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N,O0-codoped porous carbon nanosheets for
capacitors with ultra-high capacitance

Zhong Wu'? and Xin-bo Zhang'"

ABSTRACT Significant enhancement of energy density of
electrical double layered capacitors is a major challenge for
electrochemical capacitors to conquer the emerging field of
large scale renewable energy storage. The enhancement of
specific capacitance is an effective strategy to obtain higher
energy density. Addition of redox mediator in the electrolyte
as pseudocapacitive sources could enhance the specific ca-
pacitance, but well-coupled electrode materials should be
developed as well. Herein, as a proof-of-concept experiment,
N, O-codoped porous carbon nanosheets have been fabri-
cated, wherein graphene oxide is employed as both oxygen
source as well as structure directing agent. Unexpectedly,
the obtained electrode materials endow electrical double
layered capacitors with excellent capacitive performances,
including the ultra-high specific capacitance (5073.5 F g™')
and excellent cycling stability, which could be attributed
to the synergy of morphology and surface chemistry of N,
O-codoped porous carbon nanosheets. These results would
form the basis for an unprecedented perspective in the devel-
opment of next generation electrode materials for electrical
double layered capacitors.

Keywords: carbon nanosheets, redox mediator, capacitive per-
formances

INTRODUCTION

Electrical double layer capacitors (EDLCs) have attracted
numerous attentions as important electrochemical energy
storage device due to their high power density, long cy-
cle life, and low maintenance cost [1-3]. However, their
further applications in other emerging fields such as large
scale renewable energy storage are still hampered by their
limited theoretical energy density [4-6]. To address this
daunting challenge, many efforts have been devoted to im-
proving the specific capacitance, as the energy density is
proportional to the specific capacitance according to the

equation: E = 1/2CV? (V is the applied potential window,
and C is the specific capacitance) [7-9]. In response, one
widely used strategy is to employ pseudocapacitive materi-
als, which can improve the specific capacitance due to redox
reactions of electrode materials, while the electrode ma-
terials themselves will be inevitably affected upon the re-
dox reaction process, something like in rechargeable bat-
teries [10-12]. Alternatively, addition of redox mediator in
the electrolyte as pseudocapacitive sources could enhance
the specific capacitance of EDLCs [13-16] and, more im-
portantly, not necessarily compromise the excellent capac-
itive behaviors of electrode materials, because the Faradaic
reactions occur in these redox-active electrolytes [17-21],
keeping the electrode materials unaffected. Therefore, to
exert the power of new redox electrolyte, development of
well-coupled novel carbon materials to significantly im-
prove the specific capacitance of EDLCs is of great impor-
tance [22-25].

Porous two-dimensional carbon nanosheets are of great
interest as electrode materials for energy-storage devices
due to their shortened paths for fast electrolyte ion diffu-
sion and large accessible surface [26-29], offering more and
fast electron/charge transfer channels [30-32]. In addition,
functionalization of carbon materials, such as surface mod-
ification and heteroatom (N, O, etc.) doping, could further
benefit the specific capacity by improving the electrolyte
permeability, ion adsorbing, and so on [33-35]. Therefore,
engineering the morphology and surface chemistry of car-
bon materials for EDLCs based on redox-active electrolyte
is thus highly desirable while still very challenging [36-38].

In response, herein, as a proof-of-concept experi-
ment, we first designed and demonstrated the synthesis
of oxygen (O), nitrogen (N)-codoped porous carbon
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nanosheets derived from carbonization of graphene oxide
(GO)@poly(benzoxazine-co-resol) by a facile and very
effective route, wherein poly(benzoxazine-co-resol) was
successfully polymerized from phenols, aldehydes, and di-
amines (nitrogen source). More importantly, GO was used
in the reaction system to serve as both oxygen source and
structure directing agent, which directed the in situ self-as-
sembly of poly(benzoxazineco-resol) along the surface of
GO. Interestingly, when the N, O-codoped porous carbon
nanosheets (NOCPSs) used as an electrode material in
EDLCs based on acidic (1 mol L™ H,SO,) and redox-ac-
tive electrolyte (0.09 mol L™ CuCl, in 1 mol L' HNO3),
superior electrochemical performances were obtained,
including the ultra-high specific capacitance of 5073.5
F g and excellent cycling stability up to 4000 cycles.

EXPERIMENTAL SECTION

Materials

Graphite powders (325 mesh, Alfa Aesar, AR), potassium
permanganate (KMnOQOjy, Aladdin Reagent, AR), sulphuric
acid (H2SOs4, Beijing Chemical Works, AR), phosphoric
acid (Hs3POys, Beijing Chemical Works, AR), hydrogen
peroxide (H>O,, Aladdin Reagent, AR), hydrochloric
acid (HCI, Beijing Chemical Works, AR), acetylene
black (Hongxin Chemical Works), polyvinylidenefluoride
(PVDE, DuPont Company, 99.9%), N-methyl-2-pyrro-
lidinone (NMP, Aladdin Reagent, AR), copper chloride
(CuCly, Beijing Chemical Works, AR), nitric acid (HNOs,
Beijing Chemical Works, AR), formaldehyde (HCHO, Al-
addin Reagent, AR), hydroquinone (HQ, Aladdin Reagent,
AR), aniline (Beijing Chemical Works, AR), sodium dode-
cyl sulfate (Beijing Chemical Works, AR). Carbon paper
was purchased from Torray. All reagents were used as
received without any further purification.

Synthesis of GO

GO was prepared by the oxidation of natural graphite pow-
der via an improved Hummers’ method [39,40]. Briefly, a
mixture of concentrated H,SO4/H3POy4 (45:5 mL/mL) was
added to a mixture of graphite flakes (0.375 g) and KMnOy4
(2.25 g). The reaction mixture was then heated to 50°C and
stirred for 24 h. The reaction was cooled to room tempera-
ture and poured onto ice (200 mL) with 30% H,O; (3 mL).
Then, the mixture was centrifuged (10,000 rpm for 5 min).
The remaining solid material was then washed in succes-
sion with 200 mL of 30% HCl for twice, and 400 mL of water
for three times. For each wash, the mixture was centrifuged
(12,000 rpm for 10 min) and GO was obtained. The as-pre-
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pare GO was dispersed into deionized water to form a ho-
mogenous solution (about 1 mg mL™).

Preparation of NOPCSs

In a typical preparation process, a GO (4.5 mL, 1 wt.%) so-
lution was dispersed in 30 mL deionized water by sonica-
tion for 4 h, and then 16 mg sodium dodecyl benzene sul-
fonate and 500 pL aniline was added into the solution. After
stirring for 0.5 h, a resorcinol (120 mg)/formaldehyde solu-
tion (36 wt.%, 200 uL) was added. After another 0.5 h, the
mixture was then transferred to 40 mL autoclave, sealed,
and cured in an oven at 100°C for 24 h. A hydrogel was ob-
tained and washed with excess distilled water. The water
in the resulting gel was removed from the pores of the gel
network by a freeze-drying technology. And then the sam-
ple NOPCSs was obtained after a carbonization process in a
temperature-programmed furnace under an nitrogen flow,
heated from room temperature to 800°C, and then kept at
800°C for 1 h and cooled down to room temperature.

Preparation of CNS

The sample CNS is synthesized by a similar procedure
to the preparation of NOPCSs without involving GO. In
brief, 16 mg sodium dodecyl benzene sulfonate and 500 puL
aniline was added in 30 mL deionized water. After stirring
for 0.5 h, a resorcinol (120 mg)/formaldehyde solution
(36 wt.%, 200 uL) was added. After another 0.5 h, the mix-
ture was then transferred to 40 mL autoclave, sealed, and
cured in an oven at 100°C for 24 h. The as-prepared carbon
precursor was washed with excess distilled water and then
the water was removed by a freeze-drying technology.
Finally, the sample CNS is obtained after a carbonization
process at 800°C for 1 h under a nitrogen flow and cooled
down to room temperature.

Materials characterization

X-ray diffraction (XRD) patterns were collected on Bruker
D8 Focus Powder X-ray diffractometer using Cu Ka radi-
ation (40 kV, 40 mA). The scanning electron microscopy
(SEM) was performed by using a field emission scanning
electron microscopy (FESEM, HITACHI, S-4800). Trans-
mission electron microscopy (TEM), high-resolution TEM
(HRTEM), scanning TEM (STEM) and energy dispersive
X-ray (EDX) spectroscopy mapping technique were taken
on an FEI Tecnai G2 electron microscope operated at 200
kV. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on an ESCALAB 250 photoelectron
spectrometer with monochromatic Al Ka X-rays. The spe-
cific surface area and porosity were determined by nitrogen
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sorption using a Micrometritics ASAP 2020 analyzer.
Specific surface areas were calculated by the Brunaure-Em-
mert-Teller (BET) method. Pore volumes and sizes were
estimated from the pore size distribution curves from the
adsorption isotherms using the Barrett-Joyner-Halenda
(BJH) method. Fourier transform infrared spectroscopy
(FTIR) was performed using a Thermo Nicolet 6700
spectrometer. Raman spectra were collected with a mi-
cro-Raman spectrometer (Renishaw) with a laser of 532
nm wavelength. The atomic force microscopy (AFM) was
performed on Bruker Dimension Icon.

Electrochemical measurements

To evaluate the electrochemical properties of the as-pre-
pared samples, working electrodes were prepared by mix-
ing the as-prepared carbon nanomaterials (90 wt.%) as ac-
tive materials and polyvinylidenefluoride (PVDE, 10 wt.%)
as a binder. The mixtures were grounded in NMP and the
obtained slurries were pasted onto a carbon paper substrate
and then dried at 80°C overnight.

The electrochemical measurements were carried out
using a three-electrode mode in 1 mol L™' H,SO4 and
0.09 mol L' CuCly/1 mol L' HNO; aqueous solution.
Ag/AgCl electrode filled with saturated KCl was used
as reference electrode and a platinum plate was used as
counter electrode. The sizes of all electrodes were fixed to
~2.0 cmx1.0 cm, and the average mass loading was ca. 1.0
mg. Electrochemical studies were carried out using VMP3
electrochemical workstation (Bio-logic Inc.) including
cyclic voltammetry (CV), galvanostatic charge-discharge
(GC) and electrochemical impedance spectroscopy (EIS).
All the tests were performed at room temperature. Be-
fore testing, the electrode materials were activated for
abundant cycles until they were stabilized at a certain
condition. All the electrochemical measurements were
done in 1 mol L™! H,SO4 solution with a potential window
of 1 V and in redox electrolyte with a potential window of
0.5 V. Typical CV and GC curves were measured at differ-
ent scan rates and current densities, respectively. EIS tests
were performed for the working electrode in a frequency
range of 100 kHz-0.01 Hz at an open circuit potential with
alternating current perturbation of 10 mV. The EIS data
were analyzed using Nyquist plots, which represent the
imaginary part (Z") and real part (Z') of impedance.

RESULTS

The morphology and structure of the as-prepared samples
were studied by FESEM and TEM. The synthesis of car-
bon nanosheets involves two main steps: polymerization

and carbonization. At first, polymerization process was
conducted through the hydrothermal method and novel
three-dimensional hydrogel precursor, GO@poly(benzox-
azineco-resol), was successfully formed (Fig. S1), wherein
spherical poly(benzoxazineco-resol) was well anchored on
the surface of GO (Fig. 1a). Followed by a carbonization
process under the atmosphere of N2, NOPCSs were ob-
tained. The sheet-like morphology is illustrated in Figs 1b
and c. The high-resolution TEM image of NOPCSs in Fig.
1d shows the carbon lattice with pores. For comparison,
carbon materials derived from poly(benzoxazine-co-resol)
without GO were synthesized through the same procedure,
which are denoted as CNS.

Furthermore, the components and corresponding distri-
bution in the NOPCSs were then analyzed using EDX spec-
troscopy mapping technique. The EDX spectrum in Fig. le
illustrates the presence of C, N, and O in NOPCSs. It should
be noted that N'and O derived from the amide group in ani-
line and oxygen-containing functional groups in GO. Fur-
thermore, the percentage of C, N and O in the sample was
calculated after fitting the atom ratio corresponding to each
element. The EDX data indicates that the material contains
mainly C (97.37%) with a small amount of O (1.55%) and N
(1.06%). Fig. 1f exhibits the STEM image of the NOPCSs.
The sample NOPCSs was further characterized by element
mapping images of C, O and N to analyze the elemental
distribution as illustrated in Figs 1g-i. The distribution re-
gion of C (red dots), N (yellow dots), and O (green dots) is
similar to the area in Fig. 1f. These results clearly show that
the elements of C, N, and O are distributed homogeneously,
further indicating uniform and complete doping process in
the carbon skeleton. The introduction of heteroatom (N,
O) can be used to tune the polarity of NOPCSs.

To examine the effect of GO on morphology and elec-
trochemical properties, the similar process was conducted
without the presence of GO. As shown in Figs S2a and b,
the precursor poly(benzoxazineco-resol) was obtained af-
ter the hydrothermal process with the spherical morphol-
ogy and the average diameter of 500 nm. After the car-
bonization treatment, the sample CNS was obtained and
characterized by FESEM images as shown in Figs S2cand d.
When there is no GO involved in the same procedures, the
obtained CNS is observed as a thick blockbuster resulted
from melting of poly(benzoxazineco-resol) during the car-
bonization process.

The pivotal step for the formation of carbon nanosheets
is the presence of GO acting as anchoring agent and of-
fering oxygen-containing functional groups. The rational
structure design and synthesis of NOPCSs are of particular
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Figure 1 (a) FESEM image of the precursor GO@poly(benzoxazineco-resol). (b and ¢) FESEM and TEM images of NOPCSs. (d) HRTEM image of
NOPCSs. (e) EDX spectrum of NOPCSs. (f) STEM image of NOPCSs and corresponding elemental mapping images of (g) C, (h) N and (i) O.

importance for advancing their applications. The thickness
of NOPCSs sheet is characterized by AFM image as shown
in Fig. S3. The average thickness is investigated as 8 nm.

As specific surface area and pore size might play an
important role in electrochemical performance of carbon
sheet, the Nj-adsorption-desorption isotherm and the
pore-size distribution were collected as shown in Fig. 2a.
The nitrogen adsorption-desorption isotherms of the sam-
ple NOPCSs can be categorized as being of type-II with a
slight rise at low P/Py and a hysteresis loop at the high P/Py
range of 0.4-1.0. The specific surface area of NOPCSs is
found to be 351.455 m* g~! by BET method.

The inset illustration in Fig. 2a is the corresponding pore
diameter distribution curves, which is estimated by the BJH
method using the isotherm adsorption branch. A total
pore volume of the sample NOPCSs is found to be 0.822
cm® g1, According to the pore-size distribution, it is clearly
observed that mesopores with a wide size range (2-50 nm)
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are dominated in the composite, which may be constructed
from the incompact stacking, entanglement and overlap
of carbon nanosheets. The existence of abundant meso-
pores would facilitate the electrolyte diffusion to form a
uniform interface between the electrode material and the
electrolyte for the reversible redox processes and conse-
quently result in enhanced electrochemical performances
(vide infra). Importantly, the pore volume is dominated by
mesopores including pore size around 3.8 nm with a nar-
row distribution and pore size ranging from 10 to 30 nm
with a broad distribution. On one hand, the microporos-
ity is accessible for the solvated electrolyte ions, provid-
ing higher capacitance at low charging rates. On the other
hand, mesoporosity allows more electrolyte ion transporta-
tion in higher current densities, yielding higher rate capa-
bility. The presence of hierarchical porosity leads to the ac-
cessible surface area for electrolyte ions and suitable diffu-
sion length. As a result, superior electrochemical perform-
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Figure 2 (a) Nitrogen adsorption-desorption isotherm and the pore-size distribution, (b) XRD pattern, (c) FTIR spectrum, and (d) Raman shift of the

sample NOPCSs.

ances can be expected with enhanced specific capacitance.

To further characterize the sample NOPCSs, XRD was
performed as shown in Fig. 2b. The XRD diffraction
spectra of NOPCSs shows a broad diffraction peaks po-
sitioned at 26 angle of about 26°, which can be indexed
to the (002) plane of graphitic carbon (JCPDS 75-1621).
The broadening peak suggests the existence of carbon
sheets. FTIR yields more meaningful spectra for functional
groups and is used to confirm the presence of chemical
interaction/bonding. Fig. 2c illustrates FTIR spectra
for the sample NOPCSs, exhibiting the presence of NH,
C=0, C-0O and C-N bonds. Intense peaks observed at
1150 cm™ in the sample were attributed to stretching of
the C-O and C-N bonds. The presence of multiple peaks
at 1720 cm™ is due to overlap of the carbonyl (C=0)
bonds. The Raman spectrum of the sample NOPCSs is
presented in Fig. 2d, which illustrates the characteristics
representative of disordered carbon. The peak positioned
at 1593 cm™ corresponds to the G band, which is at-
tributed to amorphous sp>-bonded forms of carbon. The
D-band located at approximately 1348 cm™ is attributed
to the defect-induced structure resulted from dopants
and functional groups. The broad peak of D band in our

work implies the nitrogen dopants and oxygen functional
groups. These results demonstrate the formation of carbon
nanosheets with structural defects with nitrogen dopants
and oxygen-functional groups in our work.

XPS technique was conducted to further analyze the
chemical state of all elements in the sample NOPCSs. The
XPS spectrum presented in Fig. 3a clearly indicates the
presence of C, N and O, which is consistent with the EDX
results in Fig. le. Further studies are needed to be car-
ried out to ascertain the bonding configurations of these
atoms by high resolution XPS spectra. The high resolution
C 1s spectra are presented in Fig. 3b, which show peaks at
four binding energies. The characteristic intense peak at
284.5 £ 0.1 eV is mainly due to carbon atoms attached to
C-C bond. Peaks at higher binding energies suggest the
presence of oxidized carbon atoms, C=0 at 288.8 £ 0.1 eV,
C-0O at 286.4 + 0.1 eV and C-N/C=C at 285.4 + 0.1 eV.
From the de-convoluted peak of N 1s spectra in Fig. 3c, we
can conclude that the sample NOPCSs is doped by three
types of nitrogen-containing groups, namely, pyridinic-N
species (N-6, 397.2 + 0.1 eV), pyrrolic-N (N-5, 400.0 +
0.1 eV) and pyridine-N-oxide (N-X, 405.1 £ 0.1 eV). The
de-convoluted peaks of oxygen are revealed in Fig. 3d.
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Figure 3 (a) The survey XPS spectrum, (b) deconvolution of C 1s spectrum, (c) deconvolution of N 1s spectrum, and (d) deconvolution of O 1s spec-

trum of the sample NOPCSs.

There are two peaks in the O 1s spectra positioned at the
binding energies of 531.9 and 533.2 eV, which are corre-
spond to C=0 and O-C=0, respectively. These results
demonstrate the effective nitrogen dopants and oxy-
gen-containing functional groups in carbon nanosheets.
The presence of N and O enables the sample NOPCSs more
hydrophilic and readily dispersed in aqueous solution. The
surface chemistry will greatly affect their electrochemical
behaviors.

To evaluate the advantages of the as-prepared materials
and their potential applications as electrodes for superca-
pacitors (SCs), the electrochemical performances of those
electrodes were measured in 1 mol L™ H,SO4 and 0.09
mol L™! CuCl, in 1 mol L™! HNO3 aqueous solution elec-
trolyte. At first, the synthesized samples were tested as
electrode materials for EDLCs in 1 mol L™' H,SO4. Fig.
4a shows the CV curves of NOPCSs and CNS at the scan
rate of 20 mV s™! between 0 and 1 V. The nearly rectangu-
lar-like shape shows the capacitive behavior with EDLCs-
based charge storage mechanism. It is worth noting that
the specific capacitance of NOPCSs is 107.2 F g™!, which
is much higher than that of CNS with the specific capaci-
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tance of 2.64 F g”!. Fig. S5a illustrates the CV curves of
NOPCSs over a wide range of scan rates ranging from 2 to
500 mV s~!. Even at a high scan rate of 500 mV s}, the CV
curve also retains a stable rectangular shape with no obvi-
ous distortion indicating a remarkable rate capability.

The specific capacitance (C, F g™!) values at various scan
rates (mV s71) in the CV measurements were calculated us-
ing the following equation [41,42]:

@dV
C=——ro,
20VvAV

where AV (V) is the applied potential window, v is the scan
rate, and w (g) is the weight of the active material. The spe-
cific capacitances of NOPCSs and CNS at various scan rates
are illustrated in Table S1 (Supplementary information). In
brief, the highest specific capacitance of NOPCSs is 120.3
Fg'at2mV s™!. Even at the high scan rate of 50 mV s},
the specific capacitance of NOPCSs is still 103.0 F g™, in-
dicating its excellent rate capability.

For comparison with NOPCSs, the capacitive perfor-
mances of CNS were also measured (Fig. S6 and Table S1)
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Figure 4 Electrochemical measurements in 1 mol L™ H,SO4. (a) CV curves of NOPCSs and CNS at a scan rate of 20 mV s™'. (b) GC curves of NOPCSs
and CNS at a current density of 0.5 A g™\. (c) Cycling stability of NOPCSS and CNS at 50 mV s™'. Inset is the CV curves of NOPCSs at 1*t, 1000, 2000,
3000 and 4000" cycle. (d) EIS data of NOPCSs before and after 4000 cycles. Inset is the enlarged plots.

—only very limited specific capacitances below 10 F g™
are obtained. Besides, GC measurements were performed
to clarify the charge storage mechanism and specific ca-
pacitance calculation. Fig. 4b shows the GC curves of
NOPCSs and CNS at the current density of 0.5 A g”'. The
symmetrical triangular charge/discharge characteristics
and a quick I-V response confirm the ideal EDLCs be-
havior of NOPCSs and CNS. However, better capacitor
performances of NOPCSs have been revealed, which is in
accordance with the results of CV curves.

From the materials structure perspective, superior elec-
trochemical performances are contributed to the unique
structure of NOPCSs. Firstly, the nanosheets structure is
tavorable for double layer formation at the electrode-elec-
trolyte interface. Secondly, hierarchical pore structures
allow more effective ion transportation and short diffu-
sion length for higher specific capacitance. The porosity
of NOPCSs is composed of micropores with the average
pore size of 3.8 nm and mesopores ranging from 10 to 30
nm. The pore size is higher than the electrolyte ion sizes
of 0.42 nm and 0.53 nm for solvated cation (H;0") and
anion (SO4*") in H,SO4 solution respectively. In contrast,
there is no obvious pore involving in CNS. Consequently,

the sample NOPCSs shows superior properties with low
equivalent series resistance and fast diffusion of ions from
electrolyte into the sample.

For practical application, cyclic stability is crucial for an
electrode material to be used in SCs. In this context, we
performed CV tests for 4000 times between 0 and 1 V at
the scan rate of 50 mV s™!. The CV curves as a function
of cycle number is plotted in Fig. 4c. An increase can
be found before 1000 cycles, which may be attributed to
the improvement of ion accessibility. There is no obvious
degradation after 4000 cycles indicating their good cycling
stability, which is confirmed by the CV curves of NOPCSs
at 1%, 1000, 2000, 3000" and 4000% cycle. These ad-
vanced properties ensure the NOPCSs a great promise as
an electrode material for EDLCs.

To further analyze the detailed characteristics of
NOPCSs, EIS was performed in the frequency range of
10 mHz-10 kHz with a signal amplitude of 10 mV. EIS
spectra investigated the transport characteristics of the
charge carriers within electrode using a Nyquist plot,
which represents the imaginary part (-Z") and real part
(Z") of impedance. The impedance spectra consist of one
semicircle at high frequency, followed by a straight line at
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the low frequency range. The high frequency semicircle
intercepts the real axis at Rs and (R + Rct), while Ry means
a bulk solution resistance and R.; means a charge-transfer
resistance, respectively. The Nyquist plot expanded in the
high frequency region is given in the inset. Fig. 4d shows
Nyquist plot of NOPCSs as capacitive electrode. The R
value is about 0.7 and 0.63 Q before and after cycling,
respectively. R is about 1.84 and 1.95 Q) before and after
cycling calculated on the basis of the radius of the semi-
circle. In terms of Ry and Re, we can note that there is
no obvious distinction for NOPCSs electrodes before and
after cycling, which is accordance with their good cycling
stability. The inclined portion of the curve in the low
frequency is ascribed to the Warburg impedance, which is
related to ion diffusion/transport in the electrolyte. The
vertical nature of the Nyquist plots clearly indicates the ca-
pacitive behavior of the material. The more vertical shape
at low frequency for NOPCSs electrodes before cycling
indicates a more capacitive behavior of the electrode.

DISCUSSION

In order to increase the specific capacitance, redox-active
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electrolyte is also employed as electrolyte. In our work,
the redox-active electrolyte is fabricated by incorporating
0.09 mol L™ CuCl, into 1 mol L™! HNOj electrolyte. CuCl,
is selected as redox mediators because it can efficiently fix
the position of the C-O bond on the surface and reducing
CuCl, in the electrolyte can then generate an additional re-
dox CuCllayer as follows: CuCl, + C=0" e™> CuClCOsyrface
layer + CL™ [25].

The CV curves of NOPCSs in redox-active electrolyte
are illustrated in Fig. 5a. The important change happens
in terms of the shape of CV curves because of the intro-
duction of redox-active additives. A pair of peaks are ob-
served at 0.34 and 0.07 V, indicating their pseudocapacitive
behavior resulted from the redox-active electrolyte. The
CV curves of NOPCSs and CNS reveal their similar charge
storage mechanism and the superior specific capacitance of
NOPCSs to that of CNS at the scan rate of 20 mV s™%.

Fig. 5b presents the correlation between the specific
capacitance and the various scan rates for the samples
NOPCSs and CNS. The highest specific capacitance of
5073.5 F ¢! is achieved for the sample NOPCSs at the scan
rate of 2 mV s™!, which is near 15-fold higher than that of
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Figure 5 Electrochemical measurements in the redox-active electrolyte (0.09 mol L™ CuCl, + 1 mol L™ HNO3). (a) CV curves of the NOPCSs at
various scan rates. (b) The variation of specific capacitances with scan rates of NOPCSs and CNS. (Inset plots are CV curves of NOPCSs and CNS at the
scan rate of 20 mV s™). (c) Cycling stability of NOPCSs and CNS at 20 mV s™\. Inset plots are CV curves of NOPCSs at 1%, 1000"", 2000"", 3000 and

4000 cycle. (d) EIS data of NOPCSs before and after 4000 cycles.
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Table 1 A detailed comparison of the highest specific capacitance of NOPCSs with literatures

Electrode materials Specific capacitance Electrolyte Ref.
Reduced graphene oxide hydrogels 2526Fglatl1Ag™! H,S04 + hydroquinone [21]
Polyaniline-coated graphene 553Fglatl Ag’! H,SO4 + hydroquinone [22]
Activated carbons 630.6 Fg'at 1 mA cm™ VOSO4 + 1 mol L™! H,SO4 [23]
Activated carbons 912Fg'at2 mA cm™ 0.08 mol L' KI + 1 mol L™} H,SO,4 [24]
Surface-functionalized, porous carbon 4700 Fg'at5mV s 0.09 mol L™! CuCl, + 1 mol L' HNO; [25]
N, O-codoped porous carbon nanosheets 5073.5Fglat2mV s 0.09 mol L™! CuCl, + 1 mol L™ HNO; Our work

the CNS (319.5 F g!). For comparison, Table S2 summa-
rizes the specific capacitances of NOPCSs and CNS calcu-
lated from CV curves in CuCl,/HNOs3 redox-active elec-
trolyte, which is illustrated in supporting information. It is
found that the specific capacitances of CNS are much lower
than those of the NOPCSs at all tested conditions, provid-
ing another evidence for the superiority of the NOPCSs.
Table 1 lists a detailed comparison on their high specific
capacitance with previous literatures.

Moreover, the sample NOPCSs in redox-active elec-
trolyte is 50-fold enhancement in the specific capacitance
compared with previous results in acidic electrolyte. The
functional groups of NOPCSs offer tremendous opportu-
nities for carbon nanomaterials with desired properties,
which are evidenced by FTIR and XPS measurements.
Discussing the impact of their functional groups on the
pseudocapacitive behaviors, this increase is resulted from
the reaction of CuCl, with carbonyl groups at the sur-
face of NOPCSs.
the addition of redox additive is compatible with active
electrode materials and enhanced specific capacitance
can be achieved through the introduction of redox-active
electrolyte.

To investigate the cycling stability, CV tests were per-
formed for 4000 times between -0.05 and 0.45 V at 20
mV s™!. The CV curves as a function of cycle number is

These results further demonstrate that

plotted in Fig. 5c. The sample CNS is stable in redox-active
electrolyte due to their limited specific capacitance. The
sample NOPCSs exhibits excellent cycling stability after
4000 cycles. However, the cycling stability of NOPCSs is
shifting until 2500 cycles. The inset plots in Fig. 5c shows
the corresponding CV curves of NOPCSs at 1%, 1000,
2000, 3000% and 4000™ cycle. After 4000 cycles, the
specific capacitance of NOPCSs is stable at 1493.2 F g™\
Aforementioned results are also supported by EIS anal-
ysis, which investigates the transfer characteristics of
NOPCSs during the cycling tests. Fig. 5d illustrates the
EIS spectra of NOPCSs before and after cycling. In the
high-frequency region, the real axis intercept is the equiv-

alent series resistance (ESR), and the width of semicircle
plotted is indicative of the charge-transfer resistance in
the electrode materials. The ESR value is near 0.62 Q.
Moreover, the semicircle observed in the high frequency
range corresponds to the charge transfer resistance caused
by Faradic reactions. The obtained charge transfer resis-
tances are about 0.19 and 0.21 Q) before and after cycling,
respectively, which shows negligible change for mass trans-
fer resistance and internal cell resistance. Compared to
conventional SCs, the SCs using redox-active electrolyte
exhibit a shorter Warburg-type line and smaller diameter
These results demonstrate a lower charge transfer
resistance and more efficient electrolyte diffusion.

CONCLUSIONS

In conclusion, as a proof-of-concept experiment, to ex-
ert the power of new redox electrolyte by developing
well-coupled novel carbon materials, we developed and
demonstrated a facile while effective “hitting three birds
with one stone” strategy to fabricate N, O-codoped porous
carbon nanosheets, wherein GO is employed as both
oxygen source as well as structure directing agent. Unex-
pectedly, when first employed as novel electrode material
in EDLCs based on redox-active electrolyte, excellent elec-
trochemical performances have been obtained, including
the ultra-high specific capacitance of 5073.5 F g™' and
excellent cycling stability up to 4000 cycles.
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