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ABSTRACT: Organic Na-host materials have are now
actively pursued as an attractive alternative to conventional
transition-metal compounds for development of sustainable
sodium ion batteries; however, most of the organic
compounds reported so far suffer from their low reversible
capacity and poor cyclability. Here, we report a simple
perylene diimide, 3,4,9,10-perylene-bis(dicarboximide)
(PTCDI), which demonstrates remarkable electrochemical
performances as an organic cathode for Na-ion batteries. With
the high density of redox-active carbonyl groups in a stable π-conjugated structure, the PTCDI molecule can undergo a two-
electron redox reaction with reversible insertion/extraction of 2 Na+ ions per molecular unit, demonstrating a high capacity of
140 mAh g−1, a strong rate performance with a reversible capacity of 103 mAh g−1 at 600 mA g−1 (5 C,1 C = 120 mA g−1) and a
long-term cyclability with 90% capacity retention over 300 cycles. Because this PTCDI material is commercially available and
nontoxic, it may serve as a new alternative cathode for Na-ion battery applications.
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■ INTRODUCTION

Sodium-ion batteries (SIBs) have recently aroused considerable
interest as a low cost alternative to Li-ion batteries for electric
energy storage applications because of the natural abundance of
sodium resources and the similar intercalation chemistry of
sodium ions with lithium ions.1−3 Though a large variety of Na-
insertion compounds with acceptable electrochemical perform-
ances have been reported as possible cathode-active materials
for SIBs, they are mostly based on transition-metal com-
pounds,4,5 which will still impose cost and resource restraints
for large scale applications. Therefore, development of low cost
and “rare metal-free” electrodes is of practical importance to
promote Na-ion batteries for widespread electric storage
applications.
In recent development of organic materials for Na-ion

batteries, a variety of redox-active polymers have been
reexamined as Na cathode hosts due to their flexible
frameworks and tunable redox potentials.6 Though a few of
p-doped polymers7−10 and radical polymers11 demonstrated a
high potential and redox activitiy in Na-ion battery electrolytes,
their charge/discharge reactions took place through a reversible
p-doping/dedoping mechanism of electrolyte anions, which
cannot act as a Na+ host for Na-ion batteries. Recently, a
number of self-doped polymers with ionizable sodium
sulfonate12,13 and tailored aromatic polyimides with Na+-
associable carbonyl groups14,15 were found to reversibly
accommodate Na+ ions as organic cathodes; however, their
Na-storage capacities are not sufficiently high due to their low
densities of active sites for the electrochemical sodiation
reaction in the large polymeric backbones.

In principle, many small organic molecules with carbonyl
groups, such as quinones, anhydrides, imides, and ketones, can
undergo electrochemical redox reactions through reversible
uptake and release of alkali ions at considerably high potentials,
possibly serving as high capacity organic cathodes for battery
applications. However, these organic compounds are mostly
investigated as Li- storage cathodes16−19 but have been less
examined in Na+ electrolytes. Recently, Yao et al. reported a
5,5′-indigodisulfonic acid sodium salt with a discharge capacity
of ∼90 mA g−1 at 1.8 V (vs Na+/Na) and a stable cyclability in
Na+ electrolyte.20 Similar Na-storage behaviors were also
observed for disodium pyromellitic diimidate.21 Particularly,
Luo et al. reported a commercially available organic pigment,
3,4,9,10-perylene-tetracarboxylicacid-dianhydride, as Na-ion
battery cathode, which demonstrated a high capacity of 145
mAh g−1, high rate capability up to 1000 mA g−1, and stable
cycling performance over 200 cycles.22 Nevertheless, these
pioneering works have revealed the feasibility to build high-
capacity and cycle-stable Na-storage cathodes using small
organic molecules.
In the search for better organic cathodes for Na-ion batteries,

we focused our attention on perylene diimide compounds
because of their insolubility in organic electrolytes and multiple
Na+-bonding sites per molecular unit, which are critical for an
organic cathode to achieve a long cycle life and high Na-storage
capacity. Among the perylene diimide derivatives tested, a
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structurally simplest 3,4,9,10-Perylene-bis(dicarboximide)
(PTCDI) exhibits a high reversible capacity of 140 mAh g−1

and a remarkable capacity retention of 90% over 300 cycles.
Particularly, this molecule is commercial available and nontoxic,
possibly fulfilling the needs for large-scale battery applications.
Here, we report the electrochemical behavior of PTCDI as an
organic cathode and describe its Na-storage mechanism in
organic electrolyte.

■ EXPERIMENTAL SECTION
The PTCDI sample used in this was commercially available product
(97% purity), purchased from Chushenwei Chemical Industry Co.,
Ltd., Hubei, China, and used without further purification. The organic
cathode was prepared by mixing 70% PTCDI powders, 20% Super P
carbon and 10% polytetrafluoroethylene binder into an electrode
paste, then rolling the paste into a thin film of ∼100 μm thickness and
finally pressing the electrode film onto an aluminum mesh. The
electrochemical performances of the PTCDI cathode were evaluated
by 2016 type coin cells using a Na disk as anode, a porous
polypropylene separator (Celgard No. 2400, Celgard, Inc.) as
separator and 1.0 mol L−1 NaPF6 in a mixed solvent of ethylene
carbonate (EC), diethylcarbonate (EC) and propylene carbonate (PC)
(EC/DEC/PC, 45:45:10 vol %) as electrolyte. Each cathode contained
approximately 3 mg active PTCDI powers. All the coin cells were
assembled in a glovebox with water/oxygen content lower than 1 ppm
and tested at room temperature. The galvanostatic discharge/charge
tests were conducted on a LAND cycler (Wuhan Kingnuo Electronic
Co. China). Cyclic voltammetric measurements were performed at a
scan rate of 1 mV s−1 on a CHI 660a electrochemical workstation
(Chen Hua Instruments Co., China).
The morphologies of the PTCDI material were observed by using

SEM (Sirion, 2000, FEI) and TEM (JEM-2010FEF). The FTIR
spectrum was recorded using KBr pellets on AVATAR 360
spectrometer (Nicolet Instrument Corp., Madison, WI) in wavelength
range of 400−4000 cm−1. The lattice structure of the PTCDI crystal
was analyzed by powder X-ray diffraction in the 2θ range of 5−80° at a
scan rate of 4° min−1 on a Shimadzu XRD-6000 diffractometer with
Cu Kα. XRD peaks of PTCDI was analyzed using Jade 6.5 software.
For these ex situ spectroscopic characterizations, the test cells were
disassembled in Ar-filled glovebox (O2 and H2O concentration <1.0
ppm) and the cathode samples were peeled off from the current
collector, repeatedly rinsed with pure DEC solvent and then vacuum-
dried at 100 °C for 40 min. The prepared cathode samples were
immediately sent for XRD measurements. The schematic diagram of
the molecular arrangement in PTCDI crystal was analyzed using the
Materials module within Mercury CSD 2.0.23

For quantitative determination of the Na contents in the cycled
cathodes, the cathode samples disassembled from the coin cells at
different charge/discharge depths was rinsed several times with pure
EC solvent and then burned in a tubular furnace at 550 °C for 10 h.
The as-obtained sodium oxide residue was dissolved in HCl for
inductively coupled plasma (ICP) spectroscopic analysis (ICP) on a
Thermo Fisher Scientific iCAP6300 spectrometer.

■ RESULTS AND DISCUSSION
PTCDI and its derivatives have been extensively investigated as
n-channel semiconductor for organic optoelectronic applica-
tions because of their high electron affinity and large electron
mobility in the solid state.24 However, the electrochemical
property of PTCDI as an organic Na-storage cathode remains
unrevealed until now. To evaluate its cathodic performance, we
ball-milled the PTCDI powders with conductive carbon under
Ar protection so as to downsize the active particles and to
establish well-connected electronic channels for electrochemical
reactions.
The molecular structure of PTCDI was confirmed by FTIR

spectrometry. As shown in Figure 1a, all the IR features can be

assigned to the characteristic vibrations of perylene ring and
imide groups of PTCDI structure. The absorption peaks at
3044, 2919, 2845, and 1588 cm−1 reflect the stretching
vibrations of Ar(C−H) bonds and perylene ring, while the
absorptions at 3154, 1687, 1361, and 1278 cm−1 correspond to
the stretching vibrations of the N−H, CO, and C−N bonds
of imide groups, respectively. The IR pattern suggests that the
PTCDI molecules kept their chemical structure untouched
during ball-milling treatment. The particle morphology of the
PTCDI sample was observed by scanning electron microscopy
(SEM). As displayed in Figure 1b, the PTCDI sample appeared
as irregularly shaped and unevenly sized powders with
diameters ranging from 100 nm to 1 μm. The selected-area
electron diffraction (SAED) in Figure 1b (inset) shows a ring-
like pattern with many intense spots, revealing a polycrystalline
structure of the PTCDI powders. The XRD pattern of PTCDI
is given in Figure 1c. Compared with previous crystallographic
analysis of PTCDI derivatives,24−26 the XRD peaks in Figure 1c
can be assigned to the (011), (021), (002), (112 ̅), (122), and
(140) planes of PTCDI crystal (monoclinic P21/n space
group), respectively. The molecular arrangement in this PTCDI
crystal is schematically shown in Figure 1d. The PTCDAs are
planar-stacked in a herringbone packing with the unite cell
parameters of a = 4.865 Å, b = 14.66 Å, c = 10.84 Å, and β =
91.33°. The detailed crystal parameters of PTCDI are given in
Supporting Information (Table S1).
Electrochemical performances of the PTCDI cathode were

evaluated by cyclic voltammetry (CV) and galvanostatic
discharge/charge measurements. Figure 2a shows the first
two cycles of the CV curves of a PTCDI electrode in 1 mol L−1

NaPF6 + EC/DEC/PC electrolyte. During the first cathodic
scan, only one large reduction peak appears at a more negative
potential of 1.6 V, suggesting a large polarization needed for
initial electrochemical insertion of Na+ ions into the
uncoordinated PTCDI molecules. On the reversed anodic
scan, two anodic peaks emerge at 2.30 and 2.80 V, respectively,
corresponding to a two-stepped oxidation of [C24H10N2O4]

2−

→ [C24H10N2O4]
− → [C24H10N2O4]. Moreover, a small

shoulder peak can also be observed at 2.62 V, probably due
to a bond rearrangement of the PTCDI molecule at the positive
potential. During subsequent cycles, these three pairs of redox

Figure 1. Structural characterizations of the PTCDI sample: (a) IR
spectrum; (b) SEM image and SAED pattern (inset); (c) XRD
pattern; and (d) schematic diagram of the molecular arrangement in
PTCDI crystal.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04325
ACS Appl. Mater. Interfaces 2015, 7, 21095−21099

21096

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04325/suppl_file/am5b04325_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04325


peaks remained almost unchanged in their positions and
intensities in the potential region of 3−1.5 V, implying a
multiple electron transfer reaction and electrochemical
reversibility of the cathodic reaction.
The charge/discharge profiles of the PTCDI electrode are in

a close correspondence with its CV curves. As displayed in
Figure 2b, there is only one voltage plateau at ∼1.7 V at first
discharge of the PTCDI cathode, whereas there are three
plateaus appearing at 2.0, 2.5, and 2.8 V during the first charge.
Since the second cycle, the charge/discharge curves remained
almost the same during successive cycles, confirming the
electrochemical reversibility and cycling stability of the organic
cathode. The first charge/discharge capacities of the PTCDI
cathode are 150/140 mAh g−1, corresponding to an initial
Coulombic efficiency of 93.3%, which is even higher than those
of inorganic Na+-insertion cathodes. During subsequent cycles,
the PTCDI cathode delivers stable charge/discharge capacities
of 138.7/138.6 mAh g−1, which correspond to a 2-electron
redox capacity per PTCDI molecule (137 mAh g−1). The
slightly higher charge capacity (∼10 mAh g−1) at the first cycle
is most likely due to the formation of solid electrolyte
interphase (SEI film) on the PTCDI cathode. According to
previous investigations of the redox mechanism of aromatic
imides in Li+ electrolytes,26−28 the charge/discharge reactions
of imide compounds take place through an electrochemical
enolization reaction of their carbonyl groups along with Li+ ions
associating with and disassociating from the oxygen atoms of
the imide groups. In light of this redox mechanism, the redox
reaction of the PTCDI cathode could be analogously assigned
to a reversible enolization process, in which the carbonyl groups
of the imide structure undergo electron transfer reaction
accompanied by the insertion and extraction of Na+ ions. In
principle, each PTCDI molecule has four carbonyl groups,
which should be able to transfer four electrons for reversible
accommodation of 4 Na+ ions. However, like the most of
aromatic imides reported for Na+ and Li+ storage applica-
tions,14,26−28 the PTCDI cathode can only realize a two-
electron redox reaction at acceptably high potential of ≥1.5 V,
possibly due to the electrostatic repulsion and steric hindrance
in the PTCDI crystal. On the basis of the CV features and
charge/discharge capacities, the redox mechanism of the
PTCDI cathode could be described as a two-stepped
enolization reaction with reversible insertion of 2 Na+ ions, as
shown in Scheme 1.
In addition to its 2 Na+ storage capacity, the PTCDI cathode

can also demonstrate a remarkable rate capability. Figure 3a
shows the reversible capacities of the PTCDI electrode
measured at various current rates from 20 mA g−1 (1/6 C)
to 600 mA g−1 (5 C). As the current rate increased from 20 mA
g−1 to 300 mA g−1 (2.5 C), the reversible capacity decreased

slightly from 138 mAh g−1 to 118 mAh g−1. Even at a very high
rate of 600 mA g−1, the PTCDI electrode can still deliver a
quite high capacity of 103 mAh g−1, which corresponds to a
∼75% capacity retention at such a high rate. When the current
density was recovered to 200 mA g−1, the reversible capacity
returned to 116 mA h−1, about 90% of its original value,
demonstrating strong capacity retention of the PTCDI
electrode. Such a high-rate performance is rarely seen for the
most of organic electrode materials and is most likely due to the
substantial electron mobility of the π-conjugated structure of
PTCDI molecules and the large lamellar spacing of planar-
stacked structure of PTCDI crystals, which facilitate electron
transportation and Na+ insertion into (or deinsertion from) the
PTCDI lattice for charge/discharge reactions.
The long-term cycling performance of the PTCDI cathode

was evaluated by galvanostatic cycling at a moderate current of
100 mA g−1. As shown in Figure 3b, the reversible capacity of
PTCDI electrode decreases very slightly from its initial value of
118.6 to 107 mAh g−1 after 300 cycles, corresponding to a
capacity retention ratio of 90%. Usually, organic cathode
materials are difficult to maintain a long cycle life due to their
structural instability at high oxidation potentials and easy
dissolution in organic electrolytes. In contrast, the long-term
cycling stability of PTCDI is really very impressive, possibly due
to the larger π-conjugated structure and strong intermolecular
H-bonding of PTCDI molecules, which ensure the structural
stability of PTCDI skeletons during repeated charge/discharge
cycling.
To further confirm the Na+-storage reaction mechanism, the

changes in the bonding state, lattice structure and Na content
of the PTCDI crystal cycled at different charge/discharge
depths were characterized by FTIR, XRD and ICP analysis.
Figure 4b shows the changes in the IR signals of the PTCDI
electrode at different charge/discharge states. When first
discharged to 2.0 V, the characteristic IR peak of the CO
stretching (1687 cm−1) was widened and negatively shifted to
1623 cm−1, suggesting that electrons were transferred into the
CO bonds, leading to a weakening of the CO bonds.
Meanwhile, the absorption peak at 1345 cm−1 from the C−N
stretching vibration increased its intensity, possibly because the
electron transfer into the CO bond would result in an
increase in the dipole moment of adjacent C−N bond. When
further discharged to 1.75 V, all the IR absorptions of perylene
ring and imide C−N bond kept almost unchanged, while the
CO bond stretching at 1623 cm−1 was further shifted to
1619 cm−1, reflecting a continuous reduction of the CO
groups. As fully discharged to 1.0 V, the IR absorption of the
CO bond became much weaker but still detectable, which
agrees well with expectation from the discharge mechanism, as
displayed in Scheme 1, that half of the CO bonds would be
enolized to convert into Na+ enolate. As a result, the reduction
of the CO bonds leads to a decreased π-conjugation in the
PTCDI structure, as reflected by a large shift of the perylene
ring stretching vibration from 1588 to 1540 cm−1. On the
reversed charge, all the IR bands of the CO, C−N and
perylene ring reversibly regain their original positions and

Figure 2. (a) CV curves of the PTCDI electrode measured at a scan
rate of 1 mV s−1 and (b) charge/discharge profiles at a constant
current of 10 mA g−1.

Scheme 1. Schematic Representation of the Proposed Redox
Mechanism for Reversible Na Storage Reaction of PTCDI
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intensities, exhibiting a reversible change in the bonding states
of PTCDI during charge and discharge.
In accord with the IR results, XRD analysis also reveals a

reversible change of the PTCDI structure in the charge/
discharge processes. As shown in Figure 4c, all the XRD peaks
at 2θ = 10.15, 12.16, 25.08, 27.20, and 30.53° continuously
decreased their intensities and finally disappeared with
increasing depth of discharge, suggesting a structural break-
down of the PTCDI framework. Meanwhile, two new peaks at
2θ = 11.26 and 28.51° appeared and grew notably as the
discharge proceeded. These phenomena suggest that the
molecular arrangement pattern in the PTCDI crystal was
changed when the Na+ ions were inserted and associated with
the carbonyl groups, which altered the original monoclinic
symmetry of the PTCDI crystal. Nevertheless, all the XRD
peaks can recover their original positions and intensities after
charging, indicating a structural rearrangement from the Na+-
doped state to its pristine state. This reversible change of the
XRD pattern further confirms the reversible phase trans-
formation and structural stability of PTCDI in charge−
discharge cycling.
ICP analysis of the Na+ contents in the PTCDI cathode at

different charge/discharge depths provides a direct evidence for
the proposed Na insertion/extraction mechanism in Scheme 1.
As given in Table S1 (Supporting Information), the Na+

content in the PTCDI cathode increased from 0% at open
circuit potential to 4.77 wt % at discharge potential of 2.0 V and
finally to 10.48 wt % at discharge end potential of 1.0 V during
discharge, which corresponds to the insertion of 1.98 Na+ ions
into each PTCDI molecule after a full discharge. On the
reversed charging process, the Na content decreased from

10.48 wt % in the fully sodiated PTCDI to 0.07% in the fully
charged state, demonstrating an almost complete removal of
Na+ ions from the discharged PTCDI cathode. This
quantitative determination of Na+ content in the cycled
cathode not only confirms the 2Na-insertion mechanism but
also explains the very high charge/discharge efficiency of
PTCDI material. Such a high Coulombic efficiency plays a
critical role for the PTCDI cathode to achieve a long-term
cycling stability.

■ CONCLUSIONS

In summary, we selected a pristine perylene diimide, 3,4,9,10-
perylene-bis(dicarboximide) (PTCDI), as a model compound
to examine its Na-storage property. Benefiting from its high
density of cathode-active and Na+-associable carbonyl groups,
the PTCDI molecule can undergo electrochemical enolization
reaction with reversible insertion/extraction of 2 Na+ ions per
molecular unit, delivering a redox capacity of 140 mAh g−1 at
20 mA g−1 (1/6 C). In addition, this organic cathode also
demonstrates a strong rate capability with a reversible capacity
of 103 mAh g−1 at 600 mA g−1 (5 C) and a stable cyclability
with 90% capacity retention over 300 cycles. Particularly, this
PTCDI material is commercially available, low-cost, and
nontoxic, and thus, it may serve as a new alternative cathode
for Na-ion battery applications.
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Figure 3. (a) Reversible capacities of PTCDI cycled at various rates as labeled and (b) long-term cycling stability at a constant current of 200 mA
g−1. The cells were cycled between the voltage interval of 3.0−1.0 V.

Figure 4. (a) A typical charge/discharge profile of the PTCDI
cathode, where Arabic characters denote the sampling points. (b) IR
spectra and (c) XRD patterns of the PTCDI electrode cycled at the
selected potentials as indicated on each curve.
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