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of great interest for a wide range of

emerging applications in wearable
electronics, electronic newspapers, paper-like
mobile phones, and other easily collapsible
gadgets.® The realization of high-perfor-
mance flexible devices strongly depends on
the electrical properties and mechanical integ-
rity of the constitutive materials and their con-
trolled assembly into functional devices.' ©
Recent advances in flexible and miniature
devices have been driven by highly conductive
robust materials such as flexible carbon nano-
tube (CNT) thin films, buckling thin metals,
stretchable transparent graphene electrodes,
and elastic bucky gels”~'° Despite these in-
tensive efforts on the design and fabrication of
numerous flexible or bendable devices, high-
performance flexible energy-storage devices,
which should be solid state, compact, sustain-
able, mobile, and robust over periods of time,
are still challenging for the development of the
key enabling technologies such as portable
and military systems.!' "

Among various power source devices, the
supercapacitor (SC), a circuit component
that can temporarily store a large amount
of electrical energy and release it when
needed, has been recognized as a future
portable energy-storage device due to its
high power density and long cycle lifetime,
compared with lithium-ion batteries and
conventional capacitors.”®~?> In particular,
electrical double layer capacitors (EDLCs)
have received significant attention owing
to the feasibility of easy assembly into an all-
solid-state power source that can be sustain-
able, light, and flexible for emerging ap-
plications in mobile and portable devices.
The electrode materials hold the key to fun-
damental approaches and practical applica-
tions in flexible devices due to their mecha-
nical and electrical properties and the effect
of their bulk and interfacial properties on over-
all behavior."'~'7?® Accordingly, graphenes,

F lexible energy and display devices are
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ABSTRACT The realization of highly flexible and all-solid-state energy-storage devices strongly
depends on both the electrical properties and mechanical integrity of the constitutive materials and
the controlled assembly of electrode and solid electrolyte. Herein we report the preparation of all-
solid-state flexible supercapacitors (SCs) through the easy assembly of functionalized reduced
graphene oxide (f-RGO) thin films (as electrode) and solvent-cast Nafion electrolyte membranes (as
electrolyte and separator). In particular, the f-RG0-based SCs (f-RGO-SCs) showed a 2-fold higher
specific capacitance (118.5 F/g at 1 A/g) and rate capability (90% retention at 30 A/g) compared to
those of all-solid-state graphene SCs (62.3 F/g at 1A/g and 48% retention at 30 A/g). As proven by the
4-fold faster relaxation of the f-RGO-SCs than that of the RGO-SCs and more capacitive behavior of
the former at the low-frequency region, these results were attributed to the facilitated ionic
transport at the electrical double layer by means of the interfacial engineering of RGO by Nafion.
Moreover, the superiority of all-solid-state flexible f-RGO-SCs was demonstrated by the good
performance durability under the 1000 cycles of charging and discharging due to the mechanical
integrity as a consequence of the interconnected networking structures. Therefore, this research
provides new insight into the rational design and fabrication of all-solid-state flexible energy-
storage devices as well as the fundamental understanding of ion and charge transport at the
interface.
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which are composed of carbon atoms ar-
ranged in a honeycomb lattice, are expected
to be potential building blocks of flexible SCs
because of their remarkable electrical and
mechanical properties.'>'* Graphene, che-
mically modified graphene, and graphene-
based composites have been used as elec-
trode materials for high-performance SCs as
previously reported.””~?° However, the bulk
size and wet system of such a cell configura-
tion has not been shown to be suitable for
all-solid-state and flexible energy-storage
devices, and no test of performance durabil-
ity under mechanical stress has been per-
formed. In full consideration of these pro-
blems, both highly conductive robust thin
films and their easy assembly techniques of
electrode and solid electrolyte are demon-
strated here to realize highly flexible and all-
solid-state SCs.
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Fast ionic transport at the electrochemical interfaces
is critical for effective energy storage in SCs.3%3! In
particular, the physical energy storage of EDLCs is
determined by the ion diffusion and accumulation on
the surface of the electrode at the electrode/electrolyte
interface through a nonfaradaic process.'® A compre-
hensive investigation into the kinetics of ions at the
interface has been carried out for the development of
high-performance SCs: the ion diffusion into micro-
pores of activated carbon,*>~>* the surface adsorption
of ions on carbon nanotubes (CNT),>*3¢ and the facili-
tated ion diffusion into the wetted carbon surface 3”8
At the microscopic level, the interaction of lithium ion
with single- and few-layer graphenes was experimen-
tally studied, and the lithium ion diffusion in graphene
was theoretically investigated for lithium-ion batter-
ies.3? Despite these intensive efforts for the theoretical
and experimental analyses on the ion movement at the
interface, the fundamental understanding of the ion
diffusion into macroscopic graphene-based electrodes
and even of the electrochemical behavior in all-solid-
state SCs is still unexplored.

Herein we demonstrated all-solid-state flexible SCs
prepared through the assembly of Nafion-functiona-
lized reduced graphene oxide (f-RGO) thin films
(as electrode) and solvent-cast Nafion electrolyte mem-
branes (as electrolyte and separator). The superiority of
all-solid-state flexible f-RGO SCs was demonstrated by
the 2-fold higher capacitance and rate capability com-
pared to those of all-solid-state graphene SCs and the
good performance durability under the cycles of bend-
ing and relaxing. Importantly, the facilitated charge
and ion transport at the interface was comprehensively
studied for the development of high-performance SC
devices.

RESULTS AND DISCUSSION

The configuration of all-solid-state flexible thin SCs
described herein is schematically shown in Figure 1a.
Considering that the major components of SCs are
electrode, separator, and electrolyte, the key proce-
dures to configure these simple SCs are the fabrication
of functionalized graphenes, their assembly into flex-
ible thin films, and the integration of the three com-
ponents. For the fabrication of Nafion-functionalized
graphenes, graphene oxides (GOs) were prepared by
the Hummers method*® and then coated by Nafion.
Highly homogeneous f-RGO solutions were obtained
from the reduction of the resultant Nafion-functiona-
lized GOs. Free-standing flexible f-RGO films were
readily fabricated through directional convective as-
sembly. The f-RGO films were transferred onto poly-
ethylene—terephthalate (PET) substrates, in which
thin gold films were deposited by the electron-beam
evaporation technique on the edge of each f-RGO film
for electrical contact. In order to assemble the all-solid-
state flexible SC devices, the as-prepared Nafion
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Figure 1. (a) Photograph and schematic diagram of all-
solid-state flexible thin f-RGO-SC. (b) Photograph of f-RGO
films. (c) SEM image of surface on f-RGO films. (d) SEM
images of cross-section of f-RGO films (inset is high-mag-
nification SEM image). (e) SEM images of cross-section of
f-RGO-SC (inset is high-magnification SEM image).

polymer solution in N,N-dimethylacetamide was mixed
with H,SO,, slowly poured on the f-RGO thin film, and
then dried at 60 °C for 6 h. The resultant materials were
used as solvent-cast Nafion electrolyte membranes.
Another f-RGO film was wetted by Nafion solution and
then stacked on the Nafion electrolyte membrane coated
on the opposite f-RGO film. After the solidification of elec-
trolyte, the f-RGO/Nafion membrane/f-RGO-assembled
SC device in the two-electrode system was annealed at
120 °Cfor 6 h. The successful integration of f-RGO-SC was
obtained through a hot pressing procedure, which re-
sulted in close contact between the electrolyte and the
electrode for device consolidation. The resultant all-solid-
state flexible thin SCs are composed of f-RGOs with a
thickness of 5 um as electrode and a solid Nafion
membrane with a thickness of 20 um as both electrolyte
and separator. The detailed information for the fabrica-
tion of RGOs, f-RGOs, f-RGO films, and flexible SCs is
provided in the Experimental Section.

In the present work, the utilization of Nafion polymer
is of significant importance in terms of the rational
design and fabrication of the conductive and robust
electrode materials and the tight integration of elec-
trodes and electrolytes to improve the interfacial char-
acteristics for high-performance flexible SCs. Nafion
can easily functionalize carbon nanomaterials because
of its intrinsic structure, which is composed of mainly
two parts: —CF, groups making a hydrophobic back-
bone and —SOs;~ groups making hydrophilic side
chains.* For instance, it was demonstrated that the
strong interactions between the Nafion and the CNTs
result in highly homogeneous hybrid solutions.*?

VoL.5 = NO.9 = 7205-7213 = 2011 ACNJANIC)

WWww.acsnano.org

J1O1LdV

7206



Similarly, RGOs can be functionalized with Nafion
polymer based on supramolecular assembly. The
f-RGOs were synthesized by chemical reduction of
GOs previously functionalized with Nafion polymer
through the mutual hydrophobic and hydrophilic in-
teractions between both amphiphilic features of GOs
and Nafion. The chemical characterization of f-RGOs
was provided in the Supporting Information. The f-RGO
solutions exhibited enhanced processability and then
created shiny and flexible f-RGO films without any
cracks through a directional convective assembly as
shown in Figure 1b. Scanning electron microscopy
(SEM) images show that the surfaces of the f-RGO films
are wrinkled and curved (Figure 1c), while their cross-
sections are highly packed and interlocked with a
layered arrangement of the isolated nanosheets
(Figure 1d). The favorable interfacial contact between
the f-RGO films and Nafion membrane was achieved by
the infiltration of Nafion electrolyte into the pores of
f-RGO films during the solvent casting of the Nafion
membrane (Figure 1e). In an analogous manner to
GO or graphene papers as reported previously,* >
f-RGO films had well-defined macroscopic structures,
the so-called interconnecting network structures,
which can induce good mechanical properties of
composite films by means of the compactly inter-
locked morphology and high electrical properties at-
tributable to the percolated, fast charge transfer. In
addition, the rough and porous structures of the film
surfaces can improve the capacitance by increasing the
accessible specific area at the electrolyte/electrode
interface.*®*” Consequently, these complementary in-
ner and surface structures of f-RGO films are thought to
become a proper electrode for high-performance flex-
ible SCs.

Both good electrical and good mechanical proper-
ties of electrodes are prerequisites for the implementa-
tion of flexible thin SC devices."'™"” The RGO-based
supercapacitors (RGO-SCs), prepared by experimental
procedures identical to that of the f-RGO-based super-
capacitors (f-RGO-SCs), were used as a control in order
to demonstrate the superiority of f-RGO-SCs. The me-
chanical and electrical properties of f-RGO films were
analyzed by varying the weight ratio of Nafion loading
relative to GOs (0:100, 2:98, 5:95, 10:90, 15:85, 30:70,
50:50, and 70:30 wt %), as shown in Figure 2. The typical
stress—strain plots indicate that f-RGO films with >5 wt
% loading of Nafion showed higher mechanical prop-
erties, 30.1 GPa of Young's modulus and 170.2 MPa for
tensile strength, compared to those values for the RGO
films: 22.2 GPa for Young's modulus and 105.5 MPa for
tensile strength. The mechanical properties of f-RGO
films were enhanced with respect to the content of
Nafion in these experimental conditions. In contrast,
the electrical conductivity of f-RGO films was gradually
reduced at the low Nafion loading and rapidly dropped
at 15 wt % of Nafion loading. On the basis of the
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Figure 2. (a) Stress—strain curves of RGO film and f-RGO
films (Nafion loading: 5, 15, and 30 wt %) and (b) electrical
conductivities of f-RGO films with respect to the loading of
the Nafion from left: 0, 2, 5, 10, 15, 30, 50, and 70 wt %.

mechanical and electrical properties, the f-RGO-SCs
with 5 wt % of Nafion loading were chosen to compare
to RGO-SCs, and the specific capacitances of f-RGO-SCs
in the Nafion loading range between 5 and 30 wt %
were also given to optimize the chemical compositions
(see Figure S1). Consequently, the f-RGO films with 5 wt
% of Nafion loading are suitable for the concept of
flexible SCs because they meet the requirements of
high mechanical and good electrical properties.
Despite the lower conductivity of f-RGO films com-
pared to that of a pristine RGO film, furthermore, the
former had better capacitance due to the facilitated
charge propagation and ion diffusion at the electro-
lyte/electrode interface and higher mechanical stabi-
lity because of the durable film consolidation (detailed
discussion will be provided below).

The electrochemical behavior and capacitor perfor-
mances of RGO-SC and f-RGO-SC devices with the two-
electrode system were analyzed by galvanostatic
charge/discharge, cyclic voltammetry (CV), and impe-
dance measurements. For the CV curves, the specific
capacitance (C) values were calculated by dividing the
current by the voltage scan rate for two electrodes.?” In
comparison with the CV results of RGO-SCs, the f-RGO-
SCs displayed more rectangular-shaped profiles, which
can be attributed to ideal capacitive behavior as a
consequence of the fast charge and ion transport (see
Figure S2). At the scan rate of 50 mV/s the f-RGO-SCs
obtained 124.2 F/g, a 2-fold higher value compared to
64.2 F/g for RGO-SCs. This finding was confirmed by the
galvanostatic charge/discharge curves of f-RGO-SCs
and RGO-SCs at 1 A/g current density (Figure 3a).
ACY
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Figure 3. (a) Charge—discharge cycles measured with a
constant current density of 1 A/g for RGO-SC and f-RGO-SC
and (b) specific capacitances of RGO-SC and f-RGO-SC at
different constant current densities: 1, 2.5, 5, 10, 20, and 30
Alg.

In the case of galvanostatic charge/discharge, the C
value was calculated by following eq 1:%®

C = I/ImAV/AD)] (1)

where / is the current applied, AV/At is the slope of the
discharge curve after the IR drop, and m is the mass of
the f-RGO electrodes. Obviously, the specific capaci-
tance of f-RGO-SC of 118.5 F/g is about 2-fold higher
than the 62.3 F/g of the RGO-SC, and the results of
f-RGO-SCs and RGO-SCs obtained from galvanostatic
cycling were consistent with those of CV. In the range
of current density from 1 to 30 A/g, the specific
capacitances of f-RCO-SCs are ~2—3 times higher than
those of RGO-SCs (Figure 3b). In particular, the capaci-
tance values of f-RGO-SCs remained almost constant
(90% retention at 30 A/g) with respect to the changes
in the current densities from 1 to 30 A/g, while those of
RGO-SCs were dramatically decreased (48% retention
at 30 A/g). In the case of the variation of scan rate, the
f-RGO-SCs and RGO-SCs also showed the same capa-
citance behavior as the variation of current densities
(see Figure S3). This finding indicates the higher rate
capability of f-RGO-SCs compared to that of RGO-SCs.
Considering that the electrical conductivity of the RGO
electrode was higher than that of the f-RGO and that
the identical electrolyte, Nafion membrane, was used
for the two SCs, the capacitance performances are
thought to be dominantly influenced by the interfacial
characteristics such as ion diffusion, charge transfer
resistance, and charge propagation at the electrode/
electrolyte interface rather than by intrinsic bulk
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Figure 4. (a) Nyquist plots of RGO-SC and f-RGO-SC (insets
are the magnified view of the Nyquist curves and equi-
valent circuit) and (b) normalized real and imaginary part
capacitances of RGO-SC and f-RGO-SC as a function of
frequency.

electronic and ionic conductivities of the electrode
and electrolyte, respectively.

Electrochemical impedance spectroscopy (EIS) is a
very powerful tool for fundamentally understanding
the electrochemical behaviors of RGO-SCs and f-RGO-
SCs at the bulk and interface in terms of the equivalent
circuit models consisting of resistive and capacitive
elements.®*~> Figure 4a shows the Nyquist plots of
RGO-SCs and f-RGO-SCs in the frequency range of 10
kHz to 10 mHz measured at an equilibrium open circuit
potential of 10 mV. The Nyquist plot was well-fit to an
equivalent circuit as shown in the inset of Figure 4a by
following eq 2:%°
e @

Z = Rs+ e
RCT+W0

joCoL +

where Rs is bulk resistance, Cp, is double-layer capaci-
tance, W, is the finite-length Warburg diffusion ele-
ment, Rcy is charge transfer resistance, and Ci is the
faradic capacitance. The typical Nyquist spectra of
SCs can be classified into three regions following the
frequency level. At high frequency, the intersection
point on the real axis represents the ohmic resistance
of the electrolyte and the internal resistance of the
electrode, which is described as Rs. The semicircular
behavior in the high- to midfrequency region corre-
sponds to the parallel connection of the interfacial
charge transfer resistance, Rcr, and the double-layer
capacitance, Cp,. The transition from the semicircle
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to the long tail is attributed to the ion diffusion inside
the electrode, resulting in the Warburg element, W,,
which is expressed as A/(jw)", where A is called the
Warburg coefficient, w is the angular frequency, and n
is an exponent. At low frequency, a straight line parallel
to the imaginary axis is derived from an ideally polari-
zable capacitance: the incline to the real axis is due to
the resistive element of the nonideal capacitance.
Table 1 shows Rs, Rct, Cor, Cr, and W, of RGO-SCs and
f-RGO-SCs. The Rs and Rt of RGO-SCs are 1.50 and 1.12
Q, while those of f-RGO-SCs are 1.70 and 0.27 <,
respectively. The slight increase in the Rs and the
decrease of Rt of f-RGO due to the functionalization
of Nafion polymer indicate that the interfacial charac-
teristics strongly improved the performances of SCs
based on graphene. The higher Warburg slope of the
f-RGO-SCs compared to that of the RGO-SCs is indica-
tive of the faster ion movement for the formation of
the electrical double layer. The influence of Nafion
polymer on the capacitance performance of the SCs
was further studied by the Bode plots (see Figure S4).
The phase angle value of f-RGO-SCs at —76° is closer
to that of an ideal capacitor at —90°,*® compared to
that of RGO-SCs at —62°. These results indicate that
the f-RGO-SCs show an enhanced charge transfer due
to the favorable interface of the electrode and the
electrolyte.

An alternative approach to the impedance analysis
of SCs is to directly consider them as a whole by using
the impedance data. The complex form of capaci-
tance dependent on frequency, or C(w), is defined by
egs 3 and 4:33

Cw) = C'w) —iC"(w) (3)
oy =Z'w) o, Z'w)
Cw) = Wiz’ C'(w) = WZw P (4)

where C'(w) and C"(w) are the real and imaginary part
of the capacitance, C(w), respectively.

The low frequency value of C'(w), which corresponds
to the capacitance of the cell measured from the
galvanostatic charge—dischrge, is characteristic of
the electrode structure and the electrode/electrolyte
interface. In contrast, C’(w) is ascribed to the energy
dissipation by an irreversible process. Consequently,
SCs, especially in EDLCs, oscillate between two states
such as resistance at high frequency and capacitance
at low frequency. In particular, a time constant defined
as 1o = 1/fp, which is known as a dielectric relaxa-
tion time characteristic of the whole system, is ob-
tained from the maximum C’(w) at frequency f,*>
The RGO-SCs and f-RGO-SCs had a relaxation time
of 0.87 and 0.17 s, respectively, in these measure-
ment conditions. In order to demonstrate the contri-
bution of these two states to the capacitance, both
C'(w) and C"(w) are normalized to |C(w)|, as shown in
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TABLE 1. Components of the Equivalent Circuit Fitted for
the Impedance Spectra Shown in Figure 4a

W, = Alljo)"
R(Q)  Ra(Q)  Gu(mFlg) AQ-s™ n G
RGO-SC 15 1.21 18 13 0.56 59
fRGO-SC 17 0.27 21 31 063 102

Figure 4b. The f-RGO-SCs clearly exhibited more capa-
citive and less resistive behavior, compared to the
RGO-SCs, at the low-frequency range where the ion
diffusion occurs. Therefore, the facilitated ion diffusion
at the electrical double layer is proven by the 4-fold
faster relaxation of the f-RGO-SCs than that of the RGO-
SCs and more capacitive behavior of the former at the
low-frequency region, which emphasizes the merits of
the f-RGO-SC system.

Herein, it is possible to demonstrate the improve-
ment of ion and charge transport at the interface as a
consequence of the functionalization by Nafion poly-
mer along four main lines of thought. First, the charge
propagation of f-RGO-SCs, especially in ion transfer, as
demonstrated by the rectangular CV behavior, Rcr, and
Warburg slope, was facilitated by the high ionic con-
ductivity of Nafion polymer coated on RGOs. lons can
readily accumulate on the surface of the electrode by
means of fast ion mobility for the boosted charge
propagation. Second, the wetting behavior of Nafion
polymer makes mobile ions easily accessible to the
pores of f-RGOs. The easy access to the pores of f-RGOs
is important to increase the performance of EDLCs by
means of low mass transfer resistance of ions at the
interface, because the capacitance is dependent on the
density of charges physically adsorbed on the surface
of the pores at the electrical double layer that consists
of Stern and diffuse layers, as suggested by the Stern
model."® Third, Nafion polymer acted as an electro-
chemical binder for the adhesion of the Nafion-coated
electrode and Nafion membrane in the process of
assembly into solid-state supercapacitors.*>° The low-
er Rcr of f-RGO compared to that of RGO can be the
result of the close contact between the electrode and
the electrolyte due to the role of Nafion polymer as a
binder, which was assisted by hot pressing. Fourth, the
interconnected networks of f-RGO are beneficial for
the percolating systems of charge transfer in terms of
the construction of continuous transport pathways,
which boost the fast charge transport. A homoge-
neous interdistribution of Nafion polymer/graphene
in hybrid systems makes the diffusion path of ion
species shorter.

The performance durability of f-RGO-SCs under cyc-
lic strains should be addressed to demonstrate the
potential for flexible energy-storage devices as shown
in Figure 5. The capacitance performances of f-RGO-
SCs at 100 mV/s of scan rate were measured with
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Figure 5. (a) Photographs of SC prior to the bent experiments, (b) cyclic voltammograms of f-RGO-SC and bent f-RGO-SC at
100 mV/s scan rate, (c) cyclic voltammograms of RGO-SC and bent RGO-SC at 100 mV/s scan rate, and (d) durability test
of RGO-SC and f-RGO-SC by measuring 1000 charge—discharge cycles with a constant current density of 1 A/g at the bent

state.

respect to a bending radius of 2.2 mm, corresponding
to —28.5% of the maximum applied tensile strain, while
those of RGO-SCs were tested as a control under
identical conditions. In comparison to the previous
results under no strain, the CV curves of the f-RGO-
SCs displayed almost the same rectangular shape and
specific capacitances as those before the bending test.
In contrast, the bending tests changed the CV curves of
the RGO-SCs into nonrectangular shapes, and their
specific capacitances were reduced from 68 F/g to 40
F/g. In order to confirm the performance durability of
the f-RGO-SCs, galvanostatic charge—discharge tests
at the constant current density of 1 A/g up to 1000
cycles were carried out with the bending of devices
to —28.5% tensile strain. Remarkably, no significant
changes in the specific capacitances of f-RGO-SCs
were observed during 1000 charge—discharge cycles,
whereas those of RGO-SCs dramatically decreased with
the cycling of bending. Even during severe bending
and long-term cycling tests, the specific capacitances
of the f-RGO-SCs remained stable. It is worthwhile to
note that the interpenetrating networking structures
of the f-RGO and the good adhesion between

EXPERIMENTAL SECTION
Chemicals. Graphite powder (<20 uM), hydrazine solution

(35 wt % in water), and Nafion (perfluorinated resin solution,
5 wt % in lower aliphatic alcohol and water mixture) were
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electrode and electrolyte led to the mechanical integ-
rity of the consolidated films as well as to the favorable
interfacial electrochemical behaviors.

CONCLUSION

We have demonstrated a general and rational strat-
egy to fabricate all-solid-state flexible thin SCs through
the integration of robust, conductive, and free-stand-
ing f-RGO electrodes and a solid Nafion electrolyte
under the hot pressing procedure. Notably, the f-RGO-
SCs revealed high specific capacitance and rate cap-
ability due to the fast ion and charge transport at the
interface, as well as no noticeable decrease in perfor-
mance over long device operating times under bend-
ing conditions as a result of good mechanical integrity.
In particular, the facilitated ion diffusion and charge
transfer in SCs was intensively studied to understand
the improvement of performance by means of the
functionalization of RGO by Nafion polymer. Therefore,
this concept would pave a simple and useful way to the
development of all-solid-state flexible energy-storage
devices, allowing for the fundamental understanding
of electrochemical behavior at the interface.

purchased from Aldrich. 1-Propanol was obtained from
Junsei.

Synthesis of f-RG0. GOs as raw materials were synthesized
by the modification of Hummers method and described
elsewhere.*® Prior to the preparation of f-RGO, dry GOs
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(10 mg) were fully exfoliated in deionized (DI) water (10 mL) by
ultrasonic treatment for 30 min (Fisher Scientific model 500
ultrasonic, 350 W), and then 1-propanol (10 mL) solution was
added into the GOs in DI water. The complete exfoliation of GOs
in DI water/1-propanol solvent was confirmed by TEM and AFM
analyses as shown in Figure S5. In order to functionalize RGOs
with Nafion polymer, varying the weight ratio of Nafion loading
relative to GOs (0:100, 2:98, 5:95, 10:90, 15:85, 30:70, 50:50, and
70:30 wt %), they were mixed with 0.5 mg/mL of GOs in 20 mL of
DI water/1-propanol bisolvents (volume ratio of 50:50). The
mixture of GOs and Nafion was treated by sonication for 60
min. A highly homogeneous black dispersion of f-RGOs was
obtained after reduction was achieved by addition of 100 uL of
hydrazine solution at 85 °C for 24 h. The resulting mixture was
washed with DI water and ethanol several times, and the f-RGOs
were purified by dialysis for one week to remove the remaining
hydrazine and impuirities. Finally, the powder was filtered and
dried under vacuum at room temperature and stored. Char-
acterization of chemical structures of f-RGOs was performed by
the analysis of FT-IR, XPS, NMR, and Raman spectroscopies as
show in Figures S6—S10.

Fabrication of f-RGO-SC Devices. The f-RGO-SCs were prepared
by assembly of a solvent-cast Nafion electrolyte membrane with
two f-RGO films face-to face. Prior to fabricating the SC devices,
the f-RGO films were prepared by filtering homogeneous solu-
tions in DI water/1-propaonl (volume ratio of 50:50) bisolvents
through an Anodisc membrane filter (47 mm in diameter,
0.2 um pore size, Whatman). The resulting films were dried in air
and peeled off of the filter membrane, reported in the method
for preparation of GO papers. As-prepared free-standing flexible
conductive f-RGO films served as electrodes for SCs. The f-RGO films
were transferred onto polyethylence-terephthalate (PET) sub-
strates, where thin gold films were deposited on the edge of
each f-RGO film for electrical contact by the electron-beam
evaporation technique. On the other hand, in order to integrate
all-solid-state flexible thin SCs, a Nafion membrane was used as
both electrolyte and separator and prepared following the
procedure. Nafion solution in N,N-dimethylacetamide was
mixed with H,SO,4 (50 wt %) and then was stirred until the
mixture became a homogeneous solution. In order to assemble
into all-solid-state flexible SC devices, the as-prepared Nafion
solution was slowly poured on the f-RGO thin film and then
dried at 60 °C for 6 h. Another f-RGO film was wetted by Nafion
solution and then stacked on the Nafion electrolyte coated on
f-RGO film. After the solidification of the electrolyte, the f-RGO/
Nafion membrane/f-RGO-assembled SC device was annealed at
120 °C for 6 h. The successful integration of f-RGO-SC was
obtained through a hot pressing procedure at 100 kg/cm? and
130 °C for 3 min, which resulted in close contact between the
electrolyte and the electrode for device consolidation. The
resultant SC devices were immersed in a 1 M H,SO,4 solution
and dried at 60 °C prior to use. All-solid-state flexible thin SCs are
composed of f-RGOs with a thickness of 5 um as electrode and
solid Nafion membrane with a thickness of 20 um as both
electrolyte and separator. RGO-SCs as a control sample were
prepared following the same protocols as RGO-SCs.

Characterization. Transmission electron microscopy (TEM)
images were collected on an E.M. 912 Q energy-filtering TEM
(EF TEM 120 kV) and a JEM-3010 HR TEM (300 kV). The scanning
electron microscopy (SEM) micrographs were obtained using a
field emission scanning electron microscope (FEI Sirion model)
equipped with an in-house Schottky emitter in high stability.
The atomic force microscopy (AFM) images were recorded in
the noncontact mode using a Nanoman Digital Instruments
3100 AFM (VEECO) with an etched silicon aluminum coated tip.
The Fourier transform infrared (FT-IR) spectra were collected on
a JASCO FT-IR 470 plus. Each spectrum was recorded from 4000
to 650 cm ™' with using 12 scans at a resolution of 4 cm ™. The
diffraction angle of the diffractograms was in the range 260 =
5—40°. Solid-state magic angle spinning (MAS) nuclear mag-
netic resonance (NMR) spectra were collected on a Bruker
Avance 400 spectrometer operating at 10 kHz using a 4 mm
MAS. Spectra based on free induction decays with moderate
decoupling power were averaged over 4000 scans with a
recycle delay of 4 s. The Raman spectra were recorded from
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3500to 100 cm ™' on a Bruker FT Raman spectrophotometer RFS
100/S using a 785 and 1064 nm dual-channel laser at a resolu-
tion of 1 cm™~". The X-ray photoelectron spectroscopy (XPS) data
were obtained using a Thermo MultiLab 2000 system. An Al
Mga X-ray source at 200 W was used with pass energy of 20 eV
and 45° takeoff angle under 10~ Torr vacuum analysis cham-
ber. The high-resolution scans of C and low-resolution survey
scans were analyzed for each sample at least two separate
locations. Electrical conductivities of RGO and f-RGO films were
measured by using the standard four-point probe technique
(Loresta-GP, Mitsubishi Chemical). All electrochemical data
were obtained at room temperature within the error range of
+5%. Mechanical property tests were performed by a dynamic
mechanical analyzer (DMA Q800, TA Instruments) at room
temperature. The samples were cut with a razor blade into
rectangular strips of approximately 3 x 15 mm? for mechanical
testing and were gripped using film tension clamps with a
clamp compliance of 0.2 um N~". All tensile tests were con-
ducted in controlled strain rate mode with a preload of 0.01 N
and a strain ramp rate of 0.05%/min. Tensile modulus was
determined by fitting the stress—strain plot in the elastic regime
with a straight line. The electrochemical characteristics were
evaluated by cyclic voltammetry using a CHI 760D electroche-
mical workstation (CH Instruments) and galvanostatic charge/
discharge using a Solartron 1260 at room temperature (RT). CV
measurements were performed at different voltage scan rates
in a range from 10 to 500 mV/s. Galvanostatic charge/discharge
measurements were carried out at different current density
from 1 to 30 A/g. The electrochemical impedance spectroscopy
measurements were performed over a frequency range from
10° to 103 Hz at the amplitude of the sinusoidal voltage of 10
mV and RT on supercapacitor devices using a Solartron 1260
impedance/gain-phase analyzer. The performance of flexible
SCs was demonstrated by measuring the capacitance of SCs
with respect to a radius of 2.2 mm, corresponding to —28.5% of
the applied tensile strain. A life cycling test of SCs was taken by
measuring the galvanostatic charge/discharge at the constant
current density of 1 A/g up to 1000 cycles with the bending of
devices to —28.5% of the applied tensile strain (2.2 mm of
bending radius).
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