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ABSTRACT: Flexible supercapacitor electrodes have been fabricated by simple
fabrication technique using graphite nanoflakes on polymer lapping films as o
flexible substrate. An additional thin layer of conducting polymer polypyrrole
over the electrode improved the surface conductivity and exhibited excellent
electrochemical performances. Such capacitor films showed better energy
density and power density with a maximum capacitance value of 37 mF cm™
a half cell configuration using 1 M H,SO, electrolyte, 23 mF cm™ in full cell,
and 6 mF cm ™ as planar cell configuration using poly(vinyl alcohol) (PVA)/
phosphoric acid (H;PO,) solid state electrolyte. Moreover, the graphite
nanoflakes/polypyrrole over polymer lapping film demonstrated good flexibility

and cyclic stability.
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Bl INTRODUCTION

Recent advances in electronics have peaked in flexible, bendable
electronic equipment such as wearable devices, foldable/rollup
displays, wireless sensors, smart cards, and flexible mobile
phones.' ™ These flexible electronics require high-performance
energy storage systems that have to be lightweight, ultrathin,
flexible, wearable, and even foldable and rollable.”> However,
commercially available energy storage systems such as batteries
and supercapacitors are not applicable for flexible electronics
due to their significant weight, rigidity, and bulkiness.
Therefore, a growing demand for lightweight and ultrathin
energy storage devices, and in particular flexible batteries and
supercapacitors, is expected to require flexible devices.®’
Among these, flexible supercapacitors (SCs) have attracted
much attention due to their higher power density, longer
operating lifespan than batteries, and higher energy density
than dielectric capacitors.® SCs have been classified into
electrochemical double-layer capacitors (EDLCs), that use
double-layer capacitance arising from the separation of charge
at the interface between the electrode/electrolyte, and
pseudocapacitors, which utilize fast faradaic redox reactions
that occur on the surface or in the bulk of materials.”'® Another
interesting category is hybrid SCs, which combine the
mechanism of both EDLCs and pseudocapacitors and exhibit
excellent energy storage properties.11

Generally, for the fabrications of hybrid SC electrodes the
carbon surface was modified with redox materials like transition
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metal oxides, hydroxides, or sulfides, or with conducting
polymers.'>"> Transition metal compounds like RuO,,'*
NiO,"* MnO,,'® CoS,'” Ni(OH),,'® etc.,, in composites with
carbon nanostructures, were demonstrated as potential
electrode materials for supercapacitor applications. The low
conductivity and use of expensive materials are the main
drawbacks of these metal oxide composites. Interestingly, the
composite materials based on carbon nanostructures and
conducting polymers are even promising since they can
combine two relatively cheap materials to gain large
pseudocapacitance with better conductivity and mechanical
strength."?° In addition to this the polymer/carbon composite
is a promising strategy for the fabrications of flexible SCs as
compared to other composite materials owing to their easy
processing, mechanical flexibility, and compatibility. Several
composites based on conducting polymers like polyaniline
(PANTI),*" polypyrrole (PPy),”* and poly[3,4-ethylene dioxy-
thiophen] (PEDOT)** with carbon nanostructures were
extensively studied. Among these polymers, polypyrrole is a
potential material that exhibits high conductivity, good stability
in water and air, ease of processing, and relatively low cost.
Polypyrrole/carbon composite materials such as carbon black/
polypyrrole,** carbon nanotubes/PPy,* carbon onion/PPy,**
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Figure 1. (a) Photographic demonstration of electrodes and SC fabrication steps. (b) Fabrication steps of planar SC and the photograph of SCs with

and without gold electrode.

graphene/PPy,*® etc. have been reported as effective SC
electrode materials and have achieved good specific capacitance
and electrochemical performance.

The fabrication of flexible SCs required a current collector
(substrates) which has to be highly flexible, cost-effective, stable
against corrosive electrolyte, and easy to fabricate. Recently,
great efforts have been made to fabricate flexible super-
capacitors employing various types of carbon materials, metal
oxides, and conductive polymers into a number of flexible
substrates, such as plastics, textile fibers, metal wires, papers,
and cellulose.**” " Generally, complicated fabrication techni-
ques have been adopted for the preparation of these SCs, while
the flexible substrate needs to be reliable, simple, stable, and
cost-effective. However, flexible substrates often require gold
coating, which increases the overall cost of fabrication. Fiber
based substrates suffer from complicated fabrication methods,
complex structures, and relatively low flexibility, which could be
obstacles for the overall performance of flexible SCs.*"*
Carbon based nanostructures like CNTs, graphite sheets,
graphene, etc. are attractive materials for SC substrate
fabrications. Since it is highly stable in any type of aqueous
electrolyte and very flexible, the same material could gotentially
act as an active material as well as current collector.”

In this present work, we report a simple design for the
fabrication of flexible supercapacitor electrodes and their
characterization. The flexible electrodes were constructed by
scraping a graphite rod over a commercially available polymer
lapping film having appropriate grit (4000; particle size 3 ym).
A thin layer of conducting p-toluene sulfonate (pTS)-doped
polypyrrole (PPy) was galvanostatically polymerized over the
graphite coated lapping film to form a hybrid flexible SC
electrode. Such capacitor sheets showed a maximum
capacitance of 37 mF cm™ in a half cell using 1 M H,SO,
electrolyte, 23 mF cm™ in full cell, and 6 mF cm™ as planar
cell configuration using poly(vinyl alcohol) (PVA)/H;PO,
solid state electrolyte.

B EXPERIMENTAL METHODS

Graphite Flake/Polypyrrole Electrode Fabrications. Alumi-
num oxide bonded polyester lapping films of grit 1500, 4000, 8000,

and 15000 were purchased from Thorlabs Japan Inc. Initially the
smooth surface of a graphite rod (Dong Lin Co. Ltd.,, Korea) was
gently scraped over the clean surface of lapping film until a uniform
graphite layer formed. The film was then rinsed with absolute ethanol
and deionized (DI) water to remove the loosely bonded graphite
flakes, leaving behind ca. 0.3 mg cm™ of GFs coated over 4000 grit
lapping film. A conducting polymer layer (pTS-doped polypyrrole)
was deposited galvanostatically using ZIVE-SP2 electrochemical
workstation in a three electrode arrangement containing a working
electrode of GF coated lapping film, a carbon mesh counter electrode,
and a Ag/AgCl reference electrode. The deposition was performed in
an aqueous solution containing 0.1 M pyrrole and 0.1 M p-toluene
sulfonic acid sodium salt, at a constant current density of 2 mA cm™
for 3 min. The resultant GF/PPy film was rinsed with DI water and
dried at 60 °C. The mass of the PPy film deposited over the GF coated
lapping film was ~0.25 mg cm ™2 Finally, a conducting silver paste was
painted over the appropriate portion of the GF/PPy flexible electrode
to act as a contact electrode.

Fabrication of Flexible Solid State Supercapacitors. Poly-
(vinyl alcohol) (PVA)/phosphoric acid (H;PO,) electrolyte was
prepared by the solvent casting method. PVA (1 g) was dissolved in
DI water (10 mL) at 90 °C with vigorous stirring until the solution
became clear, and then 1.5 g of H;PO, was added into the hot solution
and stirred at room temperature overnight. The flexible solid state
supercapacitor was fabricated by immersing the selected area (1 X 1
cm?) of GF/PPy lapping film in the PVA/H,PO, electrolyte for S min,
and then the electrode was left for 4 h at 40 °C to form a less aqueous
electrolyte film. Finally, the supercapacitor was assembled by
sandwiching the two electrodes under pressure. The device was finally
placed in a vacuum oven at 60 °C to remove excess water.

Fabrication of Planar Supercapacitors. The 2D patterned
planar GF electrodes were fabricated by gently scraping the smooth
surface of a graphite rod over the appropriate area of the polymer
lapping film (size ~2 X 1.5 cm?) as represented in Figure 1b. The gap
between the two adjacent electrode fingers is ~1.6 mm. A layer of
pTS-doped polypyrrole was deposited galvanostatically over the
adjacent GF electrodes separately at a constant current density of 2
mA cm™” for 3 min. Then, a thin layer of gold contact electrode was
coated by vacuum evaporation over the GF/PPy electrodes placing a
mask between space of the electrode fingers. Finally, the spaces
between the electrodes were filled with PVA/H;PO, electrolyte and
dried overnight in a vacuum oven at 60 °C. The bare GF planar SC
was fabricated by same procedure without deposition of polypyrrole

film.
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Figure 2. SEM image of GF coated 4000 grit polymer lapping film: (a) low magnification and (b) high magnification image. SEM image of GF/PPy
coated 4000 grit polymer lapping film (c) low magnification and (d) high magnification image.

Characterizations and Electrochemical Measurements. The
crystallinity and structure of graphite rod and GF and GF/PPy thin
films were analyzed by X-ray diffraction (XRD, D/Max-2400, Rigaku)
using a Cu Ka source operated at 40 kV and 30 mA in the 20 range
10—80°. Surface morphology of thin films was revealed using field
emission scanning electron microscope (FE-SEM, S-4200, Hitachi)
operated at 15 kV. Transmission electron microscopy (TEM) of GF
was recorded using a JEOL (Japan) model JEM-2100F microscope.
Surface resistance of films was tested with a Keithley 2100 digital
multimeter and four probe electrodes (Pen probe VLI Teraleader.
Inc.). Attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) measurement was performed using ATR-FTIR
spectrometer (Smiths Detection). Electrochemical measurements were
performed at room temperature (~25 °C) using ZIVE - SP2 (Korea)
electrochemical workstation, and in three electrode configuration with
a working electrode of GF or GF/PPy film, a carbon mesh counter
electrode, and a 3 M KCl-Ag/AgCl reference electrode in 1 M H,SO,
or 1 M Na,SO, aqueous electrolyte solutions.

Calculation of Area Capacitance, Energy, and Power
Density. Area capacitance (C,.,) values were calculated from CV
data according to

C

rea = fi dV/2(A X s X AV) 1)
where A is the area of active material on electrodes (cm?), s is the scan
rate (mV s7!), i is the voltammetric current (A), and AV is the
potential window of the CV curve.

Area capacitance (C,,) values from galvanostatic charge/discharge
curves were calculated according to>*

Carea = 2 x Darea X I/V2 (2)
where I is the applied current (A), A is the active area of the electrodes
(cm?), D, is the area under the discharge, and V is the potential
window excluding IR drop (V).

The electrochemical performances of all flexible capacitors shown in
Ragone plots were based on area capacitances measured using
galvanostatic charge/discharge curves. The energy density and the
power density of the SCs were estimated according to

E=1/2%C,V* (3)
and
P = E/At X 3600 4)

where E is the energy density (W h cm™), V is the operating potential
(V), Cypeq is the area capacitance (mF cm™2) of the SCs, P is the power
density (W cm™2), and At is the discharge time (s).

B RESULTS AND DISCUSSION

Figure la shows the photographic account of electrode
fabrication steps utilizing polymer lapping film/graphite rod
and polypyrrole. Figure 1b depicts the fabrication steps of
planar supercapacitors over polymer lapping film and shows the
photographs of fabricated cells. Lapping sheets are similar to
sand paper and have tiny aluminum oxide particles glued to a
substrate of polyester with resin. In the present investigation
four different types of lapping sheets of grit 1500 (12 ym AL O,
particle size), 4000 (3 ym), 8000 (1 gm), and 15 000 (0.3 yim)
were used as a flexible substrate. Among these, 4000 grit shows
a better loading of micron to nanosized graphite flakes over the
surface with a good surface conductivity. Supporting
Information Figure Sla shows the scanning electron micros-
copy (SEM) image of the 4000 grit lapping sheet
demonstrating its rough surface capable of holding several
layers of graphite flakes strongly as well as uniformly.

The SEM image of graphite scraped over the 4000 grit
lapping sheet (Figure 2a,b) reveals that the graphite was formed
as thin micron sized sheets of 2D graphite flakes (GFs) with
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Figure 3. (a, b) TEM image of GF from 4000 grit polymer lapping film. (c) SAED pattern of graphite flakes. (d) ATR-FTIR spectra of GF and GF/

PPy coated lapping film.

thickness of a few nanometers. Moreover, low-magnification
SEM (Supporting Information Figure S1b) shows that the
graphite forms a relatively uniform film over a large surface area
on the lapping film. For 8000 and 15 000 grit lapping films only
a relatively low density of graphite flakes (~0.1 and 0.04 mg of
GF was coated over 8000 and 15000 grit lapping film,
respectively) are nonuniformly coated, as shown in the
representative SEM image of 8000 and 15000 grit film
(Supporting Information Figure S1d,e). The surface resistance
of GF coated 4000 grit film (195 Q cm™) was much less than
that of GF coated 8000 grit film (15 k& cm™2). GF coated 1500
grit film showed a relatively low surface resistance of 150 €
cm™%; however, particles easily flaked off from the substrate due
to the loading of large graphite particles (~0.8 mg), meaning
that this particular material is inappropriate as a flexible
substrate (Supporting Information Figure S1c). On the basis of
the results of these experiments, 4000 grit lapping film was
confirmed as a better flexible substrate for SC fabrication.

In order to further improve the conductivity and surface
quality of GF coated films, a layer of pTS-doped polypyrrole
(since it is known that the pTS dopant can improve the stability
of PPy SCs)*™*” was galvanostatically deposited at 2 mA cm™
(Supporting Information Figure S2a). Figure 2c,d shows an
SEM image of the PPy coated GF surface, confirming the
formation of PPy film with few cauliflower-like morphologies
constituted by microspherical grains which is in good
agreement with the previous reports of PPy film deposited by
the electro-polymerization technique.*®*® The cross sectional
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SEM image of GF/PPy film shows that a nearly 5 ym thick film
was coated over the lapping film surface (Supporting
Information Figure S1f). Moreover, the film demonstrated a
very low surface resistance of ~89 Q cm™ with a uniform
coating over a large area, as shown in Supporting Information
Figure S2b. A transmission electron microscopy (TEM) image
was recorded for the GF obtained from the surface of 4000 grit
lapping film (Figure 3a and b), which confirmed that the
micron sized sheets of 2D graphite flakes resembling a few
hundred graphene sheets stacked irregularly. The selected area
electron diffraction (SAED) pattern of graphite flakes is shown
in Figure 3c, where the diffraction spots indicate the good
crystallinity of the GF. Furthermore, Supporting Information
Figure S3a shows the X-ray diffraction pattern of graphite,
polymer lapping film, GF, and PPy coated GF films. The
prominent diffraction peaks of (002) and (004) are assigned to
the hexagonal structure of graphite crystals and are in good
agreement with the JCPDS card (no. 41-1487). The XRD
pattern of lapping film shows the diffraction peaks of Al,O;
crystallites glued in the lapping film surface (JCPDS 10-0123).
The diffraction peak at 25.58° of Al,O; was reflected in both
GF and GF/PPy films with a broad pattern; this peak
broadening might be the reflection from the (002) phase of
thin graphite flakes. Moreover an additional small peak was
observed at 54.5° for both GF and GF/PPy coated films which
matches the (004) diffraction of the bare graphite sample. In
GF/PPy coated films no diffraction peaks due to PPy were
observed, likely due to less crystallinity of the PPy layer

DOI: 10.1021/acsami.5b02070
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Figure 4. (a) CV curves of GF/PPy electrode in 1 M H,SO, electrolyte at different scan rates. (b) CV curves of GF/PPy flexible full cell for various
scan rates. (c) CV curves of GF/PPy planar cell for various scan rates. (d) Evolution of the area capacitance versus scan rate for GF, GF/PPy

electrodes in 1 M H,SO, electrolyte and GF, GF/PPy flexible full cells.

compared with the GF and Al,O; particles. To ensure the
presence PPy layer the ATR-FTIR spectrum was recorded for
the surface of GF and GF/PPy coated films (Figure 3d). The
few broad absorption peaks observed in GF film at 2320, 2011,
1994, and 1921 cm™! are attributed to the vibrations of O—H,
C—H, and C=O0 of the impurities present in the graphite
surface. From the spectrum of the GF/PPy film few additional
absorption peaks are observed due to the presence of the PPy
layer. The broad band at 1650 cm™ present in the GF/PPy film
is attributed to the fundamental vibration of pyrrole ring. The
peaks at 1510 and 989 cm™' shows the stretching modes of PPy
rings. The absorption band at 1412 and 1050 cm™ is an
indication of the =C—H in plane vibration of PPy, and the
band at 1266 and 1110 cm™ can be ascribed as the C—N
stretching vibration or C—H in plane deformation
mode.””*”* The ATR-FTIR spectrum of the bare lapping
film is shown in Supporting Information Figure S3b
representing the vibration of functional groups present in the
polyester substrate. These peaks were not observed in both GF
and GF/PPy coated lapping film revealing that the presence GF
and PPy masks the absorption peaks of substrate.
Electrochemical capacitance behavior of the flexible GF and
GF /PPy substrates was measured by cyclic voltammetry (CV)
and galvanostatic charge/discharge tests in 1 M H,SO, in a
three electrode configuration and employing PVA/H;PO, solid
polymer electrolyte in symmetric full cell (FC) and planar cell
(PC) configuration. Figure 4a shows the CV curves of a GF/

13409

PPy electrode in 1 M H,SO, at various scan rates. The CVs
show a nearly rectangular shape illustrating an excellent
electrochemical performance and reflected a maximum area
capacitance of 32 mF cm™ at a scan rate of S mV s, which is
much higher than the area capacitance of a bare GF based
flexible electrode (5.9 mF cm™) at the same scan rate (CVs
shown in Supporting Information Figure S4a). This observation
reveals that a layer of PPy over GF effectively reinforced the
surface state and remarkably improved electrochemical
performance with additional pseudocapacitance originating
from the PPy film. Moreover, CVs were measured for both
GF and GF/PPy flexible electrodes in 1 M Na,SO, electrolyte
(Supporting Information Figure S4b,c). These electrodes
showed area capacitance values of 2.9 and 264 mF cm™?
respectively, at S mVs™' scan rate, affirming comparable
capacitance values in neutral aqueous electrolyte. Additionally,
CVs of various grit (1500, 8000, and 15000) GF coated
lapping sheets were measured in 1 M H,SO, electrolyte and
compared with 4000 grit lapping film based electrode. The
obtained CVs at 100 mV s™' scan rate are presented in
Supporting Information Figure S5a, and the electrodes exhibit
area capacitances of 1.67 mF cm™ for 1500 grit, 0.22 mF cm™
for 8000 grit, and 0.084 mF cm ™ for 15 000 grit. The 4000 grit
lapping film electrode showed much higher area capacitance
(4.07 mF cm™2) and was thus confirmed as a promising flexible
substrate for the present study.
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With a view to applications, flexible electrodes were studied
by employing symmetric full cell configuration using PVA/
H;PO, solid polymer electrolyte. The resultant CV curves for
GF/PPy at various scan rates are shown in Figure 4b (GF CVs
in Supporting Information Figure S4d). Similar to the
corresponding half-cell the CV shows a nearly rectangular
shape representing ideal capacitance behavior of the SCs. Area
capacitances were calculated to be 7.7 mF cm™ and 26 mF
cm™ for GF and GF/PPy flexible solid state SCs, respectively.
Moreover, the specific capacitance of the GF, GF/PPy, and PPy
was comparatively studied for both cell configurations to ensure
the enhancement of capacitance value. Supporting Information
Figure S6a,b shows resultant CV curves of half and full cell for
GF, GF/PPy, and PPy measured at the 25 mV s™! scan rate.
The specific capacitance were calculated to be 6 and 20 F g™
for GF (0.3 mg) half and full cell, and 138 and 80 F g™ for bare
PPy (0.25 mg) half and full cell. The combination of this to GF
and PPy layers shows a specific capacitance values of 65 and 47
F ¢!, respectively, for both half and full cell configuration.
From this observation it is clear that the layer of PPy over GF
film effectively reinforces the surface state of the electrode by
enhancing the conductivity, improving the hydrophilicity of the
surface, and providing additional pseudocapacitance.

13410

More simplified configurations of SCs the two-dimensional
(2D) planar type of supercapacitors were fabricated. Since the
2D in plane pattern takes advantage of the thin layered and flat
morphology of graphitic flakes, it is ideal for 2D devices. Also,
this design could offer the entire device advantages such as
being much thinner, lighter, and more flexible. Moreover, in 2D
design the usage of the spacer can be eliminated due to the 2D
transport of electrolytic ions between the electrodes.*'~*
Figure 4c shows the resultant CV curves of the GF/PPy planar
cell for different scan rates (GF CVs in Supporting Information
Figure SS5b). The CV shows a rectangular voltammogram at
lower scan rates with maximum specific capacitance of 6.5 mF
cm 2 and 1 mF cm™ at § mV s~ scan rate for GF/PPy and GF
planar SCs, respectively. Even at a fast scan rate of 500 mV s
the planar cells still delivered an area capacitance of 2 mF cm™;
this shows that the PC can charge and discharge rapidly up to
500 mV s~' while maintaining good capacitance characteristics
of high instantaneous power."”* The variation of specific
capacitance with respect to scan rate is shown in Figure 4d
and Figure Sa. From these plots, GF/PPy based SCs show a
large drop in area capacitance with increasing scan rate
compared with that of bare GF based SCs. Although at high
scan rate the PPy layer over GF can effectively mask the active
sites of graphite flakes and the electrochemical reaction only

DOI: 10.1021/acsami.5b02070
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occurs at the PPy surface, GF SCs show nearly constant
capacitance values representing the current accumulation
energy storage process at the active sites of GE®

Further, the electrochemical performance was evaluated via
galvanostatic charge/discharge tests using various discharge
current densities (0.5—2 mA cm™2) over the potential window
0—1 V. Charge/discharge profiles of GF and GF/PPy SCs at a
constant discharge current density of 0.1 mA cm™2 are shown in
Figure Sb,c. The corresponding charge/discharge curves at
various discharge current densities of individual SCs are
presented in Supporting Information Figure S7a—f. The curves
for GF based SCs display a typical symmetrical triangular shape
revealing that the capacitance originates from the electric
double layer at GF/electrolyte interfaces. In contrast GF/PPy
presents a slightly tilted triangle resembling those reported for
hybrid SCs,***” which confirms the overall enhancement of
electrochemical performance of GF/PPy SCs due to the
influence of the thin PPy layer. Figure Sb,c (inset) depicts the
variation of calculated area capacitance with respect to the
applied discharge current densities. The GF/PPy SC shows
excellent area capacitance in both half, full, and planar cell
forms, namely, 10—37 mF cm™2 in 1 M H,SO, electrolyte, 9—
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23 mF cm™? as flexible full cell, and 3—6 mF cm™ as planar cell
for discharge current densities ranging from 1 to 0.1 mA cm™>.
At the same time the bare GF SC shows 2—6 mF cm ™2 in 1 M
H,SO, electrolyte, 2—7 mF cm™ as flexible solid state full cell,
and 0.11—1 mF cm™2 as planar supercapacitor. Area capacitance
values of the flexible GF/PPy SCs prepared here are
comparable or higher compared to those of recently reported
fiber and paper based flexible SCs (see Supporting Information
Table S1). Moreover the capacitance value of 7 mF cm™> for
bare GF based flexible SC is higher than area capacitance values
(2.3 and 1.13 mF cm™) reported for paper/graphite based
flexible SCs.**

The cyclic stability of flexible GF and GF/PPy SCs were
investigated by continuous charge/discharge measurements
over 5000 cycles (Figure 6a) at a constant current density of 1
mA cm™> The GF/PPy SC showed excellent cycling stability
with 91% and 95.2% retention of initial area capacitance values
after 5000 cycles in H,SO, and PVA/H;PO, electrolytes,
respectively. Flexible GF electrodes in H,SO, and PVA/H;PO,,
electrolytes showed even better cyclic stability with 99.5% and
96.5% area capacitance retention, respectively, after S000 cycles.
This may be attributed to better stability of GF against acidic
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Figure 7. (a) Nyquist plots for the GF and GF/PPy flexible supercapacitors (inset shows the equivalent circuits of fit). (b) Nyquist plots for the GF
and GF/PPy planar SCs (inset shows the magnified plot of GF/PPy planar cell. (c) Bode plots for the GF and GF/PPy flexible supercapacitors. (d)

The Bode plots of GF/PPy planar SCs.

electrolytes compared to the polymer layer. Furthermore, the
cyclic test was extended for a GF film in 1 M H,SO, to 10 000
cycles, with the resultant plot depicted in the inset of Figure 6a.
The electrode showed only ~9.8% capacitance loss, displaying
the excellent stability of GF electrode in polymer lapping film.
Figure 6b shows the cyclic stability of planar GF and GF/PPy
SCs; the SCs showed good cyclic stability with ~93.5 and
93.3% retention of the initial area capacitance values after 5000
cycles of charge/discharge cycles.

Figure 6¢ shows the Ragone plot (energy density vs power
density) of GF and GF/PPy SCs. The energy density of flexible
SCs decreases from 3.194 X 107 to 9.72 X 1077 W h cm™
(GF/PPy-FC) and from 8.42 X 1077 to 1.63 X 1077 W h cm™
(GF-FC), while the power density increases from 0.0056 to
0.05 mW cm™ (GF/PPy-FC) and from 0.004 to 0.027 mW
cm ™2 (GF-FC). These results are comparable to the power and
energy densities of recently reported SCs fabricated using paper
and fiber based substrates.””* Moreover the energy densities of
planar SCs decrease from 6.97 X 1077 to 4.44 X 107 Wh cm™
and the corresponding power densities increases from 0.0026
to 0.028 mW cm™2 Furthermore, the performance of flexible
GF/PPy SC was verified by assembling three flexible SCs in
series, charging for 30 s, and then successfully powering warm
white (2.5—3 V, 10—20 mA) and pure white (3 V, 10—20 mA)
light-emitting diodes (LEDs) of S mm diameter (inset of Figure
6c). LEDs emitted very bright light after 2 min and even
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glowed after 5 min, demonstrating the good power and energy
density of the fabricated flexible SCs. The inset of Figure 6b
displays the demonstration of the GF/PPy planar SCs; a series
connection of 3 charged cells can effectively light up a blue
LED (2.2 V, 10—20 mA) of S mm diameter. In addition, the
flexibility of a GF/PPy FC was probed using CV measurements
while bent and rolled. Figure 6d shows that the areas under the
curves during bending and rolling were almost identical (just
~1.5—2% difference) to that measured under a normal straight
condition.

Electrochemical impedance spectroscopy (EIS) analysis was
performed in the frequency range 10 mHz to 100 kHz at 0 V
potential bias to further evaluate the electrochemical behavior
of SCs. The obtained Nyquist plots for GF, GF/PPy half, full,
and planar cells are shown in Figure 7a,b. Also, the plots were
analyzed using ZView software on the basis of the electrical
equivalent circuits shown in the inset of Figure 7a. The bulk
solution resistance is represented as R, the double-layer
capacitance as CPEy, and R is the charge transfer resistance
across the electrode/electrolyte interface. The spike at lower
frequency of the plots exhibits an angle between 45° to 90°
relative to the real axis, representing the diffusion control
process of the electrode, which was fitted with a Warburg
element Z,,. For GF/PPy SCs an additional CPE, representing
the pseudocapacitance of the electrodes was added to the
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circuit (ii). The best fitted values of the SCs are presented in
Table 1.

Table 1. EIS Fit Results of GF and GF/PPy SCs

Cq [F/ C, [E/
SCs R [Q] R.[Q] cm?’] z, [Q] cm’]

GF-H,S0O, 46.95 11.69 0.0021 1144
GF/PPy-H,SO, 14.3 3.23 0.0086 151.2 0.0567
GF-FC 88.95 12.51 0.0012 68.43
GF/PPy -FC 313 3.017 0.0077 39.46 0.0223
GF-PC 85.6 24.59 0.00012 5177
GF/PPy-PC 34.5 11.31 0.00036 499 0.0173

Opverall resistance values of the SCs are the combination of R
with R, and limited resistance values,*® which were found to be
relatively low for GF/PPy SCs at 17.5, 34.3, and 45.8 Q cm ™
for half, full, and planar cells compared to bare GF SCs. The
relatively low resistances of SCs may be attributed to improved
conductivity and better affinity of the GF/PPy electrodes
toward electrolytes. In addition, Bode plots of GF and GF/PPy
SCs (Figure 7c,d) indicated phase angles for different cell
configurations between —60° and —79° at a frequency of 10
mHz, which is close to the 90° of an ideal capacitor, coinciding
with the general RC equivalent circuit for supercapacitors.®

B CONCLUSION

In summary, a flexible supercapacitor electrode based on a
graphite flakes/polypyrrole hybrid structure was fabricated
through a simple technique utilizing polymer lapping film as a
flexible substrate. The flexible device exhibited good electro-
chemical performance, with area capacitance of 37 mF cm ™ in
1 M H,S0, electrolyte, 23 mF cm > within an all solid state
flexible capacitor, and 6 mF cm™ in planar configuration, with
an excellent energy density and power density. This
demonstration of GF/PPy SCs shows a great potential
application in energy management for flexible and lightweight
electronics. Moreover, the fabrication of electrodes over
polymer lapping films may greatly contribute to the utilization
of patterned rough polymer surfaces as inexpensive flexible
substrates.
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