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ABSTRACT Graphene has received considerable attention in both scientific
and technological areas due to its extraordinary material properties originating
from the atomically single- or small number-layered structure. Nevertheless, in
most scalable solution-based syntheses, graphene suffers from severe restacking
between individual sheets and thus loses its material identity and advantages. In
the present study, we have noticed the intercalated water molecules in the dried
graphene oxide (GO) as a critical mediator to such restacking and thus eliminated
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the hydrogen bonding involving the intercalated water by treating GO with melamine resin (MR) monomers. Upon addition of MR monomers, porous

restacking-inhibited GO sheets precipitated, leading to the carbonaceous composite with an exceptionally large surface area of 1040 m?/g after a thermal

treatment. Utilizing such high surface area, the final graphene composite exhibited excellent electrochemical performance as a supercapacitor electrode

material: specific capacitance of 210 F/g, almost no capacitance loss for 20 000 cycles, and ~7 s rate capability. The current study delivers a message that

various condensation reactions engaging GO sheets can be a general synthetic approach for restacking-inhibited graphene in scalable solution processes.
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s energy and environmental issues

caused by the use of fossil fuels have

become serious, utilization of renew-
able energy resources represented by solar
and wind energy has been increasingly
critical. For efficient use of these renewable
energy resources, grid-scale energy storage
systems (ESSs) are essential because avail-
ability of those resources fluctuates with
time."? Along this direction, supercapaci-
tors (SCs) have attracted a great deal of
attention as one of ESSs because their in-
nate high power capabilities (~10 kW/kg)
can support momentary loading and en-
ergy smoothing, which are crucial in opera-
tions of grid-type ESSs378 Long lifetimes
(>100000 cycles) of SCs are also desirable
for operations of such ESSs. In addition, SCs
have been often considered in combined
systems with rechargeable batteries for
ESSs because the short-term transient is-
sues inevitable during electric grid opera-
tions are beyond rate capabilities of typical
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rechargeable batteries. Besides ESSs, SCs
are expanding their territories into various
applications where high power operations
are required, and cordless electric tools and
hybrid electrical vehicles (HEVs) are repre-
sentative examples.®~ "1

In one class of SCs, so-called electrical
double layer capacitors (EDLCs), the energy
is stored and released by adsorption and
desorption of carrier ions in the EDLs on the
electrode surface.'®'272° Thus, the capaci-
tance is by and large proportional to the
surface area of the electrode, which ren-
ders various carbonaceous nanomaterials
attractive as SC electrodes. For this reason,
the carbon community has intensively in-
vestigated activated carbons (ACs),2? car-
bon nanotubes (CNTs),?2~ 225 carbon nano-
fibers (CNFs),>> and graphene'216.1927.28
for SC electrodes. Among this wide range of
carbon nanomaterials, graphene, 2-dimen-
sional (2D) hexagonal lattice of sp? hybri-
dized carbon atoms, has been counted as a
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Figure 1. Schematic illustrations showing the synthetic routes of rGOy and cMR-rGOy,. The addition of melamine resin
monomer solution is a key step for the restacking inhibition of the final cMR-rGOy,.

promising candidate because of its high electrical
conductivity and exceptionally large theoretical speci-
fic surface area (~2650 m?/g)."*"® For reference, it was
reported that such a high theoretical surface area can
afford to deliver a gravimetric capacitance of SC as high
as 550 F/g.%° Despite this promising intrinsic property,
when prepared in the form of reduced graphene oxide
(rGO) via established solution processes, namely via
Hummer's method, typical graphene SCs exhibit only
100—120 F/g in organic electrolytes.''>'93%3! These
smaller specific capacitances originate mainly from
irreversible restacking of the individual rGO sheets
during the reduction and drying processes,'®3%33
which make substantial surfaces of rGO unavailable
for charge storage. The vulnerable restacking during
the established synthetic procedure implies that the
capacitances of graphene SCs are largely dependent
on the detailed characteristics of graphene such as its
functional groups, size, pore structure, and surface
accessibility. 3101819

In order to address the restacking issue of graphene
sheets, it is necessary to clarify the origin of the
phenomenon. It has been known that, in Hummer's
method, one or a small number of GO sheets are highly
dispersed in the GO solution.'®*?73" Interestingly,
even after the GO solution is dried, water molecules
remain stuck in the GO powder via hydrogen bonding
interactions'®*373¢ between water molecules and
oxygen-containing functional groups of GO (Figure 1),
and these water molecules are often referred to as
“intercalated” water molecules. The intercalated water
molecules play a decisive role in the restacking of the
final rGO because the hydrogen bonding facilitates
interactions between GO sheets, resulting in aligning
the GO sheets in the same orientations.'®*33* Having
noticed the critical role of the intercalated water mole-
cules for the restacking of graphene, in the present
study, we functionalized GO sheets with melamine
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resin (MR) monomers*® % to prevent the hydrogen

bonding with water molecules upon drying. Conse-
quently, after carbonization of MR monomers, the final
graphene powder holds substantially reduced restacking
as well as resultant macro-/mesopores and, as a conse-
quence, delivers significantly improved electrochemical
performance when tested as supercapacitor electrodes.

RESULT AND DISCUSSION

Figure 1 comparatively illustrates the synthetic
routes of the restacking-inhibited rGO, the structure
of interest in the current investigation, and the con-
ventional rGO. Both synthetic routes start from the
GO solution, but, at this initial stage, the restacking-
inhibited case involves a MR treatment, resulting in
dramatic differences in the microscopic morphologies.
As described above, in the case of rGO, the dried GO
contains intercalated water molecules through the
hydrogen bonding that facilitates the restacking to a
large degree even at this intermediate stage.'®*373°
Upon subsequent reduction by a hydrazine treat-
ment, the restacking is transferred to the final rGO
via van der Waals forces between rGO sheets.'>>? By
contrast, the MR-functionalized GO (denoted as MR-
GO) eliminates the hydrogen bonding by a condensa-
tion reaction®®"*2 of the hydroxyl end groups of MR
monomers with the hydroxyl or carboxylic acid groups
on the GO sheets: R'-OH (MR) + R*-OH (GO) — R'-O-R?
(MR-GO) + H,O0. Therefore, the restacking is inhibited
at the dried MR-GO stage, and such a restacking-
inhibited characteristic is preserved through the end
of the subsequent carbonization. In the actual experi-
ment, after a certain point when the GO solution was
continuously added to the MR monomer solution,
bright brown colored MR-GO started to precipitate
spontaneously because of increased hydrophobicity
of the GO sheets as the condensation reactions
proceeded.
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Figure 2. SEM images of (A) MR-GO and (B) GO. (C and D)
TEM images and (E) XRD spectra for the same samples.

The restacking-inhibited nature of MR-GO was re-
flected in scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) characteriza-
tions. When both samples were compared on the
micrometer scale, a crumpled morphology in the range
of tens to hundreds of nanometers was observed
(Figure 2A), which may be the first indication of the
restacking-inhibited nature of MR-GO. By contrast, the
dried GO appeared as micrometer-scale particles with
densely stacked structures (Figure 2B). Such distinctive
morphologies between both samples were character-
ized more closely by TEM characterization. MR-GO
showed the individual sheets scattered in random 3D
orientations (Figure 2C), whereas the GO sheets in the
dried GO appeared by and large aligned along the TEM
grid (Figure 2D). More comprehensive SEM images of
MR-GO in different magnifications are presented in
Figure S1 (Supporting Information). In the high magni-
fication TEM images of MR-GO (Figure 2C, inset), dark
lines corresponding to the cross sections of the indivi-
dual MR-GO flakes were frequently observed. From the
average thickness of these dark lines (~20 nm), it turns
out that each graphene flake constituting local struc-
ture of the MR-GO powder consists of approximately
several sheets of MR-functionalized GO considering
the thickness (0.6—1.2 nm) of each GO sheet****** and
the presence of MR on the GO surfaces. In the case of
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TABLE1. Element Contents of GO, MR-GO, rGO,, and cMR-
rGO;, Obtained by XPS Analysis

C (atomic %) N (atomic %) 0 (atomic %)
GO 66.60 0 33.40
MR-GO 56.20 35.00 8.80
rG0y 82.00 231 15.69
CMR-rGOy, 86.76 5.24 8.00

the dried GO (Figure 2D, inset), the black/white con-
trasts were much less pronounced because of its
restacked characteristic.

X-ray diffraction (XRD) analyses also provide struc-
tural information on both samples (Figure 2E), par-
ticularly focusing on the crystallinity and interlayer
distance. The dried GO powder exhibited a sharp peak
at 260 = 12.3°3>%34 which is indicative of decent
crystallinity of aligned GO layers along their stacks
and increased interlayer distance (~7.25 A) due to
the oxygen-containing functional groups and the
intercalated water molecules. On the contrary, the
MR-GO powder showed only a broad peak at 26 =
240194344 \which corresponds to the moderately
aligned graphitic arrays along the (002) direction.
These graphitic arrays indeed correspond to the gra-
phene flakes appearing as the dark lines in the TEM
image in Figure 2C. The elemental analyses using X-ray
photoelectron spectroscopy (XPS) also suggest a con-
sistent picture (Table 1 and Figure S2A, Supporting
Information). The eliminated hydrogen bonding in MR-
GO was reflected in its substantially smaller oxygen
content (8.80%) compared to that (33.40%) of the dried
GO powder.*'42

Moreover, the restacking-inhibited character of
MR-GO was transferred to the same sample even after
thermal reduction. During this thermal treatment, MR
was carbonized simultaneously, so we denote this
thermal-treated sample as cMR-rGOy,. As in the case
of MR-GO, cMR-rGOy, exhibited a wrinkled morphol-
ogy in the range of tens to hundreds of nanometers
under SEM characterization (Figures 3A and S3, Sup-
porting Information) as well as its scattered individual
or small number of rGO sheets in the sub-20 nm scale
under TEM characterization (Figure 3B). The observed
morphologies containing void space in various dimen-
sions are indeed reflected in a wide range of pore
sizes in the porosity measurements, which will be
described in the next paragraph. The restacking-
inhibited morphologies of both MR-GO and cMR-rGOy,
were also visualized in scanning transmission elec-
tron microscopy (STEM) images (Figure S4, Supporting
Information). In addition, the XPS elemental analyses of
both samples indicate that the carbon content in-
creased from 56.20% (MR-GO) to 86.76% (cMR-rGOy,)
(Table 1 and Figure S2A,B, Supporting Information),
suggesting that most of MR was carbonized after
the thermal treatment. Indeed, the carbon content of
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Figure 3. (A) SEM and (B) TEM image of cMR-rGOy;,. (C) Photograph of cMR-rGOyy,, rGOy, and CNT-rGOy;, with the same masses

(70 mg) in 10 mL vials.

CcMR-rGOy, is comparable to that (82.00%) of the
well-established rGO reduced by hydrazine (denoted
as rGOy). On the other hand, the high resolution
N 1s XPS data exhibited two peaks at 398.4 and
400.9 eV corresponding to the N-6 (pyridine-like) and
N-Q (graphite-like) nitrogen configurations, respec-
tively (Figure S2C, Supporting Information). These
N-configurations are consistent with previous re-
ports*®~*2 on similar MR-originating materials and
are also expected to enhance the electrical conductiv-
ity of cMR-rGOy, via excess electrons of N-Q.'3192039

Even before quantitative porosity measurements,
the volume of the sample at the given mass indicates
drastic difference in the porosity between the samples.
For a more thorough comparison, we added CNT-rGO,
composite as another control sample (see its SEM
image in Figure S5, Supporting Information). The syn-
thetic procedure of this control sample is described in
the Experimental Section. For the same mass of 70 mg,
cMR-rGOy, exhibited a markedly larger volume com-
pared to those of the other two controls (Figure 3C),
reflecting the restacking-inhibited characteristic of
cMR-rGOy,. N, adsorption/desorption analyses gave
more quantitative set of information on the porosities
of ¢MR-rGOy, and rGOy (Figure 4A—D). cMR-rGOy,
exhibited a type IV isotherm with a small hysteresis
around P/P, = 0.9 (Figure 4A), indicating coexistence
of macropores and mesopores in the given powder,
which is consistent with the SEM image in Figure 3A.
By contrast, rGOy exhibited a different isotherm shape
with a large hysteresis in the P/P, range of 0.5—1.0
(Figure 4B), indicating the dominant presence of rela-
tively small mesopores existing between the restacked
rGOy sheets. 32334 From these isotherms, it turned out
that cMR-rGOy, holds remarkably higher surface area
and pore volume than those of rGOy when analyzed on
the basis of the Brunauer—Emmett—Teller (BET) and
Barrett—Joyner—Halenda (BJH) model, respectively:
1040 versus 466 m%/g and 2.6 versus 0.6 cm>/g.

The pore size distributions (PSDs) obtained on the
basis of the density functional theory (DFT) method in
the adsorption branches also deliver a consistent
picture in the pore size viewpoint. cMR-rGOy, exhibited
a large portion of pores in the range of 50—80 nm
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(Figure 4C), which originate from the pore formation
between the rGO flakes. By contrast, most of the pores
in rGOy turned out to be in the sub-10 nm region
(Figure 4D), which is again associated with the small
meso- and micropores formed between the rGO sheets
during their irreversible restacking.>?> The PSDs at-
tained from the BJH method (Figure S6, Supporting
Information) also showed consistent results regarding
the prevailing pore dimensions of both samples. The
given pore dimension of cMR-rGOy, would be more
suitable for diffusion of carrier ions compared to those
of conventional activated carbons comprised mainly of
micropores and small mesopores. It has been found?'
that these pore dimensions of most activated carbons
are too small for ionic diffusion, thus leading to the
situation that a good portion of the surface area
does not participate in the actual charge storage. The
N, adsorption—desorption isotherms of CNT-rGOy,
and CNTs are presented in Figure S7 (Supporting
Information), and the porosity data of all the samples
are summarized in Table 2. The XRD spectra (Figure 4E)
of cMR-rGOy, and rGOy also provide distinctive struc-
tural characteristics of both samples. Although both
spectra showed the peaks at 26 = 24° corresponding to
the (002) plane of the graphitic array,'®**** the peak of
cMR-rGOy, was broader than that of rGOy because of
the restacking-inhibited characteristic of cMR-rGOy,.
In order to assess the restacking-inhibition effect on
the electrochemical performance, we evaluated cMR-
rGOy, as an active material of symmetric SC electrodes
by preparing coin-cells. Most electrochemical charac-
terizations were conducted under galvanostatic mode
in the potential range of 0—2.0 V. Detailed cell pre-
paration and measurement conditions are described in
the Experimental Section. Other control samples in-
cluding rGOy, CNT-rGOy,, and CNTs were also tested for
comparison. Figure 5A displays the typical galvano-
static profiles measured at the same current density
of 0.5 A/g for cMR-rGOy, and rGOy,. The significantly
longer charging and discharging durations for cMR-
rGOy, indicates its superior capacitance to that of rGOy,.
Even when compared against CNT-rGOy, and CNTs
(Figure 5B), the capacitance of cMR-rGOy, turned out
to be far higher. At the same current density of 0.5 A/g,
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Figure 4. Nitrogen adsorption—desorption isotherms of (A) cMR-rGO;, and (B) rGOy. The black and red lines correspond to
the adsorption and desorption curves, respectively. The pore size distributions of (C) cMR-rGOy, and (D) rGOy. (E) The XRD

patterns of cMR-rGOy, (black) and rGOy (red).

TABLE 2. Specific Surface Areas, Pore Volumes, and
Specific Capacitances of All the Carbonaceous Materials
in This Study

specific surface area pore volume specific capacitance
(m%q) (am*/g) (F/g @0.5 A/g)
(MR-1GOy, 1040 26 210
1G0y 466 0.6 110
CNT-rGOy, 233 0.9 33
(NTs 176 0.7 15

CMR-rGOy, rGOy, CNT-rGOy, and CNTs exhibited 210,
110, 33, and 15 F/g, respectively. The capacitive nature

LEE ET AL.

of cMR-rGOy, and its superior capacitance compared to
that of rGOy were also confirmed by the cyclic voltam-
metry results (Figure S8, Supporting Information).
From these distinctive capacitances, the following
points are noteworthy:

(1) cMR-rGOy, showed ~2 times higher specific
capacitance compared to that of rGOy, which is in-
dicative of critical morphology effect on the capaci-
tance as well as significance of restacking-inhibition by
the MR-treatment toward increased capacitance. Also,
the increased nitrogen content (2.31 versus 5.24%)
must contribute to the improved capacitance, be-
cause N-doped sites'>* have been known to hold
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same current density of 0.5 A/g. (C) The gravimetric capacitances of all of the four samples at various current densities. (D) Fast
charging and slow discharging tests of cMR-rGO,;, and rGOy to evaluate the given samples as future flash energy storage

devices. 5.0 and 0.5 A/g were applied for the fast charging and slow discharging, respectively.

higher affinities with carrier ions particularly through
the pyridine-like (N-6) nitrogen sites.

(2) Even though CNTs are largely free from severe
restacking, CNTs exhibited the lowest capacitance,
which is ascribed to the large inner tube surfaces that
do not contribute substantially to adsorption of car-
rier ions as well as the absence of edge sites that has
been known to have higher affinity to carrier ions
than basal planes.**~*° Although the capacitance of
CNTs appears to be too small, the value is indeed con-
sistent with the reported.?® This capacitance may be
improved to some degree by replacing multiwall CNTs
with single-wall CNTs.2226

(3) It turned out that CNTs are less effective than MR
in alleviating the restacking of rGO in the final compo-
site. This difference must be related to how efficient the
given treatment prevents the hydrogen bonding be-
tween the intercalated water and GO sheets and thus
the restacking at the dried GO stage (Figure 1). In this
sense, it can be concluded that the well-defined con-
densation reactions between MR monomers and the
significant portion of GO functional groups are very
effective in mitigating the hydrogen bonding and
consequently restacking of the final rGO.

LEE ET AL.

Furthermore, the superior capacitance of cMR-rGOy,
was preserved at higher current densities (Figure 5C).
Even at the 20-fold increased current density (10 A/g),
154 F/g was maintained, corresponding to 73% capac-
itance retention with respect to the capacitance at
the original current density. At the same increase in
the current density, rGOy exhibited only 51% capaci-
tance retention (111 — 57 F/g), implying that the well-
developed pore structure of ¢cMR-rGOy, originating
from the restacking-inhibition plays a role for efficient
ion diffusion especially at high current densities. The
substantial content of the N-Q configuration must
also assist the superior rate performance by enhanced
electronic conductivity.'>*® Utilizing these combined
effects, cMR-rGOy, delivered a high specific capaci-
tance of 140 F/g even at a higher current density
of 15 A/g. On the basis of the capacitances of cMR-
rGOy, obtained at various current densities, we have
constructed a Ragone plot (Figure S9, Supporting
Information). Consistently, cMR-rGOy, showed higher
energy densities at the given power densities com-
pared against the other control cases, again taking
advantage of the restacking-inhibited structure of
CMR-rGOy,.
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Additional SC measurements were carried out to
reflect the actual operations of portable electronics
and EVs where quick charging and slow discharging
properties are on higher demand. We therefore tested
cMR-rGOy, and rGOy, under fast charging at 5 A/g but
slow discharging at 0.5 A/g (Figure 5D). Even under
such a fast charging mode, cMR-rGOy, showed a
specific capacitance of ~180 F/g, which is 2.5 times
larger than that of rGOy (~70 F/g) measured under the
same conditions, suggesting that the excellent SC
performance of cMR-rGOy, is translated to the more
challenging operating conditions with the fast char-
ging. This result implies that cMR-rGOy, can be a viable
option as an electrode material for upcoming flash
charging SC applications. In addition, cMR-rGOy, ex-
hibited excellent cycling performance (Figures 6A,B).
When measured at 0.5 A/g (Figure 6A), its specific
capacitance gradually increased in the first 5000 cycles,
reaching 120% of the initial value, which might be
associated with certain activation processes such as
gradual wetting of the electrolyte deep inside the
electrode film but requires further characterization
for complete understanding. Similar capacitance in-
crease with cycling was also observed previously in
other porous electrodes.'® The increased capacitance
remained saturated until 9000 cycles. Notably, this
cycle number corresponds to 3 months of continuous
measurement. For long-term cycling tests, we also
tested ctMR-rGOy, at a higher current density of 2 A/g
(Figure 6B), and cMR-rGOy, persistently exhibited ex-
cellent capacitance retention of 96% even after 20 000
cycles. Compared to the capacitance retention at

EXPERIMENTAL SECTION

Preparation of cMR-rGOy;,, rGOy,, and CNT-rGOy,. Graphite powder
(Alfa Aesar, APC 7—11) was first oxidized by a modified Hum-
mer's method to obtain GO. Two grams of graphite and 1 g of
sodium nitrate (NaNOs, Sigma Aldrich) were mixed in sulfuric
acid (H,S0,, 50 mL, Sigma Aldrich) by rigorous stirring for 3 hiin
an ice bath at 0 °C. Eight grams of potassium permanganate
(KMnO,4, Sigma Aldrich) was then added slowly into the

LEE ET AL.

0.5 A/g, the initial capacitance increase at 2 A/g
reached the saturation point in the earlier cycling
number perhaps because the lesser degree of the
electrode surface is involved in the charge storage
due to the reduced charge/discharge times. It is note-
worthy that rGO used as a control sample in the current
study was reduced by the hydrazine-based solution
process instead of other well-known thermal treat-
ments. We chose the solution reduction process for
fair comparison with cMR-rGOy, because it has been
found'® that the solution-reduced rGO exhibits higher
capacitances than those of the thermal-reduced rGO.

CONCLUSION

In conclusion, we have addressed the chronic re-
stacking issue of rGO in the conventional solution
process and have thus demonstrated remarkably im-
proved SC performance. In particular, having noticed
that the intercalated water molecules at the early dried
GO stage play a pivotal role in the restacking of the final
rGO, we functionalized GO in the solution state with
MR monomers to prevent the hydrogen bonding that
would keep the intercalated water within the GO
powder. As a result, the final cMR-rGOy, is endowed
with high surface area (~1040 m?/g) and pore volume
(~2.6 cm?/g) and consequently exhibited excellent
performance as a SC electrode in various electroche-
mical aspects. Overall, the series of the results obtained
from cMR-rGOy, suggest that various condensation re-
actions engaging the GO sheets in the solution state
can be a general design principle for synthesis of
restacking-inhibited rGO in scalable solution processes.

suspension, and the suspension was stirred until its color turned
dark gray. Next, deionized (DI) water (96 mL) was slowly added
to the suspension, and the suspension was maintained at 98 °C
for 1 h. Finally, warm DI water (280 mL) and hydrogen peroxide
solution (H,O,, 50 wt %, 20 mL, Sigma Aldrich) were slowly
added to obtain a bright brown graphite oxide solution. This
solution was filtered and washed with DI water several times,
followed by a drying step to obtain “graphite oxide powder”.
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The next step was to obtain GO solution from the graphite oxide
powder by sonication. Typically, 4.2 g of the graphite oxide
powder was added to 350 mL of DI water, and this solution was
tip-sonicated at 80 W for 2 h. The sonicated solution was
centrifuged for 1 h at 9500 rpm. The supernatant solution was
dried, and the GO powder was obtained.

cMR-rGOy, was prepared by first functionalizing GO sheets
with melamine resin (MR-GO), followed by a heat treatment
under a vacuum (0.05 bar). For this, MR solution was first
prepared by adding 2.5 g of melamine (Sigma Aldrich) and
4.425 mL of 37 wt % formaldehyde aqueous solution (Sigma
Aldrich) into 40 mL of DI water. After this solution was heat-
treated at 70 °C for 10 min, the solution turned transparent,
indicating good solubility of MR monomer in aqueous media.
The GO solution (20 mL, 10 mg/mL) was then introduced to the
MR monomer solution and stirred at 98 °C for 3 h. During the
stirring, the condensation reaction between MR and GO sheets
took place, and bright brown MR-GO powder precipitated. This
MR-GO was thoroughly washed with DI water and ethanol
several times. Finally, cMR-rGOy, was obtained by a multistep
heat treatment of MR-GO (120 °C for 20 min, 400 °C for 2 h,
600 °C for 2 h, and 800 °C for 2 h) with a ramping rate of 1 °C/min.

rGOy, was prepared as a control sample by reducing 200 mL
of the 1 mg/mL GO solution with 400 uL of hydrazine mono-
hydrate (H,N—NH,-H,0, Sigma Aldrich).3? For this, both com-
ponents were heat-treated at 98 °C for 5 h in a 500 mL flask.
Once the reduction process was completed, black rGO was
filtered through an alumina membrane (pore size = 200 nm,
Whatman) with DI water and ethanol several times. Finally, rGO
powder was obtained by vacuum drying at 70 °C for 12 h.

CNT-rGOy, was prepared by a microwave-assisted polyol
process.>® 40 mg of CNTs (Hanwha Nanotech, Korea) was dis-
persed in 20 mL of ethylene glycol (Sigma Aldrich) by tip-
sonication at 80 W for 5 h. Five milliliters of the GO solution
(10 mg/mL) and 0.5 mL of sodium hydroxide solution (0.5 M,
Sigma Aldrich) were then added into the CNT solution. After
additional sonication for 1 h, the solution was processed in a
household microwave oven (700 W) for 90 s. Next, the agglom-
erated powders were washed with acetone several times
and dried at 70 °C under a vacuum for 12 h. The synthesis of
CNT-rGOy, was completed by a heat treatment at 800 °C under
a vacuum (0.05 bar) for 1 h.

Characterizations. The chemical functional groups on the
surfaces of the given samples were characterized by X-ray
photoelectron spectroscopy (XPS, Thermo VG scientific, Sigma
Probe). X-ray diffraction (XRD, Rigaku) was used to characterize
the crystallinity of the graphitic array of each sample. The
specific surface area, pore volume, and pore size distribution
were obtained from N, adsorption—desorption measurements
(Quantachrome, Quadrasorb SI). Field emission-scanning elec-
tron microscopy (FE-SEM, Sitrion) and field emission-transmis-
sion electron microscopy (FE-TEM, TECNAI) were employed to
observe the morphologies of the samples.

All of the electrodes were fabricated by first preparing
slurries consisting of the active materials, super-P (TIMCAL),
and poly(vinylidene difluoride) (PVDF, Sigma Aldrich) dispersed
in 1-methyl-2-pyrrolidine (NMP, Sigma Aldrich) in a mass ratio of
8:1:1. The slurries were cast onto Ni mesh, and the cast samples
were dried in a vacuum oven at 70 °C for 12 h. The mass loading
of the active materials was ~0.5 mg/cm? for all of the electrodes
in this study. Cosolvents of ethylene carbonate (EC) and diethy-
lene carbonate (DEC) (1:1 v/v) containing 1 M lithium hexafluor-
ophosphate (LiPFs) (PANAX E-TEC, Korea) were used as elec-
trolyte. Porous membranes (Polypropylene, Celgard 2400) were
used as separators, and 2032 coin-cells were assembled in an
argon-filled glovebox. For actual electrochemical testing of all
of the samples, the galvanostatic charge/discharge measure-
ments were carried out in the voltage range of 0—2 V using a
WBCS 3000 battery cycler (WonATech, Korea) and VMP3 (Bio
Logic, France) at 25 °C. The specific capacitance (C,, F/g), energy
density (ED, Wh/kg), and power density (PD, W/kg) were at-
tained from the galvanostatic results. The specific capacitance
was obtained on the basis of the following equation:

C; = I/[-AV/Atlm = I/[—slopelm
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where I, m, and slope are the discharge current, the mass of
the active material on one electrode, and the slope of the
discharge curve after the iR drop, respectively. ED was calcu-
lated by multiplying the integration area of the galvanostatic
discharge curve (voltage versus discharge time) with the current
density (A/g). PD was calculated by dividing ED by discharge
time. The exact equations for ED and PD are as follows:

Ty 1 (v
ED:/—dt, PD:—/—dt
o M tJo M

where V, M, I, and t are the voltage, the mass of the active
materials on both electrodes, the discharge current, and the
discharge time, respectively.
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