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Abstract

Phase transitions are commonly observed in ion storage compounds when being used in
rechargeable batteries and thus, the phase behavior of ion storage compounds as electrode active
materials has significant impact on battery performance. This thesis aims to understand the
interplay between materials structure, phase behavior and battery performance. The effects of
operating conditions, especially overpotential and temperature, on phase behavior and battery
performance are also investigated. Using olivine-type phosphates (i.e. phospho-olivines) with
varying composition and particle size as model system, strain accommodation mechanism within
single nanoparticles (Chapter 2 to 3) and mesoscale kinetics of nanoparticle aggregates (Chapter
4 to 5) during electrochemically-induced phase transition have been systematically investigated.
In the first part, phospho-olivines with varying transformation strain, from 0 – 3vol% for
LiMnyFe1-yPO4 (LMFP, y<0.5), 5vol% for LiFePO4 (LFP), to 17vol% for NaFePO4 (NFP), have
been studied using operando Powder X-ray Diffraction (PXD), among other methods. While
small transformation strain as in LMFP is accommodated and even avoided by formation of
metastable solid solution, large transformation strain as in NFP is mitigated by formation and
dissolution of intermediate amorphous phase. This novel mechanism to accommodate large
transformation strain may pave the way of utilizing battery materials that deem not working
otherwise.
In the second part, potentiostatic studies are conducted and a model modified from
Avrami model is developed to quantitatively describe phase transformation progresses. The
phase transition of LMFP and LFP nanoparticle aggregates is found to follow a nucleation and
growth process while the growth is governed by lithium ion diffusion. Based on analysis using
the modified Avrami model, more instantaneous nucleation and facile growth tend to occur when
transformation strain is small (intermediate Mn content and/or small particle size), overpotential
is high and/or temperature is high. And instantaneous nucleation and facile growth improve the

3

rate capability of batteries. The relationship between phase behavior and material structure as
well as operating conditions is attributed to: 1) decreasing transformation strain reduces energy
barrier for both nucleation and growth; 2) increasing overpotential and temperature boost the
electrochemical driving force for phase transition and promote more instantaneous nucleation
and facile growth.
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Chapter 1
Introduction
1.1

Background
The modern human society is powered by electricity. However, there are two challenges

while we are using electricity as an energy source: spatial discrepancy and temporal discrepancy
between electricity production and electricity consumption. The location and schedule of
electricity production are usually quite inflexible due to various constraints, such as availability
of land, convenient access to railway transportation, availability of wind farm, high costs due to
change in production schedule. Therefore, it is usually not feasible to tackle these challenges by
matching electricity production with electricity consumption either spatially or temporally.
Two complementary methods to address both discrepancies are (1) electricity
transmission & distribution and (2) electricity storage. While the transmission & distribution
capacity of the grid has been certainly higher than the peak production, the capacity of electricity
storage is still small compared with installed generation capacity. By June 2016, the U.S. had
1,068 GW of total in service installed generation capacity while the capacity of rated power in
energy storage is merely 21.6 GW, 95% of which is from pumped hydroelectric storage (PHS).1
Compared with other emerging energy storage technologies, rechargeable batteries are most
promising due to easy installation and maintenance, scalability and potentially low cost. Among
all rechargeable batteries that have been used or are being tested for energy storage projects,
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lithium-ion batteries stand out with highest energy density as well as ever increasing cycle life
and decreasing cost. Other emerging applications include drones and electric vehicles.

1.1.1

Operating Mechanism of Lithium-ion Batteries
As shown in Figure 1 – 1 (A), key components of a typical lithium-ion battery includes

two ion storage electrodes, cathode and anode, electrolyte, separator, current collectors and
external circuit. Cathode and anode are connected via electron-blocking separator immersed in
ion conducting electrolyte inside the battery and via ion-blocking current collector and electronic
wires in external circuit. 2 During discharge, lithium ions are extracted from anode active
material, e.g. Li1-xC6 graphite, and are inserted into cathode active material, e.g. LixFePO4.
During charge, the direction of lithium ion transport is reversed.

Figure 1 - 1: Structure of a typical lithium-ion battery (A) and chemical free energy level of anode and
cathode (B). These two schematics are adapted from references 2 and 3.

For a lithium-ion battery or, more generally, a rechargeable battery, there are many
performance metrics, among which energy density, rate capability and cycle life as well as cost
are most important. The energy density can be further broken down into voltage and capacity,
which are usually evaluated using open circuit voltage and specific capacity.
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The open circuit voltage of a battery is governed by difference between electrochemical
potential of anode, 𝜇𝐴 , and that of cathode, 𝜇𝐶 , as shown in Figure 1 – 1 (B). 3 The
electrochemical potential is the sum of the chemical and electrical potential as shown below:
𝜇𝐴 = 𝜇 𝐴 + 𝑧𝐹𝜑 𝐴 ······································································································ (1 – 1)
𝜇𝐶 = 𝜇 𝐶 + 𝑧𝐹𝜑 𝐶 ······································································································ (1 – 2)
where 𝜇𝑖 is the electrochemical potential and 𝜇 𝑖 is the chemical potential of Li+ at electrode 𝑖
specifically; 𝑧 is the number of electron/lithium ion transport per reaction; 𝐹 is Faraday Constant
and 𝜑 𝑖 is the electrical potential of electrode 𝑖. At equilibrium,
𝜇𝐴 = 𝜇𝐶 ··················································································································· (1 – 3)
Using equation (1 – 1) to (1 – 3), we can get
𝜇 𝐴 − 𝜇 𝐶 = 𝑧𝐹(𝜑 𝐶 − 𝜑 𝐴 ) = 𝑧𝐹𝑉𝑂𝐶 ············································································ (1 – 4)
From equation (1 – 4) we can see the cell voltage is driven by the difference of chemical
potential of Li+ in different electrodes. Typically, high open circuit voltage is desirable. To
increase open circuit voltage, it is natural to use anode active material with higher chemical
potential and/or cathode active material with lower chemical potential. However, it is in general
necessary to make sure that the chemical potential of anode is lower than that of lowest
unoccupied molecular orbital, a.k.a. LUMO, of electrolyte and the chemical potential of cathode
is higher than that of highest occupied molecular orbital (a.k.a. HOMO) of electrolyte so that the
electrolyte won’t be reduced by the anode or oxidized by the cathode.
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Besides open circuit voltage (OCV), as determined by difference in chemical potential
between cathode active material and anode active material, there are many factors that are
needed to evaluate performance of specific batteries.

1.1.2

Performance Metrics of Lithium-ion Batteries
There are tens of specific parameters to evaluate the performance of rechargeable

lithium-ion batteries, or generally rechargeable batteries. Among these parameters, voltage,
specific capacity, roundtrip efficiency and cycle life are especially important to evaluate the
long-term economics of electrochemical couples. The economic viability of a battery system can
be assessed using Levelized Cost Of Electricity (LCOE) 4, as shown in Equation (1 – 5). For
sake of simplicity, only cost of materials is taken into account.

LCOE($/kWh) =

1000  Cost of Materials ($/kg)
Voltage (V)  Specific Capacity (Ah/kg)  Efficiency (%)  Cycle Life ···· (1 – 5)

where Voltage (V) and Specific Capacity (Ah/kg) are average voltage and specific capacity
during charge, efficiency is the roundtrip energy efficiency. For sake of simplicity, Cost of
Materials ($/kg) only include cost of electrode active materials. More realistic measure of cost
needs to include not only cost of additive materials, cost of other components but cost resulting
from packaging process and manufacturing process.
As shown in previous section, the voltage of a battery is determined by the chemical
potential difference between anode and cathode active materials. For intercalation-ion battery,
the chemical free energy of both cathode and anode materials is a function of composition and
thus the output voltage is also dependent on the composition. Figure 1 – 2 (A) summarizes
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potential of different cathode materials vs. Li/Li+ versus discharge capacity. In Figure 1 – 2 (B),
blue shade for Si and green shade for MnO represent high voltage hysteresis for these two
electrodes. Among anode materials, graphite and LTO, especially graphite, have been
successfully commercialized and widely used while the use of silicon is still at nascent stage due
to hazardous volume change.5 All cathode materials except LiFeSO4F listed in Figure 1 – 2 (A)
have been commercialized.

Figure 1 - 2: Potential vs. Li/Li+ and specific capacity of important intercalation ion cathodes (A) and
important anodes (B). These two figures are from reference 5.

From this Figure 1 – 2 (A), it is evident that cobalt containing compounds such as
LiCoO2 have significantly higher voltage and specific capacity, leading to higher energy density.
As a result, these cathode materials are widely used in consumer electronics and are being
increasingly used in electric vehicle batteries. Despite apparently lower energy density compared
with cathodes such as LiCoO2, LiFePO4 stand out in rate capability, cycle life and low chemical
cost. As a result, lithium-ion batteries using LiFePO4 as cathode active material have been
widely used in applications requiring high power and long cycle life, such as electric vehicles
and energy storage solutions on the grid to integrate renewables and mitigate the discrepancy
between electricity generation and consumption.
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It is important to note that all four performance metrics as shown in equation (5) are
actually a function of rate, i.e. current. In battery community, nC is commonly used to denote the
current that is required to fully charge a battery in 1/n hours. Different applications have different
requirements for C-rate. For example, the charge of a smartphone usually requires 1C, the
discharge rate of smartphone under idle mode is around C/20 while the discharge rate of a drone
battery during flight mode is around 3C. The charge voltage can be broken down into three
components: equilibrium voltage 𝑉 𝑒𝑞 , Ohmic resistance or Ohmic drop 𝐼𝑅 and overpotential 𝑂𝑉.
The charge voltage would increase with rate due to increase in Ohmic drop and overpotential.
The efficiency (%) decreases with rate. For example, a battery cycling at 1C has lower
roundtrip efficiency than the same battery cycling at C/10. The decrease in efficiency results
from several factors: (1) increase in Ohmic drop, which increases linearly with rate or current if
impedance of the cell stays constant; (2) increase in impedance, which can be caused by
thickening of solid-liquid-interface (SEI) due to large current; (3) increase in overpotential,
which could increase with rate exponentially under certain conditions. 6
Cycle life of batteries also decreases with rate due to several factors. For lithiated
graphite anode or lithium metal anode, small Li grains are formed upon fast charging. These
small Li grains could lead to formation of dendrites and also continuously react with electrolyte,
leading to dry-out of electrolyte. For cathode but also some anode materials, large cycling rate
fosters formation of defects and even mechanical failure, resulting in increasing impedance and
deterioration of cycle life.
Rate capability is frequently used to describe how the performance of a battery or battery
material can sustain under high rate cycling. The rate capability can be evaluated by the
percentage of discharge capacity versus specific capacity and Figure 1 – 3 displays discharge
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capacity of various LMFP materials under different C-rates. The misfit strain in horizontal axis
is the volume misfit during phase transformation, which will be covered in next section.7

Figure 1 - 3: Discharge capacity versus misfit strain (vol%) for LiMnyFe1-yPO4 with varying y(Mn).

1.1.3

Phase Transformation in Electrode Active Materials
Electrode active materials in lithium-ion batteries, or general ion-storage batteries,

frequently exhibit phase transformations as the working ion concentration varies. Actually all
electrode active materials listed in Figure 1 – 2 exhibit phase transformations during
electrochemical cycling.
In general, first order phase transformation proceeds via nucleation and growth process,
where new phase nucleates on a matrix of parent phase and grows until the original phase
completely transforms into the new phase. The new phase and the parent phase usually have
different unit cell volume and even different crystal system, leading to misfit strain. A rare
exception is Li4Ti5O12, which has zero strain during phase transformation.
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The phase transformation induced misfit strain can result in two adverse effects: (1)
plastic deformation and even mechanical failure, which could further lead to increase in
impedance and deterioration in reversibility; (2) poor rate capability. For brittle materials with
large transformation strain, such as Sn and Si, these two adverse effects are very significant and
pulverization in these materials during electrochemical cycling is frequently observed. 8 Even
without hazardous mechanical failure, nucleation of new phase and growth involving movement
of phase boundary is usually slow. The large the transformation strain of certain material is, the
worse its rate capability usually becomes.9 As shown in Figure 1 – 3, rate capability of electrode
active materials deteriorate with increasing misfit strain. Though rate capability of these
materials can be improved via size reduction, among other techniques, these improvements come
at the expense of decreasing packing density and increasing complexity in manufacturing.
For materials with small transformation strain, such as LCO and NCA, or materials with
low Young’s Modulus, such as graphite, the impact of phase transformation on battery
performance is not significant.

1.2
1.2.1

Structure and Properties of Phospho-Olivines
Overview of Phospho-Olivines in Lithium-ion Batteries
The most notable example of olivine type phosphates, or phospho-olivines, is LiFePO4

(LFP). Since LFP was first demonstrated as a cathode material for lithium-ion batteries two
decades ago, LFP as well as its derivatives, such as LiMPO4 (M=Fe, Mn, etc.), have been widely
investigated. 10 LFP is a highly attractive cathode material due to its high theoretical specific
capacity (170 mAh g-1), high open circuit voltage (~3.5V vs. Li+/Li), excellent thermal stability,
environmental friendliness and low material cost. Despite poor rate capability of LFP shown in
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early works, its performance can be significantly improved by size reduction, aliovalent doping
and other methods. 11
From the perspective of specific energy (Wh g-1), LiMnPO4 (LMP) is even more
attractive with an open circuit voltage of 4.1V vs. Li+/Li. However, this material suffers from
poor reversibility due to hazardous volume change, up to 11vol%. 12 To leverage increase in
specific energy from Mn(III)/Mn(II) redox reaction, mixed phospho-olivines, i.e. LiMnyFe1-yPO4
(LMFP), have been widely investigated by both the academia and the industry.13
Another phospho-olivine that has been studied in this thesis is NaFePO4 (NFP). NaFePO4
olivine appears to be an attractive cathode for sodium-ion batteries with high specific capacity
(154 mAh g-1), high open circuit voltage vs. Na+/Na (3.0V) and abundant raw materials. NFP is
of particular interest due to its enormous volume change during phase transformation, up to
17vol%.
This group phospho-olivines exhibit a tunable strain during electrochemically-induced
phase transformation, from 1vol% to 17vol%, making this material system ideal to study the
dependence of phase transition mechanism on the scale of strain. 14 To lay out the context of this
thesis, this chapter would be focused on literature reports on the structure, property and phase
transition behavior of LFP, LMFP with varying Fe:Mn ratio and NFP, the family of phosphoolivine covered in this thesis.

1.2.2

Crystal Structure of Phospho-Olivines
The crystal structure of olivine-type LiFePO4 is orthorhombic (space group: Pnma) and

is composed of a distorted hcp (hexagonal closed pack) framework of Oxygen.15 As shown in
Figure 1 – 4, edge-sharing LiO6 octahedra lie along b axis, which acts as the channel for Li+
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transport and corner-sharing FeO6 octahedra form staggered lines along the b axis. Because FeO6
octahedra are partly separated by PO4 tetrahedra, the energy barrier for electron transport along
FeO6 chain is pretty high, resulting in low electrical conductivity. Usually, Li site is noted as M1
site while Fe site is noted as M2 site. Olivine type LiMnyFe1-yPO4 (0<y<1) and NaFePO4 are
isostructural to olivine type LiFePO4 while Mn and Fe distribute randomly at M2 site in the case
of LMFP and Na sits on M1 site instead of Li for NFP.

Figure 1 - 4: Crystal structure of LiFePO4. The Fe octahedra shown in light gray/yellow, P tetrahedra
shown in purple, Li atom in light green and O atom in dark red. This figure is from reference 15.

During delithiation or desodiation process, lithium ions or sodium ions are extracted
from M1 sites. As a result, delithiated/desodiated form of LMFP/NFP are isostructural to
LMFP/NFP. It is also important to note that the fully-delithiated form of this family of phosphoolivines, such as FePO4, has a quartz-like structure. As a result, FePO4 is suspected to be a good
glass-former just like quartz.
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1.2.3

Electrochemical Properties of Phospho-Olivines
The electrochemical properties of LFP and LMFP were studied in detail by Padhi et al

two decades ago.16 As shown in Figure 1 – 5, there is a voltage plateau at 3.5 V vs. lithium for
Fe(II)/Fe(III) redox reaction and 4.1 V vs. lithium for Mn(II)/Mn(III) redox reaction. Despite
that LMFP has a theoretical specific capacity of 170 mAh g-1 regardless of Mn:Fe ratio, the
capacity of LFP and LMFP (y(Mn)=0.5) were reported to be 135 mAh g-1 and 70 mAh g-1
respectively under a low rate around C/85. The low rate performance of LFP and LMFP was
attributed to slow kinetics inherent to first order phase transformation.

Figure 1 - 5: Charge/discharge curves of Li1-yFePO4 (A) and Li1-xFe0.5Mn0.5PO4 (B) vs. lithium at 2.0
mA/g or C/85. These figures are from reference 16.

Since the very first report, various methods have been demonstrated to improve the rate
performance of LFP, including size reduction 17 , aliovalent doping 18 and carbon coating 19 .
Leveraging these technological advancements, lithium ion batteries using LFP and its derivatives
as cathode active materials have been successfully commercialized by companies, such as A123
Systems and BYD.
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For LMFP with varying Fe:Mn ratio or y(Mn), the rate performance has also been
extensively studied, as shown in Figure 2 – 3.20 It is evident that the specific capacity that can be
discharged under certain rate decreases with y(Mn) for y(Mn)=0.6 and 0.8. LiMnPO4, i.e. LFMP
(y(Mn)=1), has also been studied and its electrochemical cycling is barely reversible. 21

Figure 1 - 6: TEM and discharge voltage profiles of phospho-olivines. (A) Typical TEM image of the
nanoscale olivine phosphate cathode powder. (B – F) Voltage versus specific capacity curves measured at
different C-rates for LMFP (y(Mn)=0.1 – 0.8).

From both Figure 1 – 5 and Figure 1 – 6, there are voltage plateaus for both Fe(II)/Fe(III)
and Mn(II)/Mn(III) reactions. Based on Gibbs Phase rule, the freedom F in a lithium ion
intercalation system under constant temperature, constant pressure and varying electrochemical
potential subjects to F = C – P + 1, where C is the number of components and P is the number
of phases. At voltage plateau, there is only one parameter that can change, x(Li) in the sample,
which means F=1. Therefore, P=C=2 at voltage plateau. As a result, voltage plateau on voltage
profiles correspond to two-phase co-existence region, where first order phase transformation
takes place.
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1.3
1.3.1

Electrochemically-Driven Phase Transitions of Phospho-Olivines
Phase Transition Mechanisms of LixFePO4
The temperature-composition (x(Li)) phase diagram of LFP has carefully studied. As is

shown in Figure 1 – 7, black line and dots depict the experimental phase diagram determined by
Dodd et al (2006).22 This experimental phase diagram is qualitatively in agreement with another
experimental phase diagram determined by Delacourt et al23 and a theoretical one determined by
Zhou et al24. At room temperature, there is a wide miscibility gap or two-phase co-existence
region. Two end members are often denoted as, heterosite LixFePO4 and triphylite Li1-yFePO4.
Both end members have very limited lithium solubility. According to thermodynamics, the
miscibility gap can be narrowed by reducing particle size. In the work by Dodd et al, the particle
size was not specified. However, the particle size should be at least a few hundred nanometers
based on the sintering condition.
The effect of aliovalent doping and size reduction on width of miscibility gap has been
studied previously by Meethong et al from our group.25 As shown in Figure 1 – 7, colored points
depict miscibility gap of undoped LFP varying particle size (42-43 nm or 113 nm) or doped LFP
with different dopants. To begin with, it is clear that miscibility gap of LFP (113 nm) is close to
that measured by Dodd et al. By comparing 42-43 nm sample with 113 nm sample, miscibility
gap during room temperature is significantly reduced. Further shrinkage of miscibility gap can be
induced by aliovalent doping. Based on Vegard’s Law, the shrinkage of miscibility gap results in
reduction in volume misfit during phase transformation, which may explain why size reduction
and aliovalent doping can lead to better rate performance.
Electrochemically-induced phase transition in LixFePO4 (0<x<1) has been extensively
studied since the very first paper in 1997. However, there are significant discrepancies among
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numerous models to describe the phase transition mechanism. Models proposed in literature have
almost covered all possible scenarios for a transformation in a binary system. Within this section,
numerous notable models are going to be cited in roughly chronological order based on date of
original publications and then are going to be classified and summarized.

Figure 1 - 7: Comparative phase diagram of LFP shows the contraction of miscibility gap due to particle
size reduction and doping. T, H and D stand for triphylite, heterosite and disordered structure specifically.
The reference phase diagram (black line) is modified from reference 22. Colored lines and data points are
from reference 17.

Two-phase Models without Metastable Solid Solution:
The first type of model that was proposed is shrinking-core model, i.e. core-shell model
or isotropic nucleation and growth model.26 As illustrated in Figure 1 – 8, LiFePO4 shell (A) or
Li1-xFePO4 shell nucleates on the surface of FePO4 or lithium poor phase LiyFePO4 and then
grows isotopically towards the core at the expense of original lithium poor phase. The sluggish
kinetics was thus attributed to slow movement of interface between lithium rich phase and
lithium poor phase or phase boundary.
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However, this isotropic model contradicts with the anisotropic crystal structure and thus
elastic properties and transport properties of LiFePO4 as well as other phospho-olivines.
Therefore, various anisotropic nucleation and growth models were proposed. Using ex-situ TEM,
Chen et al studied Li0.5FePO4 obtained via chemical delithiation using NO2BF4 and found a
phase boundary between LFP and FP along bc plane as shown in Figure 1 – 9 (A).27 This result
is intuitive because volume misfit between two phases and thus coherency strain energy is
minimized in bc plane as is shown by Meethong et al. 28 This work is also supported by an
independent study using ex-situ HR-EELS.29
Despite merits of this model, various subsequent studies found different orientations of
the phase boundary. Ramana et al found that phase boundary can also lie within {101} plane as
shown in Figure 1 – 9 (C). Suo et al used state-of-the-art High Angle Annular Dark Field
(HAADF) Imaging to study the phase distribution in chemically-delithiated FP and found that
phase boundary can also lie within ab plane.30 Using operando TEM, Zhu et al found semicoherent interface lying within ac plane and propagating along b direction as is shown in Figure
1 – 10.31 Tang et al modeled the phase transformation processes of LFP using phase-field model
and found that the location and orientation of phase boundary is dependent on rate.32
While previous models differ in geometry and orientation of phase boundary, all of these
models are assuming discontinuous first order phase transformation. Bai et al has also modeled
this transformation as a continuous phase transformation, i.e. transformation via Spinodal
decomposition, which might lead to phase distribution as shown in Figure 1 – 19 (B).33
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Figure 1 - 8: Illustration of core-shell model for discharge of FePO4.

Figure 1 - 9: Phase boundaries between LFP and FP. (A – B) Phase boundary lies in bc plane or {100}
planes; (C) One edge of phase boundaries lie within {101} planes.
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Figure 1 - 10: Interface between LiFePO4 and FePO4 were observed to roughly lie within ac plane and to
propagate along b direction. Image a and b were operando TEM images obtained while discharging
FePO4.

Single-phase Models:
To add complexity of this problem, several researchers reported both experimental and
theoretical evidence for single-phase transformation, i.e. lithium rich phase and lithium poor
phase can transform into each other via uniform solid solution reaction. Specifically, Gibot et al
used operando Powder X-ray Diffraction (operando PXD) to study hydrothermally-synthesized
LFP nanoparticles and found that phase transformation was bypassed.34 It is important to note
that their sample has a high concentration of anti-site defects, which has been demonstrated to
shrink the miscibility gap and thus contributes to single-phase behavior.35 Malik et al used Monte
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Carlo simulation to demonstrate that it may be possible to bypass nucleation and growth just by
applying a small overpotential.36
Two-phase Models with Metastable Phase:
Niu et al probed the boundary between lithium rich phase and lithium poor phase using
operando TEM and found that the boundary is actually a wide solid solution zone.37 Liu et al
used operando PXD to study the electrochemically-induced phase transition of LFP under high
rate and revealed the existence of a continuous metastable solid solution phase. 38 Besides
metastable solid solution, Kao et al also obtained evidence for existence of another metastable
phase – “amorphous” phase by calculating the evolution of crystalline phase using operando
PXD data.39
Surface Reaction Limited Model:
Chueh et al developed a synchrotron-based scanning transmission x-ray microscopy
(STXM) to probe the lithium composition in LFP particles both ex-situ and operando.40 Using
STXM, it is feasible to discern lithium rich phase from lithium poor phase at a spatial resolution
of several nanometers. Lim et al recently revealed that the uniformity of lithium
insertion/extraction is highly dependent on cycling rate. Under high rate, the insertion/extraction
tends to be more uniform especially during lithiation, i.e. discharge. Under low rate, there are
clear domains of lithium rich and lithium poor phases. At relaxed state, there is sharp interface
between lithium rich phase and lithium poor phase. This series of work clearly shows the
importance of experiment conditions.
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Hybrid Model:
Hong et al from our collaborator’s group recently studied micro-sized LiFePO4 bar using
operando STXM and found that nucleation and growth of certain type of samples can take place
via a hybrid mode controlled by surface reaction and bulk diffusion in different directions, as
shown in Figure 1 – 11.41

Figure 1 - 11: Different phase-transformation mechanisms in LiFePO4. a Schematics of three kinetic
regimes of phase-boundary migration in intercalation compounds, from left to right: SRL, hybrid, and
BDL mode. Phase-field simulations illustrate the transition from SRL to hybrid and then BDL-boundary
movement in LiFePO4 upon b, decreasing Li diffusivity D, c increasing overpotential Δϕ and d increasing
particle thickness along the main Li intercalation direction W D .

Summary:
To categorize these models in a systematic way, models discussed in this section can be
broken down into two major scenarios: (1) phase transformation actually takes place; (2) phase
transformation is bypassed by solid state diffusion. Under the first scenario, there can be two
subcategories: 1) first order phase transformation via nucleation and growth; 2) first order phase
transformation via spinodal decomposition. Within the first subcategory, different mechanisms
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differ in several factors, such as geometry and directionality of nucleation and/or growth. Some
notable models and publications are classified and displayed in Figure 1 – 12.
From the summary in Figure 1 – 12, it is evident that the electrochemically-induced
phase transition behavior in LFP is quite rich and is also sensitive to structural parameters and/or
external conditions.
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Figure 1 - 12: Classification of proposed models to describe electrochemically-induced phase transformations in literature.

44

1.3.2

Phase Transition Mechanism of LixMnyFe1-yPO4
The theoretical temperature composition phase diagram of LMFP (y(Mn)=0.2, 0.4, 0.6

and 0.8) has been determined, as shown in Figure 1 – 13.42 There is an evident miscibility gap
for both Fe(II)/Fe(III) redox reaction and Mn(II)/Mn(III) redox reaction. However, that does not
mean that there would be two first order phase transformations at room temperature. From
Figure 1 – 13, the miscibility gap corresponding to Mn(II)/Mn(III) reaction for y(Mn)=0.2 and
that corresponding to Fe(II)/Fe(III) reaction for y(Mn)=0.8 can be probably be bypassed at room
temperature. Even for y(Mn)=0.4, it is possible that only the first order phase transformation
accompanying Mn(II)/Mn(III) can be seen.

Figure 1 - 13: Calculated temperature composition phase diagram for LixMnyFe1-yPO4 (0<x<1,
y(Mn)=0.2, 0.4, 0.6 and 0.8). These phase diagrams are from unpublished results of Dr. Rahul Malik.
(Ref 44).
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Based on voltage profiles or temperature-composition phase diagrams of LixMnyFe1-yPO4
(LMFP, 0<x<1, 0<y<1) as discussed in previous sections, there can be two phase transformation
accompanying Fe(II)/Fe(III) reaction and Mn(II)/Mn(III) reaction respectively. Yamada et al
prepared a series of LixMnyFe1-yPO4 (y=0.2, 0.4, 0.6 and 0.8) with different x values by
chemically lithiating MnyFe1-yPO4 prepared by chemical delithiation and then characterized
crystallographic structure of these samples using XRD and Mossbauer spectroscopy. 43 The final
results are summarized in a (x,y) two-dimensional phase transition map as shown in Figure 1 –
14.

Figure 1 - 14: The (x,y) two-dimensional phase diagram of LixMnyFe1-yPO4 ( 0 ≤ 𝑥, 𝑦 ≤ 1) system
obtained using XRD.
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However, there was still huge gap between this work and understanding phase transition
mechanism of LMFP since this work was done ex-situ on samples prepared by chemical
delithiation followed by chemical lithiation. To investigate actual phase transition behavior
during electrochemical cycling, Kao et al from our group conducted operando PXD experiments
on LMFP and revealed that there is extended solid solution behavior in LMFP. Selected Bragg
reflections of one typical example, LMFP (y(Mn)=0.4), are shown in Figure 1 – 15. Three black
arrows indicate theoretical positions for Bragg reflections of LMFP, L0.4MFP and MFP. By
comparing theoretical positions with actual peak positions, it is clear that metastable solid
solution formed especially during discharge (B), under which two-phase transformation seemed
to be bypassed completely.44

Figure 1 - 15: Operando XRD spectra for sample C acquired at 1C rate upon (A) charge and (B)
discharge. The collection time for each spectrum is ~200 seconds. The number shown above each
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spectrum indicates the charged or discharge capacity. “Start” and “Rest” represent the spectrum collected
before and 20 minutes after charge or discharge, respectively. “LMFP”: fully lithiated phase; “LyMFP”:
intermediate phase; “MFP”: fully delithiated phase.

1.3.3

Phase Transition Mechanism of NaxFePO4 Olivine
Compared widely investigated LFP olivine, its sodium intercalating counterpart, olivine

type NaFePO4 (NFP), is much less studied. Actually, olivine type NFP is not the
thermodynamically stable polymorph at room temperature. Various methods have been tried to
synthesize olivine NFP, producing maricite NFP instead. In maricite NFP, NaO6 octahedra share
corners instead of edges as in olivine NFP. The energy barrier for ion transport via cornersharing octahedra is too high to be conductive in practice. As a result, maricite NFP has been
often excluded from potential electrode active materials for sodium ion batteries despite a recent
work showing that reversible charge/discharge cycling could be achieved after maricite NFP
turned amorphous after the initial formation cycle.
Olivine NFP is often synthesized by sodiating FP obtained via chemically-delithiating
LFP. The volume misfit or transformation strain from FP to NFP is enormous, up to 17%, which
is much higher than 5% for LFP and 3% for certain LMFP. The temperature-composition phase
diagram of NFP was obtained via conducting operando high temperature powder x-ray
diffraction (PXD) on chemically-sodiated NaxFePO4 (0<x<1) with varying sodium content, i.e. x
values. The phase diagrams of olivine NFP and olivine LFP are compared in Figure 1 – 16. From
this figure, it is evident that there is a wide solubility region for sodium rich phase with a limiting
sodium content x(Na)~0.7.
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Figure 1 - 16: Temperature composition phase diagram for olivine type NFP (a) and olivine type LFP (b).
The solubility limit for sodium rich NFP is x(Na)~0.7.

Moreau et al and Casas-Cabanas et al studied crystal chemistry of NFP system and also
confirmed the existence of a limiting phase with x(Na)~0.7.45 Boucher et al further revealed that
the limiting phase should be Na2/3FePO4 resulting from Fe(II)/Fe(III) charge ordering.46 Zhu et al
used galvanostatic intermittent titration technique (GITT) to determine equilibrium voltage
profile of NaxFePO4 vs. Na/Na+ and observed a voltage plateau between x(Na)=0 and x(Na)~0.7,
supporting the existence of the phase with x(Na)~0.7. 47 The equilibrium voltage profiles of
LixFePO4 vs. Li/Li+ and NaxFePO4 vs. Na/Na+ are compared in Figure 1 – 17.
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Figure 1 - 17: (a) Equilibrium (open-circuit)–voltage (symbols) and transient voltage profiles (solid lines)
versus Li composition in C-LixFePO4 for Li extraction/insertion in C-LiFePO4 obtained from GITT, (b)
equilibrium (open-circuit)–voltage (symbols) and transient voltage profiles (solid lines) versus Na
composition in C-NaxFePO4 for Na extraction/insertion in C-NaFePO4 obtained from GITT.

Similar to LFP, the phase transformation behavior of NFP seems not to be simple.
Galceran et al and Gaubicher et al independently used operando time resolved PXD to study
electrochemically-induced phase transformation of NFP in a battery. Galceran et al observed coexistence of three phases while Gaubicher observed two phases. Despite significant differences
such as the number of phases, these two reports have one thing in common, which is that there is
existence of extended solid solution even under a low rate of C/66. Other than that, the phase
transformation mechanism of NFP system is far from being clear.
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1.4

Motivation and Thesis Scope
Taking the family of alkali-ion phospho-olivines reviewed in previous section as an

example, a systematic understanding of the relationship between structural properties, phase
transition behavior and battery performance is still lacking despite enormous amount of
publications on relevant topics.
Using olivine type LiMnyFe1-yPO4 (0 ≤ 𝑦 ≤ 1) and NaFePO4 as model system, this
thesis is aimed at developing a systematic and predictive knowledge on how phase
transformation mechanism of battery active electrode materials during electrochemical cycling
depends on structural properties and external conditions. Structural properties of interest include
composition, i.e. y(Mn), and particle size, both of which affect the scale of transformation strain.
External conditions that are studied within this thesis include overpotential and temperature.
Leveraging a combination of experimental techniques and theoretical models, two major
questions are to be answered in this thesis:
(1) How is phase transformation strain accommodated in brittle electrode active materials?
How does the magnitude of strain dictate the strain accommodation mechanism?
In this thesis, I take advantage of a unique series of carefully curated olivines samples
developed over more than a decade by our group and synthesized by my collaborator at A123
Systems LLC. Operando synchrotron powder X-ray diffraction (SR-PXD), pair distribution
function (PDF) analysis and high resolution TEM are used to characterize phase behavior under
small or controlled electrochemical driving force.
Figure 1 – 18 lays out the content for this part. Chapter 2 and Chapter 3 cover phase
transformation behavior of LMFP (including LFP) and NFP respectively. These two chapters
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constitute an overall understanding of the relationship between phase transformation mechanism
and the scale of transformation strain.

Figure 1 - 18: Materials system of interest, corresponding transformation strain and phase transformation
induced behavior.

For the study on LFP and LMFP, operando powder X-ray diffraction data were collected
and analyzed by Dr. Ravnsbæk while the strain accommodation mechanism was developed by
me. For the study on NFP, operando powder X-ray diffraction data and pair distribution function
data were collected by Ms. Wenting Xing while most of analysis were conducted by me.

(2) How to quantitatively describe phase transition kinetics of actual electrode active
materials composed of nanoparticle aggregates? Additionally, how to explain the
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dependence of rate capability on structure parameters (especially transformation
strain) and operating conditions?
Potentiostatic electrochemical measurements were conducted on a series of LFP and
LMFP samples varying composition and particle size. A modified JMAK model has been
developed to analyze the nucleation and growth kinetics of materials varying composition,
particle size, overpotential and temperature.
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Chapter 2
Electrochemically-Induced Phase Transition Behavior in Olivine
Type LixMnyFe1-yPO4 (𝟎 ≤ 𝒙 ≤ 𝟏; 𝟎 ≤ 𝒚 < 𝟏)
2.1

Introduction
As mentioned in previous chapter, olivine type LixMnyFe1-yPO4 (LMFP, 0 ≤ 𝑥 ≤ 1; 0 ≤

𝑦 < 1) covers a wide range of transformation strain and have been found to exhibit rich phase
transformation behavior under electrochemical cycling.
This chapter is based on operando synchrotron radiation powder x-ray diffraction (SRPXD) study on a series of LMFP samples synthesized using the same method while varying
composition and particle size. There are two main objectives: (1) to systematically present and
compare phase transition mechanisms for different LMFP samples; (2) to establish a systematic
understanding of the relationship between strain accommodation mechanism and the scale of
phase transformation strain.

2.2
2.2.1

Methods
Samples
The series of olivine samples LiMnyFe1-yPO4 (y =0, 0.1, 0.2, 0.4, 0.6 and 0.8) were

prepared and their BET specific surface area were measured by my collaborator, Dr. Paul Gionet
at A123 Systems, LLC. Systematic variations of this sample series are summarized in Table 2 –
1. These samples were characterized using TEM as displayed in Figure 2 – 1. These samples
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exhibit a wide range of primary particles while the primary particle size is consistent with
spherical equivalent primary particle size calculated based on BET surface area.
Table 2 - 1: Systematic Variations in Samples, i.e. Olivine Type LiMnyFe1-yPO4 with Varying
Composition and Particle Size

Independent Variable
y(Mn)
Particle Size/nm

Range
0, 0.1, 0.2, 0.4, 0.6, 0.8
50, 100, 150

Fixed Variables(s)
Particle Size=50 nm
y(Mn)=0.4

Figure 2 - 1: Bright field TEM images of LMFP samples varying composition (A) and particle size (B).
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2.2.2

Operando Synchrotron Radiation Powder X-ray Diffraction
Under large electrochemical driving forces inherent to practical use, battery systems are

often driven far from equilibrium. As a result, the knowledge of equilibrium phase diagram and
quasi-equilibrium behavior would not be sufficient to understand electrochemically-induced
behavior in actual battery electrodes, which is why operando characterization techniques become
important.
Operando characterization techniques have been widely used to study lithium ion
batteries. A few notable techniques are operando powder neutron diffraction (PND), operando
powder x-ray diffraction (PXD), operando scanning transmission x-ray microscopy (STXM) and
operando transmission electron microscopy (TEM). A comparison of these four techniques is
displayed in Table 2 – 2.
Table 2 - 2: Comparison of Different Operando Characterization Techniques

Technique

Sampling Size*

Cell Type

Note

Operando PND

1 mm – 10 mm

Pouch cell

Low signal noise ratio

Operando PXD

100 μm – 1 mm

Close to actual cell

High signal noise ratio
synchrotron facility

Operando STXM

1 μm – 100 μm

Specially-designed cell

Challenging to achieve high
spatial resolution

Operando HR-TEM 10 nm – 100 nm

Specially-designed cell

Severe beam damage

*

Sampling Size: the characteristic length of sampling volume. For diffraction techniques

such as PND and PXD, the characteristic length can be the diameter of the beam. For scanning
techniques such as STXM, the characteristic length is the side length of field of view (FOV).
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Operando PND has been used by multiple groups including ours to study lithium ion
batteries.48 This technique largest sampling size and can be used characterize materials inside
actual pouch cell due to strong penetration capability of neutron. However, typical neutron beam
does not have very good energy resolution, around 0.5% in terms of ∆𝐸/𝐸, but has strong
inelastic interaction with materials, resulting in poor energy resolution for diffraction patterns
and low signal noise ratio.
Operando HR-TEM is the other extreme. This technique can be used to characterize an
area or volume with a characteristic length as small as 10 nm and with a spatial resolution down
to Å level and is thus able to visualize processes on lattice level, such as formation of dislocation
and movement of phase boundary.49 However, such high resolution is achieved using “open” cell
where working electrode is only electronically connected with current collector and ionically
connected with electrolyte at very limited spots. This setup can hardly represent an actual cell.
What is worse, operando HR-TEM typically operates at 300 kV and thus the energy of electron
beam is so strong that it can cause severe beam damage. The use of specially-designed liquid cell
can improve the homogeneity of electrochemical environment and also reduce the beam damage
a bit. However, the resolution becomes too poor to conduct any quantitative analysis.50
Operando PXD and STXM offer very good balance between representativeness of
sample cell and resolution, among other merits. Our group has a legacy of studying phase
transformation behavior of phospho-olivines via operando PXD. I chose to continue using this
technique because operando PXD results lead to overall crystallographic information of
relatively large volume of sample, which is very useful to understand the phase transition
pathway and thus strain accommodation mechanisms, which this thesis is aimed at understanding.

57

The Operando Synchrotron Radiation PXD (SR-PXD) work was conducted at beamline
11-ID-B of Advanced Photon Source (APS), Argonne National Laboratory. The staff at 11-ID-B
developed a state-of-the-art cell for operando PXD studies, the AMPIX cell, as shown in Figure
2 – 2.51 Unlike previously used modified coin cell with a flexible window made by Kapton
film52, the AMPIX cell employs rigid and electronically conductive glassy carbon X-ray window
(6 mm in diameter), which provides a uniform pressure to the battery stack as well as limiting
current gradients over the stack area. Figure 2 – 2 (a) is a breakdown schematic of the cell and
(b) is a cross-section view of the closed cell. This cell was designed to have wide incidence angle
and wide transmission angle as well, avoiding diffraction from the cell holder. (d) and (e) are
photographs of a single assembled AMPIX cell and a batch of six cells. This facility has the
capability to test up to 12 cells sequentially with an interval of moving time around 30 seconds
between each cell. This capability enables cell testing under different conditions at the same time
and has significantly increased the throughput of operando PXD experiments.

Figure 2 - 2: Structure of AMPIX cell. (a) An exploded representation of the AMPIX cell, (b) the
assembled AMPIX cell and (c) a typical battery stack. Photographs of (d) an assembled AMPIX cell and
(e) a six-cell multi-sample holder. These figures are from reference 51.
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The LMFP powders were mounted in the AMPIX cells as ~130 μm thick free-standing
composite cathode pellets (for details see Appendix A – Methods) with 50 μm Li-foil as the
negative electrode and using a glass microfiber separator (Whatman GF/B), infused with liquid
electrolyte consisting of 1 M LiPF6 in a 1:1 molar ratio of ethyl methyl carbonate/dimethyl
carbonate. The diameter of the battery stack was kept the same size as the X-ray windows, i.e. 6
mm in diameter, to avoid current gradients in the stack arising from the difference in
conductivity of the steel current collectors and the glassy carbon windows. The SR-PXD data
were collected using a Perkin Elmer amorphous silicon area detector and a X-ray wavelength of
0.2114 Å while cells underwent galvanostatic charge/discharge at C/10 or 1C-rate. The low
wavelength (high energy) was specifically chosen to limit beam-sample-interactions, which can
occur at lower X-ray energies due to higher absorption. PXD patterns were collected every 3 or
15 minutes for 1C- and C/10-rate cycling, respectively. Hence, a state-of-charge (SOC)
resolution for both rates of 2.5% was obtained. Exposure times of 30 or 60 sec were used for 1Cand C/10-rate cycling, respectively, resulting in a SOC change within each pattern of 0.83 and
0.17% SOC, i.e. limited broadening of Bragg reflections occur from change in the SOC. Rietveld
refinements of all collected PXD patterns were performed using the Fullprof program. The
detailed process is also presented in Appendix A – Methods.

2.3

Results
In this section, operando PXD results on LMFP (y(Mn)=0.4, 50 nm) was analyzed in

comparison with LFP, followed by analysis of composition dependence with a wide range of
y(Mn), from 0, 0.1, 0.2, 0.4, 0.6 to 0.8. Subsequently, three y(Mn)=0.4 samples with selected
particle sizes of 50, 100 and 150 nm (equivalent spherical diameter) were analyzed to investigate
dependence on particle size. Based on crystalline information obtained via Rietveld refinement
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of PXD data, phase transition pathways and thus strain accommodation mechanisms for LFP and
LMFP were developed.
Within this section, operando PXD experiments and Rietveld refinement were led by Dr.
Dorthe B. Ravnsbæk while development of phase transition pathways and strain accommodation
mechanism, including drawing schematics, were led by myself.

2.3.1

Comparison between LMFP (y(Mn)=0.4) and LFP
LiMnyFe1-yPO4 (y=0.4) or LMFP (y(Mn)=0.4) is an exemplar of phospho-olivines with

low phase transformation strain while LiFePO4 or LFP or LMFP (y(Mn)=0) is an exemplar with
relative high transformation strain while still having excellent rate capability. Therefore, LMFP
(y(Mn)=0.4) and LFP were first studied and compared.
During a typical operando SR-PXD experiment, output voltage of the cell or voltage
profile of LMFP vs. Li/Li+ was measured while x-ray diffraction data was being collected.
Figure 2 – 3 (A) displays the voltage profile of LMFP under galvanostatic cycling with a current
equivalent of C/10. As expected from reported phase diagram, there are two well-separated flat
plateaus at around 3.5 V and 4.1V during charge and at 3.3 V and 3.9 V during discharge, which
corresponds to redox reaction for the Fe(II)/Fe(III) and Mn(II)/Mn(III) respectively. Just based
on the voltage profile, it appears that ion insertion/extraction of this system is governed by two
first-order phase transformations. From the Bragg reflection data versus Li-content (Figure 2 – 3
(B)), it is evident that LMFP indeed undergoes two phase transformations during charge, i.e.
from LMFP to an intermediate phase LxMFP and then from as LxMFP to MFP and vice versa
during discharge as depicted in Figure 2 – 3 (C). This phase transition pathway was first reported
by Yamada et al.53 and has been confirmed numerous times since then.54
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Figure 2 - 3: (A) Voltage profile of LMFP under C/10. (B) Bragg reflections of selected peaks for three
phases versus overall Li-content during operando PXD experiment. (C) Crystal structures of three phases
involved in electrochemically-induced phase transition of LMFP (y(Mn)=0.4). This figure was plotted by
Dr. D. B. Ravnsbæk.
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Figure 2 - 4: Comparison of operando SR-PXD data shown in bird’s eye view for samples LMFP and
LFP, respectively. Dark vertical lines represent Bragg reflections and the darkness of lines represent
diffraction intensity. In these figures, two phase reactions are exemplified by discontinuous shifts as
indicated by dashed circles LFP data in (B). This figure was plotted by Dr. D. B. Ravnsbæk.

Closer scrutiny of the diffraction data reveals continuous change in peak positions,
especially for LxMFP, which is mostly evidently shown in a bird’s-eye-view as presented Figure
2 – 4 (A). Continuous changes in peak positions are observed even within two-phase coexistence. In contrast, peak shifts are negligible, if exist, for LFP under identical experimental
conditions as shown in Figure 2 – 4 (B).
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Figure 2 - 5: Unit cell volume of LFP and FP (A) and LMFP, LxMFP and MFP (B) during operando SRPXD experiment. The current is C/10 for both cases. This figure was plotted by Dr. D. B. Ravnsbæk.

Unit cell parameters were obtained via Rietveld refinement of operando PXD data and
unit cell volume values versus overall Li-content were calculated, as summarized in Figure 2 – 5.
It can thus be confirmed that unit cell volumes of LFP and FP stay relatively constant during
electrochemical cycling at a rate of C/10. However, the unit cell volume of LxMFP exhibits
significantly continuous change even outside of single phase region. Lithium content in the
intermediate phase LxMFP is thus continuously changing during phase transformation, clearly
violating Gibbs Phase Rule given that temperature and electrochemical driving force were kept
constant. However, the formation of metastable solid solution within two-phase co-existence
helps reduce the misfit between two participating phases during phase transformation. As shown
in Table 2 – 3, the minimal misfit values between LMFP and LxMFP, LxMFP and MFP, as well
as LFP and FP upon charge along various crystallographic directions and planes are summarized.
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Due to formation of continuous solid solution, the volume misfit between LMFP and LxMFP can
be reduced to as low as merely 1%. At such tiny mismatch, it is possible for coherent interface to
form and propagate, which would be beneficial for faster phase transition kinetics.
It can also be viewed from Figure 2 – 5 (B) that the transformation between LxMFP and
LMFP during discharge was completely bypassed, which implies low energy barrier to form
metastable solid solution.
Table 2 - 3: Lattice misfits between observed phases LMFP-LxMFP and LxMFP-MFP within the three
investigated LMFP samples compared with the lattice misfits for LFP-FP measured in this study and from
literature data. Lattice misfits are calculated from the first point in the two-phase regions upon charge.
Lattice misfits (%)
LMFP – 50 nm
LMFP - LxMFP
LxMFP - MFP
LFP – FP
50 nm - This work
40 nm – Ref. 4

a-axis

b-axis

c-axis

ab-plane

ac-plane

bc-plane

Volume

0.950
2.358

0.619
1.034

-0.645
-0.279

1.563
3.367

0.310
2.085

0.002
0.758

0.928
3.098

4.102
3.430

2.503
1.749

-1.789
-1.022

6.502
5.178

2.387
2.408

0.758
0.727

4.829
4.146
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2.3.2

Phase Transition Pathway of LMFP (y(Mn)=0.4)
To explain the above observations, we propose a coherent transformation model as

illustrated in Figure 2 – 6. Coherent phase equilibria dictates that at small particle sizes, a
coherent equilibrium rather than a multiphase condition may be the stable equilibrium due to the
lower interfacial free energy of a coherent interface compared to an incoherent one.35 Even if the
particles exceed the crossover size for thermodynamic loss of coherency, metastability may
dominate since coherency loss generally requires an initial increase in energy.36 Here, all phases
present possess the same [MnyFe1-yPO4]-framework. At small enough particle sizes the tradeoff
between increased elastic strain energy and lower interfacial energy should favor a coherent
interface at least, and small enough misfit strain (or high enough coherency strain energy) may
stabilize a metastable solid solution. In heteroepitaxial growth, coherency is typically retained
for linear misfit strains below ~1%. In Table 1, we see that for the LMFP-LxMFP transition, all
three lattice constants meet this criterion, whereas for the LxMFP-MFP transition, the a-axis
misfit always exceeds this limit and the b-axis exceeds it as particle size grows.
Correspondingly, we observe the first transition to be a solid solution, and the second transition
to be first order, at least in the initial cycles. From Table 2 – 3, clearly the bc-plane is preferred
for any coherent interface as it is the plane of minimum strain.
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Figure 2 - 6: Schematic showing the proposed coherent transformation model. The schematic corresponds
to the observations during the first charge (Li-extraction) and discharge (Li-insertion) cycle showing
hysteresis in the LMFP→LxMFP step. For subsequent cycles Li-extraction may also follow the pathway
for Li-insertion.

Coherency strains are not symmetric between charging and discharging and can at least
qualitatively explain the pronounced hysteresis seen in the operando results. These effects also
highlight the difficulty in establishing a phase diagram for nanoscale systems when coherency
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strain effects are present. Comparing present results in Fig. 3 to published phase boundaries, if
the appearance of the LxMFP phase during charge is taken to indicate the phase boundary, both
samples show the LxMFP/(LxMFP + LMFP) phase boundary to lie at x~0.9 rather than x~0.84 as
found by Yamada et al., which may be considered a relatively small difference that is potentially
within experimental error. However, upon discharge this phase boundary does not appear at all.
The MFP/(MFP + LxMFP) phase boundary is equally hysteretic.

Upon charge, the phase

boundary appears to lie at x = 0.4-0.5, approximately where literature data indicates. However,
upon discharge of LMFP-52 from the x ~ 0.1 single phase state, the phase boundary now appears
to be at x ~0.2. A quantitative explanation of this hysteresis requires detailed knowledge of
interfacial energies and taking into account the coherency strain energy for specific
parent/daughter phase morphologies.
Interestingly, a previous operando SR-PXD study of LiMn0.6Fe0.4PO4 showed some
degree of compositional change in the intermediate LxMFP phase within the two-phase regions,26
but to a much smaller extent than what we observe here. An interpretation was not provided, but
it is likely that differences with the present study are due to differences in particle size.
Meethong et al.5 previously showed that aliovalent doping of LFP combined with size reduction
to the nanoscale could reduce the misfit strain for the first-order LFP phase transition, and in a
subsequent paper7 it was showed that electrochemical kinetics in highly doped materials took on
the characteristics of a continuous transformation, but interpretation was limited by the absence
of the corresponding phase diagrams.

In nanosize Li0.7-xFeV0.1PO4 and Li1-xFe0.85V0.1PO4,

extended solid solutions compared to undoped LFP with single phase behavior up to x = 0.15
have recently been reported,37,38 but again the correspondence to equilibrium phase stability was
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not clear. The present work clearly demonstrates that it is size reduction that enables metastable
deviations from the known phase stability fields of LMFP.
In summary, the use of operando, high precision SR-PXD analysis allows us to conclude
that Li composition changes in LMFP, a next-generation phosphor-olivine cathode, are
accommodated through a markedly different mechanism than in the LFP prototype. Instead of
exhibiting binary delithiated/lithiated phase states at the particle level as in LFP, homogeneous
Li compositions that vary continuously with state-of-charge are observed. Comparison of the
phase sequence seen operando with literature phase diagrams shows that upon reduction of
particle size below ~150 nm, metastable behavior is readily induced, especially during discharge,
such that continuous solid solutions dominate. Where first-order phase transitions do occur, the
evolution of structure parameters suggests a coherent transformation mechanism. Repeated
electrochemical cycling appears to stabilize the metastable behavior, suggesting a role of
accumulated defects.

2.3.3

Comparison with Other LMFP
The same operando SR-PXD experiment were conducted for six LiMnyFe1-yPO4

compositions in total, y = 0.0, 0.1, 0.2, 0.4, 0.6 and 0.8. The unit cell volumes were extracted by
Rietveld refinement as a function of overall Li-content in the electrodes and are shown in Figure
2 – 7 (A) to (F). The results for y = 0.0 and 0.4 have been discussed in previous section but are
also included here for a complete comparison.
Consider first the LMFP → LxMFP transition occurring on the Fe-plateau during
charging (left side of each panel in Figure 2 – 7). For the materials with Mn-content 0.0 ≤ y ≤
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0.4, (A) to (D), as Li-ions are being extracted, the intermediate LxMFP phase forms via a first
order phase transformation. With increasing Mn-content ((A) through (D)), the misfit between
LMFP and LxMFP systematically decreases, and for the two samples of highest Mn-content, y =
0.6 and 0.8 ((E) and (F)), the LMFP→LxMFP transition occurs via a complete solid solution
reaction with zero misfit.
As Li is further extracted during charging, we notice that the compositions with the
largest strain on the Fe2+/Fe3+ plateau have the smallest misfit on the Mn2+/Mn3+ plateau, and
vice versa. For samples of y = 0.1 and 0.2, Figure 2 – 7 (B) and (C), the transition from LxMFP
to MFP follows essentially solid solution behavior with no distinct two-phase coexistence
detected. In contrast, in Figure 2 – 7 (D) to (F), this misfit at high charge state (e.g., on the
Mn2+/Mn3+ plateau) increases as y increases, but at the same time, the misfit for LMFP to LxMFP
decreases, and even vanishes in Figure 2 – 7 (E) and (F). Assuming that a high misfit strain on
either of the Fe or Mn plateaus can inhibit lithiation/delithiation, these data suggest that an
intermediate Mn content is desirable for the fastest kinetics.
Upon discharge (right side of each panel in Figure 2 – 7), no sample just simply mirrors
its behavior during charge and there is always some hysteresis. Both sequences cannot represent
a single equilibrium and thus it is certain that metastability is present. The behavior of the pure
LFP and y = 0.8 LMFP ((A) and (F)) are the closest to symmetric, each exhibiting two-phase
coexistence with a large misfit strain between the phases. At intermediate Mn content, 0.1 ≤ y ≤
0.4, the misfit strain on discharge is reduced, and for y = 0.2, a continuous solid solution is
reached. These compositions make for the most interesting comparisons with electrochemical
performance.
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Figure 2 - 7: Phase transition behavior of LMFP varying y(Mn). Lower angular region of the operando
PXD data measured during charge and discharge at C/10 and corresponding unit cell volumes as a
function of overall Li-content for y(Mn)=0.0, 0.1, 0.2, 0.4, 0.6 and 0.8. This figure was plotted by Dr. D.
B. Ravnsbæk.
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2.3.4

Particle Size Dependence
Three LMFP (y(Mn)=0.4) samples with different particle size, from 50 nm, 100 nm to

150 nm, have been studied. Comparing the diffraction patterns for LMFP-50 (Figure 2 – 8 (A))
to those of LMFP-100 and LMFP-100 (Figure 2 – 8 (B) and (C), respectively), it is clear that a
continuous compositional change is observed for all samples, i.e. LxMFP forms extensive solid
solutions even as the particle size is increased at least up to 150 nm. However, that does not
mean that LMFP-150 would have comparable rate performance as LMFP-50. From the vertical
axes in Figure 2 – 8, it is clear that the capacity utilization of LMFP-150 nm was much lower
than that of LMFP-50 nm and LMFP-100 nm.

Figure 2 - 8: Bird’s eye view of operando SR-PXD patterns for sample LMFP with increasing particle
size (spherical equivalent diameter calculated from specific surface area), 50 nm, 100 nm to 150 nm. This
figure was plotted by Dr. D. B. Ravnsbæk.

Rietveld refinement was also conducted for LMFP with larger particle size and Figure 2 –
9 shows the unit cell volumes for the three observed phases as a function of the overall Licontent in the LMFP-50 and -100 cathodes during charging (lithium extraction, moving right to
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left) and discharging (lithium insertion, moving left to right). Also shown is the evolution of the
(200) peak within the two phase regions. The color of the data points in the volume-plots are
shown as fading when the phase fractions diminish to ≤30 wt% based on the Rietveld
refinements. Plotted as vertical lines in Figure 2 – 9 are the boundaries between single and twophase regions, which were reported in literature. The dashed black vertical lines are the phase
boundaries observed experimentally by Yamada et al.55 using ex situ PXD, while the dashed red
vertical lines are computed phase boundaries from first principles calculations by Malik et al.56.
The computed phase boundaries are clearly intended to represent equilibrium, while the
experimental results are obtained for powders whose heat treatment suggests they are much
coarser than those studied here, and may be presumed to be at least near equilibrium. Comparing
with the literature results, there are at least three features in the phase evolution observed
operando that indicate non-equilibrium transformation behavior in the present samples: (i) Even
in regions of two-phase co-existence, the lattice dimensions, and therefore the composition, of
one or both phases change continuously. This is a violation of Gibb’s phase rule (F = C-P+1 for
condensed phases at constant pressure, temperature but under varying electrochemical driving
force). (ii) A significant hysteresis in phase behavior is observed between charge and discharge,
and clearly both cannot represent the equilibrium situation. (iii) Significant differences are
observed between the phase boundaries reported in literature and those observed operando,
especially the phase boundary between LxMFP and LMFP on the right side of the unit cell
volume plots in Figure 2 – 7. Upon charging, the LMFP→LxMFP phase transformation appears
much earlier (i.e., at higher Li concentration) than the phase boundary indicates.

Upon

discharging, the LMFP phase does not even appear as a discrete phase co-existing with LxMFP;
instead, the LixMFP evolves continuously in composition until it becomes LMFP.
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Figure 2 - 9: Unit cell volumes determined by Rietveld refinement of operando SR-PXD data measured
during Li-extraction (charge) and –insertion (discharge) at C/10 rate of (A) LMFP-50 and (B) LMFP-100.
The data points are shown as fading when the phase fractions diminish to ≤30 wt% based on the Rietveld
refinements. The broken vertical lines represent boundaries between one- and two-phase regions as
observed by Yamada et al.21 (black lines) and Malik et al.22 (red line). (i), (iii) and (iv) denote the twophase regions while (ii) and (v) denote the one-phase regions. Inserts show the evolution of (200) peak
within the two-phase regions during charge (upper) and discharge (lower). This figure was plotted by Dr.
D. B. Ravnsbæk.
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Further examination of the structural details reveals several additional characteristic
features of the phase transformation process. One is that whenever a new phase appears during
the dynamic process of charging or discharging, its unit cell volume initially tends to have a
greater Li concentration dependence (steeper slope in the unit cell volume plots) than does the
pre-existing phase. This fits the picture of a small amount of coherently nucleating phase on a
less-yielding substrate, which as discussed later is not unlike the constraints imposed on an
epitaxial thin film by an underlying substrate. The effect is especially dramatic in the 50 nm
sized material, Figure 2 – 9 (A). Considering first the evolution upon charge, in both Figure 2 –
9 (A) and (B), the unit cell volume of fully lithiated LMFP decreases only slightly upon charge,
indicating a slight lithium nonstoichiometry, but unit cell volume of the LxMFP phase that forms
has a much steeper composition slope when the two phases co-exist. Beyond violating the Gibbs
phase rule, this suggests that the initial phase constrains the new phase. Continuing with charge,
when the delithiated MFP phase first appears at the other phase boundary, its unit cell volume
also shows a steeper initial decrease, especially in LMFP-50 (Figure 2 – 9 (A)). Upon reaching
the charge voltage limit (4.5 V), discharging (lithiating) Figure 2 – 9 (A) shows there is an initial
sharp increase in the unit cell volume of LxMFP when it first appears. This effect is largely
absent for LMFP-100 – but note that in this sample, unlike LMFP-50, the intermediate LxMFP
never vanishes even in the fully charged state. Thus the LxMFP is pre-existing, and no barrier to
its nucleation should exist.

As discharge proceeds, the phase transformation sequence is

completely different from that during charge in that the LMFP phase never appears as a new
phase of different unit cell volume. Instead, for both particle sizes the LxMFP intermediate
phase evolves continuously in its unit cell volume (i.e., composition) until the limiting LMFP
composition is reached. Thus the discharge process, even at a slow C/10 rate as in these tests,
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does not involve nucleation of a misfitting phase except in the initial stages at high SOC. This is
clearly observed from the bottom right inset in Figure 2 – 9 (A) showing the (200) Bragg peak
(2.333° 2θ at x = 1.00 before charge, 2.335 ° 2θ at x = 0.925 after discharge). Although a small
and decreasing fraction of L0.5MFP remains as a shoulder, the main peak shifts continuously over
the Li-compositional range from x = 0.5-0.925. As will be covered in follow section, at 1C rate
substantially the same is observed, which makes it highly unlikely that a continuously varying
solid solution would not be obtained at even higher discharge rates. This contrasts sharply with
the behavior of LFP, and may well underlie the differences in high rate behavior.
The results in Figure 2 – 9 also provide an internal standard for the quantification of Li
concentration from the unit cell volume. Noting that the central single-phase LxMFP region in
Figure 2 – 9 (A) (charging curve) exhibits linearly varying unit cell volume with composition,
the Vegard relation for the solid solution was extracted. Using this calibration, the LxMFP phase
is found to cover x values ranging from 0.27 to 0.78 during charge and 0.30 to 0.94 during
discharge, clearly showing hysteresis. An independent calculation of the Li-composition, x,
LxMFP from the overall Li-content determined electrochemically, and the weight fractions for
each phase extracted by Rietveld refinements, yields similar values, i.e. x ranges from 0.26 to
0.78 during charge. Thus we have confidence in the compositional accuracy of the unit cell
volume plots in Figure 2 – 9.
A central question in this work is the extent to which the compositions of individual
particles vary, compared to the LFP exemplar. In this regard, it is important to consider whether
the unit cell volumes shown here are average values from regions of locally varying
composition, or represent homogenous compositions amongst many particles. It was for this
reason that we calibrated the FWHM of the spectra to determine Li compositional homogeneity
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(procedure described earlier). Li concentration uncertainty is shown in Figure 2 – 9 as horizontal
error bars for each of the unit cell volume data points. For the majority of the data, FWHM is
small enough that the compositions should be regarded as uniform within the analyzed volume.
For LMFP-50 in particular, the compositional variations are uniformly small except during the
LxMFP→MFP phase transition upon discharge, in which the error bars reflect a measurable peak
broadening. However, this is also where the largest misfit strains in the system are encountered
(Table 2 – 4), raising the question of whether the peak broadening may be due to microstructural
strain rather than compositional variation. Thus in contrast to the behavior of LFP of similar
size, LMFP adopts continuously varying compositions at the particle level.
Table 2 - 4: Lattice misfits between observed phases LMFP-LxMFP and LxMFP-MFP within the three
investigated LMFP samples compared with the lattice misfits for LFP-FP measured in this study and from
literature data. Lattice misfits are calculated from the first point in the two-phase regions upon charge.
Lattice misfits (%)
LMFP – 52 nm
LMFP - LxMFP
LxMFP - MFP
LMFP – 106 nm
LMFP - LxMFP
LxMFP - MFP
LMFP – 152 nm
LMFP - LxMFP
LxMFP - MFP
LFP - FP
52 nm - This work
42 nm – Ref. 4

a-axis

b-axis

c-axis

ab-plane

ac-plane

bc-plane

Volume

0.950
2.358

0.619
1.034

-0.645
-0.279

1.563
3.367

0.310
2.085

0.002
0.758

0.928
3.098

1.479
3.337

0.707
1.447

-0.868
-0.598

2.176
4.737

0.624
2.759

0.155
0.858

1.327
4.167

1.564
3.443

0.811
1.641

-0.971
-0.603

2.362
5.027

0.608
2.860

0.153
1.048

1.414
4.454

4.102
3.430

2.503
1.749

-1.789
-1.022

6.502
5.178

2.387
2.408

0.758
0.727

4.829
4.146

Addressing further the effect of particle size, Table 2 – 4 shows, for each of the three
LMFP particle sizes as well as the reference LFP sample, the percentage misfit between lattice
constants, principle planes, and unit cell volumes of co-existing phases. It is a striking result that
every single value of misfit strain increases monotonically with particle size for LMFP. The
impact on operandophase stability is less systematic, however. Applying the Vegard relation for
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LxMFP extracted from the data, we find that the width of the single phase LxMFP field (observed
during charge) diminishes as particle size increases from 50 nm to 100 nm, but then appears to
have saturated at 150 nm. At the smallest particle size it spans x = 0.27-0.78, whereas at 100 nm
it has narrowed to x = 0.59-0.76.

Increasing particle size further to 150 nm causes little

additional change, with the solid solution range spanning x = 0.56-0.74. Thus there is a clear
size effect wherein the stability of the intermediate solid solution phase LxMFP relative to the
delithiated and lithiated endmembers MFP and LMFP increases as particle size decreases. Upon
discharge, however, all three particle sizes show continuous evolution of the LxMFP unit cell
volume towards the LMFP composition. If at some larger crystallite size the “equilibrium” phase
diagram is manifested during electrochemical cycling, it must lie beyond ~150 nm. This is a
striking result when comparing to the significant differences in the Li-miscibility gap seen
experimentally for LFP just in the size range between 42 and 113 nm.4 Comparing to previous
work on LMFP, it is notable that the phase transformation between LMFP and LxMFP for
samples of Mn content <0.5 always has been reported as a two-phase transition;20,21,24 however,
previous studies have not explored the current size range with operando methods and during
both charging and discharging.

2.3.5

Effects of Experimental Conditions
Next we investigated operando the effects of higher galvanostatic cycling rates as well as

behavior beyond the first cycle. Figure 2 – 10 shows SR-PXD measurement for LMFP-50
during two consecutive charge-discharge cycles at 1C-rate. During the first charge, first order
phase transformations are clearly observed for both the LMFP→LxMFP and LxMFP→MFP
transformations. However, extended solid solution behavior is still observed especially for the
intermediate phase LxMFP, including the continuous evolution in composition while within the
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two phase regions. During discharge, qualitatively identical behavior to that at C/10 rate is
observed: there is a two-phase transition for MFP→ LxMFP, and a continuous evolution in solid
solution composition from LxMFP to LMFP. Hence, the extended solid solution formation and
the highly hysteretic behavior are retained at 1C rate. We expect that a solid-solution discharge
transition would occur at all higher discharge rates.

Figure 2 - 10: Results obtained at 1C rate. Low angular region of operando SR-PXD data for LMFP-50
measured during two consecutive charge-discharge cycles. The voltage curve measured simultaneously
with collection of the SR-PXD data is shown to the right. This figure was plotted by Dr. D. B. Ravnsbæk.

Comparison of the first and second cycles suggests that the hysteresis will diminish, and
solid solution behavior will dominate, with continued cycling. The SR-PXD data (Fig. 4) show
that the two phase LMFP→LxMFP transformation has become almost continuous in the second
charge (observe the (210) peak). The second discharge clearly occurs via a solid solution similar
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to that during the first cycle. Further investigations are needed in order to understand the origin
of the hysteresis and why it diminishes; we suggest that an accumulation of defects produced by
electrochemical-mechanical coupling may be responsible.31-34

2.4

Summary
Operando synchrotron radiation powder x-ray diffraction (PXD) experiments were

conducted on LMFP varying composition (y(Mn)=0, 0.1, 0.2, 0.4, 0.6, 0.8), particle size and also
cycling rate. Rietveld refinement was utilized to analyze PXD data to obtain crystalline
information of different phases during phase transition. Decreasing transformation strain is
observed for intermediate y(Mn) composition and small particle size. And phase transition
pathway and thus strain accommodation mechanism is highly dependent on transformation strain
and also rate at which the battery is charged/discharged.
For composition with low transformation strain, i.e. y(Mn)=0.1, 0.2 and 0.4, phase
transformation strain is further reduced and even avoided by formation of metastable solid
solution. For y(Mn)=0.4 composition, this phenomenon exists for larger particles as well, up to
150 nm, which is the largest particle size we studied.
For composition y(Mn)=0 and 0.8, the transformation strain is larger than 5vol%. Under
low-rate cycling, these materials exhibit very limited metastability while tend to form extended
metastable solid solution when being cycled under high rate.
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Chapter 3
Electrochemically-Induced Phase Transition Behavior of Sodium
Iron Phosphate

3.1

Introduction
In previous chapter, operando PXD studies of relatively low strain members of phospho-

olivine family, LiFePO4 (LFP) and LiFeyMn1-yPO4 (LMFP), have been presented and analyzed.
Intercalation compounds with still higher transformation strains exist, and for which the strain
accommodation mechanism is unclear. In this chapter, we focus on the compound with the
largest known transformation strain (~17 vol%) in the family of phospho-olivines in which we
are interested, NaFePO4 (NFP). It is important to note that maricite NFP rather than olivine NFP
is the thermodynamically stable phase at room temperature. As a result, NFP denotes olivine
type NFP hereafter in this thesis unless otherwise specified. Figure 3 – 1 compares the volume
transformation strains of LMFP (y<0.6), LFP, LMFP (y≥0.8) and NFP as well as silicon, with
their known electrochemically-induced materials responses and strain accommodation
mechanisms. In each instance, the response referred to what occurs in micro- to nanoscopic
particle systems; at larger crystal size scale, even modest transformation strains are typically
accommodated by brittle fracture. For LMFP, the volume transformation strain ranges from 0%
to 3%, leading to coherent phase transition behavior. 23 Upon reaching transformations strain
around 5%, as for LFP, plasticity begins to play a role. Dislocations have been directly observed
during electrochemical lithiation of FePO4 (FP) at particle size of micrometer scale.13 Thus at
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higher transformation strains, plasticity seems assured. Also included in Figure 3 – 1 is silicon,
representing materials of extraordinarily high transformation strain (up to 300 vol%), and in
which lithiation was shown (originally by Limthongkul et al.) 57 to cause amorphization.
Subsequent cycling within the amorphous regime is possible and even desirable. 58 Plastic
deformation accommodated by amorphization is not an isotropic response when the starting
material is crystalline, however, and the anisotropy and uniformity of electrochemical expansion
can be controlled in order to mitigate mechanical failure.59 The materials responses can also be
dependent on rate and/or overpotential. As for LMFP (y<0.6) and LFP, extended metastable
solid solution forms under larger overpotential or at higher C-rate.
In this context, accommodation of the 17% volume transformation strain of olivine
NaFePO4 (NFP) requires at least plasticity, if not amorphization. Two research groups have
previously utilized X-ray diffraction to study structure changes during electrochemical cycling of
olivine NFP. Casas-Cabanas et al. studied NFP with primary particle size of ~800 nm, and
observed two and three crystalline phases during charge and discharge, respectively. Gaubicher
et al. found a notable variation in the Na solubility of crystalline phases even within two-phase
coexistence.60 However, the microscopic behavior was not elucidated in these studies.
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Figure 3 - 1: Systems studied, corresponding transformation strains, and phase transformation behaviors
observed. Phospho-olivines can be tuned over a wide range of transformation strain, corresponding to
which exist several possible strain accommodation mechanisms. NaFePO4 is unique amongst intercalation
compounds in having ~17% unit cell volume change during the first-order phase transition between
nominally isostructural sodiated and desodiated endmembers. Silicon is included as an example of a
system with very large volume change between structurally dissimilar phases. (The transformation strain
is the percentage difference between unit cell volume of oxidized phase and that of reduced phase during
phase transition.)

3.2

Methods
Since olivine type NaFePO4 (NFP) is not thermodynamically stable at room temperature,

no method has been reported to synthesize NFP olivine directly. In most studies, NFP olivine
was prepared by sodiating chemically-delithiated FP via either chemical method or
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electrochemical method. In this thesis, FP was prepared from LFP (50 nm) via chemical
delithiation using NO2BF4. The residual Li inside FP is less than 1% as characterized by ICP
analysis.
To understand real-time phase transition pathways of NFP, operando synchrotron
radiation powder x-ray diffraction (SR-PXD) has been conducted on Na|NaClO4 in
EMC:DMC(1:1)|FP half-cell at beamline 11-ID-B at Advanced Photon Source (APS) of
Argonne National Laboratory, which is the same beamline used for operando studies on LFP and
LMFP. After analysis of PXD data, loss of diffraction intensity was observed, which may result
from loss of crystallinity. To study the crystallinity of the FP/NFP during electrochemical
cycling, pair distribution function (PDF) analysis and transmission electron microscopy (TEM)
were conducted.

3.3

Results and Discussions
Results within this section were obtained by me and with my collaborators. Within this

section, operando PXD experiments and original Rietveld refinement as well as Pair Distribution
Function experiments were conducted by Wenting Xing. Dr. Kamila M. Wiaderek and Dr.
Karena W. Chapman conducted analysis of PDF data. I conducted the Rietveld refinement again,
analyzed percentage of crystalline phases using crystalline information obtained from Rietveld
refinement. I also collected TEM data and developed the strain accommodation mechanism.

3.3.1

Operando PXD Data and Analysis
A comparison of the phase evolution path for NFP with that for LMFP and LFP is shown

in Figure 3 – 2. A bird’s eye view shows the evolution in the (200) reflections for all three
olivines during charge and discharge, collected using the AMPIX cell. It is clearly seen that the
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evolution of composition, as indicated by 2θ position, and phase quantity, as indicated by relative
intensity of the (200) reflections, follows a different path for each olivine. LiFePO4 shows two
distinct peaks for LFP and FP, the positions of which remain fixed during charge and discharge
while the intensities vary, indicating classical first order phase transformation via nucleation and
growth. LMFP (y=0.4) exhibits three distinct crystalline phases during charge, LMFP, MFP, and
an intermediate solid solution phase LxMFP. The peak positions of LMFP and LxMFP both
change with state-of-charge, showing solid-solution composition change even within two-phase
coexistence. The behavior is asymmetric; during discharge, a continuous transformation (solid
solution) is observed between LxMFP and LMFP limiting compositions, which has been
discussed in previous chapter. The behavior of NFP is different from both LFP and LMFP.
While there are two crystalline phases, according to a published phase diagram,Error! Reference source
ot found.

the sodiated phase exists over a wide range of solid solution, from the fully-sodiated

composition, here denoted NFP, to a solid solution limit NxFP for the Na-rich phase, which has a
limiting Na concentration of x~0.66.61 bird’s eye view of the NFP transition in Figure 3 – 2 is
qualitatively consistent with the reported phase diagram, showing continuous variation of the
NFP peak position over a wide SOC range, consistent with solid solution behavior, whereas the
FP peak position remains fixed. However, closer scrutiny of the data revealed that the combined
intensity of (200) reflections for these two phases increases significantly with state of charge,
and decreases to a comparable extent with state of discharge. This interesting behavior suggests
that an additional phase or phases not detectable by PXD appeared and disappeared during the
discharge/charge cycles, prompting us to investigate further.
To quantify the phase behavior, Rietveld refinement was carried out for the operando
SR-PXD data using a previously described protocol. 22 Figure 3 – 3 displays (A) the voltage of
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the AMPIX cell during electrochemical cycling, (B) the unit cell volume of the crystalline
phases, and (C) the molar percentage of each of the crystalline phases, as well as their sum,
normalized to the starting FP material as a 100% crystalline material (referring to experimental
section for details). The horizontal axis is the Na content; in total 212 individual PXD scans
were made to collect the data in Figure 3 – 3, with the sodium content varying by ~1.25% over
the duration of each scan. The unit cell volumes from literature 36 for NFP and N0.66FP are
shown as horizontal lines in Figure 3 – 3 (B).

Figure 3 - 2: Bird’s eye view of the evolution in the (200) reflections for LiMnyFe1-yPO4 (y=0.4, LMFP),
LiFePO4 (LFP) and NaFePO4 (NFP) during charge and discharge. Shown is the first electrochemical
cycle for both LMFP and LFP, starting with a fully lithiated positive electrode. For NFP, a starting LFP
olivine was chemical delithiation to FP, then electrochemical sodiated. The results shown correspond to
the first desodiation (charge) and the second electrochemical sodiation (discharge). LFP (center), an
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exemplar of first-order transition, shows distinct peaks with fixed positions for both the LFP phase and FP
phase. LMFP (left) has three phases and the peak positions for LMFP and LxMFP change with overall
state of charge of the sample. NFP (right) follows a binary phase transition although the position for the
sodium rich phase, NxFP, changes with state-of-charge due to its broad solid solution range.

Figure 3 - 3: Voltage profile of sodium iron phosphate cell, refined unit cell volume of observed
crystalline phases and calculated mole percentage of crystalline phases against initial amount of
crystalline FP phase. (A) Voltage of NaxFePO4 versus Na+/Na cells versus scan number during the
operando SR-PXD experiment while electrochemically cycling at constant current rate of C/20. (B) Unit
cell volume data for sodium poor phase (FP) and sodium rich phase (NFP or NxFP) obtained via Rietveld
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refinement of the diffraction data. See Supporting Information for bird’s-eye view of diffraction data. (C)
Mole percentage of crystalline FP, crystalline NFP, and the sum of crystalline phases, normalized to the
initial FP content which is assumed to be 100% crystalline. Arrows indicate composition values xNa=0.3
and xNa=0.6 at which ex-situ PXD and PDF analyses were carried out.

During the first discharge (first Na insertion, represented by the left column in Figure 3 –
3), crystalline NFP is formed with a similar unit cell volume to the literature value for NaFePO 4.
The difference in unit cell volume between this phase and the FP phase is ~17 vol%, as expected.
Concurrent with the first discharge, however, there is 20% decline in the total crystalline phase
percentage compared to the starting FP. During the second charge (center column in Figure 3,
the first charge being the original chemical delithiation of the starting LFP to FP), a two-step
voltage profile emerges (Figure 3 – 3 (A), center), similar to previously reported voltage
curves.36 The initial part of the voltage curve corresponds to the desodiation of NFP to its solid
solution limit, NxFP of x=0.66. The unit cell volume drops accordingly (Figure 3 – 3 (B)). Then
a two-crystalline-phase field (the shaded region) dominated by the co-existence of NxFP and FP
is observed. In this regime, the phase transformation strain (difference in unit cell volume)
between the crystalline phases is reduced, from ~17% for NFP-FP to ~13% for NxFP-FP.
Several features show that the sample is not at equilibrium in this regime. First, the NxFP unit
cell volume continues to decreases as the sample is charged, while the FP unit cell volume
increases slightly, instead of each remaining constant as would be expected for two-phase
equilibrium. Secondly, the total crystalline percentage (Figure 3 – 3 (C)) continues to drop in
this regime, reaching a minimum value towards the middle of this two-crystalline-phase field.
As the cell reaches its fully charged state, and the crystalline phase is predominantly a single
phase, FP, the crystalline percentage rises again.
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Thus there is a correlation between the

minimum in crystalline percentage and the co-existence of two phases between which there is a
large misfit. The NxFP unit cell volume (Figure 3 – 3 (B)) actually drops below the value for
N0.66FP in the shaded region; applying Vegard’s law to calibrate the unit cell volumes, the
sodium content this phase drops as low as xNa=0.6. Simultaneously, the unit cell volume of the
FP phase increases slightly, to a value corresponding to a partially sodiated composition with
xNa=0.08. Therefore, it appears that the solid solution limits of NxFP and FP are slightly
extended when the two phases co-exist. Between the second charge and second discharge, the
phase behavior is largely symmetrical, suggesting that a reversible state has been reached.

3.3.2

Pair Distribution Function (PDF) Analysis
The loss of crystalline phase fraction, as determined from the refinement of the operando

PXD data, begins during the first discharge and continues during the second charge. Formation
of a disordered phase is suggested, but the nature of this phase is not clear from the SR-PXD
results alone.

Prior studies on electrochemically cycled LFP have also noted the loss of

crystallinity in operando characterization.38 Thus we used pair distribution function (PDF)
analysis to characterize the short-range order, and to distinguish possibly amorphous or
nanocrystalline phases.41 To our knowledge this is the first instance where the electrochemically
transformed product in olivine cathodes has been characterized by PDF. Ex-situ PXD and PDF
analyses were simultaneously conducted on two samples discharged to compositions xNa=0.3 and
xNa=0.6, respectively, between which the operando results in Figure 3 – 3 (A) show a declining
crystalline fraction. The weight and crystalline percentages of FP and NxFP in these samples,
and the corresponding lattice parameters, are given in Table 3 – 1.
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Table 3 - 1: Weight percentage (wt%), percent crystalline (pc%) and lattice parameters of FP and NFP for
sample xNa=0.0, 0.3, 0.6 obtained via PXD Rietveld refinement. Weight percentage (wt%) is directly
obtained from Rietveld refinement and calculation process of percent crystalline (pc%) is detailed in the
section Quantification of Crystalline FP and NxFP.

xNa
0.0
0.3
0.6

wt%
100
34.5
4.9

pc%
100
25.4
95.1

FP
a
9.818
9.853
9.827

b
5.795
5.815
5.798

c
4.782
4.796
4.786

wt%
0
65.5
2.3

pc%
0
48.2
44.7

NxFP
a

b

c

10.311
10.388

6.111
6.208

4.939
4.939

As shown in Figure 3 – 4 (A), the calculated two-phase structure model optimized for the
powder diffraction data using Rietveld methods did not yield a satisfactory fit to the
corresponding PDF data for either the xNa=0.3 or xNa=0.6 samples. While the model describes
long range distances well, significant misfits in a local structure are clearly visible (below ca. 12
Å). The presence of these low r features of the residual suggests the existence of an additional
phase with only short range structural coherence. As diffraction can only probe long range order
in crystalline materials, diffraction would be blind to this component. Attempting to model the
whole PDF without this third component biases the PDF fits to short distance and results in a
poorer overall fit and discrepancies in the unit cell parameters of the FP phase when compared to
Rietveld refinement analysis. These findings strongly support the presence of a third phase with
only short-range structural coherence, that is, an amorphous phase.
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Figure 3 - 4: Pair distribution function (PDF) analysis of xNa=0.3 and xNa=0.6 samples after first sodiation
of a starting FP powder. (A) A two-phase structure model (red lines) optimized for the simultaneously
collected powder diffraction data analysed using Rietveld methods did not yield a satisfactory fit to the
corresponding PDF data (blue lines). Note the large residual (black lines) at small pair distance r. (B) A
three-phase structure model provided a good fit to the data, with the lattice dimensions of the FP and NFP
phases and their relative abundance matching the diffraction data obtained simultaneously for the same
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samples. The third phase has short range periodicity with a and b lattice parameter (a=9.84 Å, b=5.78 Å)
that closely match the prototypical FP phase, while the c-lattice dimension (c=4.93 Å) closely matches
that in the NFP phase. This figure was drawn by Dr. Kamila M. Wiaderek.

To test the three-phase model, the structural parameters for a two-phase NFP/FP model
were optimized based on the long-range correlations in the PDF (above 20 Å). Keeping the
parameters for the initial two-phase fit unchanged, an additional phase, derived from already
present FP (Pnma) but with smaller ordered structural domains was added to the model, and the
PDF data was calculated over the full r-range. The ordered domain size for this amorphous phase
refined to 1.1 nm. This three-phase model (Figure 3 – 4 (B)) yielded a good fit to the data. The
xNa=0.3 sample was calculated to contain 31% FP, 40% NFP and 28% of the amorphous phase,
while the xNa=0.6 sample contained 11% FP, 50% NFP and 39% of the amorphous phase. Thus
the amorphous phase is not a minor constituent, but has substantial contributions to the total
scattering signal. The average lattice parameters refined for the amorphous phase closely match
the prototypical FP phase in the a and b directions (a=9.84 Å, b=5.78 Å) and the NFP phase in
the c direction (c=4.93 Å). The “unit cell” volume for the amorphous phase (280.4 Å3) is
between that for NxFP and FP (see Figure 3 – 3 (B)). The correspondence of the lattice
dimensions and intermediate lattice volume suggests that the amorphous phase may be able to
mediate the lattice strain between both of the more ordered crystalline components, Na-rich NFP
and Na-deficient FP, and thereby lower the net strain energy. The abundance of amorphous third
phase from the PDF analysis matches the "missing" diffraction intensity noted in the diffraction
analysis.
The dimensions of structurally ordered domains waere quantified using a spherical
envelope model. The FP phase showed progressive reduction in structural coherence with
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ordered domains up to 5.9 nm and 3.7 nm for xNa=0.3 and xNa=0.6 samples, respectively.
Conversely, the NFP phase showed progressive increase in structural coherence with ordered
domains increasing from 12.5 nm. This result suggests the presence of FP and NFP domains that
are much smaller than the original olivine crystallites.

3.3.3

Transmission Electron Microscopy (TEM) Study
We then used transmission electron microscopy (TEM) to directly observe the phase

distributions corresponding to the PXD and PDF results, and to determine whether the disordered
third phase identified in the PDF results could be imaged. Figure 3 – 5 (A) shows the starting
chemically delithiated FP powder, in which crystallites of ~50nm diameter are seen, consistent
with the equivalent spherical particle size of 50 nm obtained from the BET specific surface area
(35.6 m2/g) of the starting LFP material. After sodiation, crystallites of the same size remain, but
are now more sparsely distributed, as shown in Figure 3 – 5 (B) for the xNa=0.6 sample. These
crystallites were identified, using FFT analysis of lattice fringe images, an example of which is
shown in Figure 3 – 5 (C), to be either NFP or FP. The amorphous phase produced during
sodiation, not detectable by PXD but characterized by the PDF analysis, appears in substantial
volume fraction amongst the larger nanocrystallites.

However, the TEM reveals that the

amorphous phase also has embedded within it nanocrystallites of approximately spherical
morphology, as seen in Figure 3 – 5 (D) and (E), that are smaller in size than the starting
crystallites by about a factor of 10. Measurements of over 50 particles each in the xNa=0.3 and
0.6 samples yielded average particles sizes of 7 nm and 5 nm, respectively, for these smaller
crystallites embedded within the amorphous phase, as shown in Figure 3 – 6.

92

(B) xNa = 0.6

(A) xNa = 0

(C) xNa = 0.3
(C)
(D) FFT of (C)

𝟎

NFP

(D) xNa = 0.6

(111)
𝟎𝟏
(222)

(E) xNa = 0.3

Figure 3 - 5: TEM images of NaxFePO4 at different stages of sodiation. (A) Starting FP powder prepared
by chemically delithiating nano LiFePO4 of 50 nm mean BET particle size to xNa=0. (B) After sodiation
to xNa=0.6, crystallites of the original size remain, as indicated by arrows, but are more sparsely
distributed. Similar results are seen for sample sodiated to xNa=0.3. (C) The larger crystallites are
identified to be either highly sodiated NFP or desodiated FP; this example for xNa=0.3 is NFP. (D) and
(E) The material in between the larger nanocrystallites contains material exhibiting no distinct lattice
fringes, as well as 5-7 nm diameter crystallites. The former corresponds to the amorphous phase
characterized in the PDF analysis.

The latter crystallites are also produced as a result of the

transformation, but in the PDF analysis, are included in the refinement of crystalline FP or NFP.
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Figure 3 - 6: TEM images showing nanocrystallites within the amorphous phase produced by
electrochemical transformation of FP to NFP. TEM images for (A) xNa=0.3 sample, and (C) xNa=0.6
sample. Histograms of measured crystallite area are given in (B) for xNa=0.3 sample and (D) for xNa=0.6
sample, based on 50 measurements in each sample.
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3.4

Summary
Thus, based on the following experimental evidence:

1) Loss of crystalline phase

fraction upon sodiation and desodiation; 2) PDF analysis of electrochemically cycled samples;
and 3) Direct observations by TEM, we identify a unique strain-accommodation mechanism in
NaxFePO4 that has not been previously reported for any intercalation compound. An amorphous
phase is formed in substantial volume fractions upon electrochemical cycling; this phase does
have short-range periodicity close to that of the crystalline phases, suggesting the ability to orient
topotaxially against FP or NFP, forming coherent or semicoherent interfaces. By ex-situ TEM,
we observe smaller nanocrystallites of ~5nm size embedded within the amorphous phase. Under
these internal constraints, the crystalline sodiated phase has decreased its Na content to about
Na0.6FePO4, while the crystalline desodiated phase has increased its Na content to about
Na0.08FePO4, presumably driven by coherence strain energy.

Although we do not have an

independent measurement of the Na content of the amorphous phase, based on its periodicity, it
is reasonable to assume that it has Na content intermediate between the crystalline phases. We
suggest that the mediating amorphous phase is able to mitigate the otherwise high misfit strain
energy of the NFP-FP system, at the expense of an increase in structural, interfacial, and
chemical energy.

The formation of metastable disordered and nanocrystalline phases to

alleviate misfit strain energy may be a general response in ion-storage electrodes exhibiting high
transformation strains.
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Chapter 4
Potentiostatic Study on LixMnyFe1-yPO4 (𝟎 ≤ 𝒙 ≤ 𝟏; 𝟎 ≤ 𝒚 < 𝟏)
4.1

Introduction
Chapter 2 and 3 present operando PXD results on LMFP and NFP under galvanostatic

conditions. Despite the fact that these results shed light on phase transition pathways and strain
accommodation mechanisms of both LMFP and NFP, it is difficult to establish quantitative
understanding due to varying electrochemical driving force during galvanostatic tests. As a
result, potentiostatic studies of LMFP were conducted. Within this thesis, two types of
potentiostatic tests were conducted: potentiostatic intermittent titration technique (PITT) and
single step potentiostatic test.
Potentiostatic Intermittent Titration Technique (PITT) has been widely used in
electrochemical systems to study ion diffusion behavior and phase transition kinetics. During a
PITT experiment, overpotential and thus electrochemical driving force of working electrode
versus reference electrode is held constant and current versus time data is recorded. The
integration of current versus time is charge, which is proportional to the amount of materials that
have

transformed

or

reacted.

As

a

result,

during

each

potentiostatic

step,

the

transformation/reaction rate versus time is obtained using PITT test.
PITT was originally pioneered to study lithium ion diffusion inside planar LiAl alloy
electrode in 1997. 62 Since then PITT coupled with different theoretical models with various
boundary conditions has been widely used to study various behavior for various electrochemical
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systems under various geometrical constraints, from ion diffusion to phase transformation, from
graphite to FePO4, from planar electrodes to spherical particles.63
In this thesis, potentiostatic studies have been conducted on LMFP while systematically
varying structural parameters, such as composition and particle size, as well as external
conditions, such as overpotential or electrochemical driving force and temperature.
Chapter 4 presents results from potentiostatic experiments and preliminary analysis using
Fick’s 2nd Law. Chapter 5 exhibits analysis of mesoscale phase transition kinetics developed
based on JMAK model.

4.2

Methods
Besides potentiostatic tests, impedance tests were used to understand the rate limiting

processes inside our testing cell and to justify our analysis of ion diffusion & phase
transformation inside active electrode material in working electrodes.
In addition, numerical methods based on Fick’s 2nd Law and JMAK model were used to
elucidate ion diffusion and phase transition behavior.

4.2.1

Impedance Test
In order to gauge the influence of different charge transport processes on the

chronoamperometric data, impedance studies were conducted LFP (particle size=50 nm). Under
such test, Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) test was conducted on
Li0.5FePO4 | 1M LiPF6 in EC:DMC (1:1) | Li0.5FePO4 symmetric cell. The cell was assembled in
Swagelok cell parts and a Bio-Logic VMP-3 was used as a potentiostat. The Li0.5FePO4 pellet
electrodes were prepared by electrochemically charging fresh LiFePO4 pellet electrode at C/10 in
a half-cell against lithium film.
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4.2.2

Potentiostatic Tests
For potentiostatic tests, pellet electrodes of LMFP with varying composition and particle

size were prepared and assembled in half-cells with lithium metal film as anode. The loading
density of active material is about 10 mg cm-2 and thus the current density under 1C rate is
between 1.5 mA cm-2 and 2 mA cm-2. The methods of materials synthesis, electrode preparation
and cell assembly are detailed in Appendix A – Methods.

Figure 4 - 1: Typical protocol for PITT test. In such test, a voltage step is applied above cell voltage once
the current drops to C/100.

98

Figure 4 – 1 exhibits voltage versus time (A) and current versus time (B) data for a
typical PITT experiment. The testing protocol of PITT is illustrated in (C), which was a zoom-in
view of the beginning part of (A) and (B). During such test, a voltage step is applied above cell
voltage as soon as the current drops to C/100, when the reaction almost concludes. In Figure 4 –
1 (C) and sections in (B) with dense magenta curves, the current decays to C/100 in a few
seconds, indicating that the current largely results from ion diffusion only. The long current
curves spanning over 10s of hours at voltage plateau are apparently current resulting from phase
transformation.
Despite the usefulness of PITT test, it is very difficult to control the starting SOC of each
potentiostatic step during a PITT test, which makes it difficult to compare different PITT
experiments, especially when considering the overpotential dependence. To complement this
weakness of PITT test, single step potentiostatic tests were conducted to systematically
investigate the dependence of phase transformation kinetics on overpotential. For single step
potentiostatic tests, the electrode was first charged or discharged to 50% SOC followed by a 50hour relax. Subsequently, a voltage step was applied above equilibrium voltage of the cell. The
voltage step here is a good approximation of overpotential applied above working electrode. This
way, both the starting SOC and the scale of overpotential are controlled systematically.

4.3

Potentiostatic Experimental Data
Both PITT and single step potentiostatic tests were conducted in-house using Swagelok

cells. Bio-Logic VMP3 is used as a potentiostat. Table 4 – 1 summarizes all conducted
experiments.
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Thirteen PITT experiments were carried out to systematically study the effect of
structural factors including composition and primary particle size as well as external conditions
including voltage step and temperature. During a PITT test, the voltage of the cell was stepped
between 2.5 V and 4.2 V (for LMFP) using voltage steps ranging from 10 mV to 40 mV. The
cutoff current for each potentiostatic step is C/100. The temperature dependence was
investigated using specialized low temperature electrolyte provided by collaborator at A123
Systems, LLC. The tests were conducted inside an ESPEC benchtop temperature chamber.
Table 4 - 1: Selected Chronoamperometry Experiments (18 in total)

Independent
Variable

Range

Fixed Variables

No. of
Exps

5, 20, 40, 60,
100

y(Mn)=0;
T=20 ℃;
particle size=50 nm

5

y(Mn)=0, 0.4,
0.8 for LMFP

T=20 ℃;
voltage step=10 mV;
particle size=50 nm (except for LTO)

3&

50, 100, 150

y(Mn)=0.4;
T=20 ℃;
voltage step=40 mV

3

Voltage Step in mV

10, 20, 40

y(Mn)=0;
T=20 ℃;
particle size=50 nm

3&

Temperature/C

-30, -20, 0, 10,
20

y(Mn)=0.4;
voltage step=40 mV;
particle size=50 nm

5

Potentiostatic Experiments:
Overpotential in mV
PITT Experiments:
Composition

Particle Size/nm

&

One common experiment.
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Five single step potentiostatic experiments were conducted to systematically study the
effect of overpotential. During such experiment, the cell was first charged to 50% SOC at C/10,
relaxed for 50 hours to measure its equilibrium voltage and charged potentiostatically until the
current reaches C/200. The same cell was then discharged back to 50% at C/10, relaxed for 50
hours and then discharged potentiostatically with the same overpotential value as previous
charge. The cutoff current was set at C/200 as well. In this experiment, the overpotential is
varied from 5 mV, 20 mV, 40 mV, 60 mV to 100 mV.

4.3.1

Dependence on Structural Parameters
Figure 4 – 2 and 4 – 3 display two series of PITT data for LMFP versus y(Mn) and

particle size respectively. In these figures, left axis and blue curves represent voltage of the
working electrode versus Li+/Li while right axis and red curves represent current responses.
Figure 4 – 2 shows voltage and current versus time data for three compositions, y(Mn)=0,
y(Mn)=0.4 and y(Mn)=0.8, while equivalent spherical diameter values of three samples are
around 50 nm. All these PITT experiments were conducted with voltage steps of 10 mV and with
a cutoff current of C/100. In these figures, the longest potentiostatic step during either charge or
discharge is always in sync with voltage plateau and thus is often accompanied by phase
transformation. As a result, the longest potentiostatic are analyzed in following sections. Based
on the time it takes for each experiment to finish, the order of rate capability can already be
inferred. While the experiment takes more than 80 hours for y(Mn)=0 sample, it only takes 25
hours for y(Mn)=0.4 and it takes more than 120 hours for y(Mn)=0.8. Also visually, there is a
local maximum (a “hump”) in current versus time curve for y(Mn)=0, no current “hump” for
y(Mn)=0.4 but two current “humps” for y(Mn)=0.8. It seems that the nucleation and growth of
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new phase is more difficult to bypass for y(Mn)=0.8 based on the fact that there is even a current
“hump” during discharge.

Figure 4 - 2: Composition dependence of current responses from PITT experiments LFP and LMFP with
y(Mn)=0.4 and 0.8 (particle size=50 nm).
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Figure 4 - 3: Particle size dependence of current responses from PITT experiments of LMFP (y(Mn)=0.4)
with varying particle size, from 50 nm, 100 nm to 150 nm based on equivalent spherical diameter.
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Figure 4 - 4: Overpotential dependence of current responses from PITT experiments on LFP (50 nm).
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Figure 4 - 5: Overpotential dependence of current responses from potentiostatic experiments of LFP
during both charge and discharge. Prior to these potentiostatic experiments, the LFP was relaxed for 50
hours after charging to 50% SOC under C/10.
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Figure 4 - 6: Temperature dependence of current responses from PITT experiments on LMFP
(y(Mn)=0.4, particle size=50 nm, voltage step=40 mV). The vertical axis on the left side (blue axis)
indicates voltage in volt and the vertical axis on the right side (red axis) indicates current in mA. The
temperatures covered in this figure include – 30 C, - 20 C, 0 C, 10 C and 20 C. The data under – 10 C was
not collected properly due to power shutdown.
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4.3.2

Dependence on External Conditions
Figure 4 – 4 through 4 – 6 summarize current & voltage versus time profiles from

potentiostatic tests with varying overpotential and temperature. From Figure 4 – 5, it can be seen
that the current “hump” observed for PITT experiment with 10 mV voltage step disappears for
those with larger voltage steps. It is important to note that the voltage step cannot be directly
translated into overpotential. As a result, single step potentiostatic tests were conducted. In these
tests, LFP was charged or discharged to 50% SOC, put at rest for 50 hours and then was charged
or discharged potentiostatically under varying overpotential, from 5 mV, 20 mV, 40 mV, 60 mV
and 100 mV. The results were summarized in Figure 4 – 5. It is interesting to see that under
overpotential as low as 5 mV, the current actually follows a monotonic decay rather than exhibits
a “hump”, indicating that the nucleation energy barrier is probably higher than 5 mV.
For materials with low transformation strain and high rate capability under room
temperature, such as LMFP (y(Mn)=0.4), it would be interesting to understand its transformation
kinetics under low temperature. As a result, PITT tests were conducted on LMFP (y(Mn)=0.4)
under various temperatures using a voltage step of 40 mV and the results are summarized in
Figure 4 – 6. Though there are clearly no current “humps” under relatively high temperatures (10
C and 20 C) as shown in (E) and (F), there is an evident “hump” at 0 ℃ as shown in (C) and (D).
At really low temperatures such as – 30 ℃ and – 20 ℃, initial current spikes have almost
comparable magnitude as those under high temperature while current values after initial spikes
become disproportionately smaller. This phenomenon indicates that while ion diffusion and
phase transformation slows down significantly with reducing temperature, charge transfer
between electrode and electrolyte and thus capacitive current has less significant dependence on
temperature.
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4.4

Calculation of Chemical Diffusivity
As has been discussed in section 4.3, while capacitive current (i.e. current resulting from

charge transfer across the interface between electrode and electrolyte) contributes to initial
current spikes, key components of potentiostatic current are accompanied and controlled by
lithium ion diffusion inside electrode active materials and phase transformation. Within this
section, models used to calculate chemical diffusivity of lithium ion are reviewed and practiced.

4.4.1

Review of Models for Calculation of Chemical Diffusivity
The motivation for this section is to review models in literature to calculate chemical

diffusivity of lithium ion in electrode active materials and thus to lay background for choosing
analysis method for this study.
(1)

The Case of Diffusion-limited Processes
It is mostly straightforward to model an electrochemical system in which its

charge/discharge is limited only by diffusion inside active material of working electrode.
Li|electrolyte|LiAl cell with planar LiAl alloy as working electrode is an exemplar case.64 During
electrochemical cycling of this system, the current I(t) is proportional to concentration gradient at
electrode-electrolyte interface, i.e.
𝜕𝑐(𝐿𝑖 + )

𝐼(𝑡) = −𝑧𝐹𝐴𝐷(𝐿𝑖 + ) (

𝜕𝑥

)

𝑥=0

················································································ (4 – 1)

where z is the number of electrons transferred during a single unit redox reaction, F is the
Faradaic constant, A is the cross-sectional area, D(Li+) is lithium ion diffusivity inside electrode,
c(Li+) is concentration of lithium ion inside electrode and x is distance into the solid from the
electrode/electrolyte interface.
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Assuming one dimensional diffusion behavior, the chemical diffusion inside plate-like
Li-Al alloy electrode is described by Fick’s Second Law
𝜕𝑐(𝐿𝑖 + )
𝜕𝑥

= 𝐷(𝐿𝑖 + )

𝜕2 𝑐(𝐿𝑖 + )
𝜕2 𝑥

···························································································· (4 – 2)

Under planar geometry, initial and boundary conditions are as followed:
𝑐(𝐿𝑖 + ) = 𝑐0 , 0 ≤ 𝑥 ≤ 𝐿, 𝑡 = 0 ···················································································· (4 – 3)
𝑐(𝐿𝑖 + ) = 𝑐𝑠 , 𝑥 = 0, 𝑡 > 0 ··························································································· (4 – 4)
𝜕𝑐(𝐿𝑖 + )
𝜕𝑥

= 0, 𝑥 = 𝐿, 𝑡 ≥ 0 ···························································································· (4 – 5)
Solving equations (4 – 1) to (4 – 5), two limiting cases can be obtained for planar

electrode:

𝐼(𝑡) =

𝐼(𝑡) =

𝑄𝐷 1/2 1
𝐿𝜋 1/2 √

2𝑄𝐷(𝐿𝑖 + )
𝐿2

𝐿2

if 𝑡 ≪ 𝐷(𝐿𝑖 +) ························································································ (4 – 6)
𝑡
𝑒𝑥𝑝(−

𝜋 2 𝐷(𝐿𝑖 + )𝑡
4𝐿2

𝐿2

) if 𝑡 ≫ 𝐷(𝐿𝑖 + ) ······························································· (4 – 7)

Equation (4 – 6) is also called Cottrell’s Equation. Plotting I vs t1/2 and log(I) vs t, as
shown in Figure 4 – 2, the linear limiting lines follow equation (4 – 6) and (4 – 7). Using slope in
Figure 4 – 2 (A) and both slope and intercept in Figure 4 – 2 (B), chemical diffusivity values are
calculated to be 3 06 × 10−6 𝑐𝑚2 𝑠 −1 , 2 46 × 10−6 𝑐𝑚2 𝑠 −1 and 2 62 × 10−6 𝑐𝑚2 𝑠 −1 . These
estimates are quite consistent with each other and PITT proves to be a powerful technique to
study lithium diffusion behavior.
For diffusion-only processes with different geometric conditions and/or different initial
conditions, equations (4 – 2) through (4 – 5) have different forms while the linear relationships
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of Current vs. 1/t1/2and log(Current) vs. t still apply, making the calculation of diffusivity very
straightforward.

Figure 4 - 7: The use of Fick’s Second Law to estimate chemical diffusivity of lithium ion in Li-Al alloy
from reference 64. (A) Current vs. 1/t1/2 plot under short time PITT approximation; (B) Exponential
dependence of current on time under long time PITT approximation.

(2)

Influence of Finite Interfacial Kinetics
For batteries or other electrochemical systems where ion diffusion inside electrode active

material is the limiting step, the analysis presented in previous section can be useful in obtaining
diffusion coefficients. However, for many electrochemical systems, the interfacial reaction
between solid and electrolyte can be also rate-limiting. Li et al developed analytic solutions of
transient current under small amplitude potential steps of materials that are controlled by both
solid state diffusion and finite interfacial kinetics.65

110

For electrochemical system with finite interfacial kinetics or surface reaction rate, the
boundary condition would change. For thin film amorphous silicon anode, the interfacial
boundary condition becomes as follows:
𝜕𝑐(𝐿𝑖 + )
𝜕𝑥

+𝐵

(𝑐(𝐿𝑖 + )−𝑐𝑠 )
𝐿

= 0, 𝑥 = 𝐿, 𝑡 ≥ 0 ······································································· (4 – 8)

where 𝐵 is the electrochemical Biot number, a dimensionless parameter that is the ratio between
effective resistance due to diffusion and that due to surface reaction. The analytical forms of
transient current under both short-time limit and long-time limit can be obtained, which are as
follow:

𝐼(𝑡) =

𝑄𝐷

𝐼(𝑡) =

𝑄𝐷

𝐿2

𝐿2

𝐷𝑡

𝐿2

𝐷𝑡

𝐵 ∙ 𝑒𝑥𝑝(𝐵 2 𝐿2 ) ∙ 𝑒𝑟𝑓𝑐(𝐵√ 𝐿2 ) if 𝑡 ≪ 𝐷(𝐿𝑖 + ) ····················································· (4 – 9)
𝐵2

𝐷𝑡

𝐿2

∙ 𝜆2 +𝐵2 +𝐵 ∙ 𝑒𝑥𝑝(−𝜆12 𝐿2 ) if 𝑡 ≫ 𝐷(𝐿𝑖 + ) ··························································· (4 – 10)
1

where 𝜆𝑛 (𝑛 = 1, 2, 3, … ) are the positive roots of 𝜆 ∙ tan(𝜆) = 𝐵.
Figure 4 – 8 shows typical experiment current curves and fitted current curves with and
without considering finite interfacial kinetics. The chemical diffusion coefficient of Li + inside
amorphous silicon film was determined using both Equations (4 – 9) and (4 – 10), yielding
consistent estimates, 1 4 × 10−13 𝑐𝑚2 𝑠 −1 and 7 7 × 10−14 𝑐𝑚2 𝑠 −1.
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Figure 4 - 8: Estimation of chemical diffusion under scenarios where both lithium ion diffusion and
interfacial reaction are rate-limiting from reference 65. (A) Plot of transient current vs. 1/t1/2 under shorttime limit for a 1000 nm thick Si film; (B) Exponential dependence of current on time under long-time
limit for a 100 nm thick Si film.

(3)

Other Influencing Factors
Besides surface reaction and ion diffusion inside electrode active material, other

influencing factors include Ohmic drop outside of electrode active material, phase transformation
of electrode active material and so forth. Vorotyntsev et al developed a common framework to
consider these factors by introducing a kinetic factor, 𝛬, which is defined in equation (4 – 11).66
𝛬 ≡ 𝑅𝑑 /𝑅𝑒𝑥𝑡 ········································································································· (4 – 11)
where Rd and Rext are resistance values resulting from diffusion and other factors (Omhic drop,
phase transition, etc.). Taking this kinetic factor into account, the current at short-time limit can
be approximated by equation (4 – 12).

𝐼(𝑡) = 𝜏

∆𝑄
𝐷 /𝛬+√𝜋𝜏𝐷 𝑡

··································································································· (4 – 12)
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where ∆Q is the capacity delivered during each potentiostatic step.

Figure 4 - 9: Undoped sample of 113 nm particle size, for which nucleation and growth dominate the
kinetics on the two-phase voltage plateau. Nonetheless, there is a short-time diffusive response at all
potentials from which a value of D can be obtained. This figure is from reference 67.

Figure 4 - 10: Left axis – histograms of specific capacity during charge (red bars) and discharge (blue
bars) under different voltage during PITT experiment. Right axis – Log diffusion coefficients versus
voltage. (A) and (B) are results for LFP with different particle size, 113 nm and 42 nm respectively. This
figure is from reference 67.
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Meethong et al used this method to study LiFePO4. Using the approximation in equation
(4 – 11), there is a linear relationship between 1/𝐼(𝑡)√𝑡 and 1/√𝑡 still holds at short-time limit,
as shown in Figure 4 – 9 for LiFePO4 (113 nm).67 Chemical diffusion coefficients versus state of
charge were also calculated and were exhibited in Figure 4 – 10. There are several puzzles
around the diffusion coefficients results: (1) estimates during charge and discharge at the same
voltage/composition are different by at least one order of magnitude; (2) diffusion coefficients
change significantly with voltage/composition and dip down by at least three orders of
magnitude where phase transformation takes place; (3) the 42 nm sample seems to have lower
diffusion coefficient than the 113 nm sample, which is not expected given that 42 nm sample has
much better rate capability than the 113 nm sample. Though puzzle (2) may be partially
explained by increase of elastic strain energy or coherency strain energy due to phase
transition 68 , these puzzles have never been fully elucidated, indicating that this method is
probably not applicable for materials with phase transformation. Similar studies have been
conducted on other battery electrode materials, such as graphite, LiCoO2 and LiFeSO4F.69
(4)

Summary and Methods within This Study
From literature discussed in previous section, Fick’s 2nd Law demonstrates to be the rule

of thumb in calculating chemical diffusivity of lithium except when phase transformation takes
place. Other influencing factors, such as interfacial reactions, can be factored into the boundary
conditions used to solve Fick’s 2nd Law.
The solution to Fick’s 2nd Law approaches logarithm limit at long-times, which is used to
estimate chemical diffusivity of lithium in this thesis. The initial current spikes were not used
because both capacitive current and diffusional current contribute to the initial spikes.
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4.4.2

Analysis of Rate-Limiting Processes
For LFP battery, it is commonly believed that lithium ion diffusion (together with

polaron) inside LFP is the rate-limiting process within single phase region and that phase
transition is the rate-limiting process within two-phase co-existence, as assumed by previous
studies. As a reality check, impedance test was conducted to gauge the impact of other charge
transport processes.
To begin with, the charge transfer between electrolyte and anode (lithium metal) needs
to be evaluated since the testing cell used in this thesis is a half-cell, i.e. cell with lithium metal
as counter electrode and reference electrode. In a typical cell under testing, the loading density of
active material at the working electrode is around 10 mg cm-2, leading to a current density
smaller than 2 mA cm-2 under 1C test. Under almost all PITT tests, the current density was under
0.2 mA cm-2 while the exchange current density was reported to be as high as 31.6 mA cm-2.70
As a result, the overpotential resulting from lithium stripping/deposition is negligible.
The rest of the half-cell is shown as the schematic in Figure 4 – 11 (A), which also
exhibits transport and/or transformation processes occurring during electrochemical cycling,
which include electron conduction (I and II), ion migration (II), electrode-metal (current
collector) interface charge transfer (III), electrode-electrolyte interface charge transfer (IV), bulk
diffusion (V) and phase transition (VI). Roman numerals inside parentheses are used for
notations in order to correlate processes with impedance spectrum as show in Figure 4 – 11 (B).
(B) displays a typical impedance spectrum measured for a Li0.5FePO4 | 1M LiPF6 in EC:DMC
(1:1) | Li0.5FePO4 symmetric cell. Each part of the impedance spectrum is marked with a Roman
numeral and its characteristic frequency and time constant.
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In Figure 4 – 11 (B), region I results from induction effect due to conduction in electronic
wirings. Point II is the DC resistance of this electrochemical system, which includes resistance
from electronic contact and ion migration inside electrolyte. In this case, the DC resistance is 6
Ohm which may be largely attributed to resistance from lithium ion migration in electrolyte. In
general, the electronic contact inside and outside batteries is excellent and thus the ohmic drop
due to electronic contact is negligible. For batteries within this study, electronic contact is good
as expected. The resistance of external circuit is usually less than 1 Ω. The electronic resistance
between electrode active material particles and current collector is also very small due to
existence of percolating carbon network formed by excessive amount of additive carbon used in
pellet form working electrodes.

Figure 4 - 11: Processes inside a typical lithium ion battery (working electrode part). (A) Schematic
showing the structure of a typical lithium ion battery (working electrode part) and charge transport
processes occurring during electrochemical cycling and (B) corresponding impedance spectra.
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Part III and part IV are both due to charge transfer, which have been analyzed in detail by
Gaberscek et al. 71 and the semi-arc III can be squeezed with tighter assembly of cell parts.
Nevertheless, process III (charge transfer between current collector and electrode) would have
negligible impact on chronoamperometric data due to small time constant and small capacity.
Process IV results in capacitive behavior at the beginning and its impact diminished quite fast
since its characteristic time constant is on the order of micro seconds.
Part V and VI in impedance spectrum correspond to ion diffusion and phase transition.
Clearly, these two processes are most noticeable in current versus time data due to their large
time constant besides large capacity value due to these two processes.
In summary, processes other than ion diffusion inside active electrode material, i.e. LFP
in this case, and phase transition are negligible.

4.4.3

Calculation of Chemical Diffusivity of Li+ in LMFP

(1)

Calculation Method
As discussed in previous section, for processes controlled completely by diffusion, the

potentiostatic current follows Cottrell’s equation at short-time ( 𝐷𝑡 ≪ L2 ) and follows
exponential form at long-time (𝐷𝑡 ≫ L2). For spherical particles, these two limits are:

𝐼(𝑡) =

3𝑄𝐷

𝐼(𝑡) =

6𝑄𝐷

𝐿2

𝐿2

(

𝐿
√𝜋𝐷𝑡

𝐿2

− 1) if 𝑡 ≪ 𝐷(𝐿𝑖 + ) ············································································ (4 – 13)
𝐷𝑡

𝐿2

𝑒𝑥𝑝(−𝜋 2 𝐿2 ) if 𝑡 ≫ 𝐷(𝐿𝑖 + )········································································· (4 – 14)

As analyzed in previous section, the charge transfer across the interface between solid
and electrolyte also contributes to initial current spikes, which is not feasible to be separated
from contribution from lithium ion diffusion. Therefore, it is problematic to use the short-limit (4
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– 13) to estimate chemical diffusivity of lithium ion. On the other hand, the long-time limit
should be appropriate within single phase region. As a result, chemical diffusivity of lithium ion
was estimated using Equation (4 – 14).
Figure 4 – 12 (A) exhibits current versus time data, i.e. chronoamperometric data, from
PITT test of LFP (50 nm) at 20C using a voltage step of 10 mV. The longest current curves
during charge (1) and during discharge (2) are current responses largely resulting from phase
transformation. While current during charge exhibits a “hump”, current during discharge is a
monotonically decreasing with time. Figure 4 – 12 (B) is a panel of log(current) versus time
curves from region (a) through (d), all of which are outside of miscibility gap and thus within
single-phase reaction regime. It is evident that log(current) versus time curves approach a linear
limit. The lines shown in (a) through (d) are linear regression of second half of current responses.
Based on Equation (4 – 14), the chemical diffusivity of lithium ion can be calculated from both
the slope or the intercept of the line are Equation (4 – 15) and Equation (4 – 16). Given L=25 nm
and stepwise capacity integrated from current versus time curve, chemical diffusivity values for
(a) through (d) were calculated and summarized in Table 4 – 2.
𝐿2

𝐷 = − 𝜋2 ∙ 𝑆𝑙𝑜𝑝𝑒 ····································································································· (4 – 15)
𝐿2

𝐷 = 6𝑄 ∙ 𝑒𝑥𝑝(𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡) ························································································ (4 – 16)
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Figure 4 - 12: (A) Current responses during a PITT experiment of LFP and (B) log(I) versus time (a) –
(d). Log(I) versus time plots show that the long-time limit of current follows Fick’s 2nd Law. Shaded areas
(1) and (2) are clearly current largely accompanying phase transition and will be analyzed in next chapter.

Table 4 - 2: Calculated diffusivity values for potentiostatic current curves (a) through (d).

Line

Starting SOC/%

Voltage/V

(a)
(b)
(c)
(d)

0.6
75.4
79.2
5.5

3.40
3.77
3.77
3.32

D from
Slope/cm2 s-1
2.68E-15
8.93E-15
5.14E-15
2.24E-15

D from
Intercept/cm2 s-1
1.02E-14
2.88E-14
2.41E-14
9.3E-15

Rsq
1.000
0.989
0.997
0.997

As can be seen from last column of Table 4 – 2, Rsq is very close to 1 which means the
second half of current curves during single phase region are very close to linear curve. Also from
Table 4 – 2, the calculated D from the intercept is consistently larger than that calculated from
the slope. The former is around 4 times of the latter. This relationship is even more evident if
plotting out diffusivity values covering the whole charge process, as shown in Figure 4 – 13.
This probably results from the fact that these particles are not ideal spherical particles. If these
particles were treated as planar particles using the same diffusion length, then the former would
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be around three times larger than the latter. In this chapter hereafter, diffusivity values calculated
from the intercept are used for analysis.

Figure 4 - 13: Chemical diffusivity values of LFP (particle size=50 nm) from PITT experiment with
voltage step of 10 mV. Diffusivity values calculated using the slope is consistently smaller than those
calculated from the intercept. The gray circles shown on top of this figure are Rsq values.

As also can be seen from Figure 4 – 13, the chemical diffusivity dips for 2 – 3 orders of
magnitude entering phase transition. This does not mean that lithium diffusion is much slower
during phase transition but rather confirms that the phase transition process is much slower than
pure solid solution reaction.
(2)

Chemical Diffusivity of LFP:
Using the method as described in Equation 4 – 16, chemical diffusivity values were

calculated for a subset of PITT experiments in order to understand the dependence of chemical
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diffusivity on composition (y(Mn)) and other factors, such as charge vs. discharge. Figure 4 – 14
exhibits the voltage versus SOC curve and calculated chemical diffusivity versus SOC for LFP
obtained from PITT experiment with 10 mV voltage steps. All of these data points have Rsq
values larger than 0.98. There are several interesting observations from this figure:
(1) Chemical diffusivity values within two-phase co-existence are significantly smaller than
those within single phase region, which is an indication that phase transition process is
significantly slower than pure solid solution reaction.
(2) At 0% SOC, the chemical diffusivity obtained during charge is one order of magnitude
larger than that of the former, while at 80% SOC, the chemical diffusivity obtained
during discharge is much larger than that obtained from charge. Which value is more
appropriate estimate for actual diffusivity within single phase region? The larger value
seems to be more appropriate. During charge, it is certain that the current at 0% SOC is
governed by pure solid solution reaction while the current at 80% SOC may still be a
combination of diffusive current and phase transition current. During discharge, similar
logic holds.
(3) The diffusivity curve has a peak between 70% SOC and 80% SOC during both charge
and discharge. The appearance of these two peaks has also been confirmed in other PITT
experiments of LPF. This is a puzzle that has not yet been addressed. To understand these
two peaks, it would be necessary to understand what processes actually take place there.
(4) The chemical diffusivity within single phase region should be around 1E-13 cm2 s-1.
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Figure 4 - 14: Voltage versus SOC (A) and diffusivity versus SOC (B) for PITT experiment on LFP
(50nm) with a voltage step of 10 mV.

(3)

Composition Dependence:
Chemical diffusivity values were calculated for LMFP with varying Fe:Mn ratio or

y(Mn), as summarized in Figure 4 – 15. If we compare diffusivity values of samples with
different y(Mn) at the same composition, it is evident that y(Mn)=0.4 sample has highest
diffusivity. It is also clear that y(Mn)=0.8 sample has higher diffusivity than y(Mn)=0.4 sample,
i.e. LFP, especially from discharge. As discussed previously, the order for increasing rate
capability is y(Mn)=0.8 < y(Mn)=0 < y(Mn)=0.4, which is not consistent with the order of
increasing diffusivity.
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Figure 4 - 15: The dependence of chemical diffusivity on Fe:Mn ratio or y(Mn) in LMFP. All chemical
diffusivity values were calculated from PITT experiments with 10 mV voltage steps by fitting the second
half of potentiostatic current responses against Equation 4 – 16. All fittings have Rsq values higher than
0.98.

4.5

Summary
Within single phase region, current responses from PITT experiments on half cells with

phospho-olivines as cathode active materials were limited by ion diffusion inside working
electrode and thus can be used to calculate chemical diffusivity using solutions to Fick’s 2 nd Law
under appropriate boundary conditions.
It has been shown in this chapter that it is appropriate to use the exponential tails of
current responses to calculate diffusivity while the sharp decays at the beginning of current
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responses contain contributions from capacitive current resulting from charge storage on the
electrode and electrolyte interface.
Though it can be quite problematic to compare chemical diffusivity values against
literature data since the reported lithium diffusivity ranges from an astonishing wide range, from
1E-17 cm2 s-1 to 1E-8 cm2 s-1, it is actually meaningful to compare diffusivity values between (a)
single phase region and two-phase coexistence region; (b) charge and discharge; (c) different
y(Mn) compositions. The comparison draws following insights:
(a)

The calculated diffusivity values are much smaller within two-phase coexistence,
indicating that the “effective” rate of reaction is much slower during phase
transition compared with during pure solid solution reaction.

(b)

For reduced state, current responses at the beginning of charge give more
appropriate estimates of chemical diffusivity due to complete avoidance of phase
transition. For oxidized state, current responses at the beginning of discharge give
better estimates.

(c)

For three samples with y(Mn)=0, 0.4 and 0.8, y(Mn)=0 sample (i.e. LFP) actually
has the smallest chemical diffusivity, which is not consistent with the fact that
y(Mn)=0 sample has better rate capability than y(Mn)=0.8 sample. Therefore, for
materials exhibiting significant phase transition during electrochemical cycling,
chemical diffusivity is not a good indicator for rate capability.
In order to understand the rate capability of different samples, it is necessary to

understand their phase transition kinetics, which is covered in following chapter.
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Chapter 5
Nucleation and Growth Kinetics of Electrochemically-driven Phase
Transition in LixMnyFe1-yPO4 (𝟎 ≤ 𝒙 ≤ 𝟏; 𝟎 ≤ 𝒚 < 𝟏)
5.1

Introduction
In previous chapter, current responses from potentiostatic tests are analyzed using derived

model from Fick’s 2nd Law, resulting in estimation of chemical diffusivities. However, for
material systems exhibiting electrochemically-driven phase transition, chemical diffusivity is
shown to be a poor indicator of rate capability. In this chapter, a model is developed to describe
phase transition kinetics of LMFP and LFP porous electrodes, which are composed of
nanoparticle aggregates.

5.2

Model Development
To begin with, there are a few models that were reported to analyze chronoamperometric

data (i.e. current versus time data) under potentiostatic conditions. These models are first
reviewed and discussed. Subsequently, a model based on morphology of the sample in this thesis
is developed and applied to chronoamperometric data in this thesis.

5.2.1

Models in Previous Studies:
As shown in previous chapter, the use of approximate form of Fick’s 2nd Law to analyze

ion diffusion inside materials with phase transition leads to diffusion coefficients varying
significantly with composition and differing by at least one order of magnitude between charge
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and discharge. From these results, it is evident that modified form of Fick’s 2nd Law is not a good
model to model the current responses within two-phase coexistence. As a result, kinetics models
to describe phase transformation have been used in literature.
(1)

JMAK Model
The Kolmogorov-Johnson-Mehl-Avrami equation, also JMAK equation and Avrami

equation, is a statistical model to determine the expected amount transformed during first order
phase transformation that proceeds via nucleation and growth under isothermal conditions.72 The
classical JMAK model also assumes: 1) the specimen is infinitely large; 2) the nucleation rate is
constant; 3) the volume of nuclei is negligible; 4) nuclei grow radially at a constant rate until
impingement. Under these assumptions, the analytical form of phase transformation progress is
shown to be as in Equation 5 – 1.
𝑓 = 1 − 𝑒𝑥𝑝(−𝑘𝑡 𝑛 ) ·································································································· (5 – 1)
where 𝑓 is the fraction of transformed phase, 𝑛 is Avrami exponent and 𝑘 is the rate constant of
phase transformation.
Since the development of classical JMAK model, various assumptions have been relaxed
to describe nucleation and growth kinetics that do not meet all assumptions required by classical
JMAK model. The Avrami exponent 𝑛 is shown to be able to be decomposed into parameters
related to nucleation and growth. Specifically, 𝑛 = 𝑎 + 𝑏𝑐 , where a, the nucleation index,
reflects the time dependence of nucleation rate, b is the dimensionality of the growth (b=1, 2, 3
for 1D, 2D, 3D growth, respectively) and c indicates rate-limiting step of the transformation (c=1
for phase boundary control and c=1/2 for diffusion-controlled growth).73
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For electrochemically-driven phase transformation in electrode materials, potentiostatic
condition is equivalent of isothermal condition for thermally-driven phase transformation. It is
thus intuitive to consider JMAK equation to model the phase transformation process for
electrochemically-induced phase transition under potentiostatic conditions.
Fan et al from our group used JMAK equation to analyze electrochemical deposition of
lithium sulfide and found that precipitation of Li2S on conductive substrates proceeds via
nucleation followed by 2D growth.74 As shown in Figure 5 – 1 (a), the current versus time curve
has a symbolic “hump” (local maximum), which results from nucleation and growth process.
Figure 5 – 1 (b) is the fraction of transformation versus time curve and the logarithm plot in
Figure 5 – 1 (c) indicates that the Avrami exponent of this process is 3, leading to a=1, b=2 and
c=1. Figure 5 – 1 (d) is a schematic showing the nucleation and growth mechanism of Li2S. This
system fits perfectly with fundamental assumptions of JMAK model.
JMAK model has also been utilized to analyze electrochemically-induced phase
transformation in finite-sized particles. Allen et al used JMAK model to analyze phase
transformation of LixFePO4 during charge for sample with a particle size of 60~70 nm.75 Yamada
et al investigated nucleation and growth kinetics of LixFePO4 with different particle size (45, 84
and 203 nm) by potential-step chronoamperometry.76 It was found that the phase transformation
of LiFePO4 tend to follow JMAK model when particle size is large and overpotential is small.
However, both studies failed to address two issues with this practice: (1) the particle size of these
samples may not be large enough to be qualified as “infinite specimen”; (2) it is unclear if the
nucleation behavior in these finite sized particles is homogeneous.

127

Figure 5 - 1: (a) Voltage and current versus time for a polysulfide-porous carbon cell, which was first
galvanostatically discharged to 2.05 V then potentiostatically discharged at 2.05 V. (b) Transformation
versus time plot for potentiostatic current peak (enclosed in red in (a)). (c) Avrami plot resulting from the
boxed portion of (b). (d) Proposed mechanism for the reduction of polysulfides at the three-phase
boundary between carbon, Li 2 S, and electrolyte. This figure is from reference 74.

(2)

Other Models
Bai et al modeled the phase transformation process as a three state Markov Chain, as

shown in Figure 5 – 2 (b).77 Under this model, particles inside porous electrode are composed of
three categories: active particles, transformed particles and remaining particles. The transition of
particles with these three states can be modeled as a Markov process. As a comparison, the
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schematic of JMAK model is exhibited in Figure 5 – 2 (a). Simple as this model is, it fails to
reveal the actual physical picture of the phase transformation process.
I also tested a finite size JMAK model originally developed by John Cahn 78 and
subsequently adapted by Ming Tang79 for heterogeneous nucleation from finite-sized spherical
particles but found that the finite size JMAK model failed to adequately describe the
experimental data.

Figure 5 - 2: Schematic demonstrations of (a) nucleation and growth mechanism in a large piece of
metal/alloy assumed by the JMAK theory and (b) stochastic process in a porous electrode composed of
loosely contacted nanoparticles. FP stands for FePO4 particle, which will transform to active particle at
an activation rate of n. LFP stands for LiFePO4 particle, which is transformed from the active particle at a
filling speed of m. This figure is from reference 77.

(3)

Summary of Models in Literature
Fick’s 2nd Law proves to be effective in analyzing diffusion coefficients of ions inside

electrode active materials within single phase region while is not appropriate to be used to
analyze phase transformation. To model current responses accompanying phase transformation,
classical JMAK model seems to be adequate quantitatively. Nevertheless, two fundamental
assumptions of classical JMAK model, i.e. the specimen is infinite in size and the type of
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nucleation is homogeneous nucleation, seem not applicable to nanoscale particles. As a result, a
model with more realistic assumptions needs to be developed. To establish realistic assumptions,
it is important to understand sample morphology.

5.2.2

Morphology Characterization
In order to understand how phase transformation proceeds across electrode active

materials, mesoscale morphology of samples were investigated using SEM. As can be seen in
Figure 5 – 3, SEM images of LFP (B) and LMFP (D) were taken. Comparing SEM image with
TEM image of the same sample, such as (B) versus (A) or (D) versus (C), it is pretty clear that
though the size of primary particles is consistent with equivalent spherical particle diameter, as
estimated from specific surface area measured using BET method, the size of secondary particles
is actually on the order of micrometer level. Besides, primary particles within secondary particles
are actually connected through sintering necks because the final stage of the sample preparation
is sintering.
(E) to (H) exhibit the evolution of phase distribution during potentiostatic charge with a
voltage step of 10 mV. At t=0.2 h in (E), there were a few bright spots clearly indicating
nucleation sites. At t=2.3 h in (F), nucleates seemed to have expanded and several spots became
brighter (more delithiated). From (G) to (H), nucleates were observed to further expand and
some spots finished phase transformation by turning red (i.e. becoming FP). Based on these
observations, it is reasonable to believe that nucleation and growth process within this system
can proceed through mesoscale secondary particles. These images were collected from operando
scanning transmission x-ray mapping by our collaborators in Professor Ming Tang group.80
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Figure 5 - 3: Morphology of selected samples studied within this study. (A) – (B) TEM and SEM image
of LFP. (C) – (D) TEM and SEM image of LMFP (y(Mn)=0.4). Equivalent spherical particle size of both
samples are 50 nm. (E) – (H) Evolution of FP and LFP distribution during potentiostatic experiment with
an voltage step of 10 mV obtained from operando scanning transmission x-ray mapping (STXM) test
conducted at Advanced Photon Source, Argonne National Laboratory. (E) – (H) are from Want et al, in
preparation (ref 71).
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5.2.3

Modified JMAK Model for Nanoparticle Aggregates
Based on mesoscale morphology of LFP and LMFP as shown in Figure 5 – 3,

nanoparticle aggregates can be treated as densely aggregated aggregates with negligible porosity.
Figure 5 – 4 depicts the likely phase transition process. At the beginning of phase transition,
second phase nucleates on the surface. Due to fast surface diffusion of lithium ion, nuclei
propagate through surface fast followed by slow penetration of second phase into the bulk of
particle aggregates.

Figure 5 - 4: Mesoscale phase transition process of particle aggregates. Blue solid rounds are the phase
before phase transition. Brown lines are the second phase and the thickness of brown lines indicates the
amount of the second phase.

Treated as dense aggregates, the sample can be viewed as infinite large specimen. It has
also been shown in literature that heterogeneous nucleation on very fine grains can actually be
approximated as homogeneous nucleation.81 As a result, it is reasonable to use JMAK framework
to analyze nucleation and growth kinetics of nanoparticle aggregates.
Using Equation 5 – 1, the current component resulting from phase transformation can be
derived and the formula is the same as that derived from classical JMAK model:
𝐼𝐽𝑀𝐴𝐾 = 𝐶𝑡 𝑛−1 𝑒𝑥𝑝(−𝑘𝑡 𝑛 ) ························································································ (5 – 2)
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where IJMAK is JMAK current, t is time, n is Avrami exponent, k is rate constant of phase
transformation and C is a scaling coefficient. The Avrami exponent n can be further decomposed
into three components as following equation:
𝑛 = 𝑎 + 𝑏𝑐 ··············································································································· (5 – 3)
where a is nucleation index, b is dimensionality of growth and c indicates the governing process
of growth. The range of values for these indices and corresponding meanings are summarized in
Table 5 – 1.
Table 5 - 1: Values of components of Avrami exponent and corresponding physical implications.

𝒂

Implication

𝒃

Implication

𝒄

Implication

𝑎=0

Instantaneous
nucleation
Decreasing
nucleation rate
Constant
nucleation rate
Increasing
nucleation rate

𝑏=1

1D growth

𝑐 = 05

𝑏=2

2D growth

𝑐=1

Bulk diffusion
limited process
Interface limited
process

𝑏=3

3D growth

0<𝑎<1
𝑎=1
𝑎>1

There is always a current spike at the beginning followed by a sharp decay. This current
spike is a combination of capacitive current and diffusive current. The capacitive/non-Faradaic
process has a time constant in the order of millisecond and thus was excluded from analysis as
analyzed in Chapter 4. The diffusive current was modeled using an exponential equation as
shown in Equation (5 – 4):
𝐼 𝑑 = 𝐶𝑑 𝑒𝑥𝑝(−𝑘𝑑 𝑡) ··································································································· (5 – 4)
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where 𝐼𝑑 is diffusive current, t is time, Cd and kd are coefficients related to chemical diffusivity of
Li+, D. For spherical particles and diffusion-limited process, these two coefficients are
approximated as following:
6𝐷𝑄

𝐶𝑑 = 𝜋2 𝐿2 ················································································································· (5 – 5)
𝑘𝑑 =

𝜋2 𝐷
𝐿2

·················································································································· (5 – 6)

where Q is the accumulated capacity during the very chronoamperometric step and L is the
diffusion length and was estimated using spherical equivalent radius, R.
Using least-square curve fitting function embedded in Matlab software, current responses
within two phase co-existence were fitted as a combination of diffusive current and JMAK
current. From this fitting, key fitted parameters such as Avrami exponent, n, and rate constant, k,
can be obtained and used for further analysis.

5.3
5.3.1

Results:
Benchmark Case – LFP:
Potentiostatic responses of LFP (particle size=50 nm) are first analyzed using modified

JMAK model as a benchmark case. Figure 5 – 5 is an illustration of analysis using JMAK model
for PITT data. Figure 5 – 5 (A) exhibits current versus time data, i.e. chronoamperometric data,
from PITT test of LFP (50 nm) at 20 ℃ using a voltage step of 10 mV. The longest current
curves during charge (1) and during discharge (2) are current responses largely resulting from
phase transformation. While current during charge exhibits a “hump”, current during discharge is
monotonically decreasing with time.
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Figure 5 - 5: (A) Current responses during a PITT experiment of LFP and (B) Fitted JMAK current (green
shades) in region (1) and (2) versus measured current (magenta curve) with voltage, starting SOC, end
SOC and Rsq noted in the plots as well as fitted equation below this chart.

Figure 5 – 5 (B) presents the results of analyzing phase transformation induced current
responses using modified JMAK model. In these two subplots, blue-shaded areas represent
exponential decays resulting from ion diffusion. Though charge transfer also contributes to initial
current spikes, its contribution to total capacity is negligible. Green shaded areas represent
JMAK current resulting from phase transition, which is dominant for both charge and discharge
in Figure 5 – 5 regardless of the existence of a current “hump”. As can be seen from text boxes
in Figure 5 – 5 (B), the voltage during charge is 3.455 V while the voltage during discharge is
3.415 V. Considering that the equilibrium voltage of LFP (50 nm) at 50% SOC is 3.431 V, the
overpotential for current response (1) is 24 mV and the overpotential for current response (2) is
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16 mV. Hence the overpotential value during a PITT test is usually different from (more
specifically, larger than) voltage step of PITT test. As is also shown in the text box, these two
current curves cover a significant amount of composition or SOC (state of charge) and thus
covers significant portion of the miscibility gap. Therefore, fitting results of this single current is
insightful for understanding of the whole phase transition process. Besides, the fitting quality
based on Rsq value is almost perfect, which further validates the applicability of JMAK model.
Fitted Avrami exponents for (1) and (2) are 1.2 and 0.93 respectively, which can only
occur under following conditions: 0<a<1, b=1 and c=1/2. This result indicates that in this LFP
system, nucleation rate is continuously decreasing, the dimensionality of growth is 1 and the
growth is controlled by ion diffusion rather than phase boundary migration, which is consistent
with reports in literature.82
Using the same analysis process, the dependence of nucleation and growth characteristics
on overpotential, composition, particle size and temperature is investigated and presented in
following sections.

5.3.2

Dependence on Overpotential:
As previously mentioned, 5 potentiostatic charge tests and 5 potentiostatic discharge ones

for Li0.5FePO4 were conducted to cover a wide overpotential range: 5 mV, 20 mV, 40 mV, 60
mV and 100 mV. The percentage of accumulated transformation in terms of state-of-charge
(SOC) during each of these chronoamperometric tests was calculated and the percentage values
are always larger than 20% except those for 5 mV. For potentiostatic charge/discharge under 5
mV overpotential, the percentage of transformed is smaller than 1%, which suggests the absence
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of phase transition. There is thus an energy barrier for phase transition to take place and the
energy barrier should be between 5 mV and 20 mV.
Current responses under overpotential of 20 mV or more were analyzed using JMAK
model taking account of an exponential background as detailed in previous section. As shown in
Figure 5 – 6 (A) to (B), all current responses covered significant SOC range and fitted well with
JMAK model. The fitted Avrami exponent, n, varies systematically between 0.5 and 1.5, which
necessarily means 0 < 𝑎 < 1, 𝑏 = 1 and 𝑐 = 0 5. The nucleation index, a, versus overpotential
value is depicted in (D). It is evident that Avrami exponent and thus nucleation index a decreases
with overpotential and that nucleation becomes more instantaneous under larger overpotential.
The dependence on overpotential is further verified using chronoamperometric data from
PITT experiments varying voltage steps. The numerical values are not exactly the same while the
dependence on overpotential is the same. The difference in values probably results from several
factors. First of all, the starting point is different. The starting SOC of all potentiostatic
experiments was always 50% while the starting SOC of the current curves covering phase
transition in a PITT experiment differs from experiment to experiment, usually between 5% to
10% for charge. Besides, the estimation of overpotential in a PITT experiment is less accurate
than that in a potentiostatic experiment which was conducted after a relax of 50 hours.
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Figure 5 - 6: Data and analyses in this figure are based on potentiostatic experiments conducted from the
same state of charge, 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. (C)
Fitted Avrami exponent (n) and (D) nucleation index (a) versus overpotential (in mV).

5.3.3

Nucleation Characteristics:
The same analysis is conducted to investigate dependence on composition, particle size

and temperature. Calculated Avrami exponent (and thus nucleation index) as well as rate
constant are compared and analyzed.
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Figure 5 - 7: The dependence of Avrami exponent (n) on overpotential (A), composition (B), particle size
(C) and temperature (D). (A) Square points are based on potentiostatic experiments from 50% SOC while
round points are based on PITT experiments. (B) Particle size=50nm and voltage step is 10 mV. (C)
Voltage step=40 mV. Discharge data points were not included due to unsatisfactory fitting (Rsq<0.97).
(D) Voltage step=40 mV. Note: equivalent spherical diameter is used as particle size in this paper.

Figure 5 – 7 summarizes the dependence of n, a and k on overpotential, composition,
particle size and temperature. These results further confirm that the Avrami exponent n
systematically varies between 0.5 and 1.5, which further confirms that 0 < 𝑎 < 1, 𝑏 = 1 and
𝑐 = 0 5. All these results lead to following new insights:
1) Nucleation occurs through heterogeneous nucleation on two-dimensional particle
surface followed by one-dimensional phase growth (i.e. b =1).
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2) Phase boundary movement is controlled by Li diffusion, i.e. c = 1/2.
3) Variation of Avrami exponent (n) indicates the variation in nucleation rate since n = a
+ 1/2 based on 1) and 2). Nucleation rate decays with time; the decay rate is directly correlated
with a nucleation barrier modulated by particle size, composition, overpotential and temperature.
4) The rate constant (k) of phase transition increases with increasing overpotential,
decreasing volume misfit between phases during phase transition, decreasing particle size and
increasing temperature. These correlations explain the rate performance of these battery
materials well.
From the Avrami exponent, the nucleation index can be obtained. Figure 5 – 8 displays
the dependence of nucleation index (a) on overpotential, y(Mn) composition, particle size
(represented using equivalent spherical diameter) and temperature. To begin with, we focus on
nucleation index during charge. In (A), nucleation index decreases with increasing overpotential
and thus nucleation becomes more instantaneous with higher overpotential, which is consistent
with higher active ratio observed in literature83. In (B), it can be seen that y(Mn)=0.4 LMFP has
lower a and exhibits more instantaneous nucleation, which is also consistent with our expectation
because y(Mn)=0.4 LMFP lower transformation strain than y(Mn)=0.0 and y(Mn)=0.8 LMFP.
For dependence on particle size as shown in (C), nucleation index increases with particle size,
which is also consistent with the relationship between transformation strain and particle size. In
(D), nucleation index decreases with temperature which is quite expected. Assuming a scenario
where temperature is high enough to go beyond miscibility gap, then all particles are expected to
transform at the same time, which can be viewed instantaneous nucleation on every particle.
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If we compare nucleation indices during charge and discharge, we find that nucleation
index is usually smaller during discharge than during charge as can be seen in (A) and (D),
which is also consistent with reported higher “active” ratio during discharge.84

Figure 5 - 8: The dependence of nucleation index (a) on overpotential (A), composition (B), particle size
(C) and temperature (D). (A) Square points are based on potentiostatic experiments from 50% SOC while
round points are based on PITT experiments. (B) Particle size=50nm and voltage step is 10 mV. (C)
Voltage step=40 mV. Discharge data points were not included due to unsatisfactory fitting (Rsq<0.97).
(D) Voltage step=40 mV. Note: equivalent spherical diameter from BET specific surface area
measurement is used as particle size in this paper.

5.3.4

Growth Characteristics:
Also from JMAK analysis, the rate constant (k) of growth can be obtained. It can be seen

from Figure 5 – 9 that rate constant increases with overpotential (A), decreases with particle size
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(C), increases with temperature (D). In (B), the rate constant is maximized at y(Mn)=0.4, which
is the composition with lowest transformation strain among the three compositions studied. And
thus we can see that rate constant increases with reducing transformation strain. The dependence
of rate constant on overpotential, composition y(Mn), particle size and temperature is also
consistent with the dependence of rate capability on the same set of parameters.

Figure 5 - 9: The dependence of rate constant (k) on overpotential (A), composition (B), particle size (C)
and temperature (D). (A) Square points are based on potentiostatic experiments from 50% SOC while
round points are based on PITT experiments. (B) Particle size=50nm and voltage step is 10 mV. (C)
Voltage step=40 mV. Discharge data points were not included due to unsatisfactory fitting (Rsq<0.97).
(D) Voltage step=40 mV. Note: equivalent spherical diameter from BET specific surface area
measurement is used as particle size in this paper.
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5.4

Summary
JMAK framework using different assumptions from classical JMAK model is used to

describe nucleation and growth kinetics of battery electrode materials composed of nanoparticle
aggregates. This model is shown to be able to adequately describe the phase transition kinetics of
porous electrodes of LFP and LMFP under potentiostatic condition. Using this model, it has been
shown that their nucleation and growth process is controlled by lithium diffusion, which is
reasonable since the transformation strain for phase transition in LFP and LMFP is small.
It has also been shown that more instantaneous nucleation and facile growth tend to occur
for materials with low transformation strain (intermediate y(Mn) composition, small particle
size). That is probably because lower transformation strain leads to lower energy barrier for both
nucleation and growth. More instantaneous nucleation and growth are also found to occur when
overpotential is high and/or temperature is high, which is a result of higher thermodynamic
driving force.
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Chapter 6
Conclusions and Future Work
Related to electrochemically-induced phase transition mechanisms inside battery
electrode active materials, there are mainly two subjects that have been elucidated in this thesis:
1) Phase transition pathways and strain accommodation mechanisms of battery electrode
active materials and their dependence on structural parameters, such as composition and
particle size, both of which result in systematically varying volume misfit.
2) Phase transition kinetics of porous electrode active materials composed of nanoparticle
aggregates and its dependence on composition,
The first subject was studied mainly on particle level or microstructure level while the
subject was studied on particle aggregates level or meso-structure level. Understandings of these
two subjects are complementary and constitute a systematic and even a predictive understanding
of electrochemically-induced phase transition in battery electrode active materials, from
whether/how nucleation and growth proceeds on multi-particle level to how phase transition
induced strain is accommodated on particle level.
In this concluding chapter, understandings of these two subjects are summarized. Based
on these understandings, selection and/or design criteria for battery electrode active materials are
proposed and discussed. Using phospho-olivines, including LFP, LMFP and NFP, as well as
LTO as model systems, it has been shown that with increasing transformation strain (from
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changing composition or increasing particle size), phase transition pathways systematically
change from coherent phase transition pathway with extended solid solution behavior, semicoherent phase transition pathway with limited solid solution behavior to formation of
amorphous phases. Higher overpotential and higher temperature tend to promote solid solution
behavior.
It has also been shown that instantaneous nucleation behavior tends to occur when
transformation strain is small (i.e. composition with low transformation strain and/or small
particle size), overpotential is high and temperature is high.
Finally, avenues of future work are discussed, including study of mesoscale phase
transition kinetics of NFP.

6.1

Phase Transition Pathway and Strain Accommodation Mechanism
As summarized in Figure 5 – 1, phase transition pathways of olivine-type LMFP with

varying composition (y(Mn)=0.1, 0.2, 0.4, 0.6, 0.8), LFP and NFP have been systematically
studied with a comparison with silicon.
For LMFP (y(Mn)<0.6), the transformation strain is with the range of 0-3vol% and thus it
is feasible for coherent phase transformation to occur within these materials. For LFP, semicoherent interfaces usually form to accommodate slightly larger transformation strain. For both
cases, the phase transformation is actually limited by lithium ion diffusion inside LMFP/LFP and
extended metastable solid solution behavior tends to occur with increasing overpotential and/or
C-rate.
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For LMFP (y(Mn)≥0.6), the phase transformation strain becomes significantly higher
than other LMFP and solid solution behavior were hardly observed. The most probable
mechanism to accommodate that transformation strain is through formation of semi-coherent
phase boundaries between lithium rich and lithium poor phases.
With highest transformation strain among all phospho-olivines, NFP exhibits distinctive
phase transition pathway. During first discharge of FP, there is a third phase forming while phase
transition takes place. The third phase exhibits short-range order up to only ~1 nm and also has
similar unit cell parameter(s) with sodium rich and sodium poor phases along one or two
dimensions. This third phase functions as a buffer to accommodate the enormous amount of
strain between NFP and FP. With even higher transformation strain, lithium ion insertion into
silicon is usually accompanied by pulverization.
Though materials with low transformation strain are certainly superior to those with high
transformation strain in terms of rate performance, not all battery materials need exhibit
comparable rate performance as LMFP (y(Mn)<0.6) to be useful. In order for materials with
large transformation strain to be useful, excellent reversibility and thus reasonable cycle life are
necessary. As a result, the effect of amorphization on long-term reversibility actually needs to be
evaluated.
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Figure 6 - 1: Materials studied, corresponding phase transformation strain values and phase transition
pathways & strain accommodation mechanisms.

6.2

Nucleation and Growth Kinetics of Nanoparticle Aggregates
Potentiostatic studies were conducted systematically varying composition (LMFP with

y(Mn)=0, 0.4 and 0.8), particle size (50, 100, 150 nm for y(Mn)=0.4 sample), overpotential and
temperature. Characterization of morphology of LFP and LMFP using microscopy techniques
reveals that porous electrodes of LFP and LMFP are composed of well-connected primary
nanoparticles, which are treated as infinite specimen with randomly distributed pores. Using
geometric constraint of infinite porous structure, JMAK model using different assumptions from
classical JMAK model is used to analyze phase transition kinetics. Using this model, it has been
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shown that instantaneous nucleation tends to occur when transformation strain is small,
overpotential is high and/or temperature is high. So does growth. These findings are consistent
with the dependence of rate capability on transformation strain, overpotential and temperature.

6.3

Future Work
There are mainly two subjects for future work: (1) long-term reversibility of

amorphization and recrystallization processes; (2) mesoscale nucleation and growth kinetics of
nanoparticle aggregates for composition with larger transformation strain.
As discussed in section 5.1, large transformation strain, as occurred during
electrochemically-induced phase transition between NFP and FP, is usually accommodated via
formation of amorphous phase. It is scientifically intriguing and practically important to
understand the impact of amorphization on long-term reversibility and rate capability of
batteries. There are several specific questions which are worth studying:
(1) Would the formation of amorphous phase and its recrystallization be reversible or not?
Since the amount of amorphous phase (the third phase) that mitigates the transformation
strain between sodium rich phase and sodium poor phase actually changes during first
discharge as estimated from both operando PXD and PDF experiments, the long-term
reversibility of sodium ion (de)intercalation in NFP depends on reversibility of this
process.
(2) What is the impact of amorphization on rate capability? If the amorphous phase actually
has better rate capability than crystalline counterpart(s), it would be a good strategy to
create amorphous phase deliberately to have better performance.
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As summarized in section 5.2, materials with low or intermediate transformation strain,
such as LMFP (y(Mn)=0, 0.4, 0.8) and LFP, exhibits Avrami type phase transition kinetics.
Using potentiostatic tests followed by analysis via JMAK model, it has been shown that the
materials with low transformation strain exhibit more instantaneous nucleation and facile growth.
It would be interesting if Avrami kinetics still applies to materials with even larger
transformation strain as well as different strain accommodation mechanism by forming
amorphous “buffering” phase. If yes, it would be also be meaningful to investigate if and how
overpotential as well as temperature can influence the transformation kinetics.
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Appendix A – Methods
A.1 Materials
Synthesis of LFP and LMFP – The olivine samples LiMnyFe1-yPO4 (y =0, 0.1, 0.2, 0.4,
0.6 and 0.8) were prepared using Li2CO3 (99.999%, Alfa-Aesar), MnCO3 (99.99%, NOAH
chemicals division, NOAH Technologies Corp.), FeC2O4⋅2H2O (99.99%, Aldrich), and
NH4H2PO4 (99.998%, Alfa-Aesar). The starting materials were mixed by ball-milling for 24 h
using zirconia milling media, in acetone, followed by drying, then grinding with a mortar and
pestle in an Ar-filled glove box before calcining at 350 °C for 10 h in flowing Ar. Final firing for
crystallization of the olivine phase was done at 700 °C for 5 h in Ar. This yielded powders with
average particle size ~50 nm for all samples. Furthermore, portions of calcined LiMn0.4Fe0.6PO4
(LMFP) were fired at 800 °C for 5 and 20 h yielding samples of 106 and 152 nm particle size,
respectively. The particle size of the samples was determined from BET-surface area
measurements using the spherical approximation relation, i.e. particle diameter = 6000/(BETsurface·density). The samples were further characterized by in-house powder X-ray diffraction
(Rigaku RU300, Cr-source) and X-ray fluorescence spectroscopy, showing formation of the
expected olivine LiMnyFe1-yPO4 (y =0, 0.1, 0.2, 0.4, 0.6 and 0.8) solid solutions with no signs of
impurity formation. Syntheses of these materials were conducted by my collaborator Dr. Paul
Ginot at A123 Systems, LLC.
The LiFePO4 sample with particle size equal to 113 nm was directly purchased from
Sigma Aldrich.
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Synthesis of NFP – The as-synthesized olivine type LiFePO4 powder (particle size=50
nm) was chemically delithiated using an excess of NO2BF4 in acetonitrile solution to produce
FePO4. The residual lithium in the FePO4 was determined to be less than 1% using inductively
coupled plasma mass spectrometry (ICP-MS). This FePO4 powder was used to prepare
electrodes and was electrochemically sodiated to produce NFP.

A.2 Morphology Characterization
Transmission Electron Microscopy (TEM) – TEM samples are prepared by suspending
powders or sectioned electrodes of interest in acetone followed by sonication for several minutes.
Typically one drop of dilute suspension is placed onto Cu grid coated with lacey carbon films.
These grids, after dried in air, are used for investigation under a JOEL 2010F TEM, operated
under 200kV.
Scanning Electron Microscopy (SEM) – Powders or sectioned electrodes of interest are
mounted onto pin stub specimen mounts using conductive tape and then characterized using FEI
Helios NanoLabTM 600 DualBeam (SEM/FIB).

A.3 Electrochemical Tests
A.3.1

Rate Capability
Rate Capability Tests – For rate capability tests, cathodes were prepared of the samples

with particle size of ~50 nm by mixing 79 wt% active material, 10 wt% conductive carbon black
(Super PTM, M.M.M. Carbon) and 11 wt% Kynar PVDF binder using acetone as solvent. The
formulation was coated onto 25 μm thick Al-foil current collectors at loadings of ~ 5mg/cm2.
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The cathodes were pressed at 8 metric tons and subsequently dried under vacuum at 110 °C for 1
hour. In an Ar-filled glovebox equipped with a circulation purifier cathodes were mounted in
cells constructed of stainless steel and TeflonTM, using 750 μm thick lithium metal foil as the
counterelectrode, a microporous glass fiber separator (Whatman GF/A) and liquid electrolyte
mixtures containing 1:1 by weight ethylene methylene carbonate: dimethyl carbonate (EC:DMC)
and 1M LiPF6 as the conductive salt. The rate tests were performed using an apparatus
constructed from National Instruments (Austin, Texas, USA) modular electronic components,
operated by a computer using LabView software. Charge/discharge rates are reported in units of
mAh g–1, as well as the C-rate convention, i.e. C/n, where n is the time (h) for complete charge or
discharge at the nominal capacity measured at low rates, here taken to be 170 mAh g–1. Each
point represents the average of three measurements on three different cells.

A.3.2

Galvanostatic Tests
Preparation of Free-standing Cathode Pellets – For other electrochemical tests, free-

standing cathode pellets were prepared by mixing 60 wt% active material, 10 wt% Graphite CNergy SFG6L (Timcal Graphite & Carbon), 10 wt% Acetylene black VXC72 (Cabot
Coorporation) and 20 wt% Kynar PVDF binder using acetone as solvent. Mixtures were dried
and grinded with mortar and pestle. Approximately 5 mg of the mixture was transferred to a 6
mm pellet die and pressed at 1 metric ton for 60 seconds. These pellet cathodes were dried under
vacuum at 110 ℃ for 1 hour and then stored in glovebox filled with Argon.
Preparation of Electrochemical Cells – For general electrochemical testing
conducted in-house at MIT, cells using Swagelok parts were prepared using prepared
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cathodes, 100 μm thick lithium metal foil as anode, a microporous glass fiber (Whatman GF/B)
as separator and 1M LiPF6 in EC:DMC (1:1 by volume) as electrolyte. For operando PXD
experiments conducted at Advanced Photon Sources (APS) of Argonne National Laboratory,
electrochemical cells were prepared as AMPIX cells.85

A.3.3

Potentiostatic Tests
Potentiostatic Tests – For potentiostatic experiments, LFP was first charged to 50%

SOC at C/10, relaxed for 50 hours to measure its equilibrium voltage and charged
potentiostatically until the current reaches C/200. The same cell was then discharged back to
50% at C/10, relaxed for 50 hours and then discharged potentiostatically with the same
overpotential value as previous charge. The cutoff current was set at C/200 as well. In this
experiment, the overpotential is varied from 5 mV, 20 mV, 40 mV, 60 mV to 100 mV. These
experiments were conducted using a Bio-Logic VMP3 potentiostat.
Potentiostatic Intermittent Titration Technique (PITT) Tests – For PITT tests, the
voltage of the cell was stepped between 2.5 V and 4.2 V (for LMFP) using voltage steps ranging
from 10 mV to 40 mV. The cutoff current for each potentiostatic step is C/100. One PITT
experiment was conducted on LTO, where the voltage is stepped between 1.2 V and 1.8 V using
a voltage step of 10 mV. These experiments were conducted using a Bio-Logic VMP3
potentiostat.
Decomposition of PITT Data – For PITT tests, each test would give from tens of to
hundreds of chronoamperometric curves depending on scale of voltage steps. These curves were

153

broken down into single I vs. t data under potentiostatic conditions using codes written in
MATLAB.

A.3.4

Impedance Tests
For impedance tests, two LFP pellet electrodes inside Swagelok cells were first charged

to 50% against lithium metal at C/10 electrochemically and relaxed for more than 50 hours. Then
these two cells were disassembled and assembled together as a symmetric cell in a new
Swagelok cell. Subsequently, the impedance spectra were recorded using a Bio-Logic VMP3
potentiostat in a frequency range of 100 kHz to 0.001Hz.

A.4 Powder X-ray Diffraction (PXD)
Operando PXD Experiment – For the operando synchrotron radiation powder X-ray
diffraction measurements free standing pellet cathodes of the three LiMn0.4Fe0.6PO4 samples
(LMFP-52, LMFP-106 and LMFP-152) 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 solvent. Mixtures were
dried and grinded with mortar and pestle. Approximately 5.5 mg of the mixture was transferred
to a 6 mm pellet die and pressed at 0.5 metric tons for 30 seconds. In an Ar-filled glovebox
equipped with a circulation purifier the pellets were mounted in the AMPIX cells, using 100 μm
thick lithium metal foil as the counterelectrode, a microporous glass fiber separator (Whatman
GF/B) and liquid electrolyte mixtures containing 1:1 by weight ethylene methylene carbonate:
dimethyl carbonate (EC:DMC) and 1M LiPF6 as the conductive salt. Technical details about the
AMPIX cell are giving in ref. S1. The cells were mounted in the AMPIX multi-cell array that
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allows for collection of SR-PXD of up to six cells in parallel.S1 The array was mounted on the
diffractometer at beamline 11-ID-B at the Advanced Photon Source (APS), Argonne National
Laboratory. The cells were connected to a Maccor 4300 series battery test system and chargedischarge cycling was performed at C/10- or 1C-rate between 2.2 and 4.5 V. Simultaneous with
the electrochemical cycling SR-PXD data were collected using a Perkin Elmer amorphous
silicon area detector optimized for detection of high-energy X-rays over an angular range of 214° 2theta and a X-ray wavelength of 0.2114 Å. For cycling at C/10-rate six cells were propped
in parallel. For these measurements a SR-PXD pattern was collected for each cell every 15 min
using an X-ray exposure time of 60x1s. For 1C-rate cycling a pattern was collected every 1.5
min using an X-ray exposure time of 30 s. All obtained raw images were transformed to 2D
powder diffraction patterns using the FIT2D program,S2 which was also used to remove
diffraction spots from the single-crystal sapphire tube used as sample holder. To correct for
potential fluctuations in the beam intensity, all data were normalized by the integrated intensity
of the background in the range from 2.0 to 2.3° 2theta, which does not contain any Bragg peaks.
For the SR-PXD data shown in Figure 2B background data collected from an AMPIX cell
containing only separator and electrolyte was subtracted. The major contribution to the
background stems from the glassy carbon windows.
Rietveld Refinement – Rietveld refinements were performed using the using the
Fullprof program.S3 The backgrounds were described by linear interpolation between selected
points, while pseudo-Voigt profile functions were used to fit the diffraction peaks. The
instrumental line broadening was determined from refinement of a CeO2 standard, and in the
refinement of the operando SR-PXD data only FWHM parameters characteristic of the LMFP
samples were refined. Besides the profile parameters, unit cell parameters and the overall
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temperature factor, Bov were refined for each pattern. The zero shift was refined only for the first
pattern for each data series and kept fixed for the remaining patterns assuming no sample
displacement occurred during the operando experiment. The starting structural model for LMFP
was taken from ref. S4 which reports the structure of LiMn0.23Fe0.77PO4 (space group Pnma). The
occupancies of Mn and Fe was corrected to 0.4 and 0.6, respectively and the atomic positions
and B-factors was refined. Mn and Fe was constrained to the same position. For the other two
observed phases, i.e. LxMFP and MFP the atomic positions were refined for one pattern within
the single phase region and the obtained structural models were applied for all refinements of
these phases. For LxMFP the Li-occupancy was kept at 0.5 while for MFP no Li-atoms were
included in the structural model. For the plots of unit cell volume vs. over Li-content points are
faded when phase fraction were found by Rietveld refinement to be <30 wt%.
Quantification of Phases from Rietveld Refinement Results – According to Rietveld
method, the weigh fraction of phase j is given by 𝑤𝑗 = 𝑆𝑗 𝑍𝑗 𝑀𝑗 𝑉𝑗 / ∑𝑖(𝑆𝑖 𝑍𝑖 𝑀𝑖 𝑉𝑖 ), where 𝑆𝑗 , 𝑍𝑗 , 𝑀𝑗 ,
𝑉𝑗 are the Rietveld scale factor, the number of formula units per unit cell, the mass of the formula
unit and the unit cell volume for phase j.40-41 Accordingly, the mole amount of phase j can be
determined to be proportional to 𝑆𝑗 𝑍𝑗 𝑉𝑗 . As a result, the mole amount of crystalline FP and NzFP
𝑖
𝑖
𝑖
𝑖
𝑖
𝑖
𝑖
𝑖
at scan # i is given by 𝑛𝐹𝑃
= 𝐶(𝑆𝐹𝑃
∙ 4 ∙ 𝑉𝐹𝑃
) = 4𝐶𝑆𝐹𝑃
𝑉𝐹𝑃
and 𝑛𝑁𝑥𝐹𝑃
= 𝐶(𝑆𝑁𝑥𝐹𝑃
∙ 4 ∙ 𝑉𝑁𝑥𝐹𝑃
)=
𝑖
𝑖
4𝐶𝑆𝑁𝑥𝐹𝑃
𝑉𝑁𝑥𝐹𝑃
. The percent crystalline of FP and NxFP at each sodium content, xNa, as shown in
𝑥(𝑁𝑎)

Figure 3 (C) is given by 𝑛𝐹𝑃

𝑥(𝑁𝑎)

𝑠𝑐𝑎𝑛1
𝑠𝑐𝑎𝑛1
/𝑛𝐹𝑃
and 𝑛𝑁𝑥𝐹𝑃 /𝑛𝐹𝑃
respectively.
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A.5 Pair Distribution Function (PDF)
Chemically-delithiated FP electrodes were electrochemically sodiated to xNa=0.3 and
xNa=0.6 respectively in half-cells before being disassembled in an argon-filled glove box and
transported to the Advanced Photon Source (APS), Argonne National Laboratory, in sealed
containers. Data were collected within 50 hours of the electrochemical cycling. Ex-situ PDF and
PXD data were collected in a sequence with less than a 30 s time separation at the 11-ID-B
beamline using high energy X-rays (~58 keV, λ = 0.2128 Å). PDF-suitable total X-ray scattering
data to high Q values were collected at a sample-to-detector distance of ~170 mm and the
accompanying PXD data were collected at a sample-to-detector distance of ~950 mm to achieve
higher angular resolution. High energy X-rays in combination with a large amorphous-silicon
based area detector (Perkin-Elmer) and short sample-to-detector distance resulted in total
scattering data momentum transfer of Qmax ~ 24 Å.S4 The scattering images were reduced to
one-dimensional data using fit2d. S5 The data were corrected for background scattering, Compton
scattering and detector effects within pdfgetX2 and Fourier transformed to get G(r), the PDFs. S6
Structure models were refined against the PDF data within PDFgui.S7 A spherical particle
envelope was used to model the sample size/coherence. Rietveld refinements of the PXD data
were performed using the FullProf program (version 3.00), S8-S9 and results are tabulated in Table
S2.

A.6 Numerical Methods
Estimation of Chemical Diffusivity – Chemical Diffusivity of Li+ inside cathode active
materials, such as LFP, can be estimated using Fick’s 2nd Law. For diffusion limited process in
spherical particles, the long-time limit of Fick’s 2nd Law follows an exponential form, as shown
in following equation: I (t ) 

  2 Dt 
6 DQ
exp
  2  , where I(t) is current as a function of time (t),
 2 L2
L 
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D is chemical diffusivity of Li+, Q is the capacity delivered during the very potentiostatic step
and L is diffusion length of Li+. Within single-phase region, the chemical diffusivity was
estimated from PITT experiments, where current should follow equation (1) at long times.
Within two-phase co-existence, the chemical diffusivity was calculated from current data
obtained via potentiostatic charge/discharge experiment using an overpotential of 5 mV.
Analysis using JMAK Equation – Current curves within two-phase co-existence were
analyzed using a combination of exponential background and JMAK current. The background
current results from a combination of non-Faradaic current, i.e. capacitive current, and diffusioninduced current. The JMAK current results from phase transformation. The background is
usually so small that it does not affect the output parameters from JMAK equation.
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