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ABSTRACT: This study compares the properties of
a highly conductive polymer based on polypyrrole and
multiwall carbon nanotubes (MWCNTs) grafted with poly
(styrenesulfonic acid) (PPy/MWCNT-gr-PSSA) prepared
for flexible indium tin oxide-free organic solar cell (OSC) an-
ode with those of PH500 poly(3,4-ethylenedioxythiophene) :
poly(styrenesulfonate) (PEDOT : PSS) in various solvents.
Hydrophilic poly(styrenesulfonic acid) (PSSA) was grafted
on the MWCNT surfaces to improve dispersion of the
MWCNT in an aqueous solution. MWCNT-gr-PSSA was
added because MWCNT acts as a conductive additive and a
template for the polymerization of PPy. Polymerization
yields increased as the amount of MWCNT-gr-PSSA
increased and reached a maximum when 50% of MWCNT-
gr-PSSA was added. The conductivity of PPy/MWCNT-gr-
PSSA composite was further improved and the value
reached � 152 S/cm with the addition of a toluenesulfonic
acid (TSA)/HCl dopant mixture. To prepare a flexible OSC

anode, PPy/MWCNT-gr-PSSA dissolved in solvent mix-
ture, was coated onto a polyethylene terephthalate (PET)
substrate. PPy/MWCNT-gr-PSSA was dissolved in a
mixture of solvents including DMSO, NMP, EG, DEG, and
glycerol of a high boiling point that was spin coated onto
the PET, then annealed for 30 min at various temperatures.
The conductivity of PPy/MWCNT-gr-PSSA was further
enhanced with solvent treatment and annealing at tempera-
ture ranges of 100–175�C. Under optimum conditions, the
conductivity and transmittance of PPy/MWCNT-gr-PSSA
on PET reached 602 S/cm and 84% at 550 nm, respectively.
In addition, it was confirmed that the energy level and
mechanical strength of the film were suitable for OSC
electrode use. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 123:
388–397, 2012
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INTRODUCTION

Organic polymer based solar cells (OSCs) have
attracted attention because of their potential for solv-
ing future energy crises, low cost, and a variety of
photovoltaic applications. Recent improvements in
the efficiency of OSCs are impressive. A bulk hetero-
junction (BHJ) and tandem layer was substituted for
a planar heterojunction photoactive layer divided
into an electron–donor and acceptor surface that had
a significant influence on the efficiency enhance-
ment.1,2 Generally, the BHJ layer of polymer-based
OSCs is composed of a combination of poly(3-hex-
ylthiophene) (P3HT) and 1-(3-methoxycarbonyl)-
propyl-1-phenyl-(6,6)C61 (PCBM) produced by spin
coating. These OSCs provide the highest efficiency
of up to 4–5% through the thermal annealing condi-

tions and solvent evaporation time.3–5 Silicon-based
solar cells and dye-sensitized solar cells have an effi-
ciency � 25 and 10% higher than that of OSCs. De-
spite their relatively low efficiency, compared with
inorganic solar cells, polymer-based OSCs are very
attractive in terms of their potential for a roll-to-roll
process, large area processing ability on flexible sub-
strates, and cost-effective materials.6,7 Most solar cell
devices utilize indium tin oxide (ITO) as the hole
collecting transparent conducting electrode material
and poly(3,4-ethylenedioxythiophene) : poly(styrene-
sulfonate) (PEDOT : PSS) as the hole injection layer.
ITO is generally processed at a high temperature to
improve its conductivity and crystallinity on rigid
substrates such as glass. However, under the numer-
ous bending cycles on flexible substrates such as
PET, the propagation of cracks occurs in ITO films
that lead to considerable degradation of its conduc-
tivity and performance.8 Moreover, the high cost of
indium prevents large-scale use of ITO as a photo-
voltaic electrode compared with relatively low-cost
polymer-based solar cells. Therefore, carbon nano-
tubes (CNT), graphene, metal grids, doped metal
oxides, and organic polymers have been investigated
to replace ITO with a flexible and transparent
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electrode.9–13 One of the most recently examined
materials of interest for organic-based electrodes is
PEDOT : PSS because of its solution processability
that makes it compatible with large scale usage con-
cepts. PH500 (<1 S/cm) that is a commercial PEDOT
: PSS dissolved in various solvents of a high boiling
point. The conductivity of polymer electrode made
of PH500 reached � 480 S/cm.8,14,15 However, it is
still a high-cost material and shows low conductivity
on PET substrates compared with rigid substrates.16

This current study was to develop a low-cost,
highly conductive, and flexible transparent film for
OSC anodes. Polypyrrole (PPy) was selected for
polymer electrode material substitute for PEDOT in
our study because of its low cost and high conduc-
tivity. Multiwall carbon nanotubes (MWCNT) were
chosen as a conductive additive and template to
enhance its conductivity and thermal stability.17,18

Grafting hydrophilic polymer, poly(styrenesulfonic
acid) (PSSA) on the MWCNT surfaces was employed
to improve dispersion in aqueous solutions because
controlling the dispersion of MWCNT is very impor-
tant for the development of high-performance poly-
mer composite materials from among the various
methods.19 A flexible and highly conductive trans-
parent film was fabricated by spin coating the syn-
thesized PPy/MWCNT-gr-PSSA dissolved in organic
polar solvents onto the substrate. The conductivity
of these polymer composites was investigated
according to the ratio of PPy : MWCNT-gr-PSSA
and additional dopant treatment. Moreover, to
develop good electrical and optical properties of
film for OSC anodes, conductivity, transmittance
and morphology were evaluated according to solid
contents, spin rate, and annealing temperature to
obtain optimum conditions. Finally, a band gap
measurement and adhesiveness test were carried out
to evaluate the suitability for a OSCs device.

EXPERIMENTAL

Materials

Pyrrole (reagent grade, 98%) was purchased from
Aldrich. PH500 (CLEVIOS PH 500) was purchased
from H. C. Starck. MWCNT was purchased from
Il-jin Nanotech Co. (CM95, purity >95%, length 10–
50 lm, diameter 10–30 nm). A 4-styrenesulfonic acid
sodium salt hydrate (SSA�Naþ, Sigma-Aldrich) was
used as a grafting material. Ammonium persulfate
(APS) and potassium persulfate (K2S2O8) were used
as a redox initiator and a radical initiator, respec-
tively; both initiators were purchased from Sigma-
Aldrich. The p-toluenesulfonic acid used as a dopant
material was purchased from Sigma-Aldrich. ITO-
coated glass (Aldrich, 15–25 X/sq) and ITO-coated
PET (Fine Chemicals Industry, <35 X/sq) substrates

were used for rigid and flexible ITO based devices,
respectively. Marienfeld laboratory glassware was
used as a pristine glass substrate. For increasing con-
ductivity and thermal stability, various organic polar
solvents and compounds were used. Dimethyl
sulfoxide (DMSO), ethylene glycol (EG), diethylene
glycol (DEG), and glycerol were purchased from
Sigma-Aldrich and N-methyl-2-pyrrolidone (NMP)
was purchased from Junsei Chemical Co.

MWCNT-gr-PSSA preparation

Pristine MWCNT contained impurities and amor-
phous carbon. There is strong van der Waals attrac-
tion between individual MWCNT that leads to
aggregation and tangled networks. To enhance the
dispersity of MWCNT, PSSA was grafted on the sur-
face of MWCNT by radical polymerization.20–23

K2S2O8 (100 mg) and pristine MWCNT (100 mg)
were introduced into a 500-mL round flask contain-
ing 250 mL distilled water. The dispersion was
heated to 70�C with ultrasonication for 1 h. After
SSA�Naþ was applied into the dispersion, polymer-
ization was conducted under nitrogen purging for
24 h at 60�C. The weight ratio of K2S2O8 : MWCNT :
SSA�Naþ was 1 : 1 : 50 according to previous
research.24 Polymerized MWCNT-gr-polystyrene sul-
fonate sodium (PSS�Naþ) was washed with distilled
water and methanol repeatedly to remove initiator,
residual monomer, and PSS�Naþ homopolymer by
centrifugation and microfiltration. Aggromerization
of MWCNT-gr-PSS�Naþ was achieved with 5M HCl
to protonate the sulfonate sodium salt to sulfonic
acid. Modification of MWCNT by surface grafting
was characterized by Fourier transfer infrared spec-
troscopy (FTIR), thermogravimetric analysis (TGA),
and X-ray photoelectron spectroscopy (XPS).

In situ polymerization of pyrrole with
MWCNT-gr-PSSA

Dried MWCNT-gr-PSSA powder was introduced
into a round flask filled with water with ultrasonica-
tion. The dispersity of MWCNT-gr-PSSA in water
was higher than that of pristine MWCNT and car-
boxylated MWCNT demonstrated in previous
research.17 Pyrrole monomer was dripped in the
round flask containing well-dispersed MWCNT-gr-
PSSA. PPy had been synthesized by in situ chemical
oxidation polymerization, varying concentrations of
pyrrole monomer, and APS from 40 to 95 wt % to
observe the effect of PPy content on the conductivity
of the composites.25 Ten milliliters of the APS aque-
ous solution was injected for 10 h. The molar ratio
of APS was the same as that of pyrrole monomer.
The polymerization was conducted for 24 h at 5�C.
p-Toluenesulfonic acid and HCl mixture was added
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as a dopant to improve the conductivity of PPy/
MWCNT-gr-PSSA. Polymerization of pyrrole with
c-MWCNT was also conducted to compare with
MWCNT-gr-PSSA.

Film preparation

PPy/MWCNT-gr-PSSA solid composites were dis-
persed in either pure water or a mixture of various
solvents of high boiling point for spin coating onto
the substrate. The solvent mixture was prepared by
mixing DMSO, DEG, EG, and NMP in the same
ratio. The solid content of PPy/MWCNT-gr-PSSA
composites in the solvent mixture was varied from
0.75 up to 1.10 wt % to optimize conductivity and
transmittance of the film. The solution was sonicated
for 1 h and stirred at 500 rpm with a mechanical
stirrer for an improved dispersion. The dispersion
state was stable over 12 h without further stirring.
Glycerol was finally mixed as a thermal stabilizer
and binder to enhance the adhesive strength at a
higher spin rate. PPy/MWCNT-gr-PSSA dissolved in
solvent mixture was spin coated onto the substrate
at various spin rates and annealed at different
temperatures to determine the optimum conditions.
Electrochemical and mechanical properties of pre-
pared composite film were also evaluated for
adaptation to a polymeric solar cell device.

Characterization

FTIR spectra (Nicolet 760 MAGNa-IR spectrometer)
were used to define PSSA grafted on the pristine
MWCNT. XPS (Axis NOVA, KRATOS) and TGA
analysis (Perkin–Elmer, USA) was used to determine
the amount of PSSA grafted onto MWCNT. The tem-
perature was increased from 100 to 800�C at 20�C/
min in nitrogen. SEM (JEOL JSM-6330F, Tokyo,
Japan) was used to determine the morphology of the
pristine MWCNT, c-MWCNT, and MWCNT-gr-
PSSA. Conductivity was measured using a four-
point probe method with a Keithley 238 high-cur-
rent-source measuring unit and CMT-100M
(Advanced Instrument Technology) at room temper-
ature. The electrical conductivity was calculated
using the Eq. (1) as follows26

r ðS=cmÞ ¼ ln 2

p � t�
I

E
� 0:22=t� I

E
(1)

where E is the voltage drop across the inner probes;
t is the thickness of the sample; I is the current pass-
ing through the outer probes; and r is electrical con-
ductivity. Optical properties were determined
through UV–vis spectra (Scinco S-4100) to observe
the transmittance of film. Film thickness and the sur-
face images were measured using an AFM (Park

Systems, XE-100). Band gap was measured by cyclic
voltammetry (CV, 600D Series Electrochemical
Workstation, CH Instruments, Inc.) method with
Ag/Agþ as a reference electrode and coiled Pt wire
as a counter electrode. 0.1M tetrabutylammonium
perchlorate (TBAP) with acetonitrile was used as an
electrolyte.

RESULTS AND DISCUSSION

MWCNT-gr-PSSA

To enhance the conductivity of a PPy-based anode
in an OSC, MWCNT were selected as the most suita-
ble template for this study. A novel surface modifi-
cation technique of MWCNT grafting of hydrophilic
polymer was introduced to improve dispersion of
MWCNT in the water for a higher PPy polymeriza-
tion yield. This surface grafting of MWCNT with
hydrophilic polymer was also expected to provide
additional benefits for the synthesis process and the
product performance as compared with conventional
acid treatment. PSSA was selected as a grafting
hydrophilic polymer and the performance of
MWCNT-gr-PSSA was compared with that of c-
MWCNT produced by the conventional carboxyla-
tion of MWCNT through acid treatment with sulfu-
ric acid and nitric acid (3 : 1) at 70�C for 24 h.17 The
surface of each MWCNT was expected to be modi-
fied chemically to produce hydrophilicity.
Figure 1 shows FTIR spectra of pristine MWCNT,

MWCNT-gr-PSSA, and PSSA. The peaks at 1010 and
1040 cm�1 are due to the symmetric stretching of
SO2 from the sulfonyl group of PSSA. Asymmetric
stretching of SO2 on aromatic compounds produced
strong peaks at 1140 and 1190 cm�1. These peaks

Figure 1 FT-IR spectra of pristine MWCNT, MWCNT-
gr-PSSA, and PSSA homopolymer.
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appeared as a doublet because sulfonic acid forms a
resonance structure through electron stabilization
and could be caused by the presence of a sulfonyl
group from residual impurities such as K2S2O8 or a
homopolymer of PSSA. Therefore, MWCNT-gr-PSSA
composite was treated with boiling water for 1 h to
remove impurities. The intensity of each peak was
almost the same after treatment with boiling water.
These results ensured that PSSA was successfully
grafted on the surface of MWCNTs.

TGA analysis was used to observe the amount
of PSSA grafted on the MWCNT. As shown in
Figure 2, three major weight loss temperatures
appeared on the thermograms of PSSA homopoly-
mer at 100–200�C, 300–350�C, and 400–450�C. These
decompositions are expected to be caused by the
evaporation of water and low molecular weight
impurities, decomposition of sulfonyl groups on side
chains, and main chain breakdown, respectively.27

Accordingly, the major reason for thermal decompo-
sition of MWCNT-gr-PSSA can be because of the
grafted PSSA. Therefore, the amount of PSSA
grafted on MWCNTs can be calculated from the
weight loss of PSSA and MWCNT-gr-PSSA. From
the thermograms in Figure 2, PSSA homopolymer

and MWCNT-gr-PSSA show weight losses of 58.8%
and 11.0%, respectively. MWCNTs do not show any
obvious weight loss during the entire heating pro-
cess. Therefore, the weight ratio of PSSA grafted on
MWCNTs was expected to be � 19 wt %.
The XPS analysis was measured to confirm that

the MWCNT-gr-PSSA polymerized successfully
and the quantitative analysis value was shown in
Table I. The pristine MWCNT spectra exclusively
exhibited O 1s and C 1s peaks. It reveals that the ox-
idation level of pristine MWCNT is very low. It was
confirmed that the MWCNT used in our experi-
ments had few functional groups. MWCNT-gr-PSSA
and PSS-Naþ were further investigated to analyze
PSSA grafted ratios and confirm Naþ removed. In
comparing the S 2p peak raw area of these materials,
it was theorized that � 18% PSSA was grafted onto
the MWCNT surface and the value was almost simi-
lar with that measured by TGA. In addition, Na 1s
peak was not observed in the MWCNT-gr-PSSA
quantitative analysis. Based on the results, it was
shown that PSS-Naþ was converted to PSSA suc-
cessfully by protonating with HCl.

PPy/MWCNT-gr-PSSA

Pyrrole was selected for polymer electrode material
in this research, because it is cheaper than EDOT for
a PEDOT : PSS composite of commercial anode ma-
terial and provides a similar conductivity and high
thermal stability. In addition, MWCNTs were added
to enhance the conductivity of PPy, because
MWCNTs can act as a conductive agent and a tem-
plate for the polymerization of PPy. Generally, while
undoped PPy homopolymer exhibited in grain struc-
ture because of aggregation, PPy well dispersed by
dopant or surfactant in a polymerization solution
could be in the form of nanosized particles.28,29

Thus, aqueous polymerization was conducted using
MWCNT-gr-PSSA as a template for the synthesis of
PPy. The performance of in situ polymerized PPy
in presence of MWCNT-gr-PSSA was compared
with that of PPy prepared with c-MWCNT. PPy was
self-assembled in an interwoven structure with

Figure 2 TGA thermograms of pristine MWCNT, car-
boxylated MWCNT, MWCNT-gr-PSSA, and PSSA
homopolymer.

TABLE I
Quantitative Analysis Values of Pristine MWCNT, MWCNT-gr-PSSA, and PSS2Na1

Homopolymer

Materials Peak Position BE (eV) Raw area (cps) Mass conc % Atomic conc %

Pristine MWCNT C 1s 280.690 516,494 98.63 98.97
O 1s 526.690 14,482 1.37 1.03

MWCNT-gr-PSSA C 1s 280.690 335,080 93.27 95.54
O 1s 526.690 35,337 4.87 3.75
S 2p 164.690 6,473 1.86 0.71

PSS�Naþ C 1s 280.690 117,828 49.09 61.94
O 1s 526.690 122,958 25.34 24.01
S 2p 164.690 34,878 15.03 7.10
Na 1s 1068.690 63,362 10.54 6.95
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MWCNT-gr-PSSA by chemical oxidative polymeriza-
tion. PPy/MWCNT-gr-PSSA composites were syn-
thesized at various pyrrole and MWCNT-gr-PSSA
weight ratios to investigate optimum conditions for
synthesis based on the polymerization yield and
conductivity data.

As shown in Table II, the polymerization yield
increased as the amount of MWCNT-gr-PSSA
increased, to reach a maximum when 50% of
MWCNT-gr-PSSA was added. However, when addi-
tional MWCNT-gr-PSSA was added, the polymeriza-
tion yield decreased. As shown in Figure 3(b), con-
ductivity values are also coincident with the
polymerization yield. At an optimum ratio (5 : 5),
PPy/MWCNT-gr-PSSA had the highest conductivity
of � 125 S/cm. This value is higher than those of
both PPy/MWCNT doped with PSS (91 S/cm) and
PPy/c-MWCNT (48 S/cm) as shown in Figure 3(a).
This result represented that a well-dispersed
MWCNT provided a beneficial influence on the con-
ductivity of PPy/MWCNT composite.

The polymerization yield is also confirmed by the
morphology of PPy/MWCNT composite as shown in
Figure 4. Figure 4(a,b) showed PPy/c-MWCNT and
PPy/MWCNT-gr-PSSA composites synthesized at the
ratio of 5 : 5. The morphology of PPy/c-MWCNT
[Fig. 4(a)] showed both aggregated PPy and separated
c-MWCNTs that did not serve as a template for poly-
merization. On the other hand, PPy/MWCNT-gr-PSSA
composites [Fig. 4(b)] showed that pyrroles were poly-
merized in situ on the surface of the well-dispersed
MWCNT-gr-PSSA, increasing polymerization yield.
With less MWCNT-gr-PSSA [Fig. 4(c,d)], homopolymer
of PPy existed in an aggregated state because tem-
plates for the polymerization were not sufficiently pro-
vided. Therefore, the polymerization yield decreased
as shown in Table II.

For the further enhancement of conductivity, a
mixture of TSA/HCl was used as a dopant because
it was proven that a mixture of TSA/HCl dopants

enhanced conductivity.29 The molar ratio of PPy and
TSA/HCl was 2 : 1 and the polymerization was per-
formed at 5�C for 2 h. As shown in Figure 3(a), the
conductivity of PPy/MWCNT-gr-PSSA composite
polymerized with TSA/HCl dopant was further
improved and the value reached � 152 S/cm.

Effect of solvents and annealing temperature

Many theoretical studies have been conducted to
enhance conductivity by using organic polar
solvents.30–34 According to previous research,30–34

organic solvents and compounds with two or more
polar groups influence conductivity. These materials
lead to conformational change of the PEDOT chains
and the mechanism is similar to secondary doping.
Because EDOT has a large dipole moment (l ¼ 1.87 D)

TABLE II
Polymerization Yield According to the PPy Contents and

Type of MWCNT Fabricated

Materials (content ratio, wt %)
Polymerization
yield of PPy (%)

PPy/c-MWCNTa (50/50 wt %) 61.8
PPy/MWCNT-gr-PSSAb (95/5 wt %) 83.9
PPy/MWCNT-gr-PSSA (90/10 wt %) 83.8
PPy/MWCNT-gr-PSSA (80/20 wt %) 84.7
PPy/MWCNT-gr-PSSA (70/30 wt %) 88.4
PPy/MWCNT-gr-PSSA (60/40 wt %) 91.5
PPy/MWCNT-gr-PSSA (50/50 wt %) 95.5
PPy/MWCNT-gr-PSSA (40/60 wt %) 93.7

a PPy synthesized with carboxylated MWCNT using sul-
furic and nitric acid.

b PPy synthesized with grafted MWCNT using PSSA.

Figure 3 (a) Conductivity of pristine MWCNT, PPy/c-
MWCNT, PPy/MWCNT doped with PSS, and PPy/
MWCNTgr-PSSA. (b) Effect of the ratio of PPy : MWCNT-gr-
PSSA and TSA/HCl dopant on the conductivity of
PPy/MWCNT-gr-PSSA composites.
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and PSS chains formed hydrogen bonds, a strong
interaction between PEDOT : PSS and organic polar
compounds was easily maintained. Pyrrole has a simi-
lar dipole moment (l ¼ 1.80 D) to EDOT and PSSA as
well as formed strong hydrogen bonds; therefore, PPy/
MWCNT-gr-PSSA was expected to be modified by
these solvents.

PPy/MWCNT-gr-PSSA composite should be dis-
persed in either an aqueous solution or some kind
of solvent for spin coating on the substrate. Because
PSSA is a hydrophilic polymer, PPy/MWCNT-gr-
PSSA composite can be dispersed in an aqueous so-
lution. However, aqueous state materials are
assumed to provide relatively low conductivity and
poor morphology. Therefore, we selected several sol-
vents of a high boiling point to improve conductivity
and the toleration of high temperature treatment. A
mixture of various polar solvents such as NMP,
DMSO, EG, DEG, and glycerol of the same weight
ratio were used to enhance conductivity, because
these solvents can induce a secondary doping effect
by conformational change of the polymer chains. As
a result, the conductivity of PPy/MWCNT-gr-PSSA

composites coated on the glass substrate improved
from 24 to 320 S/cm after solvent treatment at room
temperature. Moreover, the increased conductivity
by solvent treatment can also be explained by
changes in the surface morphologies of the film.30–34

As shown in Figure 5, the surface morphology of
film prepared with PPy/MWCNT-gr-PSSA dissolved
in solvent mixture was smoother than that coated
with PPy/MWCNT-gr-PSSA aqueous solution. Root-
mean-square roughness of film coated with PPy/
MWCNT-gr-PSSA in solvent mixture (average, 0.129
nm) is less than that coated with PPy/MWCNT-gr-
PSSA aqueous solution (Rq : average, 0.555 nm).
This finding is consistent with previous
research,16,35,36 which revealed that the surface of
solvent-treated film after heating was much
smoother; in addition, this morphological change
induced an increase in conductivity.
After PPy/MWCNT-gr-PSSA composites were dis-

solved in solvent mixture and spin coated at 2000
rpm for 30 s onto a glass substrate, they were
annealed for 30 min at various temperatures. The
effects of different annealing temperatures on the

Figure 4 SEM images of (a) PPy/c-MWCNT composite (5 : 5) and PPy/MWCNT-gr-PSSA composites of various ratios;
(b) 5 : 5, (c) 7 : 3, and (d) 9 : 1.
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conductivity of PPy/MWCNT-gr-PSSA film are
shown in Figure 6. The conductivity of these films
was significantly improved by an annealing treat-
ment as compared with that of films dried at room
temperature (� 320 S/cm). The conductivity changed
with annealing temperature, and the highest conduc-
tivity (� 606 S/cm) was observed at temperatures in
the range of 100–175�C. However, the conductivity
continuously decreased as the annealing temperature
increased over 175�C. This result is because of solvent
evaporation and thermal degradation of the
PPy/MWCNT-gr-PSSA film.37 The conductivity value
is maintained for temperatures up to 175�C because
most solvents have high boiling points of � 170–
190�C. According to previous studies,30–34 organic
solvents such as glycerol, NMP, DMSO, and DMF
improve conductivity by a secondary doping effect
through chemical and physical structural changes of
the polymer chain; in addition, this effect is optimized
during heat treatment.

Film properties

Because one of the major properties of OSC anodes
is film transparency and high conductivity, spin
coating conditions were optimized by varying the
solid content and spin rate. As shown in Figures 7
and 8, the conductivity increased but transmittance
decreased as the solid content increased. Consider-
ing the conductivity and transparency of films,
0.9 wt % solid content was selected as an optimum
condition. Under this condition, the conductivity of
PPy/MWCNT-gr-PSSA coated film was 606 S/cm
and its transmittance was 84% at 550 nm.
Transmittance relies on the thickness of film

according to the spin rate. Figure 9 shows the effect
of spin rate on the transmittance and conductivity of
films. Generally, the transmittance of films increased

Figure 6 Effect of annealing temperature on the conduc-
tivity of PPy/MWCNT-gr-PSSA films when they were
treated for 30 min (Solid content: 0.9 wt %).

Figure 5 AFM images (1 � 1 lm) of (a) aqueous PPy/
MWCNT-gr-PSSA film and (b) solvent-modified PPy/
MWCNT-gr-PSSA film. [Color figure can be viewed in the
online issue, which is available at wileyonline library.com.]

Figure 7 Effect of solid content on the conductivity of
solvent-modified PPy/MWCNT-gr-PSSA film.
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with the decreasing film thickness without signifi-
cant changes in film conductivity. The thickness of
film spin coated at 3000 rpm was 180 nm as meas-
ured by AFM. The transmittance value of this film
was on average 88% at 550 nm. The film thickness
measured was 270 nm at 2000 rpm and 410 nm at
500 rpm. Their average transmittance was 84 and
59%, respectively. Conductivity was approximately
the same at 606 S/cm up to 2000 rpm. With addi-
tional increases in spin rate, the conductivity
decreased to 510 S/cm at 3000 rpm. Therefore, con-
sidering both conductivity and transparency, PPy/
MWCNT-gr-PSSA anode film for the OSCs was pre-
pared at 2000 rpm and its properties were compared
with those of previously developed anode materials.

The transmittance and conductivity of PH500 spin
coated at 2000 rpm were 77% at 550 nm and 480 S/cm,

respectively. The transmittance and conductivity of
PPy/MWCNT-gr-PSSA film spin coated at 2000 rpm
were 84% at 550 nm and 606 S/cm, respectively. There-
fore, it was confirmed that both transmittance and
conductivity of PPy/MWCNT-gr-PSSA film, that were
major factors applying to OSC anodes, were superior to
those of PEDOT : PSS film.
For flexible OSCs, a PET substrate was introduced

as a substitute for a glass substrate. The properties
of film coated onto the PET substrate were measured
and compared with that of glass substrate. Figure 10
showed the conductivities of ITO, PEDOT : PSS, and
PPy/MWCNT-gr-PSSA film coated on glass and
PET substrate, respectively. PEDOT : PSS and ITO
on the PET had lower conductivity than those on
glass substrate. The conductivity of PEDOT : PSS
and ITO on the PET substrate was decreased to 410
and 1410 S/cm, respectively. These values were sig-
nificantly lower than those for glass substrate. How-
ever, the conductivity of PPy/MWCNT-gr-PSSA film
did not significantly change regardless of a substrate
of � 602 S/cm. Therefore, the PPy/MWCNT-gr-
PSSA film prepared in this study is considered a
good potential material for flexible OSC anodes.

Electrochemical and adhesive properties

Electrochemical and mechanical properties evaluated
the suitability of PPy/MWCNT-gr-PSSA film for a
OSCs device. The band gap was measured to pres-
ent the electrochemical properties of the electrode
since the electrical energy gap between the HOMO
and LUMO of the electrode determined the OSCs
device structure. The cyclic voltammograms shown
in Figure 11 were recognized as an easy and effec-
tive method to evaluate the band gap of the polymer
electrode. The onset potential method was used to

Figure 8 Effect of solid content on the optical transmit-
tance of solvent-modified PPy/MWCNT-gr-PSSA film.

Figure 9 Effect of the spin rate on the conductivity
and transmittance properties of solvent-modified PPy/
MWCNT-gr-PSSA film (solid content: 0.9 wt %; annealing
temperature: 125�C).

Figure 10 Effect of substrate materials on the con-
ductivities of coated PEDOT : PSS, PPy/MWCNT-gr-PSSA,
and ITO.
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calculate the band gap from previous research.38 The
band gap was calculated using the Eq. (2) as follows,
where Ip is the ionization potential, Ea is the electron
affinity, Eox is the onset oxidation potentials, and
Ered is onset reduction potentials.

Ip ¼ �ðEox þ 4:4Þ eV
Ea ¼ �ðEred þ 4:4Þ eV
EgðEnergy band gapÞ ¼ Ip � Ea

(2)

Eox and Ered were 0.68 V and �1.12 V, and, Ip and
Ea were �5.08 and �3.28 eV, respectively. Therefore,
the band gap of PPy/MWCNT-gr-PSSA film is 1.80
eV because these values were equal to HOMO and
LUMO energy levels. Although the band gap of
PPy/MWCNT-gr-PSSA film is higher than PEDOT :
PSS (1.5–1.6 eV) and its HOMO energy level was
lower than ITO (�4.70 eV), the energy level of this
electrode was appropriate to effectively transfer the
electron because the HOMO level was higher than

that of the P3HT : PCBM photoactive layer (<�5.10
eV). Therefore, PPy/MWCNT-gr-PSSA film is suita-
ble for a OSCs device.
A scotch tape test estimated the adhesiveness of

PPy/MWCNT-gr-PSSA film to the substrate by the
previous method.39 The electrical properties of PPy/
MWCNT-gr-PSSA film were measured after a
repeated scotch tape detachment and the results are
shown in Figure 12. Sheet resistance values were
maintained from 88.8 to 89.4 X/sq after 14 cycles. In
addition, a stripped area on the surface was rarely
observed after multiple testing. Based on the results
of the scotch tape test, it was theorized that PPy
composite film on a flexible substrate was suitable
for an adapting electrode.

CONCLUSIONS

Highly effective polymer based OSC anodes com-
posed of PPy/MWCNT-gr-PSSA were prepared in
this study. It was confirmed that PSSA grafting on
the MWCNT surface has a good effect on improving
the dispersion of the MWCNT in an aqueous
solution. MWCNT-gr-PSSA acts as an additive and
template for the polymerization of PPy, and the
maximum polymerization yield was obtained when
50% of MWCNT-gr-PSSA was added. The conduc-
tivity of PPy/MWCNT-gr-PSSA composite was fur-
ther improved by the addition of a TSA/HCl dopant
mixture. It was confirmed that added mixture led to
secondary doping with PPy/MWCNT-gr-PSSA. Af-
ter solvent modification and annealing, the conduc-
tivity and transmittance of PPy/MWCNT-gr-PSSA-
coated PET film reached 602 S/cm and 84% at 550
nm, respectively. These values are higher than those
of PEDOT : PSS coated PET film. It was confirmed
that the energy level of PPy/MWCNT-gr-PSSA film
was appropriate for the effective transfer of an elec-
tron since the band gap was 1.80 eV and its HOMO
level was higher than that of the P3HT : PCBM pho-
toactive layer (<�5.10 eV). This level of PPy/
MWCNT-gr-PSSA film is a good match to that of the
photoactive layer for efficient electron and hole
transport. Sheet resistance was maintained after mul-
tiple adhesiveness tests. Therefore, the overall results
revealed that PPy/MWCNT-gr-PSSA on PET film
had good potential as a flexible OSC anode material.
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