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Abstract Fitting of the voltage vs. insertion curves of the
LiFePO, electrode was based on theoretical expressions
describing the Li" diffusive process in a solid medium. The
noninteracting gas model for the chemical potential of ions
distributed in a solid matrix was taken into account, and the
diffusion coefficient and the energy activation for the
diffusion process were accordingly calculated. The polari-
zation curves at various discharge stages were theoretically
obtained, and a good agreement was found with the
experimental data at all discharge rates. A mathematical
relation describing the trend of the diffusion resistance vs.
insertion degree was also developed.

Keywords Lithium iron phosphate - Discharge curves
simulation - Diffusivity - Diffusion resistance -
Noninteracting gas model

Introduction

Lithium iron phosphate is a very interesting positive
electrode for low-cost, high-energy lithium-ion batteries [1—
5]. A critical factor for its electrochemical performance is
represented by the low electronic conductivity [6]. The
lithium ion’s jump from one site to another requires a
simultaneous passage of electrons between sites. Therefore,
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if the ionic conductivity of the material is higher than the
electronic one, the ionic diffusivity is limited by the low
electronic diffusivity. In the opposite case, the electronic
conductivity is limited by the lower ionic diffusivity, and the
grain size is important for obtaining a good electrochemical
performance. In this work, it is assumed that the ionic
diffusivity is the kinetic critical factor for a high performance
and that the chemical potential of the LiFePO4/FePO, couple
is essentially uniform throughout the materials. Only ionic
transport will be considered for the discussion.

It is important to specify that Li" insertion/deinsertion in
LiFePOy is accompanied by strong electron—ion interactions
leading to the coexistence of two phases. Therefore, the
insertion process proceeds by one or several reaction fronts
and, in principle, is incorrect to define a diffusion coefficient.
However, McKinnon and Hearing found that it is not
possible to distinguish between two different diffusion
models based on continuous (solid solution formation) or
noncontinuous (two-phase formation) processes of Li"
uptake or removal [7]. Based on this assumption, the term
diffusion coefficient, D, will be used in this work too.

LiFePQ, preparation

Fe(Il) methyl phosphonate Fe((CH3;PO3)(H,0)) (FeMP)
and Fe(Il) phenyl phosphonate Fe((CsHsPO3)(H,0))
(FePP), the precursors of LiFePO,, have been synthesized
as reported in [8]. These compounds can be isolated as
white microcrystalline powders and are stable in the air.
Li,COj3 and FeMP or FePP (1:2 ratio) were ball-milled to get
an intimate mixture. Gray powders of LiFePO, were
obtained by heating the precursor mixtures in a tubular
furnace under N, at temperatures above 600°C for at least
16 h.
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Experimental system

The electrodes used for the electrochemical characterization
were prepared by mixing 10 mg of LiFePO, powder with
10% carbon and 5% teflon. The cathode components were
pestled in a mortar and laminated. Electrodes with a surface
“q” of ~1 em® were punched from the foil. Then, the
electrodes were placed in a cell also containing Li foils (as
anode and reference electrodes), a glass wool separator and
1 M LiPFc—DMC:EC (1:1) as electrolyte. The same
configuration was used for electrochemical impedance
spectroscopy (EIS) and potentiostatic—intermittent titration
technique (PITT) experiments.

A frequency response analyzer (Solartron 1255 HF and
Solartron 1286 models by EG & G) and a galvanostat—
potentiostat (Mac-Pile II Biologic) were used for these
experiments.

Discussion

The chemical potential is a function of the ions distributed
in the sites of a solid matrix and takes the form [8]:

X
y(x):Eo—i—kBTln( ) (1)
1—x
where Ej is the energy of the sites.
The diffusion resistance, R, is defined as [8]:
LZ

R - 2

W= Vena @)

u

In the quasi-equilibrium approximation, the diffusion
coefficient, D, is defined as [8]:

Dy(x) du
D(x) = — 3
) =27 “dx (3)
where Dj is the kinetic or jump diffusion coefficient:
MO Ea )
Dy(x) = —exp| —— | P(0;0 4
1) =" exp (22 )00 @

P(0;0) is the probability for two nearest neighbor lattice sites
to be vacant [8, 9]. For noninteracting lattice gases P(0;0)=
(1-x)* and E, is the activation energy/mol [10, 11]. Finally,
the diffusion resistance assumes the form (used for the fit):

L? L*kgT

R(x) = — = —
() D(x)Ve’N 3 Dy(x)Ve>Nx

L*kgT
- = 5 E, 2 (5)
Ve2NMy exp(— ) (1 —x)
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Electrochemical parameters determination

To determine the diffusion resistance, expression 6 was used.
It represents a polarization curve and includes the exchange
current density, i,, the Tafel slope, b, and the electrolyte
resistance, R.. Therefore, these electrochemical parameters
were firstly measured by EIS in a three-electrode cell.

E=E°(x) — bIn(i/iy) — (Re + R(x)) -i-a (6)

The exchange current density is related, by Eq. 7, to the
charge transfer resistance that can be obtained from the
Nyquist diagram (Fig. 1) as the difference between the second
and first intercept of the semicircle with the abscissa. R, was
found to be equal to ~85 (.

Therefore, from the following relation, valid for very
low over-voltage values [12—14]:

. RT )
o T SRRy

i, at 20°C can be obtained:

io =2.9 x 107%A /fem’ (8)

Then, the b value may be calculated from the following
relation:
RT
b=——=0.05V 9)
nFo
where « is the transfer coefficient (normally assumed equal
to 0.5).
The exchange current density was also measured by a
Tafel plot and a cyclic voltammetry curve (Figs. 2 and 3,
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Fig. 1 Nyquist plot
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Fig. 2 Tafel curve

respectively). The value of i, so determined is somewhat
smaller than that of expression 8:

io =1.3 x 107*A /cm’

As the geometric surface was used in the calculation, the
i, values are a characteristic of the electrode rather than of
the active material.

The electrolyte resistance, R., was determined from the
value of the first intercept of the semicircle of Fig. 1; it is
equal to ~8 €.

An E°=~3.45 V can be derived for LiFePO,. Figure 4
reports the discharge curves at various rates for an electrode
containing ~10 mg of LiFePO,. Using these curves, the
polarization curves of Figs. 5, 6, 7, and 8 could be drawn.
Each polarization curve corresponds to a fixed insertion
degree (mAh/g) related to every single vertical segment of
Fig. 4.
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Fig. 3 CYclic voltammetry at 0.5 mV/s of a de-litiated electrode

mAhig

Fig. 4 Discharge curves

Diffusion resistance determination

At this point, in expression 6, only the diffusion resistance
remains to be determined. Therefore, by fitting the
polarization curves, the diffusion resistance was obtained
as a function of the insertion degree, as shown in Fig. 9.
The diffusion resistance increases with the insertion
degree, the highest value being observed near total
discharge. To fit the experimental data, a function similar
to Eq. 5 was looked for and the following expression
(Eq. 10):
R=— 4 (10)
exp(~B)(1 - x)
was found to fit very well the data if coefficients 4 and B
have the values:

A=13x%x10"%hm; B=15.85

Volt

Fig. 5 Polarization curves fitting: (ex sign) 4.4 mAh/g; (empty
square) 17.7 mAh/g; (empty triangle) 24. 2 mAh/g; (empty diamond)
35. 5 mAh/g
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Fig. 6 Polarization curves fitting: (ex sign) 46. 3 mAh/g; (empty

square) 58. 8 mAh/g; (empty triangle) 73.8 mAh/g; (asterisk) 80.
9 mAh/g

Let us consider now expression 1. The term (g—z) may

be obtained, which is given by:
Ox\  x(1—x)
8/1 N kBT
By putting it into Eq. 5, R(x) may be written as:

L2

For x=0.5, assuming 7=293.15 K, the specific capacity

of LiFePO, as 0.17 Ah/g or 612 C/g, the density of

LiFePO, as 3.9 g/em®, the charge density “Nxe” for
LiFePO, is equal to: 612:3.9=2,386.8 C/cm® or 2.386x

volt

ol n
£

T T 1
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T
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Fig. 7 Polarization curves fitting: (ex sign) 96. 4 mAh/g; (asterisk)
111. 3 mAh/g; (empty square) 120 mAh/g; (empty triangle) 134 mAh/g
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Fig. 8 Polarization curves fitting: (ex sign) 141. 8 mAh/g; (empty
triangle) 148 mAh/g; (empty square) 155 mAh/g

10° C/m®. Assuming that the active material volume 7, in
our experiments, is:

1 cm?
— x0.01=2. 1073 |—| -
3.9><00 56 x 10 {g} lg]

or: 2.56x107° m’,expression 11 becomes:

1.38 x 1072 % 293.15 x L?

R(0-3) = 3 36X 107 % 1.6022 x 10 x 2.386 x 10° X 025 x D(0.3)
=380
0.0165 x L?
R(0.5) = 222 X7 _380) (12)

D(0.5)

As a final assumption, the characteristic diffusion length
(L) was set equal to the radius of the particle, L. The latter
was estimated as ~0.1x 10 cm (Fig. 10). Therefore, a value

1800; = data

16004 —fitting
1400:
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Fig. 9 (filled square) Diffusion resistance vs. insertion degree;
(straight line) Diffusion resistance fitting
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43x107'* cm?/s was calculated for the diffusion coefficient, ~ Table 1 Cottrell parameter

which is very close to the values reported in [1, 15, 16]. Method Cottrell parameter Value
PITT and Cottrell region log (A) 2

Experimental determination of the activation energy PITT and Cottrell region Dop/D 1

for Li* insertion
By the fit, E, results to be:

E,=1585 xR x T =15.85x 8.31 x 293.15

=~ 38.6 kJ/mol. (13)
This value is an excellent agreement with the one
reported in [9] (39 kJ/mol"). To confirm the validity of
the fitting, the activation energy has been also calculated for
x=0.25 and x=0.75.
Using expressions 1, 3, and 4, D is:

1—x E,
D=M0< )exp(—ﬁ> (14)
and
nD = ln(Mo ! _x> _5E (15)
X RT

The diffusion coefficient of LiFePO,4 has been calculated
using the potential step cyclic voltammetry (PITT tech-
nique, Table 1) at different temperatures on the first sweep
oxidation peak [from 3.25 V (open circuit voltage) to 4 V
(final voltage)]. In all experiments, the open circuit
relaxation time was 20 s and the step duration 10 s if /,<
0.01 mA.

——
1uym299kV 336E4 4224-080

Fig. 10 SEM picture of LiFePO,

Plotting I+/¢ vs. log(f), where I is the current value
during the potential step at 3.43 V (x=0.25) and 3.46 V
(x=0.75; when the current value is very low as in
voltammetry experiments, LiFePO, de-intercalates almost
all the charge within the voltage range 3.42-3.47 V), it is
possible to specify a particular region where 7+/7 is almost
constant and to highlight a Cottrell behavior.

As stressed in [17], the diffusion coefficient, calculated
determining the Cottrell region, can be often underesti-
mated; to calculate the real diffusion coefficient, it is
necessary to evaluate the dimensionless parameter A,
defined as [18—19]:

Ry

N=——"=
RQ+Rct

(16)
where Ry is the diffusion resistance, R the ohmic
resistance, and R, the charge transfer resistance. For
LiFePOy, log (A)=2 (see Table 1), and in this condition,
the following expression (Eq. 17) is valid within the
Cottrell region [20, 21]:

D1/2
O E o constant

e (17)
where Q is the charge intercalated during the step, L is the
characteristic diffusion length, 7 is the current during the step,
and D is the real diffusion coefficient; knowing the first three
parameters, it is possible to calculate the last one. Therefore,
plotting In(D) as a function of % and determining the slopes
of the straight lines (Fig. 11), the activation energies may be
calculated (Table 2). In both cases, the activation energy
values are very similar to the experimental and fitted ones at
x=0.5 [9].
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Fig. 11 Diffusivity coefficient as a function of 1/T in logarithmic
scale (filled dots) for x=0.25 and (filled squares) x=0.75
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Table 2 Activation energy for the diffusion process at x=0.25 and x=
0.75

@,

Insertion degree “x Activation energy (kJ/mol)

0.25 35.0
0.75 39.6

Fitting of the discharge curves

Finally, for the first term of expression 6, a logistic function
has been used [22]. We assume that when the discharge
begins and Li ions are accepted into the FePO, structure,
they firstly occupy all sites of more external shells. As soon
as this first filling is complete, a new phase (LiFePO,)
forms within this shell that grows step-by-step inside the
active material. It is supposed that during this primary
filling of FePO, the E°(x) voltage changes according to a
curve described by a logistic function quite similar to the
one we propose. Therefore expression 6 becomes:

o (Eec_F) - ..
E()C)— W+E —bln(l/lo)
A :
— Re—‘rml X1Xa (18)

where E,. is the voltage at the end of charge (in this case,
4 V), E is the voltage near reversibility conditions, and ¥ is
the insertion degree corresponding to the mean voltage
difference (Eec — F) In the above equation, the second
term of the right-hand member is the barrier overpotential,
the third term is the ohmic electrolyte resistance R., and the
last term is the diffusion overpotential. Finally, Figs. 12 and
13 show the fitting of the LiFePO, discharge curves for
various discharge rates using such relation.

4.5

3.5

Volt

2.5

1] 50 100 150 200
mAh/fg

Fig. 12 Discharge curves fitting at a C/10, b C/3, ¢ 3C, d 20C; (filled
square) fit
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Volt

Fig. 13 Discharge curves fitting at a C/5, b C, ¢ 10C, d 30C; (filled
square) fit

Conclusion

Some authors have tried to fit the discharge curves of LiFePOy,,
but even if the fitting was quite close to the real curves, a
good agreement at all rates could not be observed. In this
work, polarization curves for various discharge stages were
theoretically obtained, and a good agreement was found with
experimental data also at high discharge rates. A mathemat-
ical relation describing the trend of the diffusion resistance
vs. insertion degree was also developed. The values of the
diffusivity, assuming a noninteracting gas model, and of the
activation energy have been also determined. The values
obtained are in good agreement with the ones reported in the
literature. The method presented in this work can be used to
find an expression able to predict the behavior of other
cathode materials during charge or discharge.

Nomenclature

M, Tonic mobility coefficient (cm?*/s)

L characteristic diffusion length (cm)

e positive elementary charge=1.6022x10"" (C)
n number density of intercalated atoms

N number density proportional to the size of

the host

14 active material volume (m?)

kg Boltzmann constant = 1.38 x 1023 [ﬂ

T temperature (K)

C capacitance (F)

0 charge (C)

R gas constant [ —|

F Faraday constant [m]

n electron moles involved in the electrochemical
process

E° open-circuit voltage (V)

b Tafel slope (V)
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electrode surface (cm?)

a
io exchange current density (A/cm?)
R, electrolyte resistance (£2)
R(x) diffusion process resistance (£2)
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