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In this study, an easy one-pot hydrothermal strategy was used to prepare N/O co-enriched graphene

hydrogels (NOGHSs) using graphene oxide (GO) solution and n-propylamine as a reactant. The n-

propylamine can be used not only as a reductant, nitrogen dopant and structure regulator, but also as

a spacer to inhibit the agglomeration of graphene sheets. Benefiting from the synergistic effect between

the heteroatoms (N, O), 3D porous structures and high specific surface area, the as-prepared NOGH

samples present excellent electrochemical properties. Remarkably, the NOGH-140 based binder-free

symmetric supercapacitor shows a high specific capacitance of 268.1 F g*1 at the current density of
0.3 A g ! and retains 222.5 F g~* (82.9% of its initial value) at 10.0 A g7* in 6 M KOH electrolyte.
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Furthermore, the assembled device also displays a notable energy density (9.3 W h kg™%) and outstanding

cycling performance (1.8% increase of its initial specific capacitance after 10 000 cycles at 10 A g7%). The
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1. Introduction

In order to cope with the increasingly serious environmental
pollution and get rid of the dependence on fossil energy, human
beings have developed many new energy sources, such as tidal
energy, solar energy, geothermal energy and so on."* However,
generation of electricity from these new energy sources is
vulnerable to external conditions such as climate and weather.
Therefore, in the new energy power generation equipment, it is
usually necessary to equip corresponding energy storage devices
to store excess electricity when the power is abundant and
release electricity when the power generation is insufficient.>”
Supercapacitors have proved to be the hot spot of research in
the field of energy storage devices due to their characteristics of
high current charge and discharge, exceptional power density
and long service life.>*°

The electrochemical properties of supercapacitors are
primarily determined by their electrode materials. Carbon
materials have always been the most widely used electrode
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simple preparation method and excellent electrochemical properties indicate that NOGHs can be used
as electrode materials for commercial supercapacitors.

materials for supercapacitors due to their high specific surface
area and excellent physicochemical stability."*> However,
carbon-based electrode materials mainly produce electric
double layer capacitance (EDLC), which greatly reduces the
energy density of the device and thus limits its practical appli-
cation. In order to improve the energy density of super-
capacitors, many studies have focused on the electrode
materials of traditional batteries (transition metal oxides,
conductive polymers). These electrode materials can produce
substantial pseudocapacitances with the help of Faraday reac-
tion, which is very in line with the requirements of batteries for
high energy density. However, when used as electrode materials
for supercapacitors, the poor rate capability of these materials
cannot support the high current charging and discharging, and
their poor reversible Faraday reaction makes them can only use
for a few thousands charge and discharge cycles, which
completely cannot meet the requirements of supercapacitor for
ultrahigh service life.**** Therefore, more and more researchers
have refocused on carbon-based electrode materials.
Graphene oxide can be regarded as oxygen-doped graphene
materials, and its surface contains plenty of different types of
oxygen-containing functional groups. Except for epoxy func-
tional groups, the other oxygen-containing functional groups
(carboxyl, carbonyl and hydroxyl) can enhance the wettability of
electrode materials and generate abundant pseudocapacitances
to enhance their energy density.”>” However, the low conduc-
tivity and high epoxy functional group content of GO severely
restrict its application in electrochemical field. At present, many
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studies have used high-temperature reduction method to solve
this problem, which not only consumes a lot of energy but also
causes irreparable damage to the sheet structure of graphene.
In addition, the agglomeration problem that occurs during the
preparation of graphene will greatly reduce its specific surface
area and block the transmission channel of electrolyte ions,
which seriously limits the application of graphene as electrode
materials.

Based on the above reasons, we believe that graphene-based
electrode materials can be prepared by hydrothermal reaction
of GO with organic amine molecules.'®>® Firstly, the relatively
mild reaction conditions in the hydrothermal process can
maximize the retention of oxygen on the surface of graphene
sheets. Furthermore, one epoxy functional group will react with
water molecules under hydrothermal conditions to decompose
into two hydroxyl functional groups, which will further boost
the electrochemical properties of the material. Secondly, the
amino functional group in the organic amine molecule can
adjust the sheet structure of graphene by nitrogen doping, thus
improving its electrical conductivity. Thirdly, the molecular
chain of organic amines will anchor on the graphene sheets
with the help of nitrogen doping, which can effectively prevent
the agglomeration between adjacent graphene sheets and
enlarge the specific surface area utilization rate. Finally, the
resulting N and O enriched graphene materials will possess
good pseudocapacitance behaviors and favourable wettability.

To demonstrate that, we utilized a one-pot hydrothermal
approach to prepare N/O co-enriched graphene hydrogels
(NOGHS) using GO and n-propylamine as reactant. During the
preparation process, n-propylamine can be used not only as
reductant, nitrogen dopant and structure regulator but also as
physical spacer to inhibit the agglomeration of graphene sheets
(Scheme 1). Due to the 3D porous structures, synergistic effect
between the heteroatoms (N, O) and high specific surface, the
as-prepared NOGHs samples present a high specific capaci-
tance and exceptional cycling stability. In view of the simple and
efficient preparation method and the excellent electrochemical
properties, we believe that NOGHs can be used as electrode
materials for commercial supercapacitors.

2. Experimental
2.1 Preparation of NOGHs

GO was prepared according to a previous report.”* NOGHs were
prepared by a one-pot hydrothermal. First, n-propylamine (70,
140 or 210 pL) was added into 70 mL of 2.5 mg mL™" GO
solution. After stirring for 0.5 h, the mixed aqueous was trans-
ferred to a hydrothermal synthesis reactor and treated at 180 °C
for 12 h and cooled to room temperature. Then, the obtained
hydrogel was taken out and washed with deionized water
scrupulously to eliminate unreacted n-propylamine. Finally, the
hydrogel was collected and dried by freeze-drying. The NOGH-
70, NOGH-140 and NOGH-210 were nominated built upon the
volume of n-propylamine. For comparison, graphene hydrogel
(GH) was also prepared by the same process without adding any
n-propylamine.
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2.2 Instrumentation and characterisation

The samples were characterized by X-ray diffraction (XRD, DX-
2700 diffractometer with Cu Ka radiation), Raman spectrom-
eter (Invia Raman microscope), Fourier transform infrared
spectra (FTIR, AVATAR-370 spectrometer), X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi spectrometer), N, sorption
isotherms (3H-2000PS1), scanning electron microscopy (SEM,
Hitachi S-4300), and transmission electron microscope (TEM,
JEM-2100). All samples used for characterization are freeze-
dried powders.

2.3 Electrochemical measurement

All supercapacitors properties were measured by using a CHI
760E electrochemical workstation in 6 M KOH electrolyte. To
prepare the working electrode, a slice of the as-prepared
hydrogel was directly pressed onto nickel foam and main-
tained at 10 MPa pressure for 30 s. Subsequently, two working
electrodes with almost the same mass of active materials are
separated by a cellulose separator and packaged into a CR2025
coin-type cell. Cyclic voltammetry (CV) was measured under
different scan rates of 5 to 100 mV s !, and galvanostatic
charge/discharge (GCD) test was measured from 0 to 1 V at
various current densities of 0.3 to 10 A g~ . The electrochemical
impedance spectroscopy (EIS) was performed at 5 mV ampli-
tude over the frequency range of 0.01 to 10° Hz.

The specific capacitances (C;, F g~') of the binder-free
symmetric supercapacitors were obtained from the GCD
process according to the following formula:

Cs = 2(I x Atlm x AV) (1)

where I, At, m and AV stand for the applied current (A),
discharge time (s), mass in a single electrode (g) and usable
voltage after the IR drop (V), respectively.

The energy densities (E, W h kg~') and power densities
(P, W kg™ ") of the binder-free symmetric supercapacitors were
derived for the GCD tests based on the following formula:

E = CAV*8 (2)
P = EIAt (3)

where C; represents the specific capacitance of the symmetric
supercapacitors, At is the discharge time (s), and AV is the
usable voltage after the IR drop (V).

3. Results and discussion

3.1. Material characteristic

XRD patterns were implemented to depict the crystallinity and
amorphous nature of all samples. As seen from Fig. 1a, the
diffraction peak of the (002) plane for GO centered at 12.4°
disappeared after the hydrothermal reaction, denoting the
partial reduction of GO. The weak and broad characteristic
peaks at approximately 21-26° in GH and NOGHs samples
indicate the restacking of graphene sheets and their amorphous
structures.”® Obviously, the broad characteristic peaks in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 |Illustration of the possible reaction mechanism of the NOGHs.

NOGHSs are downshifted than that of GH, which can be ascribed
to the increased interlayer distance of graphene sheets as
a result of the supporting effect of n-propylamine molecular
chains. The increase of interlayer distance can accelerate the
transport of both electrons and electrolyte ions in the electrode
materials.”® Furthermore, the FWHM of (002) peaks of NOGHs
is obvious larger compare to that of GH, suggesting their more
disorder stacking structure (Table 1).

Raman spectra were used to characterize the structure and
defect of all samples. As depicted in Fig. 1b, all samples clearly
display two characteristic bands at around 1345 and 1594 cm ™",
which correspond to the D and G band, respectively. D band is
ascribed to the in-plane substitutional heteroatoms or defects

in the graphene sheets. In contrast, G band refers to the sp’
hybridized graphitic domains. The D bands and G bands of
NOGH:s display downshift in comparison with those of GO and
GH, which is due to the nitrogen doping.>*** The ratio of D band
and G band (Ip/I;) is employed to characterize the disorders and
defects of graphene-based materials. Evidently, the Iy/Ig of
NOGHES is larger than that of GH, demonstrating their higher
defect degree due to the heteroatom doping.”® These defects can
not only provide new sites for the adsorption of the electrolyte,
but also play a catalytic role in Faraday redox reaction, which
can greatly improve the capacitive property of the materials.
Furthermore, the higher I,/I; value in NOGHs can also manifest
the transformation of sp® carbon to sp”> carbon during the

a b

->v

NOGH-210

NOGH-140

NOGH-70

Intensity (a.u.)
Intensity (a.u.)

1,1,-0.93

L 1 1 I L L

11116 1 NOGH-210
1/1,=111 ; NOGH-140
1,/1,=1.05 J NS\ NOGH-70

1,/1,=1.01 / N\ GH
\ GO C=0' co
- C-OH

1560
G ¢ NoGH210 .~ A"
I
NOGH-140 |
S NOGH70 | !
g | )
H GH
El 2 GO
=
£
g
=

OH

10 20 30 40 50 60 500 1000
2theta (degree)

Fig. 1 (a) XRD, (b) Raman and (c) FTIR of all samples.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Raman Shift (cm™)

1500 2000 2500 4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm’)

RSC Adv, 2021, 11, 19737-19746 | 19739


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01863a

Open Access Article. Published on 01 June 2021. Downloaded on 3/6/2026 4:51:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 1 XRD data, Raman peaks and conductivity of samples

2 Theta D-band peak G-band peak ¢
Sample ©) FWHM (cm™ %) (em™) (Sm™
GO 12.40 0.522 1352.48 1592.77 —
GH 24.25 4.375 1349.21 1593.02 158
NOGH-70  23.87 4.551 1347.58 1587.76 323
NOGH-140 23.80 4.794 1346.79 1591.45 357
NOGH-210 23.73 4.799 1345.39 1589.81 354
hydrothermal process, which will boost their electric
conductivity.

FT-IR spectra were used to analyse the functional groups and
verify the successful reaction of n-propylamine with GO. As
shown in Fig. 1c, the GO spectrum displays several peaks at
about 3421 cm™', 1635 cm ', 1384 cm™' and 1089 cm™!
correspond to the stretching vibration of O-H in physisorbed
water or carboxylate moieties, C=0 in carboxylic acid, C-OH
and C-O, respectively, denoting the presence of massive oxygen-
containing functional groups.”” Compared with GO, in the
spectra of GH and NOGHSs, the characteristic peaks of these
oxygen-containing functional groups are significantly weak-
ened, indicating that GO is partially reduced. Meanwhile, there
are two new peaks at 1560 cm™ ' and 1087 cm ™ in the spectra of
NOGHSs corresponding to the stretching vibrations of C=N
(Fig. S1f) and C-N bonds (Fig. S21), confirming the effective
doping of N into the graphene lattice.*® As a result of all this, we
believe that with the success of nitrogen doping, the molecular
chain of n-propylamine has been anchored on the graphene
surface. These molecular chains can be used as spacer to
restrain the agglomeration of graphene sheets, thereby
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improving the porous structure of the sample and increasing its
specific surface area utilization (Scheme 1).

XPS measurement was carried out to probe the elemental
compositions and the bonding configurations of O and N of all
samples. As exhibited in Fig. 2a, the XPS survey spectrum of GO
presents strong signals of the C 1s and O 1s peaks, demon-
strating the presence of abundant oxygen-containing functional
groups on the surface of GO.> However, the relative intensity of
O 1s peak decreased significantly after the hydrothermal
process, denoting the partial reduction of GO. The XPS survey
spectra of NOGHs show a distinct N 1s peak, which indicates
the successful incorporation of N into the graphene matrix. In
addition, the appearance of C=N and C-N signals in the high-
resolution C 1s spectra of NOGH-140 (Fig. 2b) further proves the
success of nitrogen doping. Moreover, the atomic percentage of
C, N and O atoms of all samples are depicted in Table 2. As
shown in Fig. 2c¢, the high-resolution N 1s XPS spectrum of
NOGH-140 can be fitted into four peaks centered at about 398.7,
399.9, 400.7 and 402.1 eV, which are due to the N binding
configurations of pyridinic N, pyrrolic N, N-H band and
graphitic N, respectively. This indicates that after nucleophilic
substitution reaction with oxygen-containing functional groups
on GO surface, the nitrogen atoms are successfully bonded to
the carbon atoms in the graphene lattice through covalent
bonds. The existence of these covalent bonds can enhance the
electronic properties of graphene, increase the dispersion of
graphene sheets, and also boost the interface interaction
between graphene and the matrix.*® Notably, pyridinic N can
improve the absorption and diffusion capacity of electrolyte
ions inside the electrode material, thereby improving their
capacitive property and rate capability. Meanwhile, pyrrolic N
can generate lots of vacancies and defects in NOGHs, which will
effectively enhance the electrochemical behaviors of NOGHs by
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(a) XPS survey spectra of all samples, (b) C 1s and (c) N 1s XPS spectra of NOGH-140. O 1s XPS spectra of (d) GO, (e) GH and (f) NOGH-140.
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Table 2 The elemental contents and quantitative analysis of O 1s XPS data of GO, GH and NOGHs (at%)
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Samples C (¢} N Quinone COOH C=0 Cc-O0 C-OH C/O

GO 67.85 32.15 — 0.38 2.64 5.30 20.45 3.38 2.11
GH 86.17 13.83 — 0.32 4.26 1.74 2.31 5.20 6.23
NOGH-70 87.04 9.51 3.45 0.32 2.43 2.33 1.41 3.02 9.15
NOGH-140 88.02 7.31 4.67 0.27 2.16 1.59 1.02 2.27 12.04
NOGH-210 85.22 9.14 5.64 0.20 2.30 1.90 1.13 3.61 9.32

its fast kinetics and reversibly binding with the charge
carriers.”* Additionally, graphitic N can not only catalyze the
pseudocapacitance reaction, but also improve the conductivity
of NOGHs by restoring the conjugation of graphene sheet.

Fig. 2d-f compare the O 1s XPS spectra of GO, GH and
NOGH-140. It can be seen that these O 1s spectra can be fitted
into five peaks at about 530.6 eV, 531.5 eV, 532.1 €V, 532.7 eV
and 533.5 eV, corresponding to quinone O, O=C-OH, C=0,
C-0 and C-OH functionalities, respectively. In addition, with
the increase in the amount of n-propylamine, the nitrogen
content in NOGHs samples gradually increased while the
oxygen content generally decreased. Most importantly, the
content of epoxy functional groups in these samples decreased
gradually with the addition of n-propylamine, which could be
attributed to the ring-opening reaction between the epoxy
functional groups and water molecules and the nucleophilic
substitution reaction between n-propylamine and epoxy func-
tional groups under hydrothermal conditions (Table 2). These
retained oxygen-containing functional groups can substantially
increase the active reaction sites of the materials and boost their
pseudocapacitance. Furthermore, these oxygen-containing
functional groups can also improve the wettability of the
NOGHs and reduce their inert surface area, thereby increasing
the infiltration of NOGHs and promoting the transport of
electrolyte ions.*” The above results indicate that the n-propyl-
amine molecule realizes the functionalization of the graphene
sheet through the covalent bond, which will greatly improve the
porous structure and surface chemistry of the NOGH samples,
thereby enhancing their electrochemical performance.
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The specific surface area and pore structures of GH and
NOGH-140 were acquired by N, adsorption/desorption
isotherms, as illustrated in Fig. 3. It is clear that both GH and
NOGH-140 display IV-type curves with obvious hysteresis loops
at P/P, of 0.4-1.0, denoting the coexistence of mesopores and
macropores structures. Moreover, the isotherm of NOGH-140
shows an almost vertical N, uptakes below 0.02 P/P,, indi-
cating the presence of micropores. The pore size distribution of
GH and NOGH-140 further proves the above results (inset in
Fig. 3). The dominant pore volume of the NOGH-140 is meso-
pores (3-4 nm, 20-50 nm) and macropores (50-100 nm). This
porous structure can provide more internal channels for the
transmission of electrolyte ions, thereby boosting the capacitive
property and rate capability of the sample. Meanwhile, NOGH-
140 also has some micropores below 2 nm, which is conducive
to the generation of EDLC capacitance.>®

Moreover, the micropore volume of NOGH-140 is about 2
times than that of GH, which is because the oxygen-containing
functional groups on GO surface are easier to decomposition
during the hydrothermal reaction with n-propylamine. The
specific surface area of GH is only 116.2 m”> g~ *. On the contrary,
the specific surface area of NOGH-140 drastically increases to
237.7 m* g ', which suggests that the addition of #n-propylamine
can effectively regulate the specific surface area of the sample.
The improved specific surface area of NOGH-140 can deliver
more places for the adsorption/desorption of electrolyte ions
and electrochemical reactions, and then improve its electro-
chemical performance.*® Moreover, the total pore volume of
NOGH-140 is 0.42 cm® g~ ', larger than that of GH
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Fig. 3 BET adsorption—desorption curves and pore size distributions (inset) (a) GH and (b) NOGH-140.
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Fig.4 SEMimages of (a) GH, (b) NOGH-70, (c) NOGH-140, (d) NOGH-210 and TEM images of (e) NOGH-140, (f) HRTEM images of NOGH-140.

(0.36 cm® g '), demonstrating that the molecular chain of n-
propylamine successfully prevented the restacking of graphene
layers and increased the active specific surface area of NOGH-
140.

The morphology and microstructure of the freeze-dried
samples were characterized using FESEM and TEM (Fig. 4). As

presented in Fig. 4a, the agglomeration of graphene sheets in
the GH sample is very serious, with few holes on its surface.
Nevertheless, after the hydrothermal process with n-propyl-
amine, the pore structure of the NOGHs sample become more
prominent, showing a 3D porous network structure (Fig. 4b-d).
This can be attributed to the supporting effect of n-propylamine
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Fig.5 Electrochemical performance of the symmetric supercapacitors: CV curves of (a) GH and NOGHs at 50 mV s™%, (b) NOGH-140 at different
scan rates and GCD curves of (c) GH and NOGHSs at 1 A g™, (d) NOGH-140 at different current densities.
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molecular chains on the adjacent graphene sheets. In addition,
as the amount of n-propylamine increases, the 3D porous
structure of the NOGHs samples becomes larger, and the
structure of the graphene sheet becomes flatter and bigger. This
is because, with the increase of n-propylamine dosage, the
reaction system gradually becomes more alkaline, which will
cause the agglomeration of graphene sheets and destroy its
porous structure. Such a 3D porous network structure is bene-
ficial to accelerate the contact, penetration and transport of the
electrolyte ions in the electrode material, thereby reducing the
diffusion resistance and improving its electrochemical perfor-
mance. The TEM image manifests that NOGH-140 possesses
aripple configuration composed of few layers randomly stacked
graphene sheets, further proving its 3D porous structure
(Fig. 4e). As shown in Fig. 4f, the HRTEM image of NOGH-140
shows that there are obviously discontinuous and defects in
the graphene sheets, which can be attributed to the lattice
distortion caused by heteroatom doping.**

3.2. Electrochemical studies

In order to illustrate the potential for practical application of
the as-prepared samples, the electrochemical property of the
GH and NOGHs based binder-free symmetric supercapacitors
were tested in 6 M KOH. Fig. 5a displays the CV curves of GH
and NOGHs at the scan rate of 50 mV s~ '. Markedly, the CV
curve of GH displays a nearly rectangular-like shape, denoting
its EDLC property. On the contrary, NOGHs present a distorted
CV loop with a broad hump located at around 0.1-0.8 V, which
indicates that the concomitance of EDLC behaviour and
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pseudocapacitance behaviour. In addition, the integral area of
NOGHSs is obviously larger than that of GH at the same scan
rate, implying the enhanced porous structure and abundant
heteroatom functional groups are constructive to their capaci-
tive property. As shown in Fig. 5b, NOGH-140 can maintain its
curve shape even at a high scan rate of 100 mV s~ ', which
denotes its quick ion transport speed and excellent rate
capability.®

The representative GCD curves of GH and NOGHs at 1 A g~
are presented in Fig. 5c. Apparently, NOGHs based devices
possess longer discharge time, further indicating their larger
specific capacitance. Fig. 5d presents the GCD curves of NOGH-
140 at various current densities from 0.3 to 10 A g~ '. From
Fig. 5d, we can see that all the curves display a distorted trian-
gular shape, revealing the combination of EDLC capacitance
and pseudocapacitance. Furthermore, the NOGH-140 based
symmetric supercapacitor presents a negligible IR drops even at
10 A ¢!, confirming its good electrochemical reversibility and
excellent rate capability.®® Fig. 6a compares the IR drop of GH
and NOGHs samples at various current densities. It's worth
noting that GH possesses bigger IR drop in comparison with
NOGHSs, which can be assigned to the increase in electrical
conductivity of the material caused by the restoring effect of
graphitic N on the graphene sheet. The smaller IR drop of
NOGHS can reduce their internal resistance, ensure the integ-
rity of their potential window, and improve their energy storage
efficiency.

Fig. 6b illustrates the relationship of the specific capacitance
in the assembled

against current densities symmetric
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(a) IR drop variation and (b) specific capacitances of GH and NOGHs at different current densities. (c) Ragone plots and (d) EIS results of GH

and NOGHs. Inset in (d) shows the expanded high-frequency region of the plots.
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supercapacitors, directly revealing their rate capability. The
NOGH-140 based symmetric supercapacitor delivers the specific
capacitance of 268.1, 263.5, 256.5, 248.6, 243.7, 235.7, and
222.5Fg 'at0.3,0.5,1,2,3,5and 10 A g~ ', which is superior to
most previously reported heteroatom doped carbon materials
(Table 3). At the same time, GH based device only shows 202.9,
199.6, 194.0, 187.4, 182.3,175.1 and 161.8 F g’1 at the same test
current densities. More importantly, the NOGH-140 based
symmetric supercapacitor also displays better rate capability
(82.9%) compare to GH (79.7%), which can be attributed to
their improved porous structure, smaller internal resistance
and the synergistic effect of N and O functional groups.*”

In order to determine the practical application prospect of
the as-prepared samples, the Ragone plots of GH and NOGHs
were obtained based on the GCD measurement (Fig. 6c¢).
Noticeably, the NOGH-140 based symmetric supercapacitor
presents an exceptional energy density of about 9.3 W h kg™ * at
power density of 74.9 W kg™ " at a current density of 0.3 A g™,
which is superior to most previously reported carbon-based
symmetric supercapacitors (Table 3). And the energy density
can still reach up to 7.2 W h kg ! with the power density of
2404.5 W kg™ " at a high current density of 10 A g~'. Neverthe-
less, the GH based device can merely get an energy density of
7.0 W h kg~ " when the power density is 74.9 W kg™ " at a current
density of 0.3 A g~ '. The excellent energy density denotes that
NOGHSs samples can be employed as electrode materials for the
commercial supercapacitors.

EIS technique was further used to investigate the internal
resistance and the accessibility of electrolyte ions within the GH
and NOGHs samples, as shown in Fig. 6d. The inclined line at
low frequency region represents the charge storage behavior
and diffusion process of the electrode materials. Clearly,
NOGHSs display larger phase angle than that of GH at low
frequency region, confirming that they have better capacitive
behaviors and smaller electrolyte ion diffusion resistance due to
their improved porous structure and higher content of benefi-
cial heteroatoms.*® In the high frequency region, the diameter
of the semicircle at the real axis is response to the impedance on
electrode/electrolyte interface. It is seen that NOGHs present
smaller semicircle (charge transfer resistance), which is helpful
to boost their charge storage capability.***> Moreover, the
intercept at extremely high frequency region is due to the
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internal resistance. In comparison with GH, NOGHs exhibit
smaller intercept, demonstrating their larger electric conduc-
tivity owing to the restoring of the conjugation of graphene
sheet by N doping (inset in Fig. 6d). The EIS results reveal that
the internal resistance and electrochemical kinetics of NOGHs
have been significantly improved.

As long service life is the most parameter to assess the
practicability of supercapacitors, the cycling performance of
NOGH-140 was conducted using GCD measurement. As shown
in Fig. 7, after 10 000 GCD cycles at 10 A g, the NOGH-140
based binder-free symmetric supercapacitor can deliver
a high specific capacitance of 226.5 F g~ (inset in Fig. 7). Its
specific capacitance reaches 101.8% of the initial value,
demonstrating its excellent long-term cycle stability. The
excellent cycling performance indicates that the NOGH-140
based symmetric supercapacitor possesses a high quality of
reversibility in the GCD cycle test, which can be ascribed to its
good electric conductivity, 3D porous structure and superb
reactivity of heteroatomic functional groups. These results
suggest that NOGH-140 is suitable for practical applications in
supercapacitors.

Electrochemical test results show that NOGH-140 has better
supercapacitor performance than NOGH-70 and NOGH-210,
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Fig. 7 Cycling stability of NOGH-140 at 10 A g~* for 10 000 GCD
cycles. Inset shows the GCD curves of NOGH-140 at 10 A g~ before
and after 10 000 cycles.

Table 3 Electrochemical performances of different carbon-based electrodes in two-electrode system

Cycle current Cycle number and

Material Electrolyte C(Fg™ Ey(Whkg™) density retention (%) Ref.
POGHs 6 M KOH 256.5 (0.5 A ¢ ") 8.8 10Aag" 10 000 (100.7) 12

APRGSs 6 M KOH 260.2 (0.3 A g™ 9.0 10Ag" 10 000 (104.7) 15

GH 5 M KOH 165.0 (1A g™ ) — — — 38
AQSGH 1 M H,50, 258 (0.3 A g™ — 10Ag" 2000 (>100) 39

ERGO 6 M KOH 1611 (1Ag™ ) 5.0 2Ag" 10 000 (89.7) 40

CHGH 6 M KOH 262.8 (0.3A g™ ") 9.1 10Ag" 10 000 (103.6) 16
PrGO-IL 1 M H,S0, 262 (0.5 A g7 7.0 4Ag" 3000 (100) 41

N-GH 6 M KOH 217.8(1Ag ™Y — 20Ag" 1000 (95.8) 42
NOGHSs 6 M KOH 268.1(0.3A¢g™ ") 9.3 10Ag" 10 000 (101.8) This work
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which may be due to the following reasons: (1) the NOGH-140
sample has a lower content of epoxy functional groups and
a higher C/O ratio, which gives it a higher electrical conduc-
tivity. (2) In the hydrothermal reaction system, more n-propyl-
amine tends to make the solution more alkaline, resulting in
the agglomeration of graphene sheets, which will affect their
EDLC performance. (3) The composition of surface heteroatom
functional groups and good porous structure give NOGH-140
a small charge transfer resistance, which greatly improves its
electrochemical performance.

3.3. Discussion

We believe that NOGHSs samples can be used as supercapacitor
electrode materials can be attributed to the following reasons:

(1) The synergistic coupling effect of N and O functional
groups. Firstly, heteroatom doping can regulate the elec-
tronic structure of graphene materials by changing the
charge distribution and spin density of carbon atoms,
thereby significantly improving their electrochemical reac-
tion activity. Based on the above characteristics, N/O co-
enriched graphene with two kinds of heteroatoms can
further improve the electrochemical reaction activity of gra-
phene materials by virtue of its synergistic coupling effect.
Secondly, different N bonding configurations in NOGHSs
samples can greatly improve their energy storage properties.
Among them, pyridinic N and pyrrolic N can produce plenty
of pseudocapacitance by means of Faraday redox reactions,
while graphitic N can improve the conductivity of the mate-
rial and reduce its charge transfer resistance. In addition,
compared with carbon atom, nitrogen atom have larger
electronegativity, which can cause the polarization of carbon
atoms in graphene sheets, thus facilitating the adsorption of
electrolyte ions on the surface of the sample and improves its
capacitive property. In NOGHs, the pseudocapacitance of
different N bonding configurations can be generated under
6 M KOH solutions as follows:***

~“C-N-C+H,0+e < -C-NH-C+OH" (4)
~C=NH + H,0 + 2¢~ < -CH-NHOH (5)

Thirdly, the presence of abundant oxygen-containing func-
tional groups in the NOGHs samples can increase the wetta-
bility of the material, thereby increasing their permeability and
active specific surface area. More importantly, these oxygen-
containing functional groups can provide large amounts of
pseudocapacitances for the NOGHs samples through the
following reactions:**

>C-OH & >C=0+H" +¢” (6)
—COOH < -COO™ +H" + e~ (7)
>C=0+¢ « >C-O (8)

(2) The enhanced 3D porous structure. The good 3D porous
structure of NOGHs samples can be attributed to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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introduction of n-propylamine molecular chains on graphene
sheets. These molecular chains can act as physical spacers to
restrain the agglomeration between the adjacent graphene
sheets.

(3) Simple preparation method. Complex preparation
methods and expensive use prices have always been the main
reasons for limiting the practical application of graphene
materials. In this work, we used the hydrothermal method to
prepare graphene electrode materials at a relatively low
temperature. This method has the advantages of low cost, low
energy consumption, and easy to large-scale production. Most
importantly, the preparation of graphene materials by this
method can retain the oxygen-containing functional groups on
the surface of the material as much as possible, which can not
only increase the atomic utilization rate of the reaction system
but also improve the electrochemical performance of the
material.

In sum, we believe that NOGHs with excellent electro-
chemical performance and low cost can be used as electrode
materials for supercapacitors.

4. Conclusion

In summary, NOGHs were effectively prepared by a simple
hydrothermal approach with GO and n-propylamine as reac-
tant. The results demonstrate that n-propylamine can be used
as reductant, nitrogen dopant and structure regulator at the
same time. Moreover, the molecular chain of n-propylamine can
also be used as spacer to constrain the agglomeration of gra-
phene sheets. By virtue of the synergistic coupling effect of N
and O functional groups, 3D porous structure and high specific
surface, the as-prepared NOGHs samples present excellent
electrochemical properties in binder-free symmetric super-
capacitors. The specific capacitance of the NOGH-140 based
device is 268.1 F g~ at 0.3 A g~ ', and the capacitance retention
can reach up to 82.9% at 10 A g ', denoting an excellent rate
capability. In addition, the assembled device also delivers high
energy density of 9.3 W h kg~ ' at 74.9 W kg™ ' and maintains
7.2 W h kg™" at 2404.5 W kg~ '. Furthermore, NOGHs show
a superb cycling performance (101.8%) after 10 000 GCD cycles
at 10 A g . These results prove that NOGHs have the potential
to be applied in electrochemical energy storage device.
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