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In order to address the issues of high solubility in electrolytes, poor conductivity and low active site
utilization of organic carbonyl electrode materials, in this work, the 3,4,9,10-perylenetetracarboxylic
sodium salt (PTCDA-Na) and its graphene composite PTCDA-Na-G are prepared by the hydrolysis of
3,4,9,10-perylenetetracarboxylic dianhydride and the strategy of antisolvent precipitation. The obtained
PTCDA-Na active substance has a porous honeycomb structure, showing a large specific surface area.
Moreover, after recombination with graphene, the dispersion and specific surface area of PTCDA-Na are
further enhanced, and more active sites are exposed and conductivity is improved. As a result, the
PTCDA-Na-G composite electrode materials exhibit superior electrochemical energy storage behaviors.
The initial charge capacity of the PTCDA-Na-G electrode is 890.5 mA h g~%, and after 200 cycles, the
capacity can still remain at 840.0 mA h g~ with a high retention rate of 94.3%, which is much larger
than those of the PTCDA-Na electrode. In addition, at different current densities, the PTCDA-Na-G
electrode also presents higher capacities and better cycle stability than the PTCDA-Na electrode.
Compared with PTCDA-Na with a porous honeycomb structure and previously reported sodium

Received 18th May 2021 carboxylic acid salts with a large size bulk structure, the PTCDA-Na-G composite material prepared in
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this work shows superior electrochemical energy storage properties due to its large specific surface area,

DOI: 10.1039/d1na00366f high dispersion, more exposed active sites and large electrical conductivity, which would provide new

rsc.li/nanoscale-advances ideas for the development of high performance organic electrode materials for lithium-ion batteries.

materials have been studied, such as hard carbon materials,
transition metal oxides, silicon negative electrode materials,

1 Introduction

With the increasing demand of high power equipment for
energy storage devices, lithium ion batteries with large capacity,
long cycle and high rate performance are attracting extensive
interest from researchers.'” In lithium ion batteries, the nega-
tive electrode material is one of the key materials that affect the
performance of the battery.*® At present, the traditional nega-
tive electrode material which has been commercialized is the
graphite carbon negative electrode; however, there are still
many problems such as a limited theoretical capacity
(372 mA h g™ "), unstable layered structure, poor cycling stability
and so on, which limit its application in high power energy
storage batteries.” Therefore, it is urgent to develop novel high
performance anode materials to meet the increasing market
demand. Subsequently, many other negative electrode
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and so on."* Some of the designed materials show superior
properties and provide new ideas for the subsequent develop-
ment of high performance negative electrode systems, but they
have their own advantages and disadvantages.

Organic compounds®®* as a new class of electrode materials
are of great interest to researchers because of their advantages
of high theoretical specific capacity, abundant raw materials,
environmental friendliness, strong structural designability and
so on. Among them, conjugated organic molecules containing
unsaturated double bond structures have the advantages of fast
redox reaction kinetics, high capacity and structural diversity
due to their conjugated systems and multiple unsaturated
groups, which is of broader concern in their roles as emerging
electrochemical energy-storage materials.?>® However, organic
electrode materials with small molecules still have the prob-
lems of high solubility in electrolytes, poor conductivity and
limited exposed active sites, which greatly limit the electro-
chemical performance of such materials.>**** To address these
issues, researchers have carried out many modification
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studies,*** such as grafting active groups onto macrocyclic
conjugated structures, polymerization, doping with inorganic
systems, and so on. These methods have greatly improved the
performance of organic electrode and provided many new ideas
for subsequent modification. However, many modification
measures can lead to the decrease of the proportion and specific
capacity of the active components, or cannot fundamentally
solve the problem of poor conductivity.**~** Therefore, it is still
necessary to design new modification measures to solve the
above problems of organic electrode materials at the same time.

In this work, 3,4,9,10-perylenetetracarboxylic dianhydride
(PTCDA) was added to NaOH aqueous solution to hydrolyze,
and ethanol anti-solvent is added to obtain a yellowish-brown
precipitate of perylenetetracarboxylic sodium salts (PTCDA-
Na). As a result, lower solubility in the electrolyte is observed,
and at the same time, the composite material of perylenete-
tracarboxylic sodium salts with graphene (PTCDA-Na-G) is used
as an anode material for lithium ion batteries, showing
improved capacity, cycling stability and rate capability. The
strategy of sodium salinization of an organic compound and its
graphene recombination technology will provide new ideas for
the design of novel organic electrode materials with high
performance for lithium-ion batteries.

2 Experimental
2.1 Materials

The raw materials used in this work, such as 3,4,9,10-per-
ylenetetracarboxylic dianhydride (PTCDA), NaOH, graphene,
Super P, anhydrous ethanol, poly(vinylidene fluoride) (PVDF),
N-methylpyrrolidone (NMP), etc., are purchased from Chemical
Reagent Co., Ltd, and are used directly without any purification.

2.2 Synthesis

2.2.1 Perylenetetracarboxylic sodium salts (PTCDA-Na).
9.8 g of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA)
was added to the aqueous solution of NaOH (8 g), and then the
mixed solution was transferred to a round-bottom flask and
stirred in a water bath at 80 °C until PTCDA was completely
hydrolyzed to a clear, transparent brown solution. After cooling
the hydrolyzed solution to room temperature, adding it to
a large amount of anhydrous ethanol, a turbid suspension was
gradually produced, and then the suspension was centrifuged,
and the precipitate was washed several times with anhydrous
ethanol. The collected precipitates were dried in an 80 °C
vacuum oven to obtain an orange precipitated powder of per-
ylenetetracarboxylic sodium salts (PTCDA-Na).

2.2.2 Graphene/PTCDA-Na composite material (PTCDA-
Na-G). Few-layer graphene (0.05 g) prepared by a physical
method was added into the aqueous solution of PTCDA-Na
(0.258 g) until the solution became dark green. Slowly adding
ethanol into the solution, the dissolved PTCDA-Na sodium salt
gradually precipitates, and the resulting PTCDA-Na is attached
to the surface of the thin layer of graphene. After dripping, the
solution was filtered, washed several times with anhydrous
ethanol, a gray-green precipitate was collected, and then dried
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in a vacuum oven to obtain the graphene/PTCDA-Na composite
material (PTCDA-Na-G).

2.3 Characterization and electrochemical tests

UV-Vis spectroscopy and dissolution experiments were con-
ducted on a Hitachi U-3010 spectrophotometer. The infrared
spectrum was obtained with a Fourier transform infrared (FTIR)
spectrophotometer Bruker IFS66/S. X-ray diffraction spectros-
copy (XRD) was performed with an X-ray diffractometer under
Cu Ko radiation. Scanning electron microscopy (SEM) images
were obtained on a ZEISS Crossbeam 340 scanning electron
microscopy analyzer. A transmission electron microscope (FEI
Tecnai G2F20) was used to capture the TEM images. X-ray
photoelectron spectroscopy (XPS) was carried out on
a Thermo Fisher K-Alpha with an Al Ka X-ray source.

Before the electrochemical performance test, all cells were
pretreated by discharging to 0.001 V from open-circuit voltage
(OCV) at a 100 mA g~ ' current density and eventually charged to
3.0 V at the same current density. The cyclic voltammetry (CV)
curves were recorded using an Ivium-Stat multichannel elec-
trochemical workstation (Ivium-n-Stat.Xri, the Netherlands),
with the voltage range of 3 to 0.001 V and a scan rate of 0.1 mV
s~'. Electrochemical impedance spectroscopy (EIS) was also
performed using an Ivium-Stat multichannel electrochemical
workstation  (Ivium-n-Stat.Xri, the Netherlands) with
a frequency of 107>-10° Hz and a voltage amplitude of 5 mV.
The charge-discharge test including cycle and rate performance
analysis was performed on a Neware battery test system (BTS-
5V10 mA) in a voltage range of 3 to 0.01 V.

2.4 Preparation of electrode sheets and batteries

Batteries were assembled according to the following processes:
PTCDA-Na powder or PTCDA-Na-G composite powder and
Super P and poly(vinylidene fluoride) (PVDF) binder were mixed
at a mass ratio of 6:3:1, and then 2 g of this mixture was
added to 10 mL of N-methylpyrrolidone (NMP) and ball-milled
until the slurry was uniform. The uniform slurry was coated
on copper foil uniformly, and dried at 120 °C for an hour, and
finally vacuum dried at 60 °C for 24 h. The film was cut into
a circular piece of 1.2 cm diameter, and the actual loading
amount of the active material was 0.81 mg and 1.04 mg for the
PTCDA-Na and PTCDA-Na-G electrodes, respectively, with an
areal mass loading of 0.72 and 0.92 mg cm™>. Then PTCDA-Na/
Li and PTCDA-Na-G/Li half batteries, and PTCDA-Na/NCM-811
and PTCDA-Na-G/NCM-811 full batteries are assembled with
lithium metal sheets as counter electrodes, and 1 M LiPFg in
a mixture of ethylene carbonate/diethyl carbonate/ethyl methyl
carbonate (EC/DEC/EMC, 1 : 1 : 1 by volume) as the electrolyte
(purchased from Capchem Technology (Shenzhen) Co., Ltd.).

3 Results and discussion

The PTCDA-Na and PTCDA-Na-G composites were prepared as
shown in Scheme 1. A yellowish green transparent solution was
obtained after PTCDA was fully hydrolyzed in NaOH aqueous
solution, and the precipitate was produced after adding

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation of PTCDA-Na and PTCDA-Na-G composite samples.

antisolvent ethanol to the solution, and then the yellow PTCDA-
Na powder sample was obtained. Moreover, a certain amount of
graphene was added to the saturated aqueous solution dis-
solved PTCDA-Na, and after vigorous stirring and ultrasonic
dispersion, the antisolvent ethanol was added to the mixed
solution. At this time, PTCDA-Na began to precipitate and
adhere to the flake graphene surface, and the PTCDA-Na-G
composite of graphene was obtained.

For PTCDA compounds, there is a common problem with
most small molecular organic compounds, that is, they will
dissolve gradually in the electrolyte solution, which will cause
the loss of active substances and eventually lead to the loss of
capacity. After sodium salinization, the solubility of the PTCDA-
Na sample in the electrolyte will be effectively inhibited. In
order to investigate and verify this effect, the solubility of
PTCDA and PTCDA-Na samples was compared. They were
added to the electrolyte solvent (DMC:EMC:EC = 1:1:1)
and expected to be prepared into a solution of 1 x 10™> M, and
their UV-Vis absorption spectra were tested, as shown in Fig. 1.
As can be seen, even the newly prepared PTCDA solution shows

obvious characteristic absorption peaks at 450-550 nm.
However, for PTCDA-Na samples, even after 2 days of place-
ment, the characteristic absorption peak was not observed,
which fully demonstrates that sodium salinization effectively
inhibits the dissolution of organic electrode materials in the
electrolyte, which will be very beneficial to the improvement of
PTCDA-Na electrode properties.

The morphology of the active material has a crucial effect on
the performance of the electrode. To this end, the microstruc-
ture of the PTCDA-Na and PTCDA-Na-G samples was investi-
gated, as shown in Fig. 2. Obviously, the PTCDA-Na sample is
composed of flake particles with a thickness of about 50 nm,
and the flake particles accumulate together to form a honey-
comb porous microstructure (Fig. 2(a and b)), which would have
a large specific surface area, and more active sites will be
exposed and more capacity contributions will be produced.
After compositing with graphene, for the PTCDA-Na-G sample,
the flake PTCDA-Na active material is coated with a thin layer of
graphene, and the PTCDA-Na particles are attached to the
surface of graphene (Fig. 2(c and d)), which can effectively
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Fig. 1 UV-Vis spectra of PTCDA and PTCDA-Na composite samples (left) and their solution in electrolyte solvent (DMC: EMC:EC=1:1:1)

with an expected concentration of 1 x 107> M.
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Fig. 2 SEM images of PTCDA-Na and PTCDA-Na-G composite samples (a and b) PTCDA-Na; (c and d) PTCDA-Na-G.

improve the dispersion degree and further enhance the expo-
sure degree of the active point of the electrode material, and
would be more conducive to improving the electrochemical
performance.

The EDS spectra were also investigated to further charac-
terize the elemental composition of electrode materials. For the
PTCDA-Na sample, the C, O and Na elements were clearly
observed (Fig. 3(a-d)), and their distribution is relatively
uniform. Meanwhile after compositing PTCDA-Na with gra-
phene, with the increase of the composition of the C element,

the blue color representing the C element in the total spectrum
and the C element spectrum also deepens, while in the O and
Na element spectra, the green color representing the O element
and the purple color representing the Na element are slightly
lighter (Fig. 3(e-h)), which fully confirms the recombination
process of graphene.

A BET surface adsorption experiment was carried out, as
shown in Fig. 4 and Table 1. For the PTCDA-Na sample, because
of its porous and loose honeycomb structure (Fig. 3(a-d)),
a large pore size of 53.17 nm, total pore volume of 0.5617 cm?

Fig. 3 EDS images of PTCDA-Na and PTCDA-Na-G composite samples (a—d) PTCDA-Na; (e—h) PTCDA-Na-G.
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Table 1 BET adsorption parameters of PTCDA-Na and PTCDA-Na-G
samples

Specific surface  Total pore volume  Average pole

Samples area (m* g ) (em® g™ diameter (nm)
PTCDA-Na 19.4 0.5617 53.17
PTCDA-Na-G 1124 0.2583 19.99

g~ and specific surface area of 19.4 m”> g ' are observed.

However, after graphene compositing with PTCDA-Na, the
PTCDA-Na-G sample presents a lager specific surface area of
112.4 m* g~ ! with a lower total pore volume of 0.2583 cm® g~ *
and small size of 19.99 nm, respectively. After graphene
recombination, the pore size of the PTCDA-Na-G sample is
decreased, and the specific surface area of the sample is
significantly enhanced, which clearly indicates that the recom-
bination of graphene can further increase the dispersion of
PTCDA-Na active substances and expose more active sites. This
will further improve the electrochemical performance of the
electrode.

The symmetric and antisymmetric peaks of -COO- bonds in
PTCDA-Na compounds can be clearly observed in the IR
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(a) Pore size distribution curves of PTCDA-Na and PTCDA-Na-G samples; (b) adsorption curves of PTCDA-Na and PTCDA-Na-G samples.

spectrum (Fig. 5(a)). After graphene recombination, there is no
change of new organic functional groups and bonds, and the IR
spectrum of PTCDA-Na-G composites has almost no change.
XRD diffraction patterns show that the PTCDA-Na sample has
good crystallinity (Fig. 5(a)), which is mainly determined by its
regular morphology and ordered lamellar structure as shown in
Fig. 2(a and b). Due to the disorder of graphene itself, in the
process of recombination with graphene, the PTCDA-Na
compound is attached to the graphene surface after precipita-
tion, which naturally reduces the disorder degree of the PTCDA-
Na-G sample. Therefore, the XRD diffraction peaks in Fig. 5(b)
also indicate that the crystallization degree of the sample is
obviously decreased and the disorder degree is increased, which
can also be clearly observed from Fig. 2(c and d). Moreover, for
the PTCDA-Na-G sample, in its XRD diffraction pattern, it can be
obviously observed that the wide drum-wrapped peaks around
26° belongs to the characteristic diffraction peak of graphene,
which indicates the existence of graphene.

Changes in the morphology and structure before and after
graphene recombination are also reflected in TEM images. As
shown in Fig. 6(a and b), the lamellar PTCDA-Na particles piled
together, and obvious lattice fringes were observed on the
lamellar particle surface with a fringe spacing of 1.265 nm.

(a) PTCDA-Na-G (b)
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£ PTCDA-Na z
E &
2 S
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Fig. 5 (a) IR spectra and (b) XRD diffraction patterns of PTCDA-Na and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TEM images of (a and b) PTCDA-Na and (c and d) PTCDA-Na-G composite samples.

Meanwhile in the PTCDA-Na-G sample, PTCDA-Na consists of
mainly bulk particles, which are loosely bound on the surface of
the graphene layer and no obvious lattice fringes are observed
(Fig. 6(c and d)). The TEM image further indicates that PTCDA-
Na samples have better order and crystallinity, while PTCDA-Na-
G samples are more disordered.

PTCDA-Na and PTCDA-Na-G electrodes were prepared and
assembled into a Li-ion battery, and cyclic voltammetry (CV) was
carried out from 0.001 to 3.0 V with a scan rate of 0.1 mV s~ ". As
shown in Fig. 7(a), PTCDA-Na shows three pairs of redox peaks
at 2.2/1.9 V, 1.5/1.1 V and 0.2/0.01 V, which correspond to the
lithium intercalation reaction of C=0 and C=C functional
groups in the PTCDA compound as well as interlayer spacing,
respectively. Fig. 7(b) clearly shows that there is a weak ground
peak at 1.9 V through differential analysis. The second CV curve
has a good coincidence with the third, and their area decreases
slightly compared with the first CV curve, which indicates that
the PTCDA-Na electrode has smaller irreversible capacity and
better cycling reversibility. After compositing with graphene,
the PTCDA-Na-G sample mainly has a disordered amorphous
structure, and the redox peak caused by the lithium intercala-
tion process between layers becomes very weak; only two pairs
of obvious redox peaks at 1.5/1.1 V and 0.2/0.01 V correspond to
the lithium intercalation reaction of C=0, C=C functional
groups as well as a disordered amorphous structure was
observed for the PTCDA-Na-G electrode (Fig. 7(c)). Similarly, the
second CV curve has a good coincidence degree with the third
one, and compared with the first CV curve, the area decreases
slightly, indicating that the PTCDA-Na-G electrode also has
a small irreversible capacity loss and better cycling reversibility.
From the TEM image in Fig. 6, it can be seen that the PTCDA-Na
sample is mainly mixed with an ordered layered structure and
a disordered unstructured structure, which determines that the
oxidation reduction peak in its CV curve is derived from the

4566 | Nanoscale Adv, 2021, 3, 4561-4571

ordered layered structure and the disordered unstructured
structure, respectively. As a result, as shown in Fig. 7(a), the
PTCDA-Na electrode shows three pairs of redox peaks which
correspond to the lithium intercalation reaction of C=0 and
C=C functional groups in the PTCDA compound, interlayer
spacing and disordered amorphous structure, respectively.
However, for PTCDA-Na-G samples, no orderly layered struc-
tures were found, mainly consisting of rambling amorphous
structures. As a result, the CV curve mainly has two main groups
of oxidation reduction peaks, and no redox peaks at 2.2/1.9 V
resulting from ordered layered structures were found. Fig. 7(d)
shows that the area of the CV curve for the PTCDA-Na-G elec-
trode is slightly larger than that of the CV curve for the PTCDA-
Na electrode, indicating that graphene recombination will
improve electrode capacity to some extent. This is mainly
because the in situ recombination of graphene will increase the
dispersion of PTCDA-Na active particles, improve the conduc-
tivity of the electrode, and finally expose more active sites.
This conclusion can also be confirmed by the analysis of the
EIS impedance spectra of the two electrodes, as shown in Fig. 8.
It's obvious that after graphene recombination, the semicircle
diameter in the high frequency region of the PTCDA-Na-G
electrode decreases, and the slope of the straight line in the low
frequency region increases obviously. After fitting, different
impedance values are obtained, as listed in Table 2, where Ry
reflects the transfer resistance of lithium ions in the electrolyte
and the interface resistance caused by the SEI film double layer,
R is the charge-transfer resistance during the electrochemical
reaction process, and W; represents the Warburg impedance
concerning the diffusion of Li" into the bulk electrode. After 3
cycles (Fig. 8(a)), the R, R and W, of the PTCDA-Na-G electrode
are 2.4, 62.8 and 0.0002 Q, respectively, which are lower than
those of the PTCDA-Na electrode (the R, R.. and W; are 4.2, 71.9
and 23.8 Q, respectively). The results show that the impedance

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Cyclic voltammetry curves of the PTCDA-Na electrode; (b) differential representation of the 1% cyclic voltammetry curve of the
PTCDA-Na electrode; (c) cyclic voltammetry curves of the PTCDA-Na-G electrode; (d) contrast of the 2™ cyclic voltammetry curves of PTCDA-

Na and PTCDA-Na-G electrodes.

of the PTCDA-Na-G electrode decreases obviously after gra-
phene recombination, especially the Warburg impedance (W)
concerning the diffusion of Li" into the bulk electrode, which
would be beneficial to the performance of the electrode. After
100 cycles (Fig. 8(b)), the R, of both the electrodes dropped
significantly. Meanwhile, the W, _g of PTCDA-Na-G is still much
smaller than that of the PTCDA-Na electrode.
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Fig. 8
electrodes after 100 cycles.
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The charge/discharge behaviors of PTCDA-Na and PTCDA-
Na-G electrodes were investigated as shown in Fig. 9. It is
obvious that the PTCDA-Na-G electrode present superior cycle
stability to the PTCDA-Na electrode. The initial charge capacity
of the PTCDA-Na-G electrode is 890.5 mA h g~'; thereafter, the
charging capacity decreased in the next 20 cycles. After 20
cycles, the charging capacity began to rise gradually, and the
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(@) EIS impedance of PTCDA-Na and PTCDA-Na-G electrodes after 3 cycles; (b) EIS impedance of PTCDA-Na and PTCDA-Na-G
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Table 2 EIS impedance fitting parameters of PTCDA-Na and PTCDA-Na-G electrodes

Electrode Rs/Q (error)

R./Q (error) W;_r/Q (error)

PTCDA-Na (3™ cycle)
PTCDA-Na-G (3" cycle)
PTCDA-Na (100™ cycle)
PTCDA-Na-G (100" cycle)

4.21 (67.7%)
2.42 (208.0%)
12.14 (1.52%)
2.53 (2.02%)

charging capacity remained at 840.0 mA h g~ after 200 cycles
with a capacity retention of 94.3%. The PTCDA-Na-G electrode
has good stability and extremely high reversibility of electro-
chemical reactions. During the 200 cycles of the charge and
discharge process, the coulombic efficiency of the electrode still
remains above 98%. Meanwhile for the PTCDA-Na electrode,
the initial charge capacity is 680.3 mA h g ', which is much
lower than that of the PTCDA-Na-G electrode (Fig. 9(a)). After
200 cycles, the capacity gradually decreases to 401.8 mA h g™*
with a capacity retention of 59.1%, which are also much lower
than those of the PTCDA-Na-G electrode. After compositing with
graphene, the rate capability is also obviously improved, as
shown in Fig. 9(b). At different current densities, the PTCDA-Na-
G electrode displays stable rate cycle performance, while for the
PTCDA-Na electrode, the cycle capacities are very unstable, and
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1000

62.82 (21.2%)
71.98 (0.22%)
11.51 (2.32%)
27.16 (11.36%)

23.8 (202.3%)

0.0002 (7.71 x 10~ %%)
3.84 (7.28%)

3.43 (254.59%)

display a declining trend at different current densities. The
results indicate that the rate capacities of the PTCDA-Na-G
electrode are much higher and more stable than those of the
PTCDA-Na electrode, which clearly reflect that graphene plays
very important roles in the performance improvement of
PTCDA-Na molecules.

In addition, an investigation was made on the electro-
chemical performance of the graphene/Li battery in order to
clarify the reasons for the improvement of PTCDA-Na active
materials after compositing with graphene. As shown in
Fig. 9(c), the initial charge capacity of the graphene electrode is
235 mA h g~', which is much lower than that of the PTCDA-Na
electrode (600 mA h g') and PTCDA-Na-G electrode
(800 mA h g™ ). Moreover, as the cycling progresses, the capacity
of graphene decreases (Fig. 9(d)). The results show that
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(a) Cycle performance of PTCDA-Na and PTCDA-Na-G electrodes; (b) rate capacity of PTCDA-Na and PTCDA-Na-G electrodes; (c) initial

charge/discharge curves of PTCDA-Na and PTCDA-Na-G and graphene electrodes; (d) charge/discharge curves of the graphene electrode in

different cycles.
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Table 3 Cycling performance data of TNTCDA-NiPc and previously
reported similar electrode materials

Initial  200™
capacity  capacity Capacity
Electrodes (mAhg ) (mAhg™) retention References
PTCDA-Na 680.3 401.8 59.1% In this
work
PTCDA-Na-G 890.5 840.0 94.3% In this
work
Sodium tartrate =~ 182.3 295.3 162% 46
(s7)
Sodium 182.4 246.1 135% 46
pyromellitate (SP)
Sodium oxalate 187.9 354.2 188% 46
(s0)
Sodium citrate 186.8 188.8 101% 46
(SO)

graphene is not the main capacity contributor in PTCDA-Na-G
composites, while the PTCDA-Na active material is the main
capacity contributor. On the one hand, graphene can effectively
improve the dispersion of PTCDA-Na active compounds and
expose more active sites in PTCDA-Na-G composites. On the
other hand, graphene with good conductivity can further
enhance the conductivity of the composites, making the
capacity of active compounds easier to show and effectively
improving the rate cycling performance at a high current. On
the one hand, graphene can effectively improve the dispersion
of PTCDA-Na active compounds and expose more active sites in
PTCDA-Na-G composites. On the other hand, graphene with
good conductivity can further enhance the conductivity of the
composites, making the capacity of active compounds easier to
show and effectively improving the rate cycling performance at
a high current. And that's why the PTCDA-Na-G electrode has
better charge-discharge energy storage performance than the
PTCDA-Na electrode. According to reported literature,**
annealing at a certain temperature can improve the perfor-
mance of PTCDA, increase electrical conductivity, and reduce
thermal decomposition.

In order to illustrate the advantage of PTCDA-Na electrodes,
a systematic comparison between the performance of PTCDA-
Na electrodes in this work and that of previously reported
similar sodium carboxylate electrodes is provided as shown in
Table 3. It can be seen that for large particles of sodium
carboxylic acid active compounds,* their initial capacities are
relatively low, but as the cycling goes on, their capacities grad-
ually increase. This is due to the gradual pulverization of the
active substances during the cycle process, which exposes more
active sites. Nevertheless, the PTCDA-Na active compounds
investigated in this work are composed of porous honeycomb-
like sheet-like particles with a larger specific surface area and
more exposed active sites than previously published bulk
sodium carboxylic acid salt active materials, resulting in a larger
initial capacity of the PTCDA-Na electrode. After graphene
recombination, the dispersion and conductivity of PTCDA-Na-G
active substances are further improved, and more active sites

© 2021 The Author(s). Published by the Royal Society of Chemistry
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are exposed, and larger initial capacity and better rate perfor-
mance are displayed. As a result, PTCDA-Na with a honeycomb
structure and its graphene composites prepared in this work
exhibit superior electrochemical energy storage properties.

4 Conclusions

In this work, graphene composite 3,4,9,10-perylenete-
tracarboxylic sodium salts (PTCDA-Na-G) were prepared; after
the PTCDA-Na active substances with a porous honeycomb
structure are encapsulated by graphene, their dispersion and
specific surface area are further effectively improved, so that
more active sites are exposed. In addition, graphene with a thin
layer structure further improves the conductivity of composite
electrode materials. As a result, the electrochemical energy
storage performance (such as initial capacity, cycle stability and
rate capability) of the PTCDA-Na-G composite electrode is
greatly improved. Furthermore, compared with previously re-
ported sodium carboxylic acid salts (ST, SP, SO and SC) with
a large size bulk structure, the PTCDA-Na with a porous
honeycomb structure prepared in this work and especially its
graphene complexes (PTCDA-Na-G) show superior electro-
chemical energy storage properties due to their large specific
surface area, high dispersion, more exposed active sites and
large electrical conductivity. Furthermore, compared with
previously reported sodium carboxylic acid salt compounds
with a large size bulk structure, the PTCDA-Na with a porous
honeycomb structure prepared in this work and its graphene
complexes show superior electrochemical energy storage prop-
erties due to their large specific surface area, high dispersion,
more exposed active sites and large electrical conductivity. The
strategy of sodium salinization of an organic compound and its
graphene recombination technology will provide new ideas for
the design of novel organic electrode materials with high
performance for lithium-ion batteries.
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