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The behavior of a composite cathode material LiFePO4/C has been ana-
lyzed using the methods of chronopotentiometry, cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS). The specific
capacity of the LiFePO

4
, synthesized by the solid state method, changes

from 110 to 40 mA.h/g with an increasing of the current density from 0.1
to 10C. The values of the diffusion coefficient for the lithium ions (D

Li
)

using the CV method are 2.06.10-14 and 1.07.10-14 cm2/s for the anodic
and cathodic processes, respectively. The diffusion coefficients, calcu-
lated by the impedance spectroscopy data,have been change in the range
of 4.10-12 to 6.10-16 cm2/s and are in a good agreement with the cyclic
voltammetry data.  2015 Trade Science Inc. - INDIA

INTRODUCTION

Lithiated iron phosphate LiFePO
4
 is a promis-

ing component for lithium ion batteries [1-3].
LiFePO

4
was proposed as a cathode material for LIA

in 1996[4-5]. Its advantages include low cost, com-
patibility with most of the anode materials, high spe-
cific capacitance (Q

teor.
 = 170 mA.h/g) and a degree

of stability to withstand a significant amount of
charge/discharge cycles without significant changes
in the specific characteristics. As most electrochemi-
cal parameters depends on the speed of charge/dis-
charge of the electrode, particularly important is the
problem of a reliable measurement of the diffusion
rate of lithium ions in the electrode matrix material.

Information on the diffusion processes in inter-
calation materials is often prepared using the meth-
ods of potentiostatic step titration, PST [6-7],
galvanostatic step titration, GTS[8-9], the electrode
impedance spectroscopy, EIS[10-11] and cyclic
voltammetry, CV[12-13] at low speeds of the potential
sweep. It should be noted that lithium diffusion co-
efficient values even for the same nature electrodes
may significantly differ depending on the method of
synthesis, the particle size and morphology, as well
as on the electrochemical methods.

The range of substantial differences in the val-
ues of specific capacitance and the diffusion coeffi-
cient of lithium samples LiFePO4, synthesized in
various ways, is well illustrated by the data in
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TABLE 1.
In this regard, the works in which a set of electro-

analytical methods is presented, are of particular
interest. Low-amplitude techniques which do not
cause a significant change in the concentration of
intercalates should be used among them.

The goal of this study is to determine the diffu-
sion coefficient of lithium in the structure of LiFePO

4

from the LiBOB-containing electrolytes using mod-
ern methods of CVA and SEI, as well as a compara-
tive analysis of the obtained results.

EXPERIMENTAL

Synthesis of the carbon composite LiFePO
4
/C

has been described in our previous work[23]. The
amount of carbon additive in the composite is 2%.
The 0.6 molal solution of lithium bis-(oxalato)borate
(LiBOB) in an equimolar mixture of ethylene car-
bonate (EC) (Suprapur, Scharlau Chemie, Spain) and
dimethyl carbonate (DMC) (99%, Aldrich) used as
electrolyte. Comparative characteristics of the syn-
thesized composite LiFePO

4
/C has been carried out

with a commercial sample of Life Power® P1

(Phostech Lithium, Canada).
The sample for the study of its morphology has

been prepared by coating the powder of LiFePO
4
/C

composite on the brass table, followed by the gold
layer on the ion sprayer FINE COAT JFC-1100. The
sample image was prepared by the scanning elec-

No. 
Synthesis method for 

the LiFePO4 
Particle 

size 

Specific surface area 
(S) m2.g-1 and actual 

electrode surface area 
(A) cm2 

Specific capacitance, 
Q, mA.h/g 

Diffusion 
coefficient, cm2/s 

Reference 

1 Solid state synthesis 8 µm 
S = 32.7 m2.g-1 (BET) 

A = 14.38 cm2 
� 

7.7 × 10
-17 (EIS, x = 
0.4) 

7 × 10
-18 (GITT, x = 
0.33) 

[14] 

2 Solid state synthesis 0.5-2 µm 
S - not specified 

A = 2 cm2 
~160 at (Ñ/20) 10-13 � 10-14 (EIS) [15] 

3 Hydrothermal synthesis 
200-400 

nm 
S = 16 m2.g-1 (BET) 

A - not specified 

~98,122,125 at (0.5Ñ) 
~125,128,136 at 

(0.2Ñ) 
03-2.2 × 10

-14 (CV) [16] 

4 Solid state synthesis 400 nm 
A = 0.000786 cm2 
S - not specified 

~140 at (1Ñ) 
2 × 10

-10 (CV) 
4 × 10

-11 (CV) 
[17] 

5 Solid state synthesis 
184 nm 
52 nm 

Not specified 

160; 133 at (0,1C) 
149; 123 at (0,2C) 
143; 110 at (0,5C) 
137; 101 at (1C) 
125; 92 at (2Ñ) 
97; 44 at (5Ñ) 

1.1·10
-14(EIS) 

3.2·10
-14(EIS) 

[18] 

6 Solid state synthesis 1 µm 
S - not specified 

A = 100 cm2 (SEM) 
� 

1.3 × 10
-16 � 7.6 × 

10-11 (GITT) 
7 × 10

-15 � 2.3 × 10
-

13 (PITT) 

[7] 

7 Solid state synthesis 2.45 µm 
S - not specified 

A = 1.54 cm2 (SEM) 
142 at (0.3Ñ) 8.6 × 10

-11 (CV) [19] 

8 Solid state synthesis 100 nm 
S - not specified 

A = 39.9 cm2 

159 at (1Ñ) 
141 at (5Ñ) 

124 at (15Ñ) 
112 at (20Ñ) 

2.4-2.8 × 10
-11(CV) 

2-2.4 × 10
-13 (EIS) 

10-11 
� 10-14 (GITT) 

[20] 

9 Sol-gel synthesis 50 nm 
S = 34.5 m2.g-1 

A - not specified 
~160 at (0.1Ñ) 

4 × 10
-16 (CITT, 

min at 3.5 V) 
[21] 

10 Solid state synthesis � 
S - not specified 

À = 2.23 cm
2 (geom.) 

� 
10-11 

� 10-13 (PITT) 
10-11 

� 10-13 (EIS) 
[22] 

TABLE 1 : Comparison of physico-chemical and electrochemical characteristics of the LiFePO
4
/C, synthesized by

various methods
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tron microscope JSM-6060 LA (JEOL, Japan) at a
voltage of 30 kV.

Cathode mass for electrochemical studies was
prepared by mixing the LiFePO

4
/C composite, car-

bonized black and polyvinylidene, in the ratio of 0.8:
0.1: 0.1. The resulting mass is applied to a stainless
steel substrate (S = 1 cm2). The electrodes were dried
under vacuum at a temperature of 120÷1300Ñ during
the5 ÷6 hours. All operations for the preparation of

electrolyte and the cell construction were performed
in the dry box. Electrochemical measurements of
samples were performed using the potentiostate IPC
Compact (Russia). The diffusion coefficients of the
lithium ions in the LiFePO

4
 structure were calcu-

lated using the data obtaining bythe method of im-
pedance spectroscopy. Electrochemical impedance

spectra were recorded on an electrochemical mod-
ule Autolab-30 PGSTAT302N Metrohm Autolab,
equipped by the FRA module (Frequency Response
Analyzer) in the range of 3.10 � 106 Hz. Its manage-

ment was done with Autolab 4.9 at the amplitude of
the disturbing signal ±5 mV followed by the Zview

2.0.

RESULTS AND DISCUSSION

The data on the surface morphology of the com-
posite LiFePO4/C under the SEM image are shown
in Figure 1. As is evident, at an annealing tempera-
ture equal to 650°C particle aggregation occurs due

to sintering. The heterogeneity of particle size, ac-
cording to the image is 0.1÷1.0 mm. This difference

Figure 1 : SEM image of LiFePO
4
/C

Figure 2 : The charge/discharge curves of the LiFePO
4
/C electrode, i = 45 mA/g. 1, 3, 5 � cycle numbers
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in particle size can provide for implementation of
high current restriction during the work of lithium-
ion battery[24].

Cycling of electrode from the LiFePO4/C com-
posite was carried out in the potential range of
2.2÷4.2 V, rel. Li+/Li (Figure 2). The plato is ob-
served in the charge-discharge curve in the poten-
tial range of 3.4÷3.5 V (rel. Li+/Li). It is respon-
sible for the intercalation/deintercalation of lithium
in the structure of olivine. The low specific capac-
ity in the 1st cycle is associated with forming of the
conductive solid electrolyte membrane (SEI) on the
electrodes.

When cycling LiFePO
4
/C composite for 100

cycles (Figure 3), an increase of specific capacity

of the material is observed. It indicates its gradual
elaboration during the intercalation/deintercalation
of lithium. The gap between the 40th and 80th cycles
is related to providing of the diffusion research by
the CV and EIS methods).

By increasing the discharge current density from
0.1 C to 10 C there is a decrease in specific capac-
ity of the sample from 110 to 40 mA.h/g (Figure 4).
Change of the specific capacity by increasing the
discharge current density for samples of LiFePO

4
/C

and Life Power® P1 is in a good agreement with a

density of 0.5 S.
Cyclic voltammograms of the LiFePO

4
/C elec-

trode are shown at the Figure 5 and display the pro-
cess of intercalation/deintercalation of lithium ions

Figure 3 : Change of the specific capacity during the cycling electrodewith LiFePO
4
/C composite

Figure 4 : Change of the specific capacity of LiFePO
4
/C electrode depending on the density of discharge current: 1

� synthesized sample; 2 � commercial sample Life Power® P1
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in the olivine structure, after the formation of pas-
sive membranes on electrodes. With increasing of
the potential scan rate, there is a shift of anodic peak
towards higher potential values and cathodic peak �
to lower values.

This fact indicates an increase in the irrevers-
ibility of the reaction of lithium intercalation/
deintercalation. It should be noted that the shift of
the peak positions on the scale of the potential with
increasing scan rate is observed even for ultra-thin
electrodes with minimum speeds of potential sweep,
indicating a change in the initial composition of the
electrode, and gives the calculated values of the ef-
fective parameters.

The calculation of the diffusion coefficient of
lithium ion in the olivine structure has been carried
by the Rendls�Shevchik equation[25], which is as fol-
lows at the 25°C:

(1),
wherein

n � number of electrons participating in the el-

ementary act; A � area of the electrode, cm2;  �
lithium diffusion coefficient, cm2/s;  � rate of po-

tential sweep, V/s; c� the initial concentration of

vacancies in the intercalates (cathodic process) or
the initial concentration of lithium (for anodic pro-
cess), mol/L.

It should be noted that most of the authors in the
equation (1) using the value of the geometric area of
electrode, which leads to high results of the value of

diffusion coefficient for lithium ions (see TABLE
1). At the same time, the determination of the sur-
face area according to the classical BET method
(Bernauer-Emmett-Teller) may introduce errors in
its value due to the presence of carbon significant
surface in the LiFePO4/C composite[26], which ulti-
mately results in for low values of the diffusion co-
efficient of lithium. In this study, to determine the
surface area of the composite electrode the mean
particle radius from the SEM image (an average par-
ticle diameter of 500 nm), has been used. The for-
mula for calculating the surface area[24, 27, 28], is as
follows:

(2),
wherein

r � the radius of the particle, cm; ñ � density of

the LiFePO
4
 (ñ = 3,6 g/cm3).

Figure 6 shows the values of the anodic and ca-
thodic current peaks in coordinates I

p
 � f( ), ap-

propriate to the linearization of equation (1). Pre-
sented results confirm the assumption about the dif-
fusion nature of the limiting stage. Linearization stan-
dard error was (R2 = 0.996 � 0.999). Calculated

according to equation (1), the magnitude of the av-
eraged diffusion coefficient for lithium ions
is2.06.10-14and1.07.10-14cm2/sfor the anodic and ca-
thodic processes, respectively.

The impedance spectra obtained with varying
degrees of lithium intercalation into the structure of

Figure 5 : Cyclic voltammograms sample LiFePO
4
/C at different rates of the potential sweep: 1 � 0.01 mV/s; 2 �

0.02 mV/s; 3 � 0.05 mV/s; 4 � 0.1 mV/s; 5 � 0.2 mV/s; 6 � 0.5 mV/s; 7 � 1 mV/s; 8 � 2 mV/s
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Li
x
FePO4 are presented at the Figure 7. In all cases,

the impedance spectra represent the center of the
semicircle below the x-axis - in the high and mid-
range, and a linear portion extending at different
angles � in the low-frequency region. In this case,

the impedance spectrum attended two arcs (Figure
7A) which are effective feedbacks of the boundary
migration processes SEI/solution, conjugated in the
bulk transport SEI, and transfers across the bound-
ary SEI/intercalates flowing together with the diffu-
sion layer in the intercalation.

The obtained spectra are satisfactorily modeled
by electrical equivalent scheme (EPS), are presented
at the Figure 8.

Here, instead of the classical capacity we used
the CPE element (constant phase element). Its physi-

cal meaning is not fully determined, but some au-
thors consider it because of diffusion to non-fair-
ness surface[29-30], or the accumulation of charge di-
rectly on the surface. It should be noted that the choice
of the EPS to simulate the impedance spectra is an
important consideration in interpreting the results
since the same spectra can be satisfactorily inter-
preted via various schemes, so-called principle of
identical equivalent circuits consisting of identical
elements and differing by the scheme of its com-
pounds, but adequately describe the mechanism of
electrode reactions. In this case, we need more in-
dependent information on the prediction mechanism
of electrode process. We used the experiment of cy-
clic voltammetry for this purpose.

The physical picture of processes, occurring in

Figure 6 : The dependence of the current of anode (1) and cathode (2) peaks from the rate of potential sweep

Figure 7 : Nyquist diagram for various degrees of lithium intercalation (x) into the structure of Li
x
FePO

4
 in value

x: 0.862(1), 0.786(2), 0.710(3), 0.634(4), 0.558(5), 0.482(6), 0.406(7), 0.330(8); A � insert, figure Z2 , Z3  at f=5 Hz
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Figure 8 : Electrical equivalent scheme used for the simulation of impedance spectra of the intercalation elec-
trode

Rs, Ohm R2, Ohm R3, Ohm CPE1, Ohm CPE2, Ohm W, Ohm 
x in LiõFePO4 

Mean Err. % Mean Err. % Mean Err. % Mean Err. % Mean Err. % Mean Err. % 

0.330 2.642 0.58 16.58 4.71 21.97 1.58 0.91 2.85 0.88 0.45 14.84 180.8 

0.406 2.642 1.58 72.94 2.44 27.38 5.76 0.87 1.56 0.82 1.05 156.9 149.8 

0.482 2.576 2.23 104.6 2.37 18.88 11.25 0.81 1.55 0.87 1.91 152.8 181.6 

0.558 2.362 2.82 116.1 3.05 14.53 19.1 0.79 2.03 0.91 3.22 237 39.93 

0.634 2.774 2.29 119.3 2.57 13.72 16.96 0.795 1.74 0.93 2.98 16.9 8.64 

0.710 2.370 2.44 118.2 2.82 14.06 18.16 0.796 1.85 0.93 3.06 6.33 6.67 

0.786 2.465 1.94 111.6 2.57 17.51 13.61 0.82 1.59 0.90 2.07 5.62 7.35 

0.862 2.818 0.97 71.44 8.54 24.49 22.49 0.86 3.44 0.82 1.68 11.17 12.70 

TABLE 2 : Informative parameters of electrode material based on Li
x
FePO4 calculated using EPS, according to

the impedance spectroscopy data

the system, is mainly clear thanks to numerous stud-
ies. Transport of the lithium ions sequentially passes
through the electrolyte solution in the pores of the
separator, solid electrolyte layer, and the
interphaseboundary. Relevant stages of this process
are reflected in the EPS, and their numerical values
as resistance of the electrolyte in the pores of sepa-
rator (R

s
) and the transfer resistance of lithium ion

through the SEI/intercalates boundary (Rct), Warburg
impedance W responsible for lithium diffusion were
calculated using this scheme and presented in TABLE
2.

The equation for the diffusion coefficient of
lithium when changing its degree of intercalation into
the Li

x
FePO

4
[7, 31] is as follows:

(3),
wherein

V
m
 � molar volume, mol/cm3, F � Faraday

constant,ó � Warburg factor, Ohm.s1/2 {determined
from the linear dependence of the Z2  or Z3  � f (ù1/

2)},  � changes in electrode potential at various

Figure 9 : Change of the diffusion coefficient of lithium ion in the olivine structure depending on the degree of
intercalation
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degrees of lithium intercalation (x).
The change of the diffusion coefficient of lithium

ion in the structure of Li
1-x 

FePO
4
 is shown at the

Figure 9. The resulting dependence is characterized
by a minimum of a wide range of changes in the
degree of intercalation (x), which is in a good agree-
ment with the results obtained by other authors[32, 33].

The course of the obtained dependence is due to
the interfacial interactions between the lithium ions
and oxygen atoms in the structure of LiFePO

4
[6].

Peixin et al.[34] noted that the diffusion rate of lithium
ions is mainly dependent on the structural charac-
teristics of the crystal. The rate of diffusion is higher
when the distance between the oxygen atoms in the
LiFePO

4
 and the lithium ion is greater.

The D
Li
 values obtained by the CVA and SEI

methods are in good agreement with published data
(see TABLE 1). It indicates the correctness and the
reliability of obtained results.

CONCLUSIONS

Medium temperature (650°C) synthesis of the

LiFePO
4
/C composite with olivine structure allows

to obtain powders with a particle size 0,1÷10 mi-

crons. The charge-discharge curves of the electrode
from these powders have a horizontal portion at a
potential of 3.4 and 3.5V, corresponding to the in-
tercalation/deintercalation of lithium in the structure
of olivine. Dependency analysis of anode (cathode)
peaksof I

p
point from the potential sweep velocity v

indicates the diffusion nature of the lithiating step of
electrode process. This conclusion is also supported
by the dominant influence of the Warburg imped-
ance in the structure of the electrode impedance (our
data) and a view of the dependence of w from x in
Li

x
FePO

4
/C (a curve with a broad minimum in the x

= 0.406�0.558, see TABLE 2). We find (Figure 9)

the similar graph in the same x area (log D
Li-x

). It
should also be noted that the specific discharge ca-
pacity of the synthesized LiFePO

4
/C sample and

commercial (Life Power) are the same at the dis-
charge currents greater than 0.5 C.
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