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The electrochemical phase transformation of carbon-coated nanophas&(66h) FePQ@to LiFePQ
has been investigated by use of the Avraidohnson-Mehl—Eroofev equation. The analysis shows an
Avrami exponent equal to 1, which is indicative of one-dimensional growth. The analysis does not support
the conventional shrinking core model for the electrochemical conversion of feR@E-ePQ. Analysis
of the Avrami exponent reveals that the phase transformation is not controlled by diffusion but by a
phase boundary reaction. Measurements at different temperatures allowed for an estimate of the activation
energy, which was found to be about 13 kJ/mol for the electrochemical ReR@-ePQ transformation.

Introduction “shrinking core” model assumes a three-dimensional growth
lithium ion b , bled i gisch q mechanism. However, recent experimental evidence has led
A lithium ion battery is assembled in a discharged state , 5 ro_ayamination of this model and evidence via electron
and becomes activated after a charging step removes “th'ummicroscopfi and high-resolution electron energy loss spec-
from the positive electrode (generally, a lithiated transition troscop§ points to a one-dimensional growth mechanism
metal_ oxide) and concurrently mser_ts lithium _lnto the From a structural viewpoint, intuitively one expects that
nega_tlve electrode (ge_n_erally, graphite). _The first com- lithium ion diffusion should be one-dimensional. LiFePO
mercially successful positive electrode was LiGpa@wever, adopts an orthorhombic olivine structure, space giRnma

concerns about the cost of cobalt and the potential safety}, g upon PQtetrahedra, cormer-sharing FeGrtahedra
hazards associated \.N'th over(;harglng 9f .L'Qd'ﬁs led to . and edge-sharing Ligbctahedra in which the oxygen atoms
a search for alternative materials containing less expensives, . - “distorted hexagonal close-packed framework. The
materials that are more stable under abusive conditions.edge_sharing Li@octahedra form chains along theaxis'
LiFePQ,'Whosle electrochemical act.ivity Was.f.irst reported o [010] direction, and thus by inspection of the structure
by Pahdi e:] al.,ha_s emerged ""?f_a V|able_ p03|ft|v_e electrode ¢ expects that lithium ion transport should occur predomi-
based on f ese 9r|ter|a. A modified version o L'FQR@S nantly along this axis. Theoretical predictions based on first-
been commer<_:|al|zed recently by_ the A123 compayring principle calculationsand atomistic modelirfgsupport this
charge and discharge of the LiFePSystem, two phases hypothesis. In agreement with this, Srinivasan and Newman

are pfresegtz L|FePAQ?|nd FGIPQ Trlns two-pnaig hature IS inted out that arguments can be made that lithium diffusion
manifested in a very flat voltage plateau which Is consistent ;¢ preferred along a certain crystallographic direction

V;’]'th trlle chemlcgl pc()jt_(;:fntlal ?fl|th|urn belnghgohns]:tant during and therefore the shrinking core model may not be an
the plateau. This differs from LiCoO which forms a accurate description of the phase transformation. However,

Li1-CoC; solid solution during charge and discharge, and iy tq jack of mechanistic information at the time of their

it therefore demonstrates sloping charge and dischargestud% the charging/discharging mechanism was modeled

curves. Thus, the process of discharge and charge isusing the “shrinking core” idea.
completely different in the LiFeP0Osystem compared to To shed light on the mechanism, in this paper we study
conventional lithium ion battery positive electrode materials. the kinetics of this phase transition. We measured the overall
It is therefore of great interest to understand the mechanismrate of transformation of FeRQo LiFePQ and analyzed
of the FeP@-LiFePQ, phase transformation to design an the data using the AvramiJohnsor-Mehl—Eroofev equa-
improved LiFePQ positive electrode material. tion,

Pahdi et al suggested a model of this two-phase system
based on a “shrinking core” which was mathematically f=1—exp(ky" 1)
modeled by Srinivasan and Newniaand others. The wheref is the volume fraction of LiFePk is a rate constant
parameter, and is an exponent whose value is dependent
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upon the geometry of the transformatibi? In particular, of the electrochemical phase transition from FeRbarged

the comparison of the experimental Avrami exponent value state) to LiFeP@(discharged state) were followed. This will

to theoretical predictions can be used to determine the help us to understand how to improve the rate capability, in
geometry of the transformation mechanism. The Avrami other words, the power of the battery. This is critically
exponent increases with the dimensionality of growth. An important for use in high-power applications such as hybrid
Avrami exponent value of 42 is indicative of one- electric vehicles (HEV). The application of the Avrami
dimensional growth, 23 of two-dimensional growth, and  Johnsor-Mehl—Erofeev equation allows determination of
3—4 of three-dimensional growth. Thus, a shrinking core the transformation mechanism geometry, the rate constant
model of phase transformation would have an Avrami parameter, and the activation energy of the transformation.
exponent of between 3 and 4 and a model based on a lineaiTo apply this equation, one must measure the volume fraction

growth would have an Avrami exponent of about2.'4 of the product phase as a function of time. Measurement at
different temperatures will allow a determination of the
Experimental Section activation energy through use of Arrhenius-type plots. This

method of analysis has been commonly applied to polymor-

Corporation (Nanomyte BE-20). The reported surface area-s 25 phic pha'se transitiqns by changing the tempgrature so that
30 n¥/g.1> The average patrticle size can be estimated based on thisthe starting phase is no longer thermodynamically favored

surface area, assuming a spherical particle, using the egifation and 'then measuring the volume f'raction' of the thermody-
namically stable product as a function of time through X-ray

Nanophase carbon-coated LiFeP®@as obtained from NEI

d = 6/pSger ) diffraction. For example, the transformation kinetics of
B — y Li»ZnSiO, were analyzed with the Avrami methégl.
whered is the particle sizey is the density of LiFeP§X3.6 g/mL}’ It has also been commonly used to describe phase transfor-
and Sset is the BET surface area. From the application of the mations in metal and alloy systertf¥dn our study, we perturb
equation, a particle size of 600 nm was calculated. the system not by change of temperature but by change of

For electrochemical testing, a composite electrode was fabricatedthe voltage to a potential where the Fe(lll)-containing FgPO
by a slurry coating method. With use ®-methylpyrrolidone s thermodynamically unstable with respect to the Fe(ll)-
(NMP) as solvent, a slurry of 78 wt % LiFeRO10 wt % containing LiFePQ As this was done electrochemically, we
polyvinylidene fluoride, and 12 wt % super-P carbon was prepared .., conveniently measure the rate of transformation by
and coated onto an aluminum foil substrate. The electrode film was measuring the current flow between the electrodes as a

cut into small discs with an area of 0.97 £and dried at 80C in . . .
air before use. In a dry room (dew poirit—80 °C), Li/LiFePQ, function of time. That is, the amount of FeP&nverted to

button cells were assembled using a microporous polypropylene LIFEPQ: was determined by measuring the current as a

membrane as the separator and a 1.5 M kiB#lution in a 3:7 function of time with the assumption that all electrons

(wt) mixture of ethylene carbonate (EC) and ethyl methyl carbonate measured correspond to the conversion of FeBQiFePQ

(EMC) electrolyte. Electrochemical testing was performed using a according to the equation

Maccor Series 4000 tester. A Tenney Environmental Oven was used _ L .

to provide constant temperature. At room temperature, the cells FePQ+e +Li" —LiFePG ©)

were charged to 4.2 V at/10 and the_n held .at 4.2 V until Fhe In practice, we started by assembling LiFeROcoin cells

fg”Oer't’égr%pggdltgge;x?‘*gg’hvghii_gfg ?I‘Ilse%hirge'l'cbé:’z.?ggya’.t and because, in this study, we wanted to understand the
; wi uili . : . :

thg chosen temperature %22 10, di@) for a minimunq 64 hand kmetlc.s of the discharge process, th(.a LiFaftOcoin cells

then discharged at a constant voltage of 3.0 V. The fraction of were first charged to con_vert the LiFeP@ FePQ, the

FePQ lithiated to form LiFePQ during the constant 3.0 V step charged state of the functioning battery. We then set out to

was measured by recording current as a function of time. This will determine how quickly the FeR@ould be lithiated under

be explained in detail in the Results and Discussion section. electrochemically reducing conditions. The voltage of lithium
insertion is about 3.5 V, so a constant voltade3o/ was
Results and Discussion applied. At this voltage, the Fe(lll) in FeR@ill be reduced

to Fe(ll) and lithium will be inserted to form LiFeRO
The results of the electrochemical phase transformation
are shown in Figure 1. The shapes of the curves indicate a
cellular transformation, a type of transformation in which
) all of the parent phase is consumed by the transformation
(% JAC\’,TQ;?”MWJ gﬁggﬁ@ggg\fﬁggma416' product!? In accordance with a cellular transformation, a
(11) Avrami, M.J. Chem. Phys194Q 8, 212. rapid conversion of FePQwas observed during the initial

12) aWnﬁsgoﬁ-s _Rﬁg&jf;f&elggimésgrg‘g”foits Applicatiomwhn Wiley portion of the lithiation followed by a slowdown of the
(13) Porter, D. A; Easterliﬁg,_K. EPhase Transformations in Metals and ~ reaction rate as the LiFeRCcells” impinge upon adjacent
Alloys Van Nostrand Reinhold: New York, 1981; pp 28790. “cells”. This phenomenon can be described by the Avrami

(14) Brown, W. E.; Dollimore, D.; Galwey, A. KComprehensie Chemical Joh Mehl—Eroof ti | imple t th
Kinetics, Reactions in the Solid State Vol: Eksevier: Amsterdam, onnsor-ivie roorev equation. In simple terms, as the

1990; p 71. product phase grows over time and the volume fraction of

(1s) NEl ggrp;(;ggt))” home page. http://www.neicorporation.com (accessed oy ct becomes larger than the reactant, the reaction rate

(16) Kavan, L.; Grtzel, M. Electrochem. Solid-State Le002 5, A39.

(17) Yakubovich, O. V.; Simonov, O. V.; Belov, N. \Ba. Phys. Dokl (18) Villafuerte-Castrejon, M. E.; West, A. R.. Chem. Soc., Faraday
1977, 22, 347. Trans. 11981, 77, 2297.

To obtain insight into the phase transformation of FgPO
to LiFePQ during the discharge of a lithium ion battery
based on the LiFeP{positive electrode material, the kinetics
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Figure 1. Fraction of LiFePQ, formed from electrochemical lithiation of
FePQ, against time at three temperatures.
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Figure 2. Determination of the Avrami exponent, and Avrami rate
constant parameter, The slope of the line is equal to the Avrami exponent.
The intercept is equal to log k — log e and allows the determination of
rate constant parametex,

Allen et al.

Table 1. Kinetic Data for the Electrochemical FePQ — LiFePQO4
Phase Transformation

temperature°C) slope () k (min~1)
22 1.09 0.036
10 1.00 0.021
0 0.98 0.014

irrespective of particle size and coating since it is based on
the crystal structures of the two phases, Fe&l LiFePQ.

The Avrami exponent, in addition to giving information
regarding the dimensionality of the growth, can also yield
insight into the rate-determining step (phase boundary control
or diffusion control). To do this, we express the Avrami
exponentn, as function of the nucleatiomy, dimensionality
(b), and growth €) parameters?2!

n=a-+bc

(4)

wherea, the nucleation index, reflects the time dependence
of the number of nuclei per unit volume of untransformed
material @ = O for nucleation rate Oa = 1 for constant
nucleationa > 1 for increasing nucleation rates, and<(a

< 1 for decreasing nucleation rateb)is the dimensionality

of the growth b = 1, 2, 3 for 1D, 2D, 3D growth,
respectively), and is a growth index dependent on the rate-
determining step of the transformation € 1 for phase
boundary controlg = 1/, for diffusion-controlled growth).

If we then assume that=1 based on the structural argument
that we have presented, then the only possible values of
andc leading ton = 1 are 0 and 1, respectively. Therefore,
this analysis suggests that the rate-determining step must be
the rearrangement of the bonds at the reaction interface
(phase boundary control) and not the diffusion of lithium.

of the transformation slows down because there is less roomTable 1 summarizes the information obtained from the
to grow without bumping into the transformed phase. This Avrami analysis depicted in Figure 2. Furthermore, the
simple concept can be modeled based on the dimensionalittemperature dependence of the FeRithiation is clearly

of the transformation. The volumetric function of the growth illustrated in Figure 1. The reaction slows considerably at

mechanism directly affects the transformation rate and the 10 and 0°C relative to 22°C.

dimensionality of the transformation is reflected in the value
of the Avrami exponent. Higher dimensionality leads to a

From the measurement of the rate of transformation at the
three different temperatures, it is possible to estimate an

higher value of the exponent. Therefore, determination of activation energy for the process using an Arrhenius plot of

the Avrami exponent allows one to then determine which

geometric model of the phase transformation is the best fit:

one-, two-, or three-dimensional growthi-rom this model,

a plot of log[log(1/1— f)] against log time will give a straight
line of slopen and intercepn log k — log e.*® Such a plot
is shown as Figure 2 for the electrochemical FgR®
LiFePQ, transformation. The slope of the line is ap-
proximately 1 at the three temperatures. The value &f1

is indicative of a one-dimensional growth mecharfisand
supports the conclusions from electron microséamgd high-
resolution electron energy loss spectrosédhgt suggest a

log k against 1T.° The Arrhenius plot of the electrochemical
lithiation of FePQ to form LiFePQ was plotted in Figure 3
using the values of the Avrami rate constakyt,obtained
from the analysis of Figure 2. The straight line shown in
Figure 3 is a linear best fit of the data points. The activation
energy, E, of the process was calculated from the well-

known Arrhenius relationship:
slope= —E/R (5)

From this analysis, a value of about 13 kJ/mol was obtained.
This is a small activation energy for a sotidolid transfor-

one-dimensional growth mechanism instead of a “shrinking mation. For example, the activation energy of fhe~ y

core” where three-dimensional growth amek ~3—4 should

be exhibited. The likelihood that lithium ion diffuses most
favorably along the chains of edge-sharing k.i@tahedra,
found along thdo-axis, suggests that the phase boundary will
be constrained to a plane parallel to theaxis and the phase
growth will therefore be one-dimensional and the Avrami
constant will reflect this dimensionality. This conclusion
should be applicable to the FeP€LiFePQ, transformation

Li»ZnSiO, phase transformation was found to be about 147
kJ/mol!® The low activation energy obtained in this study
is not surprising in light of the fact that the rate-determining

(19) Ranganathan, S.; von Heimendahl,MMater. Sci1981, 16, 2401.

(20) Ruitenberg, G.; Petford-Long, A. K.; Doole, R.Z Appl. Phys2002
92, 3116.

(21) Wang, X. P.; Corbel, G.; Kodjikian, S.; Fang, Q. F.; Lacorre]J.P.
Solid State Chen2006 179, 3338.



Electrochemical FeP@to LiFePQ, Phase Transition Chem. Mater., Vol. 19, No. 8, 20@111

- shrinking core. In this case, the activation energy would be
higher, reflecting the need for lithium to diffuse through the

-1.2 7 bulk, a higher energy pathway, and if diffusion control
becomes rate-determining, the Avrami exponent will also

141 E.=13 KJ/mol change. However, since it is highly likely that the LiFePO

log k

that will be used in practical applications such as HEV will

6] be nanophase, the results of this study are highly relevant.
1.8 - We also note that when we consider extremely low
temperatures, the rate-determining step may change as there
-2 : : ‘ is a well-known drop in cell performance of state-of-the-art
0.0033 0.0034 0.0035 0.0036 0.0037 lithium ion cells at very low temperaturésThis tempera-

ur ture-dependent drop in performance has been attributed to
Figure 3. Activation energy was obtained from this Arrhenius plot of the ; ; ;
electrochemical lithiation of FePQo form LiFePQ using the values of SlO\_N lon transport in _the bulk electrolyte, the mcreased
the Avrami rate constant parameter obtained from Figure 2. Trend line is resistance of surface films at the electrode/electrolyte inter-
a linear best fit of the data points. The slope of the line was used to obtain faces, the resistance associated with the charge-transfer

th tivati for thi . . . .
© activafion encrdy for fis process processes at electrode interfaces, and the retarded diffusion

step (phase boundary control, from analysis of the Avrami coefficients of lithium ion in the electrodé$.The drop in

exponent) is a topotactic rearrangemetite FePQframe- ~ Performance begins at temperatures bete@0 °C, while
work is maintained throughout the reaction and the phaseabove this threshold temperature at least 80% of the rated

transformation simply involves a volume increase (6.82%) capa_city is deliverabl&:?Thus, within the temperature range
as lithium enters the FeRGramework. Further, this also  Of this study (from 22 to 0C), the temperature dependence
implies that lithium ion diffusion must occur by an even Of these cell components will not be important with respect
lower energy pathway. Takahashi et#iound an activation to the rate performance of the cell. Future kinetic studies to
energy of 39 kJ/mol for lattice lithium ion diffusion within ~ explore this can be done using different electrolytes.
LiFePQ,. The fact that we obtained a lower value for the A fyrther study can also vary the potential used for the
activation energhy Ofl,tE,e Fea(tbdl_.:(feEQ p()jha_se trar?sforma— constant voltage lithiation of FeRQo determine if any
]EIOI’I SltJ'ggests t atd It "l"m lon II usion during p”?se traons— differences in activation energy are seen as one moves further
ormation proceeds along a lower energy pathway. ne away or closer to the equilibrium voltage of intercalation.
possibility is that there may be enhanced lithium ion mobility . .

5 Thus, one could construct a timgoltage-transformation
at the phase boundary as suggested by ChenceZlaén et . : .

diagram analogous to a tim¢éemperaturetransformation

al. speculated that local bond stretching and bending in the
specu St 'nd nding | (TTT) diagram*? It is known that there is a rate dependence

phase boundary region, which results from the lattice ) X T
mismatch between FeR@nd LiFePQ, may significantly caused by the difference in the temperature of the kinetic
' study relative to the equilibrium transition temperature and

enhance Li ion mobility. They suggest that “rather than >** ¢ ) S s i e
diffusing through the [LiFeP@FePQ] crystals, Li is ex- it will be interesting to determine if a similar relationship is
tracted or inserted only at the phase boundary.” The obtainedoPserved for voltage.

activation energy, which is about one-third that of the bulk

diffusion (for a macrosized sample), is consistent with the Conclusion
model of Chen et dl.of a phase boundary lithium diffusion
pathway. The kinetics of the electrochemical conversion of carbon-

As a cautionary note, the kinetic parameterand the  coated nanophase (600 nm) FePQ to LiFePQ was
resultant activation energy may be altered by use of different followed and analyzed with the Avramiohnsor-Mehl—
particle sized material and other processing parameters, sd&roofev equation. Determination of the Avrami exponent
the number obtained has to be viewed from a comparisonsupports a linear, one-dimensional growth mechanism instead
viewpoint unlike the Avrami exponemt which at least for  of a three-dimensional shrinking core model. Analysis of the
small particle size samples should not change from sampleAvrami exponent suggests a phase boundary controlled
to sample. Although the shrinking core model clearly does mechanism. The kinetic parametér, was also evaluated
not apply to nanocrystalline samples, it is possible in the from the Avrami equation and its measurement as a function
case of multidomained, micrometer-sized particles that of temperature enabled us to calculate an activation energy

although locally the transformation mechanism will be one- o this process. The nanoscale material exhibited an activa-
dimensional, the overall transformation will resemble a tion energy of around 13 kJ/mol.
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