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Preface

Most solar modules used in photovoltaics are currently produced from crystalline and
polycrystalline silicon wafers, the representatives of so-called first generation of solar
cells. This type of devices are among the most efficient but at the same time the most
expensive since they require the highest purity silicon and involve a lot of stages of
complicated processes in their manufacture. Wafer-based silicon photovoltaics is
giving place to thin-film technology, which provides much higher performance and
lower cost of products, but inferior to silicon solar modules in photoelectric efficiency.
Intensive search for materials and solar cell structures for photovoltaics is continuing.
They are mostly yet too immature to appear in the market but some of them are
already reaching the level of industrial production.

The second book of the four-volume edition of “Solar cells” is devoted to dye-
sensitized solar cells (DSSCs), which are considered to be extremely promising
because they are made of low-cost materials with simple inexpensive manufacturing
procedures and can be engineered into flexible sheets. DSSCs are emerged as a truly
new class of energy conversion devices, which are representatives of the third
generation solar technology. Mechanism of conversion of solar energy into electricity
in these devices is quite peculiar. The achieved energy conversion efficiency in DSSCs
is low, however, it has improved quickly in the last years. It is believed that DSSCs are
still at the start of their development stage and will take a worthy place in the large-
scale production for the future.

It appears that chapters presented in this volume will be of interest to many readers.

Professor, Doctor of Sciences, Leonid A. Kosyachenko
National University of Chernivtsi
Ukraine






Chasing High Efficiency DSSC by
Nano-Structural Surface Engineering
at Low Processing Temperature

for Titanium Dioxide Electrodes

Ying-Hung Chen, Chen-Hon Chen, Shu-Yuan Wu, Chiung-Hsun Chen,
Ming-Yi Hsu, Keh-Chang Chen and Ju-Liang He
Department of Materials Science and Engineering, Feng Chia University

Taichung, Taiwan,
R.O.C.

1. Introduction

The rapid shortage of petrochemical energy has led to the great demand in developing clean
and renewable energy sources; such as solar cells in these years. The first commercially
available photovoltaic cell (PV) by using solar energy is silicon-based solar cell however
with high production cost and high energy payback time. This limited the usage and
agitated vigorous studies on the next-generation solar cells in order to reduce cost and
increase efficiency. It was until 1991, dye-sensitized solar cells (DSSCs) have attracted
increasing interests by the pioneering work of O’Regan and Grétzel. They used a Ru-based
dye to achieve higher conversion efficiency in a cell made of titania (TiO) as the active
layer. Recent development of solar cells in dye-sensitized type devices is one great step
forward in the field. The DSSCs take advantages in simple fabrication technique and low
production costs in contrast to those conventional silicon-based solar cells.

The DSSC device (Fig. 1) is basically comprised of two facing electrodes: a transparent
photoanode, consisting of a mesoporous large band gap semiconductor as an active layer,
modified with a monolayer of dye molecules and a Pt counter electrode, both deposited on
conductive glass substrates, for example: indium tin oxide (ITO) glass. An appropriate
medium containing the redox couple (usually I-/137) is placed between the two electrodes to
transfer the charges. Among other semiconductors employed as the active layer of the
DSSCs, titania known to have wide energy band gap, can absorb dye and is capable of
generating electron-hole pairs via photovoltaic effect. DSSCs based on mesoporous titania,
which exhibits very high specific surface area (and better dye-absorbing) has been drawn
much attention over the past few years. A number of surface modification techniques have
been reported to produce nanostructural TiO; layer. Moreover, researchers suggested that
one dimensional nanostructural TiO, such as nano-rods, nano-wires or nano-tubes is an
alternative approach for higher PV efficiency due to straightforward diffusion path of the
free electron once being generated. For these reasons, we use several cost-effective
manufacturing methods to develop the nanostructural TiO, electrode at near room
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temperature to form several types of DSSC device configuration and to investigate their PV
efficiency. The aim is to develop feasible routes for commercializing DSSCs with high PV
efficiency.
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Fig. 1. Schematic of the principle for dye sensitized solar cell to indicate the electron energy
level in different phases. (The electrode sensitizer, D; D¥, electronically excited sensitizer; D*,
oxidized sensitizer)

This chapter demonstrates four kinds of manufacturing methods to obtaion nanostructural
photoanode for the purpose of achieving high efficiency DSSCs. These manufacturing
methods were involved with each method chosen with good reason, but went out with
different performance. These involves liquid phase deposition (LPD) to grow TiO, nanoclusters
layer, hydrothermal route (HR) to obtain TiO; nanowires, PVD titanium followed by anodic
oxidation to grow TiO; nanotubes, and eventually microarc oxidation (MAO) /alkali etching to
produce nanoflaky TiO;. The first three methods can directly grow TiO; layer on ITO glass and
the specimens were assembled into ITO glass/[TiO>(N3 dye)]/I+Lil/Pt/ITO glass device.
The last method can only obtain TiO; layer on titanium and was assembled into
Ti/[TiOo(N3  dye)]/L+Lil/Pt/ITO glass inverted-type device. = Microstructural
characterization and observation work for the obtained nano featured TiO, were carried out
using different material analyzing techniques such as field-emission scanning electron
microscopy, high-resolution transmission electron microscopy and X-ray diffractometry. All
the PV measurements were based on a large effective area of 1 cm x 1cm. The DSSC sample
devices were then irradiated by using a xenon lamp with a light intensity of 6 mW/cm2,
which apparently is far lower than the standard solar simulator (100 mW/cm?). It would
then be true for the photovoltaic data reported in this article for cross-reference within this
article and not validated for inter-laboratory cross-reference. Photocurrent-voltage (I-V)
characteristics were obtained using a potentiostat (EG&G 263A). Photovoltaic efficiency of
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each cell was calculated from I-V curves. The results for each study are reported and
discussed with respect to their microstructure as below.

2. Nanocluster-TiO, layer prepared by liquid phase deposition

The LPD process, which was developed in recent years, is a designed wet chemical film
process firstly by Nagayama in 1988. Than Herbig et al. used LPD to prepare TiO; thin film
and studied its photocatalytic activity. Most vacuum-based technologies such as sputtering
and evaporation are basically limited to the line-of-sight deposition of materials and cannot
easily be applied to rather complex geometries. By contract, the easy production, no vacuum
requirement, self-assembled and compliance to complicated geometry substrate has led
many LPD applications for functional thin films. In order to directly grow nanocluster-TiO»
on ITO glass, the simplest method - LPD process was firstly considered by using H>TiFs and
H3BOj3 as precursors. The reaction steps involved to obtain nanocluster-TiO; are illustrated
as followed. The H3BO; pushes eq. (1) to form eventually Ti(OH)s? which transforms into
TiO; after thermal annealing.

(TiF,)*~ +nH,0 < TiF,_,(OH)*" +nHF 1)

H,BO, + 4HF <> BF** + H,0 +2H,0 )

Here, the influence of deposition variables including deposition time and post-heat
treatment on the microstructure of TiO layer and the photovoltaic property was studied.
The LPD system to deposit titania film is schematically shown in Fig. 2.

e — ITO glass

|~ Teflon vessel
L~ (NH,)TiF, & H,BO,

|~ Water

N

Fig. 2. Schematic diagram of LPD-TiO; deposition system.

Figure. 3 shows the I[-V characteristics of the DSSCs assembled by using TiO, films
deposited for different time, with their corresponding surface and cross sectional film
morphology also shown. It was indeed capable of producing nanocluster featured TiO»
films shown in the surface morphology, regardless of the deposition time. It can also be
found that the [-V characteristics are sensitive to the TiO, film deposition time, but
unfortunately non-linearly responded to the deposition time. By careful examination on the
surface morphology of these TiO; films deposited at different deposition time, the film
obtained at longer period of deposition time, say 60 h presents no longer nanocluster
feature, but cracked-chips feature instead. This significantly reduces the open circuit voltage
(Vo) as well as the short circuit current density (Ji.). It shall be a consequence of the cracks
that leads to the direct electrolyte contact to the front window layer (to reduce V,) and the
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reduced specific surface area (to reduce Ji). Further exam cross sectional morphology of the
TiO; films as a function of deposition time, it was found that the film thickness does not
linearly respond to the deposition time. This shall be the gradual loss of reactivity of the
electrolyte liquid. Therefore, it is not practical to increase the film thickness by an extended
deposition time. Still, we believed that by constant precursor supplement into the electrolyte
liquid, it would refresh the liquid and certainly the increased film growth rate, of course
with the price of process monitoring automation.
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Fig. 3. I-V characteristic of the cell assembled by LPD-TiO; under different deposition time,
with their corresponding surface and cross sectional film morphology.

Fig. 4 shows the XRD patterns of the TiO; film with different annealing temperature. The
results indicate that the as-deposited film was amorphous due to the low LPD growth
temperature. Annealing provides thermal energy as a driving force to overcome activation
energy that required for crystal nucleation and growth. The exact TiO, phase to be effective
for DSSC has been known to be anatase, which can found that the peak ascribed to anatase
phase A(101) can only appear over 400 °C and become stronger over 600 °C, ie. better
crystallinity of the film annealed at higher temperature. Over an annealing temperature of
600°C leads to the ITO glass distortion.

The I-V characteristics of the DSSCs assembled by using TiO- films with different annealing
temperatures, with their corresponding surface and cross sectional film morphology are
shown in Fig. 5. The TiO; film surface forms numerous tiny nanocracks and needle-like
structures with increasing annealing temperature. It can be found that the I-V characteristics
are sensitive to the TiO; film annealing temperatures and the ], increases straight up to a
maximum when annealed at 600 ‘C. Apparently, the increase of | shall be associated with
the reformation of the TiO, film morphology and the increased film crystallinity. By
reforming numerous tiny nanocracks and needle-like structures, the TiO, film has more
specific surface area after post-annealing and achieves higher efficiency dye adsorbing.
However, the negative effect of annealing occurred to the significant increase of the ITO
electrical resistance that causes the V. drop off as can be seen in Fig. 5. Anyhow, the overall
increased photovoltaic efficiency as a function of annealing temperature is an encouraging
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result of this study using PLD to obtain TiO; film and post-annealing for DSSC photoanode
preparation.
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Fig. 4. XRD patterns of (a) ITO glass substrate, (b) TiO, as-deposited specimen, and the post
annealed specimens obtained at (c) 200, (d) 400 and (e) 600 °C for 30 min.
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Fig. 5. I-V characteristic of the cell assembled by LPD-TiO, under different annealing
temperature, with their corresponding surface and cross sectional film morphology.
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2.1 Summary

In this paragraph, a LPD system is used to prepare the TiO; layer on ITO glass at the room
temperature followed by post-annealing as the photoanode in DSSC. The result is closely
connected to the variation of microstructure including both the specific surface area and
crystal structure. This demonstration work confirms the truth that the LPD method is
capable of obtaining nanocluster TiO, and with crystallinic anatase structure through
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suitable annealing treatment. Unfortunately, the unacceptable LPD-TiO: film growth has led
some other attempts to obtain nano-structural TiO; layer. These methods are sketched as
below.

3. TiO, nanowires growth on TiO, template via hydrothermal route

As being well acknowledged that pressurized hydrothermal route is able to synthesize 1D
nanomaterials without using catalysts. Due to 1D nanomaterials (such as nanowires) having
a relatively higher interfacial charge transfer rate and specific surface area compared with
the spherical TiO, particles and nanocluster TiO,, the simple operation, fast formation and
low cost process interested us using this method to produce TiO; nanowires. The idea was
that via the hydrothermal (HR) growth of TiO, nanowires on an arc ion plated (AIP) TiO»
layer (as a template during HR and a barrier layer during service that pre-deposited on ITO
glass), the obtained film would be able to exhibit the desired photoanode properties. AIP is
known to be capable of producing high growth rate, high density and strong adhesion films
without additional substrate heating, the pre-deposited AIP-TiO, template might also be
able to get rid of the autoclave while at least well-aligned or randomly-oriented TiO»
nanowire can be grown. In this study, anatase Degussa TG-P25 powder was used as starting
material. Eventually, the experimental result showed the randomly-orientated TiO»
nanowires were formed on AIP-TiO; template. TiO, powder content in the HR bath (g/1)
and post-annealing temperature were evaluated their microstructure and photovoltaic
efficiency of the assembled DSSC devices. The HR system and preparation method to obtain
TiO; nanowires is illustrated in Fig. 6.

Forming over-saturated TiO, bath ITO glass pre-deposited with AIP-TiO, Remove from the bath

TiO, Powder

10M-NaOH Solution 10M-NaOH 110°C

Fig. 6. The HR system and preparation method to obtain TiO, nanowires.

Figure. 7 shows the I-V characteristics of the DSSCs assembled by using HR-TiO; as the
photoanode deposited at different TiO» powder content, with their corresponding surface
and cross sectional film morphology also shown. The dense columnar AIP-TiO; bottom
layer can partially be seen in cross sectional view for each specimen. The result of I-V curve
for the DSSC assembled directly from Degussa TG-P25 as the photoanode is also shown.
The HR was indeed capable of generating randomly-stacked TiO, nanowires on template,
regardless of the TiO, content. It can also be found that the I-V characteristics are sensitive to
the TiO, powder content, but unfortunately non-linearly responded. The HR-TiO, obtained
at high TiO, content, say 75 g/1, presents no longer nanowires, but agglomerated powdery
feature instead. This corresponds to a less specific surface area for dye adsorption and a
decreased overall photovoltaic efficiency (mainly cause a reduction of the Ji). From cross
sectional image, the as-grown HR-TiO, thickness is insusceptible to the TiO, powder
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content. Ultimately, the highest photovoltaic efficiency of 3.63 % is achieved for the HR-TiO;
obtained at a 50 g/1 TiO, powder content. Interestingly, some of the photovoltaic efficiency
of DSSCs assembled from HR-TiO, nanowires surpassing that of the DSSC assembled from
Degussa P-25 powder, proves that using the one-dimensional structure to enhance DSSC
efficiency is conceptually correct.

1

© e e
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Current density (mA/cm?)
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Fig. 7. I-V characteristic of the DSSCs assembled by HR-TiO; as photoanode prepared under
different amount of TiO, powder, with their corresponding surface and cross sectional film
morphology.

250nm 500nm

The I-V characteristics of the DSSCs assembled with HR-TiO, nanowires on template and
annealed at different temperatures, with their corresponding XRD pattern and surface
morphology are also shown in Fig. 8. Basically, the as-grown HR-TiO, nanowires are
amorphous and account for the lowest [, of the assembled DSSCs. However, the high
crystallinity of the AIP-TiO; bottom layer facilitates the diffraction peaks shown in the XRD
patterns, even though amorphous HR-TiO, nanowires cover all over the top. By knowing
this, the specimens with the HR-TiO, nanowires on template shown in XRD patterns give a
gradual increase in peak intensity when annealing temperature is increased. Apparently,
this shall be due to the improved crystallinity of the HR-TiO, nanowires by the annealing
process. This helps for the increased J.. of the assembled DSSCs as can be observed in Fig. 8.
The annealing crystallized HR-TiO; nanowires provides more surface area for dye absorbing
and thus the increased [, of the assembled DSSCs. The side effect accompanied with
annealing to the TiO; nanowires is the decrease in V. of the assembled DSSCs as can be seen
again in Fig. 8. This can be ascribed to the volume change of the re-grown HR-TiO, that pays
for the open channel for the I+Lil liquid electrolyte to be in direct contact with the AIP-TiO;
bottom layer. The ultimate PV efficiency of 3.63% can be achieved in this study. By using
this method, annealing temperature shall however be carefully selected to trade-off the Ji
and V,. of the assembled DSSCs.
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Fig. 8. (a) I-V characteristics of the DSSCs assembled with HR grown TiO, nanowires on
template and annealed at (b) 200, (c) 300 and (d) 400 °C for 30 min, with their corresponding
XRD pattern and surface morphology

3.1 Summary

In this study, hydrothermal method was demostrated to successfully prepare the randomly-
orientated TiO; nanowires on AIP-TiO, template. A cell of ITO glass/AIP-TiO,/[nanowire.
TiO2 (N3 dye)]/I>+Lil electrolyte/Pt/ITO glass was constructed. Although TiO» nanowires
randomly-orientated, it possesses remarkable PV efficiency. By optimizing hydrothermal
process condition and annealing treatment, an ultimate PV efficiency of 3.63% can be
achieved. The AIP-TiO; accidentally acts as a block layer for the I+Lil electrolyte in the
assembled PV device. A hydrothermal treatment time so long as 24 hours shall be required
for achieving this, which however has shorter treatment time than the LPD process and a
fair PV efficiency without post-thermal annealing. This study also implicates a new
possibility for 1-D nanomaterial, such as nanotubes, that can rapidly transfer of the charge
carriers along the length of TiO, nanotubes. The method to grow the TiO, nanotubes is
sketched as below.

4. PVD titanium followed by anodic oxidation to grow TiO, nanotubes

Anodization is one promising route to prepare long and highly ordered TiO, nanotubes
array. This has been demonstrated by Shankar et al. who synthesized TiO; nanotube array
on titanium foil with a tube length up to 220 pm. Very short anodic oxidation treatment time
is required as compared to LPD and HR and might bring this technique a step further
toward industrial practice. However, this tube-on-foil design may potentially only be
applied as a back-side illuminated DSSCs which are predestined to deplete certain quantity
of incident light while traveling through the I+Lil electrolyte. Direct growth of TiO»
nanotubes array on transparent conducting oxide (TCO) glass substrate via anodizing a
sputtering-deposited or evaporation-deposited titanium layer on TCO for constructing
front-side illuminated DSSCs has been attempted, but suffering with a problem of easy
detachment of the TiO; nanotubes array. By considering this, a two-step method involving
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AIP metal titanium film on ITO glass followed by anodic oxidation was proposed. A
tenaciously and dense AIP titanium layer was obtained and was bearable for subsequent
anodic oxidation. In this approach, TiO, nanotubes array was successfully formed by
anodizing the pre-deposited AIP metal Ti on ITO glass. A 5 pm-thick metal Ti layer can be
used to convert into a 10 pm-thick amorphous TiO; nanotubes array by anodic oxidation for
2 h. NHyF and H>O addition in the ethylene glycol (EG) bath and post-heat treatment on the
microstructure of TiO, nanotube array in responding to the photovoltaic property of the
assembled DSSCs were investigated.

For better morphological control of TiO, nanotubes before further evaluation on the
microstructure and photovoltaic property, the TiO, nanotubes growth mechanism was
revealed during anodic oxidation, anodic current occurring to the specimen was recorded
and the accompanied surface morphology was observed through the whole stages as shown
in Fig. 9. It is seen that a rapid decrease of current density is caused when a thin passivated
oxide layer was developed on the Ti surface in the beginning stage as can be seen in Fig.
9(a). Then, localized dissolution of the oxide layer begins to form pits over the entire oxide
layer surface. This causes a small turbulent current density as presented in Fig. 9(b). At the
bottom of each pit, the relatively thinner oxide layer (than that around the periphery)
facilitates a localized electric field intensity across the oxide layer and drives the pit growth
inward further. The continuing growth of the pit pushes oxide/metal interface inward while
charge exchange occurs to the inner wall of the pit to form nanotube. At the same time, a
steady-state current density is observed as can be seen in Fig. 9(c). An extended anodizing
time can completely consumes the pre-deposited titanium metal layer and rapid decrease in
current density is observed as shown in Fig. 9(d).

10

Current density (mA/em?)
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0
0 1800 3600 3400 7200
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Fig. 9. Current density and surface morphology variation during anodic oxidation.

For exploring the effect of anodizing bath composition on the microstructural evolution of
the grown TiO: nanotubes, five different types of bath composition were evaluated and their
composition were listed in Table 1, where bath A, B and C are different in content of H,O
addition and bath B, D and E are different in content of NH4F addition. Fig. 10 shows the
SEM observation result of the TiO; nanotubes arrays anodized in the bath A, B, C, D and E.
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It was indeed capable of producing nanotube featured TiO, films shown in the SEM
morphology, regardless of the electrolyte composition. It can be noted that the entire grown
TiO, nanotubes array (using whatever electrolyte bath) are strongly adhered on the ITO
glass. Some TiO, nanotubes grow slower at specific electrolyte composition (bath D and E
for example) and leave a remnant titanium layer (identified separately as a-titanium)
beneath the nanotubes.

Electrolyte bath Composition

A 1LEG +3 g NH/F + 0.1 g H,O
B 1L EG + 3 g NH,F + 20 g H,O

C 1L EG + 3 g NH4F + 40 g H,O

D 1LEG + 1.5 g NH,F + 20 g H,0
E 1L EG + 2 g NH4F + 20 g H,O

Table 1. Electrolyte composition used in this study for anodization to obtain TiO, nanotubes.

More quantitative comparison of the SEM observations, the tube length, inner diameter and
outer diameter of the TiO, nanotubes anodized in electrolytes A, B, C, D and E are measured
and drawn in Fig. 10. For electrolyte A, B and C (in sequence of increasing water content of
the electrolyte), the tube length and tube diameter (inner and outer) are bar chart illustrated
in Fig. 10 (upper right). The water content is found to not only influence the tube diameter
but also the tube length. With increasing water content, the tube length decreases, but the
tube diameters increase. One explanation for this is that the H>O not only inhibits nanotubes
growth but also dilutes the reactivity of NHF of the electrolyte. On the other hand for
electrolyte D, B and E (in sequence of increasing NH4F content of the electrolyte), the tube
length and tube diameter (inner and outer) are also bar chart illustrated in Fig. 10 (bottom
right). It can be found that increasing NH4F content of the electrolyte prompts the tube
growth rate to obtain longer tubes while at the same time with a decreased diameter. In this
regard, NH4F behaves as the active regent for the formation of nanotubes and restricts
lateral growth of the nanotubes. As a whole of anodizing variables study here, it
demonstrates a feasible way to convert AIP metal titanium layer into TiO, nanotubes array
on the ITO glass by anodic oxidization procedure. The firmly adhered AIP metal titanium
layer guarantees the successful growth of TiO, nanotubes. By knowing this and
compromising tube length and diameters, the following I-V characteristics study for the
DSSCs assembled by using TiO> nanowirs are based on the electrolyte B.

The I-V characteristics of the DSSCs assembled by using TiO, nanowirss with different
annealing temperatures, with their corresponding XRD pattern was also shown in Fig. 11.
As opposed to those Ti layer obtained by using sputter deposition, the AIP-deposited Ti
layer exhibits mainly crystallinic a-Ti phase and account for the strong film adhesion. The
as-anodized TiOz-nanotube array presents an X-ray amorphous structure with trace amount
of remnant a-Ti. The diffraction peaks corresponding to anatase phase TiO, can be found to
appear in the specimens annealed over 250 °C indicating that the crystallization occurs to
the amorphous TiO; nanotubes after post-annealing. The intensity increase of the diffraction
peaks corresponding to the anatase phase TiO, shows that crystallinity of the nanotubes
increases with the annealing temperature. However, the disappearing of the diffraction peak
corresponding to remnant a-Ti can only be observed for the specimen annealed at 450 °C.
This suggests that complete thermal oxidation of remnant a-Ti layer took place at a
temperature over 450 °C. Furthermore, it can also be found that the I-V characteristics are
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sensitive to the annealing temperature, the J in particular (due to the enhanced crystallinity
of nanotubes). The V,. unfortunately on the contrary decreases with increasing post-
annealing temperature because of the negative effect devastated by the increased sheet
resistance of the ITO film (measured but not shown). An overview of the photovoltaic
efficiency of the cell assembled from the as-anodized and post-annealed TiO»-nanotube
array, when an annealing temperature is over 350 °C, a maximum efficiency of 1.88% can be
obtained and subsequent a decrease in J;. occurs leading to a decreased efficiency of 0.53%.
Apparently, this result from two opposite competitive factors, i.e. the sheet resistance of the
ITO film and the profitable crystallinity of TiO, nanotubes, which can be affected by the
post-annealing. When increasing post-annealing temperature, the improved crystallinity of
the anatase TiO, nanotubes array facilitates a more ideal electron migration path from dye to
ITO front electrode, therefore an increased ., but the abrupt increase in sheet resistance of
the ITO film (over 450 °C) seriously hinders electron current flowing through it.
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Fig. 10. SEM images of TiO, nanotubes anodized in electrolyte bath A, B, C, D and E. The
left pictures are through-thickness cross sectional view of the TiO, nanotubes at low
magnification, the middle pictures are magnified image of the tubes, the right pictures are
top-view of the tubes. The tube length, inner diameter and outer diameter of the TiO»
nanotubes anodized in electrolytes A, B, C, D and E are also measured and compared.
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Fig. 11. I-V characteristic of the cell assembled from the as-anodized and post-annealed
TiOz-nanotube array which was produced by anodic oxidation with their corresponding
XRD patterns of AIP-deposited Ti, as anodized TiO; nanotubes array and post-annealed
TiO; nanotubes array.

4.1 Summary

Successful demonstration to prepare TiO; nanotubes array by arc ion plating pre-deposit
metal Ti layer on ITO glass followed by anodic oxidation has been carried out in this study
to reveal the influence of anodization electrolyte variables and post-heat treatment on the
microstructure of TiO, nanotubes array and the photovoltaic behavior of the assembled
DSSCs device. The key to successfully develop 10 micrometer long TiO2 nanotubes array lies
in the strongly adhered Ti-layer which tolorates the electrolyte attack during anodic
oxidation. Ultimate photovoltaic efficiency of 1.88% appears on the DSSC assembled from
TiO: nanotubes array which was annealed at 350 °C. However, the annealing temperature
that requires to form anatase phase through post-annealing would be detrimetal to the ITO
front electrode and limits further increase in photovoltaic efficiency.

5. Micro-arc oxidation and alkali etching to produce nanoflaky TiO,

Micro-arc oxidation (MAO) technique is a relatively convenient and effective technique for
producing micrometer scale porous crystalline anatase TiO, over a metal titanium surface.
This technique involves the anodically charging of a metal (similar to conventional anodic
oxidation but with a higher level of discharge voltage) in a specific electrolyte to reach a
critical value at which dielectric breakdown takes place, and initiates micro-arc discharge
over the entire metal surface. The micro-arc discharge enables the rapid oxidation of the
metal due to the effect of impact or tunneling ionization over the metal surface. The
schematic MAO system to obtain TiO; films is shown in Fig. 12. First attempt using MAO
technique to grow microporous TiO» over a Ti surface for applying as DSSC electrode has
also demonstrated, with however limited photovoltaic efficiency due to unsatisfactory
specific surface area. In responding to the demanding in high efficiency PV device, we have
developed another two-step method for the Ti foil to grow nanoflaky TiO,. An idea is
proposed in this study simply by using alkali etching to develop nanoflaky morphology
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over the pre-micro-arc oxidized Ti (i.e. MAO-TiO,) as the ideal electron emitter (or TiO;
electrode). Such a nano featured TiO; layer shall be able to exhibit very large specific surface
area and capable of efficient dye absorbing and eventually high photovoltaic efficiency. The
alkali etching began with the immersion the MAO treated titanium foil into a NaOH
solution and soaking for 12 h to develop nano-featured TiO,. Later on, an alkali etching
treatment followed by MAO was proposed to develop 3D-network nanostructural anatase
TiO, without annealing, with the accompanied photovoltaic efficiency substantially
improved. In this work, a further detailed observation on the microstructural development
of the nanostructural anatase TiO; is carried out as a function of alkali bath concentration
and post-heat treatment effect to the associated photovoltaic efficiency is correlated.
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Fig. 12. Schematic diagram of micro-arc oxidation system to obtain MAO-TiO,.

Figure. 13 shows the surface and cross sectional morphology of the MAO formed titania
layer as well as the alkali etched TiO; layers obtained at different bath concentration. After
MAO treatment, the titanium forms porous crystallinic anatase TiO; layer (as identified and
described elsewhere) with numerous micrometer scale holes as observed in Fig. 13(a). These
holes are discharge channels induced by the electrical breakdown of the oxide layer during
the MAO treatment. It is worth noting that the surface is roughened, which is based on the
fact that an intensive microdischarge occurs at a high voltage; as a result (Fig. 13(a)), the
coating itself appears to be a microscopically splashed surface under the strong discharge
effect. The morphology of the specimens alkali etched at different NaOH concentration
shown in Fig. 13(b)~(d) reveal that nanoflaky TiO, can be developed through the alkali
etching. The nano featured layer was developed over the MAO-TiO; scaffold surface with
free interspace and nanoflakes of about 50~100 nm in size. As can be seen from the figure,
these nanoflakes uniformly distribute over the entire surface of the treated specimen. The
results revealed that alkali solution concentration appear to be an important variable in
nanostructural control. Moreover, the higher NaOH concentration leads to much bigger free
interspace and deeper nanoflaky TiO; layer as well as bigger nanoflake size. It is therefore
out of question that the TiO, layer reformed by the alkali etching can have higher specific
surface area than the MAO-TiO,. Through the evaluation of a series of alkali-etched
specimen at different NaOH concentrations, the size of the developed nanoflakes is found to
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be determined by the NaOH concentration. The morphological development of the
nanoflakes is thought to be associated with the complicated dissolution and re-precipitation
mechanism that involves the attack by hydroxyl groups and negatively charged HTiOs
ions formed on the surface. The HTiO; ions are thought to be consequently attracted and
dissolved by the positively charged ions in the NaOH solution. In our case, it is
hypothetically proposed that the low-concentration NaOH solution gives rise to the
diffusion control mode enabling charged ion exchange between the MAO specimen surface
and the alkali solution, where a limited ion flux yields a low reaction rate that favors fine
structure formation. Contrarily, the high NaOH bath concentration enables fast exchange of
the charged ion species and fast structure formation (accompanied by the flakes grown in
larger dimension and larger interspace). In addition, cracks occur to the nanoflaky TiO»
layer when NaOH bath concentration is increased. The results reflected in Fig. 13(c) and (d)
indicate that the cracks began to form on the MAO specimen surface and grow with the
increasing NaOH concentration.
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Fig. 13. Surface morphology (upper, with different magnification) and cross sectional
morphology (lower) of the (a) MAO treated specimen, and alkali etched specimen in NaOH
bath concentration of (b) 0.50 M (c) 1.25M and (d) 2.50 M, respectively.

Further exam of the detailed microstructure of nanoflakes by using transmission electron
microscope (TEM) in high magnification bright field images taken from specimen with
alkali etching at 40 °C for 12 h are shown in Fig. 14. It can be seen that the hair-like structure
(corresponds to the nanoflaky structure as been observed in Fig. 13) exists over the TiO;
surface as shown in Fig. 14(a). Here, it clearly presents a 3D network fine structure. In
addition, the hair-like structure grown from the inner wall of the pore as also observed in
the Fig. 14(b) is again seen as a 3D network feature. These 3D nanoflakes led to a significant
increase in specific surface area and presumably photovoltaic efficiency. It should also be
noted that these pores and voids are opened to the alkali etched and their surfaces are also
involved with the reforming process via dissolution and re-deposition. This means that the
nanoflakes grow not only on the TiO; surface but also grow deep into the inner surfaces,
thereby significantly increase specific surface area, even though these nanoflakes
unfortunately appear to be amorphous as identified by TEM selected area diffraction
technique and described elsewhere.
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Fig. 14. Bright field image of nanoflaky TiO, grown from (a) the MAO-TiO; surface and (b)
the inner pore of the MAO-TiO5.

The I-V curves of DSSCs assembled with the MAO-TiO, and alkali etched TiO, obtained at
different concentrations are shown in Fig. 15.
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Fig. 15. I-V characteristic of the DSSC device assembled using (a) MAO treated specimen
and alkali etched specimens at different NaOH bath concentration.

Photovoltaic efficiency of the assembled DSSC is substantially increased by alkali etching.
Apparently, the remarkable increase in the [, and V. of the cell assembled from alkali
etched specimens appear to be contributed to by the nanoflaky surface structure, which
possesses a markedly higher specific surface area than the MAO layer. Note that the ] is
significantly dropped for the DSSC using alkali etched TiO» specimen prepared at 2.5 M
NaOH. This is due to the cracks formed and distributed over the entire oxide layer leaving
the +Lil electrolyte to directly contact with fresh metallic titanium plate. A close look at
Fig. 13(b), (c) and (d), the DSSC assembled by the alkali etched specimen at 1.25 M NaOH
solution performs the highest J,. and V,. among the three alkali etched specimens. Good
explanation is that this is a compromising of the effect of the enlarged specific surface area
and the effect of crack formation caused by the alkali etching, i.e. the increased NaOH bath
concentration not only results in the increased specific surface area but also the increased
free interspace and even worse the crack formation. As revealed in Fig. 13(d), the cracks
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causing the discontinuity of path for charge carrier shall be the main reason for the
significant decrease in photovoltaic efficiency of the assembled DSSC which employs
specimen alkali etched at 0.50 M NaOH. By comparison, the DSSC assembled by using
MAO scaffold presents a photovoltaic efficiency of 0.078%, while it present a highest
photovoltaic efficiency of 0.329% (over four times increment) for the DSSC assembled by the
alkali etched specimen. Through this simple and low cost alkali etching route, it is able to
produce nano structural TiO; electrode for photovoltaic DSSC.

The I-V characteristics of the DSSCs assembled by using specimens with MAO-TiO; and
nanoflaky TiO; (as-etched and annealed at 400 °C), with their corresponding XRD patterns
are shown in Fig. 16. The annealing work significantly improves the crystallinity of the
nanoflakes and consequently photovoltaic efficiency can be dramatically increased for the
device assembled with the specimen with nanoflaky TiO.. It was 0.329% for the specimen
with the as-etched nanoflaky TiO, and 2.194% for the specimen with annealed nanoflaky
TiO,. Both are however greater than that of the MAO-TiO; specimen only with 0.061%. By
contrast, the J,. and V, of the solar cell assembled by alkali etched specimen are
substantially higher. Apparently, the dramatic increase in J;. and V. of the cell assembled by
alkali treated specimens is contributed by the nanoflaky surface structure, which possesses
far higher specific surface area than MAO layer does. With this simple and low cost post-
alkali etching demonstration, the photovoltaic efficiency of the DSSC using the MAO treated
Ti foil as the back electrode can be significantly increased. The increased crystallinity
provides higher dye-absorption for generating more electron-hole pairs and suppresses the
electron loss due to the recombination of electron-hole pairs. Therefore, the DSSC assembled
with Ti electrode which synthesized by MAOQO, treated by alkali etching and annealing,
presents highest photovoltaic efficiency.
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Fig. 16. The I-V characteristics of the DSSCs assembled by using specimens with MAO-TiO,
and nanoflaky TiO, (as-etched and annealed at 400 °C), with their corresponding XRD
patterns.
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5.1 Summary

Here at last, a method to combine with micro-arc oxidation and post-alkali etching has
succeeded in forming an 3D network nanoflaky anatase TiO; layer on the surface of a Ti
substrate. The nanoflaky TiO, completely cover the upmost surface of the MAO TiO; layer
as well as the inner pores and voids, therefore provides very large surface area for dye
absorption to increase the efficiency of the assembled DSSCs. Without post-annealing,
maximum photovoltaic efficiency of 0.329% for the DSSC is achieved with the amorphous
nanoflaky TiO; layer alkali etched at 1.25 M NaOH. Post-annealing at 400 °C significantly
enhances crystallinity of the nanoflaky TiO, layer and ultimately photovoltaic efficiency
2.194% for the DSSC is achieved. The above results have shown that the method to combine
with micro-arc oxidation and post-alkali etching was a potential and low-cost process for
developing the nano featured TiO, photoanode for obtaining high efficiency DSSC.
However, post-annealing shall not be abandoned for additional windfall of the photovoltaic
efficiency.

6. Conclusion

Here, we begin our conclusion by reviewing the results in previously described. We started
developing nano featured TiO, layer by using LPD method and found that it is capable of
obtaining nanocluster TiO, with unacceptable growth rate. Crystallinic anatase TiO. layer
can be obtained through suitable annealing treatment to achieve only 0.0056% photovoltaic
efficiency. In the work of TiO, nanowires growth on AIP-TiO, template via hydrothermal
route, an ultimate PV efficiency of 3.63% can be achieved by optimizing hydrothermal
process condition and annealing treatment. A hydrothermal treatment time so long as 24
hours shall be required for achieving this, which however has shorter treatment time than
the LPD process and a fair PV efficiency. In the work of preparing TiO» nanotubes array by
arc ion plating pre-deposit metal Ti layer on ITO glass followed by anodic oxidation, the key
to successfully develop 10 micrometer long TiO; nanotubes array lies in the strongly
adhered Ti-layer which tolorates the electrolyte attack during anodic oxidation. Ultimate
photovoltaic efficiency of 1.88% appears on the DSSC assembled from TiO, nanotubes array
which was annealed at 350 °C. Although the tube length and diameter is controllable, it is
expected to exhibit higher photovoltaic efficiency by further reducing tube diameter for
more specific surface area of the photoanode. At last, a DSSC assembled from the nanoflaky
TiO;, prepared by using micro-arc oxidation and alkali etching was demonstrated. Ultimate
photovoltaic efficiency 2.194% for the DSSC is achieved.

Results in these studies are remarkably consistent with what we expected. Cost saving and
easy operation processes for obtaining TiO, photoanode has been achieved. Despite the
encouraging result of this study as the positive effect of nanostructural surface engineering,
future research is required in a number of directions about chasing high efficiency DSSCs.
However, a step further has been taken in the improved photovoltaic efficiency by
nanostructural surface engineering and an opportunity for commercializing DSSC using
low-cost process.

7. References

O'Regan, B. & Grétzel, M. (1991). Letters to nature, Vol.353, pp. 733-740
Nagayama, H., Honda, H. & Kawahara., H. (1988). Journal of the Electrochemical Society,
Vol.135, pp. 2013-2014



18 Solar Cells — Dye-Sensitized Devices

Herbig, B. & Lobmann, P. (2004). Journal of Photochemistry and Photobiology A: Chemistry,
Vol.163, pp. 359-365

He, J. L., Chen, C. H. & Hsu, M. Y. (2006). The Chinese Journal of Process Engineering, Vol.6,
pp. 224-227

Rao, C. N. R,, Satishkumar, B. C., Govindaraj, A., Vogl, E. M. & Basumallick, L. (1997).
Journal of Materials Research, Vol.12, pp. 604-606

Kasuga, T., Hiramatsu, M., Hoson, A., Sekino, T. & Niihara, K. (1999). Advanced Materials,
Vol.11, pp. 15-18

He, J. L., Hsu, M. Y., Li, H. F. & Chen, C. H. (2006). The Chinese Journal of Process Engineering,
Vol.2, pp. 228-234

Shankar, K., Mor, G. K., Prakasam, H. E., Yoriya, S., Paulose, M., Varghese, O. K. & Grimes,
C. A. (2007). Nanotechnology, Vol.18, pp.065707

Chen, C. H.,, Chen, K. C. & He, J. L. (2010). Current Applied Physics, Vol.10, pp. S176

Yerokhin, A. L., Nie, X., Leyland, A., Matthews, A. & Dowey, S.J. (1999). Surface and
Coatings Technology, Vol.122, pp. 73-93

Song, W., Xiaohong, W., Wei, Q. & Zhaohua, J. (2007). Electrochimica Acta, Vol.53, pp.1883-
1889

Wei, D., Zhou, Y., Jia, D. & Wang, Y. (2008). Acta Biomaterialia, Vol.254, pp.1775-1782

Wu, S. Y., Lo, W. C, Chen, K. C. & He, J. L. (2010). Current Applied Physics, Vol.10, pp.5180-
S183.

Wu, S. Y, Chen, Y. H,, Chen, K. C. & He, ]. L. (2010). Japanese Journal of Applied Physics,
Vol.10, pp.180-183.

Chu, P. ], Wu, S. Y., Yerokhin, A., Matthews, A. & He, J. L. (2009). Program and Abstract Book
of TACT 2009 International Thin Films Conference, (December 2009.) pp.115-116



2

Investigation of Dyes for Dye-Sensitized
Solar Cells: Ruthenium-Complex Dyes,
Metal-Free Dyes, Metal-Complex
Porphyrin Dyes and Natural Dyes

Seigo Ito

Department of Electrical Engineering and Computer Sciences,
Graduate School of Engineering, University of Hyogo, Hyogo
Japan

1. Introduction

Following the first report on dye-sensitized solar cells (DSCs) by Prof. Grétzel in 1991,
thousands of papers have been published with the aim of making DSCs commercially viable
(Fig. 1). They are attractive because of their low-cost materials and convenient fabrication by
a non-vacuum, high-speed printing process. One of the key materials in DSCs is the
sensitizer dye. Ruthenium-complex dyes are used to make DSCs with conversion
efficiencies of over 10%; recently, the Grétzel group reported a DSC using ruthenium dye
(Z991) which achieved a conversion efficiency of 12.3%. Research into synthetic ruthenium-
free dyes, including metal-free organic dyes and metal-complex porphyrin dyes, has
intensified because of the high cost of ruthenium. Indoline dyes and oligothiophene dyes are
used to make DSCs with conversion efficiencies greater than 9% and 10%, respectively. A
zinc-porphyrin dye produced a conversion efficiency of 11.4%.
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Fig. 1. Number of publications on DSCs in each year from 1989 to 2010. The data was
obtained by searching online databases (Scopus, Elsevier). The keywords were “dye”,
“solar” and “cell”, and the document type was limited to “article”.
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Natural dyes have also been studied for use in DSCs because they are cheaper than
synthetic dyes, and exhibit moderate energy conversion efficiency. Natural chlorophyll dyes
show energy conversion efficiencies of over 4% and Monascus yellow dye yielded a
conversion efficiency of 2.3%. Despite the wide variety of natural dyes available, other
natural dyes do not yield energy conversion efficiencies of over 2%, although some natural
dyes derivatives are capable of higher energy conversion efficiencies. In this review, the
principles and fabrication methods of DSCs are explained, and recent research on
sensitizing dyes, including ruthenium-complex dyes, metal-free organic dyes, metal-
complex porphyrin dyes, and natural dyes, is reviewed.

2. Ruthenium-complex dyes

Ruthenium dye DSCs were first reported in 1991 by O'Regan and Gritzel in Nature [1].
These first ruthenium dye DSCs achieved a 7.1% conversion efficiency (Fig. 2). However, the
structure of the ruthenium dye was complicated and contained three ruthenium metal
centers. In 1993, Nazeeruzzin et al. published DSCs with 10.3% conversion [2], using a
ruthenium dye sensitizer (N3, Fig. 3: [cis-di(thiocyanato)bis(2,2-bipyridine-4,4-
dicarboxylate)ruthenium]]), which contained one ruthenium center and was thus simpler
than the ruthenium dye reported in 1991. At the end of the 1990s, Solaronix SA
(Switzerland) began selling the materials for constructing DSCs: ruthenium dyes, electrodes,
electrolytes, TiO, paste, fluorine-doped tin oxide (FTO)/glass plates, and sealing materials.
This led to a blossoming of DSC research, using the N3 dye (Fig. 3) and nanocrystalline-TiO»
electrodes made using doctor-blading methods, which resulted in the development of
sandwich-type solar cells (Fig. 4).

HOOC COOH

Fig. 2. A ruthenium dye reported in Nature (1991) by Dr. O’'Regan and Prof. Gritzel [1].
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Fig. 3. The ruthenium dye N3, which achieved 10% conversion efficiencies in DSCs, reported
by Dr. Nazeeruddin of the Grétzel group [2].
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Fig. 4. DSC fabrication methods.

The high performance of the N3 sensitizer adsorbed on to nanocrystalline-TiO; films (Fig. 5)
brought a significant advance in DSC technology. The sensitizer adsorbed on to the TiO»
surface absorbs a photon to produce an excited state, which efficiently transfers one electron
to the TiO, conduction band (Fig. 6). The oxidized dye is subsequently reduced by electron
donation from an electrolyte containing the iodide/triiodide redox system. The injected
electron flows through the semiconductor network to arrive at the back contact then
through the external load to the counter electrode, which is made of platinum sputtered
conducting glass. The circuit is completed by the reduction of triiodide at the counter
electrode, which regenerates iodide.
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The high performance achieved by dye-sensitized TiO; solar cell devices depends on several
factors, such as the broad range of visible light absorbed by the dye and the dye’s relatively
long-lived excited states with energies near those of the TiO, conduction band. Moreover,
the presence of terminal carboxylic acid groups allows the sensitizer to be stably anchored to
the semiconductor surface, ensuring high electronic coupling between the dye and the
semiconductor, which is required for efficient charge injection.
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However, it was difficult to reproduce the 10% efficiency observed in the first published
DSCs. In 2001, Nazeeruzzin et al. reported DSCs with 10.4% efficiency using a ruthenium
dye called “black dye’ in the Journal of the American Chemical Society (Fig. 7) [3]. Although
black dye looks green in solvent, on a porous nanocrystalline-TiO- electrode the DSC looks
black, because its wide absorption band covers the entire visible range of wavelengths. The
conversion efficiency was confirmed by the National Renewable Energy Laboratory in the
United States. Subsequently, using black dye, Wang et al. (AIST, Japan) reported a 10.5%
efficiency [4], and Chiba ef al. (Sharp Co. Ltd., Japan) reported an 11.1% efficiency,
confirmed by AIST [5]. In 2006, Nazeeruzzin et al. reported a new dye, N179, which was
similar to N3, but which achieved an 11.2% conversion efficiency in DSCs (Fig. 8) [6]. N3 has
four H* counterions, whereas N719 has three TBA* and one H* counterions (Fig. 9). The
change in the counterions alters the speed of adsorption onto the porous TiO; electrode; N3
is fast (3 h) whereas N719 is slow (24 h), thus N719 gives a higher conversion efficiency than
NG3.

Fig. 7. Structure of black dye for DSCs [3]. TBA*: tetrabutylammonium.
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Fig. 8. Photo I-V curve for DSC with 11.1% conversion efficiency, using N719 [6].
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HOOC COOH
Fig. 9. A ruthenium dye (N719) for DSCs [6]. TBA*: tetrabutylammonium.

In 2008, Ito et al. detailed DSC fabrication methods [7] that improved the reproducibility of
the results for DSC conversion efficiencies (Fig. 10), and many papers have subsequently
reported conversion efficiencies close to 10%. The components of high efficiency DSCs, such
as the TiCly-treated photoelectrodes, the thickness of the transparent nanocrystalline-TiO,-
layer, the light-scattering layer (Fig. 11), and the anti-reflective film on transparent
conducting oxide (TCO) substrates, have been optimized. These components have a
significant effect on the conversion efficiency. TiCls treatment is necessary for improving the
mechanical strength of the TiO, layer. The thickness of the TiO, layer affects the
photocurrent and the photovoltage of the devices. Furthermore, the photocurrent can also
be increased by using an anti-reflective film. The combination of both transparent and light-
scattering layers in a double layer system (Fig. 12) and an anti-reflective film creates a
photon-trapping effect, which has been used to enhance the quantum efficiency, known as
the incident photon-to-electricity conversion efficiency (IPCE).
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Fig. 10. Histogram showing the reproducibility of DSC conversion efficiencies. Reported
values for 12 DSC devices produced over a 24 h period. [7].
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In this section, the fabrication method and the influence of different procedures on the
photovoltaic performance of high-efficiency DSCs is described [7]. Two types of TiO, paste
containing nanocrystalline-TiO, (20 nm) and macrocrystalline-TiO, (400 nm) particles
(Fig. 11) were prepared, which gave transparent and light-scattering layers, respectively
(Fig. 12) [8]. The synthesis of cis-di(thiocyanato)-N,N'-bis(2,2'-bipyridyl-4-carboxylic acid-4'-
tetrabutylammoniumcarboxylate)ruthenium(II) (N-719, Fig. 9) has previously been reported
[6]. The purification of N-719 was carried out by repeating the following method three
times. The N719 complex was dissolved in water containing 2 equiv of tetrabutylammonium
hydroxide. The concentrated solution was filtered through a sintered glass crucible, applied
to a water-equilibrated Sephadex LH-20 column, and then the adsorbed complex was eluted
using water. The main band was collected and the pH of the solution was lowered to 4.3
using 0.02 M HNOs. The titration was carried out slowly over a period of 3 h and then the
solution was kept at -20 °C for 15 h. After allowing the flask to warm to 25 °C, the
precipitated complex was collected on a glass frit and air-dried.

s MAY .70 1

SEI
General

(b)

Fig. 11. SEM images of the surface of TiO, submicrometer particles (400C, JGC-CCIC)
(upper) and a mixture of TiO, submicrometer particles and nanoparticles (PST-400C, JGC-
CCIC) (lower). Images were acquired at 50,000x magnification [8].
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Fig. 12. Structure of DSC with a double layer of nanocrystalline-TiO; electrodes. X in Figure
shows the thickness of the nanocrystalline-TiO; electrodes that was varied during the
optimization of high-efficiency DSC [7, 8].

FTO glass was used as a current collector (4 mm thick, Solar, Nippon Sheet Glass). In order
to prepare the DSC working electrodes, the FTO glass was first cleaned in a detergent
solution using an ultrasonic bath for 15 min, and then rinsed with tap water, pure water,
and ethanol. After treatment in a UV-O; system for 18 min, the FTO glass plates were
immersed in a 40 mM aqueous TiCly solution at 70 °C for 30 min, washed with pure water
and ethanol and then dried. The FTO glass plate was coated with a layer of nanocrystalline-
TiO, paste (anatase, d = 20 nm) by screen printing. The screen-printing procedure was
repeated to get an appropriate thickness for the working electrode. After the
nanocrystalline-TiO, paste was dried at 125 °C, two layers of macrocrystalline-TiO, paste
(anatase, d = 400 nm) were deposited by screen printing to form a light-scattering TiO; film,
4-5 pm thick. The TiO,-coated electrodes were gradually heated under an air flow at 325 °C
for 5 min, at 375 °C for 5 min, at 450 °C for 15 min and at 500 °C for 15 min.

The sintered TiO; film was treated again with a 40 mM TiCl, solution as described above,
rinsed with pure water and ethanol, and sintered again at 500 °C for 30 min. The TiO»
electrode was allowed to cool to 80 °C, and was then immersed in a 0.5 mM acetonitrile/ tert-
butyl alcohol (1:1) solution of N-719 dye for 20-24 h at room temperature to ensure complete
uptake of the sensitizer dye. The dye uptake time must be optimized for each dye, for
example: indoline dyes, 4 h [9, 10]; porphyrin dyes, 1 h [11]; and natural dyes, 15 min [12].
To prepare the counter electrode, a hole was drilled in the FTO glass (2.2 mm thick, TEC 15
Nippon Sheet Glass) by sandblasting. The perforated sheet was washed with H>O, and with
a 0.1 M HCI solution in ethanol, and then cleaned by ultrasound in an acetone bath for 10
min. Residual organic contaminants were removed by heating in air for 15 min at 400 °C;
then, the Pt catalyst was deposited on the FTO glass by coating the glass with a drop of
HyPtCls solution (2 mg Pt in 1 mL ethanol) and repeating the heat treatment at 400 °C for 15
min.

The dye-covered TiO; electrode and Pt-counter electrode were assembled into a sandwich
cell (Fig. 13) and sealed on a heating stage with a hot-melt gasket, made of an ionomer (25
pm thick, Surlyn 1702, DuPont). A drop of the electrolyte; a 0.60 M solution of
butylmethylimidazolium iodide, 0.03 M I, 0.10 M guanidinium thiocyanate and 0.50 M 4-
tert-butylpyridine in acetonitrile/valeronitrile (85:15 v/v) was introduced into the cell via
vacuum backfilling. The cell was placed in a vacuum, and subsequent exposure to ambient



Investigation of Dyes for Dye-Sensitized Solar Cells:
Ruthenium-Complex Dyes, Metal-Free Dyes, Metal-Complex Porphyrin Dyes and Natural Dyes 27

pressure pushed the electrolyte into the cell. Finally, the hole was covered by a hot-melt
ionomer film (35 pm thick, Bynel 4164, Du-Pont) and a cover glass (0.1 mm thick), and
sealed with a hot soldering iron.

The electrolyte must be optimized for each dye: black dye is used with 0.6 M dimethyl
propyl imidazolium iodide, 0.1 M lithium iodide, 0.05 M iodine, and 0.5 M tert-
butylpryidine in acetone [5]; D149, D205, and Monascus yellow (a natural dye) are used
with 0.10 M lithium iodide, 0.60 M butylmethylimidazolium iodide, 0.05 M 12, and 0.05 M 4-
tert-butylpyridine in acetonitrile/valeronitrile (85:15) [9, 10, 12]; YD-2 (a porphyrin dye) is
used with 1.0 M 1,3-dimethylimidazolium iodide, 0.03 M iodine, 0.5 M tert-butylpyridine,
0.05M Lil, 0.1 M guanidinium thiocyanate, in acetonitrile/valeronitrile (85:15 v/v) [13].
Photovoltaic measurements were taken using an AM 1.5 solar simulator (100 mW cm-2). The
power of the simulated light was calibrated using a reference Si photodiode equipped with
an infrared (IR) cut-off filter in order to reduce the mismatch between the simulated light
and the AM 1.5 spectrum in the 350-750 nm region to less than 2% [14]. The current-voltage
(I-V) curves were obtained by applying an external bias to the cell and measuring the
photocurrent with a digital source meter.

Cover glass (0.1mm thickness) ——) 5

End sealant (Bynel M 64, 35'.“’“)—.{@

Glass substrate — I
FTO layer—p h
Pt layer —> |
Sealing spacer
(Surlyn 1702, 25um)
Light-scattering layer (5 um) wit ) —

submicroncrystalline-TiO2 layer

Transparent layer (14 um) with
nanocrystalline-TiOz2 layer

FTO layer —>

Glass substrate —p
Fig. 13. Structure of DSCs.

In order to demonstrate the effect of the sensitizing dye on the photovoltaic performance,
two types of TiO, working electrode were prepared on the FTO/glass substrate (Fig. 14)
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[15]. The first type of working electrode, nano-TiO,, is a double layer of mesoporous TiO:
(TiO2 nanoparticles d = 20 nm; nanocrystalline TiO, layer, 14 pm; microcrystalline TiO,
layer, 4 pm) screen-printed onto the FTO. The second type of electrode, UL/nano-TiO,, used
a compact TiO, underlayer (UL) deposited by spray pyrolysis between the porous TiO
layer and the FTO. Figure 14 shows the dark I-V characteristics of the two types of
mesoscopic-TiO; electrodes, with and without ruthenium dye. The onset of the dark current
in the nano-TiO; electrode occurred at a low forward bias. The compact TiO, UL suppresses
the dark current, shifting its onset by several hundred millivolts. This indicates that the
triiodide reduction in the exposed part of the FTO layer is responsible for the high dark
current observed in the nanocrystalline TiO: film alone. Adsorption of the N-719 dye onto
the nano-TiO, electrode also suppresses the dark current (Fig. 15), indicating that the
ruthenium sensitizer itself worked as an effective blocking layer on the FTO layer. In
contrast, the dark-current curves of UL/nano-TiO, were shifted to slightly lower voltages by
the adsorption of the N-719 dye (Fig. 15) indicating that the sensitizer increases the dark
current on electrodes where the FTO surface is already blocked. This can be attributed to the
TiO; band shifting to positive values by surface protonation; the protons can be supplied by
the ruthenium dye. The photovoltaic results are shown in Figure 16 and confirm the trends
observed in the dark currents. The dye loaded nanocrystalline TiO; film alone gave a lower
conversion efficiency (Fig. 16, nano-TiO,/Ru-dye). Introducing the compact TiO, UL in the
nano-TiO,/Ru-dye electrode increased the open-circuit photovoltage (Voc) by 27 mV and
the short-circuit photocurrent density (Jsc) by 1 mA cm2. The difference between the nano-
TiO2/Ru-dye and UL/nano-TiO,/Ru-dye electrodes arose from the UL suppressing the
charge recombination at the FTO layer. Mathematical modeling of charge-recombination
carried out by Ferber et al. (Fig. 17) [16] shows good agreement with these I-V curves.
Therefore, the observed improvement of the Voc and Jsc from using a UL on the FTO layer
agrees with the theoretical calculations. The suppression of dark current is enhanced by
introducing a compact layer between the FTO and the TiO; nanocrystals, and leads to an
increase in the Voc. However, the performance of DSCs with spray-pyrolyzed TiO; ULs is
less reproducible; to avoid this problem, TiCl; treatment between the FTO and
nanocrystalline-TiO; layers is used instead (Fig. 10) [7].

TiOz

(a) (b)

TiOe

Glass Glass

Fig. 14. Two types of TiO, working electrodes demonstrating the effect of the sensitizing dye
on the photovoltaic results: (a) nano-TiO, and (b) UL/nano-TiO; [15].
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Fig. 15. Dark current-voltage characteristics of the mesoscopic TiO; electrodes shown in Fig.
14 in sandwich cells, with and without adsorbed ruthenium dye. The counter electrode was
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Fig. 17. The effect of the electron recapture rate constant k. on the I-V curve of the modeled
DSC. Base case parameters [16].

It was found that the Voc was shifted by modifying the number of protons in the ruthenium
dye (Fig. 18) [17]. When dyes that contain protonated carboxylic groups are adsorbed, the
anchoring groups transfer most of their protons to the TiO; surface, and the positive charge
of the surface shifts the Fermi level in a positive direction. The electric field, which is
associated with the surface dipole generated by the positive charge, enhances the dye
adsorption and assists electron injection from the sensitizer’s excited state into the TiO»
conduction band, thus increasing photocurrents. However, the positive shift in the Fermi
level decreases the gap between the iodide/triiodide redox couple and the Fermi level,
resulting in a lower open-circuit potential. In contrast, adsorption of a sensitizer that
contains no protons shifts the Fermi level in a negative direction, leading to a higher value
for the open-circuit potential, while the value of the short circuit current is low. Therefore,
there is an optimum degree of protonation for the sensitizer, where the product of the short
circuit photocurrent and the open circuit potential is high, thus maximizing the power
conversion efficiency of the cell. Varying the degree of protonation of the sensitizer,
however, also changes its electronic structure; therefore it is important to investigate how
the energy and composition of the excited states change as a function of the protonation of
the terminal carboxylic acid groups.

In order to enhance the photocurrent of DSCs, the mesoscopic surface area of the
nanocrystalline-TiO, photoelectrode has been improved by chemical bath deposition of TiO»
from TiCly (Fig. 19) [7]. BET measurements confirmed that the surface area was increased by
20%. Moreover, a photon-trapping system has been applied to porous TiO; electrodes using
double-layer system consisting of transparent and light-scattering layers (Fig. 12) [7, 8].
Figure 20 shows the photovoltaic characteristics of the DSC were improved by the TiCly
treatment and the double layer system (Jsc = 18.2 mA cm?2, Voc =789 mV, FF = 0.704, and 7
=10.1%). It has previously been reported that the light-scattering layer is important not only
for the photon-trapping system, but also for photovoltaic generation. DSCs with the dye-
sensitized light-scattering-TiO, layer, but without the transparent nanocrystalline-TiO,
layer, gave a conversion efficiency of 5% [18].
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Fig. 18. (a) Structures of ruthenium dyes, and (b) the effect of dye protonation on
photocurrent-voltage characteristics of nanocrystalline TiO cell sensitized with N3 (4
protons), N719 (2 protons), N3[TBA]3 (1 proton), and N712 (0 protons) dyes, measured
under AM 1.5 sun using 1 cm?2 TiO; electrodes with an I-/I3- redox couple in
methoxyacetonitrile [17].



32 Solar Cells — Dye-Sensitized Devices

TiCl,

Fig. 19. Effect of the TiCly treatment. An additional TiO; layer (1 nm thick) was coated on the
surface of the nanocrystalline TiO, porous film [7].
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Fig. 20. Differences in the I-V curves from standard TiO; electrodes, electrodes with no TiCly
treatment and electrodes with no light-scattering layer. The transparent and light-scattering
layers were 14 pm and 5 pm thick, respectively. Photovoltaic characteristics: standard TiO>
electrode, Jsc =18.2 mA cm2, Voc =789 mV, FF = 0.704 and 7 = 10.1%; without TiCly, Jsc =
16.6 mA cm?2, Voc =778 mV, FF = 0.731 and r = 9.40%; without light-scattering layer, Jsc =
15.6 mA cm2, Voc =791 mV, FF = 0.740 and 7 = 9.12% [7].

Photoconversion happens on the surface of the dye-covered TiO; layer and the surface area
can be calculated from the thickness of the porous layer. Therefore, in order to optimize the
photovoltaic performance of DSCs, it is important to understand the relationship between
the thickness of the nanocrystalline-TiO; layer and the conversion efficiency of the DSC (Fig.
21) [7, 11]. A thickness of around 14 pm was confirmed as the optimum for DSCs using
N719 dye. Hence, the total optimum thickness of the TiO, layer, consisting of the
transparent layer (14 pm) and the light-scattering layer (5 pm), was around 19 pm for N719.
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However, a total thickness of 32 pym was necessary for DSCs using black dye, because it has
a lower photo-absorbance coefficient than N719 [4].
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Fig. 21. Relationship between the thickness of the transparent nanocrystalline-TiO; layer (in
Fig. 12) and the conversion efficiency of DSCs with anti-reflective films. Each point is the
average of four cells [7].

Because glass substrates reflect 8-10% of the incident light, an anti-reflective film is
necessary to enhance the photovoltaic performance of DSCs. The light-reflecting losses were
eliminated by a self-adhesive fluorinated polymer film (Arktop, Asahi Glass) that also
served as a 380 nm UV cut-off filter. Masks made of black plastic tape were attached to the
Arktop filter to reduce scattered light. Figure 22 shows the IPCE of an electrode with anti-
reflective film compared to the electrode without. The anti-reflective film enhances the IPCE
from 87% to 94%, increasing the conversion efficiency by 5%.
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Fig. 22. Effect of anti-reflective film (Arktop) on the IPCE of DSC. A double-layer electrode
(14 pm thick transparent and 5 pm light-scattering TiO; layers) was used.[7].
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Optimizing the thickness of the nanocrystalline-TiO, layer, TiCly treatments, and the anti-
reflective film have allowed DSCs with conversion efficiencies of over 10% to be fabricated.
Figure 10 shows the photoconversion efficiency of DSCs made at the same time; among the
12 devices, the reproducibility of DSCs with a conversion efficiency of over 10% was 100%.
The error in the experimental results falls within the measurement error for a solar
simulator, and therefore conversion efficiencies of 10.2 + 0.2% is highly reproducible. Using
the above technique, DSCs with efficiencies of 11.3% [19] and 12.3% [20] containing the dyes
C101 (Fig. 23) and 7991 (Fig. 24), respectively, have recently been published by the Grétzel
group, which are the highest conversion efficiencies published to date.

COOH

Fig. 23. The structure of the ruthenium dye C101, which achieved an 11.3% conversion
efficiency in DSCs [19].

COOH

Fig. 24. The structure of the ruthenium dye Z991 which achieved a conversion efficiency of
12.3% in DSCs [20].
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3. Metal-free dyes

Ruthenium complex dyes are capable of delivering DSCs with high photoenergy-conversion
efficiencies. However, because ruthenium is a rare and expensive metal ruthenium dyes are
not suitable for cost-effective, environmentally friendly photovoltaic systems. This limits the
range of applications for these complexes, and makes the development of DSCs that use
metal-free, organic dyes essential for their practical use. Recently, numerous organic dyes
for high-efficiency DSCs have been reported. New organic dyes with efficiencies over 5%
include hemicyanine dye (Fig. 25) (7 = 5.1%) [21], polyene-diphenylaniline dye (Fig. 26) (17 =
5.1%) [22], thienylfluorene dye (Fig. 27) (1 = 5.23%) [23], phenothiazine dye (Fig. 28) (1 =
5.5%) [24], thienothiophene-thiophene-derived dye (Fig. 29) (3 = 6.23%) [25], phenyl-
conjugated polyene dye (17 = 6.6%) (Fig. 30) [26], N,N-dimethylaniline-cyanoacetic acid (Fig.
31) (1 = 6.8%) [27, 28], oligothiophene dye (Fig. 32) (7 = 7.7%) [29], coumarin dye (Fig. 33) (1
=8.2%) [30], indoline dye (Fig. 34) (1 = 9.03%) [9, 31] and oligo-phenylenevinylene-unit dye

(Fig. 35) (17 = 9.1%) [32].
Tatal
/
g \
N
1.,

Fig. 25. Hemicyanine dye [21].

Fig. 26. Polyene-diphenylaniline dye [22].
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Fig. 27. Thienylfluorene dye [23].



36 Solar Cells — Dye-Sensitized Devices

S S, COOH
CN
N

Fig. 28. Phenothiazine dye [24].
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Fig. 30. Phenyl-conjugated polyene dye [26].
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Fig. 31. N,N-dimethylaniline-cyanoacetic acid [27, 28].
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Fig. 32. Oligothiophene dye [29].

Fig. 33. Coumarin dye [30],

Fig. 34. Indoline dye (D149) [31].
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Fig. 35. Oligo-phenylenevinylene-unit dye [32].

In order to improve the conversion efficiency values, the structure of organic dye
photosensitizers needed to be altered. For example, controlling the aggregation of dye
molecules improves the photocurrent generation; n-stacked aggregation (D and H
aggregation) on the nanocrystalline-TiO, electrodes should normally be avoided.
Aggregation may lead to intermolecular quenching and the presence of molecules that are
not functionally attached to the TiO, surface which act as filters. Some ruthenium complexes
(black dye and N719) have shown their best results using chenodeoxycholic acid (CDCA),
which functions as an anti-aggregation reagent and improves the photovoltaic effect.
However, indoline dyes and coumarin dyes form photoactive aggregates on
nanocrystalline-TiO; electrodes for DSCs, in a process known as J-aggregation.

In order to control the aggregation between dye molecules, an indoline dye with an n-octyl
substituent on the rhodanine ring of D149 (Fig. 34) was synthesized, to give dye D205 (Fig.
36) [33]. Figure 37 shows the photovoltaic characteristics of DSCs using D149 and D205.
Table 1 shows that n-octyl substitution increased the Voc regardless of whether CDCA was
present. CDCA increased the Voc of D205 by approximately 0.054 V, but had little effect on
D149, which only showed an increase of 0.006 V. The combination of CDCA and the n-octyl
chain (D205) significantly improved the Voc by up to 0.710 V, which is 0.066 V higher (by
10.2%) than that of D149 with CDCA. Kroeze et al. [34] showed that the alkyl substitution of
dyes improved the Voc, because of the blocking effect on the charge recombination between
triiodide and electrons injected in the nanocrystalline-TiO; electrodes. Therefore, the Voc
variation observed in Figure 37 indicates that the charge recombination was impeded by the
blocking effect, arising from the combination of the n-octyl chain and CDCA.

Fig. 36. Indoline dye (D205) [33].
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Fig. 37. Photovoltaic characteristics of DSCs using D149 and D205 with or without CDCA
[33].

Photovoltaic Without CDCA With CDCA
parameter D149 D205 D149 D205
Jsc / mA cm-2 19.08+0.26 18.99+0.19 19.86+0.10 18.68+0.08
Voc/V 0.638+0.05 0.656+0.11 0.644+0.13 0.710£0.07

FF 0.682+0.06 0.678+0.09 0.694+0.06 0.707+0.09
n/ % 8.26+0.09 8.43+0.16 8.85+0.18 9.40+0.12

Table 1. Photovoltaic characteristics of DSCs with indoline dyes shown in Figure 34 and 36.
Each result was obtained from three DSCs [33].

Without CDCA, the variation in Jsc arising from n-octyl substitution on the rhodanine ring
was small (0.5% of Jsc). However, in the presence of CDCA, the effect of the n-octyl chain
was significant; the substitution of the n-octyl chain (from D149 to D205) with CDCA
decreased Jsc by 5.9%. The effect of n-octyl substitution and CDCA on the FF was similarly
small; without CDCA, the n-octyl substitution decreased the FF by 0.6%, and with CDCA,
the n-octyl substitution increased the FF by 1.9%.

Without CDCA, the increase in conversion efficiency from D149 to D205 was only by 2.1%,
and in the presence of CDCA, the increase was by 6.2%. The resulting average conversion
efficiency for D205 with CDCA was an outstanding 9.40% (Table 2). The highest conversion
efficiency value of 9.52% was achieved with a DSC based on D205 (Jsc: 18.56 mA cm2, Voc:
0.717 V, and FF: 0.716). Reproducible efficiencies from 9.3% to 9.5% were obtained with the
D205 solar cell.

Recently, the group of Prof. Peng Wang has reported the synthesis of organic dyes with
conversion efficiencies in DSCs that rival those of ruthenium dyes; the highest value for a
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ruthenium dye is 12.3%, under the same measurement conditions [20]. Dye C217 (Figure 38)
produced DSCs with 9.8% conversion efficiency, [35] and dye C219 (Figure 39) achieved a
10.1% conversion efficiency [36]. These results strongly suggest that utilizing organic dye
photosensitizers is a promising approach for producing high-performance, low cost,
recyclable DSCs.

Fig. 38. C217 dye [35].

Fig. 39. C219 dye [36].

4. Metal-complex porphyrin dye

A further strategy for avoiding the use of expensive ruthenium in DSC dyes is to use
complexes containing inexpensive metals. Large n-aromatic molecules, such as porphyrins
and phthalocyanines, are attractive potential candidates for thin, low-cost, efficient DSCs,
because of their photostability and high light-harvesting capability. Porphyrins show strong
absorption and emission in the visible region, as well as tunable redox potentials. These
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properties mean they have many potential applications, in areas such as optoelectronics,
catalysis, and chemosensing. Self-assembled porphyrin molecular structures play a key role
in solar energy research, because the photosynthetic systems of bacteria and plants contain
chromophores based on porphyrins, which efficiently collect and convert solar energy into
chemical energy. Various artificial photosynthetic model systems have been designed and
synthesized in order to elucidate the factors that control the photoinduced electron-transfer
reaction. Inspired by efficient energy transfer in naturally occurring photosynthetic reaction
centers, numerous porphyrins and phthalocyanines have been synthesized and tested in
DSCs.

Campbell et al. have reported zinc porphyrin dyes (Fig. 40) which have conversion
efficiencies of 7.1% [37]. A recently reported series of zinc porphyrin dyes with donor-
acceptor (D-A) substituents exhibit promising photovoltaic properties with a conversion
efficiency of 6.8% (YD-2, Fig. 41) [38]. Bessho et al. optimized the fabrication method for YD-
2-sensitized DSCs, resulting in the achievement of an 11% solar-to-electric power conversion
efficiency under standard conditions (AM 1.5G, 100 mW cm?2 intensity) (Fig. 42) [13], which
is the highest conversion efficiency for a DSC using a ruthenium-free dye so far.
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Fig. 40. Zinc porphyrin dyes by synthesized by Campbell et al. [37]
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Fig. 41. Structure of porphyrin dye YD-2 [38].
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Fig. 42. Photocurrent density-voltage (J-V) characteristics of a device using YD-2 as
sensitizer under AM 1.5G illumination (100 mWcm?). Values for dark current (solid line)
and 100% sun (dotted line) are shown [13].

5. Natural dyes

Although high performance synthetic ruthenium-free dyes have been developed, their
synthesis is time-consuming and laborious. Furthermore, they must be tested for toxicity
before they can be used commercially. These problems could be solved if inexpensive, non-
toxic, natural dyes, such as pigments used in food coloring, could be used in DSCs. Natural
dyes are easily and safely extracted from plants, which means they are cheap and widely
available, and do not require complex synthesis or toxicity testing. Therefore, the use of
natural dyes is important for the development of cheap, commercially available DSCs.
Natural dyes have shown moderate energy conversion efficiencies in DSCs [39-45]; natural
chlorophyll dyes achieved energy conversion efficiencies of over 4% (Fig. 43) [39, 40].
However, despite the huge range of natural dyes, most of the other dyes tested yielded
energy conversion efficiencies below 2%, although some derivatives synthesized from
natural dyes have produced energy conversion efficiencies of over 2% [46, 47]).

Fig. 43. Structures of chlorophylls for DSCs: Chlorin e6 (left) [39] and chlorophyll c (right)
[40].
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The natural dye Monascus yellow produces DSCs with over 2% conversion efficiency [12]. It
is extracted from Monascus (red yeast rice), which is the product of Monascus purpureus
fermentations. Monascus is a dietary staple in some Asian countries, and is traditionally
made by inoculating rice soaked in water with Monascus purpureus spores. The mixture is
incubated at room temperature for 3-6 days, and its core turns bright red and the outside
turns reddish purple. Because of the low cost of cultivation, some producers have extracted
the highly colored fermentation products to use as food pigment dyes. Monascus red, which
is one of the red dyes in Monascus fermentations, has been used as a sensitizing dye for
DSCs [41], which gave a 0.33% conversion efficiency. Monascus yellow, which is also
extracted from Monascus fermentations (Fig. 44), was used as a novel sensitizer. The DSC
with Monascus yellow achieved a photovoltaic performance where Jsc = 6.1 mA cm?, Voc =
0.57 V, FF = 0.66, and 1 = 2.3% (Fig. 45).

Fig. 44. Structures of dye molecules in Monascus yellow, supplied as a mixture of two
isomers in an extract from Monascus fermentations [12].
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Fig. 45. I-V curve for DSC using Monascus yellow dye [12].

Figure 46 shows the UV-VIS absorption spectra and IPCE spectra of Monascus yellow on
transparent nanocrystalline-TiO, electrodes (prepared using a TiO. paste, PST-18NR, CCIC,
Japan) [12]. Without acetic acid treatment, the absorption peak at 426 nm was just 8% and
the IPCE value was close to zero. After acetic acid treatment, the absorption peak increased
to 69%, resulting in the IPCE value increasing to 47% at 450 nm. The action spectrum of the
cell sensitized by Monascus yellow largely agrees with the absorption spectrum of the dye
adsorbed to the TiO; film. The IPCE peak is red-shifted by 24 nm relative to the absorption
peak. The strong absorption of blue light of the iodide/triiodide electrolyte is thought to
decrease the IPCE value in the short wavelength region, resulting in the red shift of the peak
in the action spectrum. The remarkable improvement in the IPCE value following treatment
with acetic acid may be because the acetic acid promotes bonding between the Monascus
yellow hydroxyl groups and the surface of the nanocrystalline-TiO, film. In addition,
sensitizing dyes adsorbed onto TiO- surfaces are known to be desorbed by addition of bases
such as NaOH and NHj. Thus, the improvement of the photovoltaic performance upon
addition of acetic acid can be attributed to a chemical bonding adsorption mode, in contrast
to a physical (van der Waals) adsorption mode without acetic acid. When the dye is
physically adsorbed onto the TiO. electrode, it cannot inject photoexcited electrons,
resulting in a small absorption peak. In contrast, the dye adsorbed onto the TiO, surface
with protons strengthening the chemical bonding, can efficiently inject photoexcited
electrons from the dye into the electrode.

The effect of the nanocrystalline-TiO, layers, and the solvents used for rinsing them
following dye uptake, were examined (Table 2) [12]. After rinsing with water, the
conversion efficiency of the P25-based cell was higher than that of the PST-18NR-based cell.
However, after rinsing with other solvents, the PST-18NR-based cell yielded higher
conversion efficiencies than the P25-based cell, which arose from the difference in Jsc. This
effect can be attributed to the surface area and pore size, which is related to the particle size.
Generally, small TiO; particles fused together form a large surface area, which allows more
dye to be loaded onto the surface. However, the small pore size prohibits the smooth
transportation of redox species in the electrolyte solution, which fills the pore space. The
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TiO; particle size in PST-18NR is smaller than that of P25, thus the amount of adsorbed
molecules onto the PST-18NR surface should be higher than that on the P-25 surface. This
rationalizes the higher photocurrent density from the PST-18NR-based cell compared with
the P25-based cell. The TiO, particles of PST-18NR have a smaller pore size compared with
P25. Therefore, more water molecules, which have a high boiling point, may remain inside
the smaller pores of the PST-18NR-based electrode and inhibit the electrolyte diffusion into
the pores. In contrast, the other volatile solvents evaporate easily after rinsing, leading to the
high photocurrent density and thus high energy conversion efficiency. The values of the Voc
and FF did not show significant differences between the two electrodes.

70
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Fig. 46. UV-Vis absorption and IPCE spectra of Monascus yellow-sensitized TiO; electrodes
showing the effect of acetic acid in the dye solution. The absorption spectra were measured
using a transparent nanocrystalline-TiO; electrode. IPCE spectra were measured using a
double-layered nanocrystalline-TiO; electrode. Each electrode was dipped in Monascus
yellow solution with or without acetic acid, for 15 min. [12].

TiO, material 1:(‘)?5:;% Jsc / mAcm2|  Voc/V FF n/ %
water 350£0.30 | 0.537:0.021 | 0.697:0.018 | 1.29+0.04
ethanol 3.40:0.00 | 0.504:0.009 | 0.653£0.011 | 1.14+0.01
P25 acetonitrile | 3.1240.04 | 0.535:0.019 | 0.714+0.009 | 1.190.01
methanol 400£0.04 | 0.522+0.000 | 0.624+0.009 | 1.34%0.03
acetone 3724004 | 0504:0.009 | 0.692£0.009 | 1.39+0.02
water 2.65:0.05 | 051430.020 | 0.725:0.019 | 0.99+0.00
ethanol 550£0.14 | 0.524%0.009 | 0.666:0.006 | 1.93:0.05
PST-18NR | acetonitrile | 4.60£0.20 | 0.506£0.016 | 0.694+0.014 | 1.5820.02
methanol 5541022 | 0.547+0.002 | 0.633:0.002 | 1.92+0.00
acetone 4324007 | 0.52240.014 | 0.666:0.026 | 1.51+0.01

Table 2. Photovoltaic characteristics of DSCs using Monascus with different TiO; electrodes
and rinsing solvents; short-circuit photocurrent density: Jsc, open-circuit photovoltage: Voc,
fill factor: FF, and energy conversion efficiency: 1. Data were obtained using three
independent measurements [12].
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6. Conclusions and outlook

The main factors that affect the operation of DSCs have been discussed. The acidity of dye
solution can be a critical factor for the uptake of the dye; for ruthenium dyes, the addition of
TBA-OH was important for controlling the dye-uptake speed, whereas for natural dyes, the
addition of acetic acid was necessary for adsorption onto nanocrystalline-TiO, electrodes.
The resulting dye mono-layer on the nanocrystalline-TiO, electrodes can act as a blocking
layer that maintains charge separation. Dye aggregation, which is a key factor in obtaining
high-efficiency organic DSCs, can be controlled by combining substitution of the alkyl chain
on the dye with the addition of CDCA. The thickness of the nanocrystalline-TiO, electrodes
also needs to be optimized for each dye, because of the difference in the light-absorption
coefficients. Screen printing methods are the most suitable for controlling the thickness of
nanocrystalline-TiO, electrodes; the layers can be easily positioned and built up to the
desired thickness. An anti-reflective film and a light-scattering TiO; layer on the transparent
TiO, layer allows the incident light to be absorbed effectively, which enhances the
photocurrent. The highest conversion efficiency achieved by DSCs was 12.3%, and used a
ruthenium dye (Z991).

Replacing ruthenium complexes with fully organic sensitizers or complexes containing
inexpensive metals is an attractive strategy for producing low cost, environmentally friendly
DSCs. Ruthenium-free dyes are already producing excellent conversion efficiencies, which
indicate that they are promising candidates for photosensitizers in DSCs. However, the
mechanisms of dye aggregation in DSC photovoltaics are still not fully understood; in order
to match the performance of ruthenium complexes, further research in this field is
necessary.

Monascus yellow was found to be one of the best natural dye photosensitizers for DSCs,
with a conversion efficiency of 2.3%. The chlorophyll dyes were the only natural dyes with a
higher conversion efficiency of 4%. Natural food dyes are better for human health than
synthetic dyes, thus Monascus yellow could be used in an educational kit for students
studying DSCs.

In summary, DSCs offer a low cost, non-toxic option for the commercial production of high-
performance solar cells.
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1. Introduction

The dye-sensitized solar cell (DSC) is a third generation photovoltaic device that holds
significant promise for the inexpensive conversion of solar energy to electrical energy,
because of the use of inexpensive materials and a relatively simple fabrication process. The
DSC is based on a nano-structured, meso-porous metal oxide film, sensitized to the visible
light by an adsorbed molecular dye. The dye molecules absorb visible light, and inject
electrons from the excited state into the metal oxide conduction band. The injected electrons
travel through the nanostructured film to the current collector, and the dye is regenerated
by an electron donor in the electrolyte solution. The DSC is fully regenerative, and the
electron donor is again obtained by electron transfer to the electron acceptor at the counter
electrode ( Ito et al, 2006). The current certified efficiency recordis11.1% for small cells, and
several large-scale tests have been conducted that illustrate the promise for commercial
application of the DSC concept. A schematic presentation of the operating principles of the
DSC is given in Figurel. At the heart of the system is a mesoporous oxide layer composed of
nanometer-sized particles which have been sintered together to allow for electronic
conduction to take place. The material of choice has been TiO, (anatase) although alternative
wide band gap oxides such as ZnO, and Nb>Os have also been investigated. Attached to the
surface of the nanocrystalline film is a monolayer of the charge transfer dye (Janne, 2002).
Nanocrystalline electronic junctions compose of a network of mesoscopic oxide or
chalcogenide particles, such as TiO,, ZnO, Fe;Os, NbyOs, WO;, Ta;Os or Cds and CdSe,
which are interconnected to allow for electronic conduction to take place. The oxide material
of choice for many of these systems has been TiO,. Its properties are intimately linked to the
material content, chemical composition, structure and surface morphology. From the point
of the material content and morphology, two crystalline forms of TiO, are important,
anatase and rutile (the third form, brookite, is difficult to obtain). Anatase is the low
temperature stable form and gives mesoscopic films that are transparent and colorless (Fang
et al, 2010).

The application of ZnO in excitonic solar cells, XSCs, (organic, dye sensitized and hybrid)
has been rising over the last few years due to its similarities with the most studied
semiconductor oxide, TiO,. ZnO presents comparable bandgap values and conduction band
position as well as higher electron mobility than TiO». It can be synthesized in a wide
variety of nanoforms applying straight forward and scalable synthesis methodologies.
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Particularly, the application of vertically-aligned ZnO nanostructures it is thought to
improve contact between the donor and acceptor material in organic solar cells (OSCs), or
improve electron injection in dye sensitized solar cells (DSCs).7 To date, DSC based on ZnO
have achieved promising power conversion efficiency values of 6%.
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Fig. 1. Principle of operation and energy level scheme of the dye-sensitizednanocrystalline
solar cell. Photo-excitation of the sensitizer (S) is followed by electron injection into the
conduction band of the mesoporous oxidesemiconductor. The dye molecule is regenerated
by the redox system, which itself is regenerated at the counter electrode by electrons passed
through the load. Potentials are referred to the normal hydrogen electrode (NHE). The
open-circuit voltage of the solar cell corresponds to the difference between the redox
potential of the mediator and the Fermi level of the nanocrystallline film indicated with a
dashed line (janne, 2002).

Ithough most of the reported works on DSSC are based on TiO» porous thin films, various
structures of ZnO are also being used for DSSC fabrication. The advantages of using ZnO
over TiO; are its direct band gap (3.37 eV), higher exciton binding energy (60 meV)
compared to TiO; (4 meV), and higher electron mobility (200 cm? V-1 s-1) over TiO; (30 cm?2V-
1 s1). However, the efficiency of the DSSC based on ZnO nanostructures is still very low
(5%). Here we present a comparative study between ZnO and TiO; dye-sensitized solar cell
(DSSC) by comparing its efficiency, fill factor, the current of short circuit I,c and voltage of
open circuit V. ( Jingbin et al, 2010).

2. Materials

2.1 ZnO presentation

Zn0O is an envirenment-friendly material (Myo et al, 2008), is a rogarded as one of the most
promising substitution materials, and much interest has been paid to semiconductor
nanostructures. Too, ZnO is one of the most important functional semi-conductor and is a
very attractive material for application devices.
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Zno is an environment-friendly material, is a promising candidate for exciton-related
optoelctronic devices in the ultraviolet region, and it is also applicable to the devices based
in reduced dimensional quantum effect because it can be grown in various crystalline form
with submicron size such as whiskers, nanobelts, nanorods, nanowires, nanoplatelets, and
so on. ZnO is a regarded as one of the most promising substitution materials for ITO
(Introdium Thin Fims)today because of its good resistivity, high transmittance, nontoxicity,
and low const. However pure ZnO thin films have a lower electric conductivity than ITO
thin fims (You-Seung et al, 2008).

Recently, hollow micro/nanostructures have become of great interst because of their
excellent characteristics such as density , high surface-to-volume ratio, and how coefficient
sof thermal expansion and refractive index, which makes them attractive for applications
ranging from catalystsupports, anti-reflection surface coatings, microwaves absorption (Lou
et al, 2008; Zhong et al, 2000) , encapsulating sentive materials (Li et al, 2005; Dinsmore et al,
2002), drug delivery, and rechargeable batteries (Liang et al, 2004; Lee et al, 2003).

Rapid developments in the synthesis of hollow structures, such as CuO (Wang. et al, In
press; Liu et al, 2009 CuO (Teo et al, 2006; Chang et al , 2005), TiO2 (Yu et al, 2007), SnO»
(Cao et al, 2006; Wang et al, 2006), Fe;O3(Liu et al, 2009), Co3O4 (Park et al, 2009; Zhao et al,
2008), B-Ni(OH)2 (Wang et al, 2005), a-MnO; (Li et al, 2006), CuS (Liu et al, 2007; Yu et 2000),
Sb,S; (Cao et al, 2006), ZnO (Zhou et al. 2007; Lin, et al, 2009), CdMoO4( Wang et al, 2009;
Wang et al, 2006), and ZnWO, (Huang et al, 2006), have greatly advanced our ability to tune
their mechanical, optical, electrical, and chemical properties to satisfy the various needs of
practical applications.

ZnO can be useful in many fields, such as in the rubber industry (Ibarra et al, 2002),
photocatalysis( Hsu et al, 2005), sunthesis of ZnO ( Hsu et al, 2005; Sun et al, 2007; Zhang et
al, 2005). Cosmetic and pharmaceutical industries, and for therapeutic applications
(Rosenthal et al, 2008), but little work have been done in these areas (Rosenthalet al, 2008;
Chen et al, 2009; Pal et al, 2009). ZnO, as a wide gape semiconductor material, is becoming
an increasing concern because of its biocompatibility, nontoxity, and good mechanical,
optical, electrical properties. Thus, research about ZnO, and ZnO hollow spheres is of great
importance and should be paid more attention (Ceng et al, 2009).

ZnO nanoparticules and quantium dots technologically important owing to their special
properties and potential use in the fabrication of sensors, light emitters operating in the
short-wavelegth range from blue to ultraviolet, transparent conducting oxides, and solar
cells (6zgbr et al, 2005; Sakurai et al, 2002; Th et al, 2003).

Both high-quality p-and n-type ZnO thin films play an important role in the fabrication of
optical devices. The production of ZnO with an n-type doping is simple without the need
for intentional doping (Toshiya et al, 2008).

ZnO is expected to be one of the candidate host materials for impurity doping (Yamamoto et
al, 2005; Ishizumi et al, 2005). However the optical properties of impurity-doped ZnO
nanostructures are not well understood. very recently highly porous ZnO films have been
successfully fabricated by electrodeposition using eosin Y(EY)dye molecules (T. Yoshida et
al, 2003; T. Yoshida et al, 2004), and various lanthanoide ions were introduced into the films.
(Pauporté et al, 2006). This fabrication method has been applied to high-efficiency dye-
sensitized solar cells (Yoshida et al, 2004).

The application of ZnO inexcitonic solar cells, XSCs (organic, dye sensitized and hybrid) has
been rising over the last few years due to its similarities with most studied semiconductor
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oxide, TiO». ZnO presents comparable band gap value and conduction band position as well
as higher electron mobility than TiO, (Quintana et al, 2007; Keis et al, 2002). It can be
synthesized in a wide variety of nanoforms (Wang, et al, 2004) applying strainght forward
and scalable synthesized methodologies (Fan et al, 2006; Greene et al, 2003). particularly, the
application of vertically-alligned ZnO NANOSTRUCTURES it is thought to improve contact
between the donor and acceptor material in organic solar cells (OSCs), or improve electron
injection in dye sensitized solar cells (DSCs) (Gonzalez et al, 2009) To date, DSC based on
ZnO have achieved promising power conversion efficiency values of ~6%.(Keis et al, 2002;
Yoshida et al, 2009).

Yet ZnO is not an easy material. It is a semiconductor oxide, the properties of which are
greatly influenced by external conditions like synthesis methods (Huang et al, 2001; Wu et
al, 2002; Elias et al, 2008; Yoshida et al, 2009), temperature (Huang et al, 2007; Guo et al,
2005). Testing atmosphere air, vacuum(Cantu et al, 2006, 2007; Ahn et al, 2007), or
illumination (Kenanakis et al, 2008; Feng et al, 2004; Norman et al, 1978), for example
;minimal changes in the shape of the ZnO (nanoparticules, nanorods, nanotips, etc), can
produce different properties which in turn , affects the interface with any organic
semiconductor or dye molecule.

Moreover, the modification of properties likes hydrophilicity/ hydrophobicity, or the
amount of chemisorbed species on the ZnO surface, have already been reported to be
affected by UV irradiation. In DSC, a major drawback is associated with the interaction
between dye molecules and ZnO itself. Dye loading on ZnO must be carefully controlled in
order to obtain the optimal power conversion efficiency for every system.(Chou et al, 2007;
Fujishima et al, 1976; Kakiuchi et al, 2006). An excess in loading time results in the formation
of aggregates made by the dissociation of the ZnO and the formation of [Zn*2 -dye]
complexes (Keis et al, 2002; 2000, Horiuchi et al, 2003).

In order to resolve these problems, research is currently focused on the study of new metal-
free photosensitizers and the introduction of new anchoring groups (Guillén et al, 2008;
Otsuka et al, 2008; Otsuka et al, 2008). Nevertheless, very recent reports indicate that the
application of organic dyes could also be affected by factors like high concentration of Li*
ions in the electrolyte or the photoinduced dye desorption (Quintana et al, 2009). As early as
178, V. J. Norman demonstrated that the absorption of organic dyes, like uranine and
rhodamine B, on ZnO can be enhanced under light irradiation. A three- and two -fold
increase on the amount of uranine and rhodamine B adsorbed on ZnO, respectively, was
obseved after UV- light exposure (Norman et al, 1978). The latter presents important
implications in ZnO-besed devices, like solar cells or diodes, since nanostructures layers of
ZnO are increasingly being used on these devices, and some research groups have reported
on the benefical effect of exposing ZnO-based devices to UV irradiation ( Krebs et al, 2008;
Verbakel et al, 2007,) .

2.2 TiO; presentation

Titanium dioxide is a fascinating material, with a very broad range of different possible
properties, which leads to its use in application as different as toothpaste additive. TiO» thin
films are synthesized for a broad range of different applications, which are summarized
below (Estelle, 2002).



Comparative Study of Dye-Sensitized
Solar Cell Based on ZnO and TiO, Nanostructures 53

2.2.1 Optical coatings

Due to its high index of refraction, TiO; has been used for optical applications for more than
50 years (Hass et al, 1952). In particular, it is used as the high index of refraction material in
multi-layer interference filtres, as anti reflection coating and as optical wave guides (Pierson,
1999). For many of these application, the mechanical and resistive of the layers are
important in addition to the optical properties ( Ottermann et al, 1997).

2.2.2 Microelectronics

In electric devices, the scaling down tendency leads to a decrease of the thickness of the gate
oxide, which means that for fo the actually used SiO; layer, this thickness tends to atomic
dimensions. Therefore, other materials are looked at with a higher dielectric constant such
that a similar effective capacitance could be obtained with a thicker layer. TiO; is one of the
promising materials (with TaoOs and the ternary titanate materials) for this application, due
to its high dielectric constant (Pierson, 1999; Boyd et al, 2001).

2.2.3 Gas sensors

Titania fils are known to have sensing properties based on surface interactions of reducing
or oxidizing species, which affect the conductivity of the film. Nano-crystalline material was
in particular proven to exhibit a very high sensitivity.

Therefore, nano-grain TiO, under UV-irradiation is presently widely used as a photo
catalyst different applications (water de-pollution (Rabani et al, 1998; Ding et al, 2000; Du et
al, 2001), air de-odourization, NOx decomposition (Negishi et al, 2001), anti-bacteria
treatment).

2.2.4 Solar cells
TiO; layers are used as photo-anodes in Gritzel’s type solar cells,or in a solid state device
(Bach et al, 1998). Additionaly, TiO» films used as passivation layers on silicon solar cells
(Cardarelli, 2000).

2.2.5 Bio-compatible protective layers

Due to their relatively high corrosion resistance and good bio-compatibility, titanium and its
alloys are commonly used for biomedical and dental implants. These beneficial properties
are believed to be due to the formation of a native protective passive oxide layer. However,
there is evidence that this natural layer does not prevent release from titanium in vivo, and
therefore, studies have been devoted to deposition of denser, thicker and less oxygen
deficient layers to improve the bio-compatibility (Pan et al, 1997). Additionally, TiO, was
claimed to present good blood compatibility.

2.2.6 Protective and anti-corrosion coatings
Due to its hardness, TiO. is used as a protective layer on gold and precious metals (Battiston
etal, 1999).

2.2.7 Membrans
TiO, coatings are used as membrane materials, with different porosities for different
applications.
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- Mesoporous membranes are used for ultra filtration or as supports for other
Membranes.

- Micro-porous layers are prepared for nano filtration of liquids (Puhlfurss et al, 2000;
Benfer et al, 2001).

- Ulra-microporous or dense layers are realized for gaz permselective membranes (Ha et
al, 1996). Additionally, the photo catalytic properties of TiO, can be used in photo
catalytic membrane reactors (Molinari et al, 2001).

2.2.8 As a component of ternary materials

Additionally,titanium dioxide is an important base for all the titanates materials. For
instance, (Ba,Sr) TiO, which may become important for new geberation dynamic random
access memories (Estelle, 2002).

TiO; is almost the only material suitable for industrial use at present and also probably in
the future. This is because TiO; has the most efficient photo activity, the highest stability and
the lowest cost (Kokoro et al, 2008). There are two types of photochemical reaction
proceeding on a TiO; surface when irradiated with ultraviolet light. One includes the photo-
induced redex reactions of adsorbed substances, and the other is the photo-induced
hydrophilic conversion of TiO; itself. The former type has been known since the early part
of the 20th centry, but the latter was found only at the end of the century. The combination
of these two functions has opened up various novel applications of TiO,, particularly in the
field of building materials (Kokoro et al, 2008).

3. Experimental section

In the present section, we present an experimental comparaison between two dey-Sensitized
solar cells based on ZnO nanotube and TiO; nanostructures.

First, an aligned ZnO nanotube arrays were fabricated by electrochemical deposition of ZnO
anorods followed by chemical etching of the center part of the nanorods. The morphology of
the nanotubes can be readily controlled by electrodeposition parameters. By employing the
5.1 ym length nanotubes as photoanodes for DSSC, an overall lightto- electricity conversion
efficiency of 1.18% was achieved.

The current-voltage characteristic curves of DSSC fabricated using ZnO nanotubes with
different lengths under simulated AM 1.5 light are shown in figure 2(A). The shortcircuit
photocurrent densities (I.) obtained with nanotubes of 0.7, 1.5, 2.9 and 5.1 ym lengths were
0.68, 1.51, 2.50 and 3.24 mA cm-2, respectively. The highest photovoltaic performance of
1.18% (open-circuit voltage Voc = 0.68 V and fill factor FF = 0.58) was achieved for the
sample of 5.1 ym length. This efficiency is attractive, taking into account that the film
thickness is only 5.1 ym and no scattering layer is added. The Voc of the DSSC decreases
upon increasing the length of the ZnO nanotubes, which is possibly related to the increase in
the dark current which scales with the surface area of the ZnO film, in agreement with the
previous reports on TiO2 nanotube-based DSSC.

The photon-current conversion efficiencies of DSSC using 0.7, 1.5, 2.9 and 5.1 ym length
ZnO nanotubes were 0.32%, 0.62%, 0.83% and 1.18%, which were much higher than those of
ZnO nanorod DSSCs (i.e. 0.11%, 0.20%, 0.39% and 0.59%). The photocurrent action spectra
(figure 2(B)) display the wavelength distribution of the incident monochromatic photon-to-
current conversion efficiency (IPCE). Themaximum of IPCE in the visible region is located at
520nm. This is approximately consistent with the expected maximum based on the



Comparative Study of Dye-Sensitized
Solar Cell Based on ZnO and TiO, Nanostructures

55

accompanying absorption spectrum for the N719 dye (with local maxima at 390 and 535
nm), both corresponding to a metal-to-ligand charge transfer transition.

A 40

3.5 -

3.0

25

2.0

1.5

Current Density (mA/cm®)

1.0

0.5

0.0

IPCE %

Fig. 2. Performance of the DSSC fabricated using ZnO nanotube array film under full-sun
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Second, The DSSCs based on TiO2 nanostructures grown in NaOH solution with different
concentrations (0.5, 1, 3, and 10 M) are labeled as 0.5M-DSSC, 1M-DSSC, 3M-DSSC, and
10M-DSSC, respectively. To fabricate DSSCs, the substrates (FTO coated glasses) were first
prepared by depositing a thin layer of nanocrystalline TiO2 paste onto FTOs using a
screenprinting method. The as-prepared TiO2 membranes were then detached from the Ti
plates and adhered onto the substrates as working electrodes. Besides, the DSSC comprised
of commercial Degussa P25 TiO2 nanoparticles (labeled as P25-DSSC) was formed using
doctor-blading method as a comparison. All of the TiO2 samples were dried under ambient
conditions and annealed at 500 °C for 30 min. After cooling, they were chemically treated in
a 0.2 M TiCl4 solution at 60 °C for 1 h and then annealed at 450 °C for 30 min to improve the
photocurrent and photovoltaic performances. When the temperature decreased to 80 °C, the
obtained samples were soaked in 0.3 mM dye solution (solvent mixture of acetonitrile and
tert-butyl alcohol in volume ratio of 1:1) and kept for 24 h at room temperature. Here the cis-
bis(isothiocyanato) bis (2,20-bipyridyl-4,40-dicarboxylato) ruthenium(lIl) bis- (tetrabutyl
ammonium) (N719) was used as the sensitizer. These dye-coated electrodes were assembled
into solar cells with Ptsputtered FTO counter electrodes and the electrolyte containing 0.5 M
Lil, 0.05 M 12, and 0.5 M tert-butylpyridine in acetonitrile. photoinduced photocurrent
density-voltage (I-V) curves of the constructed solar cells were measured on an
electrochemical workstation (model CHI 660C, CH) under an AM 1.5 illumination (100
mW/cm2,model YSS-80A, Yamashita). Electrochemical impedance spectroscopic (EIS)
curves of the DSSCs were also observed. The frequency range was from 0.1Hz to 100 kHz.
The applied bias voltage was set to the open-circuit voltage (Voc) of the DSSC, which had
been determined earlier. The incident photo to current conversion efficiency (IPCE) was
detected by the spectral response measuring equipment (CEP-1500, Bunkoh-Keiki. Japan).
Figure 3 shows the current density voltage curves of the open cells based on different TiO2
photoelectrodes. The resultant photovoltaic parameters are summarized in Table 2.
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Fig. 3. I-V characteristics of dye-sensitized solar cells assembled with TiO2 films prepared
with different concentrations of aqueous NaOH.



Comparative Study of Dye-Sensitized
Solar Cell Based on ZnO and TiO, Nanostructures 57

The resultant photovoltaic parameters are summarized in Table 1 for ZnO DSSC and in
Table 2 for TiO2 DSSC.

Thickness(pm) Vo (V) Isc (mA cm?) FF (%) n(%)
5.1 0.68 3.24 0.58 1.18
2.9 0.65 2.50 0.52 0.83
15 0.70 1.51 0.61 0.62
0.7 0.72 0.68 | 0.69 0.32

Table 1. Performance Characteristics of DSSCs Based onVarious ZnO nanotube.

DSSCs Vo (V) Isc (MA cm?) FF (%) n(%) Thickness(pm)
0.5M-DSSC 0.70 10.26 61.21 4.40 11.68
1IM-DSSC 0.67 15.25 58.33 6.00 15.11
3M-DSsC 0.69 10.2 68.87 4.84 24.10
10M-DSSC 0.66 3.71 58.68 1.44 a

Table 2. Performance Characteristics of DSSCs Based on Various TiO2 Nanostructures.

From table 1 and 2, we observe the difference between the photovoltaic performance for
these two type DSSC (TiO; Nanostructures and ZnO nanotobe), where a high photovoltaic
performance is given by TiO, Nanostructured with different thickness and over the range of
NaOH concentrations, conversion efficient increased from 4.40% at 0.5M to a maximum
value of 6.00% at 1 M, which correspond to a high short-circuit photocurrent densities 15.25
mA cm2 Compared with ZnO nanotube DSSC, where the higher conversion efficient is
1.18% correspond to high short-circuit photocurrent densities 3.24 mA cm=2. The cause of
this difference is the based materials properties (ZnO and TiO;), the method of fabrication
and the different condition of measured I-V characteristics of temperature and illumination.

4. Simulation section

Now, to justify the experiment section, we use the computer simulation, which is an
important tool for investigating the behaviour of semiconductor devices and for optimising
their performance. Extraction and optimisation of semiconductor device parameters is an
important area in device modelling and simulation (Chergaar. M et al, 2008; Bashahu M et
al, 2007; Priyanka et al, 2007). The current-voltage characteristics of photocells, determined
under illumination as well as in the dark, represent a very valuable tool for characterizing
the electronic properties of solar cells. The evaluation of the physical parameters of solar
cell: series resistance (R;), ideality factor (1), saturation current (Is), shunt resistance (Rs;) and
photocurrent (I;) is of a vital importance for quality control and evaluation of the
performance of solar cells when elaborated and during their normal use on site under
different conditions. I-V characteristics of the solar cell can be presented by either a two
diode or by a single diode model. Under illumination and normal operating conditions, the
single diode model is however the most popular model for solar cells. In this case, the
current voltage (I-V) relation of an illuminated solar cell is given by:

[=I,,~I,~1,=1,~I {exp[g(v + IRs)j - 1} ~Gyy(V+IR,) (1)
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Ipw Is, n, R and Gen (=1/Rqn) being the photocurrent, the diode saturation current, the diode
quality factor, the series resistance and the shunt conductance, respectively. I, is the shunt
current and B=q/kT is the usual inverse thermal voltage. The circuit model of solar cell
corresponding to equation (1) is presented in figure (4).

+ p l Lo l I

Fig. 4. Equivalent circuit model of the illuminated solar cell.

Determination of Rq

The shunt resistance is considered Rsh = (1 / Gsn) >> Rs. the shunt conductance Gsh is
evaluated from the reverse or direct bias characteristics by a simple linear fit (Nehaoua. N et
al, 2010). The calculated value of Gg, gives the shunt current Ip = GaV.

Determination of n and R

Before extracting the ideality factor and the series resistance, our measured I-V
characteristics are corrected considering the value of the shunt conductance as obtained
from the linear fit and for V+R>>kT, the current voltage relation becomes:

I=1, —I{exp(i(V+IRs)ﬂ 2

The method concerns directly the usual measured I-V data by writing Eq. (2) in its
logarithmic form:

In(I,;,~1)=InI +%(V+IRS) ®)

For a point defined by (Vy, I) we have:
In(l,-I))=InI P Vo +IoR 4
n(ph O)_ns+n( otlo s) ()

By subtracting Eq. (3) and Eq. (4) and after a simplification we get a linear equation given
by:

Y= E(RS +X) For I>>I ®)
n
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where:
I, -1
_ 1 n ( ph ) (6)
I-1, (Iph =1Io)
and
V-V
x=W=%) %)
(I-1p)

(Vo, Ip) is a point of the I-V curve.

We consider a set of I;-V; data giving rise to a set of X-Y values, with i varying from 1 to N.
Then, we calculate X and Y values for Iy = Ijp and I=ljp+1 up to I=In. This gives (N-1) pairs of
X-Y data. We start again with Ip = Iip+1 and I = Jip+> up to Iy and get (N-2) additional X-Y data,
and so on, up to Ip = In.. Finally, we obtain N(N-1)/2 pairs of X-Y data that means more
values for the linear regression. The linear regression of equation (5) gives n and R..

Determination of I,

For most practical illuminated solar cells we usually consider that I;<<I,, the photocurrent
can be given by the approximation I, = Ipn, where I is the short-circuit current. This
approximation is highly acceptable and it introduces no significant errors in subsequent
calculations (Nehaoua. N et al, 2010).

Determination of I

The saturation current I; was evaluated using a standard method based on the I-V data by
plotting In(Iph-Ier) versus Vo equation (8). Note that I-V data were corrected taking into
account the effect of the series resistance.

ln(Iph _Icr)zln(ls)-"%vcr (8)
When we plot In (I) where (I.=Iph-L) versus V., it gives a straight line that yields I from the
intercept with the y-axis.

4.1 Application

The method is applied on the too type of Dey-sensitized solar cell, the first one is based on
TiO, nanostructures and ZnO nanotube under different condition of fabrication,
illumination and temperature. The current-voltage (I-V) characteristics of TiO
nanostructures DSSC is taken from the work of (Fang Sho et al, 2010) and The current-
voltage (I-V) characteristics of ZnO nanotube is taken from the work of (Jingbin Han et al,
2010). The two characteristics correspond to the higher photovoltaice performance, where
1n=6.00%, FF=58.33%, Is:=15.25mAcm=2 and V,.-0.67V for TiO, nanostructures, and for ZnO
nanotube n=1.18%, FF=0.58%, I;-=3.24mAcm2 and V,.=0.68V.

4.2 Results and discussion
The shunt conductance G, =1/ Ry, was calculated using a simple linear fit of the reverse or

direct bias characteristics. The series resistance and the ideality factor were obtained from
the linear regression (5) using a least square method.
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In order to test the quality of the fit to the experimental data, the percentage error is
calculated as follows:

e; :(Ii _Ii,cul)(loo/li) ©

Where [;; is the current calculated for each V; by solving the implicit Eq.(1) with the
determined set of parameters ( L, 1, Rs, G, Is). (I; Vi) are respectively the measured current
and voltage at the ith point among N considered measured data points avoiding the
measurements close to the open-circuit condition where the current is not well-defined
(Chegaar M et al, 2006).

Statistical analysis of the results has also been performed. The root mean square error
(RMSE), the mean bias error (MBE) and the mean absolute error (MAE) are the fundamental
measures of accuracy. Thus, RMSE, MBE and MAE are given by:

RMSE =(YJef; /N)l/2
MBE=Y"¢,/N (10)
MAE = Z‘e‘i /N

N is the number of measurements data taken into account.

The extracted parameters obtained using the method proposed here for the Dey-Sensitized
solar cell based on TiO2 nanostructures and ZnO nanotube are given in Table 3. Satisfactory
agreement is obtained for most of the extracted parameters. good agreement is reported.
Statistical indicators of accuracy for the method of this work are shown in Table 3.

DSSC-TiO; nanostructures DSSC-ZnO nanotube

Ggn (271 0.001269 0.000588
Rs () 0.025923 0.383441

n 1.629251 3.560949
L(pA) 0.33556 0.16553

Ioh(mA /cm?) 15.99 3.25

RMSE 0.850353 1.875871
MBE 0.232276 0.727544
MAE 0.757886 1.053901

Table 3. Extracted parameters for Dey-Sensitized solar cell based on TiO, nanostructures
and ZnO nanotube.

Figures 5 and 6 show the plot of I-V experimental characteristics and the fitted curves
derived from equation (1) with the parameters shown in Table 3 for Dey-Sensitized solar cell
based on TiO; nanostructures and ZnO nanotube. The interesting point with the procedure
described herein is the fact that we do not have any limitation condition on the voltage and
it is reliable, straightforward, easy to use and successful for different types of solar cells.
Extracting solar cells parameters is a vital importance for the quality control and evaluation
of the performance of the solar cells, this parameters are: series resistance, shunt
conductance, saturation current, the diode quality factor and the photocurrent. In this work,
a simple method for extracting the solar cell parameters, based on the measured current-
voltage data. The method has been successfully applied to dey-Sensitized solar cell based on
TiO; nanostructures and ZnO nanotube under different temperatures.
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Figures 5 and 6 shows the plot of I-V experimental characteristics and the fitted curves
derived from equation (1) with the parameters shown in Table 3 for the dey-Sensitized solar
cell based on TiO; nanostructures and ZnO nanotube solar cell. Good agreement is observed
for the different structure, especially for the TiO, nanostructures solar cells with statistical
error less than 1%, and 2% for ZnO nanotube DSSC solar cells respectively, which attribute
mainly to lower parasitic losses, where we can observe a low series resistance 0.025923Q
compared to 0.383441 Q for TiO, nanostructures and ZnO nanotube solar cell respectively.
The interesting point with the procedure described herein is the fact that we do not have any
limitation condition on the voltage and it is reliable, straightforward, easy to use and
successful for different types of solar cells.

5. Conclusion

In this contribution, a simple comparative study between experimental and simulation
works to improve the dey-sensitized solar cell performance of two DSSCs based on TiO»
nanostrucures and ZnO nanotube, under differents condition of temperature. We compare
the different parameters which are: the conversion efficient, the fill factor, the short-circuit
photocurrent and the open-circuit voltage, where we observe a high photovoltaic
performance for TiO, nanostrucures with maximun conversion efficient 6% compared to
1.18% for ZnO nanotube. In second time, an evaluation of the physical parameters of solar
cell: series resistance (R;), ideality factor (1), saturation current (I5), shunt resistance (Ry;) and
photocurrent (I,5) from measured current-voltage characteristics by using a numerical
method proposed by th authors. Extracting solar cells parameters is a vital importance for
the quality control and evaluation of the performance of solar cells when elaborated and
during their normal use on site under different conditions. Good resuts are given by the
differents DSSCs, and specialy for on dey-sensitized TiO. nanostrucures, which justify the
experimental work.
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1. Introduction

Energy crisis and environment pollution cause a great quest and need for environmentally
sustainable energy technologies. Among all the renewable energy technologies, photovoltaic
technology utilizing solar cell has been considered as the most promising one (Chen et al,,
2007a; Gratzel, 2001). As early as in 1954, researchers demonstrated the first practical
conversion from solar radiation to electricity by a p-n junction type solar cell with 6% efficiency
(Chapin et al., 1954). Up to now, the common solar power conversion efficiencies of this type
solar cell are beyond 15% (Tributsch, 2004). Unfortunately, the relatively high cost of
manufacturing and the use of toxic chemicals have prevented their widespread use, which
prompts the search for high efficient, low cost and environmentally friendly solar cells.
Semiconductor with a very large bandgap, such as TiO,, ZnO and SnO,, can be employed to
construct solar cells. But these materials can only be excited by ultraviolet or near-ultraviolet
radiation that occupies only about 4% of the solar light. Dye molecules as light absorbers for
energy conversion have shaped evolution via the process of photosynthesis and photo-
sensoric mechanisms (Tributsch, 2004). Dye sensitization of semiconductor with a wide
band-gap has provided a successful solution to extending the absorption range of the cells to
long wavelength region. This approach also presents advantages over the direct band-to-
band excitation in conventional solar cells, since attached dyes, rather than the
semiconductor itself, are the absorbing species (Garcia et al., 2000). Importantly, light
absorption and charge carrier transport are separated, and the charge separation takes place
at the interface between semiconductor and sensitizer, preventing electron-hole
recombination. Since the discovery of the photocurrents resulting from dye sensitization of
semiconductor electrodes in 1968, dyes have been widely used in electrochemical energy
converting cells (Tributsch, 1972).

During the first years of the sensitized solar cell research, most studies were made with
single crystal oxide samples, because by eliminating grain boundaries and high
concentrations of surface states the interpretation of the results became more transparent
(Tributsch, 2004). However, at that time, the power conversion efficiencies were very low
(<1%). Tsubomura et al. reported a breakthrough in the conversion efficiency in 1976
(Tsubomura et al.,, 1976). They used the powdered high porosity multi-crystalline ZnO
instead of single crystal semiconductor, resulting in a significant increase of the surface area
of the electrode. When the dye (Rose Bengal) was used as the sensitizer, an energy efficiency
of 1.5% was obtained for light incident within the absorption spectrum of the sensitizer.
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Later, in 1980, Tsubomura group increased the surface roughness of ZnO samples and
demonstrated an energy efficiency of 2.5%, also for light incident within the absorption
spectrum of the sensitizer (Matsumura et al., 1980).

A significant advance in the field of dye-sensitized solar cells (DSCs, also considered as
Gritzel cell) was made through the efforts of Gritzel and coworkers in 1991 (Fig. 1) (Oregan
& Gratzel, 1991). They greatly improved the power energy conversion efficiency from lower
than 2.5 to 7%, and the main reasons for the improvement were as follows: (1) the
preparation of nanostructured TiO; film (Desilvestro et al., 1985), (2) the use of ruthenium
complex that was adequately bonded to TiO, nanoparticles and (3) the selected organic
liquid electrolyte based on iodide/triiodide. The jump in solar energy conversion efficiency
has attracted considerable attentions and motivated significant optimism with respect to the
feasibility of DSCs as a cost-effective alternative to conventional solar cells.

Fig. 1. Typical sandwich-type dye-sensitized TiO, nanocrystal solar cell.

The typical DSCs are composed of a transparent nanoporous semiconductor electrode on
transparent conducting optically (TCO) glass, a very thin layer of light-absorbing material
(dyes) —sensitizer on the entire surface of semiconductor (such as TiO,) electrode, a counter
electrode (such as Pt), and a transparent hole conductor (electrolyte) filling the pores, in
contact with the light-absorbing layer at all points. The typical dye-sensitized TiO»
nanocrystal solar cell is shown in Fig. 1. The operational principle of DSCs is described as
follows. Photons enter DSCs and can be absorbed by dye molecules (D) at various depths in
the film. The dye molecule after absorbing photon will then be promoted into its excited
state (D”) from where it is now energetically able to inject an electron into the conduction
band of semiconductor, leaving an oxidized dye (D*) on the semiconductor surface. The
injected electrons percolate via the interconnected nanoparticles to the substrate and are fed
into an electrical circuit, where it can deliver work. Subsequently, the electrons, which now
carry less energy, enter the cell again via the counter electrode and transport to hole-
conductor materials (commonly the organic electrolyte containing iodide/triiodide, this
process can be described as: I3- +2e- —3I-). The oxidized dye (D*) is then reduced back to its
original state by hole-conductor materials (such as, this process can be typically described
as: 2D* + 31~ — 2 D + I37). Then the cycle is completed.

The main issues for the development of DSCs are to improve their photoelectric conversion
efficiency, thermostability and long-term stability, which are strongly dependent on the
advances in nanotechnology and nanomaterials. It is well known that nanotechnology opens
a door to tailing materials and creating various nanostructures for the use in dye-sensitized
solar cells. A predominant feature of these nanostructures is that the size of their basic units
is on nanometer scale (10-° m), and inorganic nanomaterials therefore present an internal
surface area significantly larger than that of bulk materials. Currently, inorganic
nanomaterials have been widely used in all components in DSCs, including transparent
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semiconductor electrode, counter electrode, electrolyte and light-absorbing material. In this
chapter, the recent progress on the selection and utilization of inorganic nanomaterials in
dye-sensitized solar cells are mainly introduced and discussed.

2. The application of semiconductor nanomaterials in photoanodes

Compared to bulk materials, semiconductor nanomaterials as photoanodes can offer a
larger surface area for dye adsorption, contributing to optical absorption and leading to an
improvement in the solar cell conversion efficiency. As photoelectrode materials in DSCs,
the semiconductor nanostructures are usually classified into two types: (1) nanoparticles,
which offer large surface area to photoanodes for dye-adsorption, however have
recombination problem due to the existence of considerable grain boundaries in the film. To
settle this issue, core-shell structure derived from the nanoparticles by forming a coating
layer has been developed and applied to DSCs with a consideration of suppressing the
interfacial charge recombination, while this kind of structure has been proved to be less
effective and lack of consistency and reproducibility; (2) one-dimensional nanostructures
such as nanowires and nanotubes, which are advantageous in providing direct pathways for
electron transport much faster than in the nanoparticle film, however face drawback of
insufficient internal surface area of the photoelectrode film, leading to relatively low
conversion efficiency (Zhang & Cao, 2011). This section aims to demonstrate semiconductor
nanomaterials as photoanodes, including nanoparticles, nanowires and nanotubes.

2.1 Semiconductor nanoparticles

Among different nanostructures, nanoparticles have been most widely studied for the use in
DSCs to form photoelectrode film (Oregan & Gratzel, 1991). This is because, to a large
extent, the photoelectrode films comprised of nanoparticles can give a high specific surface
area, resulting in an efficient extinction of incident light within film which is a few microns
thick. And the anodes of DSCs are typically constructed with the nanoparticles film
(thickness: ~10 pm) of wide bandgap semiconductor including SnO», ZnO, and TiO».
Among these wide bandgap semiconductors, titania (TiO,), an n-type semiconductor with a
wide bandgap (3.2 eV for anatase), has been well known and widely used in the photoanode
of DSCs. As early as 1985, Desilvestro et al (Desilvestro et al., 1985) have showed that if TiO»
is used in a nanoparticle form, the power conversion efficiency of DSC can be drastically
enhanced. The improvement of conversion efficiency lies in the superiority of nanoparticles
to create large surface, which was demonstrated by a comparison between a flat film and a
10-pm-thick film that consisted of nanoparticles with an average size of 15 nm (Oregan &
Gratzel, 1991). The latter, nanoparticle film, showed a porosity of 50-65% and gave rise to
almost 2000-fold increase in the surface area. Fig. 2 shows typical cross-section morphology
of TiO, nanoparticle film with thickness of about 4 pm.

For state-of-the-art DSCs, the employed architecture of the mesoporous TiO; electrode is as
follows (Hagfeldt et al., 2010): (a) a TiO. blocking layer (thickness ~50 nm), coating TCO
glass to prevent contact between the redox mediator in the electrolyte and TCO glass ; (b) a
light absorption layer consisting of a ~10 pm thick film of mesoporous TiO, with ~20 nm
particle size that provides a large surface area for sensitizer adsorption and good electron
transport to the substrate; (c) a light scattering layer on the top of the mesoporous film,
consisting of a ~3 pm porous layer containing ~400 nm sized TiO; particles; (d) an ultrathin
overcoating of TiO, on the whole structure, deposited by means of chemical bath
deposition(using aqueous TiCly solution), followed by heat treatment.
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Fig. 2. Cross-section morphology of typical TiO2 nanoparticle film.

Furthermore, it has mentioned that the performance of solar cell is intimately linked to the
structure and morphology of the nanoporous oxide layer. For efficient dye distribution, the
surface area of the membrane film must be large and porous. So the preparation procedure
of TiO, nanoparticle film must be optimized so as to provide an optimal particle size and
porosity features. Up to now, the main synthesis methods of TiO, nanoparticle film for
DSCs include sol-gel/hydrothermal synthesis (Muniz et al, 2011), electrochemical
deposition (Murakami et al., 2004), magnetron sputtering (Sung & Kim, 2007), chemical
vapor deposition (Murakami et al., 2004) and so on.

The most common technique for the preparation of TiO, nanoparticles is sol-
gel/hydrothermal synthesis, which involves the hydrolysis of a titanium precursor such as
titanium (IV) alkoxide with excess water catalyzed by acid or base, followed by
hydrothermal growth and crystallization. Acid or basic hydrolysis gives materials of
different shapes and properties; while the rate of hydrolysis, temperature, and water content
can be tuned to produce particles with different sizes. Transmission electron microscopy
measurements revealed that for TiO, nanoparticles prepared under acidic conditions,
crystalline anatase particles were formed exposing mainly the <101> surface (Zaban et al.,
2000). Compared with nitric acid, employing acetic acid increases the proportion of the
<101> face about 3-fold (Zaban et al., 2000). The differences can be explained by different
growth rates: in acetic acid crystal growth is enhanced in the <001> direction compared with
the growth in the presence of nitric acid (Neale & Frank, 2007). Hore et al. (Hore et al., 2005)
found that base-catalyzed conditions led to mesoporous TiO, that gave slower
recombination in DSCs and higher Voc but a reduced dye adsorption compared with the
acid-catalyzed TiO,. The produced TiO; nanoparticles are formulated in a paste with
polymer additives and deposited onto TCO glass using screen printing techniques. Finally,
the film is sintered at about 450 °C in air to remove organic components and to make
electrical connection between the nanoparticles.

It has been found that pure TiO, nanoparticles are not perfect in terms of solar cell
efficiency, since the charge recombination between the injected electrons in conductor band
of TiO, and electron acceptors in the electrolyte is unavoidable to diminish both
photovoltage and photocurrent, thus limiting the device efficiency (Gregg et al., 2001). To
improve device efficiency, one effective approach is to grow a thin coating layer of another
oxide on the surface of TiO, particles. Thus, coating TiO, nanoparticles with a different
metal oxide to build core-shell structure has received much attention (Kay & Gratzel, 2002).
Now, two approaches have been developed to create such core-shell structure (Zhang &
Cao, 2011). One involves a first synthesis of nanoparticles and then fabricating a shell layer
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on the surface of nanoparticles. This leads to the formation of core-shell structured
nanoparticles, with which the film photoanode is prepared then. Such an approach builds
up a photoelectrode structure as shown in Fig. 3a, and an energy barrier is formed at the
interfaces not only between nanoparticle/electrolyte but also between the individual core
nanoparticles. In another approach, the nanoparticle film photoanode is prepared prior to
the deposition of shell layer, receiving a structure as show in Fig. 3b. The latter approach is
obviously advantageous in electron transport that happens within single material, but there
is usually a challenge in the fabrication of shell layer regarding a complete penetration and
ideal coating of the shell material. Metal oxides such as ZnO, CaCOs, Nb;O3, SrTiO3, MgO
and Al>,O; have been usually used as the coating layer for TiO». Table 1 shows photoelectric
conversion efficiencies of DSCs based on TiO, and metal oxides-coated TiO, electrodes,
which demonstrates the improved efficiency of DSCs employing a core-shell structured TiO»
electrode. This improvement should be attributed to the following two factors (Jung et al.,
2005): First, the wide bandgap coating layer retards the back transfer of electrons to the
electrolyte solution and minimizes electron-hole recombination. Second, the coating layer
enhances the dye adsorption and increases the volume of the optically active component,
leading to the improved cell performance. If pH of the coating oxides is more basic than that
of TiO,, the carboxyl groups in a dye molecule are more easily adsorbed to their surface.
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Fig. 3. Core-shell structures used in DSCs. (a) The shell layer is formed prior to the film
deposition, (b) the shell layer is coated after the film deposition (Zhang & Cao, 2011).

metal |20 | cacOs | NbOs StTiO; MgO ALO;
oxides
1°(%) 7.7 6.9 3.6 3.81 31 3.93
n°(%) 9.8 7.9 5.0 4.39 4.5 5.91
Ref (Wanget | (Wanget | (Chenet | (Diamantet | (Junget (Wu et
' al.,,2001) | al.,2006) | al.,2001) al., 2003) al.,, 2005) | al., 2008)

nt : Conversion efficiency of DSC based on the bare TiO: film
n¢ : Conversion efficiency of DSC based on the metal oxides-coated TiO: film

Table 1. Photoelectric conversion efficiency of DSCs based on TiO, and metal oxides-coated
TiO; electrodes.
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2.2 Semiconductor nanowires

Nanoparticle films have been regarded as a paradigm of porous photoanodes. However, the
nanoparticle films are not thought to be ideal in structure with regard to electron transport.
While one-dimensional nanostructures, such as nanowires, are advantageous in providing
direct pathways for electron transport much faster and therefore giving electron diffusion
length larger than in the nanoparticle films. Hence, semiconductor nanowires become a kind
of promising candidate for making up the drawbacks of nanoparticle films.

2.2.1 TiO2 nanowires

Oriented single-crystalline TiO, nanowires are an important one-dimensional nanostructure
that has also attracted a lot of interests regarding an application in DSCs (Liu & Aydil, 2009).
Hydrothermal growth has been reported to be a novel method for the synthesis of TiO
nanowire array on TCO glass substrate. In this method, tetrabutyl titanate and/or titanium
tetrachloride are used as the precursor, to which an HCI solution is added to stabilize and
control the pH of the reaction solution.

Liu et al. (Liu & Aydil, 2009) developed a facile hydrothermal method to grow oriented,
single-crystalline rutile TiO; nanorod films on TCO glass substrate, as shown in Fig. 4a. The
diameter, length, and density of the nanorods could be varied by changing the growth
parameters, such as growth time, temperature, initial reactant concentration, acidity, and
additives. The epitaxial relation between TCO galss and rutile TiO, with a small lattice
mismatch played a key role in driving the nucleation and growth of the rutile TiO»
nanorods. With TiCl-treatment, DSC based on 4 pm-long TiO, nanorod film exhibited a
power conversion efficiency of 3%. Furthermore, Feng et al. (Feng et al., 2008) presented a
straightforward hydrothermal method to prepare single crystal rutile TiO, nanowire arrays
up to 5 pm long on TCO glass via a non-polar solvent/hydrophilic substrate interfacial
reaction (Fig. 4b). The as-prepared densely packed nanowires grew vertically oriented from
TCO glass along the (110) crystal plane with a preferred (001) orientation (Fig. 4c). The Cl-
ions were explained to play an important role in the growth of TiO, nanowires by attaching
on the (110) plane of TiO; nanocrystal and thus suppressing the growth of this plane. DSCs
based on 2-3 pm long nanowire array demonstrated a very encouraging power conversion
efficiency of 5.02%.

[001]

i
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2 nm

Fig. 4. DSCs with TiO» nanowires: (a) Cross sectional view of oriented rutile TiO> nanorod
film grown on TCO substrate (Liu & Aydil, 2009); (b) top-view images of vertically oriented
self-organized TiO, nanowire array grown on FTO coated glass (Feng et al., 2008); (c) TEM
image illustrating the [001] orientation of TiO, nanowires (Feng et al., 2008).
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In addition, Park et al. (Park et al, 2000) compared the performance between TiO»
nanowires and nanoparticles which were both rutile phase. The efficiency achieved by TiO»
nanowire film in 2-3 pm thick was higher than that obtained for the nanoparticle film in 5
pm thick. This is good evidence that the one-dimensional nanostructures may offer better
charge transport than the nanoparticles. A further increase in the conversion efficiency most
likely relies on the development of new fabrication techniques that can achieve longer TiO»
nanowires.

2.2.2 ZnO nanowires

Zinc oxide (ZnO) has remarkable optical properties with a wide bandgap (3.2 eV) and a
large exciton binding energy (60 meV). In 2005, Law et al. (Law et al., 2005) reported the
preparation of ZnO nanowire array on TCO glass by seed mediated liquid phase synthesis
method. The experiment was purposely designed to grow ZnO nanowires with a high
aspect ratio so as to attain a nanowire film with high density and sufficient surface area (Fig.
5a and b). A ~25-um-thick film consisting of ZnO nanowires in diameter of ~130 nm was
mentioned to be able to achieve a surface area up to one-fifth as large as a nanoparticle film
used in the conventional DSCs. The superiority of ZnO nanowires for DSC application was
firstly demonstrated by their high electron diffusion coefficient, 0.05-0.5 cm? s-1, which is
several hundred times larger than that of nanoparticle films. Larger diffusion coefficient
means longer diffusion length. In other words, the photoanode made of nanowires allows
for thickness larger than that in the case of nanoparticles. This can compensate for the
insufficiency of surface area of the nanowire-based photoanode. DSC based on ZnO
nanowire gave a power conversion efficiency of 1.5%. In the same year, Prof. Aydil group
also successfully prepared ZnO nanowire array on TCO glass and then fabricated a DSC
with a conversion efficiency of 0.5% (Baxter & Aydil, 2005).
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Fig. 5. Nanowire dye-sensitized cell based on ZnO wire array. (a) Schematic diagram of the
cell; (b) Typical scanning electron microscopy cross-section of a cleaved nanowire array on
TCO Scale bar=5 pm. (Law et al., 2005).

2.3 Semiconductor nanotubes

Nanotubes are a class of very important one-dimensional nanostructure since their hollow
structure may usually give surface area larger than that of nanowires or nanorods. The
nanotube arrays are ordered and strongly interconnected, which eliminates randomization
of the grain network and increases contact points for good electrical connection.

2.3.1 TiO2 nanotubes
TiO; nanotubes have been prepared by several methods including anodization, sol-gel, and
hydrothermal synthesis and so on. Among these methods, anodization of titanium metal
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has been an intensively employed method for the fabrication of the oriented TiO; nanotube
array which could combine high surface area with well-defined pore geometry (Zhu et al.,
2007). The vertical pore geometry of the nanotubes appears to be more suitable than the
conventional random pore network for the fabrication of DSCs, especially DSCs with quasi-
solid/solid-state electrolytes. It has been also reported that nanotube arrays give enhanced
light scattering and improved collection efficiencies compared to conventional sol-gel-
derived TiOs films with the same thickness (Zhu et al., 2007).

Fig. 6. SEM top-views (a, c) and cross-sections (b, d) for the “short” and “long’ tubes
(Macak et al., 2005).

By anodization of Ti metal in fluoride-based electrolytes, TiO, nanotubes can be prepared
from Ti foil, but nanotube growth can also be obtained from Ti thin film deposited on TCO
glass. The length of the nanotubes, wall thickness, pore diameter, and tube-to-tube spacing
can be controlled by the preparation conditions, such as the anodization potential, time, and
temperature, and the electrolyte composition (water content, cation size, conductivity, and
viscosity) (Hagfeldt et al., 2010). In 2005, the first report on dye-sensitized TiO, nanotubes
appeared (Macak et al., 2005) and the tubes were grown by Ti anodization in two different
forms as “long’” tubes (tube lengths ~2.5 pm) and ““short” tubes (tube lengths ~500 nm), as
shown in Fig. 6. Clearly sub-bandgap sensitization with Ru-dye (N3) was successful and led
to considerable incident photon-to-current conversion efficiency (IPCE: up to 3.3%). They
suggested that main factors that affect IPCE in the visible range were the structure of the
tube (anatase better than amorphous), the dye concentration and the tube length. The
increase in dye concentration and/or tube length leads to an increase in IPCE, which can be
ascribed to a higher packing density of the dye on TiO, surface with a higher concentration
and a higher light absorption length. So it turns out that for the longer tubes, a significantly
lower dye concentration is needed to achieve maximum IPCE values.

TiO2 nanotubes can also be obtained by anodization of aluminum films on TCO and
subsequent immersion in a titanium precursor solution, followed by sintering in a furnace at
400 °C. The alumina template is then removed by immersing the samples in 6 M NaOH
solution. Kang (Kang et al., 2009) fabricated highly ordered TiO, nanotubes using such
nanoporous alumina template method. Such nanotubes with 15 pm lengths were heat
treated at 500 °C for 30 min and soaked in N3 dye for 24 h. DSC based on the nanotubes
showed a conversion efficiency of as high as 3.5% and a maximum IPCE of 20% at 520 nm.
In order to improve the overall solar cell efficiency, the amount of dye adsorbed by a unit
solar cell volume needs to be higher enough. TiCl, treatment is an effective way to achieve a
higher surface area for nanotube-based photoanodes. Roy et al. (Roy et al., 2009)
investigated the effect of TiCly treatments on the conversion efficiency of TiO, nanotube
arrays. Typical morphology characterizations obtained for nanotube layers before and after
this treatment are shown in Fig. 7. The results clearly show that by an appropriate
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treatment, the inner as well as the outer wall of TiO» nanotubes are covered with a ~25 nm
thick nanoparticle coating of TiO, nanoparticles with diameter of about 3 nm. This leads to a
significant increase in surface area and therefore more dye can be adsorbed to the nanotube
walls. Thus, the power conversion efficiency improves from 1.9% for untreated nanotutes to
3.8% for treated nanotubes.

Fig. 7. Influence of TiCl, treat
TiCly treatment (Roy et al., 2009).

2.3.2 ZnO nanotubes

ZnO nanotube arrays have been prepared by different methods for DSCs. There are chiefly
three kinds of methods. Firstly, atomic layer deposition is an interesting technique to
prepare well-defined and ordered ZnO nanotubes. For example, Martinson et al. (Martinson
et al., 2007) reported ZnO nanotube photoanodes through atomic layer deposition in the
pores of anodic aluminum oxide (AAO) membrane. However, the surface area of ZnO
nanotubes is also very low due to a limit of the available size and pore density of the AAO
membranes. Secondly, chemical etching is also effective for fabricating ZnO nanotubes,
which involves two steps of process: a first growth of ZnO nanorods and a consequent
treatment in alkaline solution; the latter is to convert the nanorods into nanotube structure
through a chemical etching. Han et al (Han et al., 2010) fabricated high-density vertically
aligned ZnO nanotube arrays on TCO substrates by such simple and facile chemical etching
process from electrodeposited ZnO nanorods. The nanotube formation was rationalized in
terms of selective dissolution of the (001) polar face. And the morphology of the nanotubes
can be readily controlled by electrodeposition parameters for the nanorod precursor. DSC
based on 5.1 pm-length ZnO nanotubes exhibited a power conversion efficiency of 1.18%.
The conversion efficiency is generally low, which probably results from a fact that the length
of ZnO nanotubes is limited by the fabrication method based on an etching mechanism.
During the etching treatment, an accompanying dissolution of the ZnO occurs
simultaneously and thus leads to a shortening of the nanorods (Zhang & Cao, 2011). At last,
electrochemical deposition can also be used to directly prepare ZnO nanotube on TCO glass.
Prof. Tang group reported for the first time the electrochemical deposition of large-scale
single-crystalline ZnO nanotube arrays on TCO glass substrate from an aqueous solution
(Fig. 8a) (Tang et al., 2007). The nanotubes had a preferential orientation along the [0001]
direction and hexagon-shaped cross sections. The growth mechanism of ZnO nanotubes was
investigated (Fig. 8b). They believed that the key growth step is the formation of oriented
nanowires and their self-assembly to hexagonal circle shapes. The nanowires initiated
subsequent growth of nanotubular structure. But not all the nanowire circle planes are
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parallel to the horizontal plane because of the roughness of F-SnO» surface. Some nanotubes
have certain angles with the substrate. This nanotube array has great potential for the
application in DSCs.
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Fig. 8. Surface morphology of ZnO nanotube film (a) and illustration of the growth
mechanism of ZnO nanotube array (b). (Tang et al., 2007)

3. The application of inorganic nanomaterials in photocathodes

The photocathode, namely counter electrode (CE) where the regeneration of the charge
mediator (typical reaction: I3- + 2e- (catalyst) — 3I) takes place, is one of the most important
components in DSCs. The task of CE is twofold: firstly, it transfers electrons arriving from
the external circuit back to the redox system (Fig. 9a), and secondly, it catalyzes the
reduction of the redox species (Fig. 9b). In order to obtain an effective CE, main
requirements for a material to be used as CE are good catalytic activity for the reaction
(Is/T), a low charge transfer resistance, chemical/electrochemical stability in the electrolyte
system used in the cell, mechanical stability and robustness.

Substrate

a
+

Fig. 9. Schematic representation of the counter electrode based on a I-/I3- redox couple.

At present, many kinds of CEs have been introduced, for example, metal material CEs,
carbon material CEs, conducting polymer CEs, hybrid material CEs, and metallic compound
nanomaterial CEs. Since each kind of CEs has their own unique advantages and
disadvantages, the CE is chosen according to the particular application of DSCs. For
example, the noble metal Pt CE is extremely expensive for large-scale production and may
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be corroded by the iodide solution, but for ‘champion cells” one must choose this highly
catalytic CE with the lowest possible sheet resistance and a high rate of reduction of the
redox electrolyte to speed up the reaction (I~ + 2e-— 3I). For power-producing windows or
metal-foil-supported DSCs, one must employ a transparent counter electrode, e.g. a small
amount of platinum deposited on TCO glass. On the other hand, large solar conversion
systems producing electric power on the terawatt scale will prefer materials that are
abundantly available. Carbonaceous material CE will be a good choice due to their
advantages including good catalytic properties, electronic conductivity, corrosion resistance
towards iodine, high reactivity, and abundance. In this section, we briefly introduce three
kinds of inorganic nanomaterials as CEs with respect to their application in DSCs, including
noble metal materials, carbon materials and metallic compounds nanomaterials.

3.1 Metal materials CEs

Up to now, noble metal-loaded substrates have already been widely used as the standard
for the CE of DSCs, due to their unique properties, including (1) high electrochemical
activity that can reduce the voltage loss due to charge-transfer overpotential of CE; (2) a low
charge transfer resistance which can lead to minimum energy loss. A thin layer of noble
metals, e.g. Pt, Au, is well established as the catalyst on CE substrate, such as TCO glass and
metal foil. One of the important roles of noble metal in CE is to catalyze the reduction of
triiodide (I3) ions. This means that the available catalytic surface in the electrode plays a
crucial role in determining the overall device current. So the rough/porous electrodes,
which are characterized by a higher surface, are expected to assure a higher number density
of catalytic sites. It is obvious that the use of metal nanoparticle film results in CE with high
surface area. Therefore, the preparation methods of noble metal films will influence the final
film structure/ properties.

Generally all the synthetic methods of the noble metal film are roughly divided into two
categories: the physical and chemical approaches. The difference between the two
approaches arises from the starting point in the synthetic route to prepare the films. For the
physical approaches, the film is prepared by the macroscopic precursors through
subsequent subdivision in ever smaller particles by strong milling of solids or through
lithographic processes including sputtering, laser ablation, vapor phase deposition,
lithography, etc. While the chemical approaches start from their atomic and molecular
precursors, through chemical reactions and modulating their self-assembling in order. The
physical approaches (Terauchi et al., 1995) are generally quite expensive and resource-
consuming, while chemical methods are generally cheaper and better fit for large scale
applications. Moreover, since chemical methods allow in principle the control at a molecular
level, they allow a fine size and polydispersity control and can be implemented to prepare
2D and/or 3D nanoparticle arrays to enhance the available catalytic site.

The catalytic activity is expressed in terms of the exchange current density (Jy), which is
calculated from the charge-transfer resistance (R.;) using the equation R.; = RT/nFJy, in which
R, T, n, and F are the gas constant, temperature, number of electrons transferred in the
elementary electrode reaction (n = 2) and Faraday constant, respectively. Yoon et al (Yoon et
al., 2008) used Nyquist plots to investigate R.; on platinized TCO CEs prepared by either the
electrochemical deposition (ED) method, the sputter-deposited (SD) method, or the thermal
deposited (TD) method. The Nyquist plots suggest qualitatively that R of a cell increases in
the order of R of ED-Pt film < R.; of SD-Pt film < R.; of TD-Pt film. The DSC fabricated with
the ED-Pt CE rendered the highest power conversion efficiency of 7.6%, compared with
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approximately 6.4% of the cells fabricated with the SD-Pt or most commonly-employed TD-
Pt CEs. The improved performance of DSC with the ED-Pt CE is attributed to the improved
catalytic activity of the reduction reaction (I3 +2e-—3I") and the decreased charge transfer
resistance at CE/electrolyte interface. Hauch et al (Hauch & Georg, 2001) also used
impedance spectra to investigate R.; on platinized TCO CEs prepared by either the electron-
beam evaporation (EB), SD or TD method. The 450 nm thick platinum electrode prepared by
SD method gave the lowest R.; of of 0.05 ohm/cm?. The TD of a Pt film (<10 nm thick), using
HoPtClg as a precursor on a TCO substrate, produced a low Ry of 1.3 ohm/cm? comparable
to the R, of the 40 nm thick sputtered Pt, confirming the superiority of the TD method.

3.2 Carbon material CEs

DSC is well known as potentially low-cost photovoltaic devices (Gratzel, 2004); from this
perspective, the application of low-cost materials should be important. Low-cost carbon is
the second most widely studied material for CEs after metal materials. Carbonaceous
materials feature good catalytic properties, electronic conductivity, corrosion resistance
towards iodine, high reactivity and abundance (Wroblowa & Saunders, 1973). Since the fact
that Kay and Gritzel found good electrocatalytic activity of graphite/carbon black mixture
in 1996 (Kay & Gratzel, 1996), various kinds of carbon are studied, such as hard carbon
spherules (Huang et al., 2007), activated carbon (Imoto et al., 2003), mesoporous carbon
(Wang et al., 2009a), nanocarbon (Ramasamy et al., 2007), single-walled carbon nanotubes
(Suzuki et al., 2003), multiwalled carbon nanotubes (MWNTs) (Seo et al., 2010), carbon fiber
(Joshi et al., 2010) and graphene nanoplates (Kavan et al., 2011). Nevertheless carbonaceous
electrodes which would be superior to Pt were reported only rarely for certain kinds of
activated carbon (Imoto et al., 2003). This result is mainly attributed to the poor catalytic
activity for I3-/I- redox reaction. In addressing this issue, several optimizing methods have
been developed, such as increasing the surface area, functionalizing the carbon materials to
get more active sites for I3-/I- redox reaction.

To achieve a comparable activity to platinum, carbon-based CEs must have sulfficiently high
surface area. Although carbonaceous electrodes have poor catalytic activity for I3-/I- redox
reaction, its exceptional surface area and conductivity, such as mesoporous carbon and
graphene, have been shown to be quite effective and in some cases even exceeded the
performance of platinum. Imoto et al (Imoto et al., 2003) compared several types of activated
carbon with different surface areas ranging from 1000 m2 g-! to 2000 m2 g-1as the CE catalyst,
assessing in addition the activity of several different types of activated carbon, glassy
carbon, and graphite. The surface area of the glassy carbon and graphite was three orders of
magnitude lower than those of the activated carbon catalysts. In the preparation of the latter
electrodes, a certain amount of carbon black was included. In their results, the electrodes
consisting of the lower sheet resistance materials, graphite and glassy carbon, gave lower [,
values and fill factors, indicating the importance of the roughness of the carbon materials in
achieving a better performance. They demonstrated an improvement in the J;. and FF with
increasing thickness (>30 pm) of the carbon material. Robert et al (Sayer et al., 2010) used the
dense, vertical, undoped MWCNT arrays grown directly on the electrode substrate as CEs
and got a greater short-circuit current density and higher efficiency than DSCs with Pt CE.
The improved performance is attributed to increased surface area at the electrolyte/counter
electrode interface that provides more pathways for charge transport. Prakash et al (Joshi et
al, 2010) investigated the electrospun carbon nanofibers as CEs. The results of
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry measurements
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indicated that the carbon nanofiber based CEs exhibited low charge-transfer resistance, large
capacitance, and fast reaction rates for triiodide reduction. Joseph et al (Roy-Mayhew et al.,
2010) found that functionalized grapheme sheets with oxygen-containing sites perform
comparably to platinum. Using cyclic voltammetry, they demonstrated that tuning the
grapheme sheets by increasing the amount of oxygen-containing functional groups can
improve its apparent catalytic activity.

3.3 Metal compounds CEs

A possible approach is to utilize transition-metal compounds with similar properties to
those of noble metals (Shi et al., 2004). Compared with metallic materials, transition-metal
compounds have a great potential to be used as cost-effective CEs in DSCs due to their
unique properties including a broad variety of low cost materials, a good plasticity, a simple
fabrication, high catalytic activity, selectivity, and good thermal stability under rigorous
conditions (Wu et al., 2011a). Recently, several kinds of transition-metal compounds CEs,
e.g., nitrided Ni particle film, TiN nanotube arrays, MoC have been reported in DSCs which
have a conversion efficiency superior to Pt.

Jiang et al (Jiang et al., 2009) used TiN nanotube arrays as CE in DSC for the first time, and
the resulting DSC had photovoltaic performances comparable to those using the
conventional TCO/Pt counter electrodes, which should be attributed to the obviously lower
charge-transfer resistances at the CE/electrolyte interfaces and ohmic internal resistances.
The exciting photovoltaic performances comparable to Pt CE inspire the researches on the
transition-metal compounds used as the new kind of CEs. They also investigated the
surface-nitrided nickel film as a low cost CE material, and the resulting DSCs presented an
excellent photovoltaic performance competing with that with the conventional Pt CE (Jiang
et al., 2010). Molybdenum and tungsten carbides embedded in ordered mesoporous carbon
materials (MoC-OMC, WC-OMC) as well as Mo,C and WC were prepared respectively by
Wu et al (Wu et al., 2011a). They demonstrated that DSCs equipped with optimized MoC-
OMC, WC-OMC, Mo,C, and WC showed higher power conversion efficiency than those
devices with a Pt CE. Very recently, they have developed another kind of CE, tungsten
oxides, based on their excellent catalytic activity (Wu et al., 2011b). They found that WO,
nanorods showed excellent catalytic activity for triiodide reduction, and the DSC based on a
WO; CE reached a high energy conversion efficiency of 7.25%, close to that of the DSC using
Pt CE (7.57%). Their results exhibit that tungsten oxides are promising alternative catalysts
to replace the expensive Pt in DSCs system. Wang et al (Wang et al., 2009b) have
demonstrated, for the first time, that CoS is very effective in catalyzing the reduction of
triiodide to iodide in a DSC, superseding the performance of Pt as an electrocatalyst. They
deposited the CoS layer on a flexible ITO/polyethylene naphthalate films. CoS based
flexible and transparent CEs not only matched the performance of Pt as a triiodide reduction
catalyst in DSCs, but also showed excellent stability in ionic liquids-based DSCs under
prolonged light soaking at 60 °C. Clearly, the CoS has an advantage for large scale
application as being a much more abundant, transparent and cheaper CE.

4. The application of inorganic nanomaterials in quasi-solid/solid-state
electrolytes

The power conversion efficiency of DSCs with organic solvent-based electrolyte was
reported to exceed 11% (Gratzel, 2004). However, the presence of organic liquid electrolytes
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in cells causes problems, such as leakage, evaporation of solvent, high-temperature
instability, and flammability, and therefore results in practical limitations to sealing and
long-term operation. At present, many attempts have been made to substitute liquid
electrolytes with solid state electrolytes (e.g. p-type semiconductors, organic hole-transport
materials, solid polymer electrolytes, and plastic crystal electrolytes) or quasi-solid-state
electrolytes (e.g. polymer gel, low-molecular-weight gel). Here, we focus our attention on
the application of inorganic nanomaterials in quasi-solid/solid-state electrolytes, including
p-type semiconductor nanoparticles as solid-state electrolytes and solidification of liquid
electrolyte by inorganic nanoparticles.

4.1 p-type semiconductor nanoparticles as solid-state electrolytes

P-type semiconductors are the most common hole-transporting materials to fabricate solid-
state DSCs. Several aspects are essential for any p-type semiconductor in a DSC: (a) It must
be able to transfer holes from the oxidized dye; (b) It must be able to be deposited within the
porous TiO; nanocrystal layer; (c¢) A method must be available for depositing the p-type
semiconductors without dissolving or degrading the dye on TiO; nanocrystal; (d) It must be
transparent in the visible spectrum, otherwise, it must be as efficient in electron injection as
the dye. Copper-based materials, especially Cul and CuSCN (Tennakone et al., 1995), are
found to meet all these requirements. Cul and CuSCN share good conductivity in excess of
102 Sem!, which facilitates their hole conducting ability (Smestad et al., 2003), hence, they
have been widely used as complete hole-transporting layer for fabricating solid-state DSCs.
Tennakone et al (Tennakone et al., 1995) first reported a nano-porous solid-state DSC based
on Cul in 1995. DSCs were fabricated by sandwiching a monolayer of the pigment cyanidin
adsorbed on nano-porous n-TiO; film within a transparent polycrystalline film of p-Cul,
filling the intercrystallite pores of the porous n-TiO; film. The short-circuit current density
reached about 1.5-2.0 mAcm2 in sunlight (about 800 Wm-2), however, they found that the
polarization arising from mobile Cu* ions tends to decrease the open-circuit voltage of the
cell. By replacing cyanidin with a Ru-bipyridyl complex dye, they (Tennakone et al., 1998)
then fabricated a solid-state DSC with the structure of TiO,/Ru(II)(dcbpy)2(SCN), /Cul in
1998. The efficiency and the stability of the solid-state DSC was less than those of the typical
DSCs. They attributed it to the loosening of the contact between the p-type semiconductor
and the dye monolayer, and to short-circuiting across the voids in the nanoporous TiO; film,
which allows direct contact between Cul and the tin oxide surface. To solve this issue, they
(Kumara et al, 2002) incorporated a small quantity (~10% M) of I1-methyl-3-
ethylimidazolium thiocyanate (MEISCN) into the coating solution (i.e., Cul in acetonitrile)
and the stability of the Cul-based DSC was greatly improved. In this case, MEISCN acted as
a Cul crystal growth inhibitor, which enables filling of the pores of the porous matrix,
resulting in the formation of more complete and secure contacts between the hole collector
and the dyed surface. Meng et al (Meng et al., 2003) also utilized MEISCN to control the Cul
crystal growth and act as a protective coating for Cul nanocrystals, improving the cells’
efficiency to 3.8% with improved stability under continuous illumination for about 2 weeks.
Another alternative for solid-state DSCs is CuSCN. O'Regan et al (Oregan & Schwartz, 1995)
used CuSCN as a hole transport layer, and demonstrated that CuSCN is a promising
candidate material as the hole-conducting layer. They found the UV illumination created an
interfacial layer of (SCN)s-, and/or its polymerization product (SCN),, between the TiO, and
the CuSCN, causing a dramatic improvement in the efficiency of DSCs (O'Regan &
Schwartz, 1998). Later, they (O'Regan et al., 2000) substituted TiO; for ZnO, fabricating
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ZnO/dye/CuSCN solar cell with a conversion efficiency of 1.5%. In 2005, they (O'Regan et
al., 2005) made another solid-state DSC with the structure of TiO,/dye/CuSCN with thin
AlOs barriers between the TiO, and the dye. It is noteworthy that the AlOs-treated cells
showed improved voltages and fill factors but lower short-circuit currents. Nevertheless, the
performance of DSCs with CuSCN is still lower than that of cells utilizing Cul, probably due
to the relatively lower hole conductance.

In summary, compared to a liquid electrolyte DSC, the solid-state counterpart presents a
relatively low conversion efficiency, which is probably due to three reasons (Kron et al.,
2003): (a) the less favorable equilibrium Fermi-level position in the TiO (b) poor
conductivity of hole-transporting materials; (c) the much larger recombination probability of
photogenerated electrons from the TiO, with holes as compared to recombination with the I-
/13- redox couple. So it is necessary to make further efforts to design new and more efficient
inorganic nanomaterial electrolytes for DSCs.

4.2 Solidification of liquid electrolyte by inorganic nanoparticles

Room-temperature ionic liquids (RTILs) such as imidazolium iodide have been widely used
in DSCs as a solvent and a source of I- or other ions, because of their favorable properties
such as thermal stability, nonflammability, high ionic conductivity, negligible vapor
pressure, and a possible wide electrochemical window. However, the fluidity of RTIL-based
electrolytes, resulting in difficulty in seal, is still an obstacle for long-term operation. To
reduce its fluidity, combination of RTILs with a framework material including small-
molecular organogels, inorganic nanoparticles, and polymer, has been attempted by many
groups.

Among these framework materials, inorganic nanoparticles have drawn more attention. In
2003, silica nanoparticles were used for t