, dye/electrolyte, and metal oxide/electrolyte interfa

Researchers have been focusing on improving these materials interfaces in DSSCs by using n

materials (doped metal oxides, wider spectral range dyes, and low viscous gel, ionic electrolytes and

molecular weight organic hole conductors), and introducing new semiconductor morpholo

(nanofibers, rods, wires, core–shell). With the current effort by researchers, TiO2/Ruthenium com

(N3 dye)-based liquid state DSSC have reached an efficiency of 11%, whereas TiO2/Ruthenium com

(N719 dye)/Solid electrolyte-based solid state DSSC have achieved an efficiency of �4%. As nume

materials have been the focal point in DSSCs, it is necessary to have an overall understanding on

materials interfaces and their influence on the performance of the solar cell. This review focuses on

metal oxides and metal oxide/dye interface that control the electron injection and transport

improving the efficiency of DSSCs.
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troduction

oday, the most successful solar photovoltaic devices
fabricated using semiconductor materials such as silicon
[1]. In recent years, several alternatives to Si-based solar

have become available and considerable research is
oing towards substantially reducing the cost of electricity
ration. Dye-sensitized solar cells (DSSCs) [2–4] are attrac-
alternative as they can be inexpensive, light weight,

able and flexible.
SSC possesses three major components: (i) dye sensitizer
rder to harvest solar energy and generate excitons [5,6],

nanostructured metal oxide material to transport
trons efficiently [7–9], and (iii) redox electrolyte or hole
sporting material, to support the performance of dye and
al oxide [10,11]. The schematic diagram of DSSC is presented
ig. 1.
he basic principle of DSSC is—the photoexcitation of dye
lting in electron injection into the conduction band of the
al oxide (MO), hole injection into the electrolyte, and gets
ced as shown below:

�� þMO �!
electron injection

Dyeþ þMO�

edox species, usually comprises of iodide/triiodide redox
le [12], in the electrolyte transport the holes from the oxidized

to the counter electrode. In the absence of redox species, the
ted electrons from excited state of dye undergo recombina-
with oxidized dye, instead of iodine.

þ þMO� �!
recombination with dye

DyeþMO

The redox electrolyte prevents the reduced dye recapturing the
injected electron by donating its own electron and thus
regenerates the reduced dye.

Dyeþ þ 2I� �!
dye regeneration

Dyeþ I2
�

The oxidized iodide is then regenerated by the triiodide at the
counter electrode, with the electrical circuit being completed via
electron migration through the external load.

I2
� þ 2e� �!

iodide regeneration
2I�

Back electron transfer from metal oxide into the electrolyte is
however the primary and predominant recombination pathway in
DSSCs, which lower the conversion efficiency.

I2
� þMO� �!

recombination with electrolyte
2I� þMO

The oxidized dye must be regenerated by the redox couple at the
speed of ns to kinetically compete with the metal oxide electrons for
subsequent electron injection as well as to prevent the recombina-
tion, which depends on the energetics of metal oxide/dye/electrolyte
interface. Interface is the region formed when two phases (systems)
are in contact through which the intensive properties of one phase
transfer to other. Energetic interface is the region produced when
layering or interpenetrating of two or more materials of different
valence and conduction bands or with dissimilar molecular energy
levels, i.e. highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO).

Dye/metal oxide interface energetics is created by matching the
LUMO level of the dye with (or just above) the conduction band

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
. Schematic diagram of dye sensitized solar cells. Mesoporous metal oxide nanoparticles as photoanode with adsorbed dye sensitizer (red color). Upon photoexcitation,

ron is injected into the conduction band of the anode. The anode is percolated with an electrolyte whose redox potential supports for the separation of bound electron-

pair at the metal oxide and photoexcited dye. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

ase cite this article in press as: V. Thavasi, et al., Mater. Sci. Eng. R (2008), doi:10.1016/j.mser.2008.09.001
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(ECB) of metal oxide. The dye/electrolyte interface is created such
that the HOMO level of the electrolyte lies close to the HOMO level
of the dye for fast electron transfer, i.e. the ground-state oxidation
potential of dye must be sufficiently positive to oxidize the redox
couple. The mass transfer rate of the redox species (I�/I3

�) has to be
superior, failing which results in higher electron-transfer resis-
tance and lower conversion efficiency [13]. The ion mobility in the
electrolyte has been improved by adding additives: polymers [14–
16], inorganic fillers [17–20] and plasticizers [20,21]. Lithium
inclusion in electrolyte has been commonly used in DSSCs, where
Li+ adsorbs onto the metal oxide surface and increases the charge
injection efficiency of dye by shifting the conduction band edge to
more positive potentials [22,23]. Researchers have investigated
using imidazolium cations in the electrolyte and noticed that the
imidazolium cations adsorbs on the metal oxide surface and align
the anion species due to electrostatic interaction, and thereby
facilitates electron transport [24]. By improving the ionic transport
the electron injection efficiency of dye can be enhanced; however,
the control of ion composition (and concentration) should be
optimal for the higher performance of DSSCs.

The recombination could be minimized if: (i) the rate constant
of electron injection from the excited dye into the conduction band
of metal oxide should be as small as possible, which depends
strongly on the energetics of the metal oxide/dye/electrolyte
interface. Much of the current research in DSSC on global has been
devoted to the synthesis of dye sensitizers and experiment them
on various metal oxides. The primary step to realize the maximum
charge injection into metal oxide is to dissociate the bound
electron-hole pairs (Frenkel excitons) generated upon photoexci-
tation of dye [25], which depends on the energetics of dye/metal
oxide interface. The dye/metal oxide interface is therefore one of
the key issues to be addressed for obtaining higher energy
conversion and retaining stability in the photoelectrochemical
environment. Therefore, for being significant in DSSC, the metal
oxide/dye interface has been emphasized in this review. (ii)
Following electron injection into the conduction band of metal
oxide by photoexcited dye, electron collection at the collecting
electrode requires the transport of electrons in the nanoparticles
film to be faster before it undergoes recombination (back transfer),
which depends on the nature and nanomorphology of metal oxide.
In the nanoparticle film of 10 mm thick, an electron visits
approximately 106 nanoparticles [26] on an average during
transport before reaching the collecting electrode and plausible
that such particles morphology acts as a potential recombination
site. This review foresees the possibility of using one-dimensional
(1D) nanomorphology by which such transport can be minimized
by achieving unidirectional transport.

The performance of each interface is crucial and have been
designated using the parameters: open-circuit voltage VOC, fill
factor FF, and short circuit current density JSC, and expressed as
efficiency (h) using the equation:

h ¼ VOCISCFF

Pin
and FF ¼ ImaxVmax

ISCVOC

whereas VOC, is the maximum voltage obtained at zero current; ISC,
the short circuit current is the maximum current obtained under
less resistance (short circuit) conditions and Pin is the solar
radiation intensity. Imax and Vmax are the maximum current and
maximum voltage, respectively. J (mA/cm2) depends on the

will be the FF. The electron injection into the conduction ban
metal oxide results a dramatic increase in electron density, rais
the Fermi level towards the conduction-band edge. This shift of
Fermi level of metal oxide under irradiation increases the
energy of injected electrons and is responsible for the generatio
the photovoltage in the external circuit. The VOC is related to
energy difference between the Fermi level of the metal oxide
the Nernst potential of the redox couple in the electrolyte. The
is influenced by the electronegativity (electron affinity) of m
oxide, and ionization potential of dye [27,28]. Raising the ene
level of the metal oxide conduction band should reduce
recombination losses, and result in high open circuit voltage.
suppression of dark current at the metal oxide/electrolyte inter
will increase the VOC.

The maximum achievable theoretical efficiency (h) of
conversion of solar energy–electrical energy has been estimate
be 31% for DSSC [29], however, the highest demonstra
efficiency so far has been only 11% [30]. Maximum charge injec
and minimum recombination are the key to achieve hig
efficiency. Research has been focused on designing DSSC w
various possible materials and their combination (Fig. 2). Con
of electron injection and transport at the materials interfaces
central to the design of DSSCs. This review discusses on
materials interfaces that influence efficient electron injection
transportation, especially on three core elements (i) metal ox
(ii) dye sensitizer, and (iii) metal oxide/dye/electrolyte interf
which are primary determinants in the overall performance
DSSCs.

2. Dye/metal oxide interface

The dye/metal oxide interface is to be designed such that
oxidation potential of excited dye (LUMO) is sufficiently nega
to achieve efficient electron injection into the conduction ban
metal oxide. Upon photon absorption, the dye molecule (se
tizer) reaches its excited energy state (LUMO) and gener
excitons, which diffuse into the dye/metal oxide interface. Th
will be built-in energy gradient DE exists at the metal oxide/
interface due to the energy difference between LUMO state
excited dye and conduction band of metal oxide (ECB).
electrons in the tightly bound excitons are so attracted by ene
gradient, and when this gradient exceeds the binding energy (
of bound excitons, the exciton dissociation occurs:

As the energy level of freed electrons is equivalent to
conduction state of metal oxide, ECB, the electrons are injected
metal oxide, which is also called as forward electron tran
(Fig. 3). LUMO of the excited dye therefore should be in-line w
the lower limit of the conduction band of metal oxide to facili
the effective electron injection into the metal oxide [2,31].

The amount of the sensitizer molecules available for l
harvesting and charge injection are important upon adsorbing
onto the metal oxide. Dye molecules are to be oriented on
surface of metal oxide with attachment functionalities of
molecule. Orientation reduces the covering area per adsor
molecule, providing a more compact and packed arrangemen
the dye molecules, which allow for more adsorption dye

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
ited
and
e is
the
are

of
SC

charge injection and transport. To achieve larger JSC, the transport
of electrons must be faster than the reaction with molecules in the
electrolyte. Hence, the JSC depends on the metal performance of
oxide/dye/electrolyte interface. FF is attributed to functioning of
the metal oxide/electrolyte interface. The higher the recombina-
tion of conduction band electrons with the electrolyte, the lower
Please cite this article in press as: V. Thavasi, et al., Mater. Sci. En
molecules. The rate constant for the migration of the exc
energy would depend on the relative orientation of the donor
acceptor moieties. However, this is no longer possible if the dy
adsorbed as aggregates. Problem of poor electron transfer to
metal oxide conduction band would be arisen if dyes
aggregated that results in an unsuitable energetic position
g. R (2008), doi:10.1016/j.mser.2008.09.001
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LUMO level. Lower current density could be resulted by poor
tion efficiency, due to unfavourable binding of dye onto the

al oxide surface. The orientation of the molecule on the metal
e surface is characterized by the anchoring group present in
ye [32]. Anchoring groups of dye to the semiconductor surface

e most decisive factor help in bringing the relative orientation
ergy level of donor and acceptor during the attachment on the

al oxide and increase injection efficiency. The electronic
ling strengths differ depending on the relative position of

LUMO of the dye and its anchoring group [33]. The closer
nce between the anchoring group and the nearest LUMO is

erred for maximum and efficient electron injection. It is to be
tioned that the unique properties of dye sensitizer as well as

metal oxide affect electron injection when combined for forming
dye/metal oxide interface [34]. In this part of review, the structural
influence of dye sensitizers, i.e. the effect of binding mode and
number of anchoring groups while forming dye/metal oxide
interface on the electron injection efficiency are focused, whereas
on the metal oxides aspect, the chemical property and electronic
structure are discussed.

2.1. Influence of dyes on electron injection

Dye sensitizer bound via its electronically favorable binding
mode is preferable for enhancing electron injection efficiency.
Metal oxide/dye interface in DSSCs is created by firmly grafting the

Fig. 2. Combination of materials and interfaces involved in DSSCs.

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
Fig. 3. Schematic illustration of exciton dissociation at the metal oxide (TiO2)/dye interface and electron injection into metal oxide.

ase cite this article in press as: V. Thavasi, et al., Mater. Sci. Eng. R (2008), doi:10.1016/j.mser.2008.09.001
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dye with its anchoring group such as carboxylic acid or phosphonic
acid coordinated onto the metal oxide. Dyes anchored with
phosphonic acid have demonstrated better long-term stability
against moisture in the environment compared to carboxylic acid
anchors which usually degrades upon absorption of moisture [35].
However, the rate of electron injection from the dye via the
carboxylic group has been found almost twice when compared to
binding via the phosphonic anchor group [36]. Thus, larger
photocurrents can be obtained for dyes that link with its carboxylic
acids [37]. Electron injection from higher excited states is most
likely is vibrational in origin, i.e. hot electrons from the dye into the
metal oxide and hence there is a mandatory requirement for
proximal contact between the dye and metal oxide. This suggests
that the dye–metal oxide distance should be shorter and therefore
mode of linking of dye on metal oxide needs more attention.
Previous researchers have found that the dye links onto TiO2

surface through bridging bidentate coordination mode (Fig. 4) is
more stable and preferable [38–40] because the bidentate binding
is shorter and hence increase in the rate of electron injection could
be expected.

For carboxyl group binding to occur, there should be an
electronic coupling between the cationic metal and oxygen atom of
the carboxylic acid which promote electron transfer upon
photoexcitation. The nature of linking of carboxyl group onto
the metal oxide also plays a role in enhancing electron injection.
The carboxyl groups can either form ester-like linkages (C O) or
carboxylate linkages (C–O–O–) with metal oxide, via titanium
atom in the case of TiO2. Carboxyl binding (C–O–O–) results in a
decrease of electron density of the ligand, leading to the lower
energy shift in band. Nazeeruddin et al. [40] have observed higher
energy conversion efficiency for N3/TiO2 interface formed by
anchoring N3 via two of their carboxylate groups. Due to numerous
carboxyl groups present in N3 dye, carboxylic acid anchoring by
unidentate linking may not be stable enough, and it tends to
transform into bridging or bidendate because of large rotational
freedom of dye molecule. Black dye that is comparable with the
performance of N3 dye has also been observed to anchor via
carboxylate link with TiO2 rather than ester link [41]. Likewise,
N719 dye which contains two carboxylic groups has also been
ascertained to bind via two carboxylates. While realizing
carboxylate mode is important for effective electron injection
and phosphonate group for stability, it is to be noted that both
stability and performance are crucial issues in DSSC and therefore

have to be compensated. The ester linkage could be preferred a
is stable (covalent like) on metal oxide and because of its stron
electron withdrawing nature, enhancing electron injection co
be obtained. Morakoshi et al. [42] have induced ester link
(C O) in N3 dye by reflux treatment and compared its convers
performance with N3 linked via carboxylate (COO–) mode to T
They have found that the ester linkage of N3 dye onto TiO2

shows higher conversion efficiency than that of carboxylate-
mode. Recent study has evidenced that rhodamine B sensit
anchored on TiO2 via ester linkage (C O) delivers the photocurr
of 2 orders of magnitude greater than that of dye linked with
amide mode [41]. The ester-like linkage from the carboxylic a
group of dye may be favorable for efficient electron injection

2.2. Effect of dye aggregation

Dyes manifest poor electron injection if it is adsorbed on a m
oxide in unfavorable adsorption geometry [43]. N3 dye has
bipyridine ligands and four carboxyl groups in its structure
adsorption may occur via several modes viz. protonation of on
more of all the four carboxyl groups [40], which results
difference in their energy levels that in turn lead to difference
their electron injection efficiency. For example, the fully pro
nated N3 dye, while possessing an excellent light-harves
capability, shows poor electron injection efficiency due to
misalignment of the dye on TiO2 (Fig. 5) [31]. The LUMO of f
deprotonated N3 dye lies well above the TiO2 conduction b
(�3.2 eV), and therefore excited state relaxation to the bottom
the conduction band of TiO2 may suffer from some energy loss [
The di- and mono-protonated forms of N3 dyes provide per
alignment of their excited states with respect to the T
conduction band and therefore manifest light-harvesting prop
at such orientation. Nazeerudin et al. [40] have obtained the ene
conversion efficiency of 7.4% for N3 dye with four-protona
groups, but 9.3% for mono-protonated N3 dye. The larger num
of protons carried by the sensitizer influences the energetics of
conduction band of metal oxide, decrease the driving fo
between the dye and the redox couple, and thereby reduce
of DSSCs. Therefore, the degree of dye protonation has profo
influence on the energy conversion performance.

The number of protons plays a significant role in the elect
injection efficiency. Nazeerudin et al. [40] have observed
mono-protonated form of N3 dye exhibits higher convers

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
Fig. 4. Possible binding modes of carboxylic acid group of dye onto metal oxides surface.
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iency compared to the four, two, and zero proton sensitizers
r examining N3/TiO2, N719/TiO2, and N712/TiO2-based DSSCs.

have observed that the mono-protonated N3-based DSSC
ers the JSC of 19 mA/cm2, whereas di-protonated N712 and

-protonated N719 showing 13 and 17 mA/cm2, respectively. It
rly emphasizes that the degree of protonation of the sensitizer
ences both JSC and VOC and therefore has to be optimized for
er conversion efficiency of DSSC. Nazeeruddin et al. [40] has
osed that the one proton dye is the optimum for high-power
ersion efficiency of the DSSCs. Other researchers have

eved 100% efficient electron injection from mono protonated
ye into TiO2 [45]. Likewise, a conversion efficiency of 11.2% has

achieved for the mono-protonated N719/TiO2 interfaced
r cell under AM 1.5 with 17.73 mA/cm2 JSC as 0.846 V, VOC as
for 0.158 cm2 cell [30].

he electron injection efficiency can also be influenced by the
egation of dye molecules on the metal oxide surface. Less
egated or zero-aggregated dye anchoring onto the metal oxide
ld be desirable for faster electron injection. Dyes show slower

tron injection or self-quenching if it undergoes aggregation,
ch can be encountered either before or during processing of dye
adsorption onto metal oxide. Processing methods such as

the process. However, another kind of aggregation of dye occurs
during anchoring via intermolecular hydrogen bonding [43] and
hence caution must be observed in the proper selection of dye for
the respective metal oxides. For instance, black dye (Fig. 6) has
been reported to form aggregates on the metal oxide surface due to
the long alkyl chain that undergoes hydrogen bonding during
anchoring and thereby affect the electron injection performance.
Presence of numerous carboxyl groups also facilitates aggregation.
Larger number of the carboxyl groups in the dye sensitizer
increases the electron-transfer efficiency due to their better
anchoring to the surface [47], however, numerous carboxyl groups
could offer steric hindrance which results in an uncoordinated
binding onto the surface. Lesser the number of COOH groups, lower
the possibility that it undergoes H bonding, and causes aggrega-
tion. Z907 dye has lesser number of COOH groups in its structure
which allows for well organized self-assembly onto the metal
oxide surface. Hence, no self-quenching can be expected in Z907
interfaced metal oxide (Fig. 7). The creation of energetic metal
oxide interface with such dyes and with wide spectral coverage
should lead to higher energy conversion efficiency and stable DSSC.
Even so, the dyes with one COOH group also cause slow electron
injection. For example, cyanine-based organic dyes L3 and L4

Fig. 5. Inefficient electron injection into metal oxide arises from misalignment and higher degree of protonation in N3 dye.

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
cation or stirring that are used to dissolve the dye powder in
ent could cause dye aggregation upon excessive treatment.
d method of interfacing dye with metal oxide form dye
egates that are less efficient in both electron injection and dye
neration by iodide [46]. This kind of aggregation can be
imized quite easily by adopting precise engineering control on
ase cite this article in press as: V. Thavasi, et al., Mater. Sci. En
(Fig. 8) interface with TiO2 have caused poor injection efficiency,
most likely originating from unfavorable binding or orientation of
these dyes onto the TiO2 surface [48]. It is important to stress that
the factors such as orientation, nature of binding, and structure of
the dyes influence electron injection efficiency and thereby
enhance overall performance of DSSC.
g. R (2008), doi:10.1016/j.mser.2008.09.001
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3. Role of metal oxide on the performance of metal oxide/dye
interface

A schematic of energy level diagram describing the charge
transfer processes involved in DSSC is shown in Fig. 9. Electron
injection from dye sensitizer usually occurs in ultrafast time scale
and followed by a slower time scale, which have been denoted as
fast and slow components, respectively, using biphasic (two-state)
model [49,50]. The fast and slow components are attributed to
injection from unthermalized and relaxed excited states of dye,
respectively (Fig. 9). It is to be noted that the rate of electron
injection is significantly contributed from unthermalized excited
state (i.e. fast component) and play major role in the electron
injection efficiency. For N3/TiO2 system, the rapid electron
injection from N3 into TiO2 has occurred within 250 fs [44],
whereas for N3/ZnO system, the injection time scales for fast
component has been estimated to be 1.5 ps [51]. For N3/SnO2

system, the electron injection speed have been found even slower,
i.e. 5–10 ps [52–54].

For the invariant LUMO value of N3 dye, but for different metal
oxides it has been found that the injection speed differs, suggesting
that metal oxide energetics could play a role. Energetically, the
conduction band edge value (ECB) and band gap are similar for TiO2

and ZnO [55–57]. For the same LUMO level of N3 and with similar
energy values of TiO2 and ZnO, it is reasonable to expect the similar
rate of injection. Nevertheless, the electron injection has been
found faster in the case of N3/TiO2 that that of N3/ZnO. Likewise, on
the basis of energetics, SnO2 is expected to provide better electron
injection rate compared to TiO2 since its ECB edge position is 0.5 V
lower than that of TiO2 (see Fig. 9 and Table 1). The rate of electron
injection has been however slower than TiO2. Overall, the injection

efficiency for the widely studied metal oxides has been foun
the following order: TiO2 > Nb2O5 > SnO2 � ZnO � SnO2 [58,
The energetic difference in metal oxides is unable to account
the orders of magnitude difference in injection rate. An impor
aspect that distinguishes metal oxides among each other is
electronic structure, and hence researchers have taken electro
structure of metal oxides into account to explain the differenc
injection and performance.

3.1. Effect of electronic structure of metal oxides

According to Marcus theory of interfacial electron transfer,
rate of electron injection under nonadiabatic condition is prop
tional to the density of accepting states (DOS) in the conduc
band of semiconductor. Electronic structure of the conduc
band is usually comprised of empty s, p, d and f orbitals.
conduction band of SnO2 is composed primarily of empty s (an
orbitals of Sn4+, whereas TiO2 is composed primarily of emp
orbitals of Ti4+. The d bands are typically narrower, wherea
bands are broader and having density of states (DOS) an orde
magnitude smaller than d-type conduction bands. The electr
transfer integrals for the d-orbitals of the neighboring metal ato
are smaller than that of the integrals for s-orbitals. Therefore,
effective mass (me) of the conductive electron should be larger
d-orbital materials. When the effective electron mass is larger,
DOS near the conduction band edge also becomes larger.
electron effective mass in d-type conduction bands (5–10 me
3 me for TiO2 and Nb2O5, respectively) is higher than i-t
conduction bands (0.3 me for SnO2 and ZnO). This could
attributed for slower electron injection rate at SnO2/dye and Z
dye interfaces compared to TiO2/dye interface.

Fig. 6. Structure of black dye.

Table 1
Properties of metal oxides that influence the performance of dye/metal oxide interface.

Material Isoelectric

point

Band gap ECB = 0.0 V versus NHE Electron

affinity

Density of states

(effective electron mass)

Electronic structure

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
Anatase TiO2 5–6 3.3 0.5 V 3.9 eV 5–10 me d orbitals of Ti4+ density of

states is higher than others

ZnO 4–9 3.3 Close to TiO2 �0.5 V higher than SnO2 4.5 eV 0.3 me s, p orbitals of Zn2+

SnO2 2.5–4.0 3.5 0.5 V lower than TiO2 4.8 eV 0.3 me s and p orbitals of Sn4+

In2O3 7.1 3.6 0.5 V lower than TiO2 4.45 eV 0.3 me s orbitals of In3+

Nb2O5 2.6–4.5 3.4 0.2–0.3 eV higher than TiO2 2.34 eV 3 me d orbitals of Nb5+

Please cite this article in press as: V. Thavasi, et al., Mater. Sci. Eng. R (2008), doi:10.1016/j.mser.2008.09.001

http://dx.doi.org/10.1016/j.mser.2008.09.001


U
elec
cont
stru

T
TiO2

bon

439
440
441
442

443
444
445

8

G Model

MSR 363 1–19

Ple
U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

pon photoexcitiation, the Ru dye complex transfer the
tronic charge density first to ligand orbital which is in intimate
act with the conduction band of the TiO2. For Ti4+, the orbital
cture is as follows:

strength of p orbitals of ligand. The electron injection from the
ligand goes into the vacant t2g orbital as the excited electron
donating ð* orbitals match with the ð symmetry t2g d orbitals of
Ti4+ atoms, and reducing it to Ti3+. Overall, the substantial increase

Fig. 7. Well organized self-assembly of Z907 dye onto the metal oxide prevents aggregation and self-quenching.

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
he 3d orbitals of Ti4+ are near the conduction band edge of
. The di-carboxyl bipyridyl ligand in dye molecule exerts back

ding with the Ru complex that actually enhances the acceptor
ase cite this article in press as: V. Thavasi, et al., Mater. Sci. En
in electron injection occurs from excited dye to TiO2 [60].
Moreover, this phenomena enable a back bonding reaction,
facilitating the formation of a temporary interfacial Ti3+–ligand–
g. R (2008), doi:10.1016/j.mser.2008.09.001
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Fig. 8. Cyanine-based organic dyes.

Fig. 9. Energy level diagram for metal oxide/dye/electrolyte interfaces.
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charge transfer complex. This could allow the longer survival
e sensitizer molecules on TiO2 compared to ZnO in an entirely
istent way. The back bonding of metal oxide and Ru complex

eases stability while enhancing increased electron injection.
reas in ZnO/dye system, the beneficial role of back-bonding of
ridyl ligands with Ru could not be utilized due to the lack of
nt d-states in Zn2+ (as shown below).

hus replacing Ti by Zn would decrease the stability due to lack
ack bonding, and affect the electron-transfer process over the
od of time. As the long-term stability of dye (�20 years) is a one
e goal of DSSC for industrial feasibility [61], design of such dye/
interface that enable back bonding of metal oxide and excited
metal complex may be preferred.

Effect of chemical stability of metal oxides

t is to be noted that the surface of metal oxides especially
is more prone to be affected by material process conditions

ng interfacing with dye and electrolyte. Prolonged immer-
of ZnO in high concentration of dye leads to more binding of
dye, simultaneously allow for the formation of Zn2+

egates, which deteriorates the surface of ZnO [62]. The
ation of dye agglomerates does not take place in the case of
but apparent in ZnO. As a result, there should be a reduction

he photocurrent as aggregation makes dye passive for
tron injection. Moreover, such dye aggregates block the
s of the ZnO matrix [63], reduce the interpenetrating ability
lectrolyte, and substantially decrease the cell efficiency.
ation of dye agglomerates mainly hinges on to the high

ity nature of the carboxylic groups of the dye or pH of
trolytic composition or surface chemical property of
erial. The isoelectric point (IEP) of material is the pH at
ch the materials surface carries no net electrical charge. At a
below the IEP, metal oxide surface carries a net positive
ge, and above the pH, the negative charge predominates. IEP
erefore an important parameter by which the difference in

ction efficiency at the metal oxide/dye interface could also
arisen because it determines the stability of the dye.
monly used metal oxides have well defined characteristic

values, and are given in Table 1.
he IEP of TiO2 is about 4–6 and hence DSSC experiment
ied at normal conditions, i.e. at pH 7 could make the surface
e negative. It therefore could facilitate electron injection

the dye more effectively. The IEP of ZnO lies at 9. The
omeration Zn2+ ions could be occurred due to the presence of
ons from the acidic carboxylic groups of the dye. Hence, to
itate more electrons injection, ZnO has to be processed in
e basic medium (pH > 9). ZnO-based DSSCs would require
rnative sensitizer that does not possess acidic protons in
r to suppress the dissolution of zinc ions (Zn2+) and prevent
ation of Zn2+/dye aggregates. The dye N719 has lesser

better h of 2.1% for N719/ZnO [63]. Another study has revealed
that N719/ZnO interface shows the highest quantum yield for
electron injection, i.e. 3-fold larger than the N3/ZnO system [64].
As such, N719 may be favorable for interfacing with ZnO.
Mercurochrome, an organic dye (Fig. 10) is also preferred for ZnO
as it can prevent the formation of aggregates and moreover,
cheaper than the Ru-based dyes. A recent study on mercur-

ochrome/ZnO system has unveiled that there is a reduction in
recombination rate [65], evidencing that the interpenetration of
electrolyte is improved by eliminating the formation of Zn2+

aggregates. As a result although mercurochrome can not absorb
like N3 dye especially in the light region from 600 to 800 nm,
mercurochrome/ZnO system has delivered better h of 2.5% at
99 mW/cm2 than that of N3/ZnO system (0.4% 119 mW/cm2).
Thus the mercurochrome is a preferred dye over N3 dye to
interface with ZnO, emphasizing that suitable combination of
dye and semiconductor is mandatory for the construction of high
performance DSSCs.

4. Effect of solvent environment

Upon electron injection, the dye gets oxidized and therefore
must be regenerated by the redox couple at nanosecond time scale
(ns) for subsequent injection as well as to prevent the recombina-
tion of metal oxide electrons with the oxidized dye. Therefore the
challenge is to obtain optimal dye regeneration efficiency, which
depends on the dye/electrolyte interface. While designing dye/
electrolyte interface energetics, we need to bear in mind the HOMO
energy level of dye lower than the redox couple in the electrolyte
[66], one has to make sure that the solvent in the electrolyte
solution does not affect the regeneration of dye, and thereby its
capacity for electron injection.

For N3/TiO2 system, the environmental effect may not be as
significant as black dye/TiO2 because the energy gap between the
LUMO of the N3 and ECB of TiO2 is relatively larger. The electron
injection dynamics will be sensitive to the environment if the
energy gap between the LUMO of the dye and the conduction band

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
Fig. 10. Structure of mercurochrome dye.
ber of COOH groups and could exhibit lesser or no
omeration on ZnO surface than the N3 dye. Recent study
been noticed that N719 dye/ZnO system does not involve in
shift (blue-shift) of absorption spectrum of the N719 dye,
encing that there is no formation of the Zn2+–N719 dye
plex (which actually engages blue-shift) and has also yielded
ase cite this article in press as: V. Thavasi, et al., Mater. Sci. Eng. R (2008), doi:10.1016/j.mser.2008.09.001
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(ECB) of metal oxide is smaller. For instance, the energy gap
between the LUMO of black dye and the ECB of TiO2 is relatively
small because LUMO of black dye is located just above the
conduction band (ECB) of TiO2 [67] and, therefore electron injection
should be sensitive to environment such as presence of additives
and solvent in the electrolyte. The electron injection from dye
has been found to be faster in acetonitrile (AcN), a dipolar
solvent when compared to polar protic ethanol (EtOH) and polar
aprotic DMSO [68]. The rate of electron injection from dye into
TiO2 has been found to be in the following order;
AcN > EtOH > DMSO. The difference in the electron injection
of dye in the solvent medium could be ascribed to the interactive
ability of solvent. Electrolytic solvent molecules may engage
through intermolecular interaction with the COOH group of dye
molecules and can intercept the dye’s electron injection in two
possible ways; (i) at excited state and (ii) at the oxidized state. As
laid out in Fig. 11a the interaction of acetonitrile with the excited
dye is prevented or weakened due to the lower electronegative
nature of N atom of acetonitrile. This may allow the excited dye
to release (inject) their electrons considerably faster into the
metal oxide. This could also allow an additional pathway for
electron injection in the acetonitrile medium. Hence faster
injection is observed in AcN mediated electrolyte. Higher
electronegative nature of O atom in solvents such as ethanol
and acetone could exert stronger molecular interaction with the
functional group of the dye (Fig. 11b) which will influence the
excited-state charge-transfer kinetics and energetics. As a result,

(Fig. 11c). The strong interaction with solvent at the oxidi
state of dye could change the energetic level, restricting
acceptance of new electrons from the redox couple, which co
slow down the subsequent injection.

5. Effect of core–shell nanostructure

Control of interfacial electron injection and recombination
the metal oxide/dye/electrolyte interfaces is pivotal for the b
performance of DSSCs. Doping at the dye/metal oxide interface
received increased attention among researchers to improve
injection efficiency and suppress the recombination as
interfacial energetics can be controlled by this strategy. Intro
cing cations as dopant on the surface of photoanode mater
(metal oxides) exerts larger dipole moment that changes
interface energetics in an energetically more favorable way
electron transfer [69]. Recombination rate will be diminis
because the doped cations could shield electron back flow thro
metal oxide to the electrolyte. The doping of strontium ions o
the TiO2 (i.e. SrTiO3) has been observed to shift the ECB in
negative direction, i.e. from �4.1 to �3.7 eV [70,71]. Conduc
shift in the negative direction increases the efficiency of electr
hole separation at the interface and reduces the electr
electrolyte recombination rate and thus increases photocurr
The reduction in the recombination rate results in larger VOC [
Insertion of another metal oxide as shell or interface modifier
controls the back electron transfer, as the shell layer form

Fig. 11. Effect of electrolyte solvents on the electron injection performance of dye; (a) N3 dye exhibits a weak interaction with acetonitrile, (b) N3 dye forms a stro

interaction with ethanol, (c) N3 dye forms a strongest interaction with DMSO.

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
tion
ling

be
han
ure
the electron injection is restricted, which could lead for the
slower electron injection kinetics in EtOH. A very strong
intermolecular attraction is expected between excited dye and
lone pair oxygen atom of DMSO because of the strongest
electronegative nature of O atom, that could change the
energetics of the excited dye, results in slower injection rate
Please cite this article in press as: V. Thavasi, et al., Mater. Sci. En
surface energy barrier, which slows down the recombina
[69,72–74]. If dethermalization of electron occurs upon travel
in the matrix of the anode material, such electrons can
abstracted by shell material, i.e. second metal oxide rather t
being back injected into the electrolyte due to its lower ECB nat
(Fig. 12).
g. R (2008), doi:10.1016/j.mser.2008.09.001
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eung Jae Roh et al. [75] have observed that the ZnO adsorbed/
sited as shell material on TiO2 with a thickness of 30 nm at
/N3 interface reduces electron-hole recombination and
hes an efficiency of 4.51% at 80 mW/cm2. Presence of Al2O3

l layer on TiO2 [76] also has been observed to retard the
mbination dynamics by passivating surface recombination
ers and decreasing the rate of back electron transfer. Al2O3-
ed SnO2 has been reported to increase VOC. The presence of

as SnO2/MgO/N719 interface is observed to deliver a higher
tocurrent (JSC of 9.7 mA/cm2) [77], compared to SnO2/N719
esting that the MgO is involved in the suppression of charge
mbination. The performance of shell material depends on their
r thickness at metal oxide/dye interface [78,79]. For example, it
been noticed that ZnO shell layer with larger thickness

0 nm) leads to leakage of electrons to the electrolyte because of
ow electron effective mass, 0.3 me [75]. Similarly, 1 nm thick

layer at SnO2/dye interface and 1 nm thick Al2O3 at TiO2/dye
rface have resulted in 4-fold [80,81] and 3-fold [82,83]
ease in the rate of recombination, respectively. Increasing

thickness of Al2O3 layer on TiO2 has resulted in larger decrease

C, but not much in FF and VOC, indicating that the thickness of
l layer mainly affects the electron transfer. The literature data
able 2 reveals that larger band gap materials: MgO, Al2O3, and

as shell layer have resulted in larger JSC, which could be arise
larger enhanced electron injection. Whereas smaller band

materials such as zirconia (ZrO2) and SrTiO3 have not
ificantly improved the photocurrent from TiO2/dye interface
pared to that of larger band gap materials. It has been noticed
the absorption spectrum of MgO-coated TiO2 is similar to that
eat TiO2, evidencing that light absorption spectrum of core
toanode) material is not be affected by the presence of larger

which could change the electronic property of the core anode
materials. For example, the SiO2 as shell layer on TiO2 could modify
the electronic structure of the Ti atoms by forming Ti–O–Si bonds
at the inter-phase boundary of TiO2–SiO2 interface under process
conditions. The electron affinity of Ti(IV) in Ti–O–Si bonds is higher
than in Ti–O–Ti bonds due to its electronic structure, expecting
more electron injection. This is supported by the literature data of
TiO2/SiO2 shown in Table 2. The SiO2 on ZnO surface changes the
surface charge due to the change in IEP of SiO2, which prevents the
formation of Zn2+–dye aggregates on ZnO surface. From Table 2,
Larger increase in JSC, i.e. 7.66 mA/cm2 has been observed for ZnO
coated with SiO2 (Table 2).

Presence of ZrO2 as shell layer on TiO2 at N3/TiO2 has been
observed not to change the values of JSC and VOC (in Table 2), due to
its conduction band edge position. The ECB (�3.41 eV) of ZrO2 is
higher than the LUMO level of the dye (�3.8 to 3.93 eV), so that the
back electron injection cannot be prevented (Fig. 13). However, it
can be seen that ZrO2 has produced higher performance for the
SnO2/N719 interface-based DSSC. Hence upon revisiting and
examining the data in Table 2, we have realized that larger
difference in IEP value of core–shell materials has a role to play. It
can be seen from Table 2 that core–shell materials with larger
difference in the value of IEP has resulted with larger JSC,
suggesting the larger dipole moment play a major role in
increasing the performance. The substantial increase in the h for
metal oxide coated with Al2O3 and MgO layer have also suggested
the same reason. The existence of larger dipole moment induces
the excitons to diffuse into dye/metal oxide interface effectively
where they undergo dissociation. Hence, larger the dipole moment,
the greater will be the dissociation. Doping or using shell material
could provide faster and more electron injection, in addition to

Fig. 12. Energy level diagram for the core–shell metal oxide interface with N3 dye.

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
gap shell material. Thus, surface modification of photoanode
trodes with very thin layer as well as larger band gap shell
erial improves the photocurrent.
t is reasonable to expect a bond formation between core and
l material during process conditions involved in device
ing: high temperature sintering, and solvent treatment, etc.,
ase cite this article in press as: V. Thavasi, et al., Mater. Sci. En
lower recombination. Hence our examination on the performance
of core–shell structure-based DSSC hints that the essential
improvement in electron injection efficiency and thereby overall
performance can be obtained by proper designing or choosing of
the second metal oxide with suitable band gap, optimal thickness
of shell layer and IEP.
g. R (2008), doi:10.1016/j.mser.2008.09.001
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6. Controlled electron transport by materials used in DSSCs

Electron injection from the dye introduces electron concentra-
tion in the metal oxide nanoparticulate matrix. It alters the
energetics of the quasi-Fermi level of metal oxide and creates a
potential gradient within particles, which is the driving force for
electron transport. The efficiency of charge collection (hc) is a
function of charge transport and can be measured as follows:

hc ¼ 1� Rt
Rrec

where Rt is the transport resistance and Rrec is the recombination
resistance. For higher collection efficiency, the cell should render
better transport of charges (low Rt) and with lesser recombination
(low R ).

expected [26]. As a result, the electron transport will be limited
lead to electron accumulation in the nanoparticulate ma
Accumulated electrons change the quasi-Fermi level and
undergo radiative energy losses, the electrons could eit
recombine with the electrolyte (back reaction) or the reduced d

6.1. Effect of 1D nanostructures for controlled electron transport

A grain boundary (GB) is the interface between two grains
polycrystalline material. Grain boundaries disrupt the elect
transport through a material and hence, grain boundaries in n-t
metal oxide are considered as defects especially when they
intended to promote the electron conductivity. Electrons
trapped in these localized states, leaving a net negative charg
the GB. A band bending (V ) will be formed in the vicinity of the

Table 2
Performance of core–shell nanostructures of metal oxides/dye in DSSC at AM 1.5.

Material Band gap IEP Thickness or

concentration

of outer

layer/dye

Performance values given in the bracket are the

one that has been obtained without shell

Individual

comments

Overall

comments

Core Shell Core Shell Core Shell VOC (V) JSC

(mA/cm2)

FF h (%)

TiO2 SrTiO3 3.3 3.2 6 8.6 N3 [54] 0.708 (0.650) 10.2 (10.5) 0.584 (0.536) 4 (3.81) Larger increase in VOC Larger band

gap shell

materials incr

the performan

MgO seems to

be the better

shell layer

TiO2 MgO 3.3 7.2 6 12.7 N3 [67] 0.720 (0.640) 11.7 (0.64) 0.535 (0.473) 4.5 (3.1) Largest increase in

photocurrentTiO2 ZrO2 3.3 4.7 6 6.7 1:0.38/N3 [68] – – – 2.27

TiO2 ZrO2 3.3 4.7 6 6.7 N3 [69] – – – 2.29 (1.36)

at 0.1 sun

2-Fold increase in

efficiency

TiO2 ZrO2 3.3 4.7 6 6.7 N719 [59] 0.675 (0.735) 9.1 (9.1) 0.595 (0.551) 3.6 (3.7) No significant change

in photocurrent

from N719

TiO2 SiO2 3.3 8.9 6 2 0.53/Eosin [70] 0.600 (0.580) 0.55 (0.37) 0.54 (0.54) 0.18 (0.12) Increase in VOC

TiO2 SiO2 3.3 8.9 6 2 N719 [59] 0.710 (0.735) 10.6 (9.1) 0.581 (0.551) 4.4 (3.7) Larger photocurrent

from N719 dye

TiO2 Al2O3 3.3 9.9 6 7–9 N719 [59] 0.760 (0.551) 12.1 (9.1) 0.611 (0.551) 5.6 (3.7) Larger increase in

photocurrent,

VOC, and FF. Thicker

coating limits

electron injection

4 times coated

alumina/

N719 [59]

0.860 (0.551) 2.45 (9.1) 0.656 (0.551) 1.4 (3.7)

TiO2 ZnO 3.3 3.3 6 9 30 nm

thickness/

N3 [58]

0.62 (0.49) 11.7 (13.2) 0.52 (0.40) 4.51 (3.31) ZnO as shell increases

VOC and FF indicates

60 nm

thickness/

N3 [58]

0.59 (0.49) 4.51 (13.2) 0.55 (0.40) 2.50 (3.31) Lower recombination,

but reduces the current

300 nm

thickness/

N3 [58]

0.47 (0.49) 0.61 (13.2) 0.51 (0.40) 0.18 (3.31) Thickness of shell

significantly reduces

the current

ZnO TiO2 3.3 3.3 9 6 TiO2 with

10–25 nm

thickness/

N3 [71]

0.800 2.0 0.6 (0.36) 2.0 (0.85) Increase in FF SiO2 is

the better

shell

material

ZnO SiO2 3.3 8.9 9 2 1:5/N719 [60] 0.680 (0.670) 7.66 (1.0) 0.69 (0.73) 3.6 (0.52) Larger increase in

photocurrent

SnO2 ZrO2 3.5 4.7 4 6.7 0.50/N719 [72] 0.550 (0.480) 12.9 (6.4) 0.47 (0.4) 3.4 (1.2) Larger photocurrent Significant

increase in

FF is observed

for MgO

coating

SnO2 ZnO 3.5 3.3 4 9 0.59/N719 [72] 0.670 (0.480) 11.2 (6.4) 0.69 (0.4) 5.1 (1.2) Larger photocurrent,

VOC and FF

SnO2 TiO2 3.5 3.2 4 6 0.35/N719 [72] 0.660 (0.480) 10.9 (6.4) 0.54 (0.4) 3.9 (1.2) Larger photocurrent,

VOC and FF

SnO2 MgO 3.5 7.2 4 12.7 0.13/N719 0.610 (0.480) 9.7 (6.4) 0.61 (0.4) 3.6 (1.2) Increase in

thickness reduces

the FF, and VOC, but

increases the current

0.05/N719 [72] 0.800 (0.480) 7.0 (6.4) 0.72 (0.4) 4.0 (1.2)

SnO2 Al2O3 3.5 9.9 4 9 0.06/N719 [72] 0.740 (0.480) 10.0 (6.4) 0.70 (0.40) 5.2 (1.2) Larger photocurrent

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
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Metal oxide nanoparticles used in DSSCs are usually a random
network of crystallographically misaligned crystallites [84] and as
a consequence, lattice mismatches at the grain boundaries
develops that could influence in electron scattering and act as
electron trap (Fig. 13). For the nanoparticulate matrix with a
thickness of 10 mm, approximately 106 grain boundaries are
Please cite this article in press as: V. Thavasi, et al., Mater. Sci. En
B

preventing the diffusion of majority carriers towards the GB
attracting minority carriers into the GB, in turn, results in
increased level of electron-hole recombination in the GB reg
[85].

In one-dimensional (1D) nanostructures, the grain bounda
effect could be restricted (Fig. 15) [86,87]. Moreover, for the sa
g. R (2008), doi:10.1016/j.mser.2008.09.001
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n film thickness, the loading of dye can be much higher in 1D
structured material than the nanoparticles, for instance, the
nanowires has allowed for larger adsorption of dye, i.e. 4 times
the P-25 [88]. The synthesis or preparation processes to

in 1D nanostructured material have been demanding but time
uming. 1D nanostructures could act as single crystal, and
lve in rapid electron transport. The formation of crystalline
cture should depend on the methodology that is used for the
aration. The template assisted methodologies produce the 1D
structured materials with polycrystallinity in structure

90], which limit the electron transport, whereas the surfac-
-controlled synthesis forms highly crystalline structure [89],
ssential feature required for higher performance of DSSCs.
e of the commonly used methodologies and their significance
regards to the application in DSSCs are pointed out in Table 3.

n 1D nanostructures, the surface is focused and hence, the
en vacancy on the surface could be reduced and so act as

better n-type material with good electronic transport property.
The recombination rate has been found to be 10 times slower in 1D
TiO2 nanotubes which led for higher JSC (7.8 mA/cm2) than that of
nanoparticles (2.6 mA/cm2)-based DSSC [91]. Recently more
effective charge transport has been realized when researchers
attempted for direct deposition of rutile nanowires onto FTO
conducting substrate [84]. However, the major problem of using
1D nanostructured electrodes in DSSCs, is their poor adhesion to
substrates that arises due to the high temperature used for the
sintering. During sintering, strong stresses are generated that lead
to the shrinkage of the fibrous mats. Such shrinkage has limited the
benefits of using 1D nanofibers film and resulting in poor charge
collection. Hence, direct attachment (binding) of 1D nanostruc-
tured materials onto the conductive substrate (ITO or FTO) has
always been challenging. Song et al. [92] have used thin film of
nanoparticles at the FTO as binding support for nanofibers on the
FTO and also to prevent back electron transfer from ITO. Our group

3
parison of current methodology used for 1D nanostructures.

structure Method Advantages Disadvantages

nanowires [80] Phase transformation of gel

matrix in shape container

Scattering of longer wavelength of light,

good electron transport

Slow process for wire growth

nanotubes aligned [81] Anodic oxidation of TiO2

thin film

Higher efficiency up to 2.9%, excellent

hollow structure

Low electrode thickness (360 nm),

small working area

nanotubes random [82] Surfactant assisted assemblies Higher photocurrent, larger electron transport, Slow process for nanotubes growth

3. (a) Electron scattering in metal oxide nanoparticles interface, (b) enlarged view of electron scattering in spherical nanoparticles interface, (c) reduced electron

ering in hybrid interface structure with particles and rods/wires and (d) more efficient electron transport possibility in vertically positioned 1D structures, (e) enlarged

of electron flow in 1D nanorods.

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
single crystal, high BET surface

nanotubes and

orods [83]

Electrospinning and sol–gel Good electron transport, industrial scalability,

suitable solid electrolyte, high electrode thickness

Polycrystalline, poor adhesion of

fibers onto FTO

nanowires [84] Seed growth process in

aqueous solution

Aspect ratio up to 125, higher electron transport,

low temperature process.

Extremely slow process for wire growth

rite ZnO nanowires [85] Chemical vapor disposition High electron transport, single crystal Low surface area, low photocurrent,

slow growth process

ase cite this article in press as: V. Thavasi, et al., Mater. Sci. Eng. R (2008), doi:10.1016/j.mser.2008.09.001
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has recently successfully demonstrated direct deposition of
electrospun TiO2 nanofibers by introducing an ultra-thin surface
treatment layer (STL) on the FTO before depositing the TiO2

nanofibers. After calcination, the STL has behaved as an adhesive
which retained adhesion of nanofibers on the conductive substrate
and thus improved the adhesion of TiO2 nanofibers for better
electron transport [93].

6.2. Effect of hybrid nanostructure

Hybrid nanostructures (Fig. 13c) have recently emerged as a
promising architecture for electron transport as well as dye
adsorption. When the available quantity (and so the surface area)
of spherical nanoparticles is larger in the hybrid structured
photoanode film, especially towards the side that is disclosed for
the dye adsorption in comparison with the 1D nanostructured
materials, the maximum dye adsorption is possible on spherical
particle surface, while the presence of nanofibers/rods, directs for
faster electron transport rate (Table 4).

For hybrid matrix, nanowires or rods that are used should
preferably have the same crystal structure as nanoparticles for
effective electron transport. Hybrid combination TiO2 nanowires
and P-25 with N719 dye has obtained an efficiency of 6.01% which
is about 60% higher than that of DSSC based on TiO2 nanowires
alone [94]. As seen in Table 4, the hybrid of different morphological
combination of TiO2 has increased FF significantly compared to
that of VOC. This indicates hybrid structure improves the
interpenetration of electrolyte in the hybrid matrix. The increase
of V of hybrid matrix of TiO has been found little when

than the other efficiency parameters, which suggests hyb
structure increases the interfacial area that leads to more exc
dissociation and electron injection.

Although the 1D nanostructures have been proved to del
higher JSC than that of nanoparticles, the random aligned 1D ma
could be a barrier for the electrolyte interpenetration.
nanostructure TiO2-based DSSCs with the standard liquid elec
lyte have been found yielding relatively poor fill factor, i.e. is in
range of 0.5–0.8 for the efficient dyes such as N3 and N719. This
raised the issue that the poor interpenetration is severe betw
1D materials and the electrolyte. However, it is noted that lowe
has been compensated by the higher JSC. Larger photocurrent co
result from the possibility of more excitons generation due to la
interface with dye and the controlled electron transport. Vertic
aligned 1D metal oxides (Fig. 13d) in DSSCs can promote m
exciton generation because of the possibility of larger bindin
dye molecules. Furthermore, more dissociation can occur beca
of the formation of larger interfacial area, followed by m
electron injection and transport compared to the non-alig
(random) 1D matrix. Matt Law et al. [95] have developed vert
nanowires arrays of ZnO interface with N719 dye and obser
that vertical nanowires facilitates faster electron injection than
ZnO nanoparticles/N719. However, the vertical nanowires-ba
device even with efficient dyes such as N3 and N719 have not
yielded the considerable performance (refer Table 5). One of
possible reasons is the positioning of 1D nanomaterials. Clo
spacing of nanofibers/wires increases the exciton dissociation
should be preferred in order to obtain larger JSC. As known,
efficiency parameter FF is influenced by the metal ox

Table 4
Performance of hybrid materials/dye/liquid electrolytea in DSSC.

Nanostructured acceptor Donor Cell

area

(cm2)

Performance Values given in the bracket are the

one that has been obtained only by using the

material mentioned in ‘‘second combination’’ column

Comments

1D material Second

combination

VOC (V) JSC (mA/cm2) FF h (%)

TiO2 Nanorods

8.3 mm thick

10–20 nm diameter

TiO2P-25 N719 [90] NA 0.73 (0.704) 13.97 (12.74) 0.70 (0.649) 7.12 (5.82) Addition of nanorods

increases electrolyte

penetration, thus reduce

recombination, results in

larger JSC, VOC, and FF

TiO2P-25 TiO2 nanorods

15–18 mm

thick 150 nm

diameter

N3 [75] 1 0.834 (0.832) 13.3 (14.2) O.477 (0.366) 5.26 (4.28) Insertion of NP layer

slightly decreases curren

results in lower JSC

TiO2 nanowires

5.5 mm thick

5–30 nm diameter

TiO2P-25 N719 [88] 0.25 0.754 (0.714) 11.9 (8.16) 0.673 (0.710) 6.01 (4.13) Addition of nanowires

increases current genera

reduces recombination,

results in larger JSC, VOC

TiO2 nanowires

10–70 nm diameter

16 mm thick

TiO2P-25 N719 [91] NA 0.74 (0.74) 13.23 (12.11) 0.66 (0.63) 6.53 (5.59) Increase in thickness

increases the current

ZnO nanowires

5.5 mm thick

5–30 nm diameter

ZnONP Mercurochrome

[92]

NA 0.61 (0.49) 6.3 (3.4) 0.58 (0.50) 2.2 (0.84) Addition of

ZnO nanowires

significantly increases

current, electrolyte

penetration and so

reduces recombination,

results in larger JSC, VOC,

and FF

a The electrolyte containing 1-hexy l-2,3-dimethyl-imidazolium iodide, I2, LiI, 4-tert-butylpyridine, 3-methoxypropionitrile.

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
een
the
(FF)
ally

its
s to
OC 2

compared to the single matrix (either P25 or nanofibers alone) and
in some case, both are similar, suggesting the quasi Fermi energy
state of the TiO2 is not affected by the hybrid composite. The hybrid
of ZnO nanofibers and nanoparticles with mercurochrome dye has
resulted with remarkable increase in the efficiency from 0.84% to
2.2%. Over all, JSC of the hybrid composite has been found higher
Please cite this article in press as: V. Thavasi, et al., Mater. Sci. En
electrolyte interface. Better the interpenetrating network betw
metal oxide and electrolyte, larger the FF and thus, higher
efficiency. Hence, the currently encountered poor fill factor
issue in 1D architecture could also be improved in vertic
nanostructured materials provided if they are positioned with
optimal height and space between nanowires. Methodologie
g. R (2008), doi:10.1016/j.mser.2008.09.001
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in such patterned nanostructures have been described well in

literatures [96,97]. Especially using electrospinning technique
be promising to control precisely both spacing and position as

n be automated and moreover, has the potential for large scale
uction [98].1

Effect of nanodimensions

ith the advantages of having extremely high surface–volume
ct ratio and acting as a controlled unidirectional electron
nel, the 1D nanostructures-based DSSC has been expected to
er much higher conversion efficiency than the nanoparticles-
d DSSC, however, it has not reached the best performance so
Comparing the performance of nanofibers-based DSSCs in
e 4, it can be noted that the increase in the diameter of the fiber
thickness of the fiber matrix has resulted in an increase in VOC,
nd JSC. It can be realized that nanodimensions, i.e. diameter of
anostructured metal oxide and the thickness of matrix used
lectron transport play pivotal role. 1D nanostructures of larger

kness have been found to provide higher efficiency for TiO2-
d DSSCs. It is to be noted that the diffusion coefficient of
tron is a function of diffusion length and residence time
rding to the correlation as follows:ffiffiffiffiffiffiffiffiffiffiffip

Increase in diffusion length speeds up electron transport in
nanoparticulate matrix by increasing the electronic mobility,
simultaneously, it also increases the residence time of electron in
the matrix. The hybrid mixture of nanoparticulate matrix film
could increase the diffusion length for the same given thickness of
nanoparticles matrix. For example, for the given film thickness of
5.5 mm, the hybrid composite of ZnO-nanowires/nanoparticles as
nanoparticles matrix enhances the De, i.e. 2.1 � 10�4 cm2 s�1 in
comparison with the ZnO-nanoparticles alone as the matrix whose
De is �7.2 � 10�5 [99]. Increasing the thickness beyond optimal
point will lead for longer electron residence time in metal oxide
matrix that endangers the DSSC performance by easing the
electron recombination with either the electrolyte or the reduced
dye and also the energy state of metal oxide. High surface–volume
ratio nature 1D nanostructure can accommodate more dye
molecules while maintaining the confined thickness in DSSC
and hence, materials recombination could be restricted. The
electrolyte ions surround the nanoparticles (Fig. 14), thereby
neutralize the electrostatic field whereas 1D structures such as
nanofibers/nanorods with larger diameter can realize its cylind-
rical geometry that would create radial electric fields (Fig. 14),
preventing the accumulation of more electrons, and thereby
reducing chance for surface electron recombination.

It can be seen from Table 5 that nanorods morphology provides

5
rmance of DSSCs based on 1D structures of TiO2/dye/liquid electrolytea at AM 1.5.

Nanostructured TiO2 acceptor Donor Cell

area

(cm2)

Performance Comments

VOC (V) JSC

(mA/cm2)

FF h (%)

Nanofibers 3.9 mm thick 20 nn diameter N3 [108] 1 0.826 9.88 0.51 4.14 Nanorods reduces recombination, reflects

as larger VOC and JSC

Nanofibers 20 mm thick 20 nm diameter N3 [109] 0.16 0.77 11.24 0.58 5.02 Larger thickness leads to larger current

Nanorods 15–18 mm thick 500–600 nm

long 150 nm diameter

N3 [75] 1.0 0.832 14.20 0.363 4.28 Longer length of nanorods increases the

larger dye adsorption and thereby current

to significantly larger (JSC)

Nanofibers 20 mm thick 20 nm diameter N3 [110] 0.16 0.77 8.67 0.60 4.01 Larger thickness leads to larger current generation

Nanowires 7.9 mm thick 20–50 nm diameter N719 [111] NA 0.74 2.70 0.67 1.30 Smaller thickness leads to lower current generation

Nanowires (20%) 10 mm thick 20 nm long

5–10 nm diameter

N719 [77] 0.25 0.72 19.22 0.67 9.33 Hybrid structures increases the current

and also electrolyte penetration

Nanofibers �7 � 3 mm thick 20 � 8 nm

diameter

N719 [112] NA 0.59 4.21 0.60 1.50 Smaller thickness leads to lower current generation

Nanorods 13.7 mm thick 100–300 nm

length 20–30 nm diameters

N719 [113] 0.25 0.767 13.10 0.728 7.29 Well defined aspect ratio of nanorods

increases the current, improves electrolyte

penetration and reduces recombination

he electrolyte containing 1-hexyl-2,3-dimethyl-imidazolium iodide, I2, LiI, 4-tert-butylpyridine, 3-methoxypropionitrile; the sintering temperature is 450–500 8C.

4. Pictorial view to show the effect of shape influences the electron transport: (a) severe space charge layer discernible on spherical nanoparticles, (b) radical effect of 1D-

fibers and (c) radical effect shown in the cross-sectional view of nanofibers.

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
Dete; whereDe ¼ kTme=e; i:e:Late and Lame

re L is the diffusion length, De is electron diffusion coefficient,
the residence time of electron and me is electron mobility.
ur group is currently focusing for controlled vertically patterned nanofibers

our industrial partners.

ase cite this article in press as: V. Thavasi, et al., Mater. Sci. En
larger JSC than that of nanofibers probably due to the well defined
size-shape aspect ratio. Reduction in the diameter of the 1D
nanostructures minimizes the grain interface effect as depicted in
Fig. 15a and b, hence may result in higher efficiency. Concurrently,
nanofibers with too larger diameter should be conducive to wider
and uncontrolled electron scattering (Fig. 15b). This effect can be
g. R (2008), doi:10.1016/j.mser.2008.09.001
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realized when comparing the dimensions of the fibers and their
energy conversion performance shown in Table 5. Hence,
researchers should realize the importance of the balance between
diameter of the fibers and thickness of fiber matrix in 1D nanorods,
nanofibers (nanowires) and impose for optimization.

The electron transport in ZnO nanorods interface with dye has
been measured about 10–100 times faster than in nanoparticles
[100,101]. The improvement in the crystalline nature of ceramic
ZnO nanofibers could also reduce the formation of Zn2+–dye
aggregates. Recently, researchers have observed that ZnO nanor-
ods renders rapid electron transport (<30 ms) [102]. Nevertheless,
as shown in Table 6, the VOC in the 1D nanostructured ZnO/dye/
liquid electrolyte-based DSSCs have been poor although the
electronic property of ZnO itself restricts the recombination
behavior as mentioned earlier. Furthermore the electron life time
(residence time) in the transport matrix could play an important
role. For equally sized ZnO and TiO2 nanoparticles, the electron
lifetime has been found significantly longer in ZnO than in TiO2.
Researchers have measured te as �0.6 s for TiO2 and 1 s for ZnO
[103], under similar experimental conditions for the interfaces
N719/TiO2 and N719/ZnO. The electron residence (te) in metal
oxides is related to VOC as such, te increases with decrease in VOC as
per the correlation [104]:

te ¼ �
kT

e

dVOC

dt

� ��1

where k is the Boltzmann constant, T is the absolute temperature,
and e is the elementary charge. Hence increasing the thickness of
1D ZnO nanomaterials-based film could facilitate for larger
recombination with the electrolyte when it exceeds the optimal

transport significantly. There are other excellent reviews wh
have covered such factors are available elsewhere [12,105–10

7. Conclusion and future directions

For DSSC to have a real impact in the commercial dom
mastering the factors that control electron injection and transp
at the materials interfaces is vital. The development of new
materials, transport materials, electrolytes, hole transport mat
als has countenanced interfaces to be formed efficiently and
many cases elegantly. The electrons are injected across the d
metal oxide interface into metal oxide, a process that is contro
by the energetics between dye and metal oxide, electronic st
and chemical nature of metal oxides, and process condit
Although we have not given any direct correlation betw
chemical property of the metal oxides and device performanc
this review, we confide that the properties such as IEP are
critical factor in designing the interface. 1D nanomorpholo
render controlled (surface focused) unidirectional electron pa
way in the metal oxides, however, the performance of 1D-ba
DSSCs has not been the best yet despite the endowment of la
dye loading and rapid electron transport. This review has identi
diameter of 1D nanomaterials and thickness of film are domin
factors that control electron transport. It will be particul
important to use both theory and experiment to explore in-de
and reveal all the factors that are barriers for 1D nanostructu
materials and their interfaces with dye and electrolyte fr
sterling performance. Larger area of interface is necessary for m
exciton separation, which could be achieved in 1D nanor
(fibers) and wires even for a limited film thickness nonetheless
cannot rule out the possibility that increasing the interface are
a certain extent could also lead to high interfacial recombinat
Thus for ESC especially DSSCs, researchers have to carefully fo
interface with right combination of donor and acceptor mater
and control the interface to yield complete dissociation of elect
and hole under optimized operating condition. DSSCs nowad
pay attention, not only to obtain higher solar-current convers
efficiency, and also by their potential for being cost-effective,
more stable for longer period of time. Caution must be exerc

Fig. 15. Effect of diameter for controlling the electron transport: (a) less electron

scattering in smaller diameter and (b) larger electron scattering in bigger diameter

of nanorods.

Table 6
Performance of DSSCs based on 1D structures of ZnO/dye/liquid electrolytea at AM 1.5.

No. Nanostructured TiO2 acceptor Donor Cell area (cm2) Performance Comments

VOC (V) JSC (mA/cm2) FF h (%)

1 Vertical nanowires 5 mm thick

18–24 mm long 5–30 nm diameter

Mercurochrome

[92]

NA 0.50 3.40 0.49 0.84 Vertical nanowires improves

electron transport and thus

shows higher current

2 Vertical nanowires 8 mm long

155 mm diameter

N719 [114] NA 0.67 1.30 0.32 0.3 Bigger diameter (mm size) lea

for poor penetration of electr

which reflects as lower FF

J Vertical nanowire 25 mm thick

16–17 mm long 130–200 nm diameter

N719 [84] 0.2 0.71 5.85 0.38 1.5 Larger thickness of vertical

nanowires leads to larger

current generation. Higher

VOC is observed for these

dimensions of nanowires

4 Nanorods 3.8 mm thick 3 mm

long 200 nm diameter

N719 [100] 0.2 0.637 5.543 0.44 1.54 Well defined aspect ratio of

nanorods increases the curren

improves electrolyte penetrat

and reduces recombination

a The electrolyte containing 1-hexy l-2,3-dimethyl-imidazolium iodide, I2, LiI, 4-tert-butylpyridine, 3-methoxypropionitrile. The sintering temperature is 450–50

V. Thavasi et al. / Materials Science and Engineering R xxx (2008) xxx–xxx
ble
ost.
the
red

y in
.

thickness. The optimal thickness has to be designed based on the
spectral range of dye and the type of metal oxide employed in
DSSC.

This review has not covered other important factors such as
effect of pore size of materials, sintering temperature, and
electrolytes etc though they influence electron injection and
Please cite this article in press as: V. Thavasi, et al., Mater. Sci. En
when more materials are involved in DSSCs as there will be trou
for scaling up the cell design and controlling manufacturing c
Researchers therefore currently concentrate on maximizing
performance of DSSCs by developing multifunctional enginee
materials-based interfaces as well as reducing the complexit
the cell design to make DSSCs entirely a commercially viable
g. R (2008), doi:10.1016/j.mser.2008.09.001
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