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Introduction

Nanostructure turned capacitors from just circuitry elements
into actual energy-storage devices. Indeed, double-layer

capacitors (DLCs) benefit from porosity in the nanometer scale

to increase their active area and decrease the charge-separa-
tion distance to dimensions, which make it possible for single-

compact devices to feature farads instead of pico- to micro-
farads typical of conventional capacitors. Supercapacitors can

nowadays provide high power with excellent cycling stability,
which makes them fascinating electrochemical energy-storage

devices for many and diverse applications from small-scale

portable electronics to large-scale grid-load leveling.[1–3] Yet,
despite a few decades of important development, the main in-
adequacy of supercapacitors is still their low energy density[4, 5]

and hence further research on new electrode materials with

enhanced performance is still intensely pursued. Enhanced
energy-storage properties (both specific (normalized by

weight) and volumetric (normalized by volume)) are essential
to meet the increasingly demanding requirements of the in-
dustry, and they have to be topped with low manufacturing

costs and environmental friendliness.[6–8]

Hybrid materials provide unique opportunities for the devel-
opment of supercapacitor electrodes by delivering synergies

and bringing together complementary properties of their com-

ponents.[9, 10] In particular, they allow for high capacitance and
high energy densities by their merging of conductivity and

energy-storage properties, allowing in the best cases to have
capacitive and faradaic mechanisms strengthen each

other.[11–14] The challenging task is to design new hybrid materi-
als that maintains or improves the best properties of each ma-
terial while removing or diminishing their particular drawbacks.

In this context, conducting polymers (CPs) are well-known
multifunctional organic materials used as capacitive electrodes
for supercapacitors[15, 16] that show great versatility in the devel-
opment of hybrid materials. Thus, CPs can be used as optimal

materials to functionalize with redox-active molecules and pre-
pare flexible, conducting electroactive materials through

a great variety of approaches, from covalent to ionic bonding
to the formation of van der Waals adducts.

Molecular metal-oxide nanoclusters known as polyoxometa-

lates (POMs) are an exceptional group of inorganic redox-
active materials that can be considered as oxide quantum

dots[17] and are recently investigated as active sites in a large
number of CPs.[11, 18] POMs form a very large family of anionic

metal-oxide clusters of different sizes and compositions.[19–21]

Nonetheless, the best known, most stable, and the ones we in-
vestigated herein are solid acids (or anions in their deprotonat-

ed form) with the general formula Hn[AM12O40] (M = V, Mo, or
W). POMs are expected to achieve excellent electrochemical

properties because of their rapid as well as extremely reversi-
ble redox reactions. It should be further noted that POM clus-

Hybrid materials are very attractive for the fabrication of high-

performance supercapacitors. Here, we have explored organic–

inorganic hybrid materials based on open-end porous 1 D poly-
pyrrole nanopipes (PPy-NPipes) and heteropolyoxometalates

(phosphotungstate ([PW12O40]3@, PW12) or phosphomolybdate
([PMo12O40]3@, PMo12)) that display excellent areal capacitances.
Two different hybrid materials (PMo12@PPy and PW12@PPy)
were effectively synthesized and used for symmetric superca-
pacitors. The anchoring of the inorganic nanoclusters onto the

conducting polymer nanopipes led to electrodes that stood up
to our best expectations exhibiting outstanding areal capaci-
tances that are almost 1.5 to 2 fold higher than that of pristine

PPy-NPipes. In addition, symmetric cells based on PMo12@PPy

and PW12@PPy hybrid electrodes were fabricated and showed

significant improvement in cell performance with very high
volumetric capacitances in the range of 6.3–6.8 F cm@3 (consid-

ering the volume of whole device). Indeed, they provide ex-
tended potential windows in acidic electrolytes (up to 1.5 V)

which led to ultrahigh energy densities of 1.5 and
2.2 mWh cm@3 for PMo12@PPy and PW12@PPy cells, respectively.
Thus, these unique organic-inorganic hybrid symmetric cells

displayed extraordinary electrochemical performances far ex-
ceeding those of more complex asymmetric systems.
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ters (of this simple Keggin type) phosphomolybdate (PMo12) or
phosphotungstate (PW12) represent the ultimate degree of dis-

persion for an oxide nanocluster as all 12 MO6 moieties (M =

Mo or W) are at the surface of the cluster, which makes them

ideal active materials for supercapacitors with acidic electro-
lytes.[22–26] Indeed, the development of hybrid materials made

of CPs and POMs has been tackled by our group[11–13] and
others[14] in the last decade. The anchoring of anionic POMs
within the network of cationic (p-doped) CPs led to the syn-

thesis of hybrid materials in which the inorganic clusters kept
their integrity and activity while benefiting from the conduct-
ing properties and polymeric nature of the hybrid composite
structure.[11] Yet, the resulting materials failed to provide their

full energy-storage potential because the microstructure of the
polymer matrix was not optimal, making even necessary pre-

conditioning of the hybrid electrodes to improve their impreg-

nation with the electrolyte.[11]

Here, for the first time, we tackle simultaneously the optimi-

zation of both composition and microstructure with outstand-
ing results. This was done by incorporating POMs into a

preformed CP nanostructure, namely polypyrrole nanopipes
(PPy-NPipes) which could be described as PPy nanotubes with

a large inner diameter.

We effectively designed and prepared organic–inorganic
hybrid nanocomposite materials based on highly porous 1 D

PPy-NPipes and POMs. Two different POMs (PW12 or PMo12)
were effectively anchored on inner and outer walls of highly

porous PPy-NPipes. These materials will be labeled as
PW12@PPy and PMo12@PPy, respectively. Later, these hybrid ma-

terials were used as electrodes for symmetric supercapacitors.

The symmetric cells based on PMo12@PPy and PW12@PPy could
be successfully cycled up to 1.3 and 1.5 V respectively, and ex-

hibited high volumetric capacitance in the range of 6.3–
6.8 F cm@3 (volume of the whole device). Thus, the blending of

extra capacitance and extended voltage range, together with
the conductivity and optimized microstructure of the CP
matrix, made of these truly synergic electrode materials, reach-

ing remarkable energy densities.

Results and Discussion

The complete growth mechanism of hollow PPy-NPipes with
detailed preparative parameters is explained elsewhere.[27]

Briefly, FeCl3 acts as a flocculant that forms a fibrillary-shaped
solid complex with methyl orange (MO), which works as a sacri-
ficial template. During the reaction, pyrrole is polymerized on

the outer surface of the fibrillar FeCl3-MO templates and forms
PPy-NPipes. This fibrillary template guided the growth of PPy

and developed unique nanopipes-like nanostructure while the
template simultaneously degraded.

These 1 D hollow PPy-NPipes were used as conducting sup-

port for the adsorption of polyoxometalates (PMo12 or PW12)
(Figure 1). Figure 2 a and b shows SEM images of PW12@PPy

and PMo12@PPy nanocomposites. It is revealed that anchoring
of POMs does not alter the original 1 D hollow nanostructure

of PPy-NPipes. Moreover, POMs@PPy-NPipes are of several mi-
crometers in length and a few nanometers in the diameter,

and distributed randomly without any aggregation. Further-

more, the size and shape of these nanopipes were investigated
with zero loss filtered images and are shown in Figure 2 c and

d. Because of the very small size (1 nm) of the POM nanoparti-
cles (PW12 and PMo12), they are still not visible in this image.

However, the PPy-NPipes exhibit outer and inner diameters of
approximately 100–170 nm and 30–80 nm, respectively. This

implies that there is a huge (inner and outer) surface for the

adsorption of POM nanoparticles. Moreover, through the open
ends of these nanopipes, POM nanoclusters can go inside and

adsorb on the inner surface of PPy-NPipes. In this way both
outer and inner walls of PPy-NPipes can be utilized for the ad-

sorption of POM nanoparticles. This hypothesis was further
confirmed by energy-filtered TEM (EFTEM) elemental mapping

of PW12@PPy and PMo12@PPy samples. Figure 2 f–h shows

EFTEM mapping images for the PW12@PPy sample. The pres-
ence of C and N from PPy-NPipes and W from PW12 is clearly

confirmed. In addition, careful observation of W mapping
image (Figure 2 h), explicitly proves the decoration of PW12 on
the outer and inner walls of PPy-NPipes. Similarly, the presence
of Mo in addition to C and N further validates the formation of

PMo12@PPy as seen in Figure 2 j–l. Moreover, Figure 2 l shows
the uniform anchoring of PMo12 on the outer and inner surface
of PPy-NPipes. This anchoring must take place by ionic interac-

tion of the anionic POMs with the positively charged
(p-doped) PPy-Npipes. Thus, all these surface morphological

studies provide sufficient evidence for 1 D nanostructuration
with 1 nm-sized POM nanoparticles densely decorating the sur-

face (see Figure S1 in the Supporting Information). These POM-

loaded 1 D PPy-NPipes could lead to many interesting deriva-
tions, from catalytic to sensing applications. But the unique

combination of electronic properties, high electrochemically
active cites, easy ionic transportation, and redox-active material

make of these materials an optimal choice for supercapacitors
application.

Figure 1. Schematic illustration of steps involved in the synthesis of PPy-
NPipes and POMs (PMo12 or PW12) hybrid materials with a simple chemical
method. The POM graphic is reproduced with the permission of Royal
Society of Chemistry from our previous publication.[50]
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It is very important to note that all twelve Mo or W atoms

are present on the surface of the POM (PW12 or PMo12) molecu-

lar clusters of only 1 nm size that are uniformly anchored onto
the surface of PPy-NPipes. As the charge stored in pseudo-

capacitive mechanism relies on surface redox reactions, that is,
the charge-transfer at/or near the electrode surface, this

unique hybrid material is an ultimate material for electrode/
electrolyte surface polarization. Certainly, this exceptional

POMs@PPy-NPipes hybrid material combines a conducting 1 D

hollow nano-architecture with anchored PW12 or PMo12 redox-
active molecular clusters that provides an excellent structural

foundation for high energy-storage device.
Figure 3 a shows full XPS spectra of PPy-NPipes, PMo12@PPy,

and PW12@PPy samples. The presence of carbon (C 1s,
284.5 eV) and nitrogen (N 1s, 399.6 eV) in all the three samples
suggests the formation of PPy-NPipes.[28] In addition to C 1s

and N 1s, PMO12@PPy shows two additional peaks at 230.5 and
417.5 eV, which correspond to Mo 3d and Mo 3p, respectively,
whereas peaks at 39.4, doublet (248.7, 263.4), 429.3, 494.3, and
602.2 eV corresponding to W 4f, W 4d, W 4p, and W 4s, respec-

tively, are present for the PW12@PPy sample, confirming the
formation of hybrid materials.[29, 30] As seen from the magnified

view of the N 1s spectra (Figure 3 b), the peak intensity is de-
creased significantly with a slight increase in broadness sug-
gesting the anchoring of POMs on the surface of PPy-NPipes.

The N 1s peak observed at 399.6 eV corresponds to the neutral
nitrogen in the PPy ring (@NH@) and is assigned to pyrrolic ni-

trogen.[31] Figure 3 c shows the close view of Mo 3d core spec-
trum. The spectrum exhibits two peaks at 232.3 eV (Mo 3d3/2)

and 235.4 eV (Mo 3d5/2), confirming the presence of PMo12 in

the PMo12@PPy sample, which is in the MoVI oxidation state.[32]

The core-level W 4f spectrum shows two peaks at 37.54 eV

(W 4f5/2) and 35.4 eV (W 4f7/2) with spin-orbit splitting of 2.14 eV
as shown in Figure 3 d. It is further confirmed that the W

atoms in PW12 in PW12@PPy exhibit an oxidation state of
WVI.[33, 34]

High surface and 1 D hollow nanostructures are ideally

suited for energy-storage devices. BET analyses of PMo12@PPy
and PW12@PPy samples were carried out and the results are

presented in Figure 4. BET surface areas for PPy-Npipes,
PMo12@PPy, and PW12@PPy samples were found to be 43.11,

36.47, and 34.14 m2 g@1, respectively. This decrease in the BET
surface areas for PMo12@PPy and PW12@PPy is attributed to the

inclusion of the PMo12 and PW12 nanoparticles because of their

heavy contribution in the hybrid nanocomposites. Yet, the spe-
cific surface area of PMo12@PPy and PW12@PPy is comparable

to the values reported for conducting polymers.[35–37] It is fur-
ther seen that all these hybrids nanostructured PMo12@PPy

and PW12@PPy samples exhibit meso/macroporous nature,
showing a pore-size range between 2–8 nm and 10–20 nm,

Figure 2. a), b) SEM images of PMo12@PPy and PW12@PPy hybrid materials, respectively; c), e–h) zero-loss filtered image and corresponding EFTEM maps for
PW12@PPy; d), i–l) zero-loss filtered image and corresponding EFTEM maps for PMo12@PPy.

Figure 3. a) Full XPS spectra of PPy-NPipes, PMo12@PPy, and PW12@PPy
hybrid materials ; b) core-level XPS spectra of N 1s of PPy-NPipes, PMo12@PPy,
and PW12@PPy; c, d) core-level XPS spectra of Mo 3d and W 4f, respectively.
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respectively. Moreover, the pore volume of PPy-NPipes increas-
es from 0.000685 to 0.0025 and 0.0031 cm3 g@1 after anchoring

the PW12 and PMo12 inorganic clusters, respectively. This in-

creased pore volume and such a unique nano-architecture
even after heavy loading of redox active POM nanoparticles is

beneficial for electrolytic ion transportation during charge/
discharge mechanism. In addition, the excellent mesoporous

nature of the hybrid materials can reduce diffusion distan-
ces.[38]

The electrochemical performances of PMo12@PPy and

PW12@PPy hybrid electrodes were investigated in 1 m H2SO4

electrolyte using a three-electrode cell. Cyclic voltammetry (CV)

curves for PMo12@PPy and PW12@PPy at various scan rates are
shown in Figure S2. The CV curves for both hybrid electrodes

are quasi-rectangular with various broad redox peaks from
PMo12 and PW12 overlapping with a nearly rectangular

(pseudo-capacitive) envelope. This CV structure ratifies the co-

existence of faradaic and pseudo-capacitive charge-storing
mechanisms. Interestingly, the CV curves still maintain the

redox peaks even at a high scan rate of 100 mV s@1, suggesting
excellent rate capability of PMo12@PPy and PW12@PPy for rapid

charge/discharge reactions. Galvanostatic charge/discharge
(GCD) curves for both PMo12@PPy and PW12@PPy hybrid mate-

rials are not ideal triangular shapes, further confirming the

presence of dual charge-storing mechanisms (see Figure S2).
The initial voltage drop in both hybrid materials is almost neg-
ligible and the charging curve is symmetrical to the discharg-
ing curve, indicating an exceptional electrochemical reversibili-

ty. Moreover, the small internal resistance (iR) loss for both
hybrid electrodes may be ascribed to the mesoporous nano-

pipes-like nature. To justify the importance of the nanostruc-
ture nature of the material, globular PPy was prepared using
same method without the MO template and their electro-

chemical properties were investigated (see Figure S3).
The main reason for such excellent supercapacitive per-

formance of these hybrid materials is a smart design and
proper hybridization, which combine optimized microstructure

and composition. The advantages of these unique hybrid

nanostructures are: i) even after heavy decoration of POMs, the
materials retain their original open 1 D hollow nanostructure,

which provides easy access to electrolyte ions; ii) the thin walls
of PPy-NPipes and ultralong lengths (several micrometers)

offer short diffusion paths and large electrochemically active
surface area; iii) all twelve MoO6 or WO6 inorganic moieties are

at the surface and hence can make easy contact with the elec-
trolyte and take part in charge-storing mechanisms.

Figure 5 a shows the CV curves of PPy-NPipes, PMo12@PPy,
and PW12@PPy at a constant scan rate of 10 mV s@1. It is quite

impressive to note the large increase in current density for
PMo12@PPy and PW12@PPy hybrid electrodes as well as the in-

crease of the potential range with additional @0.3 and @0.5 V
compared to PPy-NPipes electrodes, which implies significantly
larger capacitance. Figure 5 b shows the maximum values of

specific and areal capacitances obtained for PPy-NPipes,
PMo12@PPy, and PW12@PPy electrodes. Both hybrid electrodes
exhibit high capacitances of 434 mF cm2 (341 F g@1) for
PW12@PPy and 374 mF cm@2 (294.1 F g@1) for PMo12@PPy, com-

pared to pristine PPy-NPipes (234 mF cm@2, 204.5 F g@1). Thus,
a considerable increase in the capacitances of hybrid electro-

des is observed, which can definitely be credited to the inclu-

sion of these redox-active inorganic clusters. Figure 5 c shows
the plot of variation of specific capacitance with current densi-

ty for all three samples. Remarkably, up to 63 % (for PW12@PPy)

Figure 4. a), b) Nitrogen adsorption–desorption curves with corresponding
pore-size distribution plots PPy-NPipes, PMo12@PPy, and PW12@PPy samples.

Figure 5. a) Comparative CV curves for PPy-NPipes, PMo12@PPy, and
PW12@PPy samples, respectively at 10 mV s@1 scan rates, b) specific and areal
capacitances of PPy-NPipes, PMo12@PPy, and PW12@PPy samples at
2 mA cm@2, c) Variation of specific capacitance of PPy-NPpipes, PMo12@PPy,
and PW12@PPy samples as a function of current density.
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and 46 % (for PMo12@PPy) of the capacitance is retained, even
after 10 times increase in current density (2 to 20 mA cm@2), in-

dicating a very good high-rate performance. Thus, the slight
decrease in specific capacitance of hybrid materials with cur-

rent density is owed to diffusion limitations.
To show the potential for practical application of these

hybrid electrodes, symmetric supercapacitor cells were fabri-
cated by sandwiching H2SO4-soaked separators between two
identical electrodes (either PMo12@PPy or PW12@PPy hybrid

electrodes). The shape of CV curves for both symmetric cells is
not ideally rectangular as seen in Figure 6 a and b, signifying
inclusion of faradaic behavior of POM nanoparticles as well as
pseudo-capacitive behavior of PPy-NPipes. Impressively, these
symmetric cells can be easily cycled between 1.3 V for
PMo12@PPy and 1.5 V for PW12@PPy, respectively, which leads

to an increased energy density. Thus, it is clear that decorating

POM nanoparticles not only add extra capacitance but also
extend the working voltage window of the device. To investi-

gate the voltage distribution across the positive and negative
electrodes, the GCD curves were recorded simultaneously for

two- and three-electrode configurations by synchronizing two
channels of our potentiostat. The first channel monitored the

cell in a two-electrode mode while the second channel was

connected in a three-electrode configuration with Ag/AgCl as
third (reference) electrode to monitor the working electrode.

Figure 6 c and d shows GCD curves for symmetric cells based
on PW12@PPy and PMo12@PPy, respectively, at 3.3 A g@1 and

versus Ag/AgCl (red and green curves). The positive and nega-
tive electrodes work in the following different voltage range:

+ 0.497 to + 1.04 V and from + 0.497 to @0.451 V (vs. Ag/AgCl)

for PW12@PPy whereas the PMo12@PPy cell works in the
regime: + 0.401 to + 0.891 V and + 0.401 to @0.410 V (vs. Ag/

AgCl). These different working voltage regimes for positive and

negative electrodes suggest different intrinsic capacitance and
redox chemistries of the electrodes. Furthermore, the volumet-

ric capacitances for our hybrid electrodes were calculated from
GCD curves recorded at different current densities (Figure S4)

and are plotted in Figure 7 a. The PW12@PPy symmetric cell
offers an ultrahigh volumetric capacitance of 7.46 F cm@3

[107.1 F g@1 for total mass of both electrodes (4.8 mg), and
total volume of the whole device (0.0689 cm3)] , whereas
PMo12@PPy yields 6.53 F cm@3 [97.8 F g@1 for total mass of both

electrodes (4.6 mg) at a current density of 5 mA cm@2] . It is
worth noting that the hybrid electrodes retain capacitance
values of 5.2 F cm@3 (74.6 F g@1) for PW12@PPy and 4 F cm@3

(60 F g@1) for PMo12@PPy symmetric cell after increasing the

current density from 5 to 13 mA cm@2, suggesting excellent
rate capability (Figure S5). This enhancement in the specific ca-

pacitance is attributed to the additional faradaic reactions of

PW12 and PMo12 in the nanohybrid material. The values report-
ed here are significantly higher than those for other electrodes

and cell configurations.[39–43] A summary of supercapacitive
values for POMs and other electrodes are presented in Fig-

ure S6 in the Supporting Information. Figure 7 b and c presents
the volumetric and gravimetric Ragone plots for PW12@PPy

and PMo12@PPy symmetric cells. Ragone plots show that the

PW12@PPy and PMo12@PPy cells deliver maximum volumetric
energy density of 2.33 mWh cm@3 (33.5 Wh kg@) and

1.5 mWh cm@3 (22.9 Wh kg@) at power densities of 54 mW cm@3

(781 W kg@) and 47 mW cm@3 (706 W kg@), respectively. More-

over, at high power densities of 163 mW cm@3 (2.3 kW kg@1)
and 122 mW cm@3 (1.8 kW kg@1), PW12@PPy and PMo12@PPy

symmetric cells still provide higher energy densities of

1.6 mWh cm@3 (23.3 Wh kg@) and 0.9 mWh cm@3 (14.1 Wh kg@),
respectively. These results demonstrate that both PW12@PPy

and PMo12@PPy hybrid-based symmetric cells are excellent
energy storage systems that can provide high energy with

Figure 6. a), b) CV curves of PW12@PPy and PMo12@PPy-based symmetric
cells at different scan rates, respectively, c) and d) GCD curves for PW12@PPy-
and PMo12@PPy-based symmetric cells and the corresponding positive (c)
and negative (c) electrode profiles with respect to Ag/AgCl reference
electrode.

Figure 7. a) Variation of volumetric capacitances for PW12@PPy- and
PMo12@PPy-based symmetric cells with current density, b), c) Ragone plots
for PW12@PPy- and PMo12@PPy-based cells, d) variation of specific capaci-
tance for PW12@PPy and PMo12@PPy symmetric cells measured by cycling
charge/discharge test at a current density of 11 mA cm@2.
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high rates (power). The volumetric energy density reported
here is the highest value for PPy-based supercapacitors until

now.[41, 44–49] The excellent performance can be attributed to the
homogeneously anchored POM nanoparticles onto the 1 D

hollow PPy-NPipes as well as to the unique cell design cou-
pling two-charge storing mechanisms in a single electrode and

in a single device.
The capacitance retention of PW12@PPy and PMo12@PPy

symmetric cells was investigated with charge/discharge cycles

at 11 mA cm@2 current density and presented in Figure 7 d.
Strikingly, both PW12@PPy and PMo12@PPy cells show good
capacity retention of 83–84 % over 5000 cycles. Despite the
common problem of capacitance degradation in pseudo-

capacitive and faradaic electrodes, PW12@PPy and PMo12@PPy
hybrid cells exhibit good capacity retention. The main reason

for this excellent cycle life might be a synergetic effect of

pseudo-capacitive and faradaic materials. In addition, 1 D
hollow nanostructure of these hybrid materials is kept regard-

less of the volume expansion during charge/discharge cycling
(Figure S7).

Thus, the present investigation exposed that, the proper hy-
bridization and unique nano-architecture are the keys to har-

vest excellent electrochemical performance from hybrid elec-

trodes.

Conclusions

We have designed a unique, tailor-made hybrid nanostructure

by decorating 1 nm sized inorganic clusters (phosphotung-
state, PW12, and phosphomolybdate, PMo12) ionically anchored

on the walls (inner and outer) of 1 D hollow polypyrrole nano-
pipes. Furthermore, these hybrid materials showed excellent

areal capacitances that are almost 1.5 to 2 fold higher than
that of pristine polypyrrole nanopipes (PPy-NPipes). The sym-

metric cells based on PMo12@PPy and PW12@PPy hybrid elec-

trodes exhibit excellent electrochemical performance with ul-
trahigh volumetric capacitances in the range of 6.3–6.8 F cm@3

(considering total volume of the device) and energy densities
of 1.5 and 2.2 mWh cm@3 for PMo12@PPy and PW12@PPy cells,
respectively. Thus, these unique organic–inorganic hybrid sym-
metric devices displayed better electrochemical performances

than complex asymmetric systems for the equal power and
represent a remarkable advance toward high energy density
supercapacitors.

Experimental Section

Synthesis of polypyrrole nanopipes (PPy-NPipes) and
POMs@PPy hybrids

Briefly, methyl orange (0.15 mmoles) (i.e. sodium 4-[40 (dimethyla-
mino)phenyldiazo]phenylsulfonate (CH3)2NC6H4@N=NC6H4SO3Na))
and FeCl3 (1.5 mmoles, 0.243 g) were dissolved in deionized water
(30 mL) instantly forming a flocculent precipitate. Later, pyrrole
(105 mL, 1.5 mmoles) was mixed with the above solution while stir-
ring at room temperature for 24 h. The obtained product was then
filtered and cleaned with mixture of distilled water and ethanol
and finally dried in a vacuum oven at 80 8C overnight.

Later, we have prepared two hybrid materials based on PPy-NPipes
and POMs (phosphotungstate (PW12) or phosphomolybdate
(PMo12)), hereafter named PW12@PPy and PMo12@PPy. In brief, an
amount of the above prepared PPy-NPipes (0.15 g) was dispersed
in deionized water (100 mL) using a bath sonicator for 30 min. To
prepare the two different hybrid materials an optimized concentra-
tion (10 mm) of phosphotungstic acid (H3PW12O40·3 H2O, (PW12)) or
phosphomolybdic acid (H3PMo12O40·3 H2O, (PMo12)) was mixed with
the pre-sonicated PPy-NPipes dispersion. The obtained suspension
was further sonicated for 2 h (bath sonicator 200 W) and kept at
room temperature for 24 h. Finally, the products were centrifuged
out and dried in a vacuum oven at 80 8C overnight. Figure 1 shows
schematic representation of different stages of synthesis of
PW12@PPy and PMo12@PPy hybrid materials.

Materials characterization

The morphological analyses of hybrid materials were carried out
using a field-emission scanning electron microscope (FEI Quanta
650F Environmental SEM). High-resolution transmission electron
microscopy (HRTEM) images and energy dispersive X-ray (EDS)
spectra were acquired using an FEI Tecnai G2 F20 microscope oper-
ated at 200 kV and equipped with an EDAX super ultrathin
window (SUTW) X-ray detector. This microscope is fitted with a GIF
Quantum energy filter which was used to acquire energy filtered
TEM elemental maps. Maps were obtained using the three-window
method on the K-edges for C and N and on the M-edges for Mo
and W respectively. The composition and oxidation states of mate-
rials were investigated with X-ray photoelectron spectroscopy
(XPS, SPECS Germany, PHOIBOS 150). Micromeritics instrument
(Data Master V4.00Q, Serial#:2000/2400) was used to determine N2

adsorption/desorption by Brunauer-Emmett-Teller (BET) measure-
ments.

Electrochemical measurements

The electrodes were prepared by preparing pastes with the follow-
ing composition: 85 % of active material (PPy-NPipes, PW12@PPy, or
PMo12@PPy), 10 % PVDF as binder, and 5 % acetylene black. In addi-
tion, N-methyl-2-pyrrolidone (NMP, solvent) was added and the
mixture was stirred for 24 h to get a homogeneous paste. Finally,
the pastes were coated on commercial carbon cloth by doctor-
blade method and dried at 80 8C in a vacuum oven for 24 h. The
electrodes were cut in circular shapes of 1 cm in diameter and
pressed using a hydraulic press. Finally, symmetric supercapacitor
cells were fabricated using Swagelok cells with two PW12@PPy and
PMo12@PPy electrodes of the same mass and a separator soaked
with 1 m H2SO4 electrolyte. The cells were tested using a Biologic
VMP3 potentiostat/galvanostat.
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