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In situ nitrogen-doped mesoporous carbon
nanofibers as flexible freestanding electrodes for
high-performance supercapacitorst

Jian Tan,? Yulai Han,*? Liang He,? Yixiao Dong,® Xu Xu,® Dongna Liu,® Haowu Yan,?
Qiang Yu,? Congyun Huang? and Ligiang Mai {2 *2°

Herein we propose a low-cost, one-step synthesis of magnesium hydroxide (Mg(OH),) that is deposited on
polyacrylonitrile (PAN) nanofibers by electrospinning. Following carbonization and etching, an in situ N-
doped mesoporous carbon nanofiber (N-MCNF) network is synthesized. The synthesized flexible
network is employed as a freestanding electrode for supercapacitors. The as-constructed supercapacitor
based on the N-MCNFs prepared at 900 °C (N-MCNFs-900) can deliver excellent performance with an
ultrahigh specific capacitance of 327.3 F g™ at a current density of 1.0 A g™, and remarkable cycling
stability, e.g., only about 7% loss after 10 000 cycles at a constant high charging—discharging current of
20 A gin 6 M KOH aqueous electrolyte. The flexible network consisting of N-MCNFs-900 as the
electrode material with long cycling stability is highly promising for next-generation high-performance

rsc.li/materials-a supercapacitors.

1. Introduction

To meet the fast-developing energy demands of the modern
society, more novel, green and efficient energy storage devices
have been explored."™ Among them, supercapacitors have been
receiving rapidly growing attention, owing to their unique
advantages, such as high specific power density, fast charge-
discharge rates and long cycling stability compared with tradi-
tional secondary batteries.>® Electrochemical double-layer
capacitors (EDLCs), also known as ultracapacitors or super-
capacitors,” store charge and release energy based on the
fundamental mechanism of reversible adsorption of ions from
an electrolyte to high accessible surface area porous carbon
electrodes, thus allowing the formation of oppositely charged
layers at the electrolyte/electrode interface.®*'® Generally, the
critical issue in the development of supercapacitors is the
realization of ideal electrode materials, which possess high
conductivity, large ion-accessible specific surface area (SSA) and
appropriate pore size distribution.*>** Carbon-based super-
capacitors display excellent properties of light weight, low cost
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and bipolar operational flexibility.”® Therefore, carbon-based
materials, including activated carbon (AC),"* carbon nano-
fibers,”'® carbon nanotubes (CNTs),"”** carbon spheres,'>!
carbon papers* and graphene,” have been widely employed as
electrode materials in supercapacitors. To improve the perfor-
mance of carbon-based materials, considerable efforts have
been made including surface modification and introduction of
defects and heteroatoms, such as N,**>7 B,*®? §3031 or P32
which can modify the surface chemical functionalities and
electronic properties, and greatly increase the capacity of
supercapacitors.*® Among them, N-doping could be the most
promising approach to enhance the capacity and obtain supe-
rior cycling stability through improving the electrical conduc-
tivity and providing more additional active sites.**** Moreover,
extensive research efforts have been made to achieve pseudo-
capacitive redox reactions in mesoporous carbon mate-
rials'****” by carbonizing precursors with suitable templates™
and conducting polymers with N doping.*® Nevertheless, these
synthesis methods are obviously laborious, expensive and time-
consuming.

Herein, an in situ MgO template method to synthesize
nitrogen-doped mesoporous carbon nanofibers (N-MCNFs)
with a polyacrylonitrile (PAN) polymer solution as a precursor
is presented. The proposed facile, low-cost process is conve-
nient to prepare N-MCNFs with high SSA, homogeneous pore
size distribution and abundant surface functional groups,
which shows great potential for carbon-based supercapacitors.
It is well known that PAN is a typical hydrocarbon that is used to
obtain carbonaceous materials.*>*° In addition, PAN has a high
nitrogen content according to its chemical formula ((C3H;N),),

This journal is © The Royal Society of Chemistry 2017
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and the -CN functional groups in PAN fibers enable in situ N-
doping into the fibers during carbonization.”” Meanwhile,
electrospinning technique is an advanced method to generate
one dimensional (1D) PAN nanofibers®*™** extruded from
a polymer solution via high electrostatic forces,*” from which we
can obtain freestanding electrode materials based on PAN
nanofiber networks. This approach effectively avoids addition
of a metal current collector, conductive additive and binder,
which are commonly used in the preparation of traditional
electrodes. In this study, MgO is employed as a hard template to
prepare porous carbon fibers with N-doping due to its low cost
and easy removal, which can avoid the application of some
expensive hard templates,*® complicated activation,’® and
aggressive chemicals.”” Furthermore, this method makes the
scale-up synthesis of porous carbon fibers possible. N-MCNFs
synthesized by carbonization at 900 °C (N-MCNFs-900) are
applied as the electrode of supercapacitors, which exhibits
a high specific capacitance up to 327.3 F g~ " at a current density
of 1 A g7, and displays outstanding rate capability and long
cycling stability.

2. Results and discussion

The synthetic procedure of the flexible freestanding N-MCNF
electrode involves the following steps, as schematically
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illustrated in Fig. 1(a) and (b). Firstly, PAN/Mg(OH),/N,N-
dimethylformamide (DMF) solution was electrospun into
nanofibers. Then, the electrospun nanofiber network was pre-
oxidized at 280 °C under air, aiming to obtain dimensional
stability of the carbon nanofibers. Afterward, the nanofiber
network was carbonized at 900 °C under a nitrogen flow
atmosphere. These two steps were accompanied by a change in
the colour of the sample from white to dark-brown, and then to
black (Fig. S1, ESIt), and a black carbon nanofiber network was
obtained. The final step is an acid treatment via HCI aqueous
solution to remove the MgO template, and mesopores were
formed in the carbon nanofibers. After etching the MgO
template, the flexible freestanding N-MCNFs-900 network elec-
trode material was fabricated (Fig. 1(c) and (d)). For compar-
ison, a control experiment was also carried out without
Mg(OH), in the initial solutions, and the as-prepared carbon
nanofibers are denoted as CNFs-900.

The Mg(OH), nanoplates synthesized through a reflux
method were used as the starting material. The crystallographic
structure, morphology and composition of Mg(OH), nanoplates
are characterized by X-ray diffraction (XRD), field emission
scanning electron microscopy (FESEM), thermogravimetric
analysis (TGA) and derivative thermogravimetric analysis (DTG)
tests. As shown in the XRD pattern of the Mg(OH), nanoplates
(Fig. S2, ESIt), the sample can be indexed as a pure phase in

PAN/Mg(OH),/DMF

Pre-oxidation

e & ©® v

Carbonization
—

Fig. 1 (a, b) Schematic illustration of the experimental procedures to synthesize the flexible electrode. (c, d) Photograph of the flexible free-

standing electrodes.
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good agreement with the standard pattern (JCPDS card No. 44-
1482). The FESEM image shows that these Mg(OH), nanoplates
are highly uniform with an average size of about 100 nm
(Fig. S3(a), ESIt), and the thickness of the nanoplates is deter-
mined to be about 10 nm (Fig. S3, ESIT). TGA and DTG curves of
the Mg(OH), are demonstrated in Fig. S4 (ESIt), which shows
that the total weight loss of the sample after the annealing
treatment is approximately 31.8%. From the DTG curve, it is
obvious that the rate of weight loss is highest when the
temperature increases to 392.1 °C, which could be attributed to
the decomposition of the Mg(OH), into MgO and H,O. The
standard enthalpies of formation (AH") at 298.15 K of Mg(OH),,
MgO and H,0 are —924.5, —601.7 and —285.8 k] mol /,
respectively. The calculated standard enthalpy of the reaction
(AH®) at 298.15 K is 37.0 k] mol *.** The weight loss of 31.8%
corresponds well with the calculated weight loss (30.9%) of this
reaction.

Next, FESEM was employed to characterize the precursor
fibers and their corresponding calcination products. Fig. 2 shows
the morphological characterization of the Mg(OH),-free PAN
nanofibers, PAN/Mg(OH), nanofibers, and mesoporous nano-
fibers. As shown in Fig. 2(a), the Mg(OH),-free PAN nanofibers
have smooth surfaces with an average diameter of about 500 nm
and lengths up to several hundreds of millimeters. Fig. 2(b)
exhibits the typical FESEM image of the initial PAN/Mg(OH),
nanofibers with a diameter of about 500 nm and a very smooth
surface, which are ultralong and uniform (Fig. S5, ESIY).
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Moreover, the nanofibers are well interconnected with each other
to form a three-dimensional (3D) open architecture. During
carbonization, the morphology of PAN/Mg(OH), nanofibers is
perfectly preserved, but the diameter becomes narrower due to
the volume shrinkage of PAN and weight loss of Mg(OH),.
Fig. 2(c) reveals rough surfaces of carbon with uniform fibrous
morphology after carbonization, which can be attributed to the in
situ crystallization of magnesium ions into the MgO crystals.
Meanwhile, PAN was carbonized into an amorphous carbon
framework, as confirmed by the XRD pattern (Fig. S6, ESI}).
Before acid treatment, the nanofibers were filled with the opaque
MgO, as shown in the energy dispersive spectroscopy (EDS)
characterization results (Fig. 2(d—f)). The EDS elemental mapping
images reveal that Mg and O elements are homogeneously
distributed in the nanofibers. The FESEM, transmission electron
microscopy (TEM), and high-resolution TEM (HRTEM) images of
the samples after acid treatment are shown in Fig. 2(g-i). After
etching the MgO using HCl aqueous solution, the uniform
mesoporous structure in the carbon matrix can be clearly
observed from FESEM (Fig. 2(g)) and low-resolution TEM images
(Fig. 2(h)). Moreover, in the HRTEM image, many micropores are
observed. Obviously, no lattice fringes of carbon can be observed
in the HRTEM image (Fig. 2(i)), indicating the amorphous nature
of carbon in N-MCNFs-900. The corresponding selected area
electron diffraction (SAED) pattern shows diffuse scattering (inset
in Fig. 2(i)), demonstrating that the synthesized N-MCNFs-900 is
amorphous.

Fig.2 FESEM images of (a) PAN nanofibers, (b) PAN/Mg(OH), composite nanofibers and (c) PAN/Mg(OH), nanofibers by carbonization at 900 °C.
(d—f) EDS elemental mapping images of the PAN/Mg(OH), nanofibers after carbonization at 900 °C. (g) FESEM image of N-MCNFs-900. (h) Low-
magnification TEM image and (i) HRTEM image of N-MCNFs-900 (inset: SAED pattern).
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The XRD pattern displays broad characteristic peaks at 2
theta values of about 25° and 43° of N-MCNFs-900 and CNFs-
900 in Fig. 3(a). The two peaks can be assigned to the (002)
and (101) diffraction of the hexagonal carbon material (JCPDS
card No. 75-1621),* indicating the crystalline nature of carbon
with a very small particle size.*” The samples were characterized
via Raman spectroscopy. As shown in Fig. 3(b), the Raman
spectra further provide more detailed information of CNFs-900
and N-MCNFs-900, both of which display two typical charac-
teristic D (disorder) and G (graphite) peaks. The D band
(1344 cm ™) is related to disordered carbon, and the G band
(1596 cm™) is assigned to the highly ordered graphite struc-
ture. The relative intensity ratio of the D and G peaks (R = Ip/Ig)
in the Raman spectrum is applied to evaluate the amorphous
degree, and it is known that a higher intensity ratio means
a higher amorphous degree of the carbon. The values of R are
1.01 and 1.04 for N-MCNFs-900 and CNFs-900, respectively. The
chemical composition of N-MCNFs-900 is 76.15 wt% C,
11.55 wt% O and 6.5 wt% N, which were characterized using
a CHON elemental analyzer (Table S1, ESIt), showing a high
content of oxygen and nitrogen functional groups in the
nanofibers. In order to confirm whether the MgO template was
completely removed, the thermal behaviour of the N-MCNFs-
900 and CNFs-900 was examined in air. Noticeably, there is
negligible residual weight in the TGA curve of N-MCNFs-900,
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Fig. 3 (a) XRD patterns of N-MCNFs-900 and CNFs-900. (b) Raman
spectra of N-MCNFs-900 and CNFs-900. (c) XPS survey spectra of N-
MCNFs-900 and CNFs-900. (d) High-resolution XPS spectra of the N
1s peak of N-MCNFs-900. (e) Possible locations for N incorporation
into the mesoporous carbon network.
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demonstrating that the MgO template was removed
completely and pure N-MCNFs-900 was obtained after acid
treatment (Fig. S7, ESIT). Afterward, surface analysis of N-
MCNFs-900 was carried out by using X-ray photoelectron spec-
troscopy (XPS) (Fig. 3(c)). The C 1s, O 1s and N 1s peaks can be
observed in the XPS survey spectrum, which is in good agree-
ment with the results of elemental analysis (Table S1 (ESIT)).
Obviously, N-doping from the decomposition of PAN is benefi-
cial as it gives rise to defects and enhances the electrical
conductivity of pyrolyzed carbon, resulting in the improvement
of its electrochemical performance. The high-resolution N 1s
spectrum (Fig. 3(d)) could be divided into three characteristic
peaks at 398.2, 399.8 and 401.0 eV, corresponding to the three
types of nitrogen functional groups, ie. N-6, N-5 and N-Q,
respectively.’**** Fig. 3(e) schematically illustrates the three
types of nitrogen configurations. Among the three types of
commonly observed structures of N-dopant atoms, N-6 and N-5
could offer more active sites to enhance the pseudocapacitance,
resulting in improvement in the power density of
supercapacitors.'>?%?

In addition to the unique mesoporous nanostructure, the
wettability of N-MCNFs-900 is also quite interesting. Dynamic
water contact angle measurements were performed for the
samples as illustrated in Fig. 4. For comparison, the results for
CNFs-900 are also presented. Generally, pure carbon materials
are highly hydrophobic, preventing water from getting into
small pores, which limits the effective surface area of the elec-
trode material. Interestingly, different wetting processes were
observed for N-MCNFs-900 and CNFs-900. N-MCNFs-900 is
quite hydrophilic, but CNFs-900 is highly hydrophobic with the
initial contact angle of 137.9°, which remains almost
unchanged for 30 s or longer. The results indicate that the
wettability of N-MCNFs-900 for water is better than that of
CNFs-900.

It is well known that the SSA and pore size distribution (PSD)
of the electrode materials play a prominent role in the electro-
chemical performance of supercapacitors.”® Therefore, Bru-
nauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
tests of the samples were conducted. For comparison, CNFs-900
was treated under the same conditions as N-MCNFs-900, and
the N, adsorption-desorption isotherms of the samples are
shown in Fig. 5. A remarkable hysteresis loop of the typical type-
IV curve at relative pressure (P/P,) ranging from 0.8 to 1.0 was

N-MCNFs-900

137.9° 137.8° 137.8° 137.7°

Fig. 4 Dynamic water contact angle measurements for N-MCNFs-
900 and CNFs-900. The photograph at O s was taken immediately
after resting the water droplet on the surface.

CNFs-900
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Fig. 5 (a) N, adsorption—desorption isotherms and (b) PSD of N-MCNFs-900 and CNFs-900.

observed, indicating that the N-MCNFs-900 sample exhibits
a typical mesoporous feature. The PSD curves show that the size
of the pores mainly falls in the range of 2 to 4 nm. The SSA of the
N-MCNFs-900 sample was estimated to be 926.40 m> g, which
is much higher than those of the previously reported porous
CNFs.'3%5 It is worth noting that only low SSA (208.03 m* g™ )
was observed for CNFs-900 (Table S2, ESIt). Therefore, these
results indicate the importance of the introduction of Mg(OH),
into the nanofibers, which not only acts as the structural
constructor and in situ porogen, but also improves the SSA of N-
MCNFs-900.

The aforementioned results indicate that the in situ MgO
template method provides a unique architecture of N-MCNFs-
900 with good wettability and high SSA, which satisfies the
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general demands of ideal EDLC electrode materials. To evaluate
the supercapacitive performance of N-MCNFs-900, herein we
constructed a traditional three-electrode configuration in 6 M
KOH liquid electrolyte to measure the electrochemical perfor-
mance of the electrodes. Cyclic voltammetry (CV) and galvano-
static charge/discharge (GCD) measurements were performed.
Firstly, CV measurements were conducted at various scan rates
(Fig. 6 and 7(a)). As shown in CV curves, the remarkable
difference in the electrochemical performance of N-MCNFs-900
and CNFs-900 could be obviously recognized. Typically, rect-
angular shapes of the CV curves are obtained even at a very high
scan rate of 500 mV s~ ', indicating a very fast and efficient
charge transfer, which confirms that N-MCNFs-900 and CNFs-
900 possess a highly capacitive nature and a small equivalent
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Fig. 6 CV curves of N-MCNFs-900 and CNFs-900 at scan rates of (@) 5 mV s, (b) 50 mV s~ %, (c) 200 mV s, and (d) 500 mV s~ 1.
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series resistance (ESR) with rapid charge-discharge. It is worth
noting that CNFs-900 also exhibits rather good capacitive
behaviour, but is obviously inferior to that of N-MCNFs-900.

To further investigate the electrochemical performance of
the synthesized samples, the capacitances of N-MCNFs-900 and
CNFs-900 were studied by GCD (Fig. 7(b) and S9, ESIt), which is
an accurate technique to evaluate the electrochemical perfor-
mance of supercapacitor electrodes. The typical GCD curves of
N-MCNFs-900 exhibit highly symmetric and nearly linear
slopes, and rather limited voltage (IR) drops even at a high
current density of 20 A g~ (Fig. 7(c)), which also indicates the
ideal capacitive behaviour. From GCD curves in Fig. 7(d), it was
found that N-MNFs-900 has a specific capacitance as high as
327.3, 301.4, 260.6, 244.3 and 224.1 F g~ ' at the discharge
current density of 1, 2, 5, 10 and 20 A g™, respectively, which
could be highly competitive among carbon-based materials.
Even at a high current density of 20 A g~ ', N-MNFs-900 still
maintains a high specific capacitance of 224.1 F g !, ~68% of
its initial capacitance, showing outstanding rate capability.
Such superior rate capability is ascribed to the unique meso-
porous architecture, which can offer an efficient pathway for the
electrolyte ions through the carbon framework.”® Importantly,
N-MCNFs-900 exhibits superior cycling stability of about 93%
capacitance retention after 10 000 cycles at a high current
density of 20 A g~ " with coulombic efficiency of about 100%
(Fig. 7(e)), which is especially desirable in supercapacitors.

In order to clearly elucidate the excellent performance of the
prepared in situ N-doped mesoporous carbon materials, we
compared our results with some reported results on N-doped
porous carbon materials. To the best of our knowledge,
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representative characteristics, such as precursors, electrolytes,
current density and capacitance, are listed in Table S3 (ESIY); the
capacitance of the as-obtained N-MCNFs-900 is much higher
than that of most reported carbon-based electrodes. Between the
two samples N-MCNFs-900 and CNFs-900, the better electro-
chemical performance of N-MCNFs-900 is ascribed to its larger
SSA, uniform pore size distribution, the high degree of hetero-
atom doping (nitrogen content: 6.48 wt%, oxygen content:
11.55 wt%) and higher electrical conductivity, which result in the
fast transport of ions and electrons and a large space for charge
storage.”* The excellent electrochemical performance of the
asymmetric N-MCNFs-900 supercapacitor might be attributed to
the following aspects: (1) 1D mesoporous nanofibers can provide
short pathways for electron/ion transport and accessible pene-
tration of the electrolyte, which was verified by the result of
electrochemical impedance spectroscopy (EIS) (Fig. 7(f)); the
width of the semicircle impedance loop in the high frequency
region reflects the resistance to mass transfer/diffusion rate of
ions; (2) the 3D network structure combined with the advantages
of the N-MCNFs prepared by the in situ MgO template method,
such as the large SSA, suitable pore structure and high electrical
conductivity, which ensures the sufficient free space for charge
storage and the fast transport of ions and electrons at the
electrode/electrolyte interface; (3) the C-N bonds were intro-
duced to improve the wettability and electrical conductivity by N-
doping.*” Besides EDLC, to some extent, the pseudocapacitance
also contributes to the capacitance, which is derived from the
effect of N-doping.*** Moreover, N-doping in the composite
effectively enhances the electrical conductivity and electro-
chemical reactivity, further improving the rate performance.®
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Fig. 7 Electrochemical performances of a freestanding carbon nanofiber electrode using a conventional three-electrode configuration in 6 M
KOH aqueous electrolyte solution. (a) CV curves of N-MCNFs-900 at different scan rates of 5-500 mV s~*. (b) GCD curves of N-MCNFs-900 at
different current densities of 1, 2, 5, 10 and 20 A g~ (c) GCD curves of N-MCNFs-900 and CNFs-900 at the current densities of 1and 20 Ag™2. (d)
The specific capacitances calculated from the discharge curves at different current densities. (e) Cycling stability and coulombic efficiency of N-
MCNFs-900 at a current density of 20 A g~ (f) Typical Nyquist plot of N-MCNFs-900 and CNFs-900.
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Fig.8 (a) CV curves of N-MCNFs-900 at different scan rates in a two-
electrode configuration using 6 M KOH electrolyte; (b) GCD curves of
N-MCNFs-900 at different current densities in the two-electrode
configuration using the 6 M KOH electrolyte.

To better illustrate the practical performance of N-MCNFs-900
and CNFs-900 carbonaceous electrode materials, we constructed
a symmetric supercapacitor by using two pieces of N-MCNFs-900
with the same size and weight, tested in 6 M KOH electrolyte. As
shown in Fig. 8(a) and S10(a) (ESIT), the CV curves exhibit quasi-
rectangular shapes, and no redox peak appears even at a high
scan rate. We also investigated the GCD (Fig. 8(b) and S10(b)
(ESIT)) at different current densities in the range of 1-20 A g™,
and the GCD curves show a symmetrical triangle with very small
IR drop for each current density, indicating the reversible
behaviour of an ideal supercapacitor. Calculated from the GCD
(Fig. 8(b)) of N-MCNFs-900, at a current density of 1 A g7, the
specific capacitance is maintained at 308.8 F g, and the energy
density is 42.5 W h kg™ " which is much higher than most values
previously reported (Table S4, ESIt). Even at a high current
density of 20 A g™, the specific capacitance still remains at
208 F g ', showing the good stability of the electrode. A more
detailed comparison is summarized in Table S4 (ESIt), which
further demonstrates the advantages of our N-MCNFs-900 over
the reported N-doped porous carbon materials for SCs.

3. Conclusions

In summary, we have successfully designed and fabricated N-
MCNFs as flexible freestanding electrodes for supercapacitors
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with in situ N-doping and an in situ MgO template through
a single-nozzle electrospinning approach. The employed
synthesis process of the Mg(OH), nanoplates is low-cost, facile
and environmentally friendly. The as-synthesized carbon
nanofiber electrode with a unique mesoporous structure is
a highly promising candidate for supercapacitors with a high
capacity (327.3 F g~ ! at a current density of 1 A g™ '), good rate
capability (~68% of initial capacitance at a high current density
of 20 A g1, and outstanding cycling stability (~93% capaci-
tance retention 10 000 cycles). All these results indicate that the
N-doped mesoporous carbon nanofibers are highly suitable for
the advanced electrode materials of supercapacitors. This work
provides a facile and green method to prepare mesoporous
carbon materials, and opens new avenues for the exploration of
other porous carbon-based materials. Meanwhile, this work
displays attractive prospects and wide potential for other energy
storage devices, such as lithium-ion batteries, sodium-ion
batteries, lithium-sulfur batteries and metal-air batteries,
which is of great significance.
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