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Recent Progress in Dye-Sensitized Solar Cells Using

Nanocrystallite Aggregates

Qifeng Zhang,* Kwangsuk Park, Junting Xi, Daniel Myers, and Guozhong Cao*

Nanocrystallite aggregates are spherical assemblies of nanometer-sized
crystallites and feature a size on the order of sub-micrometers. This paper
reports and summarizes recent progress in nanocrystallite aggregates for
applications in dye-sensitized solar cells. It emphasizes that nanocrystallite
aggregates are a promising class of materials with the capability to generate
light scattering, enhance electron transport, retain high specific surface area
for dye adsorption, and facilitate electrolyte diffusion while serving as the
photoelectrode film of a dye-sensitized solar cell. In the Perspectives section,
it is suggested that optimization of the porosity of the aggregates, the facets
of nanocrystallites forming the aggregates, and the structure of photoelec-
trode film could possibly lead to breakthroughs in improving the power con-
version efficiency of the current state-of-the-art dye-sensitized solar cells.

1. Introduction

Dye-sensitized solar cells (DSCs) are a type of photovoltaic
device based on the charge transfer process between dye mol-
ecules and an oxide.'> The oxide is usually in the form of a
nanostructure, providing a large surface area for chemical
adsorption of the dye molecules.®I The dye molecules, serving
as the sensitizer of the solar cell, are designed to be able to
absorb light in solar spectrum in order to generate photoexcited
electrons. The photoexcited electrons then transfer to the oxide
and form a conduction current through an external circuit. A
liquid electrolyte, typically containing I7/I;~ redox couples, is
employed in DSCs to conduct the electrons injected from the
counter electrode, which is connected to the photoelectrode
through the external circuit, to reduce the dye molecules that
are oxidized by photoexcitation. DSCs offer several advantages
over silicon-based p-n junction solar cells, including lower cost
in both materials and manufacturing and compatibility with
flexible substrates. While polymer-based solar cells are also
compatible with flexible substrates, DSCs currently demon-
strate higher conversion efficiencies, better chemical stability,
and longer operating lifetimes compared to polymer-based
solar cells.

DSCs have undergone two decades of development since
they were invented in 1991.1°) At that time, an initial 7.1%
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efficiency was announced. Relying on pro-
gressive optimization in device structure
and the advent of highly efficient metal-
organic dyes, the efficiency record of DSCs
has recently reached 11-129%.0101 Typical
metal-organic dyes are a class of poly-
pyridyl complexes of ruthenium, such as
N3,2IN719,M113 and “black dye”.'Y] These
dyes are already commercially available.
Other dyes derived from the ruthenium
complexes, including K19,>1% C101,["”]
and K8,[¥ have also been reported to have
high efficiencies of around 10-11%.11%1 As
the “antenna” of the DSC for light har-
vesting, the dye is one of the most impor-
tant components, determining the overall
conversion efficiency of the cell. If the
dye absorption edge is extended from the current 800-850 nm
to 920-940 nm, it has been predicted that the efficiencies of
DSCs would be further increased, perhaps reaching as high as
14-20%.120-22]

Aside from the dye sensitizer, another critically important
component of DSCs is the nanostructured oxide film. On one
hand, the oxide film acts as a “backbone” to hold the dye mol-
ecules, and therefore the structure of the oxide film (i.e., the
porosity, or internal surface area) affects the amount of dye
adsorbed by the photoelectrode. On the other hand, the oxide
film provides pathways for electron transport, and accordingly
both the electron transport and the ion diffusion in the elec-
trolyte may be affected by the film structure. Charge recom-
bination, resulting from a reaction between the photoexcited
electrons and oxidized electrolyte species, is a phenomenon
existing in DSCs concerning the transport of photoexcited
electrons and therefore is related to the structure of the oxide
film.[?3] Charge recombination adversely affects the perform-
ance of the cell. Recombination is particularly serious in the
case of photoelectrodes consisting of a nanocrystalline oxide
film. This is because the film of nanocrystallites (or nanopar-
ticles; these two terms are used interchangeably in this paper),
while providing a large internal surface area for dye adsorption,
also results in a large interface for the photoexcited electrons in
the oxide to recombine with the oxidized ions in electrolyte.

Besides the charge recombination effect, the numerous
boundaries between nanocrystallites is another drawback of
nanocrystalline films. Such boundaries may trap photoexcited
electrons and therefore diminish the electron transport within
the photoelectrode film. One-dimensional nanostructures,
such as nanowire and nanotube arrays of ZnO or TiO,, have
been intensively studied for application to DSCs with the aim
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of providing direct pathways for electron transport to reduce
charge recombination.’ However, when compared with the
nanoparticles, one-dimensional nanostructures present insuffi-
cient internal surface area for dye adsorption and therefore yield
relatively low efficiencies. For example, a photoelectrode film
composed of 20 pm-long TiO, nanotube arrays demonstrated
an efficiency of 6.89%,1°! which was significantly lower than
the 10-11% efficiencies for nanocrystalline films with thick-
nesses of several tens of micrometers. It is worth noting that
the 20 um thickness of the photoelectrode film is reasonable
since the effective diffusion length of photoexcited electrons in
photoelectrode films composed of one-dimensional nanostruc-
tures is significantly longer than that in a nanocrystalline film;
for latter, it is typically below ten micrometers.>2°!

This paper reports recent progress in development of DSCs
with photoelectrode films employing a new nanostructure, the
so-called oxide nanocrystallite aggregates. An important fea-
ture of this nanostructure is that it not only possesses a large
surface area resulting from using nanometer-sized crystallites
as the building unit, but also presents other benefits such as:
1) improving optical absorption via generation of light scattering;
2) enhancing electron transport owing to a compact structure
of nanocrystallites within the aggregates; and 3) facilitating the
diffusion of ions in electrolyte through large pores in the photo-
electrode film consisting of spherical aggregates.””l One suc-
cessful example of using nanocrystallite aggregates for DSCs is
that photoelectrode films composed of ZnO nanocrystallite aggre-
gates have shown a more than twofold increase in overall conver-
sion efficiency compared with films composed of dispersed ZnO
nanoparticles.?®?’l Similar studies have been also carried out on
TiO,. For example, the so-called mesoporous TiO, spheres or
beads achieved efficiencies over 10%,B% comparable to the cer-
tified efficiency record for conventional DSCs constructed with
nanocrystalline films. In the Perspectives section, several routes
are proposed towards improving the performance of DSCs using
nanocrystallite aggregates. It emphasizes that the TiO, nano-
crystallite aggregates are a promising material that may lead to a
breakthrough in the conversion efficiency of the current DSCs.

2. Conventional DSCs Based on Nanocrystalline
Films

Conventional DSCs are based on TiO, nanocrystalline films
sensitized with polypyridyl ruthenium complexes, such as
N3, N719, or “black dye”, as the dye.’33 The dye molecules,
which adsorb on the oxide in a monolayer, are functionalized
to harvest light and then inject the photogenerated electrons
into the oxide. The nanoparticles that comprise the photoelec-
trode film are typically ~15-20 nm in diameter, yielding a spe-
cific surface area of ~100 m?/g, which has been demonstrated
to be ~1000-fold larger than that of a flat film.”! Over the past
two decades, conventional DSCs have undergone develop-
ment from a single layer structure to a double layer structure;
the latter employs large TiO, particles (~400 nm in diameter)
applied on the top of nanocrystalline film to generate light
scattering/reflection so as to enhance the optical absorption
of the photoelectrode. At the same time, the dyes have been
also intensively developed, with attention paid to increasing
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the extinction coefficient and/or extending the absorption edge
toward the near-infrared region of the solar spectrum.B

2.1. Single Layer Structure

The first reported DSCs included a photoelectrode film con-
structed with a single layer of TiO, nanocrystallites sensitized
by a trimeric ruthenium complex known as N3 dye.l”) The film
was ~10 um in thickness and the average size of the nanocrystal-
lites was 15 nm. The 7.1% efficiency achieved at that time was
significantly higher than those efficiencies (typically below 1%)
obtained for other previously reported systems. The attainment
of high efficiency was first of all attributed to the porous structure
of the photoelectrode film which consisted of nanocrystallites
forming a three-dimensional network that provided an extremely
large surface for dye adsorption. The internal surface area of
such a photoelectrode film was estimated to be 780 cm? for each
1 cm? of geometric surface, almost three orders of magnitude
larger than that of a flat film. Another important factor leading
to such high efficiency was the newly developed N3 dye, which
possessed a large extinction coefficient (1.3 x 10* M~! cm™ at
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Figure 1. Double layer structured photoelectrode in DSCs. (a) Schematic drawing of double layer structure, (b) SEM image of anatase TiO,
nanocrystallites averagely 20 nm in diameter with mainly exposed (101) facet followed by (100) and (001) orientations, and (c) SEM image of 400-nm
large particles of TiO, (400C, JGC-CCIC) as light scatterers. Reproduced with permission.3336 [5] Copyright 2005, American Chemical Society. [35]
Copyright 2009, Hindawi Publishing Corporation. [36] Copyright 2005, Chemical Society of Japan.

518 nm wavelength) and greatly extended the absorption onset to
the near-infrared region of the solar spectrum at ~750 nm wave-
length. This dye adsorbed to form a monolayer on the TiO, and
efficiently injected the photogenerated electrons into the TiO,
through a metal-to-ligand charge transfer (MLCT) process.’l In
general, the combination of TiO, nanoparticles and ruthenium
complex dye delivered an ideal system that could simultaneously
satisfy the requirements of: 1) a large surface area of oxide to
allow for chemical adsorption of dye molecules; and 2) suitable
relative energy levels between the dye and the oxide enabling
highly efficient electron injection. The efficiency was improved
to ~10% in 1993 by increasing the film thickness to ~12 pm,
modifying the surface of the nanocrystalline film using TiCl,,
and optimizing the electrolyte.'? Other types of ruthenium dyes
were subsequently developed, typically including N719 (in 1999)
which provided a higher open-circuit voltage than N3, and “black
dye (i.e., N749)”(in 2001) which extended the light absorption
onset to 860 nm. These dyes further improved the performance
of DSCs to a maximum conversion efficiency of ~10.4% when
used with a photoelectrode film 18 um in thickness.['*l

2.2. Double Layer Structure

Nanocrystallites serving as a photoelectrode film can provide a
large surface area. However, one of the drawbacks of nanocrys-
talline films is that the size of the nanocrystallites is far smaller
than the wavelengths of visible light, and therefore, a photo-
electrode film composed of nanocrystallites is transparent to

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

visible light. Thus, the thickness of the photoelectrode film is
required to be greater than the optical absorption length (1/c)
to enable sufficient absorption of incident light, particularly at
wavelengths deviating from the absorption peaks of the dye.
However, the thickness of the photoelectrode film of a DSC is
also limited by the diffusion length (L,) of photogenerated elec-
trons in the nanocrystalline film, arising from the existence of
electron trapping sites and charge recombination during the
transport of electrons. The deficiency of nanocrystalline films
in optical absorption arising from electron transport restric-
tions on thickness can be compensated for to some degree
by adopting a double layer structure. The double layer struc-
ture includes a nanocrystalline film as the primary absorp-
tion layer and a top layer of large TiO, particles (~400 nm
in diameter) for light scattering (Figure 1).5%37) With such a
double layer structure, the incident light can be reflected back
to the nanocrystalline film by the scattering layer, thus extending
the traveling distance of light within the photoelectrode film so
as to increase the probability of interaction occurring between the
photons and the dye molecules.?® It is widely accepted that the
use of double layer structure in DSCs is an effective way to sig-
nificantly enhance the optical absorption of the photoelectrode,
especially in the near-infrared region with wavelengths over
700 nm where the dye is not as efficient at absorbing light.[*”

2.3. Mixture Structure

The mixture structure is another binary architecture applied to
DSC photoelectrode. In the mixture structure, large particles

Adv. Energy Mater. 2011, 1, 988-1001
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Figure 2. Charge recombination and electron trapping/detrapping in
DSCs.[23421 [23] Copyright 2004, Elsevier B.V.. [42] Copyright 2000, Amer-
ican Chemical Society.

are embedded into the nanocrystalline film to act as light scat-
terers. The use of a mixture structure has increased the con-
version efficiency to ~10% from the initial ~7.1% for films
sensitized with N3 dye.[*%

2.4. Problems Existing in Conventional DSCs

2.4.1. High Recombination Rate and Electron Trapping

In DSCs, charge recombination arising from reactions between
the photogenerated electrons and the oxidized electrolyte spe-
cies (I37) is the predominant mechanism of energy loss.*!l The
recombination is particularly serious in the case of photoelec-
trode films comprising nanocrystallites because nanocrystal-
lites, with a size on the order of several tens of nanometers,
soaked in a liquid electrolyte with high ion concentration
cannot support a potential gradient for the separation of photo-
generated charges or facilitate the transport of photogenerated
electrons within the nanocrystallite network. Another drawback
nanocrystalline films is the existence of numerous bounda-
ries between the nanoparticles, and therefore the diffusion of
photogenerated electrons in a nanocrystalline film suffers from
random walk accompanied by a series of trapping and detrap-
ping processes (Figure 2).2>* This is another pathway leading
to energy loss in conventional DSCs.

2.4.2. Large Particle Light-Scatterers Resulting in a Loss of Internal
Surface Area

In the double layer or mixture structure previously discussed,
large TiO, particles (~400 nm in diameter) have been employed
in the conventional DSCs for light scattering or optical reflection.

Adv. Energy Mater. 2011, 1, 988-1001
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However, the use of large particles either brings about a very
limited increase in the surface area of the photoelectrode film
in the case of double layer structure, or unavoidably causes
a decrease in the internal surface area in the case of mixture
structure. This problem is particularly significant in the latter,
where the large particles are embedded into the nanocrystalline
film. An improvement in the structure of light scatterers, for
example through using nanocrystallite aggregates as discussed
in the following sections, to overcome the disadvantages of large
particles serving as light scatterers is very important and could
potentially boost the conversion efficiency of current DSCs.

3. DSCs with Nanocrystallite Aggregates

Nanocrystallite aggregates specifically refer to a nanostructure
that comprises nanocrystallites (or nanoparticles) that assemble
into a spherical agglomeration with diameters typically on the
order of one micrometer. Two important features of the nano-
crystallite aggregates are their sub-micrometer size comparable
to the wavelengths of visible light and their porous structure
arising from nanocrystallites as the building units. These fea-
tures allow the nanocrystallite aggregates to serve as light scat-
terers in DSCs. However, unlike solid-core large particles, in the
case of double layer structure the nanocrystallite aggregates may
significantly increase the internal surface area of the photoelec-
trode film for better dye adsorption and, in the case of mixture
structure, the use of nanocrystallite aggregates as light scat-
terers does not cause an appreciable loss in the internal surface
area of the photoelectrode film.?82%%3] In addition to providing
large surface area and light scattering, recently published lit-
erature has demonstrated more advantages of the nanocrystal-
lite aggregates in DSC applications. For example, the compact
structure inside the aggregates may provide better transport for
photogenerated electrons than that in a nanocrystalline film.3%
Photoelectrode films consisting of nanocrystallite aggregates
also appear to give rise to a relatively open structure and there-
fore are able to facilitate the diffusion of ions in the electrolyte
during solar cell operation.[*

3.1. Nanocrystallite Aggregates for Light Scattering

3.1.1. ZnO Aggregates

ZnO aggregates were reported in 2007 as the first use of the
nanocrystallite aggregate structure for DSCs.[?8! The main ideas
put forth in the research were that the aggregate structure could
provide a large surface area and also generate light scattering,
significantly extending the traveling distance of incident light
within the photoelectrode film and thus increasing the proba-
bility of interaction between the photons and the dye molecules.
The increased traveling distance contributed to enhancing
the optical absorption of the photoelectrode and produced an
overall efficiency of 3.5%, which was much higher than the
0.6% obtained for commercial ZnO powder. A subsequent
study employed multiple dispersed aggregates (i.e., aggregates
of varying diameters) to generate more effective light scattering
than mono-disperse aggregates and, moreover, the pore size of
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Figure 3. ZnO nanocrystallite aggregates for DSC application. (a)—(d) Morphology and structure of ZnO nanocrystallite aggregates, (e) gradually
decreasing solar cell efficiency as the ZnO evolves from spherical aggregates (Sample 1) to dispersed nanocrystallites (Sample 4), (f) optical absorp-
tion spectra of ZnO Samples 1-4, and (g) dependence of overall conversion efficiency on the aggregate size and the size distribution. Reproduced with
permission(?®43 Copyright 2008, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

the aggregates was optimized through lowering the annealing
temperature from 450 °C to 350 °C, leading to yielding effi-
ciency as high as 5.4%, more than two times higher than the
2.4% obtained for ZnO nanoparticles.?’l The inference that the
enhancement originated from light scattering was confirmed
by comparing a group of photoelectrode films that included
perfectly spherical ZnO aggregates (sample 1), deconstructed
ZnO aggregates that partially lost the spherical morphology
(samples 2 and 3), and dispersed ZnO nanoparticles (sample
4). As expected, the result indicated a gradually decrease in the
efficiency while the film structure evolved from aggregates to
nanoparticles (Figure 3).

The light scattering enhancement mechanism was further
supported by another study which revealed that the conver-
sion efficiency was dependent on the size and size distribu-
tion of the aggregates. The highest efficiency was obtained
from a photoelectrode film that consisted of polydisperse ZnO
aggregates with an average size nearest to the wavelengths of
the visible light and, as a result, generated the most intensive
light scattering (Figure 3).1)

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.1.2. TiO, Coating on ZnO Aggregates

ZnO presents a similar energy band structure to that of TiO,
and is known to be a material usable to create a variety of
nanostructures. However, when used for DSCs, ZnO has
typically yielded efficiencies much lower than those of TiO,.
A primary reason for the poorer performance is that ZnO is
chemically unstable in the acidic dye solution containing the
ruthenium complexes. This results in the formation of a Zn?*/
dye complex on the surface of ZnO if long term sensitization
is adopted.*® The Zn?*/dye complex is inactive to electron
injection, which leads to low efficiency. To avoid the formation
of Zn%*/dye complexes, one can adopt a short term sensitiza-
tion (for example, 30 min), however this in turn brings about
insufficient dye adsorption to the photoelectrode film. The ini-
tial motivation for coating a layer of TiO, onto the ZnO was to
improve the stability of ZnO in the dye solution. Atomic layer
deposition (ALD) was employed for this purpose since it oper-
ates under vapor conditions, allowing complete penetration of
TiO, precursor into the photoelectrode film. Another reason

Adv. Energy Mater. 2011, 1, 988-1001
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TiO, layer grown by ALD

Figure 4. Fabrication of an ultrathin TiO, layer on ZnO aggregates through ALD. (a) and (b) Schematic drawing of TiO, coating on ZnO aggregates,
and (c) energy level diagram of ZnO-TiO, core-shell structure in cross section and in equilibrium with the surrounding electrolyte. Reproduced with
permission.*”481 [47] Copyright 2010, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. [48] Copyright 2006, American Chemical Society.

for employing ALD was to achieve an ultrathin coating on the
ZnO aggregates, preventing an appreciable decrease in the pore
volume of the photoelectrode film.

The results reported in 2010 demonstrated an improvement
in the solar cell efficiency, which increased from 5.2% for bare
ZnO aggregates to 6.3% for TiO,-coated ZnO aggregates.[*’]
However, while the TiO, coating was expected to improve the
surface stability of ZnO and thus achieve better dye adsorption,
it was found that the coating actually generated an increase in
the open-circuit voltage (Voc) instead of the photocurrent den-
sity. This result is similar to what was observed in another study
reported by Law et al. In that study, an ALD coating of TiO, thin
layer on ZnO nanowires for DSC application also resulted in an
increase in the V¢ rather than an increase in the photocurrent
density.*¥l Law et al. suggested that the increase of the V. after
coating with TiO, was due to the formation of an energy barrier
on the ZnO surface that reduced the charge recombination rate
and thus increased the electron concentration in the ZnO core.
The increased electron concentration in the ZnO core led to a
drift of the equivalent Fermi level (Ep) of the ZnO toward the
bottom of the conduction band (Figure 4). The failure of the
coating to enhance the photocurrent was ascribed to non-ideal
crystallinity of the TiO, which likely gave rise to a high density
of electron traps and thus offset the benefits of increased dye
adsorption.

3.1.3. ZnO Aggregates Synthesized in the Presence of Lithium lons

The surface of ZnO aggregates can be modified by including
lithium ions in the synthesis of ZnO aggregates.*’! The pres-
ence of lithium ions affects the ZnO aggregates by: 1) broad-
ening the size distribution of the aggregates to generate more
light scattering; 2) creating in an oxygen-enriched ZnO surface
which gives rise to improved chemical stability of ZnO and thus
suppressing the formation of Zn%"/dye complex that was inac-
tive to electron injection; and 3) changing the surface chemistry
of ZnO and strengthening the chemical bonding between the
ZnO and the dye molecules, thus leading to more efficient elec-
tron injection from the dye molecules to the ZnO compared to
pure ZnO aggregates. The DSCs with ZnO aggregates synthe-
sized in the presence of lithium ions demonstrated conversion
efficiency of 6.1%, higher than the 4.0-5.4% achieved for the
pure ZnO aggregates synthesized in the absence of lithium
ions (Figure 5). No lithium element is detectable in the product

Adv. Energy Mater. 2011, 1, 988-1001
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of ZnO aggregates, suggesting that the lithium is neither doped
into nor adsorbed onto the ZnO, but only affects the structure
of the ZnO aggregates and the surface chemistry of the ZnO
nanocrystallites that form the aggregates.

3.1.4. TiO, Aggregates Produced with an Electrospray Method

Electrospray is an electrostatic force method which can be
employed to produce nanocrystallite aggregates. The mecha-
nism of electrospray is based on an electrostatic field-induced
polarization (a separation of positive and negative charges along
the electric field) in individual liquid drops. The intensity of the
electrostatic field applied to the liquid drop is given by>%

2V
E= rin4d/r) (1)

where V is the voltage applied to a needle-like nozzle where
the liquid drop forms, r is the radius of the liquid drop, and d
is the distance from the nozzle to the grounded electrode. When
the voltage reaches a certain threshold, the liquid drop at the tip
of nozzle will form a Taylor cone and emits a liquid jet through
the apex of the Taylor cone. Depending on the evaporation rate,
viscosity, surface tension, conductivity, and relative permittivity
of the precursor solution that forms the liquid drop, the jetted
liquid consisting of highly charged droplets concentrates to
one-dimensional fibers or spherical structures typically having
submicron dimensions.

To create nanocrystallite aggregates using the electrospray
method, nanoparticles are mixed with an appropriate solvent to
form a stable suspension. During the electrospray, quick evapo-
ration of solvent from the droplets while they fly from the nozzle
to the grounded electrode leads to the formation of spherical
assemblies of nanoparticles, i.e., desired aggregates (Figure 6).
The size of nanocrystallite aggregates produced with the elec-
trospray method is related to factors that include the applied
voltage, the solvent employed, the viscosity and surface tension
of the suspension, etc. The porosity of the aggregates can be
easily adjusted by, for example, adding polymer to the suspen-
sion and then removing it through a post-thermal treatment.

A good example of employing the electrospray method for
the fabrication of TiO, nanocrystallite aggregates for DSCs was
reported by Xi et al. in 2011.°1 P25, a well-known commercial
TiO, nanoparticles (Degussa, Germany), was dispersed into
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Figure 5. ZnO aggregates synthesized in the presence of lithium ions. (a) A schematic drawing of lithium ions affecting the growth of ZnO aggregates,
(b) and (c) dye-sensitized ZnO aggregates synthesized in the absence (pure-ZnO) and presence (Li-ZnO) of lithium ions, respectively, implying an
improved surface stability of the latter, (d) Size distribution, and (e) photovoltaic response of pure-ZnO and Li-ZnO aggregates. Reproduced with

permission.*l Copyright 2010, American Chemical Society.

an ethanol-water (1:1, v/v) mixture solvent to form a suspen-
sion. PVP (polyvinylpyrrolidone, MW=1.3 x 10° was added to
the suspension to increase the viscosity and, as thus, adjust
the porosity of the aggregates. The as-prepared nanocrystallite
aggregates were studied for their DSC performance. Note that
the PVP additive was removed during the photoelectrode film

solvent

(a) P25 nanoparticles

Conductive needle

Liquid cone

High voltage
power supply

\

Collector

was applied a thermal treatment at 450 °C. It was reported that a
5.9% efficiency was obtained using the aggregates. Such an effi-
ciency was significantly higher than the 4.8% obtained for dis-
persed P25 nanoparticles. A comparison of the dye adsorption
between the photoelectrode film consisting of nanocrystallite
aggregates and that made of dispersed nanoparticles revealed

Figure 6. Electrospray method for the fabrication of TiO, nanocrystallite aggregates. (a) Schematic diagram showing set-up for electrospray fabrication
of TiO, nanocrystallite aggregates, and (b) SEM images of TiO, nanocrystallite aggregates produced with an electrospray method. Reproduced with

permission.’1l Copyright 2011, American Scientific Publishers.
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that the former achieved less dye adsorption than the latter.
This was explained by the existence of large voids in the
aggregate film and therefore a smaller internal surface area of
the aggregate film compared to the nanoparticle film. However,
the fact that a higher efficiency was received for the aggregate
film than the nanoparticle film strongly suggested that the
light scattering played an important role in enhancing the
optical absorption as well as the solar-to-electricity conversion of
the cell.

3.1.5. Mesoporous TiO, Beads

Single Layer Structure: Mesoporous TiO, beads, which were
reported by Chen et al. in 2009, presented a structure similar to
the ZnO aggregates, i.e., spherical assemblies constructed with
nano-sized crystallites.”” The mesoporous TiO, beads were cre-
ated through a two-step method, which involved the first step
synthesis of submicron-sized solid TiO, spheres and the second
step hydrothermal growth that etched the TiO, spheres to be of
porous structure and transformed the TiO, from the amorphous
phase to the crystalline one.l A characterization of the DSC
performance of the mesoporous TiO, beads demonstrated an
efficiency of 7.20%, which was higher than the 5.66% obtained
for P25 nanoparticles. This phenomenon was explained by a
light scattering mechanism evidenced by measured diffuse
reflectance spectra, on which P25 nanoparticles serving as ref-
erence only showed a diffuse reflection capacity in the wave-
length range of 400 nm to 450 nm, which quickly dropped as
the wavelength increased from 450 nm to 800 nm; the mesopo-
rous beads, however, displayed a high diffuse reflection capacity

www.advenergymat.de

in the entire visible and near-infrared regions from 400 nm to
800 nm (Figure 7).

Double Layer and Mixture Structures: In addtition to using mes-
oporous beads to form single layer structured photoelectrode
films, there have been several attempts to employ the mesopo-
rous TiO, beads in double layer or mixture structured DSCs as
light scatterers.’*! Recent work reported by Huang et al. com-
pared the mesoporous TiO, beads and the 400-nm large particles
in term of their light scattering effect when used in double layer
structured DSCs.”” The photoelectrode film with mesoporous
TiO, beads as the light scattering layer demonstrated 8.84% effi-
ciency, higher than that of the 7.87% with 400-nm large particles.
This implied that the porous structured aggregates might achieve
additional dye adsorption and thus contributed to the optical
absorption as well as the solar cell efficiency.

The use of nanocrystallite aggregates as light scatterers in a
mixture structure has also demonstrated 30%-40% increase in
the conversion efficiency when compared with the photoelec-
trode film that consists of nanoparticles alone.’®>’! However,
the existing empirical data in the literature cannot clarify the
extent to which the nanocrystallite aggregates perform better
than the solid-core large particles while mixed into a nanocrys-
talline film.

3.2. Nanocrystallite Aggregates with Open Structures
Facilitating lon Diffusion

In addition to the light scattering mechanism, the open struc-
ture of the photoelectrode film consisting of nanocrystallite
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Figure 7. Mesoporous TiO, beads for DSC application. (a)—(d) Morphology and structure of mesoporous TiO, beads produced with a two-step method,
(e) diffuse reflectance spectra of P25 nanoparticle films and mesoporous bead films in different thickness, and (f) incident photo to current conversion
efficiency (IPCE) curves of P25 nanoparticle films and mesoporous bead films. Reproduced with permission.2>31 [52] Copyright 2009, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. [53] Copyright 2010, American Chemical Society.
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A

TiO, nanosphere

FTO substrate

Figure 8. Open structure of photoelectrode film comprised of nanoporous
TiO, spheres for facilitating the diffusion of electrolyte through external
pores (A) and internal pores (B).*4l Copyright 2010, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

aggregates has been identified as another factor that contrib-
utes to improved DSC efficiency. The so-called “open structure”
arises from the large voids that exist among the aggregates.
It is suggested that these large voids serve as a “highway”
that allows fast diffusion of I3~ ions (in electrolyte) within the
photoelectrode film (Figure 8). A measurement of the ion dif-
fusion constants revealed that the ion diffusion constant in the
photoelectrode with TiO, aggregates is 6.7 X 107° cm? 57!, larger
than that of 4.1 x 10° cm? s7! in the photoelectrode with dis-
persed nanoparticles.*] As a result, the DSCs with aggregate
films achieved 8.44% efficiency, higher than the 7.3% for the
nanoparticle films.

3.3. Tightly Interconnected Nanocrystallites within the
Aggregates Enhancing Electron Transport

Besides the hypotheses of light scattering enhancing optical
absorption and the open structure of the aggregate film facili-
tating the electrolyte diffusion, Sauvage et al. in 2010 suggested
that the nanocrystallites within the aggregates were tightly inter-
connected and that such a compact structure might benefit the
DSCs by facilitating electron transport.*”! Experiments showed
that the photoelectrode film constructed with mesoporous TiO,
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10°*

Electron diffusion coefficient (cmzls)

T
Charge density (#/cms)

D, (cm/S)
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beads presented a longer electron diffusion length than the
film comprised of dispersed P25 nanoparticles (Figure 9). This
implied that the compact interconnection of nanocrystallites
within individual aggregates could achieve efficient electron
transport and reduce charge recombination in DSCs. This led
to 9.1% efficiency for the cell with mesoporous TiO, beads
compared with 7.1% for P25 nanoparticles.

Recently reported work by Yan et al. measured the values of
the electron diffusion coefficient (D,) for the photoelectrode
film with mesoporous TiO, microspheres. The values obtained
were five times higher than those for the photoelectrode film
with P25 nanoparticles (Figure 9).>4 Since the difference in the
electron lifetime (7,) between the films, however, was small, fol-
lowing the formula L, = (D,1,)"/?, the electron diffusion length
(L,) in the mesoporous TiO, microsphere film was estimated to
be approximately five-times longer than in a nanoparticle film.

4. Summary
4.1. Multiple Functions of the Nanocrystallite Aggregates

Nanocrystallite aggregates have been intensively studied over
recent years for application to DSCs. The overall results of
these studies have demonstrated that the photoelectrode films
formed from nanocrystallite aggregates can generate efficien-
cies higher than (in the case of ZnO) or comparable to (in the
case of TiO,) those made with dispersed nanoparticles. When
used as light scatterers, the nanocrystallite aggregates can also
perform better than the 400-nm solid-core particles commonly
employed in DSCs. Multiple mechanisms have been proposed
to explain the improved DSC performance of the nanocrystal-
lite aggregates. Most studies have emphasized the large surface
area of the aggregates. The internal surface area of photoelec-
trode films with the nanocrystallite aggregates is comparable
to or even larger than that of those with nanoparticles. This
is the primary merit of the nanocrystallite aggregates, allowing
the aggregates to be appropriate for application to DSCs for
achieving sufficient dye adsorption while serving as photo-
electrode film. Another merit that has also been stressed is the
capability of the aggregates for light scattering, which results

= Double layer
O~ Microspheres
—4A— Nanooctahedra
4 O— P25
10 -
=
<
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” /A/A
- o4
& ,///A F
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&
10* 10°
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Figure 9. Comparisons of electron diffusion in photoelectrode films constructed with mesoporous TiO, beads (or microspheres) or P25 nanoparti-
cles. (a) and (b) The dependence of electron diffusion coefficients on charge density and short-circuit current, respectively.?%%*l [30] Copyright 2010,
American Chemical Society. [54] Copyright 2011, The Royal Society of Chemistry.
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from the sub-micrometer size of the aggregates being compa-
rable to the wavelengths of visible light. The third merit of the
nanocrystallite aggregates is the compact interconnection of
the nanocrystallites within individual aggregates. The compact
interconnection enables highly efficient electron transport and
results in an electron diffusion length in the photoelectrode
film comprising aggregates longer than that in a film made of
dispersed nanoparticles. Finally, one more merit that has also
been suggested in literature is the relatively open structure of
the nanocrystallite aggregate photoelectrode films, which cre-
ates paths for quick diffusion of the electrolyte (I;~ ions) during
solar cell operation.

4.2. The Formation of Oxide Nanocrystallite Aggregates

The formation of oxide nanocrystallite aggregates very much
depends on the materials themselves especially in terms of
their crystalline properties and the surface chemistry of the
nanocrystallites. While the aggregates are used for DSCs, not
only the geometric shape but also the size and porosity of
the aggregates and the facets of the nanocrystallites forming
the aggregates should be carefully considered in matching the
requirements for dye adsorption, electrolyte diffusion, elec-
tron transport, and the generation of effective light scattering.
There are many approaches that can be adopted to create the
nanocrystallite aggregate structure (or spherical mesoporous
structure), such as self-assembly, electrospray/ultrasonic spray,
two-step etching, and template method.

4.2.1. Self-Assembly

The formation of ZnO aggregates introduced above is a typical
process of self-assembly of nanocrystallites occurring during the
hydrolysis of zinc salt in a polyol medium at elevated tempera-
ture (160 °C).12>>8 A model developed by Tay et al. suggests that
an initial hydrolysis of zinc salt generates high concentrated
ZnO nanocrystallites in the solution. These nanocrystallites
possess Zn-exposed (0001) plane and O-exposed (0001) plane,
which are positively charged and negatively charged, respec-
tively. Therefore, individual nanocrystallites can be regarded
as polar entities and, due to the existence of strong attractive
forces, they trend to agglomerate and form spherical arrange-
ment, which is a configuration much more stable than the indi-
vidual nanocrystallites having polar surfaces, so as to minimize
the surface energy.’! Self-assembly to form aggregates can be
also achieved by surface modification of oxide nanocrystallites
using polymer additives®” or inorganic salts such as ammo-
nium citrate, ! which attach on the surface of oxide nano-
crystallites to facilitate the connection of the nanocrystallites,
leading to the formation of spherical aggregates.

Another very important mechanism that may also result in
the formation of nanocrystallite aggregate structure through
self-assembly is the Ostwald Ripening, which is a phenomenon
observed in liquid sols describing a dissolution of small parti-
cles and then re-deposition to form large particles; the latter is
more energetically favored than the former.®d There are quite
a few examples regarding the fabrication of spherical mesopo-
rous structure of TiO, under hydrothermal conditions based on
the Ostwald Ripening mechanism reported recently.©364
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One of advantages of the self-assembly method is its high-
efficiency mass production. However, a drawback of this
method is its difficulty in controlling the facets of the nanocrys-
tallites to maximally match the requirement for dye adsorption.
This point is critically important especially in the case of TiO,.
As mentioned above, only anatase TiO, with exposed (101) facet
may achieve the most ideal dye adsorption and meanwhile the
most efficient electron injection.*’!

4.2.2. Electrospray and Ultrasonic Spray

Electrospray and ultrasonic spray are a kind of mechanical
approach for the fabrication of nanocrystallite aggregates, in
which liquid drops containing nanocrystallites (or nanopar-
ticles) are generated firstly through an electrostatic field®" or
ultrasonic atomization principle.®® The liquid drops lose the
solvent during their consequent flight to the collector, leading
to the formation of spherical aggregates of nanoparticles. The
most outstanding merit of the spray method is that it may start
with nanocrystallites which, importantly, can be produced in
advance. This enables to choose the nanocrystallites with suit-
able crystal phase and desired facets for the formation of aggre-
gates. However, the spray method suffers from the drawbacks
of low production efficiency and difficulty in receiving small-
sized aggregates (<1 um).

4.2.3. Two-Step Synthetic Approach

Two-step synthesis is a method based on an etching of
submicron-sized solid spheres that are produced in the first step.
The as-produced solid spheres then undergo a treatment in a
designed solution that may etch the spheres and convert them
to a mesoporous structure.l® This method has been exten-
sively reported recently for the preparation of TiO, mesoporous
spheres for application to DSCs, demonstrating quite high effi-
ciencies.*52 Speaking strictly, the mesoporous spheres fabri-
cated with this approach is not exactly the same as the structure
of nanocrystallite aggregates produced with a self-assembly or
spray method discussed above. However, while used for DSCs,
both the mesoporous spheres and the nanocrystallite aggre-
gates present bifunction of providing large internal surface area
for dye adsorption and meanwhile generating effective light
scattering that may enhance optical absorption.

The disadvantage of the two-step synthetic approach is that
the nanocrystallites are created with an etching process and
they therefore can not offer ideal crystallinity and desired facets
for the achievement of optimal dye adsorption and electron
injection.

4.2.4. Template Method

Template method is a way that restricts the nanocrystallites
in spherical template which plays a role of space confinement
and leads to the formation of nanocrystallite aggregates after
the template is removed. Carbon spheres are a type of typical
template that has been employed for the preparation of nano-
crystallite aggregates of metal oxides including TiO,.*”] To
use water-in-oil emulsion system is another potential way that
can produce the nanocrystallite aggregates. In this method,

wileyonlinelibrary.com 997

v
.
o
@
-
m
"
w
.
m
v
o
3




&
o
A
|
[
2]
/]
|
[
o
o
[
(-3

998  wileyonlinelibrary.com

ADVANCED
ENERGY
MATERIALS

Mk

www.advenergymat.de

(a) (b)

FTO glass

1
1§

333232

nanoparticles

www.MaterialsViews.com

(c) (d)

FTO glass FTO glass

aggregates

large-sized particles

Figure 10. Schematic drawing showing different electron transport distances in (a) nanocrystalline film, (b) double structure, (c) mixture structure
including ~400-nm large particles for light scattering, and (d) single layer structured photoelectrode film with nanocrystalline aggregates. The transport
distance (d,) in nanocrystallite aggregate film is smaller than that (d;) in other structured photoelectrode films.

individual water droplets dispersed in the emulsion are kind of
micro-reactors which can serve as a soft-template for the growth
of nanocrystallites and the formation of aggregate structure.

5. Perspectives

5.1. Reduction of the Photoelectrode film Thickness to Reduce
the Charge Recombination Rate in DSCs

Nanocrystallite aggregates appear to generate effective light
scattering and thus enhance the light harvesting efficiency of
photoelectrode film. The improved light harvesting efficiency
therefore makes it possible to create thinner photoelectrode
films than those made of nanoparticles without decreasing the
optical absorption of the photoelectrode. The benefit of reducing
the photoelectrode film thickness is to shorten the transport dis-
tance of the photogenerated electrons (Figure 10). The reduced
transport distance should in turn lower the charge recombina-
tion rate in the solar cell, therefore resulting in an increase in
both the open-circuit voltage and photocurrent density. Thus
the photoelectrode film composed of nanocrystallite aggregates
with thickness less than that of nanocrystalline film in the con-
ventional DSCs may possibly lead to a breakthrough in the
efficiency of DSCs. The improved electron transport within the
aggregates due to a tight interconnection of the nanocrystallites
would also contribute to diminishing the charge recombination
rate and boost the efficiency of the DSCs even further.

5.2. Optimization of the Porosity of Aggregates and the Facets
of Nanocrystallites Forming the Aggregates

The advantages of the nanocrystallite aggregates films discussed
in this paper have included large surface areas, light harvesting-
enhanced optical absorption, improved electron transport, and
an open structure facilitating electrolyte diffusion. However, in
order to reach the full performance potential of the nanocrystal-
lite aggregates in DSCs, it is likely that the porosity (especially
contributed by relatively small pores) of the aggregates and

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the facets of the nanocrystallites that form the aggregates still
require significant efforts for optimization.

The pore sizes of the aggregates reported in the existing lit-
erature are typically on the order of several nanometers.[?>*3
These pre sizes are much smaller than those in conven-
tional photoelectrode films made of nanocrystallites with
polymer binders, where the pores are about 10 nm or larger
(Figure 11).% A smaller porosity resulting in a more compact
structure is preferred for efficient electron transport. However,
if the pores are too small, they might not permit complete pen-
etration of the dye solution into the aggregates or allow quick
diffusion of electrolyte within the photoelectrode film. These
factors could explain why current TiO, nanocrystallite aggre-
gate DSCs have not achieved power conversion efficiencies
(PCEs) exceeding those of conventional nanocrystallite DSCs.
Optimization of the porosity and pore size of the aggregates
could bring a significant enhancement in the PCE of DSCs
by balancing the conflicting requirements of dye adsorption,
electrolyte diffusion, and electron transport in aggregate-based
DSCs.

While the porosity of the photoelectrode film directly affects
the internal surface area of the film and therefore the dye
adsorption amount, the facets of TiO, nanocrystallites may also
play an important role in affecting the dye adsorption. Previous
work has suggested that anatase TiO, with exposed (101) facet
may achieve the most successful dye adsorption. Fortuitously,
nanoparticles produced by hydrothermally hydrolyzing titanium
alkoxide in an acidic aqueous solution predominantly present
(101) facet.*) However, the exposed nanocrystallite facet has
not been addressed in most of the reported methods for the
synthesis of TiO, nanocrystallite aggregates, especially the two-
step method where the aggregates are created through etching
of solid spheres. This suggests that development of fabrication
methods towards creating TiO, aggregates comprised of nano-
crystallites with principally exposed (101) facet would no doubt
bring about a significant improvement in dye adsorption and, as
such, further boost the efficiency of DSCs with photoelectrode
film consisting of TiO, nanocrystallite aggregates. It is worthy
of pointing out that the electrospray mentioned above,>*]
which starts with a nanoparticle dispersed suspension, is such a
method that may preserve the facets of the nanoparticles when

Adv. Energy Mater. 2011, 1, 988-1001
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Figure 11. SEM images of TiO, nanocrystalline film with pore size distribution (a),l*¥ ZnO aggregates (b),?*! and TiO, aggregates (c)*l presenting
apparent difference of these nanostructures in the sizes of pores and nanocrystallites. [29] Copyright 2008, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. [40] Copyright 1997, The American Ceramic Society. [53] Copyright 2010, American Chemical Society.

they are assembled into aggregates. However, this method suf-
fers from a low efficiency in materials synthesis.

5.3. Optimal Double Layer Structure to Maximize Light
Harvesting

Nanocrystallite aggregates are such a material that can form
photoelectrode film achieving high efficiency in a single layer
in view of the advantages mentioned above in the aspects of dye
adsorption, light scattering, electron transport, and electrolyte
diffusion.?%] However, a photoelectrode film with single layer is
not thought to be an optimal structure for light harvesting for
the reason that there exists reflection to the incident light by the

Adv. Energy Mater. 2011, 1, 988-1001
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nanocrystallite aggregates at the interface between the FTO and
aggregate films (Figure 10d). To solve this problem, a double
layer structure is proposed to absorb the light reflected by the
aggregates by adding a layer of nanocrystalline film in front of
the aggregate layer (Figure 12). Note that the proposed double
layer structure is different from that in conventional double-
layer DSCs, which typically includes a 12 pm thick nanocrystal-
line film serving as an active layer covered by a 4 um thick light
scattering layer comprised of ~400 nm particles (i.e., a “12 pm
+ 4 um” mode) (Figure 1a).%% In the proposed photoelectrode
based on nanocrystallite aggregates, the double layer structure
would be a thin nanocrystalline film covered by a thick nano-
crystallite aggregate film. In this structure, the active layer is
the nanocrystallite aggregate film instead of the nanocrystalline
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Figure 12. Proposed double layer structured photoelectrode with an opti-
mization consideration for optical absorption enhancement by avoiding
the loss of incident light from being directly reflected by the aggregate
layer.

film, as such, to maximize the benefits of nanocrystallite aggre-
gates to DSCs in terms of light scattering, electron transport,
and electrolyte diffusion. Support for the idea of employing a
double layer structure in which the nanocrystallite aggregate
film serves as the active layer can be seen to some extent in
recent work performed by Huang et al.’® and Yu et al.®! In
these studies, the highest efficiencies were achieved with double
layer structured photoelectrodes having a “6.3 um + 11 um” or
“9 um + 11 pm” mode. These two modes, with the bottom layer
comprised of TiO, nanoparticles thinner than the top layer con-
sisting of nanocrystallite aggregates, is opposite to the conven-
tional double structure with a “12 um + 4 um” mode.

Compared with the single layer structured photoelectrode
made of nanocrystallite aggregates as discussed in Section 5.1,
in the proposed double layer structure, the insertion of a thin
layer of nanocrystalline film may somewhat increase the charge
recombination of the cell due to an increased thickness of the
photoelectrode film. However, it is anticipated that the adverse
effect of the charge recombination on the photocurrent could
be compensated by the enhanced optical absorption in view
of the nanocrystalline film absorbing the light reflected by the
aggregate layer.

6. Conclusions

It can be summarized that the superority of nanocrystallite
aggregates for DSC applications arises from: 1) their ability
to generate light scattering while avoiding the loss of internal
surface area that occurs with solid-core large particle light scat-
terers; 2) the improvement of electron transport resulting from
a tight interconnection of nanocrystallites within the aggre-
gates; and 3) the facilitation of electrolyte diffusion through the
relatively open structure of the photoelectrode film created by
the aggregates. ZnO aggregates have demonstrated a more than
twofold increase in overall DSC conversion efficiency compared
with the dispersed ZnO nanoparticles. The TiO, aggregates in
a single layer have the capability of achieving very high efficien-
cies comparable to the record ~10-11% efficiencies achieved by
TiO, nanoparticles with double layer structure. Nanocrystallite
aggregates thus considered to be a promising material that may
potentially lead to breakthroughs in improving the conversion

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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efficiency of DSCs by further optimization in terms of the
structure of photoelectrode film, the porosity of the aggregates,
and the facets of the nanocrystallites that form the aggregates.
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