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ABSTRACT
Organic materials are emerging candidates for lithium-ion batteries. Unfortunately, limited electrical conductivity and high
solubility  in  organic  electrolytes  usually  cause  low  capacity  and  short  cycle  life,  which  hinder  the  utilization  of  organic
materials.  Herein,  a  novel  multi-carbonyl  naphthalene  diimide  non-conjugated  polymer  (NDI-BU)  has  been  readily
synthesized  through  one-step  reaction.  The  designed  polymer  structure  of  NDI-BU  shows  a  long  and  flat  discharge
platform. The abundant carbonyls provide multiple reaction sites for lithium ions, and resulting in a high specific capacity
of 308 mAh·g–1 at 0.2C. An incredibly long cycle life of 20,000 cycles at 5C with 82% capacity retention is achieved. This
work may inspire the effective design strategy for high energy density organic cathode materials.
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1    Introduction
Lithium-ion batteries (LIBs) have been extensively used for energy
storage and power devices because of their excellent cycle stability
and  high  energy  density  [1–4].  However,  LIBs  with  transition-
metal oxide cathodes are reaching their capacity limits and facing
the  challenge  of  transition-metals  shortage  [5].  Organic
compounds containing only C, H, N, O, and other light elements
are  promising  candidates  for  high  capacity,  sustainable,  and
environmentally  friendly  LIBs  [6–8].  The  capacity,  conductivity,
and  discharge  voltage  of  organic  electrodes  can  be  tuned  by
changing  molecular  structure  to  achieve  high  performance  LIBs
[9, 10].  Furthermore,  LIBs  with  organic  electrodes  could  be  used
for wearable devices due to their flexibility [11, 12].

To  date,  many  organic  electrodes  with  excellent  performance
have  been  developed  such  as  2D  polyarylimide  (2D-PAI)  [13],
cyclohexanehexone  (C6O6)  [14],  quinoxaline-based
heteroaromatic  molecules  (3Q)  [15],  dihydroxyanthraquinone
(LiDHAQS)  [16]  and  copper-benzoquinoid  metalorganic
framework  (Cu-THQ  MOF)  [17].  Among  the  techniques  to
synthesize  organic  electrodes,  polymerization  is  an  effective
method  for  preventing  dissolution  of  active  materials  in  organic
electrolytes [18]. But this technique has several drawbacks as well.
First,  a  sloping  cell  voltage  profile  usually  appears  when  using

conjugated  polymer  cathodes  because  the  redox  units  strongly
affect each other electronically [19]. Second, polymerization causes
low capacity and conductivity if the repeat units are linked by non-
electroactive  groups  [20].  Therefore,  how to  improve  the  specific
capacity  and  ensure  a  flat  discharge  plateau  is  particularly
important for organic polymer cathodes.

Organic carbonyl compounds, such as perylene tetracarboxylic
diimide  (PDI)  [21, 22],  quinone  [23, 24],  naphthalene
tetracarboxylic  diimide  (NDI)  [25, 26],  and  benzoyl  compounds
[27, 28]  have  emerged  as  high-performance  organic  electrode
materials  because  of  their  high  capacity  and  electrochemical
stability.  Among  them,  NDI  shows  flat  discharge  plateau,  stable
redox molecular  structure  and long cyclability  [29, 30].  However,
the capacity of NDI compounds is often lower than 250 mAh·g–1

due to their low electroactive sites per molecule [31]. On the other
hand,  small  molecules  with multiple  carbonyl  moieties  may have
high  specific  capacity,  but  high  solubility  in  organic  electrolytes.
Thus,  we  propose  combining  carbonyl  and  NDI  repeat  units  to
synthesize  non-conjugated  polymers  as  new  LIB  cathodes  with
both high specific capacity and stable cycling performance.

Based  on  this  hypothesis,  we  synthesized  a  novel  non-
conjugated  polymer  (NDI-BU, Fig. 1(a)),  in  which  four  carbonyl
moieties  per  repeat  unit  are  electrochemically  active  towards
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lithiation-delithiation.  As  depicted  in Fig. 1(b),  NDI  unit  can
undergo a 2-electron redox reaction with lithium ions from 1.5 to
3.5 V voltage range. In order to achieve a multi-electron reaction,
two  carbonyl  groups  were  connected  to  the  nitrogen  atoms  in
NDI unit.  This  p-π conjugation structure  between NDI unit  and
carbonyl groups achieved a 4-electron redox reaction with lithium
ions. Electrostatic potential (ESP) of NDI-BU shows that the first
two lithium ions were anchored next to the oxygen atoms in NDI
core unit. And the second two lithium ions were anchored next to
the oxygen atoms in carbonyl groups which coming from biuret.
Due  to  this  4-electron  redox  reaction,  NDI-BU  demonstrates  a
high specific capacity > 300 mAh·g–1 at 0.2C (theoretical capacity:
319  mAh·g–1).  This  is  the  highest  capacity  among  reported  small
organic molecules and polymers containing NDI/PDI groups [32].
Besides,  NDI-BU shows  a  flat  discharge  plateau  at  2.46  V versus
Li+/Li  due  to  its  non-conjugated  structure.  Remarkable  cycle
performance  was  also  achieved  with  93%  capacity  retention  at
0.2C  after  1000  cycles  and  82%  capacity  retention  at  5C  after
20,000 cycles. 

2    Experimental
 

2.1    Materials
N-methyl-2-pyrrolidone  (NMP)  and  polyvinylidene  fluoride
(PVDF)  were  from  Sigma  Aldrich.  1,4,5,8-Naphthalenetetracar-

boxylic  dianhydride  was  obtained  from  TCI.  Dichloromethane,
chloroform, tetrahydrofuran, acetone and dimethyl sulfoxide were
provided  by  Aladdin.  Ketjen  black  ECP600JD,  electrolyte  (1  M
LiTFSI  in  DOL  and  DME,  1:1),  Celgard2500  separator  and
lithium plate were obtained from DoDoChem. Carbon paper was
obtained from Toray. 

2.2    Synthesis of NDI-BU
Biuret  (0.385  g,  3.73  mmol)  and  1,4,5,8-naphthalene
tetracarboxylic  anhydride  (1.0  g,  3.73  mmol)  were  added  into  a
100 mL flask.  Imidazole  (10 g)  was added to the flask as  solvent.
Then, the mixture was stirred for 48 hours in nitrogen atmosphere
at 140 °C and. 50 mL DMF was added to the hot reaction solution
and  filtered  before  cooling.  The  filter  residue  was  washed  by
dichloromethane, chloroform, tetrahydrofuran, DMF, DMSO and
acetone sequentially.  The prepared product was dried in an oven
at 100 °C for 10 hours. A pale-yellow solid was obtained (830 mg,
66%). 13C solid-state NMR (600 MHz, δ): 165.9, 163.8, 130.4, 127.7,
124.6. 

2.3    Material characterizations
FT-IR was  tested  on Thermo Nicolet  5700.  TGA was  performed
by  STA449F3  simultaneous  thermal  analyzer  (25‒600  °C,
10  °C·min–1).  The  micromorphology  characterization  of  the
sample  after  gold  spraying  was  performed  by  the  JSM-6490LV
instrument.  XRD  was  measured  on  the  D8  Advance

 

Figure 1    (a) Synthesis route to NDI-BU. (b) The 4-electron storage mechanism for NDI-BU unit. (c) ESP distribution of NDI-BU. (d) Molecular conformation of
NDI-BU.
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multifunction  X-ray  diffractometer  (3°‒70°). 13C  solid  NMR  was
tested  on  Bruker  NMR  spectrometer  (600  MHz).  XPS  was
performed on Thermal Scientific ESCALAB 250Xi. 

2.4    Preparation of electrodes and coin cell
A  homogeneous  slurry  consisting  of  active  polymer  powder,
Ketjen  black  and  PVDF  (weight  ratio:  50:40:10)  in  NMP  was
grinded  as  the  cathode  material.  Then,  the  slurry  was  coated  on
clean  carbon  paper  (12  mm),  and  dried  at  80  °C  in  an  oven  for
10 hours.  The cathode loading of active material  was 0.7‒1.2 mg.
Celgard 2500 membrane was used as the separator. Lithium sheet
(14  mm)  was  used  as  the  anode.  After  injecting  the  electrolyte,
CR2032 coin-type cells were assembled in glovebox. 

2.5    Electrochemical characterization
EIS and CV characterizations  were  tested  on CHI-660E.  For  CV
curves, the voltage range was 1.5‒3.5 V, and the scanning rate was
0.2  mV·s–1.  EIS  plots  were  measured  in  a  frequency  range  of
100‒0.01  Hz,  and  the  voltage  amplitude  was  5  mV.  The  charge
and  discharge  profiles  were  tested  on  Neware  battery  testing
system. 

2.6    Electrical conductivity test
A two-probe  test  method was  used  to  characterize  the  electronic
conductivity  of  NDI-BU.  The  NDI-BU  tablet  (10  mm  in
diameter)  was  made  by  tableting  machine  at  200  MPa  between
two  stainless  steel  sheets.  The  sandwich-like  sample  was
encapsulated in Swagelok cell and tested using two-probe current-
voltage technique. 

2.7    DFT calculations
We selected three repeating units in the NDI-BU polymer for the
calculation.  Using  Gaussian  09  program  package,  the  polymer
configuration and energy levels were calculated. The geometry was
fully optimized with the B3LYP/6-31G (d, p) basis set. 

3    Results and discussion
 

3.1    Synthesis and physicochemical characterization
NDI-BU  was  synthesized  from  1,4,5,8napthalenetetracarboxylic

acid  dianhydride  (NTCDA)  and  biuret  (BU)  through  a
polymerization reaction in imidazole at 140 °C for 48 h (Fig. 1(a).
NDI-BU is  difficult  to dissolve in common organic solvents.  The
structure  and  properties  of  NDI-BU  was  characterized  with
thermal  gravimetric  analysis  (TGA),  solid-state 13C  nuclear
magnetic  resonance  (NMR),  X-ray  diffraction  (XRD),  Fourier
transform  infrared  spectroscopy  (FT-IR),  scanning  electron
microscopy (SEM), and X-ray photoelectron spectroscopy (XPS).

Solid-state 13C NMR was performed to confirm the structure of
NDI-BU (Fig. 2(a)). The peaks at 166 and 164 ppm correspond to
the carbonyl carbon on the NDI and biuret units. The three peaks
with  chemical  shifts  between  120  and  140  ppm  correspond  to
carbons  at  different  positions  on  the  naphthalene  ring.  The
chemical  states  of  the  three  elements  were  analyzed  by  high
resolution  XPS  spectra  (Fig. 2(b)).  By  fitting  the  C  1s  XPS
spectrum,  four  peaks  at  288.1,  285.2,  284.8,  and  284.3  eV  were
assigned to C=O, C-N, C=C (C-C), and C-H bonds. For O 1s and
N  1s  spectra,  the  binging  energy  at  531.5  and  400.1  eV  can  be
attributed  to  C=O  and  C-N  bonds.  NDI-BU  and  the  monomer
NTCDA  were  also  characterized  with  FT-IR  (Fig. 2(c)).  The
absorption peak at 3180 cm–1 for NDI-BU is attributed to the N-H
vibration from biuret. The absorption peaks of carbonyl group in
NTCDA and NDI-BU are at 1761 and 1680 cm–1. This absorption
wavelength shift caused by the p-π conjugation structure between
NDI  unit  and  carbonyl  groups.  The  aromatic  anhydride  ring
vibration  peak  at  1516  cm–1 in  NTCDA  disappeared  in  NDI-BU
due  to  anhydride  ring  opening  and  the  formation  of  imide.  The
new  peak  at  1375  cm–1 in  NDI-BU  is  attributed  to  the  N-H
bending vibration, and the new peak at 1349 cm–1 is attributed to
stretching  vibration  of  C-N.  In  addition,  the  stretching  vibration
peaks  of  C-O-C  and  C=O  at  1154  and  1231  cm–1 in  NTCDA
disappeared  in  NDI-BU.  These  findings  provide  strong  evidence
of the polymerization reaction between biuret and NTCDA.

The  morphology  of  NDI-BU  was  characterized  with  SEM
(Fig. 2(d)).  The  image  shows that  NDI-BU has  different  size  and
irregular  shape.  The  pores  between  the  irregular  micro-meter
grains  provide fast  channels  for  the  transmission of  lithium ions.
The  porous  structure  of  NDI-BU  was  characterized  by  nitrogen
adsorption  desorption  measurement  (Fig. S1  in  the  Electronic
Supplementary  Material  (ESM)).  NDI-BU shows  reversible  type-
Ⅲ isotherms and a Brunauer-Emmett-Teller (BET) surface area of
5.8  m2·g–1 (Fig. S2  in  the  ESM).  The  reversible  type-Ⅲ isotherms

 

Figure 2    (a) Solid-state 13C NMR spectrum of NDI-BU. (b) High resolution XPS spectra of NDI-BU for C, N, and O. (c) FT-IR spectra of NDI-BU and monomer
NTCDA. (d) SEM image of NDI-BU. (e) The energy levels of NDI-BU. (f) Electrical conductivity of NDI-BU and selected inorganic electrode materials.
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and  a  BET  surface  area  of  5.8  m2·g–1 (Fig. S2  in  the  ESM).  The
average pore size and the dominant pore of  NDI-BU is  9.25 and
1.66  nm.  These  micro-meter  scale  lithium  ions  transmission
channels  make  it  easier  to  charge  and  discharge  at  large  current
density,  which  is  tested  in  the  following  section  3.2.  The  energy
dispersive  X-ray  spectroscopy  element  mapping  indicated  that
three elements C, N, and O are homogeneously distributed in the
NDI-BU  powder  (Fig. S3  in  the  ESM).  These  characterizations
provide  more  evidence  that  the  NDI-BU  polymer  is  formed.
Furthermore,  The  TGA  of  NDI-BU  shows  good  thermostability
up to 400 °C (Fig. S4 in the ESM); and the XRD pattern indicates
a good crystalline structure of NDI-BU (Fig. S5 in the ESM).

The energy levels of NDI-BU were calculated based on density
functional theory (DFT) (Fig. 2(e)). Three repeat units terminated
with  hydrogen  were  chosen  for  DFT  calculation.  ESP  was
performed  to  predict  the  sites  of  reaction  between  NDI-BU  and
lithium  ions  (Fig. 1(c)).  Among  them,  the  lowest  electrostatic
potential  is  the  easiest  to  reduce  and  combine  with  lithium ions.
From  the  ESP  map,  the  negative  ESP  values  appeared  near  the
carbonyl  groups  in  the  NDI  and  biuret  units.  The  calculation
results show that NDI-BU is not a co-planar structure, forming a
zigzag configuration with a dihedral angle of 128° (Fig. 1(d)). The
lowest  unoccupied  molecular  orbital  (LUMO)  and  the  highest
occupied molecular orbital (HOMO) energy levels of NDI-BU are
–3.96 and –7.14 eV. The HOMO and LUMO orbitals break at the
biuret units. As a result of this characteristics, there will not be any
strong interactions  between the  redox  units  so  that  NDI-BU can
exhibit  flat  discharge  and  charge  plateaus.  To  further
understanding  the  diffusion  path  in  NDI-BU  crystal， we
calculated the molecular  stacking in crystal  structure by DFT.  As
shown in Fig. S6 in the ESM, due to the interaction of C-H-π, the
distance between the two naphthalene rings is 6 Å. This distance is
larger  than  the  diameter  of  the  lithium  ion  (1.2  Å).  This  regular
hole  can  provide  a  fast  diffusion  path  for  lithium  ions.  Besides,
oxygen  atoms  and  nitrogen  atoms  along  these  holes  provide
abundant lithium-ion binding sites.

Furthermore,  A  two-probe  test  method  was  used  to
characterize  the  electronic  conductivity  of  NDI-BU.  Current-
voltage curve of the NDI-BU tablet was carried from –0.5 to 0.5 V
(Fig. S7 in the ESM). By measuring the thickness and diameter of

the  tablet,  the  conductivity  of  NDI-BU  can  be  calculated  to  be
about  1.1×10–8 S·cm–1.  This  conductivity  is  even  higher  than
lithium iron phosphate,  but  far  lower than the selected inorganic
electrode  materials  in Fig. 2(f).  The  excellent  electronic
conductivity  of  NDI-BU  may  be  attributed  to  ordered  crystal
structure  formed  by  interaction  of  π-π  between  naphthalene
diimide  conjugated  structure.  High  electronic  conductivity  is
beneficial  for  the  high-current  charging  and  discharging  of  the
battery. 

3.2    CV curves and charge storage mechanism
The electrochemical properties of NDI-BU were analyzed in two-
electrode  setup  using  Li  metal  counter  electrode.  1  M  lithium
bis(trifluoromethanesulphonyl)  imide  (LiTFSI)  in  DOL/DME
(vol. ratio 1:1) was used as the electrolyte. NDI-BU electrodes are
insoluble  in  the  electrolyte  (Fig. S8  in  the  ESM).  Cyclic
voltammetry  (CV)  was  performed between 1.5  and  3.5  V with  a
scan  rate  of  0.2  mV·s–1.  The  CV  curves  of  NDI-BU  show  four
reversible  redox  peaks,  suggesting  that  a  multi-electron  transfer
reaction  process  (Fig. 3(a)).  Except  a  minor  shift  of  the  cathodic
peak at 2.4 V after the first cycle, these four redox couples overlap
each  other,  suggesting  that  the  multi-electron  lithiation-
delithiation  processes  of  NDI-BU  are  stable.  The  first  three
galvanostatic charge and discharge curves of NDI-BU at 0.2C are
displayed  in Fig. 3(b) demonstrating  a  stable  specific  capacity  at
308  mAh·g–1,  which  is  very  close  to  the  theoretical  capacity  of
319  mAh·g–1.  In  order  to  exclude  the  influence  of  conductive
carbon, we prepared batteries without NDI-BU. The result shows
that  conductive  carbon  contributes  a  specific  capacity  less  than
5 mAh·g–1 (Fig. S9 in the ESM).

To  shed  the  light  on  the  Li  storage  mechanism,  FT-IR  was
performed  on  NDI-BU  after  the  full  discharge  and  charge  as
displayed in Fig. 3(c). After fully discharged to 1.5 V versus Li+/Li,
two new peaks at 1402 and 1556 cm–1 emerged comparing to the
pristine NDI-BU. The new peak at 1402 cm–1 can be attributed to
C-O single bond formed by the electrochemical reduction of C=O
double  bonds,  which is  evidenced by  the  diminished C=O peaks
around 1700 cm–1. The new peak at 1556 cm–1 can be attributed to
C=N double bond from C-N single bond formed by the reduction
of the neighboring C=O group. When NDI-BU is charged back to

 

Figure 3    (a) The first three CV cycles. (b) The first three charge and discharge curves at 0.2C. (c) The ex-situ FT-IR spectra of the NDI-BU electrode at pristine, first
discharged and fully charged. (d)‒(f) The ex-situ local scan XPS spectra of C 1s, O 1s and N 1s at pristine, first discharged and fully charged.
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3.5 V,  these two peaks disappeared and the intensity of  the C=O
peak  is  enhanced,  which  indicates  the  good  reversibility  of  the
reduction  of  NDI-BU.  XPS  analysis  provides  additional  evidence
of the reversible redox mechanism. As shown in the spectra of C
1s  in Fig. 3(d),  the  C-O bond at  285.8  eV appears  after  NDI-BU
discharged to 1.5 V, accompanied by the diminishing of the C=O
peak.  It  is  consistent  with  the  emerging  C-O  peak  in  the  O  1s
spectra  at  532.7  eV  in Fig. 3(e).  We  also  observed  a  new  C=N
bond at 398 eV after discharge process from the local scan spectra
for  the  N  1s  (Fig. 3(f).  These  results  prove  that  the  reaction
between  carbonyl  group  and  lithium  ion  occurs.  Besides, ex-situ
XRD of NDI-BU electrode at pristine, 1st discharged and charged
were  investigated  (Fig. S10  in  the  ESM).  After  discharged  and
charged, there were only two main diffraction peaks left compared
to pristine state, indicating that lithiation and delithiation process
reduced  the  ordering  of  crystals.  But  the  similar  shape  of
discharged  and  charged  XRD  diffraction  demonstrated  that  the
stability of NDI-BU crystal structure. 

3.3    Electrochemical performance
In  addition  to  high  specific  capacity,  NDI-BU  also  demonstrates
excellent  cycle  stability  as  displayed  in Fig. 4(a).  The  capacity  at
0.2C  was  retained  at  273  mAh·g–1 even  after  1000  cycles  with  a
capacity retention of 93%. We also tested the rate performance of
NDI-BU. As shown in Figs. 4(b) and 4(c), the discharge capacities
of NDI-BU at 0.2C, 0.5C, 1C, 2C, 5C, and 10C are 303, 288, 278,
269,  258,  and  251  mAh·g–1 respectively.  Furthermore,  the
polarization  of  the  charge-discharge  curve  at  different  current
density  is  very  small,  and  the  shape  maintains  similar.  At  10C,
there is still a capacity retention of 83%. The capacity still remains
290  mAh·g–1 when  the  current  returns  to  0.2C,  and  the  capacity
recovery  ratio  is  96%.  We  performed  a  high-rate,  long-cycle
stability  test  at  5C  (Fig. 4(d)),  the  first  discharge  capacity  is
276  mAh·g–1,  and  excellent  cycle  performance  was  achieved  with
82%  capacity  retention  after  20,000  cycles.  Around  100%  of  the
Coulombic  efficiency  is  maintained  during  these  cycles.  This
excellent  cycle  stability  surpasses  most  organic  imide  cathode
materials reported in LIBs (Fig. 4(e), Table S1 in the ESM).

Based  on  the  excellent  high-current  charge-discharge
performance  of  ND-BU  electrode  materials,  we  tested  the  rate
performance  with  different  conductive  carbon  ratios  and  high

loadings (Figs. S11 and S13 in the ESM). When the ratio of NDI-
BU,  Ketjen  black  and  PVDF  increased  to  6:3:1,  the  initial
discharge specific capacity of the battery is 210 mAh·g–1. With the
increase of charge-discharge current density, the discharge specific
capacity  dropped  to  193  mAh·g–1 at  10C,  maintaining  a  capacity
retention  of  91%.  When  the  ratio  of  NDI-BU,  Ketjen  black  and
PVDF increased to 7:2:1, a similar rate performance was obtained
compared to 6:3:1. The initial discharge specific capacity dropped
to 170 mAh·g–1 when the content of active material reaching up to
8:1:1. In the ratio comparable to inorganic battery materials, NDI-
BU still shows excellent capacity and rate performance. To further
understanding the  electrochemical  performance of  NDI-BU with
a  ratio  of  6:3:1,  we  tested  CV  cycle  and  long-cycle  stability  (Fig.
S12  in  the  ESM).  The  CV  curve  shows  more  redox  peaks
compared  to  the  ratio  of  5:4:1.  Charge  and  discharge  profiles  at
different  current  densities  indicate  that  NDI-BU  has  a  stable
charging and discharging platform. At 0.5C and 5C with a ratio of
6:3:1,  NDI-BU  also  shows  excellent  stability  after  100  and
500  cycles.  These  test  results  prove  the  practical  application
significance  of  NDI-BU.  When  the  mass  loadings  of  NDI-BU
came  to  5.7  and  10.7  mg,  The  initial  capacity  were  reduced  to
176  and  148  mAh·g–1.  Under  high  current  rate,  charge  and
discharge capacity were greatly decreased to 70 mAh·g–1.

Figure  4(f) shows the  electrochemical  impedance spectroscopy
(EIS) at initial and 500th cycle. The fitting line displays from middle
to  low  frequencies  indicate  the  diffusion  process  of  lithium  ions,
and  the  fitting  semi-circular  shape  at  high  frequencies  shows
charge transfer process. The equivalent circuit is shown in Fig. S14
in  the  ESM,  and  Warburg  impedance  (W),  electrolyte  resistance
(Rs), and charge transfer resistance (Rct) are compared in Table S2
in the ESM. W decreased slightly from 56 to 42 Ω after 500 cycles.
Rs  and Rct  were  1.89,  105.6  Ω  and  1.92,  102.7  Ω  after  1st and
500th cycles.  To  understanding  the  decreasing  of Rct  after  long
cycle,  we  tested  the  CV  curves  after  the  1st,  10th and  500th cycles
(Fig. S15 in the ESM).  With the number of  cycles  increasing,  the
oxidation peaks shift to the low potential, and the reduction peaks
shift  to  the  high  potential.  This  result  indicated  that  the
reversibility  of  the  battery  was  improved,  and Rct  was  reduced.
We  further  investigate  the  morphology  change  of  the  NDI-BU
cathode  during  discharge  and  charge  processes  (Fig. S16  in  the
ESM).  The ex-situ SEM  images  show  that  there  was  no  obvious

 

Figure 4    (a)  and  (d)  Stability  of  long-term  cycles  at  0.2C  and  5C.  (b)  Rate  performance.  (c)  Charge  and  discharge  profiles  at  different  current  densities.  (e)
Comparison of long cycle performance of NDI-BU versus previously reported imide-containing cathodes for LIBs. (f) Nyquist plots after the first and 500th cycle.
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morphology  change  and  exfoliation  of  NDI-BU  during  the  long
cycle.  These  results  indicate  that  the  electrode  has  a  very  stable
kinetic process and morphology during cycling. 

3.4    Kinetics of NDI-BU cathode
Through CV measurements, the charge and discharge kinetics of
NDI-BU  cathode  were  investigated  (Fig. 5(a)).  In  general,  the
equation i = avb can be used to describe the relationship between
the sweep rate (v) and the peak current (i) [33]. When the b value
is  close  to  0.5,  the  oxidation  or  reduction  reaction  is  a  diffusion
control  process.  When  the b value  is  close  to  1.0,  the
corresponding  reaction  is  a  pseudocapacitance  process.  For  the
NDI-BU electrode, the b values of the five reversible redox peaks
O1, O2, R1, R2, and R3 are 0.83, 0.5, 0.8, 0.72, and 0.72 respectively
(Fig. 5(b)).  The  result  indicate  that  O2 is  a  diffusion  control
process,  and  the  rest  redox  reactions  are  dominated  by  both
capacitive  and  diffusion  processes.  The  diffusion  and  capacitive
controlled  processes  in  the  NDI-BU  electrode  can  be
quantitatively  analyzed by the following equation: i = k1v + k2v0.5.
The  contributions  of  the  capacitance  and  diffusion  processes  are
shown  in Fig. 5(c).  When  the  scan  rate  increases  from  0.1  to
0.8  mV·s–1,  the  capacitive  control  process  ratio  increases  from
82.2%  to  92.3%.  The  highly  capacitive  contribution  might  be
significantly influenced by the random shape with different size of
NDI-BU [34].

The  lithium-ion  diffusion  in  NDI-BU  electrode  was  studied

through galvanostatic intermittent titration (GITT) method (Figs.
S17  and  S18  in  the  ESM).  The  calculated  lithium-ion  diffusion
coefficient was 10–10 to 10–9 cm2·s–1, higher than most conventional
inorganic cathode materials [35]. The pores between the irregular
micro-meter  grains  provide  fast  channels  for  the  transmission  of
lithium ions. 

3.5    DFT simulation of the lithiated NDI-BU
The  optimized  structures  of  NDI-BU  during  the  lithiation  and
delithiation  processes  were  calculated. Figure  6(a) shows  the
change of discharge curve in different lithiation states from NDI-
BU to NDI-BU-xLi (x = 1,  2,  3,  4).  It  is  clear  that  each lithiation
state  corresponds  to  a  discharge  plateau.  The  total  energy  shows
small  decreasing  from  NDI-BU  to  NDI-BU-4Li,  indicateing  that
NDI-BU has a long and flat discharge platform. Calculations show
that  each  repeat  unit  can  undergo  redox  reactions  with  four
lithium  ions  and  four  electrons  (Fig. 6(b)).  The  first  two  lithium
ions are combined with carbonyl groups in the NDI moiety,  and
the  rest  two  lithium  ions  react  with  carbonyl  groups  in  biuret
moiety. The four-electron redox reaction site makes the theoretical
capacity NDI-BU polymer at 319 mAh·g–1, which agrees well with
the demonstrated 308 mAh·g–1 capacity under 0.2C. 

4    Conclusion
In summary, a novel multi-carbonyl naphthalene diimide polymer

 

Figure 5    Kinetics  analyses  of  NDI-BU  electrode.  (a)  CV  curves.  (b)  Fitting  line  of  log(v)  versus  log(i)  and  the b values.  (c)  The  contributions  of  diffusion  and
capacitive controlled process.
 

Figure 6    (a) The simulated lithiation pathway. (b) The structural evolution during the lithiation procedure.
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have been synthesized for stable lithium-ion storage. The NDI-BU
is  characterized  by  abundant  redox-active  carbonyl  centers,  non-
conjugated polymer backbone and high structure  stability,  which
enable high capacity and long discharge plateau. Notably, NDI-BU
exhibits remarkable rate performance and excellent cycle life based
on crystal structure stability and cathode insolubility in electrolyte.
The  lithium-ion  storage  in  NDI-BU  is  revealed  as  a  fast
pseudocapacitive  process.  DFT  calculation  shows  that  NDI-BU
undergoes  a  four-electron  redox  reaction  per  repeat  unit,  which
was  revealed  by ex-situ FT-IR,  XPS  and  XRD  characterizations
during  charging  and  discharging.  These  results  provide  an
effective  design  strategy  for  multi-carbonyl  organic  LIB  cathode
materials. 
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