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ABSTRACT: For the first time, a quasisolid thiolate/disulfide-
based electrolyte was prepared using succinonitrile as a matrix.
An optimized configuration of the quasisolid electrolyte contains
S-mercapto-1-methyltetrazole N-tetramethylammonium/disul-
fide/LiClO,/N-methylbenzimidazole in the molar ratio of
0.8:0.8:0.1:0.1. Dye-sensitized solar cells fabricated using this
quasisolid electrolyte, together with N719 dye-sensitized photo-
electrode and CoS counter electrode, attained power conversion
efficiencies of 4.25% at 1 sun and 6.19% at 0.1 sun illumination
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intensities. The optimized quasisolid electrolyte, when introduced to quasisolid CdS quantum-dot-sensitized solar cells, exhibited
a power conversion efficiency of 0.94%, despite the fact that CdS absorbs only a small fraction of the visible light, unlike dyes.
The encouraging results show the potential for the utilization of the quasisolid thiolate/disulfide-based electrolyte in sensitized

solar cells.
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1. INTRODUCTION

The third-generation solar cells, including dye-sensitized solar
cells (DSSC)' and quantum-dot-sensitized solar cells
(QDSSC),>* could be potentially produced via roll-to-roll
manufacturing lines at lower prices and are adequate for a
variety of low-power applications, such as sensors, for example.
In these cells, the electrolyte takes the role of charge transport
and sensitizer regeneration and the kinetic rate of regeneration
is a crucial factor deciding the efficiency of the devices.*
Electrolytes containing the iodide/triiodide (I7/I;”) redox
couple are most commonly used in DSSC;> however, its
disadvantages include the corrosion of silver-based current
collectors and the partial absorption of visible light. This
warrants the development of alternative redox electrolytes,
which are comparably efficient.®” A thiolate/disulfide (T~/T,)
redox couple is a promising competitor®” in this regard. DSSC
devices containing the T™/T, redox couple have exhibited a
promising power conversion efficiency (PCE) of 6.4%.° The
following studies, including the preparation of proper counter
electrode for DSSCs applying T~/T, redox electrolyte'®'" and
the investigation of the T™/T, redox-couple-based ionic liquid
electrolytes,'>"* further suggest that the T~/T, redox couple
could replace the I"/I;” in DSSCs, where the latter creates
problems for cell stability and longevity.

On the other hand, liquid electrolyte applied in DSSCs has
its own engineering and vapor toxicity problems arising from
leakages and seal degradation due to volatility of low-boiling
solvents, notably certain commonly used liquid nitriles."* Thus,
different materials were applied to fabricate solid-state
DSSCs,'16 among which, succinonitrile (SCN) was intro-
duced as a matrix to develop solid-state ionic conductors.'” ™"
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Succinonitrile is a white clear plastic crystal and is solid at room
temperatures, enabling easy handling under ambient con-
ditions, and provides preferable molecular conductivity because
of its high concentration of lattice defects.”® Organic plastic
crystals such as SCN exhibit molecular rotational disorders that
create defects or vacancies, and these defects or vacancies are
thought to support partial translational motion within the
lattice, which facilitates molecular/ionic mobility, in general.21
SCN forms a body-centered cubic plastic phase from 233 K to
its melting point at 331 K.** In this phase, the rotationally
disordered molecules exist in a mixture of three isomeric
confirmations, two gauche isomers and one trans isomer, where
the trans isomers act as “impurities” in the lattice, creating
monovacancies thus lead to high molecular diffusivity.”> SCN is
a nonionic organic plastic crystal with high polarity, which
effectively dissolves various types of salts. Dissolving salts in the
nonionic SCN matrix provide the mixture with ionic
conductivity that originates from the guest salts.”* The strategy
of incorporating SCN matrix with desired salts has been used
for various electrochemical devices.*"** For example, mixing
plastic crystals with lithium compounds has been demonstrated
to yield room temperature waxy solids, providing favorable Li"
ions conductivity, which is attractive to battery applications.**
SCN possesses similar characteristics in structure and polarity
with those commonly used liquid-state organic solvents, such as
acetonitrile, valeronitrile, and glutaronitrile, making it a suitable
solid-state electrolyte matrix for DSSCs.*' Gritzel and co-
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workers mixed SCN with N-methyl-N-butylpyrrolidinium
iodide (P,,I) and iodine to form a solid electrolyte for DSSC
with cell efficiencies of around 5% at AM1.5 1 sun
illumination."” Using the same electrolyte, together with
electrospun hierarchically structured TiO, nanofiber electrodes,
the DSSC performance was improved to 6.54% in full
sunlight.25 Recently, our group has mixed SCN with either
1,2-dimethyl-3-propylimidazoliuum iodide or 1-butyl-3-methyl-
imidazolium iodide ionic liquids for forming a solid, plastic
phase electrolyte for DSSCs; cells applying these two
electrolytes and a commercial industrial grade dye exhibit
power conversion efficiencies of 6.35% and 5.6% at 1 sun,
respectively.'” These results indicate the promising utility of
SCN as matrix for efficient quasisolid electrolyte in DSSCs.
However, the fact that most of the salts incorporating with
SCN are iodides has encouraged us to introduce the alternate
thiolate/disulfide redox couple to form an iodine-free quasisolid
electrolyte, which is less prone to corrosion.

The commonly used counter electrode material, platinum, is
blamed as an inefficient catalytic material to function with this
electrolyte.'® Various kinds of counter electrode materials have
been investigated to fabricate DSSCs using the T~/T, redox
electrolyte, among which CoS is a promising candidate.'’
Different methods have been employed to fabricate efficient
CoS counter electrodes, including electroplating,®® screen-
printing, SILAR,* sputtering,10 or solvothermal techniques.28
These methods usually require complex instrumentation or are
relatively time-consuming. Hence, we have developed a
modified SILAR process to fabricate CoS counter electrode
for the thiolate/disulfide electrolyte.

In this study, a quasisolid electrolyte was made by mixing a
T7/T, redox couple with SCN and complementary CoS
counter electrode. The CoS counter electrodes, prepared using
a novel method, functionally match the organic redox couple
based quasisolid electrolyte. Solar cells incorporating photo-
electrodes sensitized by N719 dye, the aforementioned
quasisolid electrolyte, and CoS counter electrodes were
fabricated. The concentration of the thiolate/disulfide redox
couple is varied to maximize the cell performance. Different
additives are mixed in the electrolyte to further enhance the
power conversion efficiency of cells. DSSCs applying electrolyte
containing 0.8/0.8 M T7/T, together with 0.1 M LiCIO, and
0.1 M NMBI in SCN exhibit a promising power conversion
efficiency of 4.26% under 1 sun and 6.19% at 0.1 sun
illumination intensities. This quasisolid electrolyte is further
introduced in CdS QDSSCs, which show a power conversion
efficiency of 0.94% under 1 sun irradiation. To the best of our
knowledge, this is the first time that a thiolate/disulfide redox-
based quasisolid electrolyte has ever been prepared to fabricate
sensitized solar cells.

2. EXPERIMENTAL SECTION

2.1. Preparation of Photoelectrodes. The photoelectrodes with
TiO, films were prepared following a reported procedure.””
Specifically, a screen-printing method was used to deposit the TiO,
paste on fluorine-doped tin oxide (FTO) glass substrates in a layer-by-
layer manner. In order to suppress back electron transfer, prior to the
screen-printing process, a compact TiO, underlayer was always
deposited onto the FTO substrate. This blocking layer was deposited
by a “TiCl, treatment”, which involves the immersion of the FTO
substrate into a 40 mM TiCl, aqueous solution for 30 min at 70 °C.>’
TiO, paste was then screen-printed on the TiCl,-treated glass
substrate for several cycles. After this, the electrodes were sintered at
325, 375, 450, and 500 °C for S, 5, 15, and 30 min, respectively.

Another TiCl, treatment was then conducted to deposit a compact
TiO, over layer on the mesoporous TiO, films in order to further
reduce charge recombination. Another sintering process was then
conducted at 500 °C for 30 min. Two kinds of TiO, printing pastes
were employed, including a homemade “transparent” paste®’
containing P25 TiO, and a “scattering” paste purchased from DyeSol
Ltd. (WER 2-0). The electrode configuration used in this study was
obtained by depositing seven layers of transparent paste and two layers
of scattering paste successively on FTO glass substrates, resulting in
the layer thickness of 10 + S ym after sintering.

2.2. Sensitization of Photoelectrodes. To obtain N719 dye-
sensitized photoelectrodes, bare TiO, electrodes were immersed into a
dye bath of S mM ditetrabutylammonium cis-bis(isothiocyanato )bis-
(2,2"-bipyridyl-4,4’-dicarboxylato)ruthenium(II) (N719, DyeSol) dye
dissolved in a mixed solvent of acetonitrile:tert-butyl alcohol: THF
(volume ratio 4.5:4.5:1) for 20 h, allowing a saturated dye soak.

To prepare CdS QD-sensitized photoelectrodes, a successive ionic
layer absorption and reaction (SILAR) technique was relied on to
deposit CdS QDs on the TiO, films.*® The bare TiO, electrodes were
successively immersed in two different processing solutions for 1 min
each: one consisting of 0.5 M Cd(NO;), dissolved in ethanol (3.085 g
in 20 mL) and another of 0.5 M Na,S in methanol/DI water (volume
ratio 1:1) (2.4 g Na,S-9H,0 in 20 mL). Following each immersion,
rinsing was undertaken for 1 min using the corresponding solvent to
remove the excess of each of the precursors, followed by drying under
argon. The CdS QD-sensitized electrodes were always passivated with
ZnS$ by dipping alternately into 0.2 M Zn(NOs;), in ethanol (1.2 g in
20 mL) and 0.2 M Na,$ in methanol (0.96 g in 20 mL) for 1 min/dip.
The dipped electrodes were then rinsed and dried with argon.

2.3. Fabrication of Counter Electrodes. The cobalt sulfide
counter electrode introduced in this study was fabricated using a
modified SILAR method. First, the FTO substrates were ultrasonically
cleaned by detergent solution and acetone. A drop of Co(NO;),
solution (10 mM in ethanol) was then deposited on the ultracleaned
FTO glass; after air drying, the FTO substrate soaked with Co*" ions
were then immersed in a 0.1 M Na,S methanol solution for $ s or so to
allow the formation of a thin layer of CoS film. Further rinsing and
drying under heat gun were conducted to accomplish one SILAR cycle
of CoS deposition. By controlling the number of CoS cycles, the
thickness of the CoS films can be varied.

2.4. Preparation of the Quasisolid Electrolyte. The T/T,
redox couple was synthesized by following a reported procedure with
modifications (the chemical structure of TMAT and T, are shown in
Figure 1a).* Briefly, the S-mercapto-1-methyltetrazole N-tetramethy-
lammonium (TMAT) compound was synthesized by mixing 0.5 g of
S-mercapto-1-methyltetrazole (HT) with 1.8 mL of tetramethylam-
monium hydroxide (TMAOH) in methanol (25 wt %) under argon
with stirring overnight. The resulting solution was vacuum evaporated
to obtain the TMAT salt, which was then thoroughly washed with
deionized (DI) water and dried under vacuum at 40 °C. The T,
compound was prepared by oxidization of HT with I,. Two grams of
HT and 1.19 g of K,CO; were dissolved in 20 mL of methanol with
the assistance of ultrasonication; 2.18 g of I, in 20 mL of methanol was
then added dropwise. The mixture was further sonicated for 1 h
followed by stirring at room temperature overnight. The T, powders
were collected through further filtration, followed by drying at 40 °C
before use.

To prepare the T~ /T,-based quasisolid electrolyte, a calculated
amount of SCN was melted at 70 °C, followed by adding the
corresponding amounts of TMAT and T, compounds required.
Different kinds of additives, including guanidinium thiocyanate
(GuSCN), lithium perchlorate (LiClO,), 4-tert-butylpyridine (TBP),
or N-methylbenzimidazole (NMBI), were added to the solution at 70
°C with stirring to obtain the electrolytes needed. Following the
addition of solutes, the mixture was cooled down to obtain the
quasisolid electrolyte, as indicated by Figure 1b. No other solvents
were involved in the quasisolid electrolyte preparation process.

2.5. Fabrication of Solar Cells. The fabrication of the all-
quasisolid solar cells followed a “one-step process” developed earlier.'”
The working electrode and counter electrode were sandwiched
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Figure 1. (a) Chemical formula of TMAT/T, and (b) photos of the
quasisolid electrolytes (leftmost shows the liquid electrolyte applying
acetonitrile as solvent).

together using a Bynel polymer gasket (S0 ym thick) to fabricate solar
cells. The T~/ T,-based quasisolid electrolyte was melted at 70 °C first,
followed by injecting into the space between the two electrodes
through a hole in the counter electrode via vacuum backfilling while
the electrolyte remains in its liquid phase. The hole was then sealed
with a thin piece (0.1 mm thick) of glass heat-melt-sealed with Bynel.

2.6. Characterizations. Solar cells’ photoelectrochemical param-
eters, including current density/voltage (J—V) curves, open circuit
voltage (V,.), short circuit current density (J,.), and fill factor (FF),
were measured using a Newport 91195A-1000 solar simulator and
Newport 69920 arc lamp power supply. The AM 1.5 spectrum with
irradiance powers of 1000 W/m?* was simulated by placing a Newport
81088A air mass filter before the output of the solar simulator. J-V
curves and electrochemical impedance spectroscopy (EIS) spectra
were recorded with a GAMRY Instruments potentiostat. EIS data was
simulated using the electrochemistry software Zview. Incident photon
to current conversion efficiency (IPCE) was measured and recorded
using a Gilden Photonics IPCE system and software.

3. RESULTS AND DISCUSSION

First, DSSCs were fabricated and characterized to maximize the
thickness of CoS films, which was controlled by varying the
numbers of CoS layers. The quasisolid electrolyte used in these
cells contains 0.4/0.4 M T~/T,, respectively, since this is the
reported optimized concentration of this redox couple in liquid
state electrolyte.® The J—V characteristics of the DSSCs
applying different cycles of CoS films as counter electrode
material are presented in Figure 2a, and the cell parameters
obtained from the J—V curves are listed in Table 1. As the
number of CoS layers increases from 1 to 4, the V. of cells
remain at values of around 618 mV, since the V. of cells is
determined by the difference of the Fermi level of the
photoelectrode and the redox potential of the electrolyte and
is related to the charge recombination process at the
photoelectrode, which is without dependence on CoS thick-
ness. The J. of solar cells drop from 9.41 to 8.43 mA/cm?; the
drop of ], has been observed elsewhere also when using thicker
counter electrode materials.>’ The overall power conversion
efficiency is enhanced from 2.19% to 3.19% owing to the
increase of fill factor from 38.50% to 60.80%. Further increasing
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Figure 2. (a) J-V characteristics and (b) Nyquist plots of the DSSCs
applying different cycles of CoS films as counter electrode material
(cells measured at 1 sun illumination at V vs V).

Table 1. Cell Performance Parameters Obtained from J—V
Measurements of DSSCs Applying Different Cycles of CoS
Films As Counter Electrode Material

CoS cycles V,. (mV) Joc (mA/cm?) FF (%) n® (%)
1 618 9.18 38.50 2.19 + 0.10
2 619 9.41 47.57 2.78 + 0.08
3 619 8.93 54.63 3.05 + 0.09
4 618 8.43 60.80 3.19 + 0.0
S 618 8.44 56.81 3.03 +0.11

“The standard deviation of cell efficiency is based on the data of three
cells.

of the CoS layers to five shows no improvement in the cell
performances.

The influence of counter electrode on the performance of
DSSC is mainly derived from the catalytic ability to regenerate
the reduced species (T7) in the electrolyte as well as the
increased conductivity, since it provides easier electron
pathways to complete the circuit.***® Electrochemical
impedance spectroscopy was introduced to investigate the
influence of the CoS thicknesses on the cell performance.
Figure 2b shows the Nyquist plots of solar cells applying
different layers of CoS as counter electrode and measured
under 1 sun at V vs V,. A typical EIS spectrum of DSSC
consists of three semicircles. While the first semicircle responds
to the high-frequency, which is attributed to the charge transfer
at the counter electrode—electrolyte interface, the second
semicircle responds to the middle-frequency, which is
attributed to the carrier transport at the photoanode—
electrolyte interface, and the third semicircle responds to the
low-frequency region attributing to the ion diffusion process in
the electrolyte, when the cells are biased at its V,.**** The
second and third semicircles remain the same, since same
electrolyte and photoelectrode were used in the solar cells
applying different layers of CoS. With the number of CoS layers
increasing from one to four, the Rg values, which represents the
ohmic series resistance (Rg corresponds to the high frequency
intercept of the Nyquist plot), show a diminishing trend. This
indicates that the contact resistance between the CoS and FTO
gets smaller with an increase in CoS thickness, since the
possible discontinuity of thinner CoS film may lead to higher
contact resistance.>> This observation of lower R, of thicker
counter electrode material was also observed elsewhere.*® The
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R, of the solar cells, which represents the charge transfer
resistance at the electrolyte/counter electrode interface (R
corresponds to the semicircle at the high-frequency range), also
decreases with the increasing number of CoS deposition cycles,
which is explained by the fact that with thicker CoS deposition,
more reduced species regeneration sites are formed, resulting in
better catalytic ability of the counter electrode.® With the
optimized R, and R, values, four cycles of CoS as counter
electrode material exhibit better catalytic ability and con-
ductivity, thus rationalizing the enhanced solar cell perform-
ance. The optimized counter electrode configuration was
applied to fabricate cells in the subsequent experiments.
Different concentrations of the TMAT/T, compounds were
mixed with liquefied SCN at 70 °C, followed by cooling at
room temperature to form the quasisolid electrolyte. The
melting point of the SCN could be lowered by the addition of
salts.>* As the concentration of the solute increases, a local
disorder starts occurring in the plastic crystal, eventually
inhibiting the formation of the plastic-crystal phase itself.** In
this study, various concentrations of TMAT/T, compounds
were dissolved in SCN to form 0.2/0.2, 0.4/0.2, 0.4/0.4, 0.8/
0.4, 0.8/0.8, 1.0/1.0 and 1.2/1.2 M electrolytes. While the 1.0/
1.0 M electrolyte exhibits a quasisolid phase, the 1.2/1.2 M
sample becomes a highly viscous liquid. The remaining
electrolytes present a solid phase at room temperature, as
shown in Figurelb; these quasisolid electrolytes were applied to
fabricate DSSCs. The J—V characteristics of DSSCs applying
electrolyte containing different concentrations of the redox
compounds in SCN are presented in Figure 3 and the cell
parameters obtained from the J—V curves are listed in Table 2.

—+—0.4/0.4 liquid

TMAT/T, Con. (M) in SCN
—a—(.2/0.2 —=—0.4/0.2

Current Density (mA/cm:)

29 ——0.4/0.4 ——0.8/0.4
——0.8/0.8
0 T T T T T T
0 100 200 300 400 500 600 700

Potential (mV)

Figure 3. J—V characteristics of DSSCs applied different concen-
trations of the T~/T, redox couple in SCN.

Table 2. Cell Performance Parameters of DSSCs Applied
Electrolyte Containing Different Concentrations of the T/
T, Redox Couple in SCN

TMAT/T, V.. I FF
solvent concn (M) (mV) (mA/cm?) (%) n (%)
acetonitrile 0.4/0.4 671 109 66.45 4.90 + 0.05
succinonitrile 0.2/0.2 618 445 60.58 1.66 + 0.06
0.4/0.2 639 7.78 62.50 3.12 + 0.08
0.4/0.4 618 8.25 62.92 321 + 0.06
0.8/0.4 640 8.52 62.22 3.39 £ 0.10
0.8/0.8 618 9.12 62.43 3.52 + 0.07

According to the data in Table 2, with the increase in the
concentrations of the redox compounds, the J,. of cells exhibits

20771

an increasing trend, resulting in better overall power conversion
efficiencies. Solar cells applying 0.8/0.8 M electrolyte exhibit a
Jic = 9.12 mA/cm?, which show a 100% increase compared to
the J,. of cells applying 0.2/0.2 M electrolyte. In a solid or
quasisolid electrolyte system, a Grotthuss-type exchange
mechanism (GEM) was proposed for ion exchange rather
than the mass transportation exhibited in liquid electrolytes,
which normally requires higher redox concentrations than that
used in liquid electrolytes.'®>” The higher TMAT/T,
concentration, 0.8/0.8 M in this case, enables better ion
transport through GEM in the electrolyte, which may be
attributed to the higher defect concentration in the plastic
crystal,** thus resulting in higher J,. Further increase of
TMAT/T, concentration may lead to even higher defects and
thus higher ion diffusion; however, it sacrifices the stability of
the plastic crystal, likely to result in a quasisolid or liquid phase,
as observed in the 1.0/1.0 and 1.2/1.2 M electrolyte case. The
Vo of cells introducing 0.2/0.2, 0.4/0.4, and 0.8/0.8 M
electrolyte stay at a same value of 618 mV, while in cells
applying 0.4/0.2 and 0.8/0.4 M electrolyte, an increase in V. of
around 20 mV is observed, which can be attributed to the shift
of the redox potential of the electrolyte by the change of the
oxidized and reduced species’ ratio in the electrolyte. The
optimized concentration of TMAT/T, in succinonitrile is 0.8/
0.8 M; cells applying this electrolyte exhibit a V. of 618 mV, J,.
of 9.12 mA/cm? FF of 62.43%, and power conversion
efficiency of 3.52%. For comparison, a liquid electrolyte
employing the reported maximized redox couple concentration
(0.4/0.4 M)® was also introduced to fabricate cells which shows
a power conversion efficiency of 4.90%, with V. = 671 mV, ]
= 10.9 mA/cm? and FF = 66.45%. The performance of the
quasisolid DCSSC is lower but comparable to the liquid-
electrolyte-based one.

In an effort to further improve the performance of the
thiolate/disulfide-based quasisolid DSSC, various additives,
including GuSCN, LiClO,, TBP, and NMBI, were added to
the electrolyte. As discussed above, high concentrations of
solute hinder the formation of the plastic crystal phase;
therefore, only a low concentration (0.1 M) of each of the
additives was added to the electrolyte. This composition is
referred as TMAT/T,/additive in a proportion of 0.8/0.8/0.1
M. All these electrolytes remained as solids at room
temperature. The J—V characteristics of DSSCs applying
these additive-containing electrolytes are shown in Figure 4,
and the corresponding cell performance parameters are listed in
Table 3.

2

Current Density (mA/cm”)

—=—No additives
—e— GuSCN
——LiCIO,
—v—TBP

—<+— NMBI
——LiCIO,+NMBI

L L) L)
300 400 500

Potential (mV)

L) Ll
0 100 200

600

700

Figure 4. J—V characteristics of DSSCs that applied SCN-based
electrolytes containing various additives.
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Table 3. SCN-Based Electrolytes: Influence of Various
Additives on Cell Parameters

additives V,. (mV) J. (mA/cm®) FE (%) n (%)
none 618 9.12 62.43 3.52 + 0.07
GuSCN 619 9.45 57.97 3.39 + 0.03
LiClO, 610 12.4 53.36 4.02 + 0.09
TBP 639 8.60 59.54 327 + 0.08
NMBI 639 9.73 58.40 3.64 + 0.05
LiClO, + NMBI 647 12.6 52.07 425 + 0.07

GuSCN has been reported as an effective additive capable of
enhancing both the V. and J,. of cells, since guanidinium
cations adsorbed onto TiO, surface enhances the electron
injection and suppresses the charge recombination,>® while the
TBP reportedly helps the cell V. by negatively shifting the
TiO, conduction band.*® In our case, the . of cells are slightly
increased, but FF fell when adding GuSCN, which results in a
slightly lower PCE, while the fact of V. remaining unchanged,
as a preliminary guess, may be due the interaction between the
guanidinium ions and the redox couple in the electrolyte
affecting its redox potential. However, more detailed studies
should be done to further investigate this question. TBP, as
expected, increased V. from 618 to 639 mV; however, the
increase in V. is associated with a decrease in J,. and FF,
leading to lower overall performance. The LiClO, additive
yielded a remarkable increase in J,. from 9.12 to 12.4 mA/cm?,
which is due to Li cations being coadsorbed onto TiO, surface,
enhancing electron injection and thus the cell current;>® even
though a lower V. of 610 mV and FF of 53.36% are observed,
an increase in overall cell performance is pronounced with a
power conversion efficiency of 4.02%. The adding of NMBI to
the electrolyte increases the V. of cells, following a mechanism
similar to that of TBP,*® along with a slight increase in the J, as
well, resulting in a slightly better overall power conversion
efficiency of 3.64%. Since the addition of LiClO, or NMBI to
the electrolyte enhances the cells” overall performance, in the
next step both the additives are added in the electrolyte to form
a composite of TMAT/T,/LiClIO,/NMBI 0.8/0.8/0.1/0.1 M,
respectively. Cells containing this electrolyte exhibit a power
conversion efficiency of 4.25% with an increased V. of 647 mV
and J,. of 12.6 mA/cm? which are >20% superior compared to
cells having electrolytes with no additives.

The observed cell performance enhancement is further
investigated by characterizing cells applying electrolyte with
LiCIO, + NMBI; cells introducing electrolyte with no additives
are used for comparison. Figure Sa shows the dark current
density—voltage characteristics of cells applying two kinds of
electrolytes. Compared to electrolyte without additives, the
electrolyte with LiClO, + NMBI added shifts the onset of
photocurrent to higher voltages and produced a smaller dark
current at the same potential above 450 mV, indicating the
suppression of electron recombination. The lower recombina-
tion rate is mainly attributed to the presence of NMBI in the
electrolyte, rationalizing the higher V,, as observed in Table 3.
Figure Sb presented the Nyquist plots of cells introducing
electrolyte with and without additives, respectively. In
particular, the charge transfer resistance related to the electron
transfer process at the TiO,/dye/electrolyte interface can be
determined from the diameter of the central arc in the Nyquist
plots.®® It can be seen that the charge transfer resistance
decreases with the addition of LiClO, + NMBI in the
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Figure S. (a) Dark current density—voltage characteristics and (b)
Nyquist plots (cells measured at 1 sun illumination at V'vs V) of cells
applying electrolytes without additives and with LiClO, + NMBI
addition.

electrolyte, which may lead to higher electron diffusion and
collection efficiency and thus better performance.

Since the arc associated with the electrolyte diffusion was
overlapped with the response from the central arc (Figure Sb),
in order to understand the effect of additives on the ionic
diffusion property of the electrolyte, symmetric cells applying
two CoS counter electrode with the two kinds of electrolytes
are fabricated and their EIS responses measured. The Nyquist
plots obtained are shown in Figure 6a, while the equivalent
circuit presented as an inset of Figure 6a is used to fit the
Nyquist plots according to a method proposed before.*” In the
Nyquist plots, the responses at high frequency are associated
with the counter electrode/electrolyte interface, while the arcs
at the lower frequencies are related to the ionic diffusion
process in the electrolyte. From the parameters attained by
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Figure 6. (a) Nyquist plots of symmetric cells applying CoS counter
electrode and electrolyte with no additives and with LiClO, + NMBI
(cells measured under dark at V.= 0 V vs E, .5 the solid lines represent
experimental results, while hollow dots indicate the simulated values)
and (b) IPCE values of cells applying two kinds of electrolytes.
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fitting the Nyquist plots, the apparent diffusion coeflicient of
ionic species in the electrolyte can be estimated using the
equation D = 1,2/B?, where I, is the thickness of the electrolyte
film and B is a parameter related to the element representing
the electrolyte diffusion process in the equivalent circuit, which
accounts for a finite length Warburg diffusion (Zp).

The apparent diffusion coeflicient of ionic species in the
electrolyte with LiClO, + NMBI is estimated to be 3.2 X 107
cm? 57!, much higher than the diffusion coefficient estimated
for the electrolyte with no additives (1.9 X 107 cm? s™*). The
value obtained is quite close to the diffusion coefhlicient for ionic
species in highly viscous solvents (2.8 X 107 cm® s™!),*" in gel
(3 X 107° cm? s71),* or in gellified ionic liquids (1.4 X 107°
cm?® s71),* but it is still 1 order of magnitude lower than that in
acetonitrile (around 2 X 107° cm? s!).* A higher diffusion
coefficient of ionic species is normally related to a higher ionic
conductivity of the electrolyte. Thus, with a promising apparent
diffusion coefficient of ionic species in the electrolyte, plus a
reduced electron transfer resistance, a higher ] is reasonable to
be obtained for cells applying electrolyte with LiClO, + NMBL
The observation of the higher J . is also consistent with the
difference in IPCE values obtained from cells applying two
kinds of electrolytes (Figure 6b).

Solar cells introducing the optimized electrolyte (TMAT/
T,/LiClO,/NMBI 0.8/0.8/0.1/0.1 M) are then characterized
under AM 1.5G at various light intensities. The respective J—V
characteristics are presented in Figure 7, and the cell parameters
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Figure 7. J—V characteristics of DSSCs applying the optimized solid
electrolyte at varied light intensities.

Table 4. Cell Performance Parameters Obtained from J—V
Measurements of DSSCs Applying the Maximized Solid
Electrolyte at Different Light Intensities

light intensity (sun) Voo (mV)  J. (mA/cm?) FF (%) n (%)
1 645 12.6 52.37 4.26
0.75 649 941 54.70 4.45
0.5 645 6.50 58.53 491
0.25 629 3.46 64.32 5.60
0.1 613 147 68.42 6.19

are summarized in Table 4. Under lower light intensities, cells
show improved overall behavior. At 0.1 sun, a maximum
efficiency value of 6.19% was obtained with a V. of 613 mV, ]
of 1.47 mA/cm? and FF of 68.42%. The better performance of
the device under lower light intensity may be due to the more
efficient charge screening of electrons” and less diffusion

overpotential,** thus improving both the J,. and FF. There was
also a study suggesting that it is more effective to use an
electrolyte system with higher transparency than fast ion
diffusion rate under low light intensities; ™ thus, the perform-
ance of cells applying the highly transparent thiolate/disulfide
electrolyte should be reasonably more efficient under low light
intensities. The promising performance under lower light
intensities indicated the potential utilization of this quasisolid
electrolyte in DSSCs featuring indoor applications.

In one of our other reports,46 a thiolate/disulfide-based
liquid electrolyte was successfully applied in CdS QDSSCs.
Cells applying electrolyte containing 0.4/0.4 M of TMAT/T,
in acetonitrile, CdS QD-sensitized TiO, working electrode, and
a platinum counter electrode exhibited a power conversion
efficiency of 0.83%. In this work, the maximized quasisolid
electrolyte has been put to the test with CdS in QDSSCs. CdS
QDs were deposited on TiO, films using the SILAR technique.
The benchmark of seven SILAR cycles of CdS deposition, a
strategy derived from previous work, was applied followed by
the ZnS passivation process.”” All solid CdS QDSSCs are
fabricated by introducing the CdS-sensitized photoelectrode,
the maximized quasisolid electrolyte, and the CoS counter
electrode. A power conversion efficiency of 0.94% was obtained
from the best cell with a V,. of 588 mV, J. of 3.06 mA/cm?,
and FF of 52.15%. The ]J—V characteristic of the cell is
presented in Figure 8. The cell efficiency is limited by the

Current Density (mA/cmz)

0 T T T 1
400 500 600 700
Wavelength (nm)

L) L L L) L) L
100 200 300 400 500 600
Potential (mV)

Figure 8. J—V characteristic of quasisolid CdS QDSSC (inset shows
the IPCE values).

relatively low J,, which is obviously due to the low IPCE of
around 30% measured (inset of Figure 8) and the limited range
of absorbance that is possible by CdS QDs. However, the result
is not bad when compared with quasisolid CdS QDSSCs results
reported when applying Spiro-OMeTAD (power conversion
efficiency of 0.2%," 0.8%*°) or P3HT hole-conductors
(1.4%°). Compared to the spiro compound and P3HT, the
present electrolyte is much more stable and adaptable to the
ambient atmospheric conditions; it is also less expensive. With a
concerted effort, this electrolyte could therefore be better used
in QDSSC quasisolid cells, especially when QDs with a much
wider absorption range than CdS are used.

4. CONCLUSION

To conclude, a room temperature quasisolid electrolyte based
on a thiolate/disulfide redox couple in succinonitrile matrix has
been developed. Mesoporous TiO,-based DSSCs fabricated
using this novel quasisolid electrolyte and compatible CoS
counter electrodes showed promising power conversion
efficiencies. The composition of the electrolyte is maximized
by tuning the concentration of the redox compounds and other
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additives. J-V, EIS, and IPCE measurements were conducted
to evaluate the hole-collection and charge mediator properties.
The maximized device exhibited an overall power conversion
efficiency of 4.26% under AM 1.5G illumination at 1 sun and
6.19% at 0.1 sun. The optimized electrolyte, when introduced
into CdS QDSSCs, a material with a limited light absorption
range, manifested a promising power conversion efficiency of
0.94%. The results indicate the potential of using the novel
quasisolid ionic conductor to fabricate highly efficient sensitized
solar cells, especially at low light intensities.
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