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Introducing Electrochemically Active Oxygen Species to
Boost the Pseudocapacitance of Carbon-based

Supercapacitor

You Ren Hu, Xiao Ling Dong, Hong Kun Zhuang, Dong Yan, Lu Hou, and Wen Cui Li*"”

Low energy density is the main bottleneck for carbon-based
supercapacitors, which can be addressed by introducing extra
faradaic pseudocapacitance. Herein, a cyclic voltammetry
oxidation method in 1 MH,SO, electrolyte was employed for
carbon electrode to produce electrochemically active oxygen
functional groups that are in contact with the conductive
substrates, which facilitates the implementation of the pseudo-
capacitance. Moreover, the influence of potential window and
sweep rate on the components and performances of oxidized
electrodes in the cyclic voltammetry oxidation process was
systematically investigated. The results reveal that a broad
potential window of —0.65~2V can enhance the oxygen

1. Introduction

Carbon-based supercapacitors have already emerged as promis-
ing auxiliary power sources/backups for electronic devices and
hybrid electric vehicles owing to their outstanding power
density, long-term stability, and fast charging/discharging
capability."® Carbon-based electrodes store electric energy
primarily through ion accumulation at electrode/electrolyte
interface, which provides super-fast kinetics but limited energy
density.*® Since composing carbon materials with metal oxides
or conductive polymers suffers from low electric conductivity
and/or ion diffusion, heteroatomic doping turns out to be an
attractive approach to boost the energy density without
sacrificing power capability and lifespan.”~

The introduction of O, N functional groups could offer
substantial faradaic pseudocapacitance through multi-electron
reactions with high reactivity and reversibility."'" Furthermore,
the heteroatom doping could enhance interface wettability to
simultaneously enlarge the accessible surface area.>'¥ Among
them, the quinone/hydroquinone redox couple has been
recognized as desirable groups for inducing pseudocapacitance,
which could trigger a reversible two-electron redox reaction
with fast electron transfer.™'” However, excessive oxygen-
containing functional groups will sharply deteriorate conductiv-
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content to 16.4 wt.% (vs. 7.6 wt.% within —0.65~1.5V). Addi-
tionally, a selective oxygen component dominated with redox
active C—OH and C=0O groups was achieved by a rapid
potentiodynamic sweep at 20 mVs™', simultaneously suppress-
ing the -COOH groups with inferior conductivity. The oxidized
AC electrodes could substantially improve the specific capaci-
tance (534 vs. 150.3Fg™' at 1 Ag™") without sacrifice of rate
performance (retained 418 Fg™' at 20 Ag™'), accompanying
excellent cycling stability of 94% of initial capacitance after
10000 cycles. Such finding would provide some reference for
tailoring oxygen species to fabricate advanced carbon-based
supercapacitor electrodes.

ity to reduce the reaction kinetics. Therefore, the efficient
tailoring of oxygen components is the key to comprehensively
improve the capacitive performance of oxygen-rich carbon
electrodes.

So far, the reported methods for the fabrication of oxygen-
rich carbon materials majorly include: (i) heating the oxygen-
containing precursor at a proper temperature to retain the
oxygen-containing functional groups partially,"®" (ii) treating
carbon materials with chemical oxidants to increase the
concentration of oxygen species,™?¥ etc. However, since
neither the oxidizing ability of the oxidant nor the extent of
oxidation can be easily controlled, these conventional methods
could not selectively modify the surface chemistry of the carbon
materials. Meanwhile, vigorous reaction conditions including
high temperature and/or strong corrosive chemicals are usually
involved in the preparation process,” which could induce a
deteriorated conductivity and a collapsed porous structure.
Hence, a milder and more controlled method for the prepara-
tion of oxygen-rich carbon electrodes is urgently demanded.

During the anodic polarization process, the carbon elec-
trode would be in-situ oxidized through direct oxidation by
electrophilic substitution reactions® and/or indirect oxidation
by in-situ generated oxygen intermediates®” " (like hydroxyl
radical), without the utilization of extra oxidant or vigorous
conditions. Since the electrochemical oxidation reaction only
occurs on the conductive carbon skeleton, the introduced
oxygen species can uniformly bond with the conductive carbon
substrates, which strengthens the stability and ensures the
electrochemical activity. Moreover, the highly controlled oxida-
tion process can be achieved through setting specific current or
electrode potential, which provides chance for regulating the
generated oxygen species.’*?" However, the continuous gen-

© 2021 Wiley-VCH GmbH


http://orcid.org/0000-0001-8066-7144
https://doi.org/10.1002/celc.202100641

Chemistry
Europe

European Chemical
Societies Publishing

Articles

ChemElectroChem doi.org/10.1002/celc.202100641

eration and decomposition of oxygen-containing functional
groups during the long-term high-potential oxidation will
notably affect the porous structure and conductivity of carbon
electrode.’? While cyclic voltammetry oxidation presents dis-
tinct advantage against that because it is performed by cycling
of a working electrode instead of fixing at a high oxidation
potential. In this process, the species of the introduced oxygen-
containing functional groups can be optimized as the unstable
oxygen species would be removed during the reduction
process at low potentials.

In this work, we report a rapid cyclic voltammetry process
for the fabrication of electrochemically active oxygen species
riched carbon electrodes, and systematically investigate the
influence of potential window, sweep rate and oxidation cycles
on the components and performances of carbon electrodes
during cyclic voltammetry oxidation process. A broad oxidation
potential window substantially facilitates the overall oxygen
content and the specific capacitance. Meanwhile, a rapid
potentiodynamic sweep ensures a well-maintained conductive
carbon skeleton as well as a selective oxygen component
dominated with electrochemically active C—OH and C=O
groups. With the rapid multiple cyclic voltammetry oxidation
within a broad potential window, the as-prepared electrode
exhibits a high specific capacitance of 534Fg ™' at 1Ag’', as
well as excellent rate performance (retained 78.3% at 20 Ag™")
and long-term cycling stability (94.0% retention after
10000 cycles at 2 Ag™"). Our study will provide an effective
strategy for introducing electrochemically active oxygen species
to boost the pseudocapacitance of carbon-based supercapaci-
tor electrodes.

2. Results and Discussion

The in-situ electrochemical oxidation process of activated
carbon (denoted AC) electrodes is illustrated in Figure 1a. The
intermediates with high oxidizing ability (such as hydroxyl
radical etc.) were gradually generated during the water
oxidation at the anode, which would further proceed the in-situ
oxidation with carbon atoms as well as the oxygen evolution
reaction (OER).”® Simultaneously, H, was produced at the
cathode (Pt foil), which can counteract the formation of H* at
the anode to keep the pH stable. As shown in Figure 1b,
a stepwise progression oxidation pathway has been proposed
in which carbon atoms are consecutively oxidized to C—OH,
C=0, —COOH groups, with a constantly increasing oxidation
valence state.**>% Furthermore, the —COOH groups could be
further oxidized to CO, and/or CO at a quite high potential
(over 2V vs. RHE, i.e, 1.384V vs. Hg/Hg,S0O, electrode)?
leading to the destruction of the conductive carbon skeleton.
The thermodynamic potential for carbon and water oxidation is
at 0.207 V and 1.23 V vs. RHE (corresponding to —0.409 V and
0.614V vs. Hg/Hg,SO, electrode), respectively.”® Considering
the intrinsic properties of electrode materials (defect density,
degree of graphitization, hydrophilia, etc.) and actual exper-
imental conditions (pH, temperature, etc.), the initial potential
of the oxidation reaction is generally above the thermodynamic
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Figure 1. (a) lllustration of in-situ electrochemical oxidation procedure for AC
electrodes. (b) Proposed oxidation reaction of AC electrodes in acidic media,
in which the [O*] refers to the possible oxidant species produced via water
oxidation at high potential. (c) Anodic scanning curve of cyclic voltammetry
oxidation for AC electrodes within the potential window of —0.65~2V at
the sweep rate of 20 mVs™"in 1 M H,SO,.

potential. From the cyclic voltammetry (CV) oxidation curve
(Figure 1c), a gradual increase of current corresponding to the
carbon oxidation was observed above 0.35V. At above 1.5V,
the current obviously decreased and then rapidly rose, which
corresponds to the gradual completion of the surface oxidation
of the carbon electrode and the sharp increase of water
oxidation. Additionally, the broad cathodic peak during the
reverse sweep should be attributed to the partial removal of
unstable oxygen-containing functional groups, which serves as
a preliminary optimization for the generated oxygen species.
The relationship of electrochemical performances of elec-
trodes versus oxidation conditions was primarily investigated.
A three-electrodes electrochemical system was utilized for the
electrochemical evaluation of electrodes. In comparison to the
rectangular CV shape of the untreated AC electrode, the CV
curves of all oxidized electrodes were presented with a pair of
redox peaks at the potential of about OV and —-0.1V
(Figure 2a),  suggesting  the  existence of  redox
pseudocapacitance.® Remarkably, all the oxidized electrodes
displayed a much larger current density than that of the
untreated AC electrode, which exhibited drastically enhanced
charge storage capability. Among them, the AC-2-20 electrode
showed the largest encircled area with the minimum interval
(about 0.1V) between redox peaks, implying the optimal
capacitance characteristic and reversibility. A deformed trian-
gular shape of galvanostatic charge-discharge (GCD) curves for
the oxidized electrodes was also observed in Figure 2b.
Moreover, the AC-2-20 electrode revealed a minimum internal
resistance (IR) drop among the oxidized electrodes, indicating
a rapid electric/ion transport (Table S1). The specific capaci-
tance of the AC electrode was 150.3Fg™' at 1Ag™', while
those of the AC-2-20, AC-2-5 and AC-1.5-5 electrodes were
respectively 534 Fg™', 560.4 Fg~' and 333.6 Fg~', indicating a
significantly improvement of specific capacitance after electro-
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Figure 2. Electrochemical evaluation of the AC-1.5-5, AC-2-5, AC-2-20 and

AC electrodes in 1 MH,SO, electrolyte in a three-electrodes system: (a) CV
curves at a sweep rate of 10 mVs™". (b) GCD curves at a current density of
1Ag™". (c) EIS curves. (d) Rate capability at different current densities from
1t020Ag™".

chemical oxidation. Additionally, it was also revealed that the
specific capacitance of the oxidized electrodes enhanced
substantially with the expansion of the oxidation potential
window, possibly owing to that more electrochemically active
sites were generated within a broader potential window.

The electrochemical impedance spectra (EIS) (Figure 2c)
were fitted with an equivalent circuit model (Figure S1) which
allowed to get crucial parameters for the evaluation of electro-
chemical performance. The combined series resistance (R,) of
electrodes was calculated from the intercept of the x-axis in the
Nyquist plot, representing the combination of active material
electric resistance, electrolyte ionic resistance and electrode/
electrolyte interface resistance. The charge transfer resistance
(R) was calculated from the diameter of the semicircle in the
Nyquist plot, referring to the charge transfer resistance caused
by redox reaction and double-layer capacitance upon the
electrode/electrolyte interface.”*® The AC-2-20 electrode
showed an extremely small Rs (0.1 Q) close to the untreated AC
electrode (0.14 Q), apparently lower than those of the AC-1.5-5
(0.38 Q) and AC-2-5 (0.72 Q), which indicates its well-main-
tained electric conductivity. The barely increased R, of the AC-2-
20 electrode would be mainly ascribed to negligible damage to
the conductive carbon skeleton during the rapid oxidation
sweep at a high rate. Although the kinetics of redox
pseudocapacitance is slower than that of the electrical double-
layer capacitance, the AC-2-20 electrode still presented a low R
of 0.87 Q, showing a relatively fast reaction kinetics than the
other two electrodes. Notably, an extra circular appeared in the
intermedium frequency area of the Nyquist plot of the AC-1.5-5
electrode may correspond to more reaction mechanisms but
which still needs more research in the future. Benefited from
the high electric and ion conductivity, the AC-2-20 electrode
retained a high specific capacitance of 418Fg' even at
20 Ag™' (78.3% retention), significantly superior to the AC-1.5-5
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and AC-2-5 electrodes oxidized at 5mVs™' (Figure 2d). Addi-
tionally, the AC-2-20 electrodes delivers a favorable cycling life
with retention of 90.1% after 5000 cycles at 5 Ag™" (Figure S2).
Such good cycling stability could be attributed to the removal
of unstable oxygen species during the partial reduction. As
a consequence, an excellent electrochemical performance was
obtained through the electrochemical oxidation process with a
broad potential window of —0.65~2 V and a high sweep rate at
20 mVs.

To further prove the boost of capacitance, the electrodes
oxidized with different oxidation cycling numbers were pre-
pared and summarized in Figure 3. All the electrodes oxidized
within —0.65~2 V possess higher specific capacitance than the
corresponding that of the electrodes within —0.65~1.5V,
indicating the universality of improved capacitance by expand-
ing the oxidation potential window. Meanwhile, with the
increase of oxidation cycling numbers, the specific capacitance
of electrodes raised earlier and declined later, due to the
combined effect by the enhanced electrochemically active sites
and deteriorated electrical conductivity as the oxidation degree
strengthened. A slow potentiodynamic sweep at 5 mVs™' could
lead to a slightly higher specific capacitance at alow current
density but a sharp sacrifice of rate performance, especially for
the oxidation cycles increase. This could be interpreted that the
electrodes achieved a higher degree of oxidation at a low
sweep rate but tend to be excessively oxidized during such a
long oxidation time. Throughout the overall performance of all
these oxidized electrodes, the multiple cyclic voltammetry
oxidation with a broad potential window and a rapid potentio-
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Figure 3. Specific capacitance of the AC-x-y electrodes oxidized within the
potential window (a) from —0.65 to 1.5V, (b) from —0.65 to 2 V with
different sweep rates and cycling numbers, where the C in the legend refers
to the specific capacitance at the current density of 1 Ag™', while the R refers
the capacitance retention at the current density of 20 Ag™".
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dynamic sweep emerges as the optimal approach for the
preparation of oxygen-rich carbon electrodes.

To investigate the change of structure and composition by
electrochemical oxidation, the electrodes were characterized by
scanning electron microscopy (SEM), Fourier transform infrared
(FTIR) spectra, elemental analysis and X-ray photoelectron
spectroscopy (XPS). As shown in the SEM images (Figure S3), AC
material was uniformly loaded on the three-dimensional
conductive structure of carbon paper, which was still main-
tained after electrochemical oxidation. Meanwhile, the AC
material had no obvious exfoliation even when large amounts
of bubbles are formed at high potential, due to the good
adhesion of the three-dimensional structure of carbon paper
collector. The FTIR spectra of electrodes revealed four peaks
associated with oxygen-containing functional groups (Figure 4),
corresponding to C=0 (1720 cm™"), C—OH (1480 cm™"), C—0-C
(1390cm™) and C—O (1190 cm™).B¥ All these characteristic
peaks were enhanced after electrochemical oxidation and
further strengthened with expanding oxidation potential
window. Meanwhile, it is worth noting that, compared to the
AC-2-20 electrode, the characteristic peak of C—OH disappeared
and the characteristic peak of C=0 was markedly enhanced for
the AC-1.5-5 and AC-2-5 electrodes. It suggests that the
generated oxygen species would tend to form C=0 groups with
a slow sweep rate, which will be reconfirmed by XPS later.
Besides, the FTIR spectra of the AC-2-20 electrodes oxidized
with different cyclic voltammetry sweep process (sweep from
0V to 2V, and then reverse sweep from 2V to —0.65 V) were
also measured (Figure S4), from which the partial reduction of
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Figure 4. FTIR of the AC-1.5-5, AC-2-5, AC-2-20 and AC electrodes. The peaks

at 1720, 1570, 1480, 1390 and 1190 cm™' correspond to C=0, C=C, C—OH,
C—0—C and C-O, respectively.

the oxygen-containing functional groups (mainly C—O) during
the reverse sweep was confirmed.

Elemental analysis was firstly utilized to quantitatively
determine the augment of oxygen content. From Table 1, the
untreated AC electrode contains about 5.0 wt.% oxygen, with
an O/C ratio of about 0.04. The oxygen content was raised to
7.6, 14.0 and 16.4 wt.% for AC-1.5-5, AC-2-5, AC-2-20 electrodes
respectively, confirming the generation of oxygen species into
the electrodes. Notably, the oxygen content substantially
enhanced from 7.6 wt.% to 16.4 wt.% with expanding oxidation
potential window, which agrees with the tendency of specific
capacitance. This can be interpreted that oxidation degree of
the oxidized electrodes was positively associated with the
applied overpotential. With a strengthened oxidation ability at
high potential, the oxidation may be gradually penetrated the
interior. The generated oxygen species in the carbon skeleton
could not only endow abundant redox sites but also enhance
the surface wettability, promoting the pseudocapacitance and
double-layer capacitance efficiently. Hence, as shown in Fig-
ure 2, within a broader potential window, higher specific
capacitance would be obtained as more oxygen-containing
functional groups were produced.

XPS characterization was also conducted to identify the
tendency in the surface contents and valence states of these
generated oxygen species. As shown in Figure S5, the XPS
survey spectra revealed three characteristic peaks at the bind-
ing energy of 284.6, 532.6 and 687.4 eV, corresponding to Cls,
O1s and F1s respectively, where the presence of F was due to
the PVDF binder added in the process of preparing the
electrode. As shown in Table 2, the surface oxygen content of
the AC electrodes increased by about 10 at.% after electro-
chemical oxidation, with a raised O/C atomic ratio from 0.058 to
about 0.2. The oxidized electrodes with different oxidation
conditions presented similar surface oxygen content, which
could be ascribed to the decomposition of surface oxygen-
containing functional groups at a high degree of the electro-
chemical oxidation. Considering the large difference of oxygen
contents respectively measured by elemental analysis and XPS,
it can be inferred that the oxidation process proceeded
gradually from the surface to the internal bulk phase with the
expansion of the oxidation potential window.

From Figure 5 and Table 2, the detailed surface chemical
compositions were determined by deconvoluting the O1s and
C1s peaks. High-resolution O1s spectra revealed three peaks at
533.5, 533.8 and 531.8 eV, corresponding to -COOH, C—OH and
C=0 groups, respectively. As shown in Figure 5a, the high-

Table 1. Elemental contents obtained by elemental analysis and XPS.
Samples Element Analysis XPS
C H o C 0 F
[wt.%] [wt.%] [wt.%] [at.%] [at.%] [at.%]
AC 94.4 0.59 5.0 86.0 4.95 9.04
AC-1.5-5 91.4 0.98 7.6 725 14.8 12.6
AC-2-5 84.5 1.51 14.0 75.9 15.7 843
AC-2-20 823 1.23 16.4 74.3 14.8 10.8
[a] Oxygen content was calculated as a percent difference.
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Table 2. The relative contents of surface functional groups calculated by the XPS C1s and O1s fitting peak area.
Samples Cls O1s
C-F 0-C=0 =0 O sp* C sp” C 0-C=0 C-OH =0
[at.%)] [at.%] [at.%)] [at.%] [at.%)] [at.%)] [at.%] [at.%] [at.%]
AC 8.25 3.50 3.33 10.41 18.56 55.96 37.1 8.6 54.2
AC-1.5-5 9.93 6.81 3.55 13.20 28.28 38.23 425 16.4 411
AC-2-5 7.58 7.8 429 12.58 21.57 46.80 40.7 184 40.9
AC-2-20 9.73 5.77 5.18 16.08 24.60 38.63 284 353 363
containing functional groups during the longtime oxidation
a eo b g s process would also deepen the destruction of the conductive
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Figure 5. High-resolution XPS spectra of (a) O1s and (b) C1s of the AC-1.5-5,
AC-2-5, AC-2-20 and AC electrodes.

resolution O1s spectra of AC-2-20 electrode exhibited a higher
relative amount of C—OH than those of AC-1.5-5 and AC-2-5
electrodes (35.3 at.% vs. less than 20 at.%) and a lower relative
amount of -COOH (28.4 at.% vs. 40 at.%), suggesting that its
generally low oxidation valence state of functionalized carbon
atoms. The Cls peak can be deconvoluted into six peaks
ascribed to sp? C (284.6 eV), sp> C (285.3 eV), C—O (286.3 eV),
C=0 (287.6eV) and —COOH (288.9¢eV), as well as the C—F
(290.6 eV) from the PVDF binder. As shown in Figure 5b, the
high-resolution C1s spectra also turned out that the AC-2-20
electrode contained more C=0 groups and C—OH groups, as
well as less —COOH groups content than the other two oxidized
electrodes, highly consistent with the result of high-resolution
O1s spectra and FTIR spectra. All the results revealed an obvious
tendency that a rapid potentiodynamic sweep could retain a
low valence state of the functionalized carbon atoms, domi-
nated with the C—OH and C=0 groups.

The C—OH and C=0O groups could be recognized as the
electrochemically active redox couple owing to the quinone/
hydroquinone transformation reaction,®” which could undergo
a highly reversible reaction with the rapid electric transfer.
Compared to the C—OH and C=0 groups, the excessive
production of —COOH groups is undesirable, since they could
lead to a sharp decline of conductivity by serious damaging the
carbon conjugated system (Figure 2c). Meanwhile, a large
number of defect sites left by the decomposition of oxygen-
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carbon skeleton. This explains why the electrodes oxidized at a
low sweep rate tended to suffer from a greatly enlarged internal
resistance and a poor rate performance. In contrast, the AC-2-20
electrode oxidized at a high sweep rate processed abundant
electrochemically active C—OH and C=0 group contents (71.6 %
proportion) but without an obvious increase of internal
resistance, thus achieving excellent electrochemical perform-
ance both of specific capacitance and rate capability. As a
conclusion, a rapid potentiodynamic sweep was confirmed to
endow an optimized oxygen component as well as a well-
maintained electric conductivity, which are of crucial impor-
tance for carbon-based electrodes.

As shown in Figure 6 and Figure S6, the electrochemical
performance of AC-2-20 and AC electrodes was further tested in
symmetric cells in 1 MH,SO, aqueous electrolyte. The CV curve
of the symmetric cell of AC-2-20 presented an irregular
rectangular shape due to the presence of redox pseudocapaci-
tance (Figure 6a) and without obvious deformation during the
increase of the sweep rate (Figure S6a). GCD curves of the AC-2-
20 and AC symmetric cells at 1Ag™" were displayed in
Figure 6b. Their specific capacities measured in the symmetric
cells were inevitably lower than those of the three-electrode
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Figure 6. Electrochemical performances of the symmetric supercapacitors of
AC-2-20 and AC: (a) CV curves at a sweep rate of 10 mVs™". (b) GCD curves at
a current density of 1 Ag™". (c) Ragone plot of specific energy versus specific
power. (d) Cycling stability of the symmetric cell of AC-2-20 at 2 Ag™".
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systems, arising from the fact that redox reactions of the
oxygen-containing functional groups might not take place
simultaneously on the two electrodes at all potentials. Nonethe-
less, the symmetric cell of AC-2-20 still delivered a high specific
capacitance of 357.7 Fg™', over twice for that of the untreated
AC (147.6 Fg™), proving the boost of specific capacitance by
electrochemically active oxygen species.

For practical considerations, a high power density and a
long cycle life are strictly required for the symmetric super-
capacitors. As calculated based on the GCD curves (Figure Séb),
the symmetric cell of AC-2-20 could maintain a high rate
capability of 74.8% retention at 10 Ag™', revealing its good
practicability at high current density (Figure S7). The energy
density and power density for the device of symmetric cells
were also estimated based the mass of the active materials. The
symmetric cell of AC-2-20 displayed a high energy density of
1145 Whkg™' at a power density of 500 Wkg™', dramatically
superior to that of the AC of 5.0 Whkg™" (Figure 6¢). Further-
more, the symmetric cell of AC-2-20 achieved excellent long-
term cycling stability by retaining 94.0% of initial capacitance
after 10000 cycles at 2 Ag™' (Figure 6d). All these results show
that the oxidized AC-2-20 electrode had an outstanding
performance for the energy storage application.

3. Conclusions

In summary, a cyclic voltammetry oxidation approach was
proposed for the controlled preparation of oxygen-rich carbon-
based electrodes with boosted pseudocapacitance. Through
the rapid cyclic voltammetry oxidation with broad potential
window and high sweep rate, the selective oxygen species
containing C—OH and C=0 groups were abundantly generated
as the reversible electrochemically active sites but without
sacrificing the electric conductivity of carbon electrodes. As a
result, the oxidized AC electrodes could substantially improve
the specific capacitance (534 vs. 150.3 Fg™') and energy density
(1145 vs. 50 Whkg™), while maintaining an excellent rate
performance and cycle stability simultaneously. Furthermore,
cyclic voltammetry oxidation was confirmed to efficiently
regulate the oxygen content and component by potential
window and sweep rate. In detail, a broad potential window led
to a high oxidation depth and total oxygen content, while a
rapid potentiodynamic sweep endowed a selective oxygen
component and a well-maintained conductive carbon skeleton.
These results suggest that this mild and controlled cyclic
voltammetry oxidation method represents a promising strategy
to tailor oxygen component for carbon-based supercapacitor
electrodes with high energy density.

Experimental Section

Preparation of the Electrodes

A slurry with 80 wt.% active material (YP-50, Kuraray company),
10 wt.% conductive carbon black, and 10 wt.% binder (polyvinyli-

ChemElectroChem 2021, 8,1-8 www.chemelectrochem.org

These are not the final page numbers! 77

dene difluoride, PVDF) was mixed in N-methyl-2-pyrrolidone. Then,
the slurry was uniformly coated onto the carbon paper (TORAY,
Japan) current collector with a diameter of 12 mm following with
dried at 50°C for 12h, where the mass loading is about

25mgem2

Electrochemical Oxidation of the Electrodes

The electrodes were electrochemically oxidized in a conventional
three-electrode system, with 1 MH,SO, aqueous solution as the
electrolyte, as well as a Pt foil and a Hg/Hg,SO, electrode as counter
and reference electrodes, respectively. Electrochemical oxidation
was implemented through a cyclic voltammetry process within the
potential windows of —0.65~1.5 or —0.65~2V (vs. Hg/Hg,SO,
electrode) at the sweep rate of 5 or 20 mVs™' for 5 cycles. The
electrochemically oxidized activated carbon (denoted AC) electro-
des were denoted as AC-x-y, where x and y represent the maximum
value of the potential windows and the value of sweep rate in the
cyclic voltammetry oxidation process, respectively. The electrodes
with different oxidation cycles were also prepared and measured in
the same three-electrode system.

Characterization

Scanning electron microscopy (SEM) analyses were performed with
a Hitachi FESEM SU8220 instrument. Fourier transform infrared
spectra (FTIR) were carried out on a Nicolet 6700 FT-IR spectrom-
eter. Elemental analyses were tested on an Element Vario
EL03030402 instrument. X-ray photo-electron spectroscopy (XPS)
was carried out on a PHI1600 ESCA with an Mg Ka excitation source
and was fitted by Casaxps software. All electrodes were washed
with deionized water to remove the electrolyte and dried at 100°C
for 12 h.

Electrochemical Measurements

The three-electrode system mentioned above was further used for
the electrochemical evaluation. The cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical impe-
dance spectroscopy (EIS) measurement of the as-prepared electro-
des were performed with a CHI660E electrochemical workstation
(CH Instruments Inc.). The cycle stability performances were
measured on a Neware battery system. The symmetrical cells were
assembled with two identical as-prepared electrodes in a CR2025
stainless steel coin cell, with porous cellulose membrane and 1 M
H,SO, aqueous solution used as the separator and electrolyte,
respectively. Similar electrochemical test methods were used for
the measurement of symmetrical cells.

For the three-electrode system measurements, the specific capaci-
tance (Cyr.) Of electrode is calculated from the GCD curve

according to the following formula:*"

c I x At
three — m

where [ is the constant current, m is the mass of the active material

of the electrode, At is the discharge time, and AV is the voltage

window during the discharge process. For the symmetric super-

capacitor measurements, the specific capacitance (C,,) is also

calculated from the GCD curve according to the following formula:

Al x At
W mx AV
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where | is the constant current, m is the total mass of the active
material of two electrodes, At is the discharge time, and AV is the
voltage window during the discharge process. The energy density
(E) of the supercapacitor is calculated according to the following
formula:

tho Vz

E:2><4><3.6

where V is the voltage window of the discharge process. The power
density (P) of the supercapacitor is acquired according to the
following formula:

3600
At
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A cyclic voltammetry oxidation
method for carbon electrode is
proposed to boost pseudocapaci-
tance substantially. As abundant
electrochemically active and reversi-
ble C—OH/C=0 groups are selectively
introduced without excessive
sacrifice of conductivity during the
rapid multiple cyclic voltammetry
oxidation, the oxidized electrode
delivers a super-high capacitance of
534 Fg~' with good rate and cycle
performance.
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