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We report on the synthesis of ZnO nanocrystallite aggregates in the presence of lithium ions and films
consisting of these aggregates for dye-sensitized solar cell applications. A maximum overall conversion
efficiency of 6.1% has been achieved with these films. This value is much higher than the 4.0% obtained
for the films that are comprised of ZnOaggregates synthesized in the absence of lithium ions. The lithium
ions were found to have an influence on the growth and assembly of ZnO nanocrystallites, leading to an
increase in the nanocrystallite size and a polydisperse distribution in the size of the aggregates. The
increase in the nanocrystallite size is due to a lithium-induced increase in the diffusivity of interstitial zinc
atoms, which leads to an improvement in the crystallinity. This, in turn, yields an oxygen-enriched ZnO
surface,whichacts to suppress thedissolutionof zincatomsat theZnOsurface in the caseof anacidic dye.
As such, the formation of a Zn2þ/dye complex is avoided. This collaborates with an increase in the pore
size of the aggregates in view of the increase in the nanocrystallite size, allowing dyemolecules to undergo
a thorough infiltration into the photoelectrode film so as to be more adsorbed. The polydisperse size
distribution of the aggregates is believed to favor light scattering so that the traveling distance of light
within the photoelectrode film can be significantly extended. Both the improved dye adsorption and the
enhanced light scattering serve to increase the light-harvesting efficiency of the photoelectrode and, thus,
promote the overall conversion efficiency of solar cells.

I. Introduction

The worldwide demand for energy has increased with the
consumption of oil reserves. This has spurred the develop-
ment of new energy sources that are cost-effective and
environmentally friendly. Solar radiation is arguably an
ideal source of energy. The conversion from solar radiation
to electricitymaybe fulfilledby solar cells, a class of electrical
devices that, through the photovoltaic effect, generate and
then separate photogenerated carriers. For several decades,
crystalline silicon and compound semiconductor thin films
havebeendeveloped for solar cell use.However, suchdevices
still possess the disadvantage of high production cost.1 To
address this issue, many studies in the past 2 decades have
been focusedon the development of dye-sensitized solar cells
(DSCs), which feature low cost but relatively high conver-
sion efficiency.2-4

Manywide-band-gapoxides such asTiO2,
5ZnO,6 SnO2,

7

and Nb2O5
8 have been investigated as photoelectrode

materials inDSCs. In addition, various nanostructures such
as nanoparticles, nanowires/nanorods, and nanotubes serve
to offer a large surface area for dye adsorption and/or a
direct pathway for electron transport.9,10 To date, a max-
imum solar-to-electricity conversion efficiency of about
11% was obtained on TiO2 nanocrystalline films, which
feature a highly porous structure with a large specific
surface area for dye adsorption.11,12 Besides the desired
structure of the photoelectrode film, the achievement of
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such a high conversion efficiency for DSCs is also attrib-
uted to the use of ruthenium-based dyes as the photo-
sensitizer. These dyes, known as N3, N719, or black dye,
are very efficient in capturing most of the photons with
wavelengths in the visible region. More importantly, the
photogenerated electrons in these dyes have a long ex-
cited-state lifetime and can therefore effectively inject
from the dye molecules to the semiconductor (∼100 fs)
before radiative or nonradiative recombination occurs
(∼15 ns).9

ZnO,oneof themost commonII-VIsemiconductors, has
been regarded as a promising alternative to TiO2 in DSCs.4

As a photoelectrode material, ZnO possesses a wide energy
band gap similar to that of TiO2. The use of ZnO inDSCs is
thought to be advantageous with regards to crystallization
and electrical conduction. ZnO can be easily fabricated into
variousnanostructures.Furthermore,ZnOpossesses an elec-
tron mobility of 115-155 cm2 V-1 s-1, which is 7 orders
of magnitude higher than ∼10-5 cm2 V-1 s-1 for TiO2.

13,14

Many studies have focused on the application of ZnO in
DSCs. However, the reported conversion efficiencies are still
relatively lowwhen comparedwith those ofDSCswith TiO2

photoelectrodes. Conversion efficiencies of 1.5-5% for
ZnO nanocrystalline films,15-18 0.3-4.7% for ZnO nano-
wires,10,19-21 1.6-2.3% for ZnO nanotubes,22,23 and 0.23-
5.08% for ZnO nanoporous films24,25 have been previously
attained. In addition to the insufficient specific surface area

obtainable for ZnO films, the poor photovoltaic perfor-
mance observed inZnO-basedDSCshasbeenmainly caused
by the instability of ZnO in a ruthenium-based dye solution.
This instability results in the formation of an inactive Zn2þ/
dye complex layer on the ZnO surface and, therefore, lowers
the injection efficiency of electrons from the dyemolecules to
the ZnO semiconductor.26,27

In our previous work, we reported conversion efficiencies
above 3.5% using ZnO films with a hierarchical structure.
These films are comprised of numerous spherical aggregates
consisting of nanosized crystallites.28,29 It has been demon-
strated that the ZnO aggregates possess a submicrometer
size,which is comparable to thewavelengthsof incident light.
Therefore, light scattering can be generated within the
photoelectrode film. As a result, the traveling distance of
light is significantly extended by several hundred times,
leading to an increase in the light-harvesting efficiency
(LHE) of the photoelectrode. We have also indicated that
the average size of the aggregates and their size distribution
can be adjusted either by using a stock solution that contains
ZnOnanoparticlesorbychanging theheating rateduring the
synthesis of the ZnO aggregates. In comparison with films
that consist of ZnO aggregates with a monodisperse size
distribution, it was found that films with polydisperse ag-
gregates could form a more disordered structure and, thus,
cause an increase in light scatteringwithin thephotoelectrode
film.30 In this paper, we report a novel route to synthesizing
polydisperse ZnO aggregates using lithium ions to mediate
the growth of the aggregates. With photoelectrode films
containing as-fabricated ZnO aggregates, a maximum con-
version efficiencyof 6.1%hasbeenachieved. Itwill be shown
that the use of lithium ions may induce the growth of ZnO
nanocrystallites and, meanwhile, significantly improve the
surface stability ofZnO inanacidic dye.Thehigh conversion
efficiency is attributed to both the polydisperse size distribu-
tion of the aggregates, which contributes to the light scatter-
ing, and the improved surface stabilityofZnO,whichenables
the dye molecules to adsorb on ZnO in a monolayer.

II. Experimental Section

The method used for fabricating ZnO aggregates via a

hydrolysis-condensation reaction is similar to that described

elsewhere.31 However, in this study, a lithium salt is employed to
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mediate the growth of ZnO aggregates. For a typical fabrication

process, 0.1M zinc acetate dihydrate (ZnAc 3 2H2O) and 0.01M

lithium salt (e.g., LiAc 3 2H2O) were added to diethylene glycol,

and themixturewas heated to 160 �Cat a rate of 5 �Cmin-1. The

reaction solution became transparent when the temperature

reached 130 �C and gradually evolved into a white, cloudy

colloid at a temperature of 160 �C. The solution was kept at

160 �C for about 2 h in order to allow for the necessary chemical

reactions to occur. The colloid was then concentrated by a

sequential treatment of centrifugation (at 6000 rpm for 20 min),

removal of the supernatant, and several redispersals of the

precipitate in ethanol. The precipitate of ZnO aggregates was

finally dispersed in ethanol with a concentration of approxi-

mately 0.5 M and then ultrasonicated for about 10 min until a

colloidal suspension solution was obtained.

The photoelectrode films, denoted as “Li-ZnO”, were prepared

throughdrop-castingof the suspension solutionofZnOaggregates

onto fluorine-doped tin oxide glass substrates. The film thickness

was about 10 μmandwas controlled by adjustment of the amount

of suspension solution added upon the glass substrate. Once the

filmsweredry, theywereannealedat 350 �Cfor 1h inair inorder to

remove any residual solvent and organic chemicals on the ZnO

surface. For the purpose of comparison, films consisting of ZnO

aggregates synthesized with no lithium salt, denoted as “pure-

ZnO”, were also prepared with the same fabrication process. All

Li-ZnO and pure-ZnO films were sensitized in Ru(dcbpy)2(NCS)2
(N3) dye with a concentration of 5� 10-4M in ethanol for 20-30

min. The solar cell performancewas characterized by recording the

photocurrent-voltage behavior while the photoelectrodes were

irradiated by AM 1.5 simulated sunlight with a power density of

100 mW cm-2. The electrolyte used contained 0.5 M tetrabutyl-

ammonium iodide, 0.1 M lithium iodide, 0.1 M iodine, and 0.5M

4-tert-butylpyridine in acetonitrile.

The film morphology and structure were characterized by

scanning electron microscopy (SEM) and X-ray diffraction

(XRD). The size distributions of the aggregates were measured

with a particle size analyzer (SaturnDigiSizer 5200;Micromeritics

Instrument Corp., Norcross, GA), while the aggregates were

dispersed in deionized water containing sodium hexametaphos-

phate [(NaPO3)6] as a surfactant; the beam obscuration was set to

10%. An UV/visible spectrometer (Lambda 900; PerkinElmer,

Waltham, MA) and a photonic multichannel analyzer equipped

with an integrating sphere (A10104-01; Hamamatsu Photonics

K.K., Hamamatsu, Japan) were employed for analysis of the

optical absorption properties of the ZnO aggregate films. The

porosity of the ZnO aggregates was analyzed with a surface area

andpore size analyzer (NOVA4200e;Quantachrome Instruments,

BoyntonBeach,FL).Measurements of the ζpotentialwere carried
out through the use of a ζ potential analyzer (ZetaPALS; Broo-

khaven InstrumentsLtd.,Worcestershire,U.K.) operating under a

current of 1.2 mA and an electric field of 14.3 V cm-1.

III. Results and Discussion

Figure 1 shows the typical photovoltaic behavior of ZnO
films consisting of aggregates synthesized in the presence
and absence of lithium ions. These two types of films
display similar open-circuit voltages (VOC) in the range of
640-660mV and fill factors (FFs) of 0.44-0.48.However,
they differ in short-circuit photocurrent densities (ISC), i.e.,
13 mA cm-2 for pure-ZnO and 21 mA cm-2 for Li-ZnO.
The larger photocurrent density leads to higher conversion
efficiency. The efficiency of the Li-ZnO film reached 6.1%,
while a value of 4.0% was attained for the pure-ZnO film.

Such a ∼53% enhancement in the conversion efficiency
likely suggests that the use of lithium ions during the ZnO
aggregate synthesis may have a positive influence on the
solar cell performance by affecting either the morphology,
structure, or surface chemistry of the aggregates as well as
the photoelectrode film.
Shown inFigure 2are theSEMimages of films that consist

ofZnOaggregates synthesized in the absence andpresence of
lithium ions. It can be seen that both of these films present a
hierarchical structure assembled by submicrometer-sized
aggregates consisting of nanosized crystallites. These nano-
crystallites interconnect and form mesopores inside the
aggregates, providing the films with a high porosity.29 For
pure-ZnO and Li-ZnO, some crucial differences can be
observed from the SEM images. Specifically, under low

Figure 1. Photovoltaic behavior of ZnO films consisting of aggregates
synthesized in the presence (denoted as “Li-ZnO”) and absence (denoted
as “pure-ZnO”) of a lithium salt.

Figure 2. Morphology and structure of ZnO aggregate films. (a and b)
SEM images with different magnifications for the pure-ZnO film. (c and d)
SEM images for the Li-ZnO film. (e) Drawing to illustrate the hierarchical
structure of the aggregates consisting of ZnO nanocrystallites.
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magnification (Figure 2a,c), the pure-ZnO film is comprised
of aggregates with a monodisperse size distribution, whereas
theLi-ZnOfilmexhibits abroaddistributionof the aggregate
size from several tens to several hundreds of nanometers.
This is in good agreement with the size distributionmeasure-
ment of pure-ZnO and Li-ZnO aggregates, as shown in
Figure 3.
The polydisperse size distribution of ZnO aggregates

synthesized in the presence of a lithium salt reflects the
important influence of lithium ions on the growth of ZnO
aggregates. As shown in the schematic of Figure 4, it is
possible that these lithium ions adsorb on the ZnO surface
so as tomediate the agglomeration of ZnOnanocrystallites.
Such a polydisperse size distribution of ZnO aggregates has
been thought to be beneficial to effective light scattering
and, thus, the light traveling distance within the photoelec-
trode film is significantly extended. This would result in an
increase in the LHE of the photoelectrode as well as the
conversion efficiency of the solar cell.32,33 Shown inFigure 5
are the diffuse-transmittance and -reflectance spectra of the
pure-ZnO andLi-ZnO aggregate films. The spectra provide

definitive evidence of the existence of light scattering for
both films in the visible region. The more intensive diffuse
transmittance and reflectance of the Li-ZnO aggregate film
demonstrate that the light scattering is more effective
because of the polydispersity of the aggregate size.
These samples were also characterized through X-ray

photoelectron spectroscopy (XPS; see the Supporting Infor-
mation). However, no detectable difference could be found
in the XPS spectra for the pure-ZnO and Li-ZnO films,
indicating that these two films are identical with regards to
their chemical composition.34 In other words, it excludes the
possibility that lithium exists in ZnO as a dopant or forms a
composite with ZnO. However, as stated earlier, we are
using the term “Li-ZnO” in this paper to represent the ZnO
aggregates synthesized in the presence of lithium ions.
In the high-magnification SEM images shown in

Figure 2b,d, a difference in the surface roughness of the
aggregates can be observed. The Li-ZnO aggregates pre-
sent a surface that is coarser than that of pure-ZnO. Such
a difference in the surface roughness of pure-ZnO and Li-
ZnO aggregates can be ascribed to the difference in the
nanocrystallite size. This conclusion is confirmed by the
XRD patterns, shown in Figure 6, in which the peak
intensity of Li-ZnO is almost twice as strong as that of
pure-ZnO, revealing a difference in the crystallinity of

Figure 3. Size distributions of Li-ZnO and pure-ZnO aggregates.

Figure 4. Schematic showing the growth of ZnO aggregates mediated by
lithium ions.

Figure 5. Diffuse-transmittance and -reflectance spectra of the Li-ZnO
and pure-ZnO films.

Figure 6. XRD patterns of Li-ZnO and pure-ZnO films, revealing the
difference in the nanocrystallite size.
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these two films. Through the use of Scherrer’s equation, it
was estimated that the average crystallite sizes are 12 nm
for Li-ZnO and 10 nm for pure ZnO.
The difference in the nanocrystallite size likely suggests

that, aside from the influence on the growth of aggregates
resulting in the polydisperse size distribution, the lithium
ions also play a role in promoting the crystallization of
ZnO nanocrystallites. A possible explanation is that ZnO
is usually an n-type semiconductor with the native defects
of oxygen vacancies and zinc interstitials; the interstitial
zinc atoms are proven to be determinant in the growth of
crystal grains. Lithium ions have a radius of 0.060 nm,
smaller than that of 0.074 nm for Zn2þ. Therefore, the
lithium ions may intercalate into ZnO and enable the
interstitial zinc atoms to have a high diffusivity. This, in
turn, causes an increase in the concentration of the zinc
atoms and, thus, promotes the growth of crystalline ZnO
grains.35-37 InDSCs, the improved crystallinity would be
favorable in reducing the energy loss of electrons travel-
ing in the semiconductor photoelectrode film.An increase
in the crystallite size may, in theory, cause a slight
decrease in the specific surface area of the photoelectrode
film. However, in the case of a hierarchical film with
aggregates consisting of nanocrystallites, the larger-sized
nanocrystallites may result in a porous structure with
increased pore sizes. The results of the pore size distribu-
tion measurements for pure-ZnO and Li-ZnO aggregates
are shown inFigure 7.Adifference in the porosity of these
two samples is observed; Li-ZnO possesses an average
pore size slightly larger than that of pure-ZnO. Such an
increase in the pore size would ameliorate the dye infiltra-
tion process within the film during sensitization and, thus,
shorten the sensitization time so as to prevent the forma-
tion of a Zn2þ/dye complex. It is also believed that an
increase in the pore size could be advantageous toward
promoting electrolyte diffusion when the film is used in a
DSC configuration under operating conditions.

Besides the effects of lithium ions on the filmmorphology
(i.e., the polydisperse size distribution of aggregates) and
the porosity of aggregates, it was also found that the surface
chemistry of ZnO is very different for Li-ZnO and pure-
ZnO. It is well-known that ZnO is not stable when it is
soaked in acidic dyes because the surface zinc atomsmaybe
dissolved by protons released from the dye molecules.26,27

This can result in the formation of an inactive Zn2þ/dye
complex layer on the ZnO surface and, thus, lower the
electron injection efficiency from the dye molecules to the
ZnO semiconductor. For example, it was reported that the
overall conversion efficiency of a DSC based on a ZnO
aggregate film tended to gradually decrease when the
sensitization time in the N3 dye was longer than 20 min.38

In the present paper, it is shown that films of pure-ZnO and
Li-ZnO are very different with regards to the surface
chemistryand thatLi-ZnOpresents an impressive improve-
ment in the surface stability of ZnO in a ruthenium-based
dye solution. This study was performed by soaking the
pure-ZnO and Li-ZnO films in the N3 dye for 2 h; such a
sensitization time is designed to be at least 6 times longer
than the conventional 20-30 min used in the case of ZnO
for dye adsorption. These films, after dye sensitization,
were characterized by SEM. The results are shown in
Figure 8. It is evident that, after suffering an overadsorp-
tion of dye, the pure-ZnO film has been covered by a thick
layer of complex so that the appearance of an aggregate
surface can no longer be clearly observed. Conversely, the
Li-ZnO film still displays a relatively distinct nanocrysta-
llite structure with only a very slight accumulation of Zn2þ/
dye complexes on the aggregate surface. The difference in
the dye adsorption for the films of pure-ZnO and Li-ZnO
reflects the difference in the surface chemistry of these two
films. The Li-ZnO film, which consists of ZnO aggregates
synthesized in the presence of lithium ions, indicates an

Figure 7. Pore size distribution of pure-ZnO and Li-ZnO aggregates.

Figure 8. SEM images of ZnO aggregate films after dye sensitization:
(a and b) pure-ZnO; (c and d) Li-ZnO. Parts b and d were taken at high
magnification, showing the adsorption of dye on the surface of the ZnO
aggregates. The sensitization time was 2 h.

(35) Fan, Z. Y.; Lu, J. G. Zinc oxide nanostructures: Synthesis and
properties. J. Nanosci. Nanotechnol. 2005, 5(10), 1561–1573.

(36) Ohya, Y.; Saiki, H.; Tanaka, T.; Takahashi, Y. Microstructure of
TiO2 and ZnO films fabricated by the sol-gel method. J. Am.
Ceram. Soc. 1996, 79(4), 825–830.

(37) Fujihara, S.; Sasaki, C.;Kimura, T. Effects of Li andMgdoping on
microstructure and properties of sol-gel ZnO thin films. J. Eur.
Ceram. Soc. 2001, 21, 2109–2112.

(38) Chou, T. P.; Zhang, Q. F.; Cao, G. Z. Effects of dye loading
conditions on the energy conversion efficiency of ZnO and TiO2

dye-sensitized solar cells. J. Phys. Chem. C 2007, 111(50), 18804–
18811.



2432 Chem. Mater., Vol. 22, No. 8, 2010 Zhang et al.

improved surface stability in the ruthenium-based dye.
Such an improved surface stability would significantly
suppress the formation of a Zn2þ/dye complex and, thus,
keep the pores of the aggregates from being blocked. This
enables a thorough infiltration of dye molecules into the
interior of the aggregates and, meanwhile, offers open
pathways for electrolyte diffusion within the photoelec-
trode film when the solar cell is under operating condi-
tions. It is also believed that the improved surface stability
favors the attainment of dye adsorption on ZnO in a
monolayer, resulting in more effective electron injection
at the dye-semiconductor interface.
A possible explanation for the improvement in the

surface stability of ZnO in an acidic dye is that the lithium
ions may induce the growth of ZnO nanocrystallites by
increasing the diffusivity of interstitial zinc atoms, as
mentioned above. This would lead to a decrease in the
concentration of zinc atoms at the nanocrystallite surface
because of the surrounding lithium ions and, thus, likely
provide ZnO with an oxygen-enriched surface. Such a
surface terminated with enriched oxygen atoms may
hinder the reaction between the zinc atoms and the
protons released from the dye, therefore suppressing the
formation of a Zn2þ/dye complex. It should be noted that
the existence of an oxygen-enriched surface is just a
hypothesis that has been proposed to explain the change
in the ZnO surface with respect to dye adsorption. In this
study, no difference has been observed in the XPS spectra
regarding the oxygen content of pure-ZnO and Li-ZnO.34

The inability to detect such an oxygen-enriched surface is
possibly due to the very small difference in the oxygen
content of pure-ZnO and Li-ZnO.
The difference in the dye adsorption for the films of pure-

ZnO and Li-ZnO was further explored by a dye-unloading
experiment. In this experiment, the filmswere first sensitized
in dye for 20 min and then soaked in a 1 MNaOH water-
ethanol (1:1) solution for dye unloading.39 The solutions
with dye desorbed from the filmswere then characterized by
measurement of their UV/visible absorption spectra. The
results are shown in Figure 9; an absorption spectrum of a
virgin N3 dye solution is also included for reference. It can
be seen that all of these dye solutions present three absorp-
tion peaks at wavelengths of 310, 375, and 510 nm, corre-
sponding to the characteristic absorption of theN3dye. The
absorption spectra of the solution with dye desorbed from
the pure-ZnO film and the solution of virgin N3 dye are
almost identical in terms of both their peak positions and
relative intensities. However, the solution of dye desorbed
from the Li-ZnO film exhibits an absorption that is gradu-
ally increased in the near-UV/visible region as the wave-
length becomes smaller than 500 nm. It is known that the
optical absorption of dye molecules is caused by electron
transit from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO). The N3 dye molecule possesses a structure of
four carboxylic groups (COOH) at the end of the pyridyl

rings and two NCS ligands connected to RuII, as shown in
the inset of Figure 9. The HOMO level of the N3 dye is
related to the ruthenium metal and NCS ligands, and the
LUMO level is associated with the bipyridyl rings and
carboxylic groups.40 In the case of a dye-sensitized oxide
semiconductor, the carboxylic groups are spatially close to
the semiconductor surface and form a bond with the
semiconductor by donating a proton to the oxide lattice.41

From the results of this study, no evidence was found
concerning any change in the molecular structure of the
N3 dye after it is desorbed from Li-ZnO. Therefore, the
absorption enhancement in the near-UV/visible region, as
shown in Figure 9, is not thought to be due to the N3 dye.
Considering that the intrinsic absorption of ZnO is at 380
nm, it can be simply inferred that the absorption enhance-
ment may arise from segments of ZnO that have peeled off
from the Li-ZnO film and dispersed in the solution. Such a
scenario would cause optical absorption in the near-UV/
visible region. It is quite interesting that this phenomenon
does not occur for pure-ZnO. This likely suggests that the
chemical bond between the dye molecules and ZnO is
greatly enhanced in the case of Li-ZnO. However, further
investigation is ongoing in order to reveal themechanism of
how the lithium ions bond toZnOand affect the absorption
of dye molecules.
A ζ potential analysis was also carried out in order to

better understand the lithium-ion-induced change in the
surface status of ZnO. The suspension solution was pre-
pared by dispersing pure-ZnO or Li-ZnO aggregates in a
solution of ethanol at a concentration of∼1� 10-3M. The
results revealed an obvious difference in the ζ potentials for
these aggregates, i.e., an averageof 64(2mVforpure-ZnO
and 42 ( 1 mV for Li-ZnO. The ζ potential reflects the
interaction between the solid surface and the liquid electro-
lyte. The ∼34% decrease in the ζ potential verified the
change in the surface chemistry of ZnO due to the use of a
lithium salt during the aggregate synthesis. The results for

Figure 9. Optical absorption spectra of 0.02 mM N3 dye ( 3 3 3 ) and
solutions with dye unloaded from Li-ZnO (;) and pure-ZnO (- - -) films.
The inset is the molecular structure of the N3 dye. The dye adsorption
amount is estimated to be about 6.0 � 10-8 mol cm-2 for both the pure-
ZnO and Li-ZnO films.

(39) Kakiuchi, K.; Hosono, E.; Fujihara, S. Enhanced photoelectro-
chemical performance of ZnO electrodes sensitized with N-719. J.
Photochem. Photobiol., A 2006, 179(1-2), 81–86.

(40) Gratzel, M. Perspectives for dye-sensitized nanocrystalline solar
cells. Prog. Photovoltaics 2000, 8(1), 171–185.

(41) Hagfeldt, A.; Gratzel, M. Molecular photovoltaics. Acc. Chem.
Res. 2000, 33(5), 269–277.
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pure-ZnO and Li-ZnO films with regards to morphology,
structure, surface chemistry, and photovoltaic properties
are summarized and compared in Table 1. It is evident
that the lithium ions exert a significant influence on the
growth of ZnO aggregates and result in an improvement
in the performance of DSCs.

IV. Conclusions

We have demonstrated that the use of a lithium salt
during the synthesis of ZnO aggregates may result in both
a polydisperse size distribution of the aggregates and an
improvement in the surface stability of ZnO in an acidic
dye. The film consisting of as-synthesized Li-ZnO aggre-
gates exhibits a significant increase in the photocurrent
density when used in a DSC, and displays a ∼53%
increase in the overall conversion efficiency. The enhance-
ment in the performance of DSCs with ZnO films con-
sisting of aggregates synthesized in the presence of lithium
ions can be ascribed to (1) the polydisperse size distribu-
tion of ZnO aggregates, which causes strong light scatter-
ing within the photoelectrode film, (2) the increase in
the nanocrystallite size of ZnO and the pore size of the
aggregates, which offers a more porous structure for dye
infiltration and electrolyte diffusion, and (3) the enhanced
surface stability of ZnO, which prevents the formation of
Zn2þ/dye complexes and favors dye adsorption on ZnO
in amonolayer. Because of the relatively slight variance in
the diffuse-transmittance and -reflectance spectra of the
pure-ZnO and Li-ZnO films, as well as the mild change in
the pore size distribution of the ZnO aggregates with use
of lithium ions for synthesis, factors (1) and (2) were
believed to have only aminor impact on the enhancement

in the solar cell performance. However, the third factor,
an improvement in the surface stability and dye adsorp-
tion, was thought to have made the primary contribution
to the enhancement in the solar cell performance because
an avoidance of the formation of a Zn2þ/dye complex in
ZnO-basedDSCs is especially critical for achieving highly
efficient light-harvesting and electron injection from the
dye molecules to the semiconductor. Finally, it is worth
mentioning that a surface modification like what lithium
ions provide in this study is both a simple and feasible
approach to increase the surface stability of the ZnO
material when used inDSCs. Other cations or anionsmay
also be effective in accomplishing such a modification or
possibly lead to a better surface stability. It is anticipated
that a resolution of the problem regarding dye adsorption
on ZnO may impart the ZnO-based DSCs with power
conversion efficiencies much higher than what have
reached at present or even comparable to those of TiO2

(∼11%).
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Table 1. Summary of the Morphology, Structure, Surface Chemistry, and Photovoltaic Properties of pure-ZnO and Li-ZnO Films

sample
dispersivity of
aggregates

average
crystallite
size (nm)

average pore
size (nm)

ζ potential
(mV)

formation of a
Zn2þ/dye complex
after sensitization VOC(mV) ISC(mA cm-2) FF η (%)a

pure-ZnO mono 10 1.6 64( 2 yes 640 13 0.48 4.0
Li-ZnO poly 12 1.8 42( 1 no 660 21 0.44 6.1

a η = (VOCISC � FF)/Pin, where η is the overall conversion efficiency and Pin is the incident power density (=100 mW cm-2).


