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In this paper, large-scale, self-standing polypyrrole/graphene oxide (PPy/GO) nanocomposite films were
prepared by an environmentally friendly and easy-to-operate confined polymerization method, and were
also assembled as electrode materials for symmetric all-solid-state supercapacitors. In this paper, large-
scale, self-standing polypyrrole/graphene oxide (PPy/GO) nanocomposite films were prepared by an
environmentally friendly and easy-to-operate confined polymerization method, and were also assembled
as electrode materials for symmetric all-solid-state supercapacitors. The morphology, chemical structure
and electrochemical property were characterized by field emission scanning electron microscope
(FESEM), Fourier transform infrared spectroscopy (FTIR), cyclic voltammetry (CV), galvanostatic charge—
discharge (GCD), and electrochemical impedance spectroscopy (EIS), respectively. The lamellar structure
of GO and both strong interaction with ice and pyrrole could promote polymerization of pyrrole and

improve the compactness of the film. With the aid of GO, the conjugation length of PPy increased, the
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Accepted 6th November 2020 resistance of the material decreased, and the electrochemical energy storage of the composite film was
significantly enhanced. In the case of 2.5 wt% GO, the prepared PPy/GO nanocomposite supercapacitor

DOI-10.1039/d0ra07361] exhibited a high area specific capacitance of 97.3 mF cm™2 at 1 mA cm™~2. Furthermore, the PPy/GO film
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1 Introduction

Recently, the unprecedented rise in the application of clean and
renewable energy sources in consumer electronics and electric
vehicles have attracted considerable interest from scientists.
Supercapacitors are regarded as the most promising energy
storage devices due to their portability, high charge-discharge
speeds and long service life." In general, according to the
mechanism of energy storage in supercapacitors, they can be
divided into double layer capacitors (EDLCs) and pseudocapa-
citors.>® The electrode materials used in EDLCs are mainly
carbon materials thanks to their large surface area, good
conductivity and rate capability.*® In the latter case, conductive
polymers (e.g. polyaniline (PANI),*® polypyrrole (PPy),>** poly-
thiophene (PTh)" and poly(3,4-vinylenedioxythiophene)
(PEDOT)") and metal oxides™ are mostly used to store
energy through rapid reversible faradaic redox reactions.
Among them, PPy is considered as a promising material for
supercapacitors because of its low cost, easy preparation,
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supercapacitor also showed excellent cycling stability and good flexibility.

tailored conductivity and high capacitance per unit volume
(400-500 F cm ™ %).2* However, the poor cyclic stability of PPy
greatly limits its application in supercapacitors, resulting from
the volumetric change attributable to ion doping and dedoping
during its charge-discharge process.*

Graphene with its excellent electrical conductivity, high
specific area and superior mechanical properties, has drawn
intense attention in enhancing the electrochemical perfor-
mance of PPy.”” Biswas and Drzal constructed a multilayer
nanostructured supercapacitor with high specific capacitance
through 7-m interaction between PPy nanowires and graphene
nanosheets.” Though, graphene is difficult to disperse evenly in
aqueous solution owing to its hydrophobic and easy agglom-
eration. Shu et al. reported a so-called “Tandem” strategy to
fabricate flexible graphene/PPy nanofiber film using surfactant
to exfoliate expanded graphite and as a template for the growth
of PPy nanofiber.>* In addition, chemical modification of gra-
phene is a common method to improve its dispersion, such as
graphene oxide (GO). Konwer et al. prepared the PPy/GO elec-
trode materials by in situ polymerization, which exhibited
a improved electrical conductivity.”® Lv et al. developed a one-
step electrosynthesis of PPy/GO composites using GO as the
anionic dopant.”*® Moreover, many efforts have been explored to
fabricate film electrode materials for flexible devices, such as
soft template assistance,”” vacuum filtration,*** electrochemical
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Fig. 1 llustration of the process for preparation of symmetrical flex-
ible supercapacitor.

polymerization,”®* and interfacial polymerization.** However,
these methods are usually cumbersome, costly, or unfriendly.
Therefore, the large-scale preparation of highly efficient and
controllable, low-cost, and environmentally friendly PPy/GO
films electrode materials remains a challenge.

Herein, an environmentally friendly and easy-to-operate
confined polymerization inside the ice method was exploited to
successfully synthesize PPy/GO films with a diameter of 8 cm. The
interaction between pyrrole monomer/GO and solid ice/alcohol
surface formed at low temperature, resulting in two-dimensional
polymerization. The prepared composites films were then assem-
bled to solid supercapacitors. The cyclic voltammetry, galvano-
static charge/discharge, and electrochemical impedance
spectroscopy measurements were employed to characterize their
energy storage behaviors. The results showed that the electrodes of
self-standing PPy/GO films prepared by this novel method
exhibited excellent electrochemical performance, which provided
a good feasible strategy for all-solid-state supercapacitors.

2 Experimental
2.1 Materials

Pyrrole monomer and adipic acid were purchased from Aladdin
Reagent Company Limited. Graphite powder (325 mesh) was
supplied by Sigma-Aldrich Chemicals. The concentrated
sulfuric acid (H,SO,), potassium permanganate (KMnO,),
sodium nitrate (NaNOj3), hydrogen peroxide (H,O,), ethanol,
hydrochloric acid (HCI), and ammonium persulfate (APS) were
obtained from Sinopharm Chemical Reagent Company
Limited. All the chemicals were of analytical reagent grade and
used without further purification.

2.2 Preparation of graphene oxide

The graphene oxide was prepared by modified Hummers
method.* Typically, 0.5 g graphite powder was added in 20 mL

-
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concentrated H,SO, over a period of 45 min in an ice bath.
Subsequently, 0.5 g NaNO; and 3.0 g KMnO, were added to the
above solution under stirring at 35 °C for another 2 h. The 30 wt%
H,0, and appropriate deionized water were then added, resulting
in a yellow suspension. Finally, the GO product was obtained
after filtering and washing by 0.5 M HCI and deionized water.

2.3 Synthesis of polypyrrole/graphene oxide free-standing
films

The mixture of deionized water and alcohol (250 : 1) were firstly
added to a clean and dry mold. A level of the mixture must be
maintained, and then frozen to —20 °C to form a flat ice surface.
Subsequently, a precooled mixture of 0.3 mL pyrrole and
appropriate GO dispersion was added to form frozen pyrrole/GO
layer. The precooled mixture of adipic acid and ammonium
persulfate (6.5 : 1) was then added into the mold. The reaction
allowed to proceed at —20 °C for 24 h. A black film could be
separated after thawing. The PPy/GO film would be obtained
by washing with deionized water and drying for 24 h. The
weight ratio of pyrrole to GO was varied as 99 : 1, 98.5: 1.5,
98:2,97.5: 2.5, and the resulting films were denoted as PPy/
GO-1.0, PPy/GO-1.5, PPy/GO-2.0, PPy/GO-2.5. The dry film
thickness was around 0.366 mm. For comparison, the neat PPy
was also prepared by similar way without the presence of GO
dispersion.

2.4 Fabrication of symmetrical solid-state supercapacitors

The solid-state symmetric flexible supercapacitors were con-
structed by sandwich structure. The PVA/H,SO, gel electrolyte
was prepared by adding 6 g PVA powder and 6 g of H,SO, into
60 mL deionized water. The mixture was then heated at 85 °C
under stirring until the solution became clear. Two pieces of
PPy/GO free-standing films were adhered to graphite papers to
prepare flexible electrodes using conductive silver paste.
Finally, a flexible solid-state supercapacitor was successfully
assembled and dried at room temperature for 6 h. The size of
PPy/GO film electrode used in the cell was 2 cm x 1 cm, and its
weight was about 3 mg. The preparation process of PPy/GO
flexible supercapacitor was shown in Fig. 1. To facilitate the
discussion, the flexible symmetrical supercapacitors made of
PPy, PPyGO-1.0, PPy/GO-1.5, PPy/GO-2.0, PPy/GO-2.5 were
named as FSC-1, FSC-2, FSC-3, FSC-4, FSC-5.

2.5 Characterization

The Fourier transform infrared (FTIR) spectra of PPy/GO films
were recorded on a Bruker Vertex 70 spectrometer while using
KBr pellets. The scanning electron microscopy (SEM) images of

Fig. 2 Schematic illustration of self-standing PPy/GO film: (i) smooth ice, (ii) pyrrole/GO layer, (iii) PPy/GO layer.
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Fig. 3 FTIR spectrum of PPy, PPy/GO-1.0, PPy/GO-1.5, PPy/GO-2.0,
PPy/GO-2.5 films.

PPy/GO films were collected by a Zeiss Sigma FE-SEM. Water
contact angles on PPy/GO films were obtained by using a SDC-
100 drop shape analyzer. The cyclic voltammetry (CV), galva-
nostatic charge/discharge, and electrochemical impedance
spectroscopy (EIS) carried out using a CHI 660E electrochemical
workstation. EIS was measured with a frequency range from
0.01 Hz to 100 kHz, by using an AC signal of 5 mV amplitude.
The area capacitances (C,, mF cm %), energy density (E,, mW h
cm?), and power density (P,, mW cm™?) of FSC devices were

calculated according to the following equations®**?

IAt
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where I, At, AV, and A are discharge current (A), discharge time
(s), potential window (V) and the surface area of the film (cm?),
respectively.

3 Result and discussion

In this study, a low temperature chemical oxidation polymeri-
zation approach was used to prepare self-standing PPy films
inside the ice. Firstly, a smooth ice surface was fabricated by the
addition with ethanol to decrease the surface energy (Fig. 2i).
The pyrrole/GO dispersion was then added on the ice surface. As
the temperature decreased, a uniform ice layer containing
pyrrole/GO was formed through hydrogen bonding with ice
layer (Fig. 2ii). With the addition of oxidant solution, the
oxidant and dopant molecules were adsorbed in the monomer
ice layer by hydrogen bonding and electrostatic interaction. As
the upper solution froze, polymerization was confined between
the ice sheets to form two-dimensional film (Fig. 2iii).

Fig. 3 shows the FTIR spectra of the PPy and PPy/GO-1.0, PPy/
GO-1.5, PPy/GO-2.0, PPy/GO-2.5 samples. The characteristic
peaks located at 1466 and 1544 cm ' were assigned to the
symmetric and asymmetric ring-stretching modes of pyrrole,
respectively.® The C-H in-plane bending and out-of-plane
bending were observed at 1182 and 912 cm™".*® The peaks at
1300 and 1386 cm ™' were due to the C-C and C-N stretching
vibrations, respectively.*® Obviously, with the addition of GO,
the C-N stretching vibrations peak was downshifted to
1377 ecm™' probably because of the m-m interactions and
hydrogen bonding between the GO layers and aromatic PPy
rings.***” Additionally, the ratio between the peak area of the

symmetric ring stretching mode and asymmetric ring

CA=90.3°
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Fig. 4 SEM images of (a) PPy, (b) PPy/GO-1.0, (c) PPy/GO-1.5, (d) PPy/GO-2.0, and (e) PPy/GO-2.5. The insets show the corresponding optical
images of water contact angles. (f) Water contact angle of PPy/GO films as a function of GO content.
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stretching mode (I1466/I1544) could be used to calculate the
conjugation length.*>*® The ratio was increasing from 0.583 to
0.681, 0.719, 0.815, 0.969 for PPy, PPy/GO-1.0, PPy/GO-1.5, PPy/
GO-2.0, PPy/GO-2.5, respectively, which suggested that the
conjugation length increased with further addition of GO. The
reason might be that the strong interfacial interaction between
PPy and GO induced more electrons delocalized either in the
pyrrole units or the benzene ring units of GO.>**

Fig. 4 shows the SEM images of PPy and PPy/GO films. From
Fig. 4a, the neat PPy film displayed a smooth morphology, but
there were some holes in it, probably due to the penetration of
pyrrole monomers in the pores of ice. With the addition of GO,
the film became denser, and a few particles appeared on the
surface (Fig. 4b). If the content of GO increased, the lamellar
structure of GO could be observed (Fig. 4c). Meanwhile, at the
higher content, the individual GO sheets attached to PPy could
be obviously found (Fig. 4d and e). These results suggested that
GO played an important role in the morphology of the films. On
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the one hand, the nanosheet structure of GO and its strong
interaction with pyrrole led to more pyrrole on the surface, thus
promoting polymerization.” On the other hand, the lamellar
characteristics of GO and its strong hydrogen bond with the ice
layer could effectively prevent pyrrole molecules from infil-
trating ice layer. The measurement of water contact angles was
performed to investigate the roughness of material surface, as
shown in Fig. 4f and insets of Fig. 4a—-e. The water contact angle
of the composite film increased gradually with the increase of
GO content, indicating the increase in the surface roughness of
the film. As mentioned above, more PPy particles formed on the
surface, thus the surface roughness increased.

Fig. 5 exhibits the CV curves of FSCs devices at different scan
rates. The CV curve is closer to the rectangle and more
symmetrical, indicating better capacitance performance of the
material.*" In Fig. 5a—e, the quasi-rectangular shape appeared in
all as-prepared supercapacitor at low scan rates, which
confirmed that the PPy and PPy/GO nanocomposite self-
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Fig. 5 The CV behaviors of solid-state supercapacitors (a) FSC-1, (b) FSC-2, (c) FSC-3, (d) FSC-4, (e) FSC-5 at different scan rates. (g) Nyquist

plots of the FSCs devices.
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supporting films displayed good ionic and electronic transport.
At the same time, as the scan rate increased, the highly dis-
torted leaf-shaped CV curves were observed, indicating devia-
tion from the ideal capacitance response, which was consistent
with the characteristics of conductive polymer-based super-
capacitors.* With the increase of GO content, the area of CV
curves of PPy/GO supercapacitors increased in comparation
with the PPy supercapacitor, suggesting the enhancement in
capacitance.

The EIS method is a powerful method to understand the
whole electrochemical environment for a meaningful analysis.*
As shown in Fig. 5g, the Nyquist plots of FSCs consisted of
a semicircle in the high frequency region and a straight line in
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the low frequency region. The former semicircle diameter rep-
resented the interfacial charge transfer resistance, while the
slope of the latter straight line indicated the capacitive prop-
erty.*»** The semicircle diameter of FSC-4 was smallest in the
high frequency region, indicating the easier electron transfer in
the PPy/GO-2.5 film. The inset of Fig. 5g shows the equivalent
electrical circuit, where R, is equivalent series resistance (ESR),
R. is the charge transfer resistance, Z,, is the Warburg element,
Cq1 and Cj, are the constant phase element (the double layer
capacitance and pseudocapacitance), respectively. The PPy
showed a comparatively high ESR of 22.4 Q, whereas the PPy/
GO-1.0, PPy/GO-1.0-1.5, PPy/GO-2.0, and PPy/GO-2.5 nano-
composites film exhibited the ESR of 15.23 Q, 11.11 Q, 8.84 Q,
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Fig. 6 GCD profiles of (a) FSC-1, (b) FSC-2, (c) FSC-3, (d) FSC-4, and (e) FSC-5 at different current densities. (f) The plots of areal specific

capacitance for FSCs.
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Fig. 7 Ragone plots of FSCs devices.

and 4.12 Q. The low ESR of PPy/GO suggested an enhancement
of electrical conductivity on the incorporation of GO, which
might be attributed to the following reasons. On the one hand,
perhaps GO could be partial reduction during in situ polymer-
ization to improve conductivity.** On the other hand, the
conjugation length of PPy could be increasing under the influ-
ence of GO, resulting in conducting particle delocalization more
easily.*® The improved electrical conductivity facilitated rapid
charge transport at the interface, leading to better energy
storage behaviors.®** Moreover, the straight line in the
frequency region was closer to Y axis for PPy/GO super-
capacitors, signifying ideal supercapacitor performance due to
the synergistic effect of PPy/GO, which was consistent with the
results of CV curves.

For quantitative evaluation of charge storage capacity, we
investigated the GCD performance of FSCs supercapacitors at
different current densities, as shown in Fig. 6. The GCD curves
of FSCs supercapacitor were almost symmetrical, indicating
their good capacitance behaviors. Meanwhile, as the current
density increased, the capacitance of all FSCs samples
decreased, which was also in agreement with results of CV
measurements. It was worth noting that the IR drop of FSC-5
was minimal, confirming its low internal resistance and less
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energy loss during charge/discharge process.** Fig. 6f shows the
calculated areal specific capacitances of FSCs at different
current densities according to the GCD profile. A highest area
specific capacitance of 97.3 mF cm > was obtained at 1 mA
cm 2 for FSC-5 supercapacitor. The other samples introduced
with GO, FSC-2 (34.6 mF cm™?), FSC-3 (46.1 mF cm ™ ?) FSC-4
(68.9 mF cm™?) also exhibited higher area specific capacitance
than FSC-1 (13.89 mF cm?). The Ragone plots are shown in
Fig. 7. The calculated energy densities according to eqn (2) were
1.8, 4.1, 6.4, 9.6 and 13.56 W h cm ™2 at a power density of 0.5
mW cm™? for FSC-1, FSC-2, FSC-3, FSC-4, and FSC-5, respec-
tively. The higher content of GO, the better energy storage
performance. The GO nanosheets with high surface area not
only improved the film forming performance, but also effec-
tively enhanced the conjugation length of PPy, resulting in
decrease of resistance of electrode material and increase of
charge transport capacity.®**¢*

The cycle life was also an important indicator for evaluating
supercapacitor performance. Fig. 8a illustrates the cycle life of
the FSC-1 and FSC-5 supercapacitors at a current density of 1
mA cm 2 It could be observed that the capacitance of FSC-1
decreased rapidly, while the FSC-5 remained a stable capaci-
tance after 1000 charge/discharge cycles. The areal specific
capacitance of FSC-5 dropped only 6%, whereas the FSC-1 lost
55% of capacitance. The volumetric swelling and contraction of
the PPy chain during the doping/dedoping (charge/discharge)
process significantly influenced the charge distribution and
conformation of m conjugated polymer chains, leading to
a decline in charge storage capacity. For PPy/GO film, the good
electrochemical stability and mechanical strength of GO as the
“skeleton” in the composite film could reduce the volume change
of PPy chains, thus delaying the degradation of PPy chain and the
attenuation of the capacitance.”” It was well known that ideal
supercapacitors should be adapt to any operating conditions.
Therefore, it was of great significance to investigate the electro-
chemical properties of supercapacitors under bending condi-
tions. Fig. 8b shows the GCD diagrams of the FSC-5 capacitor at
different bending angles. The GCD curves with little variation at
different bending angles indicated that the prepared FSC-5
possessed the characteristics of flexibility and portability.
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4 Conclusion

Herein, a simple and easy-to-operate confined polymerization
method was performed to fabricate self-standing PPy/GO
nanocomposite films. The symmetric flexible supercapacitors
were also successfully assembled. The PPy/GO supercapacitor
exhibited a higher capacitance of 98.4 mF cm > at a current
density of 1 mA cm™? in comparison with that of pure PPy
supercapacitor. The capacitance of PPy/GO could still be
retained 94.1% after 1000 charge/discharge cycles, indicating
its superior cycling stability. The addition of GO improved the
film forming performance and increased the conjugation
length of PPy, leading to the decrease in the resistance of the
materials and enhancement of energy storage property.
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