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ABSTRACT: N-doped hollow carbon spheres (N-HCSs) are
promising candidates as electrode material for supercapacitor
application. In this work, we report a facile one-step synthesis
of discrete and highly dispersible N-HCSs with dopamine
(DA) as a carbon precursor and TEOS as a structure-assistant
agent in a mixture containing water, ethanol, and ammonia.
The architectures of resultant N-HCSs, including yolk—shell
hollow carbon spheres (YS-HCSs), single-shell hollow carbon
spheres (SS-HCSs), and double-shells hollow carbon spheres
(DS-HCSs), can be efficiently controlled through the adjust-
ment of the amount of ammonia. To explain the relation and
formation mechanism of these hollow carbon structures, the
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samples during the different synthetic steps, including polymer/silica spheres, carbon/silica spheres and silica spheres by
combustion in air, were characterized by TEM. Electrochemical measurements performed on YS-HCSs, SS-HCSs, and DS-HCSs
showed high capacitance with 215, 280, and 381 F g~', respectively. Moreover, all the nitrogen-doped hollow carbon
nanospheres showed a good cycling stability 97.0% capacitive retention after 3000 cycles. Notably, the highest capacitance of DS-
HCSs up to 381 F g™ is higher than the capacitance reported so far for many carbon-based materials, which may be attributed to
the high surface area, hollow structure, nitrogen functionalization, and double-shell architecture. These kinds of N-doped hollow-
structured carbon spheres may show promising prospects as advanced energy storage materials and catalyst supports.
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1. INTRODUCTION

With the rapid development of materials science, substantial
research has concentrated on the controllable synthesis of
nanomaterials. Among the various architectures of novel
materials, hollow carbon spheres (HCSs), including single-shell
hollow carbon spheres (SS-HCSs),' ~* yolk—shell hollow carbon
spheres (YS-HCSs),”™® and multishell hollow carbon spheres
(MS-HCSs),” " have received considerable attention because of
their unique structure and functional behavior, such as very high
specific area, low specific density, large controllable inner pore
volume, and good mechanical strength. Its remarkable properties
give it great potential to be applied in the fields of energy storage,
water treatment, and biomedicine.'*™**

For energy storage, HCSs have been widely investigated as the
electrode material for the industrialization of supercapacitors due
to their advantages, such as high surface areas, shortmass
diffusion and transport resistance.”” > Recent studies show that
functionalizing HCSs with nitrogen groups can significantly
increase the surface polarity, electrical conductivity, surface basic
sites and electron-donor tendency of the carbon matrix.”*™>’
Therefore, great efforts have been devoted to the preparation of
N-doped hollow carbon spheres (N-HCSs). In most cases, N-
HCSs have been prepared by introducing nitrogen onto carbon
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frameworks through the post-treatment, for example, treating it
with ammonia gas/air, which results in a lower content of
nitrogen.so To overcome the drawback, N-containing materials
(e.g, melamine,’’ phenylenediamine,®” polyaniline,” and
acetonitrile®*) have been employed as carbon precursors for
the synthesis of HNCSs. By this route, nitrogen can be preserved
at a relatively large content by adjusting the carbonization
temperature. However, to date, by that means, it often relies on
hard templating strategies, which are commonly carried out with
multiple procedures and time-consuming synthetic steps. It is
therefore highly desirable to find appropriate carbon precursors
and simple approach for the preparation of N-HCSs.
Furthermore, it is still a great challenge to synthesize N-HCSs
with different architectures including SS-HCSs, YS-HCSs, and
MS-HCSs, in a controlled sequence.

Dopamine, a nontoxic, widespread, and sustainable resource,
has been proposed as an alternative material in the synthesis and
applications of carbon spheres due to its excellent biocompat-
ibility and high carbonization yield. Moreover, the N-doped
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nature of dopamine makes it an ideal precursor for nitrogen
functional carbon materials.>>™*° On this basis, HNCSs have
been synthesized by immersing the silica template in a dopamine
tris-buffer solution followed by carbonization and HF etching of
the template.*” This is the first time dopamine has been utilized
in the construction of carbon-based nanomaterials. However, the
process relies on a hard templating approach, which is complex
and fussy. The structure of obtained HNCSs was monotonous
and untunable. Recently, Lu and colleagues described a facile
synthesis pathway for the generation of monodisperse and size-
controlled carbon spheres.”' In this strategy, polydopamine
spheres as a carbon precursor were first prepared through
polymerization of dopamine in a mixture containing water,
ethanol, and ammonia at room temperature. Then, carbon
spheres were obtained by the sequential carbonization process.
More recently, Dai et al. reported a successful synthesis of
mesoporous carbon spheres (MCNs) using a non-Pluronic
amphiphilic block copolymer (PEO-b-PS) as a soft template and
DA as a precursor.”” N-Doped MCNss with a large mesopore of
16 nm and small particle size of 200 nm were obtained. Although
the above two strategies were facile and efficient, N-doped
carbon spheres with hollow structures were hardly to be
prepared. Moreover, it is still difficult to synthesize carbon
materials with different structures using DA in a controllable
system. Therefore, exploring new facile synthetic route for the
preparation of hollow carbon materials with tunable structures
using dopamine as carbon source is of great significance.
Herein, we report a facile one-step synthesis of discrete and
highly dispersible N-doped hollow carbon spheres (N-HCSs)
with dopamine (DA) as a carbon precursor and TEOS as a
structure-assistant agent, in a mixture containing water, ethanol
and ammonia. Carbonization was followed by etching of the
silica in the carbon/silica nanocomposite, resulting in the
formation of HCSs (Scheme 1). The architectures of resultant

Scheme 1. Formation of N-Doped Hollow Carbon Spheres
with Yolk—Shell, Single-Shell, Double-Shells
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HCSs, including yolk—shell hollow carbon spheres (YS-HCSs),
single-shell hollow carbon spheres (SS-HCSs), and double-shells
hollow carbon spheres (DS-HCSs), can be efficiently controlled
through the adjustment of the amount of ammonia, which can
significantly influence the hydrolysis and polymerization rate of
TEOS and DA. To demonstrate the benefits of such hierarchical
structures in energy storage, we then evaluated supercapacitor
performance by using these hollow structured carbons as
electrodes. Ascribed to the unique feature of hollow structure,
large surface area and high N content, all the three HCSs show
remarkable capacitance and outstanding stability.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Dopamine hydrochloride (DA) was
purchased from Sigma-Aldrich. Anhydrous ethanol and tetraethox-
ysilane (TEOS) were purchased from Sinopharm Chemical Reagent
Co., Ltd. Ammonia aqueous solution (25—28%) and hydrofluoric acid
solution (40%) was purchased from Nanjing Chemical Reagent Co.,
Ltd. All chemicals were used as received without any further purification.
Millipore water was used in all experiments.

2.2. Synthesis of Single-Shell Hollow Carbon Spheres (SS-
HCSs). Typically, ammonia aqueous solution (0.5 mL, 25%) was mixed
with a solution containing anhydrous ethanol (12 mL) and water (40
mL), and the mixture was stirred for 30 min. Then, 0.5 mL TEOS was
added into the solution and stirred for 15 min. Therefore, the silica core
can be preformed. After that, dopamine hydrochloride (0.2 g) was
dissolved in water (4 mL). Subsequently, the obtained dopamine
hydrochloride solution was added to the above solution and stirred for
36 h at 25 °C. The black products was recovered by centrifugation and
air-dried at 60 °C overnight. Calcination was carried out in a tubular at
800 °C in nitrogen at a rate of S °C min~'. After removing the silica
component by etching in HF solution (10 wt %), SS-HCSs were
obtained.

2.3. Synthesis of Yolk—Shell (YS) HCSs and Double-Shell (DS)
Hollow Carbon Spheres (HCSs). Typically, ammonia aqueous
solution (NH,OH, 0.1 mL for YS-HCSs, and 1 mL for DS-HCSs)
was mixed with a solution containing anhydrous ethanol (12 mL) and
water (40 mL), and the mixture was stirred for 30 min. Dopamine
hydrochloride (0.2 g) was dissolved in water (4 mL). Subsequently, the
obtained dopamine hydrochloride solution and TEOS (0.5 mL) was
added to the reaction solution and stirred for 36 h at 25 °C. The black
products was recovered by centrifugation and air-dried at 60 °C
overnight. Calcination was carried out in a tubular at 800 °C in nitrogen
at arate of 5 °C min~". After removing the silica component by etching
in HF solution (10 wt %), two kinds of carbon materials were obtained,
which were donated as YS-HCSs and DS-HCSs, respectively.

2.4. Synthesis of N-Doped Carbon Spheres (NCSs). For
comparison, N-doped carbon spheres (NCSs) were also synthesized
without adding TEOS, while the other conditions were kept unchanged.
The amount of ammonia solution was also tuned, including 0.1, 0.5, and
1 mL. The corresponding carbon spheres were donated as NCSs-1,
NCSs-2, and NCSs-3.

2.5. Characterization. TEM (transmission electron microscopy)
analysis was conducted on a TECNAI G2 20 LaB6 electron microscope
operated at 200 kV. SEM (scanning electron microscopy) analysis was
conducted on FEI S4800 system. N, adsorption and desorption
isotherms were measured using Micromeritics ASAP-2020 at liquid
nitrogen temperature (—196 °C). The XPS spectra were obtained by
using a PHI Quantera I ESCA System with Al Ka radiation at 1486.8 V.
N, adsorption/desorption isotherms were measured using Micro-
meritics ASAP-2020 at liquid nitrogen temperature (—196 °C). TGA
measurements were carried out on a SDTQ600 analyzer from 25 to 800
°C under N, with a heating rate of 10 °C/min.

2.6. Electrochemical Measurements. All the electrochemical
measurements were conducted on a computer-controlled potentiostat
(CHI 760C, CH Instrument) with a three-electrode electrochemical cell
at 25 °C using a 1 M H,SO, electrolyte. The standard three-electrode
electrochemical cell was fabricated using glassy carbon with deposited
sample as the working electrode, platinum wire as the counter electrode,
and Ag/AgCl as the reference electrode. The working electrodes were
fabricated as follows: First, S mg of hollow carbon spheres was mixed
with 1 mL of DI water/isopropanol (1:1). The obtained suspension (10
uL) was dropped onto a glassy carbon electrode (CHI 104) with
diameter of 3 mm. Through measurement, the loading mass of hollow
carbon spheres was 50 yg. Normalized by the surface area of the working
electrode, the loading mass was 0.7 mg/cm’. After drying, a Nafion
solution (0.5 wt % in isopropyl alcohol) was coated on the sample as the
binder. The potentials for electrochemical measurements are reported
relative to a Ag/AgCl (saturated KCl) reference electrode and the
potential window for cycling was confined between 0 and 0.8 V.
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Figure 2. (a and b) SEM images and (c and d) TEM images of SS-HCSs.

3. RESULTS AND DISCUSSION

Yolk—shell structures are powerful platforms for controlled
release, confined nanocatalysis, and energy applications.*”
Conventional methods require the fabrication of core/shell
nanoparticles, and the synthetic procedures are always multistep
and complex. Using our method, yolk—shell carbon spheres with
high dispersibility can be easily synthesized. Figure 1a,b show the

SEM images of YS-HCSs at varied magnifications, which were
formed with adding the smallest amount of ammonia aqueous
solution (0.1 mL, 25%). It is found that well-defined and
monodispersed nanopsheres of about 760 nm in diameter are
present in the large-scale SEM image. At a higher magnification,
the carbon yolk with a particle size of ~175 nm, located in the
hollow space, can be clearly observed. The wall thickness
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Figure 3. (a and b) SEM images and TEM images (c—e) of DS-HCSs.

measured from the SEM image is ~50 nm. The TEM images of
YS-HCSs (Figure 1c,d) show a very uniform yolk—shell particle
with a size of ~750 nm, a shell thickness of ~45 nm, and a yolk
size of ~180 nm, in accordance with the SEM results. The yolk—
shell structure of resultant carbon spheres indicated that the
nucleation rate of dopamine was faster than TEOS in this
reaction condition. The carbonic cores and shells of these YS-
HCSs were confirmed from the TGA curves, from which 100%
weight loss was achieved (Figure S1a). These results indicated
the successful fabrication of the yolk—shell carbon spheres.

To synthesize hollow carbon spheres with a single shell, we
used ammonia aqueous solution (0.5 mL, 25%) to promote the
rapid nucleation of silica. To ensure that the silica core could be
preformed, we pre-added TEOS into the reaction solution. Then,
polydopamine (PDA) as polymer shell could coat the silica
cores.”® After carbonization and silica removal, single-shell
hollow carbon spheres were obtained. Homogeneous SS-HCSs
with a smooth surface and a diameter of approximately 400 nm
are presented in Figure 2a. The hollow-structured morphology
was directly proved by the high-magnification SEM image
(Figure 2b). The single carbon shell with thickness of about 20
nm was also clearly demonstrated. In addition, some hemi-
spheres and fragments can be observed. The ultrathin outer shell
may be unstable and broken during the carbonizing and silica
etching process, leading to the structure damage. As shown in
Figure 2¢ and d, the remarkable feature of the spheres is the
obvious contrast between the dark edge and the pale center, as is
reported for other hollow particles with a central cavity.” It is
observed that the resultant SS-HCSs have very thin shell with
thickness of ~22 nm and large cavity with size of ~340 nm, which
is consistent with the SEM measurements. The TGA result of SS-
HCSs confirmed the carbon framework (Figure S1b). Therefore,
it can be concluded that N-doped hollow carbon spheres with
single shell have been facilely prepared.

When more ammonia aqueous solution (1.0 mL) was added
into the reaction solution, the structure of carbon spheres were
transformed from hollow structure with single shell to double
shells. From the SEM images, the as-synthesized DS-HCSs are
seen to exhibit a monodispersed spherical morphology with a
diameter of 750—910 nm (Figure 3a). The hollow cavity and
two-layer lamellar structure can be clearly identified from a
broken hemisphere (Figure 3b). Compared with SS-HCSs, the
spherical morphology of DS-HCSs was well preserved after
carbonization and silica removal, which may be contributed to
the thicker shell thickness and double-shells structure. The TEM
image further confirmed the hollow and double-shell structure of
DS-HCSs (Figure 3c—e). The shell thickness and interlayer
distance were about 46 and 15 nm, respectively, which were
measured through the HRTEM. The weight loss of DS-HCSs
can achieved 100% in air, indicating the total removal of silica and
a carbonic framework. Therefore, in our synthesis system, DS-
HCSs with N-functionalization can be facilely fabricated.

The N, sorption isotherms of the obtained three hollow
carbon spheres are shown in Figure S2. The BET surface areas of
YS-HCSs, SS-HCSs and DS-HCSs are 427, 622, and 822 m?/ g
respectively, and the total pore volumes are 0.28, 0.48, and 0.47
cm® g7, respectively. The sharp increase in N, uptake at P/P, =
0.9—1.0 corresponds to the hollow cavity, in agreement with the
SEM and TEM results. X-ray photoelectron spectroscopy (XPS)
is a powerful technique for the characterization of elemental
composition and bonding configuration in materials. Figure S3 is
the XPS survey spectra of YS-HCSs, SS-HCSs, and DS-HCSs,
which shows the peaks of C 1s, O 1s, and N 1s. The content of
nitrogen in these materials is listed in Table S1. The as-
synthesized three kinds of carbon spheres have the similar
nitrogen form in the carbon matrix due to the same carbon
precursor and carbonization temperature. The high-resolution
XPS spectra of N 1s can be curve-fitted into four-type peaks
(Figure 4a), which are correlated to different electronic states of
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Figure 4. (a) High-resolution N 1s spectrum of the as-synthesized N-HCSs and (b) relative contents of nitrogen species.

the nitrogen functional groups: pyridinic N (398.6 eV), pyrrolic
N (400 eV), graphitic N (400.9 eV), and pyridine N-oxide (N-X,
403 eV) (Figure 4b), implying the successful doping of N in these
materials. The Raman spectrum shows two peaks at around 1350
and 1580 cm™, which are in accordance with the disordered
cartbon (D-bond) and the graphitic carbon (G-bond),
respectively (Figure S4). The presence of G-band indicated the
graphitic nature of the N-doped carbon spheres, which is
favorable for the electrical conductivity enhancement. This
observation is corresponding to the reported works*"** using
dopamine as carbon precursor.

To demonstrate the structure-assistant role of silica, we
prepared N-doped carbon spheres (NCSs) without adding
TEOS. Unlike N-HCSs, the NCSs possess a solid spherical
morphology, not a hollow structure (Figure S5), similar to the
previous report.*' The particle size of NCSs-1, NCSs-2, and
NCSs-3 was measured to be 1000, 300, and 180 nm. Therefore,
the particle size of NCSs was decreased with increasing the
amount of ammonia, without structure changes. The results
further prove that TEOS played the role of structure-assistant
agent in the formation of N-HCSs.

To acquire more information on the structure evolution of the
three N-HCSs, we employed TEM during the different synthetic
step to characterize the sampless, including polymer/silica
spheres (PSSs), carbon/silica spheres (CSSs), and silica spheres
(SSs) by combustion CSSs in air. TEM images of PSSs, CSSs,
and SSs, corresponding to YS-HCSs, were shown in Figure S6.
The yolk—shell morphology of YS-PSSs, with a core—void—
shell—shell structure, can be clearly seen (Figure S6a). After
carbonization, YS-CSSs kept the core—void—shell—shell struc-
ture (Figure S6b). The hollow structure of YS-SSs by removing
carbon further indicated the carbonic core and outer shell of YS-
HCSs (Figure S6c). The particle size of YS-SSs (660 nm) and
core size of YS-CSSs (170 nm) was consistent with the cavity size
and core diameter of YS-HCSs, respectively. Figure S7a,b shows
the TEM image of SS-PSSs and SS-CSSs, corresponding to SS-
HCSs, from which hollow morphology with void—shell—shell
structure was observed. Similar to YS-SSs, hollow SSs can be
obtained by removal the carbon of SS-CSSs (Figure S7c). The
diameter of SS-SSs was measured to be 340 nm, in accordance
with the cavity size of SS-HCSs. For DS-HCSs, TEM images of
DS-PSSs and DS-CSSs also possessed the void—shell—shell
structure, with a hollow structure of DS-SSs after carbon removal
(Figure S8). It can be seen that an outer shell (45 nm), a pale
layer (18 nm), and a darker inner layer (56 nm) corresponding to
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the outer shell, interlayer, and inner shell of DS-HCSs, appeared
in the sample of DS-CSSs after carbonization.

On the basis of above observations, we proposed the formation
process and relation of the three N-HCSs as follows: In the
condition of synthesizing YS-HCSs by using smallest amount of
ammonia aqueous solution, the polymerization of DA is much
faster than that of TEOS at the initial stage, leading to the core
formation, similar to the resorcinol-formaldehyde/silica assem-
bly system for yolk—shell carbon spheres.”* With the sol—gel
process prolonged, the concentration of DA is gradually
decreased, resulting in the gradient hydrolysis and condensation
of silicates. The generated silicate oligomers form the interlayer.
With continuous consuming, the hydrolysis rate of TEOS will be
drastically reduced. Until the polymerization of DA becomes
faster again, the residual PDA will be further deposited on the
silica surface, resulting in the generation of core—void—shell—
shell YS-PSSs. Thus, the yolk—shell structured N-HCSs can be
fabricated after carbonization and silica etching. To synthesize
SS-HCSs, we preadded a relatively large amount of ammonia
aqueous solution and TEOS to the synthesis system. The
hydrolysis and condensation of TEOS first occurs, leading to the
formation of silica core. After adding DA, the polymerization is
initiated. Then, PDA as polymer shell is coated on the silica cores,
forming the void—shell—shell SS-PSSs. Through heat treatment
and silica etching process, N-HCSs with single shell can be
obtained. In the process of synthesizing DS-HCSs, more
ammonia aqueous solution is used with the simultaneous
addition of TEOS and DA. In this case, the hydrolysis and
condensation of TEOS is faster than the polymerization of DA.
Therefore, the silica core was preferentially generated. The
concentration of TEOS is decreased with the reaction
proceeding, resulting in a slower polymerization rate that well
matched the polymerization rate of DA. The silicate oligomers
from the hydrolysis of TEOS together with PDA polymer can
codeposite at the surface of the silica core, thereby creating the
silica/PDA composite shell. With the further decrease of the
TEOS concentration, the polymerization of DA becomes the
main reaction, resulting in the formation of a PDA shell on the
silica/PDA composite shell. The void—silica—silica/PDA—PDA
structured DS-PSSs are finally formed. During the pyrolysis
process, the void—silica—silica/PDA—PDA structure is trans-
formed to void—silica—silica/carbon—silica—carbon structure
due to the thermal shrinkage of polymer.”” Thus, through
carbonization and silica etching, double-shells N-HCSs are
obtained.
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Figure 5. CV curves and galvanostatic charge—discharge curves of (a and

b) YS-HCSs, (c and d) SS-HCSs, and (e and f) DS-HCSs.
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The supercapacitor performances of the obtained carbon
materials were measured by cyclic voltammogram (CV) and
galvanostatic charge—discharge. Figure Sa,c,e shows the CV
curves of the YS-HCSs, SS-HCSs, and DS-HCSs obtained from a
three-electrode cell under a potential window of 0—0.8 V (vs Ag/
AgCl) at different scan rates. The rectangular-like shapes and the
appearance of humps in the CV curves indicate that the
capacitive response comes from the combination of electric
double-layer capacitance and redox reactions, which relate to the
heteroatom functionalities of the materials. Galvanostatic
charge/discharge method is assumed to be the most accurate
technique for supercapacitor and applied to calculate the specific
capacitances of the three materials. Figure Sb,d,f shows the
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galvanostatic charge/discharge curves at various current densities
(1-40 A g"). According to the formula C = It/mAE(herein, I is
the charge/discharge current, ¢t is the discharge time, m is the
mass of sample in the electrode, and AE is the voltage
difference), the specific capacitance of YS-HCSs, SS-HCSs, and
DS-HCSs was 2185, 280, and 381 F g_l, respectively, at 1A g_l.
Even at an extremely high current density of 40 A g™, the specific
capacitances for YS-HCSs, SS-HCSs, and DS-HCSs remain at 63,
62, and 70%, respectively (Figure 6). Through the comparison of
the three carbon materials, it can be clearly seen that DS-HCSs
show the higher specific capacitance than YS-HCSs and SS-
HCSs. It is also important to note that the capacitance value (381
F g7') obtained for the DS-HCSs at 1A g™" in 1 M H,SO, is
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Figure 7. Cycling stability measured for (a) YS-HCSs, (b) SS-HCSs, and (c) DS-HCSs and galvanostatic charge—discharge curves of the first and

3000th cycle for (d) YS-HCSs, (e) SS-HCSs, and (f) DS-HCSs.

higher than that of many types of nitrogen-doped carbon
materials, including 3D carbons,* nanotubes,?’ nanocages,48
nanospheres,”’ graphene,” and nanofibers.*> The supercapaci-
tive performances of the materials could be also tested via
electrochemical impedance spectra (EIS). Figure S9 is the
Nyquist plots of the three N-HCSs materials. The EIS curve of
DS-HCSs was much closer to the y axis, indicating that DS-HCSs
behaved as a more ideal supercapacitor, in accordance with the
specific capacitances results. The remarkable specific capacitance
of DS-HCSs may be attributed to the high surface area of DS-
HCSs, which allows a large amount of electrical charge to
accumulate on the electrode/electrolyte interface. The hollow
structure is beneficial for electrolyte penetration and can
accelerate the kinetic process of the ion transfer within the
electrode materials. Nitrogen doping can enhance the electrical
conductivity and electrolyte solution wettability of the carbon
materials, thereby enhancing the capacitance. Particularly, the
double-layered structure generates the voids between the carbon
shell, which may provide more active sites and higher volumetric
energy density for the electrochemical reactions and tolerate the
volume changes during charge/discharge processes.

Cycling performance is another important factor in determin-
ing the supercapacitor electrodes for many practical applications.
The cycling stability of the three carbon materials electrodes
were examined using galvanostatic charge—discharge cycling at a
current density of S A ¢! (Figure 7a—c). During the 3000 cycles,
the specific capacitances are almost constant (all the capacitance
retentions of the three materials nearly remaining 97%), which
demonstrates good cycling performance. This is further
confirmed by the inconspicuous change between the charg-
ing—discharging curves of the first and 3000th cycle (Figure 7d—
f). TEM images of the samples showed that no obvious
morphology change was occurred after the cycles, confirming the
stability of these three N-HCSs (Figure S10).

4. CONCLUSION

In summary, monodispersed N-doped hollow carbon spheres
with yolk—shell, single-shell, and double-shells have been
successfully prepared using dopamine (DA) as a carbon
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precursor and TEOS as a structure-assistant agent in a mixture
containing water, ethanol, and ammonia. The structures of the
hollow carbon spheres can be efficiently controlled through the
adjustment of the amount of ammonia, which can significantly
influence the hydrolysis and polymerization rate of TEOS and
DA. The three types of carbon spheres obtained using this
method, including YS-HCSs, SS-HCSs, and DS-HCSs, exhibit
high capacitances of 215, 280, and 381 F g, respectively.
Moreover, the nitrogen-doped hollow carbon nanospheres
showed a good cycling stability 97.0% capacitive retention after
3000 cycles. Notably, the highest capacitance of DS-HCSs up to
381 F g™' is higher than the capacitance reported so far for many
carbon-based materials, which may be attributed to the high
surface area, hollow structure, nitrogen functionalization, and
double-shell architecture. These kinds of N-doped hollow-
structured carbon spheres may show promising prospects as
advanced energy storage materials and catalyst supports.
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