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Abstract A polypyrrole/molybdenum trioxide/graphene
nanoribbon (PPy/MoO3/GNR) ternary nanocomposite was
successfully synthesized via an in situ method. Fourier trans-
form infrared spectroscopy and X-ray photoelectron spectros-
copy analyses show that MoO3 was successfully combined
with the GNRs. The one-dimensional morphology was ob-
served using field emission scanning electron microscopy
and transmission electron microscopy. The electrochemical
tests show that the PPy/MoO3/GNR ternary nanocomposite
exhibits the highest specific capacitance (844 F g_l) among
the investigated materials and exhibits good cycling stability
for 1000 cycles. These results collectively demonstrate that
the combination of each component can efficiently increase
the specific capacitance and cycling stability. As such, the
method reported herein represents a promising approach for
fabricating supercapacitor electrode materials.

Keywords Polypyrrole - Graphene nanoribbon -
Molybdenum trioxide - Ternary nanocomposite -
Supercapacitor

Introduction

In recent years, worldwide energy shortages have spurred
many scientists and researchers to investigate alternative en-
ergy sources or to develop high-performance energy storage
systems. Energy storage systems, such as electrochemical
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capacitors, also known as supercapacitors, have attracted ex-
tensive attention over the past few decades owing to their high
power and energy densities and good long-term cycling sta-
bility [1, 2]. In general, according to the energy storage mech-
anism, supercapacitors can be classified into electrical double-
layer capacitors (EDLCs) and pseudocapacitors. The energy
storage principle of EDLCs is based on the accumulation of
charge at the electrode/electrolyte interface, where high
specific-surface-area materials such as carbon-based com-
pounds are commonly used as electrode materials [3]. Among
the carbon materials investigated in EDLCs, graphene-based
materials have attracted much attention because of their excel-
lent electrical conductivity [4], specific surface area [5], and
good mechanical properties [6]. In particular, a new morphol-
ogy of graphene called graphene nanoribbon (GNR) is a strip
of graphene with a high length-to-width ratio; GNR has
attracted significant attention over the past few years. Because
of its unique physical properties, GNR is used in numerous
electronic devices, including transistors, sensors, and solar
cells [7-9]. In addition, due to its particular structure and high
specific surface area, GNR has also been investigated as an
electrode material in supercapacitors [10, 11].

Charge storage in a pseudocapacitor is attributed to fast
faradaic reactions between the electrode and electrolyte,
where electrochemically active materials, such as metal oxides
and intrinsic conducting polymers, are commonly used as
electrodes. Among metal oxides, ruthenium oxide (RuO,) is
the most widely investigated material in supercapacitor appli-
cations due to its high specific capacitance; however, its high
cost hinders its broad application in energy storage devices
[12]. Therefore, various metal oxides such as MnO,, V,0Os,
and Fe,O; have attracted attention because of their low cost
and high natural abundance [13—15]. Molybdenum trioxide
(MoOs) has potential applications in supercapacitors owing
to its particular nanostructure [16, 17], high electrochemical
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activity, environmental compatibility, and low cost [18]. In
particular, several investigations have indicated that MoO;
exhibits a capacitance equivalent to that of RuO, at low load-
ing amounts in composites [19, 20]. Therefore, an investiga-
tion of the performance of MoOj; in a supercapacitor would be
interesting. Polypyrrole (PPy) is an intrinsic conducting poly-
mer that offers many attractive properties, including high con-
ductivity, good chemical stability, easy synthesis, low toxicity,
and low cost; it has, therefore, been extensively investigated
for use in supercapacitors [21, 22]. However, irrespective of
whether supercapacitors are fabricated using metal oxides or
intrinsic conducting polymers, the poor cycling stability re-
mains the most critical problem limiting their further
development.

Many researchers have suggested that the combination of
an EDLC and a pseudocapacitor is a viable and efficient ap-
proach for improving the cycling stability of
pseudocapacitors. Recently, Xu et al. synthesized a hierarchi-
cal PPy/graphene nanocomposite as a graphene-based, two-
component nanocomposite via in situ polymerization; their
fabricated nanocomposite exhibited an excellent electrochem-
ical capacitance of 318.6 F g ' and good cycling stability [23].
Liu et al. synthesized a graphene/PPy intercalating nanocom-
posite that exhibited a high specific capacitance of 650 F g
and retained a high specific capacitance after 5000 cycles [24].
Additionally, some ternary nanocomposites comprising a met-
al oxide, a conducting polymer, and a carbon material have
also been investigated as supercapacitor electrodes. For exam-
ple, Wang et al. prepared a graphene/SnO,/PPy ternary com-
posite that exhibits a high specific capacitance of 616 F g~
that only decays 2 % after 1000 cycles [25]. Similarly, Han
et al. prepared a sandwich-structured MnO,/PPy/graphene hy-
brid composite with a specific capacitance of 404 F g~' that
retained a high specific capacitance after 5000 cycles [26].
However, the literature contains no reports of investigations
of GNR-based ternary nanocomposites in supercapacitors.

Herein, we report the synthesis of a new ternary nanocom-
posite, which comprises PPy, MoOs, and GNR, as an elec-
trode material for supercapacitors; we, thus, expect this mate-
rial to exhibit improved specific capacitance and cycling sta-
bility. The morphology, electrochemical properties, and elec-
tric capacity of the prepared composite are described in detail.

Experimental
Preparation of GNR

GNR was prepared using the chemical oxidation method in
the presence of strong oxidation agent and strong acid. A mass
0f0.05 g multi-wall carbon nanotubes (MWCNTs) was mixed
in 10 mL H,SO, (98 %, Aldrich Chemical Co.) and stirred for
1 h at room temperature. KMnO4 powders (0.25 g) were
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added into the above-mentioned mixture and reacted for 1 h
at room temperature. Then, the solution was kept at a high
temperature of 80 °C and reacted for 1 h. After reaction, the
solution was added into 5 % H,O, solution and stood for 24 h.
The products were then filtered and washed several times with
DI-water until the solution became acid-free. Finally, the prod-
ucts were dried under vacuum at 60 °C for 24 h.

In situ synthesis of PPy/GNR nanocomposite

The PPy/GNR nanocomposite was synthesized via in situ
chemical oxidative polymerization. In a typical synthesis ex-
periment, GNR powders (16 mg) were added into 40 mL 1 M
HCl solution in a reaction vessel and sonicated for 1 h. Pyrrole
monomer (0.08 mL; 98 %, Aldrich Chemical Co.) was added
into the GNR dispersed solution and stirred for 30 min. Then,
ammonium persulfate (APS) solution (13 mg APS was dis-
solved in 10 mL 1 M HCI solution) was slowly dropped into
the pyrrole monomer/GNR mixed solution and reacted for 3 h
at 0 °C. After 3 h reaction, the PPy/GNR nanocomposite
products were poured into large amount of methanol to termi-
nate the polymerization. Finally, the products were filtered
and washed several times with DI water and methanol. It
was then dried under vacuum at 60 °C for 24 h.

In situ synthesis of PPy/MoQO3;/GNR ternary
nanocomposite

First, in the preparation of MoO3/GNR composite, GNR pow-
ders (20 mg) were immersed in 15 mL DI water and sonicated
for 1 h. The metal oxide precursor MoCls (99.6 %, Alfa
Aesar) 0.137 g was dissolved in 2 mL DI water, and citric
acid solution (citric acid 10 mg was dissolved in 1 mL DI-
water) was simultaneously prepared. Then, these solutions
were simultaneously added into GNR dispersion solution
and stirred for 30 min. Finally, the solution was poured into
a Teflon stainless steel autoclave and kept in an oven at 160 °C
hydrothermal for 1 h. When the autoclave was left to cool to
room temperature, the dark-green solution was filtered and
washed with DI water. The products were then dried under
vacuum at 60 °C for 24 h.

Second, the PPy/MoO3/GNR ternary nanocomposite was
also synthesized via in situ chemical oxidative polymeriza-
tion. MoO3/GNR composite powders (16 mg) were immersed
in 40 mL 1 M HCI solution in a reaction vessel and sonicated
for 1 h. Then, 0.08 mL pyrrole monomer was added into
MoO5/GNR dispersion solution and stirred for 30 min. After
being stirred for 30 min, APS solution (13 mg APS was dis-
solved in 10 mL 1 M HCI solution) was slowly dropped into
the pyrrole monomer/MoO;/GNR solution and then reacted at
0 °C for 3 h. After 3 h reaction, the PPy/MoO3/GNR ternary
nanocomposite products were added into large amount of
methanol to stop reaction. Finally, the product was filtered
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and washed with DI water and methanol for several times and
then dried under vacuum at 60 °C for 24 h.

Material characterization

Fourier transform infrared (FTIR) spectra were recorded on a
PerkinElmer Spectrum One spectrometer with the resolution
of 4 cm™'. The FTIR samples were pressed into tablets with
potassium bromide (KBr). The X-ray photoelectron spectros-
copy (XPS) analysis was carried out on a ULVAC-PHI, PHI
5000 VersaProbe/Scanning ESCA spectrometer. The mor-
phology was observed by field emission scanning electron
microscope (FESEM) and transmission electron microscopy
(TEM). FESEM measurements were conducted at 3 kV using
a JEOL JSM-6700F field emission instrument. The samples
for TEM measurement were prepared by casting a drop of the
sample suspended in ethanol on a copper grid covered with
carbon. The specific surface area and porosity of the nano-
composites were measured from nitrogen absorption-
desorption on the Micromeritics ASAP 2010 Brunauer-
Emmett-Teller (BET) instrument.

Electrochemical measurements

The electrochemical measurements were carried in a three-
electrode cell system using CHI 6271D electrochemical anal-
ysis instrument. According to previous investigations, the ad-
dition of Nafion in the working electrode contains high ion
conductivity and exhibits proton conductivity because of the
presence of sulfonate groups in the polymer chain, thus im-
proving the ion transport performance [27, 28]. Therefore, the
working electrode was prepared according to the following
steps. Samples (1 mg) were dispersed in 2-mL ethanol solu-
tion containing 0.01 mL Nafion solution as a binder and then
sonication for 1 h. Then, 0.02 ml suspended solution was
dropped onto the glassy carbon electrode and dried before
electrochemical analysis. The potential range of cyclic
voltammongram (CV) testing was measured from —0.2 to
0.8 V (vs. Ag/AgCl) and using 1 M H,SO, solution as an
electrolyte. Galvanostatic charge/discharge curves were mea-
sured in the potential range of —0.2 to 0.8 Vat a current density
of 5 A g . The electrochemical impedance spectroscope
(EIS) test was analyzed in a range from 10° to 1 Hz of fre-
quency with alternate current amplitude of 5 mV.

The specific capacitance (Cip) of all of samples was obtain-
ed from CV curves by using the following equation [29]:

Cyp = I1aV 2muy (1)

where C;, is the specific capacitance (F g ), vis the potential
scan rate (mV s '), m is the mass of electro-active material on
the glassy carbon electrode, [1dV term is the area of CV curve,
and Vis the scan potential range.

The gravimetric specific capacitance was obtained from the
following equation [24]:

Cyp=1 At/m AV (2)

where [ is the discharge current (A), At is the discharge time
(s), AVis the potential range during the discharge process (V),
and m is the mass of electro-active material (g).

Results and discussions

The FTIR spectra used to identify the components of all the
samples are shown in Fig. 1. The GNR absorption peak at
1720 cm ™ is due to the C=0 stretching vibration; its appear-
ance in the spectrum suggests the existence of oxygen-
containing functional groups on the GNR surface after the
chemical oxidation process. In the case of pure PPy, the peaks
at 1550 and 1455 cm ' are attributed to the C—C and C-N
stretching vibrations in the pyrrole ring. Other absorption
peaks at 1045 and 905 cm ™ are assigned to C—H deformation
and C—H out-of-plane vibrations, respectively. Three signifi-
cant peaks are observed at 995, 863, and 554 cm ' in the
spectrum of pure MoO3; these peaks are assigned to Mo=0,
Mo-O, and Mo-O-Mo, respectively [30]. The spectrum of
the MoO3/GNR composite exhibits three weak absorption
peaks attributable to MoO3, thereby confirming the presence
of MoO; in the GNR matrix. The absorption peaks in the
spectra of PPy/GNR and the PPy/MoO5/GNR ternary nano-
composite (curves e and fin Fig. 1) are similar to those in the
spectrum of pure PPy. Moreover, the absorption peaks of PPy
at 1550 and 905 cm™ ' are slightly shifted to approximately
1535 and 885 cm ™' in the spectrum of each nanocomposite.
This result is attributed to the interaction between PPy and
GNR or to that between PPy and MoOs/GNR. Furthermore,
the three main absorption peaks of MoO; are not observed in
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Fig. 1 The FTIR spectrum of a GNR, b pure PPy, ¢ pure MoOj3, d
MoOs/GNR composite, ¢ PPy/GNR nanocomposite, and f PPy/MoOs/
GNR ternary nanocomposite
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Fig. 2 The XPS spectrum of MoO3;/GNR composite and the Mo 3d of
MoO;/GNR

the spectrum of the PPy/MoO5/GNR ternary nanocomposite
due to the PPy coating on the MoO3/GNR surface.

To further demonstrate that MoO5 was successfully synthe-
sized in the composite, we used XPS analysis to analyze the
chemical composition of the MoO3/GNR composites.
Figure 2 shows the full spectra of the MoO3/GNR composite
and the Mo 3d binding energy region. In the full spectrum of
the MoO;/GNR composite, peaks of Mo and O are clearly
observed, suggesting the presence of MoOj in the composite.
The spectral lines of the Mo 3d binding energy reveal the two
characteristic peaks of MoOs: Mo 3ds,, 6+ at 232.6 eV and
Mo 3d;/, 6+ at 235.7 eV. This result confirms the existence of
MoOj; in the composite [31]. Moreover, the MoO; content of
the composite was quantitatively determined from the XPS
peak profile, which revealed that the MoOj3 content in the
composite was only 4.6 %.

The TEM images of pristine MWCNTs and GNRs are
shown in Fig. 3a, 3b, respectively. The diameters of the
MWCNTs are approximately 50 nm, and they exhibit a
smooth edge. After chemical modification, the tube-like
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structure of the MWCNTs is completely unzipped because
the oxidant attacks the MWCNT axial structure to form
GNRs; therefore, the diameter of the GNRs apparently in-
creased from 50 to about 100 nm, and the edges become
distorted. The FESEM and TEM images of pure PPy in
Fig. 3¢ show nanoparticle aggregates with a diameter of ap-
proximately 150 nm. The images of the PPy/GNR nanocom-
posite are shown in Fig. 3d. The one-dimensional morphology
with a diameter about 120 nm can be observed, and the PPy
nanoparticle is also evidently reduced when in the presence of
GNR. This increased diameter of the GNRs and reduced size
of PPy nanoparticle are attributed to the coated PPy on the
GNR surface. In the case of Fig. 3¢, the images of PPy/MoQO3/
GNR ternary nanocomposite also clearly show the one-
dimensional morphology with about 120 nm, demonstrating
that the PPy also coated on the MoO;/GNR composite sur-
face. These results might be attributable to the strong interac-
tion between PPy and the GNRs or the MoO3;/GNRs. More-
over, the BET surface geometric area of the PPy/GNR and
PPy/MoO5/GNR nanocomposites analyzed by using nitrogen
absorption experiment is correspondingly 73.52 and
76.13 m* g . The porosity of the two types of nanocomposite
also measured by using the same method is 0.27 and
0.29 cm® g ', respectively.

The electrochemical properties of the pure materials and
synthesized nanocomposites were analyzed by CV test using
a three-electrode system. Figure 4 shows the CV curves of
pure materials and nanocomposites at a scan rate 5 mV s .
Compared with pure PPy, the CV curve of GNR is slightly
close to a rectangular shape, demonstrating that the GNR pos-
sess EDLC behavior [32]. The current response and area of
the CV curve represent the electrochemical performance and
the specific capacitance of the electrode material, respectively.
The current response and area of the CV curves for all nano-
composites are greater than those for PPy and GNRs. Thus,
the PPy/GNR and PPy/MoO;/GNR nanocomposites exhibit
excellent electrochemical performance and high specific ca-
pacitance. The highest specific capacitance calculated using
Eq. 1 is 844 F ¢! for the PPy/M0oO/GNR ternary nanocom-
posite; this specific capacitance is substantially greater than
that of pure PPy (243 F g "), indicating the synergistic effect
of each component. The specific capacitance of the PPy/
MoO3/GNR ternary nanocomposite is also slightly higher
than that of the PPy/GNR two-component nanocomposite,
indicating that the combination of GNR with two types of
pseudocapacitor (i.e., PPy and MoQOj3) might more effectively
increase the specific capacitance via the synergistic effect of
each component.

Figure 5 shows the CV curves of PPy/M0oO;/GNR ternary
nanocomposites with various scan rates. The CV curves of
nanocomposites reveal the rectangular shape and do not sig-
nificantly change when the scan rate increased. These results
show that the nanocomposites possess ideal capacitive
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Fig. 3 TEM images of a
MWCNT and b GNR. FESEM
images of ¢ pure PPy, d PPy/GNR
nanocomposite, and e PPy/MoO;/
GNR ternary nanocomposite.
(Inset the TEM images of ¢ pure
PPy, d PPy/GNR nanocomposite,
and e PPy/MoOs/GNR ternary
nanocomposite are also shown in
this figure)

behavior and good rate capability. Figure 6 shows the specific
capacitance trends for all of the samples as the scan rate was
increased from 5 to 200 mV s '. These scan rate tests reveal
the rate capability and the transport performance of the ions in
the materials. For all of the samples, the specific capacitance
decreases with increasing scan rate. Notably, the specific ca-
pacitance of the PPy/MoO3;/GNR ternary nanocomposite
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Fig. 4 CV curves of pure PPy, GNR, and PPy/GNR nanocomposite and
PPy/MoO;/GNR ternary nanocomposite

remains as high as 504 F g ' at a high scan rate, demonstrating
that the PPy/MoOs/GNR ternary nanocomposite exhibits bet-
ter rate capability and ion transportation performance than the
other investigated samples. The decay of the specific
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Fig. 5 CV curves of PPy/MoOs/GNR ternary nanocomposite with
various scan rates
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capacitance is attributed to the charge not being able to
completely accumulate in the materials at high scan rates [25].

Galvanostatic charge/discharge tests, which were per-
formed in the potential range from —0.2 to 0.8 V at a current
density of 5 A g', were also used to characterize the electro-
chemical performance and specific capacitance properties of
the electrodes. As evident from Fig. 7a, the nanocomposites of
PPy/GNR and PPy/MoO;/GNR exhibit longer charge/
discharge times compared to pure PPy and GNR. This result
also indicates that the combination of an EDLC and a
pseudocapacitor can increase the electrochemical perfor-
mance and specific capacitance through a synergistic effect.
Furthermore, the highest specific capacitance calculated using
Eq. 2 was 825 F ¢! for the PPy/MoO,/GNR ternary nano-
composite at a current density 5 A gfl; the calculated specific
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capacitances of all of the samples matched those calculated on
the basis of the CV results. Figure 7b shows the trends of
specific capacitance as the current density was increased from
5t0 15 A g '. The decay trends of specific capacitance are
also consistent with the results of the CV tests, which indicate
that the PPy/MoO3/GNR ternary nanocomposite exhibits the
best rate capability and ion transportation performance among
the investigated materials.

Electrochemical impedance spectroscopy is a commonly
used technique to analyze the electrochemical performance
of electrode materials. Typical Nyquist plots for all the inves-
tigated samples are shown in Fig. 8. Each Nyquist plot ex-
hibits two distinct regions: a high-frequency region and a low-
frequency region. The intercepts of the real axes, which are
related to the solution resistance (R;) values for the pure PPy,
GNR, PPy/GNR, and PPy/MoO;/GNR, are 12.1, 6.25, 7.29,
and 6.08 €, respectively [33]. The high-frequency regions of
the Nyquist plots for GNR, PPy/GNR, and PPy/MoO;/GNR
show an inconspicuous semicircle, indicating a lower charge
transfer resistance for these samples. The sloped segment in
the low-frequency region represents the ion diffusion resis-
tance of the electrode material [34]. The results clearly indi-
cate that the GNR and nanocomposites exhibit larger slopes
than pure PPy. This result demonstrates that the GNR and
nanocomposites exhibit lower ion diffusion resistances.

The cycling stability is an important index for a
supercapacitor. Herein, we evaluated the cycling stability by
repeating charge/discharge tests at a current density 15 A g
in the potential range from —0.2 to 0.8 V for 1000 cycles, as
shown in Fig. 9. The calculated specific capacitance retention
percentages for pure PPy, the PPy/GNR nanocomposite, and
the PPy/MoO;/GNR ternary nanocomposite after 1000 cycles
are 60.7, 84, and 85.6 %, respectively. These results clearly
indicate that the PPy/MoO3/GNR ternary nanocomposite ex-
hibits long-term cycling stability, which might be attributable
to the good interaction between the GNR EDLC and the
MoO5 and PPy pseudocapacitors.

Conclusions

The PPy/MoO;/GNR ternary nanocomposite was successful-
ly synthesized by in situ method with a high specific capaci-
tance of 844 F g ' and long cycle stability. The FTIR and XPS
spectra show that the MoOj3 indeed exists on the GNR surface.
The electrochemical measurements revealed an excellent ca-
pacitive behavior and rate capability for the PPy/MoO3/GNR
ternary nanocomposite, indicating that the combination of
EDLC and pseudocapacitor could efficiently increase specific
capacitance and cycle stability by synergistic effect. The EIS
measurement shows that the nanocomposites also possess
lower resistance of charge transfer and lower ion diffusion
resistance, thus improving the ion transfer efficient of nano-
composite. These results could provide an approach and tech-
nology to develop the high-performance materials in the field
of supercapacitor.
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