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Abstract
Supercapacitors are a promising high-power energy storage device due to highly reversible charge-storage process and long
cyclic stability. However, the major limitation of supercapacitors lies in their energy density. Here, a high voltage carbon-based
supercapacitor is built by using 2 M CH3COONa aqueous solution as electrolyte. In three-electrode system, this paper uses the
potentiostatic polarization curves to study the 1.8 V high operating voltage window with the nitrogen-self-doped mesoporous
carbon materials (FBNC-700) as electrode materials. In two-electrode system, the FBNC-700 displayed a specific capacitance of
111 F g−1 at a current density of 0.5 A g−1 in 2 M CH3COONa aqueous electrolyte. The 2 M CH3COONa aqueous electrolytes
which can improve the energy density to 3.8 times than the 1 M H2SO4 aqueous electrolyte exhibits an excellent performance.
Also, following 5000 cycles at a current density of 1 A g−1, the FBNC-700 had good stability with 74.2% capacitance retention.
As an aqueous electrolyte, 2 M CH3COONa which has the 1.8 V high operating voltage window can improve the energy density
in carbon-based supercapactor.
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Introduction

With higher requirements for carbon-based supercapacitor, the
aqueous electrolyte and electrode material play an increasingly
important role in improving the properties on supercapacitor,
such as the energy density [1–3]. Recently, improving the en-
ergy density is not limited to the way that we optimize carbon
materials properties to improve the energy density. To select a
suitable aqueous electrolytes to improve the energy density is
an important means. The energy density is proportional to the
square of the operating voltage window in supercapacitor. It
should be noted that enlarging the operating voltage window
is remarkable to improve the energy density [4].

The aqueous electrolytes [5], when applied to
supercapacitor, present several advantages over the organic
ones [6]. The systems are cheaper, environment friendly, and
easy to construct [7–9]. Moreover, with activated carbons
(AC) enriched with heteroatoms (N [10], B [11], P [12], and
S [13]), the capacitance can be enhanced through pseudo-
capacitive redox reactions between the surface functionalities

and the aqueous electrolyte [14]. Compared with the organic
ones, the aqueous electrolyte has lower operating voltage win-
dowwhich does not benefit improving the energy density. The
salt solution, such as LiNO3 [15] and K2SO4 [16], substitutes
traditional aqueous electrolytes such as KOH and H2SO4 [17].
The 2MLiNO3with 1.6 Voperating voltage window [16] and
the 2 M K2SO4 with 1.7 Voperating voltage window plays
an important role in improving the energy density. Studies
show that the salt solution has great potential to substitute
traditional aqueous electrolytes and improve the properties
of carbon-based supercapacitor [15]. The salt solution will
become a new aqueous electrolyte with high operating volt-
age window.

To enlarge the voltage window gradually, we find out the
operating voltage window of new aqueous electrolytes. If the
new aqueous electrolytes has larger operating voltage win-
dow, we would have a mammoth workload. It is a tedious
way to study the operating voltage window of aqueous elec-
trolytes [15, 16]. As a commonly electrochemical test, the
potentiostatic polarization curves can test the stability of aque-
ous electrolytes [18]. When the electrode has polarity, the
potentiostatic polarization curves have to deviate obviously
and the surface of electrodes produces air bubbles. Through
the cathodic polarization curve tests and the cathode polariza-
tion curve tests, we find out the negative potential of the water
electrochemical decomposition and the anodic one. It is the
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operating voltage window of aqueous electrolytes between the
negative potential of the water electrochemical decomposition
and the anodic one. The way the potentiostatic polarization
curves test is more simple and accurate.

As a type of organic salt which is used in industry,
CH3COONa is used to printing industry [19], medical
science [20], and so on [21]. It has excellent solubility
and high degree of ionization. The CH3COONa dissolves
easily in water and its aqueous solution alkalescence
[22].

This paper inspects the properties of CH3COONa aqueous
electrolytes, whereas the custom-made FBNC-700 is utilized
as the electrode material [23]. As an organic salt aqueous,
CH3COONa aqueous which can be used as electrolytes has
higher voltage window and lower cost. Moreover, the
CH3COONa aqueous as electrolytes increases electrolytes
species. In three-electrode system, this paper uses the
potentiostatic polarization curves to study the operating volt-
age window of CH3COONa aqueous electrolytes. In the two-
electrode system, the performance of FBNC-700-based
supercapacitor at 1.8 V was evaluated using 2 M
CH3COONa aqueous electrolytes.

Experiments

Physical parameters of FBNC-700

The FBNC-700 was prepared through carbonization process
of FAC-brown as reported previously (Fig. 1) [23].

The physical property parameter of theFBNC-700 is pre-
sented in Table 1. The pore-structure fractal characteristics on
the nitrogen-self-doped mesoporous carbons are presented in
Fig. 2 [24].

CH3COONa aqueous electrolytes characteristics

The CH3COONa aqueous can be made by CH3COONa (AR,
Tianjin Dingshengxin Chemical Industry) dissolved in the de-
ionized water. The conductivity of aqueous electrolytes was
investigated by electric conductivity analyzers (DDSJ-308F)
in 25 °C. The pH of aqueous electrolytes was investigated by a

pH tes ter (BSHANGHAI REX CO-PERFECT IN
STRUMENT CO, LTD; pHS-3E).

CH3COONa aqueous electrolytes electrochemical
measurement

In order for the working electrode to be prepared, the
FBNC-700 were ground with polytetrafluoroethylene
(5 wt%) and consequently pressed onto a steel mesh
(1 cm × 1 cm) functioning as a current collector. The car-
bons were subsequently dried in a vacuum at 80 °C for
12 h, whereas the working electrode was subsequently
pressed at 15 MPa for 1–2 min. A conductive agent (such
as acetylene black) was not required for the working elec-
trode preparation.

The potentiostatic polarization curve (J = f(E), E as elec-
trode potential, J as current density) measurements including
the cathodic polarization curve tests and the anodic polariza-
tion curve tests were performed under ambient conditions in
aqueous electrolytes with the FBNC-700 as the working elec-
trode, a platinum slice (1.5 cm2) as the counter electrode, and a
saturated calomel electrode as the reference electrode in the
three-electrode system. The electrochemical measurements in-
cluding the cyclic voltammetry (CV), the galvanostatic
charge/discharge (GCD), and the electrochemical impedance
spectroscopy (EIS) were performed under ambient conditions
in aqueous electrolytes with the FBNC-700 as the working
electrode and the counter electrode in the two-electrode
system.

Furthermore, the anodic polarization curve tests were per-
formed at the scan rates of 5 mV s−1 over a potential window
of − 5 to 2 V. The cathodic polarization curve tests were per-
formed at the scan rates of 5 mV s−1 over a potential window
of − 2 to 0 V.

The GCD tests were performed at charge/discharge cur-
rents of 0.5~6 A g−1 over a potential window of − 1.1 to
0.7 V. The specific capacitance C (F g−1) of the samples was
calculated as presented in Eq. 1:

C ¼ I*Δt
m*ΔV

∙4∙
1

2
ð1Þ

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

The CV was performed at the scan rates of 5–
80 mV s−1over the potential window of − 1.1 to 0.7 V. The
specific capacitance C (F g−1) was also calculated from the
CV curves according to Eq. 2:

C ¼ ∫I dV
2*vmΔV

∙4∙
1

2
ð2Þ

Table 1 The physical property parameter of FBNC-700

Physical property parameter Property

SBET (m
2 g−1) 1021

Vtotalpore (cm
3 g−1) 1.38

Pore diameter (nm) 5.39

C/O/N (%) 87.45/10.53/2.02
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where I is the current as a function of voltage and ν is the scan
rate (V s−1).

The EIS measurements were performed at the open-circuit
potential with an AC amplitude of 5 mV within the frequency
range of 10−2~100 Hz.

The energy density is calculated by Eq. 3:

E ¼ 1

2
∙CU 2 ð3Þ

where U is the potential window (V).

Fig. 1 a The nitrogen adsorption
isotherms of FBNC-700. b The
pore size distribution of FBNC-
700. c, d The SEM of FBNC-700

Fig. 2 The physical and chemical
properties ofCH3COONa
aqueous solutions. a pH. b
Conductivity. c Resistance
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Results and discussion

CH3COONa aqueous electrolytes physical
and chemical properties

Figure 2 presents the physical and chemical properties of the
CH3CH2COONa aqueous solutions. Due to fact that the
CH3COONa was a product of a strong base with a weak acid
salt, it should sustain hydrolysis. Also, the hydrolysis forma-
tion is presented in Eq. 4:

CH3COONaþ H2O↔CH3COOHþ Naþ þ OH− ð4Þ

CH3COONa↔CH3COO
− þ Naþ ð5Þ

When the concentration was 2 M, the pH2M was 8.64
(ΔpH = 0.03) at 25 °C, in Fig. 2a. The CH3COONa aque-
ous solution was a weak alkaline substance that produced
the anodic passivation to increase in the anodic polarization
curve tests. After 2 M CH3COONa, the trend of increasing
becomes more quickly with concentrations increasing. The
pH signified the relationship between hydrolysis of
CH3COONa and the ionization (Eq. 5). As shown in
Fig. 2a, the ionization of 2.5 MCH3COONa becomes weak.
The conductibility and resistance of CH3COONa aqueous
solutions have similar trends, as shown in Fig. 2b, c. The
trend becomes more slowly with concentrations increasing
because of the relationship between hydrolysis of
CH3COONa and the ionization. When the concentration

was 2 M, the conductivity of is 36.1 mS cm−1 and the re-
sistance is 27.0 Ω.

The cathodic polarization curve tests

In Fig. 3c, when the current passed through the cathodic elec-
trode, the electrode potential moved to the negative electrode
potential, and the cathodic potential EK was of a higher neg-
ative value than the equilibrium potential of cathodic electrode
EK,e,ΔE < 0 (Eq. 6).

ΔE ¼ EK−EK;e ð6Þ

The chemical equilibrium of the cathodic electrode is pro-
vided in Eq. 7.

2H2Oþ 2e−→H2↑þ 2OH− ð7Þ

As the cathodic potential moved to the negative electrode
potential at the scan rates of 5 mV s−1, the current density(J)
sustained a gradual deviation from 0 in the electrochemical
tests. The water electrochemical decomposition did not occur
on the electrode surface when E ≥ − 1.1 V in Fig. 3c. At this
point, the electrolyte was stabilized at Δ ≤ 0.01 A. The water
electrochemical decomposition occurred when Δ > 0.01 A.
Bubbles could be observed to increase in size on the electrode
surface, as Eq. 7. At this point, the electrolyte was not stabilized
at E < − 1.1 V. It was demonstrated that the − 1.1 V was the
negative potential of the water electrochemical decomposition.

Fig. 3 The polarization curve
tests of the 2 M CH3COONa
aqueous electrolytes with three
electrodes system. a The cathodic
polarization curve tests. b The
cathode polarization curve tests. c
The anodic polarization curve
tests for the second time
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The anodic polarization curve tests in the first time

When the current passed through the anodic electrode, the
electrode potential moved to the positive electrode potential,
whereas the anodic potential EA was significantly positive in
value than the equilibrium potential of the anodic electrode
EA,e,ΔE > 0 (Eq. 8) [25, 26].

ΔE ¼ EA−EA;e ð8Þ
The chemical equilibria of the anodic electrode, is present-

ed in Eq. 9.

4OH−→O2↑þ 2H2Oþ 4e− ð9Þ

In Fig. 3a, as the anodic potential moved to the positive
electrode potential at the scan rate of 5 mV s−1, the current
density (J) has a gradual deviation from − 0.8 V in the elec-
trochemical tests. It was noted that a significant peak at ap-
proximately − 0.25 Vexisted. This phenomenon was referred
to as Banodic passivation^ [27]. The anodic passivation is
electronic behavior which protects the anodic.

As the anodic potential moved to the positive electrode po-
tential at the scan rates of 5 mV s−1, the water electrochemical

decomposition did not occur on the electrode surface when E ≤
0.7 V in Fig. 3a. At this point, the electrolyte was stabilized at
Δ ≤ 0.01 A. The water electrochemical decomposition occurred
whenΔ > 0.01 A. Bubbles could be observed to increase in size
on the electrode surface, as Eq. 9. At this point, the electrolyte
was not stabilized at E > 0.7 V. It was demonstrated that the −
0.7 V was the anodic potential of the water electrochemical
decomposition.

Anodic polarization curve tests in the second scan

The anodic polarization curve tests for the CH3COONa aque-
ous electrolyte in the second scan are presented in Fig. 3b.
Apparently, the anodic passivation was weakened in these
anodic polarization curve tests. The overpotential scanning
in the anodic polarization curve tests disturbed the surface
functional groups of activated carbon. Subsequently to the
anodic polarization curve tests, the surface functional groups
of the activated carbon were affected by the overpotential. The
electrode surface became significantly hydrophilic compared
to the corresponding previous state. This phenomenon consti-
tuted the effects between the electrode surface and the

Fig. 4 a XPS survey, b C1s, c N1s, and d O1s XPS spectra of FBNC-700 before the anodic polarization curve tests
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electrolyte to be lower than before. The electrolyte was easier
to diffuse. Therefore, the anodic passivation was weakened in
the anodic polarization curve tests second execution. The sur-
face functional groups change would not be restored. This
conclusion had a high degree of consistency with the XPS
results following the overpotential scanning tests.

FBNC-700 characterization by XPS techniques
following overpotential scanning tests

In the Figs. 4a and 5a, the content of C, O, and N in the FBNC-
700 had a significant change following the overpotential scan-
ning. Due to the overpotential scan, the carbon of the FBNC-
700 was partially lost. Also, the contents of O and N in the
FBNC-700 became quite diverse. Also, a certain functional
group changing occurred in the C, O, and N [28].

Regarding the carbon, as shown in Figs. 4b and 5b, the carbon
could not only retain the corresponding original form, such as the
graphite carbon, carbon present in alcohol, or ether groups and or
ester groups, but also can be presenting other form such as car-
boxyl after being overpotential scanning [29]. A high amount of
carbonyl groups improved the hydrophilicity. The effects

between the electrode surface and the electrolyte became lower
than before. The electrolyte was easier to wet.

Regarding the nitrogen, as shown in Figs. 4c and 5c, the
nitrogen could not only retain the corresponding original
form, such as pyrrolic-like species or pyridones, pyridine-N-
oxide species, the nitride-like species, or aromatic N-imines
[30]. Following the overpotential scanning, it possibly exists
in other forms such as the pyrrolic-like species or pyrrolic. The
pyrrolic structures and pyrrolic-like species could improve the
conductibility and reduce the FBNC-700 internal resistance.
The former could be beneficiary to the ion transfer.

Regarding the oxygen, as shown in Figs. 4d and 5d, the C-
O-C content decreased and the content of C=O increased [31].
The quantitative change in the form of O demonstrated that the
surface oxygen functional groups were shattered and the carbon
surface was oxidated subsequently to the overpotential scan-
ning. Also, the carbon of the FBNC-700 was partially lost
due to the latter phenomenon. Additionally important, the
higher amount of C=O which could be shown in Fig. 5d could
improve the pseudocapacitance by the redox peaks at 0.4 V.
The higher amount of C-OH makes the FBNC-700 easier to
wet by 2 M CH3COONa aqueous electrolyte.

Fig. 5 a XPS survey, b C1s, c N1s, and d O1s XPS spectra of FBNC-700 after the anodic polarization curve tests
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The CH3COONa aqueous electrolyte electrochemical
performance test in two electrode system

The application performance of electrolytes could be utilized for
theGCD evaluation. In Fig. 6a, as expected, the isosceles triangle
on the GCD of the FBNC-700, which deviated from linearity,
demonstrated the corresponding excellent charge-discharge re-
versibility. It was observed that the voltage window range be-
tween 0.7 and− 1.1Vwas feasible and the electrical double layer
could be formed in the CH3COONa aqueous electrolytes. The
polarization curve tests demonstrated that the voltage window of
CH3COONa ranged from 0.7 to − 1.1 V which is practicable.
Under various current densities, the FBNC-700 sustained the
GCD in Fig. 6b. It was observed that the 2 M was the optimized
concentration of the CH3COONa aqueous. In Fig. 6c, the CV
sustained stability transformation when the voltage window was
produced. The FBNC-700 displayed the stability electrochemical

behavior in the CH3COONa aqueous electrolytes. It was ob-
served that the voltage window range between 0.7 and − 1.1 V
was feasible.

In Table 2 and Fig. 6b, the 2 M CH3COONa aqueous elec-
trolytes demonstrated improved capacity and rate discharge per-
formance. Good specific capacitance of 111 F g−1 at 0.5 A g−1

Fig. 6 The electrochemical
performance of CH3COONa with
two electrodes system. a The
GCD. b The capacitance
performance at different current
density. c The CVs. d The
impedance test. e The cycle life
test of 2 M CH3COONa at
1 A g−1

Table 2 The voltage window of different aqueous electrolytes

Aqueous electrolytes Operating voltage range Voltage window

KOH − 1~0 V 1 V

H2SO4 0~1 V 1 V

Na2SO4 − 0.6~0.7 V 1.1 V

Li2SO4 − 0.6~0.7 V 1.1 V

K2SO4 − 0.6~0.7 V 1.1 V

CH3COONa − 0.8~1.1 V 1.3 V
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was achieved using FBNC-700. The higher specific capacitance
came from the 2 M CH3COONa aqueous because of the higher
voltage window of 1.8 V. The higher voltage window can ex-
pand the range of the charge-discharge. Moreover, the redox
reaction is promoted by higher voltage because of the higher
voltage window. The higher specific capacitance can be made.
Following 5000 charge-discharge cycles, a high electrochemical
stability and improved capacitance retention rate was observed
(74.2%), as shown in Fig. 6e.

Figure 6d presents the Nyquist diagram of the FBNC-700
in the CH3COONa aqueous electrolytes. At high frequency,
the curves of 1, 1.5, 2, and 2.5 M were approximately perpen-
dicular to the real axis, indicating that the ions of CH3COONa
aqueous could facilitate a quick diffusion in porous materials.
The 1 M curve deviated highly under a high frequency, which
demonstrated the strong resistance against the electrolyte ion
diffusion, due to a low concentration of the ions. Apparently,
the 2 M CH3COONa aqueous electrolyte reached an excellent
capacitive performance in the high-frequency region with the
increase of frequency. This phenomenon could be explained
in Fig. 1. The relationship between hydrolysis of CH3COONa
and the ionization plays important role in ions transmission.

2 M CH3COONa aqueous electrolye electrochemical
performance compares with 1 M H2SO4

in the two-electrode system

In Fig. 7a, the higher specific capacitance came from the 2 M
CH3COONa aqueous because of the higher voltage window

of 1.8 V. As shown in Fig. 7b, as a type of aqueous electrolyte,
2 M CH3COONa which has the 1.8 V high operating voltage
window has bigger specific capacitance than 1 M H2SO4 at
5 A g−1. By Eq. 3, the high operating voltage window can
improve the energy density. At 5 A g−1, 2 M CH3COONa can
improve 3.8 times for energy density in Fig. 7c. In Fig. 7d,
2 M CH3COONa has bigger horizontal intercept than 1 M
H2SO4 aqueous electrolytes, for the bigger ionic radius. So,
the CH3COO

− could not form the electrical double layer
quickly. In high frequency, the ratio of 2MCH3COONa aque-
ous electrolyte is higher than 1 M H2SO4. It is because that
2 M CH3COONa aqueous electrolyte has more ions.

In Table 2, the CH3COONa has higher voltage window
than other aqueous electrolytes. In Eq. 3, the higher operating
voltage window can remarkably improve the energy density
which can be shown in Fig. 7c.

Conclusions

This paper was devoted the potentiostatic polarization curves
to study the voltage window of aqueous electrolytes which is a
simple way. In three-electrode system, the 2 M CH3COONa
aqueous demonstrated 1.8 V high operating voltage window
and an excellent electrochemical performance. In the 2 M
CH3COONa aqueous electrolyte, the FBNC-700 displayed a
111 F g−1 specific capacitance at the current density of
0.5 A g−1 in the two-electrode tests. The bigger specific ca-
pacitance and higher operating voltage window can improve

Fig 7 The comparison of
electrochemical performance
between 2 M CH3COONa and
1 M H2SO4 in two electrodes. a
The CVs. b The comparison of
GCD at different current
densities. c The comparison of
energy density. d The comparison
of impedance test
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3.8 times for energy density. Also, following 5000 cycles at a
current density of 1 A g−1, the FBNC-700 displayed good
stability with 74.2% capacitance retention.
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