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Iron-phthalocyanine (FePc), a metal-organic compound containing a large m-conjugated and planar
multi-ring aromatic structure, can be employed as an organic anode material for lithium-ion batteries.
To overcome the poor electronic conductivity of FePc, a good electrically conductive graphene
nanosheet carbon skeleton is integrated by a one-step simple mechanical mixing strategy. In addition,
the weight ratio of FePc and graphene nanosheets (GNs) is systematically optimized. Electrochemical
tests show that the as-prepared 1/2.25-FePc/GN composite exhibits a high reversible capacity of 872
mAh g, the specific capacity based on iron-phthalocyanine is up to 1614 mAh g™. The excellent
electrochemical performance of FePc/GN is mainly attributed to the synergistic effect of FePc (large n-
conjugated structure, rich in N atoms and aromatic rings) and graphene (flexibility and good electrical
conductivity).
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1. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) are widely used as energy storage systems in
portable electronics and electric vehicles [1-3]. Nevertheless, the energy density of commercial LIBs
cannot meet the increasing requirements for electrical vehicles and renewable sources of energy. At
present, graphite-type carbon materials outperform LIB anode materials [4-7]. However, the
theoretical capacity of graphite is rarely 372 mAh g™ [8], which severely limits the development of
high-energy LIBs. To improve the energy density, non-carbon anode materials such as metal oxides
[9-13], alloys [14-16], and silicon [17-22] have been investigated owing to their high specific capacity.
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However, the large volume variation of these anode materials causes rapid decay of the battery
capacity during the process of Li* insertion and extraction [23], which in turn affects the cycling
stability of the battery. At the same time, the synthesis of those kinds of non-carbon anode materials is
a high-energy consumption process, and the application of transition metals leads to severe resource
and environmental problems [24]. In addition, the inorganic anode materials on the market today have
had difficulty meeting the growing demand for battery capacity. Therefore, researchers have begun to
explore environmentally friendly organic anode materials with a flexible design and low energy
consumption in order to meet the ambitious requirements for new battery anode materials [25].

Over the last ten years or more, several types of organic materials, such as aromatic carbonyl
derivatives [26-28], conductive polymers [29-31], polyimide [32-34], etc., have been reported as
electrodes for LIBs. However, many challenges still exist in developing organic anode materials with
excellent electrochemical performance. To avoid the dissolution of organic materials in the electrolyte
and to obtain fast reaction kinetics, the selected organic material must have a stable skeleton [25].
Additionally, the organic electrode material should have a large m-conjugated structure for better
electron transportation in the electrode of LIBs. A m-conjugated structure is beneficial to the fast
charge transfer, reducing the resistance of the battery.

Iron-phthalocyanine (FePc), a metal-organic compound containing large m-conjugated and a
planar multi-ring aromatics structure [35, 36], is considered an intriguing candidate for LIBs. In the
late 80s, Yamaki et al. investigated the electrochemical reaction mechanism of a FePc electrode and
concluded that Li* could be intercalated and de-intercalated electrochemically among the large planar
FePc molecules [37]. Later, Crowther et al. reported FePc as a cathode in a primary lithium (Li)
battery and achieved a high capacitance of 2050 mAh g™, which corresponds to the insertion of 43 Li*
for each FePc molecule based on an electrode with 25% nanographene (NGP) [38]. According to
recent reports [39-40], redox reactions could relatively easily occur on unsaturated atoms with a lone
electron pair, such as unsaturated nitrogen or oxygen atoms, even on unsaturated carbon atoms, such as
aromatic carbon rings. Then, each aromatic Cg ring could reversibly accept six lithium ions to form a
Lis/Cs compound [39]. In this case, the FePc has a theoretical storage capacity of 1792 mAh g™, which
corresponds to an insertion of 38 Li* for each FePc molecule, which is less than the insertion of 43 Li*
for each FePc, as mentioned above [38]. The unexpected higher storage capacity may originate from a
n-conjugated structure of FePc with an interlayer spacing of 0.34 nm, which is extremely close to the
interlayer distance of graphite (0.3354 nm) [8, 35], a suitable gap size for the insertion and extraction
of lithium ions during the discharge/charge process of LIBs. This is a very interesting phenomenon,
deserving further exploration in secondary batteries.

As we know, the electronic conductivity of iron-phthalocyanine is poor; although, there is a
large m-conjugated molecular structure with a high-density electron cloud. Furthermore, graphene
nanosheets (GNs), two-dimensional carbon nanomaterials, have aroused widespread attention due to
their superior intrinsic properties, especially their high electronic conductivity and flexibility. Its
excellent properties render graphene an excellent electrode material for LIBs [40-42]. Such an
electrode material has a high specific capacity as well as an excellent electrical conductivity. However,
graphene is so expensive that it can only be used as an additive to improve the conductivity of the
electrode with the aim of improving the rate performance of the battery.
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In this work, we presented a strategy of preparing a high-performance electrode for secondary
Li-ion batteries by blending FePc and GN in different proportions to fabricate organic/inorganic
composites of FePc and GN. Thus, graphene not only acts as a conducting agent but also as an active
material in the electrodes. At the same time, the large quantity of graphene mixed in FePc creates
many interfacial gaps, which provide many channels for the penetration of electrolyte in the electrode,
facilitating the diffusion of Li ions in the electrode and improving the rate performance of the
electrode. Electrochemical tests showed that the as-prepared composite electrode with
FePc/GN=1/2.25 reached a high reversible capacity of 847 mAh g, which suggests that the storage
capacity of FePc is up to 1614 mAh g™ in the composite electrode.

2. EXPERIMENTAL

2.1. Electrode preparation

The FePc/GN composite was prepared by blending iron-phthalocyanine powder (J&K) and
graphene nanosheets in different weight ratios. The graphene sheets were synthesized via a
solvothermal method reported previously [43]. Typically, we controlled the ratio of FePc weight to 1
and changed the GN weight ratio from 1.25 to 2.75. The obtained composites were denoted as 1/1.25-
FePc/GN, 1/1.75-FePc/GN, 1/2.25-FePc/GN, 1/2.5-FePc/GN, 1/2.75-FePc/GN, respectively. Then, the
FePc/GN composites were mixed with a binder polyvinylidene difluoride (PVVDF) in a weight ratio of
FePc/GN//PVDF=9:1 using N-methyl pyrrolidinone (NMP, Aldrich) as a dissolving solvent. The
mixture was stirred to form a homogeneous slurry, which was then casted onto a copper foil as the
current collector. The copper foil coated with the slurry was dried at 100°C for 6 hours and then cut
into circular disks as test electrodes. Lithium foil was used as a counter electrode, the electrolyte was a
solution of 1 M LiPFg in diethyl carbonate (DEC)/ethylene carbonate (EC)/dimethyl carbonate (DMC)
(1:2:1 in volume), and the separator was a Celgard 2300 micro-porous membrane. These above
materials were assembled together with the test electrodes to obtain coin cells in an argon-filled glove
box.

2.2. Electrochemical measurement

The phase structures of FePc were analysed by using an X-ray diffraction system (XRD,
Siemens 5000). The cyclic voltammetry (CV) tests were carried out on an electrochemical workstation
(EC-lab VMP3, Bio-logic, France) over a potential range from 0.01 to 3.0 V vs. Li/Li* at a scanning
rate of 0.1 mV s™. The galvanostatic charge and discharge was in the voltage range from 0.01 to 3.0 V
(vs. Li/Li*) using a multi-channel battery testing system (LAND-CT2001A, Wuhan Jinnuo, China).
Rate capacity studies were performed ranging from 300 to 2000 mA g.



Int. J. Electrochem. Sci., Vol. 13, 2018 2609

3. RESULTS AND DISCUSSION

The scanning electron microscope (SEM) image in Fig. la shows that the FePc powder is
composed of rice grain-like nanoparticles. The magnified SEM image (Fig. 1b) reveals that the densely
packed nanograins have a length in the range of 40-80 nm. The transmission electron microscopy
(TEM) image (Fig. 1c) further shows that the FePc nanoparticles have a rice grain-like shape with a
smooth surface. The yellow selected areas in the TEM image (Fig. 1c) are respectively magnified in
Fig. 1d and 1e, in which a lattice fringe spacing of 1.26, 0.57 and 0.35 nm can be correspondingly
ascribed to the (200), (-402) and (-211) crystalline planes. The XRD pattern shows that the FePc used
in this work is a meta-stable a-polymorph. The peaks at 6.9, 9.9, 15.7° correspond to the (200), (-202)
and (-402) crystalline planes of the meta-stable a-polymorph (JCPDS Card NO.22-1771) [35]. It is
also observed for the diffuse halo range from 23 to 26°, which appears at the maxima of the (011) and
(-211) reflections of the FePc a-polymorph (Fig. 1f).
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Figure 1. SEM and TEM images and X-ray pattern of the iron-phthalocyanine powder: low (a) and
high (b) magnification SEM images; TEM (c) and HR-TEM (d, e) images; X-ray diffraction
pattern ().

The reversibility and kinetics of Li intercalation and de-intercalation in the FePc/GN
composites were studied using cyclic voltammetry. Fig. 2 shows the representative CV curves of the
composite 1/2.25-FePc/GN scanned from 3.0 to 0.01 V versus a Li/Li" reference electrode at a rate of
0.1 mV s The lithium-ion insertion potential was approximately 0.17 V for graphene in the
composite electrode, and the corresponding de-intercalation potential was approximately 0.2 V [44]. A
larger broad reduction peak was observed at approximately 0.75 V, which can be attributed to the
lithiation of FePc molecules on the carbon of Cg aromatic rings and the formation of a solid electrolyte
interphase (SEI) film at the electrode-electrolyte interface [45]. Broad peaks at the potential of
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approximately 1.52 V are associated with the addition of lithium to unsaturated nitrogen [31, 45].
Meanwhile, a corresponding broad anodic peak observed at approximately 1.0-1.6 V in the reverse
sweep can be identified as the delithiation process. Compared to the second cycle, no significant
change occurs in the third cycle onward, which indicates that the electrode is relatively stable and
highly reversible in the delithiation reaction.
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Figure 2. Cycle voltammetry profiles of 1/2.25-FePc/GN composite.
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Figure 3. Charge and discharge curves at the 1%, 2", 100", 200" cycles of 1/2.25-FePc/GN composite
at a current density of 300 mA g™.

The galvanostatic charge-discharge tests of the 1/2.25-FePc/GN composite electrode were
performed at a current density of 300 mA g™. As shown in Fig. 3, the first discharge and charge
capacities are found to be 849.2 and 633.7 mAh g™*. The lower initial coulombic efficiency (74.6%) is
attributed to the irreversible capacities from the formation of the SEI film, which is a common
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characteristic of LIB anodes in the first cycle [46, 47]. The second discharge and charge capacities are
851 and 838 mAh g with a coulombic efficiency of 98.5%, which substantially reduced the reversible
capacity loss. Apparently, in the discharging profile of the first cycle, the well-defined plateau at 0.75
V can be attributed to the lithiation of the FePc molecules on the carbon of the Cg aromatic rings. For
our FePc/GN composite anode, the specific discharge capacity from 0.01 to 3 V is 541, 857.6 and
872.8 mA h g™ at the 2nd, 100th and 200th cycle, respectively, suggesting that the insertion of Li ions
into FePc is highly reversible before 200 cycles. The capacity increases are mainly caused by the
activation phenomenon of the electrode materials with more reaction sites during the charge/discharge
process.
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Figure 4. Cycle p?rformance of FePc/GN in different weight ratios and pure GN at a current density of
300mA Q™.

The capacity of FePc/GN composites in different ratios at a current density of 300 mA g™ are
shown in Fig. 4. Surprisingly, the specific capacity continues to increase and then basically remains
constant after the first 100 cycles. Among them, the 1/2.25-FePc/GN composite obtains an optimal
capacity of 873 mAh g, which is 2.5 times higher than the theoretical capacity of commercial
graphite (372 mAh g™). Fast capacity fading is observed for the first twenty cycles. Thereafter, the
capacity remains increased for the subsequent cycles. The increase in the reversible capacity is
believed to be a gradual activation process [10, 48-50], but this phenomenon does not occur for GN.

The rate performance of the composite 1/2.25-FePc/GN is presented in Fig. 5. As the current
rates increase from 300 to 500, 750, 1000, 1500, and 2000 mA g ', the 1/2.25-FePc/GN electrode
exhibits a superior capacity retention of 847, 757, 664, 559, 466, and 351 mAh g~', respectively.
Relative to the maximum capacity of 847 mAh g™ at 300 mA g, the capacity retention is 89%, 78%,
65%, 55%, and 41% at an increased current density of 500, 750, 1000, 1500, and 2000 mA g*,
respectively. When the current density decreased from 2000 to 300 mA g™, the capacity also recovered
to 845 mAh g ', indicating the excellent rate stability and reversibility of the 1/2.25-FePc/GN
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electrode. For organic electrode materials, the high capacity and good rate performance described
above have been rarely reported in the past.
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Figure 5. Cycling performance of 1/2.25-FePc/GN composite at various current densities between 300

and 2000 mA g™

Table 1. The capacity contribution of FePc and GN at different weight ratios.

Weight ratio of The capacity of | The capacity of GN The capacity of

FePc/GN FePc/GN (mAh g™ FePc (mAh g™
(N/N) (mAh g™) (Cn) (Ce) (Ca)
1:1.25 539 509 606
1:1.75 706 509 1149
1:2.25 849 509 1614
1:2.50 796 509 1441
1:2.75 766 509 1344

The contribution capacity of FePc was calculated by the following equation:

Cn=CaxWp+CpxWp

where Cy is the capacity of the FePc/GN composite, Ca is the specific capacity based on FePc,
Cg is the specific capacity based on GN, W, is the weight ratio of FePc, and Wj is the weight ratio of
GN. According to Fig. 2 and equation (1), the specific capacity based on FePc at different proportions
in the FePc/GN composite was calculated and recorded in Table 1. It can be seen that the composite
electrode exhibits a lower discharge capacity when the graphene content in the FePc/GN composite
was lower or higher than a mass ratio of 1:2.25. As we know, the FePc is an organic material with a
poor electronic conductivity. Thus, the FePc in the composite cannot be fully used due to the
hampering of charge transfer in the electrode system at a lower graphene content. As a result, the
capacity of the composite electrode is lower than that of the electrode with a mass ratio of 1:2.25.
Furthermore, the composite electrode also gives a lower capacity at a higher graphene content. This
may originate from a lower storage capacity of graphene compared to the capacity of FePc. By Fig. 6,

1)
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it is obvious that the specific capacity based on FePc first increases with the increase of graphene
content, and then reaches its maximum at a critical value of graphene content (1:2.25 in weight). Then,
the curve shows a slight drop in the horizontal line with a continuous increase in the graphene content.
The optimal capacity of FePc in the composite electrode reaches 1614 mAh g*, as calculated by
equation (1) above using the maximum of the capacity of the FePc/GN composite.
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Figure 6. The specific capacity based on FePc at different weight ratios in the composites.

Theoretically, there are 19 unsaturated double bonds in the iron-phthalocyanine molecule,
wherein each unsaturated double bond can undergo the addition reaction with lithium ion and
reversibly accept two lithium ions. Thus, the Cg aromatic rings can accept six lithium ions to form a
Lig/Cs complex [35, 39, 45]. Additionally, there are six C=N unsaturated double bonds in the iron-
phthalocyanine molecule, redox reactions can first occur on the nitrogen atom with a lone pair of
electrons [31, 45]. The following step 1 illustrates the addition of the lithium ion to the unsaturated
nitrogen, and six lithium ions are reversibly accepted in this process; step 2 shows the lithiation of
FePc molecules on the carbons of Cg aromatic rings and on the unsaturated C=C double bonds of the
pyrrole rings, and 32 lithium ions are reversibly accepted in the second process. In summary, each
iron-phthalocyanine molecule can reversibly accept 38 lithium ions in total.
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Thus, we can calculate the specific capacity of FePc by the following formula :

C1=26802xn/M 2

where C; is the specific capacity of FePc based on the lithiation of 38 Li ions, n is the
acceptable number of electrons, and M is the molecular weight of FePc (M=568.37). That is,
C1=26802x38/568.37=1792 mAh g™*. Experimentally, we obtained a 1614 mAh g™ maximum of the
FePc capacity, which is very close to the theoretical capacity.

4. CONCLUSIONS

FePc/GN composites, as high-electrochemical-performance organic electrode materials, were
prepared by mixing organic-metal complex FePc and highly conductive graphene (GN) in the
dispersant NMP. The FePc/GN composite with a weight ratio of FePc/GN=1/2.25 (1/2.25-FePc/GN)
had a high capacity of 847 mAh g at a current density of 300 mA g™ and 351 mAh g™ at 2000 mA g,
showing a good rate performance. The specific capacity based on FePc was calculated to be as high as
1614 mAh g™* at a current density of 300 mA g™ based on the weight ratio of 1/2.25. Such excellent
electrochemical performance is attributed to the large m-conjugated structure, rich N atoms with one
electron pair and the aromatic rings in the FePc molecule as well as the interlayer structure of FePc. At
last, this work provided important insight into developing a new generation of organic anode materials
for high-performance LIBs, and such organic/inorganic composite materials may find broad
applications in the future field of secondary batteries.
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