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Based on the C16mimPF6 inducing microp
hase separation during the self-assembly of poly-benzoxazine, the skin-tissue-bone like hierarchical porous car-
bon with N, P co-doping was obtained, which shows a superior rate performance and a good specific capacitance.
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Introduction of hierarchical porous structure and heteroatom in porous carbons are always effective
approaches to improve the capacitive performance for supercapacitor. However, it is still a challenge to
achieve the desired structure characteristics by a convenient one-step synthesis. Herein, C16mimPF6, an ionic
liquid, was introduced in the self-assembly process of poly-benzoxazine to obtain a unique skin-tissue-bone
structured hierarchical porous carbon with homogeneous N, P co-doping after carbonization. As the key
component, C16mimPF6 works not only as a structure-directing agent to form a hierarchical structure
through microphase separation mechanism, thereby promoting the transfer of ion and electron, but also
as a heteroatom precursor to contribute an additional pseudocapacitance by doping phosphorus atoms on
carbon matrix. The obtained porous carbon displays a high gravimetric capacitance (Cg) of 209 F g�1 (espe-
cially in the carbons prepared without corrosive activation step), a good volumetric capacitance (Cv) of 132
F cm�3 and an excellent area-normalized capacitance (Ca) of 35 lF cm�2. Overall, this work opens a newway
to design the polymer-derived carbons with easy heteroatoms doping and hierarchical porous structure.
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1. Introduction

Energy storage based on electric double layer principle in super-
capacitors has received increasing attention due to the outstanding
power delivery and ultrahigh cycle life [1,2]. Among all kinds of
electrode materials for supercapacitor, carbon-based materials,
including activated carbons [3], carbon nanotubes [4], carbide-
derived carbons [5] and carbon nanofibers [6], are most promising
due to their desirable properties of low cost, flexible morphology,
high surface area, tunable pore structure and etc. Nevertheless,
the surface-based charge storage mechanism in supercapacitor
determines an unsatisfactory energy density of device and limits
its application in wider fields. Thereby, it is an urgent requirement
to design electrode material with reasonable structure for obtain-
ing a high energy density without the sacrifice of high power den-
sity [7].

According to the calculation formula of energy density
(E = 1/2�CV2), increasing specific capacitance (C) is the only way
to enhance energy density (E) when voltage window (V) is con-
stant. To meet this goal, enhancing surface area as much as possi-
ble is a straightforward manner, which was usually realized by an
activation method to create micropores from outside to inner.
However, the utilization of surface area in these activation-
produced micropores is always inefficient, owing to an inferior
ion diffusion rate in micropores, a destroyed conductive skeleton
by activation and a poor wettability on non-polar carbon surface.
Furthermore, these activation technologies are always corrosive
(e.g. KOH activation, K2CO3 activation, H3PO4 activation), expensive
and not eco-friendly to hinder its production scale up.

Inspired by the diversity of monomers and the controllability of
solution polymerization, the self-assembly synthesis with high
designability is promising to avoid the above-mentioned problems
for porous carbon through structure manipulation and surface
functionalization. There are several examples of systems which
are seen around us that are based on self-assembly, like formation
of vesicles, micelles, colloids, bilayer, self-assembled monolayers,
and etc. [8]. Self-assembly finds significant applications in the field
of surfactant science, nanoscience and technology, materials
science and manufacturing [9–13]. In terms of structure manipula-
tion, 3D hierarchical porous carbons have been proposed by their
outstanding ion diffusion efficiency and good micropore availabil-
ity, which can be prepared via common soft/hard template meth-
ods [14–16]. In terms of surface functionalization, numbers of
researches have proven that doping heteroatoms (N [17,18], B
[19], P [20,21] O [22] and etc.) into carbon can improve its elec-
tronic conductivity and surface wettability as well as introduce
the redox functional groups with pseudocapacitance [23], which
can be facilely realized by heteroatom-containing precursor.
Hence, basing on the critical role of monomer in self-assembly syn-
thesis, we suppose that if a monomer can act as both heteroatom
precursor and template agent, the two major optimizations above
will be achieved simultaneously.

Among many of self-assembly systems, poly-benzoxazine is
considered as a desirable alternative and has been widely applied
in preparing porous carbon due to its many excellent qualities,
such as the flexible design based on molecules level, the
nitrogen-atoms embed into cross-linked polymeric matrix and
the fast polymerization rate triggered by amines through Mannich
condensation reaction [24,25]. Considering to polymerized mono-
mers, ionic liquid (IL) is a kind of organic salt that combined with
anions and cations, which arouses great interests not only in chem-
istry field, but also in material science [26,27]. Besides, ILs can not
only selectively contain heteroatoms (such as N, S and P) in anions
or cations, but also have the properties of negligible vapor
pressure, good solubility for organic/inorganic substances and the
designability by changing anionic or cationic structure, hence to
be regarded as a kind of promising but unexcavated carbon
precursor.

By combining the respective advantages of poly-benzoxazine
and IL together, herein, a unique design of skin-tissue-bone like
porous carbon with uniform N, P co-doping was synthesized via
a convenient one-pot method. Through the innovative introduction
of IL into poly-benzoxazine, a microphase separation process was
triggered by the co-solvent and co-template effects of IL to gener-
ate the initial tissue-bone structure at nucleation process and a
skin structure on the flourishing tissue structure at subsequent
aging process. These three distinct components perform their
own function during electrode process: (1) the bone structure is
rich in micropores and can increase the tap density of porous car-
bon as well; (2) the tissue structure acts as a medium to connect
skin and bone structure and its mesopores act as ion buffer reser-
voirs to improve the transfer of electrolyte ions; (3) the skin struc-
ture increases the electron conductivity by interconnecting
conductive network. Furthermore, the phosphorus-containing IL
uniformly dope the beneficial phosphorus into carbon matrix by
molecular self-assembly under hydrogen bonding effect. This is a
novel phosphorus doping method for polymer-derived carbon as
far as we know. Benefited from these significant improvements
by one step achieved, the obtained porous carbon exhibits a good
specific capacitance at the current density of 0.5 A g�1, e.g. a gravi-
metric capacitance (Cg) of 209 F g�1, an area-normalized capaci-
tance (Ca) of 35 lF cm�2 and a volumetric capacitance (Cv) of
132 F cm�3, as well as an excellent capacitance retention of 87%
at the high current density of 30 A g�1. Viewing from the potential
of practical application, the one-pot synthesis reported here is
much more eco-friendly, facile and scalable than common acti-
vated carbon due to the absence of corrosive activation process.
2. Experimental

2.1. Chemicals

Pluronic F127 and KPF6 (99.5%) was purchased from Sigma-
Aldrich (USA). Formalin (denoted F, 37 wt%), resorcinol (denoted
R, 99.5%), 1-hexadecyl bromid (99%), 1,6-Diaminohexane (DAH,
99.0%) and 1-methylimidazol (99.5%) were all purchased from
Sinopharm Chemical Reagent Co., Ltd. (China).
2.2. Synthesis of skin-tissue-bone structured porous carbons

C16mimPF6 was prepared as the reports before [28,29]. Firstly,
1-methylimidazole was mixed to 1-hexadecyl bromide with a
reflux for 24 h at 90 �C. The collected product of C16mimBr was
then dispersed in THF for recrystallizing. Finally, KPF6 aqueous
solution was mixed to obtain C16mimPF6 after filtration, washing
and drying.

For the synthesis of porous carbon, 0.5 g resorcinol and 0.209 g
Pluronic F127 were dissolved in a mixed solvent of 1.5 g ethanol
and 1.5 g DI water. Then, 0.294 g C16mimPF6 was added in and kept
at 60 �C to dissolve it. Afterwards, 0.026 g DAH and 0.736 g
formaldehyde solution was successively added in and turned the
solution into a white homogeneous emulsion instantaneously
(<1 min), which was sealed and transferred into an oven at 90 �C
for 4 h.

The polymer monolith was obtained after drying at 50 �C and
carbonized at 800 �C for 2 h under an Ar atmosphere to finally gain
a crack-free porous carbon monolith (denoted as CNP). As the con-
trol samples, CN and CNP-0F127 were respectively prepared with-
out using IL and F127. The CNP synthesized with controlled aging
time was named as CNP-x min (x = 10 and 60).
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2.3. Characterization

SEM images were taken by a Nova NanoSEM 450 (FEI Instru-
ments, USA) equipped with energy dispersive X-ray spectroscopy
(EDX). Nitrogen adsorption-desorption isotherms were measured
at 77.4 K with an ASAP 2020 sorption analyzer (Micromeritics
Instruments, USA). Pore size distribution (PSD) was calculated by
density functional theory (DFT) from the adsorption branch of iso-
therm. Total pore volume (Vtotal) was calculated basd on a relative
pressure (P/P0) of 0.97. The micropore volume (Vmic) was calcu-
lated through t-plot method. Raman spectra were taken with a
DXR Raman spectrometer with 532 nm laser excitation (Thermo-
Fisher Instruments, USA). The four-probe tests were performed
by RTS-9 (Guangzhou Four Probe Technology Co., Ltd., China). X-
ray photo-electron spectroscopy (XPS) was performed on a PHI-
1600 ESCA (USA) with Mg Ka excitation source and was fitted by
Casaxps software. X-ray diffraction (XRD) measurements were
taken on a X’Pert3 powder diffractometer (PANalytical,
Netherlands).

2.4. Electrochemical measurements

To prepare working electrodes, the as-synthesized porous car-
bon was mixed with polytetrafluoroethylene in a ratio of 85:15
in ethanol without using any conductive agent. The slurry of the
mixture was rolled into film and cut into a sheet with 12 mm in
diameter (4–6 mg). To fabricate an electrode, the film was pressed
over a foam nickel and dried at 100 �C under vacuum overnight.
The electrochemical performance of a single electrode was per-
formed on a three-electrode system using Pt sheet as counter elec-
trode, standard Hg/HgO electrode as reference electrode (0.098 V)
and 6 M KOH solution as electrolyte. The gravimetric capacitance
of a single electrode was calculated by the Eq. (1) and symmetrical
capacitor was calculated by the Eq. (2) [30]:

Cg ¼ ðIDtÞ=ðmDVÞ ð1Þ

C2�electode ¼ 4IDt=mtotalDV ð2Þ
where I, Dt, DV, m and mtotal are the discharge current (A), the dis-
charge time (s), the potential change of discharge process excluding
IR drop, the mass of active material (g) and the mass of active mate-
rial in both two electrodes (g), respectively.
3. Results and discussion

As is well known, Pluronic F127 as a commercial segmented
copolymer is a common soft template during self-assembly syn-
thesis, which can produce ordered mesopores with uniform distri-
bution by forming micelles [31]. When we introduce C16mimPF6 in
Table 1
Synthesis conditions and properties of porous carbons.

Sample Molar ratio of R/ionic liquid /
F127/DAH

SBETa/
m2 g�1

Dpeak
b/

nm
Vtotal/
cm3 g�1

CN 275:0:1:13.6 596 5.6 0.36
CNP 275:39.6:1:13.6 605 14.5 0.37
CNP-0F127 275:39.6:0:13.6 502 – 0.26
CNP-10 min 275:39.6:1:13.6 581 15.7 0.39
CNP-60 min 275:39.6:1:13.6 492 22.5 0.32

a : Specific surface area calculated by BET method.
b : The peak of pore size distribution.
c : Tap density of the obtained carbon materials.
d : Electrical conductivity tested by four-probe method.
e : The gravimetric capacitance was calculated from GCD curves at 0.5 A g�1.
f : Area-normalized capacitance was calculated as Ca = Cg/SBET.
g : Volumetric capacitance was calculated as Cv = qCg.
this system, it not only realizes P-doping in porous carbon, but also
triggers a dramatic morphology change from the ordered meso-
porous structure to a hierarchical nanostructure named as skin-
tissue-bone like structure in this work.

However, how does such a unique skin-tissue-bone like struc-
ture form? Are the skin, tissue and bone structures formed simul-
taneously or in a sequential manner? For gaining an insight into
the formation mechanism, we conducted a series of time-
resolved synthesis. Furthermore, to clarify the role of C16mimPF6
for polymerization, sample CN synthesized without C16mimPF6
and sample CNP-0F127 synthesized without surfactant of F127
were also discussed as controls (Table 1).

In general, although polymerization reaction at the molecular
level is an extremely complex process, the significant difference
by modulating molecular interactions can be preliminarily
revealed via the morphology changes at nanoscale. From the SEM
images of CNP, CN and CNP-0F127 (Fig. 1a, d and g), all of them dis-
play a sponge-like framework with the interconnected spheres in
nearly 1 lm diameter. However, a magnifying observation taking
from the broken sections reveals their great distinction in fine mor-
phology. The sample CNP shows a smooth layer (thick-
ness � 100 nm) on the surface and some spherical structures
under the ‘‘endothelium” of layer, which are vividly named as skin
structure and bone structure (Fig. 1b and c), respectively. Many
tiny and branch-like nanoparticles continuously locate between
skin and bone structure to stack into the secondary channel pores
and work as a media to connect them (Fig. 1c), which are named as
tissue structure. After considering these three components
together, the hierarchical carbon framework is named as ‘‘skin-
tissue-bone” like structure. In the sharp contrast, CN presents a
porous carbon with uniformly ordered mesoporous skeleton struc-
ture (Fig. 1e and f) but CNP-0F127 displays no mesopore and
macropore (Fig. 1h and i), indicating that F127 is the main factor
for mesopore production but not IL.

A series of time-resolved synthesis can help us to learn the for-
mation mechanism of this unique nanostructure, that was carried
out as follow. Firstly, we set the aging course about 10 min, and
then took out and washed to remove the unreacted substances.
The obtained polymer was finally dried (Fig. S1) and carbonized
to obtain CNP-10 min. The SEM image of CNP-10 min (Fig. 2a)
shows the main carbon skeleton (bone structure, dotted line circle)
and interconnected carbon nanoparticles (tissue structure, dotted
line circle), indicating that the tissue-bone structure was quickly
formed within 10 min. Secondly, we prolonged the aging course
to �60 min (CNP-60 min) and observed a small amount of skin
structure produced (Fig. 2b, arrows indicated). Further increasing
the aging period to �4 h (CNP), the skin structure finally covered
on tissue structure and generated the integral skin-tissue-bone like
structure (Fig. 2c). Thus, with the self-assembly going on (Fig. 2d, e
and f), the skin-tissue-bone structure undergoes an initial nucle-
Vmic/
cm3 g�1

Vmic/Vtotal

/%
qc/
g cm�3

kd/
S m�1

Cg
e/

F g�1
Ca

f/
lF cm�2

Cv
g/

F cm�3

0.20 55.6 0.50 227.3 178 30 89
0.24 64.9 0.63 335.5 209 35 132
0.22 84.6 0.52 176.5 109 22 57
0.22 56.4 0.44 230.9 138 24 61
0.20 62.5 0.56 317.5 135 27 76



Fig. 1. SEM images at different magnification of (a–c) CNP, (d–f) CN and (g–i) CNP-0F127.
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ation step following with the ripening and stabilization process,
which is schematically shown in Fig. 2g. The underlying reaction
mechanism can be explained as follow: firstly, due to the high con-
Fig. 2. SEM images of CNP polymerized at different time followed by carbonization, (a) 10
framework, corresponding to (d) 10 min, (e) 60 min, and (f) 240 min. (g) Schematic illus
centration of substrate and catalyst (DAH), the nucleation process
occurred rapidly making the polymer trending to form a spherical
structure (bone structure); secondly, at the subsequent polymer-
min, (b) 60 min, and (c) 240 min. The fine structure of tissue-bone inside the carbon
tration for the formation process of skin-tissue-bone like structure.
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ization, with the decreasing of substrate concentrations, the ionic
liquid worked as a co-template agent to affect the structure of
F127 micelles and significantly changed the morphology of surfac-
tant to form a unique tissue-like structure, which is called micro-
phase separation process in polymer chemistry [32,33]; finally,
with the exhaustion of catalyst (DAH), the growth rate of polymer
drastically slowed down, impelling the growth along the tissue-
like structure in two-dimensional direction to form a skin-like
structure.

The dramatic change of porous structure triggered by C16-
mimPF6 addition can be further characterized by the N2

absorption-desorption measurements (Fig. 3a). The isotherm of
CN exhibits the typical type IV curve with a type H2 hysteresis, cor-
responding to an ordered mesoporous structure. For the contrast,
CNP exhibits a combined type I/IV curve with a H2 hysteresis,
due to the co-existence of micropores and mesopores. As shown
in Fig. 3a, CNP-10 min and CNP-60 min exhibit the similar iso-
therms shape like CNP, yet CNP-0F127 presents a typical type-I
curve which corresponds to a microporous structure. Hence,
F127 is confirmed as the necessary factor for the formation of
mesopore and tissue structure. Besides, the SBET of CNP approxi-
mates to that of CNP-0F127, owing to the rich micropores in bone
structure (Table 1). As shown in the Fig. 3b, the pore size of CNP
centers at 14.5 nm while that of CN is 5.6 nm, revealing the
strongly impact of C16mimPF6 to the micelles of F127 in solution.
The bigger mesopores (�14.5 nm) in the carbon framework of
CNP will provide a rapid pathway for electrolyte transfer. After
the formation of an integrated skin-tissue-bone like structure,
the surface area of CNP is slightly higher than that of CNP-10 min
or CNP-60 min (Table 1). Referring to crystallization degree, the
XRD pattern (Fig. 3c) shows a broad peak at around 22� (0 0 2)
and a weak peak at 43� (1 1 0), while the intensity ratio of Raman
peak (IG/ID) is 0.98, indicating a typical amorphous carbon of CNP.

Demonstrated by the thermogravimetry (TG) curves, C16-
mimPF6 is proved to strongly combine with poly-benzoxazine by
participating into the polymerization process. Owing to the un-
Fig. 3. (a) N2 adsorption-desorption isotherms of CN (the isotherm is offset vertically by
STP), CNP-60 min and CNP-0F127 (the isotherm is offset vertically by 20 cm3 g�1, STP) an
CNP. (d) Scanning TG curves under nitrogen (60 ml min�1, 10 �C min�1) of C16mimPF6 a
crosslinked and un-polymerized characteristics of ionic liquid,
there is negligible carbon residue after direct carbonization of C16-
mimPF6 (Fig. 3d). The TG curves of time-resolved polymers all
exhibit nearly 30% carbon residue and a sharp weight loss located
at 390 �C (decomposition temperature of F127) [34]. In principle,
the anions of C16mimPF6 and the poly-benzoxazine segments were
interacted via hydrogen bond (ArAHAO. . .PF6�) [35–37]. Mean-
while, with the prolonging of aging time, the yield of CNP was
increasing, due to the enhancement of crosslinking degree in poly-
mer (Table S1).

To investigate the distribution of heteroatoms in CNP, elemen-
tal mappings under EDX mode are performed in Fig. 4a and
Fig. S2, where the P, N, and O are homogeneously distributed into
CNP. The magnified selected area (Fig. 4b) shows the simultaneous
presence of C, N, P and O elements, but the N distribution density
on skin layer is much lower than tissue and bone structure. The
reason of this strange phenomenon is the exhaustion of DAH at
the last of polymerization process, which further confirms the for-
mation mechanism of skin-like structure discussed above.

The X-ray photoelectron spectroscopy (XPS) can investigate the
bond structure and the atom contents of nitrogen and phosphorus.
As seen in Table S2, the O content increase from 7.15 at % (CN) to
10.89 at % (CNP) and the P content increase from 0 at % (CN) to 0.76
at % (CNP), while the N content of CN and CNP are both 0.7 at %. The
C, O, N and P species of CNP and CN are further determined by XPS
fine scanning. As shown in XPS spectra of C 1s (Fig. 5a), the most
pronounced peak located at 284.8 eV is a characteristic of carbon
lattice, and the rest peaks are -C-OH or -CAN (285.5 eV), -C@O
(286.4 eV), -COOH (288.6 eV) and carbonate (291.2 eV) in sequence
[38], whose relative contributions are also listed in Table S3. The O
1s spectra (Fig. 5b) can be fitted into three types of oxygen bonds: -
C@O 531.0 eV (peak I), -C-OH 532.2 eV (peak Ⅱ) and -COOH
533.6 eV (peak III), respectively [39]. Meanwhile, N 1s spectra
show that both CN and CNP contain nitrogen and there is no obvi-
ous change between their peak (Fig. 5c). Of particular notes are a
prominent peak at 133.9 eV assigned to P@O bond and a weak peak
50 cm3 g�1 STP), CNP, CNP-10 min (the isotherm is offset vertically by 30 cm3 g�1,
d (b) their corresponding PSDs. (c) The XRD pattern and the Raman spectra (inset) of
nd the polymer of CNPs.



Fig. 4. EDX mappings of CNP at different selected regions.

Fig. 5. Fitted XPS spectra for CN and CNP: (a) C 1s spectrum, (b) O 1s spectrum, (c)
N 1s spectrum and (d) P 2p spectrum.
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of PAC bond at 132.9 eV in the P 2p spectra of CNP (Fig. 5d), indi-
cating that the phosphorus atoms are mainly bonded with oxygen
atoms [21].

The existence of N and P functional groups can be confirmed by
the infrared spectroscopy (IR) as well. Several characteristic peaks
contained in both CN and CNP can be attributed to some common
functional groups, such as NAH, OAH, CAC and CAN (Fig. S3).
Besides, a series of unique peaks of CNP can be corresponded to
phosphorus functional groups, like 1230 cm�1 peak assigning to
PAC stretching vibration, 1130 cm�1 peak assigning to PAO vibra-
tion and 1633 cm�1 peak assigning to P@O vibration, which is coin-
cide with the conclusion of XPS results.

In addition, electrical conductivity is of great importance for the
rate performance of supercapacitor and can be measured by a four-
probe method (Table 1). CNP exhibits a significant improvement
than commercial activated carbon (YP-50, Kuraray Chemical,
26 S m�1) and ordinary mesoporous carbons reported before (20–
200 S m�1) [14,15,21]. Moreover, the connected skin structure
was evidenced to promote the electrical conductivity, resulting
from the increasing conductivity from CNP-10 min (no skin,
231 S m�1), CNP-60 min (skin started to form, 318 S m�1) to CNP
(well-developed skin structure, 336 S m�1).

The capacitive behaviors of CNP and CN were tested by cyclic
voltammetry (CV) and galvanostatic charge and discharge (GCD),
based on a three-electrode configuration with 6 M KOH solution.
Both the CV curves of CN and CNP present a quasi-rectangular
shape with an obvious hump (Fig. 6a), corresponding to the combi-
nation of ideal double-layer capacitor and potential-depended
pseudo-capacitor. Further comparing these CV curves, it can be
speculated that the contribution of pseudocapacitance from phos-



Fig. 6. (a) CV curves tested at the scan rate of 5 mV s�1. (b) GCD curves tested at current density of 0.5 A g�1. (c) Nyquist plots in the frequency range of 100 kHz to 10 mHz
and its enlarged view (insert). (d) Frequency responses for the capacitance of CN and CNP and the equivalent circuit for their EIS (insert).
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phorus functional group mainly corresponds to the broad peak at
�0.5 V according with the previous reports [15,40]. The pseudoca-
pacitance from the nitrogen functional group has long been consid-
ered as its redox reaction with OH– [41], and the
pseudocapacitance from phosphorus functional group was recently
thought as the redox between P@O bond and electrolyte ion, being
similar to the mechanism of C@O or quinone-type oxygen [15,21].
The excellent symmetry of their GCD curves means no electrolyte
decomposition happened in the operating voltage range, even at a
Fig. 7. Rate performance of CNP was tested in three-electrode configuration at (a) diffe
capacitances and current densities of CNP. (d) Long cycle life of CNP over 5000 cycles te
low current density of 0.5 A g�1 (Fig. 6b). The calculated Cg and Ca

of CNP was respectively 209 F g�1 and 35 lF cm�2, higher than that
of CN (178 F g�1 and 30 lF cm�2), indicating the significant
improvement of specific capacitance by adding IL. The P, N co-
doping not only benefits to double layer capacitance by enhancing
conductivity and surface wettability, but also introduces an addi-
tional interfacial pseudocapacitance. The high-efficiency utiliza-
tion of surface area in CNP makes its Ca value located ahead of
those materials reported before (Fig. S4). Attributing to a high elec-
rent scan rates and (b) different current densities. (c) Correlation between specific
sted at a current density of 1 A g�1 in a two-electrode configuration.
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trical conductivity, the voltage drop of CNP at 0.5 A g�1 is only
7.3 mV corresponding to a low equivalent series resistance (ESR),
which guarantees a high power performance.

Electrochemical impedance spectroscopy (EIS) was employed to
investigate the electrochemical kinetic behaviors of CN and CNP
electrodes (Fig. 6c), which were also simulated by an equivalent
circuit (Fig. 6d, inset). The fitting results of EIS show that the equiv-
alent series resistance (RESR) and charge-transfer resistance (Rct) of
CNP are equal to 0.656X and 0.365X, lower than those of 0.787X
and 0.432X for CN (Table S4). The lower RESR is mainly attributed
from the high electrical conductivity of skin and tissue structure.
The low Rct is attributed from the enhanced surface charge density
by P doping, which reduces the interface resistance of electrode. At
the low-frequency region (<1 Hz), the Warburg diffusion resistance
(W) of CNP is significantly lower than that of CN (1.38 to
11.32X s�1/2). Hence, it certainly confirms that the transfer of elec-
trolyte ions was improved by this unique hierarchical structure.
Meanwhile, an approximately vertical line thought as pure capac-
itive behavior is shown for CNP electrode at this region, which
means no diffusion limitation for electrolyte accessing into micro-
pores. The capacitance dependences from 0.01 Hz to 1000 Hz
(Fig. 6d) also reveal a faster capacitance response of CNP electrode
than CN electrode [15].

CV tests at different scan rates and GCD tests at different cur-
rent densities can further reveal the good capacitance response
property of CNP electrode. The quasi-rectangular shape of CNP
(Fig. 7a) still retained as the scan rates gradually increased from
5 to 200 mV s�1. Meanwhile, the GCD curves at the current density
from 0.5 to 5 A g�1 all show a nearly symmetrical triangular shape
(Fig. 7b) to express the good capacitive characteristic of CNP at
high power delivery. In Fig. 7c, even at a high current density of
30 A g�1, the CNP electrode still maintains an outstanding capaci-
tance retention of 87% much higher than that of CN (56%,
Fig. S5b), revealing the significance of this functional structure.
Meanwhile, the role of well-developed skin structure can also be
confirmed by comparing with the capacitance retention of CNP-
10 min (61%) and CNP-60 min (45%) (Fig. S5d and f). Besides, a
symmetric capacitor of CNP was further assembled and exhibited
its good cyclability of 80% after 5000 charge–discharge cycles at
1 A g�1 (Fig. 7d). Meanwhile, the power density of symmetric
capacitor and its corresponding energy density are respectively
2.28 kW kg�1 and 16.5 Wh kg�1, exceeding the value of those com-
mercial carbon-based supercapacitors (1.5–15.0 kW kg�1, 1.9–
8.0 Wh kg�1) [42], which exhibit the practical potential of CNP
reported here.
4. Conclusions

In conclusion, we developed a convenient one-pot synthesis
method to prepare a novel skin-tissue-bone like porous carbon
with N, P co-doping through the innovative addition of C16mimPF6
during the self-assembly process of poly-benzoxazine. By compar-
ing to the ordered mesoporous structure prepared by a conven-
tional soft template method [39,43], the transfers of electronic
and ion were effectively facilitated by the skin-tissue-bone like
hierarchical structure, which was originated from a microphase
separation mechanism by the dramatic interaction between C16-
mimPF6 and F127 micelles. Besides, it was worth to note that, ionic
liquid as an innovative phosphorus-doped precursor can enrich the
pseudocapacitance of carbon but without the problems of pollu-
tion and corrosion as report before [40]. Overall, from the perspec-
tive of self-assembly process, this study provided a new route for
the structure manipulation and surface functionalization of porous
carbon by recommending ionic liquid as a novel kind of monomer,
which can be further extended into other application fields that
with similar design demands, like electrocatalysis, lithium ion bat-
teries and gas separation.
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