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The synergistic effect achieved by combining
different nitrogen-doped carbon shells for high
performance capacitance†
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Ellipsoid nitrogen-doped hollow carbon shells with different nitrogen

contents and electrical conductivities were prepared using a simple

calcination method by regulating the calcination temperature. Although

a high nitrogen content promotes pseudocapacitance, it reduces the

electrical conductivity of carbon, causing loss of capacitance. The best

rate performance was achieved by a mixture of two types of ellipsoid

nitrogen-doped hollow carbon shells, in which one contains a higher

level of nitrogen with lower conductivity and higher pseudocapacitance,

while the other contains a relatively lower level of nitrogen with higher

conductivity. The enhanced performance can be explained by the

synergistic effect of one component providing high pseudocapacitance

and the other component serving as a highly electrically conductive

network, which leads to activation of ‘‘nitrogen’’ to enhance pseudo-

capacitance performance. The mixed material showed a specific

capacitance of 156.9 F g�1 at a high current density of 10 A g�1, with

no degradation after 10 000 cycles.

Supercapacitors relying on fast ion transport and adsorption
have been the focus of research during the recent decades. In
comparison to secondary lithium-ion batteries, the higher
power density and ultralong cycle life add a lot of luster to
supercapacitors.1 Depending on the charge storage mechanism,
supercapacitors can be divided into electrical double-layer capacitors
(EDLCs) and pseudocapacitors, with the first type based on electro-
static adsorption at the electrode/electrolyte interface, and the
second type relying on Faradaic reaction.1c,d,2

Carbon-based materials are the most widely researched class
of materials for supercapacitors,3 owing to their high conductivity,
stability in different environments, large specific surface area, and
a large variety of carbon-rich precursors.1c,3a,4 In order to
achieve a high specific capacitance, a carbon material should
have three characteristics: a high surface area, fine pore size,

and heteroatom-doping.5 A large specific surface area ensures a
sufficiently large surface accessible to the electrolyte ions for
adsorption, although the specific capacitance may not be
necessarily high.5b,6 In addition, suitable pore size matching
well with the size of electrolyte ions and appropriate heteroatom-
doping are necessary for achieving a high capacitance. Micropores
can help to achieve a high capacitance, but they limit the mass
transfer of electrolytes and the ion migration at a high current
density.7 Therefore, synthesizing carbon materials with a large
volume of mesopores is a promising way to improve the high
rate performance.8 The most widely used dopant heteroatoms in
carbon are oxygen, nitrogen, hydrogen, and sulfur.9 N-enriched
and O-enriched carbon materials have been researched extensively
to improve capacitance.10 For example, N-enriched carbons can
achieve a high capacitance due to the pseudocapacitance provided
by the nitrogen functional groups, as well as an improved electronic
conductivity and surface wetting by the electrolyte.5a,11 However, the
N element content should be in an appropriate range, or the
capacitance would be reduced.9,10b

A synergistic effect as a result of constructive interaction
between different materials is often used to realize a higher
performance.12 For example, Ania et al. successfully realized a
large electrochemical capacitance using a zeolite template and
the high capacitance comes from the synergy between the high
surface area and the pseudo-Faradaic reactions on the nitrogenated
functional groups;12e Zhang et al. obtained MnO2/MnCo2O4

composites by using a combustion synthesis method, and a
high capacitance was attributed to the synergy of numerous
nanopores, large specific surface, nice crystallinity, and the
presence of MnO2 and MnCo2O4.12c However, when researchers
try to achieve multiple advantages using one material, either
the cost of synthesis will increase or other performances will be
compromised. To deal with this situation, in this report, we
offered a simple method to realize superior capacitive performance
by blending two types of nitrogen-doped carbon shells, in which
one contains a higher level of nitrogen with lower conductivity and
higher pseudocapacitance, while the other contains a relatively
lower level of nitrogen with higher conductivity, which leads to
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activation of ‘‘nitrogen’’ to enhance the pseudocapacitance
performance. This idea offers a new insight into improving
the supercapacitor performance in an economic way.

Previously, we synthesized a core–shell nanohollow-g-Fe2O3@
graphene hybrid through a Kirkendall process at room
temperature13 (step I, Scheme 1). As we removed the nanohollow-
g-Fe2O3 core by H2SO4 (step II, Scheme 1), we found that the carbon
shell named CS-650 had a certain level of N element. In order to
increase the electrical conductivity of CS-650, we treated it at 850 and
1050 1C as shown in step III in Scheme 1. The whole synthesis process
is very simple compared to the hard-templating and soft-templating
routes.4c CS-850 exhibits superior specific capacitance (119.5 F g�1/
10 A g�1; 93.9 F g�1/50 A g�1) at high current density among the
three materials. Meanwhile, CS-650 can achieve 342.9 F g�1 at
0.2 A g�1, which is higher than CS-850 (223.58 F g�1) and
CS-1050 (111.6 F g�1). Therefore, we mixed CS-650 with CS-850,
and the mixture was named CS-650 + 850. Interestingly, we found
that CS-650 + 850 exhibited better capacitance performance than the
two constituting materials, and it achieved 325.9 F g�1 at 0.2 A g�1

and 108 F g�1 at 50 A g�1. A similar trend was observed for CS-650 +
1050, which was a mixture of CS-650 and CS-1050.

Fig. 1a shows the XRD data of CS-650, CS-850, and CS-1050.
All of the three materials have a diffraction peak at 26.31 which
can be ascribed to the characteristic peak of graphite (JPCDS
No. 41-1487). With the increase of the calcination temperature,
FexCy gradually emerged when 1050 1C is reached. The diffraction
peaks between 301 and 401 represented the appearance of FexCy.

In order to evaluate the degree of graphitization in the three
materials, we collected Raman spectra as shown in Fig. 1b. The
intensity ratio of G to D bands (IG/ID) has been widely used as a
measurement of the degree of graphitization. From the inset
picture in Fig. 1b, we see that the structure becomes more and
more ordered from 650 1C to 1050 1C.1c The morphology of the
three materials is shown in Fig. 1c, d and Fig. S1, S2 (ESI†). We can
clearly see the layer structure of the final carbon shell calcined at
850 and 1050 1C. The elemental mapping of the final three
materials is shown in Fig. S3 (ESI†).

X-ray photoelectron spectroscopy analysis was also carried
out to study the content and the binding structure of different
elements. The final results of XPS analysis reveals that the final
three materials are mainly composed of C, N, O and Fe (Fig. 2a).
The high resolution C1s XPS spectra can be fitted into four
peaks, containing a CQC peak at 284.4 eV, a C–C peak at 285.2 eV, a
C–O peak at 286.2 eV and an O–CQO peak at 289 eV13,14 (Fig. 2b and
Fig. S4, ESI†). The percentages of carbon sp2 and sp3 are summarized
and shown in Fig. 2b. The CQC (sp2) content increases along with the
increase in the temperature, and the percentage of carbon sp2 is
49.93% when the temperature reached 1050 1C. From the Raman and
XPS data we found that the degree of graphitization of CS-1050 is the
highest of the three. The N1s spectra can be deconvoluted into three
peaks: the pyrrolic N (B398.2 eV), pyridinic N (B400.2 eV), and
graphitic N (B401.6 eV).15 The total N contents of the three materials
are 12.8%, 9.1% and 3.3% as shown in Fig. 2a. The concentration of
graphitic N increases from 22.96% to 33.4%, and then to 100% as the
temperature increases from 650 1C to 850 1C and then to 1050 1C
(Fig. 2d and Fig. S5a, b, ESI†). Fig. S6 (ESI†) shows the N2 isothermal
adsorption/desorption isotherms of CS-650, CS-850, and CS-1050, and
the corresponding specific surface areas are 670.28, 648.86, and
676.20 m2 g�1. Obviously, there is no much difference between
the values of specific surface area. The pore sizes of the final
three materials were derived using the BJH model and calculated

Scheme 1 Formation process of different ellipsoid nitrogen-doped hollow
carbon shells (CS-650, CS-850 and CS-1050), and CS-650 + 850 was
obtained by blending CS-650 (50%) and CS-850 (50%).

Fig. 1 (a) XRD data of the final three nitrogen-doped hollow carbon
shells; (b) Raman spectra of the final materials, the picture inset is the
value of IG/ID; and (c) SEM and (d) TEM images of CS-850.

Fig. 2 (a) XPS survey spectra of CS-650, CS-850 and CS-1050, the numbers
in (a) are the contents of nitrogen element; (b) the C1s XPS spectra of CS-850,
table inset into (b) shows the percentages of different types of carbon; (c) the
N1s XPS spectra of CS-850; and (d) pore size distribution obtained from the
BJH model of CS-650, CS-850 and CS-1050.
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from the adsorption branch, which revealed the presence of
mesopores (2–50 nm) and macropores (450 nm)16 (Fig. 2d).

The electrochemical performance of CS-650, CS-850, CS-1050,
and CS-650 + 850 was investigated in 6M KOH with Pt as the counter
electrode and Hg/HgO as the reference electrode. Fig. 3a presents the
charge–discharge curves of the four materials at 0.5 A g�1 between
�1.0 V and 0 V. The standard quasi-rectangular shape of the charge–
discharge curves represents the characteristic of electrical double-
layer capacitance. Fig. 3b and c shows the rate performance from
0.2 A g�1 to 50 A g�1. In comparison, the specific capacitance of
CS-650 + 850 (325.9 F g�1) at 0.2 A g�1 is close to that of CS-650
(342.9 F g�1), and higher than that of CS-850 (223.58 F g�1) or CS-
1050 (111.6 F g�1). Moreover, the mixed CS-650 + 850 retains the best
performance when the current densities are higher than 0.5 A g�1.
We also calculated the average capacitance values of CS-650 and
CS-850 and showed them in Fig. 3c. Obviously, the real measured
value of CS-650 + 850 is higher than the calculated average value
(CS-650 and CS-850) and the gap would widen with the increase of
current density (the red shade in Fig. 3c). Interestingly, physical
mixing of CS-650 and CS-850 yields CS-650 + 850 which demon-
strates optimal electrochemical performance. From Fig. 3b and c, we
can see that CS-850 shows good performance at high current density,
and CS-650 exhibits high specific capacitance at low current density.
Apparently, CS-650 + 850 inherits the advantages of both CS-650
(high specific capacitance) and CS-850 (high electrical conductivity,
and better electrochemical performance than CS-1050). When
we blended the two materials, CS-850 improved the electrical
conductivity of CS-650 + 850 and sent electrons to CS-650 easily
at high current densities, ensuring that the active sites of CS-650
with the highest N content work. In addition, CS-650 + 850 showed a
specific capacitance around 156.9 F g�1 at a high current density of
10 A g�1, with no degradation after 10 000 cycles (Fig. S7a, ESI†).
The charge/discharge curves of CS-650 + 850 are shown in Fig. S7b

(ESI†). We also made a comparison between CS-650 + 850 and other
recently reported carbon materials as shown in Table S1 (ESI†).1c,17

Fig. 3d and Fig. S8, S9 (ESI†) show the CV curves of the four
materials measured at scan rates from 5 to 100 mV s�1. At a low
scan rate (5 mV s�1), the CV areas of CS-650 and CS-650 + 850 are
almost the same and higher than those of the other two materials
(Fig. S9a, ESI†). When the scan rate increases to 100 mV s�1, the
order of CV area decrease is CS-650 + 850, CS-850, CS-650, and CS-
1050 (Fig. S9b, ESI†). The currents obey the power-law relationship,
i = a� vb,18 with the meaning of each variable shown in Fig. 3e. If b
is equal to 1, it suggests a capacitive process; if b is close to 0.5, it
shows the semi-infinite diffusion of current.13 At a fixed potential in
Fig. 3d, we can obtain a single b with different scan rates, and then
we put all the b values into Fig. 3e and obtain the variation trends of
the three materials. Obviously, at high potentials, the b-values of
CS-850 and CS-650 are definitely different. The current in CS-850
experiences a capacitive process, while an electrochemical process
takes place in CS-650. When mixing the two materials together, the
b-value was between the two materials (higher than that of CS-650
and close to 1), which can explain why it demonstrates a better rate
performance than CS-650.

For further verification, CS-650 and CS-1050 were also blended
and named CS-650 + 1050, which showed a similar behavior to
CS-650 + 850. The rate performance and CV curves are shown in
Fig. S10 (ESI†). Similarly, the capacitance of CS-650 + 1050 is higher
than that of CS-650 or CS-1050 at different current densities.
Moreover, the shape of the CV curves becomes more rectangular
compared to CS-650. The summary of the capacitance retention
from 0.5 A g�1 to 50 A g�1 of all five materials is shown in Fig. 4a.
The retention rates of the two blending materials are between the
original materials, but the capacitances are higher than their
constituting components. Apparently, both CS-850 and CS-1050
promoted CS-650 demonstrated higher capacitance. Fig. 4b
shows the contribution of CS-850 and CS-1050 in CS-650 + 850
and CS-650 + 1050. Clearly, the capacitance of CS-650 in CS-650 +
1050 is higher than that in CS-650 + 850. It suggests that the higher
the electrical conductivity of the promoting material (CS-1050 vs.
CS-850), the higher the capacitance of CS-650. When we made a
comparison between CS-650 + 850 and CS-650 + 1050 as shown in
Fig. S12 (ESI†), the capacitance of CS-650 + 850 is higher than that of
CS-650 + 1050. According to the above two results, we can conclude
that the blended materials possess both high electrical conductivity
and good capacitance performance, such as the combination of CS-
650 and CS-850. We provide a schematic drawing to illustrate the
working mechanism in the two blended materials as shown in
Fig. 4c and d. The electrical conductivity of CS-650 is lower than that
of CS-850 or CS-1050, so the electron transfer speed cannot catch up
during the rate increase. When CS-650 is blended with CS-850 or
CS-1050, a perfect conductive network can be provided by CS-850 or
CS-1050 with high electronic conductivities which can lead to
activation of high concentration ‘‘nitrogen’’ of CS-650 with low
electronic conductivities so as to enhance the ‘‘nitrogen’’ pseudo-
capacitance performance. Besides, CS-850 and CS-1050 can also
contribute a certain level of capacitance. In order to prove that
CS-850 or CS-1050 serves as a highly conductive network, we mixed
CS-650 and carbon black with a proportion of 1 : 1 and named the

Fig. 3 (a) Galvanostatic charge/discharge curves of the four final samples
at a current density of 0.5 A g�1. (b and c) The rate performance of CS-650,
CS-850, CS-1050 and CS-650 + 850 at different current densities (0.2–
50 A g�1), and the average capacitance values of CS-650 and CS-850 are
also shown in (c). (d) CV curves of CS-850 at different scan rates, and we
can obtain the adjustable parameter b at a fixed voltage with the power-
law relationship (i = a � vb). (e) The variation tendency of the adjustable
parameters, and the meanings of the variables are inset into (e).
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mixture CS-650 + Carbon black. The measured CV data and rate
performance are shown in Fig. S13 (ESI†); we compared the rate
performance of CS-650 + Carbon black with CS-650 + 850 and
CS-650 + 1050 as shown in Fig. S13 (ESI†). Obviously, the rate
performance of CS-650 + 850 and CS-650 + 1050 is superior to that
of CS-650 + Carbon black, because the carbon shells in CS-650 +
850 and CS-650 + 1050 can contribute certain pseudocapacitance as
well as serve as conductive networks for improved total capacitance,
which are consistent with our above results. Electrochemical
impedance spectroscopy (EIS) measurements were carried out to
generate Nyquist plots of the five materials, and all of them show
an approximate vertical line at a low frequency except CS-650,
suggesting a diffusion-limited electron-transfer process19

(Fig. S14a–c, ESI†). The inset plots in Fig. S14a–c (ESI†) show
the zoomed-in region in the high frequency range. Fig. S14d
(ESI†) shows the equivalent circuit, from which we find that the
equivalent series resistances (ESRs) of CS-650, CS-850, CS-650 +
850 and CS-650 + 1050 are 1.61, 0.47, 1.13 and 0.96 O which
agree well with our electrochemical results.

In summary, we developed a feasible method to obtain different
nitrogen-doped hollow carbon shells (CS-650, CS-850, CS-1050,
CS-650 + 850 and CS-650 + 1050). To combine different nitrogen-
doped hollow carbon shells, we demonstrate the synergistic effect to
enhance the properties of the novel hybrid supercapacitor, in which
one component provides high pseudocapacitance and the other
component serves as a highly electrically conductive network, which
can lead to activation of pseudocapacitance to achieve the best rate
performance. For example, CS-650 + 850 exhibits excellent rate
performance which is superior to either of the two original materials,
and it achieves a specific capacitance around 156.9 F g�1 at a high
current density of 10 A g�1, with no degradation after 10000 cycles.
Moreover, the specific capacitance of CS-650 + 850 at 0.2 A g�1 is
325.9 F g�1, close to that of CS-650 (342.9 F g�1). This performance

could be attributed to the synergistic effect of CS-850 and CS-650.
The high conductivity of CS-850 improves the electron transport rate
and CS-850 offers more electrons to CS-650 at a high current density.
The high nitrogen content of CS-650 offers more active sites to
improve specific capacitance. This work offers a new insight into
improving the capacitive performance, and we also can apply this
method to other material systems.

The research was financially supported by the National Materials
Genome Project (2016YFB0700600), the Guangdong Innovation
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Technology Research Grant (Peacock Plan KYPT20141016105435850,
No. JCYJ20140903101617271).

Notes and references
1 (a) J. R. Miller and P. Simon, Science, 2008, 321, 651; (b) P. Simon

and Y. Gogotsi, Nat. Mater., 2008, 7, 845; (c) Y. Song, Z. Li, K. Guo
and T. Shao, Nanoscale, 2016, 8, 15671; (d) Y. W. Chi, C. C. Hu,
H. H. Shen and K. P. Huang, Nano Lett., 2016, 16, 5719.

2 (a) S.-M. Chen, R. Ramachandran, V. Mani and R. Saraswathi, Int.
J. Electrochem. Sci., 2014, 9, 4072; (b) G. Wang, L. Zhang and
J. Zhang, Chem. Soc. Rev., 2012, 41, 797; (c) Y. Wang, Y. Song and
Y. Xia, Chem. Soc. Rev., 2016, 45, 5925.

3 (a) E. Frackowiak and F. Beguin, Carbon, 2001, 39, 937; (b) D. Lozano-
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