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Abstract We report a simple method of synthesizing
nitrogen-self-doped mesoporous carbons by the direct carbon-
ization of ferric ammonium citrate (FAC) in an inert atmo-
sphere. The resulting materials stacked by nanospherical par-
ticles exhibited a large the Brunauer–Emmett–Teller (BET)
surface area of up to 1021 m2 g−1, bimodal porosity (pores
centered at approximately 2 and 9 nm), and nitrogen self dop-
ing (3.86 %). The electrochemical properties of the nitrogen-
self-doped mesoporous carbons were evaluated in 1MH2SO4

aqueous solutions by cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance
spectroscopy (EIS). Results showed that FBNC-700 (FB rep-
resents FAC brown (CAS Reg. No. 1332-98-5), N represents
Bnitrogen-self-doped,^ C represents mesoporous-carbon ma-
terials, and 700 represents carbonization temperature), as an
electrode for supercapacitors, exhibited a high specific capac-
itance of 225 F g−1 at a current density of 1 A g−1. This
specific capacitance may be maintained at 162 F g−1 and
10 A g−1. The pair of oxidation and reduction peaks at approx-
imately 0.4 V (quinone-type species (C = O)) was broad and
extended to lower potentials (down to 0 V; N functionalities),
indicating the excellent pseudocapacitive behavior of
nitrogen-self-doped mesoporous carbons. The nitrogen-self-
doped mesoporous carbons had good stability, with 93.92 %
capacitance retention after 5000 cycles at a current density of
2 A g−1.
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Introduction

A capacitor is a small device that can provide quick bursts of
energy. Capacitors are mostly known for powering laptops
and hybrid cars, but these gadgets cannot store as much power
as batteries [1, 2]. Meanwhile, supercapacitors are novel
energy-storage components with huge potential storage capa-
bilities. Supercapacitors can provide higher power density
than chemical batteries and has many capacitor characteristics
(e.g., quick charge/discharge and long cycle life) [3–5].

Electrode materials crucially affect supercapacitor perfor-
mance. Porous carbons, the most widely used electrode mate-
rials for supercapacitors, have high specific surface area and
excellent conductivity. Porous carbons are currently obtained
by the carbonization of organic precursors (natural or synthet-
ic), followed by physical or chemical activation. The precur-
sors have wide-ranging sources, including biomaterials (cel-
lulose, potato starch [6], as produced [7], and banana fiber [8,
9]), macromolecular compounds (phenolic resin [1], fragrant
resin [10], ethylenediamine, and carbon tetrachloride [11]),
and organic salts (e.g., potassium/sodium humate [12] and
potassium/sodium citrate [13]). However, materials produced
this way are made up almost exclusively of narrow pores. The
mechanism of energy storage is based on the formation of an
electrical double layer based on the electrode–electrolyte in-
terface [14]. The electric-double-layer capacitance properties
of carbon-based supercapacitors are often associated with the
effects of specific surface area and porosity structure on the
transmission of electrolyte ions, but sub-micropores (<1 nm)
set a limit for the transmission for electrolyte ions [15–17].
Mesoporous-carbon materials prepared by the template

Electronic supplementary material The online version of this article
(doi:10.1007/s10008-016-3386-1) contains supplementary material,
which is available to authorized users.

* Bo Mu
mu-bo@163.com

1 College of Petrochemical Technology, Lanzhou University of
Technology, Lanzhou 730050, China

J Solid State Electrochem (2017) 21:515–524
DOI 10.1007/s10008-016-3386-1

http://dx.doi.org/10.1007/s10008-016-3386-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-016-3386-1&domain=pdf


method avoid the disadvantages of sub-micropore materials
because of the excellent porous structure. However, these pro-
cedures rely on the fabrication of sacrificial templates (meso-
porous silica or surfactants), which are expensive, time con-
suming, and complicated to prepare and are thus unsuitable
for large-scale production and industrial applications. Thus,
the establishment of a simple, economic method of preparing
mesoporous-carbon materials is the focus of the present study.

Traditional porous-carbon materials forming a double-
layer structure for energy storage cannot meet the develop-
ment needs of supercapacitors [18]. Thus, we should further
enhance the capacitance properties of porous-carbon materials
to promote supercapacitor development. Interestingly, doped
porous-carbon materials as electrode materials can well im-
prove the wetting of electrodes, conductive rate, and capacity
through several techniques [19]. Some techniques include the
incorporation of nitrogen groups into the carbon framework
by the pyrolysis of biomass precursors containing a rich
amount of these elements, thereby providing additional
pseudocapacitance from the redox reaction of the heteroatom
surface functionalities [20]. Given these unique properties,
nitrogen-doped porous-carbon materials can satisfy the in-
creasing demands for next-generation energy storage [21].
However, the synthesis of nitrogen-doped carbon materials
involves the use of toxic and expensive synthetic precursors
and/or requires post-treatment processing for the introduction
of nitrogen or development of porosity [22]. The challenges
encountered in the establishment of more environmentally
friendly and cost-effective synthesis methods are increasingly
being overcome through the use of naturally occurring renew-
able nitrogen-bearing biopolymers, including chitin [23], chi-
tosan [24], and proteins [25]. Among these biomass proteins,
keratin [26], silk fibroin [27], egg albumin [28], and gelatin
[29] have been demonstrated to be nearly ideal precursors for
the synthesis of N-doped carbon materials for electrochemical
applications [29–31].

FAC is extensively used in the food industry as an additive
and in medicine to treat iron-deficiency anemia in humans and
animals. FAC is also used as a positive oral contrast agent in
magnetic resonance imaging [32]. Two types of FAC exist and
are known as FAC brown (Fig. 1) and FAC green. FAC-
brown’s contents of iron (16.5–18.5 %) and ammonia is 9 %
more than that of FAC green (14.5–16 % iron; approximately
7.5 % ammonia). Thus, we select FAC brown as the carbon/
nitrogen/oxygen precursor.

We researched nitrogen-self-doped mesoporous-carbon
materials derived from FAC brown and used them as the car-
bon/nitrogen/oxygen precursor for supercapacitors. The ef-
fects of carbonization temperature on the nitrogen-doped
mesoporous-carbon material microstructure, nitrogen content,
and electrochemical properties were significant. The nitrogen-
self-doped mesoporous carbons were then used as electrodes
for high-performance supercapacitors, and their excellent

charge-storage properties were observed in 1 M H2SO4 aque-
ous solutions. We also showed a simple strategy for introduc-
ing nitrogen functional groups into the mesoporous carbons
produced by this method.

Experimental

Synthesis of materials

The FAC brown used in the present work was purchased from
Fuchen Industrial Corporation and used as received. Nitrogen-
self-doped mesoporous carbons were prepared by the single-
step carbonization of FAC brown. The prepared FAC-brown
powder was ground, placed in a porcelain boat, and then heat-
ed in a horizontal tube furnace for up to 600, 700, 800, or
900 °C at a rate of 3 °C min−1. The final temperature was
maintained for a particular time (i.e., 2 h) under N2

(99.999 %) flow. The resultant black substance was first
washed with 1MHCl solution to remove inorganic impurities
and then with deionized water to reach neutral pH. After fil-
tration, the product was dried at 80 °C, and the obtained
porous-carbon materials were named FBNC-T. FB represents
FAC brown (CAS Reg. No. 1332-98-5), N represents Bnitro-
gen-self-doped,^ C represents mesoporous-carbon materials,
and T represents carbonization temperature.

Structural characterization

The morphology of materials was investigated by field-
emission scanning electron microscopy (FESEM; JSM-
5600LV, JEOL) and high-resolution transmission electron mi-
croscopy (HRTEM; JEM-1200EX, JEOL). The crystalline
structures of the materials were determined by powder X-ray
diffraction (XRD; D/Max-2400, Rigaku). The nitrogen sorp-
tion isotherms of the porous-carbon materials were measured

Fig. 1 Structure of [Fe3 (cit)4H]
6−
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using a Micromeritics ASAP 2020 sorptometer. The apparent
surface area was calculated from the N2 isotherms at relative
pressures (P/Po) from 0.06 to 0.20 by the Brunauer–Emmett–
Teller (BET) method. Total pore volume (Vtotal) was deter-
mined from the amount of N2 adsorbed at a relative pressure
(P/Po) of 0.97. Pore-size distribution was calculated using the
slit/cylindrical nonlocal density functional theory model.
Average pore size was calculated using the characteristic ad-
sorption energy deduced by applying the Dubinin
Radushkevich equation to the nitrogen-adsorption branch
[33].

Electrochemical measurements

To prepare the working electrode, the nitrogen-self-doped
m e s o p o r o u s c a r b o n s w e r e g r o u n d w i t h
polytetrafluoroethylene (5 wt.%) and then pressed onto steel
mesh (1 cm × 1 cm) functioning as the current collector. The
carbons were then dried in a vacuum at 80 °C for 12 h, and the
working electrode was subsequently pressed at 15 MPa for 1–
2 min. A conductive agent (such as acetylene black) was not
required to prepare the working electrodes. Test samples were
prepared in pellet form (diameter, 13 mm; thickness, 0.6 mm)
at a pressure of 40 MPa.

Electrochemical measurements including CV, GCD, and EIS
were performed under ambient conditions in 1 M H2SO4 aque-
ous solution by using a three-electrode system with nitrogen-
self-doped mesoporous carbons as the working electrode, a
platinum slice (1.5 cm2) as the counter electrode, and a saturated
calomel electrode as the reference electrode. GCD tests were
performed at charge/discharge currents of 1–20 A g−1 over a
potential window of 0 to 1 V. The specific capacitance C (F g−1)
of the samples was calculated as in Eq. (1):

C ¼ I �Δ t
m�ΔV

ð1Þ

where I is the constant discharging current (A), Δt is the
discharge time (s) period for the potential change ΔV (V),
and m (g) is the mass of nitrogen-self-doped mesoporous car-
bons in the electrode.

CV was performed at scan rates of 5–120 mV s−1 over the
potential window of 0 to 1 V. The specific capacitance C
(F g−1) was also calculated from the CV curves according to
Eq. (2):

C ¼

Z
IdV

2� v� m�ΔV
ð2Þ

where I is the current as a function of voltage, and ν is the scan
rate (V s−1).EIS measurements were performed at the open-
circuit potential with an AC amplitude of 5 mV within the
frequency range of 10−2–105 Hz.

Results and discussion

Figure 2 shows the XRD patterns of carbonization under dif-
ferent conditions. Nitrogen-self-doped mesoporous carbons
under different carbonization temperatures had a similar struc-
ture. The diffraction peaks at 2θ = 23.1° and 44.1°
corresponded to the (002) and (101) planes of graphite diffrac-
tion crystal, respectively. No diffraction peaks of impurities
could be detected. However, compared with the standard
2θ = 26.6° of graphite, that of the sample obviously shifted
to the left, which indicated that the interlamellar spacing be-
tween the (002) plane was extended according to Bragg’s
equation: 2d ⋅ sin θ = λ. Therefore, FBNC-700 exhibited an
amorphous framework and low degree of graphitization. The
low intensity (101) in the low-angle region was due to the fact
that the nitrogen-self-doped mesoporous carbons had almost
no carbon nanosheet structures. Similarly, FBNC-600/800/
900 also presented amorphous structures. However, the peaks
at 2θ ≈ 23.1° corresponded to the (002) planes of graphite
diffraction crystal has obvious difference among FBNC-T.
The XRD patterns also have been used to study the crystallin-
ity of FBNC-T with different carbonization temperature. The
strength of the peak could be closely intertwined with the
crystallinity. The strength of the peak, the peaks at
2θ ≈ 23.1°, of the XRD tested sample changes with of carbon-
ization temperature increasing. Because the impurities have
not full decompose at lower carbonization temperature,
FBNC-600 has been in disorder and lower crystallinity. The
FBNC-700 of decompose steadied with the carbonization
temperature increasing. The strength of the peak, the peaks
at 2θ ≈ 23.1°, is stronger with the increase of the crystallinity.
The development and growth of the structural properties of
FBNC-Twere affected seriously by the high temperature treat-
ment. The crystal structure of FBNC-800 and FBNC-900 was
destroyed, because mixed elements of functional groups react
with the carbon and it tends to affect the structural properties.

Fig. 2 Powder XRD pattern of FBNC-T
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The Raman spectrum of FBNC-T (Fig. 3) showed charac-
teristic D and G bands at about 1350 and 1590 cm−1. The D
band corresponded to an E2gmode of graphite and was related
to the breathing mode of the ring, whereas the G band
corresponded to the in-plane bond stretching motion of C
sp2 atoms. The D-band to G-band intensity ratio (ID/IG < 1)

was closely related to the degree of disorder of graphite struc-
ture and showed the graphitization degree of FBNC-T. With
increased temperature, the D-band to G-band intensity ratio
(ID/IG < 1) decreased. As received, the calculated ID/IG values
of FBNC-900, FBNC-800, FBNC-700, and FBNC-600 were
determined to be about 0.992, 0.981, 0.954, and 0.801, respec-
tively. With increased temperature, the graphitizable extent of
wood ceramics and ordering structure increased the ID/IG of
FBNC-700 and made it higher than that of FBNC-600.
Furthermore, the highly porous and disordered structure pro-
duced many defects in the nitrogen-self-doped mesoporous
carbons, causing the ID/IG of FBNC-700 to be lower than
those of FBNC-800 and FBNC-900. In addition, the size of
graphitic carbon (La) was calculated according to the empiri-
cal equation La = 4IG/ID. La of FBNC-600, FBNC-700,
FBNC-800 and FBNC-900 are 4.032258, 4.07747197,
4.19287212, and 4.9937578 nm, respectively. These results
illustrate that the FBNC-700 possess practically graphitized
microstructure which is beneficial to fast electron transfer
[31].

XPS analysis revealed that a significant fraction of the in-
vestigated carbons indicated the presence of three distinct
peaks because of carbon, nitrogen, and oxygen in the

Fig. 3 Raman spectra of FBNC-T

Fig. 4 a XPS survey, b C1s, c N1s, and d O1s XPS spectra of FBNC-700 after fitting
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nitrogen-self-doped mesoporous carbon of FBNC-700. The
carbon, nitrogen, and oxygen contents were calculated to be
87.41, 3.86, and 8.73 %, respectively. The nitrogen and oxy-
gen groups can effectively improve the wettability of the car-
bon electrode material and increase the total capacity through
the pseudocapacitance [34].

Analysis of Fig. 4c revealed that a significant fraction of N
was surface accessible. To study in detail the contributions of
particular nitrogen functionalities, we analyzed the XPS N1s
core-level spectra. A standard deconvolution procedure using
a Shirley background yielded five peaks centered at 398.2,
398.4, 400.4, 403.8, and 404.9 eV. These peaks were attribut-
ed to aromatic amides or imino compounds, pyridinic nitrogen
(N-6), pyrrolic nitrogen (N-5), oxidized nitrogen (N-X), and
the chemisorption of nitrogen oxides [34–36].

The core-level O1s spectra of the obtained carbons are
presented in Fig. 4d. The interpretation of the O1s spectra
was not straightforward because of the very narrow range of
binding energies and the possible overlapping of different
components. In this study, we deconvoluted the O1s spectra
into four components. The three major peaks were assigned to
isolated carbonyl groups (531.3 eV), carbonyl groups in an-
hydrides or carboxyls (532.6 eV), and ether or hydroxyl
(532.9 eV). The outermost components (536.7 eV) were used
to improve the fit. The component, centered at 536.7 eV, was
typically attributed to chemisorbed oxygen or water [34, 37].
The presence of O- and N-containing groups on the carbon
surface was confirmed by the core-level C1s spectra (Fig. 4b).
In addition to the primary signal of graphitic sp2-bonded car-
bon (at 284.6 eV), the spectra contained asymmetric tails that
could be fitted with several peaks attributed to C–O and C–N
functionalities (285.7 eV), carbonyl groups (287.5 eV), car-
boxyl groups (289 eV), carbonates or a satellite line of the

C = O component (296.0 eV), and shake-up satellites related
to the π–π* transition (292.6 eV) [38, 39].

The nitrogen content was strongly dependent on the car-
bonization temperature, i.e., the samples carbonized at the
higher temperature contained less nitrogen. It was obvious
that the N% had been paid attention to decrease (Tables 1
and 2). Furthermore, FBNC-700 has more content of nitrogen
and oxygen. It is good for improving electron transfer and
resulting in a corresponding increase in specific capacitance.

The FESEM images of FBNC-700 (Fig. 5a) displayed
nitrogen-self-doped mesoporous-carbon materials stacked by
nanospherical particles (Fig. 5b). Obviously, nanospherical
particles piled up and produced many pores through the de-
fect. To further access the internal structure of the nitrogen-
self-doped mesoporous-carbon materials, HRTEM was used.
The HRTEM image in Fig. 5c confirmed that the accumula-
tion of nanospherical particles included micropores and
mesopores. The magnified HRTEM images in Fig. 5d showed
that the structure of the nitrogen-self-doped mesoporous-
carbon materials was amorphous.

The porous structure of the nitrogen-self-doped
mesoporous-carbon materials obtained from the nitrogen
sorption isotherms is shown in Fig. 6. The isotherm profiles
exhibited well-defined capillary condensation steps typical of
mesoporous materials (type-IV (a) isotherm), indicating that
the porosity wasmainlymade up of mesopores [40]. The well-
developed mesoporosity helped electrolytes to be quickly
stored in the charge/discharge process. At a low pressure
(close to 0), the adsorbed N2 volume did not significantly
increase. In this case, the initial monolayer–multilayer adsorp-
tion on the mesopores walls, which took the same path as the
corresponding part of a type-II isotherm, was followed by
pore condensation. The amount of micropores in the
nitrogen-self-doped mesoporous-carbon materials was not
negligible. Test by Raman, carbonization temperature is close-
ly correlated with the graphitization of carbon materials, and
thereby affecting the carbon materials ordered, such as pore
structure. At a low carbonization temperature, the hysteresis
loop (H2(b)) concentration appeared in high pressure (0.45–
0.9) show that FBNC-600 has mesoporous with larger diam-
eter (Fig. 6). At a low pressure (close to 0), the adsorbed N2

volume did not significantly increase show that FBNC-600
lack ofmicropore structure. The phenomenon can be observed

Table 1 XPS spectra of
the FBNC-T XPS

C% N% O%

FBNC-600 88.91 4.42 6.67

FBNC-700 87.41 3.86 8.73

FBNC-800 92.91 1.97 5.12

FBNC-900 92.91 0.75 6.34

Table 2 BET surface area and
porosity characteristics of the
FBNC-T

Active
materials

SBET
(m2 g−1)

Smicropore

(m2 g−1)
Vtotal pore
(cm3 g−1)

Vmicropore

(cm3 g−1)
Daverage

(nm)

FBNC-600 524 201 1.0901 0.0911 8.33

FBNC-700 1021 153 1.3770 0.0651 5.39

FBNC-800 1131 106 2.0552 0.0392 7.27

FBNC-900 912 88 1.8495 0.0329 8.12
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clearly in the Fig. 7. As the temperature rises, the adsorption
increased at low pressure show that increased number of mi-
cropores. Because of the number of micro-porous directly
affect the surface area of materials, FBNC-700 and FBNC-
800 has a larger surface area. The hysteresis loop (H2(a))
concentration appeared in a narrow range of pressure (0.4–
0.85) show that FBNC-700 has mesoporous with a narrow
range of diameter (Fig. 6). At high pressure (close to 1.0),
the adsorbed N2 volume did not significantly increase show
that FBNC-700 had almost no macropores. The hysteresis

loop observed at moderate pressure (0.45–0.95) revealed the
presence of slit-shaped mesopores in FBNC-800 and FBNC-
900. As the temperature further rises, the hysteresis loop (H3)
be arising in the pressure of ~0.5. Because of the physical
process of the pore enlargement, the mesoporous appeared
in a wide range of diameter (Fig. 6) and the hysteresis loop
persisted in a wide range of pressure. Because of temperature
further rises, the diameter of pore is made increase. The
adsorbed N2 volume of FBNC-900 is lower than FBNC-700
or FBNC-800 because the number of micropores decreased.

Fig. 5 a, b FESEM images, c, d HRTEM images of FBNC-700 at different magnifications

Fig. 6 Nitrogen-adsorption isotherms of FBNC-T Fig. 7 The pore size distribution of FBNC-T
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The diameter of micropores is made increase lead to the hys-
teresis loop (H3) be arising in the pressure of ~0.4. At high
pressure (close to 1.0), the adsorbed N2 volume did signifi-
cantly increase show that FBNC-900 had more macropores
because mesoporous transformed into macropores. And the
surface area of FBNC-900 is reduced significantly. This find-
ing was confirmed by the PSDs in Fig. 7, which clearly re-
vealed that the porosity of the nitrogen-self-doped
mesoporous-carbon materials was mainly made up of large
mesopores. The broad hump-like feature corresponding to

the mesopores of FBNC-700 was found to be accompanied
by two well-separated peaks: a sharp one located at approxi-
mately 2 nm and a broader one located at approximately 9 nm.
Notably, similar bimodal distributions of micropores have
been reported for the majority of activated carbons. The mi-
cropores formed in the carbon walls of mesopores as a result
of shrinkage hindering or chemical activation in a thin film
present on the surface of the silica particles. The mesoporosity
of the nitrogen-self-doped mesoporous-carbon materials was
generated almost exclusively by the selective removal of the

Fig. 8 a Comparison of cyclic voltammograms results between the
electrolyte of pure H2SO4 (1 M). CV curves at 10 mV s−1. b Specific
capacitance vs. scan rates. c FBNC-T curves at 10 A g−1. d Specific

capacitances calculated from FBNC-T curves. e Nyquist plot. f Cyclic
stability
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iron-oxide nanoparticles present in the carbon/inorganic com-
posites. Thus, the iron-oxide nanoparticles embedded within
the carbon matrix can be considered as an endotemplate ma-
terial, and the nanovoids remaining after their dissolution can
be considered as the mesopores.

FBNC-600, FBNC-700, FBNC-800, and FBNC-900
displayed total BET surface areas of 524, 1021, 1131, and
912 m2 g−1, as well as total pore volumes of 1.09, 1.38,
2.06, and 1.85 cm3 g−1, respectively. T-plot results showed
that the micropore volumes of FBNC-600, FBNC-700,
FBNC-800, and FBNC-900 may be estimated to be 0.09,
0.65, 0.39, and 0.33 cm3 g−1, respectively. However, the con-
tributions of micropores and small mesopores were higher,
and pores representing unfilled interparticle cavities (4–
10 nm) were present. The total BET surface areas of FBNC-
700 were less than FBNC-800. Interestingly, the electrochem-
ical properties of FBNC-700 were better than those of FBNC-
800 because more micopores existed in FBNC-700 and the
pores were bimodally distributed.

N doping is known to contribute to capacitance through a
pseudocapacitive effect originating from fast Faradaic redox
reactions and through a non-Faradaic effect resulting from the
increased electron density, which increases the space-charge
capacitance. Graphitic nitrogen effectively enhances the
space-charge capacitance, whereas Bedge^ nitrogen (i.e., N-6
and N-5) contributes most markedly to pseudocapacitance.
Among the oxygen functionalities, only quinone groups
have been confirmed to significantly contribute to
pseudocapacitance. The pseudocapacitive response due to N
and O functionalities may be strongly suppressed in alkaline
media [41].

The electrochemical properties of FBNC-Twere evaluated
in 1 M H2SO4 aqueous solutions by using a trielectrode sys-
tem through CV, GCD, and EIS. Figure 8a shows the CV

profiles of FBNC-T at a scan rate of 10 mV s−1. The CVs
recorded in the H2SO4 electrolyte (Fig. 8a) exhibited a pair
of oxidation and reduction peaks at approximately 0.4 V,
which could be assigned to quinone-type species, thereby
confirming the presence of C = O. And other oxygen-
containing functional groups could take place to generate the
pseudo capacitance by the following redox reactions. In addi-
tion, oxygen groups may improve carbon wettability of the
internal structure of micropores in the carbon electrodes, thus
resulting in a corresponding increase in specific capacitance
[42, 43].

> C ¼ Oþ eþ⇌ > C−O− ð3Þ
> C−OH⇌ > C ¼ Oþ Hþ þ e− ð4Þ
−COOH⇌−COO− þ Hþ þ e− ð5Þ

where > C stands for the carbon network [44].
These peaks were very broad and extended to lower poten-

tials (down to 0 V), which can be attributed to Faradaic redox
reactions involving N functionalities by the following redox
reactions. The Faraday reactions take place at the edges of
graphene sheets on N groups have no faradaic activity; how-
ever, they show enhancing effects on the capacitance due to
their positive charge and thus an improved electron transfer.

> C ¼ NHþ 2e− þ 2H⇌ > CH−NH2 ð6Þ
> C−NHOHþ 2e− þ 2Hþ⇌ > C−NH2 þ H2O ð7Þ

where > C stands for the carbon network [45].
Comparatively, FBNC-700 displayed the largest integrated

area surrounded by CV curves, indicating that this material
had the largest specific capacitance (Tables 3 and 4). The
specific capacitances of FBNC-600, FBNC-700, FBNC-800,
and FBNC-900 calculated from the CV curves at various scan
rates are shown in Fig. 8b. Given their different BET surface
areas, porous structures, and transmission of electrolytic ions
between the surface of the electrode material and electrolyte,
FBNC-700 exhibited the best electrochemical performance
among the materials tested. The specific capacitance of
FBNC-700 decayed by 45 % with increased sweep rate from
5 to 160 mV s−1. In H2SO4 electrolyte, the specific capaci-
tance retention ratio was lower. This finding was consistent
with previous ones and suggested that the Faradaic redox

Table 3 The CV profiles of FBNC-T at different scan rate

Current density/A g−1 5 10 20 40 60 80 100 120 150

FBNC-600 160 149 135 115 103 93 86 79 72

FBNC-700 216 204 188 167 152 138 127 117 105

FBNC-800 165 158 150 141 135 130 125 121 115

FBNC-900 142 134 126 115 109 104 100 95 90

Table 4 The GCD curves of
FBNC-T measured at different
current density

Current density/A g−1 0.5 1 1.5 2 3 4 5 10 15 20

FBNC-600 182 164 156 150 139 131 124 100 85 72

FBNC-700 242 225 216 209 197 191 185 162 146 138

FBNC-800 188 170 162 159 152 148 145 134 128 120

FBNC-900 166 149 141 136 129 125 121 109 103 97
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reactions responsible for the pseudocapacitive effect in an
H2SO4 electrolyte were insufficiently fast to effectively con-
tribute to quick charge/discharge operations [46, 47].

Figure 8c demonstrates the GCD curves of FBNC-600,
FBNC-700, FBNC-800, and FBNC-900measured at a current
density of 10 A g−1. The profiles of these curves showed that
slight deviation from a linear shape observed from charge/
discharge branches further confirmed the existence of substan-
tial faradaic capacitance for the samples. Meanwhile, a series
of specific capacitances calculated from the GCD curves is
indicated in Fig. 8d. FBNC-700 clearly had good electro-
chemical performance and can retain 64.66 % of its capaci-
tance with increased current density from 1 A g−1 (225 F g−1)
to 10A g−1 (162 F g−1). The decrease in capacitance registered
from low to high discharge current due to the increase in
ohmic resistance was caused by an ion Btraffic jam.^ In addi-
tion, considering diffusion kinetics, narrower pores made the
ions more slowly diffuse. A high capacitance retention of
93.92 % was obtained even after charging/discharging for
5000 times, as shown in Fig. 8e. Obviously, a rapid decay
process occurred between 3400 and 3500 from the discharge
cycle because of oxygen/nitrogen functional decomposition
caused by the reduced pseudocapacitance.

Figure 8f shows the Nyquist plots of FBNC-600, FBNC-
700, FBNC-800, and FBNC-900. Obviously, the Nyquist
plots were nearly vertical in the low-frequency region, indi-
cating a relatively ideal capacitive performance of the mate-
rials. The high-frequency intersection of the plot with the X-
axis represented the alternating current equivalent series resis-
tance (AC-ESR), which was associated with the resistance of
the material, the separator, and the contact between materials
and current collector. The AC-ESR of FBNC-700 was 0.756,
which was lower than that of others samples (the AC-ESR of
FBNC-600, FBNC-800, and FBNC-900 were 0.764, 0.769,
and 0.817Ω, respectively.). The low AC-ESR was mainly due
to the good electrical conductivity. The radius of the semicir-
cle represented the pseudocharge-transfer resistance.
Obviously, FBNC-700 had a smaller radius of semicircle than
FBNC-600, FBNC-800, and FBNC-900’s because of the hi-
erarchical mesoporous network (bimodal pore structure).
Based on the results presented, FBNC-700 had the behavior
of supercapacitors close to that of an ideal capacitor.

Conclusion

We demonstrated the synthesis of nitrogen-self-doped meso-
porous carbons with a large BET surface area of up to
1021 m2 g−1, bimodal porosity (pores centered at approxi-
mately 2 and 9 nm), and nitrogen-self-doped (3.86 %) using
FAC as the carbon/nitrogen/oxygen precursor. The prepared
nitrogen-self-doped mesoporous carbons exhibited a strong
ability to accumulate charge (up to 225 F g−1 at 1 A g−1)

and excellent pseudocapacitance (the shape of the CVs record-
ed showed that pseudocapacitance was generated through far-
adaic redox reactions involving both N and O functionalities)
in 1 M H2SO4 electrolytes. Moreover, this work about fabri-
cating nitrogen-self-doped mesoporous carbons through this
method can serve as a foundation for further research on the
direct carbonization of organic salts as supercapacitor elec-
trode materials.
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