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bstract

LiFe0.9Mg0.1PO4 material was prepared by mechanical milling method, followed by heat treatment. The equilibrium potential-composition
sotherm of LiFe0.9Mg0.1PO4 and charge–discharge kinetics of LiFe0.9Mg0.1PO4 were measured using galvanostatic intermittent titration technique
GITT), potential-step chronoamperometry (PSCA), and electrochemical impedance spectroscopy (EIS). The rate performance of the cathode is con-
rolled by the charge-transfer kinetics, electronic conductivity, Li-ion diffusion capability, and phase transformation rate. Since LiFe0.9Mg0.1PO4 has

fast charge-transfer reaction and high electronic and ionic diffusivity, the phase transformation between LiFe0.9Mg0.1PO4 and Li0.1Fe0.9Mg0.1PO4

egins to play a more important role in the charge–discharge process, as is evident by an inductive loop induced by the phase transformation in
he low frequency region of EIS. The phase purity and morphology of LiFe0.9Mg0.1PO4 were also observed using X-ray diffraction (XRD) and
canning electron microscopy (SEM).

2006 Elsevier B.V. All rights reserved.
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. Introduction

Lithium iron phosphate (LiFePO4) is one of the most promis-
ng cathode materials for Li-ion batteries because of its large
heoretical capacity, low cost, and it’s environmentally friendly
ature. LiFePO4 has olivine oxy-anion scaffolded-structures
uilt from corner-sharing MO6 octahedral and XO4

n− tetrahe-
ral anions [1]. Olivine is regarded as a stable structure for
i-insertion/extraction and should have good cycling stabil-

ty [2]. However, the pristine compound has a disadvantage
f poor rate performance due to its low electronic conduc-
ivity (∼10−9 S cm−1). Several methods have been reported
o enhance the inherent electronic conductivity, including car-
on coating [3], super-valence ion doping in Li-site [4], and
ano-networking of electronic conductive metal-rich phos-
hide formed under reduction (5% H2) atmosphere at high
emperatures [5]. Using these methods, one can get uni-
ormly doped materials with electronic conductivity as high as

.8 × 10−2 S cm−1 [4,6]. However, it seems that the improved
lectronic conductivity did not improve LiFePO4 performance
s expected. From these results it seems that other than elec-

∗ Corresponding author.
E-mail address: cswang@tntech.edu (C. Wang).

p
c
a
s
p
t
S

378-7753/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2006.08.004
copy

ronic conductivity, material properties such as ionic conduc-
ivity and phase transformation may have strong influence on
ate capability. Yamada et al. [7] reported that the increasing
he specific surface area by uniform dispersion of fine par-
icles in the electrode has resulted in better electrochemical
erformance. This improvement was attributed to the short
iffusion distance in the fine LiFePO4 particles. Recently, it
as been reported that the rate capability and cyclic stabil-
ty of LiFe0.9M0.1PO4 (M = Ni, Co, and Mg) can be greatly
nhanced by bivalent cation doping at Fe-site [8]. Under a
igh discharge current of 10 C, LiFe0.9Mg0.1PO4 showed similar
apacity as LiFe0.9Co0.1PO4 (90 mA h g−1), but higher than that
f LiFe0.9Ni0.1PO4 (82 mA h g−1) [8]. Fe-site doping probably
eakens the Li–O interaction, resulting in high ionic mobil-

ty and diffusion coefficient [8]. Though the extremely flat
harge–discharge profile is categorized as typical of two-phase
eaction systems, which is the key feature of the LiFePO4 cath-
de, only few researchers have discussed the importance of
hase transformation in LiFePO4 during charge–discharge pro-
ess [7–10]. For the charge–discharge simulation of LiFePO4,
core–shell reaction scheme has been applied, assuming a
hrinking core with the movement of the LiαFePO4 (heterosite
hase)–Li1−βFePO4 (triphylite phase) interface [10–13], where
he values of α and β are both approximately 0.03–0.04 [9].
o far, all the mathematical models used for determining the

mailto:cswang@tntech.edu
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All the cells contained 1.0 M LiPF6 in EC–DEC–DMC–EMC
(1:1:1:3 by volume) (Ferro Corporation) as electrolyte and
were assembled in an argon-filled glove box. Charge and dis-
charge characteristics were performed between 2.5 and 4.2 V
290 J. Hong et al. / Journal of Pow

harge–discharge behavior of electrode materials are based on
he assumption that the charge–discharge process is controlled
y diffusion. However, recent results show that the phase trans-
ormation of electrodes (for example graphite anode) may con-
rol the charge–discharge process of the electrodes especially
t the initial stage [14] because the stress and stain induced by
hase transformation decreases the rate of phase transformation
15]. It is found that the electrodes with the low volume change
uring Li insertion/extraction have a high rate capability. For
xample, the Li4Ti5O12 with almost zero volume change has
xcellent rate capability due to the fast phase transformation.
herefore, the phase transformation may play an important role

n charge–discharge process of electrode.
Electrochemical impedance spectroscopy (EIS) is a very

owerful technology to determine the rate of individual elec-
rode kinetic steps, if their time constants are resolvable [16].
ormally, EIS will be measured over a certain frequency range

t a potentiostatic signal amplitude of 5 mV. The use of small
mplitude perturbations is to meet the linearity requirement for
ccurate EIS measurement in the real electrochemical systems.
he 5 mV potentiostatic signal is normally smaller than the
quilibrium potential hysteresis induced by the phase transfor-
ational strain (for example, the equilibrium potential hysteresis

f graphite is around 10–30 mV in the state transformation
egions [17,18]). Therefore, the phase transformation will not
e detected by EIS. However, when the driving-force induced
y the potential bias in the EIS measurement is larger than the
ritical force needed (energy barrier) for phase transformation,
he phase transition will occur during EIS measurement, which

ay change the nature of impedance spectra. Therefore, the EIS
ith large potential bias also can be used to investigate the phase

ransformation kinetics.
Another useful method for investigating the kinetics of Li dif-

usion and phase transformation is potential-step chronoamper-
metry (PSCA), which was successfully used for understanding
he charge–discharge behavior of graphite anodes [15,19].

In this paper, we made an effort to understand the
ffect of phase transformation on the reaction kinetics of
iFe0.9Mg0.1PO4 in two-phase regions by two different exper-

mental techniques i.e. potential-step chronoamperometry and
IS with different potentiostatic signal amplitudes. The reason

o select LiFe0.9Mg0.1PO4 material is because it shows both a
igh Li-ion diffusion ability and an electronic conductivity [8],
nd the phase transformation during the charge and discharge
ay be a controlling step for its rate capability.

. Experimental

.1. Synthesis and characterization of LiFe0.9Mg0.1PO4

The LiFePO4 powder sample was prepared by a pro-
ess designed to reduce the impedance of materials for both
lectrons and ions. In this process, Li2CO3 (Aldrich, 99%),

eC2O4·2H2O (Aldrich, 99%), NH4H2PO4 (Aldrich, 99%),
nd MgC2O4·2H2O (Alfa, 95%) were thoroughly mixed (ratio
f Li:Fe:P:Mg = 1:0.9:1:0.1) using mechanical milling (Spex
000M Mixer/Mill) and then followed by mechanical milling
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n the acetone solution for 24 h. After the precursors were dried
n air, they were reacted in Argon gas (with 5% H2) at 350 ◦C for
h and at 700 ◦C for 8 h in a Lindberg tube furnace equipped with
ass flow controllers. The heat treatment under reduction atmo-

phere (Ar + 5% H2) is to form an nano-networking of highly
lectronic conductive Fe2P. After firing, the final powders were
ieved. The crystalline phases of doped LiFe0.9Mg0.1PO4 pow-
ers were identified by X-ray diffraction using a Rigaku AFC5
iffractometer with a Cu K� radiation. The diffraction data was
ollected at 0.02 (degree sign) step width over a 2θ range from
0◦ to 90◦. The particle size was observed by scanning electron
icroscopy (SEM) images using a FEI Quanta 200 equipped
ith energy dispersive spectroscopy (EDS).
The LiFe0.9Mg0.1PO4 pellet used for the electronic

onductivity measurement was prepared by die-pressing
iFe0.9Mg0.1PO4 powders (without carbon and binders) with
pressure of 3 tonnes cm−2, and then coating with Ag paste

n both sides. The size of the pellet was around 1.3 cm diam-
ter with 0.06 cm thickness. The electronic conductivity of
iFe0.9Mg0.1PO4 was measured by both linear polarization
sing Solartron 1287 and EIS using Solartron 1287/1260.

.2. Electrochemical performance of LiFe0.9Mg0.1PO4

The electrode used for testing the electrochemical perfor-
ance consisted of 88% LiFe0.9Mg0.1PO4 powder, 6% carbon

lack, and 6% polyvinylidene fluoride (KynarTM, Elf-Atochem)
n 1-methyl-2-pyrrolidinone solvent. The mixture prepared from
bove composition was coated onto Al mesh current collec-
ors to form a disk electrode with 20 mg cm−2 density of active

aterial (geometric surface area of 1.5 cm2 containing 30 mg
iFe0.9Mg0.1PO4). After drying in oven at 120 ◦C, the disk elec-

rodes were pressed with a pressure of 1 tonnes cm−2 for 10 min.
lectrochemical measurements were performed at room temper-
ture in a three-compartment PTFE cell of conventional design,
ith lithium foil as counter and reference electrodes (Fig. 1).
ig. 1. PTFE cell configuration for the charge/discharge and the electrochemical
mpedance spectroscopy measurements of the LiFe0.9Mg0.1PO4 electrodes.
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followed by 2.0 h of resting time (on open circuit). The reversible
capacity of LiFe Mg PO is about 148 mA h g−1, which is
J. Hong et al. / Journal of Pow

sing Arbin Corporation (College Station, TX) automatic bat-
ery cycler. The Li insertion/extraction equilibrium potential-
omposition isotherm of LiFe0.9Mg0.1PO4 was measured by
alvanostatic intermittent titration technique (GITT) [16]. The
iFe0.9Mg0.1PO4 was charged and discharged by the use of
eries of intermittent current at 2 mA g−1 for 1.0 h, leaving the
lectrode at open circuit for 2.0 h between each intermittent
urrent. The open-circuit potential after 2.0 h relaxation as a
unction of Li content was obtained.

The electrochemical reaction kinetics of LiFe0.9Mg0.1PO4
ere measured using Solartron FRA 1260 frequency response

nalyzer with a Solartron Model 1287 electrochemical inter-
ace within the frequency range of 106 Hz to 1.0 mHz and at
otentiostatic signal amplitudes of 5, 10, 20 and 30 mV, respec-
ively. The electrochemical reaction impedances were measured
fter Li was inserted or extracted to desired levels, followed
y keeping at open circuit for 1.0 h for potential stabilization.
he potential-step chronoamperometry was performed by step-
ing the potential from 3.6 to 3.1 V or from 3.1 to 3.48 V
fter the electrode was equilibrated for 2 h. During the poten-
ial jump, a phase transformation between LiFe0.9Mg0.1PO4 and
i0.1Fe0.9Mg0.1PO4 takes place. The negative charge current

nduced by potential jump from 3.1 to 3.48 V was converted to
ositive value to compare with discharge current jump.

. Results and discussion

.1. Structural properties

The LiFe0.9Mg0.1PO4 powders were analyzed by XRD
o verify phase purity as shown in Fig. 2. The prepared
iFe0.9Mg0.1PO4 is found to have well-crystallized orthorhom-
ic structure. There is a good correspondence with the reference
iFePO4 pattern, demonstrating that there are no detectable

mpurity phases. Partial substitution of Fe2+ ions by Mg2+
esulted in slight change in the cell size, without forming a
ew phase. The XRD pattern of prepared LiFe0.9Mg0.1PO4 is
n agreement with reported structure of LiFe0.9Mg0.1PO4 [8].
t was reported that the substitution of 10% of Fe2+ ions by

Fig. 2. The X-ray pattern of LiFe0.9Mg0.1PO4.
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Fig. 3. The SEM image of LiFe0.9Mg0.1PO4.

g2+ ions shrinks the a-, b-, and c-axis of olivine LiFePO4
y 0.13%, 0.23%, 0.02%, respectively [8]. The morphologies
f LiFe0.9Mg0.1PO4 are shown in Fig. 3. The powders have an
ggregate particle size of less than 1 �m. The individual particle
ize may be much less than 1 �m.

.2. Li insertion/extraction equilibrium
otential-composition isotherm of LiFe0.9Mg0.1PO4

Fig. 4 shows the galvanostatic intermittent charge/discharge
urves for LiFe0.9Mg0.1PO4 measured at 25 ◦C with a succes-
ive charge/discharge at a current density of 2 mA g−1 for 2 h
0.9 0.1 4
lose to theoretical value of 156 mA h g−1 of LiFe0.9Mg0.1PO4
20]. The equilibrium potential hysteresis of LiFe0.9Mg0.1PO4

ig. 4. Galvanostatic intermittent charge/discharge curves for LiFe0.9Mg0.1PO4

easured at 25 ◦C with a successive charge–discharge current at 2 mA g−1 for
h followed by 2.0 h at open circuit. Inserted figure is an enlarged PCI curve in

he two-phase region.
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Fig. 6. The absolute value of anodic and cathodic currents of LiFe0.9Mg0.1PO4
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etween Li insertion and extraction is about 18 mV. Interestingly,
he overpotential in the two-phase region increased (from 8 to
2 mV) with the increase of Li insertion or extraction, which is
ttributed to the increased diffusion length according to shrink-
ng core model [16].

.3. Rate capability

LiFe0.9Mg0.1PO4 electrode has shown 68% of the capacity
ven at 10 C discharge rate, which shows its excellent rate capa-
ility (Fig. 5). This is due to the fast electrochemical reaction
inetics of LiFe0.9Mg0.1PO4. The IR drops during high-rate dis-
harge in the two-phase (the flat plateau) region depends strongly
n the discharge current. This polarization may be induced by
he resistance related to ohm drop, charge-transfer, Li+ diffusion,
nd phase transformation of the electrode.

.4. Potential-step chronoamperometry (PSCA)
easurement

To determine Li+ ion diffusivity in LiFe0.9Mg0.1PO4,
urrent–transient response of LiFe0.9Mg0.1PO4 was tested
sing potential-step chronoamperometry (PSCA) measurement.
ig. 5 shows the current–transient curves for LiFe0.9Mg0.1PO4
btained by potential-step from open-circuit potential (OCP) 3.6
o 3.1 V, and from OCP 3.1 to 3.48 V, in which the phase trans-
ormation between LiFe0.9Mg0.1PO4 and Li0.1Fe0.9Mg0.1PO4
ook place. The current decayed rapidly in both cases, although
he initial current and decay rate are different for the two poten-
ial jumps (Fig. 6a). The slightly higher current for discharge
from 3.6 to 3.1 V) than that for charge (from 3.1 to 3.48 V) is
robably due to large potential jump (0.5 V) in the discharge.
current hump was found for each potential jump after an ini-
ial rapid decay of the current. The presence of these current
umps is the characteristic of nucleation in the phase transfor-
ation [19,21], which suggests that electrochemical nucleation

nd growth are involved in the electrode reaction at least dur-

ig. 5. The discharge curves of LiFe0.9Mg0.1PO4 under different discharge cur-
ent (C rate).

a
l
w
t
v
d
f
t
L
b
a
c
c

ξ

T
r
w

a) in a linear scale and (b) in a logarithm scale obtained by potential-step
xperiment. The negative charge current induced by potential jump from 3.1 to
.48 V was converted to positive value to compare with discharge current jump.

ng the initial stages [19]. To determine the controlling step, the
inear scale in Fig. 6a was converted into logarithm scale and
eplotted in Fig. 6b. If diffusion controls the electrode reaction,
linear relationship between the logarithm of current and the

ogarithm of time with an absolute of 0.5 (i.e. Cottrell behavior)
ill be observed before an exponential decay of current with

ime [22]. However, the slope in Fig. 6b is lower in absolute
alue than 0.5 in the early stage, which suggests that the Li+

iffusion in the LiFe0.9Mg0.1PO4 is not the controlling step. To
urther ascertain that diffusion is not a controlling step, the posi-
ion of the phase boundary between Li0.1Fe0.9Mg0.1PO4 and
iFe0.9Mg0.1PO4 as a function of charge time was calculated
ased on shrinking core model (Fig. 7) proposed by Srinivasan
nd Newman [11] for LiFePO4 electrode. Using the shrinking
ore model [11,19], position of the phase boundary can be cal-
ulated from reacted fraction (Qt/Q∞), and

= r0

[
1 −

(
1 − Qt

Q∞

)1/3
]

(1)

he reacted fraction Qt/Q∞ in Eq. (1) can be determined by the
atio of charge passed for a specific time (t) to the total charge,
hich is as follows:
Qt

Q∞
= α =

∫ t

0 I(t) dt∫ ∞
0 I(t) dt

(2)
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Fig. 7. Illustration of the shrinking-core model with the juxtaposition of the
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wo-phases during the Li extraction from LiFe0.9Mg0.1PO4 and the movement
f the phase boundary.

here r0 is the radius of the particle and ξ is the position of phase
oundary.

From the I(t) versus time plot obtained from PSCA mea-
urements during charge process, reacted fraction values were
omputed using Eq. (2). Fig. 8 shows the variation of experi-

entally determined α values with time t. From the plot, the

otal reaction time was found to be 57 min. From the variation
f experimentally determined values of α with time (Fig. 8),

ig. 8. Relationship between the position of phase boundary ξ and time for
iFePO4 electrode during charge process. (Inset: time dependence of reacted

raction α(t) of fully discharged LiFe0.9Mg0.1PO4 electrode for the charge pro-
ess.)
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ig. 9. −ln(1 − α) plotted against time for charge process of LiFe0.9Mg0.1PO4

lectrode.

he position of phase boundary for different time values was
btained using Eq. (1), which is also shown in Fig. 8. In Fig. 8, ξ
ersus t plot is found to be a straight line with a slope of 0.0154.
f the reaction process is controlled by diffusion, ξ versus t1/2

lot should be a straight line according to the Funabiki et al. [19]
nd Jost [23] analysis for a diffusion-limited phase transforma-
ion with a moving phase boundary. However, Fig. 8 shows a
inear relationship with t1.2 not t1/2, which further confirms that
he reaction process is not controlled by diffusion. If phase trans-
ormation (nucleation and growth) is the limiting step during the
harge and discharge, fraction transformation or reacted fraction
hould follow the Johnson–Mehl–Avrami equation [24]:

= 1 − exp(−ktm) (3)

he k (k1/m unit: s−1) value in Eq. (3) depends on number of
actors such as geometry of the growing nuclei, initial number
f nuclei per unit volume, growth velocity of the nuclei, and
imensionality of growth [25]. Similarly the factor m depends
n nucleation rate per unit volume and dimensionality of growth
25]. For convenience Eq. (3) can be written as

−ln(1 − α)]1/m = k1/mt (4)

he experimental and fitted values of −ln(1 − α) and time were
lso shown in Fig. 9, which resulted in values of 3.9 × 10−3, 1.6
or k and m, respectively (fitting was achieved with a R2 value
f 0.99233, which shows the accuracy of the fit). The m value
btained from the fit being greater than 1 also shows that the
eaction rate is controlled by nucleation and growth mechanism,
.e. phase transformation [25].

.5. Electrochemical impedance spectroscopy (EIS)
easurements

EIS with different potentiostatic signal amplitudes was used
o determine individual impedances of the reaction process,

ncluding that of the electrolyte, the passivation layer, charge-
ransfer, Li+ diffusion and phase transformation because EIS can
ive the impedance of each step if the individual time constants
re separable. Fig. 10 shows the impedances of LiFe0.9Mg0.1PO4
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ig. 10. The impedance of LiFe0.9Mg0.1PO4 at (a) 50% state of charge (V = 3.4
0% state of discharge (3.41 V, two-phase region) and fully discharge state (V =

btained at 50% state of charge (3.45 V, two-phase region,
ig. 10a), fully charge (3.75 V, single-phase region, Fig. 10b),
0% state of discharge (3.41 V, two-phase region, Fig. 10c), and
ully discharge (3.20 V, single-phase region, Fig. 10d), respec-
ively. Before EIS measurement, the LiFe0.9Mg0.1PO4 was
harged–discharged for seven cycles for activation. Impedance
n the single-phase regions, i.e. at the fully charge (Fig. 10b)
nd the fully discharge (Fig. 10d) stage, showed two semicir-
les at high frequency and a sloping line at the low frequency,
hich is common for cathode materials (such as LiCoO2, and
iFePO4). The first high frequency semicircle may be attributed

o the solid electrolyte interphase (SEI) film formed during the
rst several charge–discharge cycles, and the second middle-
requency semicircle is probably due to charge-transfer reaction.
he sloping line at the low frequency region is attributed to
i+ diffusion in LiFe0.9Mg0.1PO4. Moreover, the small mag-
itude of charge-transfer resistance (second semicircle), which
s comparable with the resistance of SEI film (the first semi-
ircle), suggests that charge-transfer reaction is very fast. The
ast charge-transfer reaction is probably due to the high reac-

ion area induced by the small particle size (Fig. 2). The small
article size also enhances the Li+ diffusion capability due to
he short diffusion path in LiFe0.9Mg0.1PO4 particles. Increas-
ng the potentiostatic signal amplitude from 5 to 30 mV did

i
(
t
i

two-phase region), (b) fully charge state (V = 3.75 V; single-phase region), (c)
; single-phase region).

ot influence the SEI film impedance, but slightly changes
he charge-transfer resistance. The impedance in the two-phase
egions (50% of state of charge, Fig. 5a and 50% of state of
ischarge, Fig. 5c) measured using 5 mV of potentiostatic sig-
al amplitude are similar to the impedance in the single-phase
egion. However, with the increase of the signal amplitude to 10
nd 30 mV, an inductive loop appeared in the low frequency
egion, which can be attributed to the phase transformation.
his inductive loop is an intrinsic property of LiFe0.9Mg0.1PO4,
ot an experimental artifact due to three-electrode configu-
ation because the inductive loop exist only at large poten-
iostatic signal amplitude. Also, the PTFE cell configuration
Fig. 1) used to measure LiFe0.9Mg0.1PO4 cathode is a typical
nd standard three-electrode cell. In addition, the EIS of other
our LiFe0.9Mg0.1PO4 cathodes were also measured in three-
lectrode PTFE cells and pouch cells using different instruments.
rrespective of the impedance equipment (Solartron and EG&G
273) used, same results were obtained for all the samples. An
nductive loop at a low frequency region is generally associated
ith consecutive heterogeneous reactions involving adsorption
ntermediates, such as pitting corrosion of metal, and methanol
or H2/CO) oxidation [26] and surface capacities [27]. However,
he adsorption intermediates cannot explain the inductive loop
n this work because there is no adsorption intermediate during
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i insertion/extraction and the inductive loop only occurred in
he phase transition region with a high potential bias. Therefore,
he inductive loop occurred in the phase transformation region
as confirmed to be an intrinsic property of LiFe0.9Mg0.1PO4

athode, and is related to the phase transformation.
During the phase transformation between LiFe0.9Mg0.1PO4

nd Li0.1Fe0.9Mg0.1PO4 there is a 6.5% volume change [9,28],
nd this leads to elastic–plastic deformation inside the materials.
he irreversible processes of plastic deformation and dislocation
enerated during the phase transformation induce potential hys-
eresis (Fig. 4) [29]. Therefore, the phase transformation will
ccur only when the applied energy is higher than opposing
lastic–plastic accommodation energy determined by the vol-
me change in the phase transformation [29]. The driving force
roduced by 5 mV of potentiostatic signal amplitude in EIS mea-
urement is probably smaller than that required force for the
hase transformation, so no phase transformation has occurred
nd the interface between LiFe0.9Mg0.1PO4 and Fe0.9Mg0.1PO4
s stable during EIS measurement. This hypothesis is also
upported by the fact that the potentiostatic signal amplitude
±5 mV) in EIS measurement is less than the equilibrium poten-
ial hysteresis in two-phase region (over 15 mV in Fig. 4). In
his case, the impedance plot in two-phase region will be simi-
ar to that in the single-phase. However, when the potentiostatic
ignal amplitude increases to ±10 and ±30 mV, the induced
riving force (energy) will be higher than the required force
energy) for phase transformation, the interface between two-
hases will move accordingly during EIS measurement, which
esults in a inductive loop in the low frequency region (Fig. 10a
nd c). Another possibility is that the inductive loop may be
nduced by the non-linear behavior at the high potentiostatic
ignal amplitude. If so, the inductive loop will also appear in the
ingle-phase region when potentiostatic signal amplitude is over
0 mV. However, no inductive loop occurred in the impedance
lot measured at the single-phase region whatever the poten-
iostatic signal amplitudes were, 5, 10, or 30 mV. The slight
ecrease in the charge-transfer impedance at the high potentio-
tatic signal magnitude is probably due to non-linear behavior
t the high overpotential because the interfacial response tends
o show strong non-linear behavior when applied overpotentials
re large [30].

The impedance of phase transformation limited by nucle-
tion and growth was investigated by Millet and Dantzer [31].
he nucleation and growth rate of phase transformation can be
xpressed by Johnson–Mehl–Avrami equation (Eq. (3)). The
alculated impedance of nucleation and growth shows a high
requency inductive loop along with a low-frequency capaci-
ive behavior [31]. From our experimental results and results
eported by Millet and Dantzer [31], the inductive loops in
ig. 10 can be really attributed to the phase transformation.

Recently, the origin and physical model of the inductive loop
n the diffusion impedance for two-phase electrode has been pro-
osed and discussed by Bisquert et al. [32]. Generally a local

elaxation process exists for diffusion of ions in the active mate-
ials [32]. The diffusion of Li-ion in a core–shell (two-phases)
article will occur through a shell (outside layer) phase and it will
e affected both by relaxation in the shell phase and by phase

(

ig. 11. The equivalent circuit (a) used to fit an experimental impedance curve
b) measured after discharging the LiFe0.9Mg0.1PO4 electrode to 3.41 V vs.
i/Li+. The fitted data are also shown in the figure for comparison.

ransformation relaxation process (or trapping and detrapping
rom core phase). The coupling of two relaxations will cause
n inductive feature in the high frequency region of diffusion
mpedance according to the theoretical calculation [32]. The
ntensity of inductive component is controlled by the ratio of the
wo relaxation times [32].

An equivalent circuit shown in Fig. 11 was used to analyze
he measured impedance data. The impedance model involves
hree regions connected in series. The resistance RS is used to
imulate the contact resistance, electronic resistance in the elec-
rode, and ionic conductive resistance in the electrolytes. The
CPE1)–resistance (R1) parallel elements are used to simulate
he impedance of bulk electrode, and the CPEct paralleling with
resistance Rct is for the impedance of charge-transfer reaction.

represents diffusion impedance. The phase transformation
s simulated by an inductance L paralleled with a resistance
R2). The CPE is a capacitive element usually related to the
lectrode roughness, inhomogeneous reaction rates n at surface,
e.g. polycrystalline metal surface or carbon electrodes with a
istribution of active sites), and varying thickness or composi-
ion of a coating. Fig. 11 shows a typical impedance plot of the
i1−xFe0.9Mg0.1PO4 measured at 50% state of discharge with

he ac amplitude of 10 mV. The fit of the experiment was done
ith Z-plot and parameters values are presented in Table 1. We

an find that the simulated curve fits the experimental data very
ell.
It should be mentioned that the inductive loop impedance

ccurs at the two-phase region only after it satisfies the following
hree criteria:
1) The kinetics of electrode reaction is controlled by phase
transformation or mixing controlled by phase trans-
formation and diffusion. We tested the impedance of
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Table 1
Values of the equivalent circuit components used for fitting the experimental
curve

Components Description Fitted values

RS Solution resistance 14.5 �

R1 The boundary resistance between two particles 17.07 �

CPE1 Constant phase element of particle boundaries 1.36 × 10−4 F
Rct Resistance of the charge-transfer reaction 55.75 �

CPEct Double layer capacitance 0.0025 F
L
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Inductance 342 H

2 The resistance of the phase transformation 25.58 �

the LiFe0.9Mg0.1PO4 with an electronic conductivity of
10−9 S cm−1. There was no inductive loop impedance in
the two-phase region even the potentiostatic signal ampli-
tude is over 30 mV. Only the Warburg impedance was (a
slop line) observed in the low frequency region.

2) The applied driving force (potentiostatic signal amplitude)
in the EIS measurement is high enough to overcome the
resistance of the phase transformation.

3) The electrode must be fully activated and stabilized by
charging/discharging the electrode for several cycles. The
impedance of LiFe0.9Mg0.1PO4 cathode prepared in our lab
was also measured during the first charging to the different
Li levels. The inductive loop did not show up in all Li lev-
els. After three charge–discharge cycles, the inductive loop
impedance has appeared in two-phase region if the applied
potentiostatic signal amplitude is over 10 mV. We tested the
impedances of this LiFe0.9Mg0.1PO4 sample at different Li
levels in the 3rd, 7th and 30th charge–discharge cycles, the
inductive loops appeared in the two-phase regions and dis-
appeared in the single regions.

. Conclusion

The structure and electrochemical performance of
iFe0.9Mg0.1PO4 electrode have been investigated using XRD,
EM, GITT, PSCA and EIS. The prepared LiFe0.9Mg0.1PO4
howed an equilibrium potential plateau in two-phase region
ith a potential hysteresis of 18 mV between Li insertion

nd extraction, and had a high rate capability. Due to the
ast charge-transfer reaction and high electronic and ionic
iffusivity, the phase transformation between LiFe0.9Mg0.1PO4
nd Fe0.9Mg0.1PO4 begins to play an important role in the
harge–discharge process. This was confirmed from the slope
eing less than 0.5 in PSCA measurement and the presence of

nductive loop in the low frequency region of EIS. The phase
ransformation induced inductive loop appears in EIS only if
1) electronic, ionic diffusivity and charge-transfer reaction
re fast, (2) the electrode is fully activated and (3) the applied

[
[
[
[

urces 162 (2006) 1289–1296

riving force (potentiostatic signal amplitude) is large enough
o move the phase boundary.
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