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Nitrogen-doped activated carbon/graphene
composites as high-performance supercapacitor

Yue Li, Tong-Xin Shang, Jian-Min Gao and Xiao-Juan Jin*

Nitrogen-doped activated carbon/reduced graphene oxide composites are prepared by pre-carbonization
of the precursors (mixture of graphene oxide and nitrogen-doped activated carbons) and KOH activation of
the pyrolysis products. Nitrogen-doped activated carbons were prepared from waste particleboard bonded
with ureaformaldehyde resin adhesives. Graphene oxide was prepared from graphite according to the
modified Hummers' method. The effects of the mass ratio of KOH and the precursor and the mass radio

of graphene oxide in the precursor on electrochemical properties are investigated, respectively. The

results demonstrated that graphene oxide as precursor was activated and reduced via high temperature
and wrapped on the outer surface of the active carbon particles. The thermally reduced graphene oxide
sustains the activated carbon particles as a wrinkled carrier after activation. The electrode of GO-AC-
KOH 1-4-4 has achieved the highest specific capacitance of 265 F g~* and increased 17.8% comparing

with the activated carbon (225 F g™ under a current density of 50 mA g~ in a 7 mol [™* KOH
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electrolytic solution. Moreover, the symmetrical supercapacitor show an excellent cycling stability with

capacitance retention 92% of the initial capacitance after 3000 cycles at a current density of 5 A g% It is
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1. Introduction

The growing concerns about global warming and the oil crisis
have stimulated intensive development of sustainable energy
economy based on renewable, high efficiency energy conversion
and storage technologies. Supercapacitors are a new electro-
chemical energy storage system applied for harvesting energy
and delivering high power in short time,' which can fill the
current gap between batteries and traditional capacitors.
Simultaneously, they are known to store energy in the electrical
double layer capacitors region based on ion adsorption. Besides
pseudocapacitors are sometimes considered to be super-
capacitors due to their fast reversible faradic reactions.> In
general, the performance of supercapacitors are mainly depend
on the electrode material, which have direct relation with the
performance parameters such as energy density, power density,
and specific capacitor.** To enhance the performance of
supercapacitors, many efforts have been focused on developing
new kinds of electrode materials, such as carbon nanotubes,>®
graphene,”® and carbon nanotubes/graphene hybrid
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also found that KOH activation of disused composite panels is an efficient and straightforward approach
to production of low-cost GO-AC composite for electrochemical capacitors.

materials,”® as well as transition metal oxides'** and
conductive polymers™™* having pseudocapacitive behaviors.
Unfortunately, up to now only activated carbon has been
commercially used as supercapacitor electrode materials due to
its well-developed microstructure, high specific surface area,
relatively high packing density, and low cost. However,
compared with batteries, the energy density of activated carbon-
based supercapacitors is still significantly low due to the limited
capacitance.’ As is known to all, the specific capacitance of
activated carbon depends on its effective specific surface area
accessible by electrolyte ions. Therefore, the activated carbon
has a very large specific surface area but a disproportionate
specific capacitance due to its inappropriate pore structure for
ionic transport, which results in a long diffusion pathway for
ions, as well as relatively low conductivity."” These defects make
activated carbon unfavorable in the process of rapid charge/
discharge and for the requirement of excellent cyclability. We
can enhance the effective specific surface area, maintain high
packing density, control pore size distribution, reduce diffusion
resistance and improve conductivity for activated carbon to
obtain perfect performance.

Chemically modified graphene,' which is a one-atom-thick
carbon material with carbon atom packed densely in a hexag-
onal honeycomb lattice, is a promising candidate for structural
design because of its high electrochemical stability and excel-
lent structural flexibility. It also has a large theoretical specific

This journal is © The Royal Society of Chemistry 2017
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surface area of 2630 m” ¢~ and high conductivity of 107° Q cm
which shows promising application in supercapacitors.
However, pure graphene prepared by either chemical reduction
or thermal reduction of graphene oxide usually exhibits a low
capacitance due to agglomeration of the graphene sheets.'” The
excellent electric and surface properties of graphene sheets are
not completely revealed. The dispensability of reduced gra-
phene oxide is important because most of their unique prop-
erties are only associated with individual sheets. In the high
temperature environment, the graphene oxide was reduced by
the activated carbon and the reduced graphene oxide sustains
the activated carbon particles as a wrinkled carrier after acti-
vation which can appropriately weaken the reduced graphene
oxide agglomeration. Besides, the KOH activation method was
employed to generate nanoscale pores in graphene with a high
specific surface area®® which can also attenuate the reduced
graphene oxide agglomeration.*

In this work, we aimed to develop a novel route for the
preparation of the porous graphene/activated carbon composite
material and systematically investigate the effect of the chem-
ical activation with KOH on the graphene/activated carbon
composite and the promotion of the introduction of reduced
graphene oxide into activated carbon on the electrochemical
performance of electrochemical supercapacitors.

2. Materials and methods
2.1 Materials

Waste medium density fiberboard containing 12% ure-
aformaldehyde resin adhesive of the mass was provided by
Beijing Jiahekailai Furniture and Design Company. Graphene
oxide was prepared by modified Hummers method and inves-
tigated by using natural flake graphite. Other chemicals of
analytical grades were purchased from Beijing Lanyi Chemical
reagent.

2.2 Graphene oxide preparation

Graphene oxide power was prepared through a modified
Hummers method. Typically, natural graphite power (3 g) and
NaNO; (1.5 g) were added into 70 ml of 98 wt% sulfuric acid and
stirred in an ice bath. Subsequently, KMnO, (9 g) was added
slowly to the above mixture, and the mixture was kept in the ice
bath for 2 h. Then the mixture was transferred into the water
bath and kept at 35 °C for 30 min. Next, 150 ml of deionized
water was gradually added into the mixture, and during this
process, the temperature was maintained lower than 50 °C by
controlling the speed of dripping water. After introducing water
into the mixture, the temperature of the water bath was raised
up to 95 °C and kept constant for 30 min. The resulting bright
yellow suspension was diluted and further treated by 15 ml
H,0, (30 wt%) solution and 50 ml warm deionized water. The
solid obtained by centrifugation was washed to pH about 7. The
wet graphite oxide was dewatered by drying for 48 h in the oven.
In the end, the sample was ground into power by ball-milling for
an hour.

This journal is © The Royal Society of Chemistry 2017
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2.3 Preparation of activated carbon

The waste particleboards as raw materials were carbonized in
a high-purity nitrogen atmosphere in an electric furnace at
500 °C with a temperature increase rate of 10 °C min*. The
products after carbonization were mixed with KOH at the mass
ratio of 1 : 3. The sample was then activated at the temperature
800 °C for 60 min in nitrogen atmosphere. The resultant AC was
washed first with hot distilled water, then 1 M HCI solution and
rinsed repeatedly with hot and cold distilled water until the
filtrate reached to pH = 7.

2.4 Preparation of activated carbon/graphene composites

Graphene oxide powder used in this work was obtained by
chemical exfoliation of natural graphite following the modified
method as described elsewhere. The experimental steps ware
shown in Fig. 1. Briefly, 0.5 g of obtained GO powder and 1.0,
1.5, 2.0, 2.5 g of carbonization based on waste particleboard
were firstly added into 10 ml of deionized water and then
dispersed by ultrasonication with power of 300 W for 15 min,
and the obtained modified mixture were marked GO-AC-KOH
1-2-4, GO-AC-KOH 1-3-4, GO-AC-KOH 1-4-4, GO-AC-KOH
1-5-4. After that, weighting KOH by a KOH and carbonization
plus graphene oxide weight ratio of 3, 4, 5, respectively, and
added into the dispersion mixture in the ice water bath which
promising the temperature of mixture lower than 30 °C. After
24 h, the mixtures were then activated at the temperature of
800 °C for 60 min in a nitrogen atmosphere, and the obtained
modified mixture were marked GO-AC-KOH 1-4-3, GO-AC-
KOH 1-4-4, GO-AC-KOH 1-4-5. The obtained porous
graphene/activated carbon composites were flushed first with
0.5 mol 17! HCI solution and then boiled with distilled water,
flushed until the pH of the solution reached about 6-7. Finally,
these porous graphene/activated carbon composites were dried
at 105 °C in an oven for 8 h.

Scanning electron microscopy, X-ray diffraction, Raman
spectra were used to identify the characteristics of activated
carbon/graphene composites. Scanning electron microscopy
(SEM) investigations were carried out on S-3400N (Hitachi). The
X-ray diffraction (XRD) patterns were acquired on a XRD-6000
(SHIMADZU) diffractometer operating at 40 kv and 20 mA
using Cu Ko radiation (A = 1.5406 A). Raman spectra were
recorded with LABRAM HREVOLUTION (HORIBA) at 473 nm
with a charge-coupled device detector.

2.5 Fabrication of the supercapacitors and electrochemical
testing

The dried activated carbon/graphene composites were grinded
in an agate mortar. Electrodes used for fabrication of super-
capacitors were prepared by mixing activated carbon/graphene
composites, 60% polytetrafluoroethylene and acetylene black
in a mass ratio of 87 : 3 : 10, and dispersed in C,H;OH aqueous
solution forming a homogeneous slurry. Next, the slurry was
coated onto a nickel foam substrate, the square of which is
about 1 cm? and dried in an oven at 105 °C for over 4 h. The
electrodes were weighted and two electrodes with identical
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Fig. 1 Schematic showing the reduction of GO and the composite.

weight were selected for the measurements. The capacitive
performance of all samples was investigated in 7 mol KOH
using two-electrode cells. Galvanostatic charge-discharge,
cyclic voltammetry, and alternating current impedance were
used in evaluation of the capacitive performance of the
assembled supercapacitor. Constant current density charge-
discharge and rate performance were tested using the BT2000
battery testing system (Arbin Instruments, USA) at room
temperature. Cyclic voltammetry and alternating current
impedance were employed in each sample for the electro-
chemical measurements using the 1260 electrochemical work-
station (Solartron Metrology, UK) at room temperature. The
gravimetric capacitance analyzed, which mean the specific per
mass weight activated carbon in the electrode, is expressed in F
g ' and calculated by the following formulas:**

1)
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Cp = g = I/_m = I/_Wl (2)
m UJt v
where C,, is the gravimetric capacitance and expressed in F g~ *,
I is current in A, m is the mass of activated carbon on the
electrode and the unit is g, v is the voltage scan rate (mV s~ ).
At room temperature, the BT2000 battery testing system was
used to evaluate the constant current density charge-discharge
and rate performance. Furthermore, the specific capacitance of
the carbon electrode could be counted in accordance with the
following formula:

I % At
C, = —=

T AV xm (3)

where Cy, is the specific capacitance per weight of AC, and the
unit of C,, is F g ', I'is the discharge current and the unit of I is
A, t is the time elapsed for the discharge branch from 0 to 1 V
and the unit is s, AV is the voltage difference within the time (V)

Taov o b
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SU8010 7.0mm x20.0k 3/7/2016 2.00um

Fig.2 The SEM maps of GO-AC-KOH samples: (a) GO-AC-KOH 1-2-4, 500 nm; (b) GO-AC-KOH 1-2-4, 2 pym; (c) GO-AC-KOH 1-4-4,

500 nm; (d) GO-AC-KOH 1-4-4, 2 ym.
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and m is the mass of activated carbon on the electrode the unit
is g.

@ry

E'::(Lﬂlx ——5—— (4)

where C. is the cell capacitance, AV is the operating voltage
window, energy density in watt hours per kilogram (W h kg™ ")
and power density in watt per kilogram (W kg™ ') are calculated
using the following equations:**

E
P= N (5)
I <AV
P= S (6)

3. Results and discussion

3.1 Surface composition and morphology

Fig. 2 shows the SEM photographs of GO-AC-KOH 1-2-4, GO-
AC-KOH 1-4-4. For sample GO-AC-KOH 1-2-4, a sponge-like
structure was observed, and many cavities were found on the
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Fig. 3 The XRD patterns of GO-AC-KOH samples: (a) different
dosage of graphene oxide; (b) different dosage of KOH.
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Fig. 4 The Raman spectra of GO-AC-KOH samples with different
dosage of graphene oxide.

particle surface. GO-AC-KOH 1-4-4 has a similar sponge-like
structure and exhibits a rougher surface and more abundant
porosity on its surface than that on the surface of GO-AC-KOH
1-2-4. According to the magnified picture (Fig. 2(b) and (d)), the
graphene oxide as precursor was activated and reduced via high
temperature and the reduced graphene oxide sustains the
activated carbon particles as a wrinkled carrier after activation.
Chemical activation has been extensively used to obtain porous
activated carbon/graphene composites. Amit Bhatnagar has
reported that KOH activation has been used on activated
carbon/graphene composites and improved porosity and
enhanced supercapacitor performance and the chemical acti-
vation is not merely digesting the activated carbon/graphene
composites but also dramatically restructuring it.>®

Characterization of samples of GO-AC-KOH by means of X-
ray photoelectron spectroscopy (XPS) is shown in Fig. 3(a) and
(b). All samples show a weak and broad diffraction peak at
around 26 = 43° assigned to the diffraction (100) of GO-AC-
KOH samples. With increasing the mass ratio of graphene
oxides in the precursors, the diffraction peak of (002) plane
slightly shifts to the right direction, which may be related with
the introduction of reduced activated carbon. The graphene
oxide was activated and reduced by activated carbon via high
temperature and the reduced graphene oxide as a wrinkled
carrier sustains the activated carbon particles after activation.
The surface structure strongly affects the formation of the
electrochemical double layers, further determining the specific
capacitance of the electrode materials.*

Raman spectroscopy is the most direct and nondestructive
technique to characterize the structure and quality of carbon
materials, particularly to determine the defects, the ordered and

Table 1 The Ip/lg value of GO-AC-KOH samples
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Materials
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Fig.5 Charge-discharge curves of GO-AC-KOH electrodes in 7 mol
KOH. (a) Influence of the GO on charge—discharge curves at a current
density of 50 mA g~*. (b) Influence of the KOH during the activation
phase on charge—discharge curves at a current density of 50 mA g™%;
(c) galvanostatic charge/discharge curves of GO-AC-KOH 1-4-4
under different constant currents.

disordered structures.”® So it is essential to investigate
the structural variation of GO-AC-KOH samples. Fig. 4(a)
shows the Raman spectra of GO-AC-KOH samples, all of
samples displaying two characteristic D-band at ~1340 cm ™"
and G-band at ~1584 cm™'. The D band is related to the
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Fig. 6 Specific capacitance of GO—-AC-KOH electrodes: (a) influence
of the mass ratio of GO on specific capacitance. (b) Differences of the
specific capacitance of GO-AC-KOH 1-4-3, GO-AC-KOH 1-4-4,
GO-AC-KOH 1-4-5.

disordered carbonaceous structure, while the G band is
related to the ordered graphitic structure. The peak intensity
ratio (Ip/Ig) represents the degree of graphitization of the
carbon samples.?® The D/G intensity ratios (Ip/Ig) for these
samples are shown in Table 1. It is seen that I,/I; increases
along with the increase of the graphene oxides ratio in the
precursors while the value of Ip/Ig of GO-AC-KOH 1-4-4 is
larger than the value of GO-AC-KOH. This suggests that
the reduced graphene oxides should be covered by sp®
domains with the smallest average size and in the way the
domains could reach the most numerous in number. Thus,
the electric conductivity of the composite is enhanced by
introducing reduced graphene oxides, which is beneficial to
the rate capability.”” In addition, the I/l ratio was signifi-
cantly increased from 1.06 to 1.10 with the increase of
proportion of KOH, which is contributed to the creation of
defects of the sample. In this case, the increased defect
degree is apparently due to the increased ratio of sp?
hybridized carbon near the edges of the pores etched by
KOH.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 The cyclic voltammograms of GO-AC-KOH electrodes in
7 mol KOH: (a) different dosage of graphene oxide; (b) different dosage
of KOH.

3.2 Electrochemical performance

The galvanostatic charging/discharging characteristics of the
GO-AC-KOH electrodes were also studied, with the results
shown in Fig. 5. As shown in Fig. 5(a) and (b), all the charging/
discharging curves appeared triangular shapes which is the
typical charge-discharge characteristic of electric double layer
capacitors. Moreover, it is observed that the GO-AC-KOH
electrodes display straight discharge slopes, indicating excel-
lent discharge capabilities and highly stability and reversibility
features.”” These curves exhibited a symmetric linear profile
with a little deviation from the line of the peak. Comparing with
other GO-AC-KOH electrodes, the GO-AC-KOH 1-4-4 has
longer charge-discharge time at the same current density,
which indicated that the GO-AC-KOH 1-4-4 electrode has the
best charge-discharge property and more capacitance. The
possible reason is that the mass ratio of KOH and carbonization
plus graphene oxide and the mass ratio of graphene oxide and
activated carbon is the optimum ratio which result in electrolyte
magnify the wetting property of activated carbons surface and
decrease resistance to the charge transfer on the surface of the

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Nyquist plot of the GO-AC-0403 and GO-AC-0404 elec-
trodes in 7 M KOH electrolyte over the frequency range from 0.01 Hz
to 20 kHz.

electrode which in favor of electrolyte ion rapidly transfer to the
surface of the electrode. As shown in Fig. 5(c), the charging/
discharging curves appeared linear and symmetric even at the
high current density, indicating excellent electrochemical
reversibility, negligible iR drops, and outstanding columbic
efficiencies.?®

The galvanostatic charge-discharge measurements were
carried out to calculate the specific capacitances of all the GO-
AC-KOH electrodes at various current densities ranging from
0to 10 A g~ "within a potential window from 0 to 1 V. The results
are shown in Fig. 6(a) and (b). An obvious and sudden potential
drop at the beginning of the constant current discharge is
usually observed for electric double layer capacitors. The drop
has been designated to be the iR drop, which can be attributed
to the resistance of electrolyte solution and inner resistance of
ion diffusion. The charge-discharge time decreases with the
increase of current density, then follows the desolvated ions
transfer rapidly and the electric double layer is formed simul-
taneously. Thus, the specific capacitance decreases a little when
the current density increases from 2 A g~ ' to 10 A g~ '. The
specific capacitance of GO-AC-KOH 1-4-4 electrode decreases
from 265 F g~ " to 243 F g~ as the current density increases from
50 mA g ' to 10 A g ', indicating a capacitance loss of
approximately 8.3%. Similarly, calculation indicate that 14.3%
decrease of GO-AC-KOH 1-3-4 in specific capacitance and
13.9% decrease of GO-AC-KOH 1-5-4 in specific capacitance. It
is seen that the high-rate capability of the electrode is improved
with the addition of GO in the precursors, and when the mass
ratio of GO is 4 in the precursors and the mass ratio of the KOH
and carbonization plus graphene oxide is 4 during the activa-
tion phase, the performance loss is lowest at high current
density, which is accordant with the analysis results of cyclic
voltammetric and Raman spectra.

A cyclic voltammetric measurement is helpful to understand
the macroscopic electrochemical surface reactions at the elec-
trode of the supercapacitor during the charging and

RSC Adv., 2017, 7, 19098-19105 | 19103
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discharging process.” Cyclic voltammetric curves of GO-AC-
KOH samples with different dosage of graphene oxide and
different dosage of KOH in 7 mol KOH electrolytes within
a potential window from —0.1 V to 1.1 V and at a scan rate of
5 mV s~ " are shown in Fig. 7(a) and (b) respectively. The cyclic
voltammetric curve of GO-AC-KOH electrode exhibits an ideal
rectangular shape, which indicated that the electrochemical
performance of the GO-AC-KOH electrode is mainly dominated
by double-layer capacitance. As shown in Fig. 7(a), with
increasing the ratio of GO in the composites, the deviation of
the cyclic voltammetric curves from rectangular is obviously
lowed, which means the high-rate performance of GO-AC-KOH
electrodes is promoted by the introduction of RGO. The higher
the mass ratio of GO, the better the high-rate performance.

Nyquist plot, also known as electrochemical impedance
spectroscopy (EIS), shows the frequency response of the
electrode/electrolyte system and is a plot of the imaginary
component of the impedance against the real component.****
The Nyquist plot toward the prepared carbons were measured
further fitted by Chi604d software. As indicated in Fig. 8. The
Nyquist plot basically consists of a depressed semicircle at high
frequency, a not well expressed linear variation of the imped-
ance in the middle frequency region and a vertical tail at low
frequency. In details, the semicircle associates with the surface
properties of porous electrode and corresponds to the faradic
charge-transfer resistance. The EIS of GO-AC-KOH 1-4-3 and
GO-AC-KOH 1-4-4 electrodes in 7 mol aqueous electrolyte were
shown in Fig. 8. The equivalent series resistance (ESR) reflects
the resistance to the electron conduction and ionic trans-
portation in an electrochemical system. As shown in Fig. 8, at
very high frequencies, the intercept at the real axis is the ESR
value, the ESR of the GO-AC-KOH 1-4-4 is 0.21 Q and the GO-
AC-KOH 1-4-3 is 0.56 Q. At the lower frequency range, the curve
of GO-AC-KOH 1-4-4 electrode is nearly vertical to the Z axis,
showing that the good capacitance behavior of GO-AC-KOH 1-
4-4 is due to its high pore volume and proper pore size distri-
bution. However, the curve of GO-AC-KOH 1-4-3 electrode is
sloping to the Z' axis, as its low pore volume and specific
surface. This result is consistent with that of Raman spectrum
and the electrochemical performance shown in Fig. 6.
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High durability is a urgent required parameter for electrode
materials to endure good structural integrity over long term
operation.*> To check this performance, electrochemical
impedance spectroscopy and galvanostatic charge/discharge of
activated carbon/grapheme composites electrodes were exam-
ined over a large number of charge/discharge cycles. As shown
in Fig. 9, the GO-AC-KOH electrodes was tested for 3000 cycles
of galvanostatic charge-discharge at a constant current density
of 5 A g'. The electrode of GO-AC-KOH 1-4-4 has retained
over 92.3% of the initial value, comparing with other electrode
materials (GO-AC-KOH 1-2-4: 91.7% GO-AC-KOH 1-3-4:
91.9% GO-AC-KOH 1-5-4: 92.1%) which reflecting that the
GO-AC-KOH 1-4-4 electrode has good electrochemical stability
and a high degree of reversibility in the repetitive charge-
discharge cycling test.

4. Conclusions

Activated carbon/reduced graphene oxide composites electrode
materials for electrochemical capacitors can be prepared from
waste medium density fiberboard and graphene oxide by
modified Hummers method and KOH activation. According to
the XRD, the introduction of GO promotes the surface structure
strongly which affects the formation of the electrochemical
double layers. Also the increase of the degree of graphitization
will lead the electrical conductivity of the activated carbons to
increase. The specific capacitance was firstly ascending and
then descending with increasing the GO mass ratio in the
precursor. The electrode of GO-AC-KOH 1-4-4 has achieved the
highest specific capacitance (265 Fg™ " at 0.05A¢g ", 215F g ' at
15 A g7 ). And the specific capacitance of the GO-AC-KOH 1-4-
4 electrode retained 92% of the initial capacitance after 3000
cycles. It is found that KOH activation of disused composite
panels is an efficient and straightforward approach to produc-
tion of low-cost GO-AC composite for electrochemical
capacitors.
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