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Ethanol-soluble amphiphilic TiO, nanoparticles (NPs) of average diameter ~9 nm were synthesized, and an o-terpineol-
based TiO, paste was readily prepared from them in comparatively few steps. When used for fabrication of photoelectrodes
for dye-sensitized solar cells (DSSCs), the paste yielded highly transparent films and possessing greater-than-typical,
thickness-normalized surface areas. These film properties enabled the corresponding DSSCs to produce high
photocurrent densities (17.7 mA cm ™) and a comparatively high overall light-to-clectrical energy conversion efficiency
(9.6%) when deployed with the well-known ruthenium-based molecular dye, N719. These efficiencies are about
~1.4 times greater than those obtained from DSSCs containing photoelectrodes derived from a standard commercial

source of TiO, paste.

Introduction

Dye-sensitized solar cells (DSSCs) have received considerable
scientific and commercial attention on account of their (as yet
unrealized) potential for achieving solar-to-electrical energy con-
version at a cost equal to, or less than, that attainable with silicon-
based photovoltaics.'~” Major improvements will likely require
new redox shuttles (capable of supporting higher photovoltages)
and new far-red-absorbing dyes (capable of increasing red and
far-red light-harvesting efficiencies and thereby improving photo-
currents). Unfortunately, attempts to evaluate the absolute per-
formance of candidate dyes and shuttles are often complicated by
issues relating to the underlying photoelectrode.

In the most highly efficient DSSCs, the photoanode includes a
high-area TiO, film consisting of a mesoporous network of TiO,
nanoparticles (NPs). Since the particle network serves as both a
high-area scaffold for dye molecules and a conduit for delivering
injected electrons to an underlying current collector, typically
fluorine-doped tin oxide (FTO),"* the size of particles and their
degree of electrical interconnection can influence greatly the
performance of a DSSC. Electrodes fabricated from readily
available, commercial TiO, NP paste, or from easily synthesized
TiO, NP paste, tend to yield mediocre cells, even when combined
with components comprising champion cells (i.e., components of
DSSCs of 114% energy conversion efficiency, 77).* Nevertheless,
these approaches are often employed since the preparation of
photoanodes capable of yielding high-performance cells is a lengthy
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and tedious process, entailing a large number of intermediate
steps (see Scheme 1A). Here we report a simple and convenient
method for constructing high-area TiO, NP electrodes. We find
that these electrodes yield cells that deliver efficiencies that
reasonably closely approach those of much-more-difficult-to-
make champion DSSCs.*?

Limitations of Standard Approaches

Most DSSC-relevant TiO, pastes have been prepared either
in water'™'" or a-terpineol.**'*"* Since TiO, NPs are usually
synthesized in aqueous solution via a hydrothermal reaction, they
are initially well dispersed. Hence, water-based TiO, pastes are
typically relatively easy to prepare. Water, however, induces
agglomeration of TiO, NPs during the drying of the paste; this
leads to diminished transparency for the TiO, films, and thus
negatively affects the performance of the cells. In contrast, TiO,
films fabricated with a-terpineol-based TiO, pastes are highly
transparent and show good long-term stability. The process to
make the pastes entails the exchange of water for ethanol and,
subsequently, ethanol for a-terpineol. Because their surfaces are
hydrophilic, TiO, NPs are immediately agglomerated by addition
of ethanol, a solvent that is at least partially hydrophobic —
especially in comparison to water (Scheme 2). Unfortunately,
once NPs have agglomerated, they are difficult to redisperse in
ethanol. Consequently, consistent preparation of high-quality
a-terpineol-based TiO, pastes’ can be challenging. These diffi-
culties are compounded when syntheses of pastes comprising
smaller NPs (diameter (d) < 10 nm) are attempted, as smaller

(9) Tto, S.; Chen, P.; Comte, P.; Nazeeruddin, M. K.; Liska, P.; Pechy, P
Gratzel, M. Prog. Photovoltaics 2007, 15, 603-612.

(10) Zhang, D. S.; Ito, S.; Wada, Y. J.; Kitamura, T.; Yanagida, S. Chem. Lett.
2001, 1042-1043.

(I11) Tae, E. L.; Lee, S. H.; Lee, J. K.; Yoo, S. S.; Kang, E. J.; Yoon, K. B.
J. Phys. Chem. B 2005, 109, 22513-22522.

(12) Tto, S.; Nazeeruddin, M. K.; Liska, P.; Comte, P.; Charvet, R.; Pechy, P.;
Jirousek, M.; Kay, A.; Zakeeruddin, S. M.; Gratzel, M. Prog. Photovoltaics 2006,
14, 589-601.

(13) Lee, G. W.; Bang, S. Y.; Lee, C.; Kim, W. M.; Kim, D.; Kim, K.; Park,
N. G. Curr. Appl. Phys. 2009, 9, 900-906.

Langmuir 2011, 27(5), 1996-1999



Jeong et al.

Article

Scheme 1. Flow Charts of Procedures for Preparation of One Type of TiO, Paste’ (Top) and TBA-TiO, Paste (Bottom)

A. procedure for preparation of one type of TiO; paste

|Mix TiO, powder and acetic acid and grind in mortar

+ v

|[Add water and grind in mortar with a pestle] X 5 times I |Stir with magnet bar, sonicate with ultrasoinic horn I
v v

|[Add ethanol and grind in mortar with a pestle] X 21 times I |Add 10% ethyl cellulose-ethanol solution I
v

|Transfer the TiO, paste to a beaker using ethanol I |Stir with magnet bar, sonicate with ultrasoinic horn I
v v

|Stir with magnet bar, sonicate with ultrasoinic horn I |Evaporaie the ethanol with a rotary evaporator I
v

[Add Terpineol | | [Grind with a three-roller mill |

B. procedure for preparation of TBA-TiO; paste
Part 1: synthesis of TiO, NP

Part 2: preparation of TiO, paste

stirring for 2 h

Mix TIP, IPA, TBAOH, and H,O and reflux with continuous

Mix TBA-TiO, NP solution, ethanol, a-terpineol, and
10% hydroxypropyl cellulose-ethanol solution

v

v

|Crysta|lize at 150 °C for 3 h in an autoclave

|Slir with magnet bar I

Scheme 2. Qualitative Representations of Surfaces of Typical TiO,
NPs (Left), TMA-TiO, NPs (Middle), and TBA-TiO, NPs (Right).”
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“While typical TiO, and TMA-TiO, NPs are hydrophilic, TBA-TiO,
NPs are amphiphilic.

particles more readily agglomerate in nonaqueous solvents than
do larger ones. Thus, published syntheses typically include steps
where aggregated TiO, NPs are fractured using a mortar and
pestle and then agitated to achieve some degree of redispersion
in ethanol, followed by exchange with o-terpineol. In our experi-
ence, the extent of success with the redispersion steps is highly
variable, such that the quality of the resulting paste is both diffi-
cult to predict and difficult to control.

An Alternative Approach to TiO, NP-Paste Synthesis

Due to the presence of surface hydroxyl groups, NPs of TiO,
typically are hydrophilic (Scheme 2). Thus, they are well dispersed
in water, but not in hydrophobic or amphiphilic solvents. We
reasoned that particles might be rendered hydrophobic—and
their solubility therefore changed—Dby coating their surfaces with
tetraalkylammonium ions. The preparation of coated particles is
outlined in Scheme 1B and detailed in the Supporting Informa-
tion (SI). Briefly, however, titanium(IV) isopropoxide (TIP) in
isopropanol was added to an aqueous solution that had been
made basic via addition of tetrabutylammonium hydroxide
(TBAOH). Hydrolysis of TIP under these conditions (i.e., at a
pH well above the pH-of-zero-charge for TiO,) is expected to
yield colloidal particles having substantial negative charge. The
excess charge can be partially compensated via adsorption of
TBA*.'* Colloidal particle suspensions were also prepared by
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Figure 1. Photographs of (A) TMA-TiO, NPs dispersed in water,

(B) sedimented TM A-TiO, agglomerates in EtOH, (C) TBA-TiO,
NPs dispersed in water, and (D) TBA-TiO, NPs dispersed in EtOH.
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Figure 2. (A) Photograph of TBA-TiO, film, and (B) transmit-
tance spectra of TBA-TiO, film (red curve) and Com-TiO, film
(blue curve).

using tetramethylammonium hydroxide (TMAOH) in place of
TBAOH. Powder X-ray diffraction (XRD) patterns of the synthe-
sized TMA- and TBA-TiO, NPs (as well as the commercial sample)
indicate that they are crystalline anatase (see SI).

Transmission electron microscopy (TEM) showed that the
TMA-TiO, and TBA-TiO, NPs range in size (diameter) from
~5nm to ~20 nm (see SI). Average sizes of NPs were calculated
from the width of an X-ray diffraction peak characteristic of the (200)
plane (20 = 48.02°) by using the Debye—Scherrer method.'*!¢
The average diameters of both the TBA- and TMA-capped
particles are ca. 9 nm (see SI). The TMA-TiO, NPs were observed
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Figure 3. (A) UV—visabsorption spectra of N719-coated, 8 um-thick TBA-TiO, film (red), and 11 gm-tick Com-TiO, film (blue). Extinction
spectra for dye-free TBA-TiO, and Com-TiO, films were subtracted from spectra shown. (B) Corresponding J—V curves for DSSCs
assembled from the films. (C) Corresponding IPCE curves for DSSCs assembled from the films. Films examined in panel A did not include
light-scattering layers (400-nm particle layers), while those examined in panels B and C did include such layers.

to disperse well in water, but immediately agglomerated and then
precipitated when placed in ethanol (Scheme 2 and Figure 1A,B).
The TBA-TiO, NPs, however, were observed to disperse well in
both solvents (see panels C and D of Figure 1).

Thin-Film Fabrication

The observed amphiphilicity of the TBA-TiO, NPs was antici-
pated to facilitate the preparation of high-quality pastes. Indeed,
an a-terpineol-based paste proved straightforward to prepare by
mixing TBA-TiO, NPs with ethanol, a-terpineol, and hydroxy-
propyl cellulose (see SI for further details). TiO, films were
prepared from the paste by using the doctor-blade method (see
SI). For comparison, we also prepared films from commercial
TiO, paste (Com-TiO,; product “DSL 18NR-T” from Dyesol)
containing NPs of average diameter 17 nm (see SI). The thick-
nesses of TBA-Ti0,- and Com-TiO,-derived films were ~8 um
and ~11 um, respectively (see SI). As shown in Figure 2, TBA-
TiO, films exhibit excellent transparency, with transmittance
superior to that of Com-TiO,-derived films in the 400—700 nm
spectral region. We attribute the enhanced transparency for the
TBA-TiO,-derived films to less light scattering. In the Rayleigh
scattering regime,

6 2 4/ 1\2
. 10<5’> 1+ cos 9(@) (n 1) )
2 2R? A n*+2

where [ is the intensity of scattered light, I, is the intensity of
incident light, d is the particle diameter, 6 is the scattering angle,
R is the distance between observer and particle, A is the wave-
length of incident light, and # is the refractive index of the particle.
Note that the amount of scattering scales as d to the sixth power.
Since TBA-TiO, NPs are roughly 2 times smaller (in diameter)
than commercial TiO, NPs, the amount of scattered light from
TBA-TiO, NPs should be (1/2)° times less than that from Com-
TiO, NPs. Thus, we attribute the high transparency of TBA-
TiO,-derived films to the small size of the NPs.

The pore-size distributions of the two kinds of films were deter-
mined by collecting N, isotherms and then applying the Barrett—
Joyner—Halenda (BJH) analysis (SI-7).!” Consistent with the
difference in component particle size, the average pore-size within
TBA-TiO, films (Dy, = ~14 nm) was found to be considerably
smaller than within Com-TiO, films (D, = ~30 nm). Further-
more, the pore-size distribution for TBA-TiO,-derived films
was found to be sharper than for Com-TiO,-derived films. The

isotherm-derived, BJH desorption pore volume per gram (Vp/w)
and surface area per gram (4 w) were used to calculate the BJH
surface area per unit volume (A v; see SI). The values of 4y for
TBA-TiO,- and Com-TiO,-derived films, respectively, were
found to be 195 m*/mL and 110 m*/mL, yielding a ratio of
1.77. The Brunauer—Emmett—Teller (BET) surface areas are
84 m’g " for TBA-TiO, and 64 m”g™" for Com-TiO,. The densities
of the films were obtained by dividing values for Ay (m*/mL) by
the corresponding BET surface areas (m*> g~'). The density of
TBA-TiO,-derived films (2.31 gmL ") was found to be consider-
ably higher than that of Com-TiO»-derived films (1.72 g mL™"),
indicating that the NPs comprising the former are more closely
packed and leave a smaller fraction of void volume.

Evaluation in Solar Cells

The archetypal DSSC dye, N719 (a broadly absorbing, ruthe-
nium coordination complex) was loaded onto film electrodes of
both TBA-TiO, and Com-TiO,. Although the TBA-TiO,-derived
films are thinner than Com-TiO,-derived films (8 um vs 11 um),
the absorbance of N719-dye on TBA-TiO, type films was found
to be 1.42 times greater than by the same dye on Com-TiO, type
films, when measured at the dye spectral maximum (537 nm;
Figure 3A). Following dye loading, TBA-TiO,-derived films are
visibly darker than Com-TiO,-derived films. To facilitate abso-
lute comparisons of the amount of dye adsorbed by each type of
material, we divided the measured UV—vis absorption spectra by
the thicknesses of the corresponding films (see SI). The thickness-
normalized absorbance of N719 on TBA-TiO,-derived films was
found to be 1.9 times greater than on Com-TiO,-derived films.
This value is in good agreement with the ratio (1.8) of volume-
normalized (thickness-normalized) surface areas (A4y).

With these differences in dye-loading in mind, we compared
the performance of TBA-TiO,- and Com-TiO,-derived films in
N719-containing DSSCs. (Prior to dye loading and cell incor-
poration, both types of films were coated with a light-scattering
layer of TiO, particles of ~400 nm diameter; see SI.) Plots of photo-
current density (J) versus applied potential (V) were recorded for
the cells at an intensity of 1 sun using simulated AM 1.5 light
(Figure 3B). The Com-TiO,-containing cell gave a short circuit
photocurrent density (Jsc) of 12.0 mA cm 2, an open circuit voltage
(Voc) of 724 mV, a fill factor (FF) of 0.75, and an overall light-to-
electrical-energy conversion efficiency () of 6.6%. The same
measurement with a TBA-TiO,-containing cell yielded substan-
tially better performance: a Jgc value of 17.7 mA cm ™2 a Voc of
767 mV, an FF of 0.71, and an overall efficiency of 9.6%.'® The
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ratio of short-circuit photocurrent densities for the two types of
cells (1.47:1; TBA-TiO,:Com-TiO,) is consistent with the ratio of
dye absorbances (1.42). (More significantly, it is also consistent
with the ratio of integrated light-harvesting efficiencies (1.38:1;
TBA-Ti0,:Com-TiO,).) These findings imply that the dye mole-
cules are properly harvesting light, the TBA-TiO, NPs are well
interconnected in the film, and the injected electrons are efficiently
transported through the film to the current collector. Figure 3C
shows incident photon-to-current conversion efficiencies (IPCEs)
for the two types of cells in the range of 400—700 nm. In close
agreement with the ratio of Jgc values, the TBA-TiO,-containing
cell gives a 1.43-fold greater value for the integrated IPCE than
does the Com-TiO,-containing cell. Additionally, we found that
the short-circuit photocurrent density of a representative TBA-
TiO,-containing cell correlated linearly with the intensity of the
incident light over the range 0—170 mW cm > (ca. 0 to 1.7 sun).
This behavior shows that current flow in such cells is not limited
by mass transport of the redox shuttle, even though the average
pore-size of the photoelectrode material is much reduced in
comparison to that of photoelectrodes constructed from com-
mercial paste; see SI.

Conclusions

In summary, small, amphiphilic TiO, NPs (~9 nm diameter)
can be readily synthesized from TIP by using TBAOH. The
particles can subsequently be used to prepare, with high reliability
and in very few steps, a-terpineol-based TiO, pastes. These pastes
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are suitable for fabrication of highly transparent, mesoporous
photoelectrodes. The electrodes are characterized by high, thick-
ness-normalized, surface areas, ca. 1.4 times those obtained for
electrodes fabricated from a standard, commercially available
TiO, paste. Incorporation of the new electrodes into DSSCs
reveals a ca. 1.4-fold improvement in overall energy conversion
efficiency. While the observed value for # for TBA-TiO,-containing
cells (9.6%) still falls short of the very highest efficiency values
reported for DSSCs based on N719 (37 = 114%),® we believe that
the reported photoelectrode fabrication protocol will prove useful
to researchers interested in constructing comparatively high
efficiency cells in a simple, convenient, and reliable fashion.
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