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Beneficial Role of Cetyltrimethylammonium Bromide in
the Enhancement of Photovoltaic Properties of
Dye-Sensitized Rutile TiO, Solar Cells
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A new approach involving the introduction of the common cationic surfactant cetyltrimethylammonium
bromide (CTAB) for modifying a rutile TiO2 film during its formation from hydrolyzed TiCl4 solution has
been adopted, intending to improve the photoelectrochemical properties of the pertinent dye-sensitized
solar cell. CTAB-routed films were found to consist of smaller clusters of near-spherical TiO- particles,
compared with larger clusters of long rod-shaped particles in the absence of CTAB. As a consequence, the
photocurrent and photovoltage of the cell fabricated by using CTAB have increased significantly, leading
to a conversion efficiency increase, compared with those of the cell prepared without CTAB. On the basis
of FE-SEM, BET, and XRD analyses, the increases are attributed to decreased particle size, improved
interparticle connectivity, and enhanced crystallinity of the CTAB-promoted TiO; particles and decreased
void volume in the film. Faster growth of the TiO- film was another beneficial effect of CTAB. A mechanism
is proposed for the beneficial role of CTAB during the film formation.

Introduction

Dye-sensitized nanocrystalline TiO, solar cells (DSSCs)
have been the subject of intense research in the past
decade, as the best of these devices produced to date? is
not efficient and cost-effective enough for converting solar
energy into electricity. Altering the morphology and
structure of the TiO, film and the size of TiO, particles
and thereby the TiO, film electrode is one of the strategies
for improving the efficiency of the cell.>”> For a nano-
crystalline TiO; film, anatase has been widely regarded
as the material of choice. Surprisingly, however, the
photovoltages of anatase and rutile DSSCs are comparable
at one-sun intensity.®” Furthermore, compared with
anatase, rutile TiO, has superior light scattering proper-
ties, because of its higher refractive index, and is chemi-
cally more stable and potentially cheaper to produce.?
Higher light scattering properties are beneficial from the
perspective of effective light harvesting. Hydrolysis of TiCl,
is the process commonly used for obtaining highly porous
rutile TiO, films for DSSCs.® However, analyses by
intensity-modulated photocurrent spectroscopy along with
SEM data suggest that electron transport is slower in the
rutile layer than in the anatase layer due to differences
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in interparticle connectivity associated with particle
packing density.® Therefore, more densely packed films
of smaller rutile TiO, nanoparticles are expected to
improve the photocurrent. One possible way of achieving
this goal is to utilize surfactants.

Surfactants have been used to produce a variety of TiO,
materials. The first synthesis of a thermally stable
hexagonally packed mesoporous TiO, by a modified sol—
gel method, using an alkyl phosphate surfactant, was
announced by Antonelli and Ying in 1995.° Putnam et al.
have concluded that the hexagonal material exists, if at
all, only as a minor component of a larger lamellar
structure when phosphate surfactants are used.’® At-
tempts have been made to use mostly nontypical surfac-
tants as templates!! in the formation of a TiO, film.
Kobayashi and collaborators prepared a fibrous TiO,
material with a “macaroni”-like structure by using their
designed amphiphilic compound containing cationic charge
moieties.'? Kavan et al. used a polymeric surfactant, poly-
(alkylene oxide) block copolymer, as templating agent for
the formation of anatase TiO, and investigated essentially
Li* insertion.®® Li and Tripp made an interesting study
on the spectroscopic identification of aggregated structures
of CTAB and the dynamics of their formation on TiO,
surfaces.* Yang and co-workers used amphiphilic poly-
(alkylene oxide) block copolymers as structure-directing
agents in nonaqueous solutions for organizing the network-
forming metal oxide species that include TiO,.*®> Dobson
and coresearchers deposited a TiO, filmon asingle internal
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reflection ZnSe prism and then CTAB on the film and
studied its adsorption.'® Jadhav synthesized TiO, nano-
particle mesoporous films from reverse micelles, using
titanium(1V) isopropoxide, Triton X-100, AOT, cyclohex-
ane, and Millipore water.’” Favoriti et al. studied the
coadsorption of naphthalene derivatives and CTAB on a
titanium dioxide/water interface among other interfaces.'®
Elder and coscientists prepared and characterized zirco-
nia-stabilized 25 A TiO, anatase crystallites in a meso-
porous structure templated by cetyltrimethylammonium
chloride.t®

As can be seen from the above references, and to the
best of our knowledge, no attempt has been made to use
conventional surfactants, suchas CTAB, SDS, and Triton
X 100, to improve the morphology, crystallinity, and
particle size of rutile TiO,, intending in turn to improve
the DSSC photovoltaics. This being the situation, we have
chosen the most typical surfactants, the cationic CTAB,
the anionic sodium dodecyl sulfate (SDS), and the nonionic
Triton X-100, to study their influences on the rutile TiO,
film formation on fluorine-doped tin oxide (SnOy:F)
conducting glass, aiming at improving the morphology of
the rutile TiO, film, which in turn can fulfill the require-
ments of a DSSC for obtaining higher cell efficiency. We
also intended to decrease the crystal size of rutile TiO,
particles in the film, which would lead to a higher surface
area of the TiO; film and thereby higher dye adsorption.
The basis for this specific surfactant approach has been
the success of one of the authors in obtaining unfailing
beneficial effects of CTAB for the deposition of metal
hexacyanoferrates in general?°~?2 and CoO and NiO in
particular.?

In this paper we describe the beneficial role of CTAB
in the modification of a TiO, film on SnO.:F, and
consequently the enhancement of the photovoltage and
photocurrent of DSSCs. A possible mechanism is proposed
for the beneficial role of CTAB in the film formation.

Experimental Section

Titanium tetrachloride was used as the starting material to
prepare a TiO; film by precipitation. TiCls, was added in drops
to chilled water (ca 4 °C) to produce a concentration of 2 M. This
was used as a stock solution for further experimentation. SnO:F
conducting glass plates (1.5 x 1.5 cm) (Libbey-Owens-Ford, TEC
8, 75% transmittance in the visible) were first cleaned with water
and ethanol. Keeping them in a slanting position, two to three
drops of an ethanolic solution of titanium(IV) butoxide (7% v/v)
were allowed to flow freely on them. The treatment with
titanium(lV) butoxide/ethanol solution was done to produce a
thin layer of TiO; to isolate the conducting glass surface from the
redox electrolyte.?* The plates were then annealed at 450 °C for
30 min, cooled, and placed in different Petri dishes (60 x 15 mm),
with the conducting side facing upward. Aliquots (10 mL) of 0.2
M TiCls were pipetted out into these vessels, followed by the
addition of 10 mL aqueous solutions of surfactants at different
concentrations, as mentioned at appropriate places. All chemicals
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were of analytical grade and used without further purification.
All solutions were prepared using Milli-Q (18.2 MQ) H,O. The
closed vessels were set aside for 36—72 h at room temperature
(22 °C) for the deposition of TiO,. Afterward, the deposited glass
plates were rinsed with distilled water, dried for 10 min in an
oven at 100 °C, and annealed at 450 °C for 1 h. Subsequently,
their film thickness was measured with a Tencor alpha-step 250
profiler.

TiO; films thus obtained were coated with 0.3 mM [RuL,-
(NCS)2]-2H20 (where L = 2,2'-bipyridine-4,4'-dicarboxylic acid)
in absolute ethanol for 12 h at room temperature. To minimize
hydration of TiO, from moisture in the ambient air, the films
were immersed in the dye solution while they were at around
100—120 °C after the annealing step. To prepare the counter
electrode, 5 x 1072 M hexachloroplatinic acid in 2-propanol was
spread on SnO;:F glass; the glass was then heated at 450 °C for
30 min. The platinum electrode was placed over the dye-coated
TiO; electrode, and the edges of the cell were sealed with 1 mm
wide strips of 25 um thick Surlyn (Solaronix SA, SX1170 Hot
Melt). A hot press was used to press together the film electrode
and the counter electrode. The redox electrolyte consisted of 0.05
M 15, 0.1 M Lil, 0.7 M 1,2-dimethyl-3-hexylimidazolium iodide,
and 0.5 M 4-tert-butylpyridine in 3-methoxypropionitrile. Adrop
of the electrolyte solution was introduced into the clamped
electrodes through one of two small holes drilled in the counter
electrode. The holes were then covered and sealed with small
squares of Surlyn strip and microscope objective glass. The
resulting cell had an active area of 0.4 x 0.4 cm. Photocurrent—
voltage (J—V) curves were obtained using a Keithley M 236 source
measure unit. A 300 W Xe arc lamp (Oriel) through an AM 1.5
solar simulating filter for spectral correction was used to
illuminate the working electrode, and its light intensity was
adjusted to be approximately 100 mW/cm?, using a Si solar cell.
Incident photon-to-current conversion efficiency (IPCE) was
measured with an Amino-Bowman fA-256 luminescence spec-
trometer. An HP 8453A diode array spectrophotometer was used
for obtaining absorption spectra. Raman spectra were obtained
using a Jasco NR1100 Raman spectrophotometer. The surface
morphology and thickness of the films were obtained with field
emission scanning electron microscopy (FE-SEM) using a Hitachi
S-4300 microscope. XRD measurements were carried out using
a MAC Science Co. MO3XHF X-ray diffractometer with Cu Ka
radiation. The surface area was measured with the BET method
(Micromeritics, ASAP 2010).

Results and Discussion

A pronounced favorable influence of CTAB was observed
on the morphology, crystallinity, and particle size of the
TiO; film, leading to a great improvement in the photo-
current and photovoltage of DSSCs, which is evidenced
in the discussion that follows. Different CTAB concentra-
tions of 3 orders of magnitude, 9.2 x 10~ (its cmc), 1.0 x
1072, and 0.92 M, were tested, keeping the TiCl, concen-
tration at 0.2 M. Though at all concentrations CTAB
proved itself to be useful in greatly improving the film
properties from the perspective of solar conversion ef-
ficiency, its optimum beneficial influences were found at
1.0 x 1072 M. Hereafter, we restrict all our results with
reference to this CTAB concentration, unless otherwise
specified. Contrarily, anionic and nonionic surfactants did
not show pronounced beneficial influence on film formation
at 0.10 and 0.010 M SDS and Triton X-100, and at their
cmc’'sof 8.3 x 1072and 3.3 x 1074 M, respectively, although
the film thickness and crystallinity of the particles
decreased in both cases, compared with those without
surfactant. In the case of SDS, the TiO, cluster size
decreased slightly at 1.0 x 102 M, compared with that
obtained without SDS (cluster size 380—400 nm with SDS
and 400—450 nm without SDS), which can be regarded
as a favorable influence by the surfactant. No change in
cluster size was observed at either 0.1 or 8.3 x 1073 M
SDS. There was no change in the cluster size with Triton
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Figure 1. Plane-view FE-SEM images of a rutile TiO; film

prepared from hydrolyzed TiCl, (a, ¢) without and (b, d) with
CTAB.
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Figure 2. Absorption spectra of dye desorbed from (a) CTAB-
influenced TiO; and (b) TiO; electrodes in 1.0 x 10-3 M KOH
solution for 24 h.

X-100at 3.0 x 1074, 1.0 x 1072, or 0.10 M, compared with
that without it.

Figure 1 compares plane-view SEM images of TiO, films
prepared in the absence of CTAB (Figure 1a,c) and in the
presence of CTAB (Figure 1b,d). Both films display highly
porous structures, creating large void volumes in the film.8
However, it can easily be seen that the film formed in the
presence of CTAB is more densely packed due to smaller
clusters consisting of near-spherical particles, compared
with larger clusters with long rod-shaped particles formed
without CTAB, suggesting an increase in the effective
surface area of the former film. Indeed, BET surface area
values were 35 and 41 m?/g for the particles formed without
and with CTAB, respectively, representing an increase of
more than 17% in the latter case. This is further evident
by the observation that the amount of dye, desorbed from
the CTAB-influenced film surface, has increased by 35%
over that from the film formed without CTAB, as can be
seen from the absorption spectra of dye desorbed from
TiO, and CTAB-influenced TiO, electrodes in 1.0 x 1073
M KOH solution for 24 h (Figure 2). Further, a more
densely packed film is expected to lead to improved
interparticle electrical contact. XRD analysis of the films
in Figure 3 suggests that the average crystallite size in
the film formed in the presence of CTAB is smaller than
that formed in the absence of CTAB, according to the
Scherrer equation on the basis of the broader line width
in the former film. The rutile phase was confirmed by the
XRD patterns. Furthermore, the increased XRD peak
intensity indicates the enhanced crystallinity of the TiO,
particles formed in the presence of CTAB. The additional
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Figure 3. XRD patterns of rutile TiO; films formed (a) with
and (b) without CTAB. The asterisks denote peaks attributed
to FTO substrate.
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Figure 4. Raman spectra of rutile TiO; films formed (a) with
and (b) without CTAB.

peaks marked by asterisks in Figure 3b at about 34°, 38°,
and 52° are due to the substrate FTO under our experi-
mental conditions. Absence of these peaks in the case of
the film formed in the presence of CTAB (Figure 3a) is
due to the densely packed nature of the film, covering the
FTO surface completely, which would impede the pen-
etration of X-rays deep into the film up to the FTO
substrate. Xu and co-workers had prepared nanosized TiO,
particles which were coated with the surfactants dodec-
ylbenzenesulfonic acid and stearic acid using a hydro-
thermal procedure and obtained surfactant/TiO; particles
that were 1 order smaller than those obtained in the
absence of the surfactants under the same conditions.?®
Their results are consistent with the particle size reduction
observed here using CTAB.

Figure 4 shows the CTAB influence on the Raman
spectra of TiO; films. In both cases the crystal phase of
the particlesisalso rutile, as can be judged from the bands
at 612, 447, 232, and 142 cm~—1.26.27 A close observation of
the bands at about 447 and 612 cm™1 reveals that they are
broadened and shifted to higher energy by about 13 cm™?
in the case of the film formed with CTAB, relative to those
obtained without CTAB. The decrease in the particle
dimension of nanometer scale can cause a blue shift and
broadening of the Raman peaks as a result of phonon
confinement,?®> which is consistent with the XRD data
mentioned above.

Figure 5 shows the deposition-time-dependent TiO, film
thickness, indicating extremely fast film deposition in the
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Figure 5. Thickness of a rutile TiO; film formed with (a) 0.1
M, (b) 0.01 M, and (c) 0.0 M CTAB as a function of deposition
time.
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Figure 6. J—V curves and dark currents of DSSCs prepared
from hydrolyzed TiCl, (a) with and (b) without CTAB.

presence of CTAB, which is tantamount to pronounced
thicker films at each point of time compared with the case
without CTAB. For example, a film of about 12 um
thickness, which is generally regarded as the optimum
thickness for a DSSC, is obtainable in about 37 h with
0.01 M CTAB, compared with nearly 57 h without CTAB.
At 0.1 M CTAB, the film deposition rate is somewhat
higher than thatat 0.01 M CTAB. It should be mentioned
here that the subsequent results are with reference to
films of approximately 12 um thicknesses, regardless of
whether CTAB is used.

Figure 6 shows the striking CTAB influence on J—V
characteristics. Both the short-circuit current density (Js)
and open-circuit voltage (V) of the cell fabricated with
CTAB increase from 3.6 to 6.7 mA/cm? and from 0.56 to
0.61V, respectively, relative to those of the cell prepared
without using CTAB. The fill factor, however, remains
nearly the same, being 0.52. As a result of these enhance-
ments the overall energy conversion efficiency (i) of the
CTAB-benefited cell increases from 1.0% to 2.2%. From
these values it can be easily understood that J largely
contributes to the  increase. The Jg increase in this case
of the CTAB-routed cell is in good agreement with the
IPCE increase, as shown in Figure 7, where the unfailing
higher IPCE of the film formed with CTAB over the visible
region, compared with that without CTAB, can be seen.
The higher photocurrent can be correlated with the
increased surface area and the improved film morphology
together with the enhanced particle crystallinity in the
film formed in the presence of CTAB, compared with those
obtained in the absence of CTAB. The surface area increase
is attributed to a more densely packed film with smaller
clusters, consisting of near-spherical TiO, particles.® An
increase in surface area facilitates adsorption of a larger
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Figure 7. IPCE spectra of DSSCs prepared with rutile TiO;
films formed (a) with and (b) without CTAB.

guantity of dye molecules, and thereby enhances the
electron injection efficiency. The photocurrent increase
(2.2-fold) with CTAB is disproportionately higher, taking
into account the increase in dye adsorption by 35% in this
case. Thus, the Js increase should have also been
additionally due to the efficiency of collecting injected
electrons. A higher electron-collection efficiency could
result from increased interparticle electrical contact,
associated with the dense packing of the particles in the
film mentioned in the context of SEM analysis (Figure 1)
and with increased crystallinity.®

Contrary to the enormous Jg increase, V. increased by
only about 50 mV in the case of the cell containinga CTAB-
catalyzed TiO; film. A large surface area is expected to
increase the number of surface recombination centers,
leading to a V, decrease.?® However, the effect of recom-
bination on the photovoltage arising from increased
surface area in this study is presumably more than offset
by the decrease in back electron transfer of the conduction
band electrons to triiodide ions (eq 1), due to the less open

I,” +2e, —3I° 1)

pore structure of the CTAB-influenced film (Figure 1). In
all probability, more densely interconnected TiO, particles
in the CTAB-influenced film electrode create less void
volume compared with that made without CTAB, causing
the I3~ ion concentration to decrease and thus lowering
the back electron transfer, as evident by the dark current
decrease, shown at the bottom of Figure 6. The dark
current decrease is consistent with the V. increase. The
V. increase by 50 mV implies a decrease of the I3~ ion
concentration by about 1/7, according to the equation

Voc = (kT/E) In(linj/ncbket[l?:]) (2)

assuming that the increase of the charge flux li,; from
sensitized injection due to the surface area increase is
approximately equal to the increase of the surface electron
concentration at the TiO, surface, ng, and the rate constant
of the I3~ reduction, ke, remains essentially the same
regardless of whether CTAB is present.

It is emphasized here that the photoenergy conversion
efficiency is not optimized in absolute terms for film
thickness, electrolyte type and concentration, and cell
dimension and configuration, in view of the comparative
nature of this study regarding the beneficial influence of
CTAB on the enhancement of photovoltaic properties of
dye-sensitized rutile TiO, solar cells. Translating the idea

(28) Schlichthorl, G.; Huang, S. Y.; Sprague, J.; Frank, A. J. J. Phys.
Chem. B 1997, 101, 8141.
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of the beneficial influence of the surfactant into an
optimized cell can render higher efficiency in absolute
terms.

Onthe basis of the results above, a possible role of CTAB
in TiO, film formation is suggested. It is known that two
types of OH groups exist on the TiO; surface:?° one type
bound to one Ti(lV) site (terminal OH) and the other to
two such sites (bridged OH). Itis essential here to mention
the report by Ragai and Selim?° that bridged OH groups
are expected to be acidic in character, owing to their strong
polarization by Ti(IV). Thus, the hydrogen atoms of bridged
OH groups of titanium(1V) oxo species are exchangeable
with cationic headgroups of CTAB. After such an exchange
process the tail groups can combine with other tail groups,
whose headgroups in turn can associate with the entangled
polymeric titanium(1V) hydroxide, thereby forming larger
aggregates. Aggregate formation is further facilitated by
hydrophobic interaction, some sort of structure-forming
interaction among nonpolar groups in water.3® The
observation made by Wéangnerud and Jénsson regarding
the tendency of an ionic surfactant—aqueous system to
strive for a minimum contact area between hydrocarbon
parts and water is consistent with our explanation.? The
entire process leads to a rapid formation of critical masses
of aggregates, heavy enough to be deposited on the
substrate. This explains the faster deposition of TiO; in
the presence of CTAB relative to that without CTAB.
During annealing of the polymeric titanium(1V) hydroxide
precipitated in the presence of CTAB, gaseous products
such as CO,, NH3, and H,O can inhibit agglomeration
among grains to form larger TiO, particles, resulting in
the formation of smaller particles, compared with those
formed in the absence of CTAB. Analogous considerations
apply to SDS. The terminal OH groups can be predomi-
nantly basic and exchangeable with the anions of SDS.
Triton X-100 being nonionic is not expected to replace the
OH groups. Indeed, Triton X-100 has exhibited no influ-
ence on the TiO, film formation, as mentioned already.
Chen etal. made asimilar observation with this surfactant
in their study on the stability and rheological behavior of
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concentrated TiO, dispersions.3 The pronounced effect of
CTAB over SDS may be attributed to the degree of
availability of bridged and terminal OH groups for
exchange, respectively. However, an exact insight into
the microenvironmental conditions during the deposition
of the polymeric titanium(lV) hydroxides and their
subsequent conversion into TiO; particles during anneal-
ing could not be provided at this stage.

Conclusions

The influences of anionic SDS, nonionic Triton X-100,
and cationic CTAB surfactants on the formation of a
nanocrystalline rutile TiO; film from the perspective of
DSSCswere investigated. While the former two categories
of surfactants rendered no beneficial influence, CTAB
played a significant role inimproving J.. and V,. compared
with those of the cell fabricated in its absence, thereby
resulting in substantial improvement in the conversion
efficiency of the pertinent cell. The increased Js is
correlated with an increased amount of adsorbed dye,
improved interparticle connectivity, and enhanced crys-
tallinity of TiO, particles. The former two are associated
with the particle-packing density by smaller clusters,
consisting of newly observed near-spherical TiO, particles.
The V. increase in the case of the CTAB-promoted cell is
the combination of increased surface recombination
centers due to the larger surface area and of a reduced
void volume in the film, leading to a decrease in back
electron transfer to triiodide ions, the latter offsetting the
former. Other evidence of the beneficial effect of CTAB is
faster growth of the TiO, film due primarily to the strong
interaction between bridged OH groups of polymeric
titanium(1V) hydroxide and cationic headgroups of CTAB,
and partly to hydrophobic interaction among nonpolar
groups in a water medium. Inhibition of the grain
agglomeration due to the evolution of gaseous products is
mentioned as the reason for obtaining smaller TiO, particle
sizes inthe cases of CTAB and SDS. Invariance of particle
size is explained with analogous considerations.
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