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A novel galvanostatic intermittent titration technique (GITT) and a novel potentiostatic intermittent titration
technique (PITT) for phase-transformation electrodes were developed by integrating mixed control phase-
transformation theory with traditional GITT and PITT methods. The contribution of the strain accommodation
energy to the thermodynamic driving force for phase transformation was assessed. These novel GITT and
PITT methods can be used to determine the true ion diffusion coefficient and the interface mobility of phase-
transformation electrodes in the two-phase region. To demonstrate the utility of this method, the lithium ion
diffusion coefficient and the interface mobility of two LiFePO4 samples with different particle sizes were
obtained in the two-phase region. The lithium ion diffusion coefficient in the two-phase region as measured
using phase-transformation GITT was on the order of 10-13 cm2/s in the � phase (Li1-yFePO4) and 10-12

cm2/s in the R phase (LixFeO4), which is similar to the diffusion coefficients in the single � and single R
phase regions determined using traditional GITT and PITT. This similarity with the diffusion-coefficient-
validated phase-transformation GITT and PITT is expected since traditional GITT/PITT is reliable in the
single-phase region. The interface mobility of the LiFePO4 (about 10-15 m mol/J s) increases with decreasing
particle size. The interface mobility of the LiFePO4/FePO4 during electrochemical discharge at room temperature
is comparable to that of the martensite-austenite transformation in an Fe-C alloy with a semicoherence
interface at 350 °C.

1. Introduction

Rechargeable lithium ion (Li ion) batteries are currently being
used to power an increasingly diverse range of commercial
products and have been recognized as a critical enabling
technology for electric vehicles/hybrid electric vehicles (EV/
HEV)1 and renewable energy storage. Phase-transformation
materials (such as LiFePO4 and Li4Ti5O12) are the most
promising electrode materials for high-power Li ion batteries
due to their fast reaction kinetics, safety, low cost, and long
life. The high power density of the carbon-coated nano-LiFePO4

electrode is attributed to (i) improved electronic conductivity
through carbon coating2 and supervalent cation doping,3 (ii) a
shortened ion/electron-transport path through the use of nano-
sized materials,4,5 and (iii) rapid phase transformation from a
coherent or semicoherent interface between Li1-yFePO4 and
LixFePO4 due to a narrow miscibility gap in nanoscale
LiFePO4.6-8 However, how the crystal structure, defects, and
particle size affect the diffusion coefficient of lithium ions and
the interface mobility of phase-transformation electrodes is still
not fully understood6,9-11 due to the lack of reliable electroana-
lytical techniques for measuring lithium ion transport in phase-
transformation materials. All current electroanalytical methods,
such as galvanostatic intermittent titration technique (GITT),12

potentiostatic intermittent titration technique (PITT),12 electro-
chemical impedance spectroscopy (EIS),13 and cyclic voltam-
metry (CV),14 can only be used to analyze ion transport in solid
solution electrodes since they all rely on Fick’s law of diffusion
without considering the effect of interphase boundary movement
on ion transport.

Using the traditional GITT method, the electrode system is
subjected to a small constant current, and potential changes are

measured as a function of time. Assuming one-dimensional
diffusion in a solid solution electrode without consideration of
ohmic potential drop, double-layer charging, charge-transfer
kinetics, and phase transformation, the ion diffusion coefficient
can be calculated using Fick’s law through the following
equation12

where L (cm) is the characteristic length of electrode materials,
F (C/mol) is the Faraday constant, zA is the charge number of
electroactive species (for a Li ion battery, zA ) 1), S (cm2) is
the contact area between the electrode and electrolyte, I (A) is
the applied current, and VM (cm3/mol) is the molar volume of
the electrode material. The value of dE(t)/dt1/2 can be obtained
from a plot of the voltage versus the square root of the time
during constant current pulse, and dE(x)/dx can be measured
by plotting the equilibrium electrode voltage against the
electroactive material composition after each current pulse.

Instead of a current pulse as in GITT, a small voltage step is
applied to the system under the PITT method, and the resulting
current is measured as a function of time. The diffusion
coefficient of ions in solid solution electrodes can be estimated
based on Fick’s law using the following equation with the same
assumptions as those made for GITT12
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where L (cm) is the characteristic length of the electrode material
and I(t) (A) is the current measured during the constant voltage
step.

Since both GITT and PITT are based on the same assumption
of Fick’s law, they are not reliable methods for measuring the
ion diffusion coefficient in the two-phase region of phase-
transformation materials. In the two-phase region, ions are
transported through both movement of an interphase boundary
and ionic diffusion. Using traditional electroanalytical tech-
niques, only an apparent diffusion coefficient,15-18 rather than
the true diffusion coefficient, can be obtained in the two-phase
region, which resulted in considerable controversy.16,19-25

Moreover, the apparent Li ion diffusion coefficients of LiFePO4

in the two-phase region measured using GITT,19 PITT,20 and
EIS20 were 2-3 orders of magnitude lower than those in the
single-phase region. A reduced apparent diffusion coefficient
in the two-phase region was also reported in Li4Ti5O12 thin films
measured using traditional PITT and EIS methods.21 Since the
Li ion diffusion coefficient in the single-phase region measured
using traditional GITT and PITT is reliable, the significant
reduction of the apparent diffusion coefficient in the two-phase
region should be attributed to the phase transformation.

To address this problem, a moving boundary model26,27 was
proposed by taking into account the effect of phase transforma-
tion and assuming equilibrium conditions at the interphase
boundary and no volume change, that is, no strain and stress.
Since diffusion is considered to be the only factor controlling
the boundary movement during phase transformation (corre-
sponding to infinite interface mobility) in the moving boundary
model, the Li ion diffusion coefficient obtained in the two-phase
region is still significantly lower than that in the single-phase
region.16 However, the interface of phase-transformation elec-
trodes propagates under nonequilibrium conditions as phase
transformation is controlled by both diffusion and interface
migration. The moving boundary model cannot reflect the real
charge/discharge processes in phase-transformation electrodes.
Since phase transformation is totally ignored in traditional GITT
and PITT and is assumed to be controlled only by diffusion in
the moving boundary model, the ion diffusion coefficient and
interface mobility of phase-transformation electrodes in the two-
phase region cannot be determined using traditional GITT/PITT
or the moving boundary model.

In this paper, we clarify the coupling between ion diffusion
and interface migration in the presence of strain accommodation
energy (mechanical stress) due to misfit strain between the two
phases. The chemical and mechanical contributions to the
interface driving forces were determined, and the boundary
conditions for the diffusion problem that is implied by interface
kinetics were derived. Using this mixed control phase-
transformation theory, we developed a novel GITT method,
which for the first time allows precise measurement of the true
ion diffusion coefficient and the interface mobility of phase-
transformation electrodes in the two-phase region. Using the
LiFePO4 system as a specific example, we determined the Li
ion diffusion coefficient and interface mobility in the two-phase
region of two LiFePO4 electrodes with average particle sizes
of 500 nm and 1 µm, respectively, using phase-transformation
GITT. Since the traditional GITT and PITT methods are
considered to be reliable in the single-phase region, similarity
between the values for the diffusion coefficient in the two-phase
region (Li1-yFePO4/LixFeO4) determined using phase-transfor-
mation GITT/PITT and the diffusion coefficient in the single-
phase region (Li1-yFePO4 or LixFeO4) determined using tradi-
tional GITT and PITT would serve as validation of the mixed

control model and phase-transformation GITT. For the first time,
the interface mobilities at different states of discharge (SoD)
for two LiFePO4 samples were also obtained.

2. Experimental Methods

Two carbon-coated LiFePO4 samples with particle sizes of
∼1 µm (sample A) and ∼500 nm (sample B) were supplied by
an industry in U.S.A. The 1 µm LiFePO4 sample consisted of
highly dense aggregates of secondary nanoscale crystal particles
with an average size of 100 nm, as shown in Figure 1a.
Similarly, the 500 nm LiFePO4 particles were aggregates of
secondary particles with an average size of about 40 nm, as
shown in Figure 1b. Due to the high density, it is believed the
electrolyte cannot penetrate into the LiFePO4 particles through
the nanocrystal grain boundary, and thus, the ion diffusion length
should be half of the particle size rather than the crystal size
(the size of the secondary particles). However, the crystal size
will affect the strain accommodation energy and equilibrium
potential in phase transformation.6,7,28,29 The X-ray diffraction
(XRD) patterns of the two LiFePO4 samples, shown in Figure
2, demonstrate that the two commercial LiFePO4 powders were
in crystalline single phases.

A three-electrode pouch cell consisting of a LiFePO4 cathode,
a Li foil anode, a Li wire reference electrode, polypropylene
(PP) microporous film separators, and 1.0 M LiPF6 in
EC-DEC-DMC-EMC (1:1:1:3 by volume) liquid electrolyte
(Ferro Corporation) was used for electrochemical measurements.
The LiFePO4 electrodes were prepared using the slurry coating
method. LiFePO4 active materials were mixed with 10 wt %
carbon black and 8 wt % polyvinylidene fluoride (PVDF) in
1-methyl-2-pyrrolidinone (NMP) solvent to form a viscous paste,

Figure 1. SEM images of two LiFePO4 samples (a) sample A, ∼1
µm primary particle aggregated from 100 nm secondary crystal particles,
and (b) sample B, ∼500 nm primary particle consisting of 40 nm
secondary crystal particles.
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which was then mixed for 45 min using a planetary ball milling
machine. The paste obtained was then coated onto carbon-coated
aluminum foil and dried in a vacuum oven at 120 °C overnight.
After the foil cooled to room temperature, 2 cm × 2 cm
electrodes with active material loading of 2 mg/cm2 were cut
out. GITT and PITT tests were performed on the three-electrode
pouch cells after the LiFePO4 electrodes were fully charged and
discharged between 4.2 and 2.5 V for two cycles. GITT
measurements consisting of a series of current pulses were
applied to the three-electrode pouch cell at a low current of
less than 0.05 C, each followed by a 16 h relaxation period.
The relaxation time of 16 h was selected to allow full relaxation
of the OCP (open-circuit potential), which requires more than
10 h29 for 100 nm LiFePO4, and to minimize the self-discharge
of LiFePO4 during the test. The potentials of 2.2 and 4.2 V
were used as low and high cutoff voltages in GITT. In the PITT
test, a series of potential steps of 20 mV each was applied to
the LiFePO4 electrodes in three-electrode pouch cells within a
potential range of 4.1-3.5 V until the current was less than
0.01 C. To increase the accuracy in the two-phase region, a
smaller potential step of 4 mV was used in the phase-
transformation range (3.5-3.412 V).

3. GITT and PITT for Phase-Transformation Electrodes

3.1. General Discharge and Charge Process of Phase-
Transformation Electrodes. Li ion insertion into phase-
transformation electrodes is usually accompanied by initial
dissolution of Li ions into the host materials to form a solid
solution followed by phase transformation.29 We denote the Li-
poor phase as the R phase and the Li-rich phase as the � phase.

The phase-transformation process of electrodes during charge
and discharge typically occurs as follows.

The potential-composition isotherm and Li ion concentration
distribution during phase transformation is schematically rep-
resented in Figure 3. At the beginning of discharge (Li ion
insertion), the Li ion enters the surface layer and continues to
diffuse into the interior of the electrode particle. The Li ion
concentration gradually increases, but the particle structure
remains the same, forming a solid solution phase R. If there is
no lattice misfit between the R phase and the newly formed �
phase, once the theoretical solid solubility of the Li ion (CR

e ) in
the R phase (at point b′ in Figure 3) is exceeded, the � phase
should precipitate and grow in an R phase matrix. However,
since there is a misfit accommodation energy induced by the
molar volume difference between the R and the � phase, the �

phase cannot deposit from the R phase until the Li ion
concentration in the R phase reaches a value (corresponding to
the point b in Figure 3a) which is higher than the theoretical
solubility (point b′ in Figure 3a).30,31 With the growth of the �
phase during Li ion insertion, the misfit accommodation energy
gradually accumulates, and the discharge equilibrium potential
(Ede) continuously decreases (b-c line in Figure 3a). Once the
R phase completely transforms into the � phase, subsequent Li
ions will dissolve into the � phase and form a solid solution.
Therefore, the discharge equilibrium potential decreases with
Li ion concentration following the line a-b-c-d in Figure 3a.
A reverse phase transformation occurs during charging (Li ion
extraction) but at a higher potential (Ece) than the theoretical
(strain-free) potential Eeq. The charge equilibrium potential
increases with Li ion extraction from LiFePO4 following the
line d-c-e-f-a in Figure 3a. A significant equilibrium
potential hysteresis exists between discharge and charge, which
is induced by the dissipation of energy to the surroundings due
to elastic-plastic accommodation of strains resulting from the
volume difference between the R and � phases.32,33

3.2. GITT and PITT Models Based on a Mixed Control
Phase-Transformation Theory. We take the discharge process
of phase-transformation electrodes as an example. The R to �
phase transformation involves two processes. First, the � phase
layer growth and interface migration occur simultaneously,
which results in a gradual rearrangement of the lattice of parent
phase R into the lattice of product phase �. Second, Li ion
diffusion occurs from the particle surface into the interface
through the � phase layer.

The driving force ∆Gd for phase transformation consists
of three contributions, the chemical driving force ∆Gchem,
the strain accommodation energy ∆Gaccom, and the interface
energy ∆Gint

34

Compared to the chemical free energy and strain accom-
modation energy, the interface energy ∆Gint is small. For a
planar interface, ∆Gint is equal to 0. Therefore, in this paper,
we neglect the interface energy and only consider the chemical
driving force and strain accommodation energy.

3.2.1. Chemical DriWing Force ∆Gchem on an Interface. For
a phase-transformation electrode, the following reaction takes
place

where H stands for a host material, such as FePO4 in LiFePO4.
During the discharge process (lithiation), the chemical driving

force ∆Gchem per mole of product material can be derived from
the difference between the chemical potentials related to the
corresponding host material H and the Li ion using the following
equation

where B is the mole fraction of the Li ion (per mole of host
material H) in the � phase. The chemical potentials in eq 5
disregard any mechanical force. Since the mobility of the Li
ion is much higher than that of the host material and the interface

Figure 2. X-ray diffraction patterns of two LiFePO4 samples.

∆Gd ) ∆Gchem + ∆Gaccom + ∆Gint (3)

LiAH + (B - A)Li+ + (B - A)e- {\}
lithiation

delithiation
LiBH

(4)

∆Gchem ) B(µLi+
� - µLi+

R ) + (1 - B)(µH
� - µH

R) (5)
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is negligibly thin and sharp, the chemical potential of the Li
ion across the sharp interface should be continuous

The continuity of the carbon chemical potential across the
interface between R-ferrite (or martensite) and γ-austenite has
been well-recognized in Fe-C alloys.34-37 The diffusion of
interstitially dissolved carbon atoms across the interface between
R-ferrite and γ-austenite in Fe-C alloys is similar to the
diffusion of Li ions across the interface between the R and �
phases in phase-transformation electrodes. A constant Li ion
chemical potential across the R/� interface suggests that there
exists a relationship between Li ion concentrations in the two
phases at the interface,35 which can be obtained by extrapolating
the equilibrium potential lines of the R and � phases in the solid
solution region (Figure 3a).38 For example, when the electrode
is dynamically discharged to state 2 in Figure 3a, the real
interfacial potential (Ed

i ) is lower than the corresponding
equilibrium potential Ede

i , and the potential difference Ed
i - Ede

i

drives the phase transformation. Since the chemical potentials
of the Li ion at the interface in the R and � phases are equal
(µLi+

R ) µLi+
� ), the dynamic interfacial concentration of Li ions

in the R (CR
i ) and � phases (C�

i ) at the interface potential of Ed
i

can be obtained by determining where the a-b and c-d lines
intersect with the potential line at Ed

i in Figure 3a. The dynamic
interfacial concentrations are higher than the corresponding
equilibrium concentrations (CR

ie for the R phase and C�
ie for the

� phase) at the strain-restricted equilibrium interfacial potential
of Ede

i (state 1 in Figure 3a). However, the chemical potentials
of the host material H at the interface are different in the R and
� phases (µH

R * µH
�). This chemical potential difference will drive

the R phase lattice to transform to the � phase lattice and move
the interface to state 3, where the chemical driving force µH

R -
µH

� equilibrates to the accommodation energy. The chemical
potentials of the Li ion and the host material H at the interface
in the mixed control phase-transformation model (µLi+

R ) µLi+
� ;

µH
R * µH

� ) distinguish this model from the moving boundary
model, which assumes that the interfacial chemical potentials
of the Li ion and host material H in the R and � phases are
always at equilibrium (µLi+

R ) µLi+
� ; µH

R ) µH
� ) during charge/

discharge.
The chemical driving force of interface migration can be

directly determined from the potential difference between the
real interface potential Ed

i and the strain-free equilibrium
potential Eeq using the Nernst equation. The Gibbs free-energy

change based on one mole of host material H (reaction 4) at
interface potential Ed

i (versus Li/Li+) can be calculated using
eq 7

where F is the Faraday constant, B ()C�
i /Cmax) and A ()CR

i /
Cmax) are the mole fractions of the Li ion (per mole of host
material H) in the � phase (LiBH) and the R phase (LiAH),
respectively, and Cmax (mol/cm3) is the maximum Li ion
concentration that can be incorporated into host material H.
Similarly, the Gibbs free-energy change in reaction 4 based on
one mole of host material H at the theoretical (strain-free)
equilibrium potential of Eeq (versus Li/Li+) can be calculated
using eq 8. Eeq (versus Li/Li+) can be estimated by averaging
the charge and discharge equilibrium potentials (Figure 3a)

Therefore, the chemical driving force ∆Gchem at an interface
potential of Ed

i can be expressed as

3.2.2. Mechanical DriWing Force on an Interface. When
the phase-transformation reaction involves any elastic-plastic
strain, the R/� interface in the electrodes will not equilibrate at
theoretical potential Eeq but at a lower potential of Ede

i to balance
the accommodation energy induced by strain. Since the chemical
driving force is equal to the accommodation energy at discharge
equilibrium potential Ede,31 the accommodation energy can be
calculated from the chemical free-energy difference

The actual equilibrium potential of the electrode Ede
i during

discharge can be determined using GITT. Since the accom-
modation energy accumulates during phase transformation,

Figure 3. Schematic diagram of (a) a potential-composition isotherm and (b) the Li ion concentration distribution during discharge of phase-
transformation materials.

µLi+
� ) µLi+

R (6)
∆Gd

i ) -(B - A)FEd
i (7)

∆Geq ) -(C�
e - CR

e

Cmax
)FEeq (8)

∆Gchem ) (C�
i - CR

i

Cmax
)FEd

i - (C�
e - CR

e

Cmax
)FEeq (9)

∆Gaccom ) (C�
e - CR

e

Cmax
)FEeq - (C�

ie - CR
ie

Cmax
)FEde

i ) f(xi)

(10)
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∆Gaccom is a function of interface position xi, which can be
expressed as a function f(xi).

3.2.3. Total DriWing Force ∆Gd for Phase Transformation.
On the basis of the expressions of the chemical and mechanical
driving force for phase transformation, the total driving force
for phase transformation can be expressed as

or

where Ed
i is the actual interface potential, Ede

i is the strain-
restricted equilibrium potential during discharge, which can be
determined from GITT, and Eeq is the theoretical (strain-free)
equilibrium potential.

3.2.4. Kinetics during Phase Transformation. The Li ion
concentration distributions in the R and � phases when the
interface is moving to the position xi (composition Ci in Figure
3a) is schematically shown in Figure 3b. Under mixed control
phase-transformation theory, the initial and boundary conditions
for 1-D diffusion in GITT are listed as follows (assuming slab
geometry).

In the R phase

In the � phase

As shown in Figure 3a, by extrapolating the equilibrium
potential versus composition lines in the single R and � regions,
the relationship between the discharge potential E and the Li
ion concentration in the R phase (CR) and � phase (C�) can be
approximately expressed as a linear relationship (Figure 3a)

where k1 and k2 are the slopes of the solubility versus equilibrium
potential lines for single R and � phases and b1 and b2 are the
intercepts.

For PITT, the boundary condition given by eq 17 becomes

where C�
s corresponds to the potential applied to the electrode

during the PITT test, which can be determined using eq 19.
3.2.5. Interface Boundary Condition Determination. Per-

forming a mass balance at the interface between the R and �
phases gives

In eqs 11-21, CR
0,C�

0 and CR
i ,C�

i are the initial and interfacial Li
ion mole fractions in the R and � phases, DR and D� are the
chemical diffusion coefficients of the Li ion in the R and �
phases (cm2/s), respectively, i is the current density (A/g) used
in the test, F is the density of the phase-transformation material
(g/cm3), L is the characteristic length of the phase-transformation
material (cm), xi(t) is the interface position, and zA and F have
the same meanings as in eq 1.

The interface velocity is linearly related to the chemical
driving force ∆Gd by the interface mobility M38

The interface mobility M (m mol/(J s)) depends on the degree
of interface coherence, the build up of stress, and deformations
in the electrode materials.38

The interface boundary condition can be obtained by plugging
eqs 11, 19, and 21 into eq 22

Since the chemical potentials of the Li ion in the R and �
phases should always be equal to each other at the interface,
the Li ion concentration at the interface in the R phase is related
to the Li ion concentration at the interface of the � phase, which
can be obtained by combining eqs 18 and 19 at the interface

∆Gd ) ∆Gchem + ∆Gaccom ) ( C�
i

Cmax
-

CR
i

Cmax
)FEd

i -

( C�
ie

Cmax
-

CR
ie

Cmax
)FEde

i

∆Gd ) ( C�
i

Cmax
-

CR
i

Cmax
)FEd

i - ( C�
e

Cmax
-

CR
e

Cmax
)FEeq + f(xi)

(11)

∂CR

∂t
) DR(∂2CR

∂x2 ) (12)

CR ) CR
0 t ) 0 (13)

∂CR

∂x
) 0 x ) 0, t g 0 (14)

∂C�

∂t
) D�(∂2C�

∂x2 ) (15)

C� ) C�
0 t ) 0 (16)

-D�(∂C�

∂x ) ) iFL
zAF

x ) L, t g 0 (17)

E ) k1

CR

Cmax
+ b1 (for the R phase) (18)

E ) k2

C�

Cmax
+ b2 (for the � phase) (19)

x ) L C� ) C�
s (20)

dxi(t)

dt
)

DR(∂CR

∂x ) - D�(∂C�

∂x )
(C�

i - CR
i )

x ) xi(t) (21)

dxi(t)

dt
) M∆Gd (22)

M[(C�
i - CR

i

Cmax
)F(k2

C�
i

Cmax
+ b2) - ( C�

e

Cmax
-

CR
e

Cmax
) ×

FEeq + f(xi)] )
DR(∂CR

∂x ) - D�(∂C�

∂x )
(C�

i - CR
i )

(23)
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It can be shown that when b1 ) b2, eq 24 is reduced to the
boundary condition used in ref 39.

Above all, eqs 12-17, 21, 23, and 24 consist of two partial
differential equations (PDEs) and one ordinary differential
equation (ODE) with corresponding initial and boundary condi-
tions. By solving the above PDEs and ODE, we can determine
the Li ion concentration profiles in both the R and � phases
during phase transformation. All of the equations are converted
to the dimensionless form and solved using the numerical
method of lines (MOL) approach with the Maple software
package. Details of the MOL approach can be found elsewhere40,41

and will not be discussed here.

4. Application of Mixed Control Theory to LiFePO4

Recent research has shown that the diffusion of Li ions is
highly anisotropic in single-crystal LiFePO4 particles, causing
Li ions to be diffused mainly in a 1-D channel parallel to the b
direction of the orthorhombic LiFePO4 crystal structure.42

Moreover, electron microscopy43 and high-resolution electron
energy loss spectroscopy (HREELS)44 of chemically delithiated
LiFePO4 crystallites showed that the interface separating the R
and � phases is parallel to the bc plane (perpendicular to the a
axis), which suggested that Li ions diffuse through the interface
between FePO4 and LiFePO4 with negligible transfer occurring
in either the FePO4 or LiFePO4 phase (mechanism I in Figure
4a). The phase-transformation kinetics in single-crystal LiFePO4

was investigated by Singh et al.45 However, if multiple nano-
LiFePO4 crystals agglomerate to form a dense primary LiFePO4

particle (SEM images in Figure 1), the process of Li ion
insertion/extraction into these aggregated particles at the ag-
glomerate scale can still be approximately described using
mechanism II, where the interface between the R and � phases
is parallel to the ac plane (perpendicular to the b axis, Figure
4b), although Li ion insertion into individual crystals follows
mechanism I.43,46 Mechanism II has been observed by Chen al
etc.47 in the phase decomposition of LiFePO4, even though
mechanism II requires slightly more energy than mechanism
I.48 In mechanism I, the phase boundary moves orthogonal to
the direction of the surface flux, which indicates that the
diffusion path does not change with the state of discharge (SoD)
or state of charge (SoC). However, in mechanism II, the Li ion
diffusion length increases with phase transformation (growth
of the � phase). To verify whether the Li ion insertion into
aggregated LiFePO4 particles (Figure 1) can be approximately
described by mechanism II, the variation of the diffusion
overpotential with SoD and SoC of agglomerate LiFePO4 was
measured using GITT, as shown in Figure 5. It is clear that the
discharge and charge overpotential of both agglomerates of
LiFePO4 increased with SoD and SoC, which means that the
diffusion length was becoming longer, and the mixed control
model (mechanism II) is valid for analyzing the phase-
transformation process of agglomerate LiFePO4. Moreover, the
path dependence in the agglomerative LiFePO4 observed by
Srinivasan et al.49 can also be reasonably explained using
mechanism II.

To reduce the complexity of the problem, we assume that all
of the diffusion channels of single-crystallite LiFePO4 particles
are arranged in the same direction in this study, which reduces
the 3-D diffusion problem to a 1-D problem on the agglomerate
scale (Figure 4b).

4.1. Parameter Determination. Most of the parameters for
the diffusion coefficient and interface mobility calculations can
be obtained from the curves of the charge/discharge equilibrium
potential versus Li ion composition, which can be measured
using GITT. As stated earlier, the strain-restricted discharge
equilibrium potential Ede of LiFePO4 can be determined using

k1

CR
i

Cmax
+ b1 ) k2

C�
i

Cmax
+ b2 (24)

Figure 4. Schematic views of lithium intercalation mechanisms in a
LiFePO4 crystallite.

Figure 5. Charge/discharge GITT curves for (a) sample A and (b)
sample B.
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GITT, and the theoretical (strain-free) equilibrium potential Eeq

can be approximately estimated by averaging the discharge
equilibrium potential Ede and charge equilibrium potential Ece.
The equilibrium concentrations CR

e and C�
e at Eeq and the

concentrations CR
ie and C�

ie at different discharge equilibrium
potentials Ede can be read from the GITT curves using the
principle shown in Figure 3a. Figure 6 shows the charge/
discharge equilibrium potential versus Li ion composition
obtained using GITT for sample A.

The measured discharge accommodation energies obtained
from eq 10 for samples A and B were plotted versus the Li ion
concentration x in LixFePO4 as points in Figure 7. To solve the
above ODE and PDEs system, the measured accommodation
energies at different Li ion insertion levels in Figure 7 were
fitted using a third-order polynomial function f(xi), which are
also shown as dash lines in Figure 7 for comparison. The
calculated accommodation energies from f(xi) fit the measured
values well, as shown in Figure 7. Sample B with small
secondary particle size (<40 nm) had a lower accommodation
energy than sample A with a large secondary particle size (>100
nm). The reduced accommodation energy of sample B is

attributed to shrinking of the Li ion miscibility gap with
decreasing particle size and to the high discharge equilibrium
potential.7,8 The parameters for concentrations and equilibrium
potentials obtained from GITT of the two samples are listed in
Table 1.

4.2. Li Ion Diffusivity Obtained Using Phase-Transforma-
tion GITT. By solving the above model numerically at different
initial conditions, we can obtain discharge curves at different
SoDs. We can fit the experimental results to the simulated curves
by changing parameters (DR, D�, and M) in the above model.
Figure 8 shows typical discharge GITT curves of sample A at
10, 30, 60, and 90% SoD and simulated data using the mixed
control phase-transformation GITT model at corresponding
SoDs. As shown in Figure 8, the simulated discharge curves
agreed well with the experimental data, with a deviation of less
than 2 mV.

The DR and D� values obtained by fitting the GITT discharge
curves in the two-phase region at different SoDs were plotted
versus Li ion concentration x in LixFePO4, as shown in Figure
9. For comparison, the apparent diffusion coefficients calculated
using the traditional GITT method (eq 1) in both the single-
and two-phase regions are also shown in Figure 9. As reported
by other researchers,19 the diffusion coefficients in the two-phase
region obtained using traditional GITT are 3 orders of magnitude
lower than those in the single-phase region. This result is
unreasonable because the composition and structure of the R
phase before and after � phase deposition is almost the same;
therefore, the diffusion coefficient of the R phase should be
similar to that during � phase formation. The reduced diffusion
coefficient in the two-phase region calculated using traditional
GITT is induced by a lower gradient of equilibrium potential
(dE(x)/dx in eq 1) in the two-phase region than that in two
single-phase regions. Theoretically, the gradient of equilibrium
potential of LiFePO4 in the two-phase region should be 0, and
the gradient of equilibrium potential in the two-phase region is
induced by the strain accommodation energy. On the basis of
traditional GITT, the diffusion coefficient of phase-transforma-
tion electrodes in the two-phase region will increase with
accommodation energy, which is unreasonable. The diffusion
coefficients in the R and � phases in the two-phase region
determined using mixed control phase-transformation GITT are
similar to the values in single-phase regions calculated from eq
1 using traditional GITT. Since the diffusion coefficient in

Figure 6. Equilibrium potential versus Li ion composition of sample
A obtained using the GITT technique.

Figure 7. Discharge accommodation energies for samples A and B
(experimental data: points; simulated data: dashed lines). The simulated
discharge accommodation energies of samples A and B were calculated
from fA(xi) ) 690.15 - 1429.50xi + 2095.80xi

2 - 1215.93xi
3 and fB(xi)

) 321.89 - 811.45xi + 1500.93xi
2 - 976.51xi

3, respectively.

TABLE 1: Parameters Used for GITT and PITT
Simulations

parameters sample A sample B

particle size (nm) 1000 500
second particle

size (nm)
40 100

density of FePO4
particle (F)
(g/cm3)

3.6 3.6

molar volume of
LiFePO4(cm3/mol)

46 46

Cmax (mol/cm3) 0.02119 0.02119
CR

e /Cmax 0.041 0.042
C�

e/Cmax 0.768 0.864
current density

for GITT (A/g)
0.0060 0.00350

strain-free
equilibrium
potential Eeq (V)

3.4276 3.4292

∆Gaccom ) f(xi)
(J/mol)

f(xi) ) 690.15 -
1429.50xi + 2095.80xi

2 -
1215.93xi

3

f(xi) ) 321.89 -
811.45xi + 1500.93xi

2 -
976.51xi

3

k1 -12.03 -5.99
b1 3.94 3.68
k2 -4.80 -3.42
b2 7.57 6.04
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single-phase regions obtained using traditional GITT is reliable,
the similarity between diffusion coefficients in the single-phase
and two-phase region validated the new GITT method. The
diffusion coefficient of the R phase is about 10-12 cm2/s, which
is 5-10 times higher than the diffusion coefficient in the �

phase. The enhanced diffusion coefficient in the R phase agrees
with theoretical predictions.50 In Figure 9, the diffusion coef-
ficient in the � phase decreases slightly with Li ion insertion,
which may be attributed to gradually increased accommodation
energy during the R to � phase transformation (Figure 7). Using
traditional GITT (eq 1), we can only obtain one apparent
diffusivity of R + � composite in the two-phase region without
any information about Li ion diffusivity in either the R or �
phase. However, by using the mixed control model, we obtained
Li diffusivity in both the R and � phases in the two-phase region.

Figure 10 shows the experimental GITT data and well-fitted
values for sample B at different SoDs. The obtained diffusion
coefficients from fitting the experimental data to the model are
shown in Figure 11. The diffusion coefficient measured using
traditional GITT (eq 1) is also shown in Figure 11 for
comparison. The diffusion coefficient in sample B is similar to
the value in sample A. Therefore, the diffusion coefficient is
not affected by the size of the secondary particle. As for sample
A, the diffusion coefficients of sample B in the R and � phases
in the two-phase region determined using mixed control phase-
transformation GITT are similar to the values in single-phase
regions calculated from eq 1 using traditional GITT. The
diffusion coefficients of the two LiFePO4 samples obtained using
traditional GITT are in the same range as results from other

Figure 8. Experimental and simulated data of sample A at different SoDs (a) 10, (b) 30, (c) 60, and (d) 90%. (Black diamonds: experimental data;
red circles: simulated data).

Figure 9. Li ion diffusion coefficients of sample A at different Li ion
insertion levels using traditional discharge GITT and phase-transforma-
tion discharge GITT. The phase region is marked based on the discharge
equilibrium-composition curve.
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researchers (Table 2), indicating that the parameters obtained
through GITT are reliable.

4.3. Li Ion Diffusivity Cross-checked by Mixed Control
PITT. To further validate the phase-transformation GITT, the
diffusion coefficient of the two LiFePO4 samples was also cross-
checked using the traditional PITT method (eq 2) and phase-

transformation PITT. In the PITT measurement, potential steps
of 20 mV in the single-phase region (3.00-3.41 V) and 4 mV
in the two-phase region (3.43-3.41 V) were used. Since the
potential range in the two-phase region is very narrow (less than
20 mV), only a few data points were obtained in the two-phase
region. Two typical simulated current density versus time curves
for sample B using phase-transformation PITT were compared
with measured current density at different voltages in the two-
phase region (Figure 12). The parameters in GITT fitting (Table
1) were used for fitting DR, D�, and M in PITT. The DR and D�

obtained from phase-transformation PITT are plotted versus the
voltage in Figure 13. For comparison, the diffusion coefficient
of sample B in both single- and two-phase regions obtained
using traditional PITT is also shown in Figure 13. Similar to
traditional GITT, the diffusion coefficient obtained using
traditional PITT in the two-phase region was also lower than

Figure 10. Experimental and simulated data of sample B at different SODs (a) 10, (b) 30, (c) 60, and (d) 90%. (Black diamonds: experimental
data; red circles: simulated data).

Figure 11. Li ion diffusion coefficients of sample B at different Li
ion insertion levels using traditional discharge GITT and phase-
transformation discharge GITT. The phase region is marked based on
the discharge equilibrium-composition curve.

TABLE 2: Li Ion Diffusion Coefficient of LiFePO4

Obtained Using Different Electroanalytical Techniques

technology

DLi
+ in

one phase
region/cm2s-1

DLi
+ in

two phase
region/cm2s-1 ref

GITT, EIS 10-15-10-14 10-17-10-16 19
PITT 10-13-10-12 10-14-10-13 20
EIS 10-13 10-15-10-14 20
CITT 10-15-10-14 10-16-10-15 51
GITT/PITT 10-14-10-12 10-18-10-15 present work
new GITT/PITT 10-14-10-13 present work
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that in the single-phase region, while the diffusion coefficient
(marked in Figure 12) obtained in the two-phase region using
phase-transformation PITT is similar to the value in the single-
phase obtained by traditional PITT. DR and D� in the two-phase
region calculated using phase-transformation PITT are similar

to the values obtained from phase-transformation GITT and in
correspondence to the values in the single-phase region mea-
sured using traditional PITT, demonstrating the reliability of
phase-transformation GITT and PITT.

4.4. Interface Mobility Obtained from Phase-Transfor-
mation GITT. In addition to the diffusion coefficient, the
interface mobility M of the phase-transformation electrode can
also be obtained using phase-transformation GITT and PITT.
The interface mobilities of two LiFePO4 samples at different
SoDs are measured using phase-transformation GITT and PITT
and are shown in Figure 14.

In Figure 14, the interface mobility M is about 10-15 m mol/
(J s) for both samples. The average value of M (5.7 × 10-15 m
mol/(J s)) for sample B with small secondary particles is 2 times
higher than that of sample A (2.75 × 10-15 m mol/(J s)) with
large secondary particles. Since the interface mobility depends
on interface coherence, strain/stress, and deformations of the
materials,38 the high interface mobility of sample B may be
attributed to the coherent interface and low accommodation
energy for LiFePO4 with small secondary particles. Sample B
consisting of 40 nm secondary particle has a narrow miscibility
gap (Figure 5), which decreases the lattice strain, as demon-
strated by the low accommodation energy in Figure 6. The low
lattice strain can potentially form a coherent interface between
LixFePO4 and Li1-yFePO4,6 and the coherent interface causes
high cooperative phase boundary movement upon electrochemi-
cal reaction with minimal formation of dislocations or cracks.6

Figure 12. Comparing experimental data and simulated data in PITT
for sample B; (a) voltage steps from 3.424 to 3.420 V; (b) voltage
steps from 3.422 to 3.416 V.

Figure 13. Li ion diffusivity calculated using traditional and phase-
transformation PITT for sample B.

Figure 14. Interface mobilities of samples A and B obtained from
phase-transformation GITT.
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The high interface mobility for small-size LiFePO4 is in
agreement with the reported results that the rate performance
of LiFePO4 increases with decreases in particle size.6

The interface mobility is usually temperature-dependent,
which can be expressed as52

where M0 is the pre-exponential factor which depends on the
temperature and the average atomic spacing in two phases52 and
QM is the activation energy for interface movement, which is
determined by the coherent/incoherent character of the interface
between the two phases. Santofimia et al.35 calculated the
interface mobility of the martensite-austenite phase transforma-
tion. Their results showed that, at the annealing temperature of
350 °C, if the interface is coherent, the interface mobility is
2.45 × 10-20 m4/(J s) (corresponding to 3.5 × 10-15 m mol/
(J s)). The interface mobilities of the two LiFePO4 samples
studied in this paper are on the order of 10-15 m mol/(J s) at
room temperature, which are similar to the interface mobility
of the martensite-austenite phase transformation with a coherent
interface at 350 °C.

5. Conclusion

Phase-transformation GITT and PITT methods were devel-
oped based on a mixed-control phase-transformation theory.
Phase-transformation GITT and PITT can determine the ac-
commodation energy, true diffusion coefficient, and interface
mobility of phase-transformation electrodes during charge and
discharge. These techniques can be applied to any ion insertion
phase-transformation material, such as LiFePO4, Li4Ti5O12, and
graphite for Li ion batteries and metal hydride materials for
Ni/MH batteries. Applying phase-transformation GITT and PITT
on two agglomerated LiFePO4 electrodes with different second-
ary particle sizes, the effect of the crystal size of LiFePO4 on
the accommodation energy, diffusion coefficient, and interface
mobility was investigated during discharge. The diffusion
coefficient (10-11-10-12 cm2/s) in the R phase is 5-10 times
higher than that in the � phase in the two-phase region, and the
diffusion coefficient in the � phase slightly decreases with
increasing SoD due to the increase in accommodation energy.
The diffusion coefficients in the R phase and the � phase in the
two-phase region are similar to the values in single R and single
� regions. This contradicts all reported results that the diffusion
coefficient in the two-phase region is 2-3 orders of magnitude
lower than that in the single-phase region measured by using
traditional GITT.

The accommodation energy and interface mobility of LiFePO4

are size-dependent. LiFePO4 with a 40 nm crystal size has a
lower accommodation energy and higher interface mobility
when compared to those for LiFePO4 with a 100 nm crystal
size. The interface mobility (10-15 m mol/(J s)) of LiFePO4 at
roomtemperatureiscomparabletothevalueforthemartensite-austenite
transformation in an Fe-C alloy with a semicoherent interface
at 350 °C.
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List of Symbols

A/B mole fraction of the Li ion (per mole of host material
H) at the interface in the R/� phase, %

b1/b2 intercept of the equilibrium potential versus solubility
line for the single R/� phase, V

Ci Li ion insertion concentration, mol/cm3

Cmax maximum Li ion concentration that can be incorpo-
rated into the lattices of host material H, mol/cm3

CR/C�, Li ion concentration in the R/� phase during dis-
charge, mol/cm3

CR
i /C�

i actual interfacial Li ion concentration in the R/�
phase corresponding to potential Ed

i , mol/cm3

CR
ie/C�

ie equilibrium interfacial Li ion concentration in the R/�
phase corresponding to potential Ede

i , mol/cm3

C�
s Li ion concentration at the electrode particle surface

during PITT, mol/cm3

CR
e /C�

e theoretical Li ion solubility in the R/� phase corre-
sponding to theoretical potential Eeq, mol/cm3

DGITT Li ion diffusivity calculated using the traditional
GITT method, cm2/s

DPITT Li ion diffusivity calculated using the traditional
PITT method, cm2/s

DR/D� Li ion diffusivity in the R/� phase, cm2/s
Ed

i actual potential of the R/� interface at any time
during discharge, V

Ede
i equilibrium potential of the R/� interface at any time

during discharge, V
Ede/Ece discharge/charge equilibrium potential measured in

GITT, V
Eeq theoretical potential (strain-free potential) of the

voltage plateau in GITT, V
E(t) voltage measured as a function of time during the

GITT test, V
E(x) equilibrium potential measured as a function of the

mole fraction of the Li ion during the GITT test, V
F Faraday’s constant, equal to 96500 C/mol
f(xi) expression of the accommodation energy as function

of the interface position
H host material of the electrode, such as FePO4 in

LiFePO4

I applied current in the traditional GITT method, A
i current density used during discharge of GITT, A/g
I(t) current measured as a function of time during the

PITT test, A
k1/k2 slopes of the equilibrium potential versus the solubil-

ity line for the single R/� phase, V
L characteristic length of the electrode material, cm
M interface mobility of the R/� interface, m mol/(J s)
M0 pre-exponential factor of the interface mobility

equation, m mol/(J s)
QM activation energy for interface movement, J/mol
R universal gas constant, 8.314 J/(mol k)
S contact area between the electrode and electrolyte,

cm2

t time, s
T temperature, K
VM molar volume of the electrode material, cm3/mol
X mole fraction of the Li ion in the electrode material,

%
xi position of the interface boundary, cm
x axial position in the particle, cm
zA charge number of the electroactive material; for Li

ion batteries, zA ) 1

∆Gd total driving force during phase transformation, J/mol

M ) M0 exp(-QM

RT ) (25)
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∆Gchem chemical driving force during phase transformation,
J/mol

∆Gaccom strain-accommodation energy change during phase
transformation, J/mol

∆Gint interface energy change during phase transformation,
J/mol

µLi+
R /µLi+

� chemical potential of the Li ion in the a/� phase at
the interface, J/mol

µH
R/µH

� chemical potential of host material H in the R/�
phase at the interface, J/mol

F density of electrode host material H, g/cm3
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