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Abstract: Two nitrogen-doped carbon monoliths with hierarchical porosity over a large size range were prepared by polymerization of

resorcinol and formaldehyde in the presence of an organic amine, L-lysine, and an inorganic base, ammonium hydroxide under ambient

conditions. Their physical and chemical features were characterized by N, sorption, transmission and scanning electron microscopy, and

elemental analysis. Their electrochemical properties as the electrodes of supercapacitors were evaluated under both a three-electrode

system and a two-electrode system. Results show that the two types of nitrogen-doped carbon possess similar pore structures, but have

distinct electrochemical performances. The L-lysine incorporated carbon monolith has a high nitrogen content, a high specific capaci-

tance of 199 F-g ', and a 1.6% loss in the specific capacitance after 1000 charge-discharge cycles, indicating a long-term cycling stabil-

ity.
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1 Introduction

Electric double-layer capacitors (EDLCs), also called
supercapacitors or ultracapacitors, have attracted great interest
in energy storage, owing to their large power capability, high
efficiency, and long cycle life!".. EDLCs store charge in the
double layer formed at the electrolyte-electrode interface
when voltage is applied. The electrodes are generally com-
posed of high-surface-area conductive material, usually po-
rous carbons and carbon-based hybrid composites'” having
high specific surface area, controllable pore structure, and
tunable surface chemistry™™. In recent years, various types of

[5-6] [7-8]

carbons, including activated carbons” ™, carbon aerogels

[9'13], and carbon fibers/nanotubes'*'® have

templated carbons
been prepared and investigated as sole electrode component or
as part of composite electrodes that contain pseudocapacitance
materials for EDLCs. The capacitance of EDLC can be ex-

pressed as the equation !
_ & XEX A ’
d

where ¢, and ¢, are the electrolyte dielectric constants, 4 is the
electrode surface area, and d is the distance between electro-

C

lyte ions and carbon. According to this equation, the carbons
with high surface areas and proper pore structures are suitable
for the EDLC electrodes. Besides, physical characteristics
such as good intra- and interparticle conductivity in porous
matrices, high electrolyte accessibility to intrapore surface,
and good bulk electrical conductivity are also highly desirable.
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It is commonly believed that coexistence of larger mesopores
and/or macropores with micropores in carbons is required for
rapid ion transport or high power density of EDLCs!"*""). In
addition, decorating nitrogen atoms in the carbon matrix have
been proved to be an effective way to improve its wettability,

(2022 Yang and

and to contribute an additional capacitance
coworkers find that a 3-D continuous pore structure and a high
nitrogen content are beneficial to fast ion transport, high

pseudocapacitance, and good wettability!!.

Thus, researchers usually assume that carbon materials
with N-doped frameworks and hierarchical porosity are re-
quired for a superior electrode material for EDLC applications.
Using heteroatom-containing precursors in the synthesis of
porous carbon is a useful way to incorporate heteroatoms into
carbon®. The variety of possible organic precursors contain-
ing heteroatoms is very large, and their final products are also
various because of different char yield and heteroatom content.
This inspired many researchers to create different nitro-
gen-doped carbons by designing nitrogen-containing precur-
sors, and then to investigate their electrochemical properties.
Until now, several works have been reported on electro-
chemical properties of N-doped porous carbons (mainly pow-
der or film) prepared mainly through nanocasting tech-
niques'***!. To our knowledge, there are still few works about
a direct synthesis of nitrogen-doped carbon monoliths and the
evaluation of their electrochemical properties.

Herein, we report a comparative study of electrochemical
performances of two types of nitrogen-doped hierarchical
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porous carbons, which are obtained by a one-step process
using different nitrogen-containing molecules, an organic
amine, L-lysine, and an inorganic base, ammonium, as cata-
lysts. Both of the two nitrogen-doped carbon monoliths ob-
tained possess a
three-dimensional (3-D) bicontinuous morphologies, surface

hierarchical porosity with similar
areas, and micropore fractions; however, they demonstrate a

distinct electrochemical behavior.
2 Experimental

2.1 Synthesis of nitrogen-doped hierarchical porous
carbon monoliths

1 the nitro-

As described in a previous publication®®
gen-doped hierarchical porous carbon monoliths were synthe-
sized by copolymerization of resorcinol and formaldehyde in
the presence of L-lysine or ammonium at ambient conditions.
In a typical procedure, 1.5 g of resorcinol was dissolved in 5
mL water to form a clear solution to which 2.21 g of formal-
dehyde (37% by mass fraction) was added during stirring,
resulting in solution A. Solution B contained 0.5 g of L-lysine
dissolved in 2.5 mL of water. Solution A was quickly decanted
into solution B, and within 1 min, a yellow bulk polymer was
formed and further cured at 90 °C for an additional 4 h. Finally,
a porous carbon monolith (denoted C-1) was obtained by py-
rolysis of the polymer at 800 °C for 2 h, with a heating rate of
5 °C-min”. In another run, the inorganic base, ammonium was
used instead of L-lysine to synthesize another porous carbon
sample while the other parameters and procedures were main-
tained the same. The final porous carbon obtained was de-
noted as C-2. It should be noted that the ammonium-catalyzed
polymerization lasted for a much longer time than that of C-1.

2.2 Characterizations

Transmission electron microscopic (TEM) images of the
samples were obtained with a Tecnai G*20S-Twin electron
microscope equipped with a cold field emission gun. The ac-
celeration voltage was 200 kV. Samples were prepared by
dropping a few drops of a suspension of one sample in ethanol
onto the holey carbon grid with a pipette. Scanning electron
microscopic (SEM) investigations were carried out with a
Hitachi S-4800 instrument. Nitrogen sorption isotherms were
measured with a TriStar 3000 adsorption analyzer (Micromer-
itics) at liquid nitrogen temperature. The Brun-
auer-Emmett-Teller (BET) method was utilized to calculate
the specific surface areas (Sger). The total pore volumes were
estimated from the adsorbed amount at a relative pressure p/py
of 0.997. Micropore volume (Vo) Was calculated using the
t-plot method. The mesopore volume (Vyes,) Was obtained by
deduction of micropore volume from the total pore volume.
Nitrogen content analysis was carried out on a CHNO ele-
mental analyzer (Vario EL III, Elementar). The sample was
first digested at a high temperature with subsequent scrubbing
of nonanalytes from the combustion gases. The analyte gases

were transported in helium carrier stream. After reduction of

the formed nitrogen oxides, the gas mixture was separated into
its components, which were sequentially released to a thermal
conductive detector (TCD). Furthermore, the percent content
of nitrogen was calculated from the detector signal in connec-
tion with the sample weight and the stored calibration curve.

2.3 Electrochemical measurements

The working electrodes were prepared by mixing mass
fraction 90% active material and 10% polytetrafluoroethylene
(PTFE) in 7 mL ethanol followed by an ultrasonication treat-
ment for 20 min. The slurry of the mixture was put onto a
nickel foam current collector with an area of 1 cm’ and
pressed under a pressure of 10 MPa for 5 min to fabricate an
electrode. The mass loading of the active materials was ca. 5
mg-em”. Cyclic voltammmetry (CV) and galvanostatic
charge/discharge cycling (GC) were employed in the evalua-
tion of capacitance of each sample. The performance of a sin-
gle electrode was tested on CHI602C/606C electrochemical
workstation. Both CV and GC experiments were carried out at
room temperature under flowing nitrogen with a conventional
three-electrode electrochemical setup, in which the active
materials electrode served as working electrode, and a plati-
num plate and Hg/HgO were used as counter electrode and
reference electrode, respectively. 6 mol-'L”" KOH was used as
the electrolyte. Besides evaluation in the three-electrode sys-
tem, a supercapacitor was constructed by two symmetric
working electrodes using a membrane filter (MPF50AC) as a
separator, and measured using an Arbin SCTS-165699-T
multi-channel electrochemical workstation. The specific gra-
vimetric capacitance based on single electrode was calculated
from the galvanostatic discharge curve of the fifth cycle!",
according to equation 1:

= ﬂ , (1)
mAV

Where C(F-g"), I (A), AV (V), At (s), and m (g) are the spe-
cific gravimetric capacitance, the discharge current, the poten-
tial window during the discharge process, the discharge time
interval within the potential window, and the mass of active
material in one electrode, respectively. Specific capacitance
derived from the CV tests®” could be calculated using equa-

tion 2:

v,
j 1dv
= —Va E)
mo(V,-V,)

where C(F-g"), I (A), m (g), v (V's),V., and V, are the spe-
cific capacitance,the instant current on CV curves, the mass of
active electrode material in one electrode, the potential scan
rate, and the high and the low potential limits of CV tests,
respectively.

@)

3 Results and discussion

3.1 The physical and chemical properties of the carbon
monoliths
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Fig.1 (a) Photographs of as-made polymer monolith (C-1 and C-2) and the carbonized product of C-1. (b) TG and DTG curves of the polymer
sample of C-1. (¢) SEM image of C-1. (d) SEM image of C-2. (¢) N, sorption isotherms of C-1 and C-2. (f) TEM image of C-1

The macroscopic photograph of the polymer monoliths
and the carbon monolith of C-1 are shown in Fig.la. As can be
seen, both the polymer monoliths are crack-free. The length
and diameter of C-1 are 42 and 25 mm, respectively. After the
carbonization process, a crack-free carbon monolith was ob-
tained with a 28 mm length and a 17 mm diameter for C-1.
The linear shrinkage along the longitudinal and the radial di-
rection are about 33% and 32%, respectively. This indicates
that the polymer structure is uniformly converted to carbon.
TG-DTG curves as shown in Fig.1b reveal the thermal de-
composition behavior of the C-1 polymer. The TG curve indi-
cates a high yield of 40.2% for C-1, which is desirable in the
synthesis of carbon materials. From the SEM images
(Fig.1c&d), one can see that the skeletons of the carbon
monoliths (both C-1 and C-2) consist of homogeneously in-
terconnected spherical units, which create abundant macro-
pores in the carbon framework, allowing an easy diffusion of

the electrolyte ions. The N, sorption isotherms (Fig.1e) of C-1
and C-2 are both of type I, indicating a microporous charac-
teristic that is beneficial to charge accumulation. The TEM
image (Fig.1f) of C-1 further reveals that the carbon matrix is
homogeneous with no detectable mesopores. As seen in Table
1, the specific surface areas are 722 and 556 m*g”, for C-1
and C-2, respectively. The micropore fractions of C-1 and C-2
are 88% and 89%, respectively. The abundant accessible mi-
cropores are expected to give a large storage capacity of elec-
trolyte ions, thus leading to a high specific capacitance.

3.2 Electrochemical performance

Owing to the unique features such as highly intercon-
nected porosity and abundant micropores, our nitro-
gen-containing carbon monoliths are investigated as elec-
trodes for supercapacitors. To quantify the rate performance of
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Table 1 The physical, chemical and electrochemical properties of the carbon monoliths

Sample ~S’B]5T/m2~g'1 v1<,m1/cm3‘g'1 Pmicro /%0 Nitrogen content w/% oy /F~g’1
C-1 722 0.34 88 0.82 199
C-2 556 0.27 89 0.31 83

*The specific capacitance of single electrode calculated from CV curves using equation 2.
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Fig.2 (a) The CV curves of C-1 electrode. (b) The CV curves of C-2
electrode. (c) Specific gravimetric capacitance of C-1 and C-2 elec-

trodes at different scan rates, calculated from CV curves

C-1 and C-2 electrodes, CV are conducted at scan rates of 2, 5,
10, 20, 50, and 100 mV-s" with potential windows ranging
from -0.8 to 0 V versus Hg/HgO in a 6 mol-L"' KOH aqueous
solution. Fig.2a shows the CV curves of the C-1 electrode at
different scan rates. No pronounced reversible redox peak can
be observed from CV curves of the C-1 electrode. In this case,
charge storage is mainly electrostatic and the current is inde-
pendent of the voltage. The shape of these curves is
quasi-rectangular especially at a high scan rate of 100 mV-s™,

indicating an ideal EDLC behavior and a fast charg-
ing/discharging characteristic, which are attributed to its 3D
bicontinuous hierarchical porosity and abundant micropores.

Meanwhile, the C-2 electrode was measured with CV
tests. As shown in Fig.2b, the shape of its CV curves shows a
seriously deviated form of the rectangular one, which is quite
different from the C-1 electrode. In general, at the same scan
rate, a larger area of the CV curve indicates a higher specific
capacitance of the capacitors. The calculated specific capaci-
tances of C-1 and C-2 electrodes from the CV curves at dif-
ferent scan rates are shown in Fig.2c. At the scan rate of 2
mV:s', the C-1 electrode has a specific capacitance of 199
F-g' (based on the mass of C-1 active material). At a high
scan rate of 100 mV-s”, the specific capacitance of the C-1
electrode can be retained at 128 F-g"'. However, at a scan rate
of 2 mV-s" and 100 mV-s”, the specific capacitance of C-2
electrode achieves only 83 F-g"' and 14 F-g', respectively,
which are much smaller than that of the C-1 electrode.

As known, the specific capacitance of electrode materials
is related to the BET surface area and the pore structure. The
specific surface area of the C-1 electrode as shown in Table 1
is as high as 722 m*g"', which is higher than that of the C-2
electrode (556 m™>g"). Besides, the doping nitrogen can im-
prove the wettablility and modify the electronic properties of
the nitrogen-doped carbon materials. Frackowiak and co-
workers”?” found that the doping heteroatom in porous carbons
(e.g. containing N, O) improves their electrochemical per-
formance. The elemental analysis reveals that the nitrogen
content of the C-1 electrode is 0.82%, which is much higher
than that of the C-2 electrode (0.31%). This high nitrogen
content helps to improve the wettability of the carbon material,
which facilitates the infiltration of the electrolyte ions into the
interior pores, thereby enhancing the effective utilization rate
of surface area, thus increasing the EDLC capacitance.

Fig.3 shows the charge-discharge curves of the C-1 and
C-2 electrodes at a current density of 1.5 A-g”". The C-1 elec-
trode shows a nearly linear charge-discharge curve, which
indicates an ideal EDLC behavior with a specific capacitance
of 116 F-g" calculated from GC curves with equation 1.
Whereas, at the same condition, the C-2 electrode gives a ca-
pacitance of 32 F-g”', which is much lower than that of the C-1
electrode. The shape of the GC curves of the C-2 electrode
deviated badly from an isosceles triangle. Moreover, the C-1
electrode exhibits a lower equivalent series resistance (ESR)
than the C-2 electrode as shown from GC curves of Fig.3. A
small ESR is essential to achieve a high rate capability or
power density.
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Fig.3 GC curves of the C-1 and C-2 carbon electrodes at a current
density of 1.5 A-g"
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Fig4 Charge/discharge cycling test at a current density of 1.5 A-g”,
showing 1.6% loss after 1 000 cycles; inset shows the galvanostatic

charge/discharge cyclic curves of the first and last 10 cycles

An important criterion for EDLCs is its cycling life. The
cycling life tests over 1 000 cycles for the C-1 electrode at a
current density of 1.5 A-g” were carried out using constant
current GC techniques in the potential windows ranging from
0 to 1.2 V. Fig.4 shows the specific capacitance retention of
the C-1 electrode as a function of charge/discharge cycling
numbers. The C-1 electrode showed only a 1.6% loss in the
specific capacitance after 1 000 charge-discharge cycles and
the GC curves of the last 10 cycles had almost the same shape
as that of the GC curves with the first 10 cycles (Fig.4 insets)
and they had a very symmetric nature, illustrating again that
the C-1 electrode has a good electrochemical capacitive char-
acteristic and an excellent long-term cycling stability.

The distinct electrochemical properties of this two types
of carbons with similar physical properties may also be caused
by the bonding forms of heteroatoms (chemical environment)
in the final products. Our ongoing works focus on distin-
guishing the nitrogen-containing functionalities by techniques
such as solid NMR and XPS, and further revealing the possi-
ble correlations between the combined effects (both structure
and nitrogen bonding forms) and electrochemical perform-
ance.

4 Conclusion

The electrochemical properties of two types of nitro-
gen-doped carbon monliths with hierarchical porosity over
multi-length scale pores (ranging from nanometer to tens of
micrometer) were investigated by means of cyclic voltam-
metry and galvanostatic charge/discharge techniques. Com-
pared with the inorganic base catalyzed carbons with similar
structures, L-lysine-incorporated carbons show high capaci-
tance because of the higher nitrogen content, higher surface
area, abundant micropores, and fully interconnected 3-D
macropores, which shorten the diffusion route of electrolyte
ions. The capacitance of C-1 can reach 199 F-g' in aqueous
electrolytes. Combining the unique features and the good
electrochemical performance, lysine-incorporated carbons are
a promising candidate as the electrode material for EDLCs.
The distinct electrochemical behavior of the two types of ni-
trogen-doped carbons also reveals that different precursors
lead to entirely different existing forms of heteroatoms
(chemical environment) in the final products, and thus affects
the electrochemical performance.
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