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The development of ordered graphene-based materials combining high stability, large surface
areas, ability to act as absorbent of relevant chemical species and solution processability is of
significance for energy applications. A poorly explored approach relies on the controlled
nanostructuration of graphene into robust and highly ordered three-dimensional (3D)
networks as a route to further leverage the exceptional properties of this unique material. Here,
we report a simple yet effective and scalable one-step method to prepare graphene-based 3D
covalent networks (G3DCNs) with tunable interlayer distance via controlled polymerization
of benzidines with graphene oxide (GO) at different reactions temperatures under catalyst-
and template-free conditions. The reduced form of G3DCNs (RG3DCNs) was used as
electrodes in supercapacitors; it revealed a high specific capacitance of 156 F g! at a current
density of 1 A g'! in a two-electrode configuration and 460 F g! at a current density of 0.5 A
gl in a three-electrode configuration, combined with an excellent cycling stability over 5000
cycles. The present study will promote the quantitative understanding of structure-properties

relationship, for the controlled fabrication of 3D graphene-based multifunctional materials.
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1. Introduction

Graphene,!') a monolayer of graphite arranged in a hexagonal lattice, has attracted a notable
attention over the past few years due to its outstanding optical, mechanical, thermal and
electrical properties which makes it a promising material for various applications ranging

s.[291 Graphene and its

from electronic devices, to composites and energy related application
derivatives are being considered ideal candidates for energy related applications because of
their large accessible specific surface areas and high electrical conductivity.!?! The theoretical
value of the specific surface area of graphene is close to 2600 m? g*'.['% However, a common
problem encountered is the re-stacking, i.e., the aggregation of the graphene sheets during the
wet-processing, yielding in a drastic decrease of the effective specific surface area, and
consequently of the performance of the materials.'!l For example, the reduction of graphene
oxide (GO) without surface modification normally leads to the irreversible aggregation of the

(121 Tn order to solve this problem, the bridging of two-dimensional (2D)

graphene sheets.
graphene layers into three-dimensional (3D) macroscopic porous structures is an essential step
in order to tailor graphene-based multifunctional materials, which could preserve many of the

[13] Theoretical and experimental results

unique properties of the individual graphene sheets.
showed that 3D graphene-based functional materials possess high specific surface areas and
porous structures. These features are key components for a wide range of applications, such as

(14151 and also holds potential for exploring and

catalysis, gas adsorption and energy storage,
tuning fundamental physical and chemical properties of molecular materials in confined
space. For instance, the high specific surface area and porous structures can provide a large
amount of space for hosting electrolyte ions, therefore increasing the capacitance performance
in supercapacitors.!'®! In this context, the fabrication of 3D graphene-based networks through
covalent linkage between individual graphene sheets is one amongst the greatest challenges in

the field, resulting in a high control over the structures with a nanoscale precision and

consequently tuning of the material’s physical properties.l!’-2° Although 3D graphene-based
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covalent networks have been previously prepared by changing the length of the starting

21221 hitherto there are no reports on the generation of tunable

diamines reacting with GO,!
covalent networks made by combining GO with a single reagent, by exploiting the ability of

the latter component to undergo oligomerization when exposed to different experimental

conditions.

Hitherto, graphene can be produced in several ways, including mechanical cleavage,!!]
epitaxial growth,?3261 solvent-assisted exfoliation of graphite!?’-33! and reduction of GO.[3+-3¢]
Among them, chemical oxidation and exfoliation of graphite into GO is still the most popular
method. GO is the highly oxidized form of graphene obtained by treating graphite with strong
oxidizers, the latter also promoting intercalation and exfoliation. GO exposes variety of
oxygen functional groups such as carbonyl, epoxy and hydroxyl, which make it an ideal
candidate for building graphene-based macroscopic porous structures through simple
chemical reactions.”]

In this paper, we describe a simple and efficient method for the facile preparation of
graphene-based 3D covalent networks with adjustable interlayer distance upon covalent
functionalization of GO. This method relies on the condensation and ring-opening reactions,
at different temperatures, of the carbonyl and epoxy groups on GO with benzidine.
Noteworthy, for the first time, the controlled polymerization of benzidines with GO, to obtain
the graphene-based 3D covalent networks (G3DCNs), was performed under catalyst- and
template-free conditions. By varying the reaction temperatures, benzidine monomers or
polymerized benzidine (PBZ) units can bridge GO sheets to form 3D covalent networks with
tunable interlayer spacing. The use of the reduced form of the G3DCNs (RG3DCNs) was
used to develop high performance supercapacitors, taking advantage of the high specific

surface areas combined with the nitrogen doping obtained through the chemical

functionalization.
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2. Results and Discussions

Benzidine contains two —NH> groups that can react with carbonyl and in particular with
epoxy groups on GO via nucleophilic additions. Furthermore, it is also reported that GO itself
can act as a catalyst to promote organic reactions by taking advantage of GO’s acidity and/or
oxidation potential.[*33% Therefore, GO’s acidity is also expected to promote the nucleophilic
reaction of benzidine in the present case. The G3DCNs were synthesized by reacting the same
concentrations of GO with benzidine in ethanol/water mixture (1:1) at different temperatures,
i.e. room temperature (G3DCN-1), 45 °C (G3DCN-2) and 80 °C (G3DCN-3). Given that in
our experiment we used an excess of benzidine and that the diffusion of benzidine is much
faster than that of GO, all GOs are expected to react. In order to purify these samples, i.e. to
remove benzidine monomers and/or polymerized benzidines not reacted with GO, the samples
were extensively washed with a copious amount of N N-dimethylformamide (DMF) and
ethanol until the supernatant is colorless. The scheme of the reaction as well of the chemical
structures of the three obtained G3DCNs are shown in Figure 1.

All the structures obtained have been investigated using different spectroscopies. Figure 2a
portrays the UV/Vis absorption spectra of benzidine, G3DCN-1, G3DCN-2, G3DCN-3 and
neat GO. The latter shows a shoulder peak at A = 305 nm, which is attributed to the n-m*
transition of the C=0 moiety.!*’! Benzidine displays an absorption peak at A = 285 nm, while
G3DCN-1 shows a broad peak at A = 300 nm which can be assigned to the overlying spectral
features of benzidine units chemically tethered to GO and the C=0O groups of GO. Conversely,
G3DCN-2 and G3DCN-3 exhibit an absorption peak at A = 296 and A = 303 nm, respectively.
More importantly, both of them show a broad absorption band within the range of 600 and
700 nm. These broad bands are ascribed to the characteristic absorption of the PBZ-based
oligomers.[*!l Also, G3DCN-3’s spectra is more red-shifted compared with that of G3DCN-2,

indicating that the degree of polymerization of benzidine in G3DCN-3 is higher if compared
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to G3DCN-2, as a result of the enhanced degree of polymerization of benzidines at high
temperatures. The latter is reflected in change in the 3D structure, in particular in the
interlayer distance within the graphene-based 3D covalent networks. Such changes in the
interlayer distance (doo2) were characterized by wide-angle X-ray scattering (WAXS), as
shown in Figure 2b. The starting material of GO displays a typical sharp peak at ~ 11.6°,
corresponding to an interlayer spacing of 0.76 nm due to the (002) reflection of stacked GO

42-44

sheets, in accordance with the values reported previously.!*>#4 The 20 peak of the as-prepared
3D functionalized graphene-based networks shifts towards lower angles (10.1°, 8.6° and 6.9°
for G3DCN-1, G3DCN-2 and G3DCN-3, respectively) indicating an increasingly higher
interlayer distance compared to GO. Based on the Bragg equation, the doo2 spacing was
calculated being 0.87, 1.02 and 1.27 nm for G3DCN-1, G3DCN-2 and G3DCN-3,
respectively. This indicates the successful anchoring of benzidine/PBZ units between the GO
sheets. While the theoretical length of benzidine is calculated to be ~ 0.94 nm, in the case of
G3DCN-1, the interlayer distance is 0.11 nm greater than in GO. This means that the
benzidines pillars are not arranged perpendicular to the GO layers, but are bound randomly
with certain tilt angles towards GO layers. The situation is similar for G3DCN-2 and G3DCN-
3. This is reasonable because the benzidine/PBZ units have to find the partner reacting groups
on two different GO sheets in order to link them covalently, in a reaction occurring under
kinetic control.

Figure 2c shows the FTIR spectra of GO, G3DCN-1, G3DCN-2 and G3DCN-3. The spectrum
of GO displays its well-known features, i.e., C=0 stretching at 1731 cm™!, C=C stretching at
1620 cm!, C-O-H bending at 1409 cm™!, C-O stretching at 1223 ecm™! and C-O-C stretching of
epoxy groups at 1047 cm!. After reaction, the epoxy groups in the GO disappear, and a new
band at 1034, 1018, 1018 cm™! appears in G3DCN-1, G3DCN-2 and G3DCN-3, respectively.
This band is attributed to the C-N stretching mode. Also, the relative intensity of the C=0

groups present in the starting materials of GO notably decreases, probably because of the
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occurrence of a condensation reaction between the C=0 and NH> groups to form imines. The
disappearance of epoxy and reduction of the carbonyl groups confirm the successful covalent
linkage between GO and the reagents. It should be also pointed that the content of the
remaining oxygen groups decreased gradually from G3DCN-1, G3DCN-2 to G3DCN-3,
indicating that the degree of reduction of GO during the reaction increases with the
temperature.

The thermal stability behavior of GO, G3DCN-1, G3DCN-2 and G3DCN-3 was investigated
by thermal gravimetric analysis (TGA) running under nitrogen atmosphere, as portrayed in
Figure 1d. GO displays a weight loss ~ 30% between 200 and 300 °C, which is due to the
decomposition of the oxygen functional groups such as carboxyl, carbonyl, hydroxyl and
epoxy of GO.*! Further mass loss of ~ 35% occurs heating the sample up to 900 °C, leading
to an overall residual mass of 35%. Compared with GO, the three G3DCNs show an increase
of thermal stability, with G3DCNs-3 being the most stable one. The residual mass at 900 °C
amounts to 52%, 60% and 74% for G3DCN-1, G3DCN-2 and G3DCN-3, respectively. The
improved thermal stability can be attributed to the reduction of GO which increases with the
reaction temperature during the G3DCN formation.

X-ray Photoelectron Spectroscopy (XPS) provided a compositional characterization by
identifying the relevant chemical elements present in both GO and G3DCNs. Figure 3
portrays the N1s XPS spectra of GO, G3DCN-1, G3DCN-2 and G3DCN-3. The Nls
spectrum of GO displays only noise, indicating negligible nitrogen content. In contrast, the
intensity of the N1s signal of the three G3DCNs provides evidence for an obvious increase in
nitrogen content, amounting to about 3.1%, 3.8%, 6.4% for G3DCN-1, G3DCN-2 and
G3DCN-3, respectively (see Supplementary Table S1). For all the three G3DCNs, the Nls
spectra can be deconvoluted to two peaks: the one at ~ 399 eV can be attributed to -NH, and
the peak around 401 eV can be assigned to imine groups.[**’! The content of —-NH increases

gradually from G3DCN-1, G3DCN-2 to G3DCN-3, highlighting the formation of PBZ acting
S6



as bridges between the GO sheets. Furthermore, the C/O ratio also increases from GO,
G3DCN-1, G3DCN-2 to G3DCN-3 (see Supplementary Table S1). Based on the results from
Table S1, for G3DCN-1 (not polymerized) every 30.1 carbon atoms have one benzidine (see
supporting information for the details on the calculations). Conversely, for G3DCN-2 and
G3DCN-3, it is very difficult to determine the polymerization degree of the PBZ in the
G3DCN, therefore for these two cases the functionalization degree has not been quantified.
As a further characterization we have employed Raman spectroscopy, which is a powerful
tool to characterize graphitic materials, and compared the spectra of GO with the three
G3DCNs materials. For GO, the characteristic Raman bands are: a disorder-induced D band at
~ 1350 cm! and an in-plane vibration mode of sp? hybridized carbon at ~ 1580 cm™ (see
Supplementary Figure S4). For the three G3DCNSs, all the Raman spectra still keep the feature
of GO, showing both D and G bands. It is worth mentioning that additional bands are
observed in the Raman spectra of the three G3DCNs (see Supplementary Figure S4, the
positions are marked by asterisks). These bands are attributed to the Raman features of the
bound benzidine/PBZ units.[*3*) The increase of the intensity ratio between D and G bands
(In/Ig) is normally observed after the reduction of GO.°% In the present case, during the
reaction, GO was also reduced to some extent as revealed by FTIR and TGA. However, for
the three G3DCNs samples, the Ip/Ig ratio is almost unchanged or even shows a decrease
compared to GO. This can be explained by the contribution from the benzidine/PBZ units,*3+
whose bands are overlapping with the G band of GO.

To get a morphological insight into our different materials, scanning electron microscopy
(SEM) images were recorded for G3DCN-1, G3DCN-2 and G3DCN-3. Figure 4 clearly
shows that all three samples, i.e. (a,b) G3DCN-1, (¢, d) G3DCN-2, (e,f) G3DCN-3 possess
highly porous surfaces. To bestow information onto the porosity, N> adsorption-desorption

isotherms have been performed (see below). All materials have also been investigated by

transmission electron microscopy (TEM) imaging. Supplementary Figure S5a shows that GO
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sample is highly transparent providing evidence for the successful exfoliation in water, as also
proved by atomic force microscopy (AFM) measurement (Figure S2). In contrast, the TEM
images of G3DCN-1, G3DCN-2 and G3DCN-3 (see Supplementary Figure S5b, S5¢ and S5d)
reveal the stacking of the G3DCNs sheets indicating the anchoring of the GO sheets through
the benzidine pillars or PBZ units.
The porous properties of GO, G3DCN-1, G3DCN-2 and G3DCN-3 were further characterized
by N> adsorption-desorption isotherms measurement at 77 K; the results are summarized in
supplementary Table S2. The starting material of GO displays a specific surface area of ~ 199
m? g, The specific surface area of G3DCN-1 and G3DCN-2 was found to be 238 and 276 m?
g1, respectively. Compared with GO, the increase of the specific surface area of the G3DCN-
1 and G3DCN-2 indicates that the interlayer cross-linkers derived from benzidine or PBZ
units, acting as pillars, hinder the stacking between adjacent GO layers, leading to more
accessible surface area for the adsorption of N> molecules. Surprisingly, the sample of
G3DCN-3 with the largest interlayer distance among the three samples does not possesses the
highest specific surface area (254 m? g'!). This might be due to the fact that the PBZ units are
not linearly oriented and the bending of the units lead to an occupancy of the interlayer spaces
between GO layers (an indication of the filled interlayer voids). The sample of G3DCN-2
shows the largest surface area among the three G3DCNs, which can be explained by the mild
degree of bridging GO layers by the PBZ units compared with G3DCN-3, thus preventing the
restacking of GO and leaving more space between the layers. The above analysis corroborate
that the density of the anchoring units is strongly affected by the reaction temperature which
plays an extremely important role in determ ining the specific surface area and pore volume of
the three G3DCNe.

In order to further exploit the increased specific surface area in our G3DCNs, we have
carried out supercapacitor measurements using the reduced form of G3DCNs (RG3DCNs) as

electrodes. The electrochemical performance was studied in 1.0 M H,SO, electrolyte using a
S8



two-electrode configuration.P'3% The cyclic voltammetry (CV) was performed in the potential
range of -0.2-0.8 V at different scan rates (see Supplementary Figure S6). All the CV curves
of the three RG3DCNs show a rectangular shape, indicating an ideal capacitive behavior.>!52
Figure 5a shows the galvanostatic charge/discharge curves of RG3DCNs at a current density
of 1 A g'. The specific capacitance was calculated to be 100, 127 and 156 F g' for
RG3DCN-1, 2 and 3, respectively. The power density of the three RG3DCNs is calculated to
be 527, 241 and 1.87 kW kg, respectively. The volumetric capacitance of the three
RG3DCNss is calculated to be 59.6, 65.1 and 68.1 F cm?, respectively. At a higher current
density of 2 A g'!, the value can be maintained as high as 83, 109 and 131 F g, respectively.
These values are comparable with carbon-based supercapacitors produced by activation of
graphene by Ruoff and coworkers,5and higher than cross-linked reduced graphene oxide
foam,*¥ using the same two-electrode configuration. Three-electrode configuration was also
tested for RG3DCNss at a current density of 0.5 A g''. The specific capacitance was calculated
to be 369, 400 and 460 F g' for RG3DCN-1, 2 and 3, respectively. These values are also
higher than the previously reported on graphene/polyaniline!®>** (301 F g''and 250 F g! at a
current density of 0.5 A g'') and graphene/polyrrole®” (285 F g! at a current density of 0.5 A
g') nanocomposites using the same three-electrode configuration. It is worth mentioning that
three-electrode configurations exhibit much greater values of specific capacitance when
compared to two-electrode configurations.® Therefore, to properly compare the results with
values in literature, supercapacitors integrating a new material should be measured both in
two- and three-electrode configurations. Obviously, RG3DCN-3, featuring the largest
interlayer distance, shows the highest capacitance among the three samples. It is known that
the final performance of supercapacitors is affected by several factors: the specific surface
area, electrical conductivity, doping of the active materials and in particular electrode
configuration, efc.5! Although the electrical conductivity of RG3DCN-3 are the lowest

among the three samples,'®!the nitrogen content and specific surface area are the highest (see
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Supplementary Table S3, S4 and S5).°! In the present case, the specific surface area and
nitrogen doping are considered being the key factors determining the capacitance performance
of the three RG3DCNs. It is indeed known that nitrogen doping in the graphene-based
electrodes contribute to the increase of the surface Faradaic reaction.®*¥ Also, it changes the
electron distribution of the electrode materials, leading to a potential further improve the
wettability between the electrode materials and the electrolytes, thus increasing the active

surface area accessible to the electrolyte.!®

Electrochemical impedance spectroscopy (EIS) was also performed, as presented in Figure
Sb. At high frequency (close to 100 kHz, Figure 5c), the intersection point on the X-axis
stands for the Ohmic resistance of the electrolyte and the internal resistance of the electrode,
defining as Rs. The value of Rs is 0.48, 0.49, and 0.52 Q for RG3DCN-1, 2 and 3,
respectively, suggesting a low ohmic resistance of the electrolyte and the internal resistance of
the electrode, which is an important parameter affecting the performance of
supercapacitors. The cycle stability is also of paramount importance for practical
applications of supercapacitors, and was evaluated through charge-discharge cycles at a
current density of 1 A g'. Remarkably, no obvious specific capacitance loss was recorded for
all the three RG3DCNs working electrodes after 5000 cycles (Figure 5d), demonstrating their
high stability, long cycle lifetime and good reversibility as working electrodes in

supercapacitors.

The high specific capacitance of RG3DCN:s is attributed to the synergistic effect of the high
specific surface area (due to the formation of 3D porous covalent networks), good electrical
conductivity and introduction of nitrogen doping. The presence of macro- and mesopores 3D
structures can favor the ion transport and charge storage at the interface between the
electrodes and electrolyte ions. The macropores can play a role as a buffering reservoir for the

fast diffusion of electrolyte to inner surface of the pores, and the mesopores can facilitate the
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ion transport and charge storage via providing a large accessible surface area.l”! The
anchored benzidine or PBZ units may also contribute to the charge transfer process between

the electrodes and the electrolyte ions.

3. Conclusions

In summary, graphene-based 3D covalent networks with tunable interlayer distance can be
prepared via controlled polymerization of benzidines with graphene oxide at different reaction
temperatures under catalyst- and template-free conditions. The as-prepared three G3DCNs
samples show tunable specific surface area and porosity. The specific capacitances
determined using reduced form of G3DCNs (RG3DCNs) as electrodes in supercapacitors are
very promising. While in three-electrode configuration it resulted 460 F g at a current
density of 0.5 A g!, in two-electrode configuration it amounted to 156 F g! at a current
density of 1 A g!' in combination with an excellent cycling stability over 5000 cycles. The
observed combination of excellent physicochemical stability and high supercapacitor
performance, clearly demonstrate that integration of 2D graphene sheets into 3D graphene-
based covalent nanostructures with tunable structures and properties is an ideal route to obtain
multifunctional nanomaterials. It is anticipated that the present study will promote the
quantitative understanding of structure-properties relationship, for the controlled fabrication
of 3D graphene-based multifunctional materials, and will further pave a promising way for

potential applications towards clean energy storage.[®8]

4. Experimental Section

Characterization: UV/Vis spectra were recorded using a JASCO V-670 UV/Vis Spectrometer.
Fourier Transform Infrared Spectroscopy (FTIR) were collected using a Thermo Scientific
Nicolet 6700 FTIR Spectrometer equipped with a Smart Orbit accessory. Transmission
electron microscopy (TEM) characterization was performed using a Philips CM120 operating

at 120 KV. Scanning electron microscopy (SEM) was carried out using an FEI Quanta 250
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FEG instrument. Atomic force microscopy (AFM) was performed on a Veeco Dimension
3100 operating on a Nanoscope IV control unit. Raman spectra were recorded on a custom-
made setup Spectrometer (excitation at 532 nm). Thermal gravimetric analysis (TGA) was
performed under N> atmosphere on a Mettler Toledo TGA/SDTAS851e system. The specific
surface area was measured using a Micromeritics ASAP 2050 surface area and porosity
analyzer. Nitrogen adsorption and desorption isotherm was measured at 77 K. Wide-angle X-
ray scattering (WAXS) was performed on a SAXSess X-Ray Scattering instrument (Anton
Paar GmbH, Austria). A Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer (XPS)
using monochromatic AlKa radiation (hv = 1486.6 eV) was used to investigate the surface
properties. High-resolution measurements were performed with a 50 eV analyser pass energy
and a 0.1 eV energy step size to get N1s spectra. Electrical conductivity was conducted on a
JANDEL (Model RM3000) instrument using the four-point probe method. Film thickness was
determined by Alpha-Step 1Q surface profiler (LOT ORIEL Group).

Materials: Graphene oxide (GO, Graphenea), benzidine (97%, Sigma-Aldrich), hydrazine
monohydrate (30% in water, Sigma-Aldrich), polyvinylidene difluoride (Sigma-Aldrich) and
carbon black (Sigma-Aldrich) were used as received without further purification.

Preparation of G3DCNs and RG3DCNs: In a typical experiment, GO (80 mg) in water (50
ml) and benzidine (500 mg) in ethanol (50 ml) were mixed together, and the reaction mixture
was reacted at room temperature/45 °C/80 °C for 24 h. After the reaction, the reaction mixture
was centrifuged and washed with copious amount of organic solvents (DMF and ethanol)
until the supernatant is colorless, confirming the absence of unreacted reagents. Finally, the
solids were dried in vacuum to obtain the desired products, named as G3DCN-1, G3DCN-2
and G3DCN-3.

For the chemical reduction of G3DCN-1, G3DCN-2 and G3DCN-3, the three samples were

treated with hydrazine monohydrate (30% in water) at 80 °C for 24 h.[*”) The obtained
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RG3DCN-1, RG3DCN-2 and RG3DCN-3 were dried in vacuum and directly used as active
materials for the supercapacitor measurements.

Electrochemical measurements: Electrochemical measurements were performed on a
PGSTAT204 instrument (Autolab). The electrochemical measurements were conducted in 1.0
M H2SO;s electrolyte using both a two-electrode and a three-electrode (platinum as the counter
electrode and Ag/AgCl as the reference electrode) configuration. The electrodes were
prepared by mixing RG3DCNs with carbon black and polyvinylidene difluoride (PVDF).
High mass loading (~ 10 mg) was used to fabricate the electrodes according to the method
described by Ruoff and coworkers,!”"! as also discussed by Gogotsi and Simon.!”!!
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Figure 1. Reaction scheme and simplified representation of G3DCNs. G3DCNs with tunable
interlayer distance obtained via controlled polymerization of benzidines with graphene oxide
at different reaction temperatures. G3DCN-1 is obtained at room temperature; benzidine units
are stitched between GO layers. Upon increase of temperature to 45 or 80 °C, PBZ based
polymers, with different degree of polymerization, are covalently connecting GO layers,
yielding G3DCN-2 and G3DCN-3, respectively.
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Figure 2. Spectroscopy characterization of GO and the three G3DCNs. (a) UV/Vis absorption
spectra recorded in ethanol. G3DCN-2 and G3DCN-3 show a broad absorption band within
the range of 600 and 700 nm which are ascribed to the characteristic absorption of the
oligomers of the PBZ units. (b) Wide-angle X-ray scattering (WAXS) reveals the G3DCN’s
increased interlayer spacing (from 0.87 up to 1.27 nm) with the reaction temperatures. (c)
FTIR spectra evidence the disappearance of epoxy groups and reduction of the carbonyl
groups, confirming the successful covalent linkage between GO and the bridges. (d) TGA
curves show that the three G3DCNs show an increase of the thermal stability, with G3DCN-3

being the highest.
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Figure 3. N1s XPS spectra of GO and the three G3DCNs. For all the three G3DCNs samples,
the N1s spectra can be deconvoluted in two peaks: the peak at ~ 399 eV is ascribed to -NH,
and the peak at around 401 eV is assigned to imine groups. The content of -NH increases
with the reaction temperature.
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Figure 4. SEM images of the three G3DCNs. (a, b) G3DCN-1, (c,d) G3DCN-2, and (e,f)
G3DCN-3. The images show the highly porous structures of the three G3DCNss.
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Figure 5. Supercapacitor measurement on the three RG3DCNs in a two-electrode
configuration. (a) Galvanostatic charge/discharge curves of the reduced form of G3DCNs:
RG3DCN-1, RG3DCN-2 and RG3DCN-3 at a current density of 1 A g!. (b) Nyquist plots of
RG3DCN-1, RG3DCN-2 and RG3DCN-3. (¢) An expanded view for the high frequency
range of Nyquist plots is shown. (d) Cycle stability of the three RG3DCNs at a current density
of 1 A g!. No obvious specific capacitance loss was observed after 5000 cycles,
demonstrating their high stability, long cycle lifetime and good reversibility as electrodes in
supercapacitors.
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