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A flexible composite nanofibrous organic cathode, consisting of naphthalene-based polyimide/nitrogen-doped
carbon/carbon nanotubes (NPI/NC/CNT) with hierarchical micro/nanoporous structure, is designed for sodium-
ion batteries (SIBs). The in-situ formed three-dimensional conductive network can achieve a uniform distribution
and increased interfacial contact between electroactive NPI and electrolyte, thereby leading to high utilization of
NPL As a result, the free-standing NPI/NC/CNT cathode delivers high reversible capacity, superior rate capa-

bility, and excellent cycling stability for SIBs.

1. Introduction

Benefitting from the abundant resources and environmental friend-
liness of sodium, exploiting advanced rechargeable sodium-ion batteries
(SIBs) to replace conventional lithium-ion batteries (LIBs) is of great
significance to alleviate the scarcity and uneven distribution of lithium
resources [1-4]. Tremendous efforts have been made in SIB electrode
materials, which however are still suffered from the low specific ca-
pacity and poor cycle life because of the intrinsic large ionic radius of
sodium and sluggish reaction kinetics [1,5-10]. Among various elec-
trode materials, electroactive organic compounds have been considered
as the most promising choices for SIBs because of the nearly inex-
haustible resources, environmental benignity and structure versatility
[11-14]. Especially, organic electrode materials possess good tolerance
for the larger Na' radius and tunable electrochemistry compared with
their inorganic counterparts due to the storage mechanism of chemical
bond reactions [14-16]. Typically, organic carbonyl compounds are
being widely investigated as cathode materials for SIBs due to plenty of
electroactive functional groups (C=0) and tunable redox potentials
[17-19]. As one of the typical conjugated carbonyl compounds, 1,4,5,
8-naphthalenetetracarboxylic dianhydride (NTCDA) has attracted
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increasing attentions as cathode materials for Na storage owing to its
high theoretical capacity and tailorable electrochemical properties
[20-23]. However, the small molecule of NTCDA exhibits drastic ca-
pacity fading and inferior rate performance due to its critical dissolution
in electrolytes and poor conductivity. To address these issues, the
combination of molecular polymerization and synthesis of carbonaceous
composites is supposed as an effective approach to suppress the solu-
bility of NTCDA in electrolytes and enhance its conductivity [24,25].
Although mitigated dissolution and enhanced conductivity of
naphthalene-based cathode materials can be achieved using the above
strategy, the sluggish reaction kinetics and low utilization of electro-
active functional groups still remain challenge due to the agglomeration
of powdery structure and polymer binder usage. Moreover, using metal
current collector will reduce the energy density of electrode materials.
Therefore, it is of vital importance to develop free-standing naph-
thalene-based cathode with stable structure, superior conductivity and
ultrafast reaction kinetics for SIBs.

Herein, we report a flexible naphthalene-based polyimide nanofiber
composite electrode with hierarchical micro/nanoporous structures
through a simple electrospinning technique and heat treatment as
illustrated in Fig. la. The composite electrode, consisting of
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naphthalene-based polyimide (NPI), nitrogen-doped carbon (NC) and
carbon nanotubes (CNT), is denoted as NPI/NC/CNT. Due to the uniform
dispersion of NPI within the in-situ formed hierarchical micro/nano-
porous conductive network, the NPI/NC/CNT electrode can efficiently
inhibit the agglomeration of NPI and enhance the conductivity. Mean-
while, the micro/nanopores within the composite nanofibers can in-
crease the interfacial contact area between the electroactive material
and electrolyte, thus contributing to improved utilization of the elec-
troactive C=0 groups. As a result, the NPI/NC/CNT electrode delivers a
high reversible capacity of 111.5 mA h g~! at 50 mA g!, good rate
capability of 39 mA h g ™! at 2000 mA g~ and excellent cycling stability
of 89.2 mA h g~ ! after 500 cycles as a binder-free cathode for SIBs,
which are much higher than those of previously reported organic elec-
trodes as listed in Table S1. Therefore, reasonable construction of NP1/
NC/CNT composite nanofibrous membrane can provide new strategies
for developing high-performance flexible electrodes in energy storage
fields.

2. Experimental
2.1. Materials

1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA) and p-
phenylenediamine (PDA) were obtained from TCI, Tokyo Chemical In-
dustry Co., Ltd, Tokyo, Japan. Polyacrylonitrile (PAN, M,, = 86000),
polymethyl methacrylate (PMMA, M,, = 350000), N,N-dimethylforma-
mide (DMF, 99.9%) were purchased from Sigma Aldrich. Multi-walled
carbon nanotubes (MWCNT, 10-20 nm in diameter and 10-30 pm in
length) were supplied by Chengdu Institute of Organic Chemistry, Chi-
nese Academy of Sciences, China. All of the reagents were analytical
grade and used without further purification.

Polyacrylonitrile (PAN)
Naphthalene-based polyamide acid (NPAA)
Polymethyl methacrylate (PMMA)

NPI/NC/CNT
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2.2. Fabrication of NPI/NC/CNT and NPI/NC/CNT-powder

CNT was first surface-modified by a mixture of HoSO4/HNO3 (3/1, v/
v) [26]. Then, 0.4 g of CNT was dispersed in 20.0 g of DMF by sonication
in a 40 kHz ultrasonic bath for 10 h. Equal molar amounts of NTCDA
(2.6818 g, 0.01 mol), PDA (1.0814 g, 0.01 mol) and 31.5 g of DMF were
mixed in a 250 mL round-bottom flask equipped with a mechanical
stirrer under Ar atmosphere, followed by intense mechanical stirring at
120 °C for 12 h. After the reaction, a viscous polymer solution was ob-
tained and sealed under 0 °C, which was signed as NPAA. Subsequently,
8.12 g of the NPAA polymer solution, 1.5 g of PMMA and 0.35 g of PAN
were added into the above 10.0 g of CNT dispersion solution under Ar
atmosphere and magnetically stirred at 0 °C for another 12 h to obtain
the NPAA/PAN/PMMA/CNT dispersion solution, which was then elec-
trospun into nanofiber membrane by applying an electrical potential of
15 kV. For in-situ thermal imidization of NPAA and different degrees of
decomposition of PAN and PMMA, the as-obtained nanofiber membrane
was dried at 80 °C in a vacuum oven and followed by heat-treated at
400 °C under Ar for another 2 h to obtain the NPI/NC/CNT membrane.
For comparison, the NPI/NC/CNT-powder electrode was prepared via
the coating method. Typically, the NPAA/PAN/PMMA/CNT dispersion
solution was cast onto an aluminum current collector using a doctor
blade. Then, the NPI/NC/CNT-powder was obtained using a heat
treatment process similar to that of the nanofiber membrane before
battery assembly.

2.3. Characterizations

Morphologies of NPAA/PAN/PMMA/CNT and NPI/NC/CNT nano-
fiber membranes were observed using a field-emission scanning electron
microscope (FESEM, HitachiS-8010, Japan) and transmission electron
microscope (TEM, Talos F200S, Thermo Fisher, USA). The chemical

1345cm 1675¢cm
80+ z —— NPI/NC/CNT
< o
< 604 ¢
= PAN ]
2 40 —rmma £
$ 8 et~
= ——— @ |—NCICNT :
20] —NPAa = CIN c=0
—— NPAA/PAN/PMMA/CNT = W\'\f—
0 —— PAN/PMMA/CNT o . . .
100 200 300 400 500 1000 1500 2000 50 100 150 200
Temperature (°C) Wavenumber (cm) 5 (ppm)

Fig. 1. (a) Schematic illustration for the preparation of NPI/NC/CNT nanofiber membrane. (b) TGA curves, (c) FTIR and (d) *C NMR spectra of different samples.
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structures and compositions of the samples were characterized by
Fourier transform infrared (FTIR, Nicoletin10MX/Nicolet 6700, Thermo
Fisher, USA), '3C nuclear magnetic resonance (*3C NMR, BrukerAvance
400, Switzerland), and thermogravimetric analyzer (TGA, NETZSCH TG
209 F1 Libra®, Germany) with a temperature ramp of 10 °C min~!
under N, atmosphere, respectively. Brunauer-Emmett-Teller (BET) sur-
face area (Sggr) of the NPI/NC/CNT nanofiber membrane and NPI/NC/
CNT-powder were determined by an ASAP 2020 analyzer based on the
nitrogen adsorption-desorption isotherms and pore width distribution
was also calculated based on a Barrette-Joynere-Halenda (BJH) model.
Mechanical property of the NPI/NC/CNT nanofiber membrane was
measured by a universal testing machine (SANS, Shenzhen, China) at a
tensile speed of 5 mm min . Electrical conductivity of the NPI/NC/CNT
nanofiber membrane was measured by a four-point probes resistivity
measurement system (RST-8 model, Guangzhou four-point probe tech-
nology Co., LTD, China).

2.4. Electrochemical tests

The NPI/NC/CNT nanofiber membrane was cut into round slices
with a diameter of 12 mm and directly used as the binder-free electrodes
to assemble CR2032 coin-type batteries. For SIBs, a metallic sodium foil
was used as the counter electrode, 1 M NaClO4 in EC:DMC (1:1, v/v)
with 5.0% FEC as the electrolyte, and a glass fiber (Whatman) as the
separator. All of the batteries were assembled in an argon-filled glove
box with moisture and oxygen content below 0.1 ppm. The galvanostatic
discharge/charge experiments and cyclic voltammetry (CV) tests were
conducted on a battery-testing system (Land CT-2001A, Wuhan, China)
and an Arbin Instruments testing system (Arbin-SCTS, USA), respec-
tively. Electrochemical impedance spectroscopy (EIS, 0.01 Hz-100 kHz,
5 mV) measurements were performed on an electrochemical worksta-
tion (CHI 760D, China).

2.5. Calculations

The sodium-ion apparent diffusion coefficient values (D) can be
calculated from the CV test using the Randles-Sevcik Equation (1) [27,
28]:

i, =2.69 x 10°miSDICV? )

where i, is the peak current (A), n is the number of transferred electrons,
D is the diffusion coefficient of Na* (cm? s’l), S is the surface area of the
electrode, C is the concentration of electrolyte, and V is the potential
scan rate (V s’l).

3. Results and discussions

As analyzed by the TGA results (Fig. 1b), NPI/NC/CNT composite
membrane is obtained through the thermal imidization of naphthalene-
based polyamide acid (NPAA) derived from the polymerization of
NTCDA and p-phenylenediamine (PDA), accompanying with the
decomposition of polyacrylonitrile (PAN) and polymethyl methacrylate
(PMMA) at 400 °C. Meanwhile, hierarchical micro/nanoporous struc-
ture is created inside the NPI/NC/CNT composite nanofibers, which will
be beneficial for Na* transport and increase the contact area between
NPI and electrolyte. The chemical composition of NPI/NC/CNT was
determined by Fourier transform infrared (FTIR) spectroscopy and °C
nuclear magnetic resonance (*3C NMR) spectroscopy. As shown in
Fig. 1lc, the characteristic vibration absorption peaks observed at 1714
em™}, 1675 em ™! and 1345 cm ™! are assigned to the imide C—=0 and
C-N bonds, respectively. In contrast, there is no stretching vibration
peak for NC/CNT in the FTIR spectrum. Additionally, 13C NMR spec-
troscopy of NPI/NC/CNT indicates the conjugated carbonyl groups from
imide rings of NPI at 162 ppm and aromatic carbon of phenyl or
naphthalene in the range of 125-147.5 ppm (Fig. 1d), respectively,
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further confirming the formation of NPI.

The morphology and structure of NPAA/PAN/PMMA/CNT and NP1/
NC/CNT composite nanofiber membranes were investigated using field-
emission scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM). The NPAA/PAN/PMMA/CNT composite
forms a three-dimensional (3D) interwoven network structure with
uniform fiber diameter around 1 pm (Fig. S1a). Besides, carbon nano-
tubes are uniformly dispersed and embedded in the single nanofiber of
NPAA/PAN/PMMA/CNT (Fig. S1b). After heat treatment at 400 °C, the
as-obtained NPI/NC/CNT nanofiber membrane well maintains the 3D
framework with an overall thickness around 75 pm (Fig. 2a, Figs. Slc
and S1d). Moreover, the NPI/NC/CNT single nanofiber shows inter-
connected micro/nanoporous structure with pore size ranging from a
few nanometers to hundreds of nanometers, while CNT is evenly
embedded in the micro/nanoporous structure as shown in Fig. 2b-d.
Furthermore, the energy dispersive spectroscopy (EDS) mappings reveal
very homogenous distribution of NPI within the composite nanofibers
(Fig. 2e). As a result, the NPI/NC/CNT nanofiber membrane well in-
herits the original flexibility of 85.7% elongation at break and good
shape retention even after 100 bending cycles (Fig. 2f). Additionally,
benefitting from the interconnected conductive skeleton, the NPI/NC/
CNT nanofiber membrane also holds a rather high in-plane conductivity
of 0.421 S cm ™! after 100 bending cycles, which indicates great poten-
tial in serving as a flexible cathode without binders and conductive
additives (Fig. 2g). With the unique hierarchical micro/nanoporous
structure of a single nanofiber, the NPI/NC/CNT nanofiber membrane
further exhibits a high specific surface area of 121.6 m? g ! and large
pore volume of 4.638 cm® g ! in comparison with NPI/NC/CNT-powder
(Fig. 2h and i).

The electrochemical properties of NPI/NC/CNT nanofiber mem-
brane for sodium storage were evaluated using 1 M NaClO4 in ethylene
carbonate/dimethyl carbonate (1:1, v/v) as the electrolyte with 5.0%
fluoroethylene carbonate. The typical cyclic voltammetry (CV) curves
exhibit two pairs of redox peaks at 2.26 V and 2.16 V, 2.07 V and 1.92 V
versus Na+/Na (Fig. 3a), corresponding to the reversible formation of
radical anion intermediates in the redox processes [25]. In addition, the
subsequent CV cycles show stable redox peaks with highly overlapped
profiles, indicating an excellent stability of NPI/NC/CNT during cycling.
The charge/discharge profiles in Fig. 3b exhibit serial voltage plateaus
in the first five cycles of NPI/NC/CNT nanofiber cathode at 50 mA g-1,
further demonstrating the reversible formation of the radical anion
(NPI-) and radical dianion (NPI2-) in the redox processes due to chem-
ical bond reaction mechanisms between NPI and Na as illustrated in
Fig. 3c [21,29]. The NPI/NC/CNT cathode demonstrates excellent rate
performance with steady reversible capacities of 98, 83.5, 69, 55, 39 mA
h g-1 at 100, 200, 500, 1000 and 2000 mA g-1, respectively (Fig. 3d).
Meanwhile, the cathode can easily recover its initial capacity even after
cycling at a high current density of 2000 mA g-1, indicating the low
polarization and efficient utilization of NPI. Furthermore, the
NPI/NC/CNT cathode delivers an ultrahigh discharge capacity of 103.5
mA h g-1 at 200 mA g-1, and slightly decreases to 89.2 mA h g-1 after
500 cycles with a high Coulombic efficiency of 100% as displayed in
Fig. 3e. In sharp contrast, the NPI/NC/CNT-powder electrode exhibits a
rather low initial discharge capacity of 29.5 mA h g-1 and poor cycling
performance (Fig. S2) due to the agglomeration and poor conductivity of
NPI/NC/CNT-powder (Fig. S3).

The excellent electrochemical properties of NPI/NC/CNT are not
only determined by its stable molecular structure, but also depend on
the reaction kinetics. CV measurements at various scan rates from 0.1 to
0.5 mV s~! were performed to investigate the advantages of NPI/NC/
CNT toward the sodium storage (Fig. 4a). As displayed in Fig. 4b, the
peak currents (i) are proportional to the square root of the scan rate
%5 according to CV curves at different scan rates. Thus, based on the
Randles-Sevcik equation (calculation details in Supplementary Infor-
mation), a much higher diffusion coefficient (1.19 x 1072 ecm?s7!) of
Na™ can be obtained for compared to those of previously reported results
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as listed in Table S2, demonstrating rapid Na® transport property.
Additionally, the reaction kinetics were further estimated based on the
relationship between peak current (i) and voltage scan rate (v), which
can be expressed by the following formulae:

i=a (2
log(i) =b x log(v) + log(a) 3)

where i and v are the peak current and scan rate, respectively, and a and
b are the adjustable parameters. In theory, the b value approaches 0.5 for
a diffusion-controlled process, while b value of 1 represents a surface
capacitance-dominated process. As shown in Fig. 4c, according to the
linear relationship between log (i) versus log (v) plots, the b values of the
four redox peaks are calculated as 0.76, 0.83 and 0.72, 0.9, respectively,
implying that the capacity of NPI/NC/CNT is contributed by both the
diffusion-controlled and capacitive processes. The contribution ratios
can be calculated according to the following equations:

i(V) =k + kot ©)]

i(V)/zﬁ =kt +k 5)

where kiv and kyiirepresent the capacitive-controlled current and

diffusion-limited current at a particular voltage. Both the parameters of

k; and k;, are determined from the linear relationship of i(V)/s* and 12
based on equation (5). As shown in Fig. 4d, the contribution ratio of the
capacitive processes at different scan rates is in the range of 63.2-88.6%.
The high proportions of surface capacitive contribution are ascribed to
the fast reaction kinetics due to the interconnected micro/nanoporous
conductive skeleton and homogenous distribution of NPI within the
whole electrode.

The ion diffusion and charge transfer kinetics during cycling were
evaluated by electrochemical impedance spectroscopy (EIS) under an
open circuit condition at different discharge/charge states. As shown in
Fig. 4e, all Nyquist plots display a small semicircle at high frequency and
a sloping line in the low frequency region. The small semicircle at high
frequency range indicates low charge-transfer resistance at the NPI/NC/
CNT/electrolyte interface, while the straight sloping line in the low
frequency region corresponds to the diffusion resistance of Na* within
NPI/NC/CNT cathode [25]. The diffusion coefficients of Na™ (Dgs) can
be calculated at different discharge/charge states based on the following
equation [25,30]:

R’T?

Dpypg=——
B St A C26?

©

where R is the gas constant (8.314 J mol ! K’l), T is the absolute
temperature (K), S is the contact area of the electrode, n is the number of
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electrons per molecule, F is the Faraday constant (96486 C mol’l), Cis
the concentration of Na* and 6 is the Warburg coefficient. The ¢ values
can be obtained from the slope of Z’ versus ® - plots in the Warburg
region under different discharge/charge states (Fig. S4). As shown in
Fig. 4f, the high Dgg values are in the range from 107?t0107 % cm?s7!
according to equation (6), further confirming the rapid Na™ transport in
NPI/NC/CNT cathode. Besides, the morphology of NPI/NC/CNT cath-
ode after 500 cycles at 200 mA g~! in SIBs was investigated by TEM
(Fig. 4g). Remarkably, no obvious morphological changes are observed
after 500 cycles compared with that of the original NPI/NC/CNT.
Meanwhile, abundant C, N, O and Na elements can be observed obvi-
ously and evenly dispersed in whole NPI/NC/CNT nanofiber, further
confirming the excellent structural stability. These high diffusion co-
efficients of Na and excellent electrochemical properties manifest fast
reaction kinetics and efficient utilization of NPI in NPI/NC/CNT cath-
ode, which are attributed to the well-designed interconnected micro/
nanoporous conductive architecture in NPI/NC/CNT nanofiber as
described in Fig. 4h.

4. Conclusions

In summary, we have designed and fabricated naphthalene-based
polyimide composite nanofibers with hierarchical micro/nanoporous
structures and interconnected conductive networks for high-
performance organic cathode in SIBs. Due to the 3D interwoven nano-
fiber network structure and interconnected conductive skeleton, the
obtained NPI/NC/CNT composite nanofiber membrane exhibits excel-
lent mechanical flexibility and high in-plane conductivity, which can
achieve ultrafast Na™ diffusion and electron transfer during discharge/
charge processes, thereby leading to high efficient utilization of NPI and
ultrafast reaction kinetics in SIBs. Consequently, the NPI/NC/CNT
cathode delivers high reversible capacity, superior rate performance and
long cycle life for SIBs. Besides, the postmortem studies further reveal
the superior mechanical durability and perfect combination of different
components. Therefore, the novel design of micro/nanoporous
naphthalene-based polyimide composite nanofibers may provide new
opportunities for the development of green and sustainable organic
electrode materials.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.coc0.2020.100490.

A flexible naphthalene-based polyimide/nitrogen-doped carbon/
carbon nanotubes (NPI/NC/CNT) composite nanofiber membrane with
hierarchical micro/nanoporous structure and interconnected conduc-
tive frameworks is reasonably designed for organic sodium-ion batteries.
The NPI/NC/CNT cathode exhibits long cycling stability and excellent
rate capability.
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