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ABSTRACT: Scalable production of high-quality heteroatom-modiﬁed
graphene is critical for microscale supercapacitors but remains a great
challenge. Herein, we demonstrate a scalable, single-step electrochemical
exfoliation of graphite into highly solution-processable ﬂuorine-modiﬁed
graphene (FG), achieved in an aqueous ﬂuorine-containing neutral electrolyte,
for ﬂexible and high-energy-density ionogel-based microsupercapacitors (FGMSCs). The electrochemically exfoliated FG nanosheets are characterized by
atomic thinness, large lateral size (up to 12 μm), a high yield of >70% with ≤3
layers, and a ﬂuorine doping of 3 at%, allowing for large-scale production of
FG-MSCs. Our ionogel-based FG-MSCs deliver high energy density of 56
mWh cm−3, by far outperforming the most reported MSCs. Furthermore, the
all-solid-state microdevices oﬀer exceptional cyclability with ∼93% after 5000
cycles, robust mechanical ﬂexibility with 100% of capacitance retention
bended at 180°, and outstanding serial and parallel integration without the
requirement of metal-based interconnects for high-voltage and high-capacitance output. Therefore, these FG-MSCs represent
remarkable potential for electronics.

■

INTRODUCTION
The rapid development of wearable yet intelligent electronics
deﬁnes an urgent need of innovation in miniaturization,
ﬂexibility, and integration of microscale energy storage
devices.1−4 Lithium microbatteries are commercially important
microscale power sources but represent limited cycle life, low
power density, poor low-temperature kinetics, and lithiumrelated safety issues. Further, such microbatteries suﬀer from
limited miniaturization and are not well compatible with
integrated circuits.5−7 Recently, planar microsupercapacitors
(MSCs), characterized by ultrahigh power density, long-term
cyclability, robust ﬂexibility, and high safety, appear as
competitive alternatives to complement or replace microbatteries for on-chip energy storage.8−10 So far, notable eﬀorts
have been made toward high pseudocapacitive electrodes of
metal oxides (e.g., RuO2,11 MnO2,12 Ni(OH)2,13 CoO14) and
conducting polymers (polyaniline,15 polypyrrole16) for MSCs,
© 2018 American Chemical Society

but these MSCs still represent unsatisfying power capability
and cyclability.17,18 To this end, nanoporous carbon,19 carbidederived carbon,9 onion-like carbon,20 carbon nanotubes
(CNTs),21 and graphene22−27 have emerged as the most
appealing candidates for high-power and long-life MSCs.
Recently, graphene-based MSCs, including reduced graphene oxide,22−27 graphene quantum dots,28 graphene/
CNTs,29,30 graphene/polyaniline,31 graphene/thiophene,32
graphene/MnO2,33 and graphene/phosphorene,34 have been
intensively exploited. These MSCs can completely combine
the advantages of the planar device conﬁguration and the
unique features of graphene (e.g., 2D thickness, ﬂexibility) for
maximizing charge storage23,25,26 and thus furnish thinner,
smaller, and more ﬂexible devices.35,36 To boost volumetric
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Figure 1. Schematic of the fabrication of FG-MSCs. (a−c) Illustration of electrochemical exfoliation of graphite to FG nanosheets in 0.1 M NaBF4
aqueous electrolyte, via intercalation, ﬂuorination, and exfoliation (red balls: BF4− anion; blue balls: H2O molecule). (d) Photograph of as-prepared
FG ink, 0.5 mg mL−1 in water. (e) Fabrication of FG patterns with mask-assisted ﬁltration. (f) Photograph of the as-fabricated FG electrodes on the
PTFE membrane. (g) Transfer of FG electrodes onto the PET substrate. (h) Photograph of nine FG-MSCs obtained on a ﬂexible PET substrate.

ionogel-based electrolyte of 1-ethyl-3-methylimidazolium
tetraﬂuoroborate with poly(vinylidene ﬂuoride-hexaﬂuoropropylene) (EMIMBF4/PVDF-HFP), can work at a high voltage
of 3.5 V. Remarkably, our microdevices deliver high volumetric
energy density of 56 mWh cm‑3, outperforming the most
reported MSCs up to date. Meanwhile, FG-MSCs exhibit
outstanding ﬂexibility with ∼100% of initial capacitance even
at a high bending angle of 180° and eﬃcient parallel and serial
integration for enhancing the capacitance and voltage output.

performance of MSCs, incorporation with single or dual
heteroatoms (e.g., N,37 B,38 S39) into graphene lattices is a
versatile protocol due to additional pseudocapacitive eﬀects. In
particular, introduction of ﬂuorine (F), possessing excessive
high electronegativity, may be promising for optimizing
electrical properties of graphene. Indeed, this concept yields
better electrochemical performance because of the synergistic
eﬀects of increasing disorder and defects which expand
interlayer spacing and produce novel active sites of semiionic C−F bonds.40,41 On the other hand, high-voltage MSCs
using ionogel electrolyte, a gel-like form of ionic liquid with
solid component (e.g., polymer, silica), are arising as a novel
class of microscale power source. This is because they can
overcome the critical issues of the operating voltage barely
exceeding 1 V of aqueous hydrogel polymer electrolytes and
the leakage of liquid electrolytes. Despite the great success of
chemically modiﬁed graphene (N,37 B,38 S39) for MSCs,
scalable production of ﬂuorine-functionalized graphene for
high-energy ionogel-based MSCs has not yet been reported.
Here we describe a scalable, single-step electrochemical
exfoliation of graphite into highly solution-processable
ﬂuorine-modiﬁed graphene (FG) for ﬂexible and highperformance ionogel-based MSCs (denoted as FG-MSCs)
with high volumetric energy density. Electrochemical exfoliation and ﬂuorine incorporation of graphene nanosheets are
simultaneously achieved by intercalation and ﬂuorination with
ﬂuorine-containing inorganic salts under neutral and mild
conditions. Notably, FG nanosheets show atomically thin, large
lateral size of up to 12 μm, high yield of >70% with ≤3 layers,
and uniform ﬂuorine incorporation of 3 at%. Moreover, such
exfoliated FG nanosheets are readily used to produce highly
solution-processable ink (1 mg mL−1) in water without the use
of any surfactants, allowing for scalable production of largearea FG ﬁlms. Furthermore, the as-fabricated FG-MSCs, using

■

RESULTS AND DISCUSSION
Fabrication of FG Nanosheets and FG-MSCs. The
fabrication of FG-MSCs is schematically illustrated in Figure 1.
First, FG nanosheets were readily generated in a two-electrode
system, using platinum foil as counter electrode and graphite as
working electrode, in ﬂuorine-containing neutral electrolytes,
e.g., NaBF4, NH4BF4, and KPF6. The exfoliation and
ﬂuorination process of FG nanosheets occurred simultaneously
(Figure 1a−c, for example, in NaBF4 electrolyte) and involved
the following steps: (i) Applying a bias voltage allows for the
reduction of water, creating the strongly nucleophilic hydroxyl
ions (OH−), and thus attacking the edges of graphite
initially.42,43 (ii) Subsequent oxidation with OH− and
synchronous ﬂuorination with BF4− at the edges accelerate
the depolarization and expansion of graphitic layers, thereby
facilitating the intercalation of BF4− into the interior of
interlayer spacing. (iii) Continuous oxidation of BF4− anions
and water produce gaseous species such as O2, all of which
provide large forces to separate weakly bonded graphitic layers
(Figure 1c). The stable ink of FG nanosheets, collected after
ﬁltration and washing, was obtained via sonication (Figure 1d).
In comparison with the conventional Hummers method and
chemical vapor deposition that usually involve a timeconsuming laborious procedure, high temperature, multistep
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Unlike FG nanosheets prepared by previous ﬂuorination of
graphene oxide, this is the ﬁrst demonstration of electrochemically exfoliated graphene functionalized with ﬂuorine.
The FG patterned electrodes for MSCs were directly
manufactured through mask-assisted ﬁltration of the resulting
FG ink (0.5 mg mL−1) (Figure 1d,e). Then, the interdigited
patterns of FG ﬁlms on the polytetraﬂuoroethylene (PTFE,
Figure 1f) membrane were readily dry-transferred onto a
ﬂexible polyethylene terephthalate (PET) substrate (Figure
1g), directly acting as binder- and additive-free electrodes
(Figure S7 and S8), without the need of metal-based current
collectors. Finally, after drop casting of ionic liquid electrolytes
(e.g., EMIMBF4, EMIMBF4/PVDF-HFP) and device package,
FG-MSCs were produced. It is worth noting that our
developed strategy is highly robust for facile production of
FG-MSCs arrays on ﬂexible substrates (Figure 1h).
Electrochemical Performance of Liquid-Based FGMSCs. The electrochemical performance of FG-MSCs was ﬁrst
examined at a voltage of 3.5 V in liquid electrolyte of
EMIMBF4 by cyclic voltammetry (CV) curves (Figure 3a,
Figure S9) and galvanostatic charge and discharge (GCD)
proﬁles (Figure S10). To highlight the importance of ﬂuorine
attachment, we also fabricated two MSCs, one based on

processes, and aggressive reagents, our electrochemical
exfoliation protocol is a fast, straightforward yet scalable
approach for mass production of gram-scale FG nanosheets at
the laboratory (∼1.8 g in a 250 mL beaker, Figure 2a,b),
suggesting the industrial applicability.42,43

Figure 2. Morphological and structural characterization of FG
nansheets, exfoliated in 0.1 M NaBF4 aqueous electrolyte. (a, b)
FG powder on a gram scale (∼1.8 g in 250 mL beaker), indicative of
the scalability of our approach. (c) TEM image of FG nanosheets.
(d−f) HRTEM images of (d) single-layer, (e) double-layer, and (f)
three-layer FG nanosheets. (g) AFM image (inset: height proﬁle of
FG nanosheets). (h) Scanning transmission electron microscopy
(STEM) image and (i) carbon, (j) oxygen, and (k) ﬂuorine element
mapping images of a FG nanosheet taken in (h). (l) F 1s XPS
spectrum of FG nanosheets. (m) Raman spectrum of FG nanosheets.

Scanning electron microscopy (SEM, Figures S1 and S2)
displayed uniform features over large area and ﬂat sheet-like
morphology, revealing 88% of FG nanosheets with lateral sizes
of 3−12 μm (Figure S3). Transmission electron microscopy
(TEM, Figure 2c, Figure S4) showed transparent and ultrathin
FG nanosheets, with a predominant number of ≤3 layers, in a
high yield of 70% due to statistical analysis (Figure S5).
Atomic force microscopy (AFM, Figure 2g) measurements
underscored the uniform thickness of 1.6 nm, corresponding to
2 layers of typical FG nanosheets. The homogeneous ﬂuorine
incorporation of FG nanosheets was unraveled by the
elemental mapping images of carbon, oxygen, and ﬂuorine
(Figure 2h−k). The existence of ﬂuorine was also conﬁrmed
by X-ray photoelectron spectroscopy (XPS, Figure 2l),
showing a major F 1s peak of semi-ionic C−F bonds at
686.2 eV, corresponding to the isolated ﬂuorine centers
attached to the graphene basal plane, and a weak broad peak at
689.5 eV of covalent C−F bonds.40,41 Further, XPS analysis
represented the contents of approximately 3 at% ﬂuorine and
19 at% oxygen appearing in FG nanosheets (Table S1). The
Raman spectrum of FG reveals a strong D band at 1352 cm−1
and G band at 1604 cm−1 (Figure 2m) and has a larger ID/IG
ratio of ∼1.25 than that of undoped electrochemically
exfoliated graphene (EG, 0.1−0.3),42,43 due to the induced
dissymmetry of ﬂuorine functionalization. The X-ray diﬀraction pattern of FG nanosheets (Figure S6) revealed an
expanded interlayer d-spacing of 3.48 Å in comparison with
graphite (3.36 Å), indicative of F modiﬁcation in graphene.

Figure 3. Electrochemical characterization of FG-MSCs in liquid
electrolyte of EMIMBF4. (a) CVs of FG-MSCs obtained at diﬀerent
scan rates of 5−200 mV s−1. (b) CVs measured at scan rate of 50 mV
s−1 and (c) GCDs tested at current density of 0.2 A cm−3 of FGMSCs, EG-MSCs, and HG-MSCs. (d) Areal capacitance and (e)
volumetric capacitance of FG-MSCs, EG-MSCs, and HG-MSCs as a
function of scan rate. (f) Cycling stability of FG-MSCs, EG-MSCs,
and HG-MSCs for 5000 cycles obtained at a current density of 0.2 A
cm−3.
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Figure 4. Fabrication and electrochemical characterization of ionogel-based FG-MSCs. (a) Schematic (inset: EMIMBF4/PVDF-HFP ionogel
electrolyte) and (b, c) photographs of FG-MSCs using ionogel electrolyte of EMIMBF4/PVDF-HFP. (d,e) CVs obtained at varying scan rates of
(d) 1-20 mV s‑1 and (e) 50-1000 mV s‑1. (f) GCD proﬁles tested at diﬀerent current densities of 0.2∼2 A cm‑3. (g) Areal capacitance and (h)
volumetric capacitance of ionogel-based FG-MSCs. (i) EIS and (j) cycling stability of ionogel-based FG-MSCs under constant bending state (inset:
bending FG-MSCs).

than those of EG-MSCs (9.3 mF cm−2 and 70 F cm−3 at 1 mV
s−1) and HG-MSCs (7.4 mF cm−2 and 57 F cm−3 at 1 mV s−1).
Moreover, high capacitances of 4.3 mF cm−2 and 33 F cm−3
were still attained at a large scan rate of 500 mV s−1. In sharp
contrast, low capacitances of 2.7 mF cm−2 and 21.4 F cm−3 for
EG-MSCs and 2.5 mF cm−2 and 20 F cm−3 for HG-MSCs
were obtained at a scan rate of 500 mV s−1. Similarly, the
performance improvement of FG-MSCs was also evidenced by
GCD measurements (Figure 3c). Moreover, electrochemical
impedance spectra (EIS) measurements elucidated the better
capacitive behavior of FG-MSCs, with a larger slope, than the
other two MSCs (Figure S11) at low frequency, manifesting
the fast ionic diﬀusion of FG-MSCs. FG-MSCs and HG-MSCs
displayed outstanding cycling stability, with a larger
capacitance retention of 91% than that of EG-MSCs (82%)
after 5000 cycles (Figure 3f). This result suggests that FG ﬁlms
featuring highly electrical conductivity (520 S cm−1) and
excellent interfacial wettability (a low contact angle of 25.8°
against EMIMBF4, Figure S12) could allow both rapid electron
transfer and ion diﬀustion from electrolyte to electrode. In
addition, with increasing ﬁlm thickness, FG-MSCs displayed an
increased areal capacitance from 8.1 to 24 mF cm‑2 and slowly

undoped electrochemically EG (10 at% oxygen) prepared in
0.2 M H2SO4 (EG-MSCs)44 and another based on hydrothermally treated FG (HG, 13 at% oxygen and 0.6 at%
ﬂuorine, Table S1) (HG-MSCs), while the ﬁlm formation
process and cell assembly were kept the same as FG-MSCs.
The CVs of FG-MSCs presented a pronounced capacitive
behavior with nearly symmetric rectangular shape at low scan
rates of 1−20 mV s−1 and displayed a trapezoid shape at high
rates of 50−200 mV s−1, likely associated with the structural
changes throughout the loading process caused by large ions of
EMIMBF4 (Figure 3a, Figure S9). The excellent electrochemical properties of FG-MSCs were also conﬁrmed by GCD
proﬁles with negligible IR voltage drop even at high current
densities (Figure S10). FG-MSCs displayed much higher areal
current density (Figure 3b) and longer discharge time (Figure
3c) than those of EG-MSCs and HG-MSCs, indicative of
ﬂuorine functionalization greatly enhancing the capacitance.
Areal capacitance and volumetric capacitance of FG-MSCs,
EG-MSCs, and HG-MSCs are compared in Figure 3d and 3e,
respectively. Apparently, FG-MSCs delivered an exceptional
areal capacitance of 14.2 mF cm−2 and volumetric capacitance
of 110 F cm−3 at 1 mV s−1, both of which were much higher
8201
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Figure 5. Superior ﬂexibility and integration of ionogel-based FG-MSCs. (a−d) Photographs and (e) CVs of ionogel-based FG-MSCs under
various bending angles of (a) 0, (b) 60, (c) 120, and (d) 180°. (f, g) Photographs of FG-MSCs (placed on the organic glass) after charging to 3.5 V
at 0.5 A cm−3 to power a LED light. (h) CV curves tested at 50 mV s−1 and (i) GCD proﬁles measured at 1 A cm−3 of two FG-MSCs connected in
series. (j) CV curves obtained at 50 mV s−1 and (k) GCD proﬁles tested at 1 A cm−3 of two FG-MSCs connected in parallel.

declined volumetric capacitance from 115 to 92 F cm‑3 (Figure
S13). This can be explained by the reduced slopes of EIS at
low frequency with increasing ﬁlm thickness (Figure S14),
manifesting the low ionic diﬀusion in thicker ﬁlm.
Ionogel-Based FG-MSCs. Flexible and portable electronics always require their appropriate microscale power
sources, e.g., supercapacitors, which are highly ﬂexible and give
high voltage output and large energy and power densities.
Unlike aqueous hydrogel polymer electrolytes with low
operation voltage ≤1 V, ionogel-based MSCs are promising
for all-solid-state high-voltage MSCs that preserve several
intriguing properties, e.g, wide electrochemical window,
excellent thermal stability, and nonvolatility of ionic liquid,
enabling facile shaping and ﬂexible operation of the cell
without involving the leakage of liquid electrolytes. To this
end, we further constructed all-solid-state ionogel-based FGMSCs, using EMIMBF4/PVDF-HFP electrolyte (Figure 4a−
c). The CV curves were tested at varying scan rates of 1−1000
mV s−1 (Figure 4d,e), and GCD proﬁles were meausred at
diﬀerent current densities of 0.2−2 mA cm−3, as shown in
Figure 4f. The almost ideal CV curves and triangular charge
and discharge proﬁles at varying scan rates demonstrated
outstanding capacitive behavior. Remarkably, our device can be

operated well at a large voltage of 3.5 V and deliver ultrahigh
charge and discharge rates (up to 1000 mV s‑1), well
comparable to those with liquid electrolyte of EMIMBF4
(Figure 3). Interestingly, ionogel-based FG-MSCs oﬀered
high areal capacitance of 17.4 mF cm−2 (Figure 4g) and
volumetric capacitance of 134 F cm−3 (Figure 4h) at 1 mV s−1,
much higher than those with liquid EMIMBF4 (14.2 mF cm−2
and 109 F cm−3 at 1 mV s−1, Figure 3d,e). Furthermore, both
of them were much higher than those of the most reported
carbon-based MSCs, such as 0.32 mF cm−2 and 71.6 F cm−3
for methane plasma reduced graphene oxide (rGO),23 0.28 mF
cm−2 and 0.76 F cm−3 for vertically aligned CNTs,21 2 mF
cm−2 and 29.4 F cm−3 for laser written GO ﬁlm,22 9.9 mF cm−2
and 7.6 F cm−3 for onion-like carbon,20 40 mF cm−2 and 29.4
F cm−3 for rGO/CNTs,29 and 14.7 mF cm−2 and 19 F cm−3
for laser-scribed graphene,24 respectively (Table S2). When
operated even at a high rate of 100 mV s−1, the capacitance of
ionogel-based FG-MSCs declines only slightly to 11 mF cm−2
and 99 F cm−3 (Figure 4g,h), still higher than those of liquidbased devices (8.7 mF cm−2 and 78 F cm−3, Figure 3d, e). The
anomalous performance enhancement is mainly attributed to
the higher ionic conductivity of EMIMBF4-based ionogel
electrolyte (25 mS cm−1) with the optimal content of PVDF8202
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HFP (10 wt%) than that of liquid EMIMBF4 (13.8 mS cm−1)
(Figure 4i, Figure S15).45 Moreover, our ionogel-based FGMSCs exhibited excepitional cycling stability, with a remarkable capacitance retention of 93% after 5000 cycles (Figure
4j).
Flexibility and Integration of FG-MSCs. To demonstrate the robust ﬂexibility of as-fabricated microdevices, we
further examined the CVs of ionogel-based FG-MSCs under
various bending angles of 0, 60, 120, and 180° (Figure 5a−d).
It is disclosed that CV curves with diﬀerent bending angles
changed slightly, and almost 100% of initial capacitance was
kept when even bended at 180° (Figure 5e), demonstrating an
outstanding mechanical ﬂexibility. More importantly, the single
cell can eﬃciently combine high voltage output and high
storage capability. For instance, the single microdevice, after
charging to 3.5 V with 0.5 A cm−3, could readily power a lightemitting diode (LED) for a signiﬁcant time of more than 60 s
(Figure 5f,g). Moreover, FG-MSCs could be easily connected
in series and parallel, without any metal-based interconnects
and contacts, to eﬃciently boost the operating voltage and
capacitance output in ionogel electrolyte (Figure 5h−k). For
instance, the CV and GCD proﬁles presented a suﬃcient
voltage extension from 3.5 V for a single cell to 7.0 V for two
tandem cells (Figure 5h,i). Meanwhile, double capacitance
enhancement was apparently attained from two parallelly
connected FG-MSCs in comparison with a single cell (Figure
5j,k), suggesting superior modular integration.
Figure 6 shows the Ragone plot of our FG-MSCs in diﬀerent
electrolytes compared with commercially available energy

mWh cm−3). Moreover, our FG-MSCs oﬀered a power density
of ∼21 W cm−3, well comparable to electrolytic capacitors.
Therefore, our FG-MSCs possess great potential as a highvoltage and high-energy microscale power source for ﬂexible
electronics that require high operating voltage and energy in a
short time frame.
The excellent electrochemical performance of ionogel-based
FG-MSCs is attributed to the elaborated screening and
synergetic integration of each isolated device component into
one single cell. First, electrochemically exfoliated FG nanosheets are atomically thin and feature large lateral size, uniform
ﬂuorine doping, and high solution processability. These
advantages allow the eﬃcient formation of highly conductive
(520 S cm−1), ﬂexible, and compact FG patterns, engineered
by a mask-assisted approach, without the need of any metalbased current collectors. Second, the utilization of EMIMBF4/
PVDF-HFP ionogels, characteristic of high ionic conductivity
(25 mS cm−1), can not only advance the manufuturing of allsolid-state high-voltage and ﬂexible MSCs but also maintain
the strong interfacial wettability between electrolyte and
electrode. Third, ﬂuorine incorporation creates many electrochemically active sites (e.g., semi-ionic C−F bonds) and thus
provides additional pseudocapacitance. Finally, ultrathin and
ﬂexible 2D nanosheets in planar FG-MSCs with extremely
short ionic pathways can abundantly form parallel ion channels
for fast ion adsorption and surface redox reaction, thus oﬀering
high rate capability and maximal energy storage.

■

CONCLUSION
In summary, we have developed a single-step electrochemical
protocol to generate high-quality FG nanosheets for ﬂexible
and on-chip ionogel-based MSCs with high volumetric energy
density, outstanding ﬂexibility, exceptional cyclability, high
voltage output, and superior integration. Our approach is
highly scalable for the environmentally friendly gram
production of solution-processable FG nanosheets using
neutral aqueous electrolytes and facile for the creation of
high-voltage and high-energy MSCs. Therefore, our strategy
will pave the way for scalable and fast exfoliation of graphite to
chemically modiﬁed graphene and for large-scale production of
ﬂexible and high-energy ionogel-based MSC arrays that satisfy
the stringent requirement of wearable electronics.

■

EXPERIMENTAL SECTION

Electrochemical Production of FG Nanosheets. Typically,
graphite foil (0.13 mm, carbon content: 99.8%, Alfa Aesar) was
chosen as working electrode, and a Pt foil was used as counter
electrode, both of which were immersed in 0.1 M NaBF4 aqueous
electrolytes. The distance between graphite and Pt foil was ∼2 cm.
Electrochemical exfoliation of graphite was conducted by applying
positive voltage at 10 V for 15 min. Afterward, the exfoliated product
was collected on a PTFE membrane (pore size 0.2 μm) by ﬁltration
and washed several times with deionized water. The resultant product
was dispersed in water by sonication for 40 min and let to stand for 24
h at room temperature. Finally, the supernatant of FG nanosheets was
used for characterization and thin-ﬁlm fabrication.
Preparation of Ionogel Electrolyte. PVDF-HFP polymer was
fully dissolved in acetone. Then, EMIMBF4, dried in a vacuum oven at
105 °C for 5 h, was mixed with the above solution of PVDF-HFP/
acetone and stirred magnetically for 1 h. The optimal mass ratio of
EMIMBF4 and PVDF-HFP was adjusted to be ∼9. The resultant
ionogel electrolyte of EMIMBF4/PVDF-HFP was slowly drop-casted
on the project area of electrode patterns.
Materials Characterization. The morphology and structure of
graphene nanosheets and as-fabricated ﬁlms were examined using

Figure 6. Ragone plot of FG-MSCs in diﬀerent electrolytes in
comparison with lithium thin-ﬁlm battery (4 V/500 μAh), electrolytic
capacitor (3 V/300 μF), and activated carbon supercapacitors (ACSC, 2.75 V/44 mF).

storage devices. Notably, the ionogel-based FG-MSCs
delivered high volumetric energy density of 56 mWh cm−3,
which is much higher than those measured in other
electrolytes, e.g., 46 mWh cm−3 in EMIMBF4 and 3.5 mWh
cm−3 in poly(vinyl alcohol) (PVA)/H2SO4 (Figure S16), and 1
order of magnitude higher than those of most reported MSCs,
such as 2.1 mWh cm−3 for laser-scribed graphene,24 2.5 mWh
cm−3 for methane plasma rGO,23 2.3 mWh cm−3 for inkjetprinted carbon,46 3.2 mWh cm−3 for carbide-derived carbon,8
0.3 mWh cm−3 for vertically aligned CNTs,21 1.6 mWh cm−3
for onion-like carbon,20 and lithium thin-ﬁlm batteries (≤10
8203
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SEM (JSM-7800F), TEM (JEM-2100), AFM (Cypher ES, Oxford
instrument), XPS (ESCALAB 250 instrument equipped with a
nonmonochromatic Mg-Ka X-ray source), XRD (X’pert Pro), and
Raman spectrometry (LabRAM HR800). The electrical conductivity
of ﬁlm electrodes was examined by a standard four-point probe
system (RTS-9). Thickness, 2D pseudocolor view, and 3D view of the
surface of the FG electrode on PET substrate were measured using a
stylus proﬁler (Alpha step D-600, KLA-Tencor, USA).
Electrochemical Measurement. The electrochemical performances were performed by an electrochemical workstation (CHI760E),
using CV measurements at diﬀerent scan rates from 1 to 1000 mV s−1,
GCD proﬁles at diﬀerent current densities, and EIS recorded in the
frequency range from 0.01 Hz to 100 kHz with ac amplitude of 5 mV.
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