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Abstract Ferric oxide was prepared by the supercritical
fluid drying (SCFD) method. A conducting polymer com-
posite, poly(3-octylthiophene)/ferric oxide (POT/Fe,03)
was first synthesized through the chemical method. X-ray
diffraction (XRD), X-ray Photoelectron Spectroscopy
(XPS), and Infrared spectroscopy (IR) show that there is a
chemical interaction in the composite, which indicates that
Fe,O3 was successfully coated by poly(3-octylthiophene)
molecules. The energy gap of the poly(3-octylthiophene)/
ferric oxide composite is lower at 0.448 eV, which also
shows that the optical performance of the new material is far
superior to POT or Fe,O; separately, by Ultraviolet—Visible
spectra (UV-Vis) and fluorescence spectroscopy (PL). Solar
cell was sensitized by POT/Fe,Oj3. A solar-to-electric energy
conversion efficiency of 0.258% was attained with the
system.

Introduction

Conducting polymers with highly extended n-electron
systems in their main chains have attracted a great deal of
interest [1]. Nanocomposites formed from oxide particles
and intrinsically conducting polymers have repeatedly been
described in the literature [2—-6]. The original perfor-
mance of the nanocomposite was improved because of the
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introduction of inorganic compound. The composite
materials have better performance characteristics than the
single component alone and even show improved func-
tional features due to the effects of nanotechnology and the
synergies between polythiophene and inorganic compound.

Recently, some articles have reported about such type of
composite materials. N. Hebestreit et al. [7] has described
about a composite of polythiophene (PT) and nano-tita-
nium dioxide (TiO,), which was synthesized via oxidative
polymerization of thiophene using FeCl;. The electro-
chemical measurements showed the nature of the p-n
junction. G.D.Sharma [8] investigated the charge transport
and photocurrent generation in poly(phenyl-azomethane-
thiophene)/zinc oxide (PPAT:ZnO) bulk. It is found that
the device with 55 wt% of ZnO in the blend shows max-
imum value of power conversion. Solar cells based on
polymer materials [9-16] and ferric oxide [17-23] could in
principle offer the advantage of production in high volume
at low process cost. Research on the subject has focused
mainly on improving the power conversion efficiency for
small laboratory cells [24-26] through optimization of
materials and the protocol used for preparation.

The supercritical fluid drying (SCFD) method was first
reported by Kistier [27] in 1931, through which we can
extract the dispersive phase from gel without destroying
the frame structure because of the special characteristics of
supercritical fluid. The problem of particle agglomeration
during the drying process was solved effectively. This
method can be used to prepare solids with high surface
area, high pore volume, low density, low refractive index,
and low thermal conductivity. The SCFD method is also
considered as an effective way to yield the nanosized
materials and is, therefore, widely used [28-30].

There are many studies in the literature on solar cells
based on the hybrid of poly(3-hexylthiophene) (P3HT) and
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other material [31-37]. However, there are very few with
regard to poly(3-octylthiophene) and ferric oxide nano-
composites.

The process of preparing the ferric oxide by the SCFD
method is described in detail in this article. poly(3-octyl-
thiophene) and nano-scale Fe,Oj3 particles were combined
to form a new organic/inorganic composite material
through chemical reaction. The chemical interaction in the
material was confirmed during the analyses using Infrared
Spectrum, X-ray Diffraction, and X-ray Photoelectron
Spectroscopy. Results from UV-Vis spectra and Fluores-
cence spectra indicate that POT/Fe,O5; nanocomposite is a
kind of promising material with excellent performance
characteristics in photoelectric applications. It has also
been found that the initial oxidation/reduction potential of
nanocomposite is lower than individual components, which
demonstrates that the conductivity of nanocomposite is
higher than individual components.

Experimental details

Synthesis of poly(3-octylthiophene)/ferric oxide
nanocomposite

Preparation of nano-Fe>0j3 by supercritical fluid drying
method

Surfactant AEO-3 (0.3v %) was added to 0.3 mol/L
Fe(NO3)s, stirring vigorously at ambient temperature. The
pH of the solution was adjusted to be 8-9 through dropwise
addition of ammonia. After aging for 16 h, the sol was
filtered and washed until no presence of NO3;~ was con-
firmed. The water in the sol was replaced by absolute
ethanol. The alcogel was then transferred into the high-
pressure autoclave, with the addition of ethanol as a
supercritical fluid. The quantity of ethanol added was three-
fifths of the volume of autoclave. The solution was then
sealed and heated at increased pressure—to ensure that the
pressure of liquid is greater than the vapor pressure during
the whole process—with a heating rate of 100 °C/h. Eth-
anol is maintained in the supercritical state for 30 min at
243 °C, the fluid is then released, and purged with nitrogen
to remove residual ethanol and water, followed by natural
cooling to room temperature. The powders of ferric oxide
aerogels were thus finally obtained.

Synthesis of poly(3-octylthiophene)
Synthesis of poly(3-octylthiophene) with Fe(IIl) as catalyst

is performed as described earlier [38]. Thiophene with alkyl
side chain length (n = 8) was used for the polymer

synthesis. A solution comprising 20 mL chloroform and
0.03 mol anhydrous FeCl; was taken in a 100-mL flask with
the import and export of nitrogen as liquid droplets, and kept
under stirring for about 15 min. A solution of 0.01 mol
monomer dissolved in 20 mL chloroform was then gradu-
ally added dropwise to the solution in the flask, until the
latter becomes a dark green turbid liquid. The temperature of
system was controlled. After the completion of the above
process, the system was reacted at room temperature with
high-purity nitrogen as shielding gas for 7 h. The resulting
product was slowly added to 300 mL methanol which was
followed by a settlement and filtration. The residual black
solid was added to 50 mL chloroform in a conical flask,
accompanied by stirring for 60 min and a gentle heating. As
a result, a sanguine chloroform solution was obtained. After
distilling the chloroform solution, small amounts of viscous
liquid residue were added to 200 mL methanol and slowly
allowed to settle. The precipitates were dried in vacuum at
room temperature; subsequently, they were washed by
methanol in a soxhlet extraction for 20 h and further distilled
by chloroform. After settlement in 200 mL methanol and
vacuum drying at room temperature, the pure polymer was
obtained.

Synthesis of poly(3-octylthiophene)/ferric oxide nano-
composite

Some chloroform, 3-octylthiophene, and Fe,O5 prepared as
described in “Preparation of nano-Fe,O3 by supercritical
fluid drying method” were taken in a flask, and ultrasonic
dispersing was performed for about 15 min. Some FeCl;
was dissolved in chloroform, and then gradually poured
dropwise into the flask. Then, the system was allowed to
react under stirring and high-purity nitrogen gas shielding
for 7 h. The resulting product was slowly added into
methanol, followed by a settlement and filtration. Then, the
precipitates were washed in methanol in a soxhlet extrac-
tion unit for 20 h. POT/Fe,0O3 nanocomposite powder was
finally obtained by vacuum drying at room temperature.

After dissolving 0.01 g POT/Fe,O3 in 2 mL isopropyl
alcohol, the resulting solution is spread out evenly on a
clean quartz glass and ITO conductive glass. Then, red-
brown POT/Fe,O3; nanocomposite films were obtained by
means of vacuum drying method.

Solar cell sensitized by POT/Fe;03

Nanocrystalline TiO, films coated with a monolayer
of POT/Fe,O3 were incorporated in a thin-layer regenera-
tive solar cell equipped with a light-reflecting counter
electrode.
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Measurements

X-ray diffraction (XRD) measurements were performed
using a Shimadzu HR6000X (Cu target X tube, voltage
40.0 kV, current 30.0 mA). Infrared spectra (IR) were
recorded using a prestige-21IR spectrophotometer with
KBr pellet. X-ray Photoelectron Spectroscopy (XPS)
analyses were conducted by ESCALAB 250, testing the
electronic binding energy of the samples. UV-Vis spectra
were measured using Hitachi U-3010 spectrophotometer.
The Fluorescence spectra were measured using Hitachi
F-7000 spectrofluorophotometer at room temperature.
Cyclic voltammetry measurements were carried out with
the Potentiostiostat/Galvanostat (EG&G PAR Model 283).
The counterelectrode used was platinum and the reference
electrode was non-aqueous Ag/Ag”. The CV curves were
recorded in acetonitrile with 0.1 M LiClOy at a scan rate of
50 mV/S. Before using, the solution was insufflated with
N, for 30 min. Current—voltage (/-V) measurements were
taken in air at room temperature (298 K) using a Keithley
236 high current source power meter under white-light
illumination from a 500 W Xenon lamp. The light intensity
was about 50mW/cm? on the sample surfaces measured by
a photodetector. In order to measure the decay, the short
circuit current (Isc), and open circuit voltage (Voc) as a
function of the illumination time were recorded.

Results and discussion
TEM measurements of Fe,03

Figure 1 demonstrated TEM results of nano-Fe,Oj; pre-
pared by SCFD method. As seen from the electron
microscope photographs, the powder particles prepared by
SCFD method are found to be of uniform size and dis-
persed well, with a size range of 15-20 nm. The results are
basically in accordance with the Scherrer formula. Han
et al. [39] demonstrated that the average particle size of

Fig. 1 TEM patterns of Fe,O5
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nano-oxide prepared by SCFD method is the smallest, and
that the SCFD method can perform both dryness and
crystallization in one single step. Therefore, the SCFD was
chosen as the preferred method for the preparation of the
nanosized Fe,O;.

XRD characterization of POT/Fe,05

The XRD patterns for the POT, Fe,Os3, and POT/Fe,O3
nanocomposites are shown in Fig. 2. For the POT, the
“hill” at 15-28" is connected to amorphous phase, while
the reflections at around 5.52°, 9.56°, 13.96°, and 24.76°
can reflect crystalline structure. Reflection at 24.76° is
attributed to interchain distance between m-stacking oxi-
dized chains. Bragg equation gives 0.31 nm for this value.
Reflections at 5.52°, 9.56°, and 13.96° Bragg angles prove
the layered structure of POT, having a dominant first-order
reflection at 20 = 5.52° indicating the lamellar interlayer
spacing as 1.60 nm [23]. The diffraction peak of POT is
quite narrow, which shows its high degree of crystalliza-
tion, plane structure, and the highly consistent, orderly
manner of POT segment. It can be seen from XRD patterns
of Fe,05 particles that the peaks at 20 = 24.16°, 33.28°,
35.74°, 40.99°, 49.50°, 54.23°, 57.56°, 62.26°, 64.18°,
69.58°, 72.03°, 75.37,° and 77.55° are assigned to the
(012), (104), (110), (113), (024), (116), (122), (214), (300),
(208), (1 0 10), (217), and (306) lattice planes of the
hexagonal crystalline «-Fe,Os3, respectively. The average
Fe,0; particle is calcuated as 19 nm by Scherrer formula.
The results are basically in accordance with the TEM
measurements. For the POT/Fe,O; composites, the XRD
data mainly show the strong Fe,O; peaks. The character-
istic POT broad peak cannot be seen easily on the XRD
patterns of POT/Fe,O3; composite. The XRD patterns of the
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Fig. 2 XRD patterns of (/) POT, (2) POT/Fe,0;, and (3) Fe,O3
nanocomposite
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nanocomposites have higher background intensity, lower
diffraction peak intensities, decreased interplaner spacing,
and reduced sharpness of the peak profiles than pure Fe,O3,
which confirmed the chemical interaction between POT
and nano-Fe,05.

XPS characterization of POT/Fe,05

Figure 3a—e shows the high-resolution XPS spectra of
sample POT, Fe,O3; and POT/Fe,O5;. The XPS binding
energy of the Fe 2p in sample Fe,O; is consistent with the
data found in referrence [40]. It was seen that Fe in Fe,O5
mainly existed in trivalence. Figure 3a shows the narrow
scans for Fe 2p peaks located at 710.28 eV (Fe 2p;3.,) and
723.93 eV (Fe 2p;) of the POT/Fe,05. The results con-
firm that compared with Fe,Oj;, lower binding energy
shift took place obviously. This indicates that Fe atom
must have interacted with some atom other than O after

Fig. 3 XPS spectra of POT,

composite reaction. Two sulfur peaks (S2p3/2) were found:
one with the binding energy of 164 eV corresponding to
neutral thiophene units in the polymer chain, and the other
with the binding energy of 165 eV corresponding to oxi-
dized thiophene units (see the separate graphics in Fig. 3b,
c¢), within the enlarged binding energy scale between 160
and 170 eV [41, 42]. In the investigated examples, 34.12%
of the peak areas lies at 165 eV in POT and 22.31% of the
peak area in POT/Fe,0Os;. This indicates that S atom will
interact with some atom other than C after composite
reaction. In Fig. 3e, two oxygen peaks at 530.80 and
528.75 eV are found in the XPS spectra of Fe,O3, one
corresponding to oxygen in crystal lattice, and the other
corredsponding to oxygen adsorbed on the surface of
Fe,O3. Four oxygen peaks at 533.65, 532.50, 530.80, and
528.75 eV are found in the XPS spectra of POT/Fe,0s,
532.50 eV for POT, 530.80 and 528.75 eV for Fe,O3 (see
the separate graphics in Fig. 3d-f). A strong peak at

35000

Fe,03, and POT/Fe,0; 28000-{(2) Fe2p (d)o1s
nanocomposite FeO 28000
24000 273
- -~
£ £
O 20000 O 21000+
z >
= =
2 16000 POT/Fe,0, Z 14000 li)(T/FeZOS
Q D
E N\ z
= 12000 -
7000 -
—~POT
8000 -
; ; ; = ‘ 0 : : : ; ; ‘ ,
736 728 720 712 704 540 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)
b)s 35000
s000 {(D)S2p [—por] (e)ois Fe,0;)
30000 -
@ 4000 ¢
53 < 25000
g >
£ 3000 - =
Z £ 20000
D -
= =
E 2000 =
15000 -
1000 - 10000 -
170 168 166 164 162 160 540 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)
12800
48004(c) s2p| —— POT/Fey051:1 (F)ots [ —POT/Fe,04=1:1
& 4000 & 11200+
& -
Q Q
N =
& 3200 & 9600 1
12 7]
£ =
£ 2400 2
= = 8000
1600 -
6400 |

T T T
170 168 166

Binding Energy (eV)

:
164

536 534 532 530 528 526

Binding Energy (eV)

T T '
162 160 540 538

@ Springer



3870

J Mater Sci (2010) 45:3866-3873

533.65 eV was obtained when fitting the oxygen peak
curve. It indicates that O atom will interact with someatom
other than C and Fe after composite reaction. It is inferred
that there are two kinds of the chemical interaction: one
between the m-stacking chains of POT and the O in the
surface of Fe,03, and the other between the S of POT and
the Fe in the surface of Fe,0s.

IR spectra results of POT/Fe,03

Figure 4 shows the FT-IR spectra of POT, Fe,O3 and POT/
Fe;O3 nanocomposite. In the spectrum of POT, a low-
intensity peak can be visualized at 3052 cm™', which can
be attributed to the thiophene ring C—H stretching vibra-
tion, one at 1190 cm™' which can be due to the C,~C,
single resonance absorption, and one at 828 cm™' due to
C-Hj out-of-plane bending of a 2,3,5-trisubstituted thien-
ylene moiety. It indicates that there is a predominant o—a
coupling of thiophenes on polymerization. The C-H of
CH, or CH; symmetric and asymmetric stretching at 2926
and 2849 cm™' correspond to asymmetric and symmetric
deformations at 1370 cm™'; the bands at 1513 and
1465 cm ™' correspond to thiophene ring C=C stretching
vibrations of symmetric and asymmetric, respectively; The
bands at 718 cm™' correspond to methylenes vibration
[43]. These results suggest that the poly 3-octyl thiophene
was synthesized successfully.

The characteristic absorption bands of Fe—O-Fe at about
472 and 565 cm™' can be seen in the FT-IR spectrum of
the Fe,O3 particles, which correspond to Fe—O stretching
and bending vibrations, respectively, and these two broad
bands become sharper and narrower in the POT/Fe,Oj5
Bands coming from both Fe,O3; and POT were observed in
the spectrum of POT/Fe,O3; nanocomposite, whereas the
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Fig. 4 FT-IR spectra of (/) POT, (2) POT/Fe,03, and (3) Fe,O3
nanocomposite
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Fig. 5 UV-Visible absorption spectra of (/) POT, (2) POT/Fe,03,
and (3) Fe,O3 nanocomposite

bands originating from Fe,O5; and POT were located at low
wavenumber. This again confirmed the chemical interac-
tion taking place between POT and nanosized Fe,Oj;.

UV-Vis spectra of POT/Fe,O3; nanocomposite film

The UV-Vis spectra of the POT solid film, Fe,O3 and
POT/Fe,0O5; nanocomposite films are presented in Fig. 5.
As expected, Fe,O3 shows the characteristic spectrum with
its fundamental absorption of Fe—O bond into UV light
region ranging from 220 nm to 550 nm. The UV-Vis
spectrum of POT indicates that POT has maximum
adsorption at a wavelength of about 489 nm for the n—n*
transition. From the spectrum of POT/Fe,O; nanocom-
posite film, it can be seen that there were three absorption
bands with maximum wavelengths of 242, 409, and
531 nm in UV region and visible light region respectively.
The band ranging from 220 to 330 nm was assigned to the
characteristic absorption bands of Fe,O3 and the POT in
the UV light region. The other two bands were attributed to
the electron transition from the valence bond to the anti-
bonding polaron state (n—n* type) of POT. [44, 45] Com-
pared with the spectrums of Fe,O; and POT, the POT/
Fe,O3 nanocomposite film absorbs much more UV-Vis
light, obviously. It is reasonable to believe that POT/Fe,O3
nanocomposite may perform better in semiconductor than
POT and Fe,0s;.

Fluorescence spectra of POT/Fe,O3 nanocomposite
film

The fluorescence spectra of the POT solid film, Fe,O3 and
POT/Fe,0O5; nanocomposite films are shown in Fig. 6. The
emission peak of POT ranging from 300 to 500 nm can be
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seen in Fig. 6, with the maximum emission at 367 and
463 nm. There also were three emission peaks in the 0,001
fluorescence spectra of Fe,O5, and the maximum emission <
wavelengths were 473, 527, and 630 nm. The fluorescence =
spectrum of POT/Fe,03; nanocomposite flim was totally 0000 -
different from either POT or Fe,O3. There are two main
bands in visible light region, with their lex values being -0.0017
about 557 and 674 nm, respectively. It exhibited improved
optical property for the new chemical interaction between -0-0021 P L
POT ar?d Fe,0;. 'These results once again proved that POT/ Potentials/V (as opposed to Ag/Ag" electrodes)
Fe,0Oj3 is a new improved compound.
Cyclic voltammetry
The frontline molecular orbital and energy gap of POT, ] =
Fe,03; and POT/Fe,O; nanocomposites are listed in 0002
Table 1. Figure 7 shows that oxidation area of POT was
larger than reduction area, and that the initial oxidation
. . . o 0.000
potential was fairly low. The characteristics above indi- -
cated that POT was a p-type semiconductor. Fe,O3; was an =
n-type semiconductor. It can be seen from the cyclic 100021
-0.004-]
Table 1 the frontline molecular orbital and energy gap of POT,
F6203, and POT/F6203 -0.006 T T T T T T T T T T T
15 -1.0 -05 0.0 05 1.0 15

Sample ®ox  dred EHOMO ELUMO Eg
V) (V) (eV) (eV) (eV)
POT 0470 —-0.610 —-4910 —3.830 1.080
POT:Fe,O; = 1:1 0.633 0.185 —5.073 —4.255  0.448
Fe,0; 0.731 —-0.866 —5.171 —3.574  1.597

®ox and Pred potentials (versus 0.01 Ag*/Ag in CH;CN) determined
by cyclic voltammetry. Calculated according to Eg = ®ox — Pred.
EHOMO and ELUMO from EHOMO = —(®ox + 4.44) eV, and
ELUMO = —(®red + 4.44) eV

Potentials/V (as opposed to Ag/Ag electrodes)

Fig. 7 Cyclic voltammetry curves of POT, Fe,O3, and POT/Fe,03
nanocomposite

voltammogram curves of POT/Fe,03 nanocomposites films
that initial oxidation potential of POT/Fe,O; nanocom-
posite films was obliviously lower than each single com-
ponent while initial reduction potential was higher. The
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energy gap of POT/Fe,O3; nanocomposite is only 0.448 eV.
The results indicated that POT/Fe,O3; composite could be a
new promising p—n type composite material.

Performance parameters of dye-sensitized solar cells

The performance characteristics of the photovoltaic device
are shown in Fig. 8 and all the parameters of POT- and
POT/Fe,05-sensitized solar cell are listed in Table 2.
Under standard global AM 1.5 (50 mW/cm?) solar condi-
tion, the POT-sensitized solar cell gives a short circuit
voltage short-circuit current (Jsc) of 0.350 mA/cm?, open-
circuit voltage (Voc) of 0.350 V, effective area of
0.963 cmz, and fill factor (FF) of 0.338, corresponding to
an overall conversion efficiency () of 0.086%; the POT/
Fe,Oj3-sensitized solar cell gives a short circuit voltage
short-circuit current (Jsc) of 0.387 mA/cm?, open-circuit
voltage (Voc) of 0.475 V, effective area of 0.660 cmz, and
fill factor (FF) of 0.444, corresponding to an overall con-
version efficiency () of 0.258%. The overall conversion
efficiency enhancement of POT/Fe,Oj; relative to POT can
be attributed to the chemical interaction in the composite,
as described in “XPS characterization of POT/Fe,05”. In
the UV-Vis spectra, the POT/Fe,O3; nanocomposite films
absorb much more visible light, and so the incident photon-
to-current conversion efficiency was high.
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Fig. 8 Photochemical study of POT and POT/Fe,O5; nanocomposite

Table 2 Performance parameters of dye-sensitized solar cells

Dye Jsc (mA/em?)  Voc (V) ff n (%)
POT 0.350 0.350 0338  0.086
POT:Fe,0; = 1:1  0.387 0.475 0.444  0.258
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Conclusions

Ferric oxide was prepared by the supercritical fluid drying
(SCFD) method. A conducting polymer composite, poly
(3-octylthiophene)/ferric oxide (POT/Fe,O3) was first syn-
thesized through the chemical reaction. X-ray diffraction
(XRD), X-ray Photoelectron Spectroscopy (XPS, and
Infrared spectroscopy (IR) analyses show that chemical
interaction takes place in the composite, indicating that
Fe,03 was successfully coated by poly(3-octylthiophene)
molecules. The energy gap of the POT/Fe,O5; composite is
decreased to 0.448 eV, which also shows that the optical
performance of the composite material is far superior to
POT or Fe,O3; when used alone, as confirmed by Ultravi-
olet—Visible (UV-Vis) spectra and fluorescence spectros-
copy (PL). Solar cell was sensitized by POT/Fe,0Os.
A solar-to-electric energy conversion efficiency of 0.258%
was attained with the improved material. The results show
that POT/Fe,O; nanocomposites are promising materials
with excellent performance characteristics in photoelectric
applications.
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