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ith close attention paid to the
world ecology and economy, peo-
ple are observing the bountiful,
low-cost, and clean energy from sun and
wind which, in principle, should be able to
satisfy the ever increasing and urgent de-
mand. However, most of the renewable
energy is intermittent and cannot meet
the needs for casual use, except for convert-
ing to electricity." Supercapacitors offer a
most promising approach for fast storing
the excess electrical energy.>* In addition,
supercapacitors are required in other areas,
such as portable electronics, hybrid electric
vehicles, and stand-by power systems.>>~”
As a new type of energy storage devices, the
supercapacitors are different from tradi-
tional capacitors, which combine the ad-
vantages of both conventional dielectric
capacitors and rechargeable batteries and
can transport high power within a very short
period and store high energy.®
The performance of these devices de-
pends intimately on the physical and chemi-
cal properties of their electrode materials>
Therefore, it is urgent to develop excellent
electrode materials. Early in 1990, the devel-
opment of electrochemical capacitors for
high-power applications started when re-
searchers recognized the potential of using
high surface area carbons to achieve the de-
vices.? Since then, some carbon materials,
such as activated carbon,” carbon black,®
carbon onions,'®"" carbon nanotubes,'*"?
and graphene, have been the most com-
monly employed for electrode materials to
improve the capacity." Although most of
the porous materials exhibit large capaci-
tances, the electrical conductivity suffers
from a decrease with increasing porosity due
to noncompatibility of conductive pathways
or oxygen-containing functional groups,'>'®
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ABSTRACT

Nitrogen-Doped Porods Carbon Nanofibers
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Supercapacitors (also known as ultracapacitors) are considered to be the most promising

approach to meet the pressing requirements of energy storage. Supercapacitive electrode

materials, which are closely related to the high-efficiency storage of energy, have provoked

more interest. Herein, we present a high-capacity supercapacitor material based on the

nitrogen-doped porous carbon nanofibers synthesized by carbonization of macroscopic-scale

carbonaceous nanofibers (CNFs) coated with polypyrrole ((NFs@polypyrrole) at an appropriate

temperature. The composite nanofibers exhibit a reversible specific capacitance of 202.0 F g~

at the current density of 1.0 A g~ in 6.0 mol L~ aqueous KOH electrolyte, meanwhile

maintaining a high-class capacitance retention capability and a maximum power density of

89.57 kW kg~". This kind of nitrogen-doped carbon nanofiber represents an alternative

promising candidate for an efficient electrode material for supercapacitors.

KEYWORDS: nitrogen-doped porous carbon nanofibers - scale-up production -

electrode material - supercapacitors

which largely limits the power capacity. Thus,
this calls for the development of carbon
materials with high surface area, energy
density, and specific conductivity properties
(to improve the power density). Of course,
the long cycle life is a key development
parameter.®

To further enhance the energy density
and specific power of capacitors, the strategy
of utilizing electrode materials possessing
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Scheme 1. Schematic illustration for the fabrication processes of nitrogen-doped CNFs.

Figure 1. (a,b) High-resolution FE-SEM images of CNFs and CNFs@Ppy. (c) Low-resolution TEM images of N-CNFs-900. (d—f)
High-resolution TEM images of CNFs, CNFs@Ppy, and N-CNFs-900.

pseudocapacitance properties is a vital candidate. In
this respect, one approach is to introduce heteroatoms
into carbon frameworks.'®~23 It has been reported that
certain nitrogen doping seems to be the most promis-
ing method for enhancing capacity,'®** surface wet-
tability of the materials,> and electronic conductivity®®
while maintaining the superb cycle ability.?” In most
cases, plenty of nitrogen-doped carbon materials have
been achieved by introducing nitrogen onto carbon
frameworks through the post-treatment, for example,
treating it with ammonia gas/air,”®3° which results in
a lower content of nitrogen. The drawback can be
overcome by employing N-containing materials as
precursors.3’ 3% By this method, nitrogen can be pre-
served at a relatively large content by adjusting the
carbonization temperature. Meanwhile, the prepara-
tion procedure is simple, and the nitrogen on the
carbon framework can stay stable under a harsh work-
ing condition. However, to date, by that means it
often uses expensive sacrificed scaffolds (mesoporous
silica or zeolites) for nanocasting routes (which in-
volve harsh experimental conditions or costly syn-
thetic processes)*>3® or undergoes a direct carbon-
ization of the nitrogen-enriched precursor with a
time-consuming activation.3"*>37 Thus, the relatively
easily produced nitrogen-doped carbon materials with
proper porosity and good electrical conductivity are
highly desirable.

Recently, we have developed a simple template-
directed hydrothermal carbonization (HTC) process for
controlled synthesis of carbonaceous nanofibers (CNFs)
and monolithic hydrogels/aerogels on macroscopic scale
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(12 1).387%° In this work, we present a facile route to
prepare the high-content nitrogen-doped porous
CNFs containing graphitic frameworks by using our
macroscopic-scale CNFs as the precursor. More im-
portantly, the results have demonstrated that nitro-
gen-doped porous carbon nanofibers exhibit great
potential as an efficient electrode material for super-
capacitors with favorable electrochemical performance,
that is, a relatively high specific capacity and excellent
rate performance when compared with the most popular
N-containing carbon materials, as well as cycling sta-
bility. Furthermore, all of the precursors used in the
process can be synthesized on large-scale or are
commercially available, which will be suitable for
scale-up production.

RESULTS AND DISCUSSION

A schematic illustration for the preparation of nitro-
gen-doped carbonaceous nanofibers is presented in
Scheme 1. The CNFs@polypyrrole (CNFs@Ppy) was
synthesized via the CNF template first and then carbon-
ized under N, for 2 h. Our recent studies demon-
strated that the carbonaceous nanofibers can be
fabricated on a macroscopic scale by a simple hydro-
thermal carbonization process.*° In this work, we use the
typical CNFs of 70 nm in diameter as the template
to synthesize representative precursor CNFs@Ppy on
large scale, which is quite facile without the need of
expensive apparatus or the assistance of heating or
cooling. We found that the surfaces of the CNFs were
very smooth (Figure 1a,d and Supporting Information
Figure S1a), while all of the CNFs@Ppy with a diameter
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of about 85 nm showed comparatively rough surfaces
(Figure 1b,e and Supporting Information Figure S1b).
The minor difference of the surface morphology be-
tween CNFs and CNFs@Ppy suggested that the sur-
faces of CNFs were coated by Ppy quite well. After that,
the CNFs@Ppy was carbonized in N, atmosphere,
resulting in the formation of nitrogen-doped CNFs.

Previously, it has been found that the carbonization
temperature plays a crucial role in the synthesis
process.3*% In the case of nitrogen-doped CNFs, nitro-
gen species, nitrogen contents, and pore structures
strongly depend on the carbonization temperature of
the CNFs@Ppy precursor. Nevertheless, the synthesis
of the carbon nanofiber materials with a relatively large
amount of a certain type of nitrogen and, at the same
time, appropriate porous texture is not an easy task
since there is an unavoidable detriment in the nitrogen
functionalities.®2%3¢ Hence, it is necessary to optimize
the carbonization process. Herein, the precursor
CNFs@Ppy was annealed at 500, 700, 900, and 1100 °C
in N, atmosphere at a flow rate of 150 cm® min~'
(denoted as N-CNFs-500, N-CNFs-700, N-CNFs-900, and
N-CNFs-1100, respectively). The effect of the reaction
temperature on the pore evolution, nitrogen content,
and species of the resulting materials as well as the
supercapacitor performance was analyzed in detail.
The TEM images of N-CNFs-500, N-CNFs-700, N-CNFs-
900, and N-CNFs-1100 are shown in Figure S2
(Supporting Information) and Figure 1¢f. It can be seen
that with the increase of carbonization temperature,
the diameter of N-CNFs becomes a little smaller. On the
basis of the previous studies,®’ the burnoff and shrink-
age of the polypyrrole precursor will be enhanced
when the carbonization temperature increases; there-
fore, the diameter will become smaller. Moreover, the
N-CNFs-900 exhibits a large amount of interstitial pores.

The samples were analyzed by powder X-ray diffrac-
tion (XRD) in the wide-angle region (Supporting In-
formation Figure S3). From the most relevant charac-
teristic peaks at 26 = 21.99 and 43.56°, it was clear that
the N-CNFs consists of graphitized carbon ascribed to
the carbonization of the CNFs@Ppys.® Particularly, for
N-CNFs-900 and N-CNFs-1100, with the increase of
carbonization temperature, the intensity of the peak
at around 21.99° increased, while the full width at half-
maximum decreased. The intensity of the other peak at
around 43.56° also rose a little with increasing tem-
perature. These observations suggest that the degree
of graphitization becomes higher with the increase of
carbonization temperature.® In contrast, only one wide
diffraction peak was observed for the CNFs@Ppy,
which indicates that this material has amorphous
nature and does not contain graphitized carbon. The
XRD patterns revealed that the CNFs@Ppy contains a
poorly organized carbon (turbostratic order) and the
N-CNFs is composed of graphitic structures, which can
greatly affect their electrical conductivity.>®
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To understand the role of nitrogen functionalities in
capacitive performance, it is necessary to clarify the
types of nitrogen introduced onto the carbon surface
via X-ray photoelectron spectroscopy (XPS) (Figure 2).
The XPS survey spectra of all of the samples are shown
in Figure 2a. The percentage of nitrogen in CNFs@Ppy,
N-CNFs-500, N-CNFs-700, N-CNFs-900, and N-CNFs-
1100 was calculated from the XPS survey spectrum to
be around 12.14, 12.04, 9.57, 7.22, and 4.02%, respec-
tively. The deconvolutions of the N 1s region spectrum
to identify the surface functionalities are shown in
Figure 2b—f and fitted by three component peaks,
which are attributed to three types of nitrogen func-
tional groups, namely pyridinic (N-6), pyrrolic/pyridone
(N-5), and quaternary nitrogen (N-Q).%'® From
Figure 2b, it can be seen that, for CNFs@Ppy, the only
peak at 399.7 eV corresponds to N atoms within the
pentagonal ring of the polypyrrole (N-5)33**' For
N-CNFs-500 in Figure 2¢, the other two peaks of N-6
(398.0 V) and N-Q (400.7 eV) appear, and the N-5 peak
(399.7 eV) becomes much weaker than that of
CNFs@Ppy due to the carbonization. Upon further
increasing the carbonization temperature for N-CNFs-
700 (Figure 2d), the intensity of the N-5 peak became
much weaker and its proportion was obviously smaller
than that of N-CNFs-500 and CNFs@Ppy, whereas the
peaks of N-6 and N-Q rose largely. At higher carboniza-
tion temperatures, the N-5 peak is not observed and
only the N-6 and N-Q peaks are found in the case of
N-CNFs-900 and N-CNFs-1100 (Figure 2e,f). Addition-
ally, when the carbonization temperature increased,
the values of n(N-6)/n(N-Q) [n(N-6)/n(N-Q) values of
N-CNFs-500, N-CNFs-700, N-CNFs-900, and N-CNFs-
1100 are 31.31, 27.35, 23.13, and 14.36%, respectively]
decreased in the N-CNFs, indicating the formed N-Q
is much more stable than N-6 at high temperatures.®
These results demonstrate that N atoms within the
pentagonal ring of polypyrrole are progressively
converted to two types of nitrogen (N-6 and N-Q)
in the carbonization process, as previously found in
other materials.®***? Hence, the carbonization of
CNFs@Ppys may be a good method to introduce
surface functionalities into the carbon materials.
Moreover, the plentiful accessible N-containing
species (N-6 and N-Q) would provide chemically
active sites to improve the power density of super-
capacitors.*®

For the convenience of comparison with N-CNFs-
500, N-CNFs-700, N-CNFs-900, and N-CNFs-1100, the
CNFs were also annealed in the same condition to
obtain CNFs-900. Figure 3a shows the N, adsorption—
desorption isotherms of the samples. For the
CNFs@Ppy, it shows an intermediate shape between
types Il and IV (in the IUPAC classification) with a small
hysteresis loop extending from P/P, = 0.80 to ca. 0.99.**
After the carbonization reaction, CNFs-900, N-CNFs-500,
N-CNFs-700, N-CNFs-900, and N-CNFs-1100 exhibited N,
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Figure 2. (a) XPS survey spectra of CNFs@Ppy and N-CNFs. (b—f) High-resolution XPS spectra of the deconvoluted N 1s peak:
(b) CNFs@Ppy, (c) N-CNFs-500, (d) N-CNFs-700, (e) N-CNFs-900, and (f) N-CNFs-1100.

isotherms close to type IV with steep uptakes below
P/Py = 0.01 and clear hysteresis loops, which indicated
the coexistence of micropores (<2 nm) and mesopores
(2—50 nm) in these samples.*® The porous properties
of these materials are summarized in Table 1, including
the specific surface area (Sgey), total pore volume,
and average pore diameter. It can be seen that the
Sger increases from 293.63 to 562.51 m? g~ ' during
the annealed temperature of 500—900 °C but falls
slowly to 524.09 m? g~ at 1100 °C, and the average
pore diameter of N-CNFs-900 becomes obviously
smaller than that of CNFs@Ppy and other N-CNFs
probably owing to the emission of many non-carbon
or carbon elements and enhancement of the burnoff
of CNFs@Ppy when the carbonization temperature
increases.®'
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The pore size distribution (PSD) curves give a wealth
of information regarding the distribution of different
size pores. Here, we performed the measurement in
the range of 0.5—100 nm (Figure 3b) and analyzed it.
To better understand the pore distribution of the
materials, we magnified the 0.5—5 nm region (inset
in Figure 3b) and surprisingly found that the carbon-
ization temperature also plays a critical role in control-
ling the pore structure of the resulting samples. The
N-CNFs-900 not only had sharp peaks at ~0.50, 0.64,
1.18,2.52,and 9.32 nm but also had slightly sharp ones
at 25.24 and 68.54 nm, indicating the coexistence of
hierarchical micropores, mesopores, or macropores in
the N-CNFs-900. In comparison, CNFs-900, CNFs@Ppy,
N-CNFs-500, N-CNFs-700, or N-CNFs-1100 contains
relatively less micropores, mesopores, or macropores.
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From the above discussion, we can conclude that
the carbonization at the temperature of 900 °C made
the CNFs@Ppy turn into the porous nitrogen function-
alized carbon nanofiber (N-CNFs-900) with a large
specific surface area, localized graphitic structure,
and interconnected pores (for one clear H3-type
hysteresis loop from P/P,=0.12—0.99 in the nitrogen
isotherms) which seems to be composed of micro-
pores, mesopores (some mesopores are derived
from the intercrossed stack of nanofibers), or macro-
pores, and a template method in the synthesis of
N-CNFs offers an effective way to produce well-
controlled nitrogen-doped nanofibers. Hence, there
has been great progress in the synthesis of nitrogen-
doped porous texture carbon nanofibers through
our template technique making the N-CNFs-900 a
possible promising candidate for electrode materials
of supercapacitors.
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Figure 3. (a) Nitrogen adsorption—desorption isotherms
and (b) pore size distribution (inset: magnified 0—5 nm
region) of CNFs-900, CNFs@Ppy, N-CNFs-500, N-CNFs-700,
N-CNFs-900, and N-CNFs-1100.

It is expected that the N-CNFs-900 will have im-
pressive electrochemical performance, and further
characterizations have been carried out to prove this
hypothesis. To the best of our knowledge, the majority
of reports on electrodes composed of N-enriched carbon
materials provide the capacitance values with a three-
electrode system.”” For the sake of consistency and
comparability, the capacitance value and cycling perfor-
mance of our samples were studied in 6 mol L' aqueous
KOH using three-electrode cells at room temperature.

To evaluate the properties of the porous nitrogen-
doped carbon nanofibers as supercapacitor electrodes,
we first carried out cyclic voltammetry (CV) measure-
ments at different potential sweep rates (Figure 4a-d
and Figure 5a). From the CV curves shown in Figure 4a,
the remarkable difference in electrochemical surface
activity between the CNFs-900, CNFs@Ppy, and the
N-CNFs can be easily recognized. In detail, the CNFs-
900 and CNFs@Ppy exhibited small rectangular curves
corresponding to low capacitances due to no hetero-
atom or very low Sger, while the N-CNFs presents
capacitive behavior with the appearances of roughly
rectangular-like shapes and a few humps in these CV
curves owing to the combination effects of electric
double-layer capacitance (EDLC) and pseudocapaci-
tance.”® We also observed that the N-CNFs-900 still
kept the “rectangular shape” cyclic voltammogram even
at a potential scan rate of 200 mV's ™" (Figures 4d and 5a).
In contrast, the CV curves of other samples were ob-
viously distorted with increasing the scan rate from 5 to
100 mV s~ " mainly due to the limited ion incorporation
into the active electrode material (Figure 4a—c). In addi-
tion, it follows from the voltammetry characteristics that
N-CNFs-900 possesses a good capacitor response and
low equivalent series resistance (ESR).

In order to further investigate the performance of
our samples, galvanostatic charge/discharge experi-
ments were performed at various current densities in a
three-electrode system with the voltage windows the
same as that for the above CV analysis. As shown in the
galvanostatic charge/discharge curves (Supporting In-
formation Figure S4a,b), the discharging time of the
N-CNFs-900 was significantly longer compared with that
of other materials at both high and low current densities,
indicating that the N-CNFs-900 offers a much larger
capacitor, which agrees well with those obtained from
CV tests. Moreover, the galvanostatic charge/discharge
curve of N-CNFs-900 is nearly symmetric with a gradual

TABLE 1. Physicochemical Characterization of CNFs-900, CNFs@Ppy, N-CNFs-500, N-CNFs-700, N-CNFs-900, and N-CNFs-

1100 Nanocomposite

item CNFs-900 (NFs@Ppy
BET surface area (m* ¢~ ) 348.12 46.75
t-method external surface area (m® g~") 7414 41.04
total pore volume (m® 9’1) 0.44 0.078
average pore diameter (nm) 5.07 6.66

CHEN ET AL.

N-CNFs-500 N-CNFs-700 N-CNFs-900 N-CNFs-1100
293.63 378.68 562.51 524.09
119.98 76.54 165.04 105.45

035 0.34 0.51 0.53
473 3.65 3.64 4.06

ACNTANE
VOL.6 = NO.8 = 7092-7102 = 2012 K@LNMLJ\)\

WWW.acsnano.org

7096



(@) 24 (b) 21
Kl -1
5mVs 50mVs
1.6 164
o 0.04 "o 0
< <
—” -0.8- —— CNFs-900 — -84 —— CNFs-900
—— CNFs@Ppy — CNFs@Ppy
—— N-GNFs-500 —— N-CNFs-500
-1.64 ——N-CNFs-700 -164 —— N-CNFs-700
—— N-CNFs-900 —— N-CNFs-900
—— N-CNFs-1100 —— N-CNFs-1100
2.4 r T T -24 T r T
-1.2 -0.8 -0.4 0.0 04 -1.2 -0.8 -0.4 0.0 0.4
E (V) vs. Hg/HgO E (V) vs. Hg/HgO
(c) @ S (d) oo
304 100 mV s 200 mV 5'1
40
204
o] @
o B = o ol
< -]
» -104 )
- —— CNFs-900 — -204 ——CNFs-900
-204 —— CNFs@Ppy ——CNFs@Ppy
—— N-CNFs-500 —— N-CNFs-500
_30 —— N-CNFs-700 40 —— N-CNFs-700
—— N-CNFs-900 —— N-CNFs-900
—— N-CNFs-1100 —— N-GNFs-1100
-40 T T T T T T -60 : : .
10 -08 -08 -04 -02 0.0 1.2 -0.8 04 0.0 0.4

Figure 4. Cyclic voltammograms of CNFs-900, CNFs@Ppy, N-CNFs-500, N-CNFs-700, N-CNFs-900, and N-CNFs-1100 at a scan

E (V) vs. Hg/HgO

rateof (@) 5mVs ', (b) 50 mVs ' (c) 100 mVs ', and (d) 200 mV s .

E (V) vs. Hg/HgO

(a) (b) o2
—05Ag"
601 0.0-
301 S 0.2
T = 4]
< 01 & -04-
= —5mvs’ g
i —25mvs’ = 06
@
——50mvs’ O
-60 —200mVs’ -0.34
——400mvs’ i
10 08 06 -04 -02 00 02 "0 100 200 300 400 500 600 700 800 90O
E (V) vs. Hg/HgO Time (second)
(C) = (d)600 3.0 -
< 2004 500 25 Y N
o 4 20 o
w of & s, =
10 2w N-CNFs-900 A
§ 150- ~ 4001 o5 /f porEe | S
© E 0.0 »
il = 0 1 3 3 A
S - o 3004 Z' (Ohm) Lo
8 ™ —o— CNFs-900 - A
3 —/— CNFs@Ppy N 2004 a4 .
—he— N- =
g s o N.ONFe.700 o " N-CNFs-900
s b —=— N-CNFs-900 100+ = CNFs@Ppy
a W —&— N-CNFs-1100 4 CNFs-900
w 0 ”él - . . . r 0 T T T T T
0 4 8 12 16 20 24 28 32 0 40 80 120 160 200 240 280

Current Density (A g”)

Z' (Ohm)

Figure 5. Electrochemical performances measured in a three-electrode system. (a) Cyclic voltammograms of N-CNFs-900 at
different scan rates and (b) charge—discharge curves of N-CNFs-900 at different current densities. (c) Specific capacitances of
CNFs-900, CNFs@Ppy, N-CNFs-500, N-CNFs-700, N-CNFs-900, and N-CNFs-1100 at different current densities. (d) Electro-
chemical impedance spectra (inset: magnified 0—4 Q region) under the influence of an ac voltage of 5 mV.

discharge curves of other samples are not very symmetric
or bent. Additionally, for the galvanostatic charge/discharge

slope change (Figure 5b and Supporting Information
Figure S4b). On the contrary, the galvanostatic charge/
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at a high current load of 5.0 A g™, the Ohmic drop of
the N-CNFs-900 is rather limited compared with other
samples, which is attributed to the existence of the
appropriate quantity of mesopores in the sample (which
speeds up the rate of ion transfer and maybe reduce the
inner resistance of the electrodes) and its good conduc-
tivity (which can be further confirmed by the electro-
chemical impedance spectroscopy measurements).*®

It is considered that the galvanostatic charge/dis-
charge measurement is a more accurate technique
especially for pseudocapacitances.® Therefore, the spe-
cific capacitances in the present case were calculated
from galvanostatic charge/discharge curves according

to the following equation:®*

I x At
G =—— 1
s m x AV M

where C; (F g~ ) is the specific capacitance, I (A) refers
to the discharge current, AV (V) represents the poten-
tial change within the discharge time At (s), and m (g)
corresponds to the amount of active material on the
electrode. It is found that the electrode material
N-CNFs-900 possessed a substantially higher specific
capacitance than CNFs@Ppy, CNFs-900, and other
N-CNFs. That is, at 1.0 A g™, the specific capacitance
for the N-CNFs-900 electrode is 202.0 F g™, which is
more than twice that of the N-CNFs-500 electrode
(99.4 F g~ " at 1.0 A g~") and much higher in compar-
ison with the CNFs-900, CNFs@Ppy, N-CNFs-700, and
N-CNFs-1100. Moreover, we compared our results with
major published data on N-enriched carbon materials
(Table 2) and listed the major characteristics of each
report, such as the origin, used electrolytes, and the
normalized capacitances. Clearly, our C, value of
the N-CNFs-900 is much higher than that of most of
the nitrogen-containing carbon materials. With referrence
to the previous reports,®8243646 the sample N-CNFs-
900 of high specific capacitance may be attributed to
the combined effect of a high nitrogen doping level
changing the electron donor/acceptor characteristics
of carbon and a large BET surface area increasing the
surface area accessibility for electrolyte ion transport.®

Besides, it is well-known that an ideal supercapacitor
should be able to deliver the same energy under any
operation conditions. As a result, it is important to
investigate the capacitance retention at a higher cur-
rent density.®?” The relationships between C; value
and charge/discharge current density measured in a
three-electrode system are presented in Figure 5c. A
slight decrease in the C; of N-CNFs-900 is observed as
the current densities go from 0.5to 1.0 A g~ ', but C, is
maintained quite well under higher current densities
(Figure 5¢), indicating this electrode material exhibits a
good capacitance retention capability, for example, at
30.0 A g ' reaching 164.5 F g, which is ~81.72% of
the value at 1.0 A g™ . It also reflects that the specific
capacitance of the N-CNFs-900 was not kinetically
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TABLE 2. Comparison of the C; of Some N-Enriched
Carbon Materials in the Literature

item electrolyte G (Fg™")  ref
N-rich composite of CNTs and 1 M H,S0,4 167.0 37
carbon derived from melamine
ammoxidized coals 7 M KOH 1450 29
templated mesoporous N-enriched 1M H,504 201.0 48

carbon materials
N-enriched carbon from silk fibroins 1MTEABF,/PC 520 49

(NTs/N-enriched carbon 1M H,50,4 100.0 50
N-enriched carbon from melamine—mica 6 M KOH 1980 27
nitrogen-doped porous nanofibers 6 M KOH 202.0  this work

limited.>” The excellent retention capability, indication
of high power density, probably owing to the suitable
size distribution of meso/micropores granting effective
accessibility for electrolyte even at a higher speed,”
makes the material directly suitable for application.

Electrochemical impedance spectroscopy (EIS) is a
powerful measurement that gives a lot of information
regarding internal resistance of the electrode material
and resistance between the electrode and electrolyte.
A Nyquist impedance spectrum of the N-CNFs-900
electrode recorded in a three-electrode system at the
open circuit voltage is presented in Figure 5d.>* Ob-
viously, a small semicircle is observed at the high-
frequency region. It is well accepted that a semicircle
reflects the electrochemical reaction impedance of the
electrode, and a smaller semicircle means smaller
charge transfer resistance.”’ On the basis of this point,
it is apparent that the solution resistance for the
N-CNFs-900 is very low, about 0.14 Q (1.25 Q for the
CNFs@Ppy and 0.92 Q for the CNFs-900). The very low
ESRis crucial for enhancing rate capability or the power
density of the electrochemical capacitors.”’

Furthermore, we studied the durability of the
N-CNFs-900 electrode using galvanostatic charge/
discharge measurement to characterize the long-term
charge/discharge behavior at a current density of
1.0 A g~ . The specific capacitance of N-CNFs-900 as
a function of cycle number, within a potential window
of —1.0—0V vs Hg/HgO, is shown in Figure 6a. It is clear
that the specific capacitance still remains at about
1959 F g~ ' (above 97% of the initial capacitance) after
3000 cycles, which illustrates that the N-CNFs-900
electrode displays a good cycling and stability behav-
ior as the supercapacitive electrode material. Addition-
ally, the triangular shape of the 3000th galvano-
static charge/discharge cycle, shown in Figure 6b, also
indicates that the electrode possesses stable perfor-
mance and good charge propagation.>®

In order to completely determine the electrochemi-
cal performance of our materials, energy density and
power density of the electrochemical N-CNFs-900//
N-CNFs-900 capacitor were estimated, using the

following equations:*>* >’
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T of KOH aqueous solution.

I x At

Cn = U av

1
E:EXme(AV)Z

(2

(3)

(4)

(5)

where C,, (F g™ ") is the measured device capacitance,
I (A) represents the discharge current, AV (V) refers to
the potential change within the discharge time At (s),
M (g) is the total mass of the active material on the two
electrodes, £ (J g~ ') refers to the energy density, Py,
(W g™") corresponds to the average power density,
Prmax (W g™ ") is the maximum power density, and Resg
(Q) is the ESR of the electrode.

From the CV curves at different scan rates (Figure 7a),
we can see that the N-CNFs-900//N-CNFs-900 device

A N NS
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still maintained the rectangular-shaped cyclic voltam-
mogram even at a high potential scan rate of 200 mVs ™.
We calculated the power density and energy density
using the data of Figure 7b,c via eqs 2—5. The Ragone
plot for the electrochemical N-CNFs-900//N-CNFs-900
capacitor in 6.0 mol L™' KOH electrolyte is presented in
Figure 7d, showing that the specific energy density for
the device is about 7.11 Wh kg ' at a current density of
0.25 A g . It is noteworthy to mention that specific
energy still is 5.38 Wh kg~ with a high specific power
of 15.0 kW kg™ ata current density of 30.0 Ag™', which is
higher than that of the commercial carbon supercapac-
itors (the power density value is 7—8 kW kg™ ').®
Moreover, the value of maximum specific power is
89.57 kW kg™, which is much higher than that of most
commercial aqueous capacitors.®® The high power
density of the electrochemical N-CNFs-900//N-CNFs-
900 capacitor is due to the doping of nitrogen (it not
only increases the capacitance and electrical conduc-
tivity but also improves the wettability of the material
in the electrolyte and thus enhances the ion transfer
efficiency)®' and proper pore structure (enhances the
kinetics of ion and electron transport in electrodes and
at the electrode/electrolyte interface).®

Hence, from the above discussions, it can be seen
that the N-CNFs-900 electrode material possesses

METHODS

All of the chemicals were analytical grade and commercially
available from Shanghai Chemical Reagent Co. Ltd. and used as
received without further purification.

Preparation Procedures for Carbonaceous Nanofibers. The detailed
synthesis procedures of carbonaceous nanofibers (CNFs) were
reported elsewhere 38406465

Synthesis of Nitrogen-Doped Carbonaceous Nanofibers. In a typical
synthesis, 16 mL of the 8 g L™ CNFs aqueous solution with
0.4 mL of pyrrole was added into 100 mL of deionzed water
followed by 5 min of sonication. The mixture was then stirred for
10 min before it was transferred into a beaker. Subsequently,
100 mL of agueous ammonium persulfate (APS) solution (11.60
mmol L") was slowly added into the beaker under continuous
stirring at room temperature. After further stirring for 4 h, the
product CNFs@polypyrrole (CNFs@Ppy) was separated by filtra-
tion, washed with ethanol and water, and dried at 60 °C over-
night under vacuum. Finally, the CNFs@Ppy was annealed in a
quartz tube under N, atmosphere at a flow of 150 cm?® min™"
with a 5 °C min™" heating rate to carbonization temperature
(500, 700, 900, and 1100 °C) for 2 h to obtain the nitrogen-doped
carbonaceous nanofibers.

Characterizations. Scanning electron microscopy (SEM) was
operated on a JEOL JSM-6700F scanning electron microscope
operating at 10 kV and a Zeiss Supra 40 high-resolution field-
emission scanning electron microscope operating at 5 kV.
Transmission electron microscope (TEM) images were obtained
from a Hitachi H7650 transmission electron microscope with
CCDimaging system on an acceleration voltage of 120 kV. High-
resolution transmission electron microscope (HRTEM) images
were performed on a JEOL-2010 transmission electron micro-
scope at an acceleration voltage of 200 kV. X-ray diffraction
(XRD) data were determined on a Philips X'Pert Pro Super X-ray
diffractometer equipped with graphite monochromatized Cu
Ko radiation (1 = 1.541841 A). X-ray photoelectron spectra (XPS)
were determined by an X-ray photoelectron spectrometer

CHEN ET AL.

good electrochemical performance. This behavior pre-
sumably is associated with the combination effect of
the specific surface area, the appreciable N doping
amount, the reasonable distribution of pores, and the
high conductivity >68244661-63

CONCLUSION

In summary, we have fabricated a kind of porous
nitrogen-doped carbon nanofibers by a facile route,
which can be used for the active material of super-
capacitor electrodes. Such unique features of composi-
tion and structure endow the nitrogen-doped carbon
nanofibers with good capacitive performance, that is,
with a high electrochemical capacitance (202.0F g~ at
the current density of 1.0 A g~'), good retention
capability (81.7% capacitance retention at current
densities up to 30 A g7'), large power capability
(89.57 kW kg™"), and good cycling stability (3000
cycles). The results demonstrate that the nitrogen-
doped carbon nanofibers presented here might be a
promising candidate for the electrode material of high-
performance supercapacitors. Further engineering of
the surface area and composition of this kind of
nitrogen-doped carbon nanofibers may provide new
possibilities to access high-quality and reliable elec-
trode materials for supercapacitors.

(ESCALab MKII) with an excitation source of Mg Ko radiation
(1253.6 eV). N, sorption analysis was conducted on an ASAP
2020 accelerated surface area and porosimetry instrument
(Micromeritics), equipped with automated surface area, at
77 K using Barrett—Emmett—Teller (BET) calculations for the
surface area. The pore size distribution (PSD) plot was recorded
from the adsorption branch of the isotherm based on the
Barrett—Joyner—Halenda (BJH) model.

Electrochemical Measurement. All electrochemical experiments
were carried out on a CHI 760D electrochemical workstation at
room temperature. In a three-electrode system, the test elec-
trode was prepared by loading a slurry consisting of 80 wt %
active material, 10 wt % carbon black, and 10 wt % poly-
(vinylidene fluoride) (PVDF) (in N-methylpyrrolidone) on a nickel
foam and dried at 80 °C for 1.5 h under vacuum. As-formed elec-
trodes were then pressed at a pressure of 10 MPa and further
dried in a vacuum oven at 100 °C overnight. The loading mass of
active materials on each current collector was 5.0—6.0 mg, and
area was 1.0 cm?. In the three-electrode system, the sample was
used as the test electrode, platinum foil as the counter elec-
trode, Hg/HgO electrode as reference electrode, and 6.0 M KOH
aqueous solution as electrolyte. Cyclic voltammetry curves were
obtained in the potential range of —1.0—0 V vs Hg/HgO by
varying the scan rate from 5t0 400 mV s~ . Charge—discharge mea-
surements were carried out galvanostatically at 0.5—300 Ag™ ' over
a voltage range of —1.0—0 V vs Hg/HgO. To construct the electro-
chemical capacitor N-CNFs-900//N-CNFs-900, the N-CNFs-900
nanocomposite used for the electrode was prepared by mixing
80 wt % N-CNFs-900, 10 wt % carbon black, and 10 wt % PVDF
binder, then loaded on the nickel foam and pressed at a pressure
of 10 MPa and further dried. The loading mass of N-CNFs-900 in
each electrode was 0.0034 g. The two electrodes were separated
by a filter paper soaked with electrolyte, then wrapped with
parafilm, and at last dipped in the electrolyte solution. The cyclic
voltammetry and galvanostatic charge—discharge tests of
the electrochemical capacitor (N-CNFs-900//N-CNFs-900) were

VOL.6 = NO.8 = 7092-7102 = 2012 K@LNMLJ\)

WWW.acsnano.org

7100



performed in a two-electrode cell assembly in the electrolyte of
6.0 M KOH aqueous solution. Electrochemical impedance spec-
troscopy (EIS) was measured in the frequency range of 10 mHz to
10 kHz at the open circuit voltage with an alternate current
amplitude of 5 mV.
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