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A facile approach for fabrication of mechanically strong
graphene/polypyrrole films with large areal capacitance for supercapacitor

applications

Yu Ge, Caiyun Wang,* Kewei Shu, Chen Zhao, Xiaoteng Jia, Sanjeev Gambhir, Gordon G.
Wallace*

Intelligent Polymer Research Institute, ARC Centre of Excellence for Electromaterials
Science, AIIM Facility, Innovation Campus, University of Wollongong, Wollongong, New
South Wales 2522, Australia

Abstract

Substantial progress has been made in free-standing flexible graphene-based films for
flexible supercapacitors. However, there are limited reports on the areal capacitance of these
electrodes, which is an important parameter for practical applications, especially in
miniaturized electronic devices. Herein we report the facile fabrication of robust flexible
graphene/polypyrrole nanoparticles films. PPy NPs act as the “spacer” between the graphene
layers creating hierarchical structures. This free-standing film shows excellent mechanical
properties with the fracture strength of 16.89 MPa and Young’s modulus of 11.77 MPa. The
resulting film electrode delivers a large areal specific capacitance of 216 mF/cm?” which is
higher or comparable to other graphene/conducting polymer composite films. Moreover, this
composite film exhibits a high capacitance retention rate of 87% after 5000 charge/discharge
cycles and a fast relaxation time constant of 2.51s. These excellent properties all suggest their

prospective use in flexible energy storage devices.
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Introduction

The growth of flexible/bendable electronic equipment such as collapsible displays and
wearable devices urgently demands the development of flexible energy storage devices.'™ As
an important class of energy storage devices, supercapacitors have received extensive interest
due to large capacitance, high power density and long cycle lifetime.* > The use of free-
standing, binder-free films, to produce flexible supercapacitors simplifies the device
fabrication process. Also, the free-standing films can be easily processed into different shapes
and sizes for various types of devices. Two-dimensional (2D) graphene is a promising
candidate for such electrodes due to its high electrical conductivity, large theoretical specific
surface area, high mechanical strength and good thermal and chemical stability.* 7 Most
importantly, graphene can be fabricated into macroscopic free-standing films with high

mechanical robustness and flexibility.*!!

The main challenge in the fabrication of macroscopic graphene-based films is that the
graphene sheets are prone to restacking into graphite-like structures due to the strong m-m
interactions and van der Waals attraction between the planar basal plane sheets.'” This
drawback is fatal for supercapacitors because the formed films suffer extensive loss of
specific surface area which massively reduces the accessibility of electrolyte into the inner
structures of the films. Assembling graphene into three-dimensional (3D) structures,
graphene aerogels or hydrogels is an effective way to prevent graphene sheets from

restacking. They are fabricated through self-assembly'* ' 1316,

or template-assisted assembly
However, these graphene-based 3D structures usually exhibit poor mechanical properties or
flexibility that could easily fracture or collapse because of the highly porous internal structure

and insufficient backbones, which considerably limited their practical application.

Another commonly used approach to prevent graphene sheets from restacking is to introduce

. . 1 17-19
redox active “spacers” between graphene sheets. Spacers, such as carbon nanomaterials "™,

20, 21 22,23

metal oxides and conducting polymers can not only expand the distance between
graphene sheets, but also provide additional charge storage leading to greatly improved
electrochemical performance. The use of solvent as the spacer to prevent graphene sheets
from restacking also results in good electrochemical performance*!. However, this gel-like
graphene films may bring difficulties in fabrication of devices or transportation for practical

applications.
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Polypyrrole (PPy), a common conducting polymer, is considered to be a promising
supercapacitor material due to its high pseudo-capacitance, relatively high electrical
conductivity, ease of synthesis and low cost.*> *® The use of PPy-graphene composites
harnesses the synergistic effect from these two components, the high surface area and
conductivity of graphene and high pseudo-capacitance of PPy.>">" In-situ polymerization of
PPy on the surface of graphene sheets can prevent the restacking of graphene nanosheets and
boost the capacitance, such as 500 F/g for graphene oxide-PPy fiber composite®’ and 360 F/g
for PPy-sulfonated graphene composites’'. However, these composites are not free-standing
films but are in powder form, which requires the use of a binder and a substrate to prepare
electrodes. Also no capacitances in areal units are mentioned. Free-standing PPy/graphene
composite films have also been reported with high specific capacitances of 211~243 F/g.
They include the pulse-electrodeposited PPy on free-standing graphene films*> and
cellulose® or carbon nanotubes™ enhanced graphene/PPy. However, most of these reports
have focused on the study of gravimetric capacitance to date, although the areal capacitance
is a more practical indicator for applications, in either small scale electronics or stationary
energy storage devices.”> Recently, a flexible composite membrane of reduced graphene

oxide and polypyrrole nanowire was reported to offer an areal capacitance of 175 mF/cm®.*

In this work, we fabricated free-standing flexible robust graphene/PPy composite films
through vacuum filtration. The highly water-dispersible PPy NPs were mixed with graphene
oxide (GO) dispersions and functioned as spacers to prevent GO sheets from restacking
during the filtration process. Although there are quite a few reports about graphene-based
flexible electrodes, reports on free-standing graphene-based films with very high mechanical
strength and flexibility (e.g. 16.89 MPa for fracture strength, 11.77 MPa for Young’s
modulus), high areal capacitance (216 mF/cm” at a current density of 0.2 mA/cm?), and good
cycling stability are limited. This work provides a step forward to the practical application of

graphene-based electrodes for flexible supercapacitors.
Experimental
Materials

Intercalated graphite was sourced from Asbury Carbon. Pyrrole was purchased from Merck,
and other chemicals were obtained from Sigma-Aldrich. Pyrrole was freshly distilled before

use, and all the other chemicals were used as received.

IPRI/15124/28.7.15 3
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Synthesis of graphene oxide (GO)

Intercalated graphite was thermally expanded at 1000 °C under argon atmosphere. The
volume expansion was over 800 times. The expanded graphite (4 g) was oxidised with
concentrated H,SO4 (200 ml) and KMnQOj4 (25.6 g) under the conditions as described in our
previous report.”” The contents were washed with H,O, and HCI for removal of manganese
from the graphene oxide. The contents were carefully neutralised till pH 3 for treatment of
mineral acid with dilute ammonia using auto titration equipment from Metrohm. The salts

were removed by repeated centrifugation till the pH was close to neutral.
Synthesis of PPy NPs

The synthetic route of PPy NPs was based on a previous report.3 8 Briefly, 0.75 g PVA (My,
31000~50000, 0.5 wt%) was added and dissolved into 150 mL Milli-Q water under magnetic
stirring. Then 9.32 g FeCl3-6H,0 (0.23 M) was added into this solution and stirred for 1h to
reach a state of equilibrium forming a viscous orange mixture, followed by an addition of
1.04 mL pyrrole (0.1 M). The polymerization proceeded under stirring in ice bath for 4h. The
resulting dispersion was centrifuged at 10,000 rpm for 30 min to collect the nanoparticles.
The product was further rinsed several times with hot water to remove excessive PVA and

other impurities. The obtained PPy NPs were dried in vacuum at room temperature.
Fabrication of Er-GO and Er-GO-PPy films

In this work, GO-PPy composites with different weight ratio of PPy to GO (1:3, 1:2 and 1:1)
were prepared. The amount of GO was kept same in all these samples. The fabrication
procedure is described using the 1:2 films as an example. PPy NPs (5 mg) were dispersed in
10 mL Milli-Q water with the assistance of sonication. The formed dispersion was mixed
with 10 mL 1 mg/mL GO, and subjected to another 10 min sonication. Thereafter the mixture
was directly filtered on a membrane (pore size: 0.22 pm). The wet films were peeled off and
dried in a vacuum oven at 60 °C overnight. The same procedures were followed to prepare
GO film using 10 mL 1 mg/mL GO dispersion. The areal mass loading of these composite
films increased with PPy NPs content. It is 1.79, 1.92 and 2.28 mg/cm2 for 1:3, 1:2 and 1:1
film, respectively. They demonstrated an improved specific capacitance as well, 118, 164 and
201 mF/cm” at a scan rate of 50 mV/s in 1 M Li>SO, (Figure S1). However, their flexibility

and mechanical strength dropped. It became brittle and difficult to handle for fabrication of
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supercapacitors at the ratio of 1:1. Thus only the 1:2 samples exhibited electrochemical and

mechanical properties, and data are presented in this work.

The electrochemical reduction of the films was performed in a three-electrode system. The
GO or GO/PPy films were attached onto a piece of nickel foam as working electrode.
Stainless steel mesh and Ag/AgCl (3 M NaCl) were used as counter and reference electrode,
respectively. The reduction was conducted at -1.1 V (vs Ag/AgCl) in PBS solution for 30 min,
followed by rinsing with water.”® The resultant films were denoted as Er-GO or Er-GO-PPy

films, and they were dried in vacuum oven at 60 °C for fabrication of supercapacitors.

Assembly of supercapacitors and electrochemical measurements of the devices

Symmetrical supercapacitors were assembled into two-electrode Swagelok type cells for test.
The films were cut into pieces with a dimension of 0.5 cm X 0.5 cm, the mass loading was
about 1.92 mg/cm® for Er-GO-PPy films and 1.61 mg/cm® for Er-GO films. A filter paper

was used as the separator, and 1 M Li,SO4 was used as electrolyte.

Cyclic voltammetry (CV) of the devices was conducted from 0 to 1 V using CHI 650D (CHI
instruments). Electrochemical impedance spectra were obtained using a Gamry EIS 3000
system in the frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 10 mV at
open circuit potential. Galvanostatic charge/discharge tests of the devices were performed

using a battery test system (Neware electronic Co.) between 0 and 1 V.
Structure and morphology characterization

The morphology of Er-GO and Er-GO-PPy films was characterized by FE-SEM (JEOL JSM-
7500FA). Raman spectra were obtained by a confocal Raman spectrometer (Jobin Yvon
HR800, Horiba) using 632.8 nm diode laser. The thermal properties of the films were tested
by TGA (Q500, TA instruments) under nitrogen at a ramp rate of 10 °C/min. X-ray
photoelectron spectroscopy (XPS) data was collected from a hemispherical energy PHOIBOS
100/150 analyser. Tensile tests of the films were conducted using a Shimadzu EZ mechanical

tester at a cross-head speed of 1 mm/min.

Results and discussion

IPRI/15124/28.7.15 5
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Vacuum filtration flow can induce an orientation of GO sheets in the dispersion to
horizontally face-to-face restack on the filter membrane, forming uniform films with a
compact layered structure.® With the addition of spacers, such as PPy NPs, the inter-layer
distances are significantly expanded and the face-to-face interactions between GO sheets are
weakened, resulting in a hierarchical structure. The procedures to fabricate Er-GO and Er-

GO-PPy films are illustrated in Figure 1.

A good dispersibility of PPy NPs in GO dispersions is the prerequisite for forming such
hierarchical structure. A template is usually used to fabricate PPy with specific
nanostructures. For example, Lu er al. used carbon nanotube (CNT) as hard template to
synthesize tube-like PPy**. In this work, we chose PVA as template and stabilizer to produce
highly dispersible PPy NPs. The PPy NPs exhibits good uniformity with a particle size of
~114 nm (Figure 2a). These particles can be easily dispersed in H,O with the assistance of
sonication forming a homogeneous dispersion at a concentration of 0.5 mg/mL PPy NPs,
which was stable for weeks (Inset of Figure 2a). PPy NPs can be uniformly distributed onto
the GO sheets in their mixture dispersion, which might be attributed to the electrostatic
interactions, hydrogen bond or z-m interactions. The Er-GO film that exhibited a slightly
wrinkled surface, and the cross-sectional view shows a compact layered structure (Figure 2b
and 2d). Er-GO-PPy films formed by filtration displayed a highly crumpled and rough
surface, and a hierarchical structure with loosely stacked graphene layers is obvious from the

cross-sectional view (Figure 2¢ and 2e).

The formation of the more open structure can be attributed to the distribution of PPy NPs
between graphene sheets, effectively expanding the distance between the layers. The film
thickness was increased by around 3 fold, from ~4 nm to ~12 nm. At a higher magnification,
a wavy and crumpled structure of graphene sheets with PPy NPs decorated between layers
can be clearly observed (Figure 2f). Such expanded multi-layered structures of Er-GO-PPy

films should provide a larger electrolyte-electrode interface.

The fracture strength and Young’s modulus of the Er-GO-PPy films were determined to be
16.89 MPa and 11.77 MPa (Figure 2g), respectively. This result demonstrates that the Er-
GO-PPy films formed here are robust and have excellent mechanical flexibility (Figure 2h).
The mechanical strength of the Er-GO-PPy film is higher than previously reported flexible
graphene-cellulose paper” with the fracture stress of 8.67 MPa, or graphene/polypyrrole

IPRI/15124/28.7.15 6
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nanofiber films with the fracture stress of 35.0 MPa but with much lower Young’s modulus
of 2.1 MPa.® A detailed comparison is shown in Table S1. It was noted that the Er-GO films
displayed higher fracture strength and Young’s modulus (23.73 MPa and 14.47 MPa)
compared to Er-GO-PPy films. This is attributed to the fact that the compact restacked

structures of graphene sheets have a stronger attraction force between adjacent layers

a U A W N

enhancing mechanical performance.

~N

To verify the effect of electrochemical reduction, the chemical structures of Er-GO and Er-
8  GO-PPy films were characterized by Raman spectroscopy. GO and Er-GO films displayed
9 the characteristic D band (~1330 cm™) and G band (~1600 cm™) observed for graphene

10  materials (Figure 3a). The G bands are assigned to the first order scattering of the E,,

11 vibration mode of spz—bonded carbon and the in-plane bond stretching motion of the sp2

12 domains, while the D bands are attributed to the vibration of aromatic rings, which

13 corresponds to edges and structure defects on the carbon basal planes.*”*' The intensity ratio

14 of D band to G band (Ip/Ig) increased after reduction (from 1.09 to 1.16), agrees with the

15  previously reported results via either chemically or electrochemical route.”> ** For pristine

16 PPy NPs, five distinct peaks related to polypyrrole can be identified. Two strong and broad

17 peaks at 1326 cm™ and 1550 cm™ represent the ring stretching and the polymer C-C

18  backbone stretching, respectively. The peak at 917 cm™ corresponds to the C-H out-of-plane

19 deformation, whilst the peak at 985 cm™ can be ascribed to the pyrrole ring deformation. The

20  peak at 1039 cm™ arises from the C-H in-plane deformation.*®** These three small peaks can

21 be clearly observed in Er-GO-PPy film, demonstrating the existence of PPy in the composite

22 film. The two major peaks of PPy are overlapped with the D and G band of graphene. The

23 obtained Ip/lg intensity ratio was 1.14, which is very close to the films without PPy NPs,

24  indicating that the similar structured graphene sheets was formed as that in pristine Er-GO

25  film after the electrochemical reduction.

26 The thermal stability of composites was investigated using TGA (Figure 3b). All samples
27  were kept at 100 °C to remove surface-absorbed water before the experiment commenced.
28  The weight loss of GO film starts at around 150 °C, and it exhibits a substantial weight loss
29  0of 26% in the temperature range of 150-220 °C. This is mainly due to the removal of oxygen-
30  containing functional groups from GO surface.® In contrast, the Er-GO film only displays a 2%
31  weight loss in this temperature range, suggesting the significant removal of oxygen-
32 containing functional groups using electrochemical reduction. Above 600 °C, both GO and

33 Er-GO show a sharp weight loss with 34% and 40% retention at 800 °C, which can be

IPRI/15124/28.7.15 7
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ascribed to the bulk pyrolysis of the carbon skeleton of graphene. PPy NPs begin to lose
weight at around 200 °C and the final weight loss is 39% at 800 °C. For Er-GO-PPy film,
only a 5% weight loss can be observed at 300 °C, which is similar to Er-GO film, also
indicating the massive removal of oxygenated functional groups from GO sheets during the
reduction process. The steep mass decrease for Er-GO-PPy after 300 °C can be mainly

attributed to the decomposition of PPy, and the final weight loss at 800 °C is 50%.

To further demonstrate the reduction of GO in composites, X-ray photoelectron spectroscopy
(XPS) was applied to analyse their chemical structure changes. All curves were fitted by the
Gaussian-Lorantzian shape peaks based on the Shirley background correction, as shown in
Figure 3c. In the C 1s spectrum of GO, three peaks can be observed. The peak centred at
286.8 eV represents the C-C bonding, while other two strong peaks at 289.0 eV and 290.0 eV
arise from the oxygen-containing functional groups including C-O bonding and C=0 bonding,
respectively. For Er-GO and Er-GO-PPy films, both spectra display dominating C-C bonding
peaks at 285.4 ¢V and 285.0 eV, respectively.” The peak located at 286.0 eV in the spectrum
of Er-GO-PPy film corresponds to the C-N backbone bonding.** Moreover, the peaks belong
to the C-O and C=0 bonding decreased dramatically, suggesting that the oxygen-containing
functional groups on GO sheets have been effectively removed after electrochemical
reduction. This conclusion can also be supported by the increased C/O ratio from 1.95 to 5.92

after the electrochemical reduction.

Figure 4a and 4b show the CV curves of Er-GO and Er-GO-PPy electrodes at different scan
rate from 5 to 100 mV/s. They all display a nearly rectangular shape even at higher scan rates
of 100 mV/s, demonstrating capacitive behaviour. For easy comparison, the CV curves of
both these two films at the same scan rate of 50 mV/s are shown in Figure 4c. It can be
clearly seen that Er-GO-PPy film electrode displayed a significantly larger current response
than that of Er-GO film electrode, suggesting that the composite can deliver much higher

capacitance.

The energy storage performance of the film electrodes was further evaluated by galvanostatic
charge/discharge experiments. As shown in Figure 4d, all the charge and discharge curves of
supercapacitors based on Er-GO-PPy films show nearly linear and symmetric shapes even at
a very high current density of 8 mA/cm?, indicating the excellent reversibility. It can be seen
from the charge/discharge curves that Er-GO-PPy film electrode displayed a much larger

areal capacitance than that of the Er-GO film electrode at a current density of 0.2 mA/cm®

IPRI/15124/28.7.15 8
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(Figure 4e). This result is consistent with the CV results discussed above. The areal and
gravimetric capacitances of the single electrode were calculated based on the
charge/discharge curves using the equation of C,=(2xIxt)/(SxAV) and Cg=(4x1xt)/(m*xAV),
where C, is the areal capacitance in mF/cm?, C, is the gravimetric capacitance in F/g, [ is the
discharge current in mA, ¢ is the discharge time in s, S is the area of the electrode in cm?, m
is the total mass of the films on both electrodes and 4V is the scan potential window in V. Er-
GO-PPy film electrode delivered a large areal specific capacitance (C,) of 216 mF/cm” at a
current density of 0.2 mA/cm?, which is much higher than that (41.2 mF/cm?®) of the Er-GO
film electrodes at the same current density (Figure 4f). This enhanced capacitance of Er-GO-
PPy films can be attributed to two major facts: (1) the intercalation of PPy NPs expands the
distance between graphene sheets which provides larger electrolyte-electrode interface for
charge storage and ion transportation; (2) PPy NPs provide additional capacitance. In the
gravimetric unit, the capacitance is 110 F/g, 5.6 F/g for the composite films or Er-GO films,

respectively.

At a high current density of 8 mA/cm? the Er-GO-PPy film electrodes could still deliver a
capacitance of 160 mF/cm?, showing a capacitance retention ratio of 74.0%. However, the C,
of Er-GO films decreased sharply to 16.0 mF/cm® only 38.8% of the capacitance was
maintained. The greatly improved rate performance of Er-GO-PPy films can be ascribed to
the intercalation of PPy NPs which effectively prevent graphene sheets from restacking,
whilst the compactly restacked graphene sheets of the Er-GO films hinder the fast ion

transportation between graphene layers, resulting in low capacitances at high current densities.

The areal capacitance reported in this work is higher than or comparable to the previously
reported data for graphene/conducing polymer composite film electrodes, including three-
dimensional  porous  graphene/polyaniline  composite films (67.2 mF/cm?)®,
graphene/poly(3,4-ethylenedioxythiophene) (PEDOT) composite films (12.2 mF/cm?)*,
electrochemically deposited PPy/GO composite films (152 mF/cm?)* and flexible graphene-
PPy composite membranes (175 mF/cm?)*®. It can be concluded that our Er-GO-PPy
composite films possess better or comparable performance with respect to both the
mechanical and electrochemical point of view (Table S1). The areal energy density and
power density of the devices were calculated using the equations of E=/C,*(4 V)’1/(2%3600)
and P=(3600xE)/t, where E is the areal energy density in mWh/cm?, P is the areal power
density in mW/cm?, C, is the areal capacitance in mF/cm? AV is the potential window in V

and the ¢ is the discharge time in s. The device in this work presented an areal energy density

IPRI/15124/28.7.15 9
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of 30.0 MWh/cm2 at an areal power density of 200 pW/cmz, while an areal energy density of
22.2 pWh/cm? was still delivered at an areal power density of 8000 uW/cm®. Ragone plot of
the supercapacitors based on Er-GO-PPy film electrodes and the results from the
aforementioned references for comparison is shown in Figure 4g. It clearly demonstrates that

our device can provide remarkably high energy densities at relatively high power densities.

The cycling performance of Er-GO-PPy electrodes was investigated at a current density of 4
mA/cm®. For comparison, the Er-GO film electrodes were also tested but at a much lower
current density of 0.5 mA/cm?, since it delivered a very low capacitance at 4 mA/cm”. The
areal capacitance of the Er-GO electrode showed a slight increase of capacitance during 5000
cycles. The final capacitance was 23 mF/cm?®, 115% of the initial capacitance (20 mF/cm?).
This capacitance increase could be explained by the activation of densely packed films during
the charge/discharge process that allows more ions to penetrate. For Er-GO-PPy films, a
capacitance loss of 8.7% can be observed after the first 1000 cycles, and a capacitance
retention rate of 87.0% after 5000 cycles (Figure 4h). The capacitance drop is related to the
volumetric swelling and shrinking of PPy polymer chains during the cyclic redox reactions.
Our result is superior to that for pure PPy electrodes, such as only 84% was remained after
1000 cycles for electrodeposited PPy* and 70% for chemically synthesized PPy fibres>’. This
result is also competitive to the graphene-PPy fibre films (44% after 5000 cycles at 1 A/g).”
The current density of 4 mA/cm? applied in this work is equal to 1.04 A/g in the mass unit.
This greatly improved cycling stability of Er-GO-PPy films can be ascribed to the
sandwiched structures of PPy NPs and graphene sheets, which can protect PPy from volume
change and mitigate the loss of capacitance. The remained areal capacitance (153 mF/cm?)
after 5000 cycles was still much higher than that of the Er-GO film electrodes (23 mF/cm?) at

a small current density of 0.5 mA/cm’.

The Er-GO and Er-GO-PPy film electrodes were further studied by electrochemical
impedance spectroscopy (EIS). In the Nyquist plot depicted in Figure 5a, the intercept of the
curves with real axis in the high frequency region corresponds to the bulk resistance (Rj),
mainly including the resistance of electrolyte, the intrinsic resistance of the active material
and contact resistances. The semi-circle part of the plot represents the charge transfer
resistance (R). It can be clearly seen that Er-GO films have much larger R, than Er-GO-PPy
films in the high frequency region (inset of Figure 5a). The Nyquist plots was further
analysed using a simulated equivalent circuit (Figure 5b). It is composed of four elements: a

bulk resistance (R;), a charge transfer resistance (R), the Warburg impedance (W) and a

IPRI/15124/28.7.15 10
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constant phase element (CPE). The R, values of Er-GO and Er-GO-PPy samples are 2.0 ohm
and 2.7 ohm, respectively. The R value for Er-GO film is 164.3 ohm. This high charge
transfer resistance can be attributed to the densely compacted structures that hinder the ion
transport. The R for Er-GO-PPy film decreased sharply to 20.7 ohm. Such greatly reduced
resistance may be mainly due to the hierarchical loosely-stacked structure facilitating fast ion
transport. The phase angle of a capacitor is also an important indicator to judge its capacitive
performance. The phase angle of an ideal capacitor is -90°, the closer to this angle, the device
behaves more like an ideal capacitor. The phase angle for Er-GO and Er-GO-PPy film
electrodes are -81.5° and -83.2° (Figure 5c¢), suggesting that the device based on Er-GO-PPy

film electrodes has better capacitive behaviours.

The relaxation time constant (1y) reflects the ion diffusion rate in the electrodes. 19 is defined
as the minimum time needed to discharge all the energy from the device with an efficiency of
more than 50%. It can be calculated from the equation o= 1/fy, where f; is the frequency at
maximum imaginary capacitance (C"). As shown in Figure 5d, the 19 of Er-GO-PPy based
supercapacitor is 2.51 s, which is much smaller compared to that of the Er-GO based
supercapacitor (6.31 s). Such 1 is also faster than that of the commercial 2.7 V/1 F Maxwell
Supercapacitor (3.86 s).”' The fast frequency response of this device can be mainly attributed

to the expanded distance between graphene layers which allows faster ion transport.
Conclusions

In summary, we have fabricated free-standing multi-layered reduced graphene
oxide/polypyrrole nanoparticles films. Such Er-GO-PPy composite films possess good
mechanical strength as well as high flexibility. As supercapacitor electrodes, this Er-GO-PPy
film exhibited excellent performance with a large areal specific capacitance of 216 mF/cm’
and a good cycling stability with 87% capacitance retention over 5000 cycles. It also
demonstrated a fast charge/discharge property as evidenced by the short relaxation time
constant (to) of 2.51s, shorter than that of the representative commercial supercapacitor. Such
promising performance can be mainly attributed to the synergistic effect arising from two
components: the intercalation of PPy NPs effectively prevents the graphene sheets restacking
creating larger electrolyte-electrode interface for charge storage and fast ion transportation,
and also provides additional capacitance; the graphene sheets structure accommodates the
volume change occurring in PPy during oxidation-reduction preventing a loss in capacitance

with cycling. The combination of such good capacitive performance and high mechanical

IPRI/15124/28.7.15 11
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stiffness/excellent flexibility makes this a promising material for high-performance flexible

energy storage devices.
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3 Figure 1 Schematic procedures to fabricate Er-GO and Er-GO-PPy composite films.
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Figure 2 SEM images of PPy NPs (a) (inset: digital image of PPy NPs aqueous dispersion
with a concentration of 0.5 mg/mL); Surface morphology and cross-sectional view of Er-GO
(b, d) and Er-GO-PPy films (c, e, f); Stress-strain curves for Er-GO and Er-GO-PPy films (g);
Digital image of flexible Er-GO-PPy film (h).

IPRI/15124/28.7.15 16

Page 16 of 19



Page 17 of 19 RSC Advances

1
A[—PPyNPs b1
Er-GO-PPy 100
- _ZBGO ~ 90
3 [= s
E" 3 80
> o 70
= -
Z £ 60
()
40 _Erco
30 }——PPy NPs
- , , , . Er-GO-PPy
600 800 1000 1200 1400 1600 1800 2000 2200 200 300 400 500 600 700 800
Raman shift (cm™) Temperature (°C)
C Er-GO-PPy
8 s 8
2 2 2
8 g g
£ E E
275 2&0 2&5 2;0 2;5 275 2;0 285 2;0 2;5 275 2é0 255 2;0 2;5
2 Binding energy (eV) Binding energy (eV) Binding energy (eV)
3 Figure 3 (a) Raman spectra of PPy NPs, GO, Er-GO and Er-GO-PPy films; (b) TGA curves

4 of these samples; (c) deconvoluted XPS C 1s spectra of GO, Er-GO and Er-GO-PPy films.
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Figure 4 CV curves of the supercapacitor based on Er-GO or Er-GO-PPy films at different
scan rate (a, b) or at a scan rate of 50 mV/s for comparison (c) in 1M Li,SO,; Galvanostatic
charge/discharge curves of Er-GO-PPy film electrodes supercapacitor at different current
densities (d), or at 0.2 A/em? in comparison to Er-GO supercapacitor () in 1M Li;SOy;
Areal capacitances of the Er-GO-PPy and Er-GO electrodes supercapcitors as function of
current densities (f); Ragone plot of supercapacitors based on Er-GO-PPy film electrodes in
comparison to the reported graphene/conducting polymer composites supercapacitors (g);

Cycling stability of supercapacitors based on Er-GO and Er-GO-PPy film electrodes (h).
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Figure 5 (a) Nyquist plots and the simulated curves of Er-GO and Er-GO-PPy based

supercapacitors in 1M Li,SOy4 (inset: expanded views at high-frequency region); (b) The

equivalent circuit diagram used to simulate the Nyquist plots; (c) Plot of Bode phase angle

versus frequency; (d) Plot of the imaginary part of specific capacitance (C") versus frequency.
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