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Photoelectric properties of Cgg-poly(ethylene glycol)
and poly(3,4-ethylenedioxythiophene) composite gel
prepared via a low-temperature organic-solvent process

Zhang Huiqiul’z, Masaru Ichinose!, Hideaki Takahashi!, Shingo Tamesuel>3, Tetsu Mitsumatal>3,
Masayuki Yagil®, Norio Tsubokawa!* and Takeshi Yamauchi®>

Ceo fullerene derivatives, which are formed by grafting polymer chains on a Cgg fullerene, can improve the solubility of Cgq in
solvents. These derivatives are able to composite with various functional polymers to form interpenetrating network gel structures.
In this study, a composite gel composed of the Cgq fullerene derivatives and poly(3,4-ethylenedioxythiophene)(PEDOT) was
prepared using a low-temperature organic-solvent process, and its photoelectric properties were evaluated. Furthermore, the poly
(ethylene glycol) (PEG) radicals were successfully trapped in the fullerene (Cgp), which worked as a cross-linking point to yield the
Ceo-PEG gel. Then, PEDOT was composited with the gel using chemical oxidative polymerization to form the Cgo-PEG/PEDOT gel.
The structure of the film prepared using this composite material was identified. The Cgo-PEG/PEDOT film had an amorphous
network structure and the UV response was much higher than that of the Cgo-PEG gel. In addition, it was estimated that PEDOT
was synthesized inside the Cgo-PEG gel and formed nanoscale junctions between Cgq and PEDOT, which was beneficial for the
movement of electrons and holes. The photocurrent was observed by irradiating the Cgo-PEG/PEDOT gel electrode with UV or
simulated sunlight. The power conversion efficiency (PCE) was calculated as 1.2 x 10~3%. Therefore, it is expected that the
Ceo-PEG/PEDOT material is applicable for the photoelectric field, such as solar cells.
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INTRODUCTION
For the past 20 years, Cg fullerene!= has been of significant interest to
researchers because of its attractive physical and chemical properties,
including its ability to accept and release electrons,** its ability to trap
free radicals,® its physiological activity’ and its photoactivity.® The
interaction of Cgo with light had attracted significantly considerable
interest for the applications (for example, solar cells®!!) that are
related to the photochemical and photoinduced charge transfer
properties of the Cqy derivatives.!> Its remarkable electrochemical
properties, with six reversible single-electron reduction waves,!3 have
arouse the hope of its successful use in many fields, such as
biological'*'® and polymeric materials.!”~20

However, the solubility of Cg fullerene in most solvents?! was very
poor, which hindered the widespread use of Cgy fullerenes for
applications. To solve the problem of bringing Cgyy fullerenes from
basic research to developing applications, various methods have been
reported.?>?*> One of the methods is to graft polymer chains onto Cgy
fullerene’* to improve its solubility and form a homogeneously
dispersed solution. Doing so also enhances properties of the new
network structured materials.?>~28

We have previously reported that the poly(ethylene glycol) (PEG)
radicals, which are formed by the thermal decomposition of macro

azo-initiator (Azo-PEG,),?*73! were successfully trapped on the Cg
fullerene surface and Cgy worked as a cross-linking point and
produced the Cq-PEG gel, which formed a network structure.

In this study, we focused on the photoactivity of a Cqy device that
has an important role as a solar cell with poly(3,4-ethylenedioxythio-
phene) (PEDOT). Preparation of the Cgo-PEG gel with PEDOT at low
temperature using an organic-solvent process was demonstrated. The
Cego-PEG gel was composited with PEDOT, which was synthesized
using chemical oxidative polymerization. The structure of the Cgo-
PEG/PEDOT gel was identified using scanning electron microscopy
(SEM), Fourier transform infrared (FT-IR) spectroscopy and X-ray
diffraction (XRD). In addition, the photoelectric property of the
composite gel was evaluated.

EXPERIMENTAL PROCEDURE
Materials
Cgo fullerene used for the experiments (nanom purple N60-ST) was obtained
from the Frontier Carbon Corporation and was used without further
purification. The purity was greater than 96% and the average particle size
was 30-70 pm. Cg fullerene was dried in vacuum at 50 °C before use.

Macro azo-initiator, (Azo-PEG),, was obtained from Wako Pure Chemical
Industries, Osaka, Japan (the commercial name of (Azo-PEG), was VPE-0201).
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The molecular weight of the PEG unit was 2.0 X 10°> gmol ~! and it contained
several azo groups, which could form polymer radicals.

The compound 3,4-ethylendioxythiophene (EDOT) was obtained from
Sigma Aldrich, LLC (St Louis, MO, USA) and was used without further
purification.

Reaction of Cg fullerene and (Azo-PEG),,

In total, 5.0x107%g (6.9x107>mol) of C4 fullerene, 0.70g (PEG unit
3.5% 10~ *mol) of (Azo-PEG), and 20.0 ml of toluene were combined in a
glass tube, degassed using several freeze—pump-thaw cycles and were sealed
under high vacuum using the sealed tubes. Then, the sealed tubes were heated
at 70°C with stirring. After 12h of heating and stirring, excess toluene was
removed using a centrifugal evaporator. Then, the Cg-PEG sol was prepared
and coated onto the indium tin oxide (ITO) glass. After drying at 60°C for
3 days, the Cgo-PEG gel was prepared.

Preparation of the Cg)-PEG/PEDOT gel using chemical oxidative
polymerization

Before the Cg-PEG sol was prepared, FeCl; was used as an oxidative agent and
EDOT/FeCl; solution was prepared by mixing EDOT and FeCl; in toluene.
Then, EDOT/FeCl; solution was added to the Cg-PEG sol, and the sol was
coated on the ITO glass. After drying at 60 °C for 3 days, the C4o-PEG/PEDOT
gel was prepared.

PEDOT was synthesized using chemical oxidative polymerization. FeCl; was
dissociated to Fe** and 3CI~ in the EDOT/FeCl; toluene solution. Once EDOT
and Fe’" came in contact, polymerization of EDOT was initiated by transferring
an electron from EDOT to Fe**. EDOT works as an active center and is added
to another EDOT molecule. This process was repeated many times and PEDOT
was obtained (Scheme 1).

Measurements

To measure the characteristics of the composited gel, the C60-PEG/PEDOT gel
was dried to produce a C60-PEG/PEDOT film. SEM was recorded using JSM-
6510 (JEOL, Tokyo, Japan). Infrared spectra were recorded using FTIR-8400S
FT-IR spectrophotometer (Shimazu Manufacturing, Kyoto, Japan). XRD was
recorded with RINT2100 (Rigaku, Tokyo, Japan) using 0.2-mm-thick sample
plates. The measurement wavelength was at 1.54 nm.

Photoelectric properties

The Cg-PEG and Cg(-PEG/PEDOT gels were connected with a copper wire
using Ag paste. The copper wire was connected to a digital multimeter
(R6871EDC, Advantest, Tokyo, Japan). The gels were irradiated with a
ultraviolet (UV) lamp (365 nm wavelength) for 5min each at 20 °C and 65%
humidity. Resistance was measured during this process. Electroconductivity was
calculated using the resistance, thickness, width and length of the gel.

Power conversion efficiency

Power conversion efficiency (PCE) of the Cgy-PEG and Cqp-PEG/PEDOT gels
was investigated. The devices were fabricated using the Cqo-PEG/PEDOT gel,
which was connected with a copper wire using Ag paste. Photocurrent was
measured with an applied voltage from —1.0 to 1.0 V under a solar simulator
irradiation (HAL-C100, 100 W compact xenon light source, Asahi Spectra,
Tokyo, Japan) with AM1.5G spectra at 100 mW cm 2 at room temperature.
Dark current was measured under the same conditions without a simulated
sunlight irradiation.

RESULTS AND DISCUSSION

Preparation of the C60-PEG/PEDOT composite gel

The Cgp-PEG gel electrode was prepared by casting the Cqo-PEG sol
on the ITO electrode. PEDOT was synthesized inside the Cgo-PEG gel
by dropping the FeCl;/EDOT solution. The Cgo-PEG gel and PEDOT
formed the Cg-PEG/PEDOT gel, a composite material that
has a network structure (Scheme 1). By comparing the Cq-PEG
and Cgp-PEG/PEDOT gels that were prepared using chemical
oxidative polymerization with a low-temperature organic-solvent
process, we found that the Cqp-PEG gel had a flat brown-colored
surface. The surface of the Cg-PEG/PEDOT gel was rough, and its
color slightly changed from brown to dark brown due to PEDOT.
The Cg-PEG/PEDOT film was flexible and elastic and could be
processed easily.

Scanning electron microscope

The morphology of the Cq-PEG/PEDOT films was observed using
SEM. Figure 1 depicts three types of SEM images with different
resolutions of the Cq-PEG/PEDOT film surface. Porous structures of
the Cg-PEG/PEDOT composite material were confirmed using
Figures 1b and c. It was determined that the porous structure of this
material was formed due to the solvent evaporation. After toluene
evaporated, many porous cells were formed in the spaces between
Ceo-PEG and PEDOT. This was observed again in the cross-section
of the polymer solar cell device using the Cqo-PEG/PEDOT gel as an
active layer.

FT-IR spectrum

Figure 2 shows FT-IR spectra of (a) the Cgo-PEG gel, (b) PEDOT and
(c) the Cgo-PEG/PEDOT gel. The Cy-PEG gel spectrum showed
characteristic PEG absorptions at 2925 and 1105 cm ™1, which were
characteristic of -CH,— and —O—, respectively. The PEDOT spectrum

Scheme 1 Synthesis of PEDOT using chemical oxidative polymerization. PEDOT.
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Figure 1 SEM micrographs of the Cgo-PEG/PEDOT films: (a) surface of the film, scale bar is 100 um, (b) porous surface of the film, scale bar is 20 pm,
(c) porous surface of the film, scale bar is 10 um. Cgo-PEG, Cgo-poly(ethylene glycol); PEDOT, poly(3,4-ethylenedioxythiophene); SEM, scanning electron

microscopy.
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Figure 2 FT-IR spectra of the (a) drying Cgo-PEG gel, (b) PEDOT and (c) the
drying Cgo-PEG/PEDOT gel. Cgo-PEG, Cgo-poly(ethylene glycol); FT-IR,
Fourier transform infrared spectroscopy; PEDOT, poly(3,4-
ethylenedioxythiophene). A full color version of this figure is available at
Polymer Journal online.

showed characteristic absorptions at 720 and 1520 cm ™!, which were
characteristic of thiophene. The spectrum of (¢) the Cgp-PEG/PEDOT
gel showed characteristic PEG and thiophene absorptions at 2925,
1520, 1105 and 720 cm ™!, It was considered that the PEG biradicals
were successfully trapped by Cg fullerene. Cqp fullerene, as a cross-
linking point, and PEDOT were synthesized into a Cg(-PEG film to
form a composite material with an interpenetrating network structure.

X-ray diffraction

Figure 3 shows XRD patterns of the (a) Cg-PEG and (b) Cgo-PEG/
PEDOT gels. The Cg-PEG gel has a broad peak from 15 to 25
degrees and two sharp peaks on the broad peak. The Cq-PEG/PEDOT

Intensity(cps)

(b)

5 10 15 20 25 30
206(deg)

Figure 3 XRD patterns of the (a) Cgo-PEG and (b) Cgo-PEG/PEDOT
gels. Cgo-PEG, Cgo-poly(ethylene glycol); PEDOT, poly(3,4-ethylenedioxy-
thiophene); XRD, X-ray diffraction.

gel had a broad peak from 15 to 25 degrees, which was identical
to the Cgo-PEG gel. However, sharp peaks were not observed in the
Cgo-PEG/PEDOT gel. It was considered that Cgp-PEG gel had a
crystalline structure because of the sharp XRD peaks. However, the
Cgo-PEG/PEDOT gel dispersed the sharp peaks. It was suggested that
the prepared Cgp-PEG/PEDOT gel had an amorphous structure and it
was composited on a molecule scale.

Device structure

The device structure was shown in Figure 4a (starting from the
bottom: glass/ITO, the Cgy-PEG/PEDOT photoactive layer with a final
Ag electrode). Top-view SEM of the Cy-PEG/PEDOT film on ITO

165
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Figure 4 Device structure of a low-temperature-processed polymer solar cell.
(@) From the bottom: glass/ITO/Cgo-PEG/PEDOT/Ag. (b) The cross-section of
the device except for the Ag electrode. The thicknesses of the active layer
was 33.3pm. Cgo-PEG, Cgo-poly(ethylene glycol); ITO, indium tin oxide;
PEDOT, poly(3,4-ethylenedioxythiophene). A full color version of this figure
is available at Polymer Journal online.

glass is shown in Figure 1. Figure 4b shows the cross-sectional view
using SEM. The results reveal that the C¢-PEG/PEDOT film on ITO
glass was uniform, and the surface was smooth. The cross-sectional
SEM image of devices without the Ag electrode is shown in Figure 4b.
The figure shows a well-defined, layer-by-layer structure with sharp
interfaces. There are many holes in the active layer, as previously
discussed. It is estimated that the active layer microstructure forms an
interpenetrate network structure. When the material was drying,
toluene (which was used as solvent in spaces of the structure) was
evaporating, and holes remained on the surface and inside the active
layer. The active layer thickness was ~ 33.3 pm. Here, the thickness of
the Cg-PEG/PEDOT layer was sufficient to act as a light-absorbing
layer. Moreover, charge extraction from the photoactive layer to
electrodes remained efficient due to the long carrier lifetime and good
carrier transport properties. The Cg-PEG/PEDOT film ensured a
sufficient light absorption, which was the decisive factor for the
photoelectric conversion performance.

UV response

Figure 5 shows response of the C4-PEG/PDOT film to UV light. Once
the film was UV irradiated, the electroconductivity rapidly increased
and reached a constant value. Without UV irradiation, the electro-
conductivity rapidly decreased.

Conductivity of the Cgo-PEG film increased from 2.96 x 10~ ! to
1.79%x107°Scm ™!, and conductivity of the Cgy-PEG/PEDOT film
increased from 2.11x107° to 6.05x 107 °Scm ™!, respectively. The
conductivity increased because electrons in the n-conjugated system of

Polymer Journal
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Figure 5 UV response of the Cgo-PEG/PEDOT film prepared using chemical

oxidative polymerization. Cgo-PEG, Cgo-poly(ethylene glycol); UV, ultraviolet;
PEDOT, poly(3,4-ethylenedioxythiophene).
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Figure 6 (a) Photo image of the flexible Cqo-PEG/PEDOT film and (b) the
current density-voltage curves of the Cgo-PEG/PEDOT heterojunction solar
cell under illumination. Cgo-PEG, Cgo-poly(ethylene glycol); PEDOT, poly
(3,4-ethylenedioxythiophene). A full color version of this figure is available at
Polymer Journal online.



Cgo moved faster when the Cqo-PEG/PEDOT gel was UV irradiated.
The Cg-PEG/PEDOT gel has a much higher response compared with
the Cyo-PEG gel, because PEDOT was synthesized inside the Cqo-PEG
gel. It was estimated that the nanoscale junctions were formed between
Cgo and PEDOT. During UV exposure, Cqy worked as a n-type
semiconductor and PEDOT worked as a p-type semiconductor, and
electroconductivity of the Cqp-PEG/PEDOT gel increased by transfer-
ring an electron from Cg, to PEDOT.

Power conversion efficiency

We achieved operational devices based on the low-temperature
(less than 70°C) organic-solvent-processed polymer solar cells. This
result suggests that it was possible to obtain functional flexible
polymer solar cell devices based on the utilized processing techniques.
A photograph of the flexible active layer is shown in Figure 6a, and the
current density—voltage curve of the C60-PEG/PEDOT device is
shown in Figure 6b. Photocurrent was measured with an applied
voltage from — 1.0 to 1.0 V under a solar simulator irradiation (HAL-
C100, 100 W compact xenon light source, Asahi Spectra) with
AMI1.5G spectra at 100 mW cm ™2 at room temperature. On the basis
of the photocurrent results under the simulated sunlight irradiation,
the Cgo-PEG/PEDOT heterojunction solar cell device shows a classical
polymer solar cell photovoltaic behavior with a short-circuit current
Jsc of 0.02mAcm™2, an open-circuit voltage Voc of 0.16V, a fill
factor FF of 42.26 and a PCE 5 (%) of 1.2 x 10~ 3. The PCE losses are
due to the decrease of the Jsc and Voc values. This is attributed to a
smooth surface and a large thickness of the active layer. These
challenges will be resolved in the near future by surface modification
to mimic the unique functionalities of biological systems, such
as the antireflection and antiglaring properties of the moth eye
microstructure.

From these results, photocurrent was observed in the Cgy-PEG/
PEDOT device. However, photocurrent was not observed either in the
Ceo-PEG device or in a simple layer stack of the Cg)-PEG gel and
PEDOT device. Thus, it was determined that PEDOT and Cg-PEG
were contacting on the nanoscale to form bulk heterojunction
polymer solar cells with interpenetrating network structures that were
able to transfer electrons and holes efficiently. Photocurrent of a
simple layer stack of the Cgo-PEG gel and PEDOT was not observed,
because Cgyp and PEDOT were contacting only at the interface. Thus,
the electron and hole transfer process was hindered.

CONCLUSIONS

We prepared the C60-PEG/PEDOT gel using chemical oxidative
polymerization using a low-temperature organic-solvent process. The
film prepared from this material was characterized using the SEM,
FT-IR, XRD and UV response measurements. These results showed
that PEDOT was synthesized inside of the Cg-PEG gel and that
the Cgp-PEG/PEDOT gel had an amorphous structure, contrary to the
Ceo-PEG crystalline structures. Then, we fabricated polymer solar cell
devices using this composite material. It was confirmed that the
composite film showed UV response and PCE by irradiating it with a
UV or simulated sunlight. The results showed that UV response of the
C60-PEG/PEDOT device was much higher than that of the C60-PEG
device. UV response was improved by synthesizing PEDOT in the
C60-PEG gel to form new interpenetrating network structures. PCE of
the C60-PEG/PEDOT device was ~ 1.2 x 10~ 3%. It is expected that all
organic-solvent polymer solar cells with a new interpenetrating
network structure will use the Cqy derivate and conductive polymer
composite materials to improve PCE in the future.
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