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ABSTRACT We present a time-saving staining protocol based upon the low-toxicity and nonvolatile solvent

dimethyl sulfoxide for a high-efficiency dye-sensitized solar cell, which is very critical for the roll-to-roll flexible cell

production. Power conversion efficiencies of 11.7—12.1% were achieved under AM1.5G simulated sunlights. The

intrinsic roles of lithium cations on efficiency enhancement were scrutinized by measuring transient absorption

and electrical impedance spectroscopies. Our studies have revealed that lithium ions can enhance exciton

dissociation at the energy-offset dye/titania interface effectively. Charge collection is not found to be a crucial

current loss channel in our high-efficiency dye-sensitized solar cell.

KEYWORDS: solar cells - exciton dissociation - charge recombination -
surface states - transient absorption spectroscopy - impedance spectroscopy

*Address correspondence to
peng.wang@ciac.jl.cn.

Received for review June 19, 2010
and accepted September 28, 2010.

Published online October 5, 2010.

10.1021/nn101384e

© 2010 American Chemical Society

ACINJ A
6032 Au,l\T /

he mesoscopic dye-sensitized solar
T cell (DSCQ) is emerging as a promis-

ing thin-film photovoltaic device
with an excellent price/performance ratio
for the coming low-carbon energy
supply.’? A small-area lab testing cell show-
ing ~11% efficiency measured at the 100
mW cm~2 AM1.5G conditions could be thus
far fabricated based upon several polypy-
ridyl ruthenium chromophores.®>~” Note
that the assembling of these cells all in-
volved a time-consuming process, that is,
an overnight dyeing of nanocrystalline tita-
nia films in solutions mainly composed of
toxic and volatile acetonitrile, which is diffi-
cult to be integrated with the roll-to-roll
flexible DSC production line ®

In this context a swift staining mode

was thereby proposed on the basis of a
high-concentration dye solution in toxic
dimethylformide or methoxypropionitrile,
but unfortunately generated a relatively
poor cell efficiency of ~10%.> We herein
identify the low-toxicity and nonvolatile sol-
vent dimethyl sulfoxide (DMSO)®'° for a
speedy dye-coating and demonstrate a DSC
exhibiting an impressive efficiency of 11.7%,
measured under 100 mW cm ™2 AM1.5G
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sunlight. With the aid of transient absorp-
tion measurements, we have proven that
the presence of lithium ions in the electro-
lyte can enhance the yield of exciton disso-
ciation at the dye/titania interface, leading
to a high photocurrent.

RESULTS AND DISCUSSION

A double-layer titania film was used as
the negative electrode of a DSC. A 15-pm-
thick transparent layer of 20-nm-sized tita-
nia particles was first screen-printed onto a
precleaned fluorine-doped tin oxide (FTO)
conducting glass electrode (Nippon Sheet
Glass, Solar, 4 mm thick), and subsequently
coated by a 6-pm-thick second layer of scat-
tering titania particles (WERO-4, Dyesol).
The detailed preparation procedures of tita-
nia nanocrystals, pastes for screen-printing,
and nanostructured titania films were re-
ported previously."' ~'® A circular titania
electrode (~0.28 cm?) was stained in a
DMSO solution (10 mM C106 dye as shown
in Figure 1A and 10 mM chenodeoxycholic
acid coadsorbent) for 5 min. The dye-coated
titania electrode was subsequently washed
with DMSO and ethanol in turn and then as-
sembled with a thermally platinized FTO
positive electrode (TEC 15 /T, Libbey-
Owens-Ford Industries, 2.2 mm thick). We
note here that the operation with DMSO
should be done with special care to avoid
skin contact, since this solvent could pen-
etrate skin easily, despite that it exhibits
quite low toxicity. The two active electrodes
were separated with a 30-um-thick Bynel
(DuPont) hot-melt gasket and sealed up by
heating. The internal space was filled with a
liquid electrolyte using a vacuum backfill-
ing system. The electrolyte-injecting hole
on the positive electrode, which was pre-

Wwww.acsnano.org



L 60-
w
&)
O 40
20
0 T T T T T T T T
400 500 600 700 800
Alnm
C
. (C)
50 1
S
=
= 40
—=—ELO01
301 —eo— ELO02
' I1|0I""III2I0”””

DOS/I10"® ecm™® V™

Figure 1. (A) Molecular structure of C106. (B) Photocurrent
action spectra of C106 in conjunction with electrolytes ELO1
and EL02. Cells were tested using a metal mask with an ap-
erture area of 0.158 cm?. An antireflection film was adhered
to cells during measurements. (C) Plots of electron diffusion
length versus density of states (DOS) derived from electrical
impedance measurements.

pared in advance with a sand-blasting drill, was sealed
with a Bynel sheet and a thin glass cover by heating.
Two electrolytes were used for device fabrication: ELO1
consisting of 1.0 M 1,3-dimethylimidazolium (DMII), 30
mM iodine (I;), 1.0 M 4-tert-butylpyridine (TBP), and 0.1
M guanidinium thiocyanate (GNCS) in the 85/15 mix-
ture of acetonitrile (AN) and valeronitrile (VN); EL02 con-
sisting of 1.0 M DMII, 50 mM Lil, 30 mM I,, 1.0 M TBP,
and 0.1 M GNCS in the 85/15 mixture of AN and VN. The
mere difference between these two electrolytes is
whether the lithium cation is included.

Photocurrent action spectra (Figure 1B) were first
measured to roughly evaluate our cells in terms of an
overall efficiency of light absorption, net charge genera-
tion, and charge collection. Both electrolytes confer a
broad plateau of monochromatic incident photon-to-
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Figure 2. (A) Transient absorption change (a) recorded at 160 ns
upon nanosecond pulsed 580 nm laser excitation of a C106-
coated titania film immersed in the 85/15 mixed solvent of AN
and VN, and absorption change (b) after applying a positive bias
of 435 mV (vs Fc*/Fc) to a C106-coated titania film immersed in
EMITFSI. (B) Calculated electronic absorption spectrum (a) and
oscillator strength (b) of the oxidized species of C106 tethered
with hydroxylated titanium.

collected electron conversion efficiencies (IPCEs) onto
the swiftly dye-coated titania film, implying a saturated
light harvesting in this wavelength region. This sce-
nario is closely related to the high molar absorption co-
efficient of C106 (18.7 X 10° M~ cm~" at 550 nm),®
and the employment of a thick bilayer titania film, char-
acteristic of a fairly large surface area’"" ~'* and a light-
scattering function.”*~'® However, the IPCE summits
are remarkably dissimilar for cells with ELOT and EL02,
being ~75% and ~90%, respectively, even if identical
dye-coated films are applied. In addition, no noticeable
variation was perceived for their normalized
photocurrent action spectra (Figure S1 of Supporting
Information), suggesting that the charge collection may
not be a prominent current loss channel in our cells.
The charge collection yield was further evaluated with
the electron diffusion length derived from the electrical
impedance spectroscopy measurements, through fit-
ting the impedance spectra with an appropriate equiva-
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Figure 3. Contour plots of transition-involved frontier molecular orbitals of the oxidized species of C106 tethered with hy-
droxylated titanium. All the isodensity surface values are fixed at 0.04.

lent electrical circuit®® adaptable to DSCs. As clarified
in Figure 1C, the electron diffusion lengths are actually
over 34 uwm in these two cells and much larger than the
nanoporous titania film thickness of 15 pm.

The intrinsic origins of IPCE height difference in the
preceding observations were elaborated through laser-
induced transient absorption measurements. Upon the
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Figure 4. (A) Time-resolved absorption traces of C106-coated titania
films immersed in the 85/15 mixture of AN and VN, and electrolytes. (B)
Absorption trace with electrolyte ELO1 in the nanosecond time domain.
(C) Absorption trace with electrolyte EL02 in the nanosecond time do-
main. Absorbance changes were measured at a probe wavelength of 780
nm upon 440 nm laser excitation (7 ns full width half-maximum pulse du-
ration, 2 Hz repetition rate, 78 pJ cm~2 pulse fluence). Smooth lines are
stretched exponential fittings over raw data obtained by averaging 1600
laser shots. The red fitting line over the raw data with ELO1 in panel B is
also included in panel C for comparison. The red and black dots in panel
C represent the initial fitting amplitudes in the cases of ELO1and EL02,
respectively.
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580-nm laser excitation of a 5-pum-thick C106-coated
transparent titania film in contact with an inactive 85/15
mixture of AN and VN, we first recorded a transient ab-
sorption spectrum (trace a in Figure 2A) at 160 ns using
a white probe light. A broad negative feature arises in
the visible region between 2.65 and 1.91 eV, which
could be allocated to the photobleaching of ground-
state dye molecules, considering the absorption profile
of a dye-coated film measured by a steady-state
UV—visible spectrometer (Figure S2 of Supporting In-
formation). With the aid of the spectroelectrochemical
measurement (trace b in Figure 2A) on a C106-coated
film immersed in 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (EMITFSI), we can
unambiguously ascribe the positive signal in the tran-
sient absorption spectrum to electronic excitations of
oxidized dye cations. Note that the concomitant elec-
trons in titania upon laser excitation exhibit relatively
weak absorptions throughout this spectral region, with
an absorption coefficient of ~3400 M~' cm ™" at 780
nm.?" Generally, the transient spectrum probed for
C106 is similar to those reported for other ruthenium
sensitizers,”?~2°

To gain a mechanism insight into the transition char-
acteristics of oxidized dye cations, we performed den-
sity functional theory (DFT) and time-dependent den-
sity functional theory (TDDFT)?%?” calculations using
the Gaussian 03 program package. Figure 2B displays
the calculated absorption spectrum in the infrared re-
gion of the oxidized species of C106 tethered with hy-
droxylated titanium. The featureless absorption band
mainly stems from the electron transition at 1.32 eV
from HOMO—1 (HOMO is the highest occupied molec-
ular orbital) to the singly occupied molecular orbital
(SOMO), and that at 1.48 eV from HOMO—3 to SOMO.
A close look on the isodensity plots of these frontier or-
bitals illustrated in Figure 3 discloses that the ligand-to-
metal charge transfer (LMCT) transitions arise from the
thiocyanate ligand and the 4,4’-bis(5-
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(hexylthio)thiophen-2-yl)-2,2'-bipyridine ancillary
ligand to the Ru(lll) center.

On the basis of transient absorption spectrum
and spectroelectrochemical measurements, we se-
lected a monochromatic light at 780 nm to probe
the multichannel charge transfer kinetics of oxidized
dye cations. Excitation fluence was carefully con-
trolled in our kinetic measurements to ensure that
~1.57 X 10" photons cm ™2 were absorbed by the
dye-coated film during every laser pulse, which is
close to the device operation condition. In the ab-
sence of a redox mediator (i.e., in the inactive 85/15
mixture of AN and VN), the decay of absorption sig-
nals (Figure 4A) could be attributed to the back elec-
tron transfer from titania to oxidized dye cations
and well fitted to a stretched exponential decay
function (AOD « exp[—(t/7)*]), featuring a typical
half-reaction time (t;,;) of 15.5 ps. In the presence
of iodide/triiodide redox electrolytes ELO1 and EL02,
the decay of oxidized dye absorption was signifi-
cantly accelerated. For electrolyte ELO1, the half-
reaction time (t;, = 0.41 ps) of the dye regenera-
tion process is very close to that obtained with
electrolyte ELO2 (t;; = 0.47 ps). The alike branch-
ing ratios of back charge transfer and dye regenera-
tion in both electrolytes are over 33, showing that
more than 97% of oxidized dyes are intercepted via
the electron donation from iodide. We therefore
conclude that the difference in the kinetic competi-
tion between these two charge-transfer channels
does not make a significant contribution to the
aforementioned IPCE height discrepancy.

We further scrutinized the exciton dissociation
yield by means of measuring the initial
amplitudes?®2° of oxidized dye cations in the cases
of electrolytes ELO1 and EL02, while the dye-coated
films absorb the same number of photons. Smooth
red and black curves presented in Figure 4B,C are the
corresponding fittings over absorption traces of oxi-
dized dye cations in the presence of electrolytes
ELO1 and ELO2, respectively. As depicted in Figure
4C, the initial amplitude of oxidized dye cation ab-
sorption with ELO2 is evidently (by ~15%) higher
than that with ELO1, soundly explaining the ob-
served IPCE height difference. The favorable role of
lithium ions on exciton dissociation was also previ-
ously noted for other photosensitizers.?*3°33 Since
the energy difference between the LUMO of C106
and the conduction band edge of titania is ~0.62
eV,° we deduce that the improvement on electron
injection efficiency in our case might be ascribed to
the interfacial dipole assisting exciton
dissociation,®*3° owing to the adsorption of lithium
ions on titania nanocrystals.

J—V characteristics of both cells measured under
an irradiation of AM1.5G full sunlight are presented in
Figure 5A. The short-circuit photocurrent density (Jsc),
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Figure 5. (A) J—V characteristics of C106 in combination
with electrolytes ELO1 and ELO2 measured under irradiation
of 100 mW cm~2 AM1.5G sunlight. Cells were tested using a
metal mask with an aperture area of 0.158 cm?. An antireflec-
tion film was adhered to cells during measurements. (B)
Chemical capacitance and (C) charge recombination rate
constant measured by transient photoelectric decays.

open-circuit photovoltage (V,.), and fill factor (FF) of a
cell with electrolyte ELO1 are 16.62 mA cm™2, 774 mV,
and 0.767, respectively, yielding an overall conversion
efficiency () of 9.9%. In contrast, the photovoltaic pa-
rameters (Jy., Voo, FF, and m) of a cell with electrolyte
ELO2 are 19.78 mA cm 2, 758 mV, 0.779, and 11.7%, re-
spectively. The photocurrent tendency of ELO2 with re-
spect to ELO1 is in good accord with that observed in
IPCE measurements. In view that DSC is a very promis-
ing candidate for the conversion of weak light to elec-
tricity,® we also measured cell efficiencies by attenuat-
ing the AM1.5G full sunlight with a set of neutral metal
meshes, and detailed cell parameters are collected in
Table 1. At a light intensity of 26.14 mW cm 2, the cell
performance is pretty impressive, reaching an effi-
ciency of 12.1%.

To comprehend the adverse effect of lithium ions
on the cell photovoltage (ELO2 versus ELO1, Figure 5A),
we resorted to the transient photoelectric decay
technique®”~“° to measure the charge recombination
rate constant (k,) at the titania/electrolyte interface as
well as the interfacial chemical capacitance (C,). The lat-
ter is closely related to density of surface states on tita-
nia nanocrystals. As shown in Figure 5B, at a given
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TABLE 1. Detailed Photovoltaic Parameters of C106 with
ELO2 Measured at a Set of Incident Light Intensities®

Pin (MW cm™2) Ji.(mMAcm™?) Ve (mV) FF n (%)
14.39 2.86 704 0.837 1.7
26.14 5.26 21 0.834 121
53.26 10.63 740 0.810 12.0

100 19.78 758 0.779 1.7

“The spectral distribution of our light resource simulates AM1.5G solar emission
with a mismatch less than 4%. Lights at different intensities were obtained by at-
tenuating the AM1.5G full sunlight with a set of neutral meshes. Incident power in-
tensity, Py,; short-circuit photocurrent density, Ji; open-circuit photovoltage, Voq
fill factor, FF; total power conversion efficiency, m. Cell area tested with a metal
mask: 0.158 cm?. An antireflection film was adhered to testing cells during measure-
ments. EL02: 1.0 M DMII, 50 mM Lil, 30 mM I, 1.0 M TBP, and 0.1 M GNCS in a
85/15 mixture of AN and VN.

Fermi-level difference (Ern — Erredox), the C, with ELO2
is apparently larger than that with ELO1, which is well
consistent with the notion that the addition of lithium
ions can lead to more deep surface states below the
conduction band edge.*' More deep states tends to
lower the E¢, at a given electron injection rate. Also, the
adsorption of lithium cations is known to noticeably
downward displace the titania conduction band edge
(E.) relative to the electrolyte Fermi level (Efredox),>*
probably through inducing a surface dipole pointing
from the titania to electrolyte. This downward E. move-
ment could adversely impact the photovoltage. Addi-
tionally, it can be easily perceived from Figure 5C that

METHODS

Computational Details. The oxidized species of C106 tethered
with hydroxylated titanium treated as an open-shell system was
computed using the UPBEO method. In our calculations, the stan-
dard 6-31G(d, p) basis set, including diffuse and polarization
functions, was used for S, N, O, C, and H atoms, and LANL2DZ
(Los Alamos National Laboratory 2 double {) basis set for the
transition metal Ru atom.*? On the basis of the optimized geom-
etry of the C106 cation, the electronic absorption spectrum was
calculated by the TDDFT method at UPBE0/6-31G (d, p),
LANL2DZ level.

Photovoltaic Characterization. A Keithley 2400 source meter and
a Zolix Omni-A300 monochromator equipped with a 500 W
xenon lamp were used for photocurrent action spectrum
measurements, with a wavelength sampling interval of 10 nm
and a current sampling time of 2 s under the full computer con-
trol. Monochromatic incident photon-to-collected electron con-
version efficiency (IPCE) is defined by IPCE(\) = hcJ./(edN),
where h is the Planck constant, c is the light speed in vacuum, e
is the electronic charge, \ is the wavelength, J; is the short-
circuit photocurrent density, and ¢ is the incident radiative flux.
A Hamamatsu S1337-1010BQ silicon diode used for IPCE mea-
surements was calibrated at the National Institute of Metrology,
China. A model LS1000-45-AM1.5G-1000W solar simulator (Solar
Light Company, USA) in combination with a metal mesh was em-
ployed to give an irradiance of 100 mW cm™2. The light inten-
sity was tested with a PMA2144 pyranometer and a calibrated
PMA 2100 dose control system. J—V characteristics were ob-
tained by applying a potential bias to a testing cell and measur-
ing dark current and photocurrent with a Keithley 2602 source
meter under the full computer control. The measurements were
fully automated using Labview 8.0. A metal mask with an aper-
ture area of 0.158 cm? was covered on a testing cell during all

in comparison with ELO1, the charge recombination
rate (k) with ELO2 is attenuated at a given electron den-
sity (de), in favor of a high cell photovoltage. Overall,
the unfavorable surface state as well as the E. effect of
lithium ions overwhelms their advantageous influence
on retarding the interfacial charge recombination, still
resulting in a decreased photovoltage. Fortunately, the
small loss of photovoltage in the presence of lithium
ions is overcompensated by the photocurrent gain,
leading to excellent power efficiencies for the conver-
sion of solar power to electricity (Table 1).

SUMMARY

We have demonstrated a speedy staining protocol
using a low-toxicity and nonvolatile solvent DMSO for
the fabrication of a high-efficiency dye-sensitized solar
cell, based upon the new-generation high-absorption-
coefficient dye C106. Power conversion efficiencies of
11.7—12.1% were attained at the AM1.5G conditions.
We anticipate that this discovery will benefit the roll-to-
roll production of more efficient flexible dye-sensitized
solar cells. We have also cautiously diagnosed the intrin-
sic role of lithium ions on efficiency enhancement
through systematic photophysical and electrical charac-
terizations. Our studies have shown that lithium ions
can promote exciton dissociation at the energy-offset
dye/titania interface effectively. In addition, charge col-
lection is not found to be a crucial current loss channel
in our high-efficiency dye-sensitized solar cell.

measurements. An antireflection film (A < 380 nm, ARKTOP,
ASAHI Glass) is adhered to the DSC photoanode during IPCE
and J—V measurements. The short-circuit photocurrent densi-
ties measured under this solar simulator are well consistent with
the integral of IPCEs with the AM1.5G spectrum (ASTM
G173—03), within a 4% error.

Transient Photoelectric Measurements. In transient photoelectric
decay experiments, a steady light was supplied with a white
light-emitting diode (LED) array while a perturbing light pulse
was provided with a red LED array controlled by a fast solid-state
switch. Both white and red lights were irradiated on the photo-
anode side of a testing cell. The red pulse was carefully con-
trolled by the driving potential of diodes to keep the modu-
lated photovoltage below 5 mV. We used red light as a probe
to generate a photovoltage perturbation near the open-circuit
photovoltage (V,) of the cell under the white light and
measured the voltage decay process thereafter. Normally, the
transient signals follow a monoexponential decay, thus the re-
combination rate constant, k,, can be extracted from the slope of
the semilogarithmic plot. The capacitance (C,) of the titania in-
terface at the V. is calculated by C,, = AQ/AV, where AV is the
peak of the photovoltage transient and AQ is the number of elec-
trons injected during the red light flash. The latter is obtained
by integrating a short-circuit photocurrent transient generated
from an identical red pulse. The electron density (de) in the tita-
nia film under a given white light intensity was determined by a
charge extraction technique.

Transient Absorption Measurements. Transient absorption meas-
urements were carried out with a LP920 laser flash spectrom-
eter in conjunction with a nanosecond tunable OPOLett-355Il la-
ser. The sample was kept at a 45° angle to the excitation beam.
The probe light from a pulsed xenon arc lamp was passed
through various optical elements, samples, and a monochroma-
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tor before being detected by a fast photomultiplier tube and re-
corded with a TDS 3012C digital signal analyzer.

Electrical Impedance Spectroscopy Measurements. Electrical imped-
ance experiments were performed under illumination of a red
light-emitting diode on an IM6ex electrochemical workstation,
with a frequency range from 50 mHz to 100 kHz and a potential
modulation of 20 mV. A potential bias (V) was applied to equal
the open-circuit photovoltage (V,) at each irradiation intensity,
meeting the requirement of zero current. The obtained imped-
ance spectra were fitted with the Z-view software (v2.80, Scrib-
ner Associates, Inc.).
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