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Abstract 

Many compounds used as battery storage electrodes undergo large composition changes during 

use that are accompanied by a first-order phase transition.  Most studies of these phase 

transitions have focused on the unit cell to single crystallite scale, whereas real battery electrodes 

are typically composed of mesoscopic assemblies of nanocrystallites, for which phase 

transformation mechanisms are poorly understood.  In this work, a systematic study is conducted 

of the potentiostatic (constant driving force) kinetics of phase transition in secondary particles of 

representative intercalation compounds: LiFePO4, LiMn1-xFexPO4, and Li4Ti5O7.  Storage 

kinetics are studied as a function of overpotential, materials composition, primary particle size 

and temperature.  We find that in regimes where phase transformation occurs, the results can be 

self-consistently explained as nucleation and growth kinetics within the framework of the 

Johnson-Mehl-Avrami-Kolmogorov model. This implies that despite the common secondary 

particle topology, the electrochemically-driven phase transformations occur by nucleation and 

growth with little apparent resistance to phase propagation across the grain boundaries.  Growth 

appears to be one-dimensional in nature, consistent with a hybrid growth model in which rapid 

surface propagation is followed by slower growth into particles. 
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1. Introduction 

A large number of current and emerging electrode compounds for storage batteries undergo 

electrochemically-driven phase transformation upon (dis)charge.  The transformation kinetics 

frequently control the performance and degradation of such materials. Olivine lithium iron 

phosphate LiFePO4 and its Mn counterpart are important Li-ion cathode materials, and model 

systems for studying phase transformation in intercalation compounds. Extensive research in the 

last two decades has revealed rich transformation behavior in this material, which has general 

implications for other electrode materials. While LiFePO4 exhibits a first-order phase transition 

between the Li-rich LiFePO4 (LFP) and Li-poor FePO4 (FP) phase under near-equilibrium 

conditions, the low energy penalty for forming a crystalline solid solution
1
 suggests that the two-

phase reaction can be averted under dynamic conditions.  Indeed, metastable solid solutions have 

been observed experimentally, but typically only at high current rates of 10C,
2
 >5C,

3
 and 60C

4
 

(where C
-1

 is the time for full charge or discharge, in hours). In small single crystalline particles, 

metastable solid solutions have been observed at >2C rates.
5
 Thus, at low current rates, LiFePO4 

and related compositions such as Li(Mn,Fe)PO4 are exemplars for transformation by nucleation 

and growth, while more complex behavior is expected at higher rates.  It was also recently 

revealed that during the first-order transformation in LiFePO4, phase boundary movement can 

proceed via a hybrid mechanism
6
, in which phase growth is controlled by surface reaction or 

bulk Li diffusion, the two propagating along different crystal directions. Lim et al.
5
 have also 

invoked liquid-enhanced surface diffusion to explain observations of transformation kinetics in 

single crystallites.  At the particle ensemble level, LiFePO4 is found to exhibit particle-by-

particle (or mosaic) or concurrent transformation behavior at different current
7
 and 

transformation strain levels
8
, which is closely related to the competition between nucleation and 

growth kinetics.    

 

Despite these insights, the phase transformation kinetics of realistic microstructures composed of 

ensembles of electrode particles remains poorly understood for LiFePO4, and battery compounds 

in general. In studying collective transformation behavior, simplified models are often assumed 

in which the particles are well-separated single crystallites that interact indirectly through ion 

exchange with the surrounding electrolyte. However, realistic electrodes, including those in 

commercial Li-ion batteries today, consist of microscale agglomerates (i.e., secondary particles) 
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of smaller and often nanosized primary particles of the active material. As the primary particles 

within a secondary particle may strongly interact both electrochemically and mechanically 

during cycling, the phase transformation behavior of the agglomerate is critical to electrode 

performance, and may differ significantly from that of stand-alone particles. The determination 

of the mesoscopic transformation kinetics at the aggregate level thus has practical importance for 

designing and optimizing battery electrodes. 

  

Operando imaging techniques such as transmission electron microscopy
9,10

, soft
11

 and hard
12,13

 

X-ray transmission microscopy, X-ray nanotomography
14,15

 and microbeam diffraction
16

 have 

provided detailed insight into the phase transformation process in individual electrode particles, 

but are difficult to apply to mesoscopic agglomerate structures. Electrochemical methods such as 

chronoamperometry and potentiostatic intermittent titration test (PITT) complement these 

observations, and are better able to resolve time-dependent behavior. In particular, current 

response of battery cells under potentiostatic conditions is a direct measure of the volume-

averaged transformation rate at a constant driving force. For LiFePO4, such data have been 

interpreted in several previous studies
17-19

 using the Johnson-Mehl-Avrami-Kolmogolov (JMAK) 

approach
20-23

, which is well-established as a methodology for treating concurrent nucleation and 

growth kinetics. For example, previous analyses propose that LiFePO4 exhibits one-dimensional 

(1D) growth behavior during phase transformation
17,19

, as expected from the 1D Li diffusion 

channels in this material
24

. However, the application of the JMAK analysis to battery materials is 

not unequivocal. Key assumptions underpinning the JMAK equation include the assumption of 

an infinite system volume and a uniform distribution of nucleation sites within the volume 

undergoing transformation.  It is not at all obvious that these conditions can be satisfied in 

mesoscopic electrodes such as LiFePO4, where heterogeneous nucleation on internal surfaces is 

likely to dominate, and phase transformation may be confined to one nanoparticle at a time. The 

main purpose of the present work is to assess whether mesoscopic phase transformation kinetics 

in several model cathode systems can be reasonably described by the JMAK approach, yielding 

physically meaningful insights. 

 

Potentiostatic experiments were systematically conducted to probe the phase transformation 

kinetics in secondary particles of three well-known Li-ion battery cathodes:  LFP, LiMnyFe1-
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yPO4 (LMFP) olivines, and Li4Ti5O12 spinel.  Experiments were conducted over a wide range of 

overpotentials, varying transition metal composition in the case of LMFP (to access different 

portions of the equilibrium phase diagram, particle size (for the olivines), and temperature. We 

elucidate, for the first time, the conditions under which the JMAK approach is valid for a 

mesoscopic system of agglomerates composed of nanoscale primary particles. We show that the 

JMAK analysis independently predicts microscopic behavior that is consistent with the known 

phase transformation behavior of the electrode materials studied and provides new insights into 

the mesoscopic transformation pathway. In particular, we conclude that the rapid propagation of 

the second phase along the primary particle surface under the hybrid phase growth mode 

produces one-dimensional growth kinetics within the secondary particles, independent of Li 

diffusion anisotropy, and that the phase transformation readily propagates across grain 

boundaries.  

 

2. Experimental 

The morphologies of the cathode powders studied are shown in in Fig. 1.  LFP and LMFP 

powders were prepared by a solid-state reaction method. Li2CO3 (99.999%, Alfa-Aesar), MnCO3 

(99.99%, NOAH Technologies Corp.), FeC2O4⋅2H2O (99.99%, Elementis Pigments), and 

NH4H2PO4 (99.998%, Heico Chemicals) were ball-milled in acetone for >72 h using zirconia 

milling media, dried, then ground with a mortar and pestle in an Ar-filled glove box. The sample 

was calcined at 350 °C for 10 h and fired at 550 °C for 5 h in flowing N2. The Brunauer–

Emmett–Teller (BET) surface area of the sample was measured, and the equivalent sphereical 

particle sizes were calculated from the measured surface areas.  For the LFP and LMFP, the 

equivalent spherical particles sizes of starting powders were in the range 48-57 nm.  Some LMFP 

powders were later heat treated to increase the primary particle size to BET values of 102 and 

152 nm, respectively. Herein, for simplicity we will refer to these particle sizes as “50 nm”, “100 

nm”, and “150 nm”, respectively.  Li4Ti5O12 (NANOMYTE
®

 BE-10) was purchased from NEI  

Corporation. The particle morphology of all powder samples was characterized using SEM/FIB 

(FEI Helios NanoLab
TM

 600 DualBeam) and TEM *JOEL 2010 FEG Analytical Electron 

Microscope).  
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Figure 1. Morphology of powder samples studied within this study. (A) – (C) TEM images of LFP, 

LMFP and LTO. (D) – (F) SEM images of LFP, LMFP and LTO.  The equivalent spherical diameter of 

the LFP and LMFP is 50 nm based on BET surface area measurements, consistent with (A) and (B), 

while the secondary particles have several micrometer dimensions (D, E). For LTO, the primary particle 

size is ~200 nm (C) and the size of secondary particles is several micrometers (F).   

 

For electrochemical testing, free-standing thin disc cathodes were prepared by mixing 60 wt% 

active material, 10 wt% Graphite C-Nergy SFG6L (Timcal Graphite & Carbon), 10 wt% 

Acetylene black VXC72 (Cabot Coorporation) and 20 wt% Kynar PVDF binder, using acetone 

as the solvent. Mixtures were dried and ground with a mortar and pestle. Approximately 5 mg of 

the mixture was pressed in a 6 mm diameter pellet die. Consequently, the area mass loading of 

the active material is ~1.6 mAh/cm
2
. The relatively high carbon content, relatively low loading, 

and low current rates (<0.5C maximum C-rate, see below) ensure a low potential drop across the 

electrode. The pelletized cathodes were dried under vacuum at 110°C for 1 hour and then stored 

in an argon-filled glovebox. Swagelok
TM

-type electrochemical cells were assembled using the 

pressed cathodes, with 100 µm thick lithium metal foil as the anode, a microporous glass fiber 

(Whatman GF/B) as separator and 1M LiPF6 in EC:DMC (1:1 by volume) as electrolyte.  
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In total, 19 chronoamperometry experiments were conducted including 5 independent 

potentiostatic experiments and 14 independent potentiostatic intermittent titration technique 

(PITT) experiments.  These experiments are summarized in Table 1. All of the experiments were 

conducted using a Bio-Logic VMP3 potentiostat. 

 

Five of the potentiostatic experiments were conducted on LFP that was initially cycled to a 

composition in the middle of its two-phase field, then potentiostatically charged and discharged 

with various over/underpotentials, in each case spanning a wide range of state-of-charge during 

the potentiostatic hold to ensure that phase propagation occurred.  The cells were first charged to 

50% SOC at C/10 rate and held under open-circuit conditions for 50 hours, after which the 

“equilibrium” voltage was measured. Subsequently, the voltage was stepped up, and the cell was 

held at that potential until the current decayed below C/200 rate. The same cell was then 

discharged back to 50% SOC at C/10, held under open-circuit conditions for another 50 hours, 

and the voltage stepped down to an underpotential of the same magnitude as that used during 

charge, holding until the cutoff current of C/200 was reached. The applied overpotentials used in 

these experiments were 5 mV, 20 mV, 40 mV, 60 mV and 100 mV. 

 

In the PITT experiments, a succession of voltage steps is applied, causing the cell to traverse a 

wide range of SOC over the multiple steps, including solid solution and two-phase fields.  

Fourteen PITT experiments were carried out, in which the variables included materials 

composition, primary particle size of the powder, overpotential and temperature. LMFP cells 

were charged or discharged between 2.5 V and 4.2 V, with the voltage step ranging from 10 mV 

to 40 mV and the cutoff current being C/100. The LTO cells were cycled between 1.2 V and 1.8 

V using a voltage step of 10 mV. 

 

Because our intent is to explore mesoscopic phase transformation kinetics in regimes where there 

is a clear first-order transition, rather than the metastable solid solution regimes, the C-rates 

should be kept well-below those (2C to 60C)
 2-5

 at which a metastable transition has been 

observed. During the potentiostatic hold tests, Fig. 2(A) shows that the maximum current during 

the initial transient does not exceed 0.20 mA.  Since the total capacity of the electrodes is ~0.45 
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mAh, the maximum C-rate is ~0.44C. Similarly, during the PITT tests (Fig. 2-4), except for the 

initial transients of a few seconds duration, the currents are <0.1 mA (≤0.2C rate). Thus the 

present experiments are conducted at C-rates low enough to allow thermodynamically preferred 

first-order phase transitions to take place. For the LFP and LMFP samples, a prior operando 

synchrotron X-ray diffraction study
8
 has shown two-phase coexistence at overpotential levels 

comparable to those used here. Note that the low C-rates also minimize gradients in phase 

content across the thickness of the electrode.
25,26
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Table I. Summary of Chronoamperometry Experiments Conducted (19 total) 

 Independent Variable Range Fixed Variables 
No. of 

Expts 

Potentiostatic Experiments:    

 Overpotential
#
 (mV)  5, 20, 40, 60, 100 

y(Mn) = 0; T = 20 °C;  

primary particle size = 50 nm 
5 

PITT Experiments:    

 Voltage Step
*
 (mV)

 
10, 20, 40 

y(Mn) = 0; T = 20 °C;  

primary particle size = 50 nm 
3

&
 

 Composition
*
 

y(Mn)=0, 0.4, 0.8 

for LMFP; LTO 

T = 20 °C; voltage step = 10 mV; 

primary particle size for LFP and 

LMFP = 50 nm, for LTO = 200 

nm 

4
&

 

 Particle Size
*
 (nm) 50, 100, 150 

y(Mn)  =0.4; T = 20 °C; voltage 

step = 40 mV 
3 

 Temperature
*
 (°C) -30, -20, 0, 10, 20 

y(Mn)  =0.4; voltage step = 40 

mV; 

primary particle size  =50 nm 

5 

 

#
Potentiostatic experiments from 50% SOC. 

*
PITT experiments from 0% SOC. 

&
One common experiment.  
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Figure 2. (A) Current (mA) versus time (h) results for potentiostatic experiment in which a starting 

composition Li0.5FePO4 was charged or discharged at over(under)potential values of 5, 20, 40, 60 and 100 

mV. (B) Transient current as a function of time predicted by the JMAK equation, for different Avrami 

exponents n. (C-E) Voltage (V) vs time and current (mA) vs time profiles from PITT experiments testing 

individual variables.  (C) Varying overpotential. LFP of 50 nm equivalent spherical diameter is tested 
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under voltage steps of 10, 20 and 40 mV; (D) Varying LMFP composition. LMFP of 50 nm equivalent 

spherical particle diameter and y(Mn)=0, 0.4 and 0.8 are tested under 10 mV overpotential; (E) Varying 

primary particle size.  LMFP (y(Mn)=0.4) with equivalent spherical particle diameter of 50, 100, and 150 

nm is tested under 40 mV overpotential.  All experiments conducted at 20ºC.   

 

3. Results and Discussion 

Figure 2 shows selected chronoamperometric data as a function of overpotential, composition 

and particle size. Additional results including temperature dependent measurements for LMFP 

(y(Mn)=0.4), and for LTO, are shown Fig. S1 in the Supporting Information.  Figure 2 (A) shows 

current vs time curves for the potentiostatic experiment wherein LFP of 50 nm primary particle 

size (i.e., equivalent spherical particle diameter based on BET measurements) was charged to 

composition Li0.5FePO4, then subjected to potentiostatic charge or discharge at several 

overpotential values.  For a 5 mV overpotential, the current-time data were considered 

insufficiently resolved for in-depth analysis.  Under intermediate overpotential values of 20 - 60 

mV during charge, and 20 - 40 mV during discharge, visible maxima or “shoulders” appear in 

the current responses. For this type of current response, fitting to the JMAK model yields an 

Avrami exponent value larger than 1, as illustrated in Figure 2 (B). Figures 2(C-E) exhibit 

voltage vs time and current vs time data from the PITT experiments. In Fig. 2(C), composition, 

particle size, and temperature are held constant, while the overpotential step is varied between 

10, 20 and 40 mV.  In Fig. 2(D), primary particle size, overpotential, and temperature are held 

constant, while the LMFP composition is varied.  In Fig. 2(E), composition (y(Mn)=0.4), 

overpotential, and temperature are held constant, while the primary particle size is varied.  In 

these plots, the regions with densely-packed current responses correspond to a solid solution 

reaction where current decay is rapid, while current response(s) involving phase transformation 

can persist for over 10 hours before reaching the cutoff current.  In what follows, we analyse 

selected regions from the PITT spectra where the current response is highly resolved and spans a 

substantial state-of-charge range for the cathode material.     

 

To analyze the phase transformation characteristics, the potentiostatic data were fitted by the 

JMAK model as follows. The time dependence of the fraction of the system already transformed 

to the new phase f is 
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           1) 

where n is the Avramic exponent and k is the rate constant of phase transformation. During the 

potentiostatic experiment, the portion of the current transient that results from phase 

transformation is proportional to df/dt and can be expressed as 

          2) 

where C is a proportionality constant. A spike is present at the beginning of the current transient 

as shown in Figure 3. It is attributed to Li diffusion in particles that remain in the single phase 

region and described by an exponential function 

           3) 

Based on the solution to the one-dimensional diffusion equation, the parameter kD is related to 

the Li diffusivity DLi and the diffusion length L as  

            4) 

The overall current transient is fitted by the sum of Eqs. 2 and 3, i.e. , to account 

for contributions from both phase transformation and single-phase diffusion. Figures 3 and 4 

show several examples of the fitting; Fig. 3 shows fitting to potentiostatic steps in the PITT 

sequence, while Fig. 4 shows fitting to the potentiostatic charge/discharge experiments in which 

the sample starts at 50% SOC. In all cases, the experimental data can be well fitted by the model, 

with the coefficient of determination, R
2
, being typically higher than 97%. By setting L to the 

average primary particle radius in Eq. 4, the fitted kD gives DLi in the range of 10
-11

-10
-13

 cm
2
/s 

for LFP and LMFP samples. Such Li diffusivity values are consistent with previous 

measurement of similar samples in the single-phase field
27

 and thus support the interpretation of 

the initial spike in the current transient as a diffusive current. Note also that for the current vs 

time data from which we obtain JMAK parameters, the sample traverses a wide state-of-charge 

range during the potentiostatic hold.  For the two examples in Figs. 3A and 3B, the SOC changes 

from 5% to 66% during the charge step and 73% to 23% during the discharge step.  In Fig. 4, 

from a starting point of 50% SOC, the final SOC for charging experiments is 78-88%, and the 

final SOC for discharging experiments is 23-25%.  Therefore, for all cases analysed in the 

framework of JMAK, the absolute value of SOC, and the SOC range spanned during the 
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potentiostatic hold, are clearly within the equilibrium two-phase fields of the respective phase 

diagrams for LFP, LMFP and LTO.    

 

 

Figure 3. (A) Current versus time data for a typical PITT experiment. The sample is LiFePO4 with 

equivalent spherical diameter of 50 nm, the voltage step is 10 mV and temperature is 20�.. In this 

example, current responses (a) through (d) are within single phase regimes while current responses (1) 

and (2) are within two-phase co-existence regimes. (B)  Current responses within two-phase co-existence 

are fitted to the JMAK equation with an exponential background. (C) Current responses within the single 

phase region of (A) exhibit an exponential tail, the slope of which is used to estimate the Li chemical 

diffusivity. ((b) and (c) are results at the same voltage during charge and discharge, respectively)  
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Figure 4. Results for potentiostatic experiments conducted on LFP starting from 50% SOC. (A) Current 

responses obtained from potentiostatic charge of sample (1) to (4) under varying overpotential, from 20 

mV to 100 mV. (B) Current responses obtained from potentiostatic discharge of sample (1) to (4) under 

varying overpotential, from 20 mV to 100 mV.  
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Notwithstanding the high quality of the fitting, one needs to address whether the JMAK equation 

provides an accurate physical description of the phase transformation kinetics. Despite the 

apparent contradiction between the assumptions embodied in the JMAK analysis and a 

nanoparticulate system, we hypothesize that the JMAK equation provides a suitable approach to 

data interpretation because it describes the mesoscale phase transformation process at the 

particle agglomerate level. For this to be the case, two conditions must be satisfied.  First, phase 

growth musts be able to propagate across multiple primary particles; it must be limited by 

secondary rather than primary particle size.  The primary particles in the agglomerates are 

chemically bonded due to high temperature sintering. As shown in Figure 1, the agglomerates in 

the LFP and LMFP and LTO electrodes are all several micrometers in size. Such microsized 

secondary particles can be reasonably approximated as an infinite system since the phase 

boundary migration velocity is actually very low at the low overpotentials used in the 

potentiostatic experiments (e.g., calculated to be < 0.1 nm/s at 25 mV overpotential in Ref. 
286

).  

Under these conditions, metastable solid solution behavior is absent. Furthermore, a large 

internal surface area is present inside the agglomerates, where heterogeneous nucleation can take 

place. At the aggregate level, these nucleation sites can be regarded as being uniformly 

distributed within the system, which satisfies another key assumption of the JMAK analysis, 

even though they are heterogeneous at the level of the primary particles.    

 

To further test this hypothesis, an alternative model that considers the finite system size and 

heterogeneous nucleation, here referred to as Model T, was also applied to fit the current-

transient data.  The result was compared to the JMAK fitting. In Model T, we derived an 

equation for predicting the time-dependence of transformed fraction in finite-size particles with 

surface nucleation by using Cahn’s time-cone method
29

 (see Supporting Information). A main 

difference between Model T and the JMAK equation is that phase growth is assumed to be 

limited to each individual primary particle in the former models. While both models have 3 

fitting parameters, we find that the JMAK equation consistently yields better fitting, as shown by 

the example in Figure S2. This comparison supports the presence of strong interactions between 

primary particles during phase transformation, and the appropriateness of the JMAK model for 

the present data.  
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Avrami Exponents and Interpretation. Figure 5 summarizes the Avrami exponent n and 

nucleation index a obtained upon fitting the broad range of chronoamperometric data taken in 

this study to the JMAK model.  Results are plotted to illustrate the dependence of n and a on:  

(A) Overpotential; (B) Composition; (C) Primary particle size; and (D) Temperature.  The 

Avrami exponent varies over a wide range, between 0.7 and 1.3, in these data. Several trends are 

clearly visible. First, the Avrami exponent is smaller for discharging than charging. Second, it 

monotonically decreases, indicating a more “facile” phase transition, with increasing 

overpotential and temperature, and with decreasing particle size. For LMFP, there is a clear 

composition dependence, wherein n exhibits a minimum at an intermediate Mn:Fe ratio y = 0.4, 

which previous work has shown to have the lowest coherency strain and highest rate capability
30

. 

 

Additional insight can be obtained by taking an approach widely used in previous studies
31,32

, 

including previous JMAK analyses of the phase transformation in LiFePO4
19,20

, in which the 

Avrami exponent is expressed in terms of three parameters: 

            5) 

Here a is the nucleation index, the value of which reflects the nucleation behavior of the system. 

a = 0 represents instantaneous nucleation or pre-existing nuclei, a = 1 represents continuous 

nucleation at a constant rate, and 0 < a < 1 corresponds to continuous nucleation with a decaying 

nucleation rate. b is the growth dimensionality and varies between 1, 2 and 3 for 1D, 2D and 3D 

growth, respectively. c is a growth mode parameter: c = 1 for interface-controlled growth and c = 

½ for diffusion-controlled growth. Eq. 5 relates the Avrami exponent to the nucleation and 

growth characteristics, but does not provide a unique solution without other information; the 

same n may be interpreted by different assignments of a, b and c values. In Ref. 
19

 and 
20

, an 

Avrami exponent close to 1 was measured from LFP experimentally. This result was interpreted 

as evidence for interface-controlled (c = 1) phase growth in LFP based on the belief that the 

theoretically expected 1D Li diffusivity for LFP
26

 should result in one-dimensional growth (b = 

1). This assignment in turn implies that nucleation is close to instantaneous (a ≈ 0). However, 

Allen et al. later reinterpreted the results from their earlier work as two-dimensional growth (b = 

2) with a diffusion-controlled mechanism (c = ½)
33

. Applying these assignments to the data 
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obtained in the present work is problematic, as they give a negative nucleation index (a < 0) for 

conditions where the Avrami exponent is below 1.  

 

It was previously thought that the absence of a hump in the current transient, which corresponds 

to n < 1, indicates that phase separation is suppressed, being replaced by solid solution behavior 

instead of  nucleation and growth.
21

 However, our results show that the absence of a current 

maximum does not preclude fitting with high R
2
 to the JMAK equation (Fig. 3 and 4). Note that 

n < 1 is still permitted for nucleation and growth as described by the JMAK model.  For 

example, one-dimensional (b = 1), diffusion-controlled growth (c = ½) with pre-existing nuclei 

(a = 0) results in n = 0.5. Figures 4A and 4B show several instances where in the absence of a 

hump or shoulder, the current-time response is still well-described by the JMAK model, with the 

exponential decay due to diffusion in the solid solution representing a very small contribution.  

Also, previous work
10

 has shown, using synchrotron X-ray diffraction, that the LFP and LMFP 

samples studied here do exhibit two-phase coexistence at overpotential levels comparable to 

those in the current potentiostatic tests. 

 

If it is assumed that LFP and LMFP exhibit the same growth dimensionality and growth mode 

across all of the present potentiostatic experiments, the only possible scenario that can explain 

the range of measured Avrami exponent values is 0.2 < a < 0.7, b = 1 and c = ½.  That is, the 

phase transformation exhibits one-dimensional, diffusion-limited growth, within which the 

nucleation characteristics vary. Below we discuss the implications of such assignment for the 

growth and nucleation behavior of the LFP and LMFP secondary particles tested.  
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Figure 5. The dependence of Avrami exponent (n) and nucleation index (a) on overpotential, 

composition, particle size, and temperature. (A) Overpotential dependence for LFP at 50 nm particle size.  

(B) Compositions studied in this work, here shown for 50 nm primary particle size for LFP and LMFP, 

and 200 nm primary particle size for LTO. 10 mV voltage step used in all cases. (C) Variation with 

primary particle size for LMFP (y(Mn) = 0.4), all measured on charge with a 40 mV voltage step. (D) 

Temperature dependence, for LMFP (y(Mn) = 0.4) of 50 nm primary particle size, measured with a 40 

mV voltage step. 

 

Nucleation behavior   According to the proposed decomposition of the Avrami exponent, the 

nucleation index a takes a range of values (0.2 – 0.7) under different experimental conditions as 

shown in Figure 5. The value of a is controlled by the relative magnitudes of the nucleation vs 

growth rates. When the system has a finite number of nucleation sites, a = 0, representing 

“instantaneous nucleation,” or the situation where nucleation is sufficiently faster than growth 

for the majority of the available nucleation sites to be consumed before significant growth of the 

new phase even takes place. On the other hand, a = 1, or constant nucleation rate, corresponds to 

the case of concurrent nucleation and growth, wherein the system does not run out of nucleation 

sites during phase transformation. Therefore, a smaller nucleation index corresponds to more 

facile nucleation kinetics relative to growth. Such a correlation sheds light on the variation of a 

with various material and external parameters shown in Figure 5. A decrease in a is observed 
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with increasing overpotential or temperature, Figures 5(A) and 5(D). This can be explained by 

enhanced nucleation kinetics at larger driving force (overpotential) and at higher temperature, 

respectively. With decreasing primary particle size, a also decreases (Fig. 5(C).  It has previously 

been shown that the miscibility gap is a function of the primary particle size at nanoscale 

dimensions in LFP.
34

  This effect should reduce the coherency strain for nucleation.  We 

hypothesize that there may also be a reduction in the heterogeneous nucleation energy barrier in 

smaller particles of higher surface curvature. The nucleation index is also lower during discharge 

than during charge.  Finally, there is a composition dependence of a within the LMFP family.  

As shown in Fig. 5(B), the sample with intermediate Mn content y(Mn) = 0.4 has the lowest 

nucleation index (at 5 mV overpotential) amongst the three LMFP compositions tested. Previous 

work
30

 showed that this composition has the smallest elastic misfit between co-existing lithium-

rich and lithium-poor phases amongst all compositions between the LFP to LMP endmembers, a 

feature that is also correlated with having the highest rate capability as a battery electrode. We 

attribute the faster nucleation kinetics of this composition to a reduced coherency strain 

nucleation energy barrier. Interestingly, the result here suggests that the nucleation behavior at 

low overpotentials can provide a reliable indication of the high-rate performance. Based on the 

above discussion, it can be concluded that the nucleation characteristics inferred from the JMAK 

analysis are consistent with the known phase transformation behavior of the LMFP and LFP 

systems. 

 

Growth Behavior The 1D diffusion-controlled phase growth behavior in particle 

agglomerates predicted by the analysis of the Avrami exponent can be understood in light of the 

recently discovered hybrid phase boundary migration mode in LFP. Through operando full-field 

transmission X-ray microscopy (FFTXM), Hong and Li et al.
8
 observed that upon delithiation, 

surface-nucleated FP phase in a LFP microrod sample exhibits fast surface-reaction-limited 

growth along the Li intercalating surface, due to the presence of the liquid electrolyte with 

several orders higher Li diffusion, followed by slow diffusion-limited growth into the particle 

interior (Fig. 6A). A similar phenomenon is also reported by Wang et al. in an in-situ XANES 

nanotomography study
16

, where FP phase is found to nucleate on local surface sites of an LFP 

microparticle and then spread relatively rapidly along the surface to form a core-shell two-phase 

structure. While these observations were made on single-crystalline particles, the same hybrid-
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mode phase growth should be expected for micro-sized secondary particles. As illustrated in 

Figure 6B, the new phase displays fast two-dimensional growth on the internal surface of the 

agglomerates, while the rate-limiting step is the diffusion-controlled phase boundary movement 

in the surface normal direction, which accounts for the growth dimensionality of 1 from the 

JMAK interpretation.  Such growth behavior is reproduced in our phase-field simulation of FP 

phase growth in a 19-particle aggregate under potentiostatic condition (Supporting Information) 

by using a previously developed model for LFP
28

, see Fig. S3 and also Supplementary 

Animation M1. Thus, while our analysis arrives at a similar conclusion of one-dimensional 

growth behavior as in the previous studies by Allen et al.
19

 and Oyama et al.
20

, the 

interpretations of its origin are different. We propose that the growth dimensionality of 1 is a 

manifestation of the mesoscopic phase transformation behavior in secondary particles and results 

from the hybrid phase growth mode, rather than the 1D lithium diffusivity in LiFePO4. It is 

notable that Li diffusion in LiFePO4 has been found to be far less anisotropic than would be 

expected from the existence of 1D channels
8, 35

; this has been explained from the point of view of 

Li-Fe cation disorder obstructing the channels
36

.  As hybrid-mode phase boundary migration is 

expected to be a common mechanism for intercalation compounds embedded in a fast-transport 

electrolyte, an important implication is that the observed 1D growth is potentially a general 

phenomenon that is not limited to LiFePO4 but applies to a broad family of electrode materials 

regardless of their difference in the Li diffusion anisotropy, as discussed later for LTO.  

 

Figure 6 (A) Operando transmission X-ray microscopy images of a LiFePO4 microrod particle 

upon delithiation show the fast surface-reaction-limited growth of the FePO4 phase along surface 
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(red arrow) and slower diffusion-limited growth into the particle (black arrow). Adapted from 

Ref. 
6
 with permission under the Creative Commons license. (B) Schematic of the operation of 

the hybrid phase growth mechanism in a secondary particle.   

 

Figure 7 shows the growth rate constant, k, as a function of the same independent variables as 

shown in Figure 5.  Not surprisingly, there is an increase in k with both overpotential and 

temperature, Figures 7(A) and 7(D).  In Fig. 7(B), we see that within the LFP-LMFP series, the 

most facile composition, y(Mn)=0.4, also has the highest growth rate constant. It appears that 

minimizing the coherency strain between phases lowers the energy barrier for both nucleation 

and growth.  In Figure 7(C), k is observed to increase with primary particle size. As in the case of 

nucleation, the size-dependent miscibility gap known to exist for the olivines should reduce the 

coherency strain in smaller particles, thereby increasing the growth rate constant.  
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Figure 7. The dependence of growth rate constant (k) on overpotential, composition, particle size, and 

temperature. (A) Overpotential dependence for LFP at 50 nm particle size.  (B) Compositions studied in 

this work, here shown for 50 nm primary particle size for LFP and LMFP, and 200 nm primary particle 

size for LTO. 10 mV voltage step used in all cases. (C) Variation with primary particle size for LMFP 

(y(Mn) = 0.4), all measured on charge with a 40 mV voltage step. (D) Temperature dependence, for 

LMFP (y(Mn) = 0.4) of 50 nm primary particle size, measured with a 40 mV voltage step. 

 

Avrami kinetics in LTO  The experiments conducted on LTO provide an initial test of the 

generality of Avrami-type phase transformation kinetics to other mesoscale systems. Like LMFP 

at the y~0.4 composition, LTO is characterized by a first-order phase transition (between 

“normal” spinel and so-called “lithiated spinel”) of nearly zero transformation strain, and like 

LFP and LMFP, the LTO sample tested in our experiment has a secondary particle structure 

(Figure 1).  As shown in Fig. 5(B), the value of a is also low in this sample, and close to that 

observed for the facile y(Mn)=0.4 LMFP composition, suggesting a similar mechanism.  

However, Li diffusion in spinel LTO is isotropic. Applying the JMAK analysis to its transient 

current data under an overpotential of 5 mV, an Avrami exponent of 1.15 is obtained for charge 

and ~1 for discharge, as shown in Figure 5(B). This result cannot be interpreted by 3D phase 

growth (b = 3), which results in a minimum n value of 3/2 for diffusion-limited growth kinetics. 

While diffusion-limited 2D growth is not precluded, there is no obvious explanation for such 

behavior in the cubic spinel system. Therefore, it is possible that the LTO secondary particles 

also exhibit a dominantly 1D phase growth behavior upon (dis)charge caused by the fast 

propagation of the new phase along primary particle surfaces, in accordance with the hybrid 

phase boundary migration model
6
, in which case the growth rate constant in Fig. 7(B) pertains to 

this 1D mechanism. 

The observation that LFP, LMFP and LTO all have systematically smaller n (faster 

nucleation) and larger k (faster growth) during discharge is consistent with the fact that all of 

these materials have better rate performance upon discharging than charging. While the physical 

origin of the asymmetry remains to be fully understood, it may be related to the observation that 

intercalation (discharge) of LiFePO4 particles in more spatially uniform than de-intercalation 

(charge).
5
 

 

4. Conclusions 
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Systematic investigation of the phase transformation kinetics under constant potentiostatic 

driving force has been conducted in three cathode systems, LFP, LMFP and LTO, in regimes 

where a first-order phase transition occurs.  In each instance, the material has a morphology in 

which nanoscale primary particles (50-200 nm) are aggregated into larger secondary particles of 

several micrometer dimensions.  Analysis of chronoamperometric data taken under potentiostatic 

conditions, with results being obtained over a range of overpotentials, compositions, primary 

particle sizes and temperature, shows that the phase transformation kinetics can be self-

consistently explained as nucleation and growth within the Johnson-Mehl-Avrami-Kolmogolov 

(JMAK) framework. It is concluded that mesoscopic assemblies of nanoscale particles, typical of 

many battery electrodes, undergo electrochemically-driven phase transition through 

heterogenous nucleation at nanoparticle surfaces followed by growth that readily propagates 

across the secondary particles.   Growth appears to be one-dimensional in nature, consistent with 

a hybrid growth model in which rapid surface propagation is followed by slower growth into 

particles.  At intermediate states of charge, secondary particles exist as stable two-phase 

assemblies.  At the larger length scale of electrodes, the ratio of lithiated to delithiated phase may 

be relatively uniform at lower current rates, or may vary spatially across many secondary 

particles depending on dynamic cycling conditions. 

 

Supporting information 

Additional PITT experimental results, Model T of nucleation and growth kinetics in finite-size 

particles, comparison between JMAK and Model T fitting, details of the phase-field model, 

phase-field simulation of FP phase growth in an LFP-particle aggregate.  
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