J Porous Mater (2017) 24:1363-1373
DOI 10.1007/s10934-017-0378-1

@ CrossMark

One-step synthesis of nitrogen-doped porous carbon for high

performance supercapacitors

Jian-Qiang Zhang! - Ping Li! - Si-Yun Huang! - Bin Wang' - He-Ming Luo!

Published online: 2 February 2017
© Springer Science+Business Media New York 2017

Abstract We report a simple synthesis of nitrogen-doped
porous carbon materials by one-step carbonization of pure
sodium glutamate in inert atmosphere without any activa-
tion. The surface area, pore structure, and electrochemi-
cal properties of the resultant carbon materials can be
tuned simply by changing the carbonization temperature.
The carbon materials are characterized by heteroatom
(N, O) doping, interconnected porous carbons framework
with high surface area (1873 m? g~!), large pore volume
(1.10 cm® g71), and high yield. While the nitrogen content
decreases from 7.15 at% at 600°C to 4.03 at% at 900°C.
These features confer the as-obtained nitrogen-doped
porous-carbon materials with high specific capacitance,
good rate capability, and excellent cycling stability (88.15%
of capacitance retention after 5000 cycles) in 2 M NaNO;
electrolyte.

Keywords Nitrogen-doped porous carbon -
Supercapacitors - Specific capacitance - NaNO; electrolyte

1 Introduction

Supercapacitors, also known as electrochemical dou-
ble layer capacitors (EDLCs) or pseudo-capacitors, are
attracting increased attention because of their high power
density and long cycle life [1, 2]. Carbon has various allo-
tropes and different degrees of graphitization, which yield
several microstructures in many forms and variety of
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dimensionality [3-5]. Therefore, carbon materials are con-
sidered to be the most promising electrode materials for
supercapacitors.

However, the main limitation of supercapacitors is
their lower energy density than batteries, as well as their
high cost per unit energy [6, 7]. To achieve high energy
density in supercapacitors, the capacitance of each elec-
trode should be maximized, and the maximum allowed
operational voltage of supercapacitor should be increased.
However, porous-carbon materials have a low capacitance,
which is related to the total charge amount accumulated at
the electrode/electrolyte interface [8]. Capacitance may be
improved by using redox-active electrolytes or by provid-
ing additional charge originating from faradaic reactions,
which can increase electrode capacitance. Electrode mate-
rials providing pseudo-capacitance are mainly composed
of transition-metal oxides such as Mn-based [9-11], Vana-
dium-based [12], Co;0, [13], and NiO [14] and may be
assembled both as pure materials in asymmetric configura-
tion, e.g., with carbon electrode [15]. However, low con-
ductivity, poor cycle stability, and high cost limit the practi-
cal application of pseudo-capacitive materials.

Other promising materials providing pseudo-capaci-
tance are carbon materials enriched by heteroatoms such
as oxygen or nitrogen [16, 17]. In these materials pseudo-
capacitance originates from redox reactions of functional
groups and from local changes in the electron density of
a carbon matrix being enriched by a heteroatom [18, 19].
The incorporation of nitrogen into the carbon network can
be achieved by two strategies, i.e., by post-treatment of
carbons or by using nitrogen-containing precursors. In the
former, carbon materials are post-treated with ammonia,
amine, or urea to introduce nitrogen-containing functional
groups on their surface [20-24], which does not change the
properties of the bulk material. In the latter, in situ doping
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using various nitrogen-containing precursors is performed
to enable homogeneous incorporation of nitrogen into car-
bon materials with controlled chemistry. Various nitrogen-
containing precursors have been widely investigated to pre-
pare nitrogen-doped porous carbons, including synthetic
polymers [21, 25-27], biomass or biomass derivatives
[28-30], small organic molecules [31], and ionic liquid [32,
33]. The relevant approaches include carbonization—activa-
tion method, template, and polymer blend. Most recently,
nitrogen-doped porous-carbon materials have been syn-
thesized by an easy one-step carbonization of nitrogen-
containing precursors, such as tetrasodium salt of ethylen-
ediamine tetraacetic acid [34], ethylenediamine tetraacetic
acid disodium magnesium salt [35], 3-methyl-1-butyl-
pyridine and dicyanamide [32]. These works suggest that
nitrogen-containing organic salts can be used as precursors
for nitrogen-doped carbons. However, the development
of nitrogen-doped porous carbons by using cost-effective
materials and sample synthesis is still highly demanded to
realize the commercial applications of electrode materials
in supercapacitors.

Sodium glutamate is a kind of seasoning whose main
content is sodium (2S)-2-amino-5-hydroxy-5-oxo-pen-
tanoate. Sodium glutamate is used as a low-cost, envi-
ronmentally friendly nitrogen-containing carbon source
because it is easily derived from plant residues. The pre-
sent paper reports a single-step synthesis of new nitrogen-
doped porous-carbon materials through monosodium-glu-
tamate carbonization. Neutral electrolytes render the EDLC
assembly process simple and economic because of their
favorable properties, including cost effectiveness, corrosion
resistance, electrochemical stability, environmental friend-
liness, and compatibility with diverse current collectors.
The performance of the materials as electrodes for superca-
pacitors is evaluated in 6 M KOH solution and 2 M NaNO,
aqueous solution.

2 Experimental
2.1 Synthesis of materials

Pure monosodium  glutamate (Sodium glutamate:
CsH;O,NNa-H,0) was purchased commercially. Nitrogen-
doped porous carbon materials were prepared by direct
carbonization of sodium glutamate. The prepared sodium
glutamate was ground, placed in a porcelain boat, and fur-
ther heated in a horizontal tube furnace up to 600, 700,
800, or 900°C at a rate of 3°C min~". The last temperature
was maintained for 2 h under N, (99.999%) flow. Subse-
quently, the resulting black substance was washed with 1 M
HCI solution to remove inorganic impurities and then with
deionized water until pH was neutral. After filtration, the
product was dried at 80 °C. The nitrogen-doped porous car-
bons were named CMG-T, where MG means monosodium
glutamate and T means carbonization temperature.

2.2 Yield of materials

The yield of CMG-800 is ~16%. Specifically, the carbon
conversion rate of sodium glutamate exceeded 40%. The
yield of CMG-T is listed in Table 1.

2.3 Structural characterizations

Powder X-ray diffraction (XRD) patterns in the Bragg’s
angle (26) range of 590" were collected using a D/Max-
2400 (Rigaku) diffractometer with monochromatic Cu Ko
radiation of wavelength 1=0.1541 nm at a scanning speed
of 15" min. Raman spectra were recorded using a Horiva
(JY-HR800 micro Raman) spectrometer. The excitation
source is a laser at 532 nm with 25 mW power. The mor-
phology of the nitrogen-doped porous carbons was inves-
tigated by field-emission scanning electron microscopy
(SEM; JSM-5600LV, JEOL) and high-resolution transmis-
sion electron microscopy (HRTEM; JEM-1200EX, JEOL).
Surface elemental composition was determined by X-ray
photoelectron spectroscopy (XPS) using a VG scientific

Table 1 Yield of nitrogen-
doped porous carbon samples

ESCA-3000 spectrometer with non-monochromatized
Organic salt Carbon content (wt%) Sample Carbon Yield (%)b
conversion
(%)
Monosodium glutamate CsHgO,NNa-H,O0 35.48 CMG-600 27.76 9.14
CMG-700 46.81 16.61
CMG-800 46.56 16.52
CMG-900 44.33 15.73

S =(W, | (Wx47.05%)) x 100%

Y= (W,/W)x 100%, where a is carbon conversion in the organic salt, Y is the yield, W, is the weight of car-
bon materials, and W is the weight of the initial material
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Mg Ko radiation (1253.6 eV). The structure perfor-
mance of the nitrogen-doped porous carbons was meas-
ured through nitrogen sorption isotherms obtained using
a Micromeritics ASAP 2020 sorptometer. The apparent
surface area (Sgpp) was calculated from the N, isotherms
at relative pressures (P/P,) from 0.06 to 0.20 through the
Brunauer—Emmett-Teller (BET) method [36, 37].

2.4 Electrochemical measurements

To prepare the working electrode, nitrogen-doped porous
carbon materials were ground with super P (15 wt%) and
polytetrafluoroethylene (5 wt%) and then pressed onto
nickel foam (1 cm?) functioning as current collector. The
total material loading on each electrode was approximately
5 mg. These carbons were then dried in a vacuum at 80°C
for 12 h. Subsequently, the working electrode was pressed
at 15 MPa for 1 min.

Electrochemical measurements including cyclic vol-
tammetry (CV), galvanostatic charge—discharge (GCD),
and electrochemical impedance spectroscopy (EIS) were
performed in 6 M KOH and 2 M NaNO; aqueous solution
by using a three-electrode system with the nitrogen-doped
porous carbon materials as the working electrode, a plati-
num slice (~1.5 cm?) as the counter electrode, and a satu-
rated calomel electrode (SCE) as the reference electrode.
GCD tests were performed at different currents densities
over a potential window of —1-0 V. Specific capacitance C
(F g'l) was calculated as shown in Eq. (1):

1At

T m-AV M

where [ is the constant discharging current (A), At is the
discharge time (s) for the potential change AV (V), and m
(g) is the mass of the nitrogen-doped porous-carbon materi-
als in the electrode.
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Fig. 1 a XRD patterns, b Raman spectra of CMG-T samples

CV was performed at different scan rates over the poten-
tial window of —1-0 V. Specific capacitance C (F g~') was
also calculated from the CV curves according to Eq. (2):

fi(V)dV
T 2.-ymAV

where i(V) is the current as the function of voltage, and v is
the scan rate (V s71).

EIS measurements were performed at open-circuit
potential with an AC amplitude of 5 mV within the fre-
quency range of 107>-10° Hz.

(@)

3 Results and discussion

3.1 Structural characteristics of nitrogen-doped porous
carbons

XRD and Raman spectroscopy characterizations were
conducted to obtain phase-structure information about the
CMG-800 samples, as shown in Fig. 1. Figure la shows
the XRD patterns of CMG-T samples. All samples dem-
onstrate two broad diffraction peaks centered at 26 of
approximately 25° and 44° in their XRD patterns, which
are approximately indexed as the (002) and (101) planes of
graphite, respectively. The XRD patterns displayed a broad
peak at 20=25.08°, which was approximately indexed as
the (002) planes of graphite (20~ 26.6°), with an expanded
interlayer spacing of 0.4 nm compared with that of graphite
(0.334 nm) [38, 39]. This finding suggested the presence of
disordered or amorphous carbon. With increased carboni-
zation temperature, the (002) diffraction peaks shifted to
higher angles, suggesting decrease of the average carbon-
to-carbon distance in the as-synthesized carbon materials
with increased carbonization temperature.
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The Raman spectra of the CMG-800 sample are shown
in Fig. 1b, and two characteristic peaks centered at approxi-
mately 1347.1 (D-band) and 1589.1 (G-band) cm™! were
observed. The D-band stood for the disorder induced
mode related to structural defects and imperfections [40],
whereas the G-band originated from the E,, phonon vibra-
tions of sp2 carbon atoms [41]. The position, intensity, and
broadening of the D band (relative to the G band) depended
on the structure and uniformity of the disordered carbon, as
well as the presence of functional groups [42]. The CMG-T
samples exhibited a strong D band signal and a slightly
less intense G band with an I/ intensity ratio less than
1, which showed that structurally disordered carbons was
formed. The full-width at half-maximum of both the G
bands and D bands decreases with the increase of carboni-
zation temperature, suggesting a structurally disordered
carbon formed at a relatively low temperature.

SEM images of CMG-800 sample exhibited architecture
with macroscopic pores interconnected with one another,
as shown in Fig. 2a. Further high-resolution SEM analysis
(Fig. 2b) showed that CMG-800 sample had an intercon-
nected pore structure. To obtain the intrinsic structure of

1um

carbon, HRTEM was also used, as shown in Fig. 2a, 2b.
HRTEM images of CMG-800 sample demonstrated that
the pore walls consisted of many randomly distributed
mesopores. These pore structure facilitated rapid ion diffu-
sion, ion buffering, and ion storage, thereby guaranteeing
full surface-area utilization.

The surface functional groups of CMG-T samples were
identified by XPS (Figs. 3, 4). As shown in Fig. 4, three
strong peaks within the range of 250-550 eV corresponded
to Cls, Nis, and Ols, respectively, in agreement with
their corresponding element mapping images, suggesting
the successful formation of nitrogen-doped porous-carbon
materials after sodium glutamate carbonization. The cor-
responding high-resolution spectrum of N/s in all the
samples after deconvolution using four peaks is shown in
Figs. 3a and 4b. The strongest peak, with a binding energy
centered at 400.1 eV, was due to pyrrolic-N, and the other
peaks centered at 398.5, 401.2, and 404.0 eV could be due
to pyridinic-N (N-6), quaternary-N (N-Q), and pyridine-
N-oxide species (N-x), respectively [43—45]. Among these
four different nitrogen configurations, N-6 and N-5 were
assumed to be the main configurations contributing to the

T i
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Fig. 2 SEM images: a x5000, b x20,000, HRTEM images: ¢ 50 nm, d 20 nm of CMG-800 sample
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Fig. 3 a XPS survey, N/s XPS spectra of b CMG-600, ¢ CMG-700, and d CMG-900 sample

faradaic reaction-based pseudocapacitance [46]. Introduc-
ing nitrogen into the porous carbon electrodes can also
change the electron distribution of the materials, which can
further enhance wettability between electrolytes and elec-
trode materials, leading to increased active surface area
accessible to the electrolyte [47]. Based on the intensity of
XPS peaks, the fractions of these different types of N and
O atoms are calculated, as listed in Table 2. The concentra-
tions of N and O atoms decreased with increasing carboni-
zation temperature. The N atoms content in CMG-600 sam-
ple is 7.15at%. As the carbonization temperature increases
to 700°C, the N atoms content decreases to 5.33at%.

The four peaks fitted in Cls spectrum (Fig. 3a) corre-
sponded to C=C (284.7 eV), C-N and/or C=N (285.2 eV)
[48], C-O (286.4 eV), and O-C=0 (289.4 eV) [49, 50].
Two peaks in the Ols spectrum (Fig. 3d) were positioned
at 531.3, 532.5, and 533.4 eV, which corresponded to
—C=0(ester), —-C=0O(carboxyl), and O-C=0, respectively
[51]. The concentration of O atoms in samples decreases in
the order of 10.79 at% at 600°C > 9.32at% at 700°C >8.75
at% at 800°C>4.91at% at 900 °C.

The porous structure of the nitrogen-doped porous-
carbon materials obtained from the nitrogen-sorption iso-
therms is shown in Fig. 5. The nitrogen sorption isotherm

of CMG-700, CMG-800 and CMG-900 samples are type
IV according to the IUPAC classification [52], indicating
that the pores were mainly mesopores, which benefited ion
storage during charge—discharge process. The adsorbed N,
volume significantly increased at low pressure (approached
0), which implied that the amount of micropores in carbon
was not negligible. The hysteresis loop observed at moder-
ate pressure (0.45-1) revealed the presence of slit-shaped
mesopores in the carbon. The nitrogen sorption isotherm of
CMG-600 sample is type I, which indicates that the mate-
rial mainly contains micropores. Figure Sb shows the cor-
responding pore-size distribution plots of the various nitro-
gen-doped porous-carbon materials obtained using DFT
based on the adsorption branch of the N, isotherms. The
pore-size distribution of CMG-800 sample showed consid-
erable mesopores with sizes of 2-5 nm (Fig. 5b). A clear
hierarchical pore structure containing mesopores was found
in CMG-800 sample. Compared with those of CMG-600
sample and CMG-700 sample, the pore volume of CMG-
800 sample increased mainly because of the appearance
of mesopores. Interestingly, the pore distribution of the
CMG-900 sample was similar to that of the CMG-800 sam-
ple, but CMG-900 sample showed a much lower mesopore
volume. This decrease could be related to carbonization
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Table 2 Textural properties of the nitrogen-doped porous carbon
samples obtained at different carbonization conditions

Sample SBET Pore volume ~ Micropore  Average
(m? g_l) (cm?® g_l)a volume pore sizes
(cm’ g™ (nm)
CMG-600 640 0.24 0.12 2.0
CMG-700 865 0.34 0.06 2.1
CMG-800 1873 1.10 0.22 2.3
CMG-900 1193 0.68 0.19 2.4

“Pore volume at p/p, ~0.97
"Micropore volume determined by the r-plot technique

temperature. Results indicated that CMG-800 sample dem-
onstrated the optimal microstructure and porosity with a
hierarchically porous structure that was rich in micropores
and mesopores.

The textural parameters of nitrogen-doped porous-car-
bon materials are listed in Table 2. The nitrogen-doped
porous-carbon materials had large specific BET surface
areas with wide ranges, i.e., between 640 m? g_1 for CMG-
600 sample and 1873 m? g~! for CMG-800 sample. Simi-
larly, the pore volumes of nitrogen-doped porous carbon
were 0.24 cm® g~! for CMG-600 sample and 1.10 cm® g™!

@ Springer

for CMG-800 sample. These results revealed that the tex-
tural properties of nitrogen-doped porous-carbon materials
significantly depended on carbonization temperature.

3.2 Electrochemical performance
3.2.1 Electrochemical performance in 6 M KOH solutions

The impact of carbonization temperature on the electro-
chemical performance of nitrogen-doped porous carbon
was investigated. As shown in the Fig. 6, The optimal elec-
trochemical properties of the nitrogen-doped porous carbon
materials showed that the carbonization temperature of
800°C, which resulted in microstructural formation, was
more favorable for the transport of electrolyte ions than the
carbonization temperatures of 600, 700, and 900 °C. CMG-
800 sample obviously showed the best electrochemical
behaviors among the materials studied. Study shows that
the ions diffuse slowly in macropores because of diffusion
kinetics [53]. That is, the ions easily experience a “traffic
jam” in the macropores, which consequently increases the
resistance. In addition,The specific capacitances of CMG-
600 and CMG-700 samples were lower than that of CMG-
800 sample. In general, the sub-micropores of the materials
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Fig. 6 CMG-T samples: a GCD curves at 1.0 A g=' b CV curves at 5 mV s~

do not participate in super-capacitance formation because
of the in accessibility of sub-micropore surfaces to large
solvated ions [54].

Figure 7 displays the Nyquist plots of CMG-T samples.
The AC-ESRs of CMG-600, CMG-700, CMG-800, and
CMG-900 samples were 0.627, 0.598, 0.543 and 0.573
Q, respectively. Clearly, CMG-800 sample had the small-
est pseudo-charge-transfer resistance among the carbon
materials. This finding can be mainly attributed to the
maximized access of electrolyte ions to a greater number
of pores in the carbon material at low frequencies, in con-
trast to the limited penetration of electrolyte ions at high
frequencies, which only reached the pores at the surface of
the electrode/electrolyte interface.

Figure 8a demonstrates the GCD curves of CMG-800
sample measured at different current densities from 1 to
20 A g~!. As expected, the discharge curves of CMG-800
sample were nearly symmetric with the corresponding
charge curves. These indicate the reversible adsorption/
desorption of ions, which suggests that electrochemical
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Fig. 7 Nyquist plot for CMG-T samples in 6 M KOH (Inset shows
the same in the higher frequency region)

contributions originate from EDLC and that a slight
pseudo-capacitance are observed. The observed increase
in specific capacitance from 143 F g7! (20 A g7!) to
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205 F ¢! (1 A g7!) was possibly due to the diffusion
limitation within the micropores in the carbon material
of CMG-800 sample. This result are larger than some
previous reported carbon materials such as coconut ker-
nel-derived activated carbon (173 F g7! at 0.25 A g7}
[55], attapulgite/maltose system on mesopore carbon
materials(171 F g7' at 0.6 A g~!) [56], and mesoporous-
activated carbon spheres (204 F g! at 0.5 A g7!) [57].
Figure 8b shows the CV curves of CMG-800 sample in
6 M KOH electrolyte at different scan rates within the
potential window ranging from —1 to 0 V. All CV curves
exhibited a nearly rectangular shape, indicating the for-
mation of an EDLC at the electrode—electrolyte inter-
face. The small reduction—oxidation humps and peaks
observed in the CV curves originated from the oxygen-
and nitrogen-containing functional groups remaining in
the carbon samples. This result indicated that the revis-
able redox reactions of oxygen- and nitrogen-containing
functional groups induced the extra pseudo-capacitance
that improved the specific capacitance [58]. The current
responses of CMG-800 sample showed a slight scan rate
dependence. Only the accessible surface area contributed
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to specific capacitance; thus, the specific capacitance
may have been contributed by the meso/macropores of
the nitrogen-doped porous carbons at high scan rates and
by micropores at low scan rates. The quasi-rectangular
shape was maintained for the CV curves even at a very
high scan rate, demonstrating excellent electrochemical
behavior and implying the stability of its unique porosity
characteristics and surface oxygen- and nitrogen-contain-
ing functional groups. The specific capacitance of CMG-
800 sample decayed by 30.84% (from 201 to 139 F g7')
with increased scan rate from 5 to 200 mV s~', indicating
their excellent porosity characteristics, in agreement with
the pore-size distribution analysis.

The cyclic stability of CMG-800 sample was meas-
ured at a constant discharge current density of 2 A g~
A high capacitance retention of 93.22% was obtained
even after charging—discharging for 5000 times, as shown
in Fig. 9a. The coulombic efficiency stays above 99.2%
during cycle. The high cycling durability of CMG-800
sample after 5000 cycles was believed to be related to its
large BET surface area and optimal microstructure.
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Fig. 9 Cyclic stability of CMG-800 sample in: a 6 M KOH solution, and b 2 M NaNOj; solution
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3.2.2 Electrochemical performance in 2 M NaNO;
solutions

Neutral electrolytes rendered simple and economical the
supercapacitor assembly process because of their favorable
properties, including cost effectiveness, corrosion resist-
ance, electrochemical stability, environmental friendliness,
and compatibility with diverse current collectors. Thus,
the performance of CMG-800 sample as a supercapaci-
tor electrode component was evaluated in NaNO; aqueous
solution. The CVs for different scan rates in 2 M NaNO;
electrolyte are given in the Fig. 10a. The corresponding
CV curve of CMG-800 sample demonstrated an irregular
rectangular shape with hump peak at low potential, again
suggesting the presence of a pseudocapacitive contribution
beyond the electrical double-layer capacitive contribution
because of the presence of oxygen- and nitrogen-contain-
ing functional groups. At higher scan rates, the CV curve
was distorted because of the diffusion limitation within the
carbon material of CMG-800 sample and the higher elec-
trolyte resistance than that of KOH electrolyte. The highest
specific capacitance of 165 F g~! was achieved at 5 mV s,
maintained at 120 F g~! and 100 mV s~!. Figure 10b repre-
sents the GCD measurements for different current densities.
The GCD curves of the CMG-800 sample were not straight
lines and showed distortion, suggesting the presence of
pseudocapacitive behavior caused by the oxygen- and
nitrogen-containing functional groups. The highest specific
capacitance of 174 F g~! was achieved at 1 A g~!, main-
tained at 126 F g~! and 20 A g~'. About 72.41% capaci-
tance was retained when the charging current was increased
20 times. A high specific capacitance retention of 93.22%
(with an average coulombic effifiency of >98%) was
obtained even after charging—discharging 5000 times, as
shown in Fig. 9b.Compared with that of KOH electrolyte,
NaNO; electrolyte exhibited a low specific capacitance,

a
200
TN)
= 100 ;
PN ——10mVs
E ——20mVs’'
,g 0 ——50mVs’
§_ ——80mVs"
g -100 —100mVs"
° .
b=
g -200
/7]
-300

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Potential vs SCE / V

which can be primarily explained by the poor conductivity
of the solutions and the steric hindrance caused by hydrated
molecules.

Figure 11 shows the Nyquist plots for the 6 M KOH
and 2 M NaNOj electrolyte. In the low-frequency region,
the vertical nature of the Nyquist plots clearly indicates
the capacitive behaviour of the CMG-800 sample [59].
The Nyquist plot expanded in the high-frequency region is
shown in the inset. The intercept of the semicircle with the
real axis of the Nyquist plot in Fig. 11 represented the alter-
nating current equivalent series resistance, which was pro-
duced by a combination of the resistance of electrolyte, the
internal resistance of active material and substrate, and the
contact resistance at the active material—current collector
interface [60]. The values were 0.56 Q for 6 M KOH elec-
trolyte and 1.21 Q for 2 M NaNO; electrolyte. The radius
of the semicircle represented pseudo-charge-transfer resist-
ance [61]. Apparently, the resistive character in KOH elec-
trolyte was relatively lower than that in NaNOj; electrolyte

20

[
15 /
/

0.0 0.5 1.0 1.5 2.0
Z" iohm

—v— 6 M KOH electrolyte
—9—2 M NaNO, electrolyte

0 5 10 15 20
Z' lohm

Fig. 11 Nyquist plot for CMG-800 sample (Inset shows the same in
the higher frequency region)

—p

Potential vs SCE/ V
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Time /s

Fig. 10 a CV curves of CMG-800 sample in 2 M NaNOj at different current densities from 5 to 100 mV s~!, and b GCD curve of CMG-800

sample at different current densities from 1to 20 A g~!
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because of the larger size of solvated ions. Contrary to
neutral aqueous solutions, the applied KOH electrolytes
were characterized by high conductivity and low viscosity,
accompanied by good charge propagation and power rates
of capacitor, depending on the CMG-800 electrode materi-
als. However, several drawbacks such as chemical etching
existed.

4 Conclusion

Nitrogen-doped porous-carbon materials were successfully
prepared from pure sodium glutamate by an easy method.
The direct carbonization method described in this work was
a one-step, efficient, economic, and environmentally benign
synthesis strategy to produce nitrogen-doped porous car-
bons. The prepared nitrogen-doped porous-carbon materi-
als showed a high BET specific surface area (1873 m? g™ 1),
large pore volume (1.10 cm® g!), and nitrogen content
(5.08 at%). Favorable specific capacitances of 201 F g~! in
6 M KOH solution and 174 F g~! in 2 M NaNOj, solution
were achieved. These properties may enrich and broaden
the use of nitrogen-doped porous carbons as electrodes,
especially considering their high conversion rate, high sur-
face area, and good electrochemical performance.
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