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Designing porous structure and surface properties of carbon electrodes is the key premise for efficient
electron/ion transfer, which is crucial for improving electrochemical performance of supercapacitors in
practical applications. Herein, N-doped activated carbon aerogel (NACA) with hierarchical porous
structure and N, O-rich functionalities has been prepared from polyimide gel by activation and
carbonization process. The NACA exhibits a high surface area of 1410 m? g~ with hierarchical porous
structures, with both high micropore volume (0.481 cc g~!) and mesopore volume (0.566 cc g ') as well
as high heteroatom content, which is favorable for charge storage, ion transfer and electrolyte pene-
tration. As a result, the NACA2-11 can deliver a high capacitance of 386Fg~! at 1Ag™! in a three-
electrode system and outstanding rate performance with the capacitance retaining 150Fg~! at
100A g~ ! in aqueous electrolyte. Furthermore, the practical two-electrode device exhibits a high areal
specific capacitance of 1584 mF cm 2 under the commercial level mass loading of 10 mgcm 2, and it
stays a good cycling stability of 93% capacitance retention after 10000 cycles at 5A g~ This study paves
the way for improving electrochemical performance of carbon-based supercapacitor under high mass
loadings.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

supercapacitors based on carbon electrode is still unsatisfied.
Although some previous works have reported the energy density of

Supercapacitors are promising electrochemical energy storage
units due to their high power density, long cyclic life, and fast
charge-discharge rates [1—3]. Although there is a tremendous in-
terest in developing pseudocapacitive materials because of their
high energy density [4,5], the practical application of pseudoca-
pacitive materials is still restricted due to the poor cycling stability
[6]. Currently, carbon-based electrode materials based on electrical
double layer (EDL) capacitance is still the most widely applied for
supercapacitors [7—9]. However, the energy density of
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50—100 Wh kg, the mass loadings of these electrodes are only
0.5—1 mg cm~2, much lower than that (~10 mg cm™2) required for
commercial supercapacitors [10,11]. Moreover, excellent rate per-
formance is preferred for supercapacitors for practical use under
high charging densities [12]. Although some studies have reported
a high specific capacitance of 300—400 Fg~! for carbon electrodes,
these values are normally obtained under small current densities
(<1 Ag™1), which is not suitable for practical use for fast charging
[13—15]. Therefore, it is highly desirable to explore new electrode
materials that have high energy density and good rate performance
at high mass loading while remaining good cycling stability [16,17].
However, higher mass loading would increase the thickness of the
electrode, which leads to longer charge transport distance and
prolonged ion diffusion pathway, resulting in inferior rate perfor-
mance of supercapacitors [18]. To address these challenges,
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designing new carbon electrode materials with large ion-accessible
surface area and efficient electron/ion transport pathways is ur-
gently needed [19,20].

Porous carbon materials are proverbially used as electrode
materials for supercapacitors [21—23]. The pore size distribution,
specific surface area and surface properties of carbon electrode
have a significant influence on the electrochemical performance of
supercapacitors. High surface area of carbon materials benefits the
formation of electrical double layer, while pore size distribution
determines the ion diffusion pathways [24]. Some researchers have
reported that pore size less than 1 nm that ideally matches the ions
size of electrolyte can effectively store charge, thus improving the
EDL capacitance. However, vast microporous network leads to an
unfavorable ion diffusion process especially at high current den-
sities. The sluggish ion diffusion into micropores is unable to keep
pace with the fast charging and discharging rate, thus resulting in
an inferior rate performance. The presence of mesopores could
accelerate transport of electrolyte ions for good dynamic charge
propagation, while macropores serve as the ion buffering reservoirs
which can further decrease the ion transfer distance [25]. There-
fore, hierarchical pores are highly desirable for carbon electrodes
for both improved charge storage and ion diffusion, which is sig-
nificant for realizing a high capacitance at higher current densities
and mass loadings.

Carbon aerogels are considered as promising candidates for
supercapacitor electrode because of their high surface area, high
porosity and good electrical conductivity. Conventionally, carbon
aerogels are derived from the pyrolysis process of an organic aer-
ogel, typically resorcinol-formaldehyde aerogel [26]. Although
there is an emerging interest in developing new category of carbon
aerogels such as graphene or carbon nanotube aerogels, their
practical application in supercapacitors is still restricted due to
complex synthesis process and costly raw materials. More impor-
tantly, the pore size of graphene or carbon nanotube aerogels is
mainly in the meso- and macroporous range, and the surface area is
normally below 500m?g~!, which is not favorable for charge
storage. In fact, carbon aerogels derived from phenol-based organic
gels with tunable porous structure are more suitable for practical
application in supercapacitors. Besides, carbon aerogels derived
from organic gels usually contain certain heteroatoms, which can
introduce additional pseudo-capacitance and improve wettability.
Typical fabrication procedure including sol-gel transition, drying
and carbonization is needed for fabrication of RF-based carbon
aerogels. Besides, additional activation agents (e.g. CO,, KOH,
K,CO3, ZnCly) are commonly applied to achieve high surface area
for carbon aerogels [27,28]. However, such prepared carbon aero-
gels usually have a large number of ultra-micropores (pore diam-
eter < 0.7 nm), which fails in the formation of electrical double-
layer and increase ion diffusion resistance, leading to poor rate
performance [29—32]. To facilitate ion diffusion and improve the
dynamic charge propagation, various efforts have been made to
increase mesoporous volume of carbon aerogels by utilizing tem-
plates, such as poly(propylene glycol)-block-poly(ethylene glycol)-
block-poly(propylene glycol) (PPO-PEO-PPO) block copolymer [33]
and inorganic pre-hydrolyzed tetraethyl orthosilicate [34]. Unfor-
tunately, these methods include tedious fabrication process and the
precise control over the microporosity and mesoporosity of carbon
aerogels still lacks. Therefore, the economical fabrication of carbon
aerogels with an integration of large surface area, hierarchical
porous structure and surface functionalities remains challenging.

Herein, N-doped activated carbon aerogel (NACA) with hierar-
chical porous structure has been prepared from nitrogen-rich pol-
yimide gel by activation and carbonization process. The NACA
exhibits a high surface area of 1410m?g~! with multi-scaled
porous structures, in which micropores and mesopores can be

easily controlled by tuning activating agent (KOH) and nitrogen
sources (urea). The optimized NACA exhibits both high micropore
volume (0.481 cc g~') and mesopore volume (0.566 cc g~1) as well
as high heteroatom content, which favors charge storage, ion
diffusion and electrolyte penetration. As a result, the as-prepared
NACA exhibits a high capacitance of 386Fg~! at 1Ag~! and
outstanding rate performance with the capacitance still retains
150Fg~! at 100Ag~! in aqueous electrolyte. Due to the fast ion
diffusion and reduced charge transfer resistance, the NACA mani-
fests good capacitive performance with areal specific capacitance of
1584 mF cm—2 when the mass loading increased to commercial
level of 10 mg cm~2. Therefore, such all-carbon electrode with high
capacitance and good rate performance at the high mass loading
provides alternative for development of commercial carbon-based
electrodes.

2. Experimental section
2.1. Preparation of N-doped activated carbon aerogel (NACA)

The precursor of polyimide, polyamide acid (PAA), was synthe-
sized by a polymerization process according to our previous report
[25]. Typically, 2 g PAA was immersed in 20 mL graphene oxide
(GO) solution (8 mgml~!), and 1g triethylamine was dropwise
added until it dissolved completely. KOH was subsequently added
with different proportions to PAA (PAA: KOH =2:1; 3:1) into the
above solution to obtain the PAA/GO/KOH hydrogel. Then, the PAA/
GO/KOH hydrogels were freezed in liquid nitrogen and transferred
into the freezing dryer to obtain PAA/GO/KOH aerogels. The aero-
gels were placed in the tube furnace for imidization process at
300°C for 1h, and activation at 750 °C for 1.5 h in nitrogen atmo-
sphere. Finally, the obtained samples were mixed with urea and
carbonized in tube furnace at 1000 °C in nitrogen atmosphere for
2 h. The resultant samples are named as NACAXx-y, in which x stands
for the ratio of PAA to KOH (2:1; 3:1; 4:1) and y stands for the ratio
of carbon aerogel to urea (2:1, 1:1, 1:2). For comparison, carbon
aerogels without adding KOH or urea were prepared by the same
procedure, which were named as CA or ACA, respectively.

2.2. Characterization

The morphologies of the CA, ACAs and NACAs were observed
using field-emission scanning electron microscopy (FESEM, S-4800,
Hitachi) and transmission electron microscopy (TEM, JEM-2100,
JEOL) with an EDS detector. Quadrasorb adsorption instrument
(Quantachrome Instruments) was used for nitrogen sorption/
desorption measurements. The pore size distributions were calcu-
lated from nitrogen sorption data using the nonlocal density
functional theory (NLDFT) equilibrium model method. Raman
spectra were tested by using an inVia Reflex Raman Spectrometer
(inVia-Reflex, Renishaw) with a 532 nm laser diode as the excita-
tion source. X-ray photoelectron spectroscopy (XPS) was charac-
terized using a spectrometer (Escalab 250Xi) with Al Ko X-ray
radiation.

2.3. Electrochemical measurements

The electrochemical measurements were conducted using the
electrochemical working station (CHI660E, Shanghai, China). A
homogeneous slurry of working electrodes was prepared by mixing
active materials, acetylene black as conductive agent and poly-
vinylidene fluoride (PVDF) as binder in a weight ratio of 8:1:1 with
N-methyl-2-pyrrolidone (NMP) applied as solvent, and then the
slurry (about 1 mg) was coated onto a graphite paper (1 x 1 cm?) as
the current collector. Finally, the electrodes were prepared after
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drying process at 80°C overnight. For three-electrode measure-
ments, platinum wire was used as the counter electrode and Ag/
AgCl as the reference electrode. For two-electrode system, two
pieces of graphite paper (1 x 1 cm?) with electrode materials (1 mg,
2 mg, 5 mg, 10 mg) separated by a cellulose separator were tested in
1M H,S04. The electrochemical performance of electrodes was
evaluated by cyclic voltammetry (CV) at various scan rates from 10
to 200mV s~ and galvanostatic charge-discharge measurements
at different current density from 1Ag~' to 100Ag~. Electro-
chemical impedance spectroscopy (EIS) was conducted in the fre-
quency range from 100kHz to 10 mHz with an AC voltage
amplitude of 5mV. The charge transfer impedance (R) is calcu-
lated by the software ZsimDemo.

In the two-electrode system, the gravimetric specific capaci-
tance (Cg) was calculated according to the following equation:

204t
£ mav

where I, At, AV, and m are the current (A), the discharge time (s),
the voltage change (V), and the total mass of active materials (g),
respectively.

The areal specific capacitances (C,;) were evaluated according to
the following equation:

Ca = CgM,

where Cq (F g~ 1) is gravimetric specific capacitance of electrode, M;
(g cm?) is the areal density of electrode material.

The areal energy density (E;) and the areal power density (P,)
based on the symmetric two-electrode supercapacitor were
calculated as the following two equations:
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where C, is the areal capacitance of the symmetric supercapacitor
device, V is the operation potential window, and t is the discharge
time.

& + g Wy +
=2 =
PAA GO
M
- — acropore
Micropore
& Activation 750 °C
[ —
| T T
N-doping 1000 °C
(+Urea)

Multi-scaled
porous structure

N-doping activated
carbon aerogel
(NACA)

¢ ©

PI/GO/KOH aerogel

3. Result and discussion
3.1. Morphologies and characterization of NACA

N-doped activated carbon aerogels (NACA) with hierarchical
porous structure have been fabricated by employing polyimide as
carbon precursor with KOH activation and N-doping. Polyamide
acid (PAA) oligomer, graphene oxide (GO) and KOH were first
mixed to form a hydrogel followed by freeze-drying to obtain PAA/
GO/KOH aerogel. The aerogel was activated by KOH at 750 °C and
subsequently carbonized with urea to obtain the final NACA. The
fabricating process is illustrated in Fig. 1 and digital photos of CA,
ACA2, NACA2-11 have been provided in Fig. S1. All the samples
show the bulk monolith morphologies, indicating the formation of
aerogel structures. During the thermal treatment, polyimide turns
into carbon, KOH activates carbon to form micropores, and urea
further accelerates increase of mesopore volume as well as in-
troduces nitrogen. The resultant NACA exhibits a multi-scale
porous structure due to the KOH activation and urea, which is
favorable for the charge storage and ion diffusion as electrodes.

The morphologies and pore structures of CA, ACA2, NACA2-11
are characterized by SEM. As shown in Fig. 2a, CA exhibits a
porous morphology, which has a macropore size about 2—3 pm and
solid pore walls (Fig. S2). These micron-sized cavities take shape
during the freeze-drying process, caused by the sublimation of
water in the hydrogel. After activation by KOH, the pores of ACA2
become much smaller, with pore size in the range of several hun-
dred nanometers (Fig. 2b, Fig. S3) [35]. With N-doping, NACA2-11
exhibits hierarchical porous structure (Fig. 2c). The multi-scale
porous structure is further confirmed by TEM observation in
Fig. 2d. Enlarged TEM images of NACA2-11 show that mesopores
are uniformly dispersed on the wall of aerogel (Fig. 2e). Fig. 2f re-
veals the coexistence of graphene phase (red circles) and amor-
phous carbon phase (blue circles), providing an evidence for the
formation of defect caused by the final carbonization process. The
EDS elemental mappings of NACA2-11 show uniform distributions
of nitrogen and oxygen elements in the carbon aerogel framework
(Fig. 2g), suggesting the successful N-doping and O-doping of car-
bon aerogel.

The N, adsorption-desorption isotherms of CA, ACA2, NACA2-11
in Fig. 3a show that all the samples are classified as type IV curves,
indicating the presence of mesopores and macropores. The Ny
adsorption amount of NACA2-11 exhibits a faster rise under lower
pressure (P/Pp<0.01) than the other two samples (as shown by

Sol-gel

o

KOH

Bu|lup szeauy
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Fig. 1. Schematic illustration of the fabrication process of NACA.
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Fig. 2. SEM images of (a) CA, (b) ACA2, (c) NACA2-11. (d, e, f) TEM images of the NACA2-11 and (g) corresponding EDS elemental mapping images of carbon, nitrogen and oxygen
elements.
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Table 1
Physical properties and specific capacitance of NACAs.

Samples BET XPS Raman Capacitance
Surface Area (m? g~ ') Mesopore Volume (cc g~ 1) Micropore Volume (cc g ') C (at %) N (at %) 0 (at %) In/lg C(Fg™h
CA 635 0.083 0.271 94.2 1.0 4.8 0.89 193
ACA2 1096 0.240 0.433 90.6 1.8 7.6 0.96 339
NACA2-21 1216 0.421 0.435 94.6 2.0 34 1.03 367
NACA2-11 1410 0.566 0.481 89.6 3.9 6.5 1.19 386
NACA2-12 1305 0.372 0.478 93.8 2.4 3.8 1.03 325
NACA3-11 983 0.447 0.415 91.0 33 5.7 0.96 377

amplified curves in Fig. S4), which indicates the existence of sig-
nificant amount of micropores. Moreover, the hysteresis loop of
NACA2-11 under relatively high pressure (0.4 < P[Py < 0.99) is more
obvious than the other samples caused by capillary condensation in
the fissure-shaped mesopores, demonstrating that activation and
following N-doping accelerate the formation of hierarchical porous
structures [36—39]. As aresult, NACA2-11 has a large surface area of
1410 m? g~ !, much larger than that of CA (635m?g~!) and ACA2
(1096 m? g~ ') (Table 1). The pore-size distribution curves of CA,
ACA2, NACA2-11 are shown in Fig. 3b and the corresponding pore
volume are displayed in Fig. 3c. The pore sizes of CA are mainly in
the mesoporous range while ACA2 and NACA2-11 have a large
portion of micropores in addition to mesopores. The activation
procedure makes KOH react with carbon skeleton, which produces
plenty of gas such as hydrogen, carbon dioxide and carbon mon-
oxide, causing the tapping effect in the inner wall. This reaction
significantly increases the micropore volume, from 0.271 cc g~ ! of
CA to 0.433 cc g~ ! of ACA2-1000, and the mesopore volume, from
0.083 cc g~ ! t0 0.240 cc g~ (Fig. 3¢ and Table 1). More importantly,
the micropore size of NACA2-11 is centered in 1.5 nm, which
matches with the size of electrolyte ions that can effectively store
charges. After N-doping procedure, mesopore volume of NACA2-11
(0.566 cc g~ 1) becomes about twice that of ACA2 while micropore
volume just has a negligible rise. The nitrogen source can decom-
pose into much compounds including carbon, nitrogen, hydrogen
and some gases that can further sculpture carbon matrix for more
mesopores [40].

The detailed pore formation mechanism is further examined by
varying the dosage of KOH and urea, and the resultant samples are
named as NACAx-y, in which x stands for the ratio of PAA to KOH
and y stands for the ratio of carbon aerogel to urea. The Ny
adsorption-desorption isotherms and pore-size distribution curves
of NACAx-y are shown in Fig. 3d and Fig. S5, and corresponding
pore volume are summarized in Fig. 3e and f. As shown in Fig. 3e, by
increasing KOH amount, both micropore and mesopore volume
increase for NACA2-11 compared with NACA3-11 and CA. However,
further increasing the dosage of KOH will affect the formability of
the aerogel since the over consumption of carbon during activation
process, thus contributing to the collapse of the monolith aerogel
structure. As demonstrated in Fig. 3f, the urea amount has a great
influence on the mesopore volume of NACAx-y while the micro-
pore volume remains almost the same. In the high temperature
process, urea can decompose into small molecular gas such NH3
and CO,, which can make some mesopores easily during the gas
overflowing process [41]. NACA2-11 with the ratio of urea to carbon
aerogel of 1:1 exhibits the optimized porous structure with both
high micropore volume (0.481cc g~!) and mesopore volume
(0.566 cc g~ 1). Therefore, NACA2-11 exhibits both high micropore
and mesopore volume due to the synergistic function of urea and
KOH, which benefits the charge storage and ion diffusion respec-
tively as electrode materials for supercapacitors.

The XPS spectra of CA, ACA2, NACA2-11 are shown in Fig. 4a.
Three main characteristic peaks are observed at 285.0 eV, 400.1 eV,

531.0 eV, which correspond to C 1s, N 1s, and O 1s, respectively. As
shown in Fig. 4b, ACA2 and NACA2-11 show higher oxygen content
than CA as KOH activation process increases the oxidation degree of
carbon aerogel. The high-resolution O 1s spectrum and C 1s spec-
trum also confirm the existence of oxygen-containing functionality
on carbon materials (Fig. S6). It is reported that those oxygen
functional groups can improve the wettability of porous carbon
material while it enables electrolyte permeate into the porous
structure easier. The surface —OH or —COOH groups on porous
carbon materials can improve hydrophilicity of porous carbon
surface and play a role as active centers for water or electrolyte
adsorption, which contributes to much better electrochemical
performance [42,43]. The nitrogen content calculated from XPS
results are 1.0, 1.8, 3.9 at% for CA, ACA2, NACA2-11, respectively. The
higher N content of NACA2-11 indicates the effective N-doping
during the carbonization with urea. As displayed in the high-
resolution N 1s spectrum (Fig. 4c), the deconvolution suggests
four components, including pyrrolic N (N-5, 399.1 eV), pyridinic N
(N-6, 398.2eV), and pyridine-N-oxide (N-X, 403.2eV), and
graphitic N (N-Q, 401.2 eV). Nitrogen atoms contribute to fast
electrolyte ion transport and facilitate electron transfer in the car-
bon electrode, contributing to improved electrochemical perfor-
mance of supercapacitors [44,45]. Heteroatom doping would
induce certain degree of disorder of carbon materials which can be
characterized by Raman spectroscopy (Fig. 4d). The peaks located at
1350 and 1596 cm ™! correspond to the typical D band and G band of
carbon materials, respectively. The ratio of the relative intensity of
D band and G band (Ip/Ig) is in direct proportion to the disorder of
carbon nanomaterials. The value of Ip/Ig of NACA2-11 is 1.19, higher
than that of ACA2 (0.96) and CA (0.89). The increased Ip/I; value
indicates higher disorder degree of carbon nanomaterials, which
may be due to that oxygen and nitrogen functional groups are
introduced into nanostructures during the activation and N-doping
process.

3.2. Electrochemical performance of NACA

Taking the hierarchical porous structures and improved surface
functionalities into consideration, the N-doped activated carbon
aerogels are promising electrode materials for supercapacitors.
Electrochemical performance of CA, ACA2, NACA2-11 are first
investigated with a three-electrode system in 1 M H3SO4. As shown
in Fig. 5a, all the CV curves exhibit quasi-rectangular shapes with
some fluctuation, indicating that these carbon aerogels have good
EDL capacitive properties besides a small pseudo-capacitance. It is
easy to observe that NACA2-11 exhibits the largest CV area, indi-
cating its larger capacitance compared to CA and ACA2. The higher
capacitance of NACA2-11 reveals the importance of hierarchical
porous structures for double layer capacitor and multiple electron
structures for pseudocapacitance, resulting from the redox re-
actions of oxygen and nitrogen functionalities. Meanwhile, the
isosceles triangular-shaped galvanostatic charge and discharge
(GCD) profiles collected at the current density of 1Ag~! indicate
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that NACA2-11 has almost ideal capacitive behavior and it yields an
excellent gravimetric capacitance of 386Fg~! (Fig. 5b). The IR
drops in GCD profiles are negligible, demonstrating good conduc-
tivity of NACA2-11.

The capacitance of NACAx-y prepared with different contents of
activating agents and urea is also compared as shown in Figs. S7—S8
and summarized in Fig. 5c. NACA2-11 shows higher capacitance
compared with NACA3-11, which can be ascribed to the increased
micropore and mesopore volume by increasing KOH amount as
indicated by BET data (Fig. 3e). As for NACAx-y prepared with
various ratios of carbon aerogel to urea, NACA2-11 exhibits the
highest capacitance among the three samples due to its optimized
porous structure with both high micropore and mesopore volume.
Therefore, the specific capacitance of carbon aerogels is highly
related to their surface area and porous structures. Micropores
contributes to better charge storage capability resulting in higher
capacitance, while mesopores facilitate the fast ion diffusion
resulting in better rate performance. The good rate performance of
NACA2-11 can be indicated by CV curves obtained at different scan
rates, which keeps the quasi-rectangular shape well even at a high
scan rate of 100 mVs~! (Fig. S9). The specific capacitances of CA,
ACA2, NACA2-11 at current densities ranging from 1 to 100Ag™!
are demonstrated in Fig. 5d. It is worthy to note that the specific
capacitance of NACA2-11 is up to 234 Fg~! at 20 Ag~!, which keeps
64% retention of that at 1Ag~!. More significantly, the electrode

achieves a higher specific capacitance of 150Fg~! at 100Ag~,
indicating its good rate capability at high charging rates. Such a
combination of high capacitance and excellent rate performance of
NACA2-11 is originated from the high level of microporosity and
mesoporosity, which facilitates fast ion diffusion, especially at
higher charging rates.

Nyquist plots of CA, ACA2, NACA2-11 are shown in Fig. 5e, and
the inset shows a magnified view in the high-frequency region. In
the low-frequency region, NACA2-11 exhibits a more vertical line
much closer to vertical axis than those of the other two samples,
represents a good capacitive behavior. The intersection at the X-
axis in the high-frequency range represents solution resistance.
Both ACA2 and NACA2-11 show much lower solution resistance
than CA, demonstrating the easier electrolyte accessibilities
because of hierarchical porous structure and better wettability
because of heteroatom doping. Bode plot is an intuitionistic exhi-
bition for hierarchical porous materials. Firstly, as shown in Fig. 5f,
the phase angles of three samples are approximate to —90° at low
frequencies of 1072 Hz in the Bode plots, demonstrating a desired
capacitive behavior. Secondly, the frequency at the phase angle of
45° is named characteristic frequency, standing for the point where
the capacitive impedances is equal to resistance impedances, with
the corresponding time constant tg (1/fo) that is the shortest time
required for discharging all the energy from the device [46]. As
shown in Fig. 5f, the 7 calculated from Bode plots of CA, ACA2 and
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Fig. 5. Electrochemical performance of NACAs measured with a three-electrode system in 1 M H,SO4. (a) CV curves at different scan rates and (b) GCD curves at a current density of
1Ag". (c) The specific capacitance of NACAx-y prepared with different contents of KOH and urea. (d) Rate performance and (e) Nyquist plots of CA, ACA2, NACA2-11. () Bode plots

of phase angle versus frequency.

NACA2-11 are 8.19s, 1.42 s, 0.34 s, respectively. The decreased time
constant of NACA2-11 compared with CA and ACA2 can be attrib-
uted to hierarchical porous structures and N-doping for more
smooth accessibility of electrolyte ions, resulting in better rate
performance than the other two samples.

To further study the practical performance of NACA2-11 elec-
trode, two-electrode symmetrical supercapacitor is assembled and
measured in 1 M H,SO4 (Fig. 6). The quasi-rectangular CV curves at
scan rates from 10 to 200 mV s~ ! (Fig. 6a) and the nearly symmetric

EDL capacitive behavior and rate performance of the NACA2-11
electrode. As shown in Fig. 6¢, the specific capacitance of NACA2-
11 electrode is 228 Fg~! at 1 Ag~', and still remains 120 Fg~' at a
high current density of 50 Ag~! (53% of that at 1 Ag~'). The com-
bination of good capacitance and rate performance of NACA2-11 is
better than previously reported carbon-based electrodes (Fig. 6d
and Table 2) [47—57]. Fig. 6e shows that NACA2-11 electrode ex-
hibits a capacitive retention as high as 93% even after 10000 cycles
at 5Ag!, and keeps a stable coulombic efficiency of 100%,

triangle GCD curves at high current densities (Fig. 6b) indicate good demonstrating its good cycling stability. The symmetrical
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transport in NACA2-11 electrode.
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Table 2

Comparison of electrochemical performance of porous carbon materials as electrode for supercapacitors.
Electrode Surface Electrolyte Capacitance Energy density Power density Rate Cycle Ref.

area (m? g~ 1)

ANPC-3 1749 6MKOH 2432Fg '/1Ag' 125Whkg! 450 W kg™! 81.3%/10Ag™! 96.5%/5000 [47]
N-YSHMCSs-2 1061 1MH,S04 169Fg '/1Ag™! 7.6 Wh kg~! 70%/40 Ag~! 97.2%/5000  [48]
GO-160-8D 305 6MKOH 436Fg '/05Ag™! 261Fg '/50Ag™" 94%/10000 [49]
NPGCs 1277 6MKOH 261Fg '/1Ag™! 6.53Wh kg '/100A g~! 28.4kWkg '/100Ag™! 189Fg '/100A g~' 97%/20000 [50]
ACF@GR1 2035 6MKOH 4554Fg'/1Ag' 122Whkg '/20Ag' 47kWkg '/20Ag™' 933Fg !/20Ag™! 90%/2000  [51]
NPC-GA-2 473 1MH,S0, 608Fg'/0.1Ag™! 124Whkg' 2432 Wkg! 250Fg '/5Ag™!  90%/10000 [52]
K800 24352 6MKOH 197Fg '/02Ag' 15Whkg' 20kWkg~! 108Fg '/10Ag™" 92.1%/10000 [53]
p-CNT/CGB 260 6MKOH 202Fg '/0.325Ag! 49Whkg™! 150 Wh kg~! 96.7F g '/65Ag~! 97.4%/10000 [54]
N-CNT spherical particles 1MH,S04 215Fg 1/0.2Ag™! 151Fg '/5Ag'  99%/1500  [55]
NACA2-11 1410 1MH,S0, 228Fg '/1Ag™! 158 Wh kg™ 500 W kg~! 120Fg '/50Ag~" 93%/10000 This

work

supercapacitor based on NACA2-11 electrode exhibits a high energy
density of 15.8 Wh kg~ ! at a power density of 500 W kg™, which is
much higher than that of commercial activated carbon (~5Wh
kg~ (Fig. S10). This superior capacitive performance of NACA2-11
electrode can be attributed to the synergistic effect of its hierar-
chical porous structures as well as heteroatom-doping, as sche-
matically illustrated in Fig. 6f. In the hierarchical porous structure,
micropores are beneficial for charge storing through forming
electric double layers, which can dramatically promote the specific
capacitance of carbon material. Nevertheless, since only micropores

Q
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(pore size <2nm) go against the infiltration of electrolyte and
transmission of ions, mesopores (2 nm < pore size <50 nm) can
accelerate the dynamic transport process avoiding invalid utiliza-
tion of micropores, while macropores (pore size > 50 nm) serve as
the ion buffering reservoirs which can further shorten the ion
transfer distance, leading to better rate performance. Moreover, N
and O atoms in NACA2-11 can introduce pseudo-capacitance and
improve the wettability of porous carbon material, resulting in
higher capacitance and reduced solution resistance. The pseudo-
capacitance contribution of NACA2-11 is estimated according to

o
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Fig. 7. Electrochemical performance of NACA2-11 measured with a two-electrode system in 1 M H,SO,4 under different mass loadings. (a) Areal capacitance at different mass
loadings and (b) Ragone plots at a mass loading of 10 mg cm ™2 and comparison with previously reported carbon-based supercapacitors. (c) Nyquist plots. (d) Charge transfer

resistance (R, Q) of the electrode with different mass loadings.
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Dunn method in Fig. S11 and Fig. S12 [58]. The percentage of
pseudo-capacitance varies from 33% to 3% when scan rate increases
from 10mVs~! to 200mVs~! in the two-electrode system, indi-
cating that the EDL capacitance become dominated with the in-
crease of scan rates. Therefore, NACA2-11 with hierarchical porous
structure and heteroatom-doping exhibits good charge storage
capability and fast electrolyte ion transfer ability, leading to excel-
lent capacitive performance especially at high charging densities.

A higher mass loading (at least 10 mg cm™2) of electrode ma-
terials is essential for commercial utilizations. As shown in Fig. 7,
the electrochemical performance of NACA2-11 is investigated at
different areal mass loadings of 1, 2, 5 and 10 mg cm ™2, respectively.
The gravimetric capacitance of the electrode shows a slight
decrease with mass loading of active materials increasing from 1 to
10 mg cm 2 since electron/ion transport resistance would increase
due to increased thickness (Fig. S13). Notably, the areal capacitance
increases linearly with mass loading increasing from 1 to
10mg cm 2, indicating better capability for ionic diffusion and
electron transport (Fig. 7a). The areal capacitance of NACA2-11 at
the mass loading of 10 mgcm~2 reaches up to 1584 mFcm™2 at
1 Ag~L The symmetric device based on NACA2-11//NACA2-11with
a high mass loading of 10 mg cm 2 exhibits a high areal energy
density of 0.12 mWh cm 2 at a power density of 5 mW cm 2, much
better than those of previously reported electrode materials, such
as carbon staple fiber yarn (knitted CF) (0.071 mWh cm?/
25mWem~2) [59], activated carbon cloth (activated CC)
(0.012 mWh cm2/0.5 mW cm~2) [60], thermally activated carbon
(TACC-1) (0.09 mWh cm~2/9 mW cm2) [61], carbon nanotubes/
manganese dioxide (CNT/MnO3) (0.088 mWh cm~?/
2.172 mW cm2) [62] (Fig. 7b). The excellent electrochemical per-
formance is resulted from fast electron transport and ion diffusion
of NACA2-11, as further reflected by the low electrochemical
impedance in Fig. 7c and d. The charge transfer resistance (R.) of
NACA2-11 only shows a slight increase with mass loading
increasing. Moreover, the R is only 0.18 Q when mass loading is
elevated to 10 mg cm 2, indicating that electron/ion transfer pro-
cess is promoted due to the three-dimensional hierarchical porous
structures in the thicker electrodes [63].

4. Conclusions

In summary, N-doping activated carbon aerogels have been
prepared from polyimide gel with subsequent carbonization. The
NACA exhibits a high surface area with multi-scale porous struc-
tures, in which micropores and mesopores can be easily controlled
by tuning activating agent (KOH) and nitrogen sources (urea). Both
micropore and mesopore volumes increase by increasing KOH
amount, while the urea further increases the mesopore volume
with the micropore volume remaining almost the same. Due to the
synergistic effect of KOH and urea, NACA2-11 exhibits both high
micropore (0.481cc g~!) and mesopore volume (0.566cc g~ 1),
which respectively benefits the charge storage and ion diffusion as
electrode materials for supercapacitors. In addition, the introduc-
tion of O and N atoms during KOH activation and carbonization
with urea further increases the specific capacitance of NACA.
Consequently, NACA2-11 exhibits a high capacitance of 228 Fg~! at
1Ag ! in the two-electrode system, excellent rate capability with
53% retention at 50Ag~!, and stays a good stability after 10000
cycles (93% retention). Furthermore, the practical device based on
NACA2-11 electrode with a high mass loading of 10 mg cm™—2 ex-
hibits a high areal specific capacitance and low charge transfer
resistance because of the fast ion diffusion kinetics. Therefore, the
N-doping activated carbon aerogels thus prepared with a satisfying
electrochemical performance will be promising materials for future
studies in energy storage.
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