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Abstract A unique and convenient one-step hydrothermal
process for synthesizing functionalized nitrogen-doped
graphene (FGN) via ethylenediamine, hydroquinone, and
graphene oxide (GO) is described. The graphene sheets of
FGN provide a large surface area for hydroquinone molecules
to be anchored on, which can greatly enhance the contribution
of pseudocapacitance. X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), Raman spectroscopy, and
electrochemical workstation are used to characterize the ma-
terials. The nitrogen content exhibited in FGN can be up to
9.83 at.%, and the as-produced graphene material shows an
impressive specific capacitance of 364.6 F ¢! at a scan rate of
10 mV s~ ', almost triple that of the graphene (GN)-based one
(127.5 F g "). Furthermore, the FGN electrodes show excel-
lent electrochemical cycle stability with 94.4 % of its initial
capacitance retained after 500 charge/discharge cycles at the
current density of 3 A g .

Keywords Nitrogen-doped graphene - Hydroquinone -
Pseudocapacitance - Supercapacitor electrode

Introduction

Supercapacitors have been paid considerable attention recent-
ly for their potential applications in areas ranging from electric
vehicles to mobile electronic products to satellites, etc., be-
cause of the excellent energy storage performance [1—4].
Generally speaking, there are two types of supercapacitors
classified on the charge storage mechanism: electrical
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double-layer capacitor and pesudocapacitor [5—7]. However,
during the charge and discharge progress, the pesudocapacitor
reveals a lower cycle life and low working voltages than the
carbon-based electrical double-layer capacitor [8, 9].

Graphene, as a 2D carbon nanostructure, has shown great
potential as a supercapacitor, mainly because of its large
theoretical specific surface area (22,630 m” g '), high con-
ductivity, and chemical stability [10, 11]. Hence, graphene is
widely used in electrochemical supercapacitor fields [12—19].
Recently, nitrogen-doped graphene (GN) has been paid great
attention because nitrogen doping can improve the properties
of graphene. For example, nitrogen doping can change the
chemically derived functionalized graphene from being a p-
type to an n-type semiconductor [20, 21]. Moreover, by using
N doping, the electron transfer efficiency of graphene can be
enhanced [22]. Constitutionally, the GN-based materials are
acting as double-layer capacitors [23].

However, it is rare to find researches on attaching quinoid/
hydroquinone structure organic molecules onto the GN sheets
which can add pseudocapacitance effectively. Herein, we first
report a unique and convenient one-step hydrothermal process
for synthesizing functionalized nitrogen-doped graphene
(FGN) for storing energy as a supercapacitor electrode using
ethylenediamine, hydroquinone, and graphene oxide (GO).
The reaction mechanism sketch of the FGN is shown in
Scheme 1. During the hydrothermal reaction, ethylenediamine
molecules continually react with the oxygen functional groups
of GO. Ethylenediamine acts not only as a reducing agent to
remove the oxygen functional groups of GO but also as a
nitrogen source to realize the nitrogen doping. Simultaneous-
ly, hydroquinone molecules are adsorbed on the surface of
graphene sheets by -7t interaction, which has also been
observed in similar systems of graphene with 7-conjugated
molecules [24-26]. Graphene sheets of FGN provide a large
surface area for hydroquinone molecules to attach on, which
can greatly enhance the contribution of pseudocapacitance.

@ Springer



1490

Ionics (2014) 20:1489-1494

Scheme 1 Reaction mechanism sketch of the FGN

Moreover, the interconnected porous structure of FGN can
facilitate hydronium ion diffusion into the pores as well as
electron transport throughout the entire graphene framework.

Experiments
GO preparation

GO aqueous dispersion was prepared by oxidation and exfo-
liation of natural graphite under acidic conditions by a mod-
ified Hummers method [27].

Synthesis of GN

Fifty microliters of ethylenediamine and 30 mL of GO
(1 mg/mL) suspensions were mixed in a flask and ultra-
sonically stirred for 0.5 h, then transferred into an auto-
clave with a volume of 50 mL. Hydrothermal treatment of
this mixed solution was at 180 °C for 12 h. After the
autoclave naturally cooled to room temperature, the as-
prepared black product was then washed with deionized
water three times in order to remove residual unreacted
compounds. Finally, the sample was vacuum dried for
further characterization.

Synthesis of FGN

Fifty microliters of ethylenediamine, 300 mg of hydroqui-
none, and 30 mL of GO (1 mg/mL) suspensions were mixed
in a flask and ultrasonically stirred for 0.5 h, then transferred
into an autoclave with a volume of 50 mL. Hydrothermal
treatment of this mixed solution was at 180 °C for 12 h. After
the autoclave naturally cooled to room temperature, the as-
prepared black product was then washed with deionized water
three times in order to remove residual unreacted compounds.
Finally, the sample was vacuum dried for further
characterization.
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Electrochemical characterization

All the electrochemical tests were carried out in a standard
three-electrode cell with a platinum foil as the counter elec-
trode and a saturated calomel reference electrode and using an
aqueous H,SO, solution (1 M) as electrolyte.

The working electrodes were prepared using desiccative
materials mixed with acetylene black and polyvinylidene
fluoride at a mass ratio of 80:10:10 then dissolved in N-methyl
pyrrolidone to form a slurry. Next, the slurry was evenly
coated onto a gauze platinum electrode. Finally, the working
electrodes were placed into a vacuum drying oven at 40 °C for
12 h.

Results and discussion
Morphology of the composite

The field emission scanning electron microscopy
(FESEM) image reveals that the vacuum-dried FGN
has an interconnected mesoporous network with sub-
micrometer and micrometer pores. The pore walls con-
sist of the thin layers of stacked graphene sheets with
some corrugation and scrolling (Fig. 1). The intercon-
nected porous structure can facilitate hydronium ion
diffusion into the pores as well as electron transport
throughout the entire frame working electrode.

XRD analysis

The structures of GN and FGN were further characterized by
X-ray diffraction (XRD). As revealed by Fig. 2a, the broad
peaks indicate the poor ordering of graphene sheets which are
composed of a few layers stacked. The XRD pattern of GN
exhibits a broad peak centered at 20=24.47°, corresponding to
the graphitic (002) profile with an interlayer spacing of
0.363 nm. However, the interlayer spacing of FGN is
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Fig. 1 SEM image of the typical FGN microstructures

0.339 nm which is slightly smaller than that of GN, indicating
the existence of 7-7t stacking between graphene sheets and
hydroquinone molecules in FGN.
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XPS analysis

X-ray photoelectron spectroscopy (XPS) is a significant meth-
od to research the composition of each element as well as
functional groups in FGN. As shown in Fig. 2b, the nitrogen
content exhibited in FGN can be up to 9.83 at.%, which is a bit
higher than the previous reports [28]. The specific content of
nitrogen is shown in Fig. 2¢. The peak at 398.7 eV is ascribed
to pyridinic N, and the peak at 399.3 eV can be attributed to
amine moieties. The peak at 400.1 eV can be ascribed to the
pyrrolic structure, and the peak at 401.1 eV corresponds to
graphitic N or protonated N [29-31]. It means that the nitro-
gen element is doped into the sheets of graphene successfully.
Researchers have demonstrated nitrogen-doped active sites
(pyridinic N especially) on graphene sheets that can provide
reaction sites for electrochemical reactions [32, 33]. These
active sites have a great effect on promoting the oxidation-
reduction reaction of hydroquinone molecules which are
adsorbed on the surface of the graphene sheet. Similarly, from
the high resolution of the C1s spectrum of FGN (Fig. 2d), four
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Fig. 2 a XRD patterns of GN and FGN. XPS spectra of FGN: b wide scan spectra, ¢ N1s spectra, d Cls spectra
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Fig. 3 Raman spectra of FGN and GN

main peaks can be seen. The peak at 284.3 eV corresponds to
the sp”-hybridized graphitic carbon, and the peaks at 285.2,
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Fig. 4 a Comparison of CV curves of GN and FGN at a scan rate of
10 mV s . b Comparison of galvanostatic charge/discharge curve of
FGN, FG, and GN at the current density of 1 A g '. ¢ Galvanostatic
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285.9, and 287.8 eV are attributed to the C-OH, C-N, and
C=0 functional groups, respectively [34].

Raman spectra analysis

Raman spectroscopy is another very useful technique to char-
acterize carbonaceous materials. Figure 3 shows the Raman
spectra of GN and FGN at an excitation wavelength of
532 nm. The peak at 1,344 cm™' attributes to the D band
which is associated with structural defects and partially disor-
dered structures of the sp> domains [35]. It clearly shows that
the intensity ratio Ip/Ig of FGN is 1.35, but the ratio of GN is
1.30. The value was increased due to the hydroquinone mol-
ecules anchored on the graphene basal plane. The peak around
1,580 cm ! is called G band related to the E,, vibration mode
of sp> carbon domains which usually are used to explain the
degree of graphitization [30, 35]. Compared with the peak of
GN, a blueshift of the G band can be found in FGN, almost
8 cm ', This is mainly because the hydroquinone molecules
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are adsorbed on the surface of graphene sheets by 7t-7t inter-
actions, and it leads to the variation of charge density in
graphene.

Electrochemical performance

Figure 4a shows the cyclic voltammetry (CV) curves of
the FGN-based and GN-based supercapacitors. It can be
seen that the CV curve of GN exhibits a willow leaf
shape, implying pure electrical double-layer capacitive be-
havior. In contrast, the CV curve of FGN displays a pair
of remarkable peaks, which corresponds to the redox
reaction of the adsorbed hydroquinone molecules (hydro-
quinone <> quinone+2H +2¢") and indicates the coexis-
tence of both the electrical double-layer capacitance and
pseudocapacitance. The FGN-based supercapacitor shows
an impressive specific capacitance of 364.6 F g ' at a
scan rate of 10 mV s ', almost triple that of the GN-based
one (127.5 F g'h).

The galvanostatic charge/discharge curve of FGN shows a
deviation from the ideal triangle shape exhibited by GN
(Fig. 4b). This result also confirms the inspiring contribution
of pseudocapacitance. Moreover, we can obviously find that
the FGN-based material has a larger capacitance when com-
paring the charge/discharge curve of FGN with that of FG
(without adding any nitrogen source during the reaction prog-
ress). Because by using N doping, the redox reactions between
the electrolyte ions and hydroquinone molecules as well as the
surface wettability, and electronic conductivity have been
improved. [36, 37]. The special capacitances are 243.8,
230.3, 185.3, and 1594 F g71 at a current density of 1, 2, 3,
and 5 A g ', respectively (Fig. 4c). A long cycle life is another
important concern for practical application of supercapacitors
containing pseudocapacitance. Importantly, the FGN elec-
trodes show excellent electrochemical stability with 94.4 %
of its initial capacitance retained after 500 charge/discharge
cycles at the current density of 3 A g ' (Fig. 4d). The marvel-
ous stability indicates that the non-covalent interactions be-
tween hydroquinone and graphene are strong enough to sus-
tain a long cycle life.

Conclusion

In summary, functionalized nitrogen-doped graphene was
successfully synthesized via a convenient one-step hydrother-
mal process. The unique nanostructures of graphene sheets
provide huge areas for pseudocapacitive hydroquinone mole-
cules to attach on effectively. Meanwhile, doping nitrogen
offers abundant electrochemically active functional groups
on the graphene sheets. Besides, the interconnected meso-
and macro-porous structure of FGN can facilitate ion diffusion

throughout the entire porous network. Results show that the
FGN reveals outstanding electrochemical performance as an
electrode for supercapacitors in terms of specific capacitance
(364.6 F g 'atascanrate of I0mV s ' and 2438 F g ' ata
current density of 1 A g ') and excellent electrochemical
stability with 94.4 % of its initial capacitance retained after
500 charge/discharge cycles at the current density of 3 A g
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