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  Pressing concerns about limited reserve and distribution 
of lithium resources have led to an increasing interest in 
replacing lithium-ion batteries (LIBs) from a viewpoint of sus-
tainability. [  1–6  ]  In response, sodium-ion batteries (NIBs) are an 
attractive alternative because sodium resources are practically 
inexhaustible and ubiquitous, for example, the cost of Na 2 CO 3  
is only 3% of the cost of Li 2 CO 3 . [  7–22  ]  However, as only a very 
limited number of materials are reported to be viable up to 
now, [  23,24  ]  the performance of the NIBs is still terribly plagued 
by low specifi c capacity, poor rate capability, and short cycle life. 
On the other hand, the commonly used electrode materials in 
LIBs and NIBs are rely heavily on depletable metal-based inor-
ganic compounds prepared from limited mineral resources, 
thus giving rise to the problem of cost and environmental 
concerns. Therefore, there is an urgent need to prepare future 
electrode materials, shifting from inorganic to organic mate-
rials that are more abundant, from renewable resources with 
minimum energy consumption. They are also required to have 
high power density and long cycling stability. 

 Organic materials, and in particular organic carbonyl com-
pounds, are considered to be promising electrode materials 
due to their numerous advantages, including lightweight, redox 
stability, multi-electron reactions, and availability from easily 
accessible natural sources. [  25–37  ]  Furthermore, organic synthesis 
techniques and quantum chemical considerations enable the 
performance of batteries to be tuned on the molecular level, 
that is, to tailor secondary batteries. [  25  ]  Due to the less rigid 
structure compared to inorganic counterparts, organic com-
pounds are structurally more fl exible and thus could facilitate 
the higher mobility of large-sized sodium ions, which is vital 
to the operation of NIBs. [  38  ]  Furthermore, no strongly oxidizing 
substance would be generated during the charge/discharge 
process of organic materials, which could at least alleviate the 
daunting safety problem of the transition metal oxide (TMOs) 

cathode. [  29  ]  In this context, very recently, organic carbonyl com-
pounds, such as sodium terephthalate and its derivatives, have 
been developed as promising organic anodes for NIBs. [  39–41  ]  
However, no corresponding organic compounds or aromatic 
carbonyl derivatives containing dianhydride as cathode mate-
rials for NIBs have been successfully developed until now 
because the direct implementation of organic molecules in bat-
tery systems is diffi cult due to the serious dissolution in elec-
trolyte. [  29,35,36  ]  In response, one very promising strategy is to 
construct dianhydride-based polymer materials to make a stable 
and fl exible framework, which could restrain the unwanted 
dissolution in the electrolyte and achieve fast kinetic proper-
ties. [  29–32  ]  Based on the structural characteristics of dianhy-
dride, it is a promising alternative choice to construct dianhy-
dride-based polyimides (PIs), which might also hold additional 
advantages such as good mechanical properties, high thermal 
stability, and low cost. 

 Here, a series of dianhydride-based PIs, which bear various 
commercially available dianhydrides such as pyromellitic dian-
hydride (PMDA), 1,4,5,8-naphthalenetetracarboxylic dianhy-
dride (NTCDA), and perylene 3,4,9,10-tetracarboxylic dianhy-
dride (PTCDA), are systematically proposed and synthesized 
by a facile one-pot reaction. Specifi cally, we fi rst realize the syn-
thesis of PTCDA-based PIs and demonstrate that all these PIs 
have excellent electrochemical performance as cathode materials 
for rechargeable NIBs due to their unique polymer structure 
composed of an alkyl chain interconnecting the electrochemi-
cally active centers. Among the polymers introduced, PTCDA-
based PI has a high specifi c power of 20.99 kW kg −1 , specifi c 
energy of 285 Wh kg −1 , and over 5000 cycle life retaining 87.5% 
of its initial capacity in half-cells and thus show clear superiority 
over PMDA and NTCDA-based PI analogues because of its low 
solubility and the lowest unoccupied mole cular orbital (LUMO) 
energy, which reveals a versatile yet unexplored strategy for the 
design of organic materials for NIBs. 

 Classically, PIs can be synthesized by a two-step polycon-
densation including solution polymerization and imidization 
from dianhydride and diamine. [  42  ]  Here, for the convenience 
of large-scale synthesis, a simple and straightforward one-pot 
solution polymerization route is used for the preparation of the 
polyimides. The synthesis route for dianhydride-based PIs is 
displayed in  Figure    1  . One of the key issues for a successful 
synthesis is the solubility of the respective dianhydride building 
block in solvent. Obviously, alteration of the aromatic system 
from PMDA to NTCDA or PTCDA lowers the solubility and 
thus fails to produce PTCDA-based PIs in common solvent. 
Here, quinoline is chosen as a suitable organic solvent to dis-
solve the starting materials and catalyze the polycondensation. 

Adv. Energy Mater. 2014, 4, 1301651

http://doi.wiley.com/10.1002/aenm.201301651


C
O

M
M

U
N

IC
A
TI

O
N

www.MaterialsViews.com
www.advenergymat.de

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1301651 (2 of 7) wileyonlinelibrary.com

To demonstrate the feasibility of quinoline as an organic sol-
vent for PTCDA, three aromatic PIs with different alkyl chain 
lengths from C2 to C4 to interconnect PTCDA are synthesized; 
these are named PI2, PI3, and PI4. The synthesis of these PIs 
is revealed by the Fourier transform infrared (FTIR) spectra 
(Supporting Information Figure S1a) and the characteristic 
FTIR bands are assigned in Supporting Informatino Table S1. 
The absence of the carbonyl (C=O) peaks for the amic acid and 
the presence of the C=O and C–N bonds for the imide con-
fi rm the completion of imidization and the successful polym-
erization of the three PIs. In addition, the consistency of their 
FTIR spectra indicates the similarity of their structures. Sub-
sequently, the powder was slowly heated at 300 °C in vacuum 
oven for 2 h. By comparing the FTIR spectra before and after 
annealing (Supporting Information Figure S1b), it is observed 
that their structures are similar, which further demonstrates 
the completion of the imidization of the aromatic PIs prepared 
by a facile one-pot reaction. It is well-known that PIs are an 
engineering plastic with excellent thermally stability. To prove 
this point, the thermal properties of the PTCDA-based PIs are 
investigated by thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC) techniques. As shown in Sup-
porting Information Figure S2, all the three aromatic PIs show 
superior thermal stability compared to PTCDA, which is a very 
important property from the viewpoint of safety of NIBs.  

 Taking into account the benefi t of chemical tunability of 
organic materials, we investigate the electrochemical perfor-
mance of tailored aromatic carbonyl derivative polyimides. As 

shown in  Figure    2  a,b, changing the con-
jugated backbone from PMDA to NTCDA 
and PTCDA increases the average discharge 
voltage from 1.73 to 1.89 and 1.94 V, which 
could be attributed to the difference of 
the lowest unoccupied moleculra orbital 
(LUMO) energy resulting from the introduc-
tion of the additional electron-withdrawing 
groups. [  30,35,36  ]  For molecules closely related 
in structure, reduction potentials are linearly 
related to the LUMO energies. [  43  ]  Using den-
sity functional theory calculations, Andrzejak 
et al. [  44  ]  have demonstrated that altering the 
aromatic system from PMDA to NTCDA 
and PTCDA lowers the LUMO energy and 
thus the increased average discharge voltage 
from PMDA-based to NTCDA-based and 
PTCDA-based PIs is reasonable. We expect 
a substitution with much stronger electron-
withdrawing groups, such as cyano and bro-
mine, will enable further elevation of the 
redox potential of PIs. In additon, altering 
the conjugated backbone from PMDA to 
NTCDA and PTCDA reduces dissolution 
of PIs (Figure  2 b, inset). For PMDA-based 
PIs, the capacity is rapidly reduced after 
the fi rst cycle, and the retention is less than 
50 mA g −1  after 62 charge–discharge cycles. 
For NTCDA-based PIs, the capacity gradu-
ally decreases with cycling number, and 
moderate cycling stability is observed. How-

ever, the situation for PTCDA-based PIs is much better: even 
after 150 charge-discharge cycles, 93.4 mA g −1  is retained, 
indicating superior cycling stability, which is understandable 
in light of the low solubility of the PTCDA and choice of spe-
cial organic solvent in the synthesis process. Furthermore, the 
decrease of alkyl chains can lead to reduced molecule weight, 
thus increasing the gravimetric capacity (Supporting Informa-
tion Table S2). According to our observations, the gravimetric 
capacity of PI2 is much higher than those of PI3 and PI4 under 
the same experimental conditions (Figure  2 c). Following the 
relationship, it is obvious that the structure of the dianhydride 
determines the working potentials, cycling stability, and gravi-
metric capacity. These results suggest that some of the opera-
tional characteristics of organic electrode materials could be 
predictably engineered with well-established synthesis strate-
gies in organic chemistry, with the variation of conjugated back-
bone being an effective one. [  36  ]   

 It is well known that the intrinsic electronic insulation of the 
organic materials results in unsatisfactory rate performance. 
Recently, the addition of large amounts of conductive carbon 
during electrode fabrication has been demonstrated as an effi -
cient approach to improve the electron transport in electrodes, 
and thus highly utilizing the organic active materials. [  28,32,35,36  ]  
Therefore, the change of PI2 loading is carried out (Supporting 
Information Figure S3). The decrease of PI2 loading from 
80 wt% to 30 wt% results in a considerable capacity increment 
from 107.7 mAh g −1  to 148.9 mAh g −1  ( Figure    3  a). In order to 
clarify the capacity contribution, the charge–discharge curves of 

      Figure 1.  Synthesis route for various dianhydride-based PIs. 
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high power of 20.99 kW kg −1  and a high 
energy of 285 Wh kg −1 . To the best of our 
knowledge, for organic electrode materials, 
the presented results indicate the best cycling 
stability, rate performance, and power density 
ever measured for LIBs, let alone NIBs. 

 The maximum amount of Na +  ions that 
can be reversibly inserted/deinserted into 
the structure of PI2 is further determined by 
using the galvanostatic intermittent titration 
technology (GITT). By this means, the cell 
is operated under almost quasi-equilibrium 
conditions, which allows suffi cient time for 
Na +  ions to access the PI2 electrode, thus the 
obtained capacity can be seen as the theoret-
ical capacity. To reduce the contribution from 
side reactions (mostly in the fi rst cycle), we 
present the GITT charge/discharge curves of 
the second cycle ( Figure    4  a). It can be seen 
that the charge/discharge profi le exhibits a 
similar curve shape and capacity to those 
the curves in Figure  3 a, indicating that the 
obtained capacity is close to the theoretical 
capacity.  

 To unveil the mechanism of PI2 redox 
reaction with sodium, we have analyzed the 
change in the bonding nature of PI2 elec-
trodes during battery operation using ex situ 
FTIR analysis (Figure  4 b). For the as-prepared 

electrode, the absorbance signals at 1692.5 and 1662.4 cm −1  
can be attributed to the vibrational modes of the C=O double 
bonds in PI2. For the discharged electrode, peak shifting 
occurs, implying the formation of a new bond between oxygen 
and sodium. The peaks centered at about 1688 and 1651 cm −1  
can be attributed to the asymmetric and symmetric stretching 
vibration of the O–C–O–Na bond, which is similar to that of the 
O–C–O–Li bond. [  45  ]  The reversible recovery of the C=O double 
bonds in the recharged electrode coincides with the redox reac-
tion of PI2 with sodium. Thus the reversible change in the C=O 
vibrational mode strongly supports the participation of C=O 
double bonds in the reversible reaction with sodium. However, 
the absorbance signals at 1588 and 1353 cm −1  from the C=C 
stretching vibration of perylene and the C–N stretching vibra-
tion of imide, respectively, are unchanged, indicating that the 
perylene and imide in PI2 do not function as redox-active sites 
and participate in the reaction with sodium. 

 To understand in-depth how many sodium atoms can be 
inserted the aromatic dianhydride-based PI, further investi-
gations were carried out. Theoretically, each formula unit of 
the prepared aromatic dianhydride-based PIs could experience 
the important enolization of the four carbonyl double bonds, 
which can be stabilized and promoted by conjugated struc-
tures. When the prepared PTCDA-based PIs are used as the 
cathode material in NIBs, each carbonyl group can receive one 
electron and be accompanied by the insertion of a sodium ion 
to form sodium enolate in the reduction process. The sodium 
ions are then deinserted in the reverse oxidation process. In 
the entire reduction and oxidation process, the perylene ring 
can keep the conjugated structure with the carbonyl groups 

carbon are measured and its specifi c capacity is only 14 mAh 
g −1  (Supporting Information Figure S4). Therefore, most of 
the reversible capacity (about 134.9 mAh g −1 ) comes from the 
PI2, corresponding to a utilization ratio of 54.3% compared 
to the theoretical capacity (Supporting Information Table S2). 
That is to say, addition of conductive carbon could improve 
the carbonyl utilization. [  28,37  ]  Furthermore, it is noted that the 
charge–discharge curves deliver single voltage plateaus and 
no unwanted steps could be given in the voltage curves, which 
could appear for the Na + -Na +  coulomb interactions in layered 
inorganic hosts for Na intercalation. The PI2 electrode retains a 
reversible capacity of 137.6 mAh g −1  and a coulombic effi ciency 
of 100% after 400 cycles, corresponding to a capacity retention 
ratio of 92.4% (Figure  3 b). Unexpectedly, even at a high cur-
rent density of 0.8 C, the PI2 electrode also delivers a reversible 
capacity of 110.8 mAh g −1  even after 5000 cycles, corresponding 
to a capacity retention ratio of 87.5% (Figure  3 c).  

 Additionally, the rate performance of the PI2 electrode is 
evaluated (Figure  3 d). The reversible capacities are 137.1, 130.3, 
127, 121.8, 112.7, 96.4, 75, and 50 mAh g −1  at current densities 
of 0.2, 0.4, 0.8, 2, 4, 8, 20, and 40 C, respectively. Interestingly, 
even at a current density of 80 C, the PI2 electrode can also 
deliver 38.9 mAh g −1 . Most importantly, when the current den-
sity is reduced after the back and forth high rate and 120 cycles 
measurement, a discharge capacity of 142.3 mAh g −1 , which 
is comparable to the initial capacity in the fi rst cycle, can be 
recovered. Then, the PI2 electrode retains a reversible capacity 
of 135.7 mAh g −1  after 700 cycles at a current density of 0.1 C, 
demonstrating superior rate performance of the PI2 electrode. 
Figure  3 d inset shows the PI2 electrode has an outstanding 

      Figure 2.  a) Chemical structures of tailored polyimides. b) Charge–discharge curves of different 
benzene-ring-based PIs electrodes at a current density of 25 mA g −1  and cycle performance 
of different benzene ring-based PIs electrodes at a current density of 200 mA g −1  (inset). c) 
Charge–discharge curves of different alkyl-chain-based PIs electrodes at a current density of 
25 mA g −1 . 
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while in the case of the oxidation process, carbonyl groups are 
rebuilt and accompanied by sodium ion disassociation. How-
ever, the corresponding two pairs of well-resolved redox peaks 
can not be found in the cyclic voltammetry (CV) curves of the 
PI2 electrode (Figure  4 c), but the obviously broadened and 
split peaks are present. This result is similar to that reported 
by Song et al. and might be attributed to the fast transforma-
tion between the radical anion and dianion, and can possibly 
infl uence of the electrolyte. [  30,31  ]  In addition, the CV tests are 
conducted at various scan rates (Figure  4 d) and the corre-
sponding peak currents increase linearly with the scan rate, 
indicating that mass transfer might not be rate-determining 
for PI2 electrode. [  32  ]  

 The above-obtained superior electrochemical performance, 
including high specifi c capacity, long cycle life, and good rate 
performance, is attributed to the incorporation of the conduc-
tive carbon and the specifi c characteristics of this unique PI 
polymer framework. The electronic conductivity of PI2 is sig-
nifi cantly enhanced by incorporating large amounts of con-
ductive carbon during electrode fabrication. Higher conduc-
tive carbon loading can further increase the carbonyl utiliza-
tion and the electronic conductivity, thus improving the rate 

and promote the redox enolization reaction. [  29  ]  Ideally, each 
formula unit of the PIs transfers four electrons through two 
steps (Figure  4 e), which may deliver a theoretical specifi c 
capacity of more than 240 mAh g −1  (for PI2, Supporting Infor-
mation Table S2). In the fi rst-step discharge process, the PIs 
can capture two Na +  ions at the opposite positions of carbonyl 
groups and then the perylene ring can form a conjugated 
structure with carbonyl groups and promote the redox enola-
tion reaction. In the second-step discharge process, the other 
two opposite carbonyl groups can combine with two Na +  ions 
to form sodium enolate. In practice, the second-step electro-
chemical reduction of the PIs for the last two-electron transfer 
can only be obtained under a deep-discharge below 1.5 V (Sup-
porting Information Figure S5), which might be due to the 
repulsion between injected negative charges in the conjugated 
dianhydride unit. [  29–31  ]  Obviously, such a low-voltage deep-
discharge process is not useful for PIs when proposed as a 
cathode material for NIBs. Thus, a potential range of 1.5–3.5 V 
is used to evaluate the electrochemical performance of the 
aromatic PI2 electrode. In the case of the reduction process, 
two carbonyl groups may generate a radical anion and then 
the dianion, and is accompanied by sodium ion association; 

      Figure 3.  a) Charge–discharge curves and b) cycle performance of the PI2 electrode at a current density of 0.1 C. c) Cycle performance of the PI2 
electrode at a current density of 0.8 C. d) Rate performance of the PI2 electrode at different current densities, inset: Ragone plots. 
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materials during electrode fabrication also results in more 
satifactory battery performance. Second, the electrochemical 
performance of PTCDA-based PIs with different alkyl chain 
lengths ranging from C2 to C4 is also investigated (Supporting 
Information Figure S7). All the three PIs electrodes exhibit 
superior cycle life even when the current rate increases from 
25 to 200 mA g −1 . They also show similar charge–discharge 
mechanism that PTCDA is the active centers for sodium ion 
insertion–deinsertion in the polymer framework, which con-
solidates the promise of PTCDA-based PIs as electrode mate-
rials in NIBs. Finally, we compare the PI2 electrode for lithium 
insertion and sodium insertion to prove the superiority of 
the organic materials used as NIBs. As shown in Supporting 
Information Figure S8a and Figure S6a, the sodium insertion 
voltage is found to be lower than the lithium insertion voltage, 
which could be attributed to the less positive redox potential 

performance. However, the superior electrochemical perfor-
mance is not simply a result of the introduction of higher 
conductive carbon loading. Instead, it mainly originates from 
the unique polymer structure composed of the well alkyl chain 
interconnecting the electrochemically active center PTCDAs to 
form the polymer framework structure, which greatly inhibits 
the unwanted dissolution in the electrolyte and thus improves 
the stability. To fully demonstrate the superiority of the 
poly mer structure, different electrochemical measurements 
are carried out as follows. First, successive measurements 
are carried out with the loading of active materials (PI2) set 
at a high value (60%). As shown in Supporting Information 
Figure S6, the PI2 electrode also shows excellent electrochem-
ical performances including a carbonyl utilization ratio of 45%, 
specifi c capacity (112 mAh g −1 ), long cycle life (5800 cycles), 
and good rate performance. Thus, the low loading of the active 

      Figure 4.  a) The second cycle of the charge/discharge curves using GITT mode: on each current step, the cell was charge or discharged at 0.1 C for 
15 min; between two current steps, an interrupt time of 15 min was used to relax the cell to a quasi-equilibrium state. b) FTIR spectra of the PI2 elec-
trode at different states of charge. CV curves of the PI2 electrode between 1.5 and 3.5 V c) at a scan rate of 0.1 mV s −1  and d) at various scan rates 
from 0.1 to 1.0 mV s −1 . Inset: the relationship between the peak current density and the scan rate. e) Schematic diagram for the proposed reversible 
electrochemical redox mechanism of PTCDA-based PIs. 
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Supporting Information Figure S8b and Figure S6b, the elec-
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rable to that of the lithium insertion, indicating that organic 
materials could provide higher mobility of large-sized sodium 
ions because of the their structural fl exibility, which can effec-
tively improve the poor kinetics of the sodium ion de/inser-
tion reaction caused by its larger ionic radius compared to the 
lithium cation. Therefore, organic materials are an attractive 
choice to make NIBs replace LIBs. 
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285 Wh kg −1 , and over 5000 cycle life retaining 87.5% of its 
initial capacity. Furthermore, the use of PTCDA improves the 
working potentials and cycling stability compared with those 
of PMDA and NTCDA-based PIs. Besides the attractive elec-
trochemical performance of the proposed materials, our fi nd-
ings suggest that the advantage of the organic materials is tai-
lored molecular design for battery engineering. We anticipate 
that the successful material design for organic cathode mate-
rials described here will lead to improved strategies and will 
greatly broaden the scope for future investigations of next 
generation NIBs.  

  Experimental Section 
  Synthesis of PTCDA-Based PIs : Equimolar PTCDA and diamine 

(ethylene diamine, 1,3-propanediamine, or 1,4-diaminobutane) were 
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