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Micropore-Rich Yolk-Shell N-doped Carbon Spheres: An
Ideal Electrode Material for High-Energy Capacitive Energy
Storage
Xinyuan Li,[a] Zhenhui Liu,[a] Congcong Cai,[a] Qiang Yu,[a] Wenting Jin,[a] Ming Xu,[a]

Chang Yu,[a] Shidong Li,[a] Liang Zhou,*[a, b] and Liqiang Mai*[a, b]

Increasing the energy density of electrochemical double layer
capacitors (EDLCs) can broaden their applications in energy
storage but remains a formidable challenge. Herein, micropore-
rich yolk-shell structured N-doped carbon spheres (YSNCSs)
were constructed by a one-pot surfactant-free self-assembly
method in aqueous solution. The resultant YSNCSs after
activation possessed an ultrahigh surface area of 2536 m2 g� 1,

among which 80% was contributed from micropores. When
applied in EDLCs, the activated YSNCSs demonstrated an
unprecedentedly high capacitance (270 Fg� 1 at 1 Ag� 1) in 1-
ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF4]) ionic
liquid, affording an ultrahigh energy density (133 Whkg� 1 at
943 Wkg� 1). The present contribution provides insight into
engineering porous carbons for capacitive energy storage.

Introduction

Electrochemical double layer capacitors (EDLCs) play an irreplace-
able role in energy storage owing to their unique merits such as
high power density, short charging time, and long service life.[1]

However, EDLCs generally possess quite limited energy density.
Such a situation is originated from their distinct charge storage
mechanisms: the EDLCs operate on ion adsorption/desorption at
the electrode/electrolyte interface.[2] To broaden the application in
energy storage, the energy density bottleneck of EDLCs should be
tackled, which puts forward strict requirements on electrode
materials and matching electrolytes.

Porous carbons are the electrode material of choice for EDLCs
owing to their high surface area, extraordinary electrical con-
ductivity, tunable pore size, low cost, and natural abundance.[3]

Different types of porous carbons, such as microporous carbon,[4]

mesoporous carbon,[5] graphene,[6] carbon nanotubes,[7]

nanofibers,[8] nanosheets,[9] nanocages,[10] and porous carbon
microspheres,[11] have been rationally designed for EDLCs. Among
the various structures, porous carbon microspheres are especially
attractive owing to their ability to minimize aggregation and

maximize the packing density in electrodes. Engineering the
surface area, pore size, microstructure, crystallinity, and surface
functionality of porous carbon microspheres holds the key to
boost the capacitive performance. For example, Luo et al.
designed porous carbon microspheres with high surface area and
high graphitization degree by introducing activation agent and
graphitization catalyst simultaneously.[12] The resultant porous
carbon microspheres demonstrated high capacitance and rate
capability in aqueous electrolyte.

Yolk-shell carbon spheres (YSCSs), which are composed of a
spherical/non-spherical carbon core encapsulated in a hollow
carbon shell, represent a special type of porous carbon
microspheres.[13] Compared to hollow carbon spheres, the YSCSs
possess higher bulk density and thus higher volumetric capaci-
tance. Compared to solid porous carbon spheres, the YSCSs
possess more porosity and thus higher gravimetric capacitance.
Thus, the YSCSs offer a better trade-off between volumetric and
gravimetric capacitance than the hollow carbon and solid porous
carbon sphere counterparts. Qiao et al. developed a “silica-
assisted” approach towards YSCSs and evaluated the capacitive
performance.[14] Liu et al. prepared a series of YSCSs[15] employing
either resin or dopamine as the carbon precursor and studied their
capacitive performances in 1.0 m H2SO4. Recently, Liu et al.
constructed asymmetric yolk-shell carbon microspheres through a
heterogeneous contraction strategy,[16] and the obtained material
manifested a capacitance of 283 Fg� 1 in KOH. Without exception,
the capacitive properties of YSCSs were studied in aqueous
electrolytes. Although the YSCSs are able to achieve high
capacitance in aqueous electrolytes, the narrow electrochemical
window of aqueous electrolytes significantly limits the energy
density of EDLCs. Replacing the aqueous electrolytes with organic
electrolytes or ionic liquids (ILs) with wide electrochemical window
would boost the energy density of EDLCs substantially.[17]

However, to the best of our knowledge, the capacitive perform-
ances of YSCSs in organic electrolytes or ILs have not been
reported yet.
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Herein, we propose a one-pot surfactant-free self-assembly
synthetic strategy in aqueous solution for the construction of
yolk-shell N-doped carbon spheres (YSNCSs). The YSNCSs after
activation possess a high surface area (2536 m2 g� 1), abundant
micropores, suitable pore size distribution, in-situ N doping,
and excellent wettability for [EMIM][BF4]. The above features
endow the activated YSNCSs ideal capacitive performance in
[EMIM][BF4], outputting a high specific capacitance (270 Fg� 1)
and an ultrahigh energy density (133 Whkg� 1). The facile
aqueous phase synthesis as well as the impressive capacitive
performance make the activated YSNCSs an ideal electrode
material for high-performance EDLCs.

Results and Discussion

The preparation of micropore-rich YSNCSs is illustrated in
Figure 1. First, core–shell structured organosilica@APF micro-
spheres are synthesized via a one-pot sol-gel process, during
which 3-aminophenol/formaldehyde (APF) is employed as the
carbon source, vinyltrimethoxysilane (VTMS) is employed as the
silicon source, and ammonia is used as the catalyst. The one-
pot synthesis can avoid the labor- and time-consuming layer-
by-layer coating, and the aqueous synthesis can avoid the
employment of expensive organic solvent such as ethanol,
making the scalable production more feasible.[18] The yield of
organosilica@APF can reach up to 27.61 gL� 1 (Figure S1,
Supporting Information). The activated YSNCSs are obtained
after carbonization, HF etching, and subsequent KOH activation.

Microscopy characterizations show that both the organo-
silica@APF (Figure 2a–d) and the sample after carbonization
(designated as SiOx/C@C, Figure 2e–h) are comprised of uniform
core-shell microspheres. To further confirm the distribution of
organosilica and APF, the organosilica@APF was etched with HF
before carbonization, which selectively etched the organosilica.
Shrinked hollow APF spheres (H-APF) with a cavity size of
approximately 550 nm and a shell thickness of approximately

90 nm are obtained after HF etching (Figure S2a–d). In addition,
the organosilica@APF was subjected to direct calcination in air,
which burnt off the APF and organic moiety of organosilica but
left silica (SiO2). Rigid SiO2 microspheres with a diameter of
approximately 640 nm were obtained (Figure S2e–h). The above
results unambiguously demonstrate the distribution of APF on
organosilica in the organosilica@APF. Thermal gravimetric
analysis (TGA) indicates the good thermostability of organo-
silica@APF with the decomposition starts from around 320 °C.
Fourier-transform infrared spectroscopy (FTIR) uncovers abun-
dant multifunctional groups of organosilica@APF, which primar-
ily consists of amino groups and hydroxy groups. (Figure S3).
High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spectro-
scopy (EDS) elemental mappings (Figure 2i) show that C and N
evenly distribute in the SiOx/C@C particles, while O and Si
mainly distribute in the internal SiOx/C cores. With subsequent
HF etching of the silicon oxide, monodisperse carbon micro-
spheres with a well-defined yolk-shell structure (YSNCSs) are
obtained (Figure 3a–d). The YSNCSs have an overall size of
570 nm, and the yolk size is approximately 350 nm while shell
thickness is approximately 60 nm (Figure 3d, Figure S4a). The
formation of yolk-shell structure is associated with the thermal
treatment induced broken of Si� C bonds and shrinkage of the
organosilica-derived carbon. When applied in EDLCs, it is
expected that the void between the shell and yolk of YSNCSs
can act as ion-buffering reservoirs to boost the performance.

To boost the surface area for capacitive storage, the YSNCS
is subjected to KOH activation, and YSNCS-A is obtained after
the activation. The KOH activation does not alter the overall
morphology and structure of YSNCS significantly (Figure 3e–h)
despite the slight shape change in the yolk. Compared with
YSNCS, the central core size of YSNCS-A is reduced, and the
cavity volume between the core and shell is enlarged. During
the activation process, KOH etches part of the carbon away,
leaving abundant micropores. This process inevitably breaks a
small portion of the yolk-shell carbon spheres with such a high

Figure 1. Schematic synthesis of YSNCS-A via sol-gel synthesis, carbonization, etching, and activation.
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Figure 2. (a, b) SEM images and (c, d) TEM images of organosilica@APF. (e, f) SEM images and (g, h) TEM images of SiOx/C@C. (i) HAADF-STEM image and the
corresponding EDS elemental mappings of SiOx/C@C.

Figure 3. (a, b) SEM images and (c, d) TEM images of YSNCS. (e, f) SEM images and (g, h) TEM images of YSNCS-A. (i) HAADF-STEM image and the
corresponding EDS elemental mappings of YSNCS-A. (j) XRD patterns of YSNCS-A and YSNCS. (k) Raman spectra of YSNCS-A and YSNCS.
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KOH/YSNCS weight ratio (4 : 1). The YSNCS-A possesses a
micropore-rich carbon shell of 50 nm (Figure 3h, Figure S4b),
slightly thinner than that of YSNCS, demonstrating high
corrosion resistance.[19] The microporous shell is conducive to
the infiltration of electrolyte, which can shorten the mass
transfer distance. HAADF-STEM and EDS elemental mappings
(Figure 3i) show that C, N, and O evenly distribute in the
YSNCS-A particles. Selected area electron diffraction (SAED)
pattern shows two halo-stained rings, demonstrating the
amorphous state of YSNCS-A (Figure S4c). X-ray diffraction
(XRD) patterns of YSNCS-A and YSNCS show two broad peaks at
around 23 and 43.7°, corresponding to amorphous carbon
(Figure 3j). The Raman spectra of both samples present a D-
band at approximately 1340 cm� 1 and a G-band at 1590 cm� 1

with comparative intensities (Figure 3k), confirming their amor-
phous feature. The ID/IG ratio of YSNCS-A (1.04) is slightly higher
than that of YSNCS (0.97) owing to the chemical activation,
which introduces more defects.[11a]

The surface area and pore size of YSNCS-A are studied by N2

sorption. The YSNCS-A is micropore-rich, which can be reflected
from the type I isotherm (Figure 4a) with sharp increase in
adsorption amount at P/P0<0.1. The abundant micropores
afford the YSNCS-A a high surface area of 2536 m2 g� 1. Such a
surface area is three-fold over that of activated solid N-doped
carbon spheres (NCS-A, 832 m2 g� 1), and about 1.6 times to that
of commercial YP-50F (1612 m2 g� 1). Besides high surface area,
the micropore-rich YSNCS-A also displays a large pore volume
of 1.63 m3 g� 1, which is over four times that of NCS-A
(0.38 m3 g� 1) and twice that of YP-50F (0.80 m3 g� 1, Table S1).

The pore size distribution of YSNCS-A displays three peaks at
0.72, 1.30, and 2.75 nm (Figure 4b). The capacitive performance
of porous carbons are highly dependent on their surface area
and pore size.[20] To make maximum utilization of the surface
area, porous carbons with a pore size slightly larger than the
size of electrolyte ions are required.[4,20d] For [EMIM][BF4], the
[EMIM] cations and [BF4] anions have sizes of 0.68 and 0.33 nm,
respectively.[21] Obviously, the pore size of YSNCS-A exceeds the
size of [EMIM] cation and [BF4] anion, suggesting the full
accessibility of surface area to electrolyte ions. The electrolyte
wettability of YSNCS-A towards [EMIM][BF4] and water were
studied by dynamic contact angle tests (Figure 4c). With
[EMIM][BF4], the initial contact angle is 60.0° and it reduces to
30.0° after 2 min. Conversely, the initial contact with water is
98.3° and it remains almost constant after 2 min. The dynamic
contact angle tests demonstrate the excellent wettability of
YSNCS-A towards [EMIM][BF4].

The surface functionality of porous carbon contributes signifi-
cantly to conductivity as well as electrolyte wettability.[22] X-ray
photoelectron spectroscopy (XPS) reveals the existence of C, N,
and O in YSNCS and YSNCS-A. The C, N, and O atomic percentages
are 90.97, 5.38, and 3.66% for YSNCS, and 95.61, 1.12, and 3.27%
for YSNCS-A (Figure S5). The oxygen- and nitrogen-containing
functional groups in the porous carbon materials may contribute
to pseudocapacitance when applied in supercapacitors. However,
they may decompose under high voltage window, leading to
unsatisfactory cyclic stability. The secondary carbonization after
KOH activation, which has also been adopted by supercapacitor
industry, inevitably leads to decreased oxygen and nitrogen

Figure 4. (a) N2 adsorption/desorption isotherms of YSNCS-A, NCS-A, and YP-50F. (b) Corresponding pore size distributions of YSNCS-A, NCS-A, and YP-50F. (c)
Dynamic contact angle measurement of YSNCS-A in [EMIM][BF4] and water.
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content but is beneficial for the cycling stability under high
voltage window. The N1s core level spectrum can be fitted into
three peaks at 398.4, 400.9, and 402.8 eV, corresponding to the
pyridinic nitrogen (N-6), pyrrolic nitrogen (N-5), and graphitic
nitrogen (N� Q), respectively (Figure S6).

To objectively evaluate the capacitive performance of YSNCS-
A, commercial YP-50F, a benchmarking porous carbon material for
EDLCs, is selected for comparison. To demonstrate that the
enhanced capacitive performance of YSNCS-A benefits from not
only the micropore-rich N-doped structure but also the yolk-shell
structure, the activated solid N-doped carbon spheres (NCS-A) is
selected for comparison as well. Two-electrode coin-cell super-
capacitors are assembled with [EMIM][BF4] as the electrolyte. The
employment of [EMIM][BF4] electrolyte enables a wide voltage
window of 0–3.8 V. Cyclic voltammetry (CV) curves obtained at
100 mVs� 1 show typical EDLC behaviors: nearly symmetrical
rectangular shapes for the YSNCS-A, NCS-A, and YP-50F (Fig-
ure 5a). The larger response current of YSNCS-A compared to NCS-
A and YP-50F indicates its higher specific capacitance. The
symmetric rectangular shape can still be maintained even at
1000 mVs� 1 (Figure 5b,c), manifesting the rapid kinetics.[23] Galva-

nostatic charge/discharge (GCD) tests in a wide current density
range of 1 to 50 Ag� 1 show that YSNCS-A possesses significantly
higher specific capacitance and rate performance than the NCS-A
and YP-50F counterparts (Figure 5d,e and Figure S7). At 1 Ag� 1,
the capacitances for YSNCS-A, NCS-A, and YP-50F are 270, 158,
and 198 Fg� 1, respectively. The higher capacitance of YSNCS-A
compared to NCS-A and YP-50F can be attributed to its higher
specific surface area and more suitable pore size. Increasing the
specific current to 50 Ag� 1 leads to capacitance retentions of 76.6,
47.9, and 71.3% for YSNCS-A, NCS-A, and YP-50F, respectively. The
carbonization temperature is a key parameter to obtain ideal
carbon materials for EDLC applications. The carbonization temper-
ature is varied from 700 to 900°C. Among the three samples
prepared at different carbonization temperatures, the sample
prepared at 800°C delivers the highest capacitance (270 Fg� 1 at
1 Ag� 1), while for the samples prepared at 700 and 900°C, the
capacitances are 184 and 240 Fg� 1 (Figure S8), respectively. The
capacitive performances of YSNCS-A are compared with other
carbonaceous materials in IL electrolyte in the Ragone plots
(Figure 5f) and Table S2.[6a,10c,17a,24] Based on the active material
mass, the YSNCS-A based supercapacitor demonstrates an ultra-

Figure 5. Electrochemical behaviors in [EMIM][BF4] electrolyte: (a) CV profiles of YSNCS-A, NCS-A, and YP-50F at 100 mVs� 1. (b, c) CV profiles of YSNCS-A at
various sweep rates. (d) GCD curves of YSNCS-A at various current densities. (e) Specific capacitances of YSNCS-A, NCS-A, and YP-50F as a function of GCD
current density. (f) Comparison of the energy and power performances of YSNCS-A with other carbonaceous materials in IL electrolyte in the Ragone plots. (g)
Stability test of YSNCS-A and YP-50F conducted at 5 Ag� 1 for 20000 cycles in [EMIM][BF4] ILs. (h) Digital photos demonstrating the potential of the assembled
LEDs and toy car using YSNCS-A as electrode material in EDLCs.

ChemSusChem
Full Papers
doi.org/10.1002/cssc.202100113

5ChemSusChem 2021, 14, 1–8 www.chemsuschem.org © 2021 Wiley-VCH GmbH

These are not the final page numbers! ��

Wiley VCH Mittwoch, 17.02.2021

2199 / 194266 [S. 5/8] 1

https://doi.org/10.1002/cssc.202100113


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

high energy density of 133.33 Whkg� 1 at 943 Wkg� 1. Such a high
value surpasses the energy density of most reported EDLCs.
Assuming the porous carbon accounts for a quarter of the total
mass of a real EDLC device, an energy density of 33 Whkg� 1 is
anticipated for the EDLC device.

Cycling stability is an important performance metric for EDLCs.
The YSNCS-A based supercapacitor was cycled at 5 Ag� 1 for 20000
cycles. The YSNCS-A demonstrates a capacitance retention of
88.2% after 10000 cycles and 80.0% after 20000 cycles with a
coulombic efficiency of 99.4%, which surpass the YP-50F (Fig-
ure 5g). Electrical impedance spectroscopy (EIS) and the Nyquist
plots with fitting curves confirm better capacitive behavior and
rate performance of YSNCS-A than the NCS-A and YP-50F
(Figure S9). Compared to NCS-A and YP-50F, the YSNCS-A has the
smallest impedance semicircle at high frequency, which means
that YSNCS-A possesses a lowest material intrinsic resistivity and
highest electrical conductivity. The slope of YSNCS-A is closest to
90° at low-frequency region, indicating the highest ion diffusion
rate. To understand the capacitance decay during cycling, GCD
curves and EIS spectra of the YSNCS-A before and after cycling
tests are provided (Figure S10). Obvious increase in internal
resistance and decrease in ion diffusion can be noticed in the EIS
spectrum after cycling (Figure S10b), which might be the reasons
for the capacitance decay. To further evaluate the potential of
YSNCS-A in EDLCs, a 5 cm×3 cm supercapacitor device is
assembled to light a “SC” circuit board composed of 52 light-
emitting diodes (LEDs) in series and drive a 350 g toy car
(Figure 5h). The assembled EDLC device is able to light up the
circuit board for more than 20 min and drive a toy car for more
than 60 m (Videos S1, S2).

Conclusions

Micropore-rich yolk-shell N-doped carbon spheres (YSNCS-A) were
obtained through a surfactant-free self-assembly method in
aqueous solution. With intriguing attributes of high surface area,
rich micropores, appropriate pore size, ideal electrolyte wettability,
and excellent conductivity, the YSNCS-A delivered a high specific
capacitance of 270 Fg� 1 at 1 Ag� 1 and an outstanding rate
performance of 207 Fg� 1 at 50 Ag� 1 in [EMIM][BF4]. The high
specific capacitance and wide electrochemical window of
[EMIM][BF4] worked together, affording an ultrahigh energy
density of 133 Whkg� 1 based on the mass of YSNCS-A.

Experimental Section
Chemicals: Formaldehyde, 3-aminophenol, ammonium hydroxide,
vinyltrimethoxysilane (VTMS), [EMIM][BF4], potassium hydroxide
(KOH), and polytetrafluoroethylene (PTFE) were all purchased from
Macklin Reagent Co. Among them, [EMIM][BF4] was treated with
molecular sieves for 24 h before use. The other chemicals used in
the experiment were analytical grade and used without further
purification.

Preparation of SiOx/C@C: 3-Aminophenol (0.33 g) was first dis-
solved in deionized water (30 mL). Subsequently, VTMS (1 mL) and
ammonia (1 mL) were added and stirred for 5 h at 25 °C.

Formaldehyde (456 μL) was added dropwise and stirred for another
5 h. After the reaction, the precipitates were collected by
centrifugation, washed, and then dried. The as-synthesized sample
(organosilica@APF) was carbonized at 800 °C for 3 h in Ar to obtain
the SiOx/C@C.

Preparation of YSNCS-A: The as-prepared SiOx/C@C was treated
with 10% HF solution to obtain the YSNCS by removing the silicon
oxide. The YSNCSs were activated with a KOH/YSNCS mass ratio of
4 :1 at 700 °C for 1 h in flowing Ar and the heating rate was 2 °C
min� 1. The obtained mixture was washed with diluted HCl and
deionized water to neutral and dried overnight to get the final
product YSNCS-A.

Preparation of NCS-A: 3-Aminophenol (0.33 g) was dissolved in
deionized water (30 mL). Subsequently, formaldehyde (456 μL) was
added dropwise and stirred for 30 min. The precipitates were
collected by centrifugation, washed, and then dried. The as-
synthesized sample (APF) was then carbonized and activated to
obtain NCS-A.

Fabrication of coin-cell supercapacitors: The electrochemical
performances were evaluated in [EMIM][BF4] with a two-electrode
configuration. First, the electrode was prepared by grinding the
active material, acetylene black, PTFE with a mass ratio of 8 : 1 : 1
until a shiny chewing gum type black mud was produced. The mud
was rolled into sheets and punched into small discs with diameter
of 8 mm, which was then dried at 70 °C for 48 h. Then, the carbon
electrode was loaded onto a nickel foam, pressurized to 10 MPa
and maintained for 30 s. Two electrodes and 2025-type coin cell
were assembled into a symmetrical two-electrode cell in an Ar-filled
glovebox (with O2 and H2O contents below 1 ppm) with [EMIM][BF4]
and cellulose as electrolyte and separator, respectively.

Materials characterization: SEM images were obtained on a JEOL-
7100F scanning electron microscope at 20 kV. TEM images and EDS
elemental mappings were collected on a JEM-2100F microscope at
200 kV. XRD patterns were obtained on a D8 Advance X-ray
diffractometer with a Cu Kα X-ray source. Raman spectra were
collected on a confocal micro-Raman system (WITec alpha 300)
using a diode laser (excitation wavelength: 532 nm). The Brunauer–
Emmett–Teller (BET) surface areas and pore volumes were calcu-
lated from N2 sorption results on an ASAP-2020 instrument at 77 K.
Dynamic contact angle measurements were obtained on a SZ10-
JC2000 C instrument. XPS results were obtained using a ESCALAB
250Xi instrument. FTIR spectroscopy was performed on KBr pellets
using a Perkin–Elmer spectrum IR Affinity-1 spectrometer. TGA was
conducted using a STA-449C thermogravimetric apparatus.

Measurements of electrochemical performance: The electrochem-
ical performances were characterized by CV, GCD, and EIS on a CHI
760E electrochemical workstation (Chenhua Instruments, China)
and the cyclic stability was characterized on NEWARE testing
system. The gravimetric specific capacitance of the single electrode
Cs [Fg� 1] was obtained by Equation (1):

CS ¼ 4�
I Dt

mt DU (1)

where I is the current, Δt is the discharge time, ΔU is the potential
range (excluding the voltage drop), and mt is the total mass of the
YSNCS-A on both electrodes.

Note: For symmetrical EDLCs, the single electrode and the cell have
the same amount of charge, while the voltage and mass of the cell
are twice that of the single electrode. Consequently, the capaci-
tance of the cell Cc is converted to the specific capacitance of the
single electrode material with the factor 4. That is Cc =1/4 Cs.
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The energy density of the cell E [Whkg� 1] is calculated from the
following Equation (2):

E ¼
Cs ðDUÞ2

2� 4� 3:6
(2)

3.6 is the unit conversion from Jg� 1 to Whkg� 1.

The power density of the cell P [Wkg� 1] is calculated based on
Equation (3):

P ¼
3600� E

Dt (3)
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Super spheres: Micropore-rich yolk-
shell structured N-doped carbon
spheres (YSNCSs) are constructed by
a one-pot surfactant-free self-
assembly method. The resultant
YSNCSs after activation demonstrate
an unprecedentedly high specific ca-
pacitance of 270 Fg� 1 at 1 Ag� 1 and
an excellent rate performance of
207 Fg� 1 at 50 Ag� 1 in [EMIM][BF4],
affording an ultrahigh energy density
of 133 Whkg� 1.
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