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upercapacitors (also called electric

double-layer capacitors or ultracapac-

itors) are electrochemical capacitors
that store energy through reversible ion ad-
sorption onto active materials that have
high specific surface area.' Because of their
many advantageous properties, such as
high power density, high capacitance, and
long cycle life (>100 000 cycles), these sys-
tems play an important role in electrical en-
ergy storage.' 3 To generate a high spe-
cific capacitance, the specific surface area
of the electrode materials needs to be as
high as possible to accommodate a large
number of electrolyte ions at the electrode/
electrolyte interface thereby promoting
the electrical double-layer capacitance.! 3

Graphene, an atom-thick 2D

nanostructure,* is a promising material for
supercapacitor electrodes owing to its low
mass density, excellent electronic conduc-
tivity, and high surface area (~2630 m?/g,
theoretical).5~8 Reduced graphene oxide
(we use the generic term “RG-O"), a compo-
sition closely related to graphene, is a prom-
ising material for supercapacitor applica-
tions, as specific capacitance values of 135
and 99 F/g based on RG-O-based electrodes
in aqueous and organic electrolytes, respec-
tively, have been obtained.® However, dis-
persed graphene oxide (G-O) platelets can
agglomerate during reduction by, for ex-
ample, hydrazine in a solvent system such
as water, resulting in the possible decrease
of effective surface area, resulting in a lower
specific capacitance than might be ex-
pected for an ideal graphene-based super-
capacitor. Moreover, current supercapaci-
tors have energy densities well below the
values required to provide power assists in
various applications including hybrid elec-
tric vehicles or other high energy uses.>®
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ABSTRACT We report a high-performance supercapacitor incorporating a poly(ionic liquid)-modified reduced

graphene oxide (PIL:RG-0) electrode and an ionic liquid (IL) electrolyte (specifically, 1-ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)amide or EMIM-NTF,). PIL:RG-0 provides enhanced compatibility with the IL electrolyte,

thereby increasing the effective electrode surface area accessible to electrolyte ions. The supercapacitor assembled

with PIL:RG-0 electrode and EMIM-NTF; electrolyte showed a stable electrochemical response up to 3.5 V operating

voltage and was capable of yielding a maximum energy density of 6.5 W - h/kg with a power density of 2.4 kW/

kg. These results demonstrate the potential of the PIL:RG-0 material as an electrode in high-performance

supercapacitors.

KEYWORDS: supercapacitors - electrical double layers - graphene - ionic liquids -

thermal reduction - ultracapacitors

Hence, recent efforts have been focused
on the development of supercapacitors
with high energy densities, which may be
achieved both by enhancing the operating
voltage of the devices and by improving the
accessibility of the ions from the electro-
lyte to the active regions of electrode
materials.

Toward this goal, graphene-based elec-
trodes combined with ionic liquid (IL) elec-
trolytes can provide an attractive alternative
for supercapacitors since such combina-
tions result in an optimal pairing of high
specific surface area electrodes and wider
operating potentials that may be afforded
by some IL electrolytes. Generally, ILs fea-
ture moderately high ion conductivity, non-
volatility, high decomposition tempera-
tures, and wide electrochemical stability
windows, and many ILs are being consid-
ered as electrolytes to increase supercapac-
itor operating voltages.'®~'* Despite the po-
tential of ILs as electrolytes, further work is
needed to explore their potential for super-
capacitors assembled with graphene-based
electrodes. One of the challenges is achiev-
ing graphene-based
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Figure 1. (a) Optical images of a suspension of a graphene oxide (G-O) in propylene carbonate (PC) and a poly(ionic liquid)-
modified reduced graphene oxide (PIL:RG-O) in PC. (b) Scanning electron microscopy (SEM) and (c) transmission electron micro-
scopy (TEM) image of PIL:RG-O platelets. (d) Schematic diagram of the supercapacitor based on the PIL:RG-O electrodes and ionic
liquid electrolyte (EMIM-NTTf,).
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electrode materials capable of being well wetted by
the chosen ILs,2® which may be attainable by the sur-
face modification of graphene.

Herein, we report our progress toward high-
performance supercapacitors based on poly(ionic
liquid)-modified RG-O electrodes and an IL electrolyte,
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfo-
nyl)amide or EMIM-NTf,. Poly(ionic liquid) (PIL) poly-
mers formed from IL monomers can be prepared by
the polymerization of unsaturated salts. Specifically, the
use of poly(1-vinyl-3-ethylimidazolium) salts bearing
the bis(trifluoromethylsulfonyl)amide anion (NTf,™ or
CF3S0,—N—S0,CF;) has been reported by our group
to effectively stabilize hydrazine-reduced graphene ox-
ide (RG-O) platelets via electrostatic and cation— in-
teractions, resulting in the formation of PIL-modified
RG-O materials.'* The PIL-modified RG-O material (PIL:
RG-0) can be produced simply by reduction in propy-
lene carbonate (PC) at elevated temperature as recently
reported,’ where graphene oxide (G-O) platelets were
suspended with the PIL in propylene carbonate and the
suspension was thermally treated at ~150 °C'® to yield
PIL:RG-O (in PIL-modified RG-O material, the PIL is likely
physisorbed to surface of RG-O platelet and not co-
valently linked). These PIL-modified reduced G-O materi-
als (referred to here as PIL:RG-O) are expected to offer
advantages for supercapacitor applications in that they
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should provide enhanced compatibility with certain IL
electrolytes and improved accessibility of IL electrolyte
ions into the graphene electrodes. Therefore, an addi-
tional aim of this paper was to illustrate the potential for
using PIL:RG-O as an electrode material in supercapaci-
tors incorporating IL electrolytes such as EMIM-NTf,. Ul-
timately, a supercapacitor assembled with such a PIL:
RG-O electrode and with EMIM-NTTf, as the electrolyte
exhibited (i) a specific capacitance of 187 F/g, (ii) an en-
ergy density of 6.5 W - h/kg, and (iii) a power density of
2.4 kW/kg.

The production of PIL:RG-O electrode materials was
achieved through a thermal reduction of G-O suspen-
sion in propylene carbonate (PC)'* containing PIL; the
synthesis procedure is given in the Methods section.
Briefly, 75 mg of PIL was dissolved in PC (20 mL) and
20 mg of graphite oxide (GO) powder was exfoliated
and suspended by mild sonication in the PC/PIL mix-
ture. Then, the suspension was heated at 150 °C for 1 h,
which yielded a homogeneous black-colored suspen-
sion without any visible precipitation. The reduction of
G-O platelets in PC in the presence of PIL at 150 °C oc-
curred more readily than in a control experiment where
no PIL was present,’ as indicated by a lower surface re-
sistivity value for a thin PIL:RG-O film (3 k€)/sq) as com-
pared to a thin film composed of overlapped and
stacked reduced G-O platelets (505 k€)/sq). The rapid re-
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duction of suspended G-O platelets in PC with PIL by
thermal treatment described here may provide a facile
and economical processing route for such applications
as electrode materials in supercapacitors, which had
been previously suggested for suspensions of G-O
platelets when heat treated in PC alone.' The PIL:
RG-O electrode material was then recovered by vacuum
filtration, and excess PIL was washed away with addi-
tional PC. The PIL:RG-O was composed of overlapped
and stacked RG-O platelets that we believe were coated
with PIL. The value of the zeta potential from the GO
suspension in PC was —9.3 mV due to the negatively
charged surface of the GO platelets. In contrast, the in-
troduction of the PIL into the GO suspension in PC re-
sulted in the reversal of zeta potential with a value of 4.1
mV, which suggested to us that the negatively charged
functional groups on the GO platelets were covered
and stabilized by the positively charged polycations in
PIL. From the scanning electron microscopy (SEM) and
high-resolution tunneling electron microscopy (TEM)
images shown in Figure 1b,c, most of the PIL:RG-O
platelets were observed to form separated thin sheets
with single- or few-layered structures, which may con-
tribute to the higher effective surface area accessible by
the electrolyte ions. X-ray photoelectron spectroscopy
(XPS) spectra of the PIL:RG-O material (Supporting Infor-
mation, Figure S1) showed two N 1s peaks for the imi-
dazolium cation and NTf, (CF;50,—N-SO,CF3) anion,
which reflected the coating of PIL on the RG-O plate-
lets, presumably via an attractive cation—r interaction.
We believe that the PIL intercalated between the over-
lapped and stacked RG-O platelets improved the wetta-
bility with IL-based electrolytes due to the structural
similarity of the chosen PIL and IL and thus led to the
enhancement of the overall supercapacitor
performance.

To evaluate the potential of the thermally reduced
PIL:RG-O material for use as an electrode in supercapac-
itors, a simple two-electrode cell depicted schemati-
cally in Figure 1d was used. This device consisted of two
PIL:RG-O electrodes on current collectors that were im-
pregnated with the IL electrolyte (EMIM-NTf,) and a po-
rous propylene separator. The mass of the RG-O (ex-
cluding the PIL) coated on each current collector was
determined to be 5 mg by thermogravimetric analysis
(TGA; Supporting Information Figure S2). The PIL:RG-O
electrodes and separator were sandwiched together in
a stainless steel cell for the fully assembled two-
electrode cell device.

Figure 2a shows cyclic voltammetry (CV) curves ob-
tained from the supercapacitor assembled with PIL:
RG-O electrodes and IL electrolytes for voltages up to
3V with scan rates of 40, 60, and 80 mV/s. The CV curves
were close to being rectangular in shape even at the
scan rate of 80 mV/s, which is typical capacitive behav-
ior for graphene-based supercapacitors.® Although the
presence of the functional groups on the surface of the

www.acsnano.org

500

A ol —4omus
— 60 mV/s
—80 mW/s

300

200
100 -

-100 -
-200

-300

Specific capacitance (F/g)

-400 -

-500 1 . 1 . 1 . I
1] 1 2 3

Voltage (V)

——2 A/g (158 F/g)
——4 A/g (140 F/g)
—— 8 A/g (127 F/g)

Voltage (V)
n

-
T

Q A L " L \

0 100 200 300 409
Time (sec)

Figure 2. (a) Cyclic voltammogram (CV) at various scan rates for
the supercapacitor cell. The test cell was cycled to 3.0 V. (b) Gal-
vanostatic charge/discharge curve at different constant currents.
Specific capacitance values are calculated from the discharge
curve for each current.

RG-O sheets likely contributed to a small amount of
pseudocapacitance, the linearity of the measured cur-
rent indicates that our devices are primarily nonfaradaic
within this voltage window.%’ Figure 2b shows a gal-
vanostatic charge/discharge curve at a constant current
of 10, 20, and 40 mA (corresponding to a charge/dis-
charge current density of 2, 4, and 8 A/g, respectively),
displaying a nearly linear response and thus excellent
capacitive behavior. However, a rather slow discharge
process was observed at the beginning of each dis-
charge after an appreciable IR drop. The internal resis-
tance value was calculated as 9 () from the IR drop,
which is slightly higher than that of supercapacitors
with aqueous (e.g., aqueous H,S0, or KOH) or organic
(e.g., TEA/BF, in acetonitrile or propylene carbonate)
electrolytes in the absence of PIL modification. A rather
slow charge—discharge process and high internal resis-
tance most likely arise from the lower conductivity
value of the EMIM-NTT, electrolyte (~5 mS/cm) and
higher viscosity (28 cP at 20 °C), as compared to aque-
ous electrolytes.'® Current work on the design of ILs
with high ion conductivity is underway in an effort to
address these issues.
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Figure 3. (a) CV curves of the supercapacitor cycled to different maxi-
mum voltages (scan rate: 60 mV/s). (b) Galvanostatic charge/discharge
curves at a voltage of 3.5 V (current density: 8 A/g).

Nevertheless, the device assembled with PIL:RG-O
electrode and IL electrolyte was stable up to 3.5V, as
shown in Figure 3, which is attributed to the superior
electrochemical stability of the EMIM-NTf, electrolyte,
relative to that of the aqueous or organic electrolyte (1
or ~3V, respectively). This higher operating voltage ob-
tained with our device allows for higher energy densi-
ties to be achieved, as discussed below. We note that
the CV curves became asymmetric with an increasing
pseudocapacitive behavior (Supporting Information
Figure S6) when the potential was increased beyond
3.5 V. Hence, a maximum cell voltage up to 3.5 V was
used for the evaluation of the device performance.

The specific capacitances (C,) were calculated from
the galvanostatic discharge curves using C;, = 2 X
I/(—AV/At)m, where [ is the applied current, AV/At is
the slope of the discharge curve, and m is the mass of
RG-O on one electrode. AV/At was calculated from the
upper half of the discharge curve after the IR drop, that
is, AV/At = (Vinax — 1/2Vina)/ (T2 — T), since the appar-
ent capacitance values can be inflated by including the
lower half of the discharge curve.!” Figure 4a presents
the specific capacitance plotted versus the current den-
sity at different operating voltages, in which the maxi-
mum value reached 187 F/g at 3.0 V and saturated at
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127 F/g with increasing current density. The specific ca-
pacitance values ranging from 127 to 187 F/g are sig-
nificantly higher than the values obtained with carbon
nanotube (CNT) or graphene-based supercapacitors us-
ing aqueous or organic electrolytes.5'>'81° We also
note that the control supercapacitor cell with RG-O
electrodes that were not modified with PIL showed spe-
cific capacitance values in the range from 115 to 132
F/g (Supporting Information Figure S5), which were sig-
nificantly lower than for the cell with PIL:RG-O elec-
trodes. Given the high specific capacitance values with
our device, we surmise that the wetting of the elec-
trodes with IL electrolyte was facilitated by the func-
tional PIL molecules on the RG-O surface, which then in-
creased the effective surface area accessible by
electrolyte ions. Indeed, the IL electrolyte employed
(i.e., EMIM-NTf,) is hydrophobic in nature mainly due
to the fluorine-containing anions (NTf,7)'%2° and is,
therefore, expected to exhibit high affinity toward hy-
drophobic electrode materials. On the other hand,
chemically or thermally reduced graphene oxide (RG-O)
is at least partially hydrophilic because there is a signifi-
cant amount of oxygen-containing functional groups
(such as epoxide, hydroxyl, and carboxylic groups)
present on their basal plane and at the edges,?*? which
might also act as the active sites for redox reactions.
Hence, the compatibility between the EMIM-NTf, and
the RG-O electrode may be diminished unless the sur-
face of the RG-O platelets is modified. In the case of PIL:
RG-O electrodes, hydrophilic groups present on RG-O
plates are mostly covered by the PIL molecules bear-
ing the hydrophobic NTf, anion, which in turn leads to
the electrode surface being more hydrophobic and
more compatible with EMIM-NTf,, as shown by contact
angle measurements (Supporting Information Figure
S3).

In addition, the ion sizes of the IL electrolyte are es-
timated to be 0.79 and 0.76 nm in the longest dimen-
sion for EMIM cation and NTf, anion, respectively.' The
RG-O platelets are known to have an interlayer spacing
much less than 0.8 nm,">? which might be too small for
the effective accessibility of IL electrolyte, re-
emphasizing the role of surface modification of
graphene materials in their application in high-
performance supercapacitors. Moreover, X-ray diffrac-
tion (XRD) pattern of PIL:RG-O samples (Supporting In-
formation Figure S4) showed no dominant peak that is
normally observed for G-O and RG-O platelets. This re-
sult suggested to us that a highly disordered overlay of
individual RG-O platelets formed in the PIL matrix,
which may provide an interlayer spacing accessible to
the ions of IL electrolytes.

To investigate whether surface modification with
PIL can be extended into other types of carbon elec-
trodes, comparative experiments with the same PIL
were applied to activated carbons (ACs) without RG-O
platelets present. The CV curves of the PIL-modified AC
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electrodes (Supporting Information Figure S8) showed
specific capacitance values of 28 F/g. This result is con-
sistent with the PIL is blocking the pores of the ACs to
such an extent that the IL electrolyte cannot penetrate.
For example, the PIL-modified AC electrodes exhibited
far lower specific areas as measured using the
Brunauer—Emmett—Teller (BET) method (values shown
in Supporting Information Table S2). Given the appar-
ent blocking of mesopores by the PIL, it would seem
that good options for electrode materials include those
having relatively high aspect ratios such as conductive
platelets and conductive nanorods. For example, it is
reasonably likely that a good configuration for SWNTs
can be found where they would be PIL-coated and
combined with an appropriate IL. Other options could
include 3D solids with significantly larger pore size dis-
tributions than are present in the typical activated car-
bon currently used in supercapacitors; of course, this
may lead to situations where the specific surface area
accessible to the electrolyte is not high enough. Further
work in these directions is underway.

On the basis of the above results, the power (P) and
energy (E) densities of our supercapacitors were calcu-
lated using P = V2/4RM and E = 0.5 X CV*/M,** where V
is the voltage applied, M is the total mass of the PIL:
RG-O electrodes, C the measured device capacitance,
and R the equivalent series resistance determined from
the IR drop in the galvanostatic discharge curve. The
corresponding energy density versus power density is
shown with the operating voltages in Figure 4b. The en-
ergy and power density values are normalized both to
the total mass of two electrodes including all compo-
nents such as the electrodes, electrolyte, and current
collectors and to the mass of two electrodes not includ-
ing the mass of electrolyte. The maximum energy den-
sity of our device obtained at an operating voltage of
3.5V was 6.5 W-h/kg, which is comparable to or higher
than the values previously reported,”® and the maxi-
mum power density was 2.4 kW/kg. As discussed ear-
lier, the use of EMIM-NTf, takes advantage of its larger
electrochemical stability window, allowing for opera-
tion at 3.5V, which in turn increased both the energy
density and power density of the device.

To further evaluate the device performance, the fre-
quency response of the supercapacitor incorporating
the PIL:RG-O electrodes and EMIM-Tf;N electrolyte was
analyzed using electrical impedance spectroscopy (EIS).
Figure 5 shows the Nyquist plot in the frequency range
of 0.05 Hz to 1 MHz, with the lower left portion of the
curve corresponding to the higher frequency. The de-
pressed semicircle in the high-frequency region is mod-
eled by a parallel combination of an interfacial charge
transfer resistance and the double-layer capacitance.’2°
The inclined portion of the curve spanning real resis-
tances (Z') of approximately 3.0 to 6.0 () is typically rep-
resented by the Warburg impedance that pertains to
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Figure 4. (a) Plot of specific capacitance versus the current den-
sity. The specific capacitance value was obtained from the gal-
vanostatic charge/discharge measurement. (b) Plot of energy
density versus power density at operating voltages of 3.0 and
3.5 V. The energy and power density were normalized to the to-
tal mass of the two electrodes employed including the electrolyte
and current collector (solid circle) and the mass of two PIL:RG-O
(dashed circle).

ion diffusion and transport in the electrolyte.'® A short
Warburg region on the plot can be explained by in-
creased ion diffusion within the PIL:RG-O electrodes
due to the enhanced compatibility between the elec-
trode and IL electrolyte. The excellent capacitive behav-
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Figure 5. Nyquist plot (a plot of the imaginary component,
Z'' versus the real component, Z' of the impedance) for the
supercapacitor incorporating a PIL:RG-O electrode over the
frequency range from 0.05 to 1 M Hz. The inset shows the en-
larged high-frequency region of the plot.

\ -
VOL. XXX = NO. XX = 000-000 = XXXX a@%ﬂ”\\

N


http://pubs.acs.org/action/showImage?doi=10.1021/nn101968p&iName=master.img-003.jpg&w=221&h=303
http://pubs.acs.org/action/showImage?doi=10.1021/nn101968p&iName=master.img-004.png&w=207&h=165

ior of our supercapacitor is also confirmed by a nearly
vertical line at low frequencies. From the extrapolation
of the vertical portion of the Nyquist plot to the real
axis, the equivalent series resistance (ESR) was esti-
mated to be 3.7 Q) for our device, which is higher than
the values of classical electrolytes.® As previously men-
tioned, this is likely due to the lower electrical conduc-
tivity and higher viscosity of EMIM-NTf,, relative to
aqueous electrolytes. Nevertheless, the negative im-
pact from the lower ionic conductivity of the IL electro-
lyte may be offset by the increase in the operating volt-
age for achieving high energy and power density.

In conclusion, the present work demonstrates that
the general concept of a supercapacitor design based
on PIL-modified reduced graphene oxide electrodes
and a compatible IL electrolyte holds potential as an
electrical energy storage device. Poly(1-vinyl-3-
ethylimidazolium) salts bearing the bis(trifluoromethyl-

METHODS

PIL-Modified Reduced Graphene Oxide (PIL:RG-0) Materials. Graph-
ite oxide (GO) was synthesized from natural flake graphite
(Bay Carbon, SP-1) using a modified Hummers method.?” PIL
of poly(1-vinyl-3-ethylimidazolium) bis(trifluoromethylsulfo-
nyl)amide with an average molecular weight (M,,) of 170 kDa
was synthesized according to a previously reported
procedure.?®?° First, 75 mg of PIL was completely dissolved
in 20 mL of anhydrous propylene carbonate (PC) by stirring
for 30 min at room temperature. Then, 20 mg of GO powder
was suspended via mild sonication in the PC solution con-
taining PIL. In a typical process, a uniform brown-colored sus-
pension of graphene oxide (G-O) with PIL in PC solvent with
a concentration of 1.0 mg/mL was obtained by 1 h of sonica-
tion. Zeta potential measurements (ELSZ-2, Otsuka electron-
ics) were performed on the G-O suspension in PC and PIL-
modified G-O suspension in PC. Thermal reduction of G-O
platelets was carried out in an oil bath by heating the suspen-
sion at 150 °C,'® which yielded a homogeneous black-colored
suspension of PIL-modified reduced graphene oxide (PIL:
RG-0) in PC within an hour. SEM images of the PIL-G samples
were obtained with a field emission scanning electron micro-
scope (Hitachi S-4300). TEM images were taken with
TECNAI 20 microscope by placing a few drops of PIL:RG-O
suspension on a copper grid and followed by evaporation
in a vacuum oven.

Fabrication of Supercapacitors Based on PIL:RG-0 Electrodes. The PIL:
RG-O was collected on a Teflon membrane (0.2 pum pore size)
by vacuum filtration. Then, PIL:RG-O materials were impregnated
with a drop of IL electrolyte, 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)amide (EMIM-NTf,) (Basionics HPO1, BASF)
under filtration, and used as the electrode without any additional
binder or additives. The electrodes were formed from a thick
slurry and pressed onto the carbon-coated Al current collector.
Each electrode had a diameter of 20 mm and a thickness of ap-
proximately 100 wm. The PIL:RG-O electrodes and a porous
polypropylene separator (Celgard 3501) were sandwiched to-
gether in a stainless steel cell for the fully assembled two-
electrode cell device. Electrochemical data were obtained using
cyclic voltammetry, chronopotentiometry, and electrical imped-
ance spectroscopy (EIS) (Solartron analytical 1400/1470E celltest
system).
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sulfonyl)amide anion (NTf,™ or CF3S0O,—N—SO,CF;) as
the PIL and EMIM-NTf, as the IL electrolyte were stud-
ied. Cyclic voltammetry and galvanostatic
charge—discharge results indicate stable electrochemi-
cal performance, and a specific capacitance as high as
187 F/g was measured and found to be reproducible
(Supporting Information, Table S1). This relatively high
capacitance is presumably due to improved wettability
of the chosen IL electrolyte on the PIL-modified re-
duced graphene oxide materials which, synergistically,
enhanced the effective surface area of the electrode/
electrolyte interfaces. A maximum energy density of 6.5
W - h/kg with a maximum power density of 2.4 kW/kg
was also observed. Even though further work is needed
to optimize the device for faster charge—discharge re-
sponse, our current approach may provide a promising
technique for the fabrication of high-performance
supercapacitors.

Supporting Information Available: Additional characterization
(XPS, XRD, and TGA) and supercapacitor testing data. This ma-
terial is available free of charge via the Internet at http://pubs.ac-
s.org.
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