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ABSTRACT: In this study, various nitrogen-containing functional groups,
namely, pyridine (N-6), pyrrole (N-5), oxidized N (N−O), and quaternary N
(N-Q), are created on activated carbon (AC) surface via melamine, ammonia,
and nitric oxide doping methods. N-5 and N-6 groups markedly alter the
specific surface area and pore size of AC. N−O is found to affect electrolyte
wettability, and the N-Q content is closely associated with AC electronic
conductivity. The nitrogen-containing groups do not contribute to
pseudocapacitance in propylene carbonate and acetonitrile electrolytes.
However, the nitric-oxide-treated carbon (AC-NO) exhibits the best high-
rate charge−discharge performance among the investigated materials. The N-
Q-enriched and N-5/N-6-depleted AC-NO most effectively suppresses the
leakage current and gas evolution of supercapacitors. Online gas chromatog-
raphy is used to analyze the gaseous species produced from AC electrodes.
With an appropriate surface functionality on carbon, the cell voltage can be increased to ∼3 V, increasing the energy and power
densities. The aging behavior of the carbon electrodes with and without nitrogen modification after being floated at 2.5 V and 70 °C
for 3 days is investigated. An effective strategy for enhancing supercapacitor performance and reliability is proposed.
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1. INTRODUCTION

There is a high demand for an effective charge-storage device
that has a high power density, a wide operating temperature
range, excellent cycling stability, and high charge−discharge
efficiency for application in regenerative braking systems and
intermittent renewable energy storage.1−4 Supercapacitors,
especially electric double-layer capacitors (EDLCs), are
appealing candidates for these applications. EDLCs store
electric energy by forming an electrical double layer on the
huge surface area of porous carbon; they have a high power
density (up to ∼104 W kg−1), a long cycle life (up to millions
of cycles), and high safety, and require no maintenance.5,6

Recently, much effort has been devoted to increasing the
energy density of EDLCs via improvements in electrode
capacitance and cell voltage.7,8 Power density, a major
advantage of EDLCs over ordinary secondary batteries, is
also crucial. An effective and facile material design method for
increasing power density is thus highly desired.
The reliability of EDLCs, long overlooked, is important for

practical applications. For instance, leakage current can lead to
the self-discharge of EDLCs.9,10 This not only results in energy
loss but also generates heat during charging, complicating
thermal management and accelerating EDLC fading.11 Gassing

during operation, which is associated with decomposition side
reactions of the electrodes and the electrolyte, is another key
issue.11−13 Gas evolution can block the pores of the electrodes
and separator and increase the EDLC internal resistance and
pressure, leading to performance decay, cell rupture, and even
safety risks.14−16 In addition, the aging behavior of carbon
electrodes is of great concern because long-term stability is
expected for EDLCs.14,17 In severe operation conditions or
with prolonged charge/discharge cycles (especially at high
voltages and elevated temperatures), unwanted faradic
degradation reactions could occur, resulting in capacity decay
and increased cell resistance.3,4,18,19 Such reactions would
shorten device lifetime. These reliability problems limit the
applicability of EDLCs. Better electrode material design and
control are required to overcome these problems.
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The doping of heteroatoms (such as N, B, P, O, and S) into
carbon to improve the charge−discharge properties of EDLCs
has attracted much attention.20−22 Among the potential doping
elements, nitrogen (N) is highly compelling.20,23 In aqueous
electrolyte, a N-doped carbon electrode showed improved
electron transfer rate, wettability, and stability, and decreased
equivalent series resistance.24−27 Most importantly, the
introduced pyridine and pyrrole groups strongly contributed
to pseudocapacitive reactions,25,27 increasing the electrode’s
specific capacitance. However, nonaqueous electrolytes are
commonly used in practical applications because they allow
much higher cell voltage (and thus energy and power
densities) and longer cycle life than those obtained with
aqueous electrolytes. It is noted that the working ions and
solvation molecules in aqueous and nonaqueous electrolytes
are different, and thus the optimal materials for these two types
of electrolyte can be different. The behavior of N dopants in
nonaqueous organic electrolytes is still ambiguous. Candelaria
et al.28 and Garcia et al.29 found that pseudocapacitance arises
from faradic reactions induced by lone electron pairs from N-
containing groups interacting with electrolyte cations (i.e.,
(C2H5)4

+). However, contradictory data were reported in other
studies, which revealed that N-containing functional groups
did not show any pseudocapacitive effect in nonaqueous
electrolytes.30−32 These inconsistent results may be associated
with the fact that different doping methods create different
types of N functionality (including pyridine, pyrrole, oxidized
N, and quaternary N) that exhibit distinct electrochemical
properties in the electrolyte. A more detailed and systematic
investigation is thus needed to optimize surface functional
group manipulation.
In the present study, melamine, ammonia, and nitric oxide

doping methods are used to create various N-containing
functional groups, namely, pyridine (N-6), pyrrole (N-5),
oxidized N (N−O), and quaternary N (N-Q), on activated
carbon (AC). The correlations between the type of N
functional group and AC morphology, pore structures, carbon
bonding characteristics, electronic conductivity, and contact
angle toward a nonaqueous electrolyte are investigated. The
charge−discharge performance, cycling stability, and electro-
chemical impedance spectroscopy (EIS) characteristics of
various N-doped AC electrodes are systematically studied.
Propylene carbonate (PC) and acetonitrile (ACN) with
tetraethylammonium tetrafluoroborate (TEABF4) salt are
used as electrolytes. The effects of various N functionalities
on the leakage current and gas evolution are examined for the
first time. We also demonstrate that with an appropriate N
functionality on the carbon electrode, the cell voltage can be
effectively increased and the aging rate can be remarkably
suppressed. Moreover, a thicker AC layer can be used without
significantly sacrificing the specific power density.

2. EXPERIMENTAL SECTION
2.1. Material Preparation. AC powder (D50 ∼ 6 μm) supplied by

the R & D department of China Steel Co., Ltd. was used as received.
Three kinds of nitrogen doping procedure were used. (i) The AC was
mixed with melamine in a mass ratio of 1:1 in ethanol solution and
stirred for 24 h. The filtered powder was loaded into an alumina
crucible and then heated (at 5 °C min−1) in an airtight quartz tube
under N2 flow to 750 °C and held for 4 h. This sample is denoted as
AC-MEL. (ii) The AC was heated under an NH3/Ar mixed gas (50/
50 cc min−1) in an airtight quartz tube. The sample was heated at a
rate of 5 °C min−1 to 750 °C and held for 4 h. This sample is denoted
as AC-NH3. (iii) The AC was treated with 3000 ppm NO, with He

used as the carrier gas. The gas flow rate was 50 cc min−1. The heating
parameters were the same as those used for the NH3 treatment. This
sample is denoted as AC-NO. We intentionally controlled the
precursor concentrations to make the N content levels of the three
samples similar. For comparison, the as-received AC was heated under
N2 using the same temperature profile. This pristine sample is
denoted as AC-P.

2.2. Material Characterization. X-ray photoelectron spectros-
copy (XPS; Thermo Fisher Scientific ESCALAB Xi+) was used to
probe the surface chemistry of the AC samples. Monochromatic Al
Kα radiation was adopted as the X-ray source. The C 1s peak of
graphitic carbon at 284.6 eV was used for binding energy calibration.
To eliminate adsorbed contaminants, the AC samples were degassed
under vacuum at 100 °C for 24 h before XPS measurements. The
microstructures of the AC samples were examined using scanning
electron microscopy (SEM; JEOL JSM-7800 F). A Raman
spectrometer (UniRAM Micro Raman; λ = 532 nm) was used to
analyze the carbon bonding characteristics. Nitrogen adsorption/
desorption isotherms were acquired at −196 °C. The specific surface
area and pore size were calculated using the quenched solid density
functional theory model, and the pore geometry was assumed to be
slit-shaped. Contact angle measurements were conducted using the
static sessile drop method. A digital goniometer was used to record
the contact angle after 0.2 mL of 1 M TEABF4/PC electrolyte had
been dropped onto the AC electrode.

2.3. Electrode Preparation and Electrochemical Property
and Reliability Measurements. An electrode slurry was prepared
by mixing 91 wt % AC powder, 2.5 wt % carbon black, 5 wt % styrene-
butadiene rubber, and 1.5 wt % sodium carboxymethyl cellulose in
deionized water. The slurry was pasted onto etched Al foil and
vacuum-dried at 90 °C for 6 h. The final thickness of the coating layer
was ∼35 μm with an AC loading amount of ∼1.4 mg cm−2. The
obtained electrode was then punched to match the required
dimensions of a CR2032 coin cell. Two symmetrical electrodes
divided by a cellulose separator were assembled in a coin cell. The
electrolyte was composed of 1 M TEABF4 salt (99 wt %, Alfa Aesar)
in PC (99.7 wt %, Sigma-Aldrich) or ACN (99.5 wt %, J.T. Baker)
solvent. The coin cell assembly was conducted in an argon-filled
glovebox (Innovation Technology Co. Ltd), where both the moisture
and oxygen content levels were below 0.3 ppm.

Galvanostatic charge−discharge tests were performed using a
Solartron 1470E potentiostat with various applied current densities.
The leakage current was measured after the cells were held at the set
voltage for 2 h. The gas evolution of the AC electrodes was evaluated
using a custom-made electrochemical cell equipped with a pressure
gauge, which has an accuracy of 0.5 kPa. The symmetrical cell was
galvanostatically charged to various voltages, and the pressure increase
was recorded after 6 h. The produced gaseous species were further
analyzed using online gas chromatography (GC; Shimadzu GC-2010
Plus). Helium was used as the carrier gas. Aging tests were performed
by holding the cells at 2.5 V and 70 °C for 3 days. EIS was employed
to characterize the impedance properties before and after cell aging.
The frequency range and voltage amplitude, regulated using a
BioLogic VSP-300 potentiostat, were 105−10−2 Hz and 10 mV,
respectively. A postmortem electrode morphology examination was
carried out with SEM.

3. RESULTS AND DISCUSSION

3.1. Surface Functionality. To evaluate the surface
chemical compositions of the AC samples, XPS analyses
were performed. The obtained survey scan data are shown in
Figure 1a. Except for AC-P, which did not contain any N, the
samples exhibited clear C 1s, O 1s, and N 1s signals. No other
elements were detected, indicating high purity. The N
concentrations of AC-MEL, AC-NH3, and AC-NO were 3.5,
3.2, and 3.3 atom %, respectively, indicating that the N doping
procedure did not significantly affect the N content.
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Figure 1b−d shows that the types of N functional group on
the AC samples depend on the N doping procedure. The N 1s
binding energies of 398.7, 400.5, 401.3, and 402.9 eV can be
assigned to N-6, N-5, N-Q, and N−O, respectively.25 Among
the samples, as shown in Table 1, AC-NH3 had the most (N-5

+ N-6) and the least N-Q. In contrast, AC-NO had the least
(N-5 + N-6) and the most N-Q. AC-MEL had moderate
concentrations of (N-5 + N-6) and N-Q. Ammonia gas and
melamine preferably react with the surface oxygen-containing
functional groups on AC, forming various N functional
groups.33−35 Because the replacement reactions mainly occur
at the AC surface, the formation of N-5 and N-6 is
preferential.35,36 The reaction of the NO gas toward carbona-
ceous materials can be expressed as37

+ → +−C NO C N COn n 1

This suggests that N could substitute bulk carbon atoms,
leading to the preferential formation of N-Q. It is noted that
the oxidizing atmosphere of NO gas is probably responsible for
the higher N−O content of AC-NO compared to that in the
other samples. The effects of various N functionalities on the
material properties and electrochemical performance are
investigated later in this work. The narrow-scan C 1s XPS
data for AC-P, AC-MEL, AC-NH3, and AC-NO are shown in
Figure S1. The spectra can be deconvoluted into five peaks,
namely, those corresponding to C−C, C−N/C−H, C−OH,
CO, and COOH bonds.11,14,38 As shown in Table S1, N
doping increased the C−N bond fraction and reduced the
concentrations of various oxygen-containing functional groups

that formed during the chemical activation and rinsing
processes of the AC synthesis. The content levels of the C−
OH, CO, and COOH groups on the three types of N-doped
AC were similar. The O concentration of AC-P was 6.0 atom
%, whereas those of the N-doped ACs were reduced to be
approximately 3.9 atom %.

3.2. Physical Properties. Figure 2a shows the SEM images
of the AC samples. N doping, regardless of the applied

method, did not significantly affect the AC morphology.
However, it slightly increased the Raman D-to-G band ratio.
As shown in Figure 2b, the D band (at ∼1350 cm−1) and G
band (at ∼1590 cm−1) can be clearly recognized in the Raman
spectra. The former is associated with imperfect sp2 carbon
bonding, whereas the latter results from the Raman-allowed
phonon vibration of well-ordered graphite.39,40 The D-to-G
band intensity ratios (ID/IG) for AC-P, AC-MEL, AC-NH3,
and AC-NO are 0.960, 1.011, 1.013, and 1.038, respectively.
The nitrogen doping induced heterogeneous sites among the
carbon lattice, marginally decreasing the degree of graphitiza-
tion.
The specific surface area and pore size distribution of the

pristine and N-doped AC samples are shown in Table 2. AC-P
had a specific surface area of 2102 m2 g−1, with 728, 1188, and
186 m2 g−1 contributed from micropores, mesopores, and
macropores, respectively. The melamine treatment decreased
the specific surface area to 1818 m2 g−1 and altered the pore
structure. The micropore and mesopore surface areas were
reduced, whereas the macropore area was considerably
increased (compared to those for AC-P). The surface N can
affect the pyrolysis behavior of the underlying carbon at a high
temperature, leading to pore structure variation.28 A previous
study also revealed that melamine tends to decrease carbon
porosity and develop relatively large pores.41 Table 2 also
reveals that the NH3 treatment significantly collapsed the
mesopores but increased the macropore surface area. The
micropore area developed due to the etching effects of NH3
toward carbon.33,42 Because a high percentage of the N
functional groups (i.e., N-5 and N-6) is situated on the carbon
edge of AC-MEL and AC-NH3, the surface area and pore
structure are prone to be altered. In contrast, the NO
treatment did not significantly affect the AC specific surface
area and pore size distribution, with 738, 1196, and 195 m2 g−1

for micropores, mesopores, and macropores, respectively. This

Figure 1. XPS (a) survey scan and (b−d) N 1s narrow-scan spectra of
various AC samples.

Table 1. Ratios of Various N Functional Groups for AC-
MEL, AC-NH3, and AC-NO Samples Calculated from XPS
N 1s Spectra

AC-MEL AC-NH3 AC-NO

pyridine (%) 41.2 42.0 40.0
pyrrole (%) 32.2 40.2 17.8
quaternary N (%) 19.6 7.0 29.1
oxidized N (%) 7.0 10.8 13.1

Figure 2. (a) SEM images, (b) Raman spectra, and (c) contact angle
images of various AC samples.
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indicates that the NO doping method best preserves the AC
pore structure.
The electronic conductivity of the AC samples was

measured using a four-point-probe method.43 The AC-P,
AC-MEL, AC-NH3, and AC-NO slurries were coated onto
plastic substrates, which provided no electronic conduction.
Table 3 shows that all N-doped AC samples had considerably
higher conductivity than AC-P. Of note, the conductivity
values increased with increasing N-Q concentration in the AC
samples. The graphitic center N donates a free electron within
the sp2 carbon structure,44,45 effectively increasing the
electronic conductivity of the N-doped AC samples. It has
been reported that the carbon material containing N-Q
functional groups has a smaller energy gap between the
highest occupied molecular orbital and the lowest unoccupied
molecular orbital compared to the carbons with other N-
containing groups.46 This explains the strong correlation
between the electronic conductivity values (Table 3) and the
N-Q content in our AC samples.
Figure 2c shows the wettability of 1 M TEABF4/PC

electrolyte toward the AC samples. The contact angles for the
AC-P, AC-MEL, AC-NH3, and AC-NO electrodes are 35, 16,
12, and 5°, respectively. It is noted that the electrode
morphology and porosity also affect the contact angle.47,48

However, these factors have similar effects for AC-P and AC-
NO. These results imply that N functionality played a role in
wettability improvement. A comparison of the contact angle
data and the N group concentrations in Table 1 suggests that
the N−O amount could be an important factor for the
electrolyte wettability. Although the C−OH, CO, and
COOH groups also increase the wettability, their effects are
minor because the AC-P showed the highest contact angle.
3.3. Electrochemical Charge−Discharge Perform-

ance. To evaluate the electrochemical characteristics of the
AC electrodes, galvanostatic charge−discharge measurements
were performed. As shown in Figure 3a, the charge−discharge
curves for all of the electrodes have a nearly triangular shape,
indicating ideal capacitive behavior in the TEABF4/PC
electrolyte. The overlapping curves at 0.5 A g−1 reveal that
the specific capacitances are almost identical, as listed in Table
4. The results confirm that the introduced N groups did not
show pseudocapacitive effects in the nonaqueous electrolyte.
This is also supported by the cyclic voltammetry (CV) data
shown in Figure S2, which shows an ideally rectangular shape
for both AC-P and AC-NO electrodes. However, when the

specific current was increased to 20 A g−1, as shown in Figure
3b, the electrodes exhibited different charge−discharge
properties. Table 4 shows that the specific capacitances of
AC-P, AC-MEL, AC-NH3, and AC-NO at 20 A g−1 were 69,

Table 2. Specific Surface Areas of Micropores, Mesopores, and Macropores and Their Ratios for Various AC Samples
Calculated from N2 Adsorption/Desorption Isotherms

AC-P AC-MEL AC-NH3 AC-NO

area (m2 g−1) ratio (%) area (m2 g−1) ratio (%) area (m2 g−1) ratio (%) area (m2 g−1) ratio (%)

micropores 728 35 673 37 878 46 738 35
mesopores 1188 56 714 39 560 29 1196 56
macropores 186 9 431 24 491 25 195 9
total 2102 100 1818 100 1929 100 2129 100

Table 3. Electronic Conductivity (σ), Interfacial Contact Resistance (Rinter), and Apparent Diffusion Coefficient (Da) Values
for Various AC Samples

AC-P AC-MEL AC-NH3 AC-NO

σ (S m−1) 9.3 17.7 12.1 19.7
Rinter (Ω) 3.3 1.8 2.1 1.6
Da (cm

2 s−1) 1.56 × 10−7 4.32 × 10−7 1.02 × 10−7 7.86 × 10−7

Figure 3. Galvanostatic charge−discharge curves measured at (a) 0.5
Ag−1 and (b) 20 Ag−1. (c) Cyclic stability at 5 A g−1, (d) Ragone plots
and (e) EIS spectra of various AC cells.

Table 4. Specific Capacitances (F g−1) and Capacitance
Retention Ratios at 20 A g−1 (Compared to That at 0.5 A
g−1, C20/C0.5) of Various Electrodes Measured in 1 M
TEABF4/PC Electrolyte

current density (A g−1) AC-P AC-MEL AC-NH3 AC-NO

0.5 110 110 110 112
10 83 86 77 91
20 69 74 63 81
C20/C0.5 (%) 63 67 57 72
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74, 63, and 81 F g−1, respectively. Among the electrodes, AC-
NH3 showed lower high-rate performance (even worse than
that of AC-P), probably because of its lower portion of
mesopores, which are beneficial for electrolyte ion trans-
port.49,50 AC-MEL had markedly better rate capability than
AC-NH3. Besides the greater portion of mesopores, the higher
percentage of N-Q (and thus higher conductivity) in AC-MEL
is responsible for the improved performance. AC-NO, with
even more mesopores and higher N-Q content, was found to
be optimal. As shown in Figure 3b, the AC-NO electrode had
the smallest IR drop and the longest charge−discharge
duration, resulting in the highest specific capacitance. Figure
3c shows that the AC-NO electrode had the best cycling
stability of all of the tested electrodes. The Ragone plots in
Figure 3d indicate that N doping is unlikely to lead to
pseudocapacitance but does affect the high-power capability of
cells with an organic electrolyte. The data also reveal that the
N doping method matters.
Figure 3e shows the EIS spectra of various cells. The

Nyquist plots are characterized by a semicircle (associated with
interfacial contact resistance) at high frequency, a nearly 45°
sloping line (associated with ion diffusion impedance within
AC pores) at intermediate frequency, and a quasi-vertical line
(associated with capacitive behavior) at low frequency.40,51,52

The equivalent circuit used to fit the EIS data is shown in the
inset. As shown in Table 3, the interfacial contact resistance
(Rinter) values of the AC-P, AC-MEL, AC-NH3, and AC-NO
cells were 3.3, 1.8, 2.1, and 1.6 Ω, respectively. This trend is
consistent with that of the N-Q content ratio. A higher N-Q
concentration led to a lower Rinter value. The apparent diffusion
coefficients (Da) can be calculated from the sloping line at
intermediate frequency of the Nyquist plots.53 As summarized
in Table 3, the Da values for the AC-P, AC-MEL, AC-NH3, and
AC-NO cells were 1.56 × 10−7, 4.32 × 10−7, 1.02 × 10−7, and
7.86 × 10−7 cm2 s−1, respectively. The highest Da was obtained
for AC-NO; this can be attributed to the preservation of the
surface area and pore structure and to the relatively high
content of N−O groups, which increased the wettability and
thus electrolyte ion transport within the AC pores.
The electrochemical properties of the AC-P and AC-NO

electrodes in the other commonly used EDLC electrolyte
TEABF4/ACN were also compared. The obtained data are
shown in Figure S3. Improved rate capability and cycling
stability of the latter electrode were confirmed, indicating that
the NO treatment is promising also for the acetonitrile-based
electrolyte.
3.4. EDLC Reliability Study. The leakage current was

measured after the cells were held at a constant voltage for 2 h.
The data obtained are shown in Figure 4a. For an ideal
capacitor, there should be no leakage current. Leakage current
can be attributed to reversible and irreversible side reactions of
the electrodes with the electrolyte. As shown, the leakage
current of the AC-P cell dramatically increased after 2.7 V and
was notably higher than those of the N-doped AC cells, which
is due to the prominent decomposition of the oxygen-
containing functional groups.11,54,55 It is noted that the
measured leakage current decreases in the order of AC-NH3
> AC-MEL > AC-NO. The negatively charged N-5 and N-6,
due to their nucleophilic nature, can facilitate PC ring
opening,56 leading to a side reaction current. In contrast, the
positively charged N-Q reduces the possibility of nucleophilic
attack, thus explaining the optimal stability of the AC-NO cell.

Figure 4b shows the gas pressure of the cells, which were
held at the set voltage for 6 h. The generated gas can
deteriorate capacitor performance (similar to the Leidenfrost
effect in boiling) and even lead to mechanical damage such as
rupture and leakage of the cells. As shown, the gas pressure
increases with the applied voltage. However, the cells
containing the N-doped AC electrodes showed reduced
gassing. Regardless of the voltage, the gas evolution tendency
is AC-P > AC-NH3 > AC-MEL > AC-NO, which is in line with
that of the leakage current. These results confirm that the N-Q
group most effectively suppresses unwanted faradic side
reactions.
The gaseous products formed in the AC-P and AC-NO cells

were analyzed using an online GC analyzer; the results are
shown in Figure 4c. The AC-P cell generated remarkably more
H2, CO, and CO2 gases than the AC-NO cell did, especially
when the voltage was above 2.7 V. Besides the electrolyte
decomposition, the oxygen-containing groups (such as
carboxyl, phenol, ketone, and lactone) on AC-P can be easily
oxidized, producing CO and CO2.

14,57,58 These oxygen-
containing groups are hydrophilic and tend to adsorb water
molecules on the carbon surface.46,47 At the negative electrode,
electrolysis of the adsorbed water generates H2 and OH−,
which further reacts with PC to form more CO and CO2.

57,58

The NO treatment was confirmed to effectively reduce the
above gassing reactions.
A promising strategy for improving the energy density and

power density of a supercapacitor is to increase the cell voltage.
To evaluate the effect of N doping on the cell voltage,
galvanostatic charge−discharge tests were performed with
various voltage windows. Figure 5a,b shows the specific
capacitance and high-rate retention of the AC-P and AC-NO
cells, respectively, measured in a voltage range of 2.5−3.50 V.
The AC-P cell was stable up to 2.75 V but showed a significant
performance decay when the voltage exceeded this limit. In
contrast, for the AC-NO cell, degradation started at 3.25 V
(the detailed capacitance and high-rate retention values are
shown in Table S2). Figure 5c shows that the capacitance
retention values after 3000 charge−discharge cycles for the
AC-P cells operated within 2.5 and 3.0 V (@5 A g−1) were 88
and 70%, respectively. The AC-NO cells showed 96%

Figure 4. (a) Leakage current and (b) gas evolution data of various
AC cells measured at different voltages. (c) Online GC data of CO2,
CO, and H2 produced at different voltages.
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capacitance retention for both operation voltages after the
same number of cycles, indicating high reliability for 3 V
applications. The N-doped AC has a lower oxygen-containing
group concentration and shows suppression of electrolyte
decomposition side reactions. As a result, an increased
operation voltage can be realized. Figure 5d compares the
Ragone plots of the AC-P cell operated within 2.5 V and the
AC-NO cell operated within 3.0 V. The specific energy of the
former cell was 23.9 Wh kg−1 at a specific power of 0.3 kW
kg−1, but it decreased to 14.9 Wh kg−1 at 12.5 kW kg−1. For the
latter cell, the specific energy values increased to 35.0 Wh kg−1

(at 0.4 kW kg−1) and 25.3 Wh kg−1 (at 15.0 kW kg−1),
respectively.
In practical applications, a thick AC layer is preferred to

reduce the inactive current collector ratio within a cell. To
investigate the influence of N doping on the electrode
thickness effects, AC-P and AC-NO layers with two
thicknesses (35 and 100 μm) were prepared and their
charge−discharge properties were examined. As shown in
Figure S4a,b, at 0.5 A g−1, all of the cells, regardless of the
electrode composition and thickness, exhibited similar charge−
discharge behavior and capacitances. However, at a high
current density, the capacitance of the thick AC-P (100 μm)
electrode significantly decreased. The capacitance retention
ratio at 20 A g−1 (compared to that at 0.5 A g−1, C20/C0.5) was
31%, which is much lower than that (63%) for the thin AC-P
(35 μm) electrode (see Table 5). For the thick and thin AC-
NO electrodes, the C20/C0.5 ratios were 56 and 72%,
respectively. Figure S4c,d shows that at high current densities
the IR drop for the 100 μm AC-NO cell was smaller than that
for the 100 μm AC-P cell. The higher electronic conductivity
and higher Da value allowed the AC-NO electrode to be
thicker without significant deterioration of the specific
capacitance.
Figure 6a shows the variations of energy versus power

performance of the AC-P and AC-NO cells after being floated
at 2.50 V and 70 °C for 3 days. The former cell showed
dramatic performance fading, especially in terms of power
capability, whereas the latter cell exhibited improved stability.

Figure 6b shows the EIS data for the AC-P and AC-NO cells
before and after aging. The Rinter and Da values are summarized
in Table S3. The electrode and electrolyte decomposition
products that accumulated between AC particles (increasing
Rinter) and within the AC pores (decreasing Da) contributed to
the cell performance decay. As shown in Figure 6b and Table
S3, both Rinter and Da deteriorations of the AC electrode were
effectively suppressed after NO treatment. The relatively large
degradation of the AC-P electrode upon aging was confirmed
by SEM, as shown in Figure 6c. The interparticle cracking and
structural collapse of the aged AC-P electrode are mainly
ascribed to gas evolution, which physically destroyed the
electrode.11,14,59 Decomposition products generated from
undesired faradic side reactions were observed. In addition,
some corrosion damage was recognized. The adsorbed water
molecules on the hydrophilic surface of AC-P are speculated to
react with BF4

− and then produce HF, which can corrode the
active material and current collector.60,61 These structural
degradation issues are substantially mitigated for the AC-NO
electrode.

4. CONCLUSIONS
The N doping of AC did not contribute to additional
pseudocapacitance. However, the nitrogen-containing func-
tional groups greatly affected the material properties and
EDLC performance. The formation of N-5 and N-6 groups
decreased the specific surface area and mesopore fraction of
AC. The N-Q content was closely related to the AC electronic
conductivity, while the N−O content affected the electrolyte
wetting. The AC-NO electrode, having high N-Q and N−O
contents, showed the best high-rate charge−discharge perform-
ance. The magnitude of leakage current and gas evolution of

Figure 5. Specific capacitances at various rates for (a) AC-P and (b)
AC-NO electrodes measured at different voltages. (c) Cycling
stability and (d) Ragone plots of AC-P and AC-NO cells measured
at different voltages.

Table 5. Specific Capacitances (F g−1) and Capacitance
Retention Ratios of AC-P and AC-NO Electrodes with
Various Thicknesses Measured in 1 M TEABF4/PC
Electrolyte

AC-P AC-NO

current density (A g−1) 35 μm 100 μm 35 μm 100 μm

0.5 110 110 112 112
10 83 73 91 82
20 69 34 81 63
C20/C0.5 (%) 63 31 72 56

Figure 6. (a) Ragone plots and (b) EIS spectra of AC-P and AC-NO
cells before and after being floated at 2.50 V and 70 °C for 3 days. (c)
SEM images of fresh and aged electrodes.
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the AC electrode depended on the type of N group, with N-Q
being more favorable than N-5 and N-6 to suppress unwanted
faradic side reactions. Online GC confirmed that the CO, CO2,
and H2 gases produced via the electrolyte, electrode functional
groups, and adsorbed water decomposition were considerably
lower for the AC-NO cell than for the AC-P cell. Employing
the AC-NO electrodes can effectively increase the cell voltage
up to 3 V, increasing the specific energy and power of the cell.
AC-NO also allowed for higher electrode thickness (due to
higher electronic conductivity and Da than those of AC-P),
which is beneficial for practical applications. It was also found
that the electrode aging rate, in terms of capacitance, Rinter, Da,
and structural degradation, can be adequately retarded with the
NO treatment. The proposed N functionality design strategy
could be applicable to other carbon-based electrode materials
to enhance their electrochemical properties and reliability for
energy storage applications.
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Table S1. Ratios of various functional groups for AC-P, AC-MEL, AC-NH3, AC-NO 

samples calculated from XPS C 1s spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Binding energy (eV) AC-P AC-MEL AC-NH3 AC-NO 

C-C 284.6 58.2% 59.1% 59.3% 60.6% 

C-H/C-N 285.0 17.5% 21.5% 22.0% 21.3% 

C-OH 286.5 14.2% 12.9% 12.2% 12.0% 

C=O 287.5 5.1% 3.1% 3.2% 3.0% 

COOH 289.0 5.0% 3.4% 3.3% 3.1% 
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Table S2. Specific capacitances (F g−1) at various rates for AC-P and AC-NO electrodes 

measured at different voltages in 1 M TEABF4/PC electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Current density  

(A g−1) 

AC-P  AC-NO 

2.50 V 2.75 V 3.00 V 3.25 V 3.50 V 2.50 V 2.75 V 3.00 V 3.25 V 3.50 V 

0.5 110 110 107 95 90 112 112 112 112 111 

0.8 108 107 105 88 84 111 111 110 108 107 

1 106 105 102 84 81 109 108 107 106 104 

2 101 99 95 73 70 106 105 104 103 99 

3 98 96 90 68 64 104 104 103 100 93 

5 93 92 83 62 55 99 99 98 95 86 

8 87 85 75 55 48 94 93 93 89 77 

10 83 81 69 52 45 91 91 90 86 72 

12 80 78 65 48 42 88 87 87 83 69 

15 75 73 61 43 37 85 85 84 80 64 

20 69 68 55 38 32 81 81 81 76 60 

C20/C0.5 (%) 63 62 51 40 36 72 72 72 68 54 
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Table S3. Interfacial contact resistance (Rinter) and apparent diffusion coefficient (Da) values 

of AC-P and AC-NO cells before and after being floated at 2.50 V and 70 °C for 3 days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 AC-P Aged AC-P AC-NO Aged AC-NO 

Rinter (Ω) 3.3 29.4 1.6 11.2 

Da (cm2 s−1) 1.56×10−7 2.27×10−8 7.86×10−7 1.01×10−7 
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Figure S1. XPS C 1s spectra of (a) AC-P, (b) AC-MEL, (c) AC-NH3, and (d) AC-NO 

samples. 
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Figure S2. CV curves of (a) AC-P and (b) AC-NO cells measured at 5 mV s−1.  
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Figure S3. (a) Specific capacitances of AC-P and AC-NO electrodes measured at various 

rates in 1 M TEABF4/ACN electrolyte. (c) Cycling stability of AC-P and AC-NO cells 

measured at 5 A g−1 in 1 M TEABF4/ACN electrolyte. 
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Figure S4. Galvanostatic charge-discharge curves measured at (a) 0.5, (c) 10, and (d) 20 A 

g−1. (b) Specific capacitances of various electrodes measured at various rates. 
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