NEW CARBON MATERIALS
Volume 36, Issue 6, Dec. 2021
Online English edition of the Chinese language journal

Available online at www.sciencedirect.com

‘ScienceDirect

Cite this article as: New Carbon Materials, 2021, 36(6): 1109-1117

Electrochemical oxidation of 2D B, N-codoped carbon
nanosheets to improve their pseudo-capacitance
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Abstract: Introducing redox pseudocapacitance could effectively improve the specific capacitance of carbon-based electrode materials, and is a
promising way to overcome the low energy density of carbon-based supercapacitors. An in-situ electrochemical oxidation method was used to
electrochemically generate active oxygen-containing functional groups for B, N co-doped carbon nanosheets to significantly increase the
pseudocapacitance. Results show that the degree of oxidation, the pseudocapacitance, and the charge transfer rate of the oxidized carbon
nanosheets were effectively increased by co-doping with B and N. Compared with the constant potential oxidation method, the cyclic
voltammetry oxidation method was more effective in increasing the total oxygen content of the oxidized electrode and to selectively generate
electrochemically active quinone groups. The oxidized electrode had a high specific capacitance of 601.5 F g™! at a current density of 1 A g”!,

retaining 74.8% of the original value at 20 A g”!, revealing a favorable rate capability. The oxidized electrode also had excellent cycle stability,

retaining 92.6% of the initial capacitance after 8000 cycles at 5 A g™'.
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1 Introduction

Supercapacitors have been regarded as the most
promising auxiliary power sources for electronic equipment,
power vehicles and rail transit because of their high power
density and long cycle lifel’*]. Among the various
supercapacitor electrode materials, porous carbons have
attracted great interest for good electrical conductivity, stable
physical and chemical properties, rich microstructure, and
controllable surface chemical properties. However, the
specific capacitance of porous carbons is usually enslaved to
the electrical double layer capacitance based on the surface
ion adsorption/desorption, which is usually less than 300
F-g'[*3], Fabricating composite electrodes with metal oxides
could improve the specific capacitance, but the reaction
kinetics and stability of the composite electrodes would
reduce inevitably. Therefore, it emerges as a hotspot to boost
energy density without sacrificing power capability and
lifespan.

Introducing heteroatoms into carbon materials could
greatly improve the wettability and increase the accessible
specific surface area, which further enhances the electric

81 Moreover, some functional

double layer capacitance
groups could offer additional pseudocapacitance by redox
reactions with electrolyte ions. Therefore, various heteroatoms
doping including boron, nitrogen, and oxygen were employed

in the modification of carbon electrode materials. The doping
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of boron and nitrogen in the carbon skeleton can provide
additional conductive electrons and holes to improve the
conductivity®!%, Meanwhile, certain nitrogen or oxygen
functional groups such as pyridine nitrogen, pyrrole nitrogen
and quinone oxygen could provide abundant redox
pseudocapacitance!'!"'3), In particular, the quinone functional
groups are recognized as a desired pseudocapacitive group
since it can undergo a two-electron transfer reaction with good
and fast kinetics!*!1.  Although
oxygen-containing functional groups could boost the specific

reversibility certain
capacitance of carbon electrodes, the excessive oxygen
species will inevitably reduce the electrical conductivity and
reaction kinetics. Therefore, it is of critical importance for the
fabrication of high-performance carbon electrode materials
through the design of oxygen functional groups to promote
redox pseudocapacitance.

Conventional preparation methods of oxygen-rich
carbons such as low-temperature pyrolysis!'®'¥! and chemical
oxidization!!*?"! are often accompanied by vigorous reaction
conditions, such as high temperature and highly corrosive acid.
In recent years, electrochemical oxidation appears to be an
attractive approach due to its mild and controlled oxidation
process?'?2l, Compared with the traditional methods, the
electrochemical oxidation could not only realize the accurate
regulation of the oxidation process through applied potential
or current?24 but also be beneficial for maintaining porous
structure and electrical conductivity of the carbon electrode
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materials®2%. Considering the doping of boron and nitrogen
could change the electron cloud density distribution of carbon
skeleton and improve the electrical conductivity, the
electrochemical oxidation of B, N-doped carbons has become
a promising strategy to achieve advanced carbon electrode
materials with high specific capacitance and high rate
performance.

In this work, 2D B, N-doped carbon nanosheets (BNCSs)
were employed as the electrode material, on which abundant
electrochemically active oxygen-containing functional groups
were introduced through an in-situ electrochemical oxidation
process to provide additional pseudocapacitance. The
influence of the electrochemical oxidation method on the
surface composition and properties of the oxidized electrode
materials were compared. It is proved that compared with the
constant potential oxidation, the cyclic voltammetric oxidation
could enhance the oxidation depth and total oxygen content
through the repeated oxidation and reduction. The obtained
carbon electrode materials with optimal oxygen content and
type guarantee high pseudocapacitance and fast kinetics.

2 Experimental

2.1 Materials and equipment

Boric acid, 2-methylimidazole, resorcinol, and
formaldehyde were purchased from Sinopharm Chemical
Reagent Co. Ltd.. The carbon paper was purchased from
Toray, Japan. The graphene oxide (GO) suspension was
prepared by a modified Hummer method. The electrochemical
oxidation experiments and measurements were carried out
with a CHI 660E workstation (CH

Instruments Inc.).

2.2 The synthesis of the BNCSs
Typically, 213.4 mg 2-methyl imidazole, 250 mg

electrochemical

resorcinol, and 160 mg boric acid were successively added in
9.13 mg GO suspension (1.8 mg mL™) with magnetic stirring
at 25 °C until completely dissolved and dispersed.
Subsequently, 335 pL formaldehyde was quickly injected into
the above suspension. The reaction mixture was stirred for
another 10 min and then transferred into an oven at 90 °C for
an additional 24 h. After dried at room temperature for 24 h
and then at 50 °C for 24 h, the obtained precursor was
pyrolyzed at 800 °C for 2 h under a nitrogen flow with a
heating rate of 3 °C-min’!. The sample was washed with
deionized water at 80 °C for 2 h, followed by drying at 50 °C

to obtain B, N codoped carbon nanosheets, denoted as BNCSs.

In addition, the sample obtained by pyrolysis of phenolic resin
prepared without boric acid and 2-methylimidazole was used
for comparison, denoted as CS.

2.3 Preparation of electrodes

The obtained samples were used as the active materials.
A slurry was prepared by mixing the sample with 80 wt.%

active material, 10 wt.% ketjen black and 10 wt.%
polyvinylidene difluoride (PVDF) in N-methyl-2-pyrrolidone
(NMP). Then, the slurry was uniformly coated onto the carbon
paper current collector with a diameter of 12 mm, followed by
drying at 50 °C for 12 h. The mass loading of the active
material was about 1.8 mg - cm?.

2.4 Electrochemical oxidation of electrodes

After soaked in 1 M H>SOy4 solution under vacuum for 24
h, the electrodes were -electrochemically oxidized in a
three-electrode system, using 1 mol L' H,SO4 solution as the
electrolyte, a Pt foil as the counter electrode and a Hg/Hg,SO4
as the reference electrode. Two methods were employed for
the electrochemical oxidation of electrodes, including cyclic
voltammetry oxidation and constant potential oxidation. For
the cyclic voltammetry oxidation, the applied potential
window was -0.65~2 V (vs. Hg/Hg,SO4 reference electrode,
the same below), the sweep rate was 5, 10, or 20 mV-s!, and
the number of oxidation cycle was 3. The obtained oxidized
electrodes were denoted as BNCS-CV-x, where x referred to
the value of the oxidation sweep rate. While for the constant
potential oxidation, the applied potential was 2 V, and the
oxidation time was 10 or 30 min. The oxidized electrodes
were denoted as BNCS-CP-y, where y referred to the
oxidation time. Besides, another oxidation method combining
the cyclic voltammetry oxidation with constant potential
oxidation was also applied for the oxidation of electrodes, in
which the high potential oxidation was alternated with
multiple low potential window cyclic voltammetry sweeps.
The applied potential of constant potential oxidation was 2 V,
and the cyclic voltammetry sweep rates were 5 mV-s' within
-0.65~0.35 V for 3 cycles. The oxidized electrodes were
denoted as BNCS-CB-y*z, where y represented the high
potential oxidation time, and z represented the number of the
repeated high potential oxidation cycles.

2.5 Electrochemical measurements of electrodes

The electrochemical performance of the oxidized
electrodes was measured in 1 mol L' H,SO4 electrolyte using
the above three-electrode systems. The cyclic voltammetry
(CV) curves and constant current charge-discharge (GC)
curves of the electrodes were measured in the voltage window
of -0.65~0.35 V. The electrochemical impedance (EIS)
spectra were collected in the frequency range of 0.01~10 0000
Hz, and the applied amplitude was 0.005 V. The specific
capacitance C of the electrodes were calculated from the GC
curves of the electrodes according to the following formula :

_Ixt
T mxAV

where I is the constant current, m is the mass of the active
material of the electrodes, At is the discharge time, and AV is
the voltage window during the discharge process.



You-ren Hu et al. / New Carbon Materials, 2021, 36(6): 1109-1117

Fig. 1

2.6 Characterization of electrodes

The morphology and microstructure of the electrodes
were observed by FEI Quanta 450 field emission scanning
electron microscopy (SEM) and FEI Tecnai F30 transmission
electron microscopy (TEM). The specific surface area of the
electrode material was measured by a Micromeritics TriStar
3000 physical adsorption apparatus. The Fourier transform
infrared spectra (FTIR) were collected on a Nicolet 6700 FT-
IR spectrometer. Elemental analysis were tested on an
Element Vario EL instrument. The elemental composition and
valence state on the surface of the electrodes were
characterized by the Thermo VG ESCALAB 250 X-ray
photoelectron spectroscopy (XPS).

3 Results and discussion

3.1 The synthesis of the BNCSs

The synthesis of B, N-doped carbon nanosheets was
based on GO-induced phenolic polymerization. As shown in
Fig. la, GO was employed as a structural guide agent.
Resorcinol and formaldehyde were used to enrich hydrogen
bonding on the surface of GO and further underwent
polymerization to form two-dimensional nanosheets. The
SEM and TEM images confirm that the obtained BNCS
material possessed a typical two-dimensional sheet structure

Rich micropores
abundant B, N doping

Pyrolysis

(a) The schematic diagram of synthesis and (b-c) SEM, (d) TEM images of BNCS.

with a size distribution between 0.5 and 2 pm and a thickness
of about 80 nm, which proved the effect of GO template.
Meanwhile, boric acid and 2-methyl imidazole, chosen as
boron and nitrogen sources respectively, were uniformly
doped into the polymer precursors through hydrogen bonds
and electrostatic forces, which further formed B, N doping
sites during the subsequent pyrolysis. This sheet structure can
effectively increase the accessible specific surface area and
reduce the ion diffusion distance. Besides, nitrogen adsorption
test revealed that the BNCSs were typical microporous
materials with a specific surface area of 614 m* g, which
providesd sufficient reaction phase interfaces for the
electrochemical oxidation and reactions. In
conclusion, the BNCS electrode had a favorable prospect for
realizing electrochemical oxidation.

3.2 oxidation methods of BNCS

electrodes

electrode

Electrochemical

Since the electrochemical performance of the oxidized
electrodes was highly related to the electrochemical oxidation
process, the electrochemical oxidation methods emerged as
the key to achieve high-performance carbon electrodes with
certain oxygen species. The E-T curves and I-T curves of
oxidization process with different oxidization methods were
shown in Fig. 2. For the cyclic voltammetry oxidation
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Fig. 2 E-t curves and I-t curves of (a) cyclic voltammetry oxidation, (b) constant potential oxidation and (c) combination of constant

potential and cyclic voltammetry oxidation.
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Fig. 3 Electrochemical evaluation of oxidized BNCS electrodes prepared under different oxidation conditions measured in a three-electrode

system in 1 mol L' H2SO4: a) CV curves at 10 mV-s™!, b) GC curves at 1 A-g! and ¢) EIS curves of BNCS-CV-5, BNCS-CV-10 and
BNCS-CV-20 electrodes; d) CV curves at 10 mV-s™!, ¢) GC curves at 1 A-g™! and f) EIS curves of BNCS-CP-10, BNCS-CP-30 and
BNCS-CB-10*3 electrodes.

process, the carbon electrode was swept repeatedly between
high and low potentials. An oxidation peak current of about
500 mA was present at the high potential, indicating that a
violent oxidation reaction occurred on the carbon electrode.
Then a reduction peak appeared at low potential, revealing
that the unstable oxygen-containing functional groups were
partially reduced, which was conducive to improving the
stability of the introduced oxygen species. During the repeated
oxidation and reduction process, the oxidation of the electrode
was gradually deepened from the surface to the interior.
Meanwhile, the peak current of oxidation also gradually
decreased with the number of sweep cycles.

The electrodes were fixed at a high oxidation potential
during the constant potential oxidation process, as shown in
Fig. 2a. A high oxidation current (800 mA) appeared at the
initial phase, followed by a rapid decline with the extension of
the oxidation time. The oxidation current decayed to zero
within 10 min, revealing that the oxidation reached
equilibrium quickly. To explore the difference between the
cyclic voltammetry oxidation and constant potential oxidation,
a combination method where cyclic voltammetry sweeps in
low potential window were interspersed between multiple
stages of the constant potential oxidation at high potential was
implemented, as shown in Fig. 2c. Reduction peaks and
oxidation peaks were observed in the cyclic voltammetry
sweeps and the subsequent constant potential oxidation
procedures, respectively. The results displayed that the partial
reduction during cyclic voltammetry sweep in the low
potential window was beneficial for the further oxidation of

the electrodes in the subsequent oxidation process.

3.3 Capacitance behavior of oxidized BNCS electrodes

The oxidized electrodes prepared by the cyclic
voltammetry oxidation method using different oxidation
sweep rates were evaluated in a three-electrode system, which
is shown in Fig. 3a-c. The CV curves of the oxidized
electrodes presented obvious redox peaks, suggesting the
redox pseudocapacitance had been effectively introduced
during the electrochemical oxidation process. Among the
electrodes oxidized with different sweep rates, the
BNCS-CV-10 electrode exhibited the largest CV integral area
and the longest discharge time, which implied the highest
specific capacitance. Based on the GC curves (Fig. 3b), the
BNCS-CV-10 electrode (Fig. 3b) delivered the highest
specific capacitance of 601.5 F-g'! at the current density of 1
A-g'. It can be attributed to the fact that an optimum
oxidation degree could be obtained at the sweep rate of 10
mV-s!, where the redox pseudocapacitance was abundantly

introduced and fully utilized.

EIS was utilized to analyze the change of electrode
kinetics during the electrochemical oxidation process. As
shown in Fig. 3c, the Nyquist plots of oxidized electrodes
presented a typical shape combined with semicircular arc and
inclined straight line, where the intercept of the semicircular
arc at the X-axis represents the equivalent series resistance (Rs)
of the electrode, the diameter of the semicircular arc refers to
the charge transfer resistance (R.), and the slope of the
inclined line represents the diffusion rate of electrolyte ions.
Benefiting from the improvement of the intrinsic conductivity
of the electrode by B and N doping, the internal resistance R
of the oxidized electrodes prepared with different sweep rates
remained at 0.2 Q. The charge transfer resistance R, that
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Fig. 4 Electrochemical evaluation of CS-CV-5 and BNCS electrodes measured in a three-electrode system in 1 mol L' H2SOa: (a) CV

curves at 10 mV-s'; (b) GC curves at 1 A-g’'; (c) EIS curves.

increased with the decrease of the oxidation sweep rate
indicated that a low sweep rate would significantly reduce the
reaction kinetics of oxidized electrodes. An appropriate
oxidation sweep rate not only promotes the progress of
electrochemical oxidation and enhances redox
pseudocapacitance, but also avoids serious damage to the
conductivity of carbon skeleton and maintains rapid electron
conduction and charge transfer, thus promoting the efficient
utilization of oxidation electrode pseudocapacitance. In
general, the BNCS-CV-10 electrode prepared at a moderate
oxidation sweep rate of 10 mV-s' possessed the best

performance.

The electrochemical performance of the oxide electrodes
prepared by constant potential oxidation with different times
is shown in Fig. 3d-f. From Fig. 3d-e, BNCS-CP-10 and
BNCS-CP-30 electrodes possessed almost coincidental CV
and GC curves, indicating their similar pseudocapacitance.
Based on the GC curves, BNCS-CP-10 and BNCS-CP-30
electrodes delivered specific capacitances of 378.8 F-g! and
369.9 F-g'! at the current density of 1 A-g’!, respectively.
Combining the I-t curve during constant potential oxidation, it
could be inferred that the oxidation of carbon electrodes
would reach equilibrium after 10 min. Besides, an obvious
increase of charge transfer resistance R was observed for the
BNCS-CP-30 electrode. implied that only the
generation

It was

continuous and decomposition
oxygen-containing functional groups occurred on the surface
of the carbon electrode during the subsequent oxidation
process. Not only did this not increase the specific capacitance

but also it reduced the conductivity and reaction kinetics.

To investigate the difference between constant potential
oxidation and cyclic voltammetry oxidation, multiple cyclic
voltammetry sweeps in low potential window were added
between continuous high potential constant potential oxidation
procedures to prepare an oxidized electrode, which is also
shown in Fig. 3d-f. The obtained BNCS-CB-10*3 electrode
presented a specific capacitance of 539 F-g'! at a current
density of 1 A-g!, which was close to the specific capacitance
of oxidized electrodes prepared by the cyclic voltammetry
oxidation. This result confirmed that the low potential
reduction process could promote the subsequent high-potential
oxidation process, thus boosting the redox pseudocapacitance

of

s

significantly. Therefore, compared with the constant potential
oxidation, the cyclic voltammetry oxidation displayed an
obvious advantage in improving the oxidation depth. However,
the long-time high-potential oxidation also affected the
electron transport charge transfer of the BNCS-CB-10*3
electrode, leading to a sharp increase in the charge transfer
resistance R (Fig. 3f).

The electrochemical performance of BNCS electrode was
also evaluated and shown in Fig. 4. BNCS electrode displayed
a rectangular CV shape and a symmetric triangle GC shape,
indicating that it was a typical double-layer capacitance
electrode material. Based on the GC curve, the specific
capacitance of BNCS electrode at 1 A-g!' was only 160 F-g’!
(vs. 601.5 F-g! for BNCS-CV-10 electrode), which also
proved the substantial improvement in the specific capacitance
by the introduced pseudocapacitance. Additionally, the EIS
curve (Fig. 4c) showed that the internal resistance R, of the
BNCS electrode was about 0.2 Q, which was close to that of
the oxidized BNCS electrodes. It confirmed that the internal
resistance of the BNCS electrode well maintained during the
electrochemical oxidation, which can be attributed to the
improvement of the conductivity by the additional electrons
and holes from B and N doping.

To further verify the effect of B and N doping, the
electrochemical performance of the oxidized CS electrode was
measured, as shown in Fig. 4. An obvious decrease of the CV
integral area of the oxidized CS electrode was observed in Fig.
4a, implying a relatively low capacitance. According to GC
curve, the oxidized CS electrode revealed a specific
capacitance of 337.4 F-g' at 1 A-g! (Fig. 4b). Considering the
high specific capacitance of oxidized BNCS electrodes, it
could be inferred that the B and N doping significantly
promotes the efficiency of electrochemical oxidation. The
introduction of B and N doping sites could not only increase
the defect density, but also change the uniform distribution of
charge density of the conductive carbon skeleton, which is
conducive to the oxidation of the oxygen intermediates
generated from water decomposition. Therefore, the redox
pseudocapacitance of the oxidized electrodes was significantly
improved. Additionally, the CS-CV-5 electrode presented
markedly higher internal resistance R (0.6 Q) and charge
transfer resistance R (1.7 Q) than the BNCS-CV-5 electrode



You-ren Hu et al. / New Carbon Materials, 2021, 36(6): 1109-1117

Table 1 Elemental contents of the BNCS, BNCS-CV-10 and BNCS-CP-30 electrodes obtained by elemental analysis and XPS.

Elemental Analysis XPS
Sample ¢ H N 0 C B N 0 F
wt.% wt.% wt.% wt.% at. % at. % at. % at. % at. %
BNCS 90.2 1.2 1.2 7.4 80.85 1.45 3.41 7.09 7.2
BNCS-CV-10 83.1 1.0 1.1 14.9 70.98 0.51 3.97 17.96 6.58
BNCS-CP-30 85.4 0.9 1.2 12.6 73.58 0.6 2.77 16.27 6.77

oxidized with the same process. This indicated that the B and
N doping can effectively accelerate the electron conduction
and charge transfer, which not only improved the intrinsic
conductivity, but also effectively promoted the reaction
kinetics.

3.4 Surface chemical analysis of the oxide electrodes

To explore the source of the high specific capacitance of
oxidized BNCS electrodes, the component and structure of the
electrodes were characterized through FTIR, element analysis
and XPS. From the FTIR spectra in Fig. 5a, four characteristic
peaks associated with oxygen-containing functional groups
were observed, corresponding to C=0 (1720 c¢cm™'), C—OH
(1480 cm™!), C—O—C (1390 ¢cm™), and C—O (1190 cm™).
All
electrochemical oxidation, which preliminarily confirmed the

these characteristic peaks were enhanced after

introduction of oxygen-containing functional groups.
Especially, the increase of oxidized electrodes by cyclic
voltammetry oxidation was more significant, implying a
higher oxygen content. A similar conclusion was also obtained
by elemental analysis (Table 1). The untreated BNCS
electrode possessed an oxygen content of 7.4 wt.%, while the
oxygen contents of oxidized BNCS electrodes raised with

different degrees. Among those electrodes, the BNCS-CV-10

electrode displayed the highest oxygen content of 14.9 wt.%
(vs. 12.6 wt.% for BNCS-CV-10 electrode), indicating that the
cyclic voltammetry oxidation was much more beneficial to the
increase of total oxygen content, which was consistent with
the trend of specific capacitance.

The surface elemental composition and valence state of
the oxidized electrodes was further investigated by XPS, as
shown in Fig. 5b-e and Table 1. The XPS analysis of BNCS
revealed 1.45 at.% B and 3.41 at.% N, which confirmed that
the B and N elements had been doped in the material. While
the presence of F was due to the PVDF binder coated on the
surface of electrode. Agreed with the previous analysis, the
oxygen content of the oxidized BNCS electrodes also
increased significantly compared with that of the untreated
electrode. Furthermore, higher oxygen content was measured
by XPS compared to the elemental analysis, indicating the
oxidation gradually proceeded from the surface to the interior.
It is worth noting that the content of B element decreased to
some extent after electrochemical oxidation, which may be
ascribed to that some B atoms doped in the carbon skeleton
were oxidized to B,Os and dissolved in the electrolyte.

From the deconvoluted Cls, Ols and Nls peaks, the
detailed surface chemical compositions were determined. As
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Fig. 5 (a) FTIR spectra, (b) XPS spectra, as well as high-resolution XPS spectra of (c) Cls, (d) Ols and (e) N1s of the BNCS-5, AC-2-5-5,
AC-2-20-5 and AC electrodes.
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Table 2 The relative contents of functional groups of the BNCS, BNCS-CV-10 and BNCS-CP-30 electrodes calculated by the XPS
Cls, Ols, N1s fitting peak area.

Cls/at. % Ols/at. % Nls/at. %
Sample
—COOH C=0 C—0/C—N —COOH C—OH C=0 N—Q N—S5 N—©6
BNCS 3.8 2.7 15.1 32.8 7.2 59.9 213 37.8 40.9
BNCS-CV-10 6.6 7.4 15.3 29.0 21.4 49.6 14.7 78.4 6.9
BNCS-CP-30 7.6 42 18.3 40.9 38.0 21.1 16.0 71.0 13.0
shown in Fig. S5c, six peaks were observed in the during the cyclic voltammetry oxidation, which was

high-resolution Cls spectra, corresponding to C—F (290.5
eV), —COOH (289 eV), C=0 (287.8 ¢V), C—O/C—N (286.4
eV), sp>C (285.4 eV) and sp>C (284.6 eV). Compared with the
untreated BNCS electrode, all the oxidized electrodes revealed
weakened sp?’C peaks and enhanced characteristic peaks
associated with oxygen functional groups, displaying an
obviously increased functionalization degree. According to the
fitting data in Table 2, the content of C=0O group of
BNCS-CV-10 electrode increased significantly from 2.7 at.%
to 7.4 at.% (vs. 4.2 at.% for BNCS-CP-30 electrode). It can be
inferred that the C=0O group emerged as the dominant group in
the oxygen species generated in the cyclic voltammetry
oxidation. Meanwhile, the content of —COOH group of the
BNCS-CP-30 electrode was substantially raised from 3.8 at.%
to 7.6 at.% (vs. 6.6 at.% for BNCS-CV-10 electrode). This
result indicated that the cyclic voltammetry oxidation was
beneficial for the selective generation of quinone groups,
while —COOH groups were inclined to be formed during the
constant potential oxidation process, which will severely
destroy the conductive carbon skeleton.

Similar results were obtained by the high-resolution Ols
spectra. As presented in Fig. 3d, the three characteristic peaks
of high-resolution Cls spectra corresponded to —COOH
(533.4 eV), C—OH (532.8 ¢V) and C=0 (531.8 eV). The
BNCS-CV-10 electrode revealed an oxygen component
dominated by C=O group (49.6 at.%), while for the
BNCS-CP-30 electrode, the relative content of C=0 group
was only 20.1 at.% and the relative content of —COOH group
reached 40.9 at.%. It was further proved that the component of
oxygen-containing functional groups could be optimized
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conducive to the selective generation of quinone groups with
high reactivity and fast kinetics, thus achieving high specific
capacitance and favorable kinetics.

The high-resolution N1s spectra revealed three peaks at
401.2 eV, 400.0 eV and 398.6 eV, corresponding to graphite
nitrogen (N-Q), pyrrole nitrogen (N-5) and pyridine nitrogen
(N-6). Among them, graphite nitrogen can promote the
electron transport of the oxidized electrodes, and pyridine
nitrogen and pyrrole nitrogen could serve as redox sites to
provide certain amounts of pseudocapacitance. During the
electrochemical oxidation, the total N content was basically
uchanged, and the transition from the pyridine nitrogen to the
pyrrole nitrogen appeared. This may be related to the fracture
and reconnection of the hexatomic ring structure in the
pyridine nitrogen site.

3.5 Rate performance and stability of oxidized
electrodes

For practical applications, a high power density and a
long cycle life are strictly required for the supercapacitor
electrode materials. Therefore, the rate performance and long
cycle stability of BNCS-CV-10 electrode were further tested
in a three-clectrode system. As shown in Fig. 6a, the
BNCS-CV-10 electrode exhibited a high specific capacitance
of 450 F-g! even at a high current density of 20 A-g*!, which
reached 74.8% of the specific capacitance at 1 A-g!. Such
high rate performance can be attributed to the well-maintained
conductive carbon skeleton and the rapid kinetics of the
introduced quinone groups during the cyclic voltammetry
oxidation. Besides, the improvement of the conductivity of the
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Fig. 6 Rate and cycling test of oxidized electrodes measured in a three-electrode system in 1 M H2SOa:(a) Rate performances of

BNCS-CV-10 and BNCS-CP-30 electrodes from 0.5 to 20 A-g™; (b) Cycling performance of the BNCS-CV-10 electrode at 5 A-g™.
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electrode materials by B and N doping also promoted electron

transport and charge transfer. The constant current
charge-discharge method was utilized to measure the cycle
stability of the electrode. The BNCS-CV-10 -electrode
achieved excellent long-term cycling stability by retaining
92.6% of the initial capacitance after 8000 cycles at a current
density of 5 A-g’!, which could be attributed to the partial
reduction of unstable oxygen species in the low potential

window during cyclic voltammetry oxidation.
4 Conclusions

An electrochemical oxidation method was employed to

introduce  electrochemically  active  oxygen-containing
functional groups in-situ on B and N doped carbon nanosheets
electrodes for the fabrication
supercapacitors. The two-dimensional structure and abundant
micropores of the BNCS material provided rapid ion transport
and sufficient interface for the electrode reaction. Additionally,

the rich B, N doping not only promoted the efficient

of high performance

introduction of oxygen-containing functional groups during
the electrochemical oxidation, but also accelerated the
electron transport and charge transfer of the oxidized electrode
to improve reaction kinetics. Compared with the continuous
constant potential oxidation, the repeated oxidation and
reduction during the cyclic voltammetry oxidation was
confirmed to be conducive to deepen the oxidation degree and
promote the total oxygen content. Moreover, the cyclic
voltammetry oxidation could optimize the types of introduced
oxygen species and selectively generate active quinone groups.
Benefiting from the well-maintained conductivity and the
abundant electrochemical active quinone functional groups,
the oxidized electrode exhibited a high specific capacitance of
601.5 F-g'at 1 A-g'! and a high rate performance of 450 F-g!
at 20 A-g’'. Meanwhile, due to the removal of unstable oxygen
species during the low potential reduction, the oxidation
electrode revealed an excellent stability by maintaining 92.6%
of the initial specific capacitance after 8000 cycles at 5 A-g!.
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