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ABSTRACT: A new thiolate/disulfide organic-based electro-
lyte system composed of the tetrabutylammonium salt of 2-
methyl-5-trifluoromethyl-2H-[1,2,4]triazole-3-thiol (S−) and
its oxidized form 3,3′-dithiobis(2-methyl-5-trifluoromethyl-
2H-[1,2,4]triazole) (DS) has been formulated and used in
dye-sensitized solar cells (DSSCs). The electrocatalytic activity
of different counter electrodes (CEs) has been evaluated by
means of measuring J−V curves, cyclic voltammetry, Tafel
plots, and electrochemical impedance spectroscopy. A stable
and low-temperature CE based on acid-functionalized multi-
walled carbon nanotubes (MWCNT-COOH) was investigated with our S−/DS, I−/I3

−, T−/T2, and CoII/III-based electrolyte
systems. The proposed CE showed superb electrocatalytic activity toward the regeneration of the different electrolytes. In
addition, good stability of solar cell devices based on the reported electrolyte and CE was shown.
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■ INTRODUCTION

In the early 1990s, O’Regan and Graẗzel introduced the famous
dye-sensitized solar cell (DSSC), and since then it has attracted
lots of interest in the scientific community.1 The high interest
in the DSSC research area is mainly due to the DSSC’s high
efficiency and its low cost of fabrication. Recently, DSSC’s
efficiencies of 12.3% have been attained using a zinc-porphyrin
complex as a sensitizer along with a liquid electrolyte system,2

and efficiencies of 15% for perovskite-based solid state
DSSC’s.3 The former is an optimized DSSC that incorporates
a cobalt (II/III)-based redox couple with a thin film of platinum
as the counter electrode.
The mostly used redox shuttle in a DSSC is the paradigm

iodide-triiodide (I−/I3
−) based electrolyte system.4,5 However,

many research groups have looked for alternative redox couples
because of the corrosive behavior of (I−/I3

−) toward silver
metal that is usually used as electrical contacts in assembled
cells, its volatile nature that negatively affects the DSCCs long-
term stability, and its high light absorption in the visible region,
which would decrease the overall cell’s efficiency. In order to
overcome the above-mentioned drawbacks, various inorganic
and organic-based redox couples6−20 besides (I−/I3

−) have
been introduced by different groups as alternative redox
electrolytes. Recently, great interest in the organic-based
thiolate/disulfide redox couple has emerged.21−31 The
attracting features of the thiolate/disulfide redox couples reside
in their low light absorption and retarded electron recombina-
tion processes,9 where both of these features have positive
effects on the total DSSC’s efficiency. In addition, some

thiolate/disulfide redox couples have been successfully used in
the promising quantum-dots based and p-type solar cells.32−34

One of the best cathode catalyst that is used in high-
efficiency DSSCs is Pt due to its excellent conductivity and high
catalytic activity toward the (I−/I3

−) electrolyte regeneration.
However, the use of Pt in DSSCs has some disadvantages,
particularly, its high cost and limited availability,35 which is a
major drawback in the mass production of DSSCs. In addition,
a recent study shows that Pt could be unstable with the (I−/I3

−)
electrolyte during prolonged stability tests.36 Another drawback
of Pt as a cathode material in a DSSC is the use of high
temperatures (∼400 °C) during its preparation which renders
its use in flexible type DSSCs difficult. Moreover, Pt shows
poor electrocatalytic activity with most thiolate/disulfide redox
couples, which motivated researchers to investigate various
materials to be used as cathodes in a DSSC, such as metal
carbides,37 metal phosphides,38 CoS,39,40 NiS,41 PEDOT,39,40

carbonaceous material,28,42−44 and carbon nanotubes.22,45−47

The poor catalytic activity of Pt toward the thiolate/disulfide
redox couples could be due to the adsorption of the sulfur
atoms onto Pt which in turn slows down the catalytic reduction
of the oxidized disulfide species.37 Therefore, it is imperative to
seek Pt-free cathodic material to be used in DSSCs that show
high electrocatalytic activity toward the commonly used redox
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shuttles, possess good long-term stability, prepared at low
temperatures for the flexible-type DSSCs and of low cost.
In this work, we report on a new organic-based thiolate/

disulfide electrolyte system composed of the tetrabutylammo-
nium salt of 2-methyl-5-trifluoromethyl-2H-[1,2,4]triazole-3-
thiol (S−) and its oxidized form 3,3′-dithiobis(2-methyl-5-
trifluoromethyl-2H-[1,2,4]triazole) (DS) (Scheme 1 and

Scheme S2 in the Supporting Information), and on the use
of Pt-free cathode material based on acid-functionalized
multiwalled carbon nanotubes (MWCNT-COOH), that can
be used efficiently with the above-mentioned electrolyte system
in addition to Co(II/III), (I−/I3

−) and another conventional
thiolate/disulfide electrolyte system based on 5-mercapto-1-
methyltetrazole tetramethylammonium salt/di-5-(1-methylte-
trazole) disulfide (T−/T2)

24 (see the Supporting Information,
Scheme S1).

■ EXPERIMENTAL SECTION
Materials and Instrumentation. All chemicals were purchased

from Sigma-Aldrich and used as supplied. The N719 and D35 dyes
were purchased from Solaronix (Switzerland), and Dyenamo
(Sweden), respectively. 5-Mercapto-1-methyltetrazole tetramethylam-
monium salt/di-5-(1-methyltetrazole) disulfide thiolate/disulfide (T−/
T2), Co

II(2,2′-bipyridine)3·2PF6, and CoIII(2,2′-bipyridine)3·3PF6 were
synthesized according to procedures found in the literature.24,48 FTO
glass “Tec15″ was purchased from Pilkington (USA). TiO2 colloids
were purchased from Dyesol (Australia). The MWCNT-COOH (20−
30 nm outer-diameter and with 1.2 wt % COOH groups) were
purchased from Cheap Tubes (USA), and acetylene black was
purchased from Strem Chemicals (USA). The NMR spectra (1H and
13C) were measured on a Bruker AM 300 MHz spectrometer. The
electrochemical setup for cyclic voltammetry in nonaqueous solution
consisted of a three-electrode cell, with a glassy carbon electrode or the
respective CE as the working electrode, a Pt wire ∼1 mm diameter as
the counter electrode, and Ag/Ag+ (10 mM AgNO3) as the reference
electrode. All solution-phase electrochemical measurements were
made in 0.1 M tetrabutylammonium hexafluorophosphate or lithium
perchlorate in acetonitrile, and Fc/Fc+ standard (0.63 vs NHE in
acetonitrile) was used as a reference. Electrochemical impedance
spectra (EIS) of the DSSCs were performed with a CH Instruments
760B potentiostat (USA). The obtained impedance spectra were fitted
with the Z-view software (v2.8b, Scribner Associates Inc.). For the
DSSC’s studied, the EIS spectra were performed at open-circuit
voltages (at various white light intensities) in the frequency range 0.1
Hz to 1 × 105 Hz with oscillation potential amplitudes of 10 mV at
RT, whereas for the dummy cells, the EIS experiments were performed
at an applied potential of 0 V under dark conditions. Photocurrent vs
voltage characteristics were measured with a Keithley 2400
sourcemeter. The cell dimensions were 1 × 1 cm and the irradiated
area of the cell was 0.126 cm2. The SEM images of the MWCNT-
COOH based electrodes were taken with Tescan Vega 3.
Counter Electrodes (CEs) Preparation. The Pt counter

electrodes were fabricated by applying a 2−3 μL/cm2 of 5 mM
H2PtCl6 in 2-propanol to the FTO glass, followed by heating in an

oven at 400 °C for 20 min. The MWCNT-COOH based CEs were
fabricated by the doctor blading method (3 layers of 3 M tape) using a
CNT paste that was prepared as follows: a mass ratio of 1:1:8:80 of
acetylene black:poly vinylidene difluoride (PVDF): MWCNT-
COOH:N-methyl-2-pyrrolidone (NMP) was ultrasonicated with a
sonicator horn for 10 min. Finally, the electrode was dried at 120 °C in
air overnight. This afforded the CNT-based CEs with thicknesses of
∼10 μm films.

Solar Cell Fabrication. Dye-sensitized solar cells were fabricated
using standard procedures. The TiO2 films were made from colloidal
solutions using the doctor blading method (2× times) and then heated
to 480 °C for 30 min. This afforded a 12 μm thick TiO2 film, on top of
which a 4 μm TiO2 scattering layer (300 nm TiO2 particles) was
deposited and reheated at 480 °C for 30 min. A TiCl4 post-treatment
was applied to the films following reported procedures in the
literature.49 These films were then reheated at 480 °C for 30 min. The
TiO2 films were stained by the respective dye solution (0.3 mM) in 1:1
acetonitrile:t-butyl alcohol for 18 h. Cells assemblies were formed by
sealing the counter electrodes to the TiO2 electrode with a 60 μm
Surlyn (Dupont) spacer at ∼100 °C for 3 min. The corresponding
electrolyte was introduced through two small holes, previously drilled
through the counter electrode, which were then sealed with Surlyn.
The optimized thiolate/disulfide electrolyte (EL1) used was as
follows; 0.4 M (S−), 0.15 M (DS), 0.5 M tert-butylpyridine (TBP),
and 0.05 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in
acetonitrile. The (I−/I3

−) electrolyte (EL2) contained 1.0 M 1,3-
dimethylimidazolium iodide (DMII), 0.1 M guanadinium thiocyanate
(GuNCS), 0.05 M LiI, 0.03 M I2, and 0.5 M TBP in acetonitrile, the
Co(II/III) electrolyte (EL3) was composed of 0.2 M CoII(2,2′-
bipyridine)3·2PF6, 0.05 M CoIII(2,2′-bipyridine)3·3PF6, 0.05 M
LiClO4, and 0.25 M TBP in acetonitrile, whereas the T−/T2 (EL4)
was composed of 0.4 M (T−), 0.4 M (T2), 0.5 M TBP, and 0.05 M
LiTFSI in 6:4 acetonitrile:ethylenecarbonate.

Preparation of 2-Methyl-5-trifluoromethyl-2H-[1,2,4]-
triazole-3-thiol, (SH). To a stirring solution of 2-methylthiosemi-
carbazide (1.0 g, 9.5 mmol) in xylene (150 mL) was added
trifluoroacetic acid (1.3 g, 11.4 mmol) and the solution was refluxed
using a Dean−Stark apparatus until no water was produced (∼1−2 h).
The volatiles were taken off under reduced pressure, and the product
was dissolved in ethyl acetate (200 mL) and washed with 2 M
HCl(aq), dried over anhydrous MgSO4, and then the solvent was
taken off under reduced pressure. This afforded the desired product as
a pure white solid (1.5 g, 86%). 1H NMR (CDCl3, 300 MHz), δ
(ppm): 3.84 (s, 3H), 13.64 (br s, 1H). 13C NMR (CDCl3, 75 MHz), δ
(ppm): 36.44, 116.68 (q), 139.91 (q), 166.74. MS (ESI): m/z = 181.8
[M−H+]− calcd for C4H3F3N3S, 182.2.

Preparation of 2-Methyl-5-trifluoromethyl-2H-[1,2,4]-
triazole-3-thiolate Tetrabutylammonium Salt, (S−). To a
methanolic solution of SH was added 1 eq. of tetrabutylammonium
hydroxide (1 M in MeOH) and stirred for 1 h under a N2 atmosphere.
The solvent was taken off under reduced pressure, and the afforded oil
was dried at 60 °C under vacuum overnight. This afforded the salt as
an off-white solid in quantitative yield. 1H NMR (CDCl3, 300 MHz), δ
(ppm): 0.95 (t, 12H), 1.40 (m, 8H), 1.75 (m, 8H), 3.40 (m, 8H), 3.83
(s, 3H), 3.84 (s, 3H), 13.64 (br s, 1H). MS (ESI): m/z = 181.8 [M-
TBA+]− calcd for C4H3F3N3S, 182.2.

Preparation of 3,3′-Dithiobis(2-methyl-5-trifluoromethyl-
2H-[1,2,4]triazole), (DS). To a solution of SH (1.0 g, 5.0 mmol)
in 100 mL of 1:1 THF:water was added K2CO3 (0.69 g, 5.0 mmol).
While under stirring, iodine (0.64 g, 2.5 mmol) in 20 mL of THF was
added dropwise. After the mixture was stirred at room temperature for
20 min, the volatiles were taken off under a vacuum and the residue
was extracted with CH2Cl2 and dried over MgSO4 and the solvent was
removed under reduced pressure. The crude product was purified on a
silica gel column using 1% ethyl acetate in hexane. This afforded the
disulfide product as a white pure solid (0.35 g, 35% yield). 1H NMR
(CDCl3, 300 MHz), δ (ppm): 4.03 (s). 13C NMR (CDCl3, 75 MHz),
δ (ppm): 37.70, 118.05 (q), 152.05 (q), 154.79. MS (ESI): m/z =
365.2 [M+H+]+ calcd for C8H7F6N6S2, 365.3.

Scheme 1. Structures of the Organic Electrolyte
Components, Tetrabutylammonium Salt of 2-Methyl-5-
trifluoromethyl-2H-[1,2,4]triazole-3-thiol (S−) and 3,3′-
Dithiobis(2-methyl-5-trifluoromethyl-2H-[1,2,4]triazole)
(DS)
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■ RESULTS AND DISCUSSION
The S−/DS redox couple was designed in a way to have good
solubility in various solvents and with the right redox potential
to ensure an efficient regeneration of the oxidized dye upon
electron injection. This was accomplished by the introduction
of a trifluoromethyl group on the mercapto-triazole ring which
in turn affected positively the solubility of the reduced salt (S−)
and oxidized forms (DS) in various solvents including the
somehow nonpolar solvents dichloromethane and chloroform.
The redox potential of S−/DS was measured to be E1/2 = 0.50
V against NHE in acetonitrile (see the Supporting Information,
Figure S1), which is similar to that of iodide/triiodide in
organic solvents.50 Such a redox potential would make S−/DS
possess the desirable thermodynamic driving force to efficiently
regenerate the most commonly used dye, N719, in a DSSC
(−ΔG ≈ 0.6 eV).
To start, we constructed various DSSCs and evaluated their

photovoltaic parameters while using S−/DS as the electrolyte
with various concentration ratios of S− and DS, Pt/FTO as the
counter electrode and N719 as the dye of choice. The
optimized S−/DS electrolyte composition (EL1), that was
further investigated using different CEs, was as follows: 0.4 M
S−, 0.15 M DS, 0.5 M TBP and 0.05 M LiTFSI in acetonitrile.
As a reference, cells with an iodine-based electrolyte EL2 (1.0
M DMII, 0.1 M GuNCS, 0.05 M LiI, 0.03 M I2 and 0.5 M TBP
in acetonitrile) and Pt as a counter electrodes were also
fabricated. Figure 1 depicts the photocurrent density−voltage

(J−V) curves of devices A (N719/EL1/Pt) and B (N719/EL2/
Pt) under air mass 1.5 global (AM 1.5 G) (100 mW/cm2)
irradiation. The detailed photovoltaic parameters, that are the
open-circuit voltage (Voc), fill factor (FF), short-circuit current
density (Jsc) and photovoltaic conversion efficiency (η) are
given in Table 1. As can be seen, device A showed much lower
efficiency than device B (η = 2.62 and 7.21%, respectively) and
strikingly lower fill factor (FF = 0.42 for device A and 0.75 for
device B).
It is well-known that the internal resistance in a DSSC affects

dramatically the fill factor which in turn governs the overall
efficiency. Electrochemical Impedance Spectroscopy (EIS) is
one of the powerful tools that can be used to explore the
electrochemical processes in a DSSC while utilizing the
appropriate transmission line model.51−53 Upon performing
EIS experiments on symmetrical dummy cells (i.e., CE//

electrolyte//CE), the series resistance (Rs), charge transfer
resistance (RCT) and double layer capacitance (Cμ) at the CE/
electrolyte interface, in addition to the diffusion impedance
(ZN) of the redox couple can be evaluated. Typical EIS of
dummy cells incorporating EL1 (device A′) and EL2 (device
B′) with Pt as the CE are shown in Figure 2 as Nyquist and
Bode plots. The transmission line model we used for dummy
cells with Pt CE’s is the traditional equivalent circuit for a

Figure 1. Photocurrent−voltage (J−V) curves of device A with Pt CE
and EL1 (dotted-dashed-red) and device B with Pt CE and EL2 (solid-
black). Measured under 100 mW cm−2 simulated AM1.5 spectrum
with an active area = 0.126 cm2.

Table 1. Photovoltaic Performance of Devices A to H

device
counter
electrode electrolyte

Jsc (mA
cm−2)

Voc
(mV) FF

η
(%)e

A Pt EL1a 11.6 534 0.42 2.62
B Pt EL2b 15.8 602 0.75 7.21
C MWCNT-

COOH
EL1 15.4 580 0.58 5.20

D MWCNT-
COOH

EL2 15.6 611 0.68 6.51

E MWCNT-
COOH

EL3c 6.7 835 0.66 3.72

F Pt EL3 6.3 852 0.66 3.53
G MWCNT-

COOH
EL4d 11.6 547 0.61 4.07

H Pt EL4 11.7 557 0.61 3.95
aElectrolyte (EL1); 0.4 M (S−), 0.15 M (DS), 0.5 M TBP, and 0.05 M
LiTFSI in acetonitrile. bElectrolyte (EL2); 1.0 M DMII, 0.1 M
GuNCS, 0.05 M LiI, 0.03 M I2, and 0.5 M TBP in acetonitrile.
cElectrolyte (EL3); 0.2 M CoII(2,2′-bipyridine)3·2PF6, 0.05 M
CoIII(2,2′-bipyridine)3·3PF6, 0.05 M LiClO4, and 0.25 M TBP in
acetonitrile. dElectrolyte (EL4); 0.4 M (T−), 0.4 M (T2), 0.5 M TBP,
and 0.05 M LiTFSI in 6:4 acetonitrile:ethylenecarbonate. eMeasured
under 100 mW cm−2 simulated AM1.5 spectrum with an active area =
0.126 cm2.

Figure 2. (A) Impedance spectra of the dummy device A′ (solid-
triangle-green) and (inset) device B′ (solid-circle-black) as Nyquist
plots and (B) as Bode plots.
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sandwich cell configuration detailed by Hauch and Georg,54

Figure 2A. Accordingly, Rs was evaluated from the onset of the
first semicircle at ∼100 kHz, whereas RCT and Cμ were
evaluated from the first semicircle between ∼100 and 0.1 kHz.
As can be seen, the Pt CE shows a large RCT = 2960 Ω cm2

value with EL1 (Cμ = 1.5 × 10−5 F cm−2), whereas that with the
EL2-based dummy cell the value is much smaller (RCT = 1 Ω
cm2 and Cμ = 2.5 × 10−5 F cm−2), Table 2. Both dummy cells
showed similar Rs values as expected (Rs ≈ 6 Ω). Such higher
RCT for device A′ at the CE/electrolyte interface is thought to
be the reason behind the measured lower FF, thus lower
efficiency when compared to device B.
Therefore, it seems that platinum is a less efficient catalyst for

the reduction of DS and thus regeneration of the S−/DS
electrolyte system in our DSSCs. Such a result drove us to
investigate the use of other CE material in combination with
EL1, such as CoS, NiS, PEDOT, graphite, and multiwalled
carbon nanotubes (MWCNT) (see the Supporting Informa-
tion, Figure S2). Surprisingly, none of these commonly used
materials with other thiolate based electrolytes worked well
with our EL1 system, except for the latter, MWCNT. Generally
speaking, the methods by which MWCNT-based electrodes are
fabricated as CEs for DSSCs involve either transferring the as
grown MWCNTs onto FTO,22,46,55−58 or applying a solution
of MWCNTs onto FTO by spincasting59 or spraying.60,61

However, these different methods result in weakly adherent
MWCNT films on FTO. In order to enhance adhesion,
different research groups apply the MWCNTs as a paste that
contains a binder followed by a sintering process at high
temperatures (more than 300 °C).62−65 We started by
optimizing an MWCNT paste that could be easily used to
fabricate reproducible films with good adherence to FTO and
avoiding the use of high temperatures. The latter characteristic
is of high importance to the DSSC industry especially for the
production of flexible-type DSSCs’, such as in the case of
polyethylene naphthalate (PEN) or polyethylene terephthalate
(PET) based electrodes.45,66 The optimized paste consisted of
acetylene black, PVDF, MWCNT-COOH in NMP with a mass
ratio of 1:1:8:80. Films that were made using 3 layers of scotch
tape by the doctor blading method afforded ∼10 μm films of
adherent and good-quality films. The reason behind choosing
acid-functionalized carbon nanotubes was because of their good
dispersion in NMP, unlike the unfunctionalized material. Figure
3 shows a digital photo of the MWCNT-COOH film on FTO
and its SEM image. As can be seen from the SEM image, the
microstructure of the MWCNT-COOH-based CE reveals that
the film has a porous and uniform structure composed of
randomly cross-stacked nanotubes.
Figure 4 shows the J−V curves of devices C (N719/EL1/

MWCNT-COOH) and D (N719/EL2/MWCNT-COOH),

where the photovoltaic parameters were measured tobe Voc =
580 and 611 mV, Jsc = 15.4 and 15.6 mA cm−2, FF = 0.58 and
0.68, and η = 5.20 and 6.51%, respectively, Table 1. To
understand the differences in the photovoltaic parameters
between devices C and D, we performed EIS measurements on
the two assembled cells (devices C and D) at Voc under
different light intensities. EIS spectra were analyzed using an
established equivalent-circuit that interprets the different
interfaces in a functional DSSC through a transmission line
model.67,68 Figure 5 shows a plot of the chemical capacitance
(Cμ) and the charge recombination resistance (RCT) values at
the TiO2/electrolyte interface for the two cells extracted from
the EIS experiments versus the applied voltage (nEF − EF,redox),

Table 2. Impedance Parameters of the Dummy Devices A′ to H′
devicea electrode electrolyte RCT (Ω cm2) Cμ (μF cm−2) Rs (Ω)

A′ Pt EL1 2960 ± 2 15 ± 1 6.0 ± 0.1
B′ Pt EL2 1.0 ± 0.1 25 ± 2 6.0 ± 0.1
C′ MWCNT-COOH EL1 0.5 ± 0.1 18 ± 3 7.2 ± 0.1
D′ MWCNT-COOH EL2 0.5 ± 0.1 18 ± 3 7.2 ± 0.1
E′ MWCNT-COOH EL3 0.3 ± 0.1 22 ± 1 7.2 ± 0.1
F′ Pt EL3 18.2 ± 1.0 20 ± 1 6.4 ± 0.1
G′ MWCNT-COOH EL4 <0.2 - 6.2 ± 0.1
H′ Pt EL4 75 ± 1 20 ± 1 6.0 ± 0.1

aMeasured under dark conditions with an applied potential = 0 V and a cell area = 1 × 1 cm2.

Figure 3. Digital photo of the MWCNT-COOH based film on FTO
and the scanning electron microscopy (SEM) image.

Figure 4. Photocurrent−voltage (J−V) curves of device C with
MWCNT-COOH CE and EL1 (dotted-red) and device D with
MWCNT-COOH CE and EL2 (solid-black). Measured under 100
mW cm−2 simulated AM1.5 spectrum with an active area = 0.126 cm2.
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where nEF is the electron quasi-Fermi energy level in the TiO2
film and EF,redox is the electrolyte redox Fermi level. The Cμ

values for the two cells show an exponential behavior as a
function of the applied voltage, where this is due to the trap
energy distribution below the conduction band edge.69 A shift
in the (nEF − EF,redox) toward higher or lower values could be
attributed to an upward or downward shifts in the conduction
band edge with respect to the electrolyte Fermi level,
respectively.70,71 Device C shows a shift Δ(nEF − EF,redox) of
∼60 mV lower than device D. Therefore, the lower Voc of
device C is most probably caused by the electrolyte EL1
downward shifting the TiO2 CB by more than 180 mV when
compared to the device D, and this is countered back by a more
positive EF,redox for EL1 by ∼150 mV, which causes a lower Voc
by ∼31 mV. In addition, the electron lifetime (τn) in devices C
and D were evaluated from the EIS experiments (τn = RctCμ)
and are shown in Figure S3 in the Supporting Information, and
are consistent with the slower recombination processes in
device C when compared to D.
The EIS spectra of dummy cells incorporating EL1 (device

C′) and EL2 (device D′) with MWCNT-COOH as both CEs
are shown in Figure 6. As can be seen, both dummy cells
showed similar RCT = 0.5 Ω cm2, Cμ = 1.8 × 10−5 F cm−2, and
RS = 7.2 Ω values, Table 2. The relatively small value of RCT in
both cells suggests that the MWCNT-COOH CE is a good
electroactive material for both electrolytes. However, to
evaluate the reaction kinetics at the Pt and MWCNT-COOH

counter electrodes, we performed Tafel polarization measure-
ments of the four dummy cells mentioned above (devices A′,
B′, C′, and D′), Figure 7. Devices B′, C′, and D′ exhibited large

exchange current densities (J0 = 24.2 for device B′ and 26.0 mA
cm−2 for devices C′ and D′) in comparison with device A′ (J0 =
0.4 mA cm−2).
The value of J0 is the kinetic component directly correlated

with the electrochemical reaction rate constant and inversely
proportional to RCT, as described in eq 1.

=J
RT

nFR0
CT (1)

where R is the gas constant, T is the absolute temperature, n is
the number of electrons associated with reaction, and F is the
Faraday constant. The calculated RCT using eq 1 for devices C′
and D′ was 0.5 Ω cm2, which is of similar value as the one
extracted from the EIS experiments. However, since devices C′
and D′ incorporate a porous CE unlike devices A′ and B′, it is
difficult to discern whether the small RCT (measured from EIS
or calculated from the Tafel plots) is due to the intrinsically
higher catalytic activity and/or from the higher surface area of
the MWCNT-COOH based CE. Therefore, to distinguish
between specific catalytic activity and surface area effects, we
performed cyclic voltammetry using Pt and MWCNT-COOH
films on FTO with 1 mM I3

−, 10 mM I−, and 0.1 M LiClO4 in
acetonitrile, Figure 8. For the I−/I3

− redox couple on both the
MWCNT-COOH and Pt electrodes the obtained CV curves
were similar with two pairs of redox peaks, where the pair
present at the relatively more negative potentials is attributed to
the oxidation/reduction of I−/I3

− at the electrode surface.72

And since the standard electrochemical rate constant of a redox
system is negatively correlated with the peak-to-peak separation
(ΔEp),

73 we concluded that the MWCNT-COOH based
electrode has a slightly lower performance than Pt toward the
I−/I3

− redox reaction (ΔEp values of 0.53 and 0.56 V for Pt and
MWCNT-COOH, respectively). A more profound difference
between the two electrodes was seen with EL1, Figure 9, where
the ΔEp values were found to be 1.88 and 0.97 V for Pt and
MWCNT-COOH, respectively, and are consistent with the
Tafel and EIS measurements of devices A′ and C′. These
results explain the slightly lower performance of device D (η =
6.51%) when compared to device B (η = 7.21%) and the
superior performance of device C when compared to A.
Nevertheless, the good performance of the MWCNT-COOH
CE toward EL1 and EL2 is concluded to be due to its high

Figure 5. Capacitance and charge transfer resistance values obtained
from EIS for devices C (solid-triangle-red) and D (solid-circle-black).

Figure 6. Impedance spectra of the dummy device C′ (solid-triangle-
red) and device D′ (solid-circle-black) as Nyquist plots.

Figure 7. Tafel plots of dummy devices A′ (dashed-blue), B′ (solid-
black), C′ (dotted-green), and D′ (dotted-dashed-red).
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electroactive surface area in addition to its intrinsic electro-
catalytic activity toward both electrolytes. As for the former
characteristic, we believe this is due to the fact that the low
temperature processing of the MWCNT-COOH film does not
cause significant decarboxylation reactions, where a loss of the
oxygen containing groups might influence negatively the
electroactivity, since it is believed that these moieties in
oxidized MWCNT-COOH are responsible for their electro-
activity.74 In addition, the Cμ values (between 14 and 22 μF
cm−2) of the MWCNT-COOH film extracted from the EIS
experiments performed on the various dummy cells are similar
to those obtained for Pt (between 15 to 25 μF cm−2) and thus
suggest similar specific electroactive surface area in both films.
Moreover, the Jo values obtained from the Tafel plots and the
RCT values for devices B′, C′, and D′ suggest fast and similar
electron transfer reaction rates at both films. Lastly, the similar
Rs values measured in all of the dummy cells reflect the good
conductivity of the MWCNT-COOH CEs and are comparable
with the Pt CEs.
The above-mentioned positive results motivated us to

investigate the use of the MWCNT-COOH-based CE with
other electrolyte systems, mainly a Co(bpy)3

II/III electrolyte
system and the thiolate/disulfide (T−/T2) electrolyte system as

reported by Wang et al.24 We constructed DSSC devices using
the commercially available organic dye (D35, see the
Supporting Information, Scheme S3) and an electrolyte system
(EL3) composed of 0.20 M CoII(2,2′-bipyridine)3·2PF6, 0.05 M
CoIII(2,2′-bipyridine)3·3PF6, 0.05 M LiClO4, and 0.25 M TBP
in acetonitrile, in addition to devices with the N719 dye and an
electrolyte (EL4) composed of 0.4 M T−, 0.4 M T2, 0.05 M
LiTFSI, and 0.5 M TBP in 6:4 acetonitrile:ethylenecarbonate.
The four devices were as follows: device E (D35/EL3/
MWCNT-COOH), device F (D35/EL3/Pt), device G (N719/
EL4/MWCNT-COOH), and device H (N719/EL4/Pt).
Figure 10 shows the J−V curves of devices E and F, where

the photovoltaic parameters were measured tobe Voc = 835 and
852 mV, Jsc= 6.7 and 6.3 mA cm−2, FF = 0.66, and η = 3.72 and
3.53%, respectively, Table 1. The EIS of dummy cells
incorporating EL3 (devices E′ and F′) with MWCNT-
COOH and Pt as CE’s, respectively, are shown in Figure 11.

The calculated impedance values for device E′ were RCT = 0.3
Ω cm2, Cμ = 2.2 × 10−5 F cm−2 and RS = 7.2 Ω, whereas that of
device F′ were RCT = 18.2 Ω cm2, Cμ = 2.0 × 10−5 F cm−2 and
RS = 6.4 Ω, Table 2. Again, these results show the superior
performance of the MWCNT-COOH CE toward the cobalt-
based electrolyte (EL3) when compared to the conventional
platinum electrode.
As for devices G and H, Figure 12 depicts the J−V curves of

the two devices, where the photovoltaic parameters were
measured tobe Voc = 547 and 557 mV, Jsc = 11.6 and 11.7 mA
cm−2, FF = 0.614, and 0.606, and η = 4.07 and 3.95%,

Figure 8. Cyclic voltammograms obtained at a scan rate of 50 mV s−1

for the oxidation and reduction of the I−/I3
− (1 mM I3

−, 10 mM I−,
and 0.1 M LiClO4 in acetonitrile) using Pt on FTO (solid-black) and
MWCNT-COOH film on FTO (dotted-red) electrodes.

Figure 9. Cyclic voltammograms obtained at a scan rate of 50 mV s−1

for the oxidation and reduction of the S−/DS (10 mM/1 mM and 0.1
M LiClO4 in acetonitrile) using Pt on FTO (solid-black) and
MWCNT-COOH film on FTO (dotted-red) electrodes (peaks with
an asterisk are due to the oxidation/reduction peaks of the carboxylic
acid moieties in the MWCNT-COOH film).

Figure 10. Photocurrent−voltage (J−V) curves of device E with
MWCNT-COOH CE and EL3 (dashed-red) and device F with Pt CE
and EL3 (solid-black). Measured under 100 mW cm−2 simulated
AM1.5 spectrum with an active area =0.126 cm2.

Figure 11. Impedance spectra of the dummy device E′ (solid-triangle-
green) and (inset) device F′ (solid-circle-black) as Nyquist plots.
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respectively, Table 1. The EIS of dummy cells incorporating
EL4 (device G′ and device H′) with MWCNT-COOH and Pt
as CE’s, respectively, are shown in Figure 13. The calculated

impedance values for device G′ were RCT < 0.2 Ω cm2 and RS =
6.2 Ω, whereas that of device H′ were RCT = 75 Ω cm2, Cμ = 2.0
× 10−5 F cm−2, and RS = 6.0 Ω, Table 2. Interestingly, in the
dummy cell G′ the ZN impedance due to the electrolyte
diffusion was more obvious than in all of the studied dummy
cells. We attribute this to the higher viscosity of the solvent
used in EL4 because of introduction of the ethylenecarbonate
as a cosolvent. Tafel plots and CV curves of devices E′ to H′
mirror the results obtained by EIS experiments (see the
Supporting Information, Figures S4−S7).
The higher Jsc of device E and total efficiency are consistent

with the higher electrocatalytic activity of the MWCNT-
COOH than the Pt CE toward EL3, and the higher efficiency
of device G when compared to H is mainly due to the better FF
of the former which is mainly caused by its smaller RCT at the
CE/electrolyte interface. However, the reason behind the lower
Voc values (by ∼17 mV for device E when compared to device
F and by ∼10 mV for device G when compared to device H)
and the increase of the corresponding dark currents are not
clear at this stage, but might be due to weakly adhered
MWCNTs that may detach from the FTO glass substrate and

get deposited on the TiO2 photoanode side, and thus
promoting the dark currents. Similar surprising results have
been reported by Kavan et al. for graphene nanoplatelets CE
when used with cobalt-based electrolyte system.53

Finally, the J−V curves of a fresh and aged device C stored at
ambient light and temperature conditions for more than 2000 h
are shown in Figure 14. The efficiency decreased by 13.5% from

η = 5.20 to 4.50% after aging of the cell, where this decrease
was mainly caused by the deterioration of the FF from 0.58 to
0.53, with a slight decrease in Voc from 580 to 569 mV and Jsc
from 15.4 to 15.0 mA cm−2. It is worth to mention here, that to
our knowledge our EL1 redox system is one of the most stable
thiolate/disulfide electrolyte used in a DSSC.40,75

■ CONCLUSION

In conclusion, the use of the organic-based electrolyte (S−/DS)
in a DSSC has shown promising results when used with a
MWCNT-COOH based CE with relatively very good long-
term stability. The presented MWCNT-COOH CE was also
investigated with the conventional iodide, thiolate and cobalt-
based electrolyte systems, where it showed superior electro-
catalytic activity with the latter two electrolyte systems and
similar high catalytic activity toward the iodine-based electro-
lyte when compared to Pt. The good performance of the
MWCNT-COOH CE was attributed to its high electroactive
surface area and intrinsic electrocatalytic activity toward the
regeneration of the four electrolyte systems investigated. This
conclusion was arrived at by the means of performing
voltammetry, Tafel plots and electrochemical impedance
spectroscopy on fully functional DSSCs and dummy devices
of the form CE//electrolyte//CE. RCT values of <1 Ω cm2 at
the MWCNT-COOH/electrolyte interface have been meas-
ured with the four different electrolyte systems. Further work is
in progress to improve the conductivity properties of the
MWCNT-COOH CE. This is being approached by incorporat-
ing graphene nanoplatelets into the films. In addition, we will
be investigating the doping of the MWCNT-COOH films with
other electroactive inorganic material by taking advantage of
the high surface area of these films.

Figure 12. Photocurrent−voltage (J−V) curves of device G with
MWCNT-COOH CE and EL4 (dashed-red) and device H with Pt CE
and EL4 (solid-black). Measured under 100 mW cm−2 simulated
AM1.5 spectrum with an active area = 0.126 cm2.

Figure 13. Impedance spectra of the dummy device H′ (solid-circle-
black) and (inset) device G′ (solid-triangle-green) as Nyquist plots.

Figure 14. Photocurrent−voltage (J−V) curves of fresh device C
(solid-black) and aged device C (dotted black) for 2000 h at ambient
light and temperature. Measured under 100 mW cm−2 simulated
AM1.5 spectrum with an active area = 0.126 cm2.
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(71) Guilleń, E.; Peter, L. M.; Anta, J. A. Electron Transport and
Recombination in Zno-Based Dye-Sensitized Solar Cells. J. Phys.
Chem. C 2011, 115, 22622−22632.
(72) Boschloo, G.; Hagfeldt, A. Characteristics of the Iodide/
Triiodide Redox Mediator in Dye-Sensitized Solar Cells. Acc. Chem.
Res. 2009, 42, 1819−1826.
(73) Bard, A.; Faulkner, L. Electrochemical Methods, Fundamentals and
Applications, 2nd ed.; Wiley: New York, 2001.
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Gonzaĺez, M.; Ansoń, A.; Martínez, M. T. Influence of Size and
Oxidative Treatments of Multi-Walled Carbon Nanotubes on Their
Electrocatalytic Properties. Electrochim. Acta 2012, 62, 163−171.
(75) Liu, L.; L, X.; Chen, J.; Rong, Y.; Ku, Z.; Han, H. Improvement
of Thiolate/Disulfide Mediated Dye-Sensitized Solar Cells through
Supramolecular Lithium Cation Assembling of Crown Ether. Sci. Rep.
2013, 3, 1−5.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501520s | ACS Appl. Mater. Interfaces 2014, 6, 8744−87538753


