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Free-standing and flexible carbon nanofiber membranes (CNMs) with a three-dimensional network
structure were fabricated based on PMDA/ODA polyimide by combining electrospinning, imidization,
and carbonization strategies. The influence of carbonization temperature on the physical-chemical
characteristics of CNMs was investigated in detail. The electrochemical performances of CNMs as free-
standing electrodes without any binder or conducting materials for lithium-ion batteries were also
discussed. Furthermore, the surface state and internal carbon structure had an important effect on the
nitrogen state, electrical conductivity, and wettabilty of CNMs, and then further affected the
electrochemical performances. The CNMs/Li metal half-cells exhibited a satisfying charge—discharge
cycle performance and excellent rate performance. They showed that the reversible specific capacity of
CNMs carbonized at 700 °C could reach as high as 430 mA h g~* at 50 mA g™, and the value of the
specific capacity remained at 206 mA h g~ after 500 cycles at a high current density of 1 A g~*. Overall,
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1. Introduction

With the ever-growing demands for flexible electronic devices
such as in roll-up displays and wearable devices, flexible energy
storage devices with high energy and cycle stability have gained
dramatic attention in recent years.™ Flexible lithium-ion
batteries (LIBs) are expected to be the most promising candi-
dates as the energy storage system due to their high energy
density, long charge and discharge life, no memory effect, and
low environmental pollution.®” The energy density of the flex-
ible LIBs depends mainly on the electrode materials, especially
the anode materials.® Therefore, developing anode materials
with excellent comprehensive performances has become the
most important issue for flexible LIBs. Traditional anode
materials, such as silicon-based materials,*™** tin-based mate-
rials*® and new alloys," have difficulty meeting the widely
commercial applications of flexible LIBs due to high costs,
complex preparation processes, more side reactions and large
volume expansion,'*® whereas, carbon materials are widely
used as anode materials for flexible energy storage because of
their high performance, low cost, and designability of struc-
tures.””* Among various forms of carbon materials, carbon
nanofiber membranes are most suitable for flexible LIBs as the
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used in high-power lithium-ion batteries, supercapacitors and sodium-ion batteries.

anode materials, thanks to their high porosity, high specific
surface area, self-supporting properties, and designability.
Therefore, developing self-standing carbon nanofiber elec-
trodes will be a promising strategy for flexible LIBs.*>**

Electrospinning technique is a simple and cost-effective
method for fabricating nanofibers and flexible nanofiber
membranes with wide range of fiber diameters,*?” which
shows great application potential in the field of flexible energy
storage. Usually, the electrospinning nanofiber membranes
cannot be directly applied to electrode materials because of the
poor conductivity of most electrospinning precursors. In terms
of the electrospinning precursors for CNMs, high carbon yield
and excellent spinnability are the prime factors to be consid-
ered. In previous studies, the raw materials of electrospinning
CNMs have rich resources, such as polyacrylonitrile (PAN),?5-3°
pitch,* polyvinylpyrrolidone (PVP),** polyimide (PI),* and so
on. Typically, PAN is the most commonly used material as
carbon precursor due to its relatively low cost, high elastic
modulus and high carbon residue rate.** However, the
manufacturing process of PAN is complicated, since it involves
many steps, such as polymerization, precursor preparation, pre-
oxidation, oxidation, carbonization, etc., which must be care-
fully controlled and optimized.*”

Polyimide (PI), as a kind of high-performance engineering
polymers, has many advantages as carbon precursors, such as
high carbon yield, high mechanical strength, molecular design
diversity, strong viscosity adjustability, and so on.**** Nan
et al.** successfully prepared porous carbon nanofibers (PCNFs)
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with electrospinning polyimide and SiO, as self-standing
anodes of LIBs by carbonization and post-etching. The PCNFs
exhibited interconnected nanofibrous morphology with large
specific surface area (950 m> g ') and outstanding electro-
chemical performance. Han et al.** reported polyimide-derived
carbon nanofibers for self-standing supercapacitor electrode
materials, which were fabricated by electrospinning, imidiza-
tion, and carbonization process. Therefore, PI can be used as
a promising candidate as carbon precursor for preparing high-
performance self-supporting flexible electrode materials.
Generally, the imidization process and carbonization process
are carried out step by step in air and Ar atmosphere, respec-
tively. The thermal treatment of rising and falling temperature
twice not only increases the energy consumption but also
increases the complexity of material preparation process, which
hinders industrial applications. It is well-known that the acti-
vation energy (E,) of polymer decomposition under vacuum
condition is higher than that under inert atmosphere condition.
Therefore, it can be predicted that carbon fiber membranes can
be more fully tarred by vacuum pyrolysis at the same tempera-
ture. That is, high quality membranes can be obtained under
vacuum conditions at lower temperature. As far as we know,
there has been rarely reported on the systematic studies about
comprehensive properties of CNMs anode materials for flexible
LIBs derived from PI as carbon matrix precursor.

In this work, a series of free-standing CNMs electrode
materials have been reported comprehensively, which are
derived from PIvia electrospinning and subsequent imidization
and carbonization process simultaneously under high vacuum
conditions. The traditionally inexpensive monomers, such as
pyromellitic dianhydride (PMDA) and the 4.4’-diaminodiphenyl
ether (ODA), were used as the dianhydride and diamine
monomers, respectively. The as-prepared free-standing CNMs
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were directly used as anodes in LIBs without any binder and
conductive additive due to structural integrity and good elec-
trical conductivity. Furthermore, the influences of pyrolysis
temperature on the basic physical and electrochemical perfor-
mance of CNMs were investigated in detail as the anode mate-
rial for flexible LIBs.

2. Experimental
2.1 Materials

Pyromellitic dianhydride (PMDA, =99.5%) was provided by
Tianjin Haopu Chemical Co., Ltd, and dried in vacuum at
150 °C for 2 h before use. 4.4-Diaminodiphenyl ether (ODA,
=99.5%) was supplied by Wanda Chemical Co., Ltd and used
without further purification. N,N-Dimethylacetamide (DMAc,
AR) was purchased from Sinopharm Chemical Reagent Co., Ltd
and purified using 4A molecular sieves.

2.2 Sample preparation

2.2.1 Preparation of polyamide acid nanofiber membranes
(PAANMS). According to the schematic of preparation proce-
dure shown in Fig. 1, polyamide acid (PAA) solution was
synthesized through condensation polymerization. Firstly, ODA
and PMDA were dissolved in 135 g of DMAc in a ratio of 1 : 1.01
(molar ratio) with a nitrogen inlet and mechanical stirring. The
light yellow viscous PAA solution with a solid content of 10 wt%
was obtained after mechanical stirring for 5 hours. Subse-
quently, the PAA solution was diluted with 25 g of DMAc and the
kinematic viscosity measured by the rotary viscometer (NDJ-4S,
Shanghai Pingxuan Scientific Instrument Co., Ltd.) was 62251
mPa s. The PAANMs were prepared by the electrospinning with
a single syringe as the electrospinning nozzle. The appropriate
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Electrospinning

PAA nanofiber membrane

(vacuum)

Fig. 1 Schematic of the preparation procedure of 3D carbon nanofiber membrane derived from polyimide.
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parameters were mainly determined by the concentration and
properties of electrospinning solution. In this experiment, the
optimum parameters were set with the spinning speed of 1 mL
h™", spinning voltage of 15 kv and distance between the spin-
neret and the collection drum of 15 cm.

2.2.2 Preparation of carbon nanofiber membranes (CNMs).
The as-obtained PAANMs were put into a carbonization furnace
and heated at different carbonization temperatures of 500, 600,
700, 800, 900, 1000, and 1200 °C for 30 min under vacuum
conditions. The heating rate is 2 °C min~". The heating process
before carbonization was maintained at 150 °C, 250 °C and
350 °C for 1 h, respectively. The obtained samples were denoted
as CNMs-500, CNMs-600, CNMs-700, CNMs-800, CNMs-900 and
CNMs-1200, respectively.

2.3 The physical-chemical characteristics of CNMs

The pyrolysis behavior of PAANMs was carried out by a thermo
gravimetric analyzer (TGA, STA 2500, NETZSCH, Germany) in
flowing nitrogen at a heating rate of 10 °C min~" from 30 to
1200 °C. The pyrolysis gases of PI nanofiber membranes
(PINMs) derived from PAANMs were identified by a thermal
mass spectrometry analyzer (Thermo Mass Photo, Rigaku,
Japan) under He atmosphere at a heating rate of 10 °C min .
The microscopic morphologies of CNMs were characterized by
a scanning electron microscope (SEM, phenom pharos-type,
Phenom-World, Netherlands). The crystalline structures of
CNMs were evaluated by an X-ray diffractometer (XRD, D8
ADVANCE, Bruker, Germany) and Raman spectrometer
(XploRA, Horiba Jobin-Yvon, France). The variations of element
state in the electrodes were investigated using X-ray
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photoelectron energy spectra (XPS, ESCALAB 250Xi, Thermo
Fisher Scientific, America). The electric conductivity test was
carried out in a precision four-probe resistivity tester (HPS2662,
China). Contact angle measuring instrument (WAM-100, China)
was employed to identify the wettability of CMNs.

2.4 Assembling and electrochemical characterization of LIBs

CR2025 coin cells were assembled with 1 M LiPF¢/EC:DMC
electrolyte by the as-obtained CNMs as anodes, the Li metal as
counter electrodes and commercial PE as separators in a glove
box filled with an argon atmosphere and the contents of water
and oxygen lower than 0.5 ppm. To evaluate the electrochemical
performances, the cycling and rate performances were carried
out on a battery cycler (Neware CT-4008, China). The electro-
chemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV) were performed by Princeton Applied Research spectrom-
eter (Versa STAT 3, America). The frequency range of EIS test is
from 0.01 to 100 000 Hz and the voltage range adopted in the CV
test is from 1.5 V to 0.01 V.

3. Results and discussion

3.1 Macrostructure and microstructure of the as-obtained
CNMs

The macrostructures of the membranes before and after
imidization-carbonization treatment are in Fig. 1, correspond-
ing to PAANMSs and CNMs, respectively. It is found that the color
of PAANMs prepared by electrospinning changed significantly
during imidization and carbonization. PAANMs are white silk-
like membranes, which are transformed into smooth and
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Fig.2 SEM images of (a) PAANMs, (b) CNMs-500, (c) CNMs-700, (d) CNMs-900, (e) CNMs-1200 and (f) cross-section SEM image of CNMs-700.
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flexible carbon membranes after imidization-carbonization
treatment, indicating a potential application in the fields of
flexible LIBs, etc.

Fig. 2 shows the morphology of the as-obtained CNMs
characterized by SEM, along with PAANMs as a reference. The
carbon nanofibers have relatively smooth and cylindrical
shapes. The average diameter of the nanofibers gradually
decreases with the increase of temperature. Combined with
literature reported, the PI molecular chain shrinks during
imidization and carbonization.*>** Element decomposition and
solvent volatilization also occur in the heating process, which
jointly reduce the diameter of the fibers.

3.2 The pyrolysis behavior of the as-obtained PAANMs

The TGA curve of the as-obtained PAANMs under nitrogen
atmosphere is shown in Fig. 3a, which exhibits multiple-step
weight losses from 30 to 1000 °C. It is obvious that the curve
can basically be divided into three processes. The first stage is
related to the removal of residual water molecules and volatil-
ization of solvent during the imidization reaction, which leads
to the chemical transformation from PAA to PI before 250 °C.
Secondly, a platform appeared before 500 °C, and the curve did
not change significantly with low weight loss, indicating that
PINMs had excellent thermal stability. The third weight loss is
associated with the carbonization of PINMs after 550 °C. It
dropped sharply in a relatively narrow temperature range (550-
700 °C), and the mass loss was also obvious with the value of
27.69%, indicating that a violent decomposition reaction
happened during this stage. Accordingly, the structure and
performances of the sample would also change. The decom-
position reaction of PI during the 700-1000 °C becomes gentle
with small weight loss, indicating that the reformation of the
carbon structure mainly occurs, and the thermal poly-
condensation reaction occupies the main position. The whole
weight loss of PAANMs is close to 70% by calculation.

With the decomposition of PINMs at different heat treat-
ment stages, different kinds of gases gradually release, such as
CO, CO,, N,, H,, CHy, etc.** The evolved CO, CO,, N, gases of
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PINMs in the heat treatment process were analyzed under He
atmosphere, as shown in Fig. 3b. Before 500 °C, the amounts of
released CO, CO,, and N, released were so little that can be
ignored. With the temperature rising, the emissions of CO and
CO, gas increased sharply, reaching the maximum value at
600 °C, and then gradually decreased, which is consistent with
the weight loss in Fig. 3a. As the temperature continued to rise,
the proportion of N, escaping was dominant. It demonstrated
that the imine ring underwent partial ring-opening reaction and
C=0 and C-O in the main chain broke, resulting in the
precipitation of small molecule gases such as CO, and CO. After
700 °C, the reaction of pyrolysis to form CO, was basically over
while the removal of heteroatoms continues, accompanied by
the escape of N,.

To further investigate the surface compositions of the CNMs
and the bonding configurations of the N atoms, XPS measure-
ments were performed (Fig. 4). The spectrum shows strong
signals of C, N, O (Fig. 4a). In the C1s spectrum (Fig. 4b), the
sharp peak near 284.8 eV corresponds to the sp” carbon with
a C=C bond. The sp? carbon with a C=N bond shows a second
weak peak at 285.8 eV. The third small peak near 289 eV is
attributed to the sp® carbon.* It is well known that the atomic
radius of the N is close to that of the C and the electronegativity
of the N (3.04) is higher than that of the C (2.55). Therefore, the
increase of nitrogen content is beneficial to the electrochemical
performance. With the increase of carbonization temperature,
the polyimide fiber membrane keeps releasing small molecule
gases, such as CO, CO, and N,, along with the breakage of C-O,
C-N bonds and the formation of C-C. The content of C keeps
increasing while the content of N and O keeps decreasing
(Fig. 4c). Nitrogen bonding configurations and content were
displayed in Fig. 4d and e. The amounts of graphitic-N (402.6
eV), pyrrolic-N (400.8 eV) and pyridinic-N (398.5 eV) in CNMs
prepared at 700 °C are 12.92%, 48.76% and 38.32%, respec-
tively. In contrast, the graphitic-N percentage of CNMs-900 is
16.43% relatively, indicating that CNMs-900 has a higher degree
of graphitization than that of CNMs-700. Fig. 4f shows the ratios
of different types of N for various samples. It suggests that the
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(a) XPS spectra of different carbon membranes. (b) Cls spectrum. (c) Atomic percentage of carbon and nitrogen and oxygen. N1s

spectrum of (d) CNMs-700 and (e) CNMs-900. (f) Nitrogen content at different temperatures.

heteroatoms of nitrogen are gradually eliminated at high
temperature, and the content of N gradually decreases with
increasing temperature.

Based on the above discussion, the formation mechanism of
CNMs can be described in Fig. 5. Firstly, PMDA and ODA
undergo polymerization reaction to synthesize PAA. Secondly,
PAA converts to PI with dehydration cyclization by imidization

n o O
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i
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pyrrolic N

Fig. 5 Schematic diagram of molecular structural evolution.
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graphitic N

reaction. Finally, PI turns into free-standing and flexible CNMs
through carbonization where the heterocycles were combined.
The residual nitrogen and oxygen were removed to form
a continuous huge aromatic heterocyclic compound. Mean-
while, there are three nitrogen compositions, including
graphite-N, pyridine-N and pyrrole-N. Besides, the proportion of
pyridinic-N and pyrrolic-N is higher than that of graphite

+ n HZN@OONHZ
ODA

pyridinic N

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03368b

Open Access Article. Published on 09 August 2022. Downloaded on 2/10/2026 9:52:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

nitrogen (Fig. 4f). When the temperature rises continuously,
graphite-like hexagonal carbon network layer gradually grows. It
can be explained that the C-O and C-N bonds are continuously
broken, and the C-C bonds are continuously formed during the
carbonization. At the same time, small molecular gases, such as
CO, CO, and N,, are released as shown in Fig. 3b, resulting in
large weight loss of PINMs shown in Fig. 3a. According to the
literature,**” the size of PINMs will be greatly reduced when
carbonized at 600-1000 °C. The graphite-like structure is grad-
ually derived at 700 °C, and the electrical properties of the
materials have a turning point at 700 °C. Hereby, from the above
analysis, carbonization temperature is a key parameter that
affects the structure of CNMs.

3.3 Microcrystalline structure of the as-obtained CNMs

Fig. 6a is the X-ray diffraction (XRD) patterns of CNMs at
different carbonization temperatures to characterize the crys-
talline features. As seen in Fig. 6a, broad (002) diffraction peaks
at about 23° and weak (100) diffraction peaks at 44° are present
in the XRD patterns of CNMs, which are typical amorphous
graphite structures. With the increase of carbonization
temperature, the 26 angle moved toward the high angle direc-
tion and the peak strength increased gradually. CNMs-500
showed a steamed bread-like and weak diffraction peak at
19.32°, indicating that CNMs-500 was poorly crystalline.
According to literature reports,*® the 26 angle corresponding to
the dispersion peak of the 19-25° interval is caused by the
coherent scattering among molecular chains. The PI prepared
by the thermal imidization process only formed a certain
ordered structure, and the ordered aggregation phase in PINMs
was mainly formed by the arrangement of the molecular chains.

The Raman spectrum characteristics and structural changes
of CNMs at different carbonization temperatures are investi-
gated as shown in Fig. 6b. The Raman spectrum is taken from
samples prepared at temperatures ranging from 500 to 1200 °C.
Obviously, there are D (Disorder) band and G (Graphite) band
near 1355 cm ' and 1575 cm ', respectively, except for the
CNMs-500. Because of the inactive groups and insufficient heat
treatment, CNMs-500 is hard to form carbon peaks in the

View Article Online
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Table 1 The characteristic parameters of Raman spectrum

Carbonization

temperature/°C R =Ip/lg
600 1.5963
700 1.5835
800 1.1753
900 0.9122
1000 0.8840
1200 0.6637

Raman spectrum. The intensity of D band characterizes the
disordered non-graphitization structure. The G band is regar-
ded as the sp” stretching vibration peak of C-C bond, which
originates from the optical transition of crystalline graphite. It
is well known that G band is caused by ordered graphite carbon
structure, while D band is related to the defects in carbon
materials. As some researchers*>*® pointed out, all carbon
materials except graphite single crystals exhibit two Raman
scattering peaks around 1355 cm™ " and 1575 cm ™" originating
from aromatic ring vibrations, which is also confirmed in our
experiments. Usually, the intensity ratio of D and G band (Ip/Ig)
was evaluated for comparison. The relative intensity ratio R of D
band to G band is:

r= Do

Is
where R represents the order degree (graphitization degree) of
carbon materials. I, and I are the intensities (integral area) of
D band and G band, respectively. The smaller the R value, the
greater the order and graphitization degree of carbon materials.
It can be seen from Table 1 that I,/I; decreases, which indicates
that the graphitization degree of internal structure of carbon
materials increases with the increase of carbonization
temperature.

3.4 Electrical conductivity and wettability of the as-obtained
CNMs

Fig. 7 shows that the square resistance gradually decreases but
electrical conductivity increases from 600 to 1200 °C. With the
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(a) X-ray diffraction patterns, (b) Raman spectrum of CNMs at different carbonization temperatures.
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Fig. 7 The electrical conductivity of CNMs at different carbonization
temperatures.

increase of temperature, the structure of CNMs gradually tends
to be regular and changes from an amorphous anisotropic state
to a hexagonal carbon layer structure. Meanwhile, stable
unpaired electrons were generated from the pyrolysis, forming
continuous dense ring carbon network (Fig. 5).*® As shown in
the previous XPS results, the increase of graphite crystallite and
carbon content is beneficial to improve electrical conductivity.

In order to investigate the effects of the carbonization
temperature on the wettability of the CNMs, contact angle
measurements with water droplets were carried out. As shown
in Fig. 8, the angles of CNMs-600, CNMs-700, CNMs-800, CNMs-
900, CNMs-1000 and CNMs-1200 are 15.58, 23.03, 33.62, 39.43,
48.71 and 58.07°, respectively, which implicate that CNMs
possess hydrophilic surface. The increasing contact angle
implies that the CNMs-700 has a better wettability compared to
the CNMs-800. Since the bond energy of C-N is higher than that
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Table 2 The parameters by fitting EIS spectra of samples
Samples R, (Q) R (Q)
CNMs-600 2.625 709.5
CNMs-700 4.904 407.5
CNMs-800 3.412 362.3
CNMs-900 2.448 214.8
CNMs-1000 5.132 160.0
CNMs-1200 6.313 151.4

of C-C, the N atoms improve the surface energy of carbon
materials. The higher the N content, the better the wettability.**

3.5 Electrochemical performances of the CNMs/Li cell

To further understand the mechanisms and the detailed reac-
tion kinetics, the electrochemical behavior of CNMs was further
investigated by CV test. Fig. 9a shows the CV curves of CNMs-
700 in the first three cycles. In the first cycle, when the voltage
reaches between 0.2 and 0.5 V, a significant and wide hump
appears on the cathode curve, which is related to the formation
of the SEI film on the electrode surface and the decomposition
reaction of the electrolyte.®® In addition, two oxidation peaks
appear at voltages of 0.1 V and 1.2 V, respectively, which are
associated with the gradual insertion of Li" to the unsaturated
C=C on benzene rings.”*> During the subsequent charge/
discharge cycles, the CV curves largely overlapped each other,
demonstrating the excellent cycling stability of the CNMs
electrodes.

To further demonstrate the effects of temperature on the fast
charge transfer Kkinetics of electrodes, the electrochemical
impedance spectroscopy (EIS) analysis was further performed,
as shown in Fig. 9b. Before cycling, there are semicircle arc-
shaped curves representing the charge-transfer resistance (R.)
on electrode/electrolyte interface®*** and an inclined low-
frequency line (Table 2). Obviously, the CNMs-600 has the

© |

33.62°

Fig. 8 Contact angle determination for (a) CNMs-600, (b) CNMs-700, (c) CNMs-800(d) CNMs-900, (e) CNMs-1000, (f) CNMs-1200.
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desorption isotherms and pore size distribution curves (the inset photo) of CNMs-700, (d) charge—discharge profiles of CNMs at a current density

of 25 mA gt

largest semicircle due to the large charge transfer resistance
and failure to provide abundant charge transfer channels on
electrode/electrolyte interface. The semicircle of CNMs-1200 is
much smaller than that of CNMs-700 because of the faster
electrochemical reaction kinetics, indicating that the increase
of carbonization temperature improves electrical conductivity
to a certain extent, which is consistent with the results of Fig. 6.
To characterize the porous of CNMs, Fig. 9c shows the N,
adsorption and desorption curves and pore size distribution
curves. The BET surface area of the CNMs-700 was calculated to
be 438.97 m”> g, and the total pore volume was 0.2 cm® g™,
indicating that the fibers have a rich pore structure and high
specific surface area. This provides abundant energy storage
sites for achieving better electrochemical performance, which is
beneficial to improve the storage capacity of lithium ions. For
porous carbon anode materials, making full use of the large
specific surface area to enhance the capacity and multiplicity
performance while improving the initial coulomb efficiency is
a worthy study, but also a more difficult problem.>® Fig. 9d
shows the charge/discharge curves of CNMs electrodes in the
voltage range of 0-1.5 V at a current density of 25 mA g~ "
general, all charge/discharge curves show steep slopes and
insignificant plateaus, which correspond to the insertion of
lithium ions between graphene layers and into nanopores.***”
The first discharge and charge capacity of CNMs-700 can reach

1078 mA h ¢! and 458 mA h g7, corresponding to a coulomb

© 2022 The Author(s). Published by the Royal Society of Chemistry

efficiency of 42%. The remaining loss is mainly due to the
formation of SEI film.

The multiplicative performance of CNMs electrodes was
investigated by testing at different current densities (Fig. 10a).
CNMs-700 exhibited best multiplicative properties than other
CNMs electrodes. At 0.05, 0.1, 0.2, 0.5 and 1 Ag ™", the reversible
capacities of CNMs-700 can reach 430, 315, 280, 269, 241 and
203 mA h g, respectively, which can be mainly contributed to
higher N content and better wettability as shown in the test of
contact angle and XPS. It was reported®” that N can not only
change the electronic state of the carbon surface and improve
electrical conductivity of the materials, but also bring in defects
to increase the binding points between the surface of the carbon
material and the lithium ions, thereby enhancing the perfor-
mance of lithium storage. To further investigate the stability of
multiple charge/discharge cycles of the CNMs electrodes at high
current density, tests were conducted at a current density of
1 A g7". As shown in the Fig. 10b, the reversible embedded
lithium capacity of the CNMs-700 can reach 206 mA h g~ " after
500 cycles, demonstrating good cycling stability. However,
CNMs-500 has no capacity display as the anode, because the
heat treatment temperature was too low to achieve sufficient
graphitization and form effective conductive carbon layer
structure. CNMs-600 has the highest initial discharge capacity,
but its cycling performance is the lowest due to the insufficient
carbonization and the formation of unstable SEI membrane
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image of CNMs-700 after 500 cycles.

during cycling. High electrical conductivity of materials
contributes to charge transfer when they are employed as anode
in LIBs. Although electrical conductivity of the material
increased gradually, the N content and the position of N defect
decreased gradually. Therefore, as the temperature increases,
the discharge specific capacity of CNMs electrodes gradually
decreases and the capacity of CNMs-1200 was relatively lower
with the value of 142 mA h g~'. Notably, when the current
density increases to 1 A g~ !, CNMs-900 exhibits better capacity
(184 mA h g") at high current density than CNMs-800
(172 mA h g "), indicating that the high electrical conductivity
and low impedance contribute to better rate performance,
which is also further evidenced by Fig. 7 and 9b. To evaluate the
structural stability of the CNMs electrodes, the macroscopic and
microscopic morphology of CNMs-700 after 500 cycles at a high
current density of 1 Ag~ " was investigated. As shown in Fig. 10c,
there are almost no cracks on the surface of the electrode, which
can still maintain a good independent structure without major
damage to the overall macroscopic morphology, indicating that
this self-supporting three-dimensional network structure can
well suppress the changes in the electrode structure after
cycling. Obviously, SEM image (Fig. 10d) shows that the surface
of CNMs-700 becomes rough compared to the initial nano-
fibers. The fibers are covered with a layer of small granular
material after cycling, which is related to the reaction of the
electrode with the electrolyte to form a stable SEI film on the
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surface. Thus, after the complex reaction with the electrolyte,
the fibers are still able to maintain a good freestanding
structure.

4. Conclusions

In summary, polyimide-derived carbon nanofiber membranes
with three-dimension structure were successfully prepared by
the simple electrospinning and imidization-carbonization
strategy, which can be directly used as the free-standing
anode electrode for flexible LIBs. The results show that the
carbonization temperature is one of the crucial factors that
affect the N content, surface wettability, electrical conductivity,
which further influence the electrochemical performances of
LIBs. The flexible free-standing CNMs-700 exhibits excellent
cycling stability and rate capability with 430 mA h g™ * reversible
specific capacity at 0.05 A g™ " and a retain value of 206 mAh g "
after 500 cycles at 1 A g~ . Consequently, considering compre-
hensively flexibility, energy density, low cost, simple synthesis
and excellent performance, CNMs could be a promising binder-
free electrodes for future high-performance flexible LIBs, even
supercapacitors and sodium-ion batteries.
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