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In this study, nitrogen-doped porous 3D graphene was prepared from graphite
© Springer Science+Business oxide using the mild one-pot hydrothermal procedure. The p-phenylenediamine
Media, LLC, part of Springer and ammonia were selected as the reduction and doping agents, respectively. 3D
Nature 2018 graphene specimens with various nitrogen doping amounts of 6.52-7.81% were

prepared. Scanning electron microscopy, transmission electron microscopy, X-ray
photoelectron spectroscopy, X-ray diffraction and supercapacitor performance
were used to investigate the morphologies, structures and capacitance behaviors of
the prepared 3D graphene composites. The results indicated that the as-prepared
specimens contained different doping nitrogen amounts. NGP-10.6 showed well-
connected 3D porous microstructure with largest doping nitrogen content. In turn,
nature and content of nitrogen doping provided the graphene with excellent
capacitive behavior. The specific capacitance of NGP-10.6 reached 788 F-g ' at the
current density of 0.5 A-g~ " and 296 F-g ' at 10 A-g~". Overall, these findings look
promising for future applications as outstanding energy storage materials.

characteristics [1, 2]. Supercapacitor devices are
Introduction mainly composed of working electrode, collector,
electrolyte, separator and packing material [3]. The
Supercapacitors are promising and efficient energy = electrode material is the most important component
storage devices that continue to attract increasing affecting the performance of the supercapacitor. The
attention due to their excellent electrochemical ideal electrode material for supercapacitors should
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have three characteristics: high specific capacitance
for improving energy density, excellent rate perfor-
mance for sustaining high power output and good
reversibility of satisfying charge—discharge cycle life
[4]. Graphene showed great potential in electro-
chemical supercapacitors due to its extraordinarily
high thermal and electrical conductivity, superior
mechanical strength and large specific surface area
[5, 6].

Graphene electrode materials obtained by chemical
and thermal reductions often show good capacitor
performances. However, the strong n—n interactions
form agglomerated graphene sheets. This could not
provide adequate channels for conduction of elec-
trolyte ions to the electrode material, resulting in
moderate capacitor activity and rate capability. To
overcome this problem, various functional modifica-
tions were performed on graphene [7]. Among these,
the formation of three-dimensional graphene aerogel
is an effective method. The porous and intercon-
nected three-dimensional structure possesses large
specific surface areas and could promote the rapid
diffusion of electrolyte ions [8-10]. Three main
methods are currently utilized to prepare three-di-
mensional graphene: self-assembly, template-assisted
and direct deposition [11]. The hydrothermal method
is the most used method for self-assembly due to
simplicity of the reaction conditions and large
amounts of synthesized products [12].

Apart from controlling graphene assembly, the
other effective means to functionalize and tune
assembled graphene is by regulating carbon-carbon
bonds within the planar graphene structures [13].
Graphene doping with substituent heteroatoms could
prevent restacking of graphene sheets and enhance
the electrochemical performance by faradaic reac-
tions [14, 15]. Doping heteroatoms into the graphitic
lattice can change the electronic structure and density
of state at the Fermi level, overcoming the quantum
capacitance limitations of nanocarbon and eventually
increasing net specific capacitance [16, 17]. This
would lead to high power and energy density [18]. In
view of this, nitrogen-doped (N-doped) graphene
attracted increasing attention because nitrogen atom
has a comparable size to that of carbon, and contains
five valence electrons available for forming strong
valence bonds with carbon atoms [19]. Promising
results with N-doped graphene have been reported
under various chemical conditions using multiple
nitrogen sources [9]. For example, Jeong et al. [20]
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developed a simple chemical method to prepare
wearable N-doped rGO supercapacitor electrode
with lower resistivity and high capacitance estimated
to fourfolds than that of pristine graphene. Zhao et al.
[21] successfully prepared ultralight, nitrogen-doped
and three-dimensional graphene framework using
graphene oxide and pyrrole. The three-dimensional
graphene framework-based supercapacitor generated
a specific capacitance of 484 F-g~' at the scan rate of
1 mV-s~', which was far superior to that of typical
carbon-based electrodes. This was related to the
synergetic function of 3D open-pore structure and
N-doping. Yue et al. [22] used hydrothermal ammo-
nia reaction to form nanoporous nitrogen-doped
graphene film. The specific capacitance of the nano-
porous nitrogen-doped graphene film reached 468
Fg' at 2mV-s™". Su et al. [23] synthesized 3D
nitrogen-doped graphene aerogel nanomeshes with
hierarchical porous structures from graphene oxide
and urea using iron nitrate as the etching agent. The
specific capacitance of this material reached 345.8
F.g~', and the value remained at about 321.0 F-g™"
over 2000 cycles at 1.0 A-g~" in 2.0 M KOH.

In this paper, porous nitrogen-doped 3D graphene
was prepared by mild one-pot hydrothermal process.
Nitrogen-doped graphene samples were readily
synthesized using GO as the precursor and
p-phenylenediamine (PPD), ammonia (NHj3-H,O)
and PPD + NHj;H,O as nitrogen sources. Small
amounts of NH;3-H,O in PPD acted as regulator of pH
to modify the inner structure of the 3D graphene,
improving performance of the supercapacitors. The
PPD and NHj3-H,O served as sources of nitrogen for
graphene doping to generate different nitrogen types.
FTIR, XPS, XRD, SEM, TEM and electrochemical
testing were applied to investigate the structures,
morphologies and electrochemical performances of
the obtained 3D nitrogen-doped graphene materials.
The products may have potential applications in
high-performance supercapacitor applications.

Experimental
Materials

Graphite powder (200 mesh, purity 95.5%) was pur-
chased from Qingdao Shenshu Graphite Manufac-
turing Plant (Qingdao, China). Analytical-grade
KMnO,4, H,504, KOH, p-phenylenediamine (PPD),
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36% HCl and 30% H,O, aqueous solutions were
purchased from Chengdu Kelong chemicals. All
reagents were used as received without further
purification. The water used in the experiments was
freshly deionized water prepared in our laboratory.

Preparation of graphite oxide

Graphite oxide (GO) was synthesized from flaky
graphite powder using the modified Hummers’
method [24]. Graphite powder (1.0 g, — 200 mesh)
was mixed with concentrated H,SO4 (23 mL, 98%)
and vigorously stirred in an ice-water bath. Next,
KMnOy, (4 g) was slowly added to the mixture while
the temperature was kept below 20 °C for 0.5 h. The
solution was then stirred for 2 h at 35°C, and
deionized water (80 mL) was slowly added to the
mixture and further stirred for 30 min. Finally, H,O,
(5%) was added drop-wise to the reaction solution
until the solution color turned to yellow. The
obtained bright yellow suspension was washed sev-
eral times with HCI and water until the pH was 7.

Preparation of N-doped three-dimensional
graphene

The graphene oxide suspension (GOS) was prepared
by ultrasonic dispersion of GO gel in water
(2 mg-mL™") for 2 h. The samples were synthesized
by the hydrothermal method. GOS (2 mgmL™’,
30 mL) and PPD (0.03 g) were mixed in a beaker
ultrasonically stirred for 10 min. After adjusting the
pH to 10.4, 10.6 and 10.8 using NH3-H,O, the mix-
tures were sealed in a Teflon-lined stainless-steel
autoclave and maintained at 180 °C for 12 h. After
completion of the reaction, the autoclave was cooled
freely to room temperature. The hydrogel products
were dried under vacuum at 60 °C for further char-
acterization. The samples synthesized with GOS and
PPD were labeled as NGP-PPD (without NH;-H,O)
and NGP-X (X =104, 10.6, 10.8). The sample syn-
thesized with GOS using only NHj3-H,O to adjust the
pH to 10.6 was named NGP-NHj;. The specimen
synthesized using only GOS was named reduced
graphite oxide (RGO).
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Characterization

Scanning electron microscopy (SEM) was performed
on a ZEISS Ultra 55 microscope. X-ray diffraction
(XRD) patterns were measured on a PANalytical
X'Pert PRO multifunctional powder diffractometer.
X-ray photoelectron spectra (XPS) were obtained
using a Kratos XSAM 800 photoelectron spectrome-
ter. Transmission electron microscopy (TEM, Car
Zeiss Libra 200FE) was employed to identify the
nanoscaled microstructures of the products.

Electrochemical measurements

The obtained NGP-X was first cut into slices (2 mg,
1 x 1 cm?). The working electrodes were prepared
by pressing the slices onto nickel foam (1 x 3 cm?)
under 8 MPa for 30s. The electrodes were then
soaked in electrolyte for 2 h before measurements.

The electrochemical testing of the electrodes was
performed in a three-electrode cell, containing plat-
inum foil (1.5 x 1.5 cm?) as the counter and saturated
HgO as the reference electrode, immersed in
6 mol-.L~' KOH aqueous solution as the electrolyte.
The cyclic voltammetry (CV), galvanostatic charge/
discharge (GCD) and electrochemical impedance
spectroscopy (EIS) tests were carried out on a
CHI660E electrochemical workstation at room tem-
perature. For CV measurements of NGP-X electrode,
the sweep rate was set to 10 mV-s~' within a poten-
tial range of — 1.0 to 0 V. For GCD measurements,
the current density ranged from 0.5 to 10.0 A-g™' at
the same potential range as CV measurements. EIS
was tested at 0.01-100 kHz with an amplitude of
5mV.

Results and discussion
Morphology and microstructure

GO sheets containing hydrophilic edges and
hydrophobic basal planes could self-assemble in
aqueous media by hydrogen bonding, n—n interac-
tions, electrostatic interactions and coordination to
form three-dimensional networks [25].

Except for NGP-PPD, the RGO and NGP-X
(X = NHj3;, 104, 10.6, 10.8) samples displayed well-
defined 3D graphene assemblies with cylindrical
morphologies (Fig. la—c). Among well-defined 3D
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Figure 1 Digital photographs of graphene samples. a RGO and NGP-NH;, b NGP-PPD, ¢ NGP-X (X = 10.4, 10.6, 10.8), and d NGP-

10.6.

Figure 2 SEM of the prepared graphene samples: a RGO, b NGP-PPD, ¢ NGP-NH3;, d NGP-10.4, e NGP-10.6 and f NGP-10.8.

graphene assemblies, NGP-10.6 owned a bulk density
of 5.24 cm®/g and hence could be regarded as ultra-
light carbon material (Fig. 1d).

The porous microstructures of the as-prepared
samples were identified by SEM. As shown in Fig. 2a,
RGO was randomly cross-linked with graphene

sheets and pores. Also, numerous cracks and broken
holes formed in RGO structure. NGP-PPD was
stacked with several coiled graphene sheets, gradu-
ally evolved into multihole structures (Fig. 2b). After
addition of NH3-H,O (Fig. 2c), the aggregation of
graphene sheets effectively reduced, producing large
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numbers of pores with formed pillared structure
thanks to overlapped graphene sheets with each
other. Because the ammonia solution replaced some
water inside the hydrogel, freezing point of the
solution in hydrogel reduced to easily produce more
pores during freeze drying. Under the synergistic
action of PPD and NH;-H,O, C-N covalent bonds
between graphene sheets were formed, enhancing the
strength of NGP-X (X = 10.4, 10.6, 10.8) samples. In
particular, NGP-10.6 showed well-defined and
interconnected 3D porous networks with pore sizes
ranging from tens to hundreds of nanometers, and
pore walls consisting of ultrathin stacked graphene
sheets (Fig. 2e). However, at pH around 10.6, the
overall compactness was destroyed and the three-
dimensional skeleton partly broken, forming
numerous broken fragments due to decreased nitro-
gen contents (Fig. 2f).

Figure 3 illustrates the TEM images of RGO and
NGP-X (X = PPD, NH;, 10.4, 10.6, 10.8). All samples
appeared highly transparent with gauze-like mor-
phologies. RGO and NGP-PPD samples showed
heavy folds and crimped edges due to the weak
dispersions and defects present on samples surfaces
and edges. After NH;-HyO treatment, the wrinkled
degree of graphene surface improved due to the
better disperse ability. Notably, NGP-10.6 exhibited
better dispersion ability with large ultrathin pore
walls, beneficial to electron transport and diffusion of
electrolyte ions.

J Mater Sci (2018) 53:13100-13110

Structural transformation

The diffraction peak at 20 = 8.3° was attributed to the
(001) crystalline plane of GO (Fig. 4), corresponding
to an interlayer spacing of approximately 1.06 nm.
After the hydrothermal reaction, the diffraction peak
vanished due to the removal of oxygen functional
groups, suggesting the reduction of GO by
hydrothermal reaction. Moreover, a new broad
diffraction appeared near 24.8-25.5° with d-space of
0.34-0.37 nm, corresponding to graphite (002) plane.
This suggested the recovery of some graphitic crystal
structure and 7-conjugated system. Addition of sin-
gle or double N sources in GO declined the d-space
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Figure 4 XRD patterns of GO, RGO, and NGP-X (X = PPD,
NHs, 10.4, 10.6, 10.8) samples.

(c)

Figure 3 TEM of graphene samples: a RGO, b NGP-PPD, ¢ NGP-NH;, d NGP-10.4, e NGP-10.6 and f NGP-10.8.
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Figure 5 FTIR spectra of GO, RGO, and NGP-X (X = PPD,
NHs;, 10.4, 10.6, 10.8) samples.

around 25° when compared to that of RGO, implying
that both PPD and NHj;-H,O boosted the removal of
oxygen functional groups from GO.

Functional properties

As shown in Fig. 5, GO structure contained various
oxygen-containing functional groups. The absorption
peaks at 3423, 1712, 1630, 1395, 1186 and 1061 cm™"
were assigned to the stretching vibrational peaks of
H,O, carboxyl (C=0), aromatic (C=C), carboxylic
(COOH), epoxy (C-O-C) and alkoxy (C-O), respec-
tively [26, 27]. Compared to GO, an increase in peak
intensities of C=0, C=C, C-0O-C, C-O in RGO was
observed, indicating that GO was effectively reduced
by the hydrothermal process. Compared to RGO,
three new absorption peaks appeared at 790, 1163
and 1568 cm ™' in NGP-X samples, corresponding to
N-H, C-N absorption vibration and N-H bending
vibration, respectively. The latter indicated the
involvement of PPD molecules during the reaction
[28, 29].

Structural bonding mode

To gain a better understanding of the changes in
nitrogen contents and existing functional groups, XPS
was used to scan the specimens and the results are
gathered in Fig. 6. The Cls of GO and RGO showed
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no presence of nitrogen (Fig. 6a). GO was mainly
composed of epoxy, hydroxyl and carbonyl groups
(Fig. 6b). After reduction of GO to RGO, the intensity
of the sp*> C-C peak enhanced (Fig. 6¢). This could be
attributed to reduction in oxygen-containing groups,
favorable for recovery of graphitized C-C bonding.
Such transformations were consistent with previous
reports [30].

After nitrogen doping, Cls peak of N-doped gra-
phene underwent divisions to form four sub-peaks,
belonging to C=C/C-C, C-N, C=0 and O-C=0,
respectively (Fig. 6d-h). This indicated the formation
of covalent bonds between graphene sheets and
nitrogen sources (PPD and NH3-H,0O) [31]. Moreover,
the C-N bond appeared as C-O-C/C-O bond van-
ished, consistent with other studies [32, 33]. The
epoxy could react with ammonia, and the addition of
PPD or/and NH3-H,O would open the ring of epoxy
and then ammonia reacted with C-O to form C-N
bonds [34].

The doping nitrogen could be split into numerous
peaks with different nitrogen sources (Fig. 7). For
NGP-PPD (Fig. 7a), the total nitrogen content was
estimated to be 4.89 at.%, and types of doping
nitrogen were identified as pyridinic and pyrrolic
nitrogens. For NGP-NHj; (Fig. 7b), the total nitrogen
content was recorded as 4.91 at.%, and types of
doping nitrogen were based on pyridinic, pyrrolic,
graphitic and molecular nitrogens. Among these,
molecular nitrogen was formed by insertion of N, in
graphene sheets during the nitrogen doping reaction.
For NGP-X (X = 10.4, 10.6, 10.8), total nitrogen con-
tents were estimated to be 7.65, 7.81 and 6.52 at.%,
respectively (Fig. 7c—e). The main nitrogen types
were identified as pyridinic, pyrrolic and molecular
nitrogens. The addition of NH3-H,O induced molec-
ular nitrogen with significant effects on formation of
porous structures.

Supercapacitor performance

The supercapacitor performances of RGO, NGP-PPD,
NGP-NH; and NGP-X (X =104, 10.6, 10.8) were
investigated, and the data are compiled in Fig. 8. The
cyclic voltammetry curves performed at 10 mV-s™'
showed good rectangle shapes with well-broaden
peaks (Fig. 8a), indicating fine electrical double-layer
capacitance [35, 36]. NGP-10.6 depicted maximum
specific capacitance due to the large area of cyclic
voltammetry curve.
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The galvanostatic charge/discharge curves at cur-
rent density of 1 A-g~' showed good triangle shapes
(Fig. 8b), confirming the fine electrical double-layer
capacitance. The NGP-10.6-based material showed
the best symmetrical isosceles triangle shape with
longest charge/discharge time, indicating fast

@ Springer

electrochemical reaction and relevant electrochemical
reversibility. The specific capacitance value of NGP-
10.6 was estimated to be 788 F-g~' at the current
density of 0.5 A-g™" (Fig. 8c). The increase in current
density to 10 A-g™" reduced the specific capacitance
to 296 F-g~'. After 5000 times of charge and discharge



J Mater Sci (2018) 53:13100-13110 | 13107
Figure 7 NI s spectra of (a) (b)
graphene samples: a NGP- N 1s (NGP-PPD) ——Raw
PPD, b NGP-NH;, ¢ NGP- =—Raw N 1s (NGP-NH,) ——Pyridinic N
—~ == DPyridinic N| -
10.4, d NGP-10.6, e and =] pyrrolic N =
o —_— >
NGP-10.8. g <
> 2
3 Z
3 g
| I PR B P B PR REPU BEPE B
394 396 398 400 402 404 406 394 396 398 400 402 404 406
Binding energy/ (eV) Binding energy/ (eV)
c d
© =——Raw @ R aw
N 1s (NGP-10.4) e Pyridinic N N 1s (NGP-10.6) e Pyridinic N
= —Pyrroli.c.N = e==—=DPyrrolic N
s Graphitic N| &
> =
g s
a1 o 1 . 1 . 1 .1 . | I . |
394 396 398 400 402 404 406 394 396 398 400 402 404 406
Binding energy/ (eV) Binding energy/ (eV)
) e R AW
N 1s (NGP-10.8) ———Pyridinic N
= e Dyrr0lic N
&
E
Z
g
394 396 398 400 402 404 406
Binding energy/ (eV)
@) (b)o 0 © 1000
0.01= ’ ——RGO _ i ——RGO
0.00 = 02 —NGP-NH,| 20 g5y ——NGP-NH,
< - . ——NGP-PPD| - ——NGP-PPD
< -0.01 ——RGO > 0.4 ——NGP-10.4] € 600 ——NGP-10.4
s ——NGP-NH,| 3 ——Nep-106| € 1 ——NGP-10.6
£ -0.02+ NGp-pep| € 06 S 400+ ——NGP-10.8
o ] ——NGP-104] 2 S 1
0.03 = 4 o = _
1 NGP-10.6 08 g 20 \%\x
-0.04 = ——NGP-10.8 & A
| A A D A LA ) -1.0 mo-lulllllul
-1.0 -08 -06 -04 -02 00 0 200 400 600 800 1000 0 2 4 6 8 10
Potential / V Time/ s Current density / A-g”*

Figure 8 Supercapacitor performances of the as-prepared samples: a
capacitances.

cycles in Fig. 9, the specific capacity retention rate of
NGP-10.6 was about 85.4%, showing good electro-
chemical performance. The specific capacitance of

cyclic voltammetry curves, b charge/discharge curves and c¢ specific

other composites based on 3D graphene and nitro-
gen-based graphene materials is listed in Table 1.
Compared with the specific capacitance reported in
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the literature, the result in this study was higher than
that of other graphene and conducting polymer-
based composites.

The excellent electrochemical performance of NGP-
10.6 could be attributed to two factors. From the
results of SEM and TEM, the larger fold areas and
uniform 3D interconnected porous structure
increased the specific surface area of NGP-10.6, ben-
efiting the multidimensional electron transport and
accelerating the diffusion of electrolyte ions into the
materials. In XPS analysis, with the synergistic effects
of PPD and NHj;-H,O, the NGP-10.6 has the highest
content of nitrogen, especially in the pyridinic and

pyrrolic nitrogens. The pyridinic nitrogen can
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effectively improve the oxidation-reduction reaction.
In addition, the pyrrolic nitrogen is a kind of elec-
trochemically active nitrogen. It has electron donor
characteristics, which can effectively increase the
charge mobility and improve the catalytic activity of
carbon in electron transfer reaction. Furthermore, it
was reported that the small amount of N-bearing
groups of the N-doped graphene could store elec-
tronic charges via the redox reactions at the elec-
trode/electrolyte interface, which can in principle
enhance the supercapacitor performance. [19].

Conclusions

Nitrogen-doped porous 3D graphene was success-
fully prepared using the hydrothermal method with
PPD and NHj;-H,O. The morphologies, structures
and electrochemical behaviors of the nitrogen-doped
porous 3D graphenes were systematically investi-
gated. The nitrogen doping amounts were shown to
differ among the prepared samples. NGP-10.6
depicted the largest doping nitrogen content with
well-connected 3D porous microstructure. The type
and content of doping nitrogen in the material
affected the capacitive behavior. Overall, these find-
ings look promising for future development of
nitrogen-doped porous 3D graphene materials with
large surface areas and uniform porous structures for
advanced supercapacitor applications.

Table 1 The capacitance of reported 3D graphene and nitrogen-based graphene materials

Sample name Doping agents Capacitance References
Nitrogen-doped graphene nanosheets Urea 326 F-g~' at a current density [37]
of 0.2 A-g™!
Versatile, ultralight, nitrogen-doped graphene framework Pyrrole 484 F-g~" at a current density of 1 A-g=' [21]
3D nitrogen-doped graphene aerogel Urea 345.8 F-g~' at a current density [23]
of 1 Ag™!
Nitrogen-doped worm-like hierarchical porous carbon =~ Melamine 178 F-g~! at a current density of I A-g™'  [38]
Nitrogen-doped graphene aerogel nanomesh Ammonium 290 F-g~' at a current density of 1 A-g~'  [39]
hydroxide
Nitrogen-doped porous 3D graphene p-Phenylenediamine 788 F-g~! at the current density This work

of 0.5 A-g™!
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