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ABSTRACT: An eflicient soft-template method is proposed for the synthesis of peanut shell-like porous carbon as high-
performance supercapacitor electrode materials. The procedure is based on the pyrolysis and chemical activation processes using
N-phenylethanolamine as precursor and KOH as activation agent. In a three-electrode system, the resultant carbon material has a
specific capacitance of 356 F g™" at 1 A g™* and a good stability over 1000 cycles. Besides, at a high current density of 30 A g7, it
has a specific capacitance of 249 F ¢! and maintains 96% after 10 000 cycles. In two-electrode cell configuration, it delivers about
21.53 Wh kg™' at a current density of 20 A g™, which is about 7 times higher than the commercial device (<3 Wh kg™"). Both
high specific capacitance and excellent cycling stabilities guarantee its utilization in supercapacitors.

KEYWORDS: conducting polymer, nitrogen-doping, supercapacitor, energy density, power density

B INTRODUCTION

Over the past 20 years, there has been a dramatic increase in
research on porous materials. Their pore size and structure are
required to be controllable to meet the demands of different
applications. Although the original study mainly centers on
silica or other oxides based on template techniques,' porous
carbon materials seem to be more popular owing to the
following two reasons: (1) the precursors for preparation of
porous carbon materials are diverse and cost-effective and (2)
carbon materials are naturally good biocompatibility, chemical
stability, high conductivity, and mechanical strength. In view of
these advantages, porous carbon materials find various
applications in catalyst carriers,” carbon dioxide storages,” fuel
cells," and supercapacitors,”® among which, the research on
supercapacitors is getting more and more popular due to
energy and environmental crises.” The pore size of activated
carbons can be controlled by using different carbon
precursors,&9 activated temperatures,10 and activated meth-
ods.'"'* More recently, Lv et al. treated ordered mesoporous
carbon FDU-15 by KOH activation via adjusting the mass ratio
and activation time, which resulted in a high specific surface
area (SSA) and pore volume of 1410 m* g~! and 0.73 cm® g7,
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respectively. The sample shows a good capacitor performance
of 200 F g™" at a current density of 0.5 A g~"."* Although some
physical and chemical activation procedures are applied to
increase SSA to improve the electrochemical properties,"* how
to effectually regulate and control the pore structures still
remains vital for the specific capacitance.

Additionally, it has been well documented that the
capacitance of the carbon materials can be greatly improved
by doping with heteroatoms (such as N, P, and B et al.) owing
to the pseudocapacitive contribution.'”> Researchers have long
been trying to search for new materials. For example, Ferrero et
al. have adopted KOH-activation to obtain N-doped hollow
carbon spheres, and the SSA increases to 2470 m* g~' from
1500 m* g™, yet the specific capacitance (240 F g™' at a low
discharge rate of 0.1 A g™') seems not encouraging as
expected.'® Although many other related studies have observed
exciting results, the preparation technology is fussy and needs
drastic post-treatment.”’18

Received: June 8, 2015
Accepted: September 23, 2015
Published: September 23, 2015

DOI: 10.1021/acsami.5b05022
ACS Appl. Mater. Interfaces 2015, 7, 22238-22245


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b05022

ACS Applied Materials & Interfaces

Research Article

- PNPEA-700

1200+ D PNPEA-KOH-800
1000
> 800-
£
600/ S .
X > e
400 gl
200- PR | I .
E WY Yty
>
0 X . © i berev?/?qth (1r§m)' 20
00 02 04 06 08 1.0
Relative Pressure (P/Po)
600
E 5004 F G
- (002) (100) 400
S H PNPEA-KOH-800 | 3 ]
s i PNPEA-KOR-700 | © 300{  Iple=1.070
2 \\ PNPEA-KOH500 | 2 5001
[} 2 7]
c 3 PNPEA-KOH-500 | &
2 b_./‘\_--‘t:_ PNPEAS00 | £ 100

0
-100

10 20 30 40 50 60 70 80
20 (Degree)

500 1000 1500 2000 2500 3000
Raman Shift (cm™)

Figure 1. (A) SEM, (B) TEM, and (C) HRTEM images of PNPEA-KOH-800; (D) Ar adsorption—desorption isotherm of PNPEA-KOH-800 and
pore-size distribution of NLDFT method (the inset); (E) XRD patterns of PNPEA-T and PNPEA-KOH-T carbons; and (F) Raman spectra of

PNPEA-KOH-800.

Herein, we present an efficient soft-template method for the
fabrication of N-doped microporous carbon materials. First, we
employ N-phenylethanolamine (PEA) as the N-rich precursor
to synthesize a conducting polymer, poly-N-phenylethanol-
amine (PNPEA) through one-pot method. Next, carbonization
and activation of PNPEA resulted in a series of porous N-
doped carbon materials. The as-prepared materials are denoted
as PNPEA-KOH-T, where T stands for the carbonization
temperature. In the three-electrode system, the obtained
sample PNPEA-KOH-800 exhibits a high specific capacitance
of 356 F g ™" at a current density of 1 A g™" in 1 mol L' H,SO,,
which is superior to many KOH-activated carbons.'” In the
two-electrode cell system, PNPEA-KOH-800 exhibits 248 F g™*
at 1 A g7', which also surpasses that of the commercially
available activated carbon (240 F g™') and can be comparable
to other carbon materials.””"”

B EXPERIMENTAL SECTION

Materials. PEA (98%) was Alfa Aesar reagent and vacuum distilled
before use, ammonium peroxydisulfate (APS, 98%) was purchased
from Deen Tianjin Chemical Reagent Co., Ltd.,, hexadecyltrimethy-
lammonium bromide (CTAB, 99%) and potassium hydroxide (KOH,
85%) were bought from Sinopharm Chemical Reagent Co., Ltd,
Shanghai.

Preparation of PNPEA. First, 2.5 mmol of PEA and CTAB were
dissolved in 40 mL of distilled water under magnetic stirring, into
which 0.05 mol L™ HCI (5 mL) was added. Two hours later, 0.5 mol
L™" APS (2.5 mmol) aqueous solution was added dropwise into the
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mixture. After standing at room temperature for 12 h, the product
(PNPEA) was separated by filtration, washed with ethanol and water,
and dried in an oven at 45 °C overnight under vacuum.
Preparation of Porous Carbon Samples. In our work, KOH
was employed as the activation agent.”' For all runs, 2 g¢ KOH was
added to 5 mL of deionized water containing 0.5 g PNPEA powder,
then the resulting mixture was dried at 105 °C for 24 h after
ceaselessly stirring 12 h at room temperature. Keeping stirring could
promote the K" and OH™ penetrating into PNPEA powder, which lays
the groundwork for following activation process. Since PNPEA is a
lightweight powder, it is difficult for PNPEA powder and a high
concentration solution of potassium hydroxide to wet each other in
short time. Keeping long time stirring, such as 12 h, is a very important
process. Selecting the stirring time is based on relevant reports®>** and
our experiences. Afterward, the dried mass was placed in a nickel boat
for carbonization in a tube furnace under N, gas flow. Typically, The
furnace was heated from ambient temperature to the target
temperature (500, 600, 700, and 800 °C) at S °C/min, maintained
for 2 h under nitrogen gas flow, and finally cooled to room
temperature automatically. The resulting dark solid was steeped with 2
mol L™ HCI solution, followed by washing with copious amounts of
deionized water until the pH was about neutral and dried in an oven at
80 °C for 24 h. The carbonized materials are denoted as PNPEA-
KOH-T, where T stands for the carbonization temperature.
Structural Characterization. The structures of PNPEA-KOH-T
were visualized by scanning electron microscopy (SEM, JSM-6390LV)
and transmission electron microscopy (TEM, a JEOL JEM-2100
microscope). Argon or nitrogen adsorption and desorption curves
were performed at 87.29 or 77.36 K by a Micromeritics ASAP 2020
volumetric instrument. The related parameters such as SSA, pore
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Scheme 1. Probable Formation Mechanism of the Peanut-Shell-like Porous Carbon
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volume and pore size distribution can be acquired. The powder X-ray
diffraction (XRD) was measured under Bruker D8 diffractometer
using Cu Ko radiation. Raman spectrum was recorded at ambient
temperature on a Renishaw Raman spectrometer with an argon-ion
laser at an excitation wavelength of 532 nm. X-ray photoelectron
spectroscopy (XPS) was conducted on an ESCALAB 250 instrument,
using monochrome Al Ka (300.0 V) as the excitation source.

Electrochemical Measurements. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were performed with a
CHI 760B electrochemical workstation (Chenhua, Shanghai, China).
Galvanostatic (GV) charge—discharge tests were performed on
potentiostat/galvanostat (CT20014, Land, Wuhan, China). The
electrodes of the supercapacitors were prepared by pressing mixtures
of porous carbon sample, acetylene black, and PTFE binder (75:20:S
w/w/w) onto a stainless steel grid with an area of about 1 cm?.
Thereafter, the electrode was dried under 105 °C for 24 h. For single
electrode test, a three-electrode setup in 1 mol L™' H,SO, was used
under ambient conditions with a stainless steel grid and a Hg/Hg,SO,,
as a counter and reference electrode, respectively. CV experiments
were performed at scan rates of 2, 5, 10, 20, 50, 100, 150, and 200 mV
s7! at the potential range of 0 to —1 V. GV charge/discharge curves
were obtained at current densities of 1,2, S, and 10 A g”" to evaluate
the specific capacitance. Particularly, when the current densities rise to
20 A g and 30 A g7!, the tests were conducted under CHI 760B
electrochemical workstation. A two-electrode cell configuration was
used to measure the performance of supercapacitors under the same
conditions.

B RESULTS AND DISCUSSION

CTARB, a cationic surfactant, plays a key role in the morphology
of PNPEA. PEA molecules will settle down inside the micelles
in aqueous solutions in the presence of CTAB,”** and the
lamellar mesostructural (CTA),S,0y is formed when a certain
concentration of APS solution added to the mixture. The
S,04*anions permeate into the interior of the micelles to
oxidize PEA to PNPEA. The morphology of the micelles
depends upon the ratio of CTAB and PEA, so CTAB is
regarded as a soft template, which controls the structure and
morphology of the resulting PNPEA.”® The morphology of
PNPEA is changed along with the molar ratio of CTAB and
PEA. When the ratio is 1:5 (CTAB/PEA), the material surface
has a rough surface and presents a cluster state (Figure S1A),
and relative uniform microspheres are obtained when the ratio
is decreased to 1:25 (Figure 1A); however, when the ratio
changes to 1:50, microspheres disappear and blocky structure

appears (Figure S1B). Thus, it is believed that the optimum
ratio of CTAB to PEA is 1:25 in this case. Scheme 1 shows the
probable mechanism of the peanut-shell-like porous carbon
formation, which experiences three processes. First, PEA
molecules and CTAB could form dumbbell shaped micelles,
where PEA molecules are surrounded by CTAB ones. The
hydrophilic group (quaternary amine cation) of CTAB keeps
toward the water phase, and its hydrophobic group is
directional to the PEA one. Second, when ammonium
peroxydisulfate (APS) is added to the aqueous solution,
S,04*" anions would rapidly close to the micelles by
electrostatic forces, and then the anions permeate into the
interior of the micelles to oxidize PEA to PNPEA, and the
peanut-like structure is produced. The peanut-like-shell could
prevent further reaction between the S,04*” anions and the
interior PEA molecules. Therefore, it is reasonable to speculate
that PEA in the shell would maintain the original molecule state
or being oxidized to PNPEA oligomer. Third, when PNPEA
sample and potassium hydroxide were pyrolysised in a tube,
PEA or PNPEA oligomer inside the shell and CTAB outward
the shell were decomposed into gas, and the peanut-shell-like
polyporous carbon was therefore prepared.

It has been popularly accepted that the composition and
morphology of the precursors play a very important role in the
morphology and structure of the resulting carbon.”’~*’ For
example, if a precursor morphology is fibroid shape, carbon
fibers could be obtained, and if a precursor morphology is
nanotubular, carbon nanotube could be therefore produced. In
other words, precursor morphology sometimes determines the
morphology of the resulting carbon. PNPEA shows peanut
morphology (Figure 1A), so it is not surprising that the carbon
(PNPEA-KOH-800) presents peanut-shell-like configuration
(Figure 1B).

At high magnification (Figure 1C), it has an interplanar
spacing of 0.27 nm, indicating well graphitization of PNPEA-
KOH-800. As illustrated in Figure 1D, the adsorption isotherm
increases significantly at a low pressure area, and a clear
hysteresis phenomenon happens when relative pressure exceeds
0.3, indicating PNPEA-KOH-800 is composed of both
micropores and mesopores. The pore size calculated by the
nonlocal density functional theory (NLDFT) method suggest-
ing the sample has a hierarchically porous framework, where
the abundant micropores are of great importance in charge
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storage capacity (the inset of Figure 1D). The mechanism of
KOH activation is (generally considered as a reaction between
KOH and carbon.”

6KOH + 2C — 2K + 3H, + 2K,CO;, (1)

The reaction mechanism can be visualized as follows: (1) the
dehydrating action of KOH at 500 °C, producing K,O which is
reduced to free K under a high temperature, meanwhile, the K
inserts into carbon net plane layer of the microcrystalline
graphite and then the adjacent carbon net plane is open and
many voids form;”' (2) K,CO, begins to break drown to CO,
and K,O at temperature higher than 700 °C, and K,O is also
reduced to K. When K squeezes into the carbon structure, the
distance of the carbon atom layer is enlarged, thus increasing
the pore volume.”"

Figure 1E shows the XRD patterns of the materials under
different conditions. Before KOH activation, the strong
diffraction peaks at 20 of 24 and 43.8° correspond to the
(002) and (101) planes of hexagonal carbon materials and are
related to an amorphous carbon structure.’> After activation,
the two peaks almost vanished, which may be attributed to that
activation process caused plentiful cavity construction,
destroyed the graphite crystallite, therefore reducing the peak
intensity. The electric arc caused by K* intercalation might also
affect the graphite crystallites.”” Raman spectrum was used to
further characterize PNPEA-KOH-800. As illustrated in Figure
IF, two distinct peaks at 1355 and 1595 cm™ were in
coincidence with the well-documented D (defects and
disorder) and G (graphitic) bands.”*

The XPS survey spectrum shown in Figure 2A gives the
information on elemental compositions and surface function-
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Figure 2. (A) Extensive XPS spectra of carbons derived of PNPEA;
(B) high-resolution N 1s XPS spectra and fitting curve of PNPEA-
KOH-800; (C) high-resolution O 1s XPS spectra of PNPEA-KOH-
800.

alities. It consists of three peaks located at 284.4, 399.8, and
532.8 eV, corresponding to C 1s, N 1s, and O Is, respectively.
The fitting of N 1s spectrum of PNPEA-KOH-800 (Figure 2B)
shows three broad peaks at 399.8 (pyrrolic N), 400.9
(quaternary N), and 405.4 eV (pyridine N oxides),
respectively.”” In the O 1s spectrum of PNPEA-KOH-800
(Figure 2C), there are four peaks: peak 1 centered at 532.3 eV
associated with C—OH groups, peak 2 at 533.3 eV ascribed to
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the C—O—C groups, another two relative weak peaks at 531.2
eV (C = O groups), and 534.5 eV (COOH carboxyl groups).*®
The XPS results indicate that the carbon samples have been
successfully doped with heteroatom N.

Electrochemical performances of the obtained materials were
evaluated by CV tests. Figure 3A shows that PNPEA-KOH-800
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Figure 3. (A) CV curves of PNPEA-KOH-800 under different sweep
rates. (B) The capacitances of PNPEA-KOH-Ts under different sweep
rates. (C) Charge—discharge curves of PNPEA-KOH-800 at different
current densities by three-electrode configuration. (D) The relation-
ship between IR and I. (E) The specific capacitances of PNPEA-KOH-
T electrodes under different current densities; capacitance retention at
30 A g of (a) PNPAE-KOH-600, (b) PNPA-KOH-700, and (c)
PNPEA-KOH-800. (F) Ragone plots about specific power against
specific energy of the samples based on a two-electrode cell.

exhibits typical capacitive behavior with rectangular shaped
voltammetry characteristics even at a high potential scan rate of
200 mV s~ The capacitance calculated by CV integral area
indicates that PNPEA-KOH-800 has the highest capacitance, as
shown in Figure 3B. The constant current GV charge/discharge
curves of PNPEA-KOH-800 at different current densities were
displayed in Figure 3C. During the charging and discharging
steps, the charge curves exhibit a linear profile, which is almost
symmetric to its corresponding discharge counterpart and can
be maintained even at a low density of 0.5 A g™". It should be
noted that a small IR drop is observed, which suggests that the
usable voltage is often less than 1 V. Figure 3D summarizes the
voltage drop under different currents. It is evident that the
voltage drop increases linearly with current increase, and the
slope of this linear relationship corresponds to the overall
internal resistance value.””**

The specific capacitance (Csp) was calculated using the GV
charge/discharge curves of supercapacitors provided in Figure
3C and the following equation:>”
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Figure 4. (A) The specific capacitance of PNPEA-KOH-800 at 1 A ¢™' and 30 A g™' in a three-electrode system; (B) the photo of three colored
LEDs which were lit by three series symmetric two-electrode (PNPEA-KOH-800) capacitors.

Table 1. Summary of Structure and Capacitance of Different Samples

atomic ratio (%)?

samples Sper (m® g_l)a Simicro (m g_l)b Vr (em® g_l)c C O N In/Ig° C(F g_l)f
PNPEA-KOH-500 956 772 1.04 77.20 1991 2.89 0.955 173
PNPEA-KOH-600 2676 2465 142 82.40 14.96 2.64 1.023 196
PNPEA-KOH-700 3616 3303 1.72 85.72 13.76 0.52 1.047 292
PNPEA-KOH-800 3103 2770 1.37 88.62 10.98 0.40 1.070 298

“BET surface area. “t-Plot micropore area. “Single point adsorption total pore volume of pores at p/p,= 0.995. 4XPS analysis results of atomic ratio
of C, O, and N. “Area proportion of D and G bands by Raman spectrum method. fSpeciﬁc capacitance at 10 A g™' in 1 mol L™! H,SO,.
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Figure 5. (A) EIS curves of PNPEA-KOH-T electrodes by two-electrode cell; (B) partial enlargement of Nyquist plots and (inset) diagram of

equivalent circuit.
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where I is the constant current (A), AT is the discharge time
(s), AV (V) refers to the potential change, and m is the total
mass (g) of active materials in both electrodes. Figure 3E shows
the variation in specific capacitance with the current density. It
is obvious that as current density increases, the specific
capacitance decreases. This results from the difficulties in
penetration and diffusion of electrolyte ions into a poorly
conductive layer and/or thick electrode films.* The capacitive
performances of all the samples are summarized in Table S1.
The specific capacitance of PNPEA-KOH-800 is 356, 320, and
312 F g_1 at a current density of 1,2, and S A g_l, respectively.
Although it is slightly inferior to that of PNPEA-KOH-700, it
becomes superior to that of PNPEA-KOH-700 when the
current density rises up to 10 A g~ (Figure S2).

Energy density (Wh kg™') and power density (kW kg™') of
the fabricated supercapacitors were calculated using the
following equations: *

E=Llcav?
2 (3)
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where C is the capacitance of the two-electrode capacitor (F
g'), AVs the operation voltage (V. — IRyyp), and AT is the
discharge time (s). As shown in Figure 3F, at a time of 3.6 s, the
energy and power densities of PNPEA-KOH-800 based
capacitors are 20.84 Wh kg™ and 19.27 KW kg™'. Evidently,
our sample is more advanced than many than carbon
materials"> (Table S2) and even commercial devices (3 Wh
kg™").”>* Figure 4A shows the cycle life of PNPEA-KOH-800
at 1 and 30 A g7', and the retention rate of capacitance reaches
95% (1000 cycles). High capacitance, fast charge—discharge
performance, and high retention rate of capacitance lays the
groundwork for fabricating practical energy conversion devices.
Figure 4B shows a digital photo of LEDs powered by cell
assembled with three series symmetric two-electrode (PNPEA-
KOH-800) capacitors in 1 mol L™ H,SO, solution, and
relevant video (Supporting Information) is given to demon-
strate the potential applications of our electrode materials in
energy storage. The LED used here is color lamp bulb, and its
working voltage and operating current are 1.8—3.4 V and 20
mA, respectively. The power for driving LED here is a galvanic

DOI: 10.1021/acsami.5b05022
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pile consisting of three capacitor units. It is observed that after
being fully charged, the three-unit capacitors can easily power
three color LEDs which can be successfully illuminated for
more than 11 min. In addition, we also tried four-unit capacitor
device in series to drive three color LEDs, and most
interestingly, the LEDs can keep light for 70 min when the
device is only charged for 10 s, which far exceeds previous
reports.***® The capacitance performance of a supercapacitor
depends on the specific surface and the (electronic and ionic)
conductivity of its electrode material. Usually, high surface area
and high conductivity make great contributions to excellent
capacitive property. Under similar conditions such as PNPEA-
KOH-700 and PNPEA-KOH-800, the surface area determines
the performance of the capacitor at low discharging current
density, and at high scanning rate and current density, the
conductivity is the main factor for the capacitance performance.
PNPEA-KOH-700 possesses the highest surface area among
PNPEA-KOH-T (T stands for 500, 600, 700, and 800) samples
(Table 1), so it shows the most excellent capacitive property at
low discharging current density. PNPEA-KOH-800 possesses
the highest conductivity among PNPEA-KOH-T samples
(Figure SB), and therefore it shows the most excellent
capacitive property at high scanning rate and current density.
The inferior CV character (Figure S3) and specific capacitance
(Table S1) of PNPEA-KOH-500 and PNPEA-KOH-600 might
be due to lower effective SSA and pore volume,"” and the
microstructure parameters were listed in Table 1. The surface
area and pore volume increase with the rise in the activation
temperature from 500 to 700 °C. When the activation
temperature reaches 800 °C, both the surface area and pore
volume decrease slightly, which may be attributed to the
collapse of pores and enhanced orientation during the
graphitizing process.”’ ~* The higher effective SSA and pore
volume of PNPEA-KOH-700 and PNPEA-KOH-800 undoubt-
edly result in a superior electrochemical performance. Generally
speaking, when the I/I; is approximately 1.0, the carbon
materials become amorphous.”””' The increase of the
activation temperature results in the growth of Ip/Ig ratio
(Figure S4), indicating a slight increase of disordering, which is
consistent with XRD results. The pyrrolic and pyridinic
nitrogen species from doping heteroatoms can make partial
contribution to the capacity (Figure S5).* And activation
temperature has a great influence on chemistry composition
and content, especially the mass ratio of nitrogen decreases
gradually with the temperature rising.”> Thus, pyrolysis and
activation temperature can tune the capacity.

EIS is an effective method to evaluate the transport
properties of the supercapacitors. When the electrode process
was controlled by both charge—transfer process and ion
diffusion process, the Nyquist plot was constructed by a
semicircle in the high-frequency region>>>* and a sloped line in
the low-frequency region,”™ as shown in Figure 5, which was
measured in 1 mol L™ H,SO, solution in the range of 10 mHz
to 100 kHz at an applied potential of 0 V with sinusoidal signal
of S mV. Among all the samples, at high frequencies, PNPEA-
KOH-800 owns the smallest loop, indicating the lowest ion
adsorption efficiency and fastest ion diffusion/transport.”" The
straight line along the imaginary axis at low frequency reveals
fast ion diffusion/transport in the electrolyte to the electrode
surface.’® The impedance plot of PNPEA-KOH-800 was more
vertical than the other samples, and its semicircle is smaller,
indicating a smaller interfacial charge transfer resistance
(~0.756 Q), as summarized in Table 2. It is reasonable that

Table 2. Parameters of Equivalent Circuit of Different
Samples for the Two-electrode System

samples R (" R(Q" R () R (Y
PNPEA-KOH-500 4931 2.341 2392 0.198
PNPEA-KOH-600 3.962 2244 1.567 0.151
PNPEA-KOH-700 3415 1.958 1.408 0.049
PNPEA-KOH-800 2723 1.946 0.756 0.021

“Total resistance. ”Solution resistance. “Charge transfer resistance.
dg . o .
Equivalent distributed pore resistance.

PNPEA-KOH-800 possesses the remarkable capacitor perform-
ance. The results are consistent with previous analysis. Also,
according to eq 3, the smaller the internal resistance, the better
the performance, especially at a fast discharge rate. PEA-KOH-
800 possesses lower internal resistance and bigger size pores,
promoting ion diffusion,'”*” thus having superior energy
density and power density.

All the factors posing effect on the electrochemical properties
discussed above were compiled in Figure 6. PNPEA-KOH-700

Elispecific Capacitance (10A g™')
=@- Nitrogen Content (At.%)
=@~ Total Pore Volume (cm® g'1)

Especific Capacitance (1 Ag™)
=)= Resistance (Q)
=@~ Surface Area (m? g”')
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400, |, 3 0
15

3000 1.5
2501350 2|12

2000 1.0

200130C 1
1000 - |05
01150125 v ’ ’ 0 0.0
eq@?‘ ‘\Q@ Q@?’ Q@V‘

Figure 6. Effects of surface area, specific capacitance, nitrogen content,
resistance, total pore volume on electrochemical properties of PNPEA-
KOH-Ts.

shows an excellent capacitive property at 1 A g~ owing to
higher surface area and a certain amount of nitrogen
concentration, nevertheless, seems to be a more promising
electrode material at high scanning rate and current density. No
one factor can dominate the material, but there’s a balance
among SSA, total pore volume, nitrogen content, and resistance
to achieve an excellent electrochemical performance.

B CONCLUSIONS

In summary, we have demonstrated a series of N-doped porous
carbon materials via carbonization and activation of PNPEA.
These products especially synthesized under higher temper-
ature have a good performance in terms of specific capacitance,
capacitance retention, and internal resistance. PNPEA-KOH-
700 exhibits the highest capacity of 409 and 264 F g™' at a
current density of 1 A g”' in three-electrode system and two-
electrode cell configuration, respectively. The material carbon-
ized at 800 °C displays a high rate performance with a specific
capacitance of 249 F g™' at 30 A g~', which exceeds 240 F g™*
of PNPEA-KOH-700, and have a good stability after 10 000
cycles. It is not difficult to explain that PNPEA-KOH-800 owns
lower internal resistance, high effective surface area, heteroatom
doping effects and lower resistance. A combination of these
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advantages will take our samples to find extensive utilizations in
supercapacitors.
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