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ABSTRACT: Here, we report a lamellar holey oxygen-
enriched graphene hydrogel (LGH) consisting of graphene
sheets with a large amount of oxygen functional groups and in-
plane pores and confirm its excellent supercapacitive perform-
ances. LGH is quite different from the traditional graphene
hydrogel in terms of both the morphology and porous
structure. Importantly, the in-plane pores on the graphene
sheets link up the out-of-plane interval between the graphene
sheets to form a linking-up network porous structure. The in-plane pores result in more micropores and the additional oxygen
functional groups on graphene sheets. The LGH single electrode exhibits an ultrahigh capacitance (337.8 F g−1 at 1 A g−1) and
excellent rate capability (the specific capacitance at 100 A g−1 retains 77% relative to 1 A g−1). The asymmetric supercapacitor is
assembled by using the LGH as positive electrode material and the graphene hydrogel that has adsorbed anthraquinone as
negative electrode material, respectively. The device exhibits a high energy storage (energy density of 31.5 Wh kg−1 along with
power density of 0.9 kW kg−1).

1. INTRODUCTION

Graphene as a single two-dimensional carbonaceous material has
been widely used as an electrode material for supercapacitors due
to the excellent electrical conductivity, high theoretical surface
area, decent flexibility, and outstanding chemical stability.1−5 But
the fact is that in the practical application, the experimental
capacitive performance of graphene is far less than the expected
value owing to the evident limiting factors. The graphene sheets
are easy to agglomerate via the π−π stacking interaction and van
der Waals force. The only outer surface of the agglomerated
graphene is accessible to the electrolyte, which leads to the
insufficient utilization of active sites.6−8 To further improve the
utilization of the graphene, researchers suggested constructing
“spacers” between the graphene sheets. One of the typical
examples is the three-dimensional (3D) macropore graphene
hydrogel (GH) that is assembled directly from graphene oxide
(GO) through the hard template,9 hydrothermal method,10,11

and so on. However, the traditional graphene hydrogel seems to
have several shortcomings, especially, in the structural
parameters. First, the macropores with complicated pore-paths
are dominant in the traditional graphene hydrogel, resulting in a
limited specific surface area (166 m2 g−1).12 Second, the
electrolyte ions are not able to pass through pore walls to access
the internal-layer graphene in the framework that is assembled
from graphene sheets. Third, the lack of oxygen functional
groups and hydrophilic properties after further reduction
through a hydrothermal reaction limits the capacitive perform-
ances of graphene hydrogel.
Recently, the in-plane pores on the graphene sheets are

considered an effective strategy to increase the specific surface

area and improve the pore structure of the graphene hydro-
gel.13−15 Qu et al. reported a graphene nanomesh assembled
foam (GMF) with hierarchical pore arrangement by a site-
localized nanoparticle-induced etching strategy on the basis of
hydrothermally self-assembled graphene architecture. The
specific surface area of the resultant GMFs is up to 362 m2

g−1.14 Duan et al. reported a holey graphene oxide (HGO) with
abundant in-plane nanopores, the specific surface area of ∼430
m2 g−1, and a pore size distribution in the range of 2−70 nm. The
three-dimensional holey graphene framework that derived from
the HGO delivered a great gravimetric capacitance of 298 F g−1

in organic electrolyte.16 It is believed that the in-plane pores on
graphene sheets have two positive factors: one is that the specific
surface area of the graphene hydrogel increases evidently. The
other is that the electrolyte ions can directly diffuse into the
interior of the graphene hydrogel framework through the in-
plane pores on the graphene sheets, leading to an adequate
utilization of active sites. It should be noted that the distribution
and density of the in-plane pores will influence electric
conductivity of the hydrogel. The researchers have been trying
to regulate the porosity by using the different pore-forming
agents (H2O2,

17 KOH,18 and KMnO4,
19,20 etc.) and controlling

the reaction conditions. For instance, Liu et al. prepared a holey
reduced graphene oxide (HRGO) with abundant in-plane
nanopores by using H2O2 as etchant. By optimizing the reaction
conditions, pore size distribution of the nanopores ranged from
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0.6 to 5.0 nm. Moreover, the Vmicro/Vtotal ratio of the obtained
HRGO samples increased from 0.083 to 0.167 by prolonging the
hydrothermal treatment time. The obtained electrodes exhibited
high specific capacitance (251 F g−1 at a current density of 1 A
g−1) and enhanced rate capability (73% capacitance retention
from 1 to 60 A g−1).21 Yang et al. reported a graphene monolith
electrode, in which the zinc chloride (ZnCl2) was used as a pore
former to precisely control the density and porosity. The specific
surface area was tunable from 370 to over 1000 m2 g−1. The
capacitance of a directly sliced pellet electrode with a thickness of
400mm reached 150 F cm−3 in an ionic liquid electrolyte, and the
corresponding symmetrical supercapacitor (SSC) delivered a
volumetric energy density of 64.7 Wh L−1.22

Besides, the oxygen functional groups on the plane or edge of
the graphene layers can strengthen the wettability of the material
to improve the accessibility with the aqueous electrolyte,
decreasing the charge-transfer resistance between the two-
phase boundaries. Meanwhile, Frackowiak et al. considered that
the redox reactions of the hydroxyl, carbonyl, and carboxyl
groups might be ascribed to the pseudocapacitance behavior.23

Conway also supported that the quinone or aldehyde groups
might possess redox activity, which is responsible for the
pseudocapacitive reaction.24

It should be noted that capacitive performance of super-
capacitors depends on both the positive and negative electrodes.
That two electrodes match with each other suitably is essential
for achieving high energy density along with large power density.
Generally, the positive electrode material where the current
response occurs at a positive potential range needs a counterpart
in which the current response occurs at a negative potential
range. The anthraquinone (AQ) molecule with a reversible
Faradaic reaction displays a fast electrochemical response around
of −0.2 V in acidic condition.25 When AQ molecule is confined
on the conductive substrates such as graphene via the π−π
interaction, the resultant composite is usually used as a negative
electrode material for supercapacitors.26,27

Herein, we report a new type of lamellar holey oxygen-
enriched graphene hydrogel (LGH), which is quite different
from the traditional 3D graphene hydrogel in terms of both the
morphology and porous structure. The LGH macroscopically
has a long-range ordered structure self-assembled layer by layer,
whereas the traditional GH is a three-dimensional framework in
which the graphene sheets are randomly configured. After oxide
etching with KMnO4, a large number of in-plane pores and
additional oxygen functional groups were produced on the
graphene sheets. The holey oxygen-enriched graphene sheets
were cross-linked into the individual layer during the hydro-
thermal processes and then the individual layer self-assembled
into the macroscopically ordered lamellar structure. The LGH
contains abundant in-plane and out-of-plane pores, which leads
to a large specific surface area (433.7 m2 g−1). The in-plane pores
on the graphene sheets link up the out-of-plane interval between
the graphene sheets to form a hierarchical network porous
structure through which the electrolyte ions can directly access to
the internal graphene layers in the LGH during the electro-
chemical processes. As a result, active sites in the LGH can be
utilized sufficiently. More importantly, the additional oxygen
functional groups are produced around in-plane pores, which
contribute enhanced pseudocapacitance to the overall capaci-
tance. Furthermore, LGH has a fast current response at around
+0.375 V (vs the saturated calomel electrode (SCE)) in the acidic
electrolyte, which is an ideal positive material suitable for
supercapacitors. To match with the LGH positive electrode, we

used the graphene hydrogel/anthraquinone (GH/AQ) compo-
site as counterpart electrode to assemble asymmetric super-
capacitors (ASCs). As a result, the assembled ASC delivers a
superior energy density along with high power density. Even at a
high power density of 90 kW kg−1 (a full charge/discharge only
needs 1.7 s), the device preserves energy density of 20Wh kg−1 in
aqueous electrolyte solution.

2. EXPERIMENTAL SECTION
2.1. Materials. GO was prepared from pure graphite powder

by a modification of the Hummers method.28,29 Sulfuric acid
(98%, H2SO4), hydrochloric acid (HCl), acetone, and potassium
permanganate (KMnO4) were purchased from Sinopharm
Chemical Reagent Corp (China). Anthraquinone was purchased
from (AQ, Alfa-Aesar). All of the experiments were carried out
using analytical grade chemicals and deionized (DI) water.

2.2. Preparation of Positive Electrode Material. GO
(0.16 g) was added into 100 mL of DI water with ultrasonic
treatment to form dispersion. A certain amount of KMnO4 was
added into the above homogeneous graphene oxide dispersion,
and continuous ultrasonic treatment was performed for 1.5 h.
Thereafter, the mixture sealed in a 100 mL Teflon-lined
autoclave was maintained at 180 °C for 12 h. Then, the autoclave
was naturally cooled down to room temperature and the product
soaked into HCl (8 M) for 36 h. After being washed repeatedly
with DI water and freeze-dried, the LGH materials were
obtained. The obtained samples with 0.02, 0.032, and 0.08 g of
KMnO4 were marked as LGH-1, 2, and 3, respectively. For
comparison, we prepared the graphene hydrogel (GH) by the
same procedure in the absence of KMnO4. The GH−MnO2 was
prepared same as LGH-2 and without washing by HCl.

2.3. Preparation of Negative Electrode Material. GH
(0.1 g) was soaked in the acetone solution with AQ (the
concentration is 1.5 mg mL−1) for 12 h. The final product was
washed by acetone several times and dried at 70 °C to obtain
GH/AQ negative material.

2.4. Material Characterization. The morphologies of
products were characterized by scanning electron microscopy
(SEM; Ultra Plus, Germany) and a transmission electron
microscope (TEM; JEOL, JEM-2010, Japan). Powder X-ray
diffraction (XRD) of materials was implemented on a
diffractometer (D/Max-2400) using Cu Kα radiation (λ =
1.5418 Å) operating at 40 kV, 100 mA. Raman spectra was
recorded using an inVia Raman spectrometer (Renishaw) with
an argon-ion laser (λ = 514 nm). The Brunauer−Emmett−Teller
(BET) surface area of the samples was analyzed by nitrogen
adsorption in a Micromeritics ASAP 2020 nitrogen adsorption
apparatus. Chemical state analyses of samples were performed by
X-ray photoelectron spectroscopy (XPS; Escalab 210 system,
Germany); the analysis was recorded with a monochromatic Al
Kα radiation source (ThermoVG Scientific). Thermogravimetric
(TG) analysis was carried out with a PerkinElmer TG/DTA-
6300 instrument, and the temperature range is 20−800 °Cwith a
heating rate of 5 °C min−1 under the nitrogen atmosphere.

2.5. Electrochemical Measurements. To test the electro-
chemical performance of the samples in a three-electrode system,
the working electrode was prepared by dispersing 85% samples
and 15% acetylene black in 0.4 mL of Nafion (0.25 wt %). Then,
6 μL of the above suspension was dropped onto the glassy carbon
electrode using a pipette gun and dried at room temperature.
Cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS)
were carried out in 1 M H2SO4 aqueous solution on a CHI760E
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electrochemical working station (Chenghua, Shanghai, China).
The carbon rod and saturated calomel electrode were used as the
counter electrode and reference electrode, respectively. To
evaluate the energy density, an ASC was assembled, in which the
LGH-2 and GH/AQ was served as the positive material and
negative material, respectively. The charge (Q) on both negative
and positive electrodes was balanced on the basis of formula 1a

= × ×Q C V m (1a)

where C (F g−1), V (V), and m (g) are specific capacitance,
operating potential window, and the mass of the active materials,
respectively. The mass loading on both positive and negative

electrodes was over 1mg cm−2. The cycle stability was performed
on LANHE test system (Wuhan Electronic Co., Ltd., China).

3. RESULTS AND DISCUSSION
3.1. Positive Materials Characterization. A possible

formation process of the material is shown in Figure 1. After
adding the KMnO4 aqueous solution into the GO dispersion
system, we obtained the reacting system. The carbon atoms
would be partly oxidized and consumed to leave behind the
carbon vacancies and form in-plane pores on the graphene sheets
during the hydrothermal process (reaction 2a), whereas the
aqueous permanganate (MnO4

−) would be converted to the
insoluble MnO2, which might be deposited on the surface of

Figure 1. Schematic illustration formation process of LGH electrode material.

Figure 2. (a) TEM image of LGH-2 (the in-plane pores are marked in the red circles); (b−d) SEM images of LGH-2 at different magnifications, inside
(b) is a photograph of LGH-2; (e, f) elemental mapping data TEM images of GH−MnO2 composite and LGH-2, respectively.
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graphene sheets.20,30 Meanwhile, the additional oxygen func-
tional groups would be generated around in-plane pores acting as
active sites. The MnO2 nanoparticles might be connected with
these active sites hanging between the graphene layers and then
increase the opportunities to form more interconnected layers of
the GO.19 After eliminating the MnO2 with 8 M HCl, we
obtained the LGH materials.

+ + = + +− − −4MnO 3C H O 4MnO CO 2HCO4 2 2 3
2

3
(2a)

Figure 2a shows the TEM image of the LGH-2. The LGH-2
consists of the wrinkled and thin multilayered graphene.
Furthermore, there are some holes existing on the graphene
sheets, which are derived from the chemical activation with
KMnO4. The sectional SEM image of the sample is shown in
Figure 2b. The macroscopic long-range ordered structure self-
assembled layer by layer can be seen clearly, which is defined as
lamellar graphene hydrogel. The plane view SEM images of the
individual layer are shown in Figure 2c,d, indicating that the layer
displays a three-dimensional porous architecture. The observa-
tions suggest that the resultant lamellar graphene hydrogel is
different from the traditional graphene hydrogel in both
morphology and porous structure. This novel lamellar structure
might be attributed to the hydrogen bond of the oxygen
functional groups and the formation progress of MnO2 during
the oxide-etching reaction. The TEM images of GH−MnO2 and

LGH-2 are shown in Figure S1. It could be observed that the
nanoscale MnO2 particles were anchored on the GH (Figure
S1a). After MnO2 was removed, numerous nanopores were left
in the GH (Figure S1b). The elemental mapping analysis images
of GH−MnO2 and LGH-2 are shown in Figure 2e,f, respectively.
It is found that C, O, and Mn distribute homogeneously in the
GH−MnO2 composite. After washing with HCl, theMn element
disappeared, indicating that the resulting LGH-2 is only
composed of C and O.
The XRD patterns of samples are investigated to evaluate the

crystallographic structures (Figure 3a). The XRD patterns of GH
and LGH-1, 2, and 3 exhibit broad diffraction peaks located at
around 2θ = 23.6°, attributing to the (002) plane of graphitic
carbon.31 The intensity of the (002) peak in LGH samples is
noticeably weakened and tends to be broad compared to that of
the GH. This fact is ascribed to the presence of in-plane pores on
the randomly stacked graphene sheets.32 Raman spectroscopy
has been used to investigate the defect structure of graphene
materials extensively. There are two broad diffraction peaks at
around 1594.2 and 1328.9 cm−1, attributed to the G and D band,
respectively. It is generally accepted that the G band is associated
with the stretching vibration of the sp2 carbon atoms in the
hexagonal carbon framework, whereas the D band is attributed to
the sp3 hybridized carbon atoms at the edges or defects on
graphene basal plane. Therefore, the change of the intensity ratio
between the D band and G band (ID/IG) can provide an evidence

Figure 3. (a) XRD patterns and (b) Raman spectra of GH and LGH-1, 2, and 3 samples; (c) nitrogen adsorption−desorption isotherm and (d) pore size
distribution plot of GH and LGH-1, 2, and 3 samples.
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for the defect formation of graphene sheets.33,34 As shown in
Figure 3b, with the content of KMnO4 growing, the ID/IG ratios
are 1.022, 1.027, 1.036, and 1.064 for GH and LGH-1, 2, and 3,
respectively, suggesting that the increased defects and disorders
are attributed to the in-plane pores forming on the graphene
sheets.
The porous structure of the samples is further determined by a

N2 adsorption−desorption test (Figure 3c). The isotherms of
LGH-1, 2, and 3 belong to type IV. There are steep changes of the
adsorption curves at low relative pressure (P/P0 < 0.1),
confirming that there are a large number of micropores. The
hysteresis loops observed in the adsorption−desorption
isotherm attribute to the capillary condensation at a high relative
pressure (P/P0 is about 0.3−0.9), indicating the existence of
mesopores. In the isotherm of GH, an almost vertical tail is
present at a P/P0 of about 0.9−1.0, suggesting that there are
macropores in the GH due to the interconnected graphene
sheets. Thus, it can be seen that the LGH samples are different
fromGH in the pore parameters. The former possesses abundant
micropores, whereas the latter displays a significant feature of
macropores. It is believed that the etching treatment of KMnO4
on the graphene sheets plays a key role in forming micropores.
The specific surface area of samples is calculated by the
Brunauer−Emmett−Teller (BET) method. As shown in Table
1, the specific surface area of LGH-1, 2, and 3 is 440.8, 433.7, and

332.6 m2 g−1, respectively, which is∼2.5 times larger than that of
GH (171.6 m2 g−1). The increasing specific surface area for LGH
samples might be owing to the uniformly distributed in-plane
pores on graphene sheets. The hierarchical porous configuration
of the samples is also confirmed by the pore size distribution plot,
as shown in Figure 3d. The micropores of LGH-1, 2, and 3 are
centered at around 0.80, 0.86, and 0.86 nm, respectively. The
meso/macropores have continuous distribution within the range
of 2−100 nm. By adding the KMnO4, the content of macropores
decreases greatly. It is noticed that LGH-2 shows a denser
distribution in pore sizes centered below 1 nm, indicating its
relatively higher porosity. The micropore volumes of LGH-1, 2,
and 3 are up to 11.67, 17.14, and 21.10% of the total pore volume,
respectively.35

It is generally considered that the oxygen functional groups are
present on the plane and edge of graphene sheets. For holey
graphene, oxygen functional groups are also considered to be
around in-plane pores on graphene sheets.36,37 To further
investigate the surface composition, the XPS was performed. The
XPS full spectra of samples are shown in Figure 4. Only the
primary C 1s and O 1s peaks appear at around 285.1 and 533.3
eV, confirming that the samples contain none other impurities.
The oxygen contents are 8.93, 15.02, 16.73, and 17.74% for GH,
LGH-1, 2, and 3 samples, respectively (Table 2). The oxygen
contents increase gradually with the etching degree, indicating

that the oxide etching could enhance the level of oxygen content
effectively. This phenomenon corresponds to the regular change
of the micropore contents, so we speculate that the oxygen
content is related with the formation of micropores and the
oxygen functional groups might be existing on the edges of
micropores.
As shown in Figure 5a, three peaks were fitted by the

deconvolution of the C 1s spectra. They correspond to graphitic
carbon (284.7 eV), C−O (285.8 eV), and CO/C(O)O (288.5
eV), respectively.38 The relative quantity of each species is listed
in Figure 6a and Table 3. The amount of graphitic carbon
components decreases from 75.85% (GH) to 61.18% (LGH-1),
55.2% (LGH-2), and 57.54% (LGH-3), implying that the sp2

carbon atoms in graphene are further reduced by etching.
Meanwhile, the summations of C−O and CO/C(O)O
components of LGH are increased obviously compared to
those of GH and the LGH-2 owns the highest content. The high-
resolution O 1s spectra of samples are revealed in Figure 5b. The
peaks of three types of oxygen functionalities are CO/C(O)O
(531.9 eV), C−O−C (532.7 eV), and −OH (533.6 eV)
groups.39 The reversible redox reactions are believed to take
place between the hydroxyl and carboxyl groups during the
electrochemistry process.40 From Figure 6b and Table 3, we
further calculated the total contents of the electroactive oxygen
functional groups (CO/C(O)O and −OH groups), which are
equal to 43.09 (GH), 60.81 (LGH-1), 74.59 (LGH-2), and
64.73% (LGH-3), respectively. The oxygen functional groups
with electrochemical activity could contribute the pseudocapa-
citance to the overall capacitance during the electrochemical
process.
To evaluate the electrochemical performances of the samples

for supercapacitors, we measured the CV curves in a three-
electrode system in the electrolyte of 1 M H2SO4 solution. As
shown in Figure 7a, the CV curves of GH and LGH-1, 2, and 3
were compared at a potential window of 0−1 V, with the scan
rate at 10 mV s−1. All of the CV curves show a similar rectangular
shape, with a pair of redox peaks. Comparatively, the background
currents of LGH are larger than those of GH, suggesting a
significant enhanced double layer charge storage capability of
LGH. This result attributes to the higher specific surface area of
LGH. The LGH-2 has the largest background current of LGH

Table 1. BET Surface Area, Pore Structure Characterization
Parameters of Samples

sample SBET
a (m2 g−1) Db (nm) Vtotal

c (cm3 g−1) Vmic
d/Vtotal (%)

GH 171.6 8.12 0.345
LGH-1 440.8 2.63 0.289 11.67
LGH-2 433.7 2.57 0.280 17.14
LGH-3 332.6 2.40 0.199 21.10

aSpecific surface area determined according to the BET method.
bAverage pore diameter. cTotal pore volume. dMicropores’ pore
volume.

Figure 4. XPS spectrum survey scans of GH, LGH-1, 2, and 3 samples.

Table 2. Summary of Elemental Composition of Samples

samples GH LGH-1 LGH-2 LGH-3

C (%) 91.07 84.98 83.27 82.26
O (%) 8.93 15.02 16.73 17.74
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samples, which might be relative to a sufficient contact area
between the electrode materials and the electrolyte. It is reported
that the reversible redox reaction of the oxygen-containing
functional groups occurs at around +0.4 V.40,41 Compared with
LGH-1 and LGH-3, there is a relatively expanded integral area of

the CV curve and strong redox peak for LGH-2 at about +0.375
V, which could attribute to the relatively more oxygen functional
groups with electrochemical activity and more complete
electrical conductivity. Thus, it is an effective way to improve
the performance of the carbon materials by oxide-etching

Figure 5. XPS spectra of C 1s region (a) and O 1s region (b) of GH, LGH-1, 2, and 3 samples.

Table 3. Fitted Results (atom %) of C 1s and O 1s XPS Spectra for Samples

C 1s O 1s

assignment graphitic carbon (284.7 eV) C−O (285.8 eV) CO/C(O)O (289.2 eV) CO/C(O)O (531.4 eV) C−O−C (532.7 eV) O−H (533.6 eV)

GH 75.85 13.44 10.71 30.21 56.91 12.88
LGH-1 61.18 31.82 7.00 11.55 39.19 49.26
LGH-2 55.20 35.50 9.30 24.34 25.41 50.25
LGH-3 57.54 35.60 6.86 15.02 35.27 49.71
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treatment that increases the oxygen functional groups with
electrochemical activity. The oxygen functional group reaction
may be accounted as follows (reaction 1), which can be regarded
as two electronic responses40,42

The energy storage performances of samples are further tested
with the galvanostatic charge/discharge experiments. As shown
in Figure 7b, the galvanostatic curves of GH and LGH-1, 2, and 3
exhibit nonlinear shapes, indicating the presence of pseudoca-
pacitive reactions, which is consistent with the results of CV. The
specific capacitance C (F g−1) of samples was calculated on the
basis of the galvanostatic charge/discharge curves according to
following formula 3

= ·Δ
Δ ·

C
I t
V m (3)

where I (A) is the discharge current,Δt (s) is the discharge time,
ΔV (V) is the voltage interval of discharge, andm (g) is the mass
of active material. The specific capacitances of the GH and LGH-
1, 2, and 3 electrodes are 175.3, 274.7, 337.8, and 288.6 F g−1 at 1
A g−1, respectively. The highest specific capacitance of LGH-2
could attribute to the maximum content of electroactive oxygen
functional groups and the rational distribution between the
special surface area and pore size.
Figures 7c and S2a show the CVs of LGH-2 electrode at

different rates. All of the curves display a shape similar to that of a
pair of the redox peak; the integral area of CV curves and the peak
current increase gradually with the increase of the scan rate, but

Figure 6. Relative surface contents of carbon and oxygen species obtained by fitting the C 1s XPS; the C 1s (a) and O 1s (b) of GH and LGH-1, 2, and 3
((A) is the summation of CO/C(O)O and C−O; (B) is the summation of O−H and CO/C(O)O).

Figure 7. (a) CV and (b) GCD curves of GH and LGH-1, 2, and 3 at a scan rate of 10 mV s−1 and current density of 1 A g−1 in 1 MH2SO4, respectively;
(c) CV curves of LGH-2 at different scan rates; (d) the relationship between the peak current of LGH-2 and the scan rate.
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the shape is maintained when the scan rate increased to 100 mV
s−1. This suggests a low polarization and fast current response
during electrode processes. To investigate the dynamic
characteristics of the LGH-2 electrode material, the relation
between the peaks’ current (i) and applied scan rate (v) was
analyzed, according to the formula 443

=i avb (4)

where a and b are regulatory factors. When the redox reaction is
limited by semi-infinite diffusion, the current response varies
with the square root of the scan rate (b = 1/2); limited by surface
control, the current varies directly with the scan rate (b = 1). As
shown in Figure 7d, a linear relationship is observed between i
and v for the redox peaks, (the oxidation and reduction
coefficient are RO

2 = 0.999 and RR
2 = 0.999, respectively),

indicating that the electrochemical reaction process of LGH-2 is
similar to a capacitive process and not limited by concentration
diffusion.
Furthermore, GCD curves of LGH-2 are measured at various

current densities from 1 to 10 A g−1 (Figure 8a) and 10 to 100 A
g−1 (Figure S2b) at the potential window from 0 to 1 V. As shown
in Figure 8a, the GCD curves reveal a favorable symmetry with an
obvious charge/discharge platform, indicating that such an
electrode possesses excellent electrochemical reversibility. The
correlation between the specific capacitance and the various
current densities for different electrodes is illustrated in Figure
8b. When the current density increased to 100 A g−1, the specific
capacitance still remains at 260 F g−1, with about 77.1%
capacitance retention relative to 1 A g−1 (337 F g−1) for LGH-2.
This value is significantly higher than that of LGH-1 (76%),
LGH-3 (73%), and GH (63%). The excellent rate capability of

LGH-2 could attribute to the complete electrical network, the
linking-up porous structure, and the enrichment of electroactive
oxygen. This porous structure leads to a shortcut for electrolyte
effectively infiltrating into the electrode materials and decreases
the resistance of the electrolyte transport. The oxygen functional
groups could improve the wettability of the graphene materials,
resulting in an easier accessibility of electrolyte to the materials.
The cycle stability of the LGH-2 electrode was evaluated by a
continuous charge/discharge cycling test between 0 and 1 V (vs
SCE) at 5 A g−1. As shown in Figure 8c, the capacitance of LGH-
2 can be retained at 85% after 5000 cycles, indicating an excellent
electrochemical stability.
The electrochemical impedance spectrum (EIS) is measured

to investigate the kinetic features of the electrodes. Figure 8d
shows the typical Nyquist plots of GH and LGH-1, 2, and 3 in 1
M H2SO4, and the bias potential is 0.2 V. There are two major
features in the high- and low-frequency regions that are
consequent to the different resistance phenomena during the
electrochemical process.44 In the high-frequency region (Figure
8d inside), we can observe that the samples show the
inconspicuous semicircle, which attributed to a lower charge-
transfer resistance of the electrochemical reaction. The intercept
along the x axis corresponds to the equivalent series resistance,
which includes the electrolyte resistance, intrinsic resistance of
the active material, and contact resistance between the active
material and current collector interface. The LGH-2 electrode
exhibits the smallest intercept value, which could attribute to the
oxygen on the surface of the graphene sheets improving the
wettability and decrease the contact resistance between the
electrolyte and electrode materials. Moreover, the LGH-2 shows
a more vertical line in low frequency than others, indicating that

Figure 8. (a) GCD curves of LGH-2 at different current densities; (b) specific capacitances of GH and LGH-1, 2, and 3 at various current densities; (c)
the cycling stability of LGH-2 at 5 A g−1 in 1 M H2SO4; (d) Nyquist plots of GH and LGH-1, 2, and 3; the inset shows the close-up view of the high-
frequency region.
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the LGH-2 possesses lesser diffusive resistance between with the
electrolyte and electrode material. This phenomenon indicated
that the LGH-2 maintains the conductive network completely
even though it has the least graphite carbon and its in-plane pores
increase the contact area between the LGH electrodes and
electrolyte. Simultaneously, the oxygen-containing groups could
improve the hydrophilicity of the electrode materials to promote
the electrolyte ions diffusing into the electrode materials.
3.2. Negative Materials Characterization. To match the

capacitive behaviors of a positive electrode, graphene hydrogel/
anthraquinone composite material (GH/AQ) was prepared as a
negative electrode. The morphologies of the GH and GH/AQ
are imaged by SEM (Figure S3a,b). It is shown that the GH and
GH/AQ have the same structure with the interconnected 3D
macropores that consist of the ultrathin graphene nanosheets. It
is confirmed that the noncovalent modification does not affect
morphology of the GH. Figure S3c is Raman spectra of GH and
GH/AQ. The ID/IG value of GH/AQ is 0.989, which decreases
obviously compared to that of the GH (ID/IG about 1.022). It
could attribute to the improvement of graphitic fields or just an
overlap with CC vibrations of AQ in the spectrum, which
further confirms that the noncovalent functionalization strategy
can effectively preserve the conjugated structure of graphene.45

For estimating the content of AQ molecule in GH/AQ, the
thermogravimetric analysis (TGA) was tested under the nitrogen
atmosphere. Owing to the sublimation, the AQ starts to lose the
weight in the temperature range of 200−275 °C (Figure S3d).
Compared with the bare AQ, weight loss of AQ in GH/AQ
composite occurs at higher temperatures, which attribute to the
layered structure of graphene impeding the sublimation of the
AQ.27 The content of AQ in the GH/AQ composite can be
calculated to about 15.5%.

The electrochemical performances of GH and GH/AQ are
estimated in the potential range from −0.4 to 0.6 V. The CV
curves are shown in Figure 9a; the background currents of two
samples almost coincide, proving that the original capacitance
performance of the GH is still maintained after modifying with
AQmolecules. Compared with the GH, the CV curve of GH/AQ
has a pair of symmetrical redox peaks at around −0.175 V,
obviously indicating that the redox reaction of GH/AQ
composite is a rapid and reversible process. The aromatic rings
of AQmolecules are parallel with the conjugated carbon skeleton
of the GH through the π−π stacking interaction. This structure
can protect the conductive structure of the original graphene and
provide a shorter distance to promote the communication
between the graphene and electrochemical active sites. The
conversion of AQ to 9, 10-dihydroxyanthracene (AQH2) in
acidic aqueous solution is a two-electron and two-proton
process; the corresponding redox reaction is shown below
(reaction 2)46,47

We also test the CV of GH/AQ in different scan rates (Figure
S4a). The curves keep the original shapes without obvious
distortion when the scan rate increases from 10 to 100 mV s−1,
suggesting an excellent capacitance behavior. The response of the
anodic (ipa) and cathodic (ipc) peak specific current with the scan
rates has been measured. It can be seen from Figure S4b, the
current varies directly with the scan rates, suggesting that the
redox reaction of the GH/AQ is similar to a capacitive process.

Figure 9. (a) CV curves and (b) GCD curves of GH and GH/AQ at a scan rate of 10 mV s−1 and current density of 1 A g−1, respectively; (c) specific
capacitances of GH and GH/AQ at various current densities; (d) the cycling stability of GH/AQ at 5 A g−1 in 1 M H2SO4.
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The GCD curves of GH and GH/AQ at 1 A g−1 are displayed
in Figure 9b. The GCD curve of GH exhibits a highly
symmetrical isosceles triangle shape. However, for the GH/AQ
composite, there is a charge/discharge plateau, which is well in
agreement with the CV analysis. The GCD curves of GH/AQ
maintain symmetry perfectly with the current density increasing
to 10 A g−1 (Figure S4c). The specific capacitances of GH and
GH/AQ are calculated to be 182.8 and 313.1 F g−1 at the current
density of 1 A g −1, respectively. This remarkable capacitance
improvement could attribute to the additional pseudocapaci-
tance of AQ and the strong positive synergistic effects between
AQ and GH.
The specific capacitance of GH/AQ with different current

densities is shown in Figure 9c. The specific capacitance at 100 A
g−1 can still be maintained at 73.5% of the one at 1 A g−1, which is
larger than the rate capability of GH (71%). The AQ molecules
tend to be parallel and close to the sp2 network of the graphene
by the π−π stacking interaction, leading to a fast charge transfer
of AQ on the GH with a low-charge-transfer resistance. After
5000 cycles, the capacitance retention of GH/AQ is 88.9% at 5 A
g−1 (Figure 9d). The outstanding cycle performance of GH/AQ
indicates that a repeatable stable energy storage process can be
maintained during the multiple cycles.
Nyquist plots of GH/AQ and GH electrodes are presented in

Figure S3d. In the high-frequency region, the impedance plot of
GH/AQ shows the inconspicuous semicircle that is because of
the reversible redox couples (AQ/AQH2) on the surface of
graphene sheets. As shown in the inset of Figure S4d, the
intercept of GH/AQ is a little higher than that of GH, indicating
that the electrical conductivity of the GH/AQ electrode system is
relatively smaller, which could attribute to the poor electronic

conductivity of AQ. The impedance plot along with the
imaginary axis of the GH/AQ and GH is almost vertical,
reflecting the great capacitive behavior.

3.3. Performances of the GH/AQ//LGH-2 ASC. To
evaluate the realistic performances of materials, an asymmetric
supercapacitor (ASC) was assembled by using LGH-2 and GH/
AQ as the positive and negative electrodes, respectively. Figure
10a shows the CV curves of GH/AQ//LGH-2 ASC at a scan rate
of 10 mV s−1 in 1 M H2SO4. The GH/AQ//LGH-2 ASC
demonstrates an ideal capacitive behavior without obvious
oxygen evolution curves, even at the cell voltage as large as 1.8 V.
In addition, it is notable that there is a pair of distinguished and
reversible redox peaks appearing in the CV curve at about 0.55 V.
Compared with the CV curves of positive and negative electrode
materials in a three-electrode configuration, we can detect that
the deviation between LGH-2 and GH/AQ redox peak positions
also equals 0.55 V. This phenomenon can be explained as
follows: when the ASC charges in the voltage range from 0 to
0.55 V, the positive and negative electrodes of the ASC will,
respectively, achieve an electrochemical state at the correspond-
ing potential in the three-electrode system; that is, the beginning
voltage (0 V) for the ASC is equivalent to 0.1 V in the three-
electrode system because the electrodes have the same
electrochemical state. When the charging voltage of the ASC
increases from 0 to 0.55 V, the corresponding potential value of
the positive electrode shifts positively from 0.1 to 0.375 V in the
three-electrode system, whereas the corresponding potential of
the negative electrode shifts negatively from 0.1 to −0.175 V,
which corresponds to the individual redox peaks (Figure 10b).
When the oxide current of the positive electrode and reduced
current of the negative electrode reach their maximum value

Figure 10. (a) CV of the two-electrode system for GH/AQ//LGH-2 ASC with different cell voltages at a scan rate of 10 mV s−1 in 1 M H2SO4; (b)
Comparative CV of GH/AQ and LGH-2 electrodes in a three-electrode system at a scan rate of 10 mV s−1; (c) CV curves of GH/AQ//LGH-2 ASC at
different scan rates; (d) GCD of GH/AQ//LGH-2 ASC at various current densities.
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simultaneously, the charging peak appears on the CV curve in the
two-electrode system. Conversely, the backward reversible
process takes place during the discharging for ASC. Figures
10c and S5a show the CV curves of GH/AQ//LGH-2 ASC at
scan rates from 10 to 100 mV s−1 and 100 to 1000 mV s−1,
respectively. The shape of CV curves remains almost unchanged
with the increasing scan rate, suggesting a fast diffusion of
electrolyte ions into the electrode materials. The GCD curves of
the GH/AQ//LGH-2 ASC at different current densities from 1
to 10 A g−1 and 10 to 100 A g−1 are shown in Figures 10d and
S5b, respectively, in which a plateau at around 0.55 V is
consistent with the CV curves. Additionally, all curves are almost
symmetrical, indicating an excellent electrochemical reversibility.
The relationship between current density and specific

capacitance is demonstrated in Figure 11a. The specific
capacitance of GH/AQ//LGH-2 ASC is up to 69.8 F g−1 at 1
A g−1 and still retains 63.5% even at 100 A g−1. Moreover, the
cycling stability of GH/AQ//LGH-2 ASC is evaluated by
repeating the GCD test at a current density of 5 A g−1 (Figure
11b). After 5000 cycles, the GH/AQ//LGH-2 ASC exhibits
electrochemical stability with about 85% retention of the initial
specific capacitance, indicating a remarkable long-term stability
of the ASC.
Energy and power densities are important parameters to

describe the practical application of supercapacitors. We
evaluated the energy and power densities of the GH/AQ//
LGH-2 ASC from the galvanostatic charge/discharge curves at
various current density using eqs 5 and 6

= Δ
E

C V0.5 ( )
3.6

2

(5)

=P
E
t (6)

where E is energy density (Wh kg−1) and P is power density (kW
kg−1) of the supercapacitor. C (F g−1) is the specific capacitance
of the ASC, ΔV (V) is voltage window, and t (s) is discharge
time.48 The Ragone plot relative to the corresponding energy and
power densities of the GH/AQ//LGH-2 ASC is shown in Figure
11c. It can be observed that the GH/AQ//LGH-2 ASC delivers a
high energy density of 31.5 Wh kg−1 along with the power
density of 0.9 kW kg−1 and preserved a good energy density of 20
Wh kg−1 even at power density of 90 kW kg−1. On comparing
with the other works in Figure 11c, it is indicated that the GH/
AQ//LGH-2 ASC is probably superior to many reported
symmetric or asymmetric supercapacitors in aqueous electrolyte,
such as the ASC fabricated with activated microwave expanded
graphite oxide (aMEGO) and the aMEGO deposited by
manganese dioxide,8 the ASC with anthraquinone and
dihydroxybenzene-modified carbon fabric electrodes,49 SSC
with graphene hydrogels functionalized by alizarin,50 the ASC
based on cobalt hydroxide/graphene, and polypyrrole/graphene
electrodes.51 The radar plot which is shown in Figure 11d
assesses the electrochemical performance of GH/AQ//LGH-2
ASC systematically.
The excellent energy storage performance of the GH/AQ//

LGH-2 ASC can be interpreted as follows: First, for the positive
electrode material, the linking-up porous structure with a high
specific surface area curtails the diffusion distance of electrolyte
ions. Simultaneously, the oxygen functional groups on the
graphene sheets could improve the surface wettability and
contribute pseudocapacitance to the overall capacitance. Second,
for the negative electrode material, the AQ molecules absorbed
on the GH/AQ can afford a multielectron redox reaction and

Figure 11. (a) Specific capacitance of GH/AQ//LGH-2 ASC at various current densities; cycling stability and Ragone plot of the ACS in (b) and (c),
respectively; (d) radar plots of the ASC, the red curve is generated from the GH/AQ//LGH-2 ASC using 1 M H2SO4 electrolyte.
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respond with the change of potential immediately. Third, the
LGH-2 and GH/AQ as the positive and negative electrodes,
respectively, have a self-matching behavior. Finally, the redox
reactions of LGH-2 and GH/AQ are limited by surface control,
which provides a kinetic condition for matching positive and
negative half reactions.

4. CONCLUSIONS
In summary, we prepared a lamellar oxygen-enriched graphene
hydrogel with a linking-up network porous structure. KMnO4
plays an important role in the formation of the LGH. As an
etchant, KMnO4 creates the abundance of oxygen functional
groups and in-plane pores on the graphene sheets through the
reaction with carbon atoms. The in-plane pores on the graphene
sheets lead to large specific surface area of the sample. The
content of electroactive oxygen functional groups on the
graphene sheets is a key factor that enhances electrochemical
performance in terms of capacitance and rate capability. The
LGH as a positive electrode can match with the GH/AQ to
assemble an ASC. The ASC exhibits an excellent energy storage
performance with the ultrahigh energy density of 31.5 Wh kg−1

along with power density of 0.9 kW kg−1. This all-carbon and
green electrode material exhibits a promising application
prospect.
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