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Abstract

The polyamic acid (PAA) and polyvinylpyrrolidone (PVP) blends electrospun fibers were prepared by electrospinning method.
PAA with high carbon conversion served as carbon nanofibers; PVP with low carbon conversion served as porogenic sacrificial
agent. Then, the PAA-PVP-based carbon nanofibers with well-controlled meso/macro pore structure were obtained via thermally
induced phase separation process. The morphology and electrochemical performance of porous carbon nanofibers are investi-
gated by structural analysis and electrochemical measurements. The relationship among pore structure, character of electrolyte
and electrochemical performance of porous carbon nanofibers was extensively evaluated. Porous carbon nanofibers derived from
PAA-PVP (mass ratio = 5:2) electrospun fibers show adjustable average pore diameter (3.1 nm), high BET specific surface area
(743.5 m? g "), and average pore volume (0.126 cm® g~ '). The supercapacitor constructed by porous nanofibers as electrode in
ionic liquids electrolyte exhibits wide electrochemical stability window (3.4 V), high specific capacity (211.7 F g 1), good power
density (2021 W kg "), and low internal resistance (1.0 €). The findings reveal a guideline of the preparation of blending
polymer-based porous carbon nanofibers for electrochemical energy conversion and storage.
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Supercapacitor

Introduction

Supercapacitor is one of most promising electrochemical en-
ergy storage devices owing to its high power density, rapid
charging/discharging ability, and long cycle life [1]. However,
the low working potential and energy density of conventional
supercapacitor limit its widespread applications [2], such as
renewable energy generation [3] and electric vehicles and 5G
mobile communication [4]. Energy density (£) and power
density (P) of supercapacitor are in direct ratio to the square
of working potential (V) 2E = CV?, 4P=V?> (R'm) ", Cis the
specific capacity, V is the working potential, R is the internal
resistance, m is the mass of electrode materials) [5], so how to
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improve working potential of supercapacitor is a key factor for
the preparation of supercapacitor with high capacitance and
rate capability [6]. The working potential of supercapacitor is
to depend on seriously the character of electrolyte. The work-
ing potential of aqueous electrolyte and organic electrolyte is
below 1.0 V [7] and 3.0 V [8], respectively, which is due to the
low decomposition voltage of the water and organic solvent in
electrolyte.

Recently, the successful utilization of room temperature
ionic liquids (ILs) as electrolyte in supercapacitor has demon-
strated its high electrochemical performance. The solvent-free
and wide electrochemical stability widow (> 5.0 V) of ILs can
provide high working potential [9]. Furthermore, high concen-
tration (> 3.0 mol L") of ILs can also contribute higher energy
denSity to SupercapaCitor (E(x Cclcctrolytc conccntration) [10]
However, ILs has larger molecular/ion size and higher viscos-
ity than the electrolyte based on aqueous or organic solvent
[11], thus, the adjustment between pore structure of electrode
materials and ILs, which is necessary for high utilization of
pores, fast ion mobility/diffusibility, and short electrical dou-
ble layers (EDLs) forming time. So the preparation of new
porous electrode materials and the investigation of interaction
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between electrode materials and ILs are critical for the im-
provement of power and energy density of supercapacitor.

Nano-structure porous materials as electrode have
highly specific surface area, fast charge charge transport
ability and highly exposed electrode-electrolyte interface,
so they play a crucial role for the development of high
electrochemical performance supercapacitors [12], so they
play a crucial role for the development of high electro-
chemical performance supercapacitor. Numerous synthetic
procedures have been adopted for the synthesis of nano-
particles, nanosheets, and nanofibers for electrode mate-
rials of supercapacitor [13]. Carbon nanofibers with high
aspect ratio, good conductivity, and simple processing be-
come attractive electrode materials for supercapacitor.
Among them, carbon nanofibers derived from electrospun
polymer fibers are emerging electrode materials due to
their simple procedure and scalability, in which ultra-
long one-dimensional carbon nanofibers can be easily pre-
pared with various free-standing morphological features
[14]. Carbon nanofibers can be prepared via inter-facial
polymerization [15], vapor deposition [16],
electrospinning process, and so on. Carbon nanofibers de-
rived from electrospun fibers, such as polyacrylonitrile
[17], phenolic resins [18], and polyamic acid (PAA)
[19], have been widely studied and applied. Among them,
PAA is used as the precursor for carbon nanofibers of
electrode materials [20] due to its high carbon yield, good
graphite-like crystallite, and flexible free-standing fiber
mats structure etc. [21].

Carbon nanofibers derived from electrospun PAA fibers
have been subjected to physical or chemical process [22] to
increase their specific surface area and porosity; however, the
average pore radius of conventional carbon nanofibers is less
than 1 nm in dimensions [23], causing low utilization of po-
rosity and mobility/diffusibility of ions as electrode materials
of supercapacitor in ILs. Thus, supercapacitor construed by
carbon nanofibers with well-designed hierarchical pores as
electrode materials will exhibit better electrochemical perfor-
mance in ILs.

Preparation of porous [24] carbon nanofibers derived from
electrospun PAA blends sacrificial polymer via phase-
separated method is simple and practicable process; however,
the control over the pore size, volume, and uniformity remains
challenging [25]. In this regard, the PAA and polyvinylpyrrol-
idone (PVP) blends electrospun nanofibers are prepared.
Then, the PAA with high carbon conversion is transformed
into carbon framework, and the PVP with low carbon conver-
sion is served as porogen to generate pores via thermally in-
duced phase separation, so the porous carbon nanofibers were
obtained from PAA-PVP electrospun fibers. The pore struc-
ture parameters of PAA-PVP-based carbon nanofibers derived
from various mass ratios of PAA and PVP are studied, and the
correlations among the electrochemical feature, pore
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structures [26] of carbon nanofibers, and ILs electrolyte are
systematically elucidated. Additionally, this work also pro-
vides a well-controlled method for the preparation and appli-
cation of porous nanofibers [27] in energy storage, separation,
and catalysis etc.

Experimental
Material and instrument

All materials and reagents were purchased from Tianjin
Chemical Reagent Co. and were used without further purifi-
cation unless otherwise specified. The specific surface area
and pore size distribution of nanofibers were tested by the
nitrogen adsorption at 77 K (SSA-4200, Builder
Corporation, China) and calculated using the Brunauer-
Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH)
methods, respectively [28]. Thickness of electrospun nanofi-
ber mats was determined by thickness tester (CHY-C2). The
morphology feature of the nanofibers was observed by scan-
ning electron microscopy (SEM; Hitachi S-4800). The ther-
mal stability of the polymer was measured by thermal gravi-
metric (TG) analysis with 10 °C min ™' scanning rate from
room temperature to 800 °C under nitrogen ambience
(Diamond TG/DTA, USA).

Preparation of porous carbon nanofibers

Preparation of PAA-PVP electrospun fibers PAA was synthe-
sized with 0.5 mol pyromellitic acid dianhydride (M, =
218.12 g mol ') and 0.5 mol 4,4'-oxydianiline (M, =
200.24 g mol ") in 50 mL N,N'-dimethylformamide (DMF)
[29]. Above solution was stirred under Ar ambience at 0 °C
for 12 h. The 15 wt% precursor solution was prepared by
mixing the PAA and PVP (M,, = 380,000 g mol ") in DMF;
the mass ratio of PAA:PVP is 5:1, 5:2, and 5:5, respectively.
The subsequent electrospinning was performed under ambient
condition, 18-kV positive voltage, 13-cm working distance
(the distance between the needle tip and the target), and
1.0 mL h™" flow rate [30]. A copper net served as the collector
and the collection time was set at 3.0 h. The prepared
electrospun fiber mats were vacuum dried at 40 °C for 12 h
to remove any traces of solvent residue.

Preparation of porous carbon nanofibers Pyrolysis of carbon
nanofibers was performed in a tubular furnace (OTF-
1200X, MIT Corporation) under the following conditions:
room temperature to 280 °C within 2 h in air ambience,
and then changed to 20 cm® min ! Ar flow, from 280 to
900 °C within 7 h. The carbonized PAA-PVP electrospun
fibers were activated by KOH at 850 °C for 2.0 h directly
after carbonization [31].
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Fig. 1 FTIR of polymer electrospun fibers. Mass ratio of PAA:PVP (a)
5:0, (b) 0:5, (c) 5:1, (d) 5:2, (e) 5:5

Preparation of porous carbon nanofiber electrode
supercapacitor

Porous carbon fibers were chosen as the negative and positive
electrode materials for the supercapacitors. Carbon nanofibers
mats with around 200 um in thickness were cut into 2.0 cm?
pieces and pasted on the surface of stainless steel capacitor
case using conductive adhesive (TEN20 EEG). The carbon
fiber capacitor case and separator (25 pum polypropylene
membrane, Celgard) were subsequently vacuum dried at
120 °C for 24 h. The separator (25 um polypropylene mem-
brane, Celgard) was soaked in ILs (V,N'-diethyl-N-methyl-
N-(2-methoxyethyl)) ammonium tetrafluoroborate
(IDEMETFSA]BF, , Lanzhou Greenchem ILs). All the ex-
perimental materials were dried at 120 °C for 24 h before
being assembled in an Ar-filled glove box (H,O and O, <
10mg L.

Characterization of supercapacitor

Electrochemical measurements were performed in a two-
electrode disc-type capacitor [32]. The specific capacity mea-
sured was expressed as the charge stored per total mass of

electrodes (F gﬁl). The direct current internal resistance (R,
Q) was calculated from R = AU/I, where AU (V) is potential
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Fig. 2 Schematic illustration of the reaction mechanism of PAA and PVP
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drop (IR drop) that was recorded at the beginning of the dis-
charge process and / (A) is the discharge current. The specific
capacity (C, F g") of the electrode material was defined as
C=TIAVIimAt, where AV is the potential difference value, At
is the corresponding discharge time difference value, and m is
the activated material content of both electrodes [33]. The
energy density £ (J g' or Wh kg ') was calculated using
E=0.5 C [(Vinitia — AUY* = V2ginail, where Viisials Viinal» and
stand for the initial potential, final potential, and discharging
current, respectively. The power density (P, W kg ') was cal-
culated according to the formula P = E/t. Charging/
discharging efficiency (1), %) is defined by QOugischarge/ Ocharge-

Results and discussion
Morphology and structure of nanofibers

The inter-molecular interaction between PAA and PVP of
PAA-PVP electrospun fibers was chartered by FTIR, as
shown in Fig. 1. The characteristic peak of 1670 cm-" associ-
ated with stretching vibration of C=0 of PAA-PVP, which has
slightly red-shift (Figs. 1c, 1d, le) due to the influence of
hyper-conjugation effect between benzene ring and pyridine
ring structure of PAA-PVP (Fig. 2). The characteristic peak of
1670 cm ™" related to stretching vibration of C=0 of PAA-
PVP, which has slightly red-shift (Fig. 1c, d, ) compared with
PVP (Fig. 1b), can be attributed to the influence of hyper-
conjugation effect between benzene ring and pyridine ring
structures of PAA-PVP (Fig. 2). The inter-molecular interac-
tion of PAA and PVP is beneficial to obtain the uniform pore
structure.

PAA-PVP electrospun fibers and the PAA-PVP-based car-
bon fibers were visualized by SEM, as shown in Fig. 3. The
electrospun fiber mats were made of random no-woven and an
interconnected open structure (Fig. 3a—d). PAA electrospun
fibers with warping morphology and average 250 nm in di-
ameter were obtained (Fig. 3a), which due to PAA molecular
chain has a large quantity of rigidity structure (Fig. 2). PAA-
PVP electrospun fibers have smooth surface (Fig. 3b, c, d),
because PVP has better spinnability and more flexibility mo-
lecular chain structure compared with PAA. PAA-PVP
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Fig.3 SEM images of PAA-PVP electrospun fibers and their carbonized fibers. Mass ratio of PAA: PVP (a) and (A) 5:0, (b) and (B) 5:1, (¢) and (C) 5:2,

(d) and (D) 5:5, respectively

electrospun fibers have 300-500-nm diameter (Fig. 3b, c, d),
which due to the linear structure of PVP molecular chain can
be easily stretched under electric field force during the
electrospinning process, so the smooth surface can be obtain-
ed. However, the stretched linear molecular structure of PVP
electrospun fiber is also easily shrinkage after withdrawing the
electric stress, so the lager average diameter of electrospun
fibers was obtained.

Carbon nanofibers derived from PAA electrospun fi-
bers exhibit smooth surface morphology and have no ob-
vious meso/macro pores on the surface, as shown in Fig.
3A. The average diameter of carbon fibers increases to
about 300 nm (Fig. 3A), resulting from the influence of
thermal decomposition, cyclization, and carbonization of
PAA electrospun fibers during the thermal treatment pro-
cess. Carbon nanofibers obtained from PAA-PVP
electrospun fibers can be observed obvious meso/macro
pore structure on the surface, as shown in Fig. 3B, C,
D. During thermal treatment process, the PAA of PAA-
PVP electrospun fibers with high carbon conversion

100 &
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Fig. 4 Thermogravimetric analysis of polymer electrospun fibers. Mass
ratio of PAA:PVP (a) 5:0, (b) 0:5, (¢) 5:1, (d) 5:2, (e) 5:5
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(Fig. 4a) can produce the carbon matrix structure of car-
bon nanofibers, the PVP domains of PAA-PVP
electrospun fibers with low carbon conversion (Fig. 4b)
were removed, so the meso/macro pore structure can be
obtained. The esterification reaction between PAA and
PVP can ensure the uniform distribution of PAA in
PAA-PVP clectrospun fibers, so the distribution of
meso/macro pores of carbon nanofibers was also uniform
(Fig. 3). With the improved content of PVP, the average
pore diameter of PAA-PVP-based carbon nanofibers is
enlarged (Fig. 3C) and the specific surface area is im-
proved, as shown in Table 1. The average pore size of
carbon nanofibers was further enlarged with the further
improving content of PVP of PAA-PVP electrospun fiber
(Fig. 3D); however, the specific surface area and volume
capacity of PAA-PVP-based carbon nanofibers were de-
creased (Table 1), and the fracture and fragmentation of
carbon nanofibers were also be observed from SEM im-
ages (Fig. 3D), which damage the integrity of nanofibers.
All those are not beneficial to the charge storage and
electron/ion transport of carbon nanofibers served as elec-
trode in ILs electrolyte, which can also be demonstrated
in the electrochemical measurements of carbon nanofibers
(Figs. 6, 7, and 8).

TG analysis of polymer electrospun fibers is shown in Fig.
4. PVP electrospun fibers have two thermal weight losses, the
first step that from room temperature to 85 °C is the volatili-
zation of the water and solvent retained in PVP because of its
high hydrophilicity. The second step in a temperature range of
368 to 452 °C is the decomposition and carbonization of PVP
(Fig. 4b). PAA electrospun fibers exhibit three thermal weight
losses, the first step that from room temperature to 77 °C is the
volatilization of water and the solvent retained in PAA be-
cause of its high hydrophilicity. The second step is the thermal
imidization process of PAA from 150 to 280 °C. The third step
of carbonization of PAA from 550 to 800 °C (Fig. 4a). The
carbon conversion of PAA and PVP electrospun fibers is
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Table 1 Pore structure parameters of carbon nanofibers

Fibers derived from PAA:PVP (mass ratio) 5:0 5:1 52 5:5
Carbonization-activation Before After Before After Before After Before After
Average pore diameter (nm) 1.214 1.804 1.151 2214 1.133 3.101 1.114 4.207
Micro pore capacity (cm® g~') 0.009 0.037 0.008 0.031 0.008 0.027 0.008 0.026
Meso/macro pore capacity (cm> g ') 0.004 0.011 0.003 0.072 0.003 0.098 0.003 0.081
Total pore capacity (cm® g ") 0.013 0.047 0.011 0.099 0.011 0.126 0.011 0.105
Specific surface area (m*> g ) 473 617.2 37.1 636.2 352 743.5 30.5 635.1

45.1 wt% and 3.3 wt%, respectively, which can be calculated
from the TG analysis (Fig. 4a, b). The second step of PVP
(406 °C and 386 °C; Fig. 4c, d) of PAA-PVP electrospun
fibers has a higher decomposition onset temperature than that
of PVP electrospun fibers (Fig. 4b). The thermal stability of
PVP of PAA-PVP is improved that can be attributed to the
esterification reaction between PAA and PVP (Fig. 2), which
increases the thermal stability of PVP. Furthermore, the PVP
of PAA-PVP electrospun fibers was wrapped by polyimide
after the thermal imidization of PAA (280 °C), so the thermal
stability of PVP of PAA-PVP electrospun fibers was im-
proved. With the content of PVP of PAA-PVP electrospun
fibers further increasing, the influence of polyimide on the
thermal stability of PVP was decreased, so the decomposition
temperature decreases slightly (380 °C; Fig. 4e). The great
majority PVP of PAA-PVP electrospun fibers was removed
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after 600 °C (Fig. 4); the carbon conversion of PAA-PVP
electrospun fibers can be measured by TG analysis (Fig. 4c,
d, e), which is approximately the same to the calculated value
according to the carbon conversion of PAA and PVP, respec-
tively, which corresponds to the mass ratio of PAA and PVP in
electrospun precursor solution.

The pore structure parameters of carbon nanofibers derived
from polymer electrospun fibers are shown in Table 1. BET
specific surface area of PAA electrospun fibers is higher
slightly than that of PAA-PVP electrospun fibers, because
the PAA electrospun fibers have rough surface and small di-
ameter (Fig. 3a). PAA-PVP-based carbon nanofibers show
higher BET specific surface area than PAA-based carbon
nanofibers, because the thermal decomposition of PVP can
produce a high proportion of meso/macro pores (Table 1).
Furthermore, volatile gases of small molecular (H,O, NHj,
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Fig. 5 N, adsorption-desorption isotherms and BJH pore size distribution plots a, b for PAA-PVP electrospun fibers and ¢, d for its carbonized fibers

@ Springer



lonics (2020) 26:4103-4111

Zre (Q)

Fig. 6 Alternate current impedance curve of carbon nanofibers
supercapacitor. Mass ratio of PAA:PVP (a) 5:0, (b) 5:1, (c) 5:2, (d) 5:5

and COy etc.) produced from the thermal decomposition of
PVP, which can make a penetration through of the meso/
macro pore structure by the self-activation process. The inter-
connected pores are favorable for the improving of ion mobil-
ity/diffusibility and utilization efficiency of specific surface
arcas. However, high PVP content of PAA-PVP electrospun
fibers will generate more meso/macro pore structure after ther-
mal treatment (Fig. 3D), so its BET specific surface area de-
creases (Table 1). Carbon nanofibers derived from PAA-PVP
(mass ratio of PAA:PVP =5:2) show higher BET specific

surface area (743.5 m> g~ ') and suitable average pore diameter
(3.1 nm). The nitrogen adsorption-desorption isotherm and
the pore size distribution plots of the PAA-PVP-based carbon
nanofibers (mass ratio of PAA:PVP = 5:2) are shown in Fig. 5.
PAA-PVP electrospun fibers show a typical III type N,
adsorption-desorption isotherm of polymer (Fig. 5a) and the
low BET specific surface area (Table 1) owning to its low
porosity and pore capacity (Fig. 5b). However, the PAA-
PVP-based carbon nanofibers show a typical IV type N,
adsorption-desorption isotherm, which corresponds to the
meso/macro pore structure of carbon nanofibers (Fig. 5c).
Owning to the suitable average pore size distribution and high
pore capacity (Fig. 5d), the PAA-PVP-based carbon nanofi-
bers have high BET specific surface area (Table 1), which is in
agreement with the SEM images (Fig. 3c).

Electrochemical feature of carbon nanofibers

The kinetics at the intersurface between the porous carbon
nanofibers and the ILs electrolyte were characterized by elec-
trochemical impedance spectroscopy (EIS) analysis, and the
Nyquist plots are shown in Fig. 6. The high-frequency region
of Nyquist plot represents the charge transport, and the slope
of Nyquist plot is related to the formation rate of EDLs at
intermediate frequency. The projected length of the
Warburg-type plot on the real axis characterizes the ion
mobility/diffusibility process from solution into the inter pores
of carbon nanofibers. The semicircle describes the impedance

Fig.7 Cyclic voltammetry curves 300 300
of porous carbon nanofiber 250 o —o—10mV/s 250 b —o— 10mV/s
supercapacitor. Mass ratio of 200  —o—20mV/s 2001 —o—20mV/s
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Fig. 8 Constant current charge-discharge curves of carbon nanofiber
supercapacitor. Mass ratio of PAA:PVP (a) 5:0, (b) 5:1, (¢c) 5:2, (d) 5:5

of electrochemical reactions associated with charge transport
on the porous carbon fibers. The lower projected slope value
and smaller semicircle mean a small charge transfer resistance
and the shorter EDLs forming time. The PAA-based carbon
nanofibers show smaller projected slope values and big semi-
circle radius (Fig. 6a), because a large amount of micro pore
structure is not beneficial to the ion mobility/diffusibility of
ILs with big molecular volume, resulting into a long time for
the EDLs forming. PAA-PVP-based carbon nanofibers exhibit
larger projected slope and bigger slope (Fig. 6b, c, d), because
a large quantities of meso/macro pore structure were produced
by using PVP as a sacrificial pore-forming agent, which en-
ables high ion mobility/diffusibility rate of ILs. A high pro-
portion of meso/macro pore structure is beneficial to the mo-
bility/diffusibility, ion buffering reservoirs, and EDLs forming
in ILs electrolyte, and those were also further certificated by
cyclic voltammogram and linear voltammogram analyses
(Figs. 7 and 8). However, the electrical conductivity suffers
from a decrease with more macro pore structure (Fig. 6d),
because the fracture and fragmentation of carbon nanofibers
(Fig. 3D) decrease its conductivity which served as electrode.
PAA-based carbon nanofibers featured smaller slope of
Nyquist plot at low-frequency area than PAA-PVP-based car-
bon nanofibers (Fig. 6), indicating a weak frequency response
characteristic due to a long EDLs forming time.

The cyclic voltammetry (CV) curves of carbon nanofibers
in ILs using various scanning rate in a voltage window of
0.0 V to 3.4 V are shown in Fig. 7. The profiles of CV curves
without any oxide reduction peaks exhibit a typical EDLs
capacitor. The CV curve of ideal capacitor is rectangle;

however, the CV curve of carbon-based capacitor has some
deviation, because the influence of electrolyte ion throughout
the inner surface of pores. PAA-based carbon nanofibers had a
serious deviation, especially under high current density (Fig.
7a), because the small pore diameter and high aspect ratio of
micro pores did not facilitate the ion transport of ILs and form
of EDLs, suggesting a weak current response ability to the
potential was obtained. PAA-PVP-based carbon nanofibers
show higher specific capacity and better power performance
than the PAA-based carbon nanofibers (Fig. 7b, ¢, d). Those
electrochemical performances enhanced are due to the high
proportion of meso/macro pore structure, which is beneficial
to ILs ion throughout the internal porous carbon fibers.
[DEMETFSA]BF, which served as ILs electrolyte has larger
size molecules (diameter parameter of cation =0.82 nm and
anion = 0.23 nm, respectively) and higher viscosity (426 cP),
so the meso/macro pore structure provides more active surface
area and faster ion mobility/diffusibility for ILs than the micro
pore structure. With the pore size increasing, the better re-
sponse curve of current potential can be obtained (Fig. 7d),
because the improved ion mobility/diffusibility and shorten
EDLs forming time can be achieved; however, the specific
capacity decreases due to the low utilization of pore space
(Fig. 7d). The carbon nanofibers derived from PAA-PVP
(mass ratio = 5:2) electrospun fibers have suitable pore size,
better pore volume, and higher specific surface area (Table 1),
which is correspondence in the characters of ILs, so the better
comprehensive electrochemical performances than other car-
bon nanofibers were obtained (Fig. 7c).

The galvanostatic charge-discharge (GCD) tests of carbon
nanofiber electrode in ILs were performed for 1000 cycles
under 100.0 mA g ' within 0.0-3.4 V_ and the 1000th GCD
profiles are presented in Fig. 8. The electrochemical perfor-
mances were calculated and are summarized in Table 2. The
voltage changes linearly over time for a given electrical cur-
rent, suggesting that only ion adsorption/desorption is in-
volved at the electrode/electrolyte interface without other
chemical reactions. PAA-based carbon nanofibers show a
bending curve of charge/discharge and a big voltage drops
(Fig. 8a and Table 2), because its high proportion of micro
pore structure provides low ILs ion mobility/diffusibility, thus
needing a long EDLs forming time for ILs. However, the
PAA-PVP based carbon nanofibers with high proportion of
meso/macro pore structure, which is associated with high

Table 2 Electrochemical performance parameters of carbon nanofiber supercapacitor

Carbon fibers derived Specific capacitance (C, Internal resistance  Energy density (£, Power density (P, Charge/discharge efficiency
from Fg') (R, ) Wh kg™ W kg 0. %)

PAA 128.1 1.42 10.1 1477 95.0

PAA:PVP=5:1 180.8 1.15 18.2 1870 95.3

PAA:PVP =522 211.7 1.03 23.1 2021 98.9

PAA:PVP=5:5 189.5 0.89 19.5 2107 99.2
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ion mobility/diffusibility and fast ion adsorption/desorption
rate, because the advantage of porous structure as described
carlier in the alternative current impedance (Fig. 6) and CV
analysis (Fig. 7), so exhibiting smaller voltage drop and higher
Coulombic efficiencies (Figs. 8b, 8c, 8d). The carbon nanofi-
bers derived from PAA-PVP (mass ratio = 5:2) exhibit some
of the most desirable behavior: high specific capacity
(210 F g 1), high power density (2021 W kg '), charging/
discharging efficiency (98.9%), and low internal resistance
(1.0 ), as shown in Table 2.

Conclusions

In summary, porous carbon nanofibers can be obtained via
electrospinning of PAA-PVP, thermally induced phase sepa-
ration, and carbonization processes. PAA with high carbon
conversion was converted to the carbon matrix fibers, PVP
domains in a PAA matrix served as the pore-forming agent
owing to its low carbon conversion, so the porous carbon
nanofibers with tunable pore size, specific surface area, and
electrical conductivity were prepared by self-assembly, stabi-
lization, and pyrolysis. The porous carbon nanofibers derived
from PAA-PVP (mass ratio = 5:2) possess the well-balanced
porous structure: high specific surface area (743.5 m* g "),
large pore capacity (0.126 cm® g "), and suitable average pore
diameter (3.1 nm). A high proportion of meso/macro pore
structure of PAA-PVP-based nanofibers as supercapacitor
electrode are beneficial for the fast ion transport, high energy
storage density, and short EDLs forming. So a comprehensive
electrochemical performance can be achieved, such as wide
electrochemical stability widow (3.4 V), high specific power
density (2021 W kg™ '), large specific energy density
211.7F gfl), and low internal resistance (1.0 €2).
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