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Structure and electrochemical performance of LiFePO,
modified with mononuclear and binuclear phthalocyanines as

cathode materials
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Two series of lithium iron phosphate (LiFePO,) nanocomposites are prepared by a solvothermal
method coupled with high temperature calcination using mononuclear and binuclear metal
hexaaminophthalocyanines as modulatory additives, respectively. Physical and electrochemical
performances of the composites as cathode materials of lithium-ion batteries are characterized by
inductively coupled plasma (ICP), X-ray diffraction (XRD), infrared (IR), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and electrochemical techniques.
The results indicate that the as-synthesized samples modified with binuclear metal phthalocyanines
can improve electrochemical properties of LiFePO, (LFP) for lithium-ion batteries. The composite
using binuclear manganese hexaaminophthalocyanine as additive can achieve the highest initial
specific discharge capacity of 152.3 mAh/g at 0.1 C, higher than that of ones modified with the
corresponding mononuclear phthalocyanine 143.0 mAh/g. Furthermore, the most excellent product
exhibits a pretty good capacity retention of 93.0% after 50 cycles at 0.1 C, cycling stability, and low

charge transfer resistance of 58.7 Q.

. INTRODUCTION

Lithium-ion batteries (LIBs) have taken dominating
position in powering and portable electronic devices in
recent years, which is due to their obvious advantages
such as high power and energy density, rechargeable
ability, long cycling life, great stability, and safety.'~
Compared with a variety of cathode materials including
layered LiCoO, and spinel LiMn,0,, ordered olivine-
structured LiFePO, has attracted extensive attention
owing to its high theoretical capacity of 170 mAh/g,
acceptable voltage platform of 3.4 V (versus Li'/Li),
nontoxicity, low cost, good safety, thermal stability, as
well as environmental benignity.>* The phosphorous atoms
occupy tetrahedral sites, while the iron and lithium atoms
occupy octahedral sites. The FeOg octahedra are linked
through common corners in the bc-plane, and the LiOg
octahedra form edge-sharing chains along the b-axis. One
FeOg octahedron has common edges with two LiOg
octahedra and a PO, tetrahedron. PO, groups share one
edge with an FeOgq octahedron and two edges with LiOg
octahedra.’ However, the intrinsic drawbacks, low elec-
tronic conductivity and sluggish lithium-ion diffusion,
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create obstacles in the widespread application of the
material in LIBs.®

Fortunately, the barrier can be hurdled through diver-
sified modifications of LiFePO4. Among numerous
endeavors, methods containing carbon coating, foreign
elements doping, morphological controlling, and synthe-
sis of nanoparticles can improve the electrochemical per-
formance of the composites efficiently.”'! Nevertheless,
a single approach is not enough, excessive carbon coated
on the surface of particles would decline the overall
energy density of the material, and superabundant metal
doped in the composite would bring about defects over-
much, thus doing harm to the cycling stability of the
battery.'> The combination of carbon coating and metal
doping has been certified to be an effective way to
improve the capabilities of the materials.'®> To provide
the two factors simultaneously, we employ mononuclear
metal phthalocyanines (MPcs) as additives during the
solvothermal process in our previous work,'*!'> which
fulfills the requirement more easily. MPcs with 18w
electrons conjugated system possess great properties such
as thermal stability, oxidation-reduction activity, non-
toxicity, and low cost, which enable them to be excellent
modifiers and cathode replacing materials of LIBs.'®
Furthermore, carbon coating derived from the pyrolysis
of organics could efficiently increase the electrical con-
ductivity, at the same time, in situ decoration of carbon
coating can also limit the crystal growth and restrain from
agglomeration.®
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In previous works,'*!> LiFe, M,PO,/C (x ~ 0.0040)
composites were synthesized with highly improved elec-
trochemical performances. For further studying the in-
fluence of MPcs on LiFePO,, mononuclear metal
tetraaminophthalocyanines and binuclear metal hexaami-
nophthalocyanines [MPcTa and M,Pc,Ha, M = Mn(Il),
Co(Il), Ni(II), Cu(I), Zn(II)] were adopted as additives to
decorate LiFePO, in this paper. Structures and morphol-
ogies were investigated by using normal characterization
such as X-ray diffraction (XRD), scanning electron micros-
copy (SEM), and transmission electron microscopy (TEM)
measurements. In addition, the relevant electrochemical
performance was also studied.

Il. EXPERIMENTAL
A. Composite synthesis

All the chemicals were analytical grade and used
without further purification.

MPcTa [M = Mn(l), Co(l), Ni(l), Cudl), Zn(I)]
was prepared according to the reported method.'’
M,Pc,Ha [M = Mn(I), Co(I), Ni(Il), Cu(ll), Zn(ID)]
was synthesized on the basis of the reported method'® by
changing the carboxyl of the raw material into an amino
group. The modified LiFe,_ M ,PO,/C was synthesized
by using a modified solvothermal process. The precursor
0.0200 mol LiOH-H,O (AR, Aladdin, Shanghai, China)
was dissolved in a mixed solvent (EG:DMF = 3:1, v/v) to
form a homogeneous solution. 2.3 mL. H3PO, (85%, AR),
0.0067 mol FeSO,-7H,O (AR, Aladdin) and 0.200
mmol'®?° MPcTa or M,Pc,Ha were added slowly to the
solution (controlled a weight ratio of Li:Fe:P = 3:1:1) with
magnetic stirring for 0.5 h at room temperature, until a green
mixture was formed, and the concentration of Li* was
maintained at 0.5 mol/L. The solution prepared above was
transferred to a 60 mL Teflon-lined stainless steel autoclave
for a solvothermal procedure at 180 °C for 18 h. After that,
the reacted mixture was cooled down naturally to ambient
temperature, filtered, and washed thoroughly with deionized
water until its pH reached 7. The resulting solvothermal
precursors were collected and dried at 80 °C for 24 h. The
powder was heat-treated at 700 °C for 5 h under
N, atmosphere to form LiFe; M,PO,/C [x = 0.0040;
M = Mn(I), Co(I), Ni(Il), Cu(I), Zn(I)] composites.
The pure LiFePO, (LFP) was prepared under the same
conditions without any MPcTa or M,Pc,Ha.

The as-synthesized composites using MPcTa
M = Mndl), Co(l), Ni(Ill), Cu(l), Zn(Il)] as additives
are denoted as al, a2, a3, a4, and a5, and composites using
M,Pc,Ha [M = Mn(I), Co(I), Ni(Il), Cu(ll), Zn(II)] as
additives are denoted as b1, b2, b3, b4, and b5, respectively.

B. Materials characterization

Contents of metal and carbon in samples were detected
on inductively coupled plasma atomic emission

spectrometry (ICP-AES; 2100DV, Perkin Elmer,
Norwalk, California) and C, H, N Analyzer model 1106
Carlo Erba Strumentazione (Carlo Erba Strumentazione,
Milan, Italy). XRD (D8 Advance, Bruker Inc., Karlsruhe,
Germany) was used in a scanning range of 10-80° (26)
using Cu K, radiation; the X-ray tube voltage and current
were set at 40 kV and 40 mA to characterize the
crystallinity of each composite. Infrared (IR) spectra
were collected on a Bruker VECTOR 22 analyzer
(Bruker Inc.) by using KBr pellets in the infrared region
of 4004000 cm™". Morphologies were studied using
SEM (JSM-6390A, JEOL Ltd., Tokyo, Japan) and TEM
(Tecnai G2 F20 S-TWIN, FEI Company, Eindhoven, The
Netherlands). Further information about the modification
was achieved on X-ray photoelectron spectroscopy (XPS;
HI-540, PE Co., Palo Alto, California).

C. Electrochemical test

The active materials (al-a5, b1-b5, and pure LFP,
respectively), acetylene black, and poly vinyl difluoride
(PVDF) were mixed in the weight ratio of 75:15:10 in
N-methyl pyrrolidone (NMP) to fabricate composite
cathodes. The cathodes were assembled into CR2016
coin-type cells in the condition of Ar atomosphere.
Lithium metal plate, Celgard 2400 membrane, and
1 M LiPF¢ in 1:1 ethylene carbonate (EC)/diethyl
carbonate (DEC) (LP30, Merck) were adopted as an
anode, a separator, and an electrolyte, respectively.
Electrochemical properties of the assembled batteries
were studied by using a charge/discharge instrument
(Model Land CT2001A, Wuhan Jinnuo Electronics Co.
Ltd., Wuhan, China) and electrochemical workstation
(RST 5000, Zhengzhou Shiruisi Technology Co. Ltd.,
Shiruisi, China). All the tests were implemented at ambient
temperature.

lll. RESULTS AND DISCUSSIONS

A. Elemental composition, IR spectra, and
structure and morphological characterization of
the composite materials

ICP-AES and elemental analysis are used to detect the
elemental compositions of the composite materials,
which are reported in Table 1. It can be confirmed that
the doped metals and carbon derived from MPcTa or
M,Pc,Ha are introduced into the composites, and a gen-
eral formula is obtained as LiFe,_ M PO,/C [x = 0.0040;
M = Mn(II), Co(1l), Ni(I), Cu(1l), Zn(II)].

The XRD patterns of al-a5 and bl-b5 are shown in
Fig. 1. All the diffraction peaks of the samples are cor-
responding with the PDF#83-2092 standard card,*'** and
there are no obvious impurity peaks, which indicate
that the composites have well-crystallized orthorhombic
olivine structures with a space group of Pnma. The
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relative intensity of the diffraction peaks is slightly
different from each plane, but all diffraction peaks (111)
of samples are higher than that at (211) [Fig. 1(a)]. It is
described that Li and Fe atoms of composites do not occur
shuffling. The diffraction peaks (111) of the bl and b3 are
higher than their diffraction peaks (211); in contrast, the
diffraction peaks (111) of b2, b4, and b5 are slightly
weaker than or equal to the diffraction peaks (211) [Fig. 1
(b)]. The results demonstrate that the latter three samples
have a certain degree of distortions. Furthermore, no
diffraction peak related to carbon in the XRD patterns
indicates that the carbon content in the synthesized
materials is low, or in which the carbon existed in the
form of amorphous carbon. Thus these can affect the LFP
structure of the samples. The diffraction peaks’ intensity
ratio of all samples 1(020)/1(200) is larger than that of
the standard card, which could be attributed to the
extraction and insertion of Li* in the material. It is
beneficial to the electrochemical kinetics of samples as
cathode electrode material for LIBs.? It is worth noting
that the 20 of diffraction peak positions of al-a5 and bl—
b5 composites slightly increase compared with the pure
LFP, on account of the lattice distortion induced by the
doped metals in the formation of a LFP structure. The

TABLE 1. Metal and carbon contents as well as the formula of
composite materials.

Percentage content (wt%)

Sample Metal Carbon Formula

al Mn: 0.1418 3.1 LiFe( 995sMng 9p4,PO,/C
a2 Co: 0.1378 2.9 LiF€0_9952C00_003gPO4/C
a3 Ni: 0.1482 2.8 LiFe( 095oNio. 0041 PO/C
a4 Cu: 0.1524 3.0 LiFeo_996|Cu0_003gPO4/C
a5 Zn: 0.1491 2.8 LiFe 9963Z1n¢.0037P04/C
bl Mn: 0.1517 3.2 LiFCo_9955Mn0.oo45P04/C
b2 Co: 0.1559 2.9 LiFe(.9957C00.0043P04/C
b3 Ni: 0.1406 3.1 L1F60996|N100039P04/C
b4 Cu: 0.1563 3.0 LiFe( 9960Cu0.0040PO4/C
b5 Zn: 0.1691 2.9 LiF604995an040042PO4/C

lattice parameters and unit cell volume of the all compo-
sites are obtained by the calculation method (Table II). As
can be seen, the parameters of the samples are in the
vicinity of the stander parameters, which indicates that the
doped metals coming from the pyrolysis of MPcTa or
M,Pc,Ha do not change the crystal structures of these
samples, and suggesting a better stability and cycle
performance of the materials.

The chemical structures of all composites are in-
vestigated by IR spectroscopy (Fig. 2). The absorption
peaks in a region of 1063—1097 cm™' are due to the
PO,>~ groups of asymmetrical stretching vibration. In the
region 972-980 cm ™', the peaks are corresponding to
the symmetrical stretching vibration P-O. Accordingly, at
around 630 cm ™' and 550 cm ™', peaks are assigned to the
asymmetrical bending vibration and the symmetrical
bending vibration of PO, respectively. In addition, the
bands at 3430 cm™ ' are associated with the stretching
mode of —OH in H,O. The absorption peaks existed in
around 500 and 470 cm ™' should be responsible for the
transfer of Li". And absorption peaks of C—O are found
at about 1138 cmfl; the results indicate a little organic
carbon on the surface of each sample, which can enhance
the contact among the particles of the samples and further
increase the conductivity of the materials.

The SEM images of the particles are displayed in
Fig. 3. From the SEM images, the morphologies of
samples a3, a4, and a5 with respect to al and a2 form
a more serious aggregation of particles, especially a4
presents a more serious bulk shape. Compared with
sample a2, al shows relatively uniform spherical par-
ticles.”*’” The images of samples b4 and b5 show
heavily aggregated block shape and lamellar morphol-
ogy; the images of samples bl, b2, and b3 show more
dispersed spherical particles. Compared with samples b2
and b3, sample bl shows relatively uniform spherical
small particles. It should be noticed that the morphologies
of these samples vary significantly. This phenomenon is
mainly due to the action of different metals derived from
MPcTa and M,Pc,Ha as modified additives on LFP.
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FIG. 1. XRD patterns of (a) al, a2, a3, a4, and a5 and (b) bl, b2, b3, b4, and b5.
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In theory, the uniform distribution without coalescing or
less coalesced will be more conducive to improving the
electrical properties of the material. Among all the
samples, the morphologies of al and b1 in the same type
are relatively better. And the diffusion path of Li™ can be
efficiently shortened due to the small particle size in al
and bl. The results indicate that the more excellent
electrochemical performance should be provided by al
and b1, which is confirmed by the electrical performance
test later. High resolution transmission electron micros-
copy (HRTEM) is performed for further investigation of
the carbon coated on LFP particles. The images of al and
bl show a conductive carbon layer on the edge of the
materials. It indicates that the pyrolysis of MPcTa and
M,Pc,Ha is carried out on an inert atmosphere by high
temperature calcination, which generates the amorphous
carbon coated on the LiFePO, particles to improve the
electrochemical properties of the materials.

B. Electrochemical property

Two series of composite materials as cathode materials
are assembled into a half cell configuration, then the
related electrical properties are tested and analyzed.
The initial charge/discharge specific curves at 0.1 C are
showed in Fig. 4, and the corresponding data are listed in

TABLE II. Lattice parameters and unit cell volume of composite
materials.

Sample a (A) b A) c(A) V (A%
al 10.33825 6.01129 4.69187 291.58
a2 10.33555 6.01122 469532 291.72
a3 10.33908 6.00366 4.69674 291.54
a4 10.33370 6.00740 469558 291.50
as 10.33808 6.00920 4.69467 291.65
bl 10.32622 6.01591 4.69277 291.52
b2 10.33790 6.00965 4.69133 291.46
b3 10.32089 5.98386 4.67801 288.91
b4 10.32878 6.01723 4.69675 291.90
b5 10.33153 6.01240 4.68303 290.90
PDF#83-2092 10.334 6.01 4.693 291.47
e —— Al

\\ 1\'; LIW

Table III. The charge and discharge process of the
battery, the cathode transformation between phase ortho-
rhombic of LiFePO,, and the hexagonal system of FePO,
because LiFePO, and FePO, coexist to form a solid
solution below 200 °C, there is no obvious two phase
turning point in the process of charging/discharging.
Therefore, all the samples show a longer and more flat
charge/discharge platforms. And charge/discharge plat-
forms of the samples at around 3.4-3.5 V, which could be
the main characteristic of the two-phase reaction based on
the redox couple of Fe**/Fe** during the process of
extraction and insertion of Li*.*® The charging and
discharging platforms of composites are longer than that
of pure LFP, suggesting that the electrochemical activity
and kinetic properties of the composites are better than
the pure LFP. The composites of al—a5 can deliver higher
initial specific discharge capacities of 143.0, 132.7, 125.1,
110.9, and 123.6 mAh/g and b1-b5 of 152.3, 149.2, 147.7,
132.9, and 116.8 mAh/g at 0.1 C, respectively, which are
all improved compared with pure LFP (109.2 mAh/g)
under the same conditions, especially the al and bl can
increase by 31.0% and 39.5%, respectively (Fig. 4,
Table IIT). Results shown in Fig. 4 and Table III indicate
that the carbon and corresponding doped metal derived
from MPcTa or M,Pc,Ha can efficiently enhance the
conductivity of each composite. This electrochemical
result corresponds to the speculation gained by the
characterization of the SEM. Compared with mononuclear
metal tetraaminophthalocyanines, MPcTa, binuclear metal
hexaaminophthalocyanines, M,Pc,Ha, have larger molec-
ular skeleton and flexibility, which is conducive to forming
a small and homogeneous spherical particle and pro-
moting the close packing of the materials. The uniform
morphology is beneficial to the rapid diffusion of Li* in
the material, and the metal doping causes slight lattice
distortions and defects, thereby improving the conduc-
tivity of the materials. The discharge capacity of pure
LFP in practice is difficult to achieve the theoretical
values of 170 mAh/g. This is due to the occurrence of
oxygen evolution during the charging and discharging
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FIG. 2. IR spectra of (a) al, a2, a3, a4, and a5 and (b) bl, b2, b3, b4, and b5.
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FIG. 3. SEM images of (a) al, a2, a3, a4, a5, and high-resolution TEM of al and (b) bl, b2, b3, b4, b5, and high-resolution TEM of bl.
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FIG. 4. Initial charge/discharge curves at 0.1 C of (a) al, a2, a3, a4, a5, and pure LFP and (b) b1, b2, b3, b4, b5, and pure LFP.

TABLE III. Various parameters of the charge/discharge curves of the samples.

Charge specific Charging medium Discharge specific Discharge medium Coulombic Voltage
Sample capacity (mAh/g) voltage (V) capacity (mAh/g) voltage (V) efficiency (%) difference (V)
al 145.0 3.45 143.0 341 98.6 0.04
a2 136.2 3.50 132.7 3.36 97.4 0.14
a3 135.6 3.47 125.1 3.40 92.3 0.07
a4 1143 3.48 110.9 3.37 97.0 0.11
a5 116.2 3.50 123.6 3.36 106.4 0.14
bl 132.4 3.46 1523 3.38 115.0 0.08
b2 129.7 3.48 149.2 3.39 115.0 0.09
b3 151.1 3.50 147.7 3.39 97.7 0.11
b4 136.2 3.50 132.9 3.38 97.6 0.12
b5 124.9 3.49 116.8 3.38 93.5 0.11
LFP 111.9 3.50 109.2 3.39 97.6 0.11
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process, which leads to the decrease of the electro-
chemical performance and the specific capacitance of
the active materials. In addition, all the composites with
relatively high coulombic efficiency (Table III) indicate
a better Li™ reversible intercalation/deintercalation per-
formance, which further proves that the composites own
higher conductivity. Especially the coulombic efficien-
cies of a5, bl, and b2 are over 100%. In the testing
process of the experiment, the charging process is first
carried out and then the discharge is carried out. During
the charging process, the cathode material is deinterca-
lation lithium and the anode is intercalation lithium.
In the half cell, the anode is Li, so the anode is sufficient
for the lithium ion with respect to the cathode. And the
charging process will consume a part of lithium to form
the electrochemical impedance spectroscopy (SEI) film, >
which is a part of the loss of coulombic efficiency. In this
paper, the coulombic efficiency of a5, bl, and b2 is
higher than 100%; in addition to the above reasons, it
may also be attributed to that Li* ions occupy the Fe
sites, which leads to that the initial discharge capacity is
greater than the charge capacity.32

To verify this conclusion, the electrochemical
impedance spectroscopy (EIS) is further studied
[Figs. 5(a) and 5(b)], which shows a well-defined
semicircle in the high-frequency region followed by a
linear part at a low-frequency region. The semicircle is
related to the charge transfer process at the interface
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between the electrode and the electrolyte, and the linear
part corresponds to the Li* diffusion behavior.**-*
To illustrate the electrochemical impedance spectrum,
an equivalent circuit of the electrodes is present in
Figs. 5(a) and 5(b) (inset). In the equivalent circuit, CPE
represents the double layer capacitance, R, stands for the
resistance of the electrolyte and electrode, R, is on behalf
of the resistance of the charge transfer, and W is the
Warburg impedance. The charge transfer resistances in
al-a5 (125.8, 175.9, 252.7, 351.9, 296.7 Q) or bl-b5
(58.7, 94.6, 105.9, 166.5, 350.0 Q) are all significantly
lower than the pure LFP (401.7 Q). On the whole, the
charge transfer resistance of b-series is smaller
than a-series. The EIS results are consistent with the
facts of charge/discharge assays. For further investiga-
tion, the lithium-ion diffusion coefficient is calculated
according to the low frequency region of EIS by using
equation (1)*537.

R2T?

D=———
A FAR2G2
n*Ficsoy,

(1)

where R and T are the gas constant [8.3144621 J/(mol K)]
and the absolute temperature, A is on behalf of the
surface areas of the electrode, n and F represent the
number of transfers per molecule and Faraday constant
(96,485 C/mol), and ¢ and o, stand for the concentration
of lithium and Warburg coefficient. In addition, the
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FIG. 5. EIS spectra of samples (a) al-a5 and (b) bl-b5, and fitting plots between Z' and »~ "% in the low-frequency region of samples (c) al-a5

and (d) b1-b5.
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diffusion coefficient of lithium ion is inversely propor-
tional to the Warburg coefficient G, as follows:

, (2)

where o is the angular frequency. The Warburg factor G,
can be calculated by the linear fitting of Z' and the
reciprocal square root of the angular frequency (®), as
shown in Figs. 5(c) and 5(d), and the data are given in
Table IV. It is noteworthy that the diffusion coefficient of
al and bl is more excellent and their charge transfer
resistances are dramatic.

The above characterization and electrical performance
test results demonstrate that the capacity performance of
al and b1 is better in the same series. To further research
the effect of different additives on the electrochemical
performance of the composite materials, the cyclic
voltammogram (CV) profiles of al, bl, and pure LFP
are shown in Fig. 6. The test method is linear scan cyclic
voltammetry, and the voltage range is controlled between
2 and 4.2 V, the scan rate is 0.001 V/s, and the sampling
interval is 0.001 V. As seen from the CV curves, the
oxidation peaks and reduction peaks of the three samples
are highly symmetric, and the peaks of al and bl exhibit
higher symmetry compared with pure LFP, which

7' =R, + Ry + o0 /2

TABLE 1V. Resistances derived from EIS based on the proposed
circuit model and the diffusion coefficients of Li™ for samples al—a5
and bl-b5.

manifests that the materials of al and bl have better
reversibility. The high peak intensity and small potential
difference are indications of the good reversibility of
Li" intercalation/deintercalation reactions and excellent
kinetics.*®* The potential difference of pure LFP is
0.83 V, whereas those of al and bl are 0.77 V and 0.97 V,
respectively. From an overall perspective, the CV curves of
al and bl have better symmetry than pure LFP, suggesting
that the samples have higher electrochemical activity and
better crystallinity,40 which reflects the decreased polariza-
tion and the increased diffusion rate of lithium ion. In
addition, lithium ions and electrons in the system of al and
bl are more active, depending on homogenous morphology
(SEM) of nanoparticles composites, which can shorten the
Li" diffusion pathway and improve the reversibility of Li*
intercalation/deintercalation process.

To research the rate capability, the materials al, bl,
and pure LFP were recorded by galvanostatic cycling at
various charge—discharge currents from 0.1 C to 5 C each
for 10 cycles (Fig. 7). In all cases, the specific capacity
decreases with the current density increasing, which
manifests low active material utilization and transport
limitations in the electrode materials. At a very low
current rate of 0.1 C, the discharge specific capacity of al
(143.0 mAbh/g) is slightly lower than bl (152.3 mAh/g)
and significantly larger than pure LFP (109.2 mAbh/g).
Nevertheless, the discharge specific capacities of pure
LFP is 68.5 mAh/g after 60 cycles at 5 C, which decreases
notably compared with 0.1 C, showing the capacity
retention of 37.3%. However, under the same conditions,

Sampl R (Q Ry (Q w (Q cm’/s"? D (em’/s ) . .
ampe @ « €D Sw Q emt/s ™) (cm™s) the capacity retention of al (68.5%) and bl (90.4%) is
al 2.1 125.8 36.53 648 >10""  remarkably higher than pure LFP. The discharge spe-
a2 21 175.9 174.52 284> 107" cific capacities of LiFePO4 modified by binuclear metal
a3 2.1 252.7 252.18 1.36 x 10 . . .
" . 3519 g, 6.36 % 10-13 hexaaminophthalocyanines are higher than that of
a5 23 296.7 22551 170 x 10-'2 ~ mononuclear metal tetraaminophthalocyanines, since
bl 2.2 58.7 51.60 325 x 107'"  the lager molecular skeleton possesses a relatively good
b2 2.1 94.6 176.58 277 x 10’5 conjugation and is more effective modification of LFP.
b3 2.1 105.9 112.60 6.82>107 " And the radius of the manganese ion approaches that of
b4 2.0 166.5 261.01 1.27 x 10 . . .- .
bs 53 350.0 323,00 820 % 10~ the iron ion, so it is easy to enter the lattice of LFP.
LFP 23 401.7 286.15 106 x 10-'2  Manganese makes the LFP more stable and further
improves the electrochemical performance of LFP for
2+ 24
-al
" Y LFP i
‘é -LFP ‘é
£ 0- £ 0
g g
3 3
-1 -1
-2 1 -2
2:0 2:5 3:0 3,‘5 4le 4‘.5 ZI.I} 2‘.5 3:0 3:5 4:0 4:5
(a) Potential (V vs. Li'/Li) (b) Potential (V vs. Li'/Li)
FIG. 6. CV curves of samples (a) al and (b) bl at 0.1 mV/s.
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a LIB.*! The cycle performance of three samples at  reversibility, and high stability, so they can be better used
0.1 C is showed in Fig. 8. After 50 cycles, the capacity  in the field of electronics.

retention of al is 92.8%, which is much better than that

of the pure LFP (87.2%) but slightly lower than that of

bl (93.0%). It is showed that MnPcTa or Mn,Pc,Ha as ACKNOWLEDGMENTS
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