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Copper hexacyanoferrate (LCF), a Prussian bluanalog, has the ability to incorporate
Cs' ions into its structure; it is thus a candidate to selectively extract radioactif®@svater
and to sequester it. We use density functional theory calculations to probe the incorporation of
Cs', K*, and Naions into norhydrated CeHCF. Specifically, we determine their incorporation
energies, energies for the exchange of alkali ilattice stabilities, and the strengths of the
bonds between the transition metal and CN ligand. We find that all of these are more favorable
for Cs" than for either Naor K*. In addition, we analyze the electronic structure to explain the
favorability of Cs" incorporation. CeHCF is found to switch from a ferromagnetic structure to
an antiferromagnetic structure as the number of incorporated alkali ions increases.

Hydrated CeHCF is also studied. The distribution of zeolitic waterleculeqwater
does nocoordinate to any lattice atomes)d coordinated water molecul@gater coordinated
with lattice Copper)s given by this research. The impact of water molecules on alkali ions
incorporation energy and exchange energy are also studied. From thisrpadaoth, we
determine the maximum number of water molecules is 18. Zeolitic water will first form. When

zeolitic water fills the center of the framework, coordinated water starts to form. In addition, the
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binding between water and copper ions are wealsanithr to the bond strength between water
water binding. Energetic calculation indicates that water molecules lower down the alkali ion
incorporation energy but make -@dkali exchange energy higher.

Perovskite materials are good candidates for solamtiehemical water splitting to
produce hydrogen gaBased on the orthorhombic LaMe8upercell, we substitute Li Na K Rb
Mg Ca Sr Ba on the Aites (La sites) and Al Ga in Mg Zn on thesiBes (Mn sites) at a
concentration of 37.5%.he following criteriaare applied to select candidates from all
substituted compositionBirst, the range of temperature and oxygen partial pressure at which
each composition is stable is predicted. For those compositions that are stable in relevant
temperature and pressusmges, the oxygen vacancy formation energies are determined for all
of the oxygen vacancy site positions available in the computational supercell. Several candidate
compositions are identified using these two filtensl are tested by experiments whichfatend
to be of interest

Pyrochlore compositions 6B8207) are also screened for water splitting applications.
Based on pyrochlore primitive cells, 25%s#es ions are substituted with Li Na K Rb Mg Ca Sr
Ba or In. The same to LaMn@tudy, the same criti@ are applied. several pyrochlore candidates

for water splitting application are identified.
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation of Problems
1.1.1 Energy Issues Around the World

Fossil fuel resources, including natural gashas been utilized by human beings for
more than 100 yeaend coal (both hard and brown coals), have lbiéned for centuries
However, these unsustainable energy ressuasce incapable of indefinitely meeting the energy
demands of our planet. On the one hand, at current production levels, documented reserves of
oil, natural gas, and coal will be sufficient for 51, 53, and 153 years of operation, respediively. [
On theother handtraditional energy sources have a significant impact on our environment. The
extraction, processing, and combustion of fossil fuels, such as coal, oil, and natural gas, result in
various environmental consequences:
1. Air Pollution: Burning fassil fuels releases pollutants into the atmosphere, including
greenhouse gases (such as carbon dioxide and methane) and particulate matter. These emissions
contribute to air pollution, smog formation, and respiratory problems.
2. Climate Change:Fossil fué combustion is a major contributor to the increase in greenhouse
gas concentrations in the atmosphere. The release of carbon dioxide and other greenhouse gases
traps heat, leading to global warming and climate change. This phenomenonrrbastiarg
congguences, including rising sea levels, extreme weather events, and disruptions to
ecosystems.
3. Water Pollution: Extracting and processing fossil fuels can lead to water pollution. Spills and
leaks from oil and gas drilling, transportation, and storagecoataminate water sources,

affecting aquatic ecosystems and posing risks to human health.
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4. Land and Habitat Destruction: Mining coal and extracting oil and gas often require
significant land disruption. This can result in habitat loss, deforestatidrtha displacement of
wildlife populations. Additionally, infrastructure development, such as pipelines and power
plants, can fragment ecosystems and disrupt natural habitats.
5 Waste Generation:Traditional energy sources produce waste throughout tfeeayicles.
Coal ash, for example, contains toxic elements and needs proper management to prevent water
contamination. Oil spills and leaks from pipelines can have devastating effects on ecosystems
and marine life.
Urgent efforts are required to foster ttevelopment of new green energy sources. In
recent years, significant advancements have been made in various sustainable energy
technologies. These include solar power, wind power, geothermal energy, wave energy, biofuels,
hydrogen energy, and nuclear egye Among these, nuclear energy and hydrogen energy stand
out as particularly promising options

1.1.2 Nuclear Waste Management

Nuclear power plants produce virtually no direct greenhouse gas emissions during their
operation. They do not release carbamxitle (CQ) or other air pollutants that contribute to
climate change and air pollution, unlike fossil fhelsed power plantélso,nuclear power
plants produce negligible quantities of waste compared to other energy sdiiidenigver,
they producdnigh-level nuclear waste that has several undesirable characteristics and
environmental riskg?] Some of problematic elements are listed below:

Strontium-90 (Sr90): With a halflife of around 29 years, €0 can accumulate in bones and
teeth, posing potential health risks.
Cesium137 (Cs137):Cs-137 has a halfife of around 30 years and emits highly penetrating

gamma radiation. It can contaminate the environmethjpase health risks if ingested or inhaled.
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lodine-129 (I-129):1-129 has a long halife of around 15.7 million years and can
potentially contaminate water sources, posing risks to human health due to its accumulation in
the thyroid gland.

Technetium-99 (Tc-99): Tc-99 has a halfife of around 210,000 years and poses
challenges for waste management due to its-limegl nature.

Plutonium-239 (Pu239): Pu239 is a fissile material and has a Hd# of around
24,000 years.

Neptunium-237 (Np-237): Np-237 has a haHife of around 2.1 million years and is
produced as a byproduct of uranium fuel irradiation.

Americium-241 (Am-241): Am-241 is produced through the decay of plutonizdid
and has a halife of around 432 years. It emits alpha particles and paskslogical hazards.

Figure1-1 [] shows the activity of highevel waste from ontwnneof used nuclear fuel.
Tota

Cs-137

10 Uranium ore eguivalent to one tonne of fuel

107

Mp-237

Cs-135

107

10%

10+
1 10 102 10% 104 10¢ 108 107
Time after discharge from reactor (years)

Figurel-1. Activity of high-level waste from one tore of used nuclear fugf]

We canseefrom Figure1-1 thatlt takes a few thousand years for a ton of fuel to be no

more radioactive than a ton of uranium dgkenong the fission products of uranium, cesium

18



isotopes are among the most abundant. The gamma ermif@sswith halflives of 30 years,

are the most pretent. [*¢] On March 11th, 2011, a catastrophic tsunami hit the Fukushima
nuclear power plant, resulting in the release of a significant amount of contaminated water
containing radioactive cesiufiB7 ¢3'Cs). The extraction of cesium has since beconressing
concern[’] We focus on radioactive Cs which is one of the most problematic elements of the
nuclear cycle. Initially, nuclear waste is often stored irsib@ or centralized interim storage
facilities. These facilities provide a secure locatiottil a final disposal solution is implemented.
Interim storage ensures that waste is kept in controlled environments, preventing potential
environmental contaminatioMethods and mterials are requiretd preventCs from

contaminaing water environmentgrior to storageExperiment has shown thebpper
hexacyanoferrate (GHCF) can effectively sequester radioactive {¢§] However, the
thermodynamis of this process remain unclear. Therefore, this study aims to provide insights by
calculating the Csalkali ion exchange energy, Gscorporation energy, GHCF lattice
distortion, bond strength, and electronic structure 6HQI both before and after Cs
incorporation. These calculations will help explain why €squestratiois favored byCu-HCF.

1.1.3 New Materials for Water Splitting Application

Hydrogen energy has indeed emerged as an important energy source for human beings.
Compared to other fossil energy sources, the combustion of hydrogen gas has a significant
advantage: it only pragtes water vapor () as a byproduct. This emission of water vapor
instead of greenhouse gases contributes to mitigating global warming and reducing the carbon
footprint associated with energy productibtowever, me of the challenges associated with
hydrogen as an energy source is that it is not readily available as a primary source. Instead, it
needs to be produced using energy from another source and transported for future use. While

hydrogen is the third most abundant element in the Earth, it isatiypiound in compound form,
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requiring extraction from other substances through processes such as heating or electrolysis,
which often involve the use of electriciyd heatingThis additional step in the production and
distribution of hydrogen adds coiegity to its implementation as an energy source. Currently,
significant amounts of hydrogen are produced from fossil fuels through processes like steam
reforming of natural gas and partial oxidation of coal or heavy hydrocartris the short and
medium term, these methods are the mosteffsttive and reliable for meeting the demands of
largescale hydrogen production. However, it is clear that relying solely on these migthods
hydrogen production amnsustainable in the long run. Therefoleeraative and more
sustainable methods need todewelopedo ensure efficient production of hydrogen. Water
splitting is one methothat may be abl® achieve sustainable hydrogen production. There are
various approaches teater splitting depending dhe energy sources used in the process:
Electrolysis water splitting: This method uses electricity to split water molecules into hydrogen
and oxygen. It can utilize renewable energy sources such as solar or wind power, making it a
sustainable option fonilrogen production. Electrolysis can be scaled up or down to meet
varying demand for hydrogen, making it suitable for both sswlle and largscale
applications. It offers flexibility in terms of production capacity and can be deployed in diverse
locations. Also electrolysis can be used as a form of energy storage, converting excess
electricity generated from intermittent renewable sources into hydrogen. The stored hydrogen
can later be used to generate electricity or provide energy in times of higindidpastly,
electrolysis can produce higburity hydrogen, suitable for various applications, including fuel
cells and industrial processes. Howewtectrolysis has a number of limitationBirst,
electrolysis has relatively low energy efficiency comguhto other hydrogen production

methodsthe conversion of electricity into hydrogen involves energy losses during the
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electrolysis proces&econdhe cost of electrolysis equipment and infrastructure can be high,
especially for largescale productionThird, the scalability of electrolysis systems is currently
limited, and the production rate may not match the demands of certaimdiighe
applications.

Photoelectrochemical Water Splitting (PEC):PEC water splitting utilizes sunlight as the
energy soure, making it a sustainable and renewable method for hydrogen production. It can
harness solar energy, which is abundant and widely available. It enables direct conversion of
solar energy into hydrogen fuel without the need for external electricity. Timmates the
need for additional energy inputs, reducing overall energy requirements. PEC systems can be
scaled up to meet varying hydrogen demands, making them suitable for botscateadnd
large-scale applications. The scalability of PEC technoldipwes for flexible deployment in
different settings. However, there are also disadvantages for this methodologguFiesit,
PEC systems face challenges in achieving high energy conversion efficiencies. Factors such as
the efficiency of light absorptigrtharge separation, and catalytic reactions can limit the overall
efficiency of the proces§econdPEC devices require specialized materials, such as
semiconductors or photoactive materials, which can be costly and challenging to manufacture.
The develpment of efficient and stable materials for PEC applications remains an area of
active researchrhird, PEC water splitting systems involve multiple components, including
light absorbers, catalysts, and membranes. The integration and optimization of these
components can be complex, leading to higher system complexity and potential maintenance
challengesFourth, PEC systenuften faces issues related to durability and stability,
particularly concerning the materials used and the corrosion of componerggebmnstability

and durability of PEC devices need to be addressed for commercial vidbilally, PEC
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water splitting technology can be expensive, mainly due to the specialized materials and
manufacturing processes involved. Cost reduction effort@dwnancements in materials and
manufacturing techniques are necessary to make PEC systems more economically competitive.
Thermochemical Water Splitting: This method utilizes heat from sources like nuclear reactors

or concentrated solar power to drive chesthreactions that separate water into hydrogen and
oxygen. It has the potential for high energy conversion efficiency, especially when coupled
with high-temperature heat sources such as concentrated solar power or nuclear reactors. This
can result in effetive utilization of input energy. TWS can operate continuously, unlike some
other hydrogen production methods that rely on intermittent energy sources. This continuous
operation allows for consistent hydrogen production to meet demand. It can be canvgigtibl
various fuels, including fossil fuels or biomass, depending on the specific thermochemical cycle
employed. This flexibility allows for the utilization of different feedstocks for hydrogen
production. Howevelt too has disadvantagdsrst, thermochemical water splitting involves
complex chemical reactions and multiple process steps, which can increase system complexity.
This complexity can lead to challenges in system design, integration, and op&ationd, ti
requires high operating tempatures, which can lead to increased material requirements and
corrosion issues. Materials capable of withstanding tagiperatures and corrosive
environments need to be carefully selected and maintaiinéd., thermochemical water
splitting is still inthe research and development phase, and commscail@ implementations
are relatively limited. Scaling up and commercializing thermochemical processes requires
further technological advancements and cost reductions.

In this work, we focus on thermochaal water splitting. The most used methodology is

two-stepsolarthermochemicahydrogen (STCHjyvater splitting. It can be divided intbermal
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reduction steps and oxidation steps. As is showmgarel-2 (CeQ is shown here as an

examplé [*Y, during the reduction process, the maikundergoes a reduction reaction, leading

to the formation of oxygen vacancies within the material structure. This reduction results in the
release of oxygen gas. Conversely, in the oxidation process, the defective material reacts with
water molecules, itiating an oxidation reaction that generates hydrogenkgasation 11 and

1-2 shows the reduction and oxidation process respectively.

Thermal Reduction

A Solar

4
l> radiation ‘
" f\

CCOz C902_5

N

Figurel-2. Two-step thermal water splitting
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1 is the number of oxygen vacancies generated in the thermal reduction process.

Traditionally, CeQis used in this proces$ However, it requires verkigh reduction

temperaturgup to 2000 K} Doped perovskite materials have been demonstrated to enhance
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the efficiency of hydrogen production in thermal water splitting proces<$es]. [Additionally,

other materials, such as pyrochlore materiaksy also be potential candidates for STCH water
splitting. In this study, drawing inspiration from doped perovskite mateltagSr.sMnOs

reported by Scheffe et al7], we investigate the suitability of doped LaMydhd pyrochlore
compositions fowater splitting applications. The analysis includes examining the formation
energy of oxygen vacancies and evaluating the stability of these doped compositions to identify
suitable candidates.

1.2 Computational Materials Science

High-performance computin@HPC) has significantly contributed to the advancement of
science and technology. Its impact can be observed in various areas. Computational materials
science is one of the most rapidly developing and exciting fields in materials science, made
possible bythe revolutionary advances that have been made in computer processing speed and
memory capacity. This emerging field hasif@aching implications and the potential to
revolutionize virtually every aspect of materials science and engineering. It provides a
framework for understanding the detailed role of individual aspects, such as composition, surface
structure and chemistry, microstructure, nature of defects and their distribution in materials
synthesis, processing and properties. Different levels oflaiion can be applied to address the
issues outlined in Figure-d. [*®] The foundational level is Ab initio modeling, which relies on
guantum mechanics. This method operates within length scales1® @rh and time scales of
0.1-100 ps. Moving up, whave atomistic scale simulations, which encompass Monte Carlo
(MC) and molecular dynamics (MD) methods. These simulations operate within length scales of
1-1000 nm and time scales of 1-p8 ns. The subsequent simulation scale is mesoscale
methodology, emmmpassing techniques like phdsgd methods and dislocation dynamics. This

level operates within length scalesof 10idinD0 e m and t i MeOnsWeanilles of
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apply density functional theory (DFT), one of the most widely used techniques witiniti@ab

modeling for all the simulations fro@hapter 3 tacChapter 6.

Quantum Quantum Molecular Force Finite
chemistry MBPT DFT dynamics fields elements

Machine learning

Molecules  Superconductors Solar-cell heterostructures Batteries Proteins Elastic materials

0.1 nm 1nm 10 nm 100 nm 1um 1mm
Simulation length scale

Figure 13. Different simulation scale§']
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CHAPTER?2
SIMULATION METHODOLOGY

2.1 Density Functional Theory (DFT)

Finding the ground state of a set of atoms
manpyarti cle problem in solids. I n principle, t

this problem, considering botcdt urhe @fhytsh e ady st

physical structure of a solid refers to its a
such as crystal symmetry, |l attice parameters,
crystal l attice. pTheg sphay viidall gtorllectinmr det er mi
properties, including its mechanical, ther mal
physical structure is essential for analyzing
howetse interactions influence its overall beh
of a solid concerns the arrangement and behav

di stribution of electrons a@momgs poaredigyg |l mfrovmé st
states. The electronic structure heavily infl
properties. To determine the electronic struc:
principles and sol vifeort hteheeS enhatrPfyd himeg gwed \eapufau n otni

i s written bel ow:

' i h'Y O« i hY (2)
0 Y o (2)
v 2B (2-3)
© — ( 2)

i is the coordinat¥tisftheenekklei ngesi taoas.
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Hamil tonian operator and iMandoroil simbi af ekiem gty
wwhi ch is obt ainbed firnone rtahceg i @onl bebéwthen t wo ch
electron masg is PlanckconstanT he Schr odi nger equation can or
very few problems; in particular, it cannot b
Thus, for real materials systems, which conta
requiTmedmasses of { hetgheaic |teh e aalee omturcchns so t he
nuclei and el ectrons can be separated to sl ow
wavefuncti ondicanobehedewdwddilheranulicel tresi| ésct r on s

e i A'Y O« Y z.+ | (2)

This i s c&plped htehemeBoramppri@apipmai ocnat i Bmo mwteh c a
atomic nthel kieyamd obl em is to solve the ground
Schrodinger equation for electrons:

'O i h h gi O«i h h gi (%)

The Hamiltonian oper:ather kcoresi €t enefr gyhoéetthe
the potential energy for deéeondcttearam)t i aamd wti i é

energy fr-oucledieci(ntoeqmrac tties m)

~.

0O —B n B o i B B TYih (2-6)

Al t hobghBGppe&n haep pred X iomad hexnucl ei, the syst.:
For exampl emodesiumpl ewi CO(Bafveodh2Cel 8Brcd rmansle ac
el ectron s position;thhaes ftihnraele Sscpharsoi debhéugseora redgi una
di mensi omWé @pawowbde some approxi masi ool tows;j mpi
define the electron density n( i ntecasdomvert t

probl em:
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€ «*1ThHHhAgl «i1hAqg (2-7)
Then, treat a single electron as a point char

maneyl ectron pr eblngmet elacmamyn probl em

« i AR gl e | zZe | ze | z8ze | (8)
The electron density can be defined in terms
€ ¢B "1 zo | (®)

Accor diihkeghe obehmdh eot¥]em tfhe ground state energy
the electron density:
0 0¢1i (21 0)

And the electron densit fyuntchhatonmiini mihze & rtulee ge|

densi ty:

Oc¢ i O ¢ i (211)
Based on tlkkesathloev eenérepy functional can be wri
O¢ i YeEi O ¢i O ¢ O ¢i (2-12)

“YETIT is the kine®&Ect iesnetrhgey Qoeurlnoombi ¢ energy ter
el ectron Coul ©@mbi ci si nttheer aecnteirogny, t erm of i onic

el ect rnouncsl e@iredand t he many-chodel@atxéclmoangamer gy t e
three terms can be computted mexant loyn.l yH dwe vaerp,r
DFT, the hierarchy of functi «narnad iroefserus etdo tto
t he e xccorarnegleati on energy, a key component of t
correlation energy-macbaontal feffehbhesqgqaansumg
bet ween el ectronsi.onéhles ha emr alrec hoyatodg druinzzdad i nt

sophistication and accuracy. At the | owest | e
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whi ch assumes -cdrarte ltahtei cerx cehmenrgeey depends only

each ipmoismptace. The LDA provides a simple and

may not accurately capture the spatial var.i

we have the generalized gradienfhcappnoxinmat

C

at

00

the | ocal el ectron density but also its spat.i

(7]
<
(7]

(7]
<
(7]

known &€GAmet caybrid fusepiaomaales, f aGnGdAtsi agmg ¢ s .

beyond the | ocal el ectron density and its g

the kinetsictener gyapleaci an of the density.

tems with varying electron densities. GGAs

tems and bul k pBreoypoenrdt iGeGsA st, h a rk etetee alppA.b k g me

\
ra

Hy I

exact exchange (Fdoecrki vtehde ofwryowra Haimtc)t e wint b ass e @G An

or meeGtAa providing better accur asceyp afroart ead wi de

f uromtail s spli-tot hel axic banrgaeregeag yamd gleorsd mponent

treating them separately and i mproving the

de

l evel of the htodrfarbehywecfnf ercscouar aatcrya obdntedyv ecltbi ngphuet |

functionals tend to provide better accuracy

b

the choice of functional depends on the speci

resourceghBFaAiI maw hend-PRBEFR e r Bauw-kKren z glr b &l used
in all t he Ghianputle@tt dJotnéganna@hanitio Simulation Package (VASP)
is applied. {819
2.2 Fitted ElementalPhase Reference Energies (FERE) Method
Despite theconsiderable success of theoretical approaches based on density functional
theory in describing the properties of solid compounds, accurately predicting the enthalpy of

formation for insulating and semiconducting solids continues to be a challenging%a%$R-his
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difficulty primarily stems from the incomplete error cancellation that occurs when calculating the
total energy differences between the compound's total energy and the total energies of its
elemental constituent$q The concept of FERE ethod is to increase that error cancellation to

get more accurate enthalpy of formation value than the traditional method. To use the FERE
method, we should firstly fit the FERE chemical potentials for the elemental constitlibets.
FEREchemical potenélsare obtained b¥quation 213 which is by solving the linear least
squares problem.

YO 6 6 8 © 6 6 8 B¢ (2-13)

YO 0 6 8 isthe experimental enthalpy of formatidtar the elementgbhase

energies that optimally cancel tota#nergy errors with the compound enerdes
which are computed using the experimental crystal structures with GGA+#uizgal lattice
vectors and atomic positions. TheJWalues are 3 eV for all the transition metals except for Cu
and Ag which have tJ=5 eV. The FERE energies can be expressed as an energy ‘shift
compared to DFT calculated elemental totadrgies' as it is shown ifcquation 214:

‘ ‘ T (2-14)
Then, the enthalpy of formation of a compoundd 8 can be calculated by FERE method as
it is shown inEquation 215:

YO 6 6 8 YO 6 6 8 -B¢&y ¢ (2-15)
FromEquation 215 we can know that * is not expected to improve the accuracy of
absolute total energies for the elemental phases. ihzes the systematic error cancellation

with the total energies of the compoun@ise FERE method is used for stability analysis in

Chapter 5 an€Chapter 6.
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2.3 PYLADA DEFECT
PYLADA DEFECT is a PYTHON based DFT calculation packagperform defects
formation energy calculation in target materjabe workflow can be shown Figure2-1[%:
Figure 21 (a) shows the wrkflow to perform defect calculations, aRdyure 21 (b) showsthe
Voronoi tessellatiosbased algorithm to find interstitial sites in a given structure (example
shown: ZnO)

()
| Relaxed bulk structure |

l

I Create Supercell ]

Generate defect
structures

r

szzgfgﬁg:s Interstitials

Relax defect structures in
different charge states

l

Compute finite-size
corrections and defect
formation energies

Figure 2-1 Workflow of PYLADA DEFECT.[%]

The vacancy formation energy calculations involve several steps in the PYLADA
DEFECT package. Ftly, a volume relaxation is performed on the target structures.
Subsequently, supercells are generated based on the relegegtdtructures. These supercells
are used to identify different vacancy sites, taking into account the structural syn@metehe
vacancy sites are identified, vacancies are created at those specific sites. To ensure accurate

representation of nesymmetric defect configurations, the first neargsighbor atoms to the
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vacancy are randomly displaced by 0.1A. This displacemewakbrthe underlying site
symmetry, effectively capturing the negmmetric nature of the defecihe PYLADA
DEFECT package is employed for calculating the formation energy of oxygen vacancies. This

methodology is utilized in both Chapter 5 and ChaptdrtBeoresearch work.
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CHAPTER3
INCORPORATION OF RADIOACTIVE CESIUM INTO COPPER HEXACYANOFERRATE
BY DENSITY FUNCTIONAL THEORY CALCULATIONS

3.1Background

Sequesterin@sisotopesds a significant challenggarticularlybecause Cs is an alkali
metal like Na, and thus often water solultigerarchical materials have recently gained attention
as potential waste formBigure3-1 shows the different types of hierarchical structrégA
hierarchical structure can be defined as a material that encompasses structural motifs at different
length scales, which collectively contribute to the formation of a larger and cohesive structure or
framework. This definition highlights the practitaand simplicity of understanding
hierarchical structuregy As one of the hierarchical materialsetal hexacyanoferrates (Metal
HCFs),of which thebest known ifrussiarBlue, have been shown to be effectiveé &srbents.
[2939 These PrussiaBlue Analogs PBAS) have a crystalline structure with weléfined
nanopores, which can selectively trap Cs ions, even in the presence obhigimcentrations of
competing ions. ] Among all the PBAs, GIHCF is a particularly promising candidate due to its

high seledtity towards C8. [*"39]

Hierarchy
in
materials

({03 . 5?*\ = ©
Figure3-1. The classifications of hierarchy in materials and the representative natural and
synthetic material§?4]

* The work described in this chapter has been published in Wang, X.; Pandey, S.; Fullarton, M.; Phillpot, S. R. Study
of Incorporating Cesium into Copper Hexacyanoferrate by Density Functional Theory Calculations. The Journal of
Physical Chemistry C 2021, 8343), 2427824283.https://doi.org/10.1021/acs.jpcc.1¢c08702
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In this chapterwe usedensity functional theory calculatiotscharacterize the lattice
distortion, ncorporation energy, ion exchange energy and electronic structure of perfect and
defected CtHCF when C§ Na', and K, are inserted into the structure. The results indicate that
the incorporation of Cs+ is energetically favored over the incorporatioa’afK*. The
reasons for this preference are identified. This energy preference opens the possibility of utilizing
ion exchange processes to effectively sequestein@u-HCF.

3.2 Structures and Computational Setups
3.2.1Structure of Copper Hexacyanoferate

Copper hexacyanoferrate, CuFe(gN)as an FCC structure with a space group of
"Odod . The conventional unit cell shown in Fig23eft contains four formula units, with the
Cu atom (blue) at (0,0,0) and an Fe atom (brown) at (0,0,1/2). A CN ligand lies between them,
with the Cu coordinating with the N side and the Fe coordinating with the C side. While Fe(lll)
does not have any eteons in g orbitals, Cu(ll) does have electrons goebitals when they
form the CuHCF framework. This means that the Fe coordinates with C in this structure are in a
strong crystal field with a low spin state (LS} [In contrast, the Cu coordinatevith N in a
weak crystal field with a high spin state (HElhe left side of the Figure-3 shows the perfect
structure of CeHCF and the right side shows the defected strucBlue: copper, brown: iron;

white: nitrogen; black: carbon.

Figure3-2. Cu-HCF conventionalnit cell of perfect structuranddefected structure
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Cu-HCF is commonly synthesized with a defected structure in which an iron cyanide,
Fe(CN}, vacancy is present at the center of the unit cell, as depictieel ight image oFig 3-2
[3849]. Alkali ions can be incorporated into both the ideal and defected structures. As multivalent
transition metals, the oxidation states of Cu and Fe can change as various numbers of alkali ions
are incorporated.

Neitherthe perfechor defectedstructures of CAHCF is chargeneutral, even if Fe and
Cu ions are in their highest oxidation state: +3 and +2, respectively. When alkali atoms are added
to the structure, the valence of Cu and Fe ions changes to maintain araargéenvironment.
Tabes 11 illustrate the oxidation states of Fe and Cu as well as the overall charge of the
structure as the number of alkali ions increases from 0 to 8 in both the fepfeel and
defectedlower) structures. Magnetic moment analysis supports these oxidation state
assignments

Table3-1. Oxidation states (OS) of Cu and Fe ions and charge state of perfel€Estructure
anddefected CtHCF

#of alkali atoms 0 1 2 3 4 5 6 7 8
0S of Cuions +2 +2 +2 +2 +2 +2 +2 +2 +2
0S of Fe ions +3 +3 +3 +3 +3 +3,+2 +3,+2 +3,+2 +2
total charge -4 -3 -2 -1 0 0 0 0 0
#of alkali atoms 0 1 2 3 4 5 6 7 8
0S of Cuions +2 +2 +2 +2 +2 +2, +1 +2, +1 +2, +1 +1
0S of Fe ions +3 13,42 +3,+2 +3,+2 +2 +2 +2 +2 +2
total charge -1 0 0 0 0 0 0 0 0

3.2.2Density Functional Theory Calculations

The lattice stabilities, alkali ion incorporating energies, alkali ion &xgh energies and
bond strengths are calculated using density functional theory (DFT) in the VASRith

projector augmented waves (PAW) pseudopotenttafd [ The electrons considered are Cu
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3019, Fe 3d4<, C 22212, N 2€2p°, Cs 585 65!, K 3p°4s!, and Na 35 that is 11, 8, 4, 5, 9, 7

and 1 electrons respectively. The generalized gradient approximation (GGA) is chosen to
approximate the exchangerrelation energy with the PerdéBurke-Ernzerhoff (PBE)

functional [*#4. The GGA+U nethod is applied to deal with the localization edldctrons in

the transition metals.J values of 1 eV for Fe and 3 eV for Cu, are used, which, are the same as
used by Targholi et al*ffor the same chemical composition. The cutoff energy is set to be 500
eV for all calculations. A 4 x 4 x 4 MonkhotBlck kpoint mesh is used for structural relaxation
and a 6 x 6 x 6 mesh for the density of states (DOS) calculatt@nSp[n polariations are also
applied to all of the calculations below. As mentioned above, for the emptiOEUramework,
neither the perfect nor defected structure is charge neutral even if Fe and Cu ions are in the
highest oxidation state. However,-EGiCF is a metalas has been confirmed by previous
calculations{*4] the appropriate treatment of such systems is well established and implemented
in VASP by the addition of a compensating background charge so as to make the overall system
charge neutral.

3.23 Alkali lon Incorporating Energy

Efficient extraction of cesium from solution requires the incorporation process into Cu
HCF to be thermodynamically favorable, while kinetic factors may also play a crucialmele.
previous research shows the kinetic barrier for K diffusion rHO stucture is just 1.0 eV
[*Y]. Therefore, we are not worried about kinetic favorability of alkali ions. We will focus on
thermodynamic favorability calculations of alkali ions in perfect and defected@Fu
frameworksln this context, we have determinee tihcorporation energy of Cs+ in ¢4CF and
examined the effects of concentration. Specifically, we incorporated 1, 2, 3, 4, and 8 Cs+ ions
into a single C+HCF unit cell and calculated the incorporation energies, which are normalized to

the value for onadded atom.
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The incorporation energy is:
0O - OO0 O uOo (3-1)
‘O U isthe energy of structure after insertion of the N alkali ions, A#CSor Na'; O is
the energy of GHHCF without any alkali atoms. The alkali atom(s) are inserted at 8c sites, as shown

in Figure3-3 (K™ :purple Cs': green);

it RSN

O+ %M»«{v‘?‘%—»%ﬁ@u%?““o

%&4 vy ‘LL‘ZL., _?i,,-b

Figure 33. lon exchange of Kfor Cs' in the defected lattice.

the structure and energy are then allowed to equilibgate.is the reference energy for the
alkali atomsThe values for Csions are compared with the corresponding values Tard Nad
calculated in the same wdyor the physically realistic scano of the alkali atom being in a hydrated
environment, the reference states of al kal.|
water molecules containing an alkali ion and a water droplet without an alkali atom:
(@] 0 00U -E(€ : (3-2)

For n=0, this would simply correspond to the energy of a single alkali ion in vadithter
and Perssoshowed that the numbef wearest neighbor coordinating water molecules fon<is
the range 6 to 9; Kand Nd are smaller ions, so have 4 to 6 and 4 to 8 nearest neighbor coordinating
water molecules, respectively’[We calculate the-dependence (number of water molecules) of
the wateralkali binding energy as a function of the number of water molecules, n, for all three alkali
ions, comparing our results with previous studies where available. This approach ract oorst

water complex was used Bandeyet al. to study hydrated iong®] the details are provided in the
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Section 3.3.2Water may also be incorporated into theKIXoF structure to form a GHCFwater
hydrated structurélhe effects of hydratiors the subject of th€hapter4.

3.24 Alkali 1on ExchangeEnergy

To determine the energetics of ion exchange irHC, we analyze the change in
energy when a Kor Na+ ion in the 8c body center of the structure is replaced by-gsire3-3
depicts this proces$he alkali atom that is not in the GHCF ishydrated The energy for
exchanging N K+ or Na+ ions with Cs+ionsis then calculated as*?
(0] 5 ©O 0 0y 0 00O 0 4 (3-3)

‘O 0 isthe energy of the lattice with N Gens;O y 0 is the energy of the lattice with
N K" or Na' ions;O , O are the reference energies for @ad K" hydrated with n ater
molecules, respectively, as described above. The calculations are conducted for both perfect and
defected structures of GCF. The ion exchange energy is calculated for 1, 4, and 8 Cs+ ions
exchanging K+ or Na+, with the results normalized to thédaxge of one ion.

3.25 Lattice Distortion of Incorporated Cu-HCF

The 8c sites of GHCF have a radius of about 1.6 &|[ which is larger than that of Na+ and
K+ but very close to that of Cs+, as compared with the ionic radius of alkali*fhris [defected Cu
HCF, a large number of Fe(CiN)Jacancies in the lattice create a region at the center of the unit cells
with a diameter of ~5 A (i.e., radius ~2.5 AJ][ This large open region tends to destabilize the
framework and could even cause the entire structure to collapse during iggomation. We
calculate the lattice parameters and unit cell angles in both perfect and defected structures with Na+,
K+, and Cs+ ions inserted. As Na+ ions are small, we also consider their insertion into the smaller
24d site, which lies at <0.25, 0.25,.0bhe number of alkali ions in the structure is setto 1, 2, 3, 4,

and 8.
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3.2.6Bonding Strength

To investigate the effect of Cs+ ions on bond strength in the Ck structure, charge
density difference plots will be generated for both the perfect andtddfstructureslo generate the
plot, the overall charge density of the structure is used to substrate the charge density of the constitute
ions. We can read the charge density between different ions and know whether there is a charge
accumulation or deption between different ion$hese plots will reveal changes in the charge
density in the bonds between the transition metal ions and the cyanide ligand. An increase in charge
density indicates stronger bonding. It is reasonable to expect th@n€skeing another alkali metal,
will have a similar effect on bond strength as K+ ions, which were previously found to increase
orbital overlap between metal and cyanide groups HHCE [*.

3.27 Electronic Structures

As the Cs+ sequestration process takase, the electronic structure will undergo changes
that reflect the alterations in bonding and magnetic properties. In order to investigate these changes,
the density of states will be calculated for both the perfect and defected structures. Particular
emphasis will be placed on analyzing alterations in the electronic structure and magnetic moment that
arise as a result of the incorporation of alkali atoms.

3.28 Alkali lon Sites

All the calculations presented above require alkali ions to be incorpanédeitie CuHCF
structures. It is important to determine where they are located within the framework. For larger alkali
ions, such as Cs and K, they are inserted into the 8c sites. For smaller Na ions, we follow Ling et al.
[#] by also considering th24d sites, which lie g0.25, 0.25, P After careful calculations, we found
that all three alkali ions occupy the 8c sifEise details will be discussed 8ection 3.3.5The Cu
HCF unit cell contains eight 8c sites, meaning there are different possiahgements for the

incorporation oimore than onalkali ion. We have determined the energetics of various
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configurations, as discussed in Sextion 3.3.5and found that the incorporation energies are
essentially independent of the relatp@sitions of the alkali ions in the unit cell.

3.3 Results and Discussions
3.3.1Preliminary Calculations

The calculated lattice parameter of the perfeecHOOF f r amewor k i s found
which is in agreement wi t F Hebtenicstrugiwe caloulationsal v
show that there is no band gap, indicating thaHQUJ is a metal, consistent with previous
calculations {]. The enthalpy of formatiolO for both the perfect and defected structures is
calculated using the lowing equation:

YO 6 8 © 6 6 8 B¢ (3-4)

(0] 0 6 8 isthe total energy of acompouad 6 8 given by DFT+U£ is the
elemental composition in the compouhdis the chemical potential of the elemental phase in
compound. We can get thevalue from the previous literaturé?[The calculation results give
0.48 eV/atom for perfect GCHCF and-0.41 eV/atom for defected @CF. It indicates that the
empty perfect structure is slightly energetically favorable than the empty defected structure.

3.3.2 Hydration of Alkali lons

The alkali ions that are incorporated into-BGF come from aqueous solutions. To
capture this, in our simulation the alkali ions are surrounded by water molecules. As illustrated
by Figure3-4 upper we add n water molecules (n =1 to 10) around the atkaknd then do a
full structural relaxation of this complex. The wasdkali binding energy which indicates the
energy change during alkali ion hydration process is also calculated with the following equation:
O O €0 O (3-5)

'O is the energy of alkali ions,n s the total energy of water molecules in hydrated

system and is the energy of water alkali ion complex.
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Figure3-4 lower leftshows the binding energy increasing with the number of hydrated water
molecules. This is clearer Figure3-4 lower right which shows that the binding energy per water
molecule becomes more negative up to 5 or 6 water molecules, after which it imigsemstant.

This corresponds to the completion of the first hydration shell around the ion. These findings are in
good agreement with the suggested number of coordinated water molecules in the previoud§]study. [
Next, we determine the binding engmf a droplet of n water molecules dropEiinding(n), defined

as:

(@ ¢ O ¢ 10 (3-6)

WhereO ¢ is theenergy of a water droplet contains n water molecules @nd n
is the total energy of n isolated water molecufessFigure 35 shows, this energy difference, the
binding energy of the droplet, increases approximately linearly with the increasing rafmber
water molecules. The average normalized watgtier binding energy is about 0.40 eV which is
very close to experimental water vaporization enthalpy. (0.42%VJHis binding between
water molecules is also present in the alkaliwater complex Wich accounts for its use in

calculating the incorporation energy.
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3.3.3Alkali lon Incorporation Energy

TheFigure3-6 shows the incorporation energies of Cs+, K+, and Na+ in both perfect and
defected structures as a function of the number of water negeicuthe droplet-igure 36 (a)
shows thancorporation energy of Na+, K+ and Cs+ in perfect structdigsire 36 (b) shows the
incorporation energy of Na+, K+ and Cs+ ions in the defected structures. The dotted lines are
averages over n=3 t©6=10.As previously mentioned, these results are for the high concentration
limit, where the dimensions and shape of theHTiF optimize to reach zero stress.

Figures 36 (a) and (b) illustrate the incorporation energy of 1, 4, and 8 alkali ions into both
perfect and defected EHICF structures, as a function of the number of water molecules in the
droplet used to extract the alkali ion. All values are negative, indicating that it is energetically
favorable for the alkali ion to be incorporated into theHIIF structure. The incorporation energies
remain nearly constant for three or more water molecules, and the average incorporation energies are
indicated by dashed lines. For the incorporation of a single alkali ion, K+ has the most favorable
incorporation aergy, while Na+ has the least favorable. However, the K+ incorporation energy is

almost independent of the number of ions, whereas the incorporation energy for Na+ becomes less
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negative and the incorporation energy for Cs+ becomes more negative as ltiee olions

increases. Therefore, for the incorporation of 4 and 8 ions, Cs+ is the most energetically favorable.
The trend in the defected structure is similar to that of the perfect structure. In all cases, Cs+ is
weakly favored over K+, which is in tumeakly favored over Na+. The favorable incorporation of
Cs+ is likely due to the stronger bonding between the more electropositive Cs+ ions andHtBE Cu
structure, as well as the ngagrfect fit of the Cs+ ions into the 8c sit&bese factors will be

explored in more detail below.
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3.3.4Alkali 1on ExchangeEnergy
The exchange energy for replacing Na+ and K+ with Cs+ is computed using Equatfon 3

1, 4, and 8 Cs+ ions, which is simply the difference between the energiesvaritus alkali ions
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shown inFigure3-7. Figure3-7 (a) displays the ion exchange energy for Cs+ replacing K+ and Na+

in the perfect structure as a function of the number of water molecules in the droplet. Negative values
indicate that it is energeticalfgavorable to replace K+ or Na+ with Cs+. Both in the perfect and
defected structures, the ion exchange energy slightly decreases with an increasing number of
hydrating water molecules, and eventually reaches convergence for 1, 4, and 8 water molexules. Th
exchange of Na+ by Cs+ is strongly energetically favorable in both cases, while the exchange of K+
by Cs+ is weakly energetically favorabkegure3-7 (b) illustrates the ion exchange energy in the
defected CtHCF structure as a function of the numbkhydrating water molecules. These

exchange energies follow the same general trend as in the perfect structure. The exchange of K+ by
Cs+ is slightly energetically favored, similar to that in the perfect structure, while the exchange of

Na+ by Cs+ is alsenergetically favored, but to a lesser extent than in the perfect structure.
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3.3.5Configurations of Alkali 1ons andL attice Distortion

Previous calculations of GHCF [*°] have shown that the K+ and Cs+ ions are
accommodated in the perfect structure at the 8c $itéisis work, we also initially place the Cs+ and
K+ ions in 8c sites. After full relaxation, they remain in 8c sites. There are no previous calculations
of Na+ in CuHCF structures. Interestingly, in the-F€F structure, the calculations of Ling et al.
[49°] indicate that 24d is the most energetic favorable site for Na+. However, they did not perform a
systematic study of how the favorable sites change as the number of Na ions increase from 1 to 8. To
identify the energetically most favored location as afion of the number of Na+, we initially put
the 18 Na+ ions in 24d sites and do a full relaxation to the structure. Then, we initially put Na+ ions
in 8c sites and do a full relaxation. The 24d sites is 0.27eV energetically favored when there is only
oneNa+ ion in the structure; indeed, in this if a Na+ is initially placed in the 8c site it moves to a 24d
during structural optimization. By contrast, the 8c site is energetically preferred when there is more
thanoneNa+ ion in the structure. The energydaability of the 8c site over the 24d site is 0.5eV, 1.3
eV, 1.6 eV and 1.99 eV for 2, 3, 4, 8 Na+ ions respectively. This shows that 8c sites is more and
more favorable as more and more Na+ ions are added. Na+ has more space to move in the
incorporatiorsites and thus can more easily move from the 8c point, thereby breaking the symmetry
of the system. The final position of all three ions refer to the 8c sites (0.25+dx 0.25+dy 0.5+dz). For
Na+ ions, the average values for dx, dy and dz are 0.022, 0.0D702%d These are an order of
magnitude times larger than the values for Cs+ and K+: Cs+ ions have an average dx, dy and dz of
0.0013, 0.0014 and 0.0013, while K+ ions have average displacements of 0.0013, 0.0013 and 0.0012.
As we shall see below, this kes a significant difference to the overall structure.

The displacements for the defected structure are all substantially larger. For the smaller K+
and Na+ ions, the large iron cyanide vacancy in the defected structure provides more free space to

move fran the 8c sites to other vacant sites. The Na+ ions have average dx, dy and dx of 0.051,
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0.069 and 0.068, more than twice as large as in the perfect structure. The Cs+ ions have average
values of 0.018, 0.028 and 0.016; K+ has average values of about@@5and 0.034; both are
about ten times larger than in the undefected system.

There are eight 8c sites in the-BCF framework, which indicates multiple possible
arrangements for incorporatinggZCs+ ions. To explore the most favored arrangement feniCs
CuHCF, we first examined the possible locations when there are two and three CsH@FCu
structure Figure3-8 shows the crystallographically distinct arrangements for 2 and 3 Cs+ in Cu

HCF.

(d)

Figure 38. Crystallographically distinct combinations of sites for incorporation of 2 and.3 Cs

For two Cs+ ions, ifrigure3-8(a) they are aligned along <111>, in 8(b) along <110>, and in
8(c) along <100>. Table-3 gives the energy of the various Cs+ arrangemdrigure 3-8 for the

perfect cell and defected cell. For the incorporation of t&® iOns, the <100> arrangement of Cs+
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ions in Fig. 38 (c) is the most energetically favored for both perfect and defected structures in both
high and low concentration limits by between 0.05 eV and 0.37 eV. The structures ir8k#&).ahd

3-8 (b) haverather similar energies, except for the high concentration perfect crystal for which the
<111> arrangement is strongly disfavored. For the incorporation of three ions, the structure with all
three ions lying in a plane, Fig-8(e), is favored over thersicture in Fig. 33 (d) by between 0.03

eV and 0.15 eV. The structure in Fig83f) is yet higher in energy by 0.16 eV to 0.58 eV.

The energy differences between different configurations are small, to save the computational
cost, we choose theghest symmetry structure to do the calculations. We consider only the
arrangement used in previous studies for 4 Cs+ i6fjghpt is, 4 Cs+ ions are as far as possible
away from each other, as in Fig93Based on the analysis of the 2 ion and 8 iG8 cases, it likely

that the energies of other arrangements are similar.

Figure3-9. Arrangement of 4 Can Cu-HCF.

In the highconcentration limit, we can determine the lattice parameters and crystallographic
angles as a function of the number of alkali ions present in both perfect and defected structures. We
conducted a comparison of all possible arrangements foarnddhree alkali ion cases and observed

that the change in lattice parameter and crystallographic angles is consistent in all three directions. In
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Figure 3-10, we have plotted the change in lattice volume and crystallographic angle as a function of
the nunber of alkali ions incorporated into the structifigure 3-10 (a) shows the change of lattice
volume for perfect (left) and defected (right) structuFeégure. 3-10 (b) shows the change of

crystallographic angle®r perfect (left) and defected (rigtgtructures.
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Figure3-10. Change in the lattice volunamdchange of the crystallographic angles in perfect
and defected structure as a function of number of alkali ions

After relaxation, all ions in the perfect structure are located slightly away from the 8c sites.
The inclusion of Cs+ ions can cause a maxinunange of 80 Ain the lattice volume, which
represents a 7.7% change in the volume of 1033.Z s is calculated based on the lattice

parameter of 10.11A, and a maximum change of 1.0% can occur in the lattice angle. The addition of
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Na+ ions result ira decrease in symmetry, causing deviations from the initial cubic structure and
breaking of the degeneracy of the lattice parameters due to large displacements from the 8c positions.
Fig. 310 (a) shows that the system symmetry is higher when eight iereddied compared to when
four are added. The incorporation of one or three alkali ions also leads to large changes in lattice
parameters due to the low symmetry inside the framework.

In defected structures, Cs+ ions can cause a maximum change diréhdlattice volume
and a 1.0% change in the lattice angle. As the number of alkali ions increases to eight, the changes in
crystallographic angles for K+ and Na+ are significant at 6% and 12%, respectively. This causes an
overall distortion of the latticddowever, Cs+ ions create virtually no change in crystallographic
angle due to their proximity to cyanide groups, which reduces their ability to move within the
structure because of the &D&+ attraction, despite the presence of a large void at the denter.
result, the symmetry of the structure is even lower than that in the perfect structure. In contrast to the
trend observed in the perfect structure, the lattice distortion increases as the number of alkali ions
increases from 4 to 8 in the defectedtegs This is because the presence of a large ion cyanide
vacancy creates more space for the smaller K+ and Na+ ions to move and increases the asymmetry o
the structure. Compared to the other two alkali ions, Cs+ leads to the smallest lattice distortion.

3.3.6Charge Density andStructural Stabilization

To gain insight into the local bonding environments in the system, we analyzed charge
density maps by plotting the charge density d
the system of imrest minus the charge densities of single isolated atoms at the various lattice sites.
This characterization allows us to observe how bonding in the system changes the local charge
density environment. We presented the charge density difference pltts {arO 0) plane ifigure
3-11 for both the perfect and defected structyise: copper, brown: iron; white: nitrogen; black:

carbon). The 8c sites are located 0.25a above and below these planes at the centers of the square
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formed by the metal ion&igure 3-12 shows the result&igure 312 (a) (b) (c) shows the results in
perfect structuravithout Cs+ with 4 Cs+ ionsand with8 Cs+ ionsrespectivelyFigure 312 (d) (e)

(f) shows the results in defected structwithout Cs+ with 4 Cs+ ionsand with8 Cs+ ions
respectivelyFor 4 Cs+ ions, the red and white denote above and below the plane. For 8 Cs+ ions,

there are atoms below and above the plane in all four positions.

Figure3-11. (1 0 0) plane of CAHCF structures.

High

Low

(d)

Figure3-12. 2D charge density difference map of perfectHitF anddefected CeHCF

(f)
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Figure 312 displays significant charge accumulation between the transition metals and
cyanide ligand, suggesting the presence of strong covalent bonds between them. Speuifically, i
Figure 312 (a), the green area between@;eC-N and CuN indicates charge accumulation between
these elements, while the red area between C and N denotes strong bonding between them.
Comparing Figures-32 (a), (b), and (c), we observe that the greea between metal and cyanide
ligand increases in size, indicating that the addition of Cs+ ions leads to more charge accumulation
between Cu and N and between Fe and C. This strengthens the covalent bonds between these atoms

Comparing the defected strucg inFigure3-13 (d) to the perfect structure Figure3-12 (a),
we observe that the charge accumulation between the transition metal and cyanide ligand in the
defected structure is significantly less than that in the perfect structure. This sugajesis th
presence of a large vacancy site decreases the stability of the structure.

After the incorporation of Cs+ in the defected structbrgure3-12 (e) and (f) reveal that the
metatligand bond strength is increased, which compensates for the reduced stability caused by the
vacancy. The addition of K+ and Na+ ions also reinforce the defectétiOEuwstructure. However,
the results of K+ and Na+ incarmtion in the defected structure differ from those of the perfect
structure, as shown igure3-13 (from l€ft to right 4 K*, 8K*, 4Na, 8 N&). The large lattice
distortion that occurs when 8 K+ or Na+ ions are added weakens thecyaiale interaction and

reduces the overall stability of thelstture.

(b) (d)

Figure3-13. 2D charge density difference map of defecteeHOF with4 K" ions 8 K* ions 4
Na'ions 8 Na ions.
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3.3.7 Electronic and Magnetic Structure

Cs' incorporation also results in changes in the electronic structures of both perfect and
defected CtHCF. Figure3-14( (a) no Csion. (b) 4 Csions. (c) 8 Csions and defected GHCF
with (d) no Csions. (e) 4 Csions. (f) 8 CSions) shows the density of states of-BICF structures
with addition of 0, 4 and 8 Csons. Vertical dotted line denotes Fermi levak Figure3-14 (a)
shows, for perfect GHICF the states from all four elements have small overlapping energy ranges at
about-6 eV and near to the Fermi level. Even greater overlap is present in structures with 4 or 8 Cs
ions in these energy ranges. This is consistent with the increase in strength of the bond between the
metals and cyanide. The same trend is also observeddefingted structure as the number of Cs
increases. These changes in the electronic DOS are consistent with the 2D charge density difference
plots andgive further evidence that Céncorporation increases the bond strength and stabilizes the
structure. Arecent experimental study from Moloney et al. indicates that the exchange of other alkali
ions with Cs in C-HCF increases the thermostability of-BICF, which is consistent with these

observations>f]|

The incorporation of the alkali ions into the stire changes the charge states of the Cu and
Fe,asshowninTablel Woj ded et al . indicates that duri
from the +3 charge state to the +2 charge state, followed by the high spin elements in the structure.
[3] In our cases, similarly, it is reasonable to expect the charge of low spin Fe to first decrease from
+3 to +2. Only if needed for further charge balance will the charge of high spin Cu decrease from +2
to +1. This reduction allows Cu and Fe to eliminatpaired electrons in-drbitals, which impacts
the magnetic properties of G4CF. The DOS plots also validate this. FigurgS3shows the -drbital
configurations of Cu and Fe ions in both perfect and defected structures as a function of the number

of incorporated alkali iongrigure 315 (a) (b) (c) shows the configuration of perfect structures with

52



no Cs, 4 Cs and 8 C§, respectivelyFigure 315 (d) (e) (f) shows the configuration of defected

structures with no Cs4 Cs and 8 C§, respectively.
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Figure3-15. dorbital configurations oFe and Cu in perfect GHCF andin defected CtHCF

In the perfect C+HCF structure without Cs+ or with 4 Cs+ ions, as showfigare3-15 (a)
and (b), both Fe and Cu have unpaired electrons which result in local magnetic moments, as is shown
in Tables3-2. This structure is paramagnetic for both Fe and Cu. These unpaired electrons in Cu and
Fe are also evident from the differences in the spin up and spin down channels in the density of states
plots shown irFigure3-14 (a) and (b). In perfect GHCF with 8 Cs+ ions, shown iRigure3-15 (c),

the reduction of Fe eliminates the unpaired electrons and only leaves an unpaired electron from Cu.
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Thus, the local magnetic moment in Fe is eliminated, while Cu still has-zenormagnetic moment,
as is shown iTable 32. This means that the Fe become diamagnetic rather than paramagnetic, while
the Cu remains paramagnetic. For the density of states plot with 8 Cskigure3-14 (c), because
of unpaired electrons, the Cu peak is still asymmetrical betweawadhe&pin channels in the energy
range-8 eV to 2 eV, while the Fe peaks are symmetrical for all energies range because all of its
electrons are perfectly paired. The small differences in the magnetic moment of crystallographically
identical ions (up to alut 0.03ns in some cases) is a measure of the degree of convergence of the
calculations.

In the defected structure without'@sns shown irFigure3-15 (d), unpaired electrons in both
Fe and Cu drbitals result in local magnetic moments, as listed ilelr'af2; these are also associated
with the asymmetry between the two spin channels in the DOS peaks in the energy @vide 2
eV. As the number of alkali ions increases to 4, the Fe ions are reduced. As listed in-Zable 3
eliminating theunpaired electrons in Fe eliminates the local magnetic moment, as also evidenced by
the symmetrical Fe peaks symmetrical in the DOS plot over the entire range of energies. Cu still has
unpaired electrons resulting in a local magnetic moment and asymiinedaga in the range e8 eV
to 2 eV. When there are 8 Tens, both Cu and Fe are reduced, with the result that neither has an
unpaired electron. The result is that the magnetic moments of both Fe and Cu vanish as shown in Table
3-2 and the DOS plot iperfectly symmetrical.

The first Cu in Bble3-2 defected structure which is in the corner of the structure has a much
higher magnetic moment than other Cu ions in the face center. TNebGnd length for this Cu ion
is slightly longer than for the other Cu ions, indicative of lower covalencyfifs€u ion is more
likely to have unpaired electrons alone and is less likely to share them with its neighbor, N. In the

structure with 8 Cs+, the @ bond for the first Cu ion is shorter than otherlCbonds which
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indicates that it is less likely takie unpaired electrons. The shortening of theNGhond can be
explained by the distance betweeri @&sd CN. The CN ligand connecting to the first Cu is further
from the C$ions than the other CN ligand is from the other Cu ions. WheGNCmteraction
becomes weaker, a stronger-C interaction become possible; as a result, thé&\@istance
decreases.

In a recent study, Moloney et ft¥] show that the Cs absorption rate can be increased notably
by magnetic dispersion of the aggregatedHLIF particles because the application of a magnetic
field can drive the formation of a uniform and stable colloidal dispersion and increase the exposed
surface area. They also believe that it is the intrinsic magnetic naturel€Ethat makes the
magnetic agitatiomork. [°] We indeed find there are magnetic moments in théiC& framework,

even in the absence of alkali ions, which is consistent with the effectiveness of magnetic dispersion.

Table 32. Local magnetic moment in Bohr magnetons of Fe and @eriect and defecteGu-

HCF
magnetic moment of Fe magnetic moment of Cu

Feq Fe, Fes Fey Cu, Cu, Cus Cuy

perfect 0Cs 1.06 1.06 1.06 1.06 1.00 1.00 1.00 1.00

4Cs 0.92 0.90 0.90 0.90 0.78 0.75 0.76 0.76

8Cs 0.02 0.00 0.00 0.00 0.68 0.75 0.75 0.75

defected 0Cs 0.99 0.99 0.99 1.02 0.66 0.67 0.67

4Cs 0.01 0.02 0.02 0.73 0.66 0.66 0.66

8Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3.4 Conclusions

A detailed DFT study of Cancorporation with CeHCF structure has been carried out. The

influence on CtHCF lattice distortion, energetics, structure stabilities and electronic structures
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caused by Csincorporation has been characterized. From DFT calculations, the essentialhqoles
why Cs incorporation in CeHCF structure is favorable compared todtd Na+ atoms was
identified as being due to the much smaller lattice distortion caused by'thredesected CtHCF
compared to the other two alkali ions. Analysis of the alkalincorporation energy and ion
exchange energy showed that @&orporation is more thermodynamically favorable tharakd
Na+. It was also found that Ceeinforces the GUHCF structures by strengthening the mdigdnd
bond. The increased overlapea of transition metal and ligand peaks as the number teGg
incorporated increases was also indicative dfi@sorporation strengthening the meligand
connection. This is verified by experiment. Further, the densities of states also refldtaige of
the magnetic moment of transition metals resulting from the reduction process happening in
transition metals. All the calculations demonstrate thati@erporation in CeHCF is favorable
compared to other alkali ions such asaid N&. The ntrinsic magnetic properties of the empty-Cu
HCF framework suggest that uniform and stable colloidal dispersions that can absorb fione Cs

may be created by magnetic dispersion.
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CHAPTER 4
INCORPORATION OFRADIOACTIVE CESIUM INTO HYDRATED COPPER
HEXACYANOFERRATE BY DENSITY FUNCTIONAL THEORY CALCULATIONS

4.1 Background

Cu-HCF has proved to bagood candidate to seques€s” from aqueous environments.
The hermodynamisof Cs™ sequestratiom nonraqueous environments westidied inChapter
3. Howeveyin the practical se®rios, Ci-HCF is usuallydefected with a large iron cyanide
vacancy in the center amghydrated There aréwo different types ofvater molecules inside the
framework coordinatedvater moleculeand zeolitic watemolecules[*%] Zeolitic water
moleculesarefree water molecuke unbonded to any neighboring atoms in the inorganic
structure, though possibly bonding to each ot@enrdinated watemoleculesare bonded to
atoms in the inorganicgracture, in this cas® Cu ions in CeHCF framework, a&igure4-1

shows (left : coordinatedvater, right: zeolitic watey.

Figure 41. Coordinated water molecuded zeolitic water molecule the defected GHCF
framework.

There isstill limited work exploringhow water moleculeare distributedn Ci-HCF and
how they can impact the Cs+ incorporation andMksli exchangeA computational study by
Mink et al. have studiethe sixwater molecules GHCF system. Thegeterminedhe

configurations of all the watenolecules inside the @CF bulk. P/l However, no
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thermodynami@nalysis was used explain theseonfigurationsor to characterize thalkali-
water interaction inside the €HICF. Xu et al. studied the electrochemical prapsedf hydrated
Cu-HCF. Pf] The structure of G#CF in their study ishemonoclinic structure which is far
from our cubic structuredleitherof theseworks repored onhow water molecules can impact
Cs' ions incorporationln this chapter, we conductedgstematic study of hydrated EHCF
using density functional theory calculations. Our study included determining the maximum
number of water molecules that can be incorporated into tHéQFuframeworkand the
distribution of coordinated water moleculeslaeolitic water molecules within the framework.
We also investigate the configuration ob@-Cs', (H20)s-K*, and (HO).-Na" complexes
inside the CeHCF framework, where n represents the number of water molecules binding with
alkali ions.Finally, we examined how water molecules affect the incorporation éeeand
exchange energsof alkali ions. Our study provides valuable thermodynamic insights into the
alkali ion sequestration process in hydratedHIiF, which is relevant to practical applications
4.2 Methodology

4.2.1Density Functional Theory Calculations

Relaxing structures with water molecules can be challenging, but there are some useful
tips for the hydrated GHCF system. First, it is important ssvitch offthe symmetry when
generatingnput file files because water molecules move randomly and dhaiv specific
symmetrybecausedaving the symmetry tag open in thputfile can make it difficult to
achieve convergence. Second, avoid setting a very low convergence ¢riaéitoaV is
generally sufficienf>9 for such a complex system. Settithg convergent force too low due to
waterwater interactions may prevent relaxation from achieving convergence. Last, it is
important to monitor the trend of the system force and total energy. Water molecules can tilt and

move during relaxation, and maognfigurations may have the same or very similar system
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energy. If the trend of the total energy or force curve fluctuates near a value and does not
decrease further, it magdicate that convergence has baehievedAll of the calculations are
based orhe fixed cell shape. All other parameters are the sarSection 3.2.1.

4.2.2Hydrated Cu-HCF System

To begin, we determine the maximum number of water molecules that can be
incorporated into the GHCF framework. This calculation is important to previtet addition of
an excessive number of water molecules to our system. Following this, we calculate the water

framework binding energy using the following equation:

O O O O (4-1)
0O is the energy of the CGHCF framework hydrated by n water
moleculesO is the energy of G#HCF without any water molecul€e®. is the

energy of n water moleculeBhrough Equation-4, we can gain insight into the type of water
molecule preferred by the framework and how they are distributed when multiple water
molecuks are present within the framework. This calculation is essential in establishing a
reasonable configuration when incorporating alkali ions into the framework

4.2.3Alkali 1onIncorporation Energy and ExchangeEnergy

We initially placethe alkali ions irthe center of the framework as it has the largest space
for the ionsand accompanyingater molecules. Theme performan ionic relaxation for the
whole structure and let alkaons move to the most favorable sitexdcalculate the ion
incorporation eargy byEquation 42:
O - 00 O 00 (4-2)
‘O U isthe energy of structure after insertion of the N alkali ions, A=CSor Na’; O is the

energy of hydrated CHCF without any alkali atom3.he structure and energy are then allowed
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to equilibratelO is the reference energy for the alkalim®The values for Csions are

compared with the corresponding values foéralkid Nd calculated in the same walyor the

physically realistic scenario of the alkali atom being in a hydrated environment, the reference

states of alkali ions will be the dffr ence i n the energy of a dAdropl
containing an alkali ion and a water droplet without an alkali atom: 0 00 -
EE . For n=0, this would simply correspond to the energy of a single alkali ion in vacuum.

For ion exchange energy, we usguation 43:
O 0 O 0 0Oy 0 00O 0o g (4-3)
‘O 0 isthe energy of the lattice with N Gsns;O y U is the energ of the lattice
with N K* or Na' ions; O , O are the reference energies for @ad K" hydrated with

n water molecules, respectively, as described above.

4.3 Results andDiscussion
4.3.1Maximum Number of Water Moleculesin Cu-HCF Framework

First, weestimate theoretically the numbenediter moleculeghat could be
accommodated in a single unit cell of the framewmylsetting the density of GHCF box with
watermoleculego the density of pure watét gcni®). The volume of the box can be expressed

asEquation 44

AR 06 0 P (4-4)
@ is the volume o€CWHCF framework without Cu Fe and cyanide ligands. IS
the volume of CtHCF framework with all the ions listed above. w and @ are

the volume of all the ions listed above. There are 3 Fe ions, 4 Cu ions ayanideligands in
one defected GHCF conventional unit cell. BEquation 44, our calculated maximum number

of water molecules is 2This estimate imuch larger thanhe value ofL6, reported byhe
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previous experimental work®9 To address this issue, wecallthat watemoleculegend to

bind with each otheto form droplets. We see this effect in the PBA, as illustratédguare4-4.

Figure4-2. Water cage in the center of E¢LCF framework

Based orthe configuration presented kigure4-2, it is reasonable teuppose that the
full volume of the boxs not actually available to the waténstead, we will use the
configuration presented figure4-3, which involves a sphigal dropletin the center, to
calculate the volume and subsequently determine the number of water molecules present within

the franework.

Figure4-3. Water cage sphere in the center ofldQF framework

The diameter of the sphere should correspond to the length of tHEElattice
parameter. Using this configuration, we were able to determine that the maximum number of
water molecules present within the-BICF framework is 18, which is igopodagreementvith

the experimental value of 16
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Using Equation 41, we calculated the binding energy between th¢iC& framework
and water molecules. Initially, we incorporated a single water molecule into the framéwork,
which there aréwo scenarios: coordinatevater and zeolitic water. The binding energy of the
coordinated water molecule was lower than that of the zeolitic water molecule, indicating that
coordinated water molecules are energetically favorable by théGFuframework. To
determine if this conakion holds for cases with more than one water molecule, we proceeded to
add another water molecule to the system. For two water molecules, there were four different

scenarios, as shown kigure4-4.

Figure4-4. Variousconfigurations of 2 water molelas system

The first configuration has two water molecules far from each othebacduse we
have a single unit cell in periodic supercetiprdinated to the same Cu ion. The second
configuration has two water molecules close to each other and catedlio different Cu ions.
The third configuration has one water molecule coordinated with Cu ion and has another zeolitic
water molecule binding with the coordinated water moleculatydrogen bond. The first three
configurationscan be considered a cesponding to high overall concentrations of water, in
which all of the unit cells have the same water configuralibie last configuration is a 1x2x1
supercell. There are two water molecules far from each other and coordinated to the different Cu

ions. This can be considered msmicking a lowe overall concentration of water in the system,;
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calculations on unit cells larger than 1x2x1 are prohibitively expensivaranahlyconsidered
for this one casél'he normalized wateiramework binding energies are showrnTable 41

Table 41. Normalized wateframework binding energies; numbe#Xorresponds to the
configuration from left to right in Figure-4.

Configurations |1 | 2 | 3 | 4

Water Binding Energy (eV) -0.45 -0.57 -0.63 -0.70

Thefourth configuration has thmost negative (most favorableinding energy
compared to other cases, indicating that it is the most energetically favorable configuration
within the CuHCF framework. In this configuration, two copper water molecules are
coordinatedo different Cu ions and positioned far apart, eliminating any competition or
repulsion between them. This arrangement allows for strong binding of the water molecules to
the framework, resulting in a stable and energetically favorable $taehird cafigurationis
the next lowestwith the lowest binding energy under high water concentration scenarios. In this
arrangement, only one water molecule is coordinatedaiith ion, being connected to the other
zeolitic water molecule througbhydrogen bondThis configuration exhibits a favorable
balance between coordination and hydrogen bonding, enhancing the stability of the system.
Moving on, the second configuration has the sedugtest binding energyhe close proximity
of the two water molecules this arrangement leads to repulsion between teinstill far away
from each other to form hydrogen bomeeakening their binding to the framewoBmally, the
first configuration has the highest binding energy vatwesumably arising froihe competion
between the two water molecules to coordinate with the same Csincawe are interested in
the physical situation of ligh-waterconcentration scenario, the third configuration is
reasonable. We can conclude ttiegtir will only be one coordinatiewater moleculevhen there

is more than one water molecule in-BCF. Instead, zeolitic water molecules will first form and
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bind with each other through hydrogen bonds to form a water cage sphere in the center of the
framework, as shown iRigure4-4. Coadinated water will only form when there are too many
zeolitic water molecules, and there is not enough space for them tdFigure4-5 shows the

14 (left) and 18(right) water molecule scenarios, which confirm our conclusions. Six water
molecules are formed when there are too many zeolitic waters in the striotund-igure4-7

we find large lattice distortion due to the incorporation of too mangnaoblecules.

Figure4-5. Relaxed structure of GHCF with 14 water moleculesnd 18 water molecules

4.3.2Configuration of Alkali-Water Complex in Hydrated Cu-HCF

We incorporate alkali ions into the center ofBGF to form awateralkali complex
inside the center of structyra representate/as the initial configuratiarbefore structural
relaxation is shown inFigure4-6 (left to right Na-6 waterK-6 waterandCs-6 watel). in this
configurdion, zeditic water molecules form a sphere around the alkali ion and #rer®
coordinatel water moleculg which is in accord with our previoaalysis of the distribution of
the waterMoreover this is possible becaufieereis enough space in the center saesasily

accommodate thalkali-watercomplex.We use 6 water molecules as this number is the
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maximum number of water molecules in the first wédarand wateK coordination shefiand
10 water molecules which is the maximum number of water molecules in the firstGsater

coordination shell[*9]

Figure4-6. Initial configuration of watenlkali complex inside the CHCF of Na-6 waterK-6
waterandCs-6 water.

Then, we do ionic relaxation and allow all the ions movintb afinal configuration.
Figure4-7 (left to right Na-6 waterK-6 waterandCs-6 watel) shows the final configuration of
the wateralkali complexes Na" remains at the same site as initial configuratidowever, K
and C$ move to 8c sitgsvhich agreswith the previous work?f] For Na' ion, the previous
work [*°] showed that it favored tid siteat theface center obne of the smaktubicin the
whole conventional ceWhich is differentfrom our configuration The possible reasontisat the
work was done in the perfeEeHCF frameworkwithout a Fe(CNyvacancy in the center of the
cubic and the results may also be differentnaedefected hydrated GHCF. Also, the Fe(CNy
vacancy site is large enough for-Mater complex to accommodateéor the final configuration,
Na" still coordinates with six water molecules because there is enough Bgawmtrast Cs' is
positioned at the corner of the cubic structure, leavesg $pace for water molecules to bind
with it; However, three water moleculean stillbind with CS on the edge of the 8c site. In

contrast, K ions are much smaller than@sns, making it difficult for them to interact with
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water molecules when they arethe 8c sites. Consequently, tharealmost no water

molecules binding with K" ions in the final configuration.

(a) (b)
Figure4-7. Thefinal configuration of watealkali complex inside the CHCF of Na-6 water, K-
6 waterandCs-6 water.

4.3.2Alkali 1on Incorporation Energy in Hydrated Cu-HCF

In Chapter 3, we concluded that'Gens have the lowest incorporation energy into both
perfect and defected €HiCF compared to other alkali ions. To determine whether this
conclusion still holds in hydrated €4ICF, we calculated the ion incorporation energy fof,Na
K*, and C&. As a refeence state for NaK*, and C§, we surrounded each alkali ion with six
water molecules to ensure that the number of water molecules around the alkali ions in the
outside solvent is equivalent to the number of water molecules inside tHEEframework
Incorporating alkali ions into hydrated <€€1CF requires only one extra step compared te non
hydrated CeHCF: forming a watetalkali bond inside the CHCF frameworkBond formation
results in a release of energy, which leads to a decrease in the system's energy. Therefore, we can
predict that the presence of water inside the hydratedCrishould have @ositive effect on
alkali ion incorporation, as it lowers the imporation energy. The difference in incorporation
energy between the hydrated-BCF and norhydrated CeHCF system is the total binding

energy between the water molecules and the alkali ions in the hydraté@CU-or instance, in
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the Nd incorporation gstem, this energy difference corresponds to the binding energy between
six water molecules and N&igure4-8 shows the absolute value of binding energy between

different number of water molecules and alkali ionthe empty simulation box
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Figure4-8. Absolute value of binding energy between different number of water molecules and
different alkali ions
The ion incorporation energy for all three different alkali ions in both hydrated ard non

hydrated CeHCF isshownin Figure4-9:

Incorporation energy (eV)

107 hydrated 7
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Figure4-9. lonincorporation energy for all three different alkali ions in both hydrated and non
hydrated CeHCF.
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Thedifference in thencorporation energbetween hydrated and nérydrated CeHCF
for Na" is 2.6 eV, which is almost the same as the binding energy between six water mplecules
shown inFigure4.10.As for K*, as we noted earlienater does not bindith it inside CUHCF;
sq, the incorporation eneigs are the same for thgdrated and nehydrated CeHCF. In the
case of C§ three water molecules bind with it inside the l@QF framework, and the energy
difference should correspond to the total binding energy between the three water molecules and
Cs which from Figure4.10, is 0.94 eV. Howewe our calculations show this difference to
actuallybe 046 eV, which is not what we expectethe possible reason is tHas" is larger than
K* and Nd. There might be some other interactions betweérafs framework we need to
address in the future.

4.3.4 Alkali 1on ExchangeEnergy in Hydrated Cu-HCF

The ion exchange energy of @da” and Cs-K™ ions in the hydrated system involves
two additional steps compared to the +iyirated system. First, the host alkali ion breaks the
bond with water moleculesside CuHCF and moves outside to form a bond with solvent water
molecules. Second, the Uens break the bond with water molecules in the solvent and
incorporate into CAHCF, forming bonds with water molecules inside the strucliaking Cs-

Na" exchange as an exampleetdifference in incorporation energy between the hydrated and
nonthydrated CeHCF systems is given yquation 45:
O O o (] ‘ 0 0 o (4-5)

0O is the ion exchange energy difference between hydrated araydoated
CuHCF systemsO o andO o is the energy of hydratedu-HCF with
Cs' or Na ion and 6 vater moleculefsidethe structureO ~andO ~isthe energy

of nonhydrated CeHCF with CS or Na' ion. In other words, thignergydifference equals the
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energy difference between Usydration (negative value) and Ndehydation (positive value)
with water molecules, that is, the energy difference between-@atdiinding and wateNa"
binding. FromFigure4-8 we know that the absolute value of binding energy between-Nater
and watetK™ is larger than the watéZs’. This means the exchange energy value difference
between hydrated system and #igmrated system should be positive. In other words, ion
exchangen hydrated system is less favorable than in themalrated systenkigure4-10
shows the ion exchange energy value forKa" and Cs-K™in both hydrated and nemydrated

systens.
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Figure4-10.lon exchange energy for Chla” and Cs-K*in both hydated and noinydrated
systems

For C$-Na' exchange, the ion exchange energy value is as predicted. The hydrated
system has a more positive value than themairated system, which means that water
molecules inside the GHCF make C&Na' exchange lessaforable. However, for C&K*
exchange, the ion exchange energy for the hydrated system is more negative. This is because

there are no water molecules binding withién, but there are 3 water molecules binding with
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Cs' ion. The whole process only involw€s forming a bond with water, but there is n6é K
breaking the bond with water molecules.

4.4 Conclusions

In this chapter, we have investigated the distribution of water molecules within the
hydrated CeHCF framework and their impact on alkali iorcorporation energy and alkali ion
exchange energy. Our theoretical calculations suggest that the maximum number of water
molecules in the hydrated G4CF is 18. Furthermore, we found that coordinated water is
preferred when there is only one water molecn the framework, whereas zeolitic water
molecules are favored when there is more than one water molecule present. Coordinated water
molecules will also form due to limited space for zeolitic water when the number of water
molecules inside the framewoaikhigh. Our results also indicate that&hd Cs ions tend to
occupy the 8c sites, while Nens prefer the center of the framework after structural relaxation
following alkali ion incorporation. Additionally, we found that water molecules decrease the
alkali ion incorporation energy, making it more energetically favorable, and increase the ion

exchange energy, making it less energetically favorable
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CHAPTERS
DOPED LaMnO3 FOR WATER SPLITTING BY DENSITY FUNCTIONAL THEORY
CALCULATIONS

5.1 Background

Peovskite oxides (AB®) are emerging as candidates $IrCHapplications. The
perovskite structure is ubiquitous with many different A and B combinations and a variety of
different crystallographic structure8][ Moreover, perovskites can often accomiaieda wide
range of isovalent and aliovalent doping on both the A and B sublattices at significant
concentrations, charge compensated by oxygen vacancies if re§tjir&dlieffe and coworkers
have identified Sdoped lanthanum manganate; k8xMnOszx, as a candidate material for near
isothermal water splitting. Given the compositional richness of the perovskite system, it likely
that there are other compositions that also have favorable propéfiies. [

Emery et al§% used highthroughput DFT methods to screen 5329 perovskite
compositions for water splitting applications. By applying stability and oxygen vacancy
formation energy filters, they identified 383 candidates for further study. However, this study
only consigred pure perovskite compositions without any doping. Scheffe et al. have
demonstrated that doping is a practical way to improve perovskite performatte [
Gopalakrishnan et al. have also screeneth&>®d A and Bites doped perovskites and found
that larger reduction entropy can imprd&€CH efficiency 4. Doping can increase the number
of B-sites elements that are reduced during oxygen vacancy generation, thereby increasing the
reduction entropy.

Starting from the case of®MB%*0;, the work ismotivated by three observations:

(1) Monovalent alkali elements and divalent alkaline earth elements can be used to substitute on
the Acsites of perovskites. Doping these elements onto thiée& can increase the

configurational entropy, whichaybeneft the reduction reaction. Such aliovalent doping can
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increase the capacity of oxygen-stbichiometry during the reduction process. For example,
pure LaMnQ can only accommodate one oxygen vacancy for every two formula units, with
Mn3* reduced to Mf. When alkali or alkaline earth elements are doped onto thige&, more
oxygen vacancies can be formed because there are sotherMhe Bsites; the reduction from
4+ to 2+ in Mn results in a greater reduction in entropy than the reduction from 3€4o 2+|
Doping also changes the coordination environment for the oxygen vacancies, which can impact
the oxygen vacancy formation energy. This suggests that it may be possible to control the
energetics of oxygen vacancy formation by doping with different elesne
(2) Group Ill elements such as Ga, Al, and In can substitute on the B sites of perovskites.
Previous studies have shown that Ga and Al doping irgitel® of several Mibased Asites
substituted perovskites can improve the peakrdduction rate®]. Therefore, we expect that
single dopants on-Bites with these group Ill elements can also make a difference. Although
these group Il elements have the same oxidation state as Mn, they can still increase the
configurational entropy, which may leadit@reased oxygen ceftoichiometry. We dl not
consider the other 3+ lanthanides due to their small size. We also examined two +2 elements, Mg
and Zn, on the B sites as they can enhance reduction by creating higher vasiteseeBements.
Similar to A-site substitution, this substitution may increase the configurational entropy and
oxygen offstoichiometry capacity, which has not been systematically explored yet.
(3) While previous studies have made predictions about the stability of the compositions they
have investigated, they have not identified the specific temperature and oxygen partial pressure
ranges in which these compositions remain stable.

Therefore, thistudyaims to investigate doping on the A and B lattices starting from the

LaMnOs composition. To identify compositions with potential interest for splitting, we apply
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two criteria. Firstly, candidate compositions must exhibit stability over the temperature range of
room temperature to 1500 e dempenatuttetherrposlgmici cul ar
stability due to rapid decomposition kinetics. We are less concerned with thermodynamic
stability at low temperatures, agnythermodynamically metastable compositions may be
kinetically stable. The second criterion is that candidate compositiosisiiae oxygen vacancy
formation energies within the range of 2.5 eM®V. The lower bound is sufficient for water
splitting, while the number of oxygen vacancies produced if the formation energy isdaddve

may be impractical for water splitting. Vilevestigatel LaMnO3 doped with K, Rb, Cs, Mg, Ca,

Sr, and Ba on the A sites, as well as Mg, Zn, Al, Ga, and In on the B sites. Our results show that
LaMnO3 A-site substituted with Mg, Ca, Sr, and Ba andit® substituted with Al, Ga, and In

meet these tworiteria, making them potential candidates for stit@rmal water splitting
applications.

5.2 Methodology
5.2.1Density Functional Theory (DFT) Calculations

The phase stability and the oxygen vacancy formation energy are calculated using density
functional theory (DFT) in the Vienna ab initio Simulation Package (VASP{ with projector
augmented waves (PAW) pseudopotenti#lié]. The Fitted Elementgbhase Reference
Energies (FERE) are used to calculate heats of formation and in fdefeation energy
calculations . The generalized gradient approximation (GGA) is chosen to approximate the

exchangecorrelation energy with the PerdeBurkel Ernzerhoff (PBE) functionalf]. The

following PAW datasets of théASP distribution4.6d st r i buti on wer e used,

Na_ pv, K_sv, Rb _sv, Mg pvVv, Ca_»pv, Sr _sv, B a

[%9] is applied to the transition metal Mn withdU= 3.0 eV for thel-orbital electrons. For

lanthanum, we used the PAW datas 0 L a\BASP5E4 distribeation and determined the
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FERE as3.75 eV with UJ = 2.0 eV for thé- and 1.5 eV for thd-electrons. After convergence
tests, we use a cutoff energy to be 340 eV and a 4 x4 x4 Monklirask kpoint mesh for all

the calciations P7]. Spin polarization is also included in our calculations. We considered both
Ferromagneti¢FM, black and AntiFerromagnetic configuratiof®&FM, blug and found that

the results are very close to each athsris illustratedn Figure5-1.
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Figure5-1. Oxygen vacancy formation energy for FMd AFMconfigurations

5.2.2Bulk Calculations

We determine the ground state structure of LaMim@n among the following space
groups: Pnma (62, orthorhombic), 8m (221, cubic), Bc (167, trigonal) and Pimmc (194,

hexagonal). A 2x2x2 supercell is created for the cubic structure X77/® x 7.9 , 40 atoms),
a 2x1x1 supercell (11x 5.9 x 7.8 , 40 atoms) for the orthorhombic, a 1x1x1 supercell (30
atoms) for thearigonal, and a 2x2x1 supercell (6.8 6.8 x 12.4 , 40 atoms) for the hexagonal

structure Figure 52 showsDFT total energy per LaMnO3 formula unit of three different

structures relative to the orthorhombic struct@esen atoms are La, purple atonmes lsin and
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red atoms are (As Figure5-2 shows, the Pnma orthorhombic structure has the lowest energy

which is marked with black dash liae&d will be used for all subsequent calculations.
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Figure5-2. DFT total energy per LaMn§gdormula unit of three diierent structures relative to the
lowest energy, orthorhombic structure

5.2.3 Structure of substituted Systems

Based on Scheffe et al . GxSMeOumE2rk=0.8bcand al s u

on the 26atom Pnmaunit cell, we use a 2x1x1 supercell (1£5.9 x 7.8 , 40 atoms), in

which we substitute 3 out of 8 La atoms with group | and group 1l elements or 3 out of 8 Mn
atoms with group Il elements or other +2 elements, to give 2x=0.375. Relaxation of &l atom
positions and supercell dimensions is performed after the substituted structures are created.

5.2 4 Stability Analysis

To determine the stabiwe tryeeod tsabddt @rumierde
energies for all the wihnahy tdred stppecndi ¥ compo
decompose. We take these values from the mat e
Laboratory (NREL) as they use the same DFT fu

doping calcul attilbenss ublshtei tsutadhd3l'qi yseodmat yzpha g
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terms of the enthal pies of formation:

1)

@t x¥r W Wi Y ! 3"/ (5-1)

I n thisYH suathicomhange of chemiclald" polthamst i al f

equation represents the thermodynamic equilib
el ement al constituents. The requiremermtn that
is tthat |
v % iy N yr 3t (5-2)
Using these equations, the range of oxygen <c¢ch
is stable is determined. The oxygen chemical
y -0 o®Q Y Y YY o@Ql I- -Q"YO0& (5-3)
Equat3goemmesx ated by the ideal gas |l aw in whi

consiWerwesle the t abubsattendtfddad yge & ¢ Y t he O
M e wWeEav Y cwyd poodQis Boltzmann constant. T
temperature and oEagyugaetni opnar3t icaan ptrheesns ubree .used t

temperatures and oxygen parti @FPWepraerses uirgenso riinng

entropy to the solid components. The finite t
been repoft eadndoeiftordei dd not have significant in
i mpact can be | argyelgygyompattce|l betdweoean wwendi ff er

5.2.5 OxygenVacancyFormation Energy Calculation

For substituted structures, an oxygen vacancy is created to calculate the vacancy formation
energy. The first neareseighbor atoms to the vacancy swbstitutional site are randomly
displaced 0.1 A) to break the underlying site symmetry and thereby, ensurigntn

symmetric configurations of the defects are properly captui@d/drious physical configurations
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of substituted sites and sitesthivunique oxygen vacancies are considered, as discussed below. In
all cases the structure is full optimiz@dhe 2x1x1 supercell is used to calculate vacancy formation
energy.
5.3 Results andDiscussions

5.3.1 DopedPerovskites

We create dopeslystems based on the orthorhombic LaMs@ucture with 40 atoms in
the supercell. For La sites, we substitute with group | (Li, Na, K, Rb) and group Il (Mg, Ca, Sr,
Ba) elements. For Mn sites, we substitute with group Il (Al, Ga, In) and group Il (Zn, Mg
elements. Since we substitute 3 of the 8 La or 8 Mn sites the supercell, there are 8!/5!3! = 56
possible different arrangements of La and dopant. Fortunately, many of these are
crystallographically identical in the orthorhombic structure. Crystallogcagumalysis, confirmed
by single point calculations, shows that there are actually only 5 distinct arrangements of the 3
dopants for both Laites and Mrsites. These are illustratedfigure5-3. A1-A5 shows 5
distinct A-sites substituted configuratioasd B1-B5 shows 5 distinct 8ites substituted
configurationsFor clarity, only A atoms is shown for-8ites substituted configurations aorly
B atonsis shown forB-sites substituted configuratianghe normalized dopants substitution
energies of thesieve different arrangements are showrFigure5-4 (Sr, Lifor A-sitesand Al,

In for B-siteg which is following the equation:

o P 0O ‘ 0 _ G ‘ (5-4)
where,O s the substitution energ® ‘ is the final energy after
substitution,0 ‘ is the initial structure without ion substitution,

Is the chemical potential difference between the dopants and the

previous lattice atom. For both Sr and LsAes substituted structure. In both cases, the
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difference between the highest and the lowest enemgfjgcmations is less than 0.25 eV per
LaMnG:s formula. Since we have already captured all the distinct configurations by symmetry in

figure 5-3, we do not need a larger supercell to capture any other new configurations.

Figure5-3. Original La(A)-sitesandMn(B)-sitesin orthorhombic supercell and
crystallographically distinct arrangements foand B substitutions.
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Figure5-4. Substitution energy for Sr, land Al, Inat various combinations of sites in LaMnO

v al

and

Agi ghtdsehows, for

Substitution energy (eV)

Substitution energy (eV)

ues

wi de

S i mi

compositions with

do

con gur Bhtei dnosw.e st

2.15 4

2134

[N]

Iy

[N
|

2.10 A

g

=

@
1

2.07

2.06

-3.45

-3.60

-3.75 1

-3.90

[l S+ substitution (A-sites)

Substitution sites

Il A substitutioin (B-sites) 7|

eV)

Substitution energy

Substitution energy (eV)

To

for

we

range

| ar

not

condi t

or al |

need to

Substitution sites

uate the

cal cul at

I t he uni

of val ue

cal c

or t he

i mpact

e

6.45

6.30

6.15

6.00

@0
o
(&)
1

5.70

5.55

1.50

Il Li substitution (A-sites) |

Substitution sites

1.35

[N
o
1

=]
&
1

I
©
=}
!

e

N

o
!

0.60

vacancy

que

S

ul

82

each

of

def ect
at e

energy

the five
he
fi Mereaveon
fordandt ied&n
he oxygen

and

I |n substitution (B-sites)

Substitution sites

of di fferent

f or mat i

oxygenbsttestaoound

oxygen

sontegoaunt aomsi s

hi ghest

o

conf

f or mat

vacancy

energy

t
gur at i

n

c

g

ener gi

h

(

wrecghebsud
f
0|

woNes twi d d n dihtoiosres ,t hree cpend ti igw



mi ddl e value of substitution reqnergy thoi pewiflolr
the average | evel of stabilityuaddrogdyfgeerent
conditiThms, foubtshetathem, Awe just choose one

oxygen formati on derreng@btes rag pper enagrktedalrle ot her

the following stability analysis asnub otxiytgwetni o/r
we just choose one configuration B3, for whic
Fi g e For the case of Li, whiled4dtbOeeV¥, ame@s s oan
below 2.5 eV, meaning that this is not a good

Il n, although some of the poynbs$haere Rhrghetith

IN
o
()
<
=
=
o
=

means we can stil!/l take them int

w
o

IS
B

w
1
1

w

1
| ]
L1 |
—
—
L} |

1

N
1
L B | 1§}
H NI N .
N
H N
-
1
N
1
I

=y
1
1

Oxygen vacancy formation energy (eV)

o

Oxygen vacancy formation energy (eV)

o

A1 Sr A2 Sr A3 Sr A4 Sr A5 Sr

AlLi A2 Li A3 Li A4 Li A5 Li

~

~

s2]
1
[s2]
1
1

w
I
[4,]
1
1

~
.

w
1
I
w R
I 1
N
1 _|]
L
L
I
T | B

[
L
N
1
1

—_
1

Oxygen vacancy formation energy (eV)

o

Oxygen vacancy formation energy (eV)

o

T T T T T T T T T T
B1Al B2 Al B3 Al B4 Al BS Al B1lin B2 In B3 In B4 In B5In

Figure5-5. Oxygen vacancy formation energy under unique five configurations f&rLAl
and In substituted structures

83



5.3.2Binary PhaseStability

We first validate our methodology for phase stability byfqrening stability analysis for
a binary material and a ternary material before finally moving to the quaternary substituted
compositions. For the binary compositions, we select manganese oxides as our starting point. In
two dimensions, the E§-1 yields elationship®y* andY*  relationships for the various

oxides phase diagram kgure 5-6:

Apyy, (€V)
-6 -5 -4 -3 -2 -1 0
P | S— 1 . 1 N L . 1 N 0
MnO, ..
N
) Mn,05 g g
— Mn304” T — =2
R s
2
4 ~ 3 O
I
MnO
i a4
" MnO
S MniO,
T Mn,0, -5
= MnO,
T T T T T 6

Figure5-6. Phase diagram of Mn oxides¥h andY*  space

Thus, different Mn oxides are stable within different rang¥ of. Applying Eq.5-3,f o r
e a &¥'h v a | weean plot the relationship between temperature and oxygen partial pressure.
This results in a phase diagram in oxygen partial pressure (Pdrapérature (T) space’[
Figure5-7 () show the resulting phase diagram. We can compare the predicted stability line
between Mn and MnO with the published Ellingham diagréfh.Figure 57 (b) shows our
predicted PT value and Ellingham valueAs we expect, for high temperatures and low oxygen
partial pressures, metallic Mn is stable. As the temperature decreases and/or the oxygen patrtial

pressure increases, the manganese is progressiveiyeakid form MnO, MgOs, Mn;Os and

84



finally MnO>. The predicted temperature and pressure of the oxidation of Mn to MnO can be
compared to the webstablished Ellingham diagram. The difference between the DFT
calculations and the experimental Ellingham daagis aroundb0 K, which can be explained by
the known limitations in the accuracy of DFT calculations, typically up to a few tens of meV
energy We cannot find a higher oxygen partial pressure because the highest partial pressure
value inthe Ellinghanmdiagram is somewhere between'2@nd 10° atm.Figure 57 (c) shows

the error between our predicted value and Ellingham values.
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Figure 57. predictedphase diagram in P and T spgaite Ellingham PT value and the error
between predicted value and Ellingham values
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From the trend ifrigure5-7 (c), we expect the error between DFT predicted values and
experimental values to rangeiin 050 K as the pressure increasésth equation 51, we can
gety* =-4.837 eV under I atm oxygen partial pressure based on the Ellingham predicted
temperature and* =-4.680 eV based on our predicted temperature range. The error is about
0.153 eV which is reasonable compared to the error given by FERE method which is 0.05
eV/atom. f] We do not need to concern about the error trends in Figidrg)3hat the error
may be crazy large when we increase the oxygen partial pressure toigie as 1 to 10*
atm. The reason is that DFT is a 0 K method and all the calculations here are wHit¢hQvill
not change DFT error at all. The temperature error between our predicted value and Ellingham
value will be about 60 K when we transfer 0.153%V difference to temperature difference
under 1¢* atm. Based on this, we are confident thatraathodology can give good prediction
on stable temperature window of a given system.
5.3.3Ternary PhaseStability

The approach to analyzing the ternary system is identical to that of the binary system, but
in three dimensions of chemical potential spatmwvever, using Eq. 1 we can determifie in
terms ofY* andY* , thereby reducing the three dimensions to two dimensions of chemical
potentials space. This makes it easier to visualize and to analyze. The resulting phase diagram in
Yy andY* space irFigure5-8 (a) showthe stable LaMn@phase as well as other
neighboring phases. The stable LaMmpBase will be in the range ¥f =-2.959 eV t0-0.391
eV. Again, we can transform frobf  space to p@and T space, enabling us to identify the
stable LaMn@region as a function of temperature and partial preskigere5-8 (b) shows the
range of stability of LaMn@in P and T spacén the p2range of 1¢ -10°atm, which is

applicable to water splitting, LaMn@s the stable phase from ~250 K to more than 2000 K. This
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lower limit is not a concern since although LaMim@ay be thermodynamically unstable at low
temperatures it is lddy kinetically stable. This finding is in accord with fhievious study

which demonstrated stability up to the highest temperature explored, which was 1890 K. [
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Figure5-8. Phase diagram of L&In-O ternary system projected¥i  andY* spaceand
stability region of LaMn®@in oxygen partial pressure and temperature space

5.3.5Quaternary PhaseStability

We follow the same approach to the quaternarAlgvMn-O and LaMn-B 4D phase
stability analysis where Ag and Bag are substi
dimensional phase diagram cannot be visualized 2D. However, we can still determargyéhe
of ¥ value that for which the substituted LaMsi® stable byEquatiors 5-1 and5-2 and then
transfer that to P, T space Byuation5-3 to identify the stable temperature winddwgure5-9
shows the I phase diagram of Sr substituted and Wstituted LaMn@. Sr substitution case

is on theleft siteand Al substitution cass on theright site
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Figure5-9. Stability region ofsubstituted_aMnQOsz in oxygen partial pressure and temperature
space

The black bars iffigure5-10 show the temperature window predicted undet dtn
(experimental condition in reduction process) oxygen partial pressure to give stable substituted

phases.
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Left part with blue background is the composition witlsifes substitution and the other

orange part is the composition withsBes substitution; Black bars the predicted stability
window andshort red bar are experimt@l working temperatures. Compositions indicated by
blue circles are predicted to be unstablee blue circle denotes compositions that are not
predicted to be stable. The orange bars denote temperature ranges over which these materials
have been showrxperimentally to be stable. It can be safely presumed that these materials are
also stable at lower temperatures. Moreover, the experiments were not designed to determine the
upper stability temperature, so it is likely that they are stable up to someighaémperatures
also, although the precise limits are not known. Thus, the actual range of stability may be much
wider. The computational results are consistent with the experimental results for the Ca, Sr and
Ba substituted systems. However, in foases there is qualitative disagreement in that the
experiments predict stability at 1000 K or more whereas the calculations predicts either a much
lower maximum stability temperature (Na), or that the quaternary will be unstable (K, Al, Ga).
Possible reasw for this disagreement may be:

(1) Some of the substituted structure recorded by previous literature is not for water splitting

applications and their working oxygen partial pressure is at 1 atm which is much higher than

what we used in the water splittiagplication. As can be seen from Fag8b, the upper

limit of the stability range decreases markedly with decreasing partial pressure.

(2) PBE levelDFT calculationshave welldocumented limits to their precisioho probe the
discrepancy in terms of thegmision of the DFT results, we consider the degree of instability
of these systems, specifically how far they lie above the convex stability hull. It s well

established that DFT is not perfect in predicting stability. For example, there are a large
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numberof compositions and structures in the Materials Project database that lie above the
convex hull yet are experimentally observed. This may indicate either that the materials are
metastable or that the DFT calculations have limited precision. As a rebak, been taken

as a rule of thumb that structures with energies of less than ~70 meV/atom above the convex
hull may be experimentally relevarif][ Therefore, to ensure that we do not miss any

possible candidates, all compositions with DFT energiggsii@ meV and less higher than

the convex hull energy will be kept. Using that correction, wexamine those structures

that were found to be unstable

Table5-1. Totalenergy per atom difference between our calculated value and theoretical highest
value that make the phase stable

| a | m i | K| Ry Mg

Calculated total energy per

-7.944 -7.671 -7.581 -7.383 7.326 7276  -7.499
atom (eV)

Convex hull (eV) -7.945 -7.680 -7.5854 -7.3999 -7.327 7310  -7.575
Energy difference (meV) 1.0 9.0 44 17 1.0 3¢ [NECN
Stable Twith convexhull oo 1000 650.1200  250-2000  200-250  300-650  250-650  250-850

energy (K)

As Table5-1 shows, for four of the seven cases predicted to be unstaidepfthe DFT
calculations predict the structures to lies kbss120 meV above the convex hull. Taking this
error into consideration by adjusting the energy to lie precisely on the convex hull, we
recalculate the stable temperature window for these predicted to be unstable and compared them
with previous works, ashown inFigure5-11. This now shows temperate ranges of stability for
Al and Ga inFigure5-11, which now bring the DFT analysis to consistency with experiment for
nearly all compositions. For all the group | substituted compositions, they have low upper
stability temperatures and are be ruled out. Most of group Il and Il substituted structures result
in upper stability temperatures as high as 13000 K. For Ga and Al case, the lowest stable

temperature seems to be as high as 500 K. However, the &iatthese temperatures can be

90



expected to be relatively slow; thus, it is still worthwhile to analyze them further. Overall, we
will keep Ca, Sr, Ba, (&ites) Al, Ga In and Mg (Bites) doped compositions for the following

oxygen vacancy formation energglculations.
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Figure5-11. Predicted temperature window of substituted LaNim®ur work compared to
their working temperature in previous literatures after considerinDfieerror.

5.3.6 OxygenVacancyFormation Energy

As demonstrated iRigure5-5, different dopant arrangements yield similar ranges of
oxygen vacancy formation energy. Therefore, it is unnecessary to calculate the oxygen vacancy
formation energy for all configurations of all substituted compositionsalFoxygen vacancy
formation calculations, configuration Al will be used foesike substituted structures, while
configuration B3 will be used for-Bite substituted structures. We have determined the oxygen
vacancy formation energy for all the substitlt®mpositions that we found to be stable in the
temperature and pressure range of interest; that is, all the group Il element substituted structures

and Al, Ga, In Mg substituted structures are analyzed. All the unique oxygen positions for each
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of the sulstituted compositions are considered. Fesitgs substitution, that is 16 unique oxygen
vacancy configurations for all elements substituted structures.-Bibe8substituted structures,
there are 12 unique configurations for each element substitutetusés. Filtered by the

stability criteria,Figure5-12 shows the vacancy formation energy value for all the potentially
stable A and B sites substituted in LaMn®8ie backgroundA-sites substituted compositions,
orange background:-Bites substitutedompositions. Elements oraxis means different
elements based substituted structures. Blue dash lind:@2&/ window; Orange dash line:

oxygen vacancy formation energy in pure orthorhombic LabinO
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Figure5-12. Oxygen vacancy formation energy of substituted LaMnO
Overall, all the of these compositions can produce oxygen vacancy formation energy
from 2.54.0 eV and can be considered as potential candidates for water splitting applications.
FromFigure5-12, we ®e that the that the 3+ substitutions (Al, Ga and In) have higher oxygen
formation energies than the 2+ ions (Ca, Sr, Ba and Mg) To explore whether this trend is general,
we also calculated oxygen vacancy formation energies for the unstable structyresekigoire

5-13. The ratio of MA* and Mrf* is given in Figure 8.3 (a). Figure 513 (b) shows thexygen
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vacancy formation energy versus the valency of dopbntgyure 513 (b), lowestmeanghe
lowest oxygen vacancy formation energy among all tinepositions under the same valency of
dopant; meamdicatesmean value of oxygen vacancy formation energy among all the
compositions under the same valency of dopant; higheahghe highest oxygen vacancy

formation energy among all the compositions under the same valency of ddptrd.
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Figure5-13. Oxygen vacancy formation energy in all substituted composiaodshe oxygen
vacancy formfion energy versus the valency of dopants

There are two different points for 2+ statesFigure5-13 (b) which reflects both A
(lower point) and B (upper point) sites substitution. Ffigure5-13 we see the general trend
that the oxygen formation energy increases when moving from valence of the substituting atom
of 1+ to 2+ to 3+. There are higher #Mn**v al ues i n composition with
oxidation states. In other words, the trenthé the oxygen vacancy formation energy incesas
ast he dopant 0 deceasesikhadlectronegatvity aiffeeence between alkali ions

and O is larger thabetweeralkalineearth or3+ ionsand Q The bond strength should follow
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this trend andead tohigher oxygen vacancy formation energy in alkali substituted compositions.
However, we do not observe this trend in our resultéch means we cannot explain our trend
by different dopants around oxygen ions in this mardewever, his trend can & explained by

considering the electron orbital configurations of Marbitals, as shown iRigure5-14.

Mn 3+ Mn 4+

Figure5-14. Electron orbital configurations of Mn-drbital.

Mn3* has a halfilled to4 orbital and a single unpaired electron in therbital. This is
not a stable configuration because of the one electraoyoirbigal. By forming a bond with
oxygen and sharing the electrons, there will be a half fijex®tal which is more stable dhn
the previous unpaired configuration. By contrast/\has a haffilled to4 orbital and an empty
eg orbital, which, is already a relatively stable configuration. This stable configuration will be
broken when it shares electrons with oxygen to yieldrgraired electron in thg erbital. As a
result, the MA" will form a stronger bond with oxygen than #n Thuslower a Mrf*/Mn3*
ratio results in a higher oxygen vacancy formation energy.

We also found that oxygen vacancy formation energy for diffengygen positions is
different even in the same substituted composition. This is closely related to the coordination
environment of oxygen vacancy sites. If the difference in the electronegativity of the oxygen and
the cations to which it coordinates @der, the bond will be stronger yielding a higher oxygen

vacancy formation energy. An example of this can be seen from group Il elemsiteés A
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substituted structurebjgure5-13 (a)shows that Ca and Sr substituted structures have a

narrower range inxygen vacancy formation energy values than Ba and Mg substituted
structures. This is because the electronegativity qfl@®)and Sr0.95)is closer to the value

of La (1.10) No matter how the coordination environment of O changes, the change of bond
strength in Ca and Sr substituted structure will be similar to that in the pure sysiem.

differences in the electronegativitiesM§ (1.31)and Ba(0.89)from thatof La arelarger and

the bond strength between-Caand BaO or Mg-O will vary mthan inCa and Sr case. Thus,

the O vacancy formation energy will be more sensitive to the coordination environment and there
is a wider range of formation energies. The configuratidfignre5-15 (Red: oxygen; purple:
manganese; dark smaller green: La; brighdér green: Baalso illustrates our points. We

picked up two different oxygen positions in Ba substituted structure.

Figure5-15. Oxygen sites with different coordination environments in Ba substituted structure.

In Figure5-15 (a), oxygen has 4 Ba and 2 Mn as its neighborBigare5-15 (b), oxygen
has 4 La and 2 Mn as its neighbor. The electronegativity of Ba is much small&atiadich
means the bond strength between Ba and O is much stronger than between La and O. The
oxygen inFigure5-15 (a) has 4 @Ba bonds and 2 ®™n bonds so that more energy is needed to
create an oxygen vacancy. Indeed, the oxygen vacancy formati@gy eénenly 2.45 eV for the

configuration inFigure5-15 (b) but is 3.24 eV for the configuration kigure5-15 (a). The size
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of the dopants may also play a role in this part. Ca and Sr are slightly smaller and slightly larger
than La; Mg and Ba amauch smaller and much larger than the La. The larger the size difference
between the dopants and La, the larger variance in oxygen vacancy formation energy is. This
trend is the same as what we find in electronegatiitya result, the electronegativand size
differencegnayact in concert to determiribe variance in oxygen vacancy formation energy.

5.4 Conclusions

In thischapter applying density functional theory calculations, we screened substituted
LaMnOzs for water splitting applications. Staltyianalysis and oxygen vacancy formation energy
were considered as criteria to select candidates from all different substituted compounds. In
determining the temperature and pressure range of stability, we applied thermodynamic analysis
and the ideal gasw to predict the stable temperature range for all the compositions. In our
analysis, Ca, Sr, and Bag\e substitutions and Al Ga, In, and MgsBe substitutions result in
temperature stability up to ~2000 K; the compositions were therefore usedfier famalysis. In
vacancy formation energy calculations, we find all of these compositions produce oxygen
vacancy formation energy in 250 eV. We found that the value of oxygen vacancy formation
energy is related to the coordination environments andxidation states of substituted
elements. That is, the deviation of oxygen vacancy formation energy between different vacancy
sites under the same substituted structure decreases as the decreasing of difference in
electronegativity between La and otheighdors of oxygen. Also, the oxygen vacancy
formation energy increases as the increasing of the valence of substituted elements. These
interesting findings can be doping strategies for controlling the vacancy formation energy in

perovskite materials in weat splitting or other different applications.
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CHAPTER 6
DOPED PYROCHLORE MATERIALS FOR WATER SPLITTING BY DENSITY
FUNCTIONAL THEORY CALCULATIONS

6.1 Background

The appeal of the perovskites water splitting applications, among othassthe wide
range of compositions that are available and the ease of doping. However, perovskites are not the
only class of materials that have this potential. We will thus extend our analysis to pyrochlore
structures, AB2O;. Pyrochlore is a cubic structured phase whid structural formula
VITAVIBVXeYY and space group FAdi3 m (No. 22%), whi
by two unique cation sites and vacancies onaighth of the anion sites; both cations and anion
vacancies adopt an ordered arrangemeisitécations are eightfold coordinated and, as a
consequence of the anion vacancies, the coordination ofsite B reduced from eightfold to
sixfold. The pyrochlore structure is chemically flexible and possesses the capacity to incorporate
a wide range of elements. The likelihood of pyrochlore formation is affected by the ionic radii of
the A- and Bsite cationstfpically ra=0.0870.151 nm ands=0.040 0.078 nm) and their ratio
(ralre).[’"] This class of materials is chosen as fertile ground for possible third generation
candidatesolar-thermalmaterials for several reasons: (i) the pyrochlores can be corbakere
defectfluorite structures, resembling Ceg) (ii) the pyrochlore structure has a vacant site that
would be occupied by an oxygen atom in the fluorite structure. The presence of this vacant site
can be expected enhance oxygen diffusion; (iigs ternary oxides, they have similar chemical
diversity as the perovskites with the A site generally being a large 3+ ion and the B site being a
smaller 4+ ion. The incorporation of multivalent atoms allows the tuning of thetathiometry
in a manner anagous to that in the perovskites. In this chapter, we will apply the same

methodologyas used in Bapter 5 to screevariouspyrochlore compositions.
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6.2 Methodology
6.2.1Density Functional Theory (DFT) Calculations
We used the same DFT parameters as discusseetiion 5.2.1. Howeverhe FERE
values for lanthanidesdave only been determinéal La and Ce. We have fitted the FERE value
for them and will discuss them in detalSection 6.3.1

6.2.2Pyrochlore Struct ure

Figure6-1 (EwTi2O7 as an exampjeurple atoms: Eu; light blue atoms: Ti; red atoms:
oxyger) shows theonventionalnit cell of pyrochlorewhich containsg formula units ana
total of 88 atoms. Thigelatively large unit celneanghat it wouldbe computational expensav
To save computational cost, we can udéggli-Reduced Celbf 22 atoms (two formula units)
to do all the following calculationgsshown inFigure6-2 (purple atoms: Eu; light blue atoms:

Ti; red atoms: oxygen

Figure6-2. PyrochloreNiggli-Reduced Cell
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We dopethe various pyrochlore compositions withNa K Rb Mg Ca Sr Ba In on the A
sitesbecausdt has been shown thtdte conductivitycanbe enhancedby dopingon theA-site
through dopingindchange was seen by altering Bwsite.[¥] This impliesthat only A sites
substitution actually impasbxygen vacancgiffusion. There are 4 Asites in the primitiveell,
but they are crystallograpally idenical. In our studies, we sill substitute one of these for A
atoms, corresponding to 25% substitution.

6.23 Stability analysis

Unlike La and Ce, the FERE values for lanthanide elements such as Eu, Gd, Sm, andd¥ld are
available Therefore, we need to first fit FERE values for these elements. In addition, the NREL
database does not include compounds based on these lanthan@gdregs this issue, we
searched through the Materials Project datat?dswm[find the structure of all possible

compounds based on these lanthanides. We used the same DFT astitmide Materials

Projectto calculate their total energy per atont grerformed a stability analysis.

6.2.40xygenVacancyFormation Energy Calculations

We consider all unique oxygen positions based on a substituted primitive cell. Oxygen vacancies
are created on these sites, and we calculate the oxygen vacancy foenatmnusing the same
criteria of 2.54.0 eV as irChapter 5. We compare this value with the formation energy

calculated for the primitive cell without any atom substitution to study the impact of dopants on
oxygen vacancy formation energy

6.3 Results ad Discussion
6.3.1FERE Fitting of Lanthanide Elements

The first step to fit the FERE value of lanthanides, taking Gd as an example, is to find all the

common compounds based on the Gd and find their experimental egbéliormation.

Assuming the FERE value for Gdgse and Bking GdOs as an exampldhe error between
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experimental enthalpy of formation and our calculated enthalpy of formatiompeith can

be expressed using equatioi:6

Erro=Y0 » 0 4 (6-1)
YO 4 is the experimental enthalpy of formation per at@m. is the calculated
DFT totalenergy per atom for the compouige is the FERE value for Gdpe IS the

FERE value of oxygen which is already known436 eV.Our objective is to find g€

value that caminimize the root of mean square error (RMSE) across all the enthalpy of

formation of common compound based on @& found that th&@ M S E T8t 0 €V
whenmpe =-13.00 eV.Table 61 shows thexperimentaénthalpy of formation and

calculated vale for all the common compound based on TGek difference (error) andMSE
between experimental data and calculated data are also listed.

Table 61. Experimertal enthalpy of formationgalculatedenthalpy of formation, the difference
between experimeritdata and calculated daRMSE for Gd-based compounds

© BpUHE)  MHclaltedvitfiteddy(eV)  Diffrence(eV)  RMSBEY)

Gd,04 -3.7717 -3.7958 -0.024
GdCl, -2.6117 -2.5618 0.050
0.031
GdAs -1.6064 -1.5817 0.025
GdOCl -3.3821 -3.4001 -0.018

With the samenethodology, we can fit the FERE value for Nd, Eu and Sm. Table &4
shows theexperimentakenthalpy of formation and calculated value for all the common
compound based dwd, Eu and Snthe difference (error) andMSE between experimental data

and calculated dataable 65 shows the FERE value for these lanthanides.
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Table 62. Experimertal erthalpy of formationgalculatedenthalpy of formation, the difference
between experimental data and calculated GBMGE for Nd-based compounds

.~ ExpAH(eV)  AHcaloulatedwithfittedAuy(eV)  Difference(eV)  RMSE(eV)

Nd,05 -3.7474 -3.655 -0.092
NdF; -4.2933 -4.342 -0.049
NdCl, -2.3561 -2.636 -0.280
0.138
NdCl; -2.6972 -2.591 0.106
Nd,S; -2.4625 -2.378 0.085
NdOCl -3.4547 -3.369 0.085

Table 63. Experimertal enthalpy of formatiorgalculatedenthalpy of formation, the difference
between experimental data and calculated GRMGE for Eu-based compounds

____

-3.068 -3.339 -0.271

Eu,0; -3.446 -3.182 0.264
0.210

EuCl, -2.847 -2.892 -0.045

EuCl; -2.425 -2.242 0.184

Table 64. Experimertal enthalpy of formatiorgalculatedenthalpy of formation, the difference
between experimental data and calculated,MSEfor Smbased compounds

© ExpAH(V) AHcalulatedwithfittedAps, (eV)  Difference(eV)  RMSE(eV)

Sm,0, -3.7787 -3.8908 -0.012
SmF, -4.6068 -4.6733 -0.004
0.308
SmAs -1.5598 -1.6977 -0.013
SmOCl -3.4270 -3.4595 0.051

Table 65. Fitted FERE valuespe , for Gd Nd Eu and Sm

FERE values (eV) -13.00 -6.59 -8.80 -3.55

6.3.2Stability Analysis

We have screened all the pyrochlore compositiodsalrle 66. For EuTi>O7, due to
charge balance concerns, we opted to substitute group 11l elements exclusively on the Eu sites.
As the highest oxidation state for Ti is 4+, it limits our abilitgtbstitute E# ions with +1 and

+2 oxidation states on the-gites. Including suctons would result in an insufficient number of
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positive charges to offset the overall negative charge. Considering that Al and Ga are too small
to fit in the Asites, our doping choice in this scenario is limited td-br.all other pyrochlore
compositims, we substituted Li Na K Rb Mg Ca Sr Ba on the A sites td@imeraturestability
rangesof all thecompositionsare inTable 66. As discussed ihapter 5, 70 me¥érror from

GGA-PBE level of calculation is considered for eaocimposition

Table 66. Stability analysis of selected substituted pyrochlangselvin.

As in Chapter 5, the greeshadingn the diagram indicates compositions that are
predicted to be stablwithin a favorable temperature range for water splitting application. The
orange area indicates the predicted stable temperature range may be suitable for water splitting
application. The red area, which includes a temperature range, suggests thaiptbstmm is
predicted to be stable but not suitable for water splitting. Finally, the pure red area, without any
temperature range, indicates that the composition is not predicted to belstabtition to
those highlighted in greethe composition ntied with orange background indicates that they
havenot been experimentally observed yet. Composition with red background indicates that it
has been reportetb be unstable experimenta[l{?]. The compositiorwith green background
indicates that thelgavebeen synthesized in the lab beffi%.

6.3.30xygenVacancyFormation Energy Calculations

We screened oxygen vacancy formation energy for atjtbéen angellow marked

compositions inrable 66. The results for oxygen vacancy formaterergesare inFigure6-3.
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Blue dash lineshowsenergy criteria 2.81.0 eV. Orange dash linehowsoxygen vacancy
formation energy in unsubstituted compounds. Ndtheg there ardifferent scales in the
various panelsAs before, the 2.5 to 4.0 eV tatgange is delineated by the blue dashed lines;

the orange dashed line is the oxygen formation energy in the pure system.
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Figure6-3. oxygen vacancy energy for selected pyrochlore compounds

According toFigure6-3, substituting atoms can reduce the vacancy formation energy
relative to the pure systefhe oxygen vacancy formation energy inMad20- is too high,
making it difficult to generate oxygen vacancies during the water splitting reduction process.
Although oxygen vacancy formation energy in2@id.O; and EuMo0.07 are above 4.0 eV.
There are still many points very close to 4.0 eV which means we can still keep them as potential
candidats. Regarding CeTi.07, compositions with Li, Na, or K substitution appé&abe good
candidates. As for N0z, compositions with substitution of Li, Na, Mg, Sr, andé3a
potential candidates. In the case ofHeO7, although we have also calculated compositions

with Al and Ga substitution, the sizes of Al and Ga arestoall to fit in the Asites, so we can
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rule them outSubstitution within results in aroxygen vacancy formation energgthin the
target range and can be considered eandidateSince EuM0.07 havenot been experimental
observedand CeTiOr is reported to be unstabl€][ we canproposeEw,Ti2O7 and GdMo20;
for experimentastudy[87].

6.4 Conclusion

In this chapter, we conducted a screening of stability and oxygen vacancy formation
energy in several pyrochlore materials. We fittedRBRE value for Gd, Nd, Eu, and Sm and
used these values for stability analysis. Based on the stability analysis, we identified six
pyrochlore compositions and selected them for oxygen vacancy formation energy calculations.
After the vacancy formation erggr calculations, we determined tif@&thMo2O7 with Li, Na, or
K substitution, and Edi2O7 with In substitution are potential candidates for water splitting

applications
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CHAPTER 7
SUMMARY AND CONCLUSIONS

This dissertation investigates sevarsdterials for new clean energy applicatidrisst,
DFT simulations are used to understand selectivelyidbs sequestration by both nbgdrated
and hydrated GICF. This helps us to have a solid understanding of whysGavored by Cu
HCF against othealkali ions such as Kand N4, indicating a path for the use of HCF to
sequesr Cs' from nuclear wasteSecond, DFT simulations are employed to identify substituted
perovskite and pyrochlore materials suitable for water splitting applications. Thregatgins
utilize stability and oxygen vacancy formation energy filters to assess the potential of different
candidates. As a result, several promising materials are identified as contenders for water
splitting applications.

In Chapter 3The influence ofCu-HCF lattice distortion, energetics, structure stabilities
and electronic structures caused by Cs+ incorporation has been characterized. From DFT
calculations, there is much smaller lattice distortion caused by tha @sfected CtHCF
compared to thether two alkali ions. Analysis of the alkali ion incorporation energy and ion
exchange energy showed that @orporation is more thermodynamically favorable thdn K
and N4. It was also found that Cseinforces the CAHCF structures by strengthenirmpetmetal
ligand bond. The increased overlap area of transition metal and ligand peaks as the number of
Cs' being incorporated increases was also indicative 6fri€srporation strengthening the
metatligand connection. This is verified by experiment. kart the densities of states also
reflect the change of the magnetic moment of transition metals resulting from the reduction
process happening in transition metals. All the calculations demonstrate tlatd@goration in

Cu-HCF is favorable compared tther alkali ions such as'kaind Nd. The intrinsic magnetic
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properties of the empty GCF framework suggest that uniform and stable colloidal dispersions
that can absorb more Gsns may be created by magnetic dispersion.

In Chapter 4we have investigted the distribution of water molecules within the
hydrated CeHCF framework and their impact on alkali ion incorporation energy and alkali ion
exchange energy. Our theoretical calculations suggest that the maximum number of water
molecules in the hydradeCu+-HCF is 18. Furthermore, we found that coordinated water is
preferred when there is only one water molecule in the framework, whereas zeolitic water
molecules are favored when there is more than one water molecule present. Coordinated water
molecules Wl also form due to limited space for zeolitic water when the number of water
molecules inside the framework is high. Our results also indicate tratdCs ions tend to
occupy the 8c sites, while Nabns prefer the center of the framework after dtmat relaxation
following alkali ion incorporation. Additionally, we found that water molecules decrease the
alkali ion incorporation energy, making it more energetically favorable, and increase the ion
exchange energy, making it less energetically fadera

In Chapter 5applying density functional theory calculations, we screened substituted
LaMnG:s for water splitting applications. Stability analysis and oxygen vacancy formation energy
were considered as criteria to select candidates from all different substituted compounds. In our
stability analysis, Ca, Sr, and Basite substitutions and Al Gay,land Mg Bsite substitutions
result in temperature stability up to ~2000 K; the compositions were therefore used for further
analysis. In vacancy formation energy calculations, we find all of these compositions produce
oxygen vacancy formation energydr5-5.0 eV. We found that the value of oxygen vacancy
formation energy is related to the coordination environments and the oxidation states of

substituted elements. That is, the deviation of oxygen vacancy formation energy between
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different vacancy sitesaer the same substituted structure decreases as the decreasing of
difference in electronegativity between La and other neighbors of oxygen. Also, the oxygen
vacancy formation energy increases as the increasing of the valence of substituted elements.
Theseinteresting findings can be doping strategies for controlling the vacancy formation energy
in perovskite materials in water splitting or other different applications.

In Chapter 6we conducted a screening of stability and oxygen vacancy formation energy
in several pyrochlore materials. We fitted the FERE value for Gd, Nd, Eu, and Sm and used
these values for stability analysis. Based on the stability analysis, we identified six pyrochlore
compositions and selected them for oxygen vacancy formation ecedogiations. After the
vacancy formation energy calculations, we determined tha¥lG- with Li, Na, or K
substitution, and Ei>O7 with In substitution are potential candidates for water splitting

applications.
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