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ABSTRACT: In this work, graphene materials have been
prepared via thermal treatment of graphene oxides with the aid
of intercalated nitric acid. The nitric acid not only favors the
expansion of graphene but also facilitates the generation of
pores into graphene. The specific surface area of such
graphene frameworks is as high as 463 m2/g, and the pore
volume reaches up to 2.23 cm3/g. When tested as super-
capacitor electrodes, the graphene frameworks delivered an
extremely high specific capacitance of ∼370 F/g while
simultaneously maintained an excellent energy density of
12.9 Wh/kg and power delivery of 250 W/kg in aqueous
electrolyte. These performances are much better than those of the control samples prepared without the aid of nitric acid. The
porous structure and large specific surface area are believed to have contributed to the high performances.
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1. INTRODUCTION

Nowadays, the growing demands for consumable portable
power sources and the increasing concern about the environ-
ment issues have stimulated extensive research activities for low
cost, environment friendly, and efficient energy storage/
conversion devices.1,2 Supercapacitors, also called ultracapaci-
tors, are a class of electrochemical energy storage devices that
store and release energy through charge separation at the
electrochemical interface between the electrode and electro-
lyte.3 Since supercapacitors could deliver high power capability
and display long cycle stability, they have received considerable
attention worldwide in the potential applications in portable
electronics, electric vehicles, and so on.4,5 However, the
practical application of supercapacitors in industry is still
limited by the lower stored energy compared with batteries.6

Hence, increasing the energy density without sacrificing their
power density and cycle life remains challenging.
Graphene, a single-atom-thick two-dimensional honeycomb

nanostructure, has been proposed to be an alternative
supercapacitor electrode material due to its excellent electrical
conductivity, outstanding mechanical strength, superior thermal
conductivity, and high theoretical surface area (∼2600 m2/g).7,8

Currently, chemically derived graphene caught much attention
toward the charge storage applications, since it could be
prepared in large quantities at low cost.9 However, the
chemically derived graphene often suffers from sheet-to-sheet

restacking problem during the process due to the strong
interlayer van der Waals force.10,11 This results in the great loss
of its high specific surface area and limits electrolyte penetration
and ion accessibility, leading to the low specific capacitance. In
order to prevent restacking of graphene sheets, an effective
method is to incorporate guest materials as “spacers” into the
interlayer of graphene.12−14 However, the incorporated
materials such as metal oxides, metal hydroxides, and polymer
would suffer gradual structural change (e.g., their degree of
hydration and crystallinity) during the repeated reactions with
electrolyte ions, which is detrimental to the cycling stability. On
the other hand, the engineering of secondary structures (highly
curved or porous structure) into graphene was proposed to be
an effective way to prevent restacking of the sheets.15−18 The
crumpled/wrinkled or porous structure would increase the
accessible surface area and benefit the ion transportation,
favoring the excellent electrochemical performances.19−21

Thermal treatment is an efficient and commonly used
approach for preparation of reduced graphene oxides.22 By
varying the processing conditions, graphene with different
morphology and composition could be obtained.17,23 Previous
works have shown that graphene through thermal treatment at
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selected conditions would exhibit good electrochemical storage
performances.24−26 For instance, corrugated graphene27 and
crumpled paper ball28 showed improved electrochemical
performances. Thermal treatment would be possible to pave
a convenient route for graphene toward the supercapacitor
application. However, this field is not well explored.
In this work, we prepared graphene materials through

thermal treatment of graphene oxides in the presence of
intercalated nitric acid. In the process, nitric acid could not only
play an important role in expanding the graphene oxides but
also simultaneously generate pores into the graphene due to its
active chemical reaction with carbon at high temperature. The
specific surface area and pore volume of the porous graphene
frameworks is up to 463 m2/g and 2.23 cm3/g, respectively.
When tested as supercapacitor electrodes, the graphene
frameworks showed attractive energy storage performance, for
example, ∼370 F/g at a current density of 1A/g in 6 M NaOH
electrolyte. This value is much higher than that of the sample
without such treatment (∼195 F/g at 1 A/g).

2. EXPERIMENTAL SECTION
2.1. Preparation of Graphene Oxides. Graphene oxides were

synthesized from graphite powders by a modified Hummers method as
reported.29 In brief, 1 g of graphite powders, 2 g of NaNO3, and 48 mL
of 98% H2SO4 were mixed at 0 °C and continuously stirred using a
magnet stirrer. KMnO4 (6 g) was slowly added into above mixture
below 20 °C in order to avoid overheating and explosion. Then, 40 mL
of H2O was added. After 2 h, an additional 100 mL of H2O was added
to dilute the solution, and 5 mL of 30% H2O2 was injected into the
solution to completely react with the excess KMnO4. A bright yellow
solution was obtained. The resulting mixture was washed with HCl
and H2O until the pH was close to neutral, and the graphene oxides
were obtained. Graphene oxides were dried in vacuum oven at 60 °C
overnight.

2.2. Preparation of Thermally Treated Nitric Acid Graphene
(TTNAG). Graphene oxides (100 mg) were dispersed in 50 mL of
H2O and ultrasonicated for 2 h to obtain graphene oxides solution.
Concentrated nitric acid (2 mL) was added into the graphene oxides
solution and ultrasonicated for 1 h. Then, the solution was dried in a
Petri dish in a well-ventilated place. The nitric acid-treated graphene
oxides were loaded in a quartz tube and annealed at 500 °C in a
preheating furnace under mixed gas (5% hydrogen gas and 95% argon
gas) for 10 min. Finally, the product was obtained.

2.3. Preparation of Thermally Treated Graphene (TTG).
Graphene oxides (100 mg) were loaded in a quartz tube and annealed
at 500 °C in a preheating furnace under mixed gas (5% hydrogen gas
and 95% argon gas) for 10 min. Then, the sample was obtained.

2.4. Characterization. The morphology and structure of the
samples were inspected by field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and
nitrogen adsorption−desorption analysis. The scanning electron
microscopy (SEM) images were obtained from a FESEM system
(JEOL, Model JSM-7600F). TEM images of the samples were
obtained using a TEM system (JEOL, model JEM 2100) operating at
200 kV. Raman spectra were obtained with a WITec CRM200
confocal Raman microscope (WITec Instruments Corp, Germany)
using a 488 nm exciting radiation. Thetaprobe X-ray photoelectron
spectroscopy (XPS, ESCALab 250i-XL, and Thetaprobe A1333) was
used to verify the surface chemistry of samples. The nitrogen
adsorption−desorption analysis was conducted at 77 K using a
Micromeritics ASAP 2020 apparatus. The specific surface area was
determined by the Brunauer−Emmett−Teller (BET) calculations. The
pore size distribution was deduced from the adsorption branch of the
isotherm based on Barrett−Joyner−Halenda (BJH) model. The
elemental analysis (C, H, and N) was conducted using Elementar
Vario Micro Cube.

2.5. Electrochemical Measurements. To fabricate the film
electrodes, 80 wt % active material, 10 wt % carbon black, and 10 wt %
polyvinylidene fluoride (PVDF) binder were mixed with N-methyl-2-
pyrrolidinone (NMP). The obtained slurry was coated onto 2 × 1 cm2

Figure 1. Schematic representations of (a) fabrication steps of TTNAG and (b) selective formation process of pores through thermal treatment.
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graphite papers within an area of 1 × 1 cm2, which were then dried in
vacuum at 50 °C for 12 h to remove the solvent. The mass loading of
each electrode was maintained around 1 mg and the thickness was
about 40 μm. The electrochemical properties and capacitance
measurements of the supercapacitor electrodes were studied in a
three-electrode half-cell system in 6 M NaOH electrolyte with
Solartron analytical equipment (Model 1470E). Platinum wire was
used as the counter electrode and Ag/AgCl as the reference electrode.
Electrochemical impedance spectroscopy (EIS) measurement was
carried out in the frequency from 100K to 0.01 Hz by applying 10 mV
bias voltage.

3. RESULTS AND DISCUSSION
Figure 1a illustrates the preparation steps of the graphene
frameworks. It has been widely reported that nitric acid could
introduce defects into carbon nanotubes, cut carbon nanotubes,
produce carbon dots, and form graphene nanomeshes, since it
actively reacts with carbon under specified condition.30−34

Herein, we used nitric acid as a pore generator. In the first step,
the graphene oxides were dissolved in the nitric acid solution.
The nitric acid could be absorbed on the surface of each layer
of graphene oxides.35 Then, the graphene oxides with attached
nitric acid were dried in air at room temperature. The graphene
oxides with incorporated nitric acid were obtained. It is worth
noting that, in order to prevent the evaporation of nitric acid,
the Petri dish containing nitric acid solution with graphene
oxides was covered with prepoked tin foil and placed in a dark
ventilated place. In order to prove the presence of nitric acid,
we conducted the elemental analysis on the dried product. The
mass fractions of carbon, hydrogen, and nitrogen are 54.18,
3.59, and 6.59%, respectively, indicating nitric acid resided in
the graphene oxides. Then, the obtained dried graphene oxides
with nitric acid were put into a preheated furnace at 500 °C
under mixed gas (5% hydrogen and 95% argon) for 10 min.
The sample after the thermal treatment was designated as
thermally treated nitric acid graphene (TTNAG). In this step,
the nitric acid on the surface of graphene oxides was likely to
react with its neighboring carbon atoms at high temperature,
especially at the defect sites (e.g., embedded mismatched
pentagons and heptagons, embedded hetero atoms) to generate
pores (e.g., type 2 and type 3 in Figure 1b). The gases
generated may induce strong forces to expand the layers.
Meanwhile some oxygen-containing functional groups (carbox-
yl group, hydroxyl group, carbonyl group) in graphene oxides
could react with each other to release CO and CO2, which may
also favor the formation of pores (e.g., type 1 in Figure 1b). In
addition, the outgassing of the CO, CO2, NO2, and H2O
molecules could introduce an extra force to further expand the
graphene oxides and help the formation of porous frameworks.
As a control experiment, thermally treated graphene (TTG)
was also synthesized under the same condition without the aid
of intercalated nitric acid.
Figure 2a shows the digital image of graphene oxides, TTG,

and TTNAG samples with the same mass (20 mg) in the vials.
From it, the expanded volume of TTNAG (20 mg) is observed
to be larger than that of TTG (20 mg). This indicates the
higher degree of expansion for TTNAG, which is related to the
presence of nitric acid. Compared with the brown color of
graphene oxides (Figure 2a-1), the black color of TTG and
TTNAG indicates that the graphene oxides have been
successfully reduced to graphene. In Raman spectrum
(Supporting Information Figure S1), the increased intensity
ratio of D band to G band (ID/IG) for TTNAG and TTG,
compared to that of graphene oxides, also proves it.36,37

Additionally, XPS was conducted to further investigate these
samples (Supporting Information Figure S2). The increased C/
O ratios confirm that TTNAG and TTG are reduced
successfully. In the C1s XPS spectrum, the fitted peaks
centered at 284.5, 286.7, 288.3, and 289.1 eV are assigned to
CC, CO, CO, and OCO, respectively.36,38 The
relative ratios of different surface functionalities are summarized
in their insets. It is worth noting that a small amount of oxygen-
containing functional groups are still in TTNAG and TTG.
The morphologies of graphene oxides, TTNAG, and TTG

were further investigated by SEM. The SEM image of crossing
section of graphene oxides (Figure 2b) indicates these sheets
are stacked. For TTNAG (Figure 2c), the stacked graphene
oxides are effectively exfoliated to separated sheets with
interconnected 3D porous structure. The pore sizes ranging
from 30 to 300 nm are clearly visible (Figure 2d). While for
TTG (Figure 2e, f), 3D interconnected porous structure could
also be observed, which is related to the outgassing of CO,
CO2, and H2O, releasing from the reduced oxygen-containing
functional groups during the thermal process. However,
compared with TTNAG, it is not so fully expanded. These
SEM results indicate that nitric acid plays an important role in
expanding the graphene.
Figure 3a shows the low-magnification TEM image of

TTNAG, in which the transparent ultrathin sheets with
wrinkles could be observed. The high-magnification TEM
images (Figure 3b, c) exhibit pores with different sizes in the
TTNAG samples. Some of the pores are marked in red circles.
We speculate that besides removal of functional groups induced
pores, individual nitric acid molecule, anchored separately onto
the layers of graphene oxides, could also react with the
neighboring carbon and therefore generate pores. These
micropores could be clearly observed in Figure 3c. For TTG,
the TEM images show the transparent sheets with wrinkles

Figure 2. (a) Digital image of graphene oxides, TTG, and TTNAG,
marked by 1, 2, and 3, separately. SEM images of (b) graphene oxides,
(c, d) TTNAG, and (e, f) TTG.
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(Figure 3d), but there are fewer pores in the thin nanosheets
than TTNAG (Figure 3e, f). In this case, lack of the nitric acid-
induced pores, the quantity of the pores is expected to be less
than that of TTNAG, although the thermal treatment could
also reduce some of the oxygen-containing functional groups to
form pores.
In order to further confirm the detailed porous structure in

the TTNAG sample, we conducted nitrogen adsorption−
desorption measurements. As shown in Figure 4a, the
isotherms of TTNAG and the control sample TTG exhibit
the characteristics of type IV with a distinct type H3 hysteresis
loop in the P/Po range of 0.45−1.00 based on the standard
definition of International Union of Pure and Applied
Chemistry (IUPAC). It implies the presence of mesopores
and macropores raised from the aggregation of sheets in the
frameworks. However, only for the isotherm of TTNAG, a
sharp rise at low P/Po (∼0.01) at the initial region of the
isotherms can be observed, indicating a small amount of
micropores existing in the framework. These pores may be
related to the reaction of nitric acid and the neighboring carbon
atoms. The specific surface area of TTNAG and TTG is 463
and 215 m2/g, respectively, based on the Brunauer−Emmett−
Teller (BET) analysis. The increased surface area may originate
from the higher degree of expansion and increased number of
pores in TTNAG. The pore volume ranging from 1.7 to 100
nm shows a higher value of 2.23 cm3/g for TTNAG than that

for TTG (e.g., 1.01 cm3/g). Barrett−Joyner−Halenda (BJH)
pore size distributions of the samples (Figure 4b) also show the
significant higher incremental pore volume ranging from
around 2 to 100 nm for TTNAG than TTG.
The large surface area and porous structure make TTNAG a

potential excellent material toward supercapacitor application.
So, we measured the charge storage performances of TTNAG
electrodes with a three-electrode system in 6 M KOH aqueous
solution. For comparison, we also evaluated the charge storage
performances of electrodes made from TTG.
Figure 5a demonstrates the representative cyclic voltammo-

gram (CV) curves of TTNAG and TTG electrodes between 0
and −1 V at a scan rate of 100 mV/s. These CV curves exhibit a
quasi-rectangular shape, showing the electrostatic characteristic
of electric double-layer capacitors (EDLC). Meanwhile, small
humps could be observed, which could be attributed to the
presence of oxygen-containing functional groups. The larger
area of the rectangular curve of TTNAG electrodes indicates
the higher specific capacitance. The detailed CV curves of the
TTNAG and TTG samples at various scan rates (5−100 mV/
S) were also plotted (Supporting Information Figure S3a, b).
Figure 5b shows the galvanostatic charge/discharge curves of
the TTNAG and TTG electrodes at a current density of 1 A/g.
The detailed charge/discharge curves of the electrodes were
also measured at different current densities (1, 2, 5, 10, 15, 20
A/g) (Supporting Information Figure S3c, d). The specific
capacitances of the electrodes, Cs, were calculated from the
galvanostatic charge/discharge curves using the following
equation:

=
Δ
Δ( )

I

m
Cs

E
t

Where I is the discharge current, (ΔE/Δt) is the average slope
of the discharge curve after the IR drop, Δt is discharge time,
and m is active mass. The calculated specific capacitances of the
TTNAG electrodes are 370, 290, 250, 210, 190 F/g at current
densities of 1, 2, 5, 10, 15 A/g, respectively (Figure 5c). Even at
a high current density of 20 A/g, the TTNAG electrodes could
still deliver a specific capacitance of 180 F/g. As a comparison,
the TTG electrodes exhibit lower specific capacitances of 195,
150, 125, 100, 90, 80 F/g at current densities of 1, 2, 5, 10, 15,
20 A/g (Figure 5c), respectively. The specific capacitance of the
TTNAG electrodes (370 F/g at current density of 1 A/g) is
considered to be excellent as compared to some of the state-of-

Figure 3. Low-magnification (a) and high-magnification (b, c) TEM
images of TTNAG. Low- magnification (d) and high-magnification (e,
f) TEM images of TTG. Some pores are marked by the red circles.

Figure 4. (a) Nitrogen adsorption−desorption isotherms and (b) BJH adsorption pore size distribution of TTNAG and TTG. (TTNAG, red line;
TTG, black line.)
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the-art values, for example, nitrogen-doped porous carbon
nanofibers (202 F/g),39 functionalized graphene by solvother-
mal method (276 F/g),40 and active carbon (100 F/g).41

Figure 5d demonstrates the Ragone plots of the samples,
showing the relationship between the energy density and power
density. The energy densities (E) and power densities (P) were
calculated derived from the discharge curves according to the
following equations:

= ⎜ ⎟⎛
⎝

⎞
⎠E V

1
2

Cs
4

2

=P
E
t

where Cs is the specific capacitance (in a three-electrode
system, one-fourth of the specific capacitance of a single
electrode is used),25,27,42 V is the applied voltage, and t is the

discharge time respectively. At a power density of 250 W/kg,
the energy density of TTNAG can reach 12.9 Wh/kg, which is
much higher than that of TTG (6.8 Wh/kg). This energy
density is also higher than the values reported for ordered
mesoporous carbons (9.4 Wh/kg),43 nitrogen and boron
codoped 3D graphene (8.7 Wh/kg),44 and corrugated graphene
(7.6 Wh/kg)27 in aqueous electrolytes.
Electrochemical impedance spectroscopy was used to study

the kinetic features of the ion diffusion in TTNAG and TTG
electrodes. The x-axis intercepts at high frequency in the
Nyquist plots (Figure 5e) for TTNAG and TTG are 0.34 and
0.36, indicating the internal or equivalent series resistances of
the electrodes are almost the same.27 The radius of the
semicircle at high frequency for TTNAG is shorter than that of
TTG, illustrating the smaller charge transfer resistance. The
shorter Warbug-type line (45° portion of the curve) for
TTNAG also signifies the faster kinetics of ion transfer.45

Figure 5. (a) CV curves of TTNAG and TTG at a scan rate of 100 mV/s. (b) Galvanostatic charge/discharge curves of TTNAG and TTG at current
density of 1 A/g. (c) Specific capacitance versus different current density. (d) Energy density versus power density of TTNAG and TTG. (e)
Nyquist plots of TTNAG and TTG. (TTNAG in blue line, TTG in black line). (f) Cycling performance of TTNAG electrode at a current density of
10 A/g.
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To evaluate the electrochemical stability of the TTNAG
electrodes, the galvanostatic charge/discharge process was
conducted at a current density of 10 A/g for 1000 cycles. As
shown in Figure 5f, after 1000 times of cycling, the capacitance
still maintains 185 F/g, showing a prominent performance in
durability and stability. The morphology of TTNAG electrodes
after charge/discharge cycling test was also investigated using
SEM. There is no significant structural change after 1000 cycles
and some of the pores could still be observed (Supporting
Information Figure S4), which contributes to the good stability.
In TTNAG, the porous structure and a large specific surface

area are regarded to contribute to the high electrochemical
performances of TTNAG. The highly interconnected porous
structure could decrease the diffusion distances and accelerate
the charge transportation. The large accessible surface area can
absorb electrolyte ions effectively and increase the assembled
ions on the surface of electrodes. The increased edge defects
caused by the pores were also reported to have a positive effect
on the electrochemical capacitances.46

In order to investigate the effect of the concentration of the
nitric acid, we added different amount of nitric acid (e.g., 1, 2, 4
mL) into the solution containing graphene oxides. After the
same drying process and thermal treatment, there were no
obvious differences in surface areas and pore volumes for these
samples (Supporting Information Table S1). The related
nitrogen adsorption−desorption isotherms are shown in
Supporting Information Figure S5. We propose that the
adsorption of the nitric acid molecules on the surface of
graphene is not stable, which may be easily desorbed during
drying process. The electrochemical performances were also
tested for these samples. The CV and charge/discharge profiles
show no obvious differences for these samples (Supporting
Information Figure S6).

4. CONCLUSION

We have prepared graphene frameworks via thermal treatment
of graphene oxides assisted with the intercalated nitric acid.
When tested as an electrode material for supercapacitor, such
graphene frameworks exhibited excellent electrochemical
performance (e.g., specific capacitance 370 F/g at 1 A/g and
88% retention rate after 1000 cycles). The good performances
are attributed to the easy penetration of the electrolyte ions and
effective absorbing sites for these ions due to the porous
structures and large surface areas of the frameworks.
Prospectively, such architecture would also be beneficial for
catalysis and drug delivery applications.
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