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ye-sensitized solar cells (DSSCs)
D have attracted considerable atten-

tion as one of the next generation
solar cells owing to their simple process and
relatively high energy conversion efficiency
at reasonable cost.! The panchromatic pho-
toabsorption of dyes, rapid electron trans-
fer at high surface area photoanodes, good
ion transporting electrolytes, and efficient
reduction of redox media at the counter
electrodes (CEs) are the crucial components
that determine the power conversion effi-
ciency (PCE) of DSSCs. During photoelectro-
chemical generation, the redox species
that are used as a mediator for regenerat-
ing the excited state dyes are reduced at the
CE. Hence, the electrochemical catalytic ac-
tivity for reduction, high surface area, and
sufficient electrical conductivity are the es-
sential properties for a good CE. Platinum-
loaded transparent conducting electrodes
(TCOs) prepared by sputtering, electro-
chemical deposition, or thermal reduction
have excellent electrochemical catalytic ac-
tivity as CEs.2~* However, the high cost and
risk of Pt corrosion by the redox species in
the electrolyte® have highlighted the need
for low-cost, easily scalable, and more corro-
sion stable materials for CEs.

Carbon-based materials have recently
attracted attention as practical materials
for CE in DSSCs (DSSC-CE) because of their
low cost, good electrochemical catalytic ac-
tivity, and chemical stability. A high surface
area, which is a preferred property for a
DSSC-CE, could be obtained by controlling
the size and morphology, and the surface
characteristics could be manipulated by
chemical means.5” Furthermore, they are
quite stable in a typical electrolyte system
for DSSCs containing redox species. Several
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ABSTRACT Water-soluble, polyelectrolyte-grafted multiwalled carbon nanotubes (MWCNTs), MWCNT-g-
PSSNa, were synthesized using a “grafting to” route. MWCNT-g-PSSNa thin films fabricated by an electrostatic

spray (e-spray) technique were used as the counter electrode (CE) for dye-sensitized solar cells (DSSCs). The e-

sprayed MWCNT-g-PSSNa thin-film-based CEs (MWCNT-CE) were uniform over a large area, and the well-exfoliated

MWCNTs formed highly interconnected network structures. The electrochemical catalytic activity of the MWCNT-
CE at different thicknesses was investigated. The MWCNT-g-PSSNa thin film showed high efficiency as a CE in
DSSCs. The power conversion efficiency (PCE) of the DSSCs using the MWCNT-g-PSSNa thin-film-based CE (DSSC-
MWCNT) was >6% at a CE film thickness of ~0.3 pum. The optimum PCE was >7% at a film thickness of ~1 pum,
which is 20—50 times thinner than conventional carbon-based CE. The charge transfer resistance at the MWCNT-
CE/electrolyte interface was 1.52 £ cm? at a MWCNT-CE thickness of 0.31 pum, which is lower than that of a Pt-
CE/electrolyte interface, 1.78 £ cm?. This highlights the potential for the low-cost CE fabrication of DSSCs using a

facile deposition technique from an environmentally “friendly” solution at low temperatures.

KEYWORDS: carbon nanotubes - water-soluble carbon nanotubes - dye-sensitized

solar cell - electrospray - counter electrode

different carbon-based materials, such as
active carbon,® carbon powder,>'° hard car-
bon sphere,'! carbon nanotubes,'? and
fullerenes,’ have been used as CEs exhibit-
ing reasonable performance. The resulting
PCEs of DSSCs using carbon-based CEs are
slightly lower than those of DSSCs using Pt-
based CEs. The high electrical conductiv-
ity' and electrochemical catalytic effect’™'®
of carbon nanotubes (CNTs) have been
well-documented, and their application to
DSSC-CE has been reported.'>'” In CNTs, ex-
foliation and dispersion in solution are the
key issues for optimizing their electrical and
electrochemical properties as well as the
processing capability because the bundling
of CNTs reduces the surface area and alters
the electrical properties of CNTs. A range
of techniques to obtain well-exfoliated
stable dispersions of CNT solutions have
been studied extensively with functionaliza-
tion via covalent and noncovalent routes
being the major strategies.'®”%°
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Figure 1. (A) Synthetic scheme of MWCNT-g-PSSNa, (B) structure of MWCNT-g-PSSNa, (C) photo images of pristine MWCNT,

1, and MWCNT-g-PSSNa, 2, in DI water, (D) schematic diagram of dye-sensitized solar cells. The concentration of both solu-
tions was 1.25 mg mL™".

Highly processable CNT solutions, a facile deposi-
tion method to obtain uniform films, and well-
exfoliated and interconnected network structures of in-
dividual CNTs with high electrochemical catalytic activ-
ity are essential for the reliable fabrication of CNT-based
high-performance DSSC-CEs. In this study, water-
soluble MWCNTSs with polyelectrolytes attached co-
valently were synthesized for CNT-based DSSC-CEs. Uni-
form films of poly(styrene-4-sodiumsulfonate) (PSSNa)
grafted MWCNT (MWCNT-g-PSSNa) were prepared from
its aqueous solutions using an electrostatic spray (e-
spray) method. The DSSCs were fabricated using the
e-sprayed MWCNT-g-PSSNa thin films on FTO/glass, as
CEs (MWCNT-CE), and their J—V characteristics and elec-
trochemical catalytic effect with respect to the
MWCNT-CE film thickness were investigated. The elec-
trical properties of the MWCNT-g-PSSNa thin films were
also measured. The PCE of the water-soluble MWCNT-
based DSSCs (DSSC-MWCNT) was >6% at a CE film
thickness of ~0.3 um, where the charge transfer resis-
tance (Rcy) at the MWCNT-CE/electrolyte interface was
optimized. The highest PCE of the DSSC using these
water-processable MWCNT thin films as a CE was 7.03%,
which is comparable to that of high-performance DSSCs
using efficient Pt-based CEs (Pt-CE).

RESULTS AND DISCUSSION

Figure 1 shows the synthetic scheme and structure
of the MWCNT-g-PSSNa, a polyelectrolyte-grafted
MWCNT, which was synthesized using the “grafting to”
route.?' Briefly, 2,2,6,6-tetramethylpiperidinyl-1-oxyl
(TEMPO)-terminated PSSNa (PSSNa-TEMPO) was first
synthesized by nitroxide-mediated radical polymeriza-
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tion using redox-type initiators.??* The controlled
length of the PSSNa-TEMPO having number averaged
molecular weight (M,,) of 16 000 g mol~' (PDI = 1.38),
determined by gel permeation chromatography (GPC)
using PSSNa as a standard, was obtained. The PSSNa-
TEMPO was then reacted with MWCNT in ethylene gly-
col at 130 °C for 24 h to yield the PSSNa-grafted
MWCNT, as shown in Figure 1. Upon heating at 130 °C,
homolytic bond cleavage between TEMPO and PSSNa
yielded radical-ended PSSNa that could react with the
edge and/or side walls of the MWCNTSs.2*2> PSSNa is a
nontoxic water-soluble polymer with higher thermal
stability (melting point is 460 °C) due to its ionic inter-
action. It has been used as a dispersant in aqueous me-
dia for highly insoluble materials, such as graphene
nanoplatelets and poly(3,4-ethylenedioxythiophene)
(PEDQT).25%” The grafted PSSNa chains on the MWCNT
enhance the solubility in many polar solvents, such as
DMF, NMP, ethanol, and water dramatically. As shown
in Figure 1C 1.25 mg mL™" of the MWCNT-g-PSSNa
could be dissolved in deionized (DI) water, whereas
the pristine MWCNTs were insoluble. The weight frac-
tion of the PSSNa on the MWCNT was approximately
6%, as determined by elemental analysis (data not
shown) and thermogravimetric analysis (TGA) (see Fig-
ure ST in Supporting Information).

MWCNT-g-PSSNa thin films were fabricated using
an e-spray technique. E-spray deposition is a practical
process that can deposit thin films of a variety of mate-
rials, such as polymers,22° biomaterials,3%3!
inorganics,3?73* and CNTs,** on a range of substrates.
The e-spray method has the following advantages: (i)
the film thickness, morphology, and uniformity can be

www.acsnano.org



(A)

Flow control

Solution loading

Micro tip

(B)

Power Supply

7 AR
100 um

So1S.ekl . ®386 T Tiedvn

Figure 2. (A) Schematic diagram of the e-spray technique used for MWCNT-g-PSSNa thin film fabrication. (B) Photo image
of e-sprayed MWCNT-g-PSSNa thin film (~1 pum thick). SEM images of e-spayed MWNT-g-PSSNa film on FTO/glass substrate
at low magnification (x300) (C), and high magnification (x 100 000) (B).

controlled easily by manipulating the concentration
and injection flow rate of the e-spraying solution; (ii)
the apparatus of the technique is simple; and (iii) it is a
room temperature procedure.® Figure 2A shows a
schematic diagram of the e-spray method used in this
study. In principle, an aqueous solution of MWCNT-g-
PSSNa was injected into a spraying capillary at a con-
stant flow rate (~30 mL min~"). Under high voltage ap-
plication (>15 kV), the electric field overcomes the
surface tension of the droplet, resulting in the atomiza-
tion of numerous charged mists. Finally, the MWCNT-g-
PSSNa films were deposited on fluorine-doped tin ox-
ide (FTO)/glass. In the e-spray method, the mists are
identically charged, which reduces agglomeration, and
the collecting substrate is oppositely charged, which
provides electrostatic adhesion that assists in even cov-
erage.® This electrodynamic deposition mechanism is
gentle and efficient, consuming a lower amount of ma-
terial than other coating methods.3” During e-spray
deposition, the movable x—y positioning stage was
controlled to minimize undesired variations in the elec-
tric field that can cause thickness variations. It should
be noted that all deposition processes were performed
in the atmosphere at room temperature without heat-
ing the substrate, and no further sintering step was
used because the resulting e-spray MWCNT-g-PSSNa
films contains no binder. Figure 2B shows a photograph
of e-sprayed MWCNT-g-PSSNa film (1 wm thick) depos-
ited on the FTO/glass. The thicknesses of the e-sprayed
films could be controlled easily from tens of nanome-
ters to a few hundred micrometers by varying the solu-
tion concentration, flow rate, and/or e-spraying time.
The films had a quite shiny appearance under typical
room light, which indicates the uniformity and smooth-
ness of the film surface. Figure 2C,D shows scanning
electron microscopy (SEM) images of the e-sprayed
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MWCNT-g-PSSNa films on FTO/glass. As shown in Fig-
ure 2C, the surface of the resulting film was uniform and
showed no noticeable aggregation that is normally ob-
served in poorly dispersed MWCNT films.!” This sug-
gests that the MWCNT-g-PSSNa solution combined with
electrodynamic deposition technique limits CNT aggre-
gation. The high-magnification SEM images in Figure
2D revealed the MWCNT-g-PSSNa film to consist of well-
controlled interpenetrating network structures, where
the connectivity of the electrical charge transport chan-
nels are well-preserved. The diameter and length of
the MWCNT-g-PSSNa was ~15 nm and greater than a
few micrometers, respectively. This well-exfoliated net-
work morphology is essential for the good electrical
conductivity and high surface area of the MWCNT-
based films.

The electrical properties of the MWCNT-g-PSSNa
films deposited on glass substrates were examined. Fig-
ure 3 shows the sheet resistance and electrical conduc-
tivity of the e-sprayed MWCNT-g-PSSNa films as a func-
tion of the film thickness. The thickness was determined

r T T r r 70
10004 -] o
= / 0 L 60
&3 800- p o
~ S
2 50 &
~ 600- s
2 9 <
s 140 <
» 400+ - G
n N\
il 9 o
x \° —9— SheetResistance] | 39 2
g 2004 ° ~ —@— Conductivity
< °\—-___°
) —o
0 20

00 05 10 15 20 25 30
Film thickness (um)

Figure 3. Sheet resistance and conductivity of MWCNT-g-
PSSNa thin films on glass substrates as a function of the film
thickness.
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Figure 4. J—V characteristics of DSSC-MWCNTs at various
CE thickness and a DSSC-Pt under simulated AM 1.5 light
(® Pt, M 0.08 um, 0 0.31 um, A 0.83 pm, ¥ 1.18 um, V 1.59
prm, ¢ 2.57 um).

using a surface profiler (TENCOR P-10) and was con-
trolled by the e-spraying time at flow rate of 30 mL
min~" using a 1 mg mL~" MWCNT-g-PSSNa solution in
DI water/ethanol (4/1). The electrical properties follow
the typical behavior of other CNT-based films; that is,
the sheet resistance decreases and the electrical con-
ductivity increases with increasing film thickness. The
enhancements in the electrical properties became satu-
rated at a thickness ~1 wm, which is expected from
the high-quality networked CNT films.®8 The saturated
sheet resistance and electrical conductivity were 70 (/0
and 60 S/cm, respectively.

Inspired by the good electrical properties and uni-
form film morphology of the MWCNT-g-PSSNa thin
films, we fabricated DSSCs using the e-sprayed MWCNT-
g-PSSNa films as a CE (DSSC-MWCNT), and their perfor-
mance was compared with that of Pt-CE-based DSSC
(DSSC-Pt). In DSSC fabrication, doctor bladed TiO, nano-
particles (Nanoxide D, Solaronix) on FTO/glass followed
by sintering at 500 °C for 30 min were used as photoan-
odes. The N719 sensitizer was loaded on the surface of
the TiO, nanoparticles by immersing the photoanodes
into a dilute ethanolic solution. The DSSCs were as-
sembled and filled with the electrolyte system (details
are in the Experimental Section). The Pt-CE was pre-
pared by a thermal reduction method, which is known
to have the highest Pt-CE performance.?* Briefly, a Pt
precursor solution was drop coated on FTO/glass fol-
lowed by a thermal treatment at 400 °C to form highly
crystalline Pt layers. Figure 4 shows the J—V character-
istics of the DSSCs under 1 sun illumination (100 mW
cm™2, AM 1.5G). The PCE of the DSSC-MWCNTs im-
proved with increasing CE thickness up to 1.18 um
and remained constant or decreased slightly with fur-
ther increases in thickness (Table 1). The highest PCE for
the DSSC-MWCNTSs was 7.03% with an open circuit volt-
age (Voo), short circuit current density (Jsc), and fill fac-
tor (FF) of 711 mV, 16.9 mA, and 58.5%, respectively. It
should be noted that the PCE of DSSCs using a bare
FTO/glass (without MWCNT) as a CE was <0.1%, indicat-
ing that FTO has negligible electrocatalytic activity.
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TABLE 1. J—V Analysis Results of MWCNT-DSSCs at
Different CE Thicknesses and a MWCNT-Pt

CE thickness (um) Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Pt 0.724 17.74 64.6 8.30
0.08 0.710 16.54 41.9 490
0.31 0.713 16.49 523 6.15
0.83 0.716 16.02 56.1 6.43
1.18 0.711 16.90 58.5 7.03
1.59 0.703 16.70 58.9 6.91
2.57 0.692 16.63 59.3 6.82

The PCE enhancement was attributed mainly to the im-
proved FF at thicker MWCNT-CE, while the Voc and Js¢
were relatively unaffected. In general, the FF of the
DSSCs was related directly to the internal series resis-
tance (Rs) of the DSSCs, which is composed of various
components for photoelectrochemical generation.**#!
Electrochemical impedance spectroscopy (EIS) re-
sults provide useful information on the Rs of DSSCs,
which helps further understand the relationship be-
tween the CE properties and resulting PCEs. Figure 5
shows the highest frequency regime of the Nyquist
plot of the DSSC-MWCNTSs and DSSC-Pt at open circuit
condition under 1 sun illumination. In typical EIS analy-
sis, the Rs of DSSCs is generally composed of at least
three internal resistances.* The semicircles in the differ-
ent frequency regimes indicate the Nernst diffusion-
limited impedance of the redox species in the electro-
lyte, impedance by transport and recombination
competition at the TiO,/dye/electrolyte interface (Ra),
and electrochemical charge transfer resistance at the
CE/electrolyte interface (Rcr).*%*2 The semicircle at the
highest frequency regime in Figure 5 is related to the
CE/electrolyte event, and the Rcr at the CE/electrolyte
interface can be obtained from the real component (Z’)
values. Table 2 lists the Rcr of the DSSC-MWCNTSs and
DSSC-Pt. The optimized Rcr value of DSSC-MWCNT was
~1.2 ) cm? at a thickness of 1.18 wm, which is similar
to, or even lower than, that of the optimized DSSC-Pt,
1.78 Q) cm?, indicating that the MWCNT-CE with a very
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Figure 5. Nyquist plots of DSSC-MWCNTs at various CE
thicknesses and a DSSC-Pt at the open circuit condition un-

der simulated AM1.5 light (® Pt, A 0.31 pum, ¥ 0.83 um, B
1.18 pm, ¢ 1.59 um, M 2.57 um).
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TABLE 2. Electrochemical Impedance Analysis Results of
the MWCNT-DSSCs at Different CE Thicknesses and a
Concurrent MWCNT-Pt

CE thickness (um) Rgy (cm?) Rer (em?) Ray (em?)
Pt 4M 178 6.06
0.31 44 152 28.0
0.83 4,01 1.25 254
1.18 4.28 1.20 163
1.59 4.05 1.40 205
2.57 3.93 1.68 232

thin film has similar or even slightly better electrocata-
lytic activity that Pt-CE. The Rcr of DSSC-Pt was similar to
the other values reported for high-performance Pt-CE-
based DSSCs.*® The sheet resistance (Rsy) of the DSSC-
MWCNTs was relatively independent of the thickness of
MWCNT-CE and comparable to the Pt-CE. This is be-
cause the CEs were prepared on the same FTO/glass,
and the Rsy is dominated mainly by the electrical prop-
erties of the FTO/glass substrate when the deposition
layers are thin enough.*! The electrical conductivity of
the MWCNT-g-PSSNa films and Pt layers prepared on
FTO/glass was comparable (see Table S1 in Supporting
Information).

The Rcr values of the DSSC-MWCNTSs were slightly
lower than that of DSSC-Pt, even at CE film thickness
of 0.31 wm with a relatively weak thickness depen-
dency. This is an important result compared to other re-
ported carbon-based CE results, which are usually opti-
mized using films tens of micrometers in thickness with
strong thickness dependency.2 %% To the best of our
knowledge, the DSSC performance optimization at ap-
proximately 1 wm of CE thickness is by far the thinnest
of the reported carbon-based CE results. Surprisingly,
the PCE of DSSC-MWCNTs was >85% of the optimized
value even when the CE thickness was decreased to
0.31 wm. Since FTO has negligible electrocatalytic activ-
ity, the weak thickness dependence of the MWCNT-
CEs on the Rcr must be due to their intrinsic proper-
ties. The compact and uniform, yet well-networked,
exfoliated morphology of our “binder-free” MWCNT
thin films is believed to be responsible for the high elec-
trochemical catalytic effect, possibly. The solubility and
exfoliation of the MWCNT was leveraged by the Cou-
lombic repulsion between the identically charged poly-

EXPERIMENTAL SECTION

Materials: Sodium styrenesulfonate (SSNa), potassium persul-
fate, sodium metabisulfite, and 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) were purchased from Aldrich and used
as received. MWCNTs (NC-7000) were obtained from Nanocyl
and used after purification using the literature procedure.”” The
purity of MWCNT after purification determined by TGA was 98%.
The sensitizer, cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-
dicarboxylato)ruthenium(ll)bis-tetrabutylammonium (N719) was
supplied by Solaronix SA and purified following a literature pro-
cedure prior to use.*® 1-Butyl-3-methylimidazolium iodide (BMII),
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electrolytes grafted on the MWCNTs.2%” The charge re-
pulsion strategy has also been used to force the
dispersion of highly rebuilding/restacking nanomateri-
als. For example, the chemical preparation of a stable
aqueous dispersion of CNTs and graphite/graphene
was achieved by enhancing the charge repulsion be-
tween them, which has become a very useful technique
in nanocarbon chemistry.*# The highly hydrophobic
conjugated polymer, poly(3,4-ethlylenedioxy-
thiophene) (PEDOT), was dispersed successfully in wa-
ter by synthesizing in the presence of PSSNa to yield
PEDOT-PSS, which is the most useful conducting poly-
mer in organic electronic research. In addition to de-
bundling by surface charge repulsion between
MWCNT-g-PSSNa, the electrostatic attraction between
the oppositely charged FTO/glass and MWCNT-g-PSSNa
solution during e-spray deposition can enhance film
deposition. The PCE of DSSC-MWCNT is comparable to
that of the DSSC-Pt. The internal series resistance of the
MWCNT-CEs was similar to or even lower than DSSC-Pt
with a weak thickness dependency.*!

CONCLUSIONS

Highly water-soluble, polyelectrolyte-grafted
MWCNTs (MWCNT-g-PSSNa) were synthesized using a
“grafting to” route. Thin films of the water-processable
MWCNT-g-PSSNa were fabricated using an e-spray
method without using any binder, and the resulting
films were highly uniform over a large area maintain-
ing an interconnected network structure of well-
exfoliated MWCNTSs due to the nature of the electro-
static charge-assisted deposition mechanism. The appli-
cation of MWCNT-g-PSSNa thin films as a DSSC-CE had
a comparable electrocatalytic effect to the Pt-CEs with
slightly lower charge transfer resistance at the CE/elec-
trolyte interface. The high PCE of DSSC-MWCNT could
be obtained, even at the very thin CE film ca. 0.3 um,
and the PCE became comparable to that of the DSSC-Pt
when the CE thickness was optimized to ~1 pum. This
is 20—50 times thinner than the previously reported
thickness of other carbon-based efficient CEs. This high-
lights the potential for the low-cost fabrication of Pt-
free CE for DSSCs at low temperatures using a facile
deposition technique in an environmentally “friendly”
solvent.

iodine (I,), 4-tert-butylpyridine (TBP), lithium iodide (Lil), acetoni-
trile (ACN), valeronitrile (VN), and dihydrogen hexachloroplati-
nate(lV) hexahydrate (H,PtCls - 6H,0) were used as received from
Aldrich.

MWNT-g-PSSNa Synthesis: The MWCNT-g-PSSNa films were syn-
thesized according to the methodology shown in Figure 1.
TEMPO-terminated PSSNa was first prepared by a modification
of the stable free radical polymerization (SFRP) process described
by Keoshkerian et al.?? and Bouix et al.*® Briefly, SSNa (40 g, 194
mmol) and 2,2,6,6-tetramethyl-1-piperidinyloxy (2.96 g, 18.9
mmol) were dissolved in 200 mL of ethylene glycol (EG), and po-
tassium persulfate (2.592 g, 9.6 mmol) in 45 mL of H,0 and so-
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dium metabisulfite (1.368 g, 7.2 mmol) in 15 mL of H,O were
added to the solution at 130 °C under nitrogen. After 6 h,
MWCNTs (0.4 g) were added to the solution and reacted for

24 h with vigorous stirring. A small amount of PSSNa was ejected
through a syringe for characterization immediately before
MWCNT addition. The solution was then cooled to room temper-
ature, diluted in deionized water, and filtered repeatedly through
a microporous cellulose membrane (0.22 m) (three times). The
MWCNT-g-PSSNa papers were isolated after drying the MWCNT-
g-PSSNa covered filters overnight at room temperature under
vacuum.

Preparation of MWCNT-CE and Pt-CE: Homogenously dispersed 0.1
wt % MWCNT-g-PSSNa in solutions of distilled water and etha-
nol (80/20, w/w) were obtained by ultrasonication for 30 min.
The resulting solutions were deposited directly onto FTO/glass
(TEC-8, Pilkington) using an e-spray technique. First, the MWCNT-
g-PSSNa solution was loaded into a plastic syringe equipped
with a 27-gauge stainless steel hypodermic needle. The needle
was connected to a high voltage power supply (BERTAN SERIES
205B). A voltage of ~15 kV was applied between a metal orifice
and the conducting substrate at a distance of 10 cm. The feed
rate was controlled by the syringe pump (KD Scientific Model
220) at 25—30 pL min~". In order to form a uniform thickness
over a large area, the nozzle and substrate were placed on a mo-
tion control system using a microprocessor. For comparison, a
conventional Pt-CE was prepared by drop casting a 5 mM H,PtClg
solution in isopropyl alcohol onto FTO/glass substrates followed
by sintering at 400 °C for 20 min in air.

Fabrication of DSSC: A TiO, colloidal paste (Nanoxide-D, Solaronix)
was doctor-bladed onto FTO/glass and sintered at 500 °C for 30
min in air. The resulting TiO, photoanode was immersed in an
anhydrous ethanol solution containing 3 X 107* M of purified
N719 dye and kept at room temperature for 24 h. The dye-
adsorbed TiO, photoanode was assembled with MWCNT or plati-
num CE using a thermal adhesive film (24 wm thick Surlyn, Du-
Pont) as a spacer to produce a sandwich-type cell. The liquid
electrolyte consisting of 0.6 M 1-butyl-3-methylimidazolium io-
dide (BMII), 0.03 M iodine (Iy), 0.1 M lithium iodide (Lil), and 0.5 M
4-tert-butylpyridine (TBP) in a mixture of acetonitrile (ACN) and
valeronitrile (VN) (85:15 v/v) was introduced through a drilled
hole on the CEs. The holes were sealed with cover glass using
Surlyn.

Characterization: The detailed morphology of the MWCNT-CEs
was investigated using field emission scanning electron micros-
copy (FE-SEM, Hitachi S-4100). The electrical conductivity and
sheet resistance were measured using microvolmeter (MCP-
T610, Mitsubishi Chemical) in a four-probe setup at room tem-
perature with a humidity of 35%. The photocurrent—voltage
measurements were performed using a Keithley 2400 source
measuring unit. A class A solar simulator (Newport, model
91195A-1000) equipped with a 450 W xenon lamp was used as
a light source, and its light intensity was adjusted using a NREL-
calibrated mono-Si solar cell equipped with a BF-7 filter to ap-
proximately AM 1.5 G, 1 sun light intensity. The electrochemical
impedance spectra were measured using a frequency response
analyzer (Solartron, SI 1260) connected to a potentiostat (Solar-
tron 1287) at an amplitude of 10 mV at the open circuit voltage
(Voo) under 100 mW c¢cm ™2 illumination. The film thickness of the
MWCNT-CE was determined using a surface profiler (P-10, Ten-
cor). Thermogravimetric analysis (TGA) (TA Instruments) was per-
formed under a flowing air atmosphere from 25 to 800 °C at a
scan rate of 10 °C min~".
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