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a b s t r a c t

A cross-linked gel polymer electrolyte composed of poly (ethylene oxide-co-2-(2-methoxyethoxy) ethyl
glycidyl ether-co-allyl glycidyl ether, �-butyrolactone, LiI and I2, mixed with functionalized multi-wall
carbon nanotubes (MWCNT), was applied in dye-sensitized solar cells (DSSC). The electrolyte was charac-
terized by differential scanning calorimetry, conductivity measurements and Raman spectroscopy. Due
to its nature, the terpolymer was chemically cross-linked during DSSC assembly to give rise to quasi-solid
state solar cells. The gel polymer electrolyte containing 1 wt% of MWCNT exhibited conductivity values
higher than 10−3 S cm−1. An increase in MWCNT content provided a smaller concentration of polyiodide
species, as confirmed by Raman spectroscopy. The highest photocurrent (8.74 mA cm−2) was achieved
by DSSC based on the cross-linked gel polymer electrolyte containing 1 wt% of MWCNT compared to
DSSC based on non-cross-linked gel polymer electrolytes (7.93 mA cm−2). The incorporation of 3 wt%

of MWCNT into the gel polymer electrolyte promoted a decrease in both Jsc and Voc, probably due to
poorer light transmittance of the electrolyte in the visible range and higher charge recombination losses,
respectively. Thus, the highest efficiency in this work was achieved by using electrolyte containing 1 wt%
of MWCNT. After the cross-linking process, the dimensional stability of the gel composite electrolyte was
improved and the conversion efficiency of DSSC was only slightly affected, changing from 3.37% (before
cross-linking) to 3.35%.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Dye-sensitized solar cells (DSSC) have been under intense inves-
igation since the first publication reported by O’Regan and Grätzel
n 1991 [1]. The possibility to produce these solar cells at low
ost and their relatively high energy conversion efficiency, reach-
ng 10.3% ± 0.34% (value for a 1 cm2 cell) [2,3] make such devices
romising alternatives for cheap electricity compared to the clas-
ical silicon-based photovoltaic panels [4]. The working principle
f this device is relatively simple. First, dye molecules adsorbed on
iO2 nanoparticles are excited by photons, followed by an ultrafast
lectron injection into the conduction band of the semiconductor
xide. Dye cations are regenerated by redox species (I−/I3− redox
ouple, for example) present in the electrolyte. Reduction of oxi-

ized redox species is completed at the catalytic Pt layer of the
ounter electrode.

∗ Corresponding author. Tel.: +55 19 3521 3029; fax: +55 19 3521 3023.
E-mail address: anaflavia@iqm.unicamp.br (A.F. Nogueira).

378-7753/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.147
The electrolyte is an important component in determining the
efficiency and durability of DSSC. A liquid electrolyte is usually
composed of organic solvents employed to dissolve the redox cou-
ple [5–7]. However, liquid electrolytes have some shortcomings
for long-term practical operation of DSSC due to leakage and sol-
vent evaporation, which result in some difficulties for large scale
production and market deployment of DSSC [8]. Efforts have been
made in order to overcome these problems by replacing the liq-
uid electrolyte by room temperature ionic liquids [9,10], inorganic
hole transport materials [11–13], polymer electrolytes [14–18], or
a mixture of carbon nanotubes with polymers, to give rise to com-
posite materials [19].

Since their discovery by Iijima in 1991 [20], carbon nano-
tubes have received significant attention due to their dimensions
and structure-sensitive properties. Basically, carbon nanotubes
can be divided into two categories: single-wall carbon nanotubes
(SWCNT) and multi-wall carbon nanotubes (MWCNT). This classi-

fication depends on the folding angle and the diameter; SWCNT
can be metallic, insulating or semiconducting, whereas MWCNT
are all conductive [21]. Several contributions report excellent elec-
tronic properties of carbon nanotubes for application as thin-film

dx.doi.org/10.1016/j.jpowsour.2012.01.147
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:anaflavia@iqm.unicamp.br
dx.doi.org/10.1016/j.jpowsour.2012.01.147
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ransistors [22], diodes [23], chemical sensors [24] and more
ecently as the catalytic layer for counter electrodes in DSSC [25,26].
n addition, the presence of MWCNT may also improve the conduc-
ivity and mechanical properties of the electrolyte.

Yanagida and co-workers [27] investigated the effect
f incorporating carbon nanotubes and different kinds
f nanoparticles into the 1-ethyl-3-methylimidazolium
is(trifluoromethylsulfonyl)imide ionic liquid electrolyte. These
uthors observed a substantial increase in the viscosity and con-
uctivity of the system in which carbon nanotubes were dispersed.
he energy conversion efficiency of the DSSC assembled with
hat electrolyte containing 2 wt% MWCNT was 4.79% [27]. Ikeda
nd Miyasaka [28] have demonstrated the possibility of using
WCNT and ionic liquid in solid-state DSSC. By using this strategy,
conversion efficiency of 2.3% was achieved under simulated

unlight intensity of 23 mW cm−2. Miyasaka and collaborators also
eported solid-state DSSC using a conductive composite composed
f polymer-loaded carbon black and ionic liquid [29]. A power
onversion efficiency of 4.07% was then reported, demonstrating
hat a soft conductive material endowed with current rectifying
bility is capable of generating a high photocurrent density by
roviding a good electric junction with the TiO2 surface [29].
hus, a promising alternative to enhance conductivity in the
olymer electrolyte would be the addition of components into the
olymer/salt system to give rise to a “composite gel electrolyte”.

We have demonstrated in our previous work the performance of
SSC assembled with a gel polymer electrolyte without the incor-
oration of CNT [30]. This electrolyte was composed of a poly
ethylene oxide) derivative, mixed with �-butyrolactone (GBL),
iI and I2. The electrolyte containing 70% in weight of GBL and
0% of LiI provided the highest conductivity (1.9 × 10−3 S cm−1)
nd, at the same time, the highest energy conversion efficiency
4.4% under illumination of 100 mW cm−2) and dimensional stabil-
ty compared to DSSC based on the other electrolyte compositions
tudied. Another alternative to further improve the mechanical
roperties of the polymer electrolyte is by means of the cross-

inking process, which enables a significant enhancement in the
imensional stability of the whole electrolyte [31,32]. Nonetheless,
he cross-linking process usually gives rise to poorer electrolyte
onductivity, which is attributed to the slower motion of ions in the
el polymer matrix [33]. The addition of carbon nanotubes to the
lectrolyte composition provides means to overcome such draw-
ack, mainly by enhancing electrolyte conductivity and, therefore,
he performance of DSSC. The ability of polymer electrolytes con-
aining carbon nanotubes to promote electron transfer reactions in

any electrochemical systems has been reported in the literature
34–36], including dye-sensitized solar cells [37]. In this work, the
ole of carbon nanotubes in the polymer electrolyte for application
n DSSC will be discussed. The addition of carbon nanotubes to the
olymer electrolyte promoted a higher conductivity up to 1 wt% of
WCNT, but higher loadings provided poorer conductivity, proba-

ly due to carbon nanotube agglomeration and/or their interaction
ith Li+ ions present in the electrolyte composition. The higher

lectrolyte viscosity, arising from the cross-linking process of the
olymer electrolyte, brought about a smaller amount of polyiodide
pecies, which is an interesting feature for DSSC application, since
he presence of polyiodide species contributes to lower Voc values
ue to high degree of charge recombination. Thus, in this paper, we
eport the preparation, characterization and application of a new
ross-linked gel polymer electrolyte composed by the terpolymer
oly (ethylene oxide-co-2-(2-methoxyethoxy) ethyl glycidyl ether-
o-allyl glycidyl ether (P(EO/EM/AGE)), �-butyrolactone (GBL), LiI

nd I2 mixed with multi-wall carbon nanotubes (MWCNT) in dye-
ensitized solar cells. The conductivities of the electrolytes as a
unction of carbon nanotubes content were analyzed. The samples
ere also investigated by Raman spectroscopy, thermal analysis
Sources 208 (2012) 263–270

and diffuse reflectance measurements. Several DSSC were assem-
bled with the new gel polymer electrolyte prepared with different
amounts of MWCNT.

2. Experimental

2.1. Functionalization and characterization of multi-wall carbon
nanotubes

MWCNT (CNT Co., Ltd., Seoul, Korea) were oxidized in a con-
centrated acid mixture of H2SO4/HNO3 = 3:1 (Aldrich) (in volume)
under ultrasonication for 24 h at 60 ◦C to produce MWCNT con-
taining carboxylic groups (and other polar groups), according to the
procedure reported in literature [38–40]. The resulting solution was
removed by filtration by using poly (tetrafluoroethylene) mem-
branes. The solid was washed thoroughly with deionized water.
Decantation was used to remove any remaining acid, followed by
drying in an oven at 200 ◦C. The insertion of carboxyl groups on
the surface of carbon nanotubes increases their polarity, reactivity
and contributes to a more effective interaction with the terpolymer,
increasing dispersion into the polymer matrix [41].

Field emission scanning electron microscopy (FESEM) and high-
resolution transmission electron microscopy (HRTEM) images
were obtained using FEG-SEM JSC 6330F and HRTEM-JEM 3010 URP
microscopes, respectively, at the Brazilian National Nanotechnol-
ogy Laboratory (LNNano), Campinas, Brazil.

2.2. Preparation of gel polymer electrolytes containing MWCNT

The terpolymer poly (ethylene oxide-co-2-(2-methoxyethoxy)
ethyl glycidyl ether-co-allyl glycidyl ether) P(EO/EM/AGE) was used
as received from Daiso Co., Ltd. (Osaka, Japan) with a molar mass
of 1 × 106 g mol−1, according to the supplier. The polymer sam-
ples were prepared by the dissolution of the terpolymer, LiI, I2
and �-butyrolactone (GBL) (Aldrich, 99%) in 15 mL of acetone. The
P(EO/EM/AGE):GLB ratio was 0.1:0.9 (wt%) and the concentration
of LiI and I2 was kept constant at 20 wt% and at 2 wt%, respectively.
After the preparation of the electrolyte, different amounts of func-
tionalized MWCNT (0.5%, 1%, 1.25, 1.5%, and 3% (wt%)) were added
to the polymer electrolyte composition.

2.3. Cross-linking procedure

Cross-linking was carried out by using benzoyl peroxide
(Aldrich) as the initiator to the polymer solution, as described in
the literature [42]. Peroxide was used in excess of the stoichio-
metric ratio in order to make sure all double bonds of the allyl
glycidyl ether present at 1.7 wt% in the polymer structure would
react. Reagents were weighted and then mixed. A volume of 10 mL
of acetone was added to the mixture for complete dissolution of
components. Electrolyte solutions were kept under stirring for 1
week before use. After evaporation of solvent to form films, it is
necessary to maintain the systems at constant temperature (60◦ C)
for 1 h.

2.4. Conductivity measurements

Conductivity measurements were evaluated as a function of
MWCNT content. Electrolyte solutions were dropped onto stainless
steel disks (area of 1.0 cm2). A 0.05-mm-thick Teflon® spacer was
used to prevent short-circuits and to maintain a controlled distance
between the disks. In order to investigate the effect of cross-linking

on the ionic conductivity, the samples were placed in an oven at
60 ◦C for 1 h. After complete evaporation of solvent under air atmo-
sphere for 50 h, samples were kept in a desiccator with P2O5 to
remove humidity. The systems were sandwiched inside an MBraun
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ry box (humidity < 10−4%, under an argon atmosphere) using a
econd stainless steel disk with the same area of the first and waited
2 h before measurements. Conductivity values were calculated
rom electrochemical impedance spectroscopy (EIS) data, using an
co-Chemie Autolab PGSTAT 12 with a frequency resonance ana-
yzer (FRA) module coupled to a computer, in the frequency range
f 10 to 105 Hz and an applied alternating current (AC) amplitude
f 10 mV. The conductivity values were calculated from the bulk
lectrolyte resistance values arising from the complex impedance
iagram.

.5. Raman spectroscopy

The Raman spectra of MWCNT (before and after functional-
zation) and of cross-linked gel polymer electrolytes containing
ifferent amounts of MWCNT were measured in a Raman spec-
rometer, Micro-Raman Renishaw System 3000, equipped with

charge-coupled device (CCD) detector and an Olympus BTH 2
icroscope. The excitation laser was set at 632.8 nm.

.6. Diffuse reflectance measurements

The diffuse reflectance spectra of electrolyte samples were mea-
ured in a Varian spectrophotometer, model Cary 5G UV-VIS, NIR,
ith a diffuse reflectance accessory. Measurements were taken

rom 200 to 800 nm, using Teflon as a reference material for all sam-
les. The electrolyte samples were sandwiched between two quartz
lates by using Scotch® tape as spacer (60 �m). The following sam-
les were analyzed: polymer electrolyte before cross-linking (no
WCNT), polymer electrolyte after cross-linking (no MWCNT) and

olymer electrolyte after cross-linking containing 3% in weight of
WCNT.

.7. Thermal characterization

Differential scanning calorimetry (DSC) curves of the gel poly-
er electrolytes prepared with different amounts of MWCNT were
easured on a T.A. Instrument model 2100 coupled to a T.A. 2100

ata analysis system. The average sample weight was within the
ange of 18–20 mg. All experiments were performed under a nitro-
en flow rate of 100 mL min−1. The samples were first heated at
00 ◦C for 5 min to eliminate thermal history. After cooling the sam-
les to −100 ◦C at a rate of 10 ◦C min−1, they were heated again to
00 ◦C at a rate of 10 ◦C min−1. The DSC curves presented here are
elated to this second heating step.

.8. Assembly and solar cells characterization

Solar cells were assembled with 0.25 cm2 of active area.
TiO2 suspension (Solaronix) was deposited by the doctor

lading technique onto the FTO (fluorine-doped tin oxide) sub-
trate (Hartford Glass Co., Inc., 8–12 � cm−2). The films were
eated to 450 ◦C for 30 min, giving a layer of ∼8 �m thickness
s measured with a Taylor/Hobson Formtalysurf 50 profilome-
er. The electrodes were immersed in a 1.5 × 10−4 mol L−1

olution of the complex [cis–bis(isothiocyanate) bis(2,2-bipyridyl-
,4-dicarboxylate]ruthenium(II) bis-tetrabutylammonium (also
nown as N-719, Solaronix) in anhydrous ethanol for 20 h at room
emperature. Afterwards, the electrodes were washed with ethanol
nd dried in air. The electrolyte deposition onto the TiO2/dye pho-
oelectrode was done inside a vacuum chamber using the method
ntroduced by Caruso and co-workers [43]. Vacuum helps to ensure
better penetration of the polymer electrolyte inside the pores.
fterwards, photoelectrodes were heated to 60 ◦C during 1 h on
hot plate to remove acetone and to enable cross-linking in the

resence of benzoyl peroxide. This step is crucial since the in situ
Sources 208 (2012) 263–270 265

chemical cross-linking process takes place after the electrolyte has
been infiltrated into the pores of the TiO2 electrodes. Subsequently,
Pt counter electrodes were then pressed onto the top of the gel
electrolyte films.

J–V curves under illumination of 100 mW cm−2 were measured
under standard AM 1.5 condition by using a Xe (Hg) lamp as light
source and filters. The polychromatic light intensity at the photo-
electrode position was measured with a Newport Optical Power
Meter model 1830-C.

3. Results and discussion

3.1. Morphological characterization and Raman spectroscopy of
MWCNT

Fig. 1a and b shows scanning electron microscopy (FESEM)
and high-resolution transmission electron microscopy (HRTEM)
images of oxidized MWCNT, respectively. Fig. 1c presents
the Raman spectra of MWCNT before and after function-
alization that introduced carboxylic groups on the carbon
nanotubes.

The FESEM image depicted in Fig. 1a shows randomly oriented
MWCNT, and some of them are in the bundled form, as reported in
literature [44]. However, smaller tube diameters were not present
in large quantity. The same effect was also observed in the high-
resolution transmission electron microscopy (HRTEM) image of
Fig. 1b. Basically, a smaller tube diameter implies a higher curvature
and strain of tube walls [45]. This effect is correlated with the chem-
ical properties of MWCNT: smaller nanotubes are oxidized faster,
while larger ones are less reactive and remain nearly unchanged
[45,46].

Raman spectroscopy is a powerful tool for characterizing struc-
tural modifications such as defects on the surface of carbon
nanotube samples after chemical treatments. Therefore, this tech-
nique was used to investigate the effect of acid treatment on the
structure of carbon nanotubes. Fig. 1c shows the Raman spec-
tra of MWCNT samples before and after acid treatment. They
present typical Raman spectra featuring two principal characteris-
tic peaks. The D-band at 1327 cm−1 for MWCNT and 1338 cm−1 for
MWCNT COOH corresponds to an A1g mode due to local defects
of the graphite crystal [47,48] and can also be related to the
degree of defects or dangling bonds on the tube walls. The G-band
at 1583 cm−1 for MWCNT and 1595 cm−1 for MWCNT COOH is
related to the graphitic E2g symmetry of the interlayer mode, which
reflects the structural integrity of the sp2-hybridized carbon atoms
of the tubes [45,49]. Furthermore, a weak D′-band, attributed to a
double-resonance Raman feature induced by disorder and defects
[50], is observed at 1611 cm−1 and 1616 cm−1 for MWCNT and
MWCNT–COOH, respectively.

The intensity ratio of the D and G band is a useful parame-
ter to illustrate structural modification in MWCNT samples. The
larger the ID/IG ratio is, the higher the modification degree of
MWCNT. As can be seen in Fig. 1c, the ID/IG ratio observed in the
MWCNT–COOH spectrum (ID/IG = 1.26) is higher than that observed
in the MWCNT spectrum (ID/IG = 1.16). Furthermore, an upshift of
the MWCNT–COOH spectrum is observed, which is related to a
direct electron charge transfer process from nanotubes to acceptor
pendant groups [51]. In light of this, it is clear that structural modifi-
cation or defects originating from the addition of functional groups
such as COOH were achieved after acid treatment. Therefore, acid

treatment has provided successful surface modification by adding

COOH groups (and, to a lesser extent, other functional groups),
allowing solubility enhancement of MWCNT in the gel polymer
electrolyte.
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Fig. 1. (a) Scanning electron microscopy (FESEM) and (b) high-resolution trans-
mission electron microscopy (HRTEM) images of MWCNT after oxidation and (c)
Raman spectra of MWCNT before and after functionalization (laser excitation set at
632.8 nm).
Fig. 2. DSC curves of composite gel polymer electrolyte prepared with different
MWCNT concentrations: (a) before and (b) after cross-linking.

3.2. Thermal analysis of the composite gel polymer electrolyte

The thermal behavior of the composite gel polymer electrolyte
(P(EO/EM/AGE)/GBL/MWCNT/LiI/I2) was investigated. Fig. 2a
shows the DSC curves of the composite gel polymer electrolyte
prepared with different MWCNT contents before cross-linking and
Fig. 2b presents the DSC curves of the composite gel polymer
electrolyte prepared with different amounts of MWCNT after the
cross-linking process. The amount of copolymer, GBL, salt and
iodine were kept constant. As described in Section 2, only the con-
tent of functionalized MWCNT was varied in the samples (0.5, 1,
1.25, 1.5 and 3 wt%).

As observed in Fig. 2, crystalline peaks were not identified for
any of the samples, indicating that the composite polymer elec-
trolyte investigated in this work is predominantly amorphous. This
is an important property, since ionic motion in gel polymer elec-
trolytes also depends on solvation–desolvation processes along the
polymer chains, which occur with a large contribution from the
amorphous polymer phase [52]. Ionic motion is strictly correlated
with the segmental motion of the polymer chains. Therefore, glass
transition temperatures below −65 ◦C are important for application

as photoelectrochemical devices, since at room temperature the
polymer already has some segmental mobility, which contributes
to the effective conduction of ions in the electrolyte. Additional
information on the thermal properties of the electrolyte may be
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Fig. 4. Conductivity of composite gel polymer electrolytes
P(EO/EM/AGE)/GBL/MWCNT/LiI/I2 prepared with different amounts of MWCNT,
before and after cross-linking. The left-hand inset is a digital picture of the gel
polymer electrolyte before (I) and after (II) cross-linking. The right-hand side inset
shows a digital photograph of the cross-linked gel polymer electrolyte samples
prepared with different contents of carbon nanotubes after the cross linking
ig. 3. Dependence of glass transition temperature (Tg) on MWCNT concentration
nd on the cross-linking process.

athered from the analysis of Tg as a function of temperature, as
hown from data in Fig. 3.

Fig. 3 presents the Tg values estimated from DSC data for
he composite gel polymer electrolytes prepared as a function of

WCNT concentration, before and after cross-linking for the sake
f comparison.

Two different behaviors are observed in Fig. 3. First, after
ross-linking, an increase of Tg was observed for all MWCNT
oncentrations. This result suggested that cross-linking reduces
he local motion of the polymer segment through the formation
f covalent bonds between polymer chains, causing an increase
f Tg values. The same effect has already been reported by De
aoli and co-workers [42] for the solid electrolyte prepared with
oly (ethyleneoxide-co-2-(2-methoxyethoxy) ethylglycidyl ether-
o-allylglycidyl ether and lithium perchlorate. Second, according
o the behavior clearly observed from data shown in Fig. 3, there
as no relevant change on Tg for the system containing carbon
anotubes in the electrolyte. This result provides evidence that car-
on nanotubes modified with polar groups would interact only at
he interface region with the P(EO/EM/AGE) polymer matrix, not
mpairing the mobility of the polymer chains.

.3. Conductivity measurements

Fig. 4 shows the conductivities calculated using data
rom impedance spectroscopy (data not shown) at 25 ◦C for
(EO/EM/AGE)/GBL/MWCNT/LiI/I2 electrolyte containing different
WCNT concentrations, before and after cross-linking. The inset at

he left-hand side of Fig. 4 shows a digital picture of the composite
el polymer electrolyte before (I) and after (II) cross-linking. As
bserved in the photography, for the gel polymer electrolyte
amples, no fluidity is observed at room temperature, due to
he formation of three-dimensional polymer network. This is
n important feature for application as an electrolyte in DSSC,
ince it would help to minimize solvent leakage problems. The
nset at the right-hand side of Fig. 4 presents the composite gel
lectrolyte containing different amounts of carbon nanotubes after
ross-linking. The composite gel polymer electrolyte samples get
arker as the amount of carbon nanotubes increases.

The conductivity of gel electrolyte samples without MWCNT
as 7.9 × 10−4 S cm−1, which decreased to 5.5 × 10−4 S cm−1 after
he cross-linking process. As discussed previously, the mobility in
he polymer electrolyte depends on the dissolution of ions in the
olymer matrix, which is facilitated by the segment mobility of the
olymer chains [53]. Thus, the reduction of segment mobility of the
process: (A) without MWCNT, (B) 0.5 wt%, (C) 1.0 wt%, (D) 1.25 wt%, (E) 1.5 wt% and
(F) 3 wt% of MWCNT.

polymer chains by the cross-linking process caused a decrease in
the ionic conductivity of the electrolyte, which is reflected by the
drop in overall conductivity [18]. Similar results were described in
literature for electrolytes prepared with poly (ethylene imine) and
poly (ethylene glycol) containing different amounts of cross-linking
agent [54].

Before discussing the conductivity behavior for composite elec-
trolytes containing MWCNT, it is important to mention that the
overall conductivity of the P(EO/EM/AGE)/GBL/MWCNT/LiI/I2 sys-
tem is composed of ionic conductivity, arising from dissociated salts
in the system, and also of electronic conductivity stemming from
MWCNT in the electrolyte composition [41,55]. However, the sep-
aration of ionic and electronic contributions to the overall polymer
electrolyte conductivity is not straightforward. Such a separation
could be performed by means of AC impedance spectroscopy mea-
surements [56]. The Nyquist plots of the gel polymer electrolyte
sandwiched between two blocking electrodes did not exhibit the
typical semicircle at the high frequency region, normally observed
when measuring the impedance of a classical polymer electrolyte
(polymer and salt only) [57,58], which makes it difficult for sepa-
rating these electrochemical processes in this study.

The addition of MWCNT into the electrolyte provides an inter-
esting behavior. For both systems, before and after cross-linking, a
similar behavior is observed, that is, a higher electrolyte conduc-
tivity as the MWCNT content increases. The maximum electrolyte
conductivity for both systems (before and after cross-linking) was
reached for the electrolyte composition containing 1 wt% MWCNT
and after that the electrolyte conductivity slightly decreased up
to the maximum MWCNT concentration investigated in this work
(3 wt%).

The higher electrolyte conductivity with the addition of small
amounts of MWCNT (up to 1 wt%) is, probably, a contribution from
the electronic conductivity of the system provided by the presence
of MWCNT in the electrolyte composition. Previous reports have
shown a significant increase in the electrical conductivity of poly-
mer matrices with the incorporation of small amounts of carbon
nanotubes in the system [41,59].

As shown in Fig. 4, the electrolyte conductivity drops slightly

after the addition of more than 1 wt% of MWCNT. This decrease
in electrolyte conductivity for MWCNT concentrations higher than
1 wt% may be explained by the possible interaction of polar groups
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Fig. 5. (a) Raman spectra as a function of MWCNT concentration for the cross-
linked polymer electrolyte, laser excitation wavelength set at 632.8 nm; (b) ratio
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Table 1
Electrical parameters for DSSC based on composite gel polymer electrolytes con-
taining different amounts of MWCNT, before and after the cross-linking process.

MWCNT (wt%) Jsc (mA cm−2) Voc (V) FF � (%)

Before cross-linking
0.0 6.20 0.67 0.57 2.39
0.5 7.53 0.70 0.61 3.22
1.0 7.93 0.69 0.61 3.37
1.5 7.33 0.71 0.63 3.30
3.0 6.70 0.66 0.58 2.59
After cross-linking
0.0 5.63 0.65 0.61 2.23
0.5 7.88 0.68 0.62 3.34
1.0 8.74 0.67 0.57 3.35
f polyiodides (Im
−) and I3

− (Im
−/I3

−) as a function of MWCNT for the gel polymer
lectrolyte.

resent on the MWCNT surface with Li+ ions in the electrolyte
omposition. As reported earlier [38,39], the functionalization of
WCNT provides carboxylic and other polar groups on the sur-

ace of the carbon nanotubes, which are important for improving
he interaction with the also polar P(EO/EM/AGE) matrix. However,
he higher concentration of functionalized MWCNT in the system
higher than 1 wt%) might give rise to a more effective interaction
etween Li+ cations and polar groups attached to MWCNT, which
ecreases to some extent the ion mobility in the electrolyte. This
ffect would decrease the ionic conductivity of the electrolyte and,
onsequently, the overall conductivity of the system. The presence
f carbon nanotube agglomerates cannot be ruled out for MWCNT
oadings higher than 1 wt%, which could also decrease conductivity
ue to a more difficult ionic motion in the electrolyte [55].

.4. Raman spectroscopy of composite gel polymer electrolyte

Fig. 5a shows the Raman spectra of the composite gel poly-
er electrolytes P(EO/EM/AGE)/GBL/MWCNT/LiI/I2 as a function of
WCNT concentration after the cross-linking process. As observed

n this Fig., all samples showed a band around 110 cm−1, which
an be assigned to the symmetric stretch of I3− species [60,61].

nother band for all composite electrolyte samples related with

he vibration mode of higher polyiodide species was observed at
142–145 cm−1 [62,63]. Polyiodide species (Im−) may contribute

o electrical conduction into the electrolyte through Grothuss-type
1.5 6.67 0.66 0.57 2.50
3.0 5.79 0.63 0.59 2.15

charge transfer. In the Grothuss-type charge transfer mechanism,
electron hopping and the polyiodide bond exchange are coupled,
contributing to the effective conductance of the polymer electrolyte
[62].

The effect of MWCNT concentration on polyiodide formation in
the electrolyte was investigated by analyzing the intensity ratio
between polyiodide (Im−) and triodide (I3−) species, as shown in
Fig. 5b. The Im−/I3− ratio was calculated from the intensities of
the peaks at 110 and 142 cm−1. We can observe a decrease in
the Im−/I3− ratio with the addition of MWCNT into the electrolyte
(Fig. 5b). The generation of less polyiodides with a higher concen-
tration of MWCNT suggests that the formation of this ionic species
is favored by the low viscosity of the electrolyte. We have already
observed this effect in a previous work with the increase in viscos-
ity of the system [30]. The addition of MWCNT into the gel polymer
electrolyte causes an increase in viscosity due to the interaction
between carbon nanotubes and polymer chains. The higher the
viscosity of the system, the poorer would be the collision of ionic
species (I−/I3−), giving rise to a smaller generation of polyiodides
[30], as evidenced in Fig. 5b. Therefore, the higher viscosity enabled
a lower concentration of the less-conducting polyiodide species
and, consequently, a more conducting polymer electrolyte after the
cross-linking process, according to Fig. 4. In our previous work [30],
theoretical calculations indicated that polyiodide species are a bet-
ter electron acceptor than tri-iodide due more delocalized charges,
which makes the reaction with electrons more favorable due to
less electron repulsion [30]. Thus, the decrease of the Im−/I3− ratio
with higher MWCNT content probably contributes to reduce charge
recombination losses in DSSC. This effect will be discussed further.

3.5. DSSC based on the composite gel polymer electrolyte

The J–V curves of the DSSC based on the gel polymer electrolytes
at different MWCNT loadings are shown in Fig. 6 (a) before and (b)
after the cross-linking process. The inset in Fig. 6 shows the dark
current of the devices. The electrical parameters of the DSSC are
summarized in Table 1.

The photovoltaic performance of the solar cells was influ-
enced by the cross-linking process. As shown in Table 1, a
decrease in short-circuit current density (Jsc), from 6.20 mA cm−2

to 5.63 mA cm−2, is observed after the cross-linking process when
compared to DSSC based on the electrolyte composition without
cross-linking. This effect is due to an increase in the resistance
for ion migration (system hardening) caused by the formation of
three-dimensional networks after cross-linking, which results in a
decrease of photocurrent, as already reported in literature [64].
The addition of 1% in weight of MWCNT to the electrolyte
composition without cross-linking improved the overall energy
conversion efficiency from 2.39 to 3.37%. In this work, all the
studied MWCNT loadings improved the conversion efficiency (�)
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Fig. 6. J–V characteristics under illumination of 100 mW cm−2 for DSSC assembled
with composite gel polymer electrolytes at different MWCNT loadings (0.5%, 1%,
1
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c
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.5%, and 3 wt%) (a) before and (b) after cross-linking. Active cell area: 0.25 cm2,
iO2 film thickness: 8 �m. The insets in figure present the dark current curves.

ompared to the same electrolyte without MWCNT. The higher
onductivity of the electrolyte without cross-linking with 1 wt% of
WCNT, as shown in Fig. 4, can explain the maximum performance

chieved for this group of electrolyte compositions.
The addition of MWCNT improved the overall conductivity of

he gel polymer electrolyte even after cross-linking (Fig. 4). The
nhanced charge transport properties of the cross-linked poly-
er electrolyte after the addition of MWCNT was also evaluated

n DSSC. In Fig. 6 it is possible to observe that the addition of
wt% MWCNT to the cross-linked polymer electrolyte provided
higher performance when compared to the DSSC based on the

ross-linked polymer electrolyte without MWCNT. The higher Jsc

ight be associated to enhanced charge transport properties of
he polymer electrolyte, which functions as a mixed conductor,
.e., ionic and electronic conductivities. However, the addition of
wt% of MWCNT to the cross-linked polymer electrolyte showed a
ecrease in Jsc and also in Voc.

The drop in Voc may be explained, at least in part, by the
ombination of two main recombination processes: electrons
hotoinjected into the TiO2 conduction band/trap states might
ecombine with dye cations (Eq. (1)) and/or with electrolyte species

Eq. (2)) [30,65]:

ye+ + 2I− → Dye + I2 (1)
Fig. 7. Diffuse reflectance spectra of polymer electrolyte (PE) samples before and
after cross-linking and composite electrolyte (containing 3 wt% MWCNT) after the
cross-linking process.

TiO2(e−) + I2 → 2I− (2)

Polyiodide species are responsible for increasing recombination
losses [30]. According to the data shown in Fig. 5b, a decrease in
polyiodide formation is observed due to the addition of MWCNT
to the electrolyte composition. Therefore, it would be expected
that Voc would increase after the addition of MWCNT to the elec-
trolyte composition. In fact, the incorporation of MWCNT up to
1.5 wt% promotes an increase in Voc for devices in both cases (before
and after the cross-linking process). Above this concentration, the
opposite behavior was observed, i.e., Voc was lower for higher
MWCNT concentrations (3 wt%). The poorer electrolyte conduc-
tivity for MWCNT loadings higher than 3 wt% would favor charge
recombination losses arising from electrons in the TiO2 conduction
band/trap states and electrolyte acceptors, this way decreasing Voc

[30]. Some evidence for this behavior may be provided by J–V curves
measured in the dark (Fig. 6a and b, insets), since DSSC based on the
composite electrolyte containing 3 wt% of MWCNT exhibits higher
dark current values.

The smaller Jsc achieved by increasing the amount of MWCNT
beyond 1 wt% might be associated with the lower conductivity of
the polymer electrolyte (Fig. 4) and to a poorer transmittance of the
electrolyte in the visible range that can preclude light absorption
(Fig. 7). Thus, the low transmittance of the composite electrolyte
with MWCNT loadings higher than 1 wt% (Fig. 7) might impair light
harvesting properties of the photoelectrode, since the light that was
not absorbed by the sensitized TiO2 electrode could not be reflected
back at the mirror-like Pt counter electrode [66].

The addition of 1 wt% MWCNT to the polymer electrolyte com-
position provided the maximum performance in this work for both
electrolyte systems: without or with cross-linking. It is important
to note that the cross-linking process, along with MWCNT in the
electrolyte composition, improved the dimensional stability of the
electrolyte. This is an important requirement for quasi-solid state
DSSC. Therefore, it was possible to increase the dimensional sta-
bility of the electrolyte without impairing the performance of the
DSSC, when compared with the results of non-cross-linked polymer
electrolyte with MWCNT.

4. Conclusions
The gel composite polymer electrolytes prepared with poly
(ethylene oxide-co-2-(2-methoxyethoxy) ethyl glycidyl ether-co-
allyl glycidyl ether), �-butyrolactone, LiI, I2 and functionalized
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ulti-wall carbon nanotubes (MWCNT) were investigated and
pplied in dye-sensitized solar cells (DSSC). Incorporation of
WCNT into the cross-linked electrolyte promoted improvements

n the conductivity and a decrease in the polyiodide species, as
onfirmed by Raman spectroscopy measurements. The best per-
ormance was achieved for solar cells assembled with electrolyte
ontaining 1 wt% MWCNT, with a conversion efficiency of 3.37%.
fter cross-linking, the dimensional stability of the gel composite
lectrolyte was improved while the efficiency of the DSSC was only
lightly affected, changing from 3.37% to 3.35%.
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