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We report a novel synthesis route for creating 3D interconnected hierarchical porous nitrogen-doped
carbon nanorods (3D-IPCRs) using 1D polyaniline nanorods as a precursor and SiO, as a porogen. The
1D carbon nanorod/SiO, composites initially formed during carbonization further act as raw materials for
a KOH activation process. After subsequent removal of the templates, as-prepared 3D-IPCRs exhibit
a high specific surface area (1765 m? g4, a large total pore volume (1.06 cm® g%, an interconnected
porous structure, and a moderate nitrogen doping (2.63 wt%). This interconnectivity is beneficial to
improving ion diffusion properties and electrolyte wettability. The resulting carbon exhibits a much lower
impedance resistance and smaller contact angle, compared with conventional mesoporous carbon, and
thus has better electric double layer performance. As obtained 3D-IPCR electrodes achieve a high
specific capacitance of 302 F g~* at a current density of 0.05 A g~ in 6 M KOH (two-electrode system),
high coulombic efficiency (99.8%) and excellent cycling stability (92.8% of capacitance retention after
10 000 cycles) even with a high mass loading (11 mg cm™2) and thick electrode film (300 pm).
Furthermore, the energy density of 3D-IPCRs reaches 23 W h kg™, and the power density can be as
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Introduction

Supercapacitors (SCs) based on electrical double-layer charge
storage have attracted extensive attention due to their high
power density, fast charge-discharge rate and long life cycle."*
However, compared to lithium ion batteries, the SCs that are
commercially available still cannot satisfy the requirements for
large energy density. Although gravimetric capacitance as the
figure-of-merit is useful for comparing fully packaged SCs,
unrealistic performance may be predicted for packaged devices
fabricated from small amounts of electrode materials.’”
Experimental data have shown that there is a drop in

“Key Laboratory of Cluster Science of Ministry of Education, Beijing Key Laboratory of
Photoelectronic/Electrophotonic Conversion Materials, School of Chemistry and
Chemical Engineering, Beijing Institute of Technology, 5 Zhongguancun Road,
Beijing 100081, P. R. China. E-mail: wenyang@bit.edu.cn; Fax: +86-10-68914780
*State Key Laboratory for Modification of Chemical Fibers and Polymer Materials,
School of Material Science and Engineering, DongHua University, 2999 North
Renmin Road, Shanghai 201620, China

‘Laboratory of Advanced Materials, Department of Materials Science and Engineering,
Tsinghua University, Beijing 100084, China

T Electronic supplementary information (ESI) available: SEM images, TEM
images, Raman spectra, XRD patterns, XPS spectrum, thermogravimetric
analysis (TGA) curve, surface concentration (in at%) of the nitrogen and oxygen
species, performance of various carbon-based ECs in aqueous electrolytes. See
DOI: 10.1039/c7ra02425h

This journal is © The Royal Society of Chemistry 2017

high as 18.2 kW kg~ when the energy density remains at 9.11 W h kg~* in an organic electrolyte.

capacitance when the mass loading is increased.*® In addition,
the increased weight of the electrode on the current collector
will obviously determine the thickness of the electrode.”® It has
been observed that gravimetric capacitance shrinks and the
equivalent series resistance (ESR) increases on thicker elec-
trodes because of the reduced adhesion of carbon materials in
the thicker electrodes.® In addition, electrolyte decomposition
may be accelerated by loading of carbon materials on a thicker
electrode, which will further deteriorate the SCs perfor-
mance.'>" Nevertheless, for the purpose of realistic applica-
tions, high mass loading (e.g. 10 mg cm™?) of active materials
with thick electrode microstructures (100 to 200 um) are rec-
ommended by Simon and Gogotsi.® Therefore, it is still a great
challenge to achieve good capacitance behavior at significantly
high electrode material loading.

One of the strategies for increasing energy density of SCs is
the use of electrode materials with high specific surface area.
For that reason, activated carbon is the most used electrode
material for SCs.'> Unfortunately, these advantages are severely
limited by the decreased electrolyte accessibility associated with
the activated carbon electrode materials used currently because
most of their surface area resides in micropores.>** Mesoporous
carbon, fabricated by templates, has also been developed as an
electrode material for application in SCs due to controllable
pore sizes, which are readily approachable to electrolyte
ions."*® However, both the gravimetric capacitance and rate
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performance of nanostructured mesoporous carbon materials
are restricted due to its limited surface area, disordered meso-
structure and randomly connected porous structures.'®”***° As
Oh et al. mentioned in their study, the blind or isolated pores in
the carbon framework may not be accessed by electrolytes, and
random pore connection makes ion movement difficult.*

Recently, porous carbon materials with interconnected
hierachical porous structures, including micropore, mesopore,
and macropore, have enhanced electrochemical performance in
SCs because of the improvement of ion transport through
macropores and mesopores and the improvement of ion storage
on the micropore scale.”***?' It is believed that an inter-
connected porous structure not only promotes penetration of
electrolyte, but also significantly shortens electron transport
distance and increases the surface area of ion accessibility.”
Moreover, the morphology of carbon materials also has great
influence on the performance of SCs. 1D porous carbon mate-
rials have shown enhanced capacitance, excellent rate perfor-
mance, and improved stability due to their high conductivity,
high surface area, and good chemical stability.”*** Another
strategy for enhancing the performance of SCs is incorporation
of heteroatoms in the carbon skeleton as a result of pseudoca-
pacitance.”® Therefore, development of 1D heteroatom-doped
carbon materials with interconnected hierachical porous
structures are highly desired for enhance both energy density
and power density of SCs.

Herein, novel 3D interconnected hierarchical porous nitrogen-
doped carbon nanorods (3D-IPCRs) are prepared by direct KOH
activation of 1D nitrogen-doped carbon nanorod/SiO, compos-
ites, followed by NH,HF, removal of the silica hard template. To
our best knowledge, only a few reports have mentioned the
synthesis of 3D-IPCRs and their application in SCs.**** In contrast
with traditional KOH activation of mesoporous carbon, the
presence of SiO, during the KOH activation can protect and
maintain the original 1D nanostructure of nitrogen-doped carbon
nanorods with shortened electron and ion transport distances,
and avoid nanostructure fragmentation during KOH activation.
Moreover, the novel synthetic strategy provides an opportunity to
introduce micropore into the mesopore walls to interconnect
blind or isolated pores. After subsequent removal of templates,
as-prepared porous carbon has high surface area (1765 m* g ),
moderate N (2.63 wt%) and O (9.52 wt%) contents, enlarged
micropore volume, increased mesopore size, additional macro-
pores, and interconnected hierarchical porous structure. As ob-
tained 3D-IPCRs electrodes with high mass loading (11 mg cm™?)
and thick electrode film (300 pum) still deliver a high specific
capacity of 302 F g~ " at 0.05 A g~ * and excellent cycle stability in
6 M KOH solutions. Furthermore, the energy density of carbon
nanorods reaches 23 W h kg™ ', and the power density can be as
high as 18.2 kW kg~ ' when the energy density remains 9.11 W h
kg ' in an organic electrolyte.

Experimental
Preparation of MeMiCP-800

Typically, 2.0 g aniline was dissolved in 2 M HCI solution, fol-
lowed by adding 10 g silica colloid solution (~12 nm, Ludox
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HS40). The suspension was kept below 10 °C while 4.56 g
oxidant (ammonium peroxydisulphate, APS) was added with
stirring. The above suspensions was transferred to an autoclave,
sealed and heated at 180 °C. After drying in an evaporator, the
mixture was pyrolysed at 800 °C in N, atmosphere, and then
cooled to room temperature. For the activation, a mixture of
KOH and the prepared carbon (KOH : carbon = 2 : 1, weight
ratio) was heated to 800 °C and kept for 1 h in N, flow. The
activated mixture was subsequently washed with HCl and
deionized water until the supernatant became neutral. The
silica templates were etched away by NH,HF, to obtain the 3D-
IPCRs labelled as MeMiCP-800.

Characterization

Morphology was observed using transmission electron micros-
copy (TEM, FEI Tecnai G2 F20) and scanning electron micros-
copy (SEM, Hitachi S4800). X-ray diffraction (XRD) with CuKao
radiation was measured using a diffractometer (Rigaku). The
thermogravimetric analysis (TGA) was performed in a DTG-60
(TGA, SHIMADZU). X-ray photoelectron spectroscopy (XPS)
were recorded on a Thermo Scientific ESCALab 250Xi system.
The Raman spectrum was acquired on a Renishaw-2000 spec-
trometer. Nitrogen adsorption-desorption isotherms were
measured at 77 K with an Autosorb-iQ2 (Quantachrome)
analyzer after degassing the sample at 300 °C for 6 h.

Preparation of electrodes and electrochemical measurement

In a three-electrode device, the supercapacitor tests of the
carbon materials were measured using Hg/HgO reference elec-
trode and platinum foil counter electrode. The samples were
mixed with acetylene black and poly(tetrafluoroethylene) (PTFE)
binder in a weight ratio of 8 : 1: 1; then the slurry was loaded
into Ni foam, and dried at 80 °C. The area of the electrodes were
about 1 cm”® (mass loading of active electrode: 3-5 mg cm™?).
The electrochemical behavior of electrodes was measured in
6 M KOH electrolyte. In a two-electrode cell, the samples were
mixed with acetylene black and PTFE binder in a weight ratio of
8:1:1 and formed into pellets (300 pm in thickness). Then the
pellets were pressed on Ni foam, and dried at 80 °C. The two-
electrode system was assembled with two nearly identical elec-
trodes using membrane as separator, with 6 M KOH aqueous
solution as electrolyte. The mass loading of active electrode
materials of MeMiCP-800 was about 11 mg cm ™2, Two-electrode
system tests with 1 M LiPFs in EC/DMC used as electrolyte were
conducted in a 2032-type cell. The mass loading of active elec-
trode materials of MeMiCP-800 was about 1 mg cm > The
galvanostatic charge/discharge studies were measured on an
Arbin testing system. Electrochemical Impedance Spectroscopy
(EIS) was collected over the frequency range from 100 kHz to
0.01 Hz. The measured specific capacitance of acetylene black
was about 7 F g~ " in 6 M KOH electrolyte in a three-electrode
cell. In a three-electrode cell, the specific capacitance was
calculated from:

C = IlmAV (1)

This journal is © The Royal Society of Chemistry 2017
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where I is the constant current (A), ¢ is the discharge time (s), m
is the active material mass in the working electrode (g) and AVis
the voltage change in discharge (V). The specific capacitance (C)
in the two-electrode system was calculated from:

C = 2ItmAV (2)

where I is the constant current (A), ¢ is the discharge time (s), m
is the single mass of the active material in each electrode (g) and
AV is the voltage change in discharge (V). Energy density and
power density were estimated from:

E =120y 3)
P=Elt (4)

where AV is the voltage range after ohmic drop (V) and ¢ is the
discharge time (h).

Results and discussion
Structural characterization of samples

KOH activation has been used as an effective strategy to make
1D carbon materials attaining a high-surface area and porous
structure. During the pyrolysis of the mixture of carbon nano-
rods and KOH, the process starts with solid-solid reactions and
then proceeds by solid-liquid reactions, including the oxidation
of carbon to carbonate and carbon oxide, the reduction of
potassium (K) compounds to form metallic K, and other reac-
tions among various active intermediates, leading to a surface
area of even higher than 3000 m”> g~'.1%2 However, it is still
a challenge to use the KOH activation process to develop 1D
carbon materials with porosity, especially with an inter-
connected hierarchical porous structure, because the original
1D nanostructures are destroyed under harsh conditions.*”

To address this problem, in the present study SiO, hard
templates were used as structural support for 1D carbon
materials to prevent collapse of the 1D nanostructure caused by
the KOH activation. In contrast with traditional KOH activation
of mesoporous carbon, the presence of SiO, during the KOH
activation could protect and maintain the original 1D nano-
structures of the carbon, while suppressing nanostructures
fragmentation. After subsequent etching of the silica hard
templates, randomly distributed mesopores in the skeleton of
carbon nanorods were enlarged and interconnected by extra
micropores introduced by KOH activation.

The synthesis process of 3D-IHPCRs is illustrated in Scheme
1. First, aniline polymers co-assembled with colloidal silica
nanoparticles are pyrolyzed at 800 °C to obtain 1D nitrogen-
doped carbon nanorod/SiO, composites, providing
morphology control and pore size adjustability. Moreover,
nitrogen-containing precursors can incorporate N atoms into
the carbon skeleton during pyrolysis. Second, the initially
formed 1D carbon nanorod/SiO, composites are directly used as
raw materials for the KOH activation process at 800 °C without
removing hard templates. It should be noted that the 1D
nanostructures of the original carbon nanorods are maintained

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 |llustration of the preparation of MeMiCP-800 materials.

during the KOH activation process probably due to the SiO,,
which can help prevent the collapse of 1D nanostructures of the
carbon materials in harsh reaction conditions. Third, after
removing silica hard templates, micropores are introduced into
the skeleton of mesoporous carbon nanorods and the meso-
pores are enlarged and interconnected, resulting in the desired
3D-IHPCRs labeled as MeMiCP-800. To further confirm the
superior electrochemical performance of MeMICP-800, as-
prepared MeMiCP-800 is compared with carbon nanorods
derived from polyaniline (CP), mesoporous carbon nanorods
derived from polyaniline nanorod/SiO, composites (MeCP), and
microporous carbon nanorods obtained by chemical activation
of carbon nanorods (MiCP-800), as well as hierarchical porous
carbon prepared by chemical activation of the carbon nanorod/
SiO, precursor at 700 °C (MeMiCP-700). One commercial carbon
black, BP2000, is used for comparison of electrochemical
performance.

Fig. 1 and S17 show SEM images of MeCP, MeMiCP-800, CP,
MiCP-800, and MeMiCP-700. As shown in Fig. 1a, MeCP
prepared from PANI/SiO, nanorods have an average diameter of
200 nm. The mesoporous structure of MeCP is confirmed by
TEM showing that mesopores are well-developed (Fig. 1b, S2at).

CA right: 47.3°

CA lefi: 21.3°

Fig. 1 SEM images: (a) MeCP; (d) MeMiCP-800. TEM images: (b)
MeCP; (e) MeMiCP-800. Wetting contact angles (CA) of a water
droplet on (c) MeCP and (f) MeMiCP-800 substrates.
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As seen in the SEM image (Fig. 1d), MeMiCP-800 retain the
original 1D nanorod shape of the PANI/SiO,. The TEM images of
MeMiCP-800 highlight its 3D interconnected hierarchical
porous structure and the average diameter of the nanorods
decreased to 150 nm without obvious structural collapse (Fig. 1e
and 2a and b). The retention of the 1D nanorods is attributed to
the sequence of experimental steps (KOH activation first and
then removal of the template), indicating that SiO, hard
templates play an important role in maintaining the
morphology. Moreover, Fig. 2a and b show that the neighboring
mesopores are connected to each other after KOH activation
and removal of the added colloidal silica. The 1D carbon
nanorods with plentiful interconnected hierarchical pores
(micro-, meso- and macropores) are urgently needed because
they allow rapid ion diffusion.**

Raman and XRD results for samples are shown in Fig. S3.f
All samples exhibit two characteristic peaks corresponding to D-
band and G-band. The intensity ratio of Ip/Ig obviously
increases from 0.98 for MeCP to 1.03 for MeMiCP-800, indi-
cating the increased defects after activation with KOH. As
shown in Fig. S3b,} the (002) reflection in the XRD patterns can
be observed at 25.2° for MeCP, originating from the interlayer
stacking of the graphitic layer.”® Compared to the MeCP, the
(002) peak of MeMiCP-800 has slightly shifted to lower angles
(24.6°) and is broadened, indicating a larger interlayer distance,
and an increased disordered structure after activation which is
consistent with the Raman spectral analysis.?” Meanwhile, both
MeCP and MeMiCP-800 are hydrophilic and can be wetted by
a water droplet (Fig. 1c and f). The contact angle of the MeCP
surface is 47.3°. MeMiCP-800 could absorb the water droplet
within its 3D interconnected hierarchical porous structure,
demonstrating improvement of the electrolyte wettability
(contact angle, CA = 21.3°).3%

The N, adsorption-desorption isotherms were acquired to
analyse the porosities of the resulting carbon materials (Fig. 2c).

@
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Fig. 2 (a) and (b) HRTEM image of MeMiCP-800. (c) Nitrogen
adsorption—desorption isotherms and (d) pore size distributions of
samples.
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The Brunauer-Emmett-Teller (BET) surface areas and pore
structure parameters are shown in Table 1. It can be seen that
the isotherm of MiCP-800 can be classified as a type I isotherm,
revealing a microporous structure (Fig. 2c). The isotherm of
MeCP exhibited type IV isotherm characteristics, and an H3
hysteresis loop can be observed, indicating the presence of
mesopores in the sample.**~** This behavior is similar to that of
mesophase pitch and polyacrylonitrile-derived carbon materials
using colloidal silica as a hard template, where the mesopores
make up most of the total pores.”**® After KOH activation, the
isotherm of MeMiCP-800 shows a combined type I/IV isotherm
with strong adsorption at low pressure and an H3 hysteresis
loop, indicating that micro- and mesopores coexist in the
sample and form an interconnected pore system (Fig. 2c).>”*
Pore size distributions of MeCP and MeMiCP-800 obtained by
the Density Functional Theory (DFT) method clearly show the
increasing diameter of the mesopore due to KOH activation,
and the mesopore volume increases from 0.24 to 0.50 cm® g~
(Fig. 2d, Table 1). In MeMiCP-800, the micropores can be readily
further activated to form an interconnected pore structure via
mesopore widening, wall crumbling and fusing (Fig. 2d).** This
3D hierarchical nano-architecture of MeMiCP-800 with high
specific surface area (1765 m* ¢~ ') and large pore volume (1.06
em® g7') is highly desirable for energy storage and conversion
than activated carbon.*?

The XPS survey spectras of the MeMiCP-800 sample are
shown in Fig. S4.f Table S1f shows nitrogen and oxygen
contents of 2.63 and 9.52 at%, respectively. The peaks around
398.1, 400.0 and 400.9 eV correspond to pyridinic (N-6, 11.7
at%), pyrrolic (N-5, 51.6 at%) and quaternary (N-Q, 34.4 at%)
chemical binding states.* This demonstrates that N atoms
within the PANI are partly converted into N-5, N-6 or N-Q by
pyrolysis.** Owing to the incorporation of oxygen during the
polymerization process of the PANI precursor and chemical
activation, the existence of oxygen functional groups in the
PANI-derived carbon is almost unavoidable.”®**! The deconvo-
luted C 1s XPS can be fit by four characteristic peaks at 284.7,
285.2,286.2, and 288.2 eV, attributed to C-C, C-N, C-O, and C=
O, respectively.”>***> The binding energies around 531.6 and
533 eV, represent C=0 quinone type groups, C-OH phenol
groups and/or C-O-C ether groups, respectively. Based on the
XPS results, it is shown that N and O functional groups are
contained in the carbon frame. The TGA curve of the MeMiCP-
800 shows complete decomposition at 616 °C (Fig. S51), indi-
cating that the SiO, had been removed completely.

Table 1 Specific surface area and porosity properties of the samples

SBET Smicroa Vimicro Vmesoc
Carbon type (m*g™)  (m*g")  (m’g")  (em’g)
MeCP 272 71 0.03 0.24
MiCP-800 1558 1285 0.50 0.10
MeMiCP-800 1765 1257 0.49 0.50

“ DFT micropore specific surface area (pore size < 2 nm). ” DFT
micropore volume (pore size < 2 nm).  DFT mesopore volume (2 nm
< pore size < 50 nm).

This journal is © The Royal Society of Chemistry 2017
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Electrochemical performance of samples

In order to evaluate the capacitive characteristics of the ob-
tained carbon materials for capacitors, cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD) and electrochemical
impedance were tested via a three-electrode device. Fig. 3a
shows the CV curves of samples at the scan rate of 10 mV s~ .
Compared with that of commercial carbon black (BP2000), the
CV curves of MeMiCP-700 and MeMiCP-800 at about —0.6 V
display slight humps, which can be attributed to the pseudo-
capacitance from redox reaction of N/O functional groups, i.e.
quinone group and N-6.>****" Note that as-prepared MeMiCP-
800 has relatively low electrochemical active N-6 contents.
Thus, it may be deduced that the pseudocapacitance mainly
comes from oxygen functional groups attached to the carbon,
formed during the KOH activation process. The MeMiCP-800
retains rectangular voltammogram profiles when the scan rate
is increased to 200 mV s~ * (Fig. 3¢), indicating MeMiCP-800 has
high rate capability at high scan rate.*

The capacitive performance was further tested with GCD
measurements, as shown in Fig. 3b. The specific capacitance
values were calculated using eqn (1). GCD curves of the six
electrodes appear nearly triangular and symmetrical, indicating
good capacitive properties.*® The capacitances of the BP2000,
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Fig. 3 Electrochemical capacitive behavior of the samples in a three-
electrode system in 6 M KOH. (a) CV curves at scan rate of 10 mV s~
(b) Galvanostatic charge/discharge curves at 0.05 A g~ 2. (c) CV curves
of MeMiCP-800 at different scan rates. (d) and (f) Galvanostatic
charge/discharge curves of MeMiCP-800 at different current densi-
ties. (e) Specific capacitance as a function of current density ranging
from 0.05t0 20 Ag~ L.
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CP, MeCP, MiCP-800, MeMiCP-700, and MeMiCP-800 elec-
trodes calculated from the discharge curves are 194, 141, 178,
228, 303 and 329 F g~ ' at 0.05 A g, respectively, in good
agreement with the CV results. The normalized capacitance of
MeMiCP-800 is 18.6 uF cm %, which is larger than that of
commercial activated carbon BP2000 (12.9 pF cm™2), but
smaller than that of MeCP (65.4 uF cm™2), indicating that the
BET surface area of MeMiCP-800 were increased and micro-
pores were introduced on the mesopore walls to interconnect
blind or isolated mesopores, resulting in an enhanced double
layer capacitance and electrolyte wettability, while the reduced
nitrogen contents lead to the decline of pseudocapacitance,
which confirmed by the decreased capacitance per unit area
(Fig. S6, Table S17).*

The rate performance was also evaluated by a three-electrode
device. The specific capacitances of MeMiCP-800 in 6 M KOH
are 329, 268, 206, 187 and 183 F g~ ! at current densities of 0.05,
0.1,1, 10 and 20 A g, respectively (Fig. 3d and f). The specific
capacitance of the MeMiCP-800 sample dropped by 44% (from
329 to 183 F g ') as the current density increased from 0.05 to
20 A g7, while the MeCP lost 50% of its capacitance (from 178
to 90 F g~ ') under the identical conditions (Fig. 3e). Therefore,
the interconnected hierarchical porous structures are capable
of providing a short and unimpeded diffusion channel for
electrolyte ions in the charge-discharge process to achieve
higher capacitance and better charge/discharge rate.

As shown in the Nyquist plot (Fig. 4a), MeMiCP-800 displays
low equivalent series resistance in the high frequency region,
better than that of other samples. The low interface resistance
may be attributed to the improved wettability of MeMiCP-800.%*
The arc in the EIS diagram of MeMiCP-800 indicates a mini-
mized charge transfer resistance in the MeMiCP-800 elec-
trode.* In Fig. 4b, the corresponding relaxation time constant
7o exhibits a similar trend. The MeMiCP-800 samples demon-
strated a frequency response of 0.52 Hz, higher than that of
MeCP (0.27 Hz), corresponding to relaxation time constants 7,
= 1.92 s and 3.70 s, respectively (7o = 1/fp).**** The relaxation
time constant corresponds to the ion transport time in internal
pores, and a smaller time constant shows easier ion diffusion.
The better rate performance of the MeMiCP-800 sample is
attributed to the KOH activation process which increased the
mesopore volume from 0.24 cm® g~ " to 0.50 cm® g~ and led to
interconnected pore structures.”®* The interconnected struc-
ture of MeMiCP-800 with the largest mesopore volumes further

a0
@ —c———ewcrm0] (b} o
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Fig. 4 (a) Nyquist plots (b) Bode plots of phase angle versus frequency

of all samples measured in a three-electrode system in 6 M KOH.
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favors rapid ion transport channels, leading to higher specific
capacitance at high current density.

To evaluate the practical applications of MeMiCP-800 for
SCs, the electrochemical behavior of MeMiCP-800 was
measured in a two-electrode device using 6 M KOH and 1 M
LiPFs EC/DMC as electrolytes. The CV curves of MeMiCP-800
were tested at various scan rates in the voltage window of 0 to
1 Vand 0 to 2.5 V (Fig. 5a and b). All the curves display similar
rectangular shape without obvious redox peaks, showing typical
capacitive behavior.***> When the scan rate was increased to
200 mV s~ ', the CV curves of MeMiCP-800 retained a rectan-
gular shape with little polarization (Fig. 5a and b), indicating
that the MeMiCP-800 has excellent rate performance. Fig. 5¢c—f
show the GCD curves of MeMiCP-800 at various current densi-
ties from 0.05 to 20 A g~ . The specific capacitance of MeMiCP-
800 reached 302 and 105 F g~ " at 0.05A ¢ " in 6 M KOH and 1 M
LiPFs EC/DMC electrolytes, respectively. In this study, our
electrodes were 300 pum in thickness, and the active electrodes
had mass loadings of 11 mg cm ™2 in aqueous electrolyte, which
satisfied the suggested standard by Simon and Gogotsi.> The
curves are nearly linear, and MeMiCP-800 discharged without
obvious IR drop even when the current density was increased to
20 A g ' in KOH electrolyte, indicating small ESR, high
coulombic efficiency and excellent reversibility. MeMiCP-800
showed higher capacitive performance, especially compared
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Fig. 5 Electrochemical capacitive behavior of MeMiCP-800 in a two-

electrode system. CV curves of MeMiCP-800 at different scan rates in

(@) 6 M KOH and (b) 1 M LiPFg EC/DMC electrolyte. Galvanostatic

charge/discharge curves of MeMiCP-800 at different current densities

in (c), (e) 6 M KOH and (d), (f) 1 M LiPFg EC/DMC electrolytes.
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Fig. 6 (a) Ragone plots of MeMiCP-800 and other carbon-based
supercapacitors in a two-electrode system. (b) Cyclability and
coulombic efficiency at a current density of 1 A g~ over 10 000 cycles
in a two-electrode system in 6 M KOH.

with previous reports for carbon-based materials (as shown in
Table S2f). The excellent electrochemical performance is
attributed to the 3D interconnected hierarchical porous texture
and the 1D nanostructure of MeMiCP-800, which can promote
penetration of electrolyte, shorten electron transport distance
and increase the surface area of ion accessibility in the
capacitor.

The Ragone plot of the symmetric supercapacitor is shown in
Fig. 6a. The energy density of MeMiCP-800 reaches 23 W h kg™
in the organic electrolyte at a current density of 0.1 A g~ *, which
is better than that of the commercial devices (<3 W h kg™ ).* The
power density of MeMiCP-800 reaches 18.2 kW kg™ ' at an
energy density of 9.11 W h kg™ " in organic electrolyte. In the 6 M
KOH electrolyte, MeMiCP-800 shows performance higher or
comparable to that of other reports based on lower mass
loading of electrode. The reason is that the S-doped carbon/
graphene material reported in ref. S31 has low mesopore
volume, and the nitrogen-doped porous carbon nanofibers re-
ported in ref. S137 have low micropore volume. Therefore, the
MeMiCP-800, which contains both large micropore and meso-
pore volumes, results in better performance as a supercapacitor
electrode. Moreover, MeMiCP-800 shows high coulombic effi-
ciency and 92.8% capacitance retention after 10 000 consecu-
tive cycles (Fig. 6b), indicating that the charge/discharge
process of the electrode is highly invertible.

Conclusions

In summary, 3D-IPCRs with high surface area (1765 m* g~ ') and
moderate N (2.63 wt%) and O (9.52 wt%) contents were fabri-
cated by using 1D nitrogen-doped carbon nanorod/SiO, as raw
materials for KOH activation. Compared to mesoporous carbon,
the carbon materials with unique 3D interconnected hierar-
chical porous structures display better electron transport, ion
diffusion, and electrolyte surface wettability, and thus have
a better electric double layer performance, even at high mass
loading and greater electrode thickness. Additionally, hetero-
atoms doping in the carbon framework could also provide
pseudocapacitance, and thus can further enhance the electro-
chemical performance of SCs. In conclusion, our results may
provide new insights for synthesis 3D-IPCRs, which are prom-
ising candidates for applications in EDLC capacitors or other
electrochemical energy storage devices.

This journal is © The Royal Society of Chemistry 2017
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