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by

Xingyu Guo
Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2022

Professor Shyue Ping Ong, Chair

The alkali-ion batteries are the key to unlock the bottleneck of the renewable energy
storage and pave the way for a renewable-powered future. Battery technologies for grid-scale
energy storage systems requires low costs, safety, high efficiency and high sustainability. In this
dissertation, we present not only in-depth understandings of the electrode working mechanism
but also develop novel cathode materials for alkali-ion batteries using first principles calculations.
We divide the dissertation into four project-based parts.

In the first project, we performed a comprehensive study of Prussian blue and its analogues
(PBAs) cathodes in aqueous sodium-ion batteries. Using density functional theory calculations,

we proposed a general rule of the phase transition that dry PBAs generally undergo a phase

XiX



transition from a rhombohedral Na,PR(CN)q (where P and R are transition metals) to a tetrago-
nal/cubic PR(CN)¢ during Na extraction, which is in line with experimental observations. Using
a grand potential phase diagram construction, we show that existence of lattice water and Na
co-intercalation contribute to both higher energy density and better cycling stability. We also
identified four new PBA compositions — Na,CoMn(CN)e, Na,NiMn(CN)g, Na,CuMn(CN)g and
Na,ZnMn(CN)¢ — that show great promise as cathodes for aqueous rechargeable Na-ion batteries.

In the second project, we developed design rules for aqueous sodium-ion battery cathodes
through a comprehensive density functional theory study of the working potential and aqueous
stability of known cathode materials. These design rules were applied in a high-throughput
screening of Na-ion battery cathode materials for application in aqueous electrolytes. Five
promising cathode materials - NASICON-NasFe,(PO,);, Na,FePO,F, NasFeCO;PO,, alluadite-
Na,Fe;(PO,); and Na;MnCO5;PO,, were identified as hitherto unexplored aqueous sodium-ion
battery cathodes, with high voltage, good capacity, high stability in aqueous environments and
facile Na-ion migration. These findings pave the way the practical cathode development for
large-scale energy storage systems based on aqueous Na-ion battery chemistry.

Then in the third project, we constructed a large database of aqueous Na-ion battery
cathodes (Na-ion Aqueous Electrode Database, or NAED) based on the developed design rules in
the second project. By screening and analyze the data in the database, we identified two promising
candidates, NaMn,0O, and Na,(FeVO,); for synthesis and experimentation in aqueous sodium-ion
batteries.

The final project presents a comprehensive study of Li insertion mechanism in DRX-
Li;V,05 anode in Li-ion batteries. Using a combination of first-principles calculations and cluster
expansion methods, we show that during discharge, Li ions mainly intercalate into tetrahedral
sites, while the majority of Li and V ions in octahedral sites remain stable. Furthermore, its
fast-charging nature is attributed to the facile diffusivity of Li ions via a correlated "octahedral -

tetrahedral - octahedral" Li diffusion.
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Chapter 1

Introduction

1.1 Background

Global climate change has had an increasing impact on human society over the last few
decades, including extreme weather events, rising temperatures, deteriorating air and water quality
as well as imperiled ecosystems. As called for in the Paris Agreement in 2015, to keep global
warming to no more than 1.5 °C, emissions need to be reduced by 45% by 2030 and reach net
zero by 2050.[4] One of the most important ways to mitigate the climate change is to replace the
traditional polluting coal, gas and oil-fired power with energy from renewable sources, which is
inexpensive and produces low greenhouse emissions and air pollution.

According to the report by the International Energy Agency, global renewable electricity
generation grows by more than 8 % to reach 8300 TWh in 2021, the greatest annual growth
rate since the 1970s.[2] In particular, solar PV and wind account for two-thirds of renewable
energy growth. However, transition to a renewable-fueled world is still challenging due to lack
of effective energy storage techniques. Generation of renewable energy is dependent on natural
resources and is uncontrollable by humans. Also, the ability to output consistently high power

quality is critical to achieve a stable and high-efficiency network.



To unlock the bottleneck of the renewable energy storage and pave the way for a renewable-
powered future, battery technology is the key. Battery technology for grid-scale energy storage

systems requires low costs, safety, high efficiency and high sustainability.

1.2 Review of the alkali ion batteries

.
| ‘ Discharge

Anode Electrolyte Cathode

Figure 1.1: Schematic illustration of an alkali-ion battery

Figure 1.1 shows a schematic illustration of a typical rechargeable alkali-ion battery.
Alkali-ion battery consists of two electrodes, cathodes and anodes, seperated by an electronically
insulating, ion-conducting electrolyte. During discharge, alkali ions migrate from the anode to
the cathode through electrolyte and meanwhile electrons transfer through the external circuit.
During charge, alkali ions de-intercalate from the cathode and migrate back into the anode. The

redox reactions occurs during the whole electrochemical process. For example, in a LIMO,|IC



battery, the reaction can be expressed as follows:

Cathodes: LiMOy = Liy_yMO» +xLi" +xe~ (1.2.1)
Anodes: C+xLi™ +xe™ = Li,.C (1.2.2)
Overall reaction: LiMO, 4+ C = Li,C+ Lii_ MO> (1.2.3)

1.2.1 Li-ion batteries

Over the past few decades, there has been a surge in lithium ion battery production.
Currently, cathodes used in a Li ion battery are intercalation compounds that are able to store
Li* with a stable solid network. The first commercialized intercalation cathode is layered LiTiS,,
demonstrated by Whittingham and Thompson [175] in 1970s. Using LiCoO, as cathode and
carbon as anode material, SONY released its first commercial Li ion battery in 1990s, which
is still widely used in portable electronics due to its high energy density and good cycling
performance.[102] The high costs and low thermal stability of cobalt-based materials leads
to the investigation of other cathode materials with cheaper price and longer duration. The
commercialization of LiNi,Mn,Co,0, (NCM) and olivine type LiFePO, (LFP) battery has led
to a surge in energy storage industry over the last ten years. NCM batteries are preferred in
applications of electric vehicles because of its high energy density, high lithium diffusivity (~
10719 ¢cm?/s) and electron mobility (~ 1076 S/cm).[121, 67] LFP batteries are also widely used
in electric vehicles and is also a promising candidates for grid scale energy storage. LFP battery
contains neither cobalt and nickle element, making it less costly and more environmental friendly
than other commonly used batteries.[119] Compared with LiCoO,, the phosphate framework of
LiFePQy, is shown to be much stable against oxygen release up to temperature of 500 ~ 600 °C,
making LFP the safest battery in today’s market. [32] Furthermore, LFP battery is able to sustain

excellent cycling performance for more than 3000 cycles under most situations.[131] Recently,



disordered rocksalt (DRX) materials have been intensively studied as promising candidates for
cathodes Li ion batteries. With a closely packed face-centered-cubic lattice, DRX materials are
able to achieve high energy density. The disordered arrangement of cations lead to chemical
variety, reducing the dependent on high cost Co, Ni and Mn element in batteries.[29]

Up to date, graphite has been the dominant anode material used in lithium ion batteries due
to its high energy density, superior electrical and ionic conductivity, high surface area and modest
volume change during electrochemical reactions.[57, 22, 21] There are two major drawbacks
of graphite anode: the safety issues caused by Li dendrite growth at low voltage potential and
its limited capacity (~ 350 mAh/g).[99] Silicon based anode has around ten times the specific
capacity of the conventional graphite anode. but oxide passivation on silicon surface and its
relatively large volume expansion during Li insertion still affect its long-term stability. Recently,
the development of nanotechnology has made the commercialization of Si anode on the verge.
[111, 30] Lithium-titanate (LTO) battery uses insertion compound spinel Li4TisO;, as anode,
which provides safe, high rate capability but low energy density (~ 177 Wh/L) cells relative to
those with graphite/carbon anodes.[155, 78] Recently, disordered rock salt Li;V,05 compound
has been shown to yield high energy density and rate capability at a higher voltage of 0.6 V
against Li (vs 0.1 V for traditional graphite), which can prevent Li plating and lead to faster

charging and safer Li ion batteries.[98]

1.2.2 Na-ion batteries

Since 2010, demand for Li-ion batteries has increased exponentially, raising concerns
about future supply risks due to limited lithium resources in the earth’s crust. Therefore, the
abundance and low cost of Na in crust (~9.10 wt%) and sea water (~1.08 x 1072 kg/L) made
Na-ion batteries promising candidates for future energy storage systems.[160, 76] Unlike Li-ion
batteries, the commercialisation of Na-ion batteries is just at its initial stage.

The overall chemistry of Na-ion batteries is identical to that of Li-ion batteries, where



Na ion shutting between two electrodes upon charge/discharge. In general, the average voltage
of cathodes in Na ion batteries is 0.5 V lower than that in Li ion batteries due to a cathodic
effect.[115] Layered oxides Na,MO, compounds, for example, P2 and O3-Na,TMO,, have been
intensively investigated as cathode materials in Na-ion batteries.[82] The tunnel-type Nag 44MnO,
(Space group: Pbam) compound is among the most well-studied cathodes in Na-ion batteries.
Na, 44MnO, exhibits consecutive biphasic reactions with Na* intercalation within 2.0 ~ 3.5V vs
Na/Na*.[174] The inter-connected diffusion channels and the abundant vacancies in the structure
facilitates Na* diffusion in the charge/discharge processes, achieving a specific capacity of 120
mAh/g.[70]

Compared with oxide compounds, polyanionic compounds are more stable against over-
heat due to the strong P — O covalent bond. The Natrium Super Ionic CONductor (NASICON)
compounds have been extensively studied as cathodes in Na-ion batteries due to their open
framework, which enable facile Na* diffusion.[41] Particularly, R§C—Na3V2(PO4)3 is the most
widely investigated NASICON-type cathode, which is shown to be stable over 3000 cycles with
retained capacity of 82 mAh/g. [141]. Fe-based phosphates are another group of compounds that
have attracted much attention from researchers. For example, Olivine-NaFePO,, pyrophosphate-
Na,FeP,0 and mixed anionic phosphate NasFe;(PO,4),P,0 have all been shown as host for Na
ions at average redox potential of around 3 V vs Na/Na™.[35, 65, 37].

Prussian blue analogues (PBAs) with a general chemical formula of A, P[R(CN)g];_,- nH,0
(A = alkali or alkaline ion, P and R = transition metals), have been demonstrated as excellent
cathode materials for Na-ion batteries because their open 3D framework enables fast ionic dif-
fusion and superior cycling stability.[164] In particular, K ¢Ni; ,Fe(CN)¢- 3.6 H,O show great
performance during electrochemical cycling of Na* ions with a zero strain.[173]

Commercialization of Na ion batteries is just getting started. CATL recently released its
first generation Na-ion batteries, which feature Prussian White as the cathode and hard carbon as

the anode. The energy density of the released battery is able to achieve up to 160 Wh/kg. Although



the demonstrated energy density is lower than that of LFP batteries, its faster charging rate, high
system integration efficiency (> 80 %) and improved low temperature (-20° C) performance

made the future applications of Na ion batteries promising.[1]

1.3 Motivation and overview

Grid-scale battery storage is essential for achieving a sustainable future. Batteries used in
grid-scale energy storage systems must be safe and cost effective, ensuring long term stability.
Among all the electrochemical technologies, lithium ion batteries are the most commonly used
and show the highest energy density, cycle stability and energy efficiency. However, some
intrinsic limitations make the current Li ion batteries less feasible for grid energy storage. One
of the major issue is the safety. The growth of lithium dendrite at the surface of anode cause
batteries to short-circuit. Also, the organic liquid electrolyte inside conventional cells is toxic
and intrinsically flammable, which may results in fires and explosions when the batteries are
overheated. It is therefore of critical importance to develop novel electrode materials for the
next-generation energy storage technologies.

Na-ion batteries are promising alternatives for energy storage in future industries due to
their low cost and high ionic conductivity compared to their lithium counterparts. In particular,
aqueous Na ion batteries, which uses aqueous solution as electrolyte, has been shown to be
promising candidates for grid-energy storage. An aqueous electrolyte is inherently safe and envi-
ronmentally benign. Also, the ionic conductivity of the aqueous electrolyte is higher than those
of organic electrolytes by two orders of magnitude, resulting in high round-trip efficiency.[122]
As of now, only a few compounds have been studied as cathodes in aqueous Na-ion batteries with
low energy density. Due to lacking of design principles, the majority of aqueous Na ion battery
research is still dominated by the trial and error approach.

This thesis is divided into the following chapters:



Chapter 2 provides a comprehensive study of Prussian blue and its analogues (PBAs)
cathodes and the mechanism of water co-intercalation with Na ions during charge and discharge.

Chapter 3 presents design rules for aqueous sodium-ion battery cathodes through a
comprehensive density functional theory study of the working potential and aqueous stability
of known cathode materials. These design rules were applied to a high-throughput screening of
Na-ion battery cathode materials for applications in aqueous electrolytes.

Chapter 4 shows the high-throughput screening for cathodes in aqueous sodium ion
batteries using the developed rules in Chapter 3. A high throughput (HT) workflow for automated
descriptor calculations, data storage and analysis was designed and a database containing 3847
computed compounds with calculated properties of structure, phase stability, theoretical capacity,
average voltage and aqueous stabilities was constructed. Two promising candidates, Na,(FeVO,);
and NaMn,O,4 was proposed for further experimental validations.

Chapter 5 performs a comprehensive study of Li insertion mechanism in DRX-Li3V,054
anodes using a combination of first-principles calculations, cluster expansion and machine
learning methods. A distinct Li intercalation mechanism and illustrations for future design of
anode materials in Li-ion batteries was proposed.

Chapter 6 concludes this thesis.



Chapter 2

Water Contributes to Higher Energy
Density and Cycling Stability of Prussian
Blue Analogue Cathodes for Aqueous

Sodium-Ion Batteries

2.1 Introduction

Aqueous sodium-ion batteries (ASIBs) are promising candidates for large-scale electric
energy-storage applications due to their high rate capabilities, good cycling stabilities and high
safety.[73] Compared to conventional organic solvent electrolytes, aqueous electrolytes have
a narrower stable voltage window of 1.23 V, beyond which the electrolysis of H,O occurs.
Consequently, one of the key challenges in ASIBs is the discovery of electrodes with suitable
working potential and high moisture stability in aqueous electrolytes.

Recently, extensive efforts have been devoted to exploring new cathodes in ASIBs. Among

them, Prussian blue and its analogues (PBAs) have been investigated intensively due to their



excellent electrochemical properties. The chemical composition of PBAs can be expressed as
AxP[R(CN)g]i—yUy-nH,0, where A is an alkali or alkaline metal ion, P and R are transition
metal (TM) ions, and [] indicates a R(CN)g vacancy. Both P and R can undergo reversible redox
reactions:

Na,P[R(CN)g] ¢+ P[R(CN)4] + 2Na* + 2¢~ 2.1.1)

Various crystal structures of PBAs have been reported in the literature (Figure 2.1). Prussian
blue (Fey[Fe(CN)glz°xH,0O) crystallize in a face-centered cubic phase (spacegroup: F m3m).[52]
Under Na deficient conditions, some PBAs form a tetragonal lattice due to the elongation of
c axis caused by Jahn-Teller effects of certain transition metals, such as Mn3+.[149, 68] When
different amounts of Na ions and water molecules enter the PBAs lattice, the symmetry of the
crystal is further reduced to form monoclinic and rhombohedral structures.[149, 68, 168, 179]
Figure 2.1 (a) shows the cubic/tetragonal PBA crystal structure, in which the transition metals are
six-fold coordinated by nitrogen and carbon atoms connected through cyanide (CN) ligands. In
the monoclinic (Figure 2.1 (b)) and rhombohedral (Figure 2.1 (a)) phase, the octahedra twist and
Na ions are displaced from the face-centered sites. The open 3D framework of PBAs enables fast

ionic diffusion as well as stable cycling stability during alkali intercalation/de-intercalation.
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Figure 2.1: Crystal structures of PBAs. (a) cubic/tetragonal (spacegroup: Fm3m or 14/mmm), (b)
monoclinic (spacegroup: P2;/c) and (c) rhombohedral (spacegroup: R3).

There have been extensive experimental studies of PBAs-based cathodes in both aqueous
and non-aqueous SIBs. To optimize the performance of PBAs-based electrodes in SIBs, one

common practice is to substitute the P and R sites with different transition metals. For example,



in organic electrolytes, the Na,FeFe(CN), compound has been reported to exhibit a reversible

Na* insertion capacity of 120 mAh g~!

with 87% capacity retention over 500 cycles.[177] By
replacing the P site with Ni, the reversibility can be further improved by limiting the amount of
Na intercalated to 1 and hence, the volume change with cycling, and a zero capacity loss after
5000 cycles has been observed in aqueous electrolyte.[172] When both the P and R sites are
replaced by Mn, an exceptionally high capacity of > 200 mAh g~! has been achieved Mn>*Mn3*
— Mn?tMn™.[86] Due to the flexibility of the PBA structure, there remains a wide unexplored
space of PBAs.

Depending on experimental conditions, various phase transitions and polymorphs of PBAs
along with distinct electrochemical behaviors have been reported. Also, the existence of lattice
water in PBAs further complicates their structural and electrochemical properties. For example,
Song et al. have reported that the existence of coordinating water molecules in Na,MnFe(CN)g
cathodes not only affects its crystal structure but also changes the shape of its voltage profile in
a 1:1 diethyl carbonate (DEC) ethylene carbonate (EC) electrolyte.[149] While lattice water is
generally believed to have a detrimental effect on the transport of Na™ ions,[133] KCuFe(CN)g
and Na,NiFe(CN), have been shown to have better cycling stability in aqueous electrolytes
than those in organic electrolytes.[172, 171] The hydrated low-defect Na,MnFe(CN), have been
determined to crystallize in monoclinic phase along with two coordination H,O per formula
by XRD techniques.[149] The O atoms have been shown to occupy the large interstitial sites
and form zig-zag Na-O chains interpenetrating the 3D framework. Similar results have been
reported for hydrated Na,MnMn(CN)g. The structure of Fe,[Fe(CN)¢]5-14H,0 have also been
investigated by neutron diffraction experiment.[52] Due to the randomly distributed Fe(CN)g
vacancies, the Fe,[Fe(CN)gls-14H,0 crystal deviates from face-centered cubic symmetry, and the
water molecules occupy both the empty N sites of Fe(CN)¢ vacancies and the interstitial positions.

Therefore, understanding how the presence of water influences the phase evolution with alkali

intercalation may help to enhance the performance of PBA cathodes as well as contribute to their

10



development in ASIBs.

While density functional theory (DFT) calculations have been extensively used in the
study and design of alkali-ion battery cathodes,[25, 66, 115, 95, 26] there have only been a few
attempts to use DFT calculations to provide insights into PBA cathodes, probably due to the
complexity of the PBA phase space and the complicating effects of lattice water. Ling et al. have
shown that the intercalation of different cations into FeFe(CN)¢ cathodes in organic electrolytes
is strongly affected by the ionic radius.[96] Xiao et al. have also studied the structural evolution
of both dry and hydrated Na,MnFe(CN)g cathode upon Na intercalation, and found that during
Na intercalation, the dehydrated material undergoes a direct phase transition from orthorhombic
to rhombohedral phase while the hydrated one stays in monoclinic phase and shows a stable
phase at intermediate Na concentration.[181] However, their model for the hydrated phase was
simplified to reproduce the correct voltage profile observed in experiment.

In this work, we performed a comprehensive study of the phase evolution of PBA cathodes
in the presence of water as well as with Na intercalation. Under dry conditions, it is found
that the most stable Na-rich PBA structure is always the rhombohedral phase, while the most
stable Na-deficient structure is either the cubic or tetragonal phase. Using DFT grand potential
phase diagrams, we show that water and Na co-intercalation behavior under different electrolyte
conditions causes distinct phase transition phenomena during electrochemical reaction processes
and generally increases the Na insertion voltage. Using these insights, we identified four promising

aqueous Na-ion cathodes in the PBA structure using a broad suite of descriptors.

2.2 Theoretical Approach

2.2.1 Computational details

All density functional theory (DFT) calculations were performed using the Vienna Ab

initio Simulation Package (VASP) within the projected-augmented wave method.[80, 18] The

11



screened hybrid Heyd-Scuseria-Ernzerhof (HSE) functional[54] was used to obtaining an accurate
structural description and energies of PBAs. All analysis was carried out using HSE computed
quantities, unless otherwise stated. We have also benchmarked the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA)[126] and PBEsol functionals with the Hubbard
U extension (PBE+U)[84] as well as the strongly constrained and appropriately normed (SCAN)
meta-GGA with van der Waals (vdW) functional implemented (SCAN + rvv10)[125] in terms
of their ability to predict the average voltage of PBAs cathodes. For all structure optimizations
and total energy calculations, energies and forces were converged to within 107> eV and 0.05
eV, respectively, and a k-point density of at least 1000/(number of atoms in unit cell) and an
energy cutoff of 520 eV were used. All Na,PR(CN)g were initialized with P and R in the 2+
oxidation state, while different initializations of oxidation states (P3TR3*, P4*R2*, P2+R4)
for PR(CN)s were evaluated to identify the lowest energy configuration. PBAs have been
shown to exhibit various spin-ordering configurations with temperatures, compositions and
photoinduction.[ 145, 38, 106] For all polymorphs, we calculated the total energies of all possible
spin-ordering configurations and the lowest energy one was used for the property calculations
(See Table 2.3). In this work, only ferromagnetic configurations were considered based on
previous results from Nishino et al.[106] All crystal structure manipulations and data analysis

were performed using Python Materials Genomics (pymatgen) package.[117]

2.2.2 Average voltage

The average intercalation voltage vs Na/Na* was calculated based on the following

formula[8]
B E(Na,P[R(CN)]¢) — E (Na(n—x)P[R(CN)]6) —xE(Na)
xe

V=

2.2.1)
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2.2.3 Grand potential diagram

Grand potential phase diagrams have been used to study open electrochemical systems.[113,
138] For the Na,P[R(CN)g4 system open to H,O and Na, the relevant thermodynamic potential is

the grand potential (®), defined as

D = Gy, PR(CN)g]-nH,0 — H,OMH,0 — NNaMNa (2.2.2)

where Gy, pir(cn)s)-nH,0 18 the Gibbs free energy, which can be approximated by the computed
HSE energy at OK for solids,[113] ny,o and uy,o are the number of H,O molecules per formula
and the chemical potential of H,O, respectively, and ny, and uy, are the number and chemical
potential of Na, respectively.

The chemical potential of liquid H,O can be expressed as

Heo() = “1320(1) +RT Inag;o() (2.2.3)

Where “1320(1) JInagpp) » R and T are defined as the chemical potential of liquid H,O in
its standard state, activity of H,O in the electrolyte, universal gas constant and temperature,
respectively. By assigning different various values to , different electrolyte conditions can be
simulated.

Previously, Gautam et al. have derived the reference chemical potential for liquid H,O
from the PBE computed energy of ceH20 vapor and the enthalpy of evaporation, which has been
shown to reproduce the oxide — hydroxide formation energies of main group metals.[138] Using
a similar approach with HSE computed energies, we obtained ,ugz o) = -19.566 eV, Separately,
Ngrskov et al. have computed the reference chemical potential for liquid H,O by calculating
the total energy of ceH20O vapor at 0.035 bar as the reference state because at this pressure,

gas-phase ceH2O is in equilibrium with liquid water at 300 K.[107] Using this approach with
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HSE computed energies, we obtained /.122 o) = -18.866 eV. In this work, we derived a /.ng o) for
PBAs compounds by considering the following neutralization reaction of hydrogen cyanide and
alkali hydroxide:

ACN(s) +H,0(1) <> HCN(g) + AOH(s) (2.2.4)

where A is an alkali metal. The enthalpy of liquid H,O can therefore be obtained by fitting
the DFT-calculated energies of HCN vapor, solid AOH and solid ACN with the experimental
standard enthalpy of the reaction (AH;*P) obtained from the NIST Chemistry WebBook.[97] Due
to limited experimental data, we performed this fitting using only two alkali metals Na and K.
The DFT total energy of HCN was obtained by calculating the energy of a single molecule of
HCNina 15x15x15 A box, while the zero-point energy (ZPE) of HCN vapor was obtained from
the calculated frequencies. The initial structures of AOH and ACN solids were obtained from
Inorganic Crystal Structure Database (ICSD)[15] and then fully relaxed to obtain an accurate
total energy from DFT calculations. The chemical potential of pure liquid H,O is then obtained

by the following formula

u?,zo(,) = AH™P — (Encen(g) + Ezpe(HCN(9)) T EaoH(s) T Eacn(s)) — T Swater) (2.2.5)
Using this approach, we derived a reference value of ,ugz o) = -19.165 eV, which is in between the

two reference values derived using the previous two approaches. We will discuss the implications
of the reference in the Discussion section.
Finally, the chemical potential of Na, Ly, is related to the voltage V with respect to the

Na metal anode by:
Una — KR,
e

V=-— (2.2.6)

where uNa is the chemical potential of Na metal and e is the electron charge.
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2.3 Results and Discussion

In this section, we will first present detailed benchmarks on five experimentally-known
PBA compositions - Na,PR(CN)g where (P, R) = (Mn, Mn), (Mn, Fe), (Fe, Fe), (Co, Fe), (Ni, Fe)

- followed by a comprehensive screening for new PBA compositions.

2.3.1 Benchmarking of exchange-correlation functionals

The mixed-valence nature of PBAs leads to a rich electronic structure, which complicates
the description of their properties by DFT calculations. Previous studies have showed that HSE
functional is able to describe the structural and electronic properties of FeFe(CN)g[176] as well
as the sodium intercalation voltages of Na,MnFe(CN)¢.[181] GGA+U methods have been shown
to reach a good agreement with HSE functional only if different effective U values are applied
to each individual site of FeFe(CN)g,[176] which hinders its application as a predictive tool in
PBAs compounds. In the Materials Project, a set of U values for the various transition metals
have been calibrated for transition metal oxide systems.[61, 167] We have also evaluated the
performance of various exchange-correlation functionals (PBE[126], PBE+U[167], PBEsol[128],
PBEsol+U[167], HSE[54], SCAN[152], SCAN+rVV10[125]) in reproducing experimental spin
configuration, lattice parameters and redox potentials of PBAs. From Table 2.4, it can be observed
only HSE, PBE + U and PBEsol +U reproduce the experimental ground spin states for all tested
Na concentrations. Furthermore, the HSE functional yields the most accurate lattice parameters
with error less than ~0.8 % across all Na concentrations and for both wet and dry PBAs (Figure
2.10) as well as the most accurate voltages (Table 2.5).

Table 2.1 compares the voltages of five well-known PBAs computed using various
exchange-correlation functionals with the experimentally measured voltages. We find that both
the PBE+U and PBEsol+U functionals utilizing Materials Project-calibrated U values are not

able to achieve even qualitative accuracy in predicting the voltage steps of Na,MnMn(CN)q
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Table 2.1: Calculated and experimental average voltages for five PBA cathodes. Individual voltage
steps for Na,PR(CN)g — NaPR(CN)q and NaPR(CN)q — PR(CN), are indicated if NaPR(CN)g is a
stable intermediate in the computed pseudo-binary PR(CN)g—Na,PR(CN)¢ OK stability diagram for the
functional.

Formula Voltage (V vs Na/Na™)
Exp. PBE+U PBEsol+U HSE
Na,MnMn(CN)g 2.65/3.55[86] 1.14/3.17 0.51 2.18/2.70
Na,MnFe(CN)g 3.53[149] 3.17 3.18 3.10
Na,FeFe(CN)g  3.00/3.29[168] 2.70 6.47 2.91/3.02
Na,CoFe(CN)y  3.12/3.42[179] 2.63/3.55 2.73/3.65 3.04/3.06
Na,NiFe(CN)q 3.38[86] 2.75 3.02 3.22

and Na,FeFe(CN)e. In particular, NaMnMn(CN), is not a stable intermediate in PBEsol+U,
and NaFeFe(CN)gq 1s not a stable intermediate in both PBE+U and PBEsol+U. Furthermore, the
voltages from the HSE functional are in much better agreement with the experimental voltages
compared to PBE+U and PBEsol+U. Except for Na,MnMn(CN)y, the errors of all the voltages

calculated by HSE are within 0.5 V.

2.3.2 Thermodynamic stability and Na intercalation in dry PBAs

Figure 2.2 shows the calculated pseudo-binary stability diagrams for the five experimen-
tally known PBAs at xy, =0, 1, 2. At full sodiation (xy, = 2), the most stable structure for all five
PBAs is the densely-packed rhombohedral phase (shown in Figure 2.1 (c)). In all instances, the
rhombohedral phase is more stable than the more open tetragonal, monoclinic and cubic phases by
more than 30 meV/atom. At full desodiation (xy, = 0), the less densely-packed cubic and tetrago-
nal phases (shown in Figure 2.1 (a) and (b), respectively) become more stable. The elongation of ¢
axes in Na,MnFe(CN)g and Na,MnMn(CN)g to form the tetragonal phase is due to the Jahn-Teller
effect of Mn>*. Consequently, under equilibrium electrochemical processes, there is a reversible
phase transition from rhombohedral to cubic/tetragonal phase in dry PBAs-based cathodes. This
trend has been observed in experiments for many PBAs compounds.[149, 168, 179, 64] The

phase transformations can be interpreted by the competition between the Coulombic interaction
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of Na* and N® atoms and the tendency to maximize d — 7 orbital overlap.[181] The former
effect tends to bend the bonds and tilt the polyhedral whereas the latter straighten the lattice.

At xy, = 1, only NaFeFe(CN)g, NaMnMn(CN)¢ and NaNiFe(CN)g are predicted to be
stable with respect to their fully sodiated desodiated counterparts. There are a few discrepancies
between the DFT predicted stabilities and experimental observations. NaMnMn(CN)g has been
reported to be in the orthorhombic phase, while our DFT calculations show the rhombohedral
phase to be the most stable.[86] NaCoFe(CN)¢ has been reported to be stable in cubic phase, and
two plateaus have been observed during charge/discharge processes.[179] In the DFT calculations,
the cubic phase of NaCoFe(CN)g is nearly degenerate in energy with the monoclinic phase and lies
only 1.4 meV/atom above the hull. We believe these discrepancies are possibly due to the effect of
water and vacancies in PBA lattice. In particular, the insertion of Na ions can be largely hindered
by Fe(CN)g vacancies, which has been reported to cause significant capacity fading.[133] Also,
the fully-desodiated NiFe(CN)g has not been reported experimentally to the authors” knowledge,
and no phase transition has been observed when rhombohedral Na,NiFe(CN), is oxidized to
NaNiFe(CN)q experimentally.[64] The DFT calculations find the tetragonal NaNiFe(CN)g to
be the most stable phase and the rhombohedral phase lies 3.8 meV/atom above the hull. We
hypothesize that rhombohedral NaNiFe(CN)g is kinetically stabilized during fast charge/discharge

processes.

Figure 2.3: Optimized structure of Na,MnFe(CN)g-2H,0.
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Table 2.2: Spin state and lattice parameters of Na,MnFe(CN)¢-2H,0
Method Spin state Space group Lattice parameter
a=734,b=7.53,c=10.59
o=90,3=92.1,y=90
a=7.34,b=7.46,c=10.58
o =90, =92.6,y=90

Exp. Mn: t%g eﬁ, Fe: tgg (5) P2 /c

HSE  Mn: tgg eg, Fe: tgg 5) P1

2.4 Effect of water in PBA lattice

To probe the effect of water on PBAs, we have selected Na,MnFe(CN)g-2H,0 as a model
system due to the availability of experimental data on Na; goMn[Fe(CN)¢]j.97-1.87H,0.[149]
Initial structures were obtained by placing two H,O molecules per formula unit at void spaces
found by Voronoi tessellation in the cubic, tetragonal, monoclinic and rhombohedral structures of
dry Na,MnFe(CN),. The structures were then fully relaxed by HSE functional.

Table 2.2 shows the calculated ground spin state configurations and lattice param-
eters of the most stable hydrated structure, which are in good agreement with experimen-
tal observations.[149] However, the positions of Na ions and H,O molecules in our relaxed
Na,MnFe(CN)g4-2H,O structure are opposite to those reported by synchrotron XRD and neutron
diffraction. As illustrated in Figure 2.3, the DFT calculations predict that Na ions occupy the
interstitial sites and coordinate with four nearest N atoms whereas H,O molecules reside at the
center of the void space. This configuration is predicted to be 6 eV per formula unit lower in
energy than the experimentally reported structure. Similar results have been obtained by Xiao
et al.[181] We also calculated other common hydrated PBAs and similar Na-H,O arrangements
were obtained. Given that XRD techniques are generally unable to distinguish lighter elements,
we will use the lowest DFT energy hydrated structure for subsequent analysis and recommend
that more advanced characterization, e.g. using neutron techniques, be carried out to confirm
the positions of Na and O atoms in PBA structures. We also carried out similar calculations on
Fe,[Fe(CN)gl5-14H,0 and our results showed good agreement with the experimental data (see

Table 2.6).
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2.4.1 Effect of Na and water on the structure of PBAs

Voltage (V vs Na/Na*)
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Figure 2.4: Grand potential phase diagram of Na,MnFe(CN)4-nH,O.
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Figure 2.4 shows the grand potential phase diagram of Na,MnFe(CN),-nH,0, where each
colored region corresponds a single stable phase. Qualitatively similar results were obtained for
the other common PBAs and are shown in Figure 2.13. As the chemical potential of Na decreases,
Na is extracted from the PBA structure (charging process). In extremely dry electrolytes (ag20
< 107%), only the dry Na,MnFe(CN); structures are stable. As the activity of water increases,
hydrated phases become stable over a wider range of Na chemical potentials/voltages, which
in turn result in changes in the phase transition behavior upon Na intercalation and hence, the
voltage profile (see next section).

It has been well established that nearly all low-defect, Na-rich PBAs contain water
in the lattice when synthesized in aqueous environments. It is also known that the hydrated
monoclinic Na,MnFe(CN)¢-nH,O disappears after several charge/discharge cycles in organic
electrolytes,[149] which is consistent with the lack of hydrated phases in the computed grand po-
tential diagram under extremely dry conditions A reversible phase transition between monoclinic

hydrated Na,MnFe(CN)4-xH,O and rhombohedral dry Na,MnFe(CN)¢ has also been observed
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upon drying in vacuum followed by exposure to humid air.[149]

Our calculations show that, under same conditions, the fully desodiated structures are
much more water-resistant compared with the sodiated ones. Although there have been reports
of containing water molecules in Na deficient PBAs, for example Fe,[Fe(CN)¢l5-14H,0 and
Ky.04NiFe(CN)g 4H,O[52, 64] we believe this is the effect of Fe(CN)g defects. Our calculations
for the Fe[Fe(CN)g]5 structures containing different amount of H,O showed that in aqueous
solutions, the hydrated Fe,[Fe(CN)gl5 is more stable than their dry counterparts (see Figure 2.14).

In dry electrolytes, a reversible phase transition between rhombohedral Na,MnFe(CN),
and tetragonal MnFe(CN)y is predicted. During Na intercalation in wet electrolytes, different
phase transition behaviors happen due to the co-intercalation of H,O and Na ions. The crystal
structure changes from monoclinic Na,MnFe(CN)4-2H,0 to tetragonal MnFe(CN)g.

Water molecules in the PBA lattice may also serve as “pillars” that facilitate low-strain
charge/discharge processes.[94, 89] Figure 2.5 shows the volume change of the three common
PBAs cathodes during charge processes with respect to their fully discharged states. It can be seen
that in dry electrolytes, all cathodes undergo a volume expansion of 15% ~ 20% with extraction
of Na*. In wet electrolytes, on the other hand, Na,FeMn(CN)y and Na,FeFe(CN), undergo a
volume reduction of 7% and 4%, respectively, with extraction of Na*, while Na,NiFe(CN),
undergoes only a small volume increase of 1.3 %. The volume changes in wet electrolytes are
therefore much smaller in magnitude compared to that in dry electrolytes, which may result in
better cycling stabilities. These observations are in line with prior experimental results showing
that Na,NiFe(CN)q cathodes exhibit a near-zero capacity loss after 5000 cycles in aqueous
electrolytes[172], while capacity fading of 4% has been observed after only 200 cycles[64] in
organic electrolytes. These results also point to the potential for naturally hydrated compounds
to serve as electrode materials in alkali ion batteries due to distinct effect of lattice water in
electrochemical reactions. Several hydrated compounds have already been shown to exhibit great

performance, such as Naj ;1MnO,-nH,0,[105] Zn ,5V,05-nH,0 [85] and FePO,-nH,0[94].
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electrolyte.

Figure 2.6 shows the computed voltage profiles for the Na,MnFe(CN),, Na,NiFe(CN)q
and Na,FeFe(CN)s PBAs in wet (ag,0 = 1), dry (ap,0 = 10~%) and very dry (am,0 = 1079)
electrolytes. The average voltage as a function of ay, ¢ is plotted in Figure 2.12. In general, we
observe that an increasing ay, o results in an increase in the voltage for all three PBAs. This
is consistent with the increase of the redox potential of Na,MnFe(CN)g in aqueous electrolyte
reported in the literature.[124, 103]

For Na,MnFe(CN)g, the DFT calculations predict only a single voltage plateau of 3.09
V for 0< x < 1 in dry/very-dry electrolytes, while two voltage plateaus are predicted due to the
emergence of the stable hydrated phase at intermediate Na concentrations in wet electrolytes.
The single-plateau behavior in dry electrolytes is in line with the experimental findings of
3.44 V vs Na/Na*.[149] Further, Pasta et al. have reported two plateaus at 3.5 V and 4.0
V vs Na/Na™ for Na; 33sMn[Fe(CN)gl, 79 in a saturated NaClO,4 aqueous electrolyte, which is
qualitatively consistent with our DFT predictions.[124] Similarly, it has been reported that
Na,FeFe(CN)¢ exhibits two voltage plateaus at 3.0 V and 3.29 V vs Na/Na* in a mixture of
DEC/EC electrolyte,[168] and the gap between the two plateaus becomes larger (3.1 V and 4.0 V

vs Na/Na™) in Imol/L Na,SO, aqueous electrolyte.[168, 178] These observations are again in
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qualitative agreement with our calculations.

Our results predict that the voltage of Na,NiFe(CN)g in 0< x < 1 varies from 3.92 to
4.43 V vs Na/Na*, which is beyond the stability window of aqueous solutions. Thus, only half
of its theoretical capacity can be realized in aqueous electrolyte. In fact, Ni>*/Ni** is known to
be electrochemically inactive in PBAs cathodes,[172, 64] and this is confirmed by the integrated

DFT spin densities which show that in the active redox couple in Na,NiFe(CN), is Fe>* 4

(see
Figure 2.16(a)). The high voltage at 0< x < 1 is due to the Fe>*~*" couple.

One further observation is that the HSE-predicted voltages, especially at high water
activities, are generally underestimated relative to experiments.[124, 178] One possible reason
for this discrepancy may be the presence of defects, such as Fe(CN)q vacancies which have
been reported experimentally.[52, 184] A further source of the discrepancy may be the choice
of the value of the reference chemical potential of water, /,ng )" The effect of the chemical
potential of water on the phase stabilities of Na,MnFe(CN)q-nH,O system is shown in Figure
2.7(a). From Figure 2.7(a), we can see that when becomes less negative than /.122 o(l)’ the fully
hydrated NaMnFe(CN)¢-nH,O is predicted to be stable across a wider range of Na concentrations.
For tg,o() > -18.96 eV, MnFe(CN)g-H,O becomes more stable than its dehydrated counterpart.
The predicted Na insertion voltages as a function of ly,o(;) is shown in Figure 2.7 (b). The
predicted second voltage plateau (shown in Figure 2.7(c)) increases with and reaches a value of
3.90 V vs Na/Na* when MnFe(CN)¢-H,O is stabilized relative to MnFe(CN)g, which is much
closer to the experimentally observed voltage of 4.0 V vs Na/Na*.[124]

We also note that the predicted voltage of Na,NiFe(CN)g in dry electrolytes, which is 2.92
V vs Na/Na*, deviates from the experimental finding of 3.38 V vs Na/Na*.[64] This is mainly due
to the different phase transition behaviors predicted by DFT calculations. In our calculations, a
phase transition between rhombohedral Na,NiFe(CN)g and tetragonal NaNiFe(CN)g 1s predicted
while the rhombohedral Na,NiFe(CN), has been shown to be preserved in experiments possibly

due to the metastability caused by fast charge/discharge processes.[64]
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2.4.2 Screening for PBA cathodes for Aqueous Na-ion Batteries

Based on the above findings, we have performed a comprehensive screening for aqueous
PBA cathodes. Only PBAs with R = Fe, Mn were considered given that they have been extensively
studied experimentally, while P is allowed to be Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo. Initial
candidates for dry PR(CN)g and Na,PR(CN), PBAs were first generated using the cubic/tetragonal
and rhombohedral structures, respectively.

Figure 8 shows the HSE average voltages for the PBA candidates for two Na intercalation.
It is observed that except P = Ti and Mo, the R = Mn PBAs generally exhibit lower average voltages
than the R = Fe PBAs, which is due to the lower standard potentials of Mn(CN)63_/ 4 compared to
Fe(CN)63_/ 4_.[79] For P = Ti, the integrated DFT spin densities (Figure 2.16 (g)) show that the Ti
undergo a two-electron redox (2+—4+) instead of a one-electron (2+—3+) redox process on both
the P and R sites. On the other hand, for the P = Ni, Cu and Zn PBAs, the integrated DFT spin
densities (see Figure 2.16(a)-(f)) show that the R cation, i.e., Mn or Fe, undergo a two-electron
redox from 2+ to 4+. In the case of Ni, Mn/Fe oxidation to 4+ takes place preferentially to
Ni oxidation. In the case of Cu and Zn, the 3+ oxidation state is generally not preferred. The
voltages of the PBAs that have been investigated experimentally (denoted with asterisks) are lie
within/close to the H,/O, evolution limits.

Among the compositions that have not yet been studied experimentally, Na,CoMn(CN)g
is predicted to have a relatively high average voltage of 2.48 V. During Na deintercalation, both
Co?* and Mn?* are electrochemically active and oxidized to Co** and Mn>*. Na,NiMn(CN)q,
Na,CuMn(CN)q and Na,ZnMn(CN)g are also predicted to have relatively high average voltages
of 2.52V, 2.91 V and 2.65 V, respectively, which is due to the two-electron redox of Mn?*~**. It
should be noted, however, that experimentally studied Na,CuFe(CN)q and Na,ZnFe(CN)q have
been reported to exhibit only one-electron redox, likely due to the high voltage of the Fe**—4*
redox couple (DFT predicted voltages of 3.81V and 4.24 V) beyond the O, evolution limit.

Further detailed investigations on the effects of hydration were performed on these candidates.
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Figure 2.9 shows the DFT-computed voltage profiles for the four candidates in both wet
and dry electrolytes. The corresponding computed pseudo-binary and grand potential phase
diagrams are given in Figures 2.15 and Figures 2.17, respectively. In dry electrolytes, both
Na,CoMn(CN), and Na,NiMn(CN)g are predicted to undergo a two-phase reaction upon charge
from x = 2 to x = 0, with a phase transition from rhombohedral to tetragonal and cubic phase,
respectively. In wet electrolytes, an intermediate stable phase is observed at x = 1, which
introduces a step in the voltage profile (blue lines in Figure 2.9 (a) and (b)). The voltages of
Na,CoMn(CN)¢ and Na,NiMn(CN)g are predicted to be 3.15 V/2.73 V and 3.43 V/2.58 V vs
Na/Na™, respectively.

In dry electrolytes, at , monoclinic NaZnMn(CN)¢ and NaCuMn(CN)g are predicted to be
stable and form two plateaus on their voltage profiles. The voltage of Na,ZnMn(CN)j is predicted
to be 3.08 V/2.31 V vs Na/Na" in dry electrolyte and 3.55/2.66 vs Na/Na™ in wet electrolytes.
Na,CuMn(CN)g has a voltage of 3.48 V /2.33 V vs Na/Na" in dry electrolytes and the voltage

increased to 4.12 V/2.55 V vs Na/Na* in wet electrolytes.

2.5 Conclusion

Using first-principles computations, we have performed a comprehensive analysis into
the phase behavior of PBA cathodes for aqueous Na-ion batteries. A key contribution of our
work is elucidating the effect of lattice water on the phase stability, and consequently the Na-
intercalation voltage profile. We have found that all dry PBAs compounds undergo rhombohedral
to cubic/tetragonal phase transitions during Na deintercalation. The presence of lattice water
raises the voltage and acts as pillars to reduce the volume change during electrochemical cycling,
contributing to both higher energy density and better cycling stability. Using these insights, we
have identified four new PBA compositions - Na,CoMn(CN)g, Na,NiMn(CN)g, Na,CuMn(CN)g

and Na,ZnMn(CN)g - that show great promise as aqueous Na-ion battery cathodes.
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Chapter 2 is, in total, a reprint of the material "Water contributes to higher energy density
and cycling stability of Prussian blue analogue cathodes for aqueous sodium-ion batteries."
Chemistry of Materials 31, no. 15 (2019): 5933-5942. Xingyu Guo, Zhenbin Wang, Zhi Deng,

Xiangguo Li, Bo Wang, Xi Chen, and Shyue Ping Ong. The dissertation author was the primary

investigator and author of this scientific paper.
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Sodium-Ion Batteries
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2.6 Spin Ordering Effect on phase stability of PBAs com-

pounds

Table 2.3: Energy difference in spin-ordering between the ground state and the next lowest energy state by
HSE functional.

Composition  AE (meV/atom) Ground state Second lowest energy state
Na,MnFe(CN)g 151.1 Mn: t%gef,, Fe: tgg Mn: tgg, Fe: tgg
MnFe(CN)g 13.7 Mn: ¢, Fe: 65, Mn: t;,, Fe: 3
Na,CoFe(CN)q 64.9 Co: tggeﬁ, Fe: tgg Co: tggeél,, Fe: 0,
NaCoFe(CN)g 121.9 Co: tgg, Fe: tgg Co: tggef,, Fe: tgg
CoFe(CN)g 98.9 Co: t§,, Fe: 6, Co: ty,e3, Fe: 63,
Na,FeFe(CN)q 76.2 Fe: t‘z‘gegZ, Fe: tgg Fe: tgg, Fe: tgg
NaFeFe(CN)g 40.0 Fe: t%egZZ, Fe: E-gg Fe: t%gsef,, Fe: Stg g
FeFe(CN)q 34 Fe: tzgeg, Fe: t2g Fe: tzg, Fe: t2g

2.7 Comparison of different functionals

Table 2.4: Ability of various functionals to reproduce the experimentally observed spin configurations of
Na,MnFe(CN).

Spin state
MnFe(CN)g Na,MnFe(CN)g Na,MnFe(CN)¢-2H,0
Exp. Mn: t%ge;, Fe: tgg (5) Mn: t%geg, Fe: tgg (5 Mn: tggeg,, Fe: tgg (5)
GGA, PBEsol, PBEsol
Failed functionals SCAN, SCAN+rvv10 None
(Mn: 65, Fe: 6, (3)) (Mn: 6, Fe: 6§, (1))

Table 2.5: Calculated and experimental average voltages for PBA cathodes in wet electrolyte (am,0 =1))
Voltage (V vs Na/Na™)

Exp. HSE SCAN+rvv10

Na,MnFe(CN)g 3.5/4.0[124] 3.34/3.58 2.48/3.13

Na,FeFe(CN), 3.10/4.0[36] 3.03/3.48 2.2/4.95

Na,NiFe(CN)g 3.38[172]  3.37/4.43 4.05/4.73

Formula
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Figure 2.10: Error rate of the calculated lattice parameters of tetragonal MnFe(CN)g, rhombohedral
Na,MnFe(CN)g and monoclinic Na,MnFe(CN)g-2H,0 with respect to experiments. The patterned ones
are the lattice parameters along c axis of the calculated MnFe(CN)yg.

2.8 Calculated grand potential phase diagrams of

Na,FeFe(CN), nH,0 and Na,NiFe(CN)¢-nH,O system

Voltage (v vs Na/Nar) Voltage (V vs Na/Na*)
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Figure 2.11: Calculated grand potential diagram of (a) Na,FeFe(CN)4-nH,O and (b) Na,NiFe(CN)¢-nH,O.
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Figure 2.12: Predicted average voltages of as a function of activity of water in Na,MnFe(CN)g,
Na,NiFe(CN)g, in Na,FeFe(CN)¢ cathodes. Solid line: 1< x < 2; Dotted line: 0< x < 1.

2.9 Computed voltage as a function of activity of water

2.10 Effect of Fe(CN)¢ defect

We here investigated the phase stability of the Fe,[Fe(CN)g];-nH,0O structures with n = 0,
6, 14. According to previous experimental observations[52], the initial defective structure of the
Fe4[Fe(CN)gl;-nH,O was constructed by removing one Fe(CN)g cluster from a 2x2x2 supercell
of cubic FeFe(CN)g structure. Two distinct types of water molecules, one fills the empty nitrogen
sites of Fe(CN)¢ vacancies (H,O4) and the other occupies the interstitial positions in the lattice

(H,0;), were inserted into the initial structure to mimic the hydrated Fe[Fe(CN)]5.

2.11 Computed voltage as a function of activity of water

The calculated lattice parameters (Table 2.6) of dehydrated Fe,[Fe(CN)g]; overestimated
the experimental result of 1.2%. The optimized Fe,[Fe(CN)glz-14H,0 crystal structure (Figure
2.13) is shown to be distorted from the cubic lattice due to the high concentration of Fe(CN)q

defect and H20 molecules in the simulation cell. The position of the water molecules agrees with
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Figure 2.13: Crystal structure of DFT calculated Fe,[Fe(CN)gls-14H,0.

those reported in the literature.[52] While the lattice parameters of hydrated Fe,[Fe(CN)¢]5 is

accurately predicted and the error rate are within 0.3%.

Table 2.6: DFT calculated and experimental lattice parameter of Fe,[Fe(CN)¢]; and Fe4[Fe(CN)gl5-14H,0.

Method Composition Space group Lattice parameters (A)
Fe,[Fe(CN)gl; - a=10.13
EXP R [Fe(CN)gly 14H,0  3m a=10.155
HSE Fe4[Fe(CN)6]3 Fmgm a=10.25
Fe4[Fe(CN)¢l5-14H,0 P1 a=10.156,b=10.135,c =10.179

Figure 2.14 shows the predicted relative stability of Fe,[Fe(CN)gl;-nH,O with respect to
water activity. We find that when being hydrated, water molecules first fill the empty nitrogen
sites and then the interstitial sites in PBA lattice. In wet electrolyte (ay,p=1), the hydrated
Fe,[Fe(CN)gl; is more stable than its dry counterpart. These results are in line with the experi-

mental observations that R(CN)g defects introduces more water molecules into PBA lattice in wet

electrolyte.

2.12 Computed pseudo-binary phase diagrams of the pre-

dicted compounds
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of the activity of water.
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2.13 Integrated spin density of the predicted compounds
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Figure 2.16: Average integrated spin density for P (R) as a function of radius from P (R), up to 2 A.
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Computed grand potential phase diagrams of the pre-

dicted compounds
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Chapter 3

Design Principles for Aqueous Na-ion

Battery Cathodes

3.1 Introduction

Aqueous sodium-ion batteries (ASIBs) have recently gathered intensive interest for large-
scale energy storage systems. [17, 74] Compared to non-aqueous batteries, the use of a non-
flammable, inexpensive and environmentally-safe aqueous electrolyte in ASIBs not only offers
high reliability, but also lowers the cost of manufacture and maintenance. The rapid ionic diffusion
in the aqueous electrolyte, which is generally two to three orders of magnitude higher than that in
a non-aqueous electrolyte, also enables high rate capability in ASIBs [70].

Much research effort has been directed toward the design of ASIBs cathodes with both
higher energy densities and long term cycling stabilities. [17, 74] Figure 3.1 and Table 3.1
summarizes the main cathodes that have been studied for ASIB applications. They can be broadly

categorized into four families:

1. Mn oxides. Naj 4,4MnO, (Space group: Pbam) is among the most well-studied cathodes in

ASIBs. Its electrochemical performance varies in different voltage ranges and electrolytes.
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[174, 120, 169] While most Mn oxides exhibit capacitive behavior in aqueous electrolytes
[142, 188, 7, 158, 135], Nay 44MnO, exhibits consecutive biphasic reactions with Na*
intercalation. [174] The inter-connected diffusion channels and the abundant vacancies in

the structure facilitates Na* diffusion in the charge/discharge processes. [70]

2. Natrium Super Ionic CONductor (NASICON). The NASICON compounds have been
extensively studied as SIBs cathodes due to their open framework, which enable facile
Na* diffusion. [41] The general formula of NASICON is NaxMM’(XO4)3 and consists of
a three dimensional framework of MOg and M’O6 octahedra sharing corners with XO,
tetrahedra. R3c-Na;V,(PO,); is the most widely investigated NASICON-type cathode in
conventional SIBs [141]. Recently, R§C—Na3VTi(PO4)3 [166] and NazMnTi(PO,)5 [39]
have also been investigated as electrodes in symmetric aqueous batteries and exhibits

significantly improved long term cycling stability compared with NasV,(PO,)5 [185].

3. Fe phosphates. Olivine-NaFePQO,, pyrophosphate-Na,FeP,0, and mixed anionic phos-
phate Na,Fe;(PO,4),P,0; have been investigated as cathodes in ASIBs given the fact that
average redox potential of Fe?*/Fe** in phosphate compounds usually locates within the

electrochemical stability window of aqueous electrolyte. [35, 65, 37].

4. Prussian blue analogues (PBAs). PBAs compounds, with a general chemical formula of
AXP[R(CN)G]I_},- nH,O (A = alkali or alkaline ion, P and R = transition metals), have
been demonstrated as excellent cathode materials for ASIBs because their open 3D
framework enables fast ionic diffusion and superior cycling stability. [164] In particu-
lar, K ¢Ni; ,Fe(CN)g- 3.6 H,O and Na; 4Cu, sFe(CN)4- 8 H,O show great performance in

aqueous electrolyte during electrochemical cycling of Na* ions. [173, 180]

Unlike cathodes in conventional sodium-ion batteries (SIBs), which usually operate at
potential larger than 3.5 V vs Na/Na*, cathodes in ASIBs must have working potentials within

the evolution potential of O, and H, gas, i.e., 2.31 ~ 3.53 V vs Na/Na" in neutral electrolyte.
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Also, dissolution of electrodes and side reactions with the aqueous electrolyte, such as electrode
materials reacting with H,O/O, and proton intercalation into electrode materials, can adversely
affect the long-term cycling stability of ASIBs. Possible strategies to mitigate these side reaction
include coating the electrode, eliminating oxygen and adjusting the pH of the electrolyte. [101]
However, the intrinsic instability of electrode materials in aqueous environment still leads to
significant performance reduction of ASIBs. For example, Zhang et al. [185] found that the
capacity of carbon-coated NasV,(PO,); fades steadily from 94.5 mAh/g to about 10 mAh/g
within only 30 cycles in 1M Na,SO, electrolyte when being charged/discharged at rate of 10 C
due to cathode dissolution. While first principles methods have been applied extensively to the
study of battery materials [163], there have been relatively few computational studies of ASIB
cathode materials, and most are focused on the PBA family. [182, 43]

In this work, we derive design rules by benchmarking first principles predictions of
the working potential and aqueous stability on representative ASIB cathode materials. The
scope includes all cathodes tabulated in Table 3.1, with the exception of the PBAs as these
have been studied extensively previously and possible water co-intercalation in these systems
complicate their analysis [43]. We then apply these design rules to the high-throughput screening
of known SIB cathode materials for application in aqueous electrolytes, identifying several

hitherto-unexplored candidates for further exploration.

3.2 Methods

3.2.1 Density functional theory calculations

All spin-polarized density functional theory (DFT) calculations were performed using
the Vienna ab initio simulation (VASP) package within the projected-augmented wave method.
[81, 19] The exchange-correlation functional used for structural relaxation and energy calculations

was the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) functional
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Figure 3.1: Crystal structures of representative ASIB cathodes. (a) Naj44MnO, (b) NASICON:

Na3V,(POy)s, (c) Fe-based phosphates: NaFePO, (d) PBAs: cubic Na,FeCu(CN)g

Table 3.1: Electrochemical properties of representative cathodes for ASIBs

Formula Working Electrolyte (pH) Current Capacity ~ Cycling voltage Retention(%)  Ref

Potential rate (mAh/g)  range /Cycles

(Vs (V vs Na/Na*)

Na/Na*)
Nag 44MnO, 2.00 - 3.50 1 M NaClOy in 1:2 EC/DMC 5C 128 2.0-4.0 77/1000 24
Nag 44MnO, 3.35-3.60 1 M Na,SO,4 (7) 4C 45 3.35-3.60 100/1000 174
Nag 44MnO, 291-341 1 M Na,SO,4 (7) 2C 47 2.84-3.59 88/200 120
Nag 44MnO, 2.46-2.76 1 M Na,SO, (13.5) 2C 32 2.31-2091 100/400 169
Na3V,(POy); 34 1 M NaClOy in 1:2 EC/DMC 10C 106 23-3.9 84.9/1000 141
Na3V,(POy);3 34 1 M Na,SO4 (7) 8.5C 209 291-3.84 32/30 150

(F/g)
Na, VTi(POy); 3.33 1 M Na,SO,4 (7) 5C 51 2.91-3.51 92/500 166
Na, VTi(POy); 2.16 1 M Na,SO4 (7) 5C 50 2.11-291 94/500 166
NazMnTi(POy);3 2.12-4.01 1 MNaClOyin 1:1 EC/PC+5%  2C 119 1.5-4.0 92/500 190
FC

NazMnTi(POy); 2.14-3.54 1 M Na,SO,4 (7) 1C 56.5 2.14-3.54 98/100 39
Na,FeP,0, 2.52-3.24 1 M NaClOy in PC C/20 90 2.0-45 100/80 72
Na,FeP,0, 2.50-3.30 aqueous electrolyte 1C 65 2.75-3.65 86/300 65
NaFePO, 3.48 1 M NaClOy in 98:2 PC/FEC C/20 125 22-43 90/50 112
NaFePOy, 2.55-3.2 1 M Na,SO4 (7) 1C 70 245-33 90/30 35
NayFes(PO,),P,0; 2.75-3.25 1 M NaClO, in EC/PC 1C 99 1.8-43 90/50 37
NayFe3(PO,),P,0; 2.50 - 3.25 1 M Na,SO, (6) 1C 84 25-34 74/50 37
KoeNij ,Fe(CN)g  3.30 1 M NaNO; (2) 8.3C 51 - 100/5000 173
Na; 4Cu; 3Fe(CN)g  3.52 Na,SO, 5C 57 - 93/500 180
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[127] with a Hubbard U [34] applied for 3d transition metals. The U parameters used were similar
to those from the Materials Project [62]. For Ti and V containing compounds, calculations were
also performed using the screened hybrid Heyd-Scuseria-Ernzerhof (HSE) functional [55, 40] and
the strongly constrained and appropriately normed (SCAN) functional [151]. The energy cutoff
of plane wave was 520 eV, and the k-point density was at least 1000/(number of atoms in the cell).
All calculations were performed in a ferromagnetic configuration, initialized with low spin for Co
and high spin for all other transition metals. All crystal structure manipulations, input/output file
generation and data analysis were performed using the Python Materials Genomics (pymatgen)

package [118].

3.2.2 Voltage profile

The average intercalation potential of Na into a host X vs Na/Na™ was calculated by the

equation [9]:
_ EDFT (NanX) — EDFT (Nan_XX) — XEDFT (Na)
xe

V= (3.2.1)

where Eppr () denotes the DFT calculated total energy, and e is the electron charge. In this work,
the average voltage was calculated based on a one-electron-per-transition-metal redox reaction
for all materials.

The voltage profiles were constructed by using all stable phases from the pseudobinary
phase diagram of the sodiated and desodiated compounds (Figure 3.12), obtained using the convex
hull construction [114]. All the initial sodiated structures were obtained either from the Materials
Project [62] or ICSD database [16]. All the partially desodiated structures were determined
by enumerating all symmetrically distinct orderings in sufficiently large supercells using the
adaptor to the enumlib library [44] in pymatgen [118]. For each composition, at least 20 lowest
electrostatic energy (computed via the Ewald summation method) configurations were selected

for the convex hull construction.
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3.2.3 Pourbaix diagram

Pourbaix diagrams were computed using the formalism developed by Persson et al. [130],
which combines ab initio calculated solid phases with experimental aqueous reference states. In a
chemical system M, the Pourbaix stable domains are determined based on the knowledge of all
possible equilibrium redox reactions in M-O-H chemical space. For the following reaction in an

aqueous medium at a given pH = —log[H]:

[Reactants] +H,0 = [Products] + mH* + ne~ (3.2.2)

the Nernst equation,

[Reactants]

“nFE =AG.=AG?+2.303 xRT x 1
" ' et o8 [Products|

—2.303 X RT xm x pH (3.2.3)

can be used to relate the external potential, E, to the change of the Gibbs free energy of the
reaction, AG,. AGrO denotes the Gibbs free energy change of the reaction under standard state, F
is the Faraday constant, R is the gas constant, and 7T is the temperature. Thus, the most stable
species in aqueous environment can be determined by minimizing (AG, + nFE) across all possible
reactions for a given pH and E.

The meta-stability of a cathode was evaluated by computing its Gibbs free energy dif-
ference (AG,,) with respect to the stable domains on Pourbaix diagram as a function of pH
and potential (E) [136, 147]. The focus of this work is on the potential range from -2 Vto 2 V
versus the standard hydrogen electrode (SHE) and the pH range from O to 14. Unless otherwise
stated, the concentration of Na™ ion is set at 1M, and the concentrations of all other ions are set at
1075 M, which are typical operating conditions for ASIBs. It should be noted that the number of
non-H/O atoms are conserved in the phase transformations between cathodes and stable species

in aqueous environment. Hence, AG , is normalized by the total number of non-H/O atoms with
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units of eV/cation.

3.2.4 Diffusion barriers

The sodium vacancy migration barriers were calculated using the climbing image nudged
elastic band (CI-NEB) method [51, 50]. Here, the PBE functional without Hubbard U was
adopted to avoid the possible mixing of the diffusion barrier with a charge transfer barrier. [116]

The force convergence criterion was 0.05 eV/A.

3.3 Results

3.3.1 Screening workflow

Our proposed screening workflow for ASIB cathodes given in Figure 3.2. For operation

in aqueous environments, a cathode must satisfy the following criteria:

1. Suitable working potential within the H, and O, evolution potential range (e.g. 2.31 ~
3.53 V vs Na/Na® in neutral solution). For practical energy densities, the average working
potential in literature is typically higher than 3V vs Na/Na® in neutral electrolyte (Table

3.1).

2. High aqueous stability. Within the potential range of interest, a cathode with low AG .
and form solid phases in decomposition products on Pourbaix diagram tends to exhibit
superior long-term cycling stability. Based on previous work by Singh et al. [147] on
photoanodes, a AG,;,, < 0.5 eV/cation (ideally 0 eV/cation) indicates low reactivity in

aqueous environments.

In addition to the above criteria, any cathode (for ASIBs or otherwise) must also be
synthesizable and have relatively high Na* diffusivity for high rate capability. [116, 47] The syn-

thesizability of a material is computationally estimated by its energy above the linear combination
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Figure 3.2: Screening workflow for high-performance ASIB cathodes
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of stable phases in the DFT calculated OK phase diagram (Ej,,;;). [114] Stable phases have zero
Epu1, and the higher its E,;;, the more unstable a phase is. A typical Ej,,; threshold of 30 - 50
meV/atom was used to identify synthesizable materials in previous high-throughput screening
works. [47, 170] The potential for high ionic conductivity can be estimated by computing the
Na ion migration barriers(E,) for percolating Na diffusion pathways using NEB calculations. In
conventional SIB cathodes, the predicted E, values in facile Na* diffusion pathways are generally
less than 500 meV [10].

It should be noted that the criteria were established based purely on thermodynamic con-
siderations; kinetic factors can contribute to stabilization of the materials in aqueous environments.
For example, the electrochemical stability window of the aqueous electrolyte is usually slightly
larger than 1.23 V due to overpotentials. [108] Kinetic barriers (to ion diffusion for instance)
may also retard cathode dissolution. While these kinetic factors are difficult to directly compute,
they can be accounted for by relaxation of the thermodynamic thresholds for screening purposes.
Also, we only explore the aqueous stability of bulk cathodes in this work, while surface/interface
effects and particle size may have an influence on the electrochemical properties of cathodes
in ASIBs. For example, nanostructured electrodes may exhibit better performance in terms of
facile ion/electron transport, reduced changes of the electrodes and increased utilization of active
materials during charge/discharge processes, but increased surface/interface area may also result
in destabilization of the electrode in aqueous solutions. [5, 153]

We will first benchmark the DFT computed working potentials and AG ,, for the seven

well-known ASIB cathodes in Table 3.1 (excluding the PBAs).
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3.3.2 Voltage and aqueous stability of known ASIB cathodes
Nay.44MnO,

Figure 3.3(a) shows the calculated voltage profile of Na,MnO,, which exhibits nine
plateaus within the voltage range of 2 ~ 3.3 V vs Na/Na*. The computed profile and voltages
are in good agreement with experimental observations [71]. In neutral electrolyte (pH = 7), the
cathode can be cycled within the potential range of 2.31 ~ 3.53 V vs Na/Na* (blue region) with
a theoretical capacity of 100 mAh/g, while in a basic electrolyte (pH = 13.5)(orange region in
Figure 3.13), the electrochemical window shifts to 1.91 ~ 3.14 V vs Na/Na® with a smaller
theoretical capacity of 80 mAh/g.

Figure 3.3(b) shows the computed Pourbaix diagram of Nag 4,4MnO,, which plots the
stable species in the Na-Mn-O-H system with a Na/Mn ratio of 0.44:1 under various pH and
potential. In regions within the electrochemical window of aqueous electrolytes, Na forms Na*
ion in most regions. Mn is stable in alkaline environment at high potential (e.g. £ > 0.17 V vs
SHE at pH = 7) by forming manganese oxides while Mn>* jon forms in acidic conditions (pH <
4) or low potential regions. It may be observed that the solid phase Naj 44MnO, does not appear
in any region on the Pourbaix diagram, which suggests that it is thermodynamically metastable in
an aqueous reservoir. It should be noted, however, that Na 4,4MnO, is a stable phase (Ep,;; = 0)
on the non-aqueous Na-Mn-O phase diagram.

The aqueous stability of Na,MnO, cathode during the cycling process was evaluated by
computing AG ,, as a function of potential in different electrolytes (pH and Na concentration).
In a neutral electrolyte (Figure 3.4(a)), when being charged at high potential of 3.30 ~ 3.50
V vs Na/Na*, Na* ions and solid NaMngO4 forms, and the AG s, of Na,MnO, is less than
0.1 eV/cation. With Na* intercalating into the host structure, solid Mn,05 along with Na* ions
become more stable on Pourbaix diagram, and the AG ;, of Na,MnO, slightly increases. As the

potential decreases to below 3.25 V vs Na/Na®, the AG ), dramatically increases and reaches 1.0
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eV/cation at 2.31 V vs Na/Na*. In these potential regions, Na,MnO, fully decomposes into Na*
and Mn>".

In contrast, Na,MnO, is predicted to be more stable in a basic electrolyte (Figure 3.4(b)),
with relatively smaller AGp,, (< 0.5 eV/cation) within 2.0 ~ 3.14 V vs Na/Na*. Similarly, the
small AG ,, is coupled with the formation of all solid phases on Pourbaix diagram within the
potential range of 2.81 ~ 3.14 V vs Na/Na*. Naj 4,,MnO, becomes stable within 2.81 ~ 2.87 V
vs Na/Na™ in aqueous electrolytes with AG ppx = 0 eV/cation. In addition, AG , starts to increase
as solvated ion species become stable when potential is lower than 2.81 V vs Na/Na*.

The change of AG,,, with potential can be related to the cycling stability of Nag 44MnO,
cathode observed in experiments [120, 169, 174]. For example, in a neutral electrolyte (1M
Na,SO, with pH = 7), the capacity of a Naj 4,4MnO,/activated carbon cell shows no sign of decay
after 1000 cycles when cycled within 3.35 ~ 3.60 V vs Na/Na*, whereas, a significant capacity
fading was observed at lower potentials (< 3.35 V vs Na/Na®) [174]. Pang et al. [120] also
observed a 88% retention of the initial cycling after 200 cycles within the potential range of 2.91
~ 3.41 V vs Na/Na". In our calculations, the AG,p, of Na,MnO, at potential larger than 3.35
V vs Na/Na® is lower than 0.1 eV/cation and solid phase NaMngO,¢ forms in decomposition
products. While the measured slightly lower cycling stability within lower potential ranges can
be anticipated due to larger AG ;. and the formation of all ion phases on Pourbaix diagram when
E < 3.25 V vs Na/Na™. In a basic electrolyte (1 M Na,SO, with pH = 13.5), a stable capacity of
32 mAh/g was achieved with no significant capacity reduction after 400 cycles at 2C rate when
cycled within 2.31 ~ 2.91 V vs Na/Na* [169]. The stable cycling stability in basic electrolytes
is inline with the low computed AG,, (< 0.2 eV/cation) and the formation of solid phases in
decomposition products in this voltage range.

We also find that in regions where Na* ions are stable, increasing the concentration of
Na* ions slightly decreases the dissolution tendency of electrodes by ~ 0.05911ogCy,,+ €V/Na
(Figure 3.4).
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3.3.3 NASICON electrodes
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Figure 3.5: Voltage profile of (a) Na,V,(PO,); (x =1 —3) and (b) Na, TiV(POy,); (x = 1 — 3) cathode.
The electrochemical stability window at pH = 7 is shaded blue. The experimental voltage profile is from
ref 141 and ref 166, respectively.

Figures 3.5(a) and (b) present the calculated voltage profiles of the Na,V,(PO,); and
Na, TiV(POy,);, respectively. In all cases, the voltages are substantially underestimated relative to
experimental values, [166, 141] similar to previous DFT results on the NASICON systems. [116]
While the use of the HSE and SCAN functional does substantially increase the voltage of the
lower redox couples, they remain far below the experimental value. We therefore adopted the
experimental redox potentials as electrochemical window of interest in the following aqueous
stability analysis.

Figures 3.6(a) and 3.7(a) show the calculated Pourbaix diagram of Na;V,(PO,); and
AG px at pH =7, respectively. From Figure 3.6(a), V forms solid vanadium oxides in low voltage
regimes (e.g. < 0V vs SHE at pH = 7). With an increase in the external potential, V in higher
oxidation states becomes more stable as VO™ ions. At pH =7, AG,,, increases with increase of
potential and reaches 0.65 eV/cation at 3.37 V vs Na/Na*, (Figure 3.7(a)) which is equal to the
experimental redox potential of V3*/V**. Thus, the observed capacity fading of Na3V,(PO,);
cathode in 1M Na,SO, neutral electrolyte [185] can be anticipated by the large AG,, and the

decomposition into non-solid phases when cycled within 2.7 ~ 3.6 V vs Na/Na™.
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Compared with Na3;V,(PQOy);, the introduction of Ti in Na,TiV(POy,); leads to the for-
mation of TiO, solid phases within the voltage range of 2.0 ~ 3.8 V vs Na/Na* on Pourbaix
diagram (Figure 3.6(b)). In a neutral electrolyte, AG . of Na,TiV(POy,); increases from 0.17
to 0.42 eV/cation as the potential is increased from 2.16 to 3.33 V vs Na/Na*. With continued
increase of potential, a biphasic reaction occurs from Na,TiV(PO,); to NaTiV(PO,);. Then the
AG )y reaches 0.5 eV/cation at 3.53 V vs Na/Na*. Unlike Na3V,(PO,); cathode, which exhibits
severe capacity fading in ASIBs [185, 150], Na,TiV(PO,); shows excellent cycling performance
in 1M Na,SO, aqueous electrolyte (pH = 7) with greater than 90% retention of its initial capacity
after 500 cycles when cycled within 2.11 ~ 3.51 V vs Na/Na" [166]. Both the lower AG ,, of
Na, TiV(PO,); as well as the formation of solid TiO, in the high potential region may contribute
to suppression of V dissolution. Similar results were also observed for Naz;MnTi(PO,); electrodes

(Figure 3.14), which exhibits stable electrochemical performance experimentally. [39]

3.3.4 Fe-based phosphates

Figures 3.8(a)-(c) present the calculated voltage profile of three Fe-based cathode materials.

Here, we consider the voltage profile operating on the Fe?t/Fet couple only; even though
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additional Na can potentially be removed from Na,FeP,0, and Na,Fe;(PO,),(P,05) to access
the Fe**/Fe** couple, the voltages are far too high for ASIBs. All the three cathodes exhibits
voltages within the electrochemical stability window of aqueous electrolyte (pH = 7) related to the
Fe*/Fe** redox couple, and thus are able to deliver large capacities in ASIBs. Olivine-NaFePO,
and Na,FeP,0; have theoretical capacities of 154.2 mAh/g and 97.2 mAh/g, respectively, in
aqueous electrolyte, which are in good agreement with the experimentally achieved capacities.
Na,Fe;(PO,4),P,07 has a theoretical capacity of 129.0 mAh/g, but its final voltage plateau lies
close to the oxygen evolution potential and therefore may not be accessible experimentally.

Figure 3.9(a) shows the Pourbaix diagram of olivine-NaFePO, cathode. Within the
electrochemical stability window of aqueous electrolyte, Fe forms solid Fe,O5 in most regions
(e.g. E > -0.2 V vs SHE at pH = 7). In the low potential region (near the H, gas evolution
potential), Fez+, Fe(OH)* and solid Fe;O, are stable in acidic, neutral and alkaline electrolyte,
respectively. P forms HXPOyn_ 1ons within the water splitting window in aqueous environment
and does not affect the formation of Fe and Na-based stable species on Pourbaix diagram.
Similar observations can be made in the Pourbaix diagrams of Na,FeP,0, and Na Fe;(PO,),P,04
(Figures 3.15(a) and (b), respectively).

All three cathodes exhibit low AG,, (< 0.32 eV/cation) in the range of their working
potential and a solid phase of Fe,05 forms in high potential regions (> 2.67 V vs Na/Na®) in
a neutral electrolyte (Figure 3.10(a)-(c)). Both the olivine- NaFePO, and Na,FeP,0, cathodes
exhibit stable cycling behaviors in experiments [35, 65]. For NasFe;(PO,),P,0, Ferndndez-
Ropero et al. [37] detected a small component of dissolved Fe (0.1%) along with a thin layer of
solid Fe;O, after immersing the sample in 1M Na,SO, solutions (pH = 6) for 72h. Furthermore,
the oxidation of electrodes in aqueous solution was confirmed by PXRD and ICP analysis after the
stability tests and the authors ascribed its modest cycling stability to the oxidation and dissolution

of electrode materials.
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3.4 Screening for new ASIB cathodes

The screening workflow in Figure 3.2 was applied to well-known cathodes in the following

chemistries:

1. Phosphates. Phosphate-based electrodes are known for their stable open frameworks
and high working potential due to the strong covalent bonding and inductive effect of the
phosphate anion [47]. The following compounds were selected: NASICON-NazMe,(POy);
(Me =Fe, V) [137, 185], olivine-NaMePO, (Me = Fe) [35]; pyrophosphate Na,MeP,0,
(Me = Mn, Fe, Co) [65, 12, 75]; mixed anion phosphates NasMe;(PO,4),P,0; (Me = Fe,
Mn, Co, Ni) [37, 104]; alluaudite Na,Me3(PO,); (Me = Fe) [59]; a- and B-NaVOPO,
[148, 48].

2. Carbonophosphates. The sidorenkite Na;Me(CO3)(PO,) was first proposed by Hautier
et al. [45] from high-throughput calculation as potential cathode materials for Na-ion
batteries. Among the predicted structures, Na;Mn(CO5)(PO,) and Na3;Fe(CO3)(PO,) have
been successfully synthesized and investigated as cathodes in Na ion batteries with high

capacity [28, 58].

3. Sulphates. A new alluadite Na,Me,(SO,); (Me = Fe) was reported as an SIB cathode with

high redox potential (3.8 V vs Na/Na*) and Na ion conductivity. [13]

4. Oxyfluorides. Oxyfluorides have the potential to enable cathodes with high working
potential due to the highly electronegative fluoride anion. The oxyfluorides investigated in
this work include Pbcn - Na,MePO4F (Me = Fe, Co) [69, 83], P2,/c - Na,MePO,4F (Me =
Mn) [189], Pna2; - NaVPO,F [100] and Na3(VO,),(PO4),F;_», (x =0, 1) [123].

Figure 3.11 summarizes the aqueous electrochemical properties of all compounds investi-
gated. It may be observed that the average redox potential of Co and Ni-based phosphates are too

high (> 3.94 V vs Na/Na*) to be used in ASIBs.
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Figure 3.11: Left: O,/H, evolution potential vs pH in water. Right: Experimentally measured average
voltage vs theoretical capacity of known sodium-ion battery cathodes. The marker are colored by the
calculated AG ,p, at Cy,q = 1 M and pH = 7. Triangle markers indicate the solid phases in decomposition
products with H,O, while square markers indicate non-solid phases in decomposition products. AG ,p,, of
cathodes with an average voltage larger than 3.53 V vs Na/Na* were not computed due to the evolution of
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neutral aqueous electrolytes. Blue and green dashed line indicate the upper limit of O, evolution potential

in acidic aqueous electrolyte (pH = 0) and lower limit of H, evolution potential in basic aqueous electrolyte
(pH = 14), respectively.
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Among the cathodes with average voltage within the electrochemical window of neutral
aqueous electrolytes, the V-based cathodes generally exhibit high reactivity with water (high
AG px > 0.5 eV/cation) and lack of solid decomposition products in aqueous solution, which
suggests that they are intrinsically unstable in aqueous environments. This observation is in
line with experimental observations. [185] The Fe-based cathodes generally exhibit far better
aqueous stability, though with somewhat lower average voltages. Na,FeP,0-, olivine-NaFePOy,
Na,Fe;(PO4),P,05 have already been studied as cathodes in ASIBs. NASICON-NasFe,(POy);
has been investigated as an anode in ASIBs with Fe?*/Fe** redox potential at 2.5 V vs Na/Na*
[134]. Our results showed that it can be used as cathodes in ASIBs with the activated Fe>*/Fe**
redox pair at a potential of ~ 3.0 V vs Na/Na* [137]. Na,FePO,F, which shows an average voltage
at around 3.0 V vs Na/Na* with theoretical capacity of 124.2 mAh/g [69], is a promising candidate
for cathodes in ASIBs due to its high average working potential as well as high aqueous stability
(AG ppy = 0.2 eV/cation at 3.0 V vs Na/Na"). The average voltages of alluadite-Na,Fe3(POy);
and sidorenkite-NasFe(CO3)(PO,) are somewhat too low in neutral electrolytes, resulting in a
significant compromise in energy density in ASIBs. Nevertheless, they are potentially interesting
cathodes in basic electrolytes when paired with appropriate lower-voltage anodes. Fe-based
cathodes tend to form solid phases within 2.5 ~ 3.53 V vs Na/Na™ in aqueous solution and most
compounds with Fe?*/Fe** redox pairs are electrochemically active within this voltage range.
Thus, looking for novel structures containing Fe*/Fe>* redox pairs may achieve new cathodes in
ASIBs.

In acidic aqueous electrolytes, several other cathodes - Na;MnCO3PO,4, Na,MnPO,F,
NaVOPO, and Na3(VO),(PO,),F - are predicted to have average voltage below the increased
O, evolution potential. Na,Fe,(SO,); and the two V-containing cathodes - NaVOPO, and
Na3(VO),(PO,),F - exhibit high reactivity with water (similar to the other V containing cathodes)
(See Figure 3.16(b)). Further, the the observed charge potential of Na,MnPO,F cathode in

non-aqueous electrolyte is very high (~ 3.8 V vs NaNa"), and the Pourbaix diagram analysis
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predicts that Na,MnPO,F is highly unstable in acidic solutions, making it less promising for
ASIB applications (see Figure S3). Hence, only Na;MnCO3;PO,, which has multiple voltage

plateaus, has been selected for detailed analysis.

3.5 Detailed studies of promising candidates

Table 3.2: Calculated electrochemical properties of promising candidates for cathodes in ASIBs. The
voltage range refers to the range where the materials is stable in solution. AGZ’;;‘ and Capacity refer to
the maximum AG ,,, and accessible capacity in this voltage range, respectively. Barrier is the highest Na*
migration barrier in the facile pathways

Formula Space Epun Voltage range AG%’j pH Capacity Barrier
group (meV/atom) (V vs Na/Na*) (eV/cation) (mAh/g) (meV)
Na;Fe,(PO,); Cc 2 2.5~3.53 0.5 7 90 383
Na,FePO,F Pbcn 0 2.5~3.53 0.2 7 124 277
Na,Fe;(POy); C2/c 21 2.12 ~3.35 0.5 10 110 419
Na3FeCO5;PO, P2y /m 0 239~ 323 0.3 14 95.8 531
NazMnCO;PO, P2y /m 0 2.39~3.23 0.3 12 96 446

Table 3.2 summarizes the computed electrochemical properties of the five promising
ASIB cathode candidates. A detailed discussion of each material is presented here.

NASICON-Na3Fe,(PO,); and Na,FePO4F. The calculated redox potential of Fe>*/Fe**
couple in NASICON-NasFe,(PO,)z is 4.2 ~ 4.3 V vs Na/Na*. The experimental values were
reported to be 3.0 ~ 3.6 V vs Na/Na* with a solid solution behavior [137], making part of the
Fe’t/Fet capacity accessible in aqueous electrolyte (Figure 3.18(a)). The low AG,,, and solid
Fe,0; formed at potential E > 2.5 V vs Na/Na™ means that a stable capacity of ~ 90 mAh/g
should be achievable in neutral aqueous electrolytes (Figure 3.18(c)). A facile 1D diffusion
mechanism with a barrier of 383 meV is observed from the CI-NEB calculations (Figure 3.19),
suggesting high rate capability for NasFe,(PO,); cathode in ASIBs.

Sharma et al. [144] have previously reported Na,FePO4F as a cathode in a 17 M NaClOy4
“water-in-salt” electrolyte with a reversible capacity of 85 mAh/g and no significant capacity

loss after 100 cycles. While the highly concentrated aqueous electrolyte shows relatively high
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viscosity (5 mm?s~!), high cost and complex electrolyte/electrode interface phenomena [23],
our results suggest that Na,FePO,4F may also exhibit excellent electrochemical performance in
standard low-cost, high diffusivity aqueous electrolytes (Figures 3.20-3.21).

NazFeCO;PO4 and Alluadite-Na,Fe3(POy4);. The calculated voltage profile of the
Na;FeCO;PO, (Figure 3.22(a)) shows one plateau at 2.66 V vs Na/Na*, which is in line with
previous experimental results [58] in non-aqueous electrolytes. Na;FeCO5;PQOy, is predicted to be
stable in basic solution with small AG ;. (< 0.3 eV/cation). Similarly, alluadite-Na,Fe;(POy);
exhibits three computed voltage plateaus at 3.24, 3.23 and 2.23 V vs Na/Na*(Figure 3.24(a)),
while a solid-solution behavior was observed with an average working potential of 2.75 V vs
Na/Na* [59]. Here, we propose alluadite-Na,Fe;(PO,); can be cycled within the potential range
of 2.12 ~ 3.35 V vs Na/Na" in basic electrolyte with pH of 10.(Figure 3.24(c)) Both cathode
candidates exhibit reasonable diffusion barriers of 400-500 meV.(Figure 3.23 and 3.25) An anode
with low working potential should be coupled with these cathodes in basic solution to achieve a
high energy density in ASIBs.

Naz;MnCO3;P04. NasMnCO5;PO, was reported to exhibit a large charge/discharge po-
tential gap in non-aqueous electrolyte [28]. Our calculations (Figure 3.27(a)) indicate that
Na;MnCO;PO, have three voltage plateaus at 4.08, 3.80 and 3.04 V vs Na/Na*. While the
Na;MnCO;PO, compound is predicted to be unstable in acidic aqueous solution within high
potential regime (Figure 3.27(c)), the aqueous stability analysis ((Figure 3.27(d))) predicts that it
is stable within the potential range of 2.39 ~ 3.23 V vs Na/Na™ in a basic electrolyte (pH = 12)
with facile Na* conductivity. (Figure 3.28)

All five cathodes are predicted to exhibit high aqueous stability across wide voltage ranges,
and thus may have large accessible capacities in aqueous electrolytes. In particular, Na,FePO4F

I and

and Na,Fe;(PO,); cathodes are predicted to have theoretical capacities of 124 mAh g~
110 mAh g~! in aqueous solution, respectively, which outperform most of the known ASIBs

cathodes in the literature (see Table 3.1). Also, the excellent electrochemical properties of the two
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promising sidorenkites, NazFeCO;PO, and Na;MnCO;PO,, show that the easily synthesizable,

low cost carbonophosphates family are a potential new class of for ASIB cathodes.

3.6 Conclusion

To conclude, we have performed a comprehensive investigation of the working potential
and aqueous stability of well-established ASIB cathodes using DFT calculations. A set of rigorous
design rules and a screening workflow to identify potentially promising ASIB cathodes were
developed. By applying this screening workflow to a large database of known Na-ion battery
cathode materials, five promising cathode materials - NasFe,(PO,);, Na,FePO4F, Na;MnCO3;PO,
Naz;FeCO3PO, and alluadite-Na,Fe;(PO,); were identified that exhibit high voltage, good capac-
ity, high stability in aqueous environments and facile Na-ion migration. These findings pave the
way the practical cathode development for large-scale energy-storage systems based on aqueous
Na-ion chemistry.

Chapter 3 is, in full, a reprint of the material "Design principles for aqueous Na-ion battery
cathodes." Chemistry of Materials 32, no. 16 (2020): 6875-6885. Xingyu Guo, Zhenbin Wang,
Zhi Deng, Bo Wang, Xi Chen, and Shyue Ping Ong. The dissertation author was the primary

investigator and author of this paper.
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Appendix: Supplementary Design
Principles for Aqueous Na-ion Battery

Cathodes

3.7 Calculated binary phase diagrams of all compounds

3.7.1 Notes on the calculated convex hulls and voltage profiles

Naj 44MnO,. In experiment, there are at least six intermediate phases identified for
Nay 44MnO, during charge/discharge processes.[24] In our calculations, we predicted eight
intermediate stable phases within the composition range of Naj ,oMnO, ~ Naj 66MnO,. Similarly,
Kim et al. [71] reported six calculated intermediate stable phases within the same composition
range. Our calculated voltage profile is consistent with the experimental results. (Figure 3(a))

NazV,(POy)3;. NASICON-type Na3;V,(POy,); was reported to exhibit reversible phase
transition from NaV,(PO,); to Na3zV,(PO,); during charge/discharge processes with a single
voltage plateau at 3.39 V vs Na/Na*[141]. According to our calculated convex hull, no stable
intermediate phase is found between NaV,(PO,); and Na3V,(PO,)3, which is also in line with
the computational results by Lim et al. [93].

Na,FeP,05. Ex situ XRD characterization indicates that Na,FeP,0, undergoes successive
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biphasic transitions via various intermediate phases.[72] Four voltage plateaus located at 2.52,
2.99, 3.08 and 3.24 V vs Na/Na* have been observed in experiments. Our calculations showed
that four intermediate stable phases with respect to Na,FeP,0O, and NaFeP,0; and the calculated
voltage profile shows five plateaus at 2.405, 2.694, 2.793, 2.910 and 3.247V vs Na/Na*, which
are close to the experimental results. The only difference is that the experimental capacity drops
rapidly when the voltage is lower than 2.99 V vs Na/Na*. Previous calculations by Kim et al. [72]
also suggested four intermediate stable phases but with slightly different compositions.

NaFePOQy. In our calculation, there is a stable phase at Na,;;FePO,, which is in line
with the previous experimental[20] and calculation results.[140] The calculated voltage profiles
show two plateaus at 3.0 V and 2.73 V vs Na/Na*, which is close to the voltages reported
experimentally[112].

Na,FePOyF. Li et al. [91] have shown that Na,FePO4F exhibits two two-phase reactions
and form Na; sFePO4F intermediate phase at low C rate (0.1 C ~ 1 C). In our calculations, we
predicted there is only one stable phase at Na; sFePO,F, which is in line with experimental[91]
and the computational results[146]. The calculated voltage profile shows two plateau at 2.87 and

2.91 V vs Na/Na™, which is close to the experimental results of 2.91 and 3.06 V vs Na/Na*.[91]
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3.8 Calculated voltage profile of Na,MnQO, in basic electrolyte
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Figure 3.13: Calculated voltage profile of Na,MnO, (x = 0.22 — 0.66). The electrochemical stability
windows at pH = 13.5 are shaded orange. The experimental voltage profile is from ref 71.

3.9 Calculated voltage profiles, Pourbaix diagram and AG

of NASICON Na;MnTi(PO,); cathode
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Figure 3.14: (a) Voltage profile of Na,MnTiP;0,,. Electrochemical window (pH = 7) is shaded with blue
color.
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3.10 Pourbaix diagram of Na,FeP,0; and NasFe;P,05 cath-

ode
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Figure 3.15: Calculated Pourbaix diagram of (a) Na,FeP,0; and (b) NasFe;P,0;5. Regions containing
solid phases are shaded green.
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3.11 Calculated AG,, as a function of pH of selected cathodes

at their average voltage
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Figure 3.16: Calculated AG,,, vs pH of selected cathodes in (a) basic electrolytes (pH =7 ~ 14) (b)
acidic electrolytes (pH = 0 ~ 7). Triangle markers indicate the solid phases in decomposition products
with H,O, while square markers indicate non-solid phases in decomposition products.
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3.12 Aqueous stability analysis of Na,MnPO4F
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3.13 Detailed calculations of the selected promising candidates

as cathodes in ASIBs
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Figure 3.21: (a) Investigated Na vacancy diffusion paths in Na,FePO,F. Symmetrically distinct Nal and
Na2 are represented by green and yellow spheres, respectively. Purple tetrahedra and brown octahedra
indicate PO, and FeO,4F,. (b)(c)(d) Calculated CI-NEB migration barriers for selected percolating path.

76



454 Calc. this work . T ~a5{— Calc. this work i} —
0] - Exp 7, © --- Exp .
/
%4.0- ,’l |: %4-0' / |:
=z /o =z /o
£357 3.5
> ,/' 1 > ,,’ 1
e 3.0
© P = e
e} 2.54 Ve S 2.5 7
c r = ;-
o] e 5 -
5207 2204 f
o a
15 T T T 15 T T T T
0 50 100 150 200 0 50 100 150 200

Capacity (mAh/g)
(a) Voltage profile of Na,FeCO5;PO,

Capacity (mAh/g)
(b) Voltage profile of Na,FeCO;PO,

E (V vs SHE)

2O3 ( 4t HCO3

+ 2- -
2.Na + Fe203 (s) + HF’O4 + HCO3

+ 2- 2-
3.Na" + Fe, 04 (s) + HPO,~ + CO4

N
4.Na" + Fe, 04 (s)

+ 3- 2-
5.Na" + F9304 (s) + PO, + CO3

3_
6.Nat + Feq0, (s) + PO~ + CH, (aq)

+ 2-
7.Na" +Feg0, (s) + HPO,~ +CH, (aq)

1.Na" + Fe s) + H,PO

3- 2-
+ PO 4t CO3

(c) Calculated Pourbaix diagram of Na;FeCO3;PO,

1.0

(@ Na* + Fe;04(s) + PO~ + HsC(aq)

+ Fe,0;(s) + PO}~ + CO3

G) Na

©

2.0

0.2—\//—

®
2.2 2.4 2.6 2.8 3.0
Potential E (V vs Na/Na*)

(d) AGpx vs E of Na,FeCO;PO,

Figure 3.22: (a) Voltage profile of Na,FeCO5;PO,. Electrochemical window at pH =7 and pH = 14
is shaded with blue and orange color, respectively. The experimental voltage profile is from ref 58 (b)
Calculated Pourbaix diagram of Na;FeCO;PO,. Regions containing solid phases are shaded with green
color. (c) AG, of Na,FeCO;PO, as a function of potential in basic aqueous solution (pH = 12).

77



500-
400+
O Nat >
£3004
O Na2 B
@ 200
C
4N]
100+
0_
T é T
(a) Migration path (b) A-B—C
500
400 8007
S N
D 20 © 600+
5300 é
> >
2200 ©400+
(V] Q
& &
100+ 200+
0+ 0-
T T T

w
O
m-

(c) B—»D (d) D—E
Figure 3.23: (a) Investigated Na vacancy diffusion paths in Na;FeCO3;PO,. Symmetrically distinct Nal
and Na2 are represented by green and yellow spheres, respectively. Purple tetrahedra and brown octahedra
indicate PO, and FeOg. (b)(c)(d) Calculated CI-NEB migration barriers for selected percolating path.
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and Na?2 are represented by green and yellow spheres, respectively. Purple tetrahedra and brown octahedra
indicate PO, and FeOg. (b)(c) Calculated CI-NEB migration barriers for selected percolating path.
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Figure 3.28: (a) Investigated Na vacancy diffusion paths in Na;MnCO3;PO,. Symmetrically distinct Nal
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indicate PO, and MnOg. (b)(c)(d) Calculated CI-NEB migration barriers for selected percolating path.
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Chapter 4

High-throughput modeling of sodium ion
battery electrode materials with good

performance

4.1 Introduction

The aim of this project is to design and optimize novel cathodes for aqueous rechargeable
sodium-ion batteries (ASIBs) using a data-driven approach that integrates high-throughput first
principles modeling with experimental synthesis and characterization. The target is to develop
materials that demonstrate redox potentials in the suitable range of electrochemical stability
in aqueous electrolytes, as well as good chemical stability in water, i.e., does not react with
water and/or forms a stable passivation interface. The high-throughput framework developed in
Chapter 3 is used to automate accurate first principles calculations of key properties of ASIB
candidates, such as voltage, capacity, Na* conductivity, and aqueous stability. Furthermore, using
this framework, a large database of known and novel aqueous Na-ion battery cathodes (Na-ion

Aqueous Electrode Database, or NAED) was developed, and then screened to identify promising
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candidates for synthesis and experimentation.

4.2 Construction of Na-ion aqueous electrode (NEAD) database

4.2.1 Generation of initial candidate cathodes

Our list of redox active elements and allowed oxidation state consists of Ti (+2 to +4),
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), Nb (+3 to +5), Mo (+3 to +6), Sn (+2 to +4), Sb (+3 to +5) and Bi (+3 to +5). Our set
of initial candidate cathodes was obtained from the 2017 version of Inorganic Crystal Structure
database (ICSD) [15] and Materials Project database (v2019.02) [61]. All compounds containing
sodium and at least one redox active metal were considered. Compounds containing lanthanides
or actinides were excluded in this work due to their relatively high costs. In total, our database

contains 2847 compounds at the current juncture.

4.2.2 Computation methods
DFT calculations

All density functional theory (DFT) calculations were performed using the Vienna ab
initio simulation (VASP) package within the projected-augmented wave method. [81, 19] The
exchange-correlation functional used for structural relaxation and energy calculations was the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) functional [127] with
a Hubbard U [34] applied for 3d transition metals. The U parameters used were similar to those

from the Materials Project [62].
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Phase stability

The phase stability of all compounds was estimated by calculating the energy above the
linear combination of stable phases in the 0 K DFT phase diagram, also known as the energy
above hull, Ehull.[114] For phase diagram construction, the energies of all compounds other than
those of direct interest in this project are obtained from the MP via the Materials Application

Programming Interface (API). [61]

Average voltage

The average intercalation potential of Na into a host X vs Na/Na™ was calculated by the

equation [9]:
B Eprr (NanX) — Eprr (Nan_XX) —xEprr (Na)
xe

V= 4.2.1)

where Eppr () denotes the DFT calculated total energy, and e is the electron charge. In this work,
the average voltage was calculated based on a one-electron-per-transition-metal redox reaction

for all materials.

Aqueous stability

The aqueous stability of a cathode was evaluated by computing its Gibbs free energy
difference (AG ) with respect to the stable domains on Pourbaix diagram as a function of pH

and potential (E)[136, 147].

4.2.3 Diffusion barriers

The sodium vacancy migration barriers were calculated using the climbing image nudged
elastic band (CI-NEB) method[51, 50]. Here, the PBE functional without Hubbard U was adopted
to avoid the possible mixing of the diffusion barrier with a charge transfer barrier.[116] The force

convergence criterion was 0.05 eV/A.
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4.2.4 Data records

A user-friendly web application has been developed to allow users to efficiently explore
the Ehull, theoretical capacity, average voltage, AG ,, at average voltage (pH = 7) and the volume
change during charge/discharge processes of the compounds investigated. This web application is

at https://agna.herokuapp.com/ (a screen shot is given in Figure 4.1).

home plot
cathodes_copy:3847
Na-Mn-O
Supported queries: pretty_formula (str), chemsys (str)
Search
Results
Copy | CSV || Excel | PDF | Print Search:
Average Change
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47 mp-19321  [420410)  Mn-Na-O  Na6MnO4 30 0.017 104 1.046 [1“'9"1“9,:] T 5.687 M, 2])
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2 ‘ph=7: o
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Figure 4.1: Screen shot of the web application of NEAD
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4.3 Results

4.3.1 statistics of the screening
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Figure 4.2: Statistics of each screening step

In total, 3847 materials were evaluated for their phase stability, theoretical capacity, aver-
age deintercalation voltage and aqueous stability. To better understand the composition-property
relationship, we categorized materials according to their anion chemistry: non-polyanionic oxides,
polyanionic oxides, oxyfluorides, halides, sulfates, selenides and others (nitrides, Phosphide etc).
Figure 4.2 summarizes the number of electroactive materials (Theoretical capacity > 0 mAh/g)
that pass the phase stability filter (Ej,;; < 30 meV/atom)), electrochemical stability filter (2.30
< average voltage < 3.53 V vs NaNa"), aqueous stability filter (aqueous stability AG ,, < 0.5
eV/cation at pH = 7).

The phase stability filter returned 1879 compounds with unique compositions for further

consideration of the electrochemical stability. Nearly 80 % of the 1879 phase stable materials
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that pass the filter are oxides, implying that oxides have a rich chemical space for property

optimization.
8 8 —
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Figure 4.3: Average voltage versus theoretical capacity. Specific energy curves at 400 and 600 Wh/kg are
drawn on the plot (blue dashed lines). The black dashed lines indicate the evolution limit of H, and O, of
water at pH = 7. The green and red dashed line refers to the evolution limit of O, at pH = 14 and H, at pH
= 0, respectively.

From Figure 4.3, we can see that the specific energy density of the compounds is largely
influenced by anion chemistry. Pure oxides exhibit a wide range of average voltage and theoretical
capacity due to its rich chemical space. Explicitly, within the electrochemical stability window,
the energy densities of 20 pure oxides are larger than 600 Wh/kg, indicating great potential of
oxides as cathodes in ASIBs. Many polyanionic oxides have average voltage higher than the
oxygen evolution limit due to inductive effects. The voltages of 59 polyanionic oxides are found
to be within the water stability window with theoretical capacities around 100 mAh/g. We note
that, the average voltages of most sulfates and other compounds are lower than the evolution limit
of hydrogen gas in water, making them less appropriate for applications in ASIBs. Although
several halides also exhibit high specific capacity (> 800 mAh/g), their average voltage are
beyond the stability window of water. Other than anion chemistry, another important factor that
influence the deintercalation voltage of cathodes is the redox couple as analyzed by Hautier et al

in phosphate materials.[46]
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Figure 4.4: Distribution of the calculated AG ,;,, vs average voltage of materials passes the electrochemical
stability filter

Figure 4.4 (a) shows the distribution of the calculated AG ), vs average voltage of
materials passes the electrochemical stability filter. From the plot, we can see that sulfides and
selenides are very unstable against aqueous environment, especially at high voltage (> 3.0 V
vs NaNa*). Both oxides, oxyfluorides and halides show good aqueous stability at high voltage,
making them promising candidates for cathodes in ASIBs. The aqueous stability of oxides are
found to be highly dependent on the type of transition metals. As shown in Figure 4.4 (b), Fe- and
Mn-based compounds are shown to be electrochemical active within the electrochemical stability
window and stable in aqueous solutions.

In summary, we identified 109 compounds that exhibit good aqueous stability and 78 of
them exhibit an average voltage higher than 3V (vs Na/Na®). Among them, two to alluadite-
type structures, two tunneled oxide structures and a group of sidorenkite structures are of great
potential for applications in ASIBs with facile Na* diffusion channels. The structure of the
proposed promising candidate compounds are shown in Figure 4.5 and their electrochemical

properties are shown in Table 4.1.
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Na,V;(FeO,); (P1) Na,Mn,Fe(PO,); (C2)

(a) Alluadite structures

NaMn,O, (Pnma) Na;Mn,(TeOg), (Pnma)

(b) Tunneled oxides

A,Me(YO;)(XO,) (P2,/m)
(A=Na, Li; X=Si, As, P; Y=C, B)

(c) Sidorenkite structures

Figure 4.5: Crystal structures of the promising candidates. (a) Alluadite type structures, (b) Tunneled
oxides structures, (¢) Sidorenkite structures
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Table 4.1: Electrochemical properties of promising candidates as cathodes in ASIBs

Enu Theoretical capacity ~ Average voltage AG ppx
Formula Space Group
(meV/atom) (mAh/g) (V vs Na/Na*) (eV/Cation)

Na,V;(FeOy)3 P1 0 98.0 3.13 0.07
Na,Mn,Fe(POy); c2 6 108 3.73 0.28
NaMn, Oy, Pnma 0 136 3.23 0.11
NazMny(TeOg), Pnma 0 109 2.98 0.10
NasMn(CO;3)(POy) P2y /m 0 97 3.25 0.18

4.3.2 Detailed study of proposed promising candidates for cathodes in

ASIBs.

In this section, we presents detailed studies of the two most promising candidates,
Na,V;(FeO,); and NaMn,Oy, as cathodes in ASIBs.

Na,V;(FeO,); adopts an alluadite-type structure and is predicted to be stable at 0 K with
Epy = 0 meV/atom. The calculated voltage profile of Na,V;(FeOy);, shown in Figure 4.6 (a),
exhibits two voltage steps at around ~ 3.2 and ~ 2.5 V vs NaNa*. We further analyzed the
aqueous stability of Na,V;(FeO,); cathodes in basic solutions (pH = 12) within the voltage range
of 1.8 t0 4.0 V vs Na/Na™. As can be seen in Figure 4.6 (b), the predicted AG , is well below
the threshold of 0.5 eV/cation as the potential E is lower than 3.2 V vs Na/Na*, indicating its high
stability as cathodes in basic electrolyte.

The diffusivity properties of Na,V3(FeO,); was examined by NEB calculations and the
results are shown in Figure 4.8 and Figure 4.7. In Na,V;(FeO,);, the Na™ migration barrier in
tunnel 1, which is larger in size, is 268 meV. And the Na™ migration barrier in the narrower
tunnel 2 is much higher to be 470 meV. While being desodiated, in NaV;(FeOy);, the migration
barrier of Na* is 300 meV. These NEB results indicate that Na,V;(FeO,); is of great potential as
cathodes in ASIBs with theoretical capacity of 98 mAh/g, comparable to NaFePO,, high aqueous
stability in basic electrolyte and facile Na* diffusivities.

NaMn,0, crystallize in an orthorhombic structure with a space group of Pnma. The
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Figure 4.6: Calculated (a) voltage profile and (b) AG, as a function of voltage of NaV;(FeO,); cathodes
atpH=12

calculated voltage profile, shown in Figure 4.9 (a), shows a plateau at around ~ 3.25 V vs Na/Na®,
reaching a theoretical capacity of 136 mAh/g. As shown in Figure 4.9 (b), NaMn,O, is shown to
be stable in neutral electrolyte with a AG,;, = 0 eV/cation within the potential range of 3.3 ~
3.8 V. Furthermore, the tunneled structure of NaMn,0, make the migration of Na* facile with a
energy barrier of only 262 meV. These results shows that NaMn,0, is a promising candidates for
cathodes in ASIBs due to its large theoretical capacity, high working potential, high stability in

aqueous solution and fast Na™ conductivities.

4.4 Conclusion

In this project, we first developed a constructed Na-ion aqueous electrode database
(NAED) using the previously developed screening descriptors for aqueous Na-ion cathodes.
There are in total 3847 compounds in NAED and a user-friendly web application has been
developed to allow users to efficiently explore the properties of the compounds. We performed
automated accurate first principles calculations of key properties for ASIB candidates, including
phase stability. average voltage, theoretical capacity, aqueous stability and Na* conductivity. In

the end, we proposed two candidates, Na,V;(FeO,); and NaMn,Oy, for further experimental
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Chapter 5

The Intercalation Chemistry of the
Disordered RockSalt Li;V,05 Anode from
Cluster Expansions and Machine Learning

Interatomic Potentials

5.1 Introduction

Rocksalt oxides have been extensively studied as electrodes for rechargeable lithium-ion
batteries (LIBs).[29] As the name implies, the O, anions in rocksalt oxides are arranged in a
close-packed face-centered-cubic (fcc) framework, with the cations occupying the tetrahedral and
octahedral interstitial sites, as shown in Figure5.1. For instance, the common layered transition
metal (M) oxide LiMO, cathode used in LIBs is formed by an ordered arrangement of Li and M
in this framework. In the past decade or so, lithium-rich disordered rocksalt (DRX) oxides have
emerged as a promising class of alternative electrode materials with extraordinarily high specific

capacities and high rate capabilities.[87, 159, 29, 77]
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While DRX materials have been extensively studied as cathodes, relatively few have
been explored as anodes.[98, 11, 183] Among the most promising is the DRX-Li;V,05 recently
reported by Liu et al. [98]. The DRX-Li3;V,05 anode operates at a near-optimal average voltage
of ~ 0.6 V vs Li/Li* - high enough to alleviate the safety concerns attributed to Li plating that
occurs during fast charge/discharge of the commercial graphite anode used in LIBs. At the same
time, it is substantially lower than the 1.5 V operating voltage of lithium titanate, thereby yielding
a much higher energy density.

Despite its great promise, there remains major ambiguity on the intercalation chemistry
of DRX-Li5V,0s. Previously, Zheng et al.[186] proposed that the related DRX-Lij 75,4,V 750,
anode undergoes a conversion-type reaction, in which the single phase material converts to VO,
and Li,O as it is discharged to 0.55 V vs Li/Li*. However, previous density functional theory
(DFT) calculations by the present authors attributed the low voltage and high rate capability of
DRX-Li3V,05 to a redistributive lithium intercalation mechanism with low energy barriers.[98]
These initial conclusions were reached based on OK DFT calculations with small model cells,
which did not fully explore the configurational space of the DRX anode at finite temperatures.

In this work, we revisit the intercalation chemistry of the DRX-Lisz,,V,05 (0 < x < 2))
using large-scale simulations with machine-learned energy models. Monte Carlo simulations
using a fitted cluster expansion model predict that Li primarily inserts into the tetrahedral sites of
DRX-Li3V,05 while Li occupancy in octahedral sites remains largely unchanged, in contrast with
earlier DFT results. Molecular dynamics (MD) simulations using a machine learning interatomic
potential reveal that Li* diffusivity reaches the maximum at intermediate states of charge, but
sharply decreases at the start of charge/discharge. The exceptionally high rate capability and
superior cycling stability of DRX-Li3;V,05 anode are a result of facile diffusion of Li ions through
tetrahedral - octahedral - tetrahedral pathway, consistent with previous nudged elastic band

calculations.
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Figure 5.1: The crystal structure of disordered rocksalt Li;,,V,0s. Red: 0% anions forming an fcc
sublattice. Light blue: Li* in tetrahedral interstitials. Green/purple: Disordered Li*/V>*™* in octahedral
interstitials.

5.2 Methods

5.2.1 Structure model

Figure 5.1 shows the crystal structure of DRX-Li;,,V,05, which has an fcc lattice with
spacegroup Fm3m. The O® anions occupy 4a sites. The initial composition of Li3;V,05 has a
cation: anion ratio of 1:1. Based on our previous studies, the lowest DFT energy structure is one
where all Li/V cations fully occupy the octahedral 45 sites.[98] Henceforth, we will use the anion-
normalized composition, e.g., [Liy ¢V 4]°'O for Li;V,0s, to emphasize the site occupancies.
During discharge, inserted Li* also occupy the tetrahedral 8¢ sites, forming Lixtet[LiyVOA]OCtO.

For more costly DFT and climbing image nudged elastic band (NEB) calculations, a set
of 64 special quasi-random structures (SQSs)[191] with formula Li V305, (corresponding to
[Lig 50375 Vo.406251°°'0) were generated using 2 x 2 x 2 supercells of the conventional rocksalt
cubic unit cell. The three relaxed SQS structures with the lowest energies were used for site

energy and migration barrier calculations.
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5.2.2 Density functional theory calculations

Spin-polarized density functional theory (DFT) calculations were performed using the
Vienna ab initio simulation (VASP) package within the projected-augmented wave method.[81,
19] The Perdew-Burke-Ernzerhof (PBE) functional[127] was used for the structural relaxation
and electronic energy calculations with an effective Hubbard U[34, 60] value of 3.25 eV for V,
which is in line with the parameters used in the Materials Project. All calculations were initialized
in a ferromagnetic high-spin configuration. A plane wave energy cutoff of 450 eV and a k-point
density of at least 100 per reciprocal volume were adopted. The electronic energies and forces

were converged to 10~% eV and 0.02 eV A1 respectively.

5.2.3 Li site energies

The Li site energies were determined by inserting one Li* into each symmetrically distinct

tet

tetrahedral site of the three lowest energy SQSs. The Li™ site energies are given by the following

expression:

Epie = Epoped — Etost — Efi (5.2.1)

where Eppeq, Enost» and Egi are the DFT calculated energies of the SQS with one Li atom

inserted into the tetrahedral site, the SQS and Li metal, respectively.

5.2.4 Cluster expansion

The cluster expansion (CE) lattice model[162, 139, 31, 156] for the DRX Liy*[Li, V( 41°'O
system was parameterized using the Clusters Approach to Statistical Mechanics (CASM) software.

[3, 92] The DFT calculated total energies of the structure configurations were mapped into an
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expansion of crystal basis functions ®(7,G) as given by
E(G) =) V() ®a(ih,&) (5.2.2)
i

where ®(iit, &) = [IY_, ¢ (n,my, 0,,) is a polynomial of site basis functions ¢ (n,m,, 6,), and V(i)
are the fitted effective cluster interactions (EClIs).

To fit the CE, the [Li/V/Va]°®* and [Li/Va]*" configurations of different compositions were
exhaustively enumerated in cubic rocksalt supercells up to a maximum cell size of 25 times the
primitive unit cell. It should be noted that V is allowed to occupy only the 4b octahedral sites,
given that its occupancy at tetrahedral sites is extremely energetically unfavorable (Eyrer ~ 3
eV). Li can occupy either the 4b octahedral or 8c tetrahedral sites. We note that only structures
with basis deformation < 0.1 were used in the fit, which is a typical threshold used to identify
structures that match with the primitive unit cell. The basis deformation is determined by the
mean-square atomic displacement relative to the positions of the ideal ions in cubic rocksalt
lattice.[3] In total, DFT computed energies of about 4500 symmetrically distinct configurations
were used to fit the ECIs. All symmetrically distinct pairs, triplets, and quadruplets in the rocksalt
cell within a radius of 7.1A, 4.1A and 4.1 A, respectively, were used to construct the CE model.

The ECIs were obtained from a L; regularized linear regression fit with o = 1078 to
minimize over-fitting (Figure 5.13). The cross-validation mean absolute error in energies is 8.94
meV atom~!. The 112 non-zero ECIs of the fitted CE model versus cluster size is shown in
Figure 5.14(a). DFT calculated and CE predicted formation energy of Li5,,V,05 (x = 0.0 - 2.0)
is shown in Figure 5.14(b), which shows that the fitted CE model accurately captures the DFT

computed ground states (structures with formation energy on the convex hull). The calculated

formation energy of Lis,, V,0j5 structures is given by

. . x . x .
Eform[LizxV7Os] = E[Liz,V,0s] — (1 — §>E [LizV,0s] — EE [LisV,0s] (5.2.3)
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5.2.5 Monte Carlo simulations

Monte Carlo (MC) simulations were performed using the fitted cluster expansion model.
A 5x5x5 supercell (2000 sites) was used for these simulations; larger supercells produced
similar results (see Figure 5.15). Canonical MC simulations were performed at the [Lig ¢V 41°'O
composition to probe the temperature under which the system undergoes an order-disorder
transition.

Semi-grand canonical MC (GCMC) simulations at 300K were performed to study the
intercalation of Li ions into the DRX-Li;V,05 structure. In a semi-grand canonical ensemble, the
composition and energy of the system with a fixed number of sites were allowed to fluctuate while
the temperature (7)) and the chemical potentials of Li (uz;) and V (uy) were externally imposed.
The chemical potentials were referenced to that of bulk Li and V metals, which have y;; = uy = 0.
The semi-GCMC simulations were carried out by scanning ty; with a step of duz; = 0.01 eV at
constant iy within the chemical potential ranges of —2.0 < y7; < 0.0 and —2.0 < uy < 0.0 at
300 K. The initial disordered structures were obtained from equilibrated semi-GCMC simulations
by heating the system from 5 K up to 1500 K at fixed chemical potentials. In this work, the
semi-GCMC simulations were performed on only Li and vacancy occupancy in the tetrahedral
and octahedral sites, while all V ions were fixed in the initial equilibrated octahedral sites due to
the large V migration barriers.

The voltage of an electrochemical cell was related to the Li chemical potential of the

electrodes according to the Nernst equation:

V= —(uLi—pug;) /e (5.2.4)

where py; is the chemical potential of Li in DRX-Lisz,,V,0s, ,ug- is the reference chemical

potential of Li metal and e is the elementary charge.
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5.2.6 Moment tensor potential

A machine learning interatomic potential (ML-IAP) based on the moment tensor poten-
tial (MTP) formalism[110] was developed for DRX-Li3,,V,05 using a protocol similar to that
developed by Qi et al.[132] for lithium superionic conductors. The initial training structures
included DFT calculated ground state structures in the Li-V-O chemical space (supercells of Li,O,
Li;VO,, LiV,05 and LiVO, with lattice parameters larger than 10 A). To further sample the
energy landscape of different Li/V arrangements, a set of SQSs with compositions Li;gV 303,
([Lig.50375V0.406251°°"0) & Li3V50s), Lis5V13035([Li, 18751 “'[Lig 50375 Vo.406251°"O) & LisV,0s)
and Liz,V 3035([Lig 406251 ' [Lig 50375 V0 406251°°'0) & LisV,05) were generated in 2x2x2 super-
cells of the conventional rocksalt cubic unit cell. It should be noted that changes in the occupancy
of tetrahedral and octahedral sites in SQSs can occur upon DFT relaxation. The SQS with the
lowest energy configuration of each composition were included in the fitting procedure.

Non-spin polarized ab initio molecular dynamics (AIMD) simulations using NVT ensem-
bles were performed on relaxed supercells of all initial structures with a plane-wave energy cut-off
of 280 eV and Gamma k-point. To diversify the sampled local environments, the simulations were
carried out at three strains (0, = 0.05) and four temperatures (300 K - 1200 K at an interval of
300 K). All simulations were performed for at least 30 ps with a 2 fs timestep using Nose-Hoover
thermostat[109, 56]. The training structures were collected from 15 ps-equilibrated runs at
0.1 ps intervals, and more accurate energies and forces were obtained by static self-consistent
calculations with a k-point density of at least 100 per reciprocal volume and an energy cutoff of

520 eV.

5.2.7 Molecular dynamics simulations

Molecular dynamic (MD) simulations were performed in the NpT ensemble to investigate

the Li* diffusion properties of DRX-Li;V,05 using the fitted MTP potential. The time step of all
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MD calculations was set to 1 fs, and the total simulation time was at least 1 ns. The diffusivity
(Dp;+) of Li* was calculated by performing a linear fitting of the mean square displacement
(MSD) versus 2dt:

_ 1 2
D= YT [Ar(1)]” > (5.2.5)

where d is the dimensionality factor, which equals 3 for bulk structures. < [Ar(t)]> > is the
average MSD over a time duration 7. The activation energy of E, was determined by the Arrhenius
relationship,

D = Doexp(—E,/kT) (5.2.6)

where Dy is the maximum diffusivity at infinite temperature, k is the Boltzmann constant and T is
the temperature.

All the training, evaluations and MD simulations were performed using MLIP[143, 42],
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)[157] and the open-

source Materials Machine Learning (maml) Python package[27].

5.2.8 Diffusion barriers

The migration barriers of Li* and V™" (n=3, 4) vacancy were calculated using the climbing
image nudged elastic band (CI-NEB) method[51, 50]. All NEB calculations were performed
in three SQSs with the lowest DFT total energy created in the previous sections. For Li*
migration barriers, the starting point of each NEB calculation was determined by inserting one
Li* into the tetrahedral site, and then the structure was fully relaxed. Five linearly interpolated
intermediate images were used to generate the initial guess for the minimum energy path. For
Li,. in varied local environments, the energy barriers for the Li* hoping were calculated in three
configurations with the lowest Li,, site energy. The kinetically resolved activation (KRA)[161]

Li* migration barrier (AEgg4), which is independent of hop direction, was determined by the
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following expression:

Mg = E(03) — 3 (E(0i-+ E(0)) (527)

where E(o;), E(o; and E(oy) refer to the energy of the activated transition state, the initial
state and the end state from the CI-NEB calculations, respectively. The PBE functional without
Hubbard U was adopted to avoid the possible mixing of the diffusion barrier with a charge transfer

barrier. [116] The force and energy convergence criterion was 0.05 eV/A and 5x 107 eV.

5.3 Results

5.3.1 Li-V-O phase diagram

O,

Li,vO,
([Lig.75Vo 2510

71"
= - il

7 DRX - LizV,05
([LiggVo4l*#O)

> V

Figure 5.2: Calculated phase diagram of Li-V-O chemical system at O K. The green circles refer to ground
states and the red square refers to the metastable phase. The red dashed line refers to the limit of V2*
oxidation state. The blue dashed line refers to the lithiation pathway in DRX-Li;V,0Os.

Figure 5.2 shows DFT-calculated Li-V-O phase diagram at 0 K. Li;V,05 ([Lij ¢V 4]°°'0),
represented by the red square, is unstable at OK relative to LiVO, and Li;VO,. Both ordered
layered and DRX-LiVO, as well as ordered Li; VO, have been explored as potential LIB anodes|[6,
90, 14]. All three electrode materials have a cation: anion ratio of 1:1 and differ purely in their

Li: V ratio and therefore active redox couple. Li;VO, has a formal vanadium oxidation state
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of 5+, and all cations are ordered in tetrahedral sites. It can therefore be represented using the
anion-normalized composition of [Lij 75V 25]''0. LiVO,, on the other hand, has full octahedral
occupancy like Li;V,05 and a formal V oxidation state of 3+. It can therefore be represented
using the anion-normalized composition of [Lij 5V 5]°©'O. It should be noted that Li,O ([Li,]*'O)
also has a cubic rocksalt structure with full occupancy in the tetrahedral sites and a cation: anion
ratio of 2.

During charging, lithiation of [Liy ¢V 4]°“'O occurs along the pathway indicated by the
dashed blue line. The thermodynamically most favorable pathway is a conversion reaction given
by the phase triangle of Li,O-Li;VO,4-LiVO,([Li,]*'O-[Lij 75V 25]'O-[Lij 5V 51°“'0). However,
kinetic considerations may favor lithium insertion instead of conversion, as has been observed
experimentally.[98] The ultimate limit of insertion into the rock salt Li;_,V,O is given by the red
dashed line representing Li, ,,V,0, i.e., a V2* oxidation state. For a V cation content of 04, 1i.e.,
Li3V,0s, this limit is given by Li; ,V( 40 or LigV,05. Experimentally, this limit is never reached
and the highest lithiated state has a composition of Li;V(, 4O or LisV,05.[98]

Li* insertion into the LizV,05 anode at 0 K were studied by DFT calculations. Figure
5.3(a) shows the DFT calculated pseudo-binary Li;V,05-Li5V,05 phase diagram with the can-
didate structures colored in terms of their basis deformation. The larger the basis deformation,
the greater the deviation of the DFT-relaxed structure from the ideal cubic rocksalt lattice. At
x > 0.5, the DFT ground states comprise phases that are highly distorted (basis deformation
> 0.1) from the parent cubic rocksalt lattice; the cubic phases (basis deformation < 0.1) are
metastable. A Li site occupancy analysis of DFT ground states structures (Figure 5.3(b)) indicates

that redistribution of Li from octahedral sites to tetrahedral sites occurs at x ~ 0.75, where the

oct tet

occupancy of Li’” sharply decreases to 0.1 and the occupancy of Li"* increases to 0.65. These
results are qualitatively in line with previous DFT studies.[98] However, this redistribution of Li is
accompanied by a considerably large volume change (~ 20%) and lattice distortion, contradicting

with the experimental observations that the anode retains a stable cubic lattice with a small
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volume change of 5.9%.[98] In contrast, the Li site occupancy analysis of metastable cubic phases
(Figure 5.3 (c)) suggests that a redistribution of Li only takes place at the end of charging. The
volume change of these metastable cubic phases ranges from 8 to 15%, which is close to the
experimental results.[98]. It is therefore essential to consider the metastable phases for assessing

the thermodynamic properties of DRX using methods beyond DFT.
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Figure 5.3: (a) DFT calculated pseudo-binary Li;V,05-LisV,05 compound phase diagram. The configu-
rations are colored in terms of their basis deformation. The red line represents the convex hull of the cubic
phase, i.e., structures with low basis deformation (< 0.1). The blue line represents the convex hull of all
the DFT relaxed structures. (b) Evolution of the occupancy of Li’’ and Li'” within Li;V,05 - LisV,05 at
0 K. (c) Evolution of the occupancy of Li’’ and Li" within LizV,05 - LisV,05 in cubic phase. At each
composition, the three lowest-energy structures were used for site occupancy calculations. The average
values with error bars are shown in the plot. The most stable structures of ground states and metastable
cubic phase of Li;,,V,05 (x =0, 1, 2) are shown in Figure 5.12.
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5.3.2 Order-disorder transition of cubic Li3V,05

To further understand the effect of cation disorder in DRX-Li3V,05 anode, we performed
Monte Carlo simulation using the fitted CE model. Figure 5.4 shows the calculated formation
energy Ey and specific heat capacity C, as a function of temperature from MC simulations with
the fitted CE model. The critical temperature (7;) of order-disorder phase transition is predicted
to be ~ 1000 K, which is somewhat lower than that experimentally measured from LiVO, (1775
K)[53]. At temperatures below T;, both E; and C, remain relatively constant with temperature,
characteristic of a highly ordered crystal. At 7, a discontinuous increase in the E¢ and a sharp
peak in the configurational C, is observed, indicative of a phase transition taking place. The
calculated average configurational specific heat capacity of the DRX phase ( T > 1000 K) is
2.973 I mol~! K~!. Figure 5.4 (b) shows two sampled configurations from the equilibrated
MC simulations at S00K (ordered phase) and 1500 K (fully disordered phase). At temperatures
above T, Li/V disordering occurs mostly on the octahedral 4b sites and only a small fraction of
Li (~ 0.0125 %) ions occupy the tetrahedral sites. These observations are consistent with the
fact that the DRX is synthesized under the application of an external driving force, such as high

temperatures, ball milling, or electrochemical lithiation.[33, 98, 11]

5.3.3 Lithium intercalation mechanism and predicted voltage profile

The intercalation mechanism of Li* into DRX structures is strongly affected by the
distribution of the tetrahedral sites with different local environments and connectivity. The Li
in tetrahedral sites share faces with four neighboring octahedral sites. As shown in previous
works,[87, 159, 98, 29] the Li/transition metal occupancy of these neighboring octahedral sites
have a strong influence on the local site occupancies and Li* migration barriers. The local
environment of a tetrahedral site can be denoted by n-V (n = 0 ~ 4), where n represents the
tet

number of face-shared V atoms. Figure5.5 (a) shows the distribution of the calculated Li™ site
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Figure 5.4: (a) Calculated formation energy (Ey) and heat capacity (C,) as a function of temperature (7).
Structures from equilibrated Monte Carlo simulations at (b) 500 K and (c) 1500 K. The MC simulations
were initialized in the DFT calculated most energetically stable LizV,05 structure, in which all Li and
V ions occupy the octahedral sites. The initial configuration was then heated from 10 K to 2000K in
intervals of = 10 K. At each temperature, the properties were then obtained by averaging the results from
1000 equilibrated MC runs. The configurational heat capacity C, is given by the second derivative of the
formation energy E; with respect to temperature 7', C, = d*E;/d°T.
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Figure 5.5: (a) Site energy of Li" in various local environments (i.e., diffusion sites). (b) 0-V, 1-V, and

2-V tetrahedral Li insertion sites and off-center displacements of the neighboring octahedral sites and the
inserted tetrahedral Li sites.
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energies in 0-V, 1-V, 2-V and 4-V clusters in the three SQSs with the lowest DFT energies. The
Li, site energy in 3-V is not presented because Li,, 1s unstable in this local environment and the

°ct jon caused local

electrostatic repulsive effect between the inserted Li, and the neighboring Li
environment rearrangements during structure relaxations. In general, the Li,, site energy and
the distortion of neighboring LiOg¢ octahedra increase with the number of neighboring V atoms.
The Li insertion into 0-V sites is the most energetically favourable and the four neighboring Li,
sites are displaced off-center by 0.4-0.5 A due to the electrostatic repulsion between Li* (Figure
5.5(b)). The 1-V Li,, site energy is on average 660 meV higher than that of 0-V sites and the
inserted Li displaces ~ 0.4 A from the center of the tetrahedron in the direction away from the
V ions. The off-center displacements of neighboring Li°" are 0.3-0.6 A, whereas that for the
neighboring V° are only 0.16 A. The 2-V Li' sites are relatively energetically unstable and is
positioned ~ 0.4 A away from the tetrahedral center due to large repulsive interactions between
V3*/V* and Li*. The neighboring Li atoms are pushed 0.5 - 0.6 A away from the center of the
octahedron, causing large distortions in the local lattice structure.

The migration of V vacancies between neighboring octahedral sites was also investigated
by introducing one V°¢ vacancy in the configuration with the lowest V°¢ vacancy energy. The
average V°“ migration barrier is extremely high, up to 2100 meV (Figure 5.11). This suggests
that V ions in DRX-Li3;V,05 are unlikely to migrate during charge/discharge under operating
conditions.

Figure 5.6 (a) shows the calculated voltage profile by GCMC simulations. The GCMC-
predicted voltage profile exhibits a solid solution-like behavior and is in good agreement with the
experimentally-measured voltage profile.[98] Li starts to insert into DRX-Li;V,05 at ~1.43 V
and the predicted voltage profile exhibits two voltage steps at around 0.9 and 0.25 V vs Li/Li™.
As the voltage decreases to 0.01 V, the predicted average composition of the lithiated anode is
Lis ;1 V,0s, close to that observed in experiments (Liy g6 V,05)[98]. In contrast, due to the limited

supercell sizes used, DFT calculations[98] predict a multiple voltage steps at 0.98V, 0.54 V, 0.46
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Figure 5.6: (a) Calculated voltage as a function of Li content x in Liz,,V,05. The experimental and
DFT (0 K) results are extracted from Liu et al. [98] (b) Evolution of Li site occupancies in tetrahedral and
octahedral sites upon Li insertion from semi-GCMC simulations with the position of V¢ fixed.

Vand 045 V.

Figure 5.6 (b) shows the evolution of Li site occupancies in DRX-Lis,,V,05 as a function
of inserted Li content x. It should be noted that as an anode, insertion of Li into the DRX-Li;V,05
corresponds to the charging process in a typical Li-ion battery. As Li ions are introduced into the
tetrahedral sites, the Li occupancy in the octahedral sites first remains constant at around 0.6 until
x = 0.3, following which there is a small, gradual reduction in Li’* occupancy. The insertion of
Li ions into the tetrahedral sites consists of two steps. Li™ first intercalate into 0-V sites, which is
consistent with the energies predicted by DFT calculations (Figure5.5 (a)) and previous results
that the insertion into 0-V tetrahedral sites is the most energetically favorable.[98] This process
coincides with the formation of the first plateau at around 0.9 V on the voltage profile. At x =
0.31, 0-V sites are fully occupied and further lithiation insertion occurs in the energetically less
favorable 1-V and 2-V sites. The occupancy of 1-V and 2-V sites rise to ~ 0.1 till the end of
charge. At the end of charge, only ~0.1% 3-V tetrahedral sites are occupied, and all 4-V sites are

vacant.
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Table 5.1: Lattice parameters and densities of the structures in the training set (zero strain) relaxed with
the trained MTP at OK, in comparison with DFT calculated lattice parameters and densities at OK. Values
in brackets are the percentage differences between the MTP and DFT computed values, respectively.

Composition a(A) b (A) c(A) Density (g/cm?)
LiVO, 3.02(1.75 %) 5.16(-1.24 %) 5.25(1.19 %)  3.88 (1.69 %)
LiV,0s5 6.75 (098 %)  7.68 (0.41 %) 7.58 (-1.65 %) 3.18 (-0.28 %)
Li; VO, 5.06 (048 %) 5.54(0.51 %) 6.37(-0.41 %) 2.52 (-0.57 %)

Li,O 3.30 (0.056 %) 3.29 (0.056 %) 3.29 (0.056%) 1.96 (-0.17%)

DRX-Li;V,05 846 (0.66 %) 8.45(1.26 %) 8.42(0.84%) 3.60 (-2.71 %)
DRX-Li; V.05 8.62(1.26 %) 8.62(1.25%) 8.62(1.24%)  3.18 (-3.66 %)
DRX-LisV,05 948 (3.12%) 7.72(-1.03%) 9.43(2.519%) 3.36 (-4.42 %)

5.3.4 Validation of moment tensor potential

The mean absolute errors (MAEs) of training energies and forces (shown in Figure 5.7)
of the fitted MTP are 3.15 meV/atom and 0.15 eV/A, respectively, comparable to those of other
MTPs in the literature.[192, 165] As shown in Table 5.1, the MTP is able to accurately reproduce
the lattice parameters and densities of training structures, with errors of within &= 3.12% and =+

4.42% relative to DFT values, respectively.
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Figure 5.7: Plots of the (a) MTP predicted versus DFT energies and (b) MTP predicted versus DFT forces
with lev,,,, = 20.
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5.3.5 Diffusion properties

MD simulations were carried out to investigate the Li* diffusion in the DRX-Li;,, V,Os
anode as a function of Li concentration using the fitted MTP potential. The initial structures
were obtained from the equilibrium semi-GCMC simulations in the preceding section. Figure5.8
shows the calculated diffusivity D;;+ and activation energy E, as a function of Li content x in
DRX-Li3,,V,05 at room temperature (300 K). The Arrhenius plot from NpT MD simulations
for each composition is shown in Figure 5.16. At the start of lithiation, a sharp increase in Dy ;+
to ~ 10™2 cm? s~! with a corresponding decrease in E, from 450 meV to 280 meV is observed
up to x = 0.5. However, further lithiation results in a gradual decrease in D;;+ from ~ 10~° cm?
s~ to ~ 107! ¢m? s~! accompanied by an increase in E, from 280 to 460 meV. The calculated
diffusivities are generally similar to that in graphite (107'! ~ 10~7 cm? s~! )[88, 121, 129],

2 s~! at high temperature range from 1133 K to 1173

but much lower than that in (~ 107% cm
K)[49, 154] in Li4TisO,(LTO) anodes.

To further investigate the Li* diffusion mechanisms and pathways, we analyzed the Li*
trajectories from 1 ns MD simulations at 600 K and the results for selected configurations are
presented in Figure 5.8 (b). For x < 1.5, Li* ions migrate via a cooperative tetrahedral - octahedral
- tetrahedral (“t-o-t”’) mechanism, in agreement with previous NEB calculations.[98] For x > 1.5,
the increased amount of inserted Li* in tetrahedral sites and vacancies in octahedral sites may
result in Li* migration between neighboring tetrahedral - tetrahedral (“t-t”) sites via the vacant
octahedral sites along with the “t-o-t” migration.

To confirm the above results, DFT NEB calculations were also performed to calculate the
Li" migration barriers. Similar to the previous NEB calculations,[98] a cooperative mechanism of
Li* migration was considered, where the tetrahedral Li* migrates to a neighboring octahedral site
and the octahedral Li* migrates into another neighboring tetrahedral site (Figure 5.9 (a)). Here, we

consider cooperative migration that occurs between corner-sharing and opposing tetrahedral sites,

given that migration between edge-sharing tetrahedral sites is extremely energetically unfavorable
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Figure 5.8: (a) Calculated diffusivity and activation energy of Li* in DRX-Li;,, V,05 as a function of
Li content at 300 K. (b) Li trajectories (colored as grey) from MD simulations of Lis 5V,05 at 600 K,
projected in the crystallographic a-b planes. Illustrations of “t-o-t” migration mechanisms of Li* are shown
in red arrows. The green balls, purple balls, and red balls represent Li, V, and O atoms, respectively.)

due to the close proximity of the Li during migration (Figure 5.18(c) and 5.19(c)). Figure5.9
shows the calculated Li* migration barriers between connected 0-V/1-V sites. We note that
migration from 2-V site to 0-V and 1-V sites are energetically downhill due to the large site
energy differences (Figure 5.21). The cooperative migration of Li* via opposing “t-o-t” paths
exhibits the lowest calculated average energy barriers, ranging from 230 to 340 meV in 0-V and
1-V sites. The average energy barriers of Li* transport through corner-sharing ’t-o-t” pathways
exhibit higher energy barriers of 334 to 628 meV. In general, the migration barriers of Li* increase
as more V atoms gather around the local environment of tetrahedral Li* sites. At the end of
discharge, the formation of vacancies at the octahedral sites allows for direct hopping of Li*
from one tetrahedral site to its next edge-sharing tetrahedral site (’t - t’), as illustrated in Figure
5.23, with a low energy barrier of 241 meV. These results are in line with the activation energies
obtained by MD simulations and previous theoretical studies[98] that the facile migration of Li*
across opposing ’t-o-t’ pathways results in high rate capability of DRX-Lis,,V,05 anode. In

previous studies[98], Li* hopping via 0-V sites is the only mechanism that was considered while

our results show that Li* migration in 0-V, 1-V and 2-V sites is facile. Similar results have also
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been observed in LTO anodes that the transportation of Li* in face-sharing octahedral-tetrahedral

motif contributes to fast kinetics.[187]
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Figure 5.9: (a) Illustration of Li* migration path in DRX-Li3;V,0s5. The opposing and corner-sharing
pathways indicate cooperative migration mechanisms of Li* via the octahedral site and its next tetrahedral
site. (b) Calculated NEB barriers for possible Li migration hops. The barriers are categorized in terms of
their mechanisms and local environments.

5.4 Discussion

In DRX electrodes, The Li* transportation depends on the distribution of tetrahedral
sites and their connectivity. Our results show that Li* in 0-V sites are the most energetically

favorable and have the lowest migration barrier, which is critical for fast Li* diffusion during
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Figure 5.10: (a) Occurrence of tetrahedral sites with different local environment predicted by cluster
expansion in 5 x 5 x 5 DRX-Li;V,05 supercell and random limit.

charge/discharge processes. Figure 5.10 shows the occurrence of various tetrahedral sites in
DRX-Li3V,0s5 structures averaged over 500 equilibrated structures from MC simulations at 1500
K as well as that in the random limit. The occurrence of OV sites only accounts for 3.5 % of
the diffusion sites in DRX-Li;V,05, which is significantly lower than that in the random limit.
While the populations of 1-V and 2-V sites are slightly higher than that in the random limit.
These observations indicate that the local arrangements of the tetrahedral sites are modified by
short-range orderings (SROs), which are influenced by the materials chemistry and have been
shown to affect the kinetic properties of DRX electrodes considerably. According to Ji et al. [63],
the formation of 0-V sites depends on two competing factors: i) The existence of V3* and V4
tends to promote the mixing of Li and V ions due to the large repulsive electrostatic interactions
between V ions. Also, large mismatch between the ionic radius of Li*(0.76 A) and V+ (0.58 A)
might promote Li segregation into 0-V sites to reduce the strain effect. Therefore, we propose
that to further optimize the electrochemical performance of DRX-Li3V,0s, substituting v+ by
element with a smaller radius, for example, Cr4+(0.55 A), is likely to introduce more 0-V sites for

Li* and thus enhancing its electrochemical performance.
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5.5 Conclusion

To summarize, we have performed a systematic study of the mechanism of Li intercalation
into DRX-Li3;V,05 anode by coupling DFT calculations with cluster expansion and molecular
dynamic simulations. Based on the semi-GCMC calculations, we find that the intercalated Li
ions in the DRX-Li5V,05 anode are mainly populated in tetrahedral sites while most cations
in octahedral sites remain immobile. Furthermore, the exceptionally high rate capability and
superior cycling stability of DRX-Li;V,05 anode are due to the facile diffusion of Li ions along
the "tetrahedral - octahedral - tetrahedral" pathway and the pillar effect of disordered V ions.

Chapter 5, in part is currently being prepared for submission for publication of the
material "The Intercalation Chemistry of the Disordered RockSalt Li;V,05 Anode from Cluster
Expansions and Machine Learning Interatomic Potentials." Xingyu Guo, Chi Chen, Shyue Ping

Ong. The dissertation author was the primary investigator and author of this paper.
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of the DFT optimized hopping path of V atoms in varied local environment.
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Figure 5.13: Cross-validation (CV) score and root mean square error (RMSE) of the fitted cluster
expansion model as a function of the amount of penalization (&) used in the fit to minimize overfitting.
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(d) LigoV,0s

Figure 5.17: Calculated Li* trajectories obtained from MD simulations
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Chapter 6

Summary

In the first project, we performed a comprehensive study of Prussian blue and its analogues
(PBAs), one of the most promising cathode materials for aqueous sodium-ion batteries (ASIBs)
for large-scale energy storage systems, using first principles calculations. It is confirmed that
dry PBAs generally undergo a phase transition from a rhombohedral Na,PR(CN)¢ (where P and
R are transition metals) to a tetragonal/cubic PR(CN)g during Na extraction, in agreement with
experimental observations. Using a grand potential phase diagram construction, we show that
water and Na co-intercalation result in fundamentally different phase transition behavior, and
hence, electrochemical voltage profiles in wet versus dry electrolytes. Lattice water increases
the average voltage and reduces the volume change during electrochemical cycling, resulting
in both higher energy density and better cycling stability. Finally, we identified four new PBA
compositions — Na,CoMn(CN)¢, Na,NiMn(CN)g, Na,CuMn(CN), and Na,ZnMn(CN)g — that
show great promise as cathodes for aqueous rechargeable Na-ion batteries.

In the second project, we developed design rules for aqueous sodium-ion battery cathodes
through a comprehensive density functional theory study of the working potential and aqueous
stability of known cathode materials. These design rules were applied in a high-throughput

screening of Na-ion battery cathode materials for application in aqueous electrolytes. Five
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promising cathode materials - NASICON-NasFe,(PO,);, Na,FePO,F, NasFeCO5;PO,, alluadite-
Na,Fe;(POy); and Na;MnCO5;PO,, were identified as hitherto unexplored aqueous sodium-ion
battery cathodes, with high voltage, good capacity, high stability in aqueous environments and
facile Na-ion migration. These findings pave the way the practical cathode development for
large-scale energy storage systems based on aqueous Na-ion battery chemistry.

Based on the developed design rules in the second project, we designed a high throughput
(HT) workflow for automated descriptor calculations, data storage and analysis. In total, our
database contains 3847 computed compounds with calculated properties of structure, phase
stability, theoretical capacity, average voltage and aqueous stabilities. A user-friendly web-GUI
have been developed for data visualization. In the end, we proposed two promising candidates,
Na,(FeVO,); and NaMn, O, for further experimental validations.

Last but not the least, we presents a comprehensive study of Li insertion mechanism in
DRX-1Li3V,0s5, which is a promising candidate for anode in rechargeable lithium ion batteries
because of its low work potential, high rate capability and superior cycling stability. Using a
combination of first-principles calculations and cluster expansion methods, we show that during
discharge, Li ions mainly intercalate into tetrahedral sites, while the majority of Li and V 1ons
in octahedral sites remain stable. Furthermore, its fast-charging nature is attributed to the facile

diffusivity of Li ions via a correlated "octahedral - tetrahedral - octahedral" Li diffusion.
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