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� Three dimensional extended
conjugated polyimides have been
facilely prepared.

� The capacitance of obtained polymer
is 88.8 mAh g�1 after 1000 cycles at
5.0 A g�1.

� Synergistic effect exists in electron
withdrawing amide groups and
triazine rings.

� As-made polyimide is a promising
candidate for Na-ion battery anode.
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Two covalent polyimides with different conjugated subunits have been synthesized as sodium-ion bat-
teries anode. The melamine and two commercially available dianhydrides have been adopted as building
blocks to fabricate 3D extended covalent frameworks, which are consisted of electron withdrawing amide
groups and triazine rings to coordination with Na ions. The results revealed that cross-linked polymer
exhibits excellent durability and rate capacity (88.8 mAh g�1 at a current density of 5.0 A g�1 after
1000 cycles), which provides a promising candidate for high performance Na-ion battery anode.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Lithium-ion batteries (LIBs) are considered to be promising can-
didates of energy-conversion and energy-storage systems because
of their high energy density, long cycling life in the past two dec-
ades [1–4]. However, the use of lithium is hampered by cost
restriction and the resources of lithium would run out in future.
Recently, increasing attentions are turning to Na-ion batteries
(NIBs) as low-cost alternative technology other than LIBs. The
abundance in the earth and low cost of Na become great advanta-
geous when large amount of electrode materials are demanded for
energy storage [5]. Furthermore, NIBs can utilize inexpensive alu-
minum current collectors for anodes because Al does not alloy with
Na, whereas LIBs have to use expensive copper [6–8].

Currently, there has been great fascinating in developing
advanced electrode materials for NIBs, and a large number of mate-
rials involving transition metal oxides have been proposed as cath-
odes, similar to those explored for LIBs [9–12]. Cao et al. reported a
fabrication of single crystalline Na4Mn9O18 nanowires with a high
reversible capacity (128 mAh g�1 at 0.1 C, 1 C corresponds to
120 mA g�1) and exceptional cycling performance as NIBs cathode
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[11]. Yang and co-workers synthesized a Na4Fe(CN)6/C nanocom-
posite with exceptional cycling stability and high rate capability
as NIBs cathode [12]. However, with regard to anodes, the com-
mercial LIBs anode, i.e. graphitic carbon, does not perform well in
NIBs due to its terrible capacity (31 mAh g�1) [8]. The reason is that
the Na-ion is larger than Li-ion (diameter: 2.32 vs 1.80 Å), which
may increase the difficulty of insertion/extraction into the
conjugated layers of graphitic during cycling [13]. Built upon the
success of LIBs, intercalation-type inorganic anodes have been
investigated for NIBs, where the performance is typically inferior
than their LIBs counterparts due to the larger size of Na ions and
the associated more dramatic and frequent structural changes
during electrochemical cycling [14]. Meanwhile, covalent organic
materials, owing to their abundance, design flexibility and
environmental benignancy, especially the flexibility of structure
facilitate the higher mobility of large-sized sodium ions, have
lately enjoyed a renewed interest as electrodes in rechargeable
sodium batteries [15].

Remarkably, organic carbonyl compounds are considered to be
prospective electrode materials for NIBs due to their distinguish
advantages, including lightweight, redox stability, multi-electron
reactions, and availability from easily accessible natural sources
[16]. Recently, coordination compounds 4,40-Biphenyldicarboxy
late sodium as anodes for Na-ion batteries elucidated the correla-
tion between the structural properties of organic anodes and their
electrochemical performances (200 mAh g�1, 20 mA g�1) have
been investigated by Kyu Tae Lee and co-workers [17]. Xia and
co-workers [18] reported a polyimide just delivers a reversible
capacity of 140 mAh g�1 at the rate of 1 C (140 mA g�1) and
84 mAh g�1 at the rate of 30 C (2520 mA g�1). Zhang and co-
workers demonstrated the use of aromatic carbonyl derivatives
polyimides as cathode materials for NIBs (135.7 mAh g�1,
24 mA g�1) for the first time, which lays the foundation for future
researches [19]. However, most of them were tested in a slow
charge/discharge process (e.g. 20 mA g�1, which takes a very long
time for a charge/discharge) [7–9], and those tested under fast
charge/discharge process often led to significant performance
degradation. This phenomenon maybe ascribed to the poor con-
ductivity of molecules and dissolve of the active material into elec-
trolytes during cycling [9,19,20].

Herein, we utilize two commercially available dianhydrides
(Fig. 1) namely pyromellitic dianhydride (PMDA) and naphtha
Fig. 1. Synthetic pathway of the polyimides.
lene-1,4,5,8-tetracarboxylic dianhydride (NTCDA) as building
blocks to polymerize with melamine for fabricating dianhydride-
based polyimides (PIs). The electron withdrawing amides and
triazine rings in the monomers could coordinate with Na ions to
increase the storage capability. The amino-groups of melamine
located on three directions could effectively build up 3D expended
cross-linked network. After solution treatment, the active oligo-
mers polymerized in depth at high temperature to constructed
highly stable and conjugated framework, which could provide an
effectively path to overcome these problems that mentioned
above. With the improvement on the electrochemical stability
and electronic conductivity, these materials could afford more
reactive sites for electrode–electrolyte interaction and accelerate
electron and ion transportation during reversible sodiation/desodi-
ation processes. The electrochemical experiment data revealed
that a high capacity, stable cycling life and ultrafast rechargeable
anode for NIBs has been obtained.
2. Experimental

2.1. Materials preparation

All chemicals were commercially available grade and used
without further purification. All of the solvents were dried by 4A
molecular sieve before use.

2.2. Preparation of PI-1 and PI-2

A mixture of melamine (10 mmol) and dianhydride (NTCDA or
PMDA) (15 mmol) were refluxed in N,N-Dimethylformamide
(DMF, 30 mL) for 15 h under Ar protection at 150 �C. After reaction,
the precipitates were filtrated and washed with ethanol for three
times then dried at 75 �C in vacuum oven for 5 h. Then, the oligo-
mers were heated at 330 �C in nitrogen for 6 h. Finally, the solid
was washed by acetone twice and water (60 �C) twice to obtain
the final products. The polyimide that prepared from NTCDA and
PMDA is labeled as PI-1 and PI-2, respectively.

2.3. Analysis instruments

The chemical structures of the samples were characterized by
Fourier transform infrared spectrometry (FTIR, Thermo Nicolet
NEXUS 670, USA). X-ray photoelectron spectroscopy (XPS, Thermo
Scientific ESCALab250Xi, Al Ka) was used to characterize chemical
structure in further. The XRD pattern of the polyimides was
recorded on an X’Pert PRO MPD X-ray diffractometer equipped
with a monochromatized Cu Ka radiation from 10� to 75�. The
stabilization of monomer and polymer were determined by
thermogravimetric analysis (TGA, Netzsch STA 449C, Germany).

2.4. Electrochemical measurement

Working electrodes were prepared by mixing 50 wt% active
materials, 30 wt% carbon black and 20 wt% binder in N-methyl-2-
pyrrolidinone (NMP) for 20 min grinding in a mortar to form homo-
geneous slurry, which was then coated onto an aluminum foil cur-
rent. The prepared working electrode was dried at 120 �C under
vacuum for 8 h to remove the solvent before fabrication. Finally,
the electrodes were cut into disks, and CR2032 cells were assem-
bled in an argon-filled glove box with sodium metal foil as counter
and reference electrode, Glass microfiber filters (GF/D) as separator,
and 1 M NaClO4 in ethylene carbonate and diethyl carbonate (EC/
DEC, 1:1 v/v) as electrolyte. Galvanostatic charge–discharge cycles
were conducted on a LAND CT2001A battery tester at different cur-
rent densities in the voltage range from 0.05 V to 2.5 V. The cyclic



Fig. 2. FT-IR spectra of polymer PI-1 and PI-2.
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voltammetry was measured by using an Ametek PARSTAT4000
electrochemistry workstation between 0.05 V and 2.5 V (vs Na/Na+)
at a constant scanning rate of 0.2 mV s�1. Electrochemical
impedance spectroscopy (EIS) studies were carried out on the same
electrochemistry workstation by applying a perturbation voltage of
10 mV in a frequency range of 100 kHz–10 mHz.

3. Results and discussion

3.1. Structural characterization of polyimides

In order to research the molecular structure of the cross-linked
polyimide, Fourier transform infrared (FT-IR) spectra, X-ray
Fig. 3. XPS spectra of PI-1 and PI-2 (a), the
photoelectron spectroscopy (XPS) of the materials were examined.
FT-IR spectra of PI-1 and PI-2 are shown in Fig. 2. Both two
polymers exhibit similar absorption peaks, which reflect the com-
parable functional groups. The absorptions at 1703, 1677.5 cm�1

(PI-1) and 1773, 1714.6 cm�1 (PI-2) were ascribed to the stretching
vibrations of asymmetric stretching and symmetric stretching of
C@O. Compared with corresponding anhydride monomer, the
slightly hypochromatic shift would due to the electro-donating
property of imide groups [21]. The absorption bands at 1580.9,
1447.6 cm�1 (PI-1) and 1625.48, 1432.8 cm�1 (PI-2) ascribe to
triazine ring, indicate the melamine units on polymer backbone
[22,23]. The absorption bands at 1580.9 cm�1 (PI-1) and
1625.5 cm�1 (PI-2) also may refer to the aromatic C@C. As shown
in Fig. 1, the amino-groups of melamine located on three directions
could effectively build up 3D expended cross-linked network. Two
well defined bands at around 1374 cm�1 (PI-1) and 1378 cm�1

(PI-2) are assigned to the stretching vibration of C–N–C, which
represent formation of the imide structure in polyimide after
thermal treatment at 330 �C.

As shown in XPS spectrums in Fig. 3, both spectrum of the PI-1
and PI-2 possess three peaks centered at 284.8 eV, 399.6 eV and
531.7 eV, corresponding to C 1s, N 1s and O 1s, respectively. The
XPS spectrum of the C 1s can be divided into three peaks, centered
at 284.8, 286.4 and 288.3 eV. The major C peaks at 284.8 eV corre-
spond to graphitic carbon (sp2 carbon), which indicate high degree
of conjugated system in these materials. The weak peaks at
286.4 eV and 288.3 eV is identified as C–N single bond or C@O
and sp2-bonded carbon (NAC@N) respectively [24], which repre-
sented the successful introduction of amides groups and triazine
rings into the system. The N 1s spectrum shows two deconvoluted
peaks at 398.6 eV and 399.8 eV, which could be assigned to sp2
C 1s (b), the N 1s (c), and the O 1s (d).



Fig. 4. (a) XRD patterns of PI-1 and PI-2, (b) TGA curves of PI-1 and NTCDA under nitrogen.
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hybridized aromatic bonds with carbon (C@NAC) and the single
bond with carbon (N–C), respectively. The deconvoluted peaks
(Fig. 3d) of O 1s spectrum were resolved into two components at
531.9 eV and 533.2 eV, that can be assigned to C@O band in car-
bonyl group. The XPS patterns that mentioned above demonstrated
the formation of polyimides back bones with the subunits of
triazine rings.

As shown in XRD patterns in Fig. 4a, the two polyimides show
similar diffraction features and exhibit two broad diffraction peaks
(2h) at around 25.2� and 43.7�, which are similar as the (002) and
(100) planes of graphite, respectively [25]. Thereafter, the (002)
diffraction peaks (2h) in PI-1 is somewhat smaller than that of
PI-2, which revealed the interplanar spacing of the (002) plane
(d002) of PI-1 is larger than PI-2. The naphthalene in PI-1 is larger
than benzene in PI-2, which bring some difficulties on interlayer
conjugated units array to close with each other. The increase of
the d002 is beneficial for the Na+ intercalation and deintercalation
[8]. Meanwhile, the movements of larger conjugated systems of
PI-1 become harder, which lead to more random arrangement
and weaken the (002) diffraction peak. As the result, the random
arranged conjugated systems could afford more coordination sits
for sodium and increase the capacity as NIBs anode. To assess
the thermal properties and the compositions of PI-1, thermogravi-
metric analysis (TGA) was carried out under nitrogen (Fig. 4b),
compared with a rapid mass loss of NTCDA at around 320 �C, after
the evaporation of absorbed water and solvents below 150 �C, PI-1
shows excellent thermal stability until 400 �C. The accelerated
weight loss that starting at 400 �C would be due to the hydrocrack-
ing of hydrocarbons.
Fig. 5. (a) Cyclic performance of PI-1and PI-2 electrodes at a current density of
3.2. Electrochemical characterization of polyimides

As shown in Fig. 5a, the cycling performances as NIBs anode
at current density of 500 mA g�1 are compared between two mate-
rials. PI-1 exhibits higher energy storage capability with a high ini-
tial capacity of 1161.2 mAh g�1 and good durability, which remains
72.4% (176.7 mAh g�1) capacity of 10th cycle (244.2 mAh g�1) even
after cycled 100 times. Meanwhile capacity of PI-2 is just kept at
95.1 mAh g�1 after 100 cycles. The larger conjugate naphthalene
units in PI-1 seems can help to form highly stable and conductive
network, which can increase durability and electron transfer capa-
bility [13]. From a theoretical view, lower LUMO energy means
better electron affinity (EA) and oxidizability. Correspondingly,
higher HUMO energy means lower ionization potential (IP) and
better reducibility. Beyond that, the narrow LUMO–HUMO gap
(Eg) is related to good electronic conductivity [26,27]. Andrzejak
et al. [28] calculated a series EA and IP values of dianhydrides by
a DFT method. The EA value of NTCDA units in PI-1 is larger than
PMDA units in PI-2, whereas the IP value and Eg value is smaller
than that in PI-2, which lead to a higher redox activity and
electronic conduction of PI-1 and improved PI-1 electrochemical
performance in further.

Rate capability is another important factor to value electrode
materials in practical application. The discharge–charge capacity
of PI-1 and PI-2 cycled at different current density that varied from
100 mA g�1 to 5.0 A g�1 are shown in Fig. 5b. The specific capacity
of PI-1 at 100 mAh g�1 current density after 20 cycles can remain
at 330.8 mAh g�1. Significantly, even at a high current density of
5.0 A g�1, the capacity can still keep at 102.3 mAh g�1. Moreover,
500 mA g�1, (b) rate capacity of PI-1 and PI-2 at various current densities.



Fig. 6. Long-term cycling performance of PI-1 and PI-2 at 5 A g�1.
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the specific capacity rebounds back to 309.9 mAh g�1 when the
current density turns back to 100 mA g�1 after cycled at various
current densities, which indicated excellent rate capability
and stability of PI-1 electrode. However, PI-2 exhibits inferior
specific capacity (69.4 mAh g�1, 5 A g�1) and rate capability
(137.02 mAh g�1, turns back to 100 mA g�1) compared with PI-1.
The remarkably capacity and rate capability of PI-1 during cycling
is attributed to the good compatibility with electrolyte, high con-
ductivity network and electrochemical stability after cycling.

Fig. 6 shows the long-term cycling stability of PI-1 and PI-2 and
the coulombic efficiency of PI-1 at a current density of 5 A g�1. The
capacity attenuates in the first 30 cycles due to the irreversible
reactions and the formation of SEI film, and then the capacity
and coulombic efficiency keeps stable (c.a. 106.9 mAh g�1 and
100%, respectively). After 1000 cycles, there is no obvious capacity
Fig. 7. (a, c) CV curves of PI-1 and PI-2 anodes at 0.2 mV s�1 of scanning rate, (b, d) disc
decay. The reversible discharge capacity of PI-1 electrodes was
retained at 88.8 mAh g�1 after 1000 cycles, which is 83.1% of
capacity retention compared with the stabilized capacity after 30
cycles. However, PI-2 shows lower capacity (81.9 mAh g�1, 30th
cycle) with fast capacity decay (51.1 mAh g�1, 1000th cycle).

Cyclic voltammetry (CV) measurements of PI-1 and PI-2 elec-
trodes were performed in the range of 0.05–2.5 V at a scan rate
of 0.2 mV s�1 (Fig. 7a and c). The voltage versus capacity profiles
of the starting four cycles were carried out at a current density of
100 mA g�1 in the voltage window 0.05–2.5 V (vs Na) at room tem-
perature (Fig. 7b and d). As shown in Fig. 7a, a reduction peak at
1.76 V of PI-1 represent the insertion of Na ions into NTCDA and
forms sodium enolate Na2PI-1. Reduction peak at 1.0 V in the CV
curves (�1.0 V in Fig. 7b) suggests the incorporation of the other
two Na ions into NTCDA to form sodium enolate group and six
Na ions into triazine ring coordination with nitrogen finally form
Na10PI-1 [13,29–31]. In addition, the reduction peaks of PI-1
(�1.0 V) is about 0.1 V higher than that of PI-2 (�0.9 V). The larger
conjugated system and high electron cloud density of naphthalene
units would weak the electronic accepting capability of polymer
PI-1, which leads to a higher reduction potential. The reduction
peak of PI-2 (�0.9 V) is broader and lower than that of PI-1, which
revealed the higher electronic conduction of PI-1 than PI-2 that
could accelerate redox process during CV scanning [27]. The two
peaks could also be observed in the other three cycles, which
demonstrates these oxidation–reduction process are highly rever-
sible. The peak at 0.40 V (starting at 0.6 V in Fig. 7b) in the first
reduction process disappears in the subsequent cycles, which can
be attributed to irreversible reaction of NTCDA with sodium and
the formation of solid electrolyte interphase (SEI) [16,18,32]. In
the voltage-capacity profiles of both PI-1 and PI-2, the position of
the voltage plateau is consistent with the CV curves. As shown in
Fig. 7b, PI-1 has an initial specific capacity of 1751.8 mAh g�1,
harge–charge profiles of PI-1 and PI-2 at a constant current density of 100 mA g�1.



Fig. 8. Nyquist plots of the PI-1 and PI-2 electrodes.
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which decrease to 558.9 mAh g�1 in the second cycle. Besides, the
initial coulombic efficiency recovered to 89% in the second cycle,
which is ascribed to the irreversible Na ions insertion and the for-
mation of SEI film.

The electrochemical impedance spectroscopy (EIS) results for
PI-1 and PI-2 are shown in the form of Nyquist plots in Fig. 8. Both
EIS spectra show a straight line at the low frequency region, which
represents the diffusion resistance of sodium. All of them show a
semicircle at the high-to-medium frequency region, representing
the charge transfer resistance. It should be noted that the diameter
of the semicircle for the PI-1 electrodes (80 ohm) is smaller than
that of PI-2 (151 ohm), which revealed that the charge transfer
resistance of the PI-1 electrode is lower than that of PI-2 electrode.
In the low frequency region, PI-1 showed a straight line that is
close to the vertical axis, which indicates that the diffusion resis-
tance is lower than PI-2. Both the lower charge transfer resistance
and diffusion resistance of PI-1 ascribe to the fabrication of highly
conductive network and good compatibility with electrolyte to
increase electron transfer capability, which in accordance with
the excellent cycling properties and rate capability [33,34].

4. Conclusion

Herein, two covalent polyimides have been synthesized from
pyromellitic dianhydride or naphthalene dianhydride and mela-
mine via polymerization. The electronic withdrawing groups
(dianhydride and triazine) in obtained polymers can greatly
increase Na-ions storage capability. The three aminos of melamine
located on different directions can effectively fabricate three-
dimensional expanded conjugated network, which afford excellent
durability and rate capacity as electrode in NIBs. The capacity of PI-
1 could be maintained 176.6 mAh g�1 after 100 charge/discharge
cycles at the current density of 500 mA g�1. Even at much higher
current density of 5 A g�1, a reversible capacity of 88.8 mAh g�1

is achieved. The better electrochemical performance of PI-1 would
be due to the large conjugated naphthalene as subunits to form
higher stable and conductive network. These materials described
here would potentially afford a way to develop novel organic
anode materials with excellent durability and rate capacity for
NIBs.
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