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Phenyltrimethoxysilane (PTMS) was anchored onto the sensitized TiO, nanoparticles. Thisinsulating molecular
layer effectively inhibited the charge recombination at the interface of TiO./electrolyte in the dye-sensitized
solar cells (DSCs) without sacrificing the dye-loading capacity of the nanocrystalline TiO,. DSCsusing PTMS-
modified TiO, exhibited ashort-circuit current (Jsc) of 15.9 mA/cm?, an open-circuit voltage (Voc) of 789 mV,
and afill factor (FF) of 68.2%, yielding an overall conversion efficiency (n) of 8.55% under 100 mW/cm?
illumination. The resulting cell efficiency was improved by ~10% as compared with the reference cell.
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Introduction

Dye-sensitized solar cells (DSCs) have attracted a great
deal of attention because of their low—cost production and
relatively high light—to—electric conversion efficiency. DSCs
are composed of working electrodes (nanocrystalline TiO;
film on fluorine—doped tin oxide), sensitizing dye, and Pt
counter electrodes.? Thick TiO, nanoparticle film provides
sufficient anchoring sites for dye molecules, which excite
electrons by absorbing photons to produce electric current.
Thislarge surface, however, also promotes the back electron
transfer at the solvent—exposed parts of the TiO,, which is
considered to be a main limitation on the cell efficiency.®
Thus, much effort has been made in the surface modification
of TiO, to reduce the degree of the interfacia charge
recombination between the TiO, surface and the electrolyte.

A coadsorbent molecule such as hexadecylmalonic acid,*
chenodeoxycholic acid,>® 1-decyl phosphonic acid’ or 3-
phenyl—propionic acid® can be used to suppress the re-
combination. Coadsorbents, in general, prohibit the aggre-
gation of dye molecules to increase the dye-loading cap-
ability or change the energy band structure at the interface of
TiOJ/dyelelectrolyte. Resultantly, the photocurrent density
of the sensitized cells can be enhanced owing to the improv-
ed eectron injection efficiency.®*® Alternatively, metal
oxides such as Al;,03,"%%8 SI0,,"® Zr0,,"® and Nb,Os'%? can
be coated on the TiO, surface to create a wider band-gap.
Such oxide barrier layers effectively suppress charge recom-
bination at the interface between the TiO, and the electro-
Iyte, thereby improving the open circuit voltage. However,
conformal coating of these barrier layers may be difficult to
control. Moreover, metal-oxide-coating methods can reduce
the surface area of TiO, and form an insulating barrier
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between dye and TiO,, which degrades the el ectron injection
efficiency. Although both strategies for blocking recombi-
nation phenomena improve the cel efficiency, their usages
may be limited to specific cases and sometimes worsen the
light harvest of agiven cell.

Here, we introduce phenyltrimethoxysilane (PFTMS) as an
insulating molecular layer in the photoanode of DSCs.
Through the simple post-treatment of the sensitized TiO;
electrode, PTMS molecules have been anchored on the un-
covered TiO, surface without detaching the dye molecules,
thereby reducing the interfacial reaction that affects the
charge recombination. To our knowledge, this is the first
demondtration in the DSCs with nanocrytalline TiO, of
grafting a silane-based molecule.

Experimental Section

Preparation of the Photoelectrodes. For the present
experiment, two different photoelectrodes were used: one
was the PTM S—treated DSC and the other for the reference
cell that had no surface modification. A fluorine-doped SnO;
(FTO) glass substrate was pre-cleaned by isopropyl acohol,
deionized (D.l.) water, and acetone. A 15-um-thick nano-
crystaline TiO;, film (T20/SP, Solaronix) and a 5-pm—thick
TiO, scattering particle film (CCIC) were deposited on the
substrate using a screen printer. Curing in afurnace followed
atemperature profile: (i) at 325 °C for 5 min, (ii) a 375 °C
for 5min, (iii) at 450 °C for 15 min, and (iv) at 500 °C for 15
min. The electrode soaking in 40 mM agueous TiCls solu-
tion was stored in an oven at 70 °C for 30 min, then rinsed
with D.l. water and ethanol to ensure good adhesion proper-
ties a the TiO./FTO interface. The TiCls-treated eectrode
was heated again at 500 °C for 30 min. The photoelectrode
was immersed into the 0.5 mM N719 dye solution, and kept
at room temperature for 24 h. For the PTM S modification of
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Table 1. Photovoltaic properties of the DSCs with various PTMS
treatment times

Treatment Voc Js Fill factor  Efficiency
time (minutes) (mV)  (mA/cm?) (%) (%)

0 7891  145:01  68.1:03  7.79:0.10

05 792¢1  146:01  684+01  7.91:0.08

10 795+1  149+02 68901  816+0.13

15 789+0 159402 682403  855:0.14

20 799+1  139+01  668+01  7.42+0.07

25 795+0  136:02  67.3t0.2  7.28+0.13

the nanocrystaline TiO, film, the dye-sensitized photo-
electrode was dipped in the PTMS solution (0.8 g PTMS
dissolved in 50 mL ethanol) with various dipping times:
from O to 2.5 min. The treatment time-dependent photo-
voltaic properties are shown in Table 1. It was found that the
current density increases with the PTM S-treatment time up
to 1.5 min. However, beyond thistime (1.5 min), the PTMS-
treatment even deteriorated the cell efficiency. Consequently,
we took 1.5 min as the optimum PTMS-treatment time for
the dye-sensitized cells.

Cell Fabrication. The counter electrode was prepared by
dripping a Pt solution (Platisol T, Solaronix) on the FTO
substrate, which had been followed by the thermal treatment
at 500 °C for 30 min. For the cdl assembly, a hot-melt 60-
im-thick Surlyn (Metonix 1170-60, Solaronix) was used as
a spacer between the photoelectrode and the counter
electrode. The electrolyte (AN50, Solaronix) was injected
through a hole which was then sealed.

Characterizations. ®Si CP-MAS NMR spectra were
recorded using a Briker DSX 400M Hz instrument equipp-
ed with a4 mm solid-state probe operating at 79.5 MHz for
#Si nuclei. The spectra were collected using a magic angle
spinning speed of 8 kHz. Diffuse reflectance spectra were
measured by using a UV-VIS spectrometer (Perkin Elmer
Lambda 750S) in order to obtain absorption spectra of the
sensitized photodlectrodes. For the evauation of the dye-
loading capacity, the dye attached on the two distinct TiO;
electrodes (with and without the PTMS treatment) were
dissolved in a3 mL 0.1 M NaOH solution of water and
ethanol (50/50, v/v), and the absorption properties were
compared with the 3 mL 0.03 mM N719 solution by using
the UV-Vis spectrometer. Recombination resistance was
investigated by employing eectrochemical impedance spectro-
scopy (EIS) under air mass 1.5 1 sun illumination (AM 1.5,
100 mw/cm?). EIS was conducted under various applied
biases near the cell Vi (850, 800, and 750 mV). I-V curves
were obtained using a Keithley 2400 model as a source
measurement unit. One sun of light (100 mW cm™) was
simulated using an Oriel solar smulator. The light intensity
was adjusted with a NREL-calibrated silicon standard cell.
Photon-to-current conversion efficiency (IPCE) was mea-
sured as a function of wavelength from 400 to 800 nm at a
low chopping frequency of 10 Hz (PV Measurements, Inc).
A 75W Xenon lamp was used as alight source with amono-
chromator. Calibration was performed using a NIST-cdibrated
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photodiode (G425) as areference.
Resultsand Discussions

¥S CP-MAS NMR Analysis on the PTM S-modified
TiO2 Nanoparticles. As shown in Figure 1, PTMS mole-
cules are anchored onto the sensitized TiO, surface. A block-
ing layer can be created by the condensation of hydroxide
groups (OH-) formed at the TiO, surface with methoxy
groups (-OCHs) of PTMS. The PTMS-modified TiO, surface
was analyzed by ®Si MAS NMR. As shown in Figure 2,
three characteristic pesks corresponding to T{Si(OM1t),(OTi)R],
T?[SI(OM1)1(OTi)2R], TSI(OMt)o(OTi)sR] were observed
at —46, -57, —69 ppm, respectively, indicating the presence
of PTMS on the TiO, nanoparticles.?>%

Influence of the PTMS Treatment on the Dye-loading
Capacity. The amount of the adsorbed dye molecules can be
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Figure 1. Grafting of phenyltn methoxysilane (PFTMS) onthe TiO;
nanoparticle surface by the condensation step.
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Figure 2. °Si MAS NMR spectrum of organo-silicone compounds
anchored on the TiO, nanoparticle surface.
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characterized by measuring the absorbance spectra of the
sensitized working electrodes. However, it is difficult to di-
rectly obtain the absorbance values using a UV-Vis spectro-
scopy since a typical bi-layered photoelectrode has no
transparency due to the presence of the light scattering layer.
To dedl with this problem, one can derive the absorbance
from the diffuse reflectance of the sensitized photoel ectrodes
by using the following Kubelka-Munk equation.

F(R) = (1-R)Y2R = k/s = Ac/s

(R: reflectance, k: absorption coefficient, s. scattering coeffi-
cient, ¢ concentration of the absorbing species, and A:
absorbance.)

As shown in Figure 3(a), the absorbance value is scarcely
affected by the PTMS treatment for a wide range of the
wavelength. Thisimplies that PTM S does not compete with
the dye molecule in the chemisorption at the TiO, surface.

Asanext step, dye molecules were detached from the two
distinct TiO, electrodes (active area: 1.0 cm?) by using a0.1
M NaOH solution. Then, their absorbance values were
compared with the reference N719 solution (0.90 x 10~" mol)
for the quantitative evaluation of the dye-loading properties

(@ 7
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6 - —— (b) Reference
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w
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Figure 3. Absorbance of the sensitized TiO, el ectrodes (with and

without the PTM S treatment) derived from the diffuse reflectance

by using Kubelka-Munk equation (a). Absorbance of N719 dye

molecules detached from the two distinct TiO, electrodes in

comparison with the reference 0.03 mM N719 dye solution (b).
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(Figure 3(b)). Accordingly, two working electrodes showed
almost identical loading capacities (1.22 x 10°" mol/cm? for
the PTMS eectrode, and 1.24 x 10~" mol/cm? for the refer-
ence), which is in good agreement with the previous result
from the diffuse reflectance analysis. Therefore, it can be
concluded that the PTMS molecules graft only on the un-
covered TiO, surface where the dye molecules do not chemi-
caly adsorb.

EIS Measurement. Electrochemical impedance spectro-
scopy (EIS) study was carried out in order to study electron
transport kinetics in the DSCs.2*% The effective lifetime of
electrons (t«r) and the charge-transfer resistance (Rx) were
estimated from the EIS measurement. EIS was conducted
under various applied biases near the cdll Ve (850, 800, and
750 mV) with 100 mw/cm? illumination. It is known that
the second semicircle in the Nyquist plot is related to R
between the TiO, and the electrolyte. T« is given by the
following relation.?

Teit = 1/ Omax
(wmax : the peak frequency of an arc in a Nyquist plot)

Figure 4 shows that R and t«f for the PTMS-modified
cell are 23.98 ©/0.189 s at 750 mV, 13.45 Q/0.119 s at
800 mV, and 8.12 ©/0.093 s* a 850 mV, respectively; in
comparison, those values are 16.6 Q/0.118 s* a 750 mV,
8.97 Q/0.074 s at 800 mV, and 6.65 Q/0.059 s* at 850 mV
for the reference cell. It is clear that both the recombination
resistance and the effective electron life time increase notice-
ably by the PTMS treatment. We attribute this result to the
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Figure 4. Impedance analysis for the charge-transfer resistance
and the effective electron lifetime (insect figure) of the DSCswith
(a) and without (b) the PTM S treatment.



418 Bull. Korean Chem. Soc. 2014, Val. 35, No. 2

— — (@) PTMS

R |- | P e ——(b) Reference
o~ 5 —
IS
2
E
2
2
o 8
© L
c 6
[} L
=
S 4
O - 0
2 400 500 600 700 800
i Wavelength (nm)
0 L 1 1
0.0 0.2 0.4 0.6 0.8

Potential (V)

Figure 5. 1V curves of the DSCs and incident—photorn-to—current
conversion efficiencies with (a) and without (b) the PTMS
treatment.

Table 2. Photovoltaic properties of the DSCs with and without the
PTMS treatment

Voc Js Fill factor  Efficiency

Sample (mv)  (mAlcm?) (%) (%)
Reference  789+1  145+01  681+03  7.79+0.10
PTMS 789+0 159402  68.2+03 855+0.14

adsorbed PTM S molecules, which functioned as a recombi-
nation blocking layer between the TiO, surface and the
electrolyte.

Photovoltaic Properties. The surface modification effect
is also reflected in the -V curves (Figure 5). The photo-
voltaic parameters of the DSCs with and without the PTMS
treatment are summarized in Table 2. Interestingly, the
PTM S-treated device showed noticeable enhancement in Js
and FF, resulting in higher overal conversion efficiency:
8.55% versus 7.79% for the reference cell. The incident—
photor+to—current conversion efficiency (IPCE) shows more
detailed information on the light harvest of the DSCs (inset
of Figure 5). The overadl IPCE values are increased after the
surface modification with PTMS, which is in good agree-
ment with theimproved Js observed in the -V curves.

In conclusion, PTMS, a silane-based molecule, was em-
ployed to modify the TiO, surface, and its influence on the
DSCs was studied. It was confirmed that PTM S was success-
fully anchored on the TiO, nanoparticles as shown in the
solid-state NMR analysis. ~10% increase in the overal
efficiency was achieved after the PTM S treatment. EIS analysis
suggests that the improvement in J is caused by the effec-
tive suppression of the interfacial charge recombination bet-
ween the TiO, surface and the electrolyte. Therefore, this
observation may pave away for use of silanol-based mole-
cule as a promising surface modifier in DSCs.
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