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Abstract

In order for alkali-ion batteries to gain widespread adoption as the energy storage
technology of choice for transportation and grid applications, their energy must be
improved. One key step towards this necessary improvement is the development of
new battery cathode materials. In this thesis, two classes of polyanionic materials are
examined as candidate cathodes for alkali-ion batteries: Li-containing carbonophos-
phates for Li-ion batteries and Na-containing fluorophosphates for Na-ion batteries.

High-throughput ab initio calculations have previously identified carbonophos-
phates as a new class of polyanionic cathode materials. Li3MnCO3PO4 is the most
promising candidate due to its high theoretical capacity, predicted multi-redox ac-
tivity, and ideal voltage range. However, a major limitation of this material is its
poor cyclability and experimental capacity. In this work Li3Fe0.2Mn0.8CO3PO4 is
synthesized to combine the high theoretical capacity of Li3MnCO3PO4 with the high
cyclability of Li3FeCO3PO4. Li3Fe0.2Mn0.8CO3PO4 outperforms both Li3MnCO3PO4

and Li3FeCO3PO4, showing a reversible capacity of 105 mAh/g with little capacity
fade over 25 cycles. However, poor thermodynamic stability of these compounds,
particularly at partially delithiated compositions, prevents carbonophosphates from
being seriously considered as a viable Li-ion cathode.

Fluorophosphate cathodes are currently one of the most promising polyanionic
sodium-ion battery cathodes due to their high energy density and cyclability. To
further improve fluorophosphate cathodes, their capacity must be increased by using
Na sites that had not been accessed prior to this work. In this thesis, reversible
electrochemical Na+ insertion into Na3V2(PO4)2F3 is demonstrated. To further im-
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prove fluorophosphate cathodes by using its newly discovered insertion capacity,
novel Na3[M]2(PO4)2F3 cathodes, with {M = Fe, Ti, V}, are synthesized and evalu-
ated. Seeing no improvement, the question of what specific mechanism limits fluo-
rophosphate cathode capacity is addressed. For this, the synthesis, electrochemical
characterization, and computational examination of a specifically designed test sys-
tem, Na3GaV(PO4)2F3, is reported. This leads to the conclusion that large diffusion
barriers at high sodiations impose a kinetic limit on Na+ insertion in fluorophosphate
cathodes, as opposed to limits in transition metal redox activity.

Thesis Supervisor: Gerbrand Ceder
Title: Professor
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Chapter 1

Introduction

1.1 Motivation

Due to widespread concerns about the long-term effects of fossil fuel emissions, re-

newable energy sources are viewed as a long-term solution for meeting growing world

energy demands [8, 9]. However, many renewable energy sources, including wind and

solar, offer intermittent power supplies that do not always match demand. Therefore,

for the generated energy to be widely utilized in grid and transportation applications,

it must be stored in times of excess supply so that it can be distributed later when the

supply is deficient. Without sufficient grid storage capabilities, renewable sources of

energy will not be able to lessen the energy-grid’s reliance on fossil fuels to provide

base-load power [10, 11, 12, 13, 14]. In addition to grid-level needs, energy stor-

age demands for portable electronics are ever-increasing as devices gain functionality

while decreasing in size [15]. Combined, these facts highlight society’s need for better

batteries. The current leading battery technology in terms of both gravimetric and

volumetric energy density is the lithium-ion (Li-ion) battery, as illustrated in Figure

19



1-1 [1, 16, 17, 18, 19]. Secondary (or rechargeable) Li-ion batteries were invented

over 40 years ago, and their ability to store more energy per mass and volume, re-

tain charge over repeated cycles, and operate effectively at faster rates has improved

dramatically over this time [20, 21, 22, 23, 24]. However, with expanding storage

needs has come demand for even better secondary energy storage, so research efforts

to improve Li-ion batteries are ongoing. In addition, other energy storage technolo-

gies are being explored to meet these demands [25, 26, 27, 28, 29, 30]. Sodium-ion

(Na-ion) batteries are one such alternative technology and are viewed as a possible

energy storage alternative for the near future, particularly for grid-level storage ap-

plications. However, they have not yet reached the requisite level of performance

to supplant Li-ion batteries [31, 32, 33, 34, 35, 36, 37]. This thesis will focus on

the synthesis and characterization of Li- and Na-ion battery cathode materials with

novel chemistries that are computationally predicted to be able to cycle multiple

alkali ions per electrochemically active transition metal ion, and to investigate and

explain any performance limitations observed.

1.2 Alkali-ion rechargeable battery overview

Figure 1-2 depicts a schematic of a Li-ion battery and shows its three main com-

ponents: the anode, cathode, and electrolyte. As noted above, this thesis focuses

on both Li- and Na-ion battery cathodes. In a Na-ion battery, Na ions perform

the same function as Li ions in a Li-ion battery, while the overall battery format

remains the same. As such, the term "working ion," which refers to the mobile ionic

species in the battery, will be used in the continued discussion of alkali-ion batteries

when identifying the specific ion is not required. The negative electrode, the anode,

and the positive electrode, the cathode, are electronic and ionic conductors while

20



Figure 1-1: A graphical comparison of different battery technologies on a scale
of volumetric energy density versus gravimetric energy density. Lead-acid, nickel-
cadmium (Ni-Cd), nickel metal-hydride (Ni-MH), lithium-ion (Li-ion), and plastic
Li-ion (PLiON) batteries are commercially available, while Li metal batteries are
not [1].

the electrolyte is an ionic conductor and an electronic insulator. When the battery

is connected to an external circuit, which is an electronic conductor and an ionic

insulator, electric energy may be converted to chemical energy, stored as chemical

energy, and then converted back to electrical energy in the following manner:

When the battery is charged, a positive voltage is applied between the cathode

and anode, driving cathode oxidation, and causing working ions to move across the

electrolyte from the cathode to the anode. The free energy of the working ion in

the anode is higher than the free energy of the working ion in the cathode, so pos-

itive electrical work must be done to complete this process. The different types of

functional electrochemical reactions in alkali-ion battery electrodes is discussed in

Section 1.4. Overall neutral charge must be conserved, so the positive working ions’

arrival at the anode must be compensated by the arrival of electrons with equiv-

21



Figure 1-2: Schematic representation of a Li-ion battery, with the major components
labelled. When the battery is charged, a voltage is applied across the external circuit,
causing Li ions and electrons to move from the cathode to the anode via the elec-
trolyte and external circuit, respectively. The process proceeds in the reverse when
the battery is discharged. In the case of a Na-ion battery, Li ions would be replaced
with Na ions, while the other components in the schematic remain unchanged.
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alent total charge, resulting in the electrochemical reduction of the anode. When

the circuit is broken, the working ions will remain in the anode, which is a higher

energy state than working ions in the cathode. The working ions are prevented from

spontaneously moving to the lower-energy state (in the cathode) because the battery

electrolyte is an electronic insulator so the charge of mobile working ions can not be

compensated, meaning the working ions must remain in the anode, storing chemical

energy. When the circuit is completed with no applied voltage, the working ions will

spontaneously move from the anode back to the cathode. Electrons must also move

to compensate the mobile ionic charges. The only electronically conducting pathway

for such movement is through the external circuit, resulting in the electrons return-

ing electric work. The separation of moving charges between ions in the electrolyte

and electrons in the external circuit is the principle by which electrical energy can

be stored as chemical energy.

All cathodes in alkali-ion batteries do not contain only active material, but also

include high-surface area carbon to increase electrode conductivity and a polymer

binder such as polyvinylidene fluoride (PVDF) or polytetrafluoroethylene (PTFE) to

hold the electrode component powders together. The most common electrochemically

active cathode materials for both Li- and Na-ion batteries are layered oxide cathodes

of the type AMO2, where A = {Li, Na} and M is a transition metal in the third row

of the periodic table. The layered structure has a hexagonal unit cell with the R3̄m

space group, and is defined by a close-packed oxygen sublattice in which layers of

alkali ions and layers of transition metal ions alternate in stacking between oxygen

layers.

For Li-ion batteries, LiCoO2 is the most prevalent cathode material [21]. While

exhibiting high performance, LiCoO2 is hindered by both the cost of cobalt and the

ability to reversibly cycle only half of the lithium ions in the material [38]. To bypass
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these issues a number of other layered oxide cathode chemistries that substitute out

some or all of the cobalt in favor of other transition metals, such as nickel, manganese,

and/or aluminum have been explored and subsequently commercialized [39, 40, 41].

Such substitutions can decrease cost and increase structural stability, allowing more

Li to cycle reversibly in these compounds. Spinel and olivine crystal structures

such as those in LiMn2O4 and LiFePO4, respectively, have also been commercialized

[16, 42]. These cathodes excel in high-rate applications and are more environmentally

friendly than LiCoO2, but ultimately they cannot match the energy density of layered

oxide Li-ion cathodes.

For Na-ion layered oxide cathodes, no specific transition metal chemistry has es-

tablished itself above a wide variety of variations, though Fe-, Ni-, and Mn-containing

cathodes are viewed as the most promising due to their low cost and environmental-

friendliness [43, 44, 45, 46]. NASICON-type polyanionic cathodes are also of interest,

both in fluorinated (Na3V2(PO4)2F3) and unfluorinated (Na3V2(PO4)3) structures

[47, 48, 49, 50, 51]. These cathodes show high energy densities, particularly among

non-oxide chemistries, high stability, and improved safety.

Lithium-ion battery anodes are most commonly composed of graphite, into which

lithium readily intercalates to form LiC6 [52]. Silicon-containing anodes for Li-ion

batteries have also become prominent. Lithium reacts with silicon via an alloying

reaction yielding high energy densities, but also causing large volume changes that

have made these cathodes difficult to commercialize until recently [53, 54, 55].

In contrast, sodium cannot intercalate into graphite. Instead, hard carbon is most

commonly used [56, 57]. Hard carbon is not as gravimetrically or volumetrically

energy dense as graphite, so both intercalating and alloying alternatives, such as

Na2Ti3O7 and tin-based composites, are actively being sought [58, 59].

The difference in energy between the working ion in the cathode versus the work-
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ing ion in the anode is the source of battery voltage. The difference in chemical

potentials of the working ion in each electrode is related to the open circuit voltage

of the battery by the Nernst equation, which is

V oltage =
�(µc � µ

a)

zF

(1.1)

. µc is the chemical potential of the working ion in the cathode, µa is the chemical

potential of the working ion in the anode, both in joules per mole, z is the working

ion valence, and F is the Faraday constant (98,485 Coulombs per mole). The cell

voltage is the energy that is stored or returned by one working ion moving across

the electrolyte. Complimentary to this, capacity is the amount of working ions that

are transported between electrodes across the electrolyte. The specific capacity of

an electrode active material, in units of mAh/g, is

capacity =
z ·N

3600 ·M (1.2)

. z is the valence of the working ion moved from one electrode to the other, N

is the number of working ions moved between electrodes, M is the molecular weight

of the electrode material in grams per mole, and 3600 is a unit conversion factor.

Gravimetric energy density is the product of the average cell voltage and specific

capacity. Gravimetric energy density is related to volumetric energy density by the

active material’s density.

While energy density is maximized when voltage is large, the operating voltage

of a battery is functionally limited by electrolyte stability, and the so-called "voltage

window" of the electrolyte. The electrolyte window is determined by the difference

between the electron energies of the electrolyte’s highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO). For an electrolyte to
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be stable, the electron energy of the cathode and anode, or, stated differently, the

chemical potential of electrons in each electrode must also fall in between the HOMO

and LUMO of the electrolyte solution during the entire charge/discharge cycle. A

diagram of of the electron energies in a stable battery system are shown in Figure 1-3.

If the electron energy of an electrode falls outside of the window the electrolyte will

decompose either via oxidation or reduction reactions at the electrode/electrolyte

interface to lower the interface energy [19].
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Figure 1-3: Schematic energy band diagram for a thermodynamically stable battery
system in an open circuit configuration. The voltage window of the electrolyte is
represented as E

g

.

In addition to having a large voltage window suited to the electrodes used, alkali-

ion battery electrolytes must also have high ionic conductivity, low electronic conduc-

tivity, high chemical stability with the electrodes and cell components, low melting
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point, and high boiling point. These features are manifested as low viscosity, high

polarity, and high relative permittivity [52]. They must also have acceptable costs

and toxicity [60]. Based on these constraints, the most successful electrolytes widely-

used today in alkali-ion batteries are solutions of Li- or Na-containing salts in organic

solvents. Specifically, the most common salts used are LiPF6, LiBF4, and LiClO4 for

Li-ion battery electrolytes and NaPF6 and NaClO4 for Na-ion battery electrolytes

[61, 62]. These salts benefit from good solubility and separation of charge in solution

due to their bulky anion groups [63]. Alkyl carbonates, mostly ethylene carbonate

(EC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl car-

bonate (DEC), have been adopted as the most common electrolyte solvents for both

Li- and Na-ion batteries [64]. Electrolytes are frequently optimized by making binary

combinations of these solvents. When using liquid electrolytes, the anode and cath-

ode must also be physically separated in order to prevent a short-circuit while still

maintaining an ionic conductive pathway. Commercially, this is achieved by using

a microporous PTFE membrane. Glass fiber separator films are frequently used in

research electrochemical testing applications as well. Alternatives to alkyl carbonate

solutions are actively being sought, with significant research efforts being put toward

the pursuit of high-performing solid-state or ionic liquid electrolytes, but as of this

time none have supplanted alkali-salt in alkyl carbonate solutions as the preeminent

electrolyte technology [65, 66, 67, 68].

1.2.1 Other important battery properties

While voltage and capacity are often the driving force behind materials discovery for

alkali-ion battery electrode materials, they are not the only properties considered.

In addition to energy density, the main properties considered when developing a new
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battery material are cycle life, rate capability, safety, and cost.

Cycle life is the ability of a battery to retain its energy storage capability after

repeated cycles. All batteries degrade over time, but it is important for commercial

batteries to operate at as high of a percentage of their initial performance as possible

during their lifetime; batteries in electric vehicles and in stationary grid storage ap-

plications that will require a service lifetime of at least ten years will need to retain

their capacity for greater than 10,000 cycles [69]. The main mechanisms by which

capacity in batteries is degraded are structural degradation, electrolyte decomposi-

tion, and parasitic side reactions, including some forms of solid-electrolyte interface

(SEI) growth. These capacity-degrading electrochemically-induced reactions are fre-

quently manifested as coulombic inefficiency, which is the percentage of capacity

that is irreversible in a single charge-discharge cycle. Therefore, minimizing coulom-

bic inefficiency, and in doing so maximizing cycle life, is essential for commercial

batteries.

Rate capability is a measure of how quickly a battery can charge and discharge

while still storing a significant amount of energy. This property is of particular im-

portance to batteries used in high power applications such as motors for power tools

and electric vehicles. For a battery to exhibit good rate capability, it is necessary for

the cathode to exhibit both high electronic and high ionic conductivity. The most

common way to improve electronic conductivity is to incorporate conductive carbon

into battery electrodes and carbon-coat active materials in order to create a perco-

lating conductive pathway from the active material to the current collector [70, 71].

Cation doping may also be used to improve the intrinsic electronic conductivity of

the active material. The use of doping in LiFePO4 is the most prominent example

of utilizing the process to improve electronic conductivity. Chung et al. used super-

valent doping to induce p-type conductivity, which in part led to the conductivity
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in LiFePO4 to be improved by eight orders of magnitude and allowing it to gain

commercial success [72].

Ionic conductivity, and thus ion diffusivity, is the most common limit to rate

capability. For an electrochemical reaction to occur throughout the bulk of a mate-

rial, working ions are required to diffuse from the active material particle’s interior

to its surface and into the electrolyte. To minimize this diffusion distance, and in

doing so shortening ion diffusion times, active material particle sizes are frequently

minimized to improve battery rate performance [73]. Within the active material it-

self, diffusion barriers limit the movement of ions in the cathode crystal structure.

Such diffusion barriers are generally determined by the geometry of the diffusion

pathway and the electrostatic forces the mobile ion experiences from neighboring

ions along this path. These diffusion paths have been shown to occur in either one,

two, or three dimensions. Examples of crystal structures with one-, two-, and three-

dimensional diffusion paths, such as those in olivine LiFePO4, layered ↵-LiCoO2, and

spinel LiMn2O4, respectively, are shown in Figure 1-4 [2].

As with nearly every other commercial product, cost is also an important factor

for batteries. Cost is one reason that Na-ion batteries may be preferred to Li-

ion batteries, as Na-containing ores used for cathode material production are more

abundant and cheaper than comparable Li-containing ores [74]. However, the alkali-

ion cost is less significant than the cost of the transition metal used. Of all transition

metals, Fe, Mn, and Ni are the most attractive due to their low cost, high abundance,

and low toxicity. This is one reason why LiMn1/2Ni1/2O2 has begun replacing LiCoO2

in some commercial Li-ion battery cells [39].

Batteries must be adequately safe, even at the cost of performance. As an ex-

ample, safety concerns prevent the use of metal as an anode despite the possibility

of higher energy densities. Dendritic growth on alkali-metal anode surfaces during
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a.)! b.)! c.)!

Figure 1-4: Representative crystal structures of cathode materials for alkali-ion bat-
teries with ion diffusion pathways of increasing dimensionality: (a) 1D: Olivine
LiFePO4; (b) 2D: layered ↵-LiCoO2; (c) 3D: spinel LiMn2O4 [2].

battery cycling can lead to a short-circuit, causing high temperatures and a risk of

fire. To diminish these risks and make alkali metal anodes safer, protective thin films

preventing dendrite growth are being explored [75, 76]. Until such research is able

to be commercialized, carbon anodes are generally used in alkali ion batteries, lead-

ing to safer, but less energy dense cells. Cathode safety most commonly refers to a

material’s propensity to decompose at high voltages via reaction pathways including

oxygen gas evolution. The alkyl carbonates commonly used as battery electrolytes

react exothermically with oxygen gas, so cathode decomposition can cause thermal

runaway and pose a fire hazard [77, 78, 79].
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1.3 Categories of reversible electrochemical reactions

for alkali-ion battery electrodes

1.3.1 Intercalation

This work focuses exclusively on the discovery of novel intercalation cathodes. In-

tercalation reactions are topotactic electrochemical reactions in which an ion is re-

moved while leaving the underlying structure unchanged [20, 21]. The most well-

characterized intercalation reaction, that in LiCoO2, is shown in the following for-

mula for charge and discharge half cycles:

LiCoO2 ! xLi + xe� + Li1�x

CoO2 (charge)

xLi + xe� + Li1�x

CoO2 ! LiCoO2 (discharge)

Most simply, the working ion is removed from the cathode, leaving behind a va-

cancy during charge that can then be filled on discharge. Intercalation reactions tend

to be highly reversible as the underlying crystal structure framework does not change

on cycling. During such reactions, the cathode volume change is relatively small and

the structure is mostly undamaged by fracture, stacking faults, or phase changes.

Combined, this leads to high capacity retention over repeated cycling and good rate

capability in intercalation cathodes. However, with the exception of tavorite and

NASICON cathodes in Li- and Na-ion batteries, respectively, only one electron per

transition metal can be moved through the external circuit, yielding limited capac-

ity [80, 81, 82]. As such, this work hopes to expand the capacity of intercalation

cathodes while maintaining the benefits of cycling stability.
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1.3.2 Conversion and alloying

The other main categories of active material reactions in battery electrodes are

conversion and alloying reactions, which have similar benefits and limitations. In

conversion reactions, lithium reacts with the electrode material, and the materials

undergo an exchange reaction, as shown in the following formula for Li and FeF3

[83, 84, 85, 86].

FeF3 + 3Li+ + 3e� ! 3LiF + Fe(s) (charge)

3LiF + Fe(s) ! FeF3 + 3Li+ + 3e� (discharge)

In alloying reactions, lithium reacts with the electrode to form an alloy on dis-

charge, which is decomposed on charge.[87, 88, 89] The alloying reaction for lithium

and silicon proceeds as follows [53, 89]:

xLi+ + Si(s) + xe� ! Li
x

Si (discharge)

Li
x

Si ! xLi+ + Si(s) xe� (charge)

In both conversion and alloying reactions, each redox active species, Fe or Si

in the given examples, can access all available redox states, resulting in higher ca-

pacities than in intercalation reactions [84, 85, 86, 90, 53, 89]. However, unlike

intercalation reactions, in which the overall crystal structure of the active mate-

rial remains unchanged during cycling, materials undergoing conversion or alloying

reactions undergo significant structural transformations, often manifested as phase
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transformations with large volume changes [83, 73, 86, 90, 87, 88, 53, 89]. For ex-

ample, as silicon is alloyed with lithium its volume can expand by approximately

400%. With such large changes in volume and structure, these types of reactions ex-

hibit slower kinetics and suffer from poorer reversibility than intercalation reactions

[83, 84, 85, 86, 90, 87, 53, 89]. As a consequence of these issues, cathodes of these

types are difficult to implement in commercial batteries.

1.4 Na- versus Li-ion rechargeable batteries

As described in Section 1.2, Li- and Na-ion batteries function in fundamentally the

same way. Thus, it is not surprising that both of these technologies were invented

around same time [91, 92, 93, 94]. However, Li-ion batteries soon surpassed Na-ion

batteries and became the more-widespread energy storage technology. One clear ad-

vantage that Li-ion batteries has over Na-ion batteries is the molecular weight of Li,

which is 6.94 g/mol compared to Na’s molecular weight of 22.99 g/mol. Thus, anal-

ogous chemistries with similar performance in terms of moles of alkali-ion cycled will

always favor lithium-containing compounds on the basis of specific capacity, which is

inversely proportional to active material molecular weight. Lithium is also a smaller

ion than sodium, which have effective ionic radii of 76 and 102pm, respectively.

Therefore, lithium frequently has a higher mobility than sodium in similar crystal

structures. Further, Na-vacancy ordering is stronger than Li-vacancy ordering in

alkali ion cathodes, meaning that Li-cathodes often have smoother voltage curves,

making them more easily used in devices [95, 96, 42, 64, 21]. This difference is most

evident in LiCoO2 and NaCoO2, which show qualitatively different voltage curves

despite sharing a layered crystal structure, are shown in Figure 1-5 [3].

As a result of these, and other, factors, Li-ion batteries developed quickly while
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Figure 1-5: A comparison of charge and discharge curves of Li/LiCoO2 and
Na/NaCoO2 cells of the same crystal structure. A schematic illustration of the
Li(Na)CoO2 crystal structure is also shown. This figure was originally published by
Yabuuchi et al.[3].

Na-ion battery research slowed. However, as energy storage needs continue to in-

crease and Li-ion battery technology nears its ultimate maturity, Na-ion batteries

are being revisited as a possible alternative. Lithium is relatively scarce, so the high

abundance and low-cost of sodium is often given as a driving force in the recent de-

velopment of Na-ion technologies [74]. However, work to discover new Na-ion battery

materials in the Ceder Group, and in Chapter 3 of this thesis in particular, stems

from the belief that such technologies with novel structures and chemistries may

supplant Li-ion batteries on the basis of performance. As such, efforts to discover

new Na-ion battery materials are ongoing.

Much of the current research on materials discovery for Na-ion batteries focuses

on finding cathodes whose structures are analogous to known Li-ion battery cath-

odes. To date, the main focus has been on layered oxide structures. A greater
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number of AMO2 systems, where A is an alkali ion and M is a transition metal

ion, have been shown to be electrochemically active for sodium systems than for

lithium systems. For example NaMO2 with M = {Ti, V, Cr, Mn, Fe, Co, Ni} have

all been shown to be electrochemically active whereas only Co and Ni are electro-

chemically active in layered LiMO2 cathodes [97, 98, 99, 100, 101, 95, 102]. However,

layered Na-ion cathodes exhibit strong Na-vacancy ordering [103] and phase transi-

tions during electrochemical cycling, which inhibit performance. To improve these

cathodes, chemistries with combinations of transition metals have been examined as

well [104, 33, 79, 96, 105]. Some of these systems have capacities comparable to that

of commercial Li-ion cathodes, including NaNi0.5Mn0.5O2 [99] and NaMnO2 [100],

both of which have shown reversible capacities around 185 mAh/g.

While capacities in Na-ion cathodes are similar to those found in analogous Li-

ion cathodes, Na-ion reaction voltages are lower in all cases due to weaker alkali-

anion bonding in Na-ion cathode ceramics [4]. For oxides, Na-ion systems exhibit

redox voltages >0.5 V less, on average, than their Li-ion counterparts. A direct

comparison of these calculated voltages in a variety of structures is shown in Figure

1-6, originally shown by Ong et al. [4]. A graph plotting the observed average

redox voltage and compound volumetric capacity is presented in Figure 1-6 and

confirms this trend experimentally; despite comparable capacities, Na-ion battery

cathodes are in general less energy dense than their Li-ion counterparts [5]. In order

to achieve energy densities comparable to or exceeding Li-ion cathodes, higher voltage

Na-ion cathodes must be explored. Recently, Na-ion battery-oriented chemistries

with average voltages of approximately 4 V, including fluorophosphates and different

sulfate-based structures, have received an increased amount of attention as Na-ion

battery intercalation cathodes [51, 49, 106, 107, 108].
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GGA+U would be for an undefined mix of the A+ hopping and

polaron hopping processes. The same GGA functional was also

used in previous works studying Li+ diffusion in the layered

and olivine structures.43,79

The reported alkali migration barriers were calculated using

defected 1 ! 5 ! 5 and 1 ! 2 ! 2 supercells for the layered and

olivine compounds respectively. The lattice parameters were

fixed to the relaxed values of the undefected structures. For the

olivine AFePO4 structure in the dealkaliated limit, the defect was

a single alkali inserted into a FePO4 supercell. In the alkaliated

limit, a single alkali vacancy was used. For the layered ACoO2

structures, we investigated the barrier for migration in the

alkaliated limit via the divacancy mechanism proposed by Van

der Ven et al.43 The migration pathways evaluated for the layered

oxides and the olivine were the same as those used in previous

studies.43,79

Diffusion in the maricite structure was not studied because

there are no obvious diffusion channels for alkali diffusion in this

structure and our preliminary investigations suggest that the

alkali diffusion barrier in this structure is extremely high, making

them less interesting for battery applications. The NASICON

structure was also not included given the difficulties in deter-

mining diffusion pathways in the highly-open NASICON

framework and the fact that Li and Na tend to occupy different

sites in the NASICON.

Results

Voltages

Table 2 summarizes the calculated and experimental (where

available) voltages of all the structures investigated in this work.

In general, the voltages predicted by our calculations agree

within 0.3 V of the experimental voltages. It should be noted that

for certain structures (e.g. NaCoO2 and NaNiO2), experimental

electrochemical data for a one electron per transition metal redox

reaction are not available, and hence, direct comparison is not

possible.

Fig. 1 shows the calculated Na voltage versus the Li voltage for

each structure investigated. The black dashed line indicates the

anodic contribution to the voltage difference between Na-ion

and Li-ion battery chemistries (eqn (3)), i.e. the +0.53 V differ-

ence between the cohesive energies of Na and Li. Henceforth, we

will denote the difference between the Na voltage and Li voltage

of the same structure simply as DVNa–Li ¼ VNa # VLi. This

difference can be visualized as the distance of a point in the graph

to the y ¼ x line. For each group of materials as indicated by the

legend, a DVNa–Li was fitted and shown as a colored line in Fig. 1.

It should be noted that for all fitted lines, the slope is constrained

to be 1, and that some fits were performed using only one data

point. Nonetheless, the good fit obtained for the structure classes

that contain at least a few compounds (e.g. layered, olivine and

maricite) provides evidence that DVNa–Li is structure dependent,

but rather constant within a structure class. The only exception

appears to be the NASICON structures, for which the rhom-

bohedral and monoclinic structures have slightly different DVNa–

Li. It should be noted that previous work has found that Li

occupies different sites from Na in the rhombohedral NASICON

Table 2 Calculated voltages for structures investigated in this work

Formula Structure Space group
Source Li voltage (V) Na voltages (V)

Exp. Calc. Exp.Li Na Calc.

ACoO2 Layered R!3m ICSD ICSD 3.99 4.138 3.48 > 2.89,36

ANiO2 Layered R!3m ICSD ICSD 3.82 3.8539 3.31 > 3.010

ATiO2 Layered R!3m Sub. ICSD 1.94 — 1.37 > 1.580

ATiS2 Layered P!3m1 ICSD Sub. 1.91 2.11 1.65 —
ATiS2 Layered R!3m Sub. ICSD 1.82 — 1.64 —
AFePO4 Olivine Pnma ICSD Sub. 3.45 3.54 3.08 z 327

AMnPO4 Olivine Pnma ICSD ICSD 3.89 4.145 3.59 —
ACoPO4 Olivine Pnma ICSD Sub. 4.64 4.846 4.19 —
ANiPO4 Olivine Pnma ICSD Sub 5.06 5.347 4.58 —
AFePO4 Maricite Pnma Sub. ICSD 3.30 — 3.13 —
AMnPO4 Maricite Pnma Sub. ICSD 3.64 — 3.48 —
ACoPO4 Maricite Pnma Sub. ICSD 4.31 — 4.09 —
ANiPO4 Maricite Pnma Sub. Sub. 5.10 — 4.94 —
A3V2(PO4)3 NASICON P1121/n ICSD Sub. 3.48 z 3.654 3.05 —
A3V2(PO4)3 NASICON R!3c Ref. 54 Ref. 54 3.13 z 3.854 2.94 —

Fig. 1 Calculated Na voltage vs. calculated Li voltage for different

structures. The black dashed line indicates the +0.53 V difference between

the cohesive energies of Na and Li, while the other colored dashed lines

indicate the fitted average voltage difference DVNa–Li.
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Figure 1-6: Calculated Na voltage vs. calculated Li voltage for different cathode
crystal structures. The black dashed line indicates the +0.53 V difference between
the cohesive energies of Na and Li, while the other dashed lines indicate the fitted
average voltage difference, �V

Na�Li

, for different crystal structures [4].
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Figure 1-7: Average discharge potential (V vs. Na+/Na or vs. Li+/Li for the blue
and yellow hexagons, respectively) and volumetric energy density (Wh/L) vs. volu-
metric capacity (Ah/L) for selected positive electrode materials for Na- and Li-ion
batteries. The mass and volume of the active electrode material have been taken
into account to calculate the capacity and energy density.This figure is reproduced
from the publication by Clément et al. [5].
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1.5 Polyanionic multi-redox cathodes for alkali-ion

batteries

Polyanionic cathodes are cathodes that contain polyanion groups as part of their

chemical formula. In addition, not all polyanionic cathodes have polyanion groups

as their only anionic component, and such materials are called mixed-polyanion

cathodes. A large variety of polyanionic chemistries have been demonstrated as

functional Li- and Na-ion battery cathode materials, including, but not limited to,

(PO4)3� [109, 110], (P2O7)4� [111, 112], (SO4)2� [113], (CO3)2� [114, 115], and

(BO3)3� [116]. The polarity of the anion group and its bonds will influence the overall

electronic band structure of the cathode and its transition metal components, in turn

influencing the redox reaction voltage for each specific chemistry and structure. This

influence of the anion polarity on the transition metal redox is called the inductive

effect [42, 6]. Since each specific polyanion chemistry influences the specific voltage,

the choice of transition metal with polyanion groups opens a wide chemical space in

which redox reactions may occur at a large variety of voltages. Stated differently,

the average redox reaction voltage of a cathode may be tuned by specific chemical

choices during materials design.

Though higher average voltages improve cathode energy density, they also make

batteries less safe. At high voltages when alkali ions are extracted, the cathode is

oxidized, increasing its chemical potential of oxygen, and in certain cases causing

the material to decompose, releasing oxygen gas, which, as discussed in Section

1.3, may lead to thermal runaway [19]. This makes polyanionic cathodes desirable

because they are less likely, in general, to release oxygen at high voltages than oxide

cathodes due to the strong bonding of oxygen in polyanion polyhedra [6]. As a result,
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polyanionic cathodes can exhibit redox activity at higher average voltages than oxide

systems while maintaining adequate safety [117, 118].

While polyanionic cathodes may be safer, they are usually less energy-dense than

oxide materials. Since polyanion groups have a relatively high mass and volume

compared to their charge, their theoretical capacity, and thus their energy density,

is lower than that of the best oxide materials. Despite this, LiFePO4 has gained

some commercial success for its ability to perform well in high power systems, as

discussed previously. LiFePO4 is the only polyanionic alkali-ion cathode material

that has been commercialized to date. However, the capacity disadvantage Na-ion

polyanionic cathodes face versus oxide cathodes in the half-cell research format with

a Na metal anode may be diminished when tested as a full cell with a carbon-based

anode. The Tarascon group has recently shown that when tested in a full cell with a

hard carbon anode, which is currently the leading Na-ion battery anode, optimized

Na3+x

V2(PO4)2F3/hard C systems exhibited an energy density of 265 Wh/kg versus

235 Wh/kg in an optimized Na1(Fe1/2Mn1/2)O2/hard C system [119]. This is one

example of how chemical and stability considerations may benefit future polyanionic

chemistries.

In order for capacities in polyanion-based alkali-ion cathodes to surpass those

seen in oxide cathodes, more than one working ion must be cycled per transition

metal ion. To date, the only Li-ion battery intercalation materials to achieve this

reversibly have been Li1+x

VPO4F, Li1+x

FePO4F, and Li1+x

TiPO4F, which are all

polyanionic tavorite-structured Li-ion battery cathodes [80, 120]. For Na-ion batter-

ies, only NASICON-structured Na3V2(PO4)3 has been demonstrated to reversibly

cycle more than one sodium ion per transition metal [48]. While polyanionic multi-

redox cathodes for alkali-ion batteries are rare, the vast chemical space that exists,

both previously explored, postulated, and previously unknown, means that more
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such cathodes likely exist. In addition, while looking in this chemical space for

specific chemistries is a daunting task, leveraging the Ceder Group’s aptitude for

computationally guided materials aids in this search.

1.6 Computationally guided materials discovery for

batteries

The Ceder Group, formerly of MIT and currently at UC Berkeley and Lawrence

Berkeley National Laboratory, uses a joint computational-experimental approach to

explain the fundamental mechanisms that govern alkali-ion battery performance.

While Li-ion batteries have been heavily researched over the past 40 years, improve-

ment on these technologies is still required and is continuously occurring. In contrast,

Na-ion batteries are comparatively less explored due to their lower voltages and en-

ergy densities in existing materials; therefore, the Ceder Group conducts research on

this topic due to potential opportunities for meaningful contributions that exist in

this developing field. LiCoO2 and LiFePO4, which are leading Li-ion battery cathode

materials, exhibit energy densities around 600 Wh/kg at reaction voltages of 4 V and

3.5 V, respectively. These values serve as targets for the performance of any new

materials that are discovered in the Ceder Group.

One approach to aid in the search for novel alkali-ion cathodes is employing high-

throughput screening algorithms to accelerate the materials discovery process. The

properties of different metal-ligand combinations, including thermodynamic stability,

voltage, capacity, and safety can be calculated in different crystal structures via

fast, efficient computational methods [121, 6]. As such, high-throughput screening

can be used to predict candidate battery materials that are either novel structures,
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chemistries, or compounds that are known to exist but have not been explored as

batteries. Although computational methods can screen for some vital properties of

potential electrode materials, they can only provide direction to guide synthesis and

processing. Ultimately, experiments are needed to find synthesis routes and examine

rate kinetics, cyclability, and other important electrochemical properties. The work

in this thesis focuses specifically on the discovery of new cathode materials, and

high-throughput screening has been successfully used as a tool in cathode material

discovery for both Li- and Na-ion batteries in the past [122, 123, 7, 114]. Thus, the

first-principles calculation and high-throughput screening methods employed by the

Ceder Group are well suited to guide the discovery of polyanionic alkali-ion battery

cathode that can undergo multiple redox reactions during cycling [124, 19].

Another approach to aid materials discovery using computation is through a more

focused examination of a specific class of materials. This computational approach

usually begins as an experimental observation of a particular behavior in a mate-

rial and then uses computation to explain the phenomena and inform intelligent

design of new materials in this class. One such case of this "low throughput" ap-

proach was that of disordered-rocksalt Li-excess cathodes in the Ceder Group. Upon

the observation of very high performance in cation-disordered Li1.211Mo0.467Cr0.3O2

cathodes, computational examination of this previously unexplained performance

yielded the discovery of percolating fast-diffusion, or 0-TM, channels in Li-excess

structures of this type [125, 126]. From this understanding, new cathodes could be

designed with this new computational guidance in order to incorporate percolating

0-TM channels in novel chemistries, leading to the discovery of Li
x

Ni2�4x/3Sb
x/3O2

and Li1.25Nb0.25Mn0.5O2 [127, 128]. In this way, computational guidance stemming

from a specific observation may also guide the discovery of new materials via a more

narrow approach.
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1.7 Capacity limits in alkali-ion battery cathodes

In this thesis, the predicted multi-redox cathode materials are synthesized and char-

acterized electrochemically. Often, prospective cathode materials exhibit capacities

below their theoretical maxima. Commonly, the observed shortfall in capacity be-

low theoretical values occurs due to one or more of three primary reasons: struc-

tural/thermodynamic stability, working ion mobility, and limited transition metal

redox activity.

1.7.1 Structural/thermodynamic stability limits

When a battery is charged, the working-ion concentration in the cathode decreases

and the vacancy concentration increases. It is possible that the vacancy concentration

within the transition metal-anion scaffold of the cathode crystal structure becomes

high enough that the structure is no longer thermodynamically unstable. If this

happens, there is a thermodynamic driving force for the structure to decompose to

its new ground state. If this structural decomposition proceeds, the working ion will

be unable to reinsert into the cathode during discharge. Such decomposition can

occur gradually over many charges or quickly during a single charge. In the case of

LiCoO2, the capacity limitation caused by thermodynamic stability issues at high

Li-vacancy concentration is well know [21, 129]. As a result, LiCoO2 cathodes have

their operational capacity limited to approximately 150 mAh/g, corresponding to Li

concentrations between LiCoO2 and Li0.5CoO2. If LiCoO2 is cycled beyond this range

of Li composition it will undergo an irreversible spinel-like structural transformation,

dramatically decreasing the cathode capacity. Li-excess cathodes, or oxide cathodes

in which the lithium concentration exceeds the overall transition metal concentration

in the discharged state, also suffer from structural stability limits on their capacity.
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This family of cathode materials has risen to prominence in the literature after

capacities greater than 200 mAh/g were demonstrated, but is frequently hampered

by structural instabilities at high voltages that give rise to phase transitions and

degradation upon repeated cycling [130, 131, 132, 133].

1.7.2 Working ion diffusion limits

Working ion mobility is the ease with which the working ion can move out of and back

into a cathode upon cycling. The energy required to move a working ion requires

additional energy beyond that required to perform the necessary redox reaction and

manifests itself as an overpotential during electrochemical cycling. The mobility

of the working ions in cathodes may inhibit the amount of capacity that may be

reversibly achieved under testing conditions depending on the energy barrier that

must be overcome to move the working ion. Further, ion mobility is frequently

concentration dependent and may change during cycling. Layered oxide cathodes

for Li-ion batteries again act as an example of this behavior. For the layered oxide

structure, the spacing between each layer changes with lithium content, and with it

the Li-ion mobility also changes. A decrease in layer spacing of 4% can increase the

energy requires to diffuse Li by as much as 200%, which can diminish the amount of

extractable Li within a reasonable testing window [134].

In general, battery cathodes exhibit higher capacity at slow charge and discharge

rates. At slow rates the kinetic effects, such as some observed overpotentials, are

diminished [135]. Most frequently, Galvanostatic cycling tests are used at rates of be-

tween C/20 for "good" conducting cathodes, such as Na-ion layered oxides [105, 99],

and C/200 for "very poor" conducting cathodes, such as Li-ion fluoride conversion

cathodes [90]. However, it is possible that even at very slow rates, kinetic limitations

43



may still be present. To diminish such effects as much as possible, Galvanostatic

or Potentiostatic Intermittent Titration Techniques (GITT and PITT, respectively)

are used. Such techniques allow for near-equilibrium cycling data to be collected

[135, 136], which allows for alkali extraction to be maximized. As such, using these

methods may circumvent some ion mobility issues in examined materials when ex-

ploring the potential of a new material. Even so, diffusion barriers in a material may

still prevent cycling of the theoretical maximum capacity.

1.7.3 Redox activity limits

The third major source of capacity limitations in alkali-ion battery cathodes stems

from impediment of the oxidation or reduction reaction that accompanies Li or Na

extraction/insertion. As discussed in Section 1.2, during battery charging, the cath-

ode’s active transition metal is oxidized as an alkali ion is removed and reduced on

discharge when that ion is inserted into the cathode. Redox activity of the transi-

tion metal is required, and intercalation cannot proceed without it. Therefore, if the

redox reactivity of the cathode is inhibited, so is the cathode capacity. Whether or

not a transition metal is capable of reversible activity in a particular environment is

determined by the specific electronic structure of each species in that particular en-

vironment. Again, using layered Li-ion oxide cathodes as an example, the stringent

electronic structure requirements on transition metal ions in the layered structure

limits the active chemistry of cathode oxides to just cobalt and nickel [137, 138]. For

other LiMO2 chemistries, reversible capacity is negligible as a result of this stringent

redox limit. However, the redox activity in layered oxide cathodes is less limited

for Na-ion batteries, occurring for Ti-, V-, Mn-, Fe-, Co-, Ni-, and Cr-containing

chemistries, as mentioned in Section 1.5 [32, 62].
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1.8 Synthesis and Characterization

After identification of a predicted new alkali-ion battery material, a compound must

first be synthesized and then characterized to determine its ultimate potential. For

this initial stage, the synthesis methods by which potential cathode materials are

made do not need to be scalable, or otherwise commercially viable. If a material

proves to be promising for eventual commercialization, new synthesis routes that are

cheaper and more scalable may be explored.

1.8.1 Synthesis methods for predicted cathodes

The primary synthesis methods used for making alkali-ion cathode materials, both

in this work and the literature, are solid-state and hydrothermal methods. Other less

commonly used synthesis methods have been demonstrated in the literature, such as

ionothermal [139], mechanochemical [140], and co-precipitation methods [141], but

these will not be discussed for brevity.

Solid-state synthesis is the most common method used to make battery cathode

materials. In this method, precursors are mixed and/or ground together to create

a well-mixed powder, which is frequently pelletized in order to densify the mixture

and bring precursors into more intimate contact, before being brought to an elevated

temperature. When heated, the reactivity of the components increases, making the

conditions favorable for ceramic synthesis reactions to occur. Frequently, volatile

species from the precursors are released during the reaction. Depending on the pre-

cursors and the desired synthesis product, an inert, oxidizing, or reducing atmosphere

may be used to alter the valence state of the transition metal species during synthesis.

Nearly all synthesizeable layered oxide alkali-ion cathode materials can be made

using solid-state synthesis methods[6, 104, 33, 79, 96]. Synthesis of polyanionic cath-
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odes using this method is also common, but the feasibility of solid-state synthe-

sis depends on the specific anion chemistry and stability of the targeted product

[49, 142, 50, 32, 143, 74]. In general, due to the strong binding in oxides, higher

input of thermal energy is required to synthesize oxide-based cathodes, commonly

800oC�900oC, compared to polyanionic materials, which are frequently synthesized

at 500oC�750oC. The chosen reaction environment, however, depends solely on the

transition metal valence state in the precursor used and the transition metal valence

state in the target compound. For vanadium, which is present in layered LiVO2,

NASICON, and tavorite structures, the most commonly used precursor is V2O5. To

bring the valence to V3+, which is present in the desired cathode structures, the

compounds are synthesized in a reducing H2 environment [79, 96, 144]. It is also

possible to use solid-state reducing agents in synthesis. For example, Shakoor et

al. use high surface area carbon black as a reducing agent to reduce V2O5 in the

solid-state synthesis of Na3V2(PO4)2F3 [49]. In the case of Fe, Co, Mn, Ni, and Ti,

Ar gas environments are common during firing, as precursors with metal valences of

2+ or 3+, are readily available [6, 104, 33, 142, 50, 32, 143]. It is possible, though, to

alter a metal’s valence state from the precursor if certain intermediate precursors are

more readily reacted. For example, Komaba et al. synthesized their high-performing

NaNi0.5Mn0.5O2 in air to oxidize transition metals in Ni0.5Mn0.5(OH)2, which was

made using co-precipitation methods for use as an intermediate precursor [105].

The next method commonly used to make alkali-ion battery cathode materials

is hydrothermal synthesis. This method involves the formation of compounds at

elevated temperatures and pressures in a closed aqueous environment. A variety

of polyanionic cathodes have been made in this manner, along with compounds of

interest including carbonophosphates [7], hydroxy- and oxyphosphates [140, 141],

and phosphates [145]. In general, temperatures are much lower in hydrothermal
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synthesis than in solid-state synthesis. High temperatures are generally not used for

two reasons: 1) The mobility/activity of ions in solution far exceeds that in solids

making high temperatures unnecessary and 2) aqueous reactions at temperatures

exceeding the critical point of water (⇠374oC) are difficult to perform and require

built-for-purpose reaction vessels such as Tuttle-type reactors [146], which drastically

limits the accessibility of such reactions methods.

The most widely used reaction vessel for hydrothermal synthesis is a PTFE-lined

stainless steel autoclave. These devices are filled with the precursor solutions, sealed,

and heated to a maximum of 250oC, above which the PTFE lining would soften. The

system variables include temperature, pressure, pH, solute concentration, reaction

duration, and degree of filling of the autoclave. While all these variables, with the

exception of pressure, can be directly controlled, their effects on the experimental

result are difficult to separate since the hydrothermal synthesis vessel is a closed

system, which presents significant challenges to experimental design. However, the

major benefits of this method are the increased mobility of ions in liquids compared to

solids, and a greater likelihood of forming metastable and slightly stable products.

These facts make hydrothermal synthesis a desirable method when attempting to

explore new chemistries, especially those predicted to have limited stability.

1.8.2 Characterization of synthesis products

Once a synthesis reaction is completed, the phase composition of crystalline synthesis

products is conducted using x-ray diffraction (XRD). For an XRD measurement,

coherent x-ray radiation is diffracted through the crystal structure(s) in the synthesis

product through a range of angles, generating a characteristic spectrum that can

be used to identify the crystalline phases in the sample. However, while XRD gives
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insight into crystal structure, implying a likely sample chemistry, additional elemental

analysis is usually needed. One method to analyze sample composition is Inductively

Coupled Plasma atomic emission spectroscopy (ICP-AES), which is used in Chapter

2 of this thesis.

1.8.3 Electrochemical characterization of prospective cathode

materials

To electrochemically characterize synthesized cathode materials, composite electrode

films are used. They are generally made using a doctor-blade or dry-rolling method

and tested in two- or three-electrode electrochemical cells. In general, cathode ca-

pacity is maximized at slow charge and discharge rates. This is because at low rates

the effects of slow kinetics, such as polarization, are diminished [135]. Most fre-

quently, Galvanostatic, or constant current, cycling tests are used. Galvanostatic or

Potentiostatic Intermittent Titration Techniques (GITT and PITT, respectively) are

sometimes used so that near-equilibrium cycling performance to be evaluated.

1.8.4 In situ studies of alkali-ion cathodes

In situ characterization methods have emerged as a powerful tool in the study of

alkali-ion batteries. Foremost among them is in situ XRD. In this technique, a

battery cell is cycled while diffraction patterns of electrode active materials are si-

multaneously collected at varying states of charge. Thus, real-time changes in lattice

parameters and structure during electrochemical cycling may be observed in situ.

In situ studies of widely used Li-ion cathode materials have provided a great

deal of insight into lithiation mechanisms and performance limitations in different

systems. For example, in situ XRD of LiMnO2 revealed a spinel-like structural
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transformation that leads to significant irreversible capacity [147]. In addition, in situ

XRD provided experimental evidence of a non-equilibrium solid-solution lithiation

path in LiFePO4 [148, 149]. In situ XRD has also been used as a way to characterize

the many structural changes that occur during the cycling of layered oxide Na-ion

cathode materials [95, 150]. While frequently used for gaining a better understanding

of established cathode materials, in situ XRD can also be an invaluable tool in

characterizing new materials and finding limits in their performance.

Battery cells designed for utilization of in situ XRD are generally built-for-

purpose depending on the x-ray source employed in the measurement. A cathode,

anode, separator, electrolyte, and current collectors are sealed in an aluminum [151]

or polymer [152] frame. For in situ cells, a portion of the casing is removed and

replaced with a beryllium window, since beryllium is transparent to x-rays, and, as

such, will not diminish the observed intensity in the measured spectra. A schematic

of the cell used in the Ceder Group is shown in Figure 1-8.minimize extra signals from the current collector and cell frame, though interference
from the anode, electrolyte, and separator is unavoidable.
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Figure 3-1: Schematic of a sample in-situ XRD cell

A high-flux source such as synchrotron radiation is necessary for in-situ XRD
for two reasons. Firstly, in addition to interference from other cell components, the
cathode tends to consist of very small particles, making it a weak scatterer. Secondly,
the timescale to collect the complete di�raction pattern must be much less than the
timescale for charge and discharge, so that many di�raction patterns can be collected
in the course of one battery cycle. Given a high flux source, many more di�racted
x-rays can be collected, increasing the intensity of peaks in the di�raction pattern
and thus also shortening the count time necessary at each step.

In-situ XRD has been used to verify lithiation mechanisms in fluorine-containing
compounds for both insertion and conversion, including BiF3/C nanocomposites [44]
and the new fluorosulphate intercalation cathode material, LiFeSO4F [22]. Given
that lithiation is not well understood in non-standard structures and new chemistries,
in-situ XRD will be an important tool for us to understand structural changes and
irreversibilities during lithiation, and subsequently improve new materials.

13

Figure 1-8: A schematic diagram of a battery cell used for in situ XRD measurements
by the Ceder Group.
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High flux x-ray sources, such as synchrotron radiation, are often used for in situ

XRD measurements. Battery cathodes are generally composites containing small

particles and, as a result, are weak scatterers. A high-flux source increases the

observed signal, allowing a high-resolution spectrum to be taken in a shorter time

than with a laboratory XRD so more spectra can be collected during each cycle. The

high energy of synchrotron radiation allows for a greater x-ray penetration depth

and also contributes to a larger signal from the cathode film, which is below the

beryllium window and a current collector. Laboratory diffractometers may also be

used to conduct in situ testing, as in Chapter 3 of this work, but such measurements

are more challenging because they use a lower-power x-ray source [153].

1.9 Thesis overview

This thesis examines novel polyanionic chemistries as possible multi-redox cathodes

for alkali-ion batteries using a computationally-informed approach. A number of

synthesis approaches are used in this work, and once synthesized, the prospective

cathodes are characterized electrochemically. Special attention is paid to identifying

and explaining the underlying mechanisms by which cathode performance is limited

when such issues are encountered. The first part of the thesis covers the synthesis,

electrochemical characterization, and limitations of novel carbonophosphate cathode

chemistries for Li-ion batteries. The second part of the thesis examines mixed-

TM compositions of fluorophosphate for Na-ion batteries using a joint experimental-

computational approach to explain observed cycling phenomena.

Chapter 2 establishes the two-step hydrothermal synthesis method used in the

synthesis of computationally-predicted Li-containing carbonophosphate cathodes,

specifically Li3Fe0.2Mn0.8CO3PO4, and explores their electrochemical performance,
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redox-active species, and the thermodynamic limits to electrochemical performance.

Chapter 3 demonstrates Na insertion in Na3V2(PO4)2F3, discusses the synthesis

and electrochemical performance of Na3[M]2(PO4)2F3 with [M] = {V, Ti, Fe} as

cathodes for Na-ion batteries, as well as the design and use of Na3GaV(PO4)2F3

as a test system for elucidating the limiting mechanisms in fluorophosphate Na-ion

cathodes. Chapter 4 concludes the thesis.
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Chapter 2

Carbonophosphates as

computationally-predicted Li-ion

battery cathodes

2.1 Electrochemical Properties of Li3Fe0.2Mn0.8CO3PO4

as a Li-ion battery cathode

2.1.1 Introduction

The need for lithium-ion batteries with higher energy density than existing materials

has led to significant efforts to discover new cathode materials [154, 24, 7]. High-

throughput ab initio computation is one effective approach employed to accelerate

the process of materials discovery that has led to the identification of several novel

lithium intercalation materials [6, 7, 122, 155]. One class of novel materials that has

been predicted to function as intercalation cathodes for Li-ion batteries is lithium-
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containing carbonophosphate compounds [6]. Li3FeCO3PO4 and Li3MnCO3PO4 are

of particular interest. As shown in Table 2.1, which depicts data first reported by

Chen et al. [7], both compounds are predicted to have accessible 2+ to 3+ redox

couples, but the 3+ to 4+ couple in the manganese-containing compound is also

expected to be active at 4.1 V, a voltage compatible with existing electrolytes. As

a result, Li3MnCO3PO4 is of the greatest interest because it has a two-electron

theoretical capacity of 231 mAh/g and average voltage of 3.7 V. As polyanionic

cathodes, lithium-containing carbonophosphates could also be preferred over oxide

cathode materials since they are generally less likely to release oxygen at high voltages

[6].

Table 2.1: A comparison of predicted voltages of redox couples and theoretical ca-
pacities of Li3[M]CO3PO 4 for [M] = {Fe, Mn} calculated in Chen et al. [7].

Li3[M]CO3PO4

[M] Redox Predicted
Voltage

Theoretical Capacity
between 2 V–5 V

Fe 2+/3+ 3.0 V 230 mAh/g
3+/4+ 4.6 V

Mn 2+/3+ 3.2 V 231 mAh/g
3+/4+ 4.1 V

The synthesis and characterization of both Li3FeCO3PO4 and Li3MnCO3PO4

have been previously reported [7]. Lithium-containing carbonophosphates are not

thermodynamic ground states, so the compounds are synthesized using ion-exchange

techniques from the thermodynamically stable sodium carbonophosphates of the

same crystal structure. As reported previously by Chen et al., Li3FeCO3PO4 has a

theoretical capacity of 115 mAh/g and can be easily synthesized using ion exchange

methods. This compound cycles reversibly, close to its one-electron theoretical ca-
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pacity at a rate of C/5. In contrast, Li3MnCO3PO4 shows a discharge capacity of

135 mAh/g on its first discharge at a rate of C/100, which is only ⇠58% of its the-

oretical two-electron capacity. In addition, the capacity of Li3MnCO3PO4 degrades

dramatically in subsequent cycles. The poor performance in Li3MnCO3PO4 could

be due to many factors. However, it is believed that one major cause is the resid-

ual sodium (⇠17%) ions sitting on Li sites as a result of an incomplete ion exchange

during synthesis. In contrast, the better-performing Li3FeCO3PO4 shows no residual

sodium after synthesis [7].

The approach employed is to substitute some manganese in Li3MnCO3PO4 with

iron to improve its performance by imparting the ion-exchangeability and cycling per-

formance of the Li3FeCO3PO4 on to Li3MnCO3PO4. Similar mixing techniques have

been used in previous attempts to improve the performance of ↵-LiMnPO4 [156, 157,

158]. In this thesis Li3Fe0.2Mn0.8CO3PO4 is focused on specifically. Since complete

Li-Na exchange is much easier to perform in Li3FeCO3PO4 than in Li3MnCO3PO4,

it is expected that this compound to ion-exchange more completely from its sodium-

containing parent compound than Li3MnCO3PO4.

2.1.2 Experimental methods

Hydrothermal synthesis and ion exchange

Na3Fe0.2Mn0.8CO3PO4 was synthesized using a hydrothermal synthesis method [7].

Two clear solutions were made with FeSO4·7H2O (J. T. Baker) and Mn(NO3)2·4H2O

(Sigma Aldrich), and Na2CO3 (Alfa Aesar, 99.5%) and (NH4)2HPO4 (Alfa Aesar,

98%), respectively. The combined molar ratio of transition metal cations was 1:7

to carbonate ions and 1:1 to phosphate ions. The solutions were mixed in a glass

bottle, heated in an oil bath to 130oC and magnetically stirred for 44 hours. The
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solution mixing and subsequent heating was completed in an Ar-flushed glove box.

Next, the reaction products were separated from the reaction solution and washed

by centrifuging in the native solution followed by centrifuging in methanol, distilled

water, and methanol again. The wet powder was dried overnight in a vacuum oven

at 50oC.

Li3Fe0.2Mn0.8CO3PO4 was made from its sodium-containing precursor via a Li-

Na ion-exchange method. As-synthesized sodium carbonophosphate was added to a

2 M solution of LiBr in 1-hexanol [159]. The suspension was stirred magnetically for

5 days in a 140oC oil bath in an Ar atmosphere. The product was centrifuged to

separate it from the ion-exchange solution, and was then washed in methanol, water,

and methanol again. The wet powder was dried in a vacuum oven overnight at 50oC.

The ion-exchange product was then ball-milled with carbon in a Retsch PM200

planetary ball mill to improve the material’s electrochemical performance through

decreased particle size and carbon coating [160, 161]. Zirconia-lined milling jars were

loaded with Li3Fe0.2Mn0.8CO3PO4 and carbon (Super P) in a weight percent ratio

of 85:15 in an Ar-filled glove box. The sample was milled for 6 hours at 500 rpm,

and the resultant powder was also unloaded in the Ar-filled glove box to limit air

exposure.

Carbonophosphate sample characterization

Pristine powder samples of the sodium and lithium carbonophosphates were char-

acterized by XRD using a Bruker D8 Advance diffractometer (Molybdenum K↵,

�=0.7017Å). Elemental composition of the lithium carbonophosphate material was

verified by Inductively Coupled Plasma atomic emission spectroscopy (ICP) mea-

surements using a Horiba Jobin Yvon, ICP-AES (ACTIVA-S) in MIT’s Center for
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Materials Science and Engineering (CMSE). For the ICP measurement, the sample

powders were first dissolved in 2% nitric acid, which itself was prepared from con-

centrated nitric acid and ASTM grade I deionized water. The diluted nitric acid

was also used as a control solution. Calibration curves were constructed using five

calibration solutions of different concentrations for each measured element in 2% ni-

tric acid. All measurements for each element were repeated three times and had a

relative standard deviation of less than one percent.

To electrochemically characterize the Li3Fe0.2Mn0.8CO3PO4 powder cathode films

were made using the as-prepared sample mixed with PVDF and carbon (Super P)

such that the overall ratio of components was 6:1:3 weight percent, respectively. The

films were made using a doctor-blade method on aluminum current collectors, with

each electrode containing ⇠2 mg of active material. CR2016 coin cells were assembled

in an Ar-filled glove box with a Li metal foil anode, Celgard 2025 separator (Celgard

Inc., U.S.A.), and 1 M solution of LiPF6 in ethylene carbonate/dimethyl carbonate

(1:1) as electrolyte. Galvanostatic experiments were conducted at a rate of C/50 on

an Arbin Instruments (College Station, TX) battery cycler.

2.1.3 Experimental results

The sodium-containing carbonophosphate sample is tan in color, while the lithium-

containing carbonophosphate sample is light beige, which is consistent with previ-

ously reported results [7]. The XRD patterns of synthesized phase-pure

Na3Fe0.2Mn0.8CO3PO4 and Li3Fe0.2Mn0.8CO3PO4 samples are shown in Figure 2-1.

The pre- and post-ion exchange spectra exhibit substantial differences, but are con-

sistent with differences between Li- and Na-containing carbonophosphate phases for

other transition metals [7]. Substantial peak broadening is seen in the
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Li3Fe0.2Mn0.8CO3PO4 sample, which implies that either a substantial quantity of

defects is present in the sample or that there are very small crystal domains in the

ion-exchanged sample. Elemental analysis of the Li3Fe0.2Mn0.8CO3PO4 sample was

conducted using ICP analysis, the results of which are displayed in Table 2.2. It is

evident that the Li-Na ion exchange proceeded almost entirely (>99%) to comple-

tion. The other elements are also present in very close to the desired ratio, with the

exception of iron, which is in excess. The most likely explanation is that some amor-

phous Fe-containing phase formed during the ion exchange reaction in 1-hexanol, as

has been previously hypothesized [7].

Figure 2-1: XRD spectra of as-prepared Na3Fe0.2Mn0.8CO3PO4 and
Li3Fe0.2Mn0.8CO3PO4 samples.

Electrochemical testing of the Li3Fe0.2Mn0.8CO3PO4 cathodes was conducted at
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Table 2.2: Elemental composition of as-synthesized Li3Fe0.2Mn0.8CO3PO4 obtained
using ICP analysis.

Element mg/L Normalized Molarity
Li 34.49 2.97
Na 0.89 0.02
Fe 24.30 0.26
Mn 73.18 0.80
P 49.14 0.95

a rate of C/50 at room temperature in a 2.00–4.75 V window. The voltage versus

capacity data for one of these tests is shown in Figure 2-2a. As seen in the figure, the

first-cycle charge starts at greater than three volts, and exhibits a charge capacity

of 284 mAh/g, which exceeds the material’s theoretical capacity of 231 mAh/g. The

high starting voltage and the differing behavior in subsequent cycles indicate that

the Fe2+ in the prepared sample was oxidized during processing, likely as the result

of some exposure. The high charge capacity on the 1st cycle is believed to be caused

by irreversible Li+-extraction from an amorphous impurity phase left on the sample

surface from synthesis, which is also indicated by the excess of iron seen in the ICP

analysis of the ion-exchanged sample. The 1st discharge shows a capacity of 147

mAh/g, but the capacity of the sample reduces over the course of the first 4 cycles

to a reversible value of approximately 105 mAh/g, or 0.9 Li+ per formula unit. This

decrease is not believed to be the result of traditional cathodic capacity fade, but

instead the result of irreversible cycling of amorphous iron-containing impurity phases

between 2.5 V and 2.0 V. These impurities are likely iron-containing hydroxides or

oxyhydroxides, which have been previously been shown to intercalate Li+ at voltages

in this region [162]. As shown in Figure 2-2a, the difference in discharge capacity

between the 1st and 18th cycles stems primarily from decreased capacity in this low-
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voltage region.

On charges following the first cycle, a distinct plateau is present near 3.0 V, which

is the predicted voltage of the Fe2+/Fe3+ and near that of the Mn2+/Mn3+ couple

[24]. The plateau approximately corresponds to the theoretical capacity of iron

in Li3Fe0.2Mn0.8CO3PO4, which is 23 mAh/g. Additional plateaus or other distinct

features indicative of further redox activity are less apparent, and are discussed later.

The capacity retention of Li3Fe0.2Mn0.8CO3PO4 is displayed in Figure 2-2b. Both

the charge capacity and discharge capacity drop significantly over the first 4 cycles;

from 284 mAh/g to 120 mAh/g and from 143 mAh/g to 108 mAh/g, respectively.

After the 4th cycle the charge and discharge capacity remain relatively constant, and

drop only ⇠5 mAh/g over the next 20 cycles. In addition, significant coulombic

inefficiency is observed, with the charge capacity consistently being about 10 mAh/g

higher than the discharge capacity after the 4th cycle. This is likely the result of

electrolyte decomposition at high voltage.

2.1.4 Discussion of Li3Fe0.2Mn0.8CO3PO4 electrochemistry

The biggest attraction of Li3MnCO3PO4 is the potential existence of two active redox

couples in the voltage window of existing battery electrolytes. The proposed two-

electron activity leads to a high theoretical capacity of 231 mAh/g. To improve the

performance of the pure Li3MnCO3PO4, Li3Fe0.2Mn0.8CO3PO4 was synthesized, and

its electrochemical performance is shown above. Of the 208 mAh/g theoretical capac-

ity of the material, only about 105 mAh/g can be reversibly cycled for greater than

20 cycles. Despite performance well under theoretical values, this demonstrates a sig-

nificant improvement over the previously reported performance of Li3MnCO3PO4,

which showed much poorer cyclability. In addition, Li3Fe0.2Mn0.8CO3PO4 has a
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Figure 2-2: (a) Voltage profile and (b) capacity retention of Li3Fe0.2Mn0.8CO3PO4

cycled between 2 V and 4.75 V. The galvanostatic tests were performed at room
temperature at a rate of C/50.
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larger energy density than Li3FeCO3PO4. While the reversible discharge capac-

ity for these materials is approximately the same, the average discharge voltage in

Li3Fe0.2Mn0.8CO3PO4 is 0.4 V higher, corresponding to an energy density 40 Wh/kg

larger than in Li3FeCO3PO4.

To examine the activity of Fe2+/Fe3+, Mn2+/Mn3+, and Mn3+/Mn4+ redox cou-

ples more in depth, which are all predicted to be accessible in the tested voltage

window, the differential charge (dQ/dV) capacity versus voltage is shown in Figure

2-3 for several cycles. Two charge peaks and two discharge peaks are clearly visible.

The first set of peaks around 3.0 V most likely correspond to overlap of the Fe2+/Fe3+

and Mn2+/Mn3+ couples, computed to exist at 3.0 V and 3.2 V, respectively. It has

been previously reported that Fe2+/Fe3+ and Mn2+/Mn3+ couples move closer to-

gether when mixed in single-phase Li(Fe, Mn)PO4 [163], and similar behavior could

be present in this system. The second set of peaks near 4.0 V corresponds to the

predicted Mn3+/Mn4+ activity in the active material. The slight shift seen in the

second set of peaks over the first 12 cycles likely indicates that structural changes

may be occurring in the material. In addition, the area of the peaks is noticeably

different upon charge and discharge, which may be caused by slow ion mobility and

thus Li concentration gradients in the material during cycling, even at these slow

rates. Specifically, the area under the 3 V charging peak is smaller than the area of

the 3 V discharge peak. Finally, the upturn at the high end of the charging curve

on Figure 2-3 indicates that electrolyte oxidation may be occurring. This idea is

reinforced since none of this observed charge capacity is returned on discharge, and

explains the coulombic inefficiency seen in Figure 2-2b.

The observed voltage of the Mn2+/Mn3+ redox couple shows one potential ad-

vantage carbonophosphate cathodes hold over oxide cathodes. The inductive effect

of the carbonate and phosphate polyanions causes the Mn2+/Mn3+ redox couple’s
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Figure 2-3: Curves showing the differential charge plotted for a Li3Fe0.2Mn0.8CO3PO4

cell for its 3rd through 12th cycles. The reader should focus mainly on the envelope
of the curves. The 1st and 2nd cycles are omitted for clarity.

voltage to be higher (3.2 V) than in oxide materials [164]. However, the inductive

effect in this mixed-polyanion system is not as large as that in pure phosphates, mak-

ing both Mn redox couples lie in a useable voltage window, in contrast to LiMnPO4.

In order to improve Li3Fe0.2Mn0.8CO3PO4, the capacity fading of the material and

its limited Li+ extraction must be addressed. In addition, the material’s ionic and

electronic conductivity would also need to be improved.

While this work demonstrates preliminary results of carbonophosphates as Li-ion

cathode materials, a number of aspects of this materials performance remain to be

understood. One notable unexplained cycling feature is the apparent asymmetric

capacity seen in the Mn2+/Mn3+ redox couple on charging and discharging. In addi-

tion, the possibility that the increased discharge capacity in early cycles may result

from an impurity phase in the material will need to be addressed in future works.
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Finally, the reason why the inclusion of iron in Li3Fe0.2Mn0.8CO3PO4 significantly

improves the material is not yet known.

2.1.5 Conclusions from Li3Fe0.2Mn0.8CO3PO4 electrochemical

analysis

In this section of work an improvement over the performance of Li3MnCO3PO4 by

doping the compound with iron is reported. The synthesis of Li3Fe0.2Mn0.8CO3PO4 is

demonstrated via hydrothermal synthesis of a sodium-containing precursor followed

by a Na–Li ion-exchange reaction. The Fe doping allows to ion exchange to proceed to

near (>99%) completion. Li3Fe0.2Mn0.8CO3PO4 cathodes show a reversible capacity

around 105 mAh/g with excellent cyclability over 25 cycles. The observed initial drop

in capacity comes from irreversible cycling of impurities formed during synthesis.

Three redox couples, Mn2+/Mn3+, Mn3+/Mn4+, and Fe2+/Fe3+ are active in this

material. The results open new opportunities to improve the performance of the

novel carbonophosphate cathode materials by doping and structural tuning. This

is particularly meaningful because as recently reported, besides Fe and Mn, many

alkaline earth and transition metals can also form Li-containing carbonophosphate

in pure or doped form [165].
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2.2 Examination of thermal stability in lithium-

containing carbonophosphates

2.2.1 Introduction

Examination of Li3Fe0.2Mn0.8CO3PO4 shows that all Fe and Mn redox couples are

active in this material during electrochemical cycling, and that its first cycle capacity

exceeds its theoretical single-electron capacity. From these results, Li3Fe0.2Mn0.8CO3PO4

seems to be a promising candidate cathode that could be significantly improved

through further optimization. In addition, the material has proven of interest to the

Li-ion battery community [166, 167] and at least one additional university group has

continued research efforts on the lithium-containing carbonophosphates [168].

However, continued testing revealed that older Li3Fe0.2Mn0.8CO3PO4 samples

performed significantly worse than newer ones when tested as cathodes, and attempts

at elevated temperature (55oC) cycling were unsuccessful due to a 100% failure rate of

cells using a Li3Fe0.2Mn0.8CO3PO4 cathode. Together, these problems led to concerns

about the thermodynamic and, therefore, thermal stability of Li3Fe0.2Mn0.8CO3PO4.

When this composition was originally calculated by Hautier et al., the Li-containing

carbonophosphates were all predicted to be metastable [6]. Figure 2-4 is an excerpt

of a figure from the paper by Hautier et al. in which Li-containing carbonophos-

phates were first predicted. Figure 2-4 shows the calculated stability of the Na- and

Li-containing carbonophosphates by plotting the energy above the hull, or the ther-

modynamic driving force of decomposition, for the calculated material to its ground

state, for different transition metals in the carbonophosphate structure. Many of the

Na-containing carbonophosphates are a thermodynamic ground state structure, but

none of the Li-containing carbonophosphates represent the thermodynamic ground
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state at its composition. From this figure, Li3Fe0.2Mn0.8CO3PO4 is approximately 50

meV per atom off of the energy hull. The issues of decreasing performance with older

samples and high failure rate of cells at elevated temperatures were hypothesized to

be the result of Li3Fe0.2Mn0.8CO3PO4 decomposition to its thermodynamic ground

state. To determine if the calculated metastability of Li3Fe0.2Mn0.8CO3PO4 was in-

deed causing material decomposition and the observed problems, thermal stability

tests were conducted.

lead to capacities up to 232 mAh/g. Such a capacity is signifi-

cantly higher than the commercially used polyanionic cathode:

LiFePO4 olivine (170 mAh/g).

Motivated by this potential for high capacity, we decided to

explore other polyanionic mixtures in the sidorenkite structure

obtained by substituting P by S, Si or As on the tetrahedral sites,

C by B on the triangular planar sites, and a redox active metal on

the octahedral sites. We computed total energies for all combi-

nations of AxM(YO3)(XO4) formula (with A ¼ Li, Na; X ¼ Si,

As, P; Y ¼ C, B; M ¼ a redox active metal; and x ¼ 0 to 3) in the

sidorenkite structure. The metal M was taken from a list of redox

active metals within a specific range of possible oxidation states

(in parentheses): V (+2 to +5), Cr (+2 to +6), Mn (+2 to +4), Fe

(+2 to +4), Co (+2 to +4), Ni (+2 to +4), Cu (+1 to +3), Mo (+3

to +6), Sn (+2 to +4), Sb (+3 to +5) and Bi (+3 to +5). Only

charge-balanced compounds were considered, and because

cathode materials are targeted, only M metals in oxidation states

that could be further oxidized were studied. In total, 277

compounds were computed. For each of these chemistries, we

computed the thermodynamic stability following the procedure

presented in the method section.

Fig. 2 shows the results of this stability analysis for lithium

(Fig. 2a) and sodium-based compounds (Fig. 2b). Each line

represents a mixture of polyanions (e.g., SO4–CO3) and each

column a specific metal cation. The color indicates the energy

above the hull for a specific chemistry. Light colors indicate

instability (large energy above the hull) while darker colors

indicate stability (small energy above the hull). A black ‘‘/’’

indicates a missing entry in our database (i.e., a chemistry that

could not be charge-balanced or a computation that did not

converge). A light blue cross is present for compounds that are in

equilibrium with a gas such as O2 or CO2. For those, changing

conditions such as the partial pressure of the gases or the

temperature can directly influence the stability of the compound.

The sidorenkite crystal structure favors sodium on the alkali

sites, and none of the lithium-based compounds were found to be

thermodynamically stable. The most stable lithium compound is

a vanadium lithium carbonosilicates: Li3V(CO3)(SiO4) situated

36 meV/at above the hull.

As can be observed in Fig. 2b, many sodium-based compounds

are computed to be stable (0 meV/at above the hull) in the car-

bonophosphates, carbonosilicates and carbonoarsenates chem-

istries. We find the two known minerals: Na3Mn(CO3)(PO4) and

Na3Fe(CO3)(PO4), in our set of stable compounds, giving

confidence in our computational approach. In addition, several

other carbonophosphates are predicted to be thermodynamically

stable: Na3Co(CO3)(PO4), Na3Ni(CO3)(PO4), Na3Cu(CO3)

(PO4), Na3Cr(CO3)(PO4), Na2Cr(CO3)(PO4), Na2Bi(CO3)(PO4),

Na2Fe(CO3)(PO4), Na2Mo(CO3)(PO4), and Na2V(CO3)(PO4).

While it is not surprising to see the +2 and +3 transition metals

stable in the octahedral site of the sidorenkite structure, the

stability of the large Bi3+ ion in Na2Bi(CO3)(PO4) is more

surprising. A closer look at the structure shows that, during the

DFT ionic relaxation, an important distortion of the metal

octahedra occurs and leads to a relaxed structure with a larger

coordination number for the metal site (7-fold) as expected for

a large ion as Bi3+.

The sodium carbonoarsenates and carbonophosphates behave

very similarly in terms of stability. The similitude between these

two chemistries is not surprising as As5+ and P5+ can easily be

substituted for each other.7

Besides the carbonophosphates and carbonoarsenates, stable

sodium compounds can also be found in the carbonosilicate

chemistry. Three new phases are predicted to be stable in this

chemistry: Na3V(CO3)(SiO4), Na3Mo(CO3)(SiO4), and Na3Fe

(CO3)(SiO4).

While borophosphates and borosilicates exist in nature,27 no

borate-based compounds are found to be stable in the sidor-

enkite crystal structure. A few borophosphates and borosilicates

are, however, close to stability (within 30 meV/at): for instance,

Na3Mn(BO3)(PO4) is only 8 meV/at above the hull. On the other

hand, the sulfate-based chemistries are by far the most unstable

in the sidorenkite crystal structure with the vast majority of

carbonosulfates and borosulfates higher than 30 meV/at above

the convex hull.

For a lithium-ion battery cathode, lithium-containing

compounds will have to be targeted. The stability of many

sodium-based phases (i.e., NaxM(YO3)(XO4)) suggests that the

lithium-containing equivalent compounds (i.e., LixM(YO3)

(XO4)) could be synthesized by first forming the stable sodium

compound, and performing a lithium to sodium ion-exchange to

produce the metastable lithium-containing compound. This ion-

exchange based synthesis is not uncommon in the battery

field.28–30 To be of interest as cathode materials, those lithium

based materials are required to have an adequate voltage: high

enough to maximize the stored energy (generally higher than 3 V)

and compatible with current electrolyte technology (i.e., lower

Fig. 2 Energy above the hull for AxM(YO3)(XO4) compositions in the

sidorenkite structure (with X ¼ Si, As, and P and Y ¼ C or B and M

a redox active metal): a) lithium-based (A ¼ Li) compounds, b) sodium-

based (A ¼ Na) compounds. The color indicates the energy above the

hull. Light colors indicate instability (large energy above the hull) while

darker colors indicate stability (small energy above the hull). A black ‘‘/’’

indicates a missing entry in our database (i.e., chemistries that could not

be charge balanced or computations that did not converge). A light blue

cross is present for compounds in equilibrium with a gas such as O2 or

CO2.
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Figure 2-4: An excerpt from Figure 2 in the work by Hautier et al. published in
2011. The figure depicts the calculated energy of decomposition to thermodynamic
ground states for A

x

M(CO3)(PO4) compositions in the sidorenkite structure (with
M being a redox active metal) for (a) lithium-based (A = Li) compounds and (b)
sodium-based (A = Na) compounds. The color indicates the decomposition energy.
Light colors indicate thermodynamic instability while darker colors indicate greater
thermodynamic stability. A black "/" indicates a missing entry in the Ceder Group
database (i.e., chemistries that could not be charge balanced or computations that
did not converge) [6].

66



2.2.2 Experimental methods

The sample of Li3Fe0.2Mn0.8CO3PO4 used in this thermal decomposition study was

synthesized using the same two-step hydrothermal synthesis and ion-exchange method

described in Section 2.1.2. XRD spectra were measured both for the pristine

Li3Fe0.2Mn0.8CO3PO4 sample and the end result using a Rigaku Miniflex II diffrac-

tometer (chromium K↵, � = 2.2897, Rigaku corporation, Tokyo) in flat-plate mode,

scanning from 10o to 120o two-theta.

Short- and long-term thermal stability tests were conducted on

Li3Fe0.2Mn0.8CO3PO4 at 55oC, the temperature at which elevated-temperature cy-

cling tests with this material failed. The short-term Thermogravimetric Analysis

(TGA) testing was conducted using a Simultaneous Differential Scanning Calorime-

ter and Thermogravimetric Analyzer (SDT) manufactured by TA Instruments (New

Castle, Delaware). The sample was held at 55oC for 10 hours under flow of Argon

while its weight was continuously monitored. For the long term thermal stability test,

approximately one gram of pristine Li3Fe0.2Mn0.8CO3PO4 was placed in an empty

CR2016 coin cell and sealed while in an Ar-filled glove box. The filled and sealed

coin cell was then placed in a 55oC thermoelectric temperature oven (TestEquity

LLC, Moorpark, California) for 6 months, after which the contents was removed and

analyzed using XRD.

2.2.3 Experimental results

The results of isothermal TGA analysis of Li3Fe0.2Mn0.8CO3PO4 are shown in Figure

2-5, which shows a plot of sample weight percent as a function of time held at 55oC.

The sample weight drops more quickly for approximately the first two hours, and

then decreases more slowly by the end of the test. The initial high rate of weight
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loss is likely the result of evaporation of water on the surface of the sample pan

and sample. In similar TGA tests, water evaporation commonly accounts for 1-2%

sample weight loss, which is consistent with this test. After ten hours, the rate of

weight loss over time appears close to a steady state value of -0.03% per hour. This

test implies that the Li3Fe0.2Mn0.8CO3PO4 sample decomposes slowly at 55oC, but

the test duration is too short and the decomposition rate too slow for a conclusive

result for or against carbonophosphate decomposition in this case.
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Figure 2-5: Sample weight percent graphed versus time for a sample of
Li3Fe0.2Mn0.8CO3PO4 held at 55oC. Additionally, the steady-state slope is estimated
using the line shown.
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XRD spectra for the Li3Fe0.2Mn0.8CO3PO4 used in the long-term thermal stability

test is shown in Figure 2-6. After six months in a 55oC isothermal oven, the sam-

ple’s XRD spectrum is significantly different than the original Li3Fe0.2Mn0.8CO3PO4

sample, and none of the original sample crystal structure is present. The specific

crystalline phase composition of the residual sample was not readily identifiable, and

the broad elevated background signal indicates that a significant portion of the sam-

ple had become amorphous. Despite the difficulty in identifying exact composition,

it is clear the Li3Fe0.2Mn0.8CO3PO4 had fully decomposed.

Pristine!

6 months @55oC!

Figure 2-6: XRD spectra for an as-synthesized sample of Li3Fe0.2Mn0.8CO3PO4 and
an identical sample that had been placed in a 55oC oven for 6 months.

69



2.2.4 Discussion and conclusions of carbonophosphate ther-

mal stability

From the short- and long-term thermal stability tests performed on

Li3Fe0.2Mn0.8CO3PO4, it is clear that the material decomposes at 55oC. Given that

the material is close to 50 meV per atom above the energy hull, it is not surpris-

ing that Li3Fe0.2Mn0.8CO3PO4 will decompose at elevated temperatures. Further,

Li3Fe0.2Mn0.8CO3PO4 becomes less stable as its lithium content decreases, which

would exacerbate decomposition-related cycling issues, explaining the consistent cell

failure for elevated temperature cycling tests of Li3Fe0.2Mn0.8CO3PO4. As 55oC is

not a high temperature for a battery to be exposed to during standard operation,

making use of Li3Fe0.2Mn0.8CO3PO4, or any Mn-containing carbonophosphate, as a

Li-ion battery cathode would not be possible. Therefore, despite promising cycling

characteristics and the potential for multi-redox cycling performance, research on

this class of materials was abandoned.
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Chapter 3

Fluorophosphate cathodes for Na-ion

batteries

3.1 Introduction

As discussed in earlier chapters, the need for increased energy storage coupled with

concerns about the cost and availability of metals used in Li-ion battery cathodes

has fueled a resurgence in the study of Na-ion batteries [169, 32, 62, 31]. To date,

layered oxide Na-ion battery cathodes have demonstrated the best capacities and

energy densities and, as a result, have received the majority of research attention.

Despite this, oxide cathodes face significant problems including Na-ion ordering,

dramatically stepped voltage plateaus, phase transformations during cycling, and

poor cyclability [100, 45, 98, 44].

Polyanionic Na-ion cathodes are a promising alternative to oxide cathodes, as

they constitute a wider design-space and offer more compositional flexibility when

designing new materials with high redox potential. Among the polyanionic Na-ion
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battery cathodes examined, fluorophosphates are currently the highest performing.

Fluorophosphates have been shown experimentally to exhibit energy densities com-

parable to many oxide cathodes, but with higher cycle life [49, 50]. Na3V2(PO4)2F3

is one of the most studied material of this class, and it has been demonstrated to

reversibly cycle near its one-electron theoretical capacity of 128 mAh/g at an aver-

age voltage of ⇠3.75V, while cycling between compositions of Na3V2(PO4)2F3 and

NaV2(PO4)2F3 [49]. While this is high performance for a polyanionic Na-ion cathode,

an energy density of ⇠470 Wh/kg would not be enough to supplant Li-ion battery

cathodes, or even Na-ion battery oxide cathodes. Consequently, Kang [170, 49], Rojo

[51], Goodenough [171], and others have tried to improve upon the performance of

these cathodes through oxygen substitution, making cathodes with the chemical for-

mula Na3V2O2x(PO4)2F3�2x. Substituting oxygen for fluorine increases the starting

valence state of vanadium, which had the potential to increase the performance of

oxyfluorophosphate cathodes over fluorophosphate cathodes by raising their average

voltage. Together, in fluorophosphate and oxyfluorophosphate cathodes, both the

V3+/V4+ and V4+/V5+ redox couples have been accessed reversibly and contributed

significantly to capacity. However, no modified fluorophosphate cathodes have sig-

nificantly exceeded the one-electron capacity (⇠130mAh/g) so far [49, 170, 51, 171],

and, as such, these materials do not improve on the performance of Na3V2(PO4)2F3.

To make fluorophosphate cathodes competitive with Li-ion battery technology,

their capacity must be substantially improved. If they can be made to cycle through

an expanded composition range, the potential exists to achieve a capacity of 192

mAh/g if all sodium can be extracted, yielding a cathode composition of V2(PO4)2F3.

If sodium can also be inserted to fill all available sites in the fluorophosphate crystal

structure, making Na4V2(PO4)2F3, a capacity as high as 256 mAh/g could be possi-

ble. This chapter investigates if it is possible to cycle fluorophosphate cathodes for
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Na-ion batteries in an expanded Na concentration range by electrochemically insert-

ing Na+ in Na3V2(PO4)2F3. In addition, cathodes of mixed transition metal com-

positions are examined, and performance-limiting mechanisms in fluorophosphate

Na-ion battery cathodes are determined.

3.2 Electrochemical insertion of Na+ in Na3V2(PO4)2F3

3.2.1 Motivation for seeking Na+ insertion

To determine if fluorophosphate cathodes could reversibly access greater than one

electron per transition metal ion per electrochemical cycle and extend capacity be-

yond 128mAh/g, the possibility of electrochemical insertion of Na+ in Na3V2(PO4)2F3

is investigated. Two observations from literature indicate that electrochemical inser-

tion of Na+ could be possible. First, only three fourths of the possible Na+ sites in

Na3V2(PO4)2F3 are occupied when the material is synthesized. Shakoor et al. define

three Na+ sites in the NASICON-like structure of Na3V2(PO4)2F3, which they call

Na1, Na2, and Na3 [49]. Na3 is a transition state unoccupied in the ground state

crystal structure. Na1 is the lowest energy Na site and is fully occupied while the

slightly higher energy site, Na2, is half-occupied in the as-synthesized material de-

scribed in that work [49, 172]. If all Na1 and Na2 sites were occupied, the crystal

composition would become Na4V2(PO4)2F3. (Note: It would be impossible for Na3

sites to be occupied in addition to this due to high electrostatic forces between ions in

sites adjacent to the Na3 site, meaning that Na4V2(PO4)2F3 constitutes the highest

Na concentration chemistry in this structure.) The second observation comes from

Chihara et al.’s 2013 publication on fluorophosphate cathodes [50]. In Figure 4b of

that work, Na3V2(PO4)2F3 is discharged to 1.0 V, and the voltage versus capacity
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plot shows a plateau near the low-voltage cutoff, which could indicate electrochemi-

cal Na+ insertion. However, neither data showing charging from this low cutoff nor

any other characterization of this plateau is presented in that work, so the reason for

this plateau remained unknown. Based on these observations, Na3V2(PO4)2F3 was

synthesized and characterized in order to determine if Na+ can be electrochemically

inserted into this structure reversibly.

3.2.2 Experimental methods

Synthesis methods

Na3V2(PO4)2F3 was synthesized via a two-step solid-state synthesis method similar

to that used by Shakoor et al. [49]. First, stoichiometric amounts of V2O5 (Alfa

Aesar, 99.2%) and NH4H2PO4 (Sigma Aldrich, 99.999%) were mixed with 15% car-

bon black (Super P) by mass. The mixture was pelletized and heated to 750oC for

4 hours under flow of argon. The resultant mixtures was then crushed, mixed with

a stoichiometric amount of NaF (Alfa Aesar, 99.0%), repelletized, and calcined at

750oC for 2 hours under flow of argon.

Sample characterization methods

Powder XRD was used to identify the phases present in the as-synthesized sample.

XRD measurements for phase identification were taken using a Rigaku Miniflex II

diffractometer (chromium K↵, � = 2.2897 Å, Rigaku corporation, Tokyo) in flat-plate

mode, scanning from 15o to 65o two-theta.
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Electrochemical characterization methods

Prior to electrochemical characterization of the fluorophosphate samples, they were

ball-milled with carbon in zirconia-lined milling jars in a Retsch PM200 planetary

ball mill to improve the material’s electrochemical performance through decreased

particle size and carbon coating [161, 160]. The milled active material and carbon

mixture consisted of an 80:20 mass ratio of fluorophosphate active material to carbon

(Super P), and were milled for 4 hours at 400rpm. The resultant powder was removed

from the milling jars in an Ar-filled glove box to limit air exposure.

For electrochemical characterization, composite electrode films were made using

a dry-rolling method. PTFE binder was added to each ball-milled active mate-

rial/carbon mixture such that the final ratio of components in the prepared elec-

trodes was 76:19:5 by mass, respectively. The mixture was manually rolled on a steel

plate to produce electrode films. Each electrode contained ⇠2 mg of active material.

Battery cells were assembled using Swagelok cells with 316 stainless steel current

collectors, the dry-rolled cathode films described, glass fiber separator films, a solu-

tion of 1 M NaPF6 in ethylene carbonate/diethyl carbonate (1:1) as electrolyte, and

a Na metal anode. Galvanostatic experiments were conducted at a rate of C/20 on

an Arbin Instruments (College Station, TX) battery cycler.

In situ x-ray diffraction methods

In situ XRD measurements were conducted on Na3V2(PO4)2F3 cathodes such that

crystal structure changes could be observed as sodium concentration changed during

electrochemical cycling. These measurements were conducted on the Ceder Group’s

laboratory in situ XRD set-up using a Bruker D8 Advance diffractometer (molyb-

denum K↵, � = 0.7093 Å), Bruker AXS, Germany). A specially-designed battery
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cell, shown schematically in Figure 1-8, was assembled with a Na3V2(PO4)2F3 com-

posite cathode film prepared identically to that described in the previous paragraph,

but containing ⇠15 mg of active material and having a larger radius, a Celgard

2025 separator (Celgard Inc., U.S.A.), a Na metal anode, and aluminum foil cur-

rent collectors in an Ar-filled glove box, and loaded onto the diffractometer’s sample

stage. The battery was then cycled galvanostatically at a rate of C/20 using a

single-channel Solartron SI 1287 potentiostat (Solartron Analytical, Kingston-on-

Thames, UK). Simultaneously, The Bruker D8 diffractometer collected spectra from

7o to 40o two-theta. XRD measurements were completed continuously on the cy-

cling Na3V2(PO4)2F3 cell. Each spectrum measurement spanned one hour and was

mapped to the electrochemical test time and, thus, cell voltage and sodium content.

3.2.3 Experimental results

Synthesis results

The synthesis method in Section 3.2.2 resulted in a two-phase system consisting of

the desired Na3V2(PO4)2F3 phase with a P42/mnm space group (Inorganic Crystal

Structure Database powder diffraction file ID 03-012-2207) and an impurity phase of

Na3V2(PO4)3 with the R-3c (NASICON) space group (Inorganic Crystal Structure

Database powder diffraction file ID 00-062-0345). While the Na3V2(PO4)2F3 sample

is not a single phase, it is of sufficient purity for the purposes of this study. The

XRD spectrum for Na3V2(PO4)2F3 is shown in Figure 3-1.

Electrochemical results

The electrochemical cycling performance of Na3V2(PO4)2F3 collected under galvano-

static conditions at a rate of C/20 is shown in Figure 3-2. The cathode had a charge
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Figure 3-1: XRD spectrum for the synthesized sample of Na3V2(PO4)2F3 used for
electrochemical characterization. Impurity peaks are labelled on the figure.

capacity of 132 mAh/g and a discharge capacity of 129 mAh/g, including the two

expected plateaus at 3.6 V and 4.2 V, corresponding to activity in the V3+/V4+

redox couple, which is well documented in the literature [49, 50]. In addition, a third

plateau is present at 1.5 V on charge and 1.2 V on discharge, indicating reversible

activity of the V2+/V3+ redox couple, which had not been previously presented in

the literature prior to this study. Small plateaus at 3.3 V and 1.7 V are also ob-

served. This can be attributed to electrochemical activity of Na3V2(PO4)3, an impu-

rity present in the cathode sample, as previously noted. The observed performance

is roughly 80% of that observed in the literature for the voltage window from 2.0 V

to 4.5 V for an optimized Na3V2(PO4)2F3 cathode [49, 50], but this performance is

sufficient for the current investigation.
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Figure 3-2: A voltage versus capacity plot for the electrochemical cycling of
Na3V2(PO4)2F3 during its third cycle of galvanostatic cycling at a rate of C/20.
Notably, a low voltage plateau exists near 1.2 V on both charge and discharge, which
could indicate reversible Na+ insertion.
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In situ x-ray diffraction results

In situ XRD experiements were performed on Na3V2(PO4)2F3 as a means to de-

termine the reaction mechanism responsible for the reversible low-voltage capacity

in Na3V2(PO4)2F3 during galvanostatic cycling. Specifically, these experiments were

conducted to determine if the 1.2 V plateau is the result of a conversion or topotactic

intercalation reaction. Sequentially-collected XRD spectra and corresponding elec-

trochemical results of this experiment are presented in Figure 3-3, which is presented

such that the start of each XRD spectrum can be horizontally tracked to the time

and voltage (and thus sodium content) at which the spectrum was measured. The

data focuses on spectra taken at voltages equal to or below the cell’s open circuit

voltage. As such, it can be concluded that the cathode is measured when it has a

greater sodium content than its as-synthesized state. In the spectra presented, no

significant peak shifts, new peaks, or changes in relative peak intensity are observable

within the resolution of the measurement.

3.2.4 Discussion and conclusions

Given the reversible low-voltage activity in Na3V2(PO4)2F3 cathodes and in situ

XRD measurements, it can be concluded that it is possible to reversibly access the

V2+/V3+ redox couple in Na3V2(PO4)2F3 and that this activity comes from Na+

insertion rather than conversion. From Figure 3-3, it is clear that no substantial

change occurs during low voltage cycling. In the case of electrochemical conversion,

in which Na3V2(PO4)2F3 would be converted into a metal and a phosphate salt,

one would expect a binary metal-fluoride phase, likely NaF or another strong x-ray

scatterer, to appear and the Na3V2(PO4)2F3-related peaks to significantly diminish in

intensity, particularly in the low-voltage potentiostatic regime, but neither of these
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Figure 3-3: Combined in situ XRD and electrochemical data for a cy-
cling Na3V2(PO4)2F3 cathode. (a)Sequential XRD scans collected collected for
Na3V2(PO4)2F3 at differing cell voltages/sodiations and (b) a voltage versus time
plot for the same cell. The two graphs are aligned such that following the first point
of the XRD scan horizontally places the scan at its corresponding voltage and time.
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changes occurs. The lack of peak shift resulting from lattice parameter changes

is also consistent with electrochemical insertion of Na+ into the Na3V2(PO4)2F3

crystal structure. The NASICON-like crystal structure of fluorophosphate cathodes

is known to exhibit low strain during cycling, and Na3V2(PO4)2F3 exhibits less than

2% volumetric strain when two sodium ions per formula unit are extraced, so it is

expected that Na+ insertion would cause very little change in the crystal structure

lattice parameter [49]. As such, any changes in lattice parameter, and the associated

peak shifts in XRD spectra, could reasonably be expected to be small enough that

they would be unobservable in a measurement with the resolution of the performed

experiment.

Since electrochemical insertion of Na+ occurs rather than cathode conversion at

low voltages, it is possible that the observed low voltage capacity may be used in

conjunction with previously-observed topotactic Na+ extraction to increase capacity

over the current capacity of fluorophosphate cathodes. However, the observed ca-

pacity is low enough that it would neither significantly contribute to cathode energy

density nor be easily accessed in a commercial cell also using the capacity available

above 3 V. In order for the 2+/3+ redox to be significantly improve the performance

of fluorophosphate cathodes, the voltage at which the redox couple is accessed must

increase. In an effort to accomplish this, different mixed-transition metal fluorophos-

phate chemistries were examined and are presented in Section 3.3.
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3.3 Na3[M]2(PO4)2F3 with {M = Fe, Ti, V} as a

promising template for Na-ion battery cathodes

3.3.1 Fluorophosphates as a multi-redox Na-ion cathode tem-

plate

In the electrochemical and in situ XRD study of Na3V2(PO4)2F3 in Section 3.2,

it was shown that V2+, V3+, and V4+ are accessible during a single charge or dis-

charge. Even though the V2+/V3+ activity occurs at too low of a voltage to signifi-

cantly improve cathode energy density, fluorophosphate cathodes with the promising

template chemistry Na3[M]2(PO4)2F3 can be strategically designed as cathodes for

Na-ion batteries. For single and mixed-TM cathodes of this type with carefully cho-

sen chemistries, the average voltage of 2+/3+ redox might be made higher than that

of V2+/V3+ alone, meaning the insertion regime of electrochemical cycling could

contribute more significantly to cathode performance. If Na+ can be inserted to

full Na-site occupancy, making a cathode chemistry of Na4[M]2(PO4)2F3, and then

extracted to Na[M]2(PO4)2F3 in a single half-cycle, one and a half electrons per

transition metal ion would be accessed, resulting in a capacity of approximately

185mAh/g, depending on the specific cathode transition metal chemistry. Mixed-

transition metal chemistries employing mixed activity of 2+/3+, 3+/4+, and 4+/5+

redox couples could also be employed to achieve this high capacity. This design strat-

egy is schematically represented in Figure 3-4. If all redox couples may be accessed

with an average voltage of 3.24 V, the energy density of the cathode would be 600

Wh/kg, placing such a cathode among the best-performing Na-ion oxide cathodes

and LiFePO4 cathodes for Li-ion batteries.
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T

As synthesized compound:

Figure 3-4: A schematic diagram explaining the specific redox activity expected,
and the capacity each redox couple would contribute in the insertion and extraction
regimes for cathodes of the type Na3[M]2(PO4)2F3 with {M = Fe, Ti, V}.

For this study, Na3[M]2(PO4)2F3, where {M = Fe, Ti, V}, is examined. Fe and Ti

were chosen in addition to V since they are known to be stable in a 3+ valence state,

have been shown to be redox active in Na-ion batteries, and have a similar ionic radius

to V3+, which combined imply that these fluorophosphate chemistries should be syn-

thesizeable and redox active. In addition, Na3Ti2(PO4)2F3 and Na3Fe2(PO4)2F3 have

both been previously synthesized and examined as Na-ion cathodes by Chihara et al.,

though not for insertion capacity [50]. In this case, the novel mixed-transition metal

chemistries, Na3TiV(PO4)2F3 and Na3FeV(PO4)2F3, are of primary interest. Syn-

thesis and electrochemical characterization for Na3Ti2(PO4)2F3, Na3TiV(PO4)2F3,

Na3Fe2(PO4)2F3, and Na3FeV(PO4)2F3 are reported in this section.
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3.3.2 Experimental Methods

Synthesis methods

All Na3[M]2(PO4)2F3, where {M = Fe, Ti, V} compositions examined in this study,

with the exception of Na3Fe2(PO4)2F3, were made using a two-step solid-state syn-

thesis method similar to those presented in the literature for fluorophosphate cathode

compounds [49, 50]. The Na3V2(PO4)2F3 sample used as a baseline for new compo-

sitions was prepared using the same synthesis method as in Section 3.1. Restated,

Na3V2(PO4)2F3 was made by first combining stoichiometric amounts of V2O5 (Alfa

Aesar, 99.2%) and NH4H2PO4 (Sigma Aldrich, 99.999%) with 15% carbon black (Su-

per P) by mass and heating the mixture to 750oC for 4 hours under flow of argon.

The resulting pellets of VPO4 and carbon was mixed with a stoichiometric amount

of NaF (Alfa Aesar, 99.0%), pressed into a new pellet, and put in a 750oC furnace

for 2 hours under flow of argon.

Titanium-containing fluorophosphate compounds were made using Ti2O3 (Sigma

Aldrich, 99.9%). For both Na3Ti2(PO4)2F3 and Na3TiV(PO4)2F3, a stoichiometric

amount of Ti2O3 was mixed with NH4H2PO4 (Sigma Aldrich, 99.999%), and, in the

case of Na3TiV(PO4)2F3, V2O5 (Alfa Aesar, 99.2%), and calcined at 700oC for 15

hours under flow of 5% hydrogen in 95% argon. Then each sample was crushed,

mixed with a stoichiometric amount of NaF (Alfa Aesar, 99.0%), repelletized, and

and fired at 600oC for 2 hours under flow of argon.

Na3FeV(PO4)2F3 synthesis required a first step of mixing V2O5 (Alfa Aesar,

99.2%) and NH4H2PO4 (Sigma Aldrich, 99.999%) with 15% carbon black (Super

P) by mass and firing the mixture at 750oC for 4 hours under flow of argon. The

synthesized VPO4 was then mixed with stoichiometric amounts of FePO4· 2H2O

(Sigma Aldrich, Fe 29%) and NaF (Alfa Aesar, 99.0%) and calcined at 600oC in
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argon for 2 hours.

Na3Fe2(PO4)2F3 was made using a single-step solid state synthesis method by

mixing FePO4· 2H2O (Sigma Aldrich, Fe 29%, 5% molar excess) with NaF (Alfa

Aesar, 99.0%), pelletizing the mixture, and firing it at 600oC in argon for 2 hours.

Characterization methods

Synthesis products were identified using powder XRD. XRD spectra were collected

using a Rigaku Miniflex II diffractometer (chromium K↵, � = 2.2897 Å, Rigaku cor-

poration, Tokyo) in flat-plate mode. HighScore Plus software (PANalytical, Nether-

lands) was used for phase identification.

To decrease particle size and carbon coat the synthesized cathode materials, the

synthesis products were ball-milled with carbon in zirconia-lined millling jars in a

Retsch PM200 planetary ball mill for 4 hours at 400 rpm. The milled active material

and carbon mixture consisted of an 80:20 mass ratio of active material to Carbon

(Super P), and carbon was added to each sample as necessary to meet this ratio.

The samples were loaded into the milling jars and unloaded in an argon-filled glove

box.

For electrochemical characterization, the synthesized fluorophosphates were made

into composite cathode films using a dry-rolling method. PTFE binder, at 5% by

mass, was added to each ball-milled active material mixture, and the mixtures were

rolled into cathode films on a steel plate. The final ratio of components (active

material:carbon:binder) in the prepared electrodes was 76:19:5 by mass. Battery cells

were made using Swagelok cells with 316 stainless steel current collectors, a ⇠2mg

dry-rolled cathode film prepared as described above, a glass fiber separator film, a

solution of 1 M NaPF6 in ethylene carbonate/diethyl carbonate (1:1) as electrolyte,
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and a Na metal anode. An Arbin Instruments (College Station, TX) battery cycler

was used to perform galvanostatic cycling tests at a rate of C/20 for each cathode

composition presented.

3.3.3 Experimental Results

Synthesis Results

The XRD spectra for as-synthesized samples of Na3Ti2(PO4)2F3 and Na3TiV(PO4)2F3

are presented in Figure 3-5. Each sample exhibited a tetragonal crystal structure

with the P42/mnm space group, which is characteristic of the Na3V2(PO4)2F3 "tem-

plate" structure. In Figure 3-5, the XRD spectrum of Na3V2(PO4)2F3 is included as

a reference, with vertical lines overlaid to indicate its major peak positions. The peak

positions in Ti-containing samples exhibit a small peak shift towards smaller angles,

which is expected given that the ionic radius of Ti3+ (81 pm) is larger than that of

V3+ (78 pm). For Na3TiV(PO4)2F3, XRD peak shifts are approximately half as large

as those of Na3Ti2(PO4)2F3. Additionally, the Na3TiV(PO4)2F3 sample’s XRD spec-

trum consists of well-defined, sharp peaks. Combined, these two facts indicate that

the Na3TiV(PO4)2F3 sample is a single phase with Ti and V in a well-mixed solid

solution in the crystal structure, rather than separate Ti- and V-containing phases

and/or domains. If that were the case, one would expect to see doublet peaks at the

major peak positions or broad peaks in the XRD pattern for the mixed-transition

metal sample, neither of which is the case.

XRD spectra of Na3Fe2(PO4)2F3 and Na3FeV(PO4)2F3 samples are shown in

Figure 3-6. Unlike Ti-containing samples, the Fe-containing samples could not be

synthesized as a single phase, nor could the impurity phase(s) be readily identified.

Impurity peaks are labeled in Figure 3-6. The major phase in the samples, however,
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Figure 3-5: Collected XRD spectra for as-synthesized Na3V2(PO4)2F3,
Na3Ti2(PO4)2F3, and Na3TiV(PO4)2F3. Impurity peaks are labelled in the spec-
tra and vertical lines have been inserted to demonstrate the alignment of major
peaks in Na3V2(PO4)2F3 with those in the other synthesized samples.
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was the fluorophosphate tetragonal structure in the P42/mnm space group. Like the

combined spectra presented for Na3Ti2(PO4)2F3 and Na3TiV(PO4)2F3 in Figure 3-5,

vertical lines are overlaid on the aligned spectra to indicate major peak positions of

Na3V2(PO4)2F3 so that they may be readily compared with the synthesized samples.
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Figure 3-6: Collected x-ray diffraction spectra for as-synthesized Na3V2(PO4)2F3,
Na3Fe2(PO4)2F3, and Na3FeV(PO4)2F3. Impurity peaks are labelled in the spectra
and vertical lines have been inserted to demonstrate the alignment of the major peaks
in Na3V2(PO4)2F3 with those in the other synthesized samples.
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Electrochemical results

For electrochemical testing of Na3[M]2(PO4)2F3 cathodes, a smaller electrochemical

testing window was used than in Sections 3.1. As the goal of these materials is to

increase the energy density of the cathodes, only capacity above 1.5 V was viewed

as significant. As such, all presented electrochemical data in this section is shown

for galvanostatic cycling at a rate of C/20 in an electrochemical window of 1.6 V –

4.5 V. In addition, all cycles shown are for the second charge and discharge cycles

for each cathode.

Within these cycling parameters, Na3V2(PO4)2F3 exhibited a charge capacity of

109 mAh/g and a discharge capacity of 100 mAh/g, which can be seen in a voltage

versus capacity plot in Figure 3-7. The characteristic voltage plateaus at 3.6 V and

4.2 V from both the literature and Section 3.1 of this work are observed in addition

to a third, small plateau at 3.3 V [49, 50]. This corresponds to electrochemical

activity of Na3V2(PO4)3, an impurity present in the cathode sample, as indicated in

the XRD spectra shown in Figure 3-5 [47]. The observed performance is ⇠80% of

that observed in the literature, but for the purposes of this study it is sufficient to

compare its electrochemical behavior of other the other compounds examined.

Capacity versus voltage curves for Na3Ti2(PO4)2F3 and Na3TiV(PO4)2F3 are

shown in Figure 3-7. For Na3Ti2(PO4)2F3 a second-cycle charge capacity of 64

mAh/g and discharge capacity of 66 mAh/g was observed, which exceeds previously

reported values of capacity in this compound [50]. In the capacity versus voltage

curve, there are two distinct plateaus. The major plateau occurs near 2.4 V, account-

ing for 35 mAh/g, while the significantly smaller plateau at 2.8 V accounts for 10

mAh/g. These values match those reported by Chihara et al.[50]. Na3TiV(PO4)2F3

exhibited a second cycle charge capacity of 76 mAh/g and second cycle discharge ca-
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Figure 3-7: Voltage versus capacity curves for Na3V2(PO4)2F3, Na3Ti2(PO4)2F3, and
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pacity of 72 mAh/g. Three distinct voltage plateaus exist on capacity versus voltage

curve shown in Figure 3-7 at 4.2 V, 3.6 V, and 2.4 V and contribute approximately

25 mAh/g, 20 mAh/g, and 15 mAh/g, respectively. The plateaus at 4.2 V and 3.6

V correspond well to the two plateaus in Na3V2(PO4)2F3, while the voltage plateau

at 2.4 V seems to match the major plateau seen for Na3Ti2(PO4)2F3. Qualitatively

examining the voltage curve for Na3TiV(PO4)2F3, it resembles a normalized linear

combination of the voltage curves for the single-transition metal Na3V2(PO4)2F3 and

Na3Ti2(PO4)2F3 cathodes.

Galavanostatic cycling data for a rate of C/20 is presented for Na3V2(PO4)2F3,

Na3Fe2(PO4)2F3, and Na3FeV(PO4)2F3 in Figure 3-8. A second cycle charge and

discharge capacity of 54 mAh/g and 56 mAh/g is observed for Na3Fe2(PO4)2F3.

In contrast to Ti- and V-only cathodes, the voltage curve exhibits a near-linear

slope between 3 V and 1.6 V. In Na3FeV(PO4)2F3, galvanostatic testing resulted

in a second cycle charge capacity of 102 mAh/g and a discharge capacity of 101

mAh/g. Qualitatively, the behavior of Na3FeV(PO4)2F3 is closely resembles that

of Na3Fe2(PO4)2F3, but with a significantly higher capacity and average voltage.

This consistently-sloped voltage profile does not resemble that of Na3V2(PO4)2F3

qualitatively, but exhibits a similar discharge capacity.

3.3.4 Discussion of results and viability of mixed-TM fluo-

rophosphate cathodes as high-performing cathodes

Ultimately, all single- and double-transition metals of the designed fluorophosphate

cathode template Na3[M]2(PO4)2F3, where {M = Fe, Ti, V}, were able to be synthe-

sized for this study. Out of this set, Na3V2(PO4)2F3 performed significantly better

than any of the synthesized compounds. All compounds performed significantly be-
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electrochemical cycle of each cathode

92



low theoretical values outlined in the cathode template shown in Figure 3-4. Most

interestingly, despite the mixed-transition metal compositions, Na3TiV(PO4)2F3 and

Na3FeV(PO4)2F3, share voltage curve features and similar capacity to Na3V2(PO4)2F3,

respectively, their electrochemical activity is not increased. Further, even though

Na3V2(PO4)2F3 and Na3FeV(PO4)2F3 demonstrate similar capacities, the V3+/V4+

redox couple has a higher average voltage than those in the mixed-transition metal

compositions, meaning Na3V2(PO4)2F3 has the highest energy density. In the case

of Na3FeV(PO4)2F3, it is possible that the significant impurity phase contributed to

its electrochemical behavior, but ultimately it seems that the capacity of the studied

fluorophosphate cathodes is pinned for some reason at or near the performance of

Na3V2(PO4)2F3. The mechanism by which Na-ion fluorophosphate cathodes may be

limited is not clear. If it is possible to elucidate any limiting mechanisms then it

would also be theoretically possible to either better design this family of cathodes or

determine if it is not possible to improve on Na3V2(PO4)2F3. Regardless, identifica-

tion of factors limiting the attainable peak performance of fluorophosphate cathodes

would be of great interest to the Na-ion battery research community.
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3.4 Explaining performance-limiting mechanisms in

fluorophosphate Na-ion battery cathodes through

inactive transition-metal mixing and first-principles

mobility calculations

3.4.1 Background of limited electrochemical behavior in flu-

orophosphate cathodes for Na-ion batteries

The preceding work in this chapter on Na3V2(PO4)2F3, Na3Ti2(PO4)2F3,

Na3TiV(PO4)2F3, Na3Fe2(PO4)2F3, and Na3FeV(PO4)2F3, as well as published works

on fluorophosphates and oxyfluorophosphates by Yamaki, Rojo, Kang, Goodenough,

and others, all fail to increase the observed capacity of this family of cathodes be-

yond their single-electron capacity [50, 51, 49, 170, 171]. From this, there appears

to be an intrinsic limiting factor preventing fluorophosphates from accessing their

full multi-electron capacity. Therefore, it is necessary to determine the source of the

observed limitation of capacity in Na3V2(PO4)2F3-type cathodes. Specifically, the

capacity limit must stem from an inability to expand the vanadium redox past one

electron per transition metal ion. Further, the limit must be the result of either a

limitation in the accessible redox states of vanadium during a single cycle or limita-

tions in moving sodium in and out of the cathode crystal structure. For conciseness,

these will be referred to as "redox-limited" and "site-limited" cases for the remain-

der of this thesis. Determining this source for Na3V2(PO4)2F3 is especially complex

because as-synthesized Na3V2(PO4)2F3 has partially occupied Na+ sites, vanadium

can potentially exist in four redox states, and fluorine and phosphate anions tend

to lead to relatively insulating phases. As such, research strategies might focus on
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the working ion, transition metal ions, or anions depending on the source of capacity

limitation. This will focus on explaining observed capacity limits via the experimen-

tal mixing of judiciously chosen transition metals and computational examination of

ion mobility.

3.4.2 Na3GaV(PO4)2F3 as a test system to elucidate fluo-

rophosphate limiting behavior

To pinpoint the source of the observed capacity limit in fluorophosphate cathodes,

a combined experimental and first-principles calculations approach was used. First,

to decouple the Na concentration from the vanadium redox state and clarify either

redox-limiting or site-limiting behavior for material capacity, electrochemically inac-

tive Ga3+ was incorporated in the crystal structure’s vanadium site with the synthesis

of Na3GaV(PO4)2F3. The dilution of the active transition metal forces the vana-

dium redox to extend over a wider activity range, while the overal change in sodium

concentration remains constant. Figure 3-9a shows the electrochemical cycling char-

acteristics of Na3V2(PO4)2F3 schematically, with composition and capacity on the x

axis and the corresponding calculated redox potentials for each regime labeled. Fig-

ure 3-9 schematically shows the rationale by which the in-depth examination of the

Na3GaV(PO4)2F3 test system may shed light on limiting factors in the fluorophos-

phate cathode system. Figures 3-9b and 3-9c show how the observed capacity and

redox activity in Na3GaV(PO4)2F3 can differentiate between "redox-limited" and

"site-limited" behavior. Specifically, it shows how this cathode study may be infor-

mative from the perspective of decoupled sodium concentration and vanadium redox

limits. From the results of electrochemical characterization, which will be discussed

later, one can conclude that the origin of capacity limitation is not due to vanadium
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redox accessibility, motivating the first-principles investigation of the energetics and

mobility associated with Na sites in the fluorophosphate crystal structure. From the

computational study, it is shown that the capacity limitation in the discharged limit

originates from prohibitively large diffusion barriers in the cathode crystal structure.

In the charged limit, however, no kinetic limitation to Na+ intercalation is observed

and it is surmised that strongly stabilized sodium orderings might be responsible for

the capacity constraint. Finally, pragmatic suggestions to overcome these limitations

are offered.

3.4.3 Experimental Methods for examining redox activity

Material Synthesis

Na3V2(PO4)2F3 and Na3GaV(PO4)2F3 samples were made using a standard two-step

solid-state synthesis method similar to that previously presented both in this chapter

and in the literature for fluorophosphate cathodes [49]. To synthesize Na3V2(PO4)2F3,

stoichiometric amounts of V2O5 (Alfa Aesar, 99.2%) and NH4H2PO4 (Sigma Aldrich,

99.999%) were mixed with 15% carbon black (Super P) by mass. For Na3GaV(PO4)2F3,

the starting mixture composed of stoichiometric amounts V2O5 (Alfa Aesar, 99.2%),

Ga2O3 (Sigma Aldrich, >99.99%), and NH4H2PO4 (Sigma Aldrich, 99.999%) was

mixed with 15% carbon black (Super P) by mass. For Na3V2(PO4)2F3, the mix-

ture was pelletized and heated to 750oC under flow of argon for 4 hours. For

Na3GaV(PO4)2F3, the mixture was pelletized and heated to 850oC under flow of

argon for 8 hours. Both resultant mixtures were then crushed, mixed a with stoi-

chiometric mass of NaF, pelletized again, and calcined at 750oC for 2 hours under

flow of argon.
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Figure 3-9: A graphical representation of theoretical redox activity between 1 V and
4.5 V for (a) Na

x

V2(PO4)2F3 and Na
x

GaV(PO4)2F3 under the assumptions of (b)
redox-limiting and (c) no limiting behavior as a function of Na content. Performance
of Na

x

GaV(PO4)2F3 between (b) and (c) would indicate site-limited behavior. The
calculated voltage of each redox reaction is also labeled.

97



Sample Characterization

Phases present in the synthesized samples were identified by powder XRD. XRD

measurements were taken using a Rigaku Miniflex II diffractometer (chromium K↵,

� = 2.2897 Å, Rigaku corporation, Tokyo) in flat-plate mode, scanning from 15o to

65o two-theta. Lattice parameters in the single-phase polycrystalline sample were

determined through diffraction data via Rietveld refinement using HighScore Plus

software (PANalytical, Netherlands).

The synthesized samples were ball-milled with carbon in a Retsch PM200 plan-

etary ball mill to improve the material’s electrochemical performance through de-

creased particle size and carbon coating [161, 160]. The milling was completed in

zirconia-lined milling jars that were loaded in a 80:20 ratio by mass with active ma-

terial and Carbon (Super P), respectively, in an argon-filled glove box. The samples

were milled for 4 hours at 400 rpm, and the resultant powder was unloaded in the

Ar-filled glove box to limit air exposure.

For electrochemical characterization, electrode films were made using a dry-rolling

method. PTFE binder was added to each ball-milled active material mixture such

that the final ratio of components in the prepared electrodes was 76:19:5 by mass,

respectively. Cathode films were made by rolling the mixture on a steel plate. Each

cathode contained approximately 2 mg of fluorophosphate active material. Battery

cells were made using Swagelok cells with stainless steel current collectors, the dry-

rolled cathode films described, glass fiber separator films, a solution of 1 M NaPF6

in ethylene carbonate/diethyl carbonate (1:1) as electrolyte, and a Na metal anode.

Galvanostatic experiments were conducted at a rate of C/20 on an Arbin Instruments

(College Station, TX) battery cycler.
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Computational Methods for examining diffusion behavior

Computational work used in this study was completed by Stephen Dacek, a theory-

focused graduate student in the Ceder Group [173]. All calculations were per-

formed using the Vienna Ab-initio Software Package (VASP) within the projector

augmented-wave approach using the Perdew-Burke-Ernzerhof generalized-gradient

approximation (GGA) functional and the GGA + U extension [174, 175, 176]. A

plane-wave energy cut off of 520 eV and a k-point grid of a least 1000 divided by

the number of atoms in the unit cell were used for all total energy calculations. All

structural relaxations were converged to within 1 meV atom�1 . A U value of 3.1 eV

for vanadum was used in GGA + U calculations for structural relaxations, following

the procedure outlined by Jain et al. [177].

Na+ migration barriers and vacancy migration barriers were investigated using the

Nudged Elastic Band (NEB) method, as implemented within the VTST tools package

as an extension to VASP [178, 179]. In contrast with other total energy calculations,

all NEB calculations were performed within the standard GGA (U = 0 eV) functional.

The +U for NEB calculations has been forgone due to difficulties converging GGA+U

calculations as the the result of metastability of electronic states along the Na+

migration path [180]. In addition, there has been no conclusive evidence showing

that GGA+U performs better at predicting cation migration barriers [4, 181, 182,

183, 184] despite improving the accuracy of redox reaction calculations [185]. The

diffusion barriers were calculated using a 2 x 2 x 2 gamma centered k-point grid

and with lattice parameters constrained to those of the un-defected (GGA) relaxed

structures.

Phase diagram and voltage curve construction/analysis was performed using the

Python Materials Genomics (pymatgen) library and VASP relaxation calculations

99



were performed using the custodian package [186, 177].

3.4.4 Experimental Results

Synthesis results

Na3GaV(PO4)2F3 was synthesized as a single-phase sample of the desired P42/mnm

space group. XRD spectra for this sample is presented in Figure 3-10. The sharp,

non-doublet peaks in the figure indicate that the gallium and vanadium ions in the

mixture are not phase-separated. In addition, experimental versus calculated lat-

tice parameters for Na3GaV(PO4)2F3 are presented in Table 3.1 and show excellent

agreement within the accuracy of what is expected from DFT/PBE + U. The ex-

perimental lattice parameters were determined using Rietveld refinement.

Table 3.1: Lattice parameters of Na3GaV(PO4)2F3 from XRD (Rietveld Refinement)
and DFT (GGA + U). The DFT error bars for a, b, c, and volume are 1.1%, 2.0%,
1.3%, and 4.3%, respectively.

a (Å) b (Å) c (Å) Volume (Å3)
Na3GaV(PO4)2F3 XRD 8.98(9) 8.98(9) 10.70(4) 864.9

DFT 9.081 9.131 10.805 895.9

Electrochemical characterization results

An electrochemical cycling curve for Na3GaV(PO4)2F3 is presented in Figure 3-11,

with a curve for Na3V2(PO4)2F3 included for comparison. The data were obtained

under galvanostatic conditions at a rate of C/20 in a voltage window of 1.2 V - 4.5

V. In addition, both cycles shown are the for the second charge/discharge cycle.
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During electrochemical cycling of Na3GaV(PO4)2F3 second cycle charge and dis-

charge capacities of 144 mAh/g and 141 mAh/g, respectively, is observed. Distinct

plateaus are seen in the capacity versus voltage curve at 4.2 V, 3.7 V, and 1.4 V, in-

dicating activity of vanadium redox states V2+ through V5+. These observed voltage

plateaus correspond well to the calculated voltages for the material from DFT. A cal-

culated voltage versus capacity curve is overlaid on the experimental cycling data of

Na3GaV(PO4)2F3 in Figure 3-12. In the figure, the capacity of the calculated curve

is aligned to line up with the portion of the curve corresponding to V3+/V4+ activ-

ity. As with the cycling curves for Na3V2(PO4)2F3, small plateaus are also present

in the Na3GaV(PO4)2F3 data at 3.3 V and 1.7 V, indicating the likely presence of

an electrochemically active Na3V2(PO4)3 impurity. However, no impurity is clear in

the XRD spectra shown in Figure 3-10.

3.4.5 Discussion of Experimental Investigation

The observed performance of Na3V2(PO4)2F3 in this study at voltages between 2.0

V and 4.5 V (⇠95 mAh/g) is around 80% of that observed in the literature [49, 50].

Given the unoptimized nature of the cathode, this level of performance is acceptable

for this study. For clarity, Table 3.2 is included, in which the capacities of the tested

materials is separated into extraction and insertion regimes. Capacity below 2 V is

taken to be attributed to electrochemical insertion, which was proven to occur in

Section 3.2, and capacity above 2 V to be the result of electrochemical extraction of

Na+.

For Na3GaV(PO4)2F3, the strategy was to use an inactive 3+ dopant to test full

range of possible vanadium redox while keeping the Na+ extraction amount within

known bounds, and in doing so deconvolute Na+ extraction limitations from redox
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Figure 3-12: Voltage versus capacity curve for Na3GaV(PO4)2F3. A computed volt-
age versus capacity curve is overlaid with the predicted redox couples active at each
plateau is labeled.

Table 3.2: The observed capacities of Na3V2(PO4)2F3 and Na3GaV(PO4)2F3 sepa-
rated into the individual contributions of electrochemical Na-ion insertion (1.2 V -
2.0 V) and extraction (2.0 V - 4.5 V) for the second cycle of each compound.

Compound Half-cycle Capacity (1.2 V-2.0 V) Capacity (2.0 V-4.5 V)
Na3V2(PO4)F3 Charge 13 mAh/g 119 mAh/g

Discharge 33 mAh/g 96 mAh/g
Na3GaV(PO4)F3 Charge 22 mAh/g 122 mAh/g

Discharge 64 mAhg 77 mAh/g
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limitations in fluorophosphate cathodes. If it is possible to fully access vanadium re-

dox states between V2+ and V5+, the cathode would cycle between Na4GaV(PO4)2F3

and NaGaV(PO4)2F3, yielding a capacity of 186 mAh/g. The electrochemical per-

formance for this case is shown schematically in Figure 3-9c. Conversely, if vanadium

is fully redox limited in this structure, that is, if the amount of extractable Na+ per

vanadium ion is fixed and equal to that observed in Na3V2(PO4)2F3, the capacity

would be halved, leading to an observed capacity of ⇠90 mAh/g upon electrochem-

ical cycling, as shown schematically in Figure 3-9b. Additionally in the case of

Na3GaV(PO4)2F3, a greater portion of the observed capacity lies below 2 V, which

is deemed to be voltages at which electrochemical insertion is occurring. Figure 3-12

shows the first three complete electrochemical cycles for Na3GaV(PO4)2F3, and, as

such, shows good reversibility for the material, particularly for the insertion regime in

which the V2+/V3+ redox couple is active. In addition, Figure 3-12 has a calculated

voltage curve overlaid including all three redox couples of vanadium in the mixed

transition metal compound. The curve agrees well with the experimental data, giv-

ing further support to the idea that Na3GaV(PO4)2F3 is capable of reversible Na+

insertion at voltages below 2 V.

During the electrochemical cycling of Na3GaV(PO4)2F3 above 4 V, a small re-

versible voltage plateau is observed. The capacity observed between 2 V and 4 V cor-

responds well to the theoretical capacity and calculated voltage of the V3+/V4+ redox

couple in Na3GaV(PO4)2F3, so at 4 V, the average valence of vanadium would V4+.

Thus, this plateau can not correspond to V3+/V4+ activity, and by extension it can

be inferred that it must come from activity of the V4+/V5+ redox couple, even though

the vanadium valence state has not been directly observed. Combined, the observed

voltage curve is consistent with the occurrence of V2+, V3+, V4+, and V5+ on a single

charge or discharge. The reversible capacity implies electrochemical cycling between
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a Na content of approximately Na1.8GaV(PO4)2F3 $ Na3.5GaV(PO4)2F3. This ca-

pacity of 141mAh/g significantly exceeds 90mAh/g, which is the “redox-limited" case

described in previously in Figure 3-9. As a result Na3GaV(PO4)2F3, and by exten-

sion Na3V2(PO4)2F3, is not fundamentally limited by the redox activity of vanadium.

However, the discharge capacity of 141mAh/g falls short of the “unlimited" case, also

outlined in Figure 3-9. Therefore, Na3GaV(PO4)2F3 must be site limited.

3.4.6 Computational Results

By synthesizing and electrochemically characterizing the Na3GaV(PO4)2F3 system,

the source of observed capacity limitation in the Na3V2(PO4)2F3 system can be

attributed to a limitation in the Na+ intercalation process rather than a limit in

transition metal oxidation/reduction. Such site-limited performance is rooted in

the material’s thermodynamics and/or kinetics due to the energetic relationships of

available Na sites and the migration barriers between them, and can be manifested

in concentration-dependent diffusivity. From GITT experiments performed by Liu et

al., the Na chemical diffusivity is observed at its highest (D
Na

⇡ 10�6.2
cm

2
/s) at x

Na

= 1.6 with drops in the diffusivity at both increasing and decreasing concentrations

(D
Na

⇡ 10�7.2
cm

2
/s at x

Na

=2.7, and D

Na

⇡ 10�8
cm

2
/s at x

Na

= 1) [187]. To

isolate the physical origin for the variation in Na diffusivity, first-principles mobility

calculations in the dilute Na and dilute Na vacancy concentration limits (i.e. x
Na

=

0 and x
Na

= 4) have been performed.

Two-dimensional Na diffusion occurs within a-b planes (z = 0) of the idealized

Na3V2(PO4)2F3 structure as shown in Figure 3-13a, superimposed above a schematic

drawing of the Na layer. In this structure, Na ions (yellow) are encapsulated within

6+1 prismatic polyhedra composed of 3 fluorine atoms (blue) and 4 oxygen atoms
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(red). For clarity, phosphorus atoms (purple), which lie above and below (± 0.25)

the z = 0 plane, are shown and the V2(PO4)2F3 bi-octahedra are omitted. Within

Figure 3-13a, the three symmetrically distinct Na sites are shown: (1) Na1 sites are

aligned such that the prismatic site’s bisector in the a-b plane is parallel the a axis;

(2) Na2 sites with the prismatic site’s bisector is aligned along the b axis; and (3) Na3

sites (denoted by black squares in Figure 3-13a) bridge the Na1 and Na2 sites [172].

From the idealized crystal structure, there are three distinct diffusion paths, shown

in Figure 3-13b and 3-13c. Path 1 captures the motion between a Na1 and a Na2

site, passing through the adjoining Na3 site. Path 2 captures the motion between a

Na1 and a Na2 site passing through two adjoining Na3 sites. Path 3 captures the

motion between neighboring Na1 sites and requires diffusion through two Na3 sites.

Under symmetry of this material in the fully sodiated and desodiated limits, the

diffusion between neighboring Na2 sites is also described by Path 3.

In Figures 3-13b and 3-13c, the migration energies corresponding to Paths 1,

2, and 3 in the Na3V2(PO4)2F3 structure are shown in green, orange, and red, re-

spectively, against their normalized path lengths in the fully sodiated (dashed) and

desodiated limits (solid). In both limits, Path 1 barriers are much lower (⇠20-45

meV) than the Path 2 (⇠300-600 meV) and Path 3 (⇠300-1100 meV) barriers. The

shape of the migration energy for Path 1 in Figure 3-13b can be understood by con-

sidering the idealized trajectory highlighted in Figure 3-13a in green, as the local

minimum observed halfway through the diffusion path corresponds to the Na3 site.

Although the Path 1 barrier is relatively unchanged in the sodiated limit, the Path 2

and Path 3 barriers (solid red and orange lines in Figure 3-13c) change significantly.

In the desodiated limit, the Path 2 and Path 3 migration energies overlap, consistent

with the fact that they become identical under the symmetry of the desodiated state.

Both trajectories pass through two Na3 sites, which correspond to the subtle dips
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Figure 3-13: (a) A schematic image of the Na
x

V2(PO4)2F3 crystal structure in a Na (z
= 0) plane. Na1 and Na2 Na sites are marked and filled as would be expected in the
fully occupied Na4V2(PO4)2F3 crystal structure. A structure image with yellow 6+1
coordinated, capped prismatic Na sites is shown, overlaid for clarification. Idealized
diffusion paths are drawn and labeled 1, 2, and 3. Black squares are drawn within
these paths to demonstrate diffusion through six-fold coordinated prismatic Na3 sites.
Path 1 is repeated to demonstrate the ring pattern associated with consecutive path
1 jumps. (b) Diffusion barriers for path 1 in the sodiated (dotted) and desodiated
(solid) limits. (c) The diffusion barriers for path 2 (orange) and path 3 (red) in the
sodiated (dotted) and desodiated (solid) limits.
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in the migration energy observed at ⇠20% and ⇠80% of the path length, and the

activated state in between corresponds to crossing the shared face between the two

prismatic Na3 sites. In the sodiated limit, however, the Path 2 and Path 3 barriers

both increase (dashed lines in Figure 3-13c), but by different amounts, which can

be rationalized by considering the additional electrostatic interaction of nearby Na+.

For Path 2, the electrostatic repulsion of the nearest two Na+ results increases the

energy of the activated state and also alters the trajectory of the migrating Na+

which performs a “tighter turn” to the adjacent Na site. For Path 3, however, the

two nearest Na are on opposite sides of the diffusion trajectory, so the readjustment

of the path as observed for Path 2 is no longer possible. Consequently, the migration

barrier for Path 3 is significantly higher in the fully sodiated limit.

3.4.7 Discussion of Computational Study

If Na+ intercalation were to proceed exclusively through Path 1 hops, then by

these calculations, one would expect the diffusivity to be 4 to 5 orders of mag-

nitude greater than the observed values [187]. For reference, assuming a random

walk model of diffusion, a migration barrier of ⇠300 meV roughly corresponds to

a diffusivity of 10�9
cm

2
/s at room temperature (given an atomic jump frequency

⌫ = k

B

T/h = 6.2 ⇥ 1012
s

�1 and a jump distance a of ⇠3 Å), and an increase of 60

meV in the migration barrier corresponds to a decrease in the diffusivity by an order

of magnitude. However, by virtue of the Na3V2(PO4)2F3 crystal topology, the Na

sites do not percolate without Path 2 or Path 3 hops. In other words, Na+ would be

restricted to performing circular “laps” fixed in space as depicted by the dashed green

arrows forming a circle in Figure 3-13a and do not contribute to net mean-squared

displacement.
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The frequency of Path 2 and Path 3 hops then determines the diffusivity which

is estimated using a simple random walk model. At every Na1 or Na2 site there are

there are two of each possible diffusion pathways (Path 1, Path 2, or Path 3) available.

Since the energy barrier for Path 1 migration is the lowest, it occurs the most often,

lowering the frequency of diffusion along paths that contribute to the mean squared

displacement, which are Paths 2 and 3, and leading to locally correlated diffusion.

The diffusion behavior in the fully sodiated and desodiated limits can be therefore

reduced to a two-dimensional random walk with the jump frequency related to the

residence time of a Na ion (or vacancy) in the fast diffusing rings depicted in Figure

3-13a in green and the jump length equal to the distance between ring-centers (6.3

Å). The larger the discrepancy in the migration barrier between fast Path 1 hops

and slower Path 2 and Path 3 hops, the larger the Na residence time and therefore

slower diffusion. From statistical mechanics, the probability p1 that a Na+ moves

from a Na1 site through a single Na3 site to a Na2 site, or a Path 1 hop in Figure

3-13a, is given by

p1 =
exp(�E1/kT )

exp(�E1/kT ) + exp(�E2/kT ) + exp(�E3/kT )
(3.1)

where E1, E2, and E3 are the corresponding migration barriers shown in Figure 3-13b

and Figure 3-13c. The average number of Path 1 hops before a single Path 2 or Path

3 hop occurs is then 1/(1 � p1) which is 2.14 ⇥ 109 in the sodiated limit (4.49 ⇥ 103

in the desodiated limit). From this probability the diffusivity in the Na layer can be

approximated as

D2D ⇡ a

2

4 · t
res

(3.2)
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where a is the distance between ring centers ( 6.4 Å in the sodiated limit and 6.3 Å

in the desodiated limit) and t

res

is the residency time of a Na atom (or Na vacancy)

within an individual ring, in seconds, defined as

t

res

=
< t >

(1 � p1)
=

1

�
· 1

(1 � p1)
=

1

2 · ⌫ · exp(�E1/kT ) + 2 · ⌫ · exp(�E2/kT )
(3.3)

where < t >= 1/� is the mean time for any hop, ⌫ = 6.2 ⇥ 1012 s�1 is the assumed

atomic jump frequency, and � =
P

i

�
i

where

�
i

= N

i

· ⌫ · exp(E
i

/kT ) (3.4)

for each barrier E
i

and path multiplicity N

i

. From this, the reported barriers corre-

spond to calculated diffusivities of the order 4.7 ⇥ 10�13
cm

2
/s and 8.9 ⇥ 10�8

cm

2
/s

in the fully sodiated (x
Na

= 4) and desodiated (x
Na

= 0) limits, respectively.

The large variation between the calculated diffusivities from the fully charged to

discharged limit arises from an increase in the migration barriers for Path 2 (E2)

and Path 3 (E3), from ⇠300 meV to 600 meV and ⇠300 meV to 1000 meV, respec-

tively. The dependence of the local Na occupation on the Path 2 and Path 3 barriers

strongly suggests that Na+ diffusion proceeds preferentially through a divacancy

mechanism, which would result in a decrease in the Na+ diffusivity with increasing

Na+ intercalation due to the reduced concentration of mobile carriers (divacancies),

a phenomenon well-known in the Li
x

CoO2 system as extensively characterized by
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Van der Ven et al.[188]. Indeed, the existence of a preferred divacancy mechanism

agrees with the general trend of increasing diffusivity upon charge has been observed

by Liu et al. from x
Na

= 3 to x
Na

= 1.6. The abrupt drop in diffusivity that is

observed at x
Na

<1.6 by Liu et al., however, can not be explained by the divacancy

mechanism. Moreover, the discussed mobility calculations suggest that there is no

inherent kinetic limitation to accessible capacity in the low Na concentration.

Although it is determined that the apparent capacity limitation in the charged

limit is not purely kinetic in origin, it is postulated that the capacity limitation is

then thermodynamic in origin, specifically the result of strong Na+ orderings at in-

termediate Na concentrations. If there is a Na+ ordering strongly stabilized at a

given composition, then further intercalation requires not only overcoming the Na+

migration barrier, but also the additional energy to disrupt the ordering, either by

formation of a vacancy during charge or the incorporation of Na+ during discharge.

Effectively, strong ordering interactions between intercalating species appear as re-

gions of high slope in the open-circuit potential, decrease the concentration of mobile

carriers, and accordingly reduce the diffusivity. The contribution of orderings to the

diffusivity is formally captured in the so-called “thermodynamic factor” in Fick’s

second law, and has been investigated in detail for the lithium-ion battery cathode

material LiCoO2 by Van der Ven et al. [188] who demonstrate that strong orderings

at x
Li

= 0.5 and x
Li

= 0.33 cause sudden, sharp, drops in the diffusivity. In the

computed Na3V2(PO4)2F3 voltage curve shown in Figure 3-14, there are noticeable

steps in the voltage at x
Na

= 1 and x
Na

= 3, suggesting the specific concentrations

where one would expect abrupt decreases in the Na+ diffusivity. Indeed, in the dif-

fusivity measurements performed by Liu et al., the lowest values are measured as

these concentrations are approached. The concentration dependence of the diffusiv-

ity as measured by Liu et al. is also asymmetric, with a more gradual increase in
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the diffusivity upon charge until x
Na

= 1.6 followed by a sharp decline at lower con-

centrations. This can be attributed to the added contribution of divacancy limited

mobility that has greater effect with increasing discharge, and smears out the more

sharp effect on the diffusivity caused by the thermodynamic factor. In the charged

limit, the Na+ mobility is no longer limited by the concentration of divacancies,

resulting in the more pronounced effect of strong Na+ ordering.

Figure 3-14: A theoretical voltage versus capacity curve for Na3V2(PO4)2F3 between
compositions of V2(PO4)2F3, at left, and Na4V2(PO4)2F3, at right.

Given the results of the study, some of the specific physical mechanisms respon-

sible for the observed capacity limitation in Na3V2(PO4)2F3 electrodes have been

isolated. Using this clearer understanding one can propose targeted strategies to fur-

ther improve performance in fluorophosphate cathodes for Na-ion batteries. Given

the limitation in Na+ mobility in the discharged limit due to the limited concen-

tration of mobile divacancies, significant improvement of the insertion capacity is
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unlikely. However, there is an opportunity to improve the accessible capacity at the

current charged limit, NaV2(PO4)2F3, which has the benefit of being at high voltages

(>4 V) and could therefore significantly add to the energy density of these materials.

In order to achieve this, it is proposed that the most promising strategy is to disrupt

existing ordering interactions in the Na sub-lattice by incorporating atomic substi-

tutions in either the Na or vanadium sublattices. This strategy has been successfully

employed by Li et al. [46] in Na-ion battery layered oxide cathodes to suppress phase

transitions in NaMn1/4Fe1/4Ni1/4Co1/4O2.

3.4.8 Conclusions from mixed-transition metal fluorophosphate

study

In order to investigate the specific physical origin of the capacity limitation of

Na3V2(PO4)2F3 Na-ion battery cathodes, a systematic experimental and theoreti-

cal study has been performed to isolate the factors that limit capacity to around

its one-electron capacity of 128 mAh/g. To decouple potential limitations from Na

concentration from those of the vanadium redox state, V3+ was mixed with elec-

trochemically inactive Ga3+, yielding Na3GaV(PO4)2F3. Electrochemical cycling

of Na3GaV(PO4)2F3 between 1.2 V and 4.5 V yielded a discharge capacity of 141

mAh/g, with distinct voltage plateaus at 1.5 V, 3.6 V, and 4.2 V. Based on this,

it could be inferred that V2+, V3+, V4+, and V5+ redox states were all accessible

during cycling and concluded that the capacity of Na3GaV(PO4)2F3 is not redox-

limited and therefore must be site-limited. Ab-initio computation was employed to

gain further insight, and NEB calculations of diffusion barriers showed that high dif-

fusion barriers during Na+ insertion prohibit significant capacity in the low-voltage

regime at reasonable rates. However, high barriers to Na+ cannot explain the limit
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at the top of charge, which leads us to believe Na+ ordering interactions must be

the reason for observed capacity limits. From these results, it is suspected that im-

provements in fluorophosphate cathodes may be possible if these orderings can be

disrupted through atomic substitutions.

3.5 Post-study update

Another paper by Jian et al., also published in 2015, demonstrated the Na+ insertion

behavior of Na3V2(PO4)2F3 at low voltages seen in this work [81]. This paper, while

replicating the insertion behavior observed in this thesis, fails to comment on what

the material structure of Na4V2(PO4)2F3 might be, confirm topotactic electrochemi-

cal insertion, or determine why the observed capacity in the Na3V2(PO4)2F3 crystal

structure falls short of the theoretical capacity if all vacant Na sites in as-synthesized

Na3V2(PO4)2F3 can be accessed during cycling.

Another paper by the Tarascon Group following the publication of the results in

this thesis [173] does characterize the structure of Na4V2(PO4)2F3 using synchrotron

XRD, and the structure found corresponds to that predicted in this work [189].

Zhang et al., were able to synthesize the fully-sodiated Na4V2(PO4)2F3 structure

by ball-milling Na3V2(PO4)2F3 with metallic sodium [189]. The results in the work

by Zhang et al., while not explicitly saying so, indicate that this group could not

reliably cycle a Na4V2(PO4)2F3 battery, stating that the ideal cycling performance

that could be achieved was from a cathode structure of Na3.5V2(PO4)2F3. However,

reversible insertion of Na+ in any of these chemistries is not demonstrated in that

publication.
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Chapter 4

Conclusion

The societal need for greater energy storage in order to lessen the economy’s depen-

dance on fossil fuels is well-established. However, before energy storage technology

can be widely implemented in transportation and grid applications, improvements

on existing technology are necessary. The current leading technology for these ap-

plications, as well as for portable electronics, is the Li-ion battery. It is likely that in

order for energy storage to improve dramatically, either new Li-ion battery cathode

materials will need to be discovered, or a new technology, such as Na-ion batteries,

will need to surpass Li-ion batteries on the basis of performance. The Ceder Group

is well-suited to seek such breakthroughs by accelerating the materials discovery

process by employing a joint computational-experimental approach. Combined, this

motivates the Ceder Group to accelerate materials development and discover new

materials for alkali-ion battery cathodes.

In this thesis, two classes of polyanionic materials computationally predicted to

have multi-redox activity were studied: Li-containing carbonophosphate cathodes

for Li-ion batteries (Chapter 2) and Na-containing fluorophosphates for sodium ion
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batteries (Chapter 3), both with novel chemistries. These materials were synthe-

sized and characterized electrochemically. When limits to performance, particularly

capacity, were observed, the materials were carefully studied to determine the mech-

anism responsible, with a focus on how observed limits may influence the class of

materials as a whole.

Li-containing carbonophosphate cathodes were previously identified as possible

multi-redox Li-ion battery cathodes by high-throughput computational screening

methods. This mixed-polyanion chemistry had never before been reported, but was

able to be synthesized by the Ceder Group with a variety of different transition metal

compositions. Both Li3FeCO3PO4 and Li3MnCO3PO4 were shown to cycle as battery

cathodes, but Li3FeCO3PO4 showed low capacity and Li3MnCO3PO4 suffered from

poor cyclability. In an attempt to improve on these materials, Li3Fe0.2Mn0.8CO3PO4

was synthesized to combine the capacity of Li3MnCO3PO4 with the cyclability of

Li3FeCO3PO4. This strategy proved moderately successful, and marginal charging

plots showed that all three predicted active redox couples in the tested voltage win-

dow were reversibly activated. However, only one electron per transition metal ion

was reversibly cycled in total. Ultimately, it was discovered that the low thermo-

dynamic stability of these cathodes leads to decomposition at temperatures as low

as 55oC, making them an unrealistic alternative for current Li-ion batteries even if

their theoretical performance could be achieved.

The study of carbonophosphate cathodes for Li-ion batteries is significant for

two reasons, despite the potentially disappointing result. First, it provides further

evidence for the viability of high-throughput computation as a method to predict

novel chemistries and structures that will function as battery materials. Second, it

conclusively shows the thermodynamic instability Li-containing carbonophosphates

limits their observed performance and prohibits their consideration as a viable Li-ion
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battery cathode.

Fluorophosphate cathodes are currently one of the most promising polyanionic

sodium-ion battery cathodes. Despite exhibiting high capacity (⇠125 mAh/g) and

energy density (⇠480 Wh/kg) for a polyanionic Na-ion battery cathode, further

improvements are needed in order for fluorophosphates to surpass the performance of

layered oxide Na-ion cathodes, and ultimately compete with Li-ion battery cathodes.

Reversible electrochemical insertion of Na+ in Na3V2(PO4)2F3 was demonstrated as a

possible means to increase the capacity of fluorophosphate cathodes. Next, a general

limitation on fluorophosphate cathode capacity was uncovered when cathodes with

chemistries of the form Na3[M]2(PO4)2F3 with {M = Fe, Ti, V} were synthesized

and electrochemically tested. Through careful design and electrochemical testing of

Na3GaV(PO4)2F3, along with a computational examination of diffusion barriers in

Na3V2(PO4)2F3, it was then shown that the source of this general limitation comes

from Na+ mobility issues at high Na (low Na-vacancy) concentrations.

This thesis work provides the first conclusive demonstration of reversible inser-

tion of Na+ into Na3V2(PO4)F3 and predicts the structure of Na4V2(PO4)F3, which

was later confirmed by the Tarascon Group. In addition, a generic limit shared in

all fluorophphosphates was uncovered through testing of novel compounds of the

Na3[M]2(PO4)2F3 template with {M = Fe, Ti, V}. Further, the ion mobility issue

in fluorophosphates, discovered in this thesis work, applies to all fluorophosphate

cathodes, and will influence their future development.

Combined, these studies show two examples of how exceeding the current lev-

els of performance of Li-ion cathodes, particularly the newly discovered Li-excess

disordered rocksalt cathodes and traditional layered-oxide cathodes, will be difficult

for any polyanionic cathode. The advantage given to oxides by the high negative

charge density of oxygen and use of low-molecular weight Li as a major component
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of the crystal’s structural framework may be insurmountable for other systems. The

stability of a transition metal-polyanion framework needed to allow the amount of

alkali-ion extraction required to compete with these cathodes may not be thermody-

namically possible. However, until such a fact is proven, the search for novel cathode

compositions is important, if only for use in niche applications such as high power

motor batteries. In the opinion of the author, dramatic expansion of the adoption

of alkali-ion battery technology is likely, but will come from decreases in cost and

improvements in cycle life rather than dramatic improvements in energy density.
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