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In this letter, we report on the enhanced double-layer capacitance of a layered poly (3, 4-ethylene
dioxythiophene) PEDOT-MoO; nanocomposite, which has been synthesized by a novel microwave
irradiation method. The x-ray photoelectron spectroscopy analysis shows the changes in electron
density and the shift in binding energy suggesting charge transfer from sulfur atoms upon PEDOT
intercalation between MoO; layers. The room-temperature conductivity for the PEDOT-MoO;5
composite is found to be 1.82 X 10" S cm™, which is four orders of magnitude higher than that of
the pristine oxide (3.78 X107 S cm™'). The enhanced double-layer capacitance of the PEDOT-
MoO; nanocomposite (~300 F g™') compared to that (~40 mF g~!) of pristine MoOj is attributed
to higher electronic conductivity, enhanced bidimensionality, and increase in surface area of the

nanocomposite. © 2005 American Institute of Physics. [DOI: 10.1063/1.2140468]

There is much attraction about mounting power sources
on semiconductor tips because of the rapid growth of wire-
less communications and emerging integrated optoelectronic
circuits in recent years. For example, electrochemical super-
capacitors enable them to be useful in several applications
ranging from lightweight electronic fuses, memory back-up
power sources, and surge protection devices to pulse power
sources for smart weapons.l’2 Several conducting polymers
and transition metal oxides have been investigated as elec-
trodes for supercapacitors.1_6 Among them, amorphous ru-
thenium oxide RuO,-xH,O exhibits a high specific capaci-
tance of 720 F/ g.z’ Unfortunately, ruthenium is expensive
and hence a considerable reduction in the cost of electrode
materials is needed to make the supercapacitor technology,
commercially viable. Several strategies have been pursued in
this regard including the commonly employed method of dis-
persion of ruthenium oxide in other less expensive oxide/
carbon matrices.® Similarly, a variety of other methods for
producing composites of redox pseudocapacitive materials
[polypyrrole, polyaniline, poly(p-phenylenevinylene) and
polythiophene with ruthenium oxide] and double layer ca-
pacitive materials (activated carbon, carbonblack, carbon
aerogel, and carbon nanotubes) have been attempted to de-
sign cheaper supercapacitor materials with improved
performance?’1 However, most of these conducting poly-
mer based composites lack adequate chemical stability due
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to their high propensity for degradation and consequently
their cycle life is adversely affected.'”

Poly (3.,4-ethylenedioxythiophene) PEDOT, has been re-
cently found to exhibit unusually superior stability against
thermal degradation, redox behavior over relatively wider
range of potentials and coupled with its ecofriendly behavior
compared to other common conducting polymers makes this
very attractive.'*" Indeed, it appears to be one of the most
stable conducting polymers currently available and it has
been attracting growing interest for several applications.14
However, one approach to modify the properties of an inor-
ganic host material is through the intercalation of electroni-
cally conducting large guest species into the interlayer van
der Waals gap, albeit with some difficulty. Results using
many of these nanocomposites suggest that when these
organo-inorganic hybrids are combined at the “nanoscale”
level, several new properties like enhanced electrochemical
storage ability do emerge due to synergistic effects.'*"

Although, poly (3.4-ethylenedioxythiophene) PEDOT
nanostructures with various transition metal oxides/sulfides
have been reported using different methods,” the electro-
chemical supercapacitor properties of PEDOT-MoO; nano-
composite have not been investigated so far. We used molyb-
denum trioxide due to its inexpensive inherent advantages
compared to RuO, despite its disadvantages such as rela-
tively slow kinetics for Li-ion transport, electronically insu-
lating state upon full oxidation, and poor cycling behavior."®
Recently, Whittingham’s group has synthesized MoOj; based
bronzes with interesting properties.17 In one-dimensional

© 2005 American Institute of Physics
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FIG. 1. X-ray photoelectron spectra from (a) S 2p, (b) C 1s, and (c) Mo 3d
core levels of PEDOT and PEDOT-MoO; nanocomposite.

structures the molybdenum oxides show Peierls transition. It
is expected that the organic-inorganic nanocomposites made
out of MoOj3 and conducting polymer will show very good
conducting properties. In addition to this, the material in
nano-size should give us the opportunity of obtaining en-
hanced capacitance due to surface effects.

In this letter, we report a new and simple microwave
assisted in situ intercalative polymerization reaction, which
allows the intercalation of poly (3,4-ethylenedioxythiophene)
nanosheets into the van der Waals gap of MoO; to produce
the nanocomposite. The application potential of this nano-
composite, displaying some unusual interesting effects with
respect to enhancement of electrochemical supercapacitor
and electrical properties of MoO; by intercalation of PEDOT
and the temperature dependence of conductivity were mea-
sured and discussed.

PEDOT-MoO; nanocomposites were prepared by exfo-
liation of 50 mg of lithium molybdenum bronze in 20 ml of
double distilled water, and after 1 h sonication to form a
suspension with a concentration of 5 g1~!. To this suspen-
sion  3,4-ethylenedioxythiophene  (EDOT)  monomer
(4.6 mM) was added dropwise and was stirred to ensure
complete mixing. Subsequently, the required amount of iron
(IIT) chloride (FeCls) as the oxidant which is dissolved in
water was added dropwise to the suspension treated under
microwave hydrothermal condition for 10 min, 950 W in a
Teflon container. The final product was obtained by filtration
and then washed with distilled water and ethanol several
times.

Electronic conductivity was measured on compacted pel-
lets using a four probe conductivity method. X-ray photo-
emission spectra (XPS) were recorded on VG Microtech
Multilab ESCA 3000 spectrometer using a nonmonochroma-
tized Al Ka x-ray source (hv=1486.6 eV). The base pressure
in the chamber was maintained at the 10~'° Torr range. The
energy resolution of the spectrometer was set at 1.0 eV with
Al Ko radiation at a pass energy of 50 eV. Binding energy
(BE) calibration was performed with the Au 4f;,, core level
at 83.9 eV and BE of adventitious carbon (284.9 e¢V) was
utilized for charging correction with all the samples. The
error in all the BE values reported here is within +0.1 eV.
The electrochemical measurements were carried out by the
crystalline MoOj5 and layered PEDOT-MoO5; nanocomposite,
at several scan rates illustrating supercapacitor behavior us-
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FIG. 2. Four-probe temperature dependence of electrical conductivity of (a)
crystalline-MoOs; (b) PEDOT-MoOj; nanocomposite; and (c) PEDOT.

ing 1 M LiClO, in EC/DMC (1:1 v/v) in between —1.5 V to
0.25 vs Ag/Ag* reference electrode.

Since XPS is known to be very sensitive to the changes
in electron density, it could be exploited well to study such
changes in related organic-inorganic hybrid systems.15 XPS
results for PEDOT and PEDOT/MoO5 composites in terms
of S 2p, C 1s, and Mo 3d core levels are shown in Figs.
1(a)-1(c), respectively. More significantly, the S 2p core
level from PEDOT displays a peak at 164 eV, typical for
thiophene sulfur."® However, the S 2p core level binding en-
ergy (BE) from PEDOT/MoOj; shows a peak around 165 eV
suggesting charge transfer from sulfur atoms upon PEDOT
intercalation. Carbon 1s core level also shows similar
changes before and after the intercalation. In sharp contrast,
PEDOT shows a single but broad C 1s peak at 285.3 eV,
since the BE of carbon atoms from thiophene and ethylene-
dioxy groups are somewhat similar and hence are difficult to
resolve. However upon intercalation, a broadening on the
lower BE side and the appearance of a second peak are vis-
ible. The C s peak around 286 eV is attributed to the eth-
ylenedioxy group and the lower BE peak at 284 eV is attrib-
uted to the thiophene carbon atoms. The above shift in C 1s
BE of the thiophene group on intercalation suggests an in-
crease in charge along with a broadening due to delocaliza-
tion. In comparison, the ethylenedixoy groups remain at the
same BE indicating that insignificant electronic involvement
from this group. Mo 3ds, core level at 232.5 eV from
PEDOT-MoOj; composite is typical for MoO3 (Ref. 18) and
the XPS studies hint oxidation of PEDOT after intercalation
into MoO;5; along with some charge transfer from sulfur to
MOO3.

The electron transport behavior of MoOs is expected to
be modified significantly by intercalation of PEDOT as the
carrier density can undergo a dramatic change. Four probe
dc-electronic conductivity of the PEDOT-MoO; nanocom-
posite measured at variable temperature shows a linear in-
crease in conductivity indicative of thermally activated elec-
tron transport with activation energy of 0.2 eV, which is
shown in Fig. 2. The room temperature conductivity for the
PEDOT-MoO; composite is 1.82X 107! S cm™!, which is
four orders of magnitude higher compared to that of the pris-
tine MoO;. Consequently, the conductivity of PEDOT-MoO;
is therefore substantially higher than the room temperature
conductivity of pristine MoO5 (3.78 X 107> S cm™!) and lay-
ered Li MoQOs, although it is less than that of bulk PEDOT
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FIG. 3. (a). Schematic representation of an electric double-layer supercapacitor. Cyclic Voltammograms of (b) super imposed Cyclic Voltammogram of
crystalline MoO5 and PEDOT-MoO5 nanocomposite at 300 mV s~!, illustrating the supercapacitor behavior using 1 M LiClO, in EC/DMC (1:1 v/v).

(~1.248 S cm™!). Similar electrical conductivity behavior
for PANI-MoOj; hybrids has recently been reported.19

A schematic representation of an electrical double layer
capacitor is shown in Fig. 3(a). In an electrochemical capaci-
tor (ECC), (also known as supercapacitors or ultracapaci-
tors), one can store a charge that is several hundred times
more than that of a conventional capacitor, using an
electrode-electrolyte interface.”’ Comparative cyclic voltam-
mograms of crystalline MoO; and PEDOT-MoO; at 300
mV s! are shown in Fig. 3(b) using 1 M LiClO, in EC/
DMC (1:1 v/v) as the electrolyte, illustrating a drastic change
in electrochemical properties induced by the polymer inser-
tion. The observed linear current increase with scan rate is
expected for a strongly adsorbed electrochemical species on
the electrode surface. During the first cathodic scan, i.e.,
when the voltage changes from —1.5 to 0.25 V vs Ag/Ag™,
we observe the crystalline MoO; undergoes a well-known
phase transformation and the stabilization of this becomes
more prominent after the fourth cycle, suggesting that the
structural change is permanent. In contrast, for the PEDOT-
MoOj; hybrids, there is no sign of any irreversible structural
change [Fig. 3(b)]; however, the broad cathodic peak, re-
sembles that of 2D inorganic layered compounds.14 The
broad and diffuse peak shape can, therefore, be correlated
with the layer stacking derived by the polymer incorporation.
It is interesting to note that the electrochemical double layer
capacitance ~ of  pristine = MoOs; increases  from
~40mFg!to ~300 Fg™! after a polymer intercalated
into MoOj; as shown (super imposed) in Fig. 3(b).

In summary, we have employed a novel approach to pre-
pare PEDOT-MoO; nanocomposite by using a microwave
irradiated soft chemistry route. The XPS results show
changes in electron density, while the shift in binding energy
of the thiophene group on intercalation suggests an increase
in charge along with a broadening due to delocalization. XPS
studies also indicate that oxidation of PEDOT after interca-
lation into MoOj; along with some charge transfer from sul-
fur to MoO;. In addition, in the relative conductivity of
PEDOT-MoOj there is a four orders of magnitude increase
compared to that of the pristine oxide. Significantly, the

double layer electric capacitance of pristine MoO; increases
from ~40 mF g~!' to ~300 F g~' after PEDOT incorpora-
tion into MoO; under similar experimental conditions and
the nanocomposite displays intriguing effects with respect to
electrochemical Li* insertion. This results in a dramatic in-
crease in the surface area and increase in electronic conduc-
tivity, which undoubtedly, improve the performance of the
nanocomposite as a supercapacitor material. Thus PEDOT-
MoO; nanocomposite appears to be a promising electrode
material for nonaqueous type supercapacitors and this hybrid
strategy pursued here provides an efficient and novel way to
fabricate low cost supercapacitor electrodes.
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