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a b s t r a c t

Core-shell hybrid precursors (ZIF-8/PP-SiO2) engineered by zeoliticimidazolate framework (ZIF-8)
depositing on the polyelectrolyte-decorated silica (PP-SiO2) are successfully transformed into unusual N-
rich hollow carbon shell frameworks (NHCSFs) with adjustable physicochemical properties by the layer-
by-layer assembly, interface engineering and subsequent carbonization, which is the first example that
systematically elucidates the formation and structure-property correlation of unique three-dimensional
(3D) carbon frameworks. The optimal NHCSF-3 displays superior performance with high capacitance
approaching 253.6 F g�1 at 1 A g�1, excellent rate capability delivering 79% capacitance retention after a
50-fold increase of the rate, and long lifetime (92.1% retention for 20000 cycles). The studies on alkaline
and neutral NHCSF-3//NHCSF-3 supercapacitors demonstrate that the latter with high voltage up to 1.6 V
using a Na2SO4 electrolyte can deliver high energy density of 13.3Wh kg�1. The distinctly enhanced
performance illustrates that, except for the factors such as morphology, surface area, pore volume, and N-
doping level, hierarchical porosity also significantly boosts electrochemical properties of the materials
because of providing efficient charge/mass transport. Overall, this research provides an efficient platform
for precisely modulating the structure of MOF-based carbons to develop multifunctional hollow archi-
tectures for satisfying enormous demands in upcoming energy devices.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

With the ever-growing and imperative demands in efficient and
renewable energy due to global energy crisis and environmental
deterioration in recent decades, eco-friendly and efficient electro-
chemical capacitors (ECs) or supercapacitors (SCs) as upcoming
advanced devices, which are mainly sorted into electric double-layer
capacitors (EDLCs) and pseudocapacitors, have been rapidly devel-
oped. SCs integrate the merits of conventional dielectric capacitors
and batteries, showing distinct superiority in power delivery, charge/
discharge capability, recyclability, and safety [1]. For these reasons
asonqiu@xjtu.edu.cn (J. Qiu).
SCs are widely employed in consumer electronics, internal back-up
power, industrial power management, and electric vehicles [2e5].

Hollow porous carbons are acknowledged as interesting and
promising carbon forms for energy storage and thus inspire a
particular attention from researchers. On the one hand, they share
common intrinsic properties of carbon materials, including
outstanding physicochemical properties (i.e., natural abundance,
non-toxicity, high conductive and mechanical properties, long
lifetime, and high safety) and high utilization (commercial carbon-
based SCs of over 80% in themarket) [6e9]. On the other hand, they
exceptionally exhibit some unique characteristics like special
shape, low density, controllable cavity volume, short ion/electron
transport length, and high contact area for the electrolyte [10e13].
Hollow architectures have been typically prepared by the template-
assisted method using different precursors [13e22]. Recent
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achievements on the template approach have proven that its con-
spicuous advantage is the straightforward and precise control over
the morphology and size of the materials [21,23]. Subsequent focus
has been paid on high-activity hollow carbons doped by hetero-
atoms situated in carbon frameworks [24e28], since these het-
eroatoms can contribute extra pseudocapacitance [29,30]. Lou and
co-workers well integrated ZIF-8 into electrospun polyacrylonitrile
(PAN) to construct hollow particle-based N-doped carbon nano-
fibers [12]. This electrode displayed remarkable high capacitance of
307.2 F g�1 at 1.0 A g�1, high energy/power density up to 10.96Wh
kg�1 and 25000Wkg�1, and long-term stability with a decay of
1.8% loss up to 10000 cycles. As reported by Li and Wang et al. [27],
monodispersed N-doped hollow carbon nanospheres prepared by a
modified “silica-assisted” procedure, reached high capacitance of
240 F g�1 at 1 A g�1 and high capacitance retention of 97.0% after
5000 cycles, significantly better than the results of non-doping
hollow carbons. N-doped hollow carbon capsules were also syn-
thesized using polyacrylonitrile precursors by the “dissolution-
capture" method, which manifested excellent electrochemical re-
sults attributable to the N-doped hollow structures with favourable
textural properties [28]. These reports have confirmed the strong
dependence of the performance on structure, and thus structural
exploration to create novel energy storage materials would be a
long-term and vital task in energy fields.

Metal organic frameworks (MOFs), well known for diverse
inorganic-organic hybrid crystals, tailorable components, highly
accessible surface area and nano-sized cavities, are typically built
from the supramolecular assembly of metal ions/metal clusters
with organic linkers. In MOFs, organic component acts as carbon
source/pore maker while inorganic component for yielding more
pores [31]. Thus, MOFs hold great promise for constructing
advanced carbons with many structural advantages (large specific
area, high porosity, and tailorable structure) for clean energy sys-
tems [22,32e42]. Of versatile MOFs, ZIF-8 (Zn
[MeIM]2¼ ZnC8H10N4, MeIM¼ 2-methylimidazolate) is the most
widely studied due to facile synthesis on a scale. Yamauchi and Hu
et al. employed monocrystalline ZIF-8 nanobubbles to synthesize
hollow carbon nanobubbles with fast Naþ/Kþ ion intercalation
performance [37]. Su and Wang et al. reported 3D hybrid-porous
carbon from ZIF-8 precursor, which exhibited a specific capaci-
tance as high as 332 F g�1 at 0.5 A g�1, and outstanding stability
showing no capacitance decaying up to 10000 cycles [40]. Inspired
by these studies, herein, the first N-rich hollow carbon shell
frameworks (NHCSFs) composed of hollow shells and two-
dimensional (2D) nanoflakes are simply but uniquely synthesized
by a strategy of combining layer-by-layer assembly with template
method, where the in-situ growth of MOF and interface engineer-
ing are used. This assemblymethod can produce engineered carbon
materials with unique well-developed structure, i.e. Nitrogen-Rich
Hollow Carbon Shell Frameworks, which is different from the
traditional hollow carbon spheres and capsules that are separated
to each other. The literature survey has indicated that this kind of
structure is rarely reported in literature. This research also provides
in-depth insight into the formation and structure-property corre-
lation of the concerned carbon with hierarchical porous frame-
works. Based on the electrochemical evaluation in alkaline and
neutral SCs, carbon shell frameworks (NHCSF-3) fabricated under
the optimized conditions can deliver excellent performance,
exhibiting the significant promise in energy storage fields.

2. Experimental

2.1. Chemical reagents

All reagents and chemicals are commercially obtained. Silica
powder (SiO2, 200e300 nm; purity: > 99.8%), poly(-
diallyldimethylammonium chloride) solution (PDDA,
Mwz 200000e350000, 20wt%), and poly(styrene sulfonic acid
sodium salt) solution (PSS, 30wt%) were purchased from Aladdin
Chemical Co., Ltd. (Shanghai, China). 2-methylimidazole was ob-
tained from Beijing J&K Scientific Co. Ltd (Beijing, China). Prior to
use, both PDDA and PSS solutions were adjusted to 1wt%, respec-
tively. Others, such as zinc nitrate, urea, and methanol, were
directly used without further purification.

2.2. Preparation of polyelectrolyte-decorated SiO2 (PP-SiO2)

A certain amount of SiO2 (1, 2, 3, and 4 g) was added in 80mL of
1wt% PDDA solution and stirred for 1 h followed by five centrifu-
gation/washing cycles, producing PDDA-decorated SiO2 (P-SiO2).
Similarly, P-SiO2 was treated by 1wt% PSS solution. As a result, four
PSS/PDDA-modified SiO2 products were obtained, which were
designated as PP-SiO2-1, PP-SiO2-2, PP-SiO2-3, and PP-SiO2-4 cor-
responding to the use of 1, 2, 3, and 4 g of SiO2.

2.3. Preparation of N-rich hollow carbon shell frameworks (NHCSF-
3)

In a typical fabrication, 1.5 g of zinc nitrate was dissolved in
150mL of PP-SiO2-3 (3 g) dispersed methanol followed by stirring
for 2 h. Then, a 2-methylimidazole solution (2.0 g in 150mL of
methanol) was slowly dripped into the above solution. After stir-
ring for 12 h and aging for another 12 h, ZIF-8/PP-SiO2-3 solid was
collected by centrifugation, washing withmethanol for three times,
and drying at 80 �C. This method of making core-shell structure by
depositing ZIF-8 on modified silica was similar to that reported
previously [43]. Next, these white powders were thermally
annealed for 2 h at 800 �C under N2 flow, with a ramp rate of 2 �C
min�1. The treated intermediates were orderly immersed in 1M
HCl and 5% HF solutions for several days, and then collected and
thoroughly rinsed with distilled water for the removal of Zn species
and SiO2, yielding NHCSF-3.

Various carbon samples obtained using different PP-SiO2 were
denoted as NHCSF-1, NHCSF-2, and NHCSF-4, respectively. NHCSF-
0 from ZIF-8 was synthesized without SiO2 addition. In addition,
the mediate ZIF-8/SiO2-3 using SiO2-3 (3 g SiO2) instead of PP-SiO2-
3 was yielded according to the above described route for compar-
ison. In order to clarify the structure of NHCSF-3, graphitic carbon
nitride (g-C3N4) was prepared by a method reported [44]. Typically,
urea was thermally treated in air for 2 h at 550 �C, with a ramp rate
of 5 �C min�1, producing g-C3N4.

2.4. Physical and chemical characterizations

The morphological observation was conducted on a SU4800
scanning electron microscope (SEM, Japan), Hitachi-600 and JEM-
2100F transmission electron microscopes (TEM, Japan). Spectral
properties of the products were examined by Fourier transform
infrared (FTIR) spectroscopy on a Brüker VERTEX70 spectrometer
(Germany). Crystal structure and purity of the products were
observed by X-ray diffraction (XRD) using a Brüker D8 Advance
(Germany), with a Cu Ka target (l¼ 1.54056Å). X-ray photoelectron
spectroscopy (XPS) was collected on a Thermo Fisher Scientific
ESCALAB 250Xi system (USA) for studying surface chemical state.
The N content of the optimized sample was measured by a CHN
element analyzer (Germany, Vario EL cube). Textural properties were
examined on a 3H-2000PM1/2 N2 sorption instrument (China),
where specific surface area and pore size distribution were calcu-
lated by Brunauer-Emmentt-Teller (BET) method and the Barrett-
Joyner-Halenda (BJH) model, respectively. Thermogravimetric (TG)
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curve was recorded from room temperature to ~1000 �C under air
flow using a SDTQ600 Thermoanalyzer (USA), with a heating rate of
5 �C min�1.
Fig. 1. Scheme depicting the fabrication of NHCSF-3 from ZIF-8/PP-SiO2-3 precursor. (A
colour version of this figure can be viewed online.)
2.5. Electrochemical measurements

The electrochemical tests were conducted on a CHI660 elec-
trochemical working station (China) and a CT2001A cycling test
system (China). The used three-electrode cell consisted of a work-
ing electrode (NHCSFs), a platinum counter electrode, and a Hg/
HgO reference electrode. To prepare the working electrode, 80wt%
porous carbons obtained, 10wt% acetylene black, and 10wt% pol-
ytetrafluoroethylene were ultrasonically mixed in a solution of
distilled water and ethanol, and then dried. The obtained sticky
mixture was roll-pressed into thin sheet, cut into small pieces, and
finally pressed on the nickel foam current collector. The loading
mass of active material was approximately 2.0mg cm�2. The two-
electrode symmetrical SC based on NHCSF-3 electrodes using
Whatman filter paper as the separator was investigated in 6M KOH
and 1M Na2SO4 aqueous electrolytes, respectively. The specific
capacitance (Cm, F g�1) in three-electrode system was calculated
through eqn. (1) [26]:

Cm ¼ IDt=mDV (1)

where I (A) represents the discharge current, and Dt (s), m (g), and
DV (V) are the discharge time, the mass of active material, and the
discharge voltage excluding IR drop (V), respectively.

In a symmetric two-electrode cell, the specific capacitance (Cs, F
g�1) of single electrode, power density (P, W kg�1), and energy
density (E, Wh kg�1) were calculated through eqns. (2)e(4) [5,12]:

Cs ¼ 2IDt=mDV (2)

E ¼ CsDV2
.
ð8� 3:6Þ (3)

P ¼ 3600E=Dt (4)

where m (g) is the mass of active material in single electrode.
3. Results and discussion

3.1. Synthesis of NHCSF-3

Typical synthetic strategy for ZIF-8/PP-SiO2-3 derived NHCSF-3
is schematically described in Fig. 1. For confining ZIF-8 growth on
the surface of the template, polyelectrolyte-decorated SiO2
colloidal spheres (PP-SiO2-3) with negative charges were initially
prepared by electrostatic modification of SiO2 with oppositely
charged PDDA and PSS. Then, PP-SiO2-3 spheres were dispersed in
Zn2þ containing methanol solution for Zn2þ attaching on the PP-
SiO2-3 surface by electrostatic induced ion adsorption. Subse-
quently, 2-methylimidazole was added and reacted with Zn2þ by
simple coordination chemistry, yielding core-shell ZIF-8/PP-SiO2-3
heterostructures with nanoscale ZIF-8 particles anchoring on the
PP-SiO2-3 surface. The heterostructures were then carbonized and
etched to form hollow carbon shell frameworks (NHCSF-3) with
ultrathin walls, open holes on shells, and 3D hierarchical open
nanopores. We believe that the combination of ZIF-8 with PP-SiO2
can tune intrinsic properties of the resultant product.
3.2. Morphological evolution of NHCSF-3

The morphology formation of the NHCSF-3 can be clarified by
SEM and TEM imaging, as depicted in Fig. 2. ZIF-8 particles feature
as rhombic dodecahedral crystals, and the particle size is approxi-
mately 200e400 nm (Fig. 2a). The image of NHCSF-0 reveals a
considerable shape resemblance to it precursor (ZIF-8) (Fig. 2b and
c). This perfect morphological inherence but the decreased size is
indicative of double functionalities of ZIF-8 as the in-built template
and carbon source. High-resolved TEM image in Fig. 2d shows a
uniform nanoporous structure of NHCSF-0, which are originated
from the decomposition of organic phase and the removal of Zn2þ

in ZIF-8 [31]. In the images of pristine SiO2 (Fig. 2e) and modified
SiO2 (PP-SiO2-3) (Fig. 2f), similar spherical shapes with a broad size
distribution of around 100e400 nm infer the coating of thin poly-
electrolyte layer on the SiO2 surface. When the PP-SiO2-3 was used
as the support, the deposition of small-sized ZIF-8 nanoparticles
strictly occurs on the PP-SiO2-3 surface to form core-shell ZIF-8/PP-
SiO2-3 spheres with coarse surface (Fig. 2g). Instead, the use of
untreated SiO2 causes random dispersion of some ZIF-8 particles
(as indicated by red circles) around the SiO2 surface (Fig. 2h).
Moreover, the size of these ZIF-8 particles is significantly bigger
than that of ZIF-8 in ZIF-8/PP-SiO2-3. It suggests that polyelectrolyte
layer can assist in well deposition of ZIF-8, and control the size of
ZIF crystals. In Fig. 2i, NHCSF-3 from ZIF-8/PP-SiO2-3 basically re-
mains sphere shape of the PP-SiO2-3, with hollow reservoir-like
structures noted from cave-like defects on carbon shells. The
magnified image of NHCSF-3 (the inset in Fig. 2i) shows the con-
nectivity of the shells (as remarked by red circles), which indicate
3D hollow shell frameworks. Mapping images of NHCSF-3 obtained
from low-resolved SEM image confirm the uniform distribution of
C, O and N elements, and the presence of N-doped structure
(Fig. 2j). Low- and high-resolution TEM images (Fig. 2k and l) show
that hollow shells with plenty of nanopores are interconnected, or
connected with some porous nanoflakes that are broken shells in



Fig. 2. SEM images of (a) ZIF-8 and (b) NHCSF-0; (c, d) low- and high-resolution TEM images of NHCSF-0; SEM images of (e) SiO2, (f) PP-SiO2-3, (g) ZIF-8/PP-SiO2-3, (h) ZIF-8/SiO2-3,
and (i) NHCSF-3 (inset showing the enlarged image); (j) low-resolution SEM image of NHCSF-3 and the corresponding elemental mapping images of C, O and N, respectively; (k, l)
low- and high-resolution TEM images of NHCSF-3. (A colour version of this figure can be viewed online.)

Z. Li et al. / Carbon 136 (2018) 176e186 179
fact, constructing a hollow shell-stacked structure with 3D con-
nectivity, which is in accord with the SEM result (the inset in
Fig. 2i).

3.3. Influence of the template amount on morphology

SEM and TEM imaging were performed to provide insight into
the morphology dependence on the template amount. As displayed
in Fig. 3, there are clear differences in morphology for various
precursors and corresponding carbons. Using 1 g PP-SiO2 (PP-SiO2-
1), the synthesized ZIF-8/PP-SiO2-1 template is hardly seen due to a
large amount of ZIF-8 covering on and around PP-SiO2-1 surface.
With the increment of the PP-SiO2 mass (PP-SiO2-2, 2 g), the
agglomeration of ZIF-8 nanoparticles slightly reduces (Fig. 3d).
Attractively, with further increase of the template amount (PP-SiO2-
3, 3 g; PP-SiO2-4, 4 g), well-organized core-shell structures are
found in images of ZIF-8/PP-SiO2-3 (Fig. 2g) and ZIF-8/PP-SiO2-4
Fig. 3. SEM images of (a) ZIF-8/PP-SiO2-1, (d) ZIF-8/PP-SiO2-2, and (g) ZIF-8/PP-SiO2-4; SEM a
this figure can be viewed online.)
(Fig. 3g), where the distribution of ZIF-8 on the modified templates
is more uniform. Moreover, the coating layer of ZIF-8 on ZIF-8/PP-
SiO2-4 is thinner than on ZIF-8/PP-SiO2-3. It is accepted that the use
of more template causes the decreased deposited amount of ZIF-8.
Next, the carbons formed using different amounts of precursors are
morphologically characterized by SEM and TEM, as shown in Fig. 3.
All carbon architectures exhibit a continuous hollow structure but
the details of the morphologies are distinguished from each other.
NHCSF-1 from ZIF-8/PP-SiO2-1 consists of many broken shells
(namely, nanoflakes) and ZIF-8 based carbon particles (as remarked
by red arrows) (Fig. 3b), which is clearly exhibited in TEM image
(Fig. 3c). Some broken shells and relatively complete shells are
visible in the images of NHCSF-2 (Fig. 3e and f). Regarding NHCSF-3,
a well-arranged hollow framework is verified as depicted in Fig. 2i
and k. However, for NHCSF-4 structural collapse happens on a
majority of hollow shells, leading to the appearance of both
incomplete shells and curly nanoflakes (Fig. 3h and i). The analysis
nd TEM images of (b, c) NHCSF-1, (e, f) NHCSF-2, and (h, i) NHCSF-4. (A colour version of
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of the morphologies identifies the success of well-adjusted
morphology depending on the template amount.

3.4. Structure, pore properties, surface chemistry of various NHCSFs

XRD patterns are used to examine crystallographic features of
various NHCSFs. In XRD pattern of the as-formed ZIF-8 (Fig. 4a),
prominent Bragg reflections are indexed to (011), (002), (112),
(022), (013), and (222) planes of rhombic dodecahedral ZIF-8 [44],
respectively, which ideally coincide with those of simulated ZIF-8
crystals, suggesting the synthesis of phase-pure crystalline ZIF-8
[45e47]. Similarly, the pattern of ZIF-8/PP-SiO2-3 also appears the
characteristic peaks of pure ZIF-8 as a result of the generation of
ZIF-8/PP-SiO2-3. Broad diffraction peaks at 24.7� and 43.2� in XRD
patterns (Fig. 4b) depict the amorphous nature of both NHCSF-
0 and NHCSF-3 [3]. No evident reflections from Zn and other
crystalline species illustrate high purity of both carbons obtained.
For comparison, the pattern of g-C3N4 is provided in Fig. S1, which
differs from those of NHCSF-0 and NHCSF-3. It shows typical (100)
and (002) peaks at ~13.2� and ~27.4�, corresponding to the in-plane
structural packing motif and inter-planar stacking reflection of
conjugated aromatic systems, respectively, in consistent with the
literature report [44]. Thus, it indicates that the structures of
NHCSFs and g-C3N4 are different from each other.

Nitrogen sorption profiles of various NHCSFs are presented in
Fig. 4c. Based on the International Union of Pure and Applied
Chemistry (IUPAC) classification, the isotherm corresponding to
NHCSF-0 witnesses the Type-I behavior with obvious uptake at low
relative pressure (P/P0< 0.01), which prove a microporous material
in NHCSF-0, in consistent with previous study [42]. However,
different from NHCSF-0, other NHCSFs (NHCSF-1, NHCSF-2, NHCSF-
3, and NHCSF-4) exhibit Type-IV isotherms with a prominent
hysteresis loop at high relative pressure (P/P0¼ 0.42e0.99) (Fig. 4c),
manifesting a typical mesoporous structure. Moreover, such four
Fig. 4. (a) XRD patterns of simulated ZIF-8, as-synthesized ZIF-8, and ZIF-8/PP-SiO2-3; (b)
NHCSFs (the inset showing BET areas); (d) mesopore size distributions of all NHCSFs (the ins
version of this figure can be viewed online.)
samples with the aid of the template feature as hierarchical
porosity because of the presence of micro- and macro-pores based
on the characteristics of the isotherms at low P/P0 value (P/
P0< 0.01) and high P/P0 value (P/P0z 0.99) [42]. Additionally,
textural properties are provided in Table 1. All NHCSFs show rela-
tively high BETarea despite the absence of any activation. The order
of the area is NHCSF-1 (585m2 g�1)<NHCSF-4
(667m2 g�1)<NHCSF-2 (679m2 g�1)<NHCSF-3
(816m2 g�1) <NHCSF-0 (847m2 g�1). The decrease in area value of
NHCSF-4 might be due to the structural stacking. Besides, the in-
crease in total pore volume is shown with the template amount.
There is an order of NHCSF-0 (0.6 cm3 g�1)<NHCSF-1
(1.30 cm3 g�1)<NHCSF-2 (1.42 cm3 g�1)<NHCSF-3
(1.85 cm3 g�1)<NHCSF-4 (3.24 cm3 g�1). It is also found that the
microporous and mesoporous volumes of these samples are
different. Usually, a proper ratio of micropore tomesoporemight be
of importance to improve themass and electron transport. The pore
size distribution (PSD) curves in Fig. 4d reveal similar mesopore
sizes centering around 4.1 nm, but their micropores show a broad
distribution (~0.42e1.23 nm). Generally, the capacitive perfor-
mance strongly relies on pore properties of the material (i.e., BET
area, pore volume, hierarchical porosity). A comprehensive analysis
of these data speculates that NHCSF-3 might possess the best
performance, which is demonstrated by systematic electrochemical
studies. On the other hand, the presented data well highlight the
superiority of the template strategy in convenient and effective
development of hierarchical porosity.

TG curve of NHCSF-3 tested under air flow is depicted in Fig. 4e.
A slight weight loss (4.5%) occurs below 200 �C as a result of the
evaporation of adsorbed water and moisture. Between 450 and
600 �C, a remarkable mass loss appears, which is accountable to the
complete decomposition of heteroatom-including carbonmaterials
into CO2, NO and trace amount of H2O [48]. At ~1000 �C, the whole
loss of almost 100% is the characteristic of high-purity NHCSF-3.
XRD patterns of NHCSF-0 and NHCSF-3; (c) N2 adsorption-desorption isotherms of all
et showing micropore size distributions); (e) TG curve of NHCSF-3 in air flow. (A colour



Table 1
Textural parameters of various NHCSFs.

Sample SBETa/m2 g�1 VT
b/cm3 g�1 VMicro

c/cm3 g�1 VMeso
d/cm3 g�1 Dap

e/nm

NHCSF-0 847 0.52 0.33 0.19 2.49
NHCSF-1 585 1.30 0.30 1.00 9.68
NHCSF-2 679 1.42 0.28 1.14 7.64
NHCSF-3 816 1.85 0.27 1.58 9.07
NHCSF-4 667 3.24 0.25 2.99 19.46

a Specific surface area.
b Total pore volume.
c Micropore volume.
d Mesopore volume.
e Average pore diameter.

Table 2
Chemical composition obtained from XPS analysis for NHCSF-0 and NHCSF-3.

Sample Element composition/at
%

N 1s/%

C N O N-6 N-5 N-Q N-O

NHCSF-0 73.44 20.04 6.52 44.68 38.59 11.23 5.5
NHCSF-3 71.44 20.29 8.27 47.13 25.81 23.89 3.17
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XPS spectra are presented for elucidating surface compositions
of NHCSF-0 and NHCSF-3. XPS spectra of g-C3N4 are also presented
in Fig. S2 for comparison. In Fig. 5a and Fig. S2a, the signals of C 1s, N
1s, and O 1s are seen at 284.4 eV, 400 eV, and 531 eV, respectively. It
is noted from Table 2 that the N contents of NHCSF-0 and NHCSF-3
are as high as 20.04 and 20.29 at%. Further, the optimal sample
(NHCSF-3) is verified to contain 19.47wt% N by elemental analysis,
nearly in consistent with the XPS result. These values are slightly
lower than previously reports (21.2 at% N for NDCFs [49], 20.4 wt%
for N-CNB8 [50]), but still much lower than that of g-C3N4 (55.49 at
%) (Fig. S2a). High-resolution N 1s spectra of NHCSF-0 and NHCSF-3
are given in Fig. 5b. The fitted N1s spectrum shows the bonds of
pyridinic N (N-6, 398.9 eV), pyrrolic N (N-5, 400.6 eV), quaternary-
N (N-Q, 401.2 eV), and pyridinic-Nþ-Oe (N-O, 403.1 eV) [51]. Of
these N functionalities, the content of N-6 groups is the highest,
reaching 44.68 at% for NHCSF-0 and 47.13 at% for NHCSF-3 based on
N 1s spectrum. It illustrates that pyridinic N is dominated in both
samples under specific pyrolysis conditions. Here, N-5 and N-6
groups might induce the surface polarization of the carbon giving
rise to the enhancement of the specific capacitance [8]. Also, higher
N-Q content in NHCSF-3 might quicken the electron transfer
[8,52e54]. For O 1s spectrum (Fig. 5c), the peaks around 531.0 eV,
532.1 eV, and 533.3 eV, are attributed to C¼O (O-I), CeOH/CeOeC
(O-II), and eCOOH (O-III) species [55], respectively. Rich N and O
functionalities (20.29 at% N and 8.27 at% O elements) on the
NHCSF-3 surface would enhance the electrochemical activity of the
electrode material and wettability of the electrolyte-electrode
interface realizing high utilization of active material and the
improvement of the capacitive performance [56]. For g-C3N4, the
peaks corresponding to sp2-hybridized N in C-N¼C (398.4 eV),
tertiary nitrogen N-(C)3 (399.6 eV) and N-H (400.9 eV) bonds are
observed in the N 1s spectrum (Fig. S2b), which well matches with
Fig. 5. (a) XPS survey spectra of NHCSF-0 and NHCSF-3; high-resolution (b) N 1s and (c) O 1
online.)
the result reported [57]. Also, the CeOH/CeOeC (O-II) bond ap-
pears at 532.1 eV in the O 1s spectrum of g-C3N4 (Fig. S2c). The
above results infer that both NHCSF-0 and NHCSF-3 are significant
from g-C3N4 in surface chemistry.

In order to further understand high-N structure of NHCSF-3,
FTIR spectra of g-C3N4 and NHCSF-3 are depicted in Fig. S3. Char-
acteristic bands of g-C3N4, such as the breathing vibration of
triazine units at 806 cm�1, the skeletal vibrations of N-containing
groups at 1245-1640 cm�1, and the stretching of eOH/-NH groups
at 3213 cm�1, are observed [57,58]. For the NHCSF-3, no peak
reflecting triazine units appears, and the peaks at 1281, 1600, and
3417 cm�1 are attributed to N-H, C¼N, and eOH/-NH groups [59],
respectively. Additionally, a weak band at 2215 cm�1 may be
attributed to the nitrile C≡N group [59]. With respect to this, Chen
et al. pointed out that not all N atoms are incorporated into the
graphitic lattice because a high N-doped content can result in
structural instability, and some N atoms exist as C≡N species in the
resulting N-doped carbon [59]. From XRD, XPS and FTIR results, it is
confirmed that g-C3N4 and NHCSF-3 have different structures, and
NHCSF-3 may be a N-rich carbon material with small amount of
C≡N species absorbed in porous NHCSF-3.
s XPS spectra of NHCSF-0 and NHCSF-3. (A colour version of this figure can be viewed



Fig. 6. (a) CV profiles of NHCSFs at a scan rate of 10mV s�1; (b) CV profiles of NHCSF-3 at various scan rates (3e300mV s�1); (c) GCD profiles of NHCSFs at a current density of
1 A g�1; (d) GCD profiles of NHCSF-3 at various current densities (2e50 A g�1); (e) Nyquist plots and equivalent circuit of NHCSFs (the inset showing the magnified plots); (f) cycling
stability of NHCSF-0 and NHCSF-3 at a current density of 4 A g�1. (A colour version of this figure can be viewed online.)
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3.5. Electrochemical behavior in a three-electrode setup in alkaline
electrolyte

Supercapacitive properties of NHCSFs are examined by cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) tests in a 6M KOH
aqueous electrolyte. In Fig. 6a, all CV curves show quasi-rectangular
profiles with weak redox peaks, which indicate that NHCSFs have a
typical EDLC behavior and deliver additional pesoducapacitance
mainly arising from N and O species undergoing redox reactions.
Bigger integral area for NHCSF-3 than for other four samples may
be an indication of higher capacitance in NHCSF-3. In Fig. 6b, as the
scan rate increases from 3 to 300mV s�1, the current response is
promoted with a slight shape change, verifying nearly ideal
capacitive nature and good rate profile of NHCSF-3. The possible
redox reactions from N and O species are described as follows
[51,60]:
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Fig. 6c and d presents GCD profiles for gaining capacitance
values and evaluating the rate behavior of NHCSF-3. Among various
NHCSFs, the NHCSF-3 has the longest discharge time (Fig. 6c).
Moreover, its GCD curves at a wide rate range of 2e50 A g�1 are
approximately symmetrical (Fig. 6d), which is companied with CV
results towell prove the electrochemical reversibility of NHCSF-3 as
EDLC electrode. On the basis of discharge curves in Fig. 6c, the order
of Cm value is NHCSF-3 (253.6 F g�1) >NHCSF-4
(219.5 F g�1)>NHCSF-0 (208.4 F g�1) >NHCSF-2
(208.2 F g�1) >NHCSF-1 (198.5 F g�1). In spite of slightly low BET
area for NHCSF-3, it delivers higher Cm value than NHCSF-0. Recent
studies from other groups also reported similar finding that low-
area carbon materials deliver high specific capacitances
[5,55,61e65]. This indicates that the capacitance not only depends
on the BET area but also on other pore properties (e.g., the size and
morphology of pores, hierarchical porosity, and pore volume).
Attractively, a high value of 200.4 F g�1 is retained even when dis-
charged at a fast 50 A g�1 rate (Fig. 6d), verifying fast ion diffusion
and high-rate charge storage profile [66]. Further, electrochemical
results of all carbons are summarized in Table 3. It is seen that Cm
values of all samples reduce gradually with the increase of current
density, which might be attributed to inadequate time for ion
diffusion into the pores, as verified in literature [5,67]. By contrast,
NHCSF-3 has the best electrochemical properties.

In addition, electrochemical properties of g-C3N4 are presented
in Fig. S4. Fig. S4a shows the CV curve of g-C3N4 at a scan rate of
10mV s�1. Compared with NHCSF-3, g-C3N4 has not the charac-
teristic of EDLC behavior, and its enclosed CV area is negligible
indicating no capacitance on g-C3N4. The GCD curve in Fig. S4b
reveals that the capacitance of g-C3N4 is quite low (about 1.1 F g�1

at 1 A g�1). Thus, both samples have different electrochemical be-
haviors, and the latter is a typical EDLC material.

Electrochemical activity of NHCSFs is evaluated with Nyquist
plots (Fig. 6e). Also, equivalent circuit is displayed in Fig. 6e, and the
related parameters are listed in Table 3. Similar impedance features
can be seen in all samples. However, NHCSF-3 exhibits the most
vertical line at low frequency, indicating nearly ideal capacitive
behavior and high pore accessibility for ions. Its high-frequency
Table 3
Parameters of equivalent circuit, Cm values at various current densities and rate retentio

Sampl'e Rs/U Rct/U Zw/U Cm at different current de

1 5

NHCSF-0 0.69 0.17 0.22 208.4 185.1
NHCSF-1 0.27 0.42 0.5 198.5 177.6
NHCSF-2 0.55 0.06 0.55 208.2 189.4
NHCSF-3 0.44 0.02 0.21 253.6 228.5
NHCSF-4 0.38 0.17 4.37 219.5 200.0

a Current density from 1 A g�1 to 50 A g�1.
semicircle corresponding to Rct (charge-transfer resistance,
0.02U) is the smallest (inset in Fig. 6e), revealing fast electron
transfer. Meanwhile, NHCSF-3 possesses the smallest Zw (Warburg
resistance, 0.21U) reflecting smooth transport of the ions inside the
pores. From the inset in Fig. 6e, the Rs (internal resistance) value of
NHCSF-3 is evaluated to 0.44U in very high frequency, which is
nearly the lowest value. Consequently, NHCSF-3 shows high elec-
trochemical activity. The stability of NHCSF-0 and NHCSF-3 is
examined by successive galvanostatic tests at 4 A g�1 current den-
sity. As shown in Fig. 6f, NHCSF-3 can retain 92.1% of initial
capacitance (a low decay rate of ~0.04% per cycle) up to 20000
cycles, higher than the value of NHCSF-0 (89.9%), demonstrating
excellent electrochemical durability for NHCSF-3.

3.6. Electrochemical behavior in a two-electrode setup in alkaline
and neutral electrolytes

Table S1provides a performance comparison of NHCSF-3 with
carbon materials reported in literatures. Obviously, NHCSF-3 pos-
sesses a competitive performance in term of specific capacitance,
rate capability, and cycling performance. As such, the NHCSF-3
based alkaline and neutral SCs in a symmetrical mode are assem-
bled and evaluated as follows. In an alkaline device, rectangular CV
(Fig. S5a) and triangular GCD curves (Fig. S5b) with high symmetry
even at fairly high scan rate and current density prove ideal elec-
trochemical capacitive properties with high rate capability
(135.4 F g�1 for single electrode at 30 A g�1, 76% retention),
responsible for high power performance (Fig. S5c).

The details of the performance in neutral SCs are presented in
Fig. 7. The investigation on the potential window reveals that the
windowof 1.6 V for neutral SCs is feasible since too highwindowup
to 1.8 V arises from a relatively fast increase of anodic current
density possibly inferring the decomposition of the electrolyte
(Fig. 7a). Low OH� concentration should contribute to the enlarged
window in Na2SO4 electrolyte. Based on GCD curves at current
density ranging from 1 A g�1 to 10 A g�1 (Fig. 7b), Cs values are
150 F g�1, 142.9 F g�1, 119.9 F g�1, 109.2 F g�1, and 91.1 F g�1, showing
relatively high rate capability [5]. Energy and power densities in
both electrolytes are calculated using eqns. (3) and (4), and plotted
n of different NHCSFs.

nsity/F g�1 Rate retention/%

10 20 30 50a

176.0 166.8 156.9 142.6 68.4
172.7 164.1 160.6 151.7 76.4
179.6 167.0 163.9 162.1 77.9
219.5 210.2 207.9 200.4 79.0
190.2 170.8 166.4 145.2 66.2



Fig. 7. NHCSF-3 based neutral SCs: (a) CV curves at various potential windows; (b) GCD curves at various current densities; (c) Ragone plots; (d) cycling stability at a current density
of 4 A g�1 over 20000 cycles. (A colour version of this figure can be viewed online.)

Fig. 8. Scheme illustrating effective electron and ion transfer within NHCSF-3. (A
colour version of this figure can be viewed online.)
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in Fig. 7c for comparison. Apparently, neutral SCs exhibit the
dramatically increased energy density (13.33Wh kg�1) compared
with alkaline SCs (6.17Wh kg�1). The promoted energy density
should be attributed to the enlarged voltage window in a neutral
electrolyte. Fig. 7d accounts for outstanding stability of neutral SCs,
with 87.5% capacitance retention over 20000 cycles.

Ideally capacitive charge storage profile should be profited
mainly from unique tailor-formed framework structures and high
N-doping level in the following aspects (Fig. 8). Hollow reservoir-
like structures with porous walls, high BET area and hierarchical
open porosity not only quicken the electrolyte ion mobility espe-
cially at high rates but also preserve more electrolyte in voids,
enabling highly efficient ion transportation in NHCSF-3 [5,68]; Thin
and hollow structure shortens the ion diffusion paths; 3D frame-
works of integrating hollow shells and nanoflakes create elec-
tronically connecting networks fastening the charge transfer, and
promote electrochemical stability of the materials; High heteroat-
om (N, O) content endows the carbon surface with rich active sites
for charge storage. Consequently, the promise of the as-fabricated
NHCSF-3 as a functional material in SCs and/or other renewable
energy applications may be expected.
4. Conclusions

In summary, we report our findings in the design and fabrication
of a unique form of hollow carbon frameworks using the engi-
neered core-shell ZIF-8/PP-SiO2 precursors by the simple layer-by
layer assembly and subsequent pyrolysis in N2 flow. The
morphology and pore structure of formed carbons can be well
controlled by tuning the amount of added SiO2, yielding the opti-
mized architectures with multiple advantages of hollow porous
shells and thin porous nanoflakes, such as short and abundant ion
diffusion channels, fast electron transfer, high active surface as well
as efficient electrolyte reservoirs and high accommodation ability
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for volume expansion. Therefore, NHCSF-3 achieves high specific
capacitance of 253.6 F g�1 at 1 A g�1, excellent rate capability up to
50 A g�1, and outstanding stability with a retention of 92.1% for
20000 cycles. Furthermore, neutral SCs show high priority in en-
ergy density (13.33Wh kg�1), which make NHCSF-3 hold great
importance for energy applications.
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