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Dye-sensitized mesoscopic solar cell (DSC) has been intensively investigated as a promising photovoltaic cell. Redox electrolyte
is important to determine the photovoltaic (PV) performance of the DSC devices, which has become the focus of this topic. In this
contribution, recent advances in understanding and controlling of various redox couples are reviewed. Specially, we extend our
discussion on the trends that enable iodide-free redox couples to be controllable and feasible for applications in the DSC with

promising features.
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1 Background

More and more people are realizing that the worldwide de-
mand for energy has been massively increased and this situ-
ation will continue till a finial solution exists. However,
several reports reveal that the production of oil, as one of
the main energy sources, will soon be unable to keep up
with the growing demand, thus leading to dire economic
consequences. In order to sustain global political, economic
and environmental stability, it is necessary to get an abun-
dant supply of energy. Moreover, the development of car-
bon-free sources of energy becomes one of the major scien-
tific challenges for us. As a potential alternative energy re-
source, solar energy has received extensive attention around
the world after the energy crisis in 1970s [1]. Solar cells
convert solar energy directly into electricity, which has be-
come a major research interest within academia and indus-
try. Approximately 90% of the PV units produced today are
made from crystalline silicon (known as first generation
solar cell), which is composed of large area p-n junctions,
and others from thin films devices based on amorphous sil-
icon (second generation solar cell, including CdTe, CIGS
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and other compound semiconductors). These devices based
on p-n heterojunctions absorb part of the sunlight (absorp-
tion from 0.8-0.9 eV) and convert this light energy into
electrical energy by the photovoltaic effect. Laboratory de-
vices with efficiencies over 25% have been demonstrated,
and the best commercial cells have now reached efficiencies
of 17%-18% [2]. However, the high cost effectiveness of
these devices still drives people to develop new type of so-
lar cells expecting to possess high efficiency and low cost.
The dominance of the photovoltaic market by inorganic
solid-state junction devices is now being challenged by the
emergence of a third generation of cells. Among them the
dye-sensitized solar cell (DSC, also known as Gritzel cell)
with a new type of charge separation mechanism is a prom-
ising potential candidate [3]. The DSC, with a sandwich
structure, is mainly composed of a mesoporous nanocrystal-
line network of wide band gap semiconductor (typically
TiO,), a monolayer of dye molecules (such as ruthenium
dye) attached to the semiconductor, a redox electrolyte
(typically I /I3) and a platinum counter electrode. Figure 1
shows the basic structure and operating principle of the
DSC. Basically, upon illumination, electrons in the sensitizer
dye are photo-excited to be the excited states, followed by an
electron injection into TiO, and electron diffusion through
the mesoporous film and collection at the transparent

csb.scichina.com  www.springer.com/scp



4132 LuJF,etal. Chin Sci Bull

m

nn

Cathode

Photoanode

Figure 1 Schematic illustration of the electron-transfer processes occur-
ring in the dye-sensitized heterojunction: process 1, light-induced excita-
tion of the chromophore; process 2, electron injection into the conduction
band of the TiO, semiconductor; process 3, electron diffusion in the TiO,;
process 4, dye regeneration via hole transporting medium; processes 5 and
6, the direct recombination of primarily separated charges and the second-
ary recombination process between the injected electron and the oxidized
species in the hole transporting medium; process 7, charge transfer in the
hole transporting medium.

conducting oxide (TCO) conducting glass. On the other
hand, the photo-excited dye molecule will be regenerated by
I'/I; redox system, which itself is refreshed at the counter
electrode by the electron from the anode passing through
the outer load.

At the heart of the DSC is a mesoporous oxide layer
composed of nanometer-sized particles which have been
sintered together to allow for electronic conduction to take
place. The use of sensitizers having broad absorption band
in conjunction with oxide film of nanocrystalline morphol-
ogy permits to harvest a large fraction of sunlight. Thus,
charge injection efficiency could be greatly improved by the
strong chemical bonding between the absorbed dye and
metal oxide semiconductor. Nearly quantitative conversion
of incident photon into electric current is achieved over a
large spectral range. The DSC cells can be fabricated with
titanium oxide (TiO,) nanocrystals that are coated with
light-absorbing dye molecules and immersed in an electro-
Iyte solution for manufacturing. This ease of production
could possibly allow better manufacturability of this type of
solar cell than others. The DSC cells have currently reached
close to 13% efficiency under standard reporting conditions
on the laboratory scale, while the efficiency of larger mod-
ules designed for outdoor conditions is attained at about
8%—10%. Though the DSC is still in relatively early stages
of development, it shows great promise as inexpensive al-
ternative to costly silicon solar cells and as attractive candi-
date for new renewable energy source [4,5].

Compared to conventional silicon based solar cells, the
DSC can effectively produce electricity in low and diffuse
light conditions. Like most PVs, the DSC can be easily di-
rectly integrated into the architecture of buildings. It is
worthy to note that the DSC is the only solar cell that can be
made truly transparent, the color depending on the choice of
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sensitizers. By selecting dyes that absorb only in the near IR
and UV region it is even possible to produce colourless
transparent windows. Figure 2 presents a DSC transparent
panel with WNLO and MG center logos, which demon-
strates the advantage of this technology.

In this report, we started with a review on the fundamen-
tals of the DSC and solar cell operation. We then introduce
the experimental tools to characterize the electrical proper-
ties of redox shuttles, followed with a review of the latest
understanding in the domains of carrier transport, and sur-
face passivation. We close with a detailed account of the
latest research progress in performance and materials for the
processing of organic redox electrolytes for the DSC.

1.1 Overview of materials, operational principles, and
performance

In the DSC, the photoanode is generally composed of a
TCO substrate coated with a high surface area nanocrystal-
line mesoporous TiO,, which is sensitized with a broadly
absorbing dye, such as RuL,(NCS), complex or RuL(NCS);
complex (several of them are presented in Figure 3) [6]. The
most commonly used redox electrolyte in the DSC is io-
dide/triiodide (I /I3) acting as a hole transporting material
(HTM) [7]. The counter electrode is often platinum coated
TCO, where the reduction of the redox mediator occurs to
complete the electric circuit. The successes of the DSC
comes from using the semiconductor with mesoporous
structures with high surface area to replace the bulk one,
200-300 m*g nanocrystal TiO, as compared to approxi-
mately 10 m*/g of flat single crystal, to provide a great en-
hancement for sensitizer loading and consequently, light
harvesting efficiency.

After formation of the molecular excited state D" of the
dye (process 1 in Figure 1, eq. (1)) in light illumination,
electron injection into the conduction band of the semicon-
ductor e, (process 2 in Figure 1, eq. (2)) immediately

takes place. The photon-injected electrons travel to the
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Figure 2 Dye-sensitized solar cell transparent panel with Michael Gritzel
Center for Mesoscopic Solar Cells (MG Center), Wuhan National Labora-
tory for Optoelectronics (WNLO), and Huazhong University of Science
and Technology (HUST) logos.
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Figure 3 Structures of ruthenium and porphyrin dyes.

counter electrode via the external circuit to reduce the oxi-
dized species form of the redox shuttle species O, (process 7
in Figure 1, eq. (3)) in the electrolyte, and oxidized dye, D*,
is regenerated to its chromophoric form D by the reduced
species of the redox shuttle Re (process 4 in Figure 1, eq.
(4)) to complete the cyclical process with no net chemical
reaction.

D+hv——>D" process 1 (1)
D' —— D" +ep, process 2 2)
O, +e_ 0 —— Re process 3 3)

D"+Re——D+0, process 4 4)

There are two energy-wasting possibilities for an injected

electron (e, ). One possibility involves the recombination

TiO,
of the electron with the oxidized sensitizer (D*) and con-
verting it back to ground state dye (D), also called as back
electron transfer (process 5 in Figure 1), shown in the fol-
lowing equation:
D"+ e;iOZ

——D process 5 (®)

The second energy loss channel involves reduction of the
oxidized species in the HTM (process 6 in Figure 1, eq. (6))
at the bare TCO or on the wide band-gap semiconductor
nanoparticles surface instead of the counter electrode.

0, +eqo, —Re process 6 (6)

1.2 Basic diode model of a DSC

The DSC equivalent circuit and classic current-voltage (J-V)
curve are presented in Figure 4. The overall solar conver-
sion efficiency, #, is a product of the short circuit current
(Jse), the open circuit voltage (V,.), and the fill factor (FF,
expresses the shape of the J-V curve), according to:
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where P;, is the total solar power incident on the cell at air
mass (AM 1.5) 100 mW cm? illumination intensity.

Generally, the J-V characteristics of a photovoltaic de-
vice can be described by the following equation according
to the basic diode model.

q(V+JR)) V+JR
J=J —-J |exp| ———=|-1]|- >, 8
oh 0{ p{ mk,T R ®)

sh

where J;, is the photocurrent modelled as a current source,
Jo is the reverse saturation current (dark current) of the diode,
q is the electron charge, m is the diode ideality factor, and R
and Ry, are the series and shunt resistances of the cell.

The influence of different elements can be evaluated by
simulating J-V characteristics of the DSC. Partial results are
presented in Figure 4. We first evaluate the influence from
R, and Ry, on the photovoltaic performance. R, is the sum of
the film resistance, electrode resistance, and the contact
between the film and the electrode. Ry, is mainly associated
with carrier recombination loss, being related to the leakage
of the current. As demonstrated in Figure 4(a), increasing
the series resistance R, reduces primarily the FF, followed
by the Jy, but has no effect on V,., when keeping other pa-
rameters constant, while the shunt resistance, Ry, has little
influence on the V,. and J, but on the FF (Figure 4(b)). A
large drop in Ry, collapses the device performance. The ide-
ality factor m value of TiO, film has an effect on the J-V
characteristics of the DSC (Figure 4(c)), showing that when
m increases (meaning a highly rectifying diode), the Jy. is
almost constant, but V,. and FF increases significantly. The
reverse saturation current, Jy, has an obvious effect on the
Voo (Figure 4(d)). A reduction in the value of Jy results in
increasing the V.., due to an enhancement in the charge
separation at the oxide electrolyte interface. The V. is re-
lated to the interfacial charge recombination process
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Figure 4 Simulation results based on the eq. (8) according to the basic diode model as discussed in the text. The influence from (a) R;, series resistance; (b) R,

shutting resistance; (c) m, the diode ideality factor; and (d) Jo, the reverse saturation current (dark current) of the diode on the J-V curve of the DSC device.

between the dye-sensitized heterojunction and electrolyte.
At open circuit conditions, all photo-generated carriers re-
combine within the solar cell diode [7]. Thus, if recombina-
tion can be minimized, V,. can approach more closely to the
maximum values. From Figure 4, we can conclude that the
larger value of Ry, and m, and small values of R, and J, can

lead to a device with good FF, thus enhancing the power
conversion efficiency.

1.3 Overview of improvement efficiency of a DSC

The best method for improvement efficiency of the DSC is
to enhance J, V., and/or FF. Clearly, the most straight-
forward way to increase J is to absorb a greater fraction of
the incident light. The optical gap of the Ru complex in the
most efficient DSC to date is about 1.8 eV, allowing it to
absorb essentially all the light up to ~700 nm. Increasing the
photocurrent density requires decreasing the optical gap to
extend the dye’s absorption into the near infrared [7-10].
Recent improvements in the design and synthesis of new
dyes have made it possible to obtain devices with light-to-
energy conversion efficiencies greater than 12%. Xie et al.
[11] have reported an up-conversion luminescence powder
TiO, (Er’*, Yb*"), converting infrared light which the dye

cannot absorb, into visible light with wavelengths of 510—
700 nm which the dye can absorb, thus increasing the pho-
tocurrent of the DSC. Several ruthenium complexes (as
presented in Figure 3) [12-14] and donor—acceptor-substi-
tuted porphyrins (as presented in Figure 3) [15-17] have
been developed and investigated intensively as pho-

to-sensitizers via excitation of the metal to ligand charge
transfer (MLCT) transition. Taking the well developed ru-
thenium complex as an example, its ligands can be modified
by inserting electronic moieties between each hydrophobic
alkyl chain and the 2,2-bipyridine ring, which can tune both
the LUMO and the HOMO levels of the complex. Therefore,
effectively injecting the electrons into the conduction band
of the titania and transferring the holes to the redox species,
can be expected. This strategy has proved to be a viable
route for developing new efficient photo-sensitizers [18].
From the view of cost, among the non-Ruthenium based

dyes, porphyrins have attracted considerable attention as the
light harvesting antenna unit. To date, most of porphyrin
sensitizers for the DSC application have D-B-A structure, in
which B represents a m-conjugation bridge serving as a
spacer between the porphyrin light-harvesting center D and
the anchoring group A. Very recently, these push—pull zinc

porphyrin sensitizers were designed, synthesized and char-
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acterized for highly efficient green see-through photovoltaic
applications. Lu et al. [19] found that elongation of the m-
conjugation and loss of symmetry in porphyrins can broaden
the photo response range with an increasing intensity of the Q
bands relative to that of the Soret band. Thus, the perfor-
mance of porphyrins based cells has disclosed a remarkably
high power conversion efficiency that was close to that of the
ruthenium complexes, which could be attributed to broader
and more red-shifted spectral feature that makes the incident
photon to current efficiency (IPCE) spectrum to cover broad-
ly across the entire visible region (400-800 nm).

Usually, chemists would take two methods to narrow the
dye’s optical gap: either to lower the energy of the LUMO
or to raise the energy of the HOMO. Obviously, moving the
ground-state potential negatively is better than that of shifting
the dye’s excited state potential positively, in order to keep
the photo-induced electrons injected efficiently into the con-
duction band of the semiconductor material [12—-14,19,20].

The V,. given by a DSC device is approximately equal to
the energy difference of nanocrystalline TiO, Fermi level
and that of the redox couple electrolyte. Thus, a redox cou-
ple with higher redox potential principally can take a higher
photo-voltage. As discussed in Section 1.4, there is only a
little room for an improvement of FF. Therefore, a fine op-
timization on the composition of redox is critical to the effi-
ciency improvement of the DSC, mostly through the in-
crease in photo-voltage of the device. It is important to note
that the total series resistance of the cell attenuates the FF.

1.4 Critical requirements on redox electrolytes

The key function of redox electrolytes in the DSC is to
transfer electrons to the oxidized sensitizer dye molecules
that are formed photochemically via electron injection into
TiO,, completing the internal electrochemical circuit be-
tween the photoanode and the counter cathode (processes 4
and 7 in Figure 1). The dual criteria of fast dye regeneration
and slow interception place a challenging constraint on
identifying effective redox shuttles. The interception of the
oxidized dye by the reduced species of the electrolyte is also
crucial for obtaining good conversion yields and high cycle
lifetime of the sensitizer. Thus, the redox couple presented
in the electrolyte is of crucial important for stable operation
of the DSC. The conventional DSC employs a liquid elec-
trolyte (usually an iodide/triiodide redox active couple dis-
solved in an organic solvent). A scientifically interesting
and promising approach to replace the liquid electrolyte is
the use of quasi-solid electrolyte, and solid-state electrolyte
as well as p-type semiconductors (referred as HTM).

The redox couples in the electrolyte affect the DSC’s
performance, mainly on the photovoltage. An ideal redox
shuttle with the redox level closer to the D/D redox level is
critical so as to increase the V,,. while still maintaining rapid
regeneration of the dye to prevent degradation. Furthermore,
those performance can also be affected by non-electroactive
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species applied in different electrolytes, for example some
small cations (such as protons, Li*), organic cations (such as
dialkylimidazolium), or additives (such as 4-tert-butylpyri-
dine tBP) [21-24]. While several previous studies have ex-
plained the effect of the electrolyte composition on the
photovoltaic performance of the DSC, many questions still
remain open to date.

2 Advantages and disadvantages of iodide/
iodine based electrolytes

Up to now, [ /I5 electrolytes have been demonstrated to be
one of the best cases, which have ideal kinetic properties
that lead to an “asymmetric behavior” at the basis of the
efficient functioning of the DSC: the forward electron dona-
tion by I is a facile mono-electronic process, which ensures
an efficient dye recovery (krgg in Figure 1), while the re-
duced specie appears to be largely inefficient allowing for a
minimization of the interfacial back recombination. Though
it shows remarkable performance in the DSC, the interest in
finding suitable alternatives is still strong due to number of
reasons: light adsorption by I /I; couple in the visible range,
severe corrosion of I; to several materials, and a mismatch
(about 0.6 V) between the redox potential of the sensitizer
cation D* (Efeqox = 1.0 V vs. NHE) and that of I /I5 (Ep redox
=~(0.4 V vs. NHE). Furthermore, one of problems that have
not yet been solved is to create an economic and durable
encapsulation technology to increase the lifetime of iodide
based DSC device.

Several attempts have been made to find a suitable alter-
native to the I'/I; system, such as Co**/Co™ complexes
containing electrolytes, organic and inorganic hole trans-
porting materials and polymer based electrolytes. The liter-
atures investigation on redox shuttles for DSC application
shows there are no redox couples permitting to maximize
the device energy conversion efficiency. Therefore, it is
highly desired to have new redox couples with improved
properties. The targeted redox couples principally should
have attractive physical and chemical properties, such as
good solubility, substantially colorless or be substantially
optically clear at concentrations permitting a good conduc-
tivity, a low vapor pressure, a high thermal stability, no
corrosion to components when used in a device. Addition-
ally, a good redox couple has a small AE,, which is an indi-
cation of the high degree of reversibility.

3 Methods for redox couple studies

Several techniques have been employed to investigate the
redox shuttle related kinetic dynamics, including intensity
modulated photovoltage spectroscopy (IMPS), charge ex-
traction, photovoltage and photocurrent transients decay,
scanning electrochemical microscopy, electrochemical im-
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pedance spectroscopy (EIS), transient absorption spectros-
copy (TAS), and photoinduced absorption spectroscopy
(PTA) measurement of the oxidized dye and electrons in the
semiconductor provide information of the photoexcited
electron injection process, etc. Nanosecond-millisecond
TAS has been applied to evaluate the electron-transfer dy-
namics in the DSC with various electrolytes. EIS has been
developed widely to study the interfacial kinetic processes,
mostly in dark conditions. The small amplitude techniques
intensity modulated photovoltage spectroscopy (IMVS) and
intensity modulated photocurrent spectroscopy (IMPS) are
suggested to capture the respective time constants for
charge recombination at open circuit and the combined
processes of charge collection at short circuit in the DSC.
During photo-voltage and photocurrent transient decay
measurements, by monitoring the relaxation of the studied
devices back to the steady-state at open circuit following a
transient perturbation produced by a weak probe pulse, can
give the information on the characteristic electron lifetime
for recombination. Similarly, the photo-current transient
decay and the photovoltage rise time at short circuit provide
information on the electron transport rate within titania film.
Recently, scanning electrochemical microscopy (SECM)
was applied to study the charge transfer kinetics between I”
and photo-oxidized dye molecules (Eosin Y*) adsorbed on
ZnO film [25].

4 lodide/iodine free redox couple as electrolytes
of a DSC

4.1 Transition metal complexes systems

Alternative one-electron outer sphere redox shuttles of tran-
sition metal complexes show promising potential in DSC
application. Nusbaumer et al. [26] have studied on cobalt
polypyridyl complexes (Figure 5) in combination with ru-
thenium dyes for DSC application and demonstrated an im-
pressive efficiency of over 8% at low light intensities. Fur-
ther investigation revealed a large recombination due to a
fast reduction of the oxidized species (Co™) taking place at
the TCO/electrolyte interface. The low photocurrent at full
sunlight intensity was observed, which could be attributed
to the diffusional limitation caused by the big molecular
size of redox shuttle.

Feldt et al. [27] have designed several organic dyes and
cobalt polypridine redox mediators for highly efficient DSC
(see Figure 5). The DSC having efficiencies surpassing the
record for those with iodide-free electrolytes was developed
by selecting a suitable combination of a cobalt polypyridyl
complex and an organic sensitizer. Solar cells with overall
conversion efficiencies of 6.7% and open circuit potentials of
more than 0.9 V under standard 1 sun intensity condition
was obtained by utilizing a triphenylamine-based organic
dye in combination with tris(2,2"-bipyridyl) cobalt™"™". The
authors concluded that the augmented overall device per-
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Figure 5 Various redox shuttles used in DSCs.

formance was attributed to the steric properties of triphenyl-
amine based organic sensitizers and cobalt polypyridyl redox
mediators, thus to the fast charge transport and reduced re-
combination processes. Excellent performance was also
found under low light intensity indoor conditions. With the
same strategy, in combination with an announced new do-
nor-acceptor organic sensitizer such as bearing with 2,6-
bis(thiophen-2-yl)-4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b0]
dithiophene-conjugated spacer or cyclo-pentadithiophene
bridging unit in the D-n-A structure with cobalt™™ redox
shuttle, highly efficient DSC (over 9.0%) were reported by
different groups [28]. These systems generate high power
conversion efficiency performance which can be mainly
attributed to the specific molecular design of organic dyes
greatly retarding the rate of recombination (process 6 in
Figure 1), thus enhancing photo-voltage.

Li et al. [29] have reported a promising new class of
Ni"™V bis(dicarbollide) complexes (see Figure 5) as a fast,
non-corrosive redox shuttle for the DSC application, there-
with a framework with electron donating and electron with-
drawing groups. The authors have demonstrated that
through chemical modification of the Ni-bis(dicarbollide)
moiety in the B(9/12) positions, the Ni""" redox pair poten-
tial can be systematically tuned over a 200 mV range, over-
lapping the I/I; redox couple. The DSC can be benefit
from this shuttle. Although the entire scope is not yet ex-
plored, this work offers an avenue to create diverse redox
couples for DSC application, yielding valuable fundamental
information concerning device function [30].

The one electron, outer-sphere redox shuttle ferroceni-
um/ferrocene (Fc*/Fc) couple had been intensively investi-
gated in the DSC filed due to its favourite kinetics property.
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Previously result disclosed that Fc*/Fc couple is not suitable
electrolytes for DSC application due to a facile back trans-
fer of electrons from the TiO, and the substrate. In order to
retard the unexpected recombination, various technologies
have been used, such as atomic layer deposition, to produce
surface coatings onto the nanoporous films. But the results
were not satisfied due to the dilemma of injection and re-
combination [31]. Very recently Daeneke et al. [32] have
reported a highly efficient DSC based on the Fc*/Fc couple
in combination with a carbazole donor-acceptor organic dye.
An addition of co-adsorbent into the dye solution can fur-
ther improve the device performance. An impressively high
open-circuit voltage under AM1.5 conditions (842 mV)
with a short circuit current of 12.2 mA cm™ was achieved,
yielding an energy conversion efficiency of 7.5%. The re-
spectable performance was attributed to a reduction of the
HOMO-LUMO gap of dye molecules, which leads to faster
dye regeneration and electron injection processes as dis-
cussed above.

4.2 Solid-state hole transporting materials

Replacement of the liquid electrolyte in DSC devices by a
solid-state charge-carrier material helps to avoid problems
encountered with evaporative solvent loss by escape
through pinholes in the sealing. These solid-state HTMs can
be crystalline inorganic salts, such as Cul and CuSCN, or
amorphous organic molecular solids and polymer, such as
those based on triaryamine derivatives 2,2',7,7'-tetrakis(N,
N-di-p-methoxy-phenylamine)-9,9'-spirobifluorene  (spiro-
MeOTAD) and N,N'-diphenyl-N,N’-bis(3-methylphenyl)-
(1,1'-biphenyl)-4,4'-diamine (TPD). The initial successful
demonstration of the feasibility of making SSDSC devices
reported in 1998 announced a 0.74% power conversion ef-
ficiency. SSDSC devices with high efficiency have been
reported when using amphiphilic heteroleptic ruthenium
sensitizers with high molar extinction coefficients [33]. The
improved efficiency can be attributed to the self-assembly
of such dyes, forming a dense layer onto the surface of TiO,
nanoparticles, which augments the light harvesting effi-
ciency and interfacial charge recombination lifetime. Yue et
al. [34] have utilized blend heterojunction consisting of Cg
derivatives [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) and poly(3-hexylthiophene) (P3HT) as charge car-
rier transferring medium to fabricate flexible DSC devices.
The PCBM/P3HT heterojunction has not only the absorp-
tion in ultraviolet light for PCBM, but also the absorption in
visible and near infrared light for P3HT, which widens the
photoelectric response range of the DSC. Overall 1.43%
power conversion efficiency was achieved under 1 sun il-
lumination condition. In order to get favourable interaction
between the HTM and the dye-coated surface, an amorphous
“liquid” organic semiconductor was synthesized and applied
successfully as a hole transporting material in the DSC. The
resulted DSC devices exhibited power conversion efficien-
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cies close to 2.4% under simulated air mass 1.5 solar spec-
trum at 100 mW cm’z, and incident photon-to-electron
quantum efficiencies in excess of 50% [35]. The charge
transport properties and mechanisms of the “liquid” organic
semiconductor show similarity to their solid-state counter-
parts.

4.3 Organic redox shuttles

Recently Wang et al. [36] have reported the possibility of
using of a thiolate/disulfide-based redox couple that has
interesting properties. The reported reodx shuttle is 1-
methy-1H-tetrazole-5-thiolate (T") and its dimmer (T,) re-
dox couple (see Figrue 5). Electrolytes based on this redox
couple have almost no adsorption in the visible part of the
spectrum. Its similar redox potential with that of the I /I3
redox couple, its better dissociation in organic media and its
much less intense coloration are responsible for the signifi-
cant increase of the device energy conversion efficiency.
The advantage of employing this organic redox shuttle is
the ability to increase the photon harvesting capacity for the
devices. The IPCE of devices A, B and C are shown in Fig-
ure 6(a). Compared to device C (I /I; based), device A
(with T/T, as a redox couple without additives) has a
broader IPCE in the spectral range 360-460 nm. From
wavelengths 360 to 460 nm an increase in the integrated

IPCE (%)
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Figure 6 (a) IPCE and (b) J-V characterization of various devices. 1,
Device A; 2, Device B; 3, Device C; 2', simulation Device B by reducing
the Rs.
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Table 1 Photovoltaic parameters of various devices and the electric elements obtain by fitting the J-V curve with the simple diode model

Voo (V) Jo(mAcm™?)  FF 7 (%)  Jun(mAcm™) m Ri(Q) R (QY) a
T-based electrolyte (Device A) 0.656 12.166 0.63 4.99 12.1 1.11 11.52 1430 0.46
T-based electrolyte with additives (Device B) ~ 0.969 14.231 0.58 5.79 14.1 1.16 13.39 1910 0.33
Iodine based electrolyte (Device C) 0.676 12.81 0.75 6.48 13 1.14 2.15 1080 0.38
T-based electrolyte with additives® 0.698 14.06 0.78 7.62 14.1 1.16 2.15 1910

a) Relevant photovoltaic parameters derived from fitted J-V curves shown in Figure 6(b) (the efficiency is based on an illumination power density of 100

mW cm™).

current (2.03 vs. 1.49 mA cm™) between devices A and C
of 36% was obtained, which clearly shows the advantage of
this redox couple. This could be attributed to a much lower
light absorption of the new redox couple compared to that
of I'/I;. The presence of additives (4-tert-butylpyridine tBP
and Li") in electrolyte enhanced the photovoltaic perfor-
mance of device B to 5.8% (Figure 6(b), Table 1). By in-
creasing the thickness of the 20 nm titania transparent film
from 8 to 11 pm in a double-layer structure, the efficiency
was further improved to 6.44% [36]. From Figure 6, one
can infer that the devices utilizing the new organic redox
couples have lower fill factor comparing to that of I /I5. The
J-V curves can be fitted by using the model with eq. (8) as
discussed above. The fitting results are presented in Table 1,
showing that the charge transfer resistance (included in the
series resistance R;) of the new shuttle at the counter elec-
trode is 5 times larger than that of I /I; case. This large R
diminishes fill factors. If the R, in the case of new redox
shuttle can be reduced to a value similar to that of I /I3, an
augmented device efficiency (from 5.8% to 7.6%) could be
obtained, principally due to the increase of fill factor (see
Figure 6(b) and Table 1).

EIS was used to study the interfacial recombination ki-
netics. Figure 7(a) shows the impedance spectra at a bias of
—0.725 V of Device A serving as an example in the dark.
The resulting frequency analysis typically shows three well
separated semicircles in the Nyquist diagram. In the order of
increasing frequency these are attributed to the Nernst dif-
fusion of the redox mediator within the electrolyte (IIlI, Fig-
ure 7(a)), the electron transfer at the oxide/electrolyte inter-
face as well as their diffusion in the nano-particle network
(II, in Figure 7(a)), and the electrochemical reaction at the
counter electrode (I, Figure 7(a)). The electron transport
process and charge recombination dominate the impedance
spectra upon lowering the bias. Several physical models
have been proposed to understand all the complex charge-
transfer processes that take place in the DSC, in which the
transmission line model (Figure 7(b)) attracts most of the
attention. Two parallel charge transport channels, repre-
senting a) electron transport through the TiO, and b) hole
transportation in the HTM within the pores, are the funda-
mental parts of the conceptual model (Figure 7(b)). In this
model, an extended distributed element (DX in Figure 7(b))
was introduced to interpret the impedance due to the diffu-
sion of electrons and holes and their recombination across
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Figure 7 (a) The impedance spectroscopy curve of Device A measured in
dark at the bias of —0.725 V and (b) finite length transmission model used
in this text to fit impedance spectroscopy.

the dye sensitized heterojunction.

Using the transmission line model, the important ele-
ments, such as electron diffusion resistance (R,) and recom-
bination resistance (R, are derived by fitting the impedance
data, thus the apparent recombination lifetime (7., 7.=R.C,)
can be obtained. The electron transfer resistance depends on
the density of electrons (n¢p, Peb=NcreXpP((Er,—Ecb)/(kgT)) in
the conduction band (CB) and mobility (u., the free elec-
trons diffusion coefficient g.=(D.q)/(kgT) according to the
Einstein relation on diffusion of charged particles). The
resistance R, can be described by eq. (9).

kTN, E. —E
R =—2—¢ exp(— L Chj
q D, k,T

E, -E,..
cb F,redox exp _L , (9)
kT kT

where Ry (Ry=(kgTN.,)/(gD.)) is film resistance at the ap-
plied bias (U=Ef,-Era0x) Where the electron Fermi level

=R, exp[
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(EF,,) matches the conduction band edge (E), and EFr eqox 1S
the equilibrium potential of redox couple in the electrolyte.
In eq. (9), the first term on the right hand side represents the
influence from charge mobility related to the trapping and
de-trapping of electrons from states in the band gap, second
term being the influence from the position of the lower edge
of the conduction band (CB), and third term being from the
applied potential on the sensitized TiO, electrode, respec-
tively. Figure 8(a) presents the effect of the applied voltage
U (U=Er,—E.4x) on the electron transport resistance R,
under dark condition for the various devices. The logarithm
of the electron transport resistance presents parallel behav-
ior for various devices. The electron transfer resistance de-
pends on the density of electrons (n,) in the CB and the
mobility (i, the free electrons diffusion coefficient accord-
ing to the Einstein relation on diffusion of charged particles).
Thus, the shift of the resistances for the steady state electron
transport in those devices is attributed to a change in posi-
tion of the conduction band edge (E.,) and/or the free elec-
tron mobility («.). The R, data from the device using 7 /T,
redox are shifted downward (-67 mV) from those of the
device using I /I; redox, which is mainly caused by a dif-
ference (about 51 mV) in redox potential of these two cou-
ples. A further negative shift (27 mV) of E,, relative device
using [ /I; redox, was seen for the device using 7 /T, with
tBP and Li" as additives, which is generally observed in the
case of solar cells.

Another important element, the chemical capacitance C,,,
thus can be extracted from impedance measurement. The
chemical capacitance is defined as the amount of electronic
charge necessary for increasing the Fermi level of the nano-
crystalline oxide film by 1 eV. The chemical capacitance
presents the electronic level for electrons or hole transport
in the charge carriers, the energy levels for the interfacial
charge transfer as well as giving a reference for conduction
band position. Considering the variation of both free and
localized electrons as discussed above, the chemical capac-
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itance of electrons in the DSC can be expressed as follow:
ou,

c

u

=CP O, (10)

The first term in eq. (10), (C:b ), due to the free electrons
in the conduction band can be obtained by

n

C

k, T’

cb

n

eZ

(10a)

The second component, (C:lmp ), related to the contribu-

tion of localized electron trapping states to the chemical
capacitance can be expressed as

Clrap 262%262',‘
. OE

Ey

E

f(E-E.)-g(E)dE~¢’g(E). (10b)

The rise of chemical capacitance as a function of applied
bias shows the expected exponential behavior for this pa-
rameter in the mesoscopic TiO, films (see Figure 8(b)). The
devices using new redox shuttle with additives exhibit
higher chemical capacitance of trapped states than that of
device C with I'/I; at the same bias. The exponential dis-
tribution of trap states can be described with the characteris-
tic parameter Ty, as presented in eq. (10b). We introduce
another parameter « (a= T/Ty). The parameter « is a di-
mensionless quantity of a specific material. Normally,
smaller « corresponds to a steeper trap state distribution.
One can obtain the value of parameter o by fitting the
curves in Figure 8(b) with a biexponential function, to be
0.36, 0.33, and 0.38, respectively, corresponding to device
A, B and C.

The product of the recombination resistance (R.) with
the chemical capacitance (C,) yields the apparent electron
lifetime (7=RC,)). Results for various charge density values
are presented in Figure 8(c) (empty circuit symbols). Device
C has the shortest apparent electron lifetime at a given elec-
tron density among the tested samples. From the apparent
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Figure 8 (a) Electron transporting resistance R, and (b) chemical capacitance C from impedance measurements in dark as a function of the bias, and (c)
apparent recombination lifetime 7 from impedance measurement in dark as a function of the electron Fermi level offset with respect to the conduction band
edge. The dotted line are the fitting results from eq. (12). 1, Device A; 2, Device B; 3, Device C.
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electron lifetime, the conduction band electron lifetime and
the charge transfer rate constants can be determined as dis-
cussed below.

In order to better understand the charge recombination
dynamics of various redox shuttles at the dye-sensitized
heterojunction interface, we have modeled the electron-hole
recombination procedure by considering the continuous-
time random walk of electron transport in a trap-dominated
material. According to the quasi-static treatment, the ap-
parent charge recombination lifetime (z,) under different
energy levels is related to the conduction-band electron life-
time (7p) by using the following expression:

7 =z’0[1+2%} (11)

where n, is the trapped electron density, 7y is the inverse of
the pseudo first-order rate constant for the back transfer of
electrons from the conduction band, and n. is the conduction
band electron density. It is reasonable to assume that these
levels are associated with surface states present at the high
internal surface area of TiO, nanoparticles or with trapping
levels at the particle—particle contact. Thus, eq. (11) can be

expressed by

(T-1)/T

N -

1,0 exp E, —E, , (12)
NCY-;) kBT

T, =7,1+

where N,y and N, are the total density of the localized states
and the accessible density of states in the conduction band;
others have the normal physical meaning. The measured
apparent charge recombination lifetime 7z, differs substan-
tially from the free electron lifetime (zy) and is dependent on
the trap occupational level. The conduction band electron
lifetime (zp) and the apparent charge recombination lifetime
(7,) can be evaluated with eq. (12).

In order to fairly compare those lifetimes at an equal
electron concentration in the titania nanoparticles, the dif-
ference between the conduction-band edge and the Fermi
level, that is, E~FEg,, is used in Figure 8(c) as abscissa in-
stead of the applied forward bias voltage (U). We note the
apparent recombination lifetime 7, decreased for the device
B (with additives of Li* and tBP) compared to that of the
device A (without additives) at an identical energy offset.
Device C has the shortest electron lifetime (z,) at a given
electron Fermi level offset. By using eq. (12), the fit to the
data in Figure 8(c) gives conduction band electron lifetimes
(t9) of 9, 11, and 0.8 ms for devices A, B, and C in the dark,
respectively. Since the concentration of oxidized species is
same for different shuttles (0.4 mol/L) in the calculation of
the rate constants and the same solvent is used, it can be
concluded that the recombination kinetics was depended on
the shuttle itself. The interfacial recombination mostly takes
place between those electrons trapped by surface state with
the oxidized state of new redox shuttles. However, the re-
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combination might be mainly contributed from electrons in
the conduction band for I'/I5".

Tian et al. [37,38] have synthesised a series of organic
thiolate/disulfide redox couples and systematically studied
in the DSC based on an organic dye. The poly(3,4-ethylene-
dioxythiophene) material has been used as the counter elec-
trode in this kind of iodine free DSC devices showing a
promising efficiency of 6.0% under AM 1.5 G light illumi-
nation. Ning et al. [39] have reported 2-mercapto-5-methyl-
1,3,4-thiadiazole derivatives pure organic redox couple for
quantum dot sensitized solar cells. They found that this pure
organic electrolyte shows not only a significantly reduced
charge recombination, but also the advantage of avoiding
the metal corrosion character of the iodine electrolytes. All
these characteristics make it a promising electrolyte candi-
date for quantum dot sensitized solar cells.

4.4 New architectures for the DSC

Recently, implementation of an active photocathode with a
photoanode opens the possibility to fabricate tandem DSC
devices. In this case the organic redox couple electrolyte is
very promising for utilization in p-type DSC device, if con-
sidering the advantage of transparent fast diffusion species.
The overall photoconversion efficiencies of such devices
could surpass those of conventional n-DSC device. Gibson
et al. [40] have investigated a series of polyridyl cobalt
complexes with different substrituents as redox mediators in
p-type DSC device, consisting of mesoporous NiO sensi-
tized with a perylenemonoimide-naphthalenediimide (PMI-
NDI) dyad. The devices’ photocurrent and photovoltages
were found to depend on the steric bulk of the redox species
rather than their electrochemical potential. Nattestad et al.
[41] have successfully applied the cobalt complex as redox
mediator to fabricate p-n tandem cell, which showed prom-
ising results in improving on V.. Though the device shows
low J of only 0.97 mA/cm® and efficiency of 0.55%, the
interesting V.. value (0.91 V) matches relatively well the
sum of the voltages delivered by each photoelectrode. These
studies underscored the possibility to reach, in the future,
higher voltages when new p-SC photocathodes or new elec-
trolytes will be used.

5 Current and future developments

Recently study on new organic redox couples, such as di-
sulfide/thioalte based shuttle, has shown promising potential
for DSC application. Although the power conversion effi-
ciencies of DSC devices have demonstrated over 12.3%, it
is still too low compared to other technologies such as mul-
ti- junction collectors where efficiencies over 41% have
been registered. These efficiencies differences are vast, so
that at this moment DSC devices’ main advantages are re-
lated to the simplicity of the fabrication and the promise of
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a low cost technology. In order to fascinate the commer-
cialization of DSC device, more research should be under-
taken to improve the power conversion efficiencies in order
to turn this technology into a very competitive option in
worldwide photovoltaic solar cells market. For commercial
application, cell efficiencies higher than 15% and module
efficiencies higher than 10% are desired. To attain these
values, both J;. and V,. must be further improved. Im-
provement has not yet reached the optimal value, which is
mainly attributed to charge recombination between injected
electrons and redox ions, and large over-potentials for redox
shuttles. New sensitizers to suppress charge recombination
and new redox couples or hole transport material are desired
to improve device performance.
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