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AbstractA series of bowl-shaped porous carbon materials was successfully synthesized by the use of didodecyldime-
thylammonium bromide as the soft template agent. By controlling the dosage of the soft template agent and the water/
ethanol ratio of the solvent, the size and structure of the carbon materials can be precisely controlled. The prepared car-
bon materials with stacked bowl structure have good specific surface area (1,380.20 m2 g1), large pore volume
(1.27 cm3 g1) and high heteroatom N doping amount (6.68 at.%). Moreover, electrochemical tests in 6 M KOH de-
monstrated impressive electrochemical performance, where the specific capacity of the typical materials was measured
to be 191.0 F g1 (at the current density of 1 A g1), and the capacity retention rate of typical materials was 80% (at the
current density of 10 A g1).
Keywords: Porous Carbon Materials, Didodecyldimethylammonium Bromide, Cationic Surfactants, Bowl Structure,

Supercapacitors

INTRODUCTION

Porous hollow carbon spheres have been widely studied and uti-
lized as a kind of electrode material for electrochemical energy stor-
age devices. Porous hollow carbon spheres have unique advantages
associated with their structures and properties, such as internal cav-
ity availability, thermal stability, chemical stability, high specific sur-
face area, adjustable size, controllable pore structure and surface
modification function [1-3]. These advantages allow hollow porous
carbon spheres to play an important role in electrochemical energy
storage devices, and especially in double layer supercapacitors. The
most commonly used method for the synthesis of porous carbon
materials is the template method, which can be divided into hard
template method and soft template method. The hard template
method uses hard template agents with certain three-dimensional
structure (e.g., silica nanoparticles, polystyrene spheres, metal oxides,
etc.) by coating with the precursor containing carbon in the syn-
thesis of carbon materials [4,5]. After reaction under desired con-
ditions, materials with rich pore structure are obtained followed by
centrifugation, drying, carbonization, etching and other post-treat-
ment steps to remove the hard template. Cao et al. synthesized a
cobalt benzimidazole framework (ZIF-9) derived carbon compos-
ite with a unique quasi-microcubic morphology and used the as-
prepared materials as an electrode material for the CDI [6]. Although
the hard template method is simple to operate, it is easy to destroy
the material structure and introduce impurity atoms in the process
of removing the template, which has certain limitations. The soft

template method is based on the organic self-assembly of thermo-
setting carbon precursors and thermal decomposition of amphiphilic
molecules (such as surfactants, block polymers) to form ordered
porous hollow carbon spheres. Therefore, compared with the hard
template method, the soft template method can easily control the
shape size, the cavity wall thickness and the aperture structure of
the carbon spheres [7-9]. It can be seen that the key to the soft tem-
plate method is the selection and adjustment of soft template agent.
The carbon precursors and amphiphilic molecules in soft template
method are often polymerized at low temperature. The common
carbon precursors [10] usually include benzene, phenol, ethylene,
resorcinol, formaldehyde, dihydroxybenzoic acid, coke, polystyrene,
polyacrylonitrile and so on, most of which are fossil-based chemi-
cals. These carbon precursors are generally toxic to a certain degree
and are not cheap. Therefore, it is necessary to select the optimal
soft template in the process of synthesis to obtain the ideal results
and to ensure environmental sustainability at the same time. There
are numerous studies on the synthesis of porous hollow carbon
spheres by soft template method. Li et al. successfully fabricated
nitrogen-doped mesoporous graphitized carbon nano-materials using
Gemini cationic surfactants as a soft template [11]. Li et al. achieved
the controlled synthesis of single carbon nanospheres to three-dimen-
sional carbon skeleton by using bis-decyl dimethyl ammonium
bromide as a soft template agent, and successfully prepared three-
dimensional carbon framework electrode material with intercon-
nected pore structure inside the shell layer for excellent performance
of supercapacitor [12]. Jia et al. synthesized a series of nitrogen-
doped porous carbon spheres by polymerization of 3-aminophe-
nol with amphiphilic aliphatic aldehydes using imidazole-type cat-
ionic surfactants as a soft template [13]. Song et al. designed a simple
synthetic route to obtain carbon hydrangeas integrated with unique
geometry, high surface areas, N/O doping, and well-developed pore
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structure [14]. Moreover, the use of typical surfactant cetyltrimeth-
ylammonium bromide (CTAB) opens the door to the regulation
of porous hollow carbon spheres, and didodecyldimethylammo-
nium bromide (DDAB) has a more specific structure than CTAB
and didecyldimethylammonium bromide. Cationic surfactant DDAB
has a hydrophilic head group and two hydrophobic chains. Com-
pared with traditional surfactants and block copolymers, the ordered
combination of DDAB has more unique microstructure. DDAB is
composed of two longer hydrophobic chains and a hydrophilic head-
group, and the relatively strong interaction force between the hydro-
phobic chains facilitates the formation of a soft template for unique
structure, thus facilitating the formation of bowl carbon spheres
with interconnected pores of the shell.

In this work, a series of porous carbon micro/nanospheres
(PCMNSs) with the stacked bowl structure was successfully achieved
by the use of DDAB as the soft template agent. What is more, by
adjusting the dosage of the soft template agent and water/ethanol
ratio of the solvent, the size and structure of the carbon materials
can be precisely controlled. The bowl carbon spheres have the same
or even better specific surface area than the porous hollow carbon
spheres because of their small volume and stackability [10]. Com-
pared with the porous hollow carbon sphere, the stacking of bowl-
shaped structure and bowl-shaped structure significantly improves
the availability of material space, so the bulk density in the limited
space of the bowl carbon spheres has been markedly improved.
These morphological and structural advantages allow the bowl struc-
ture carbon spheres to have a high volume specific capacity with
the bowl structure carbon spheres as the electrode materials. At the
same time, the bowl structure carbon spheres therefore may have
a good application prospect in sensing and biomedicine because
of its open arc structure [15,16].

EXPERIMENTAL SECTION

1. Materials
3-Aminophenol, anhydrous ethanol, ethyl orthosilicate (TEOS)

and potassium hydroxide (KOH) were all analytically pure and sup-
plied by Sinophenol Chemical Reagent Co., LTD. DDAB, formal-
dehyde solution (37-40 wt%), hydrofluoric acid solution (40 wt%),
polytetrafluoroethylene dispersions (60 wt%), ammonia solution
(25-28 wt%) and acetylene black were provided by Shanghai Alad-
din Biochemical Technology Co., LTD. Nickel foam and diaphragm
were supplied by Cyber Electrochemical Materials Network. The
water was deionized and made from laboratory instruments.
2. Preparation of PCMNSs

The preparation process of PCMNSs is shown in Fig. 1. Deion-
ized water (50 mL), anhydrous ethanol (6-15 mL) and 3-amino-
phenol (0.6 g) were successively added to the round-bottom flask
with intense stirring at 30 oC (300 r min1), and the soft template
DDAB (0.6-1.2 g) was added after the 3-aminophenol was slowly
dissolved for about ten minutes. When DDAB was completely dis-
solved, an ammonia solution (0.6 mL) was added to the above mix-
ture. After 20 minutes, the formaldehyde solution (0.84 mL) was
added to the mixture. As the reaction progressed, TEOS (3 mL) was
added immediately when white precipitates began to appear in the
mixed solution. After all reactants had been added, the mixture was
stirred at constant temperature for 24 hours. After the reaction, the
solution was transferred to the reactor and placed in a 100 oC con-
stant temperature drying oven for 24 hours. After natural cooling,
the products were collected by centrifugation, washed alternately
with water and ethanol, and freeze-dried. In a tubular furnace (nitro-
gen atmosphere), at 1 oC min1, the sample was treated under a heat-

Fig. 1. Schematic diagram of the preparation of stacked bowl-shaped carbon spheres.
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ing rate of 350 oC for two hours and under the same heating rate
at 850 oC for carbonization. After carbonization, the product was
etched with 20% HF for 48 hours, dried and collected. The porous
carbon microspheres synthesized by the above method were named
PCMNSs-M-N, where M represents the mass of surfactant (g) and
N represents the volume of anhydrous ethanol (mL).
3. Characterization

Field emission scanning electron microscopy (FE-SEM) images
of PCMNSs prepared by employing surfactants with two hydro-
phobic chains were conducted on Hitachi S-4800II. Transmission
electron microscopy (TEM) images were carried out on Nether-
lands Philips Tecnai 12. An X-ray diffractometer (AXS D8 Advance,
Bruker) and a Raman spectrometer (In Via, Renishaw) were used
for powder X-ray diffraction (XRD) and Raman spectra. The con-
tent of heteroatom in the product was determined by XPS spectra
(ESCALAB 250Xi, Thermo Fisher Scientific). The corresponding
EDX elemental mapping was conducted to explore the element
composition and distribution of the prepared materials. Pyrene was
used as a fluorescence probe to detect 3-aminophenol with differ-
ent molar concentrations in the solution of didecyldimethylammo-
nium bromide surfactant, water and ethanol by fluorescence spec-
trophotometer (F-7000).
4. Electrochemical Measurements

The electrochemical performance of PCMNSs was tested in a
double-electrode electrochemical system with 6 M KOH electro-
lyte at CHI760E electrochemical workstation of Shanghai Chenhua
instrument. The cyclic voltammetry curve, galvanostatic charge
discharge curve and AC impedance spectrum of carbon-based
material PCMNSs were obtained. The working electrode was pre-
pared by pressing a homogeneous slurry of carbon sample 0.08 g
(85 wt%), acetylene black 0.0094 g (10 wt%), and 0.0078 g polytet-
rafluoroethylene (5 wt%) on nickel foam current collector, then
dried at 105 oC for 1 h. Finally, then soaked in the electrolyte solu-
tion for ten hours. The active area of the working electrode was
95.033 mm2 and the film thickness of the sample was 0.042 mm.
Foam nickel and polypropylene film were used as a collector and

an isolator of EDLCs, respectively. The specific capacitances of car-
bon-based materials were calculated by the equation:

where Cg (F g1) is the specific capacitance of a single electrode, I
(A) is the discharge current, m (g) is the mass of a single electrode,
while dV/dt (V s1) is the slope of the discharge curve after the volt-
age drop.

RESULTS AND DISCUSSION

A series of nitrogen-doped porous carbon materials with differ-
ent micromorphology were synthesized by the one-step sol-gel
method with varying chain length of hydrophobic chain of soft
template agent. FE-SEM images (Fig. 2) show that the prepared
PCMNSs have controllable size and morphology. By changing the
template structure of the emulsion interface microreactor, mono-
dispersed carbon spheres and stacked open carbon bowl carbon
spheres were synthesized successfully. The same results can be con-
firmed by TEM of the prepared PCMNSs (Fig. 3). From Fig. 2 and
Fig. 3, it can be seen that the size of carbon materials can be pre-
cisely controlled by adjusting the amount of ethanol. When the dos-
age of DDAB as the soft template was kept unchanged, the size of
the monodisperse carbon nanospheres gradually increased with
the increase of the amount of ethanol. The average particle sizes of
PCMNSs-0.6-6, PCMNSs-0.6-10 and PCMnSs-0.6-15 were 200 nm,
225 nm and 570 nm, respectively. When the amount of soft tem-
plate was 1.2 g, the carbon material changed from monodispersed
carbon sphere structure to stacked bowl structure with the increase
of the amount of ethanol, and the average diameter of carbon bowl
gradually increased. The average diameter of the carbon bowl of
PCMNSs-1.2-6, PCMNSs-1.2-10 and PCMNSs-1.2-15 was 220 nm,
250 nm and 1,280 nm, respectively. The bowl-shaped structure of
PCMNSs-1.2-6 contributes to higher bulk density and specific sur-
face area of the material. The rice flower structure of PCMNSs-

Cg  
2I

dV/dt m
------------------------

Fig. 2. SEM images of PCMNSs: (a) PCMNSs-0.6-6; (b) PCMNSs-0.6-10; (c) PCMNSs-0.6-15; (d) PCMNSs-1.2-6; (e) PCMNSs-1.2-10; (f)
PCMNSs-1.2-15.
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1.2-15 with the abundant pores on the surface is conducive to the
rapid ion transport in the electrolyte [17].

When the amount of ethanol was fixed, and by increasing dos-
age of surfactant, the average particle sizes increased while the mor-
phology of the carbon materials changed to an open structure. Be-
cause of the increasing of surfactant amount, the micelle aggrega-
tion number of surfactant increased, and the resulting soft template
structure was larger. After the post-treatment process, such as high-
temperature calcination and etching, the carbon spheres with larger
average particle size were therefore formed. Compared with the car-
bon nanospheres or carbon nanotubes, the bowl carbon spheres
had better ionic wetting of electrolyte, lower charge transfer resis-
tance and better electrochemical conductivity [17,18]. From Fig. 2
and Fig. 3, there are abundant pore structures between the carbon
spherical shells, and these pore structures show different pore size
distribution, which potentially provides high-quality transport chan-
nels for electrolyte ion transport.

According to the mesostructures of the prepared materials and

Fig. 3. TEM images of PCMNSs: (a) PCMNSs-0.6-6; (b) PCMNSs-0.6-10; (c) PCMNSs-0.6-15; (d) PCMNSs-1.2-6; (e) PCMNSs-1.2-10; (f)
PCMNSs-1.2-15.

Fig. 4. (a) The N2 adsorption-desorption isotherms of PCMNSs; (b) Pore size distribution curve of PCMNSs.

the research results of predecessors [19,20], a possible synthesis mech-
anism of bowl-shaped carbon spheres is proposed and demon-
strated as follows. When the surfactant was added to the reaction
system, the DDAB with two hydrophobic chains and one hydro-
philic head group self-assembled to form micellar structures in a
mixed solution of water and ethanol. Because of the membrane
strength of the DDAB micellar was weak, it was easy to cross link
and fuse with the adjacent micelles to form a three-dimensional
molecular ordered assembly. 3-aminophenol compatibilized to the
hydrophobic core of the surfactant as the reaction proceeded. After
ammonia and formaldehyde were added to the system, 3-amino-
phenol reacted with formaldehyde between the interface of the sur-
factant. Ammonia was used as catalyst in the condensation reaction
to produce a large number of hydroxymethyl substitutes in the mix-
ture of water and ethanol. When the silicate anion hydrolyzed by
TEOS met the positive cationic surfactant of DDAB, the strong elec-
trostatic interaction formed a unique soft template structure. DDAB
has a hydrophilic group and two hydrophobic chains, and the hydro-
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phobic chains of DDAB are longer. The greater length of hydro-
phobic chains reduced the film strength of the surfactant micelles,
which formed a unique bowl soft template structure. The carbon
materials with bowl-shaped structure were successfully produced
after calcination. The synthesis mechanism diagram is shown in
Fig. S1.

The N2 adsorption-desorption isotherms of the PCMNSs (Fig.
4(a)) exhibit typical type-IV hysteresis [21], where the pore size
distribution image (Fig. 4(b)) can indicate that PCMNSs has a unique
hierarchical pore structure. The micropores (<2 nm) are mainly
derived from the thermal decomposition of phenolic resin during
high temperature carbonization. The mesopores (2-50nm) are asso-
ciated with the thermal decomposition of DDAB and the removal
of silica, and meso-macropores (>50nm) originate from the hollow
part of carbon spheres or the clearance between the materials. The

specific surface area and pore volume of PCMNSs-0.6-6, PCMNSs-
0.6-15, PCMNSs-1.2-6 and PCMNSs-1.2-15 were measured to be
961.26, 1,025.81, 1,380.20, 1,272.62 m2 g1 and 1.24, 0.89, 1.27 and
1.18 cm3 g1, respectively (Table 1). The PCMNSs-1.2-6 with uni-
form open structure had the largest specific surface area and pore
volume, which can provide large available area and fast transport
channel for effective electrolyte ion transport [22,23]. The large pore
and open structure of PCMNSs-1.2-6 facilitate the mass transfer
process of electrolyte ions, while the mesoporous and micropores
provide higher specific surface area and abundant active sites.

The physical structure and graphitization degree of PCMNSs
were characterized by XRD and Raman spectroscopy. As demon-
strated in Fig. 5(a), the XRD patterns of PCMNSs have two broad
characteristic diffraction peaks at about 23.5o and 44.6o, which cor-
respond to the (002) and (101) crystal planes of disordered carbon,

Table 1. Specific surface area and pore structure parameters of PCMNSs

Samples SBET (m2 g1)
Pore volume (cm3 g1)

Vtotal Vmicropore Vmesopore Vmacropore

PCMNSs-0.6-6 0,961.26 1.24 0.12 1.02 0.10
PCMNSs-0.6-15 1,025.81 0.89 0.17 0.70 0.02
PCMNSs-1.2-6 1,380.20 1.27 0.19 1.02 0.06
PCMNSs-1.2-15 1,272.62 1.18 0.18 0.94 0.06

Notes: SBET represents the specific surface area of the sample; Vtotal represents the total pore volume of the sample; Vmicropore represents the vol-
ume of the hole whose hole size is less than 2 nm; Vmesopore represents the volume of the hole with a hole size between 2-50 nm; Vmacropore rep-
resents the volume of a hole with a hole size greater than 50 nm.

Fig. 5. (a) XRD pattern of PCMNSs; (b) Raman spectra of PCMNSs; (c) XPS full spectrum of PCMNSs.
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respectively [24,25]. Raman spectra (Fig. 5(b)) show that PCMNSs
have a relatively wide D-band at 1,342.8 cm1 and a relatively nar-
row G-band at 1,596.9cm1. The D band originates from the vibra-
tions of disordered carbon or the defects in the plane terminations,
and the G band is related to the vibrations of ordered sp2-bonded
graphitic carbon sheets [26,27]. The peak intensity ratio of the D
band to the G band (ID/IG) is calculated to be 0.89-0.98 in Table
S1, which implies that PCMNSs has a high graphitization degree
and a large number of amorphous carbon structure defects. In wide-
scan XPS spectra (Fig. 5(c)), the featured peaks of C 1s (285.7 eV),
N 1s (399.9 eV) and O 1s (531.5 eV) appear, respectively, indicating

Fig. 6. PCMNSs-1.2-6 (a, b) FE-SEM; (c, d) TEM; (e) High resolution transmission electron microscope images; (f, g, h) corresponding map-
ping of carbon, nitrogen and oxygen elements.

Fig. 7. Electrochemical test results of PCMNSs-0.6-6, PCMNSs-0.6-10, PCMNSs-0.6-15, PCMNSs-1.2-10 and PCMNSs-1.2-15 in a symmet-
rical two-electrode system: (a) Current-constant charge-discharge curves (1 A g1 Current density); (b) Cyclic voltammetry curve
(500 mV s1 Scanning rate); (c) Specific capacity curve; (d) Nyquist diagram; (e) Potter figure.

that N atoms had been successfully introduced into the structure
of PCMNSs [28]. Table S2 lists the contents of N, C and O elements
in the PCMNSs. The N content of PCMNSs-0.6-6 is 7.37at.%, which
indicates that the use of 3-aminophenol and DDAB has achieved
high proportion of in situ nitrogen atom self-doping. The high-reso-
lution N 1s spectra of PCMNSs (Fig. S2) show that there were four
forms of N in PCMNSs: pyridine nitrogen (N-6, 398.3 eV), pyrrole
nitrogen (N-5, 399.8 eV), graphite nitrogen (N-Q, 401.0 eV) and
nitrogen oxide (N-4, 402.6 eV). These results indicate that the N
element had been successfully doped into the structure of carbon
[29]. The element mapping diagram of PCMNSs-1.2-6 (Fig. 6)
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shows that C, N and O elements are evenly distributed in the skel-
eton structure of carbon [30].

PCMNSs based electrode materials demonstrated high electro-
chemical capacitive reversibility [31,32]. (Galvanostatic charge-dis-
charge curves of PCMNSs at 1A g1 (Fig. 7(a)) show almost isosceles
triangles.) As demonstrated in Fig. 7(b), PCMNSs display sym-
metrical rectangular CV curves at a scan rate of 500 mV s1, indi-
cating the typical electrical double layer capacitive properties of
energy storage [33]. According to the charge-discharge curves of
constant current, the electrochemical specific capacities of all sam-
ples under different current densities were calculated and listed in
Table S3. The specific capacity of PCMNSs-0.6-6, PCMNSs-0.6-10,
PCMNSs-0.6-15, PCMNSs-1.2-6, PCMNSs-1.2-10 and PCMNSs-
1.2-15 was measured to be 145.8, 151.0, 167.6, 191.0, 147.2 and
157.6 F g1, respectively (at the current density of 1 A g1). The cal-
culated energy densities are 5.06, 5.24, 5.82, 6.63, 5.11 and 5.47
Wh kg1, respectively (Table S4). The representative samples of
PCMNSs-1.2-6 with stacked bowl structure show the best super-
capacitor energy storage performance (Fig. S3(b) and S3(c)). At the
current densities of 0.2, 0.3, 0.5, 1, 2, 3, 5, 10, 15, 20, 30, 40 and
50 A g1, the PCMNSs-1.2-6 displays the highest specific capacity
of 206.4, 199.2, 192.8, 191.0, 177.2, 172.2, 165.5, 156.0, 150.6, 146.4,
139.9, 134.3 and 128.9F g1, respectively. The specific capacity reached
206.4 F g1 at the current density of 0.2 A g1 and its energy den-
sity was 7.17 Wh kg1. Compared to low current density 1 A g1,
the capacity retention rate of the PCMNSs reached 76.6% at high
current density 20 A g1 and 67.5% at ultra-high current density
50 A g1. The stacked bowl structure of PCMNSs has the best elec-

trochemical performance, because the stacked open carbon bowls
can shorten the diffusion path which can limit the ion migration
in the electrolyte [31].

PCMNSs based electrode materials show excellent stability and
low energy density attenuation at high current density (Fig. 7(c) and
8(a)). Among all the samples, the specific capacity of PCMNSs-
1.2-15 decreased the fastest with the increase of current density, as
the large diameter of PCMNSs-1.2-15 suggests the longest electro-
lyte ion diffusion distance, which reduces the diffusion efficiency
of PCMNSs [34]. The stacked bowl-shaped structure of PCMNSs
provides higher capacity while maintaining the optimal ratio per-
formance (Fig. 8(a)). At the current density of 10 g A1, the spe-
cific capacity retention rate of PCMNSs-1.2-6 with stacked bowl-
shaped structure was 93% after 5000 cycles of current density (Fig.
8(d)), showing excellent long cycle stability. The electrochemical
impedance spectrum of all PCMNSs electrodes shows nearly ver-
tical lines (Fig. 7(d) and Fig. 8(b)) in the low frequency areas; the
results indicated typical double-layer electrochemical capacitive behav-
ior of PCMNSs [32,35]. Fig. S4 is the Nyquist plots of PCMNSs-
1.2-6 electrodes after 5000 cycles. The interconnecting pore struc-
ture, super high specific surface area and large pore volume in the
stacked bowl structure can significantly improve the electrochemi-
cal conductivity of the materials, and effectively improve the trans-
fer efficiency of the electrolyte. The short time constant 0 of the
PCMNSs-based electrode materials can be seen in Fig. 7(e) and Fig.
8(c), which indicates that the prepared electrodes have fast charging
and discharging performance. The excellent electrochemical energy
storage performance mainly comes from the stacked bowl hemi-

Fig. 8. (a) Specific capacity curve of stacked bowl-shaped carbon spheres PCMNSs-1.2-6; (b) Nyquist diagram; (c) Bode diagram; (d) Long-
term cyclic stability (10 A g1, 5000 cycles at current density).
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sphere of carbon. The stacked bowl-shaped structure not only im-
proves the accumulation of material density, but also reduces the
distance of pore structure between carbon bowl and other carbon
bowl, which effectively facilitated electrolyte ion transport.

CONCLUSIONS

A series of hollow porous carbon materials was successfully syn-
thesized by the use of DDAB as the soft template agent. By adjust-
ing the amount of soft template agent and the solvent ratio of
water/ethanol, the size and structure of the carbon material can be
precisely controlled. Among the carbon materials, compared with
the porous hollow carbon nanospheres, the stacked bowl carbon
spheres (PCMNSs-1.2-6) have better specific surface area (1,380.20
m2 g1), larger pore volume (1.27 cm3 g1) and higher heteroatom
N doping amount (6.68 at.%). The unique structural advantages
provide more effective active sites, which contributes to good elec-
trochemical performance. The specific capacity of PCMNSs-1.2-6
was measured to be 191.0F g1 (at the current densities of 1A g1),
and the capacity retention rate of PCMNSs-1.2-6 was 80% (at the
current density of 10 A g1).
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Fig. S1. Synthesis mechanism of open bowl-shaped carbon spheres.

Fig. S2. High-resolution N 1s atlas (a) PCMNSs-0.6-6;(b) PCMNSs-1.2-6.
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Fig. S3. Stacked open bowl-shaped carbon spheres PCMNSs-1.2-6 (a) SEM; (b), (c) Constant current charge-discharge curve (0.2-20 A·g1

Current density); (d) TEM; (e), (f) cyclic voltammetry curve (10-500 mV·s1 Scanning rate).

Fig. S4. Nyquist plots of stacked bowl-shaped carbon spheres
PCMNSs-1.2-6 after 5000 cycles.

Table S1. Peak intensity ratio of THE D-band and g-band of PCMNSs
(ID/IG)

Sample ID/IG

PCMNSs-0.6-6 0.95
PCMNSs-0.6-10 0.91
PCMNSs-0.6-15 0.89
PCMNSs-1.2-6 0.98
PCMNSs-1.2-10 0.90
PCMNSs-1.2-15 0.94

Table S2. Elemental composition of PCMNSs and relative contents of different forms of nitrogen

Sample N%
(at.%)

C%
(at.%)

O%
(at.%)

N-6 (%)
398.3 eV

N-5(%)
399.8 eV

N-Q (%)
401.0 eV

N-OX (%)
402.6 eV

PCMNSs-0.6-6 7.37 80.31 4.69 14.69 22.51 53.55 09.24
PCMNSs-1.2-6 6.68 81.42 5.33 11.38 23.73 48.66 16.22

Table S3. Specific capacity of PCMNSs based electrodes at different current densities (F·g1)
Sample 0.2 A·g1 1 A·g1 2 A·g1 3 A·g1 5 A·g1 10 A·g1 15 A·g1 20 A·g1

PCMNSs-0.6-6 157.6 145.8 133.6 129.7 123.9 116.0 111.0 106.3
PCMNSs-0.6-10 164.8 151.0 141.6 137.4 132.0 123.2 118.2 114
PCMNSs-0.6-15 183.6 167.6 155.6 150.7 145.1 135.6 129.9 126.0
PCMNSs-1.2-6 206.4 191.0 177.2 172.2 165.5 156.0 150.6 146.4
PCMNSs-1.2-10 161.2 147.2 135.6 131.5 124.2 113.8 106.2 99.76
PCMNSs-1.2-15 177.2 157.6 146.4 140.5 132.0 113.8 102.3 92.8
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Table S4. Specific capacitances (F·g1) and energy density (Wh·kg1)
of PCMNSs-based electrodes at 1 A·g1 current densities

Sample Specific capacitances
at 1 A·g1 (F·g1)

Energy density
(Wh·kg1)

PCMNSs-0.6-6 145.8 5.06
PCMNSs-0.6-10 151.0 5.24
PCMNSs-0.6-15 167.6 5.82
PCMNSs-1.2-6 191.0 6.63
PCMNSs-1.2-10 147.2 5.11
PCMNSs-1.2-15 157.6 5.47
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