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Chapter 1

Introduction

Global energy security and environment conservation arengnthe immediate challenges
before the humanity. The cosffective natural reserves of petroleum are drying up. More
importantly, the indiscriminate use of natural gas overlést hundred years or so, as we
realize now, has taken a heavy toll on our environment in dinen fof global warming. This
calls for stringent measures to cut down on our carbon fadtpn environment, a sizable part
of which owes to automobile emission. Thus, the design amdldpment of sustainable and
green portable energy devices to replace natural gas fanmefdhe major challenges before
scientists. Use of electrochemical energy devices is uselsus consideration to replace for
fossil fuels. The design and fabrication of improvised pbke energy sources secondary
energy storage devices such as batteries and primary saiurck as fuel cells relies on fast
ion transport in condensed states of matter. The study bfdasonduction (or, superionic

conductors), thus, forms one of the most vibrant areas clemteday research.

In electrochemical devises electrical energy is genetatednversion of chemical energy
through redox reaction. The anode of a battery is the reduagent and serves as electron
donors while the cathode serves as electron acceptor. &bieayte is a pure ionic conductor
that separates the cathode and anode. While in operaticinagle current flows through the
external circuit delivering power to an electrical devidé® mobile ions present in the elec-
trolyte carries the current to complete the circuit. Elelgtie can be of liquid or solid phase.

1
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2 Chapter 1. Introduction

Liquid electrolytes have no regular long range orders cagntirely of mobile ions while
solid electrolytes have a rigid matrix in which one or moreaps of mobile ions diusing
through them. The recent studies of fast ion conductiorsdkrgely on solid electrolytes
owing to their high energy densities, leak resistance, des®sive nature, high thermal and

chemical stabilities.

Fast ion conduction has been realized in a variety of solittiogs, such as crystalline
solids, glassy materials, polymeric systems, plastictatysthin films, etc. The ionic con-
ductivity of fast ion conductors are typically in the rangel63 to 10* S/cm, while their
electronic conductivity are of the order of £85/cmwhich is practically negligible. There are
fast ion conductors which exhibit electronic conductiasywell (for example, Li-intercalated
graphite and.i,Co00,), called mixed conductors, they find applications in el materi-

als. Several excellent reviews and perspectives on sauirelytes have recently appeared

[1-26].

There are a variety of crystalline fast ion conductors witfiedent mobile ions that can
be classified depending on the type of carriers, cationidgotors Li*, Na*, Ag", H* etc.)
and anionic conductors=¢ andO?"). The following sections briefly review some of recent

advances in the field of fast ion conduction in crystallindenals.

1.1 F~ ion conductors

Fluoride compounds forms an important class of anionic aotats that find rich technolog-
ical importance in various fields. Fluoride material showghhonic conductivity at lower
temperatures due to its small size, negligible electroaiactivity and finds its application
as solid electrolyte materiaf-29. It has been used as electrode material for Li batteries
also for its high electronegative value&9]. Rare earth containing fluoride systems also have
been used as solid electrolytes of power and sensor appfisaiepending on their ionic

conductivitiesB1-33].

TH-1175_08612112



1.1. F ion conductors 3

Fluoride materials such @sPbF,[34], CaF,[35], S nF[36] crystallizes in cubic fluorite
structure CaF, structure) and exhibit high ionic conductivity with the peaice of extensive
intrinsic disorder of the anion sub-lattice. There are nuouas fluoride conductors synthesized
by doping these bivalent fluoride materials. In most of thegses, the homogeneous doping
of bivalent fluoride material by monovalent anion deficitteyss such a&KF[36], NaF[34]
etc. or trivalent anion excess systems such.@Bs;[34] enhanced the conductivity of the
system and also influence the conductivity behavior withperature. S nF is reported to
show one order in magnitude more conductivity when dopet fKF and leads to &
to y superionic phase transition at 4433§]. PbF, also shows higher conductivity for both

cases while doped with monovaldCF or trivalentLaF;[34].

There are fluoride based composite materials sudda&snFs when doped withAl,O3
fillers show an enhancement in conductiv8y]. The enhancement of conductivity depends
on the factors like size, concentration and nature of therfghrticles as well as the method
of preparation. In the study &§aS nFs study it was shown that the host conductor dispersed
with 0.6 micron size alumina particle shows more than oneoofl magnitude improvement
in conductivity compared to the alumina particle size of tmoin. There are also other com-
posite electrolytes for exampkRbF, dispersed witls 10, particle34], CaF, dispersed with
Al,O3 [39] has been studied. They showed that the conductivity ise®®aith the concentra-
tion and decreases with the sizes of filler particles. Varimunary fluoride materials such as
KS nFs[38], RbS nF5[39], PbS nRk[40], KBiF441] and TiZrFs[42] have also been shown
to have very good electronic conductivity at ambient terapge. Among thenRbS nFsg

shows excellent ionic conductivity aboutl@5S/cmat 473 K[39)].

Fluoride materials has also been used as thin films for lowgp@pplications. However
mostly studied fluoride systems for thin film applications baFs[43], and BaF,[44]. It is
also reported that few fluoride materials such.a&;[45], S nF,[46], CaF, [47] shows con-
sistently one or two orders higher conductivities for lowsystallite size. For exampl@nFk,
of two different crystallite sizes 81 nm and 36 nm shows conductivilyeva74 x 10 and

1.61x 10°® S/cmrespectively§6]. The fractional cross sectional areas of grain boundaries
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4 Chapter 1. Introduction

increases for nano-crystalline and this may be the reasomdb conductivity value. More
recently multilayer heterostructures B&F, andCaF, have been proposed as potential can-
didates for solid electrolytes. In this study tRe conductivity enhanced by increasing the
periodicity of alternating layers. The™ ions of BaF, transfers to the adjace@iaF, through
the interfaces which create vacancyBaF,; resulting increment in charge carrier concentra-

tion [11, 48].

Several molecular dynamics (MD) studies have been reportdde diferent fluoride ion
conductors. Rahman carried out MD simulation@e~, using rigid sphere modelp]. Then
Lindan and Gillan(Q] used shell model MD simulation dbaF,. Results from the two mod-
els are nearly identical. Both studies the pair distribufimnctions show decrease in the peak
height and increase in the population around the octahpdsition which indicates a superi-
onic transition. The diusion codicient of the fluorine ion was also calculated which shows
good agreement with experimental data. The result of thiérsloelel concludes that the elec-
tronic polarizability of anion does nofffact the fluorine dtusion significantly. Molecular
dynamic simulation were carried out also on B&F,[51]. This study showed a phase tran-
sition around a temperature 1200 K. Thé&wasion codicient and Debye-Waller factors are

calculated which showed good agreement with experiment.

Rigid ion model based MD simulations were performedrint; in temperature range of
450 Kto 1000 K b2, 53]. The diffusion codicients were calculated and show good agreement
with the nuclear magnetic resonance data. NPT-MD simulat{oonstant pressure, constant
temperature and constant number of particles) were peeidon the perovskite type fluoride
ion conducting oK AF3; family where A = Mn, Znor Ca). The study shows that only titza
based syste{CaF; has good ionic conductivity. The study concludes that themigration
in these materials occurs through the vacancy mechanisroradlated jumps of interstitial

ions.
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1.2. & ion conductors 5

1.2 O?% ion conductors

Oxide ion conductors are used extensively in solid elegteofuel cells (SOFC5, 54).
SOFC converts chemical energy into electrical energy. Téetredes of SOFC are separated
by electrolyte which allow transfer of either oxide or pnotmonductors. Normally SOFC op-
erates at temperature range 8AMO0T. The fabrication of SOFC which can work at a lower
temperature range 560700C remains an open challenge. One of the most popular class of
oxide ion conductors has the chemical formAl@, which typically stabilize in fluorite type
structure wheré\ is a tetravalent cation. One of the best known fluorite basediactor is
acceptor dopedrO,[8, 15, 55. PureZrO, is not a good ionic conductor and stabilizes in
fluorite structure only at temperature higher than 28J6%]. So divalent or trivalent cation
are doped into cation sublattice 8fO, to stabilize the fluorite structure in lower tempera-
ture. This also increases the concentration of oxygen aesin the lattice resulting in an
enhancement of conductivity. Calcium stabilized zirc§@GaSZ), Yattria stabilized zirconia
(YSZ) and Scandium stabilized zirconia (Sc&Z)[are among the typical acceptor doped zir-
conia which show good ionic conductivity in the temperanargge above 70Q756]. Among
them YSZ shows best ionic conductivity and studied widelydpplications in SOFC. But its
use is limited because of high operating temperatures{80I00T)[5§].

DopedCeG; is another class of fluorite type oxide ion conductdéd,O; andS mO; are

the well known dopants used ©eG,. These materials exhibit higher ionic conductivities at
low temperature range 560700C which is advantageous for use as electrolyte material in
SOFCE9-61]. But one of the main disadvantages of these materials iprgence of non-
negligible electronic conductivity above 6@0°Despite the reduction in cell voltage due to the
electronic conduction gadolinia substituted ceria shawesigh ionic conductivity to be used
as electrolyte. Attempts have been made to mix zirconia and together to achieve better
ionic conductors having high conductivity like ceria wittetstrong chemical and mechanical

stability of zirconia p2].
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6 Chapter 1. Introduction

6 — Bi,03 is another material which exhibits high oxygen ion condutstiand stabilizes
in the fluorite based structu@g, 64]. This material possesses high fraction of oxygen defi-
ciency. Again the high conductingphase of this material is stable at a temperature higher
than 750C. Doping through rare earth materials ¥y, Dy** andEr3* in combination with
supervalent cations likBlb, W have been reported to produce stable structure at low temper
ature B5, 66.

Another fluorite structure related oxide ion conductor isggplore structure with general
formula A;B,0,[67]. Two most widely studied pyrochlore structure &el(Ti,_yZry),07,
Gd,_yLn,Zr,0; whereLn = Sm NdandLa [68, 69). However these materials exhibit con-

ductivity lower than YSZ or gadolinium based ceria and heareenot used in practical SOFC.

There are another class of important oxide ion conductoishwstabilize in perovskite
structure with general formulABO; where A cation is sitting on the center of the cube
surrounded by twelve anions and B cations are sitting on tmeer of the cube making
an octahedral arrangement with anion. Sr and Mg ddpg@a0; with general formula
La; xS Gay_yMgyOs_s (LSGM) show very good oxide ion conductiaitf-72]. LSGM shows
better conductivity than YSZ at low temperature also. Thesusf these materials however
restricted by the diiculty of obtaining them in a single phase, volatility of gadimm at high

temperatures and its tendency to react with Ni which is afissed as the anode.

La,M0,0g discovered recently also shows fast oxide ion conductish [ La,M0,Oq
(LAMOX). exhibits a phase transition from very low condungfic monoclinic to high con-
ducting cubic phase at 580" Doping of the La site of the pure LAMOX structure by alkali
ions K andRb) or alkali earth metalsGa, BaandSr) stabilizes the cubic structure at room
temperature without much reduction in conductivig[ 75]. Doping of rare earth metals
Gd, Y andNbin La site along with W doping in Mo site show better oxygen @fliusion in
LAMOX than those of YSZ and LSGM(g)].

As mentioned earlier Yattria stabilized zirconia showstogygen ion conductivity above

temperature 70C. The conductivity of this serieZ(0,)1_x(Y-Oz3), increases initially with
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1.2. & ion conductors 7

the doping concentration and reaches its maximum value fBrmol % then decreases for
higher concentration of dopant. To analysis the dependeinm@nductivity upon the concen-
tration of dopant and the pattern of oxygen vacancy didioby molecular dynamics (MD)
simulations have been carried out on this seriésf8]. This study also shows a maximum
of diffusivity for 10 mol % of Y,O5; and decreases for the highéiOs; concentration. Oxide
ion concentration increases in the center of tetrahedealgth more number o¥3* ions at
its vertices. The oxygen ion pathway has been analyzed &ilddthe study analyzes that
in low impurity concentration, the ratio of forward and baakd jumps and diusion jumps
increases with number of** atoms. But for highe¥3* concentration the contribution from

local forward-backward jumps increases which reducesatae diffusion.

Molecular dynamics simulations have been carried out ondthyged ceria compound
Cer xMxOp_1)x whereM = La, GdorY for 0 < x < 0.3) [79, 80.. The study analyzes
the difusion codicient of this series acrossftirent concentration of dopant x. The study
shows the highest conductivity for Gd doped system. The waindty variation with compo-
sition x for a particular dopant shows that the conductivity inceseand reaches a maximum
for a certain value of dopant concentration and then deesedshis trend is similar for all the
three dopants studied. In this study the higher rate of baokywmps of oxygen is detected

as the reason for decrease in conductivity for higher canagon of dopant.

Molecular dynamics simulations on tA&O; type perovskite structured materiadGaG;
have been carried o@], 82]. These materials have higher ionic conductivity thanamia

doped materials. The study proposed that the large freenslnd a large value of the factor,

T = \/Er?r;c;o) ~ 0.96 is responsible for the higher value of the conductivityp@rovskite
structured material. They studiedid@rent series of materials by varying the composition at

A andB sites which showed maximum conductivity for the compoumdsshichT ~ 0.96.
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8 Chapter 1. Introduction

1.3 Proton conductors

Proton conduction was first discovered by lwahara et al. ipedobarium and strontium
ceratesh3, 84]. These materials usually stabilize in perovskite typedtire. The require-
ment of a good proton conduction is identified as, oxygen @cancies in the structure and
dissociative absorption in the surface. A water molecuisaliiates into a hydroxide ion and
a proton. Hydroxide ion occupies the vacant site and leamnogile proton which conducts

electricity.

Cerates and zirconates are important class of proton cemucMany materials have
been synthesized doping cerates and zirconates and theircienductivites are measured as
a as a function of doping concentratidBaCe gqYo20,9 shows high proton conductiasi.
BaCeQ by itself shows poor chemical stability when used in SOFQOgdcts withCO, and
decomposes into barium carbonate and cerium oxBBZrO; shows much better chemical
stability and high intrinsic proton conduction thBaCeQ. Cerates and Composites of cirates
and zirconates exhibit high proton conductivity and bettezmical stability. This has been

one of the most promising class of proton conduc&6s87).

Some oxygen deficient materials with perovskite structtee@ported to show good pro-
ton conduction.BaIn,0s is one of this type of materials. The presence of intrinsiggen
vacancies permits adequate amount of proton conductitweisttucture. Ba;_yLay),1n,0s, «
composition shows higher proton conduction with the ina@atof La B8]. It reaches the
highest conductivity for composition= 0.1 of 1.12x 10-° S/cmat 400C. Another material
Bay(IN1_«Tiy)20s,x Shows good ionic conductivity.1 x 10~ S/cmfor compositionx = 0.2

at temperature 450{89).

Ca and Sr dopetaPQ, shows predominant proton conduction at &fiough the mag-
nitude is not very high & 10°° and 3x 10* S/cm, respectively90, 91]. These phosphate
systems consists of a chain of corner shafgy tetrahedra separated by layers of rare earth

materials.

TH-1175_08612112



1.3. Proton conductors 9

CsHS Q areCsH,PO, are the solid acids which show high proton conduction atrela
tively moderate temperature. This material has advantaiggshydrous proton transport and
good thermal stability upto (250j[92, 93]. Rare earth doped orthoniobates and orthotanta-
lates materials of the general formi&;_,AMO,, whereRE = La, Gd, Nb, Th, Er andY,

M = NborTaand A = Ca, Ba, or Sr) also show good proton conduction. Amondfeli-

ent composition&ag 99Cag1NbO,_;5 is known to be one of the best conductors of this series.
These class of materials go through a structural phasaticarsom a low temperature mon-
oclinic (12/c) to a high temperature tetragonéfl{/a) structure associated with a reduction
in activation energy depending on the composition. Theseniadés show pure protonic ion

conductivities up to temperature 7G)%f the order of 10°S/cm[94].

Classical atomistic molecular dynamics (MD) simulatioresrgvperformed o€ sHS Q
to explore the dynamic behavior of the sublattice and p[85h This study suggests that
the transport of proton occurs through one oxygen atom todighboring tetrahedral oxy-
gen atom along with the reorientation 10* tetrahedra in a structural reorganization. The

diffusion codicient of proton has been measured in good agreement withise@s.

Quantum molecular dynamics has been carried out on the éigpdrature protonic con-
ductorSrTi_S GOz for x = 1/8. This study showed the pathway of proton migration. At the
beginning the proton vibrates between O(1) and O(2) oxygen tnigrates to O(3) ion and
then again start vibrating between O(2) and Cg8)P8]. Anotherab initio based molecular
dynamics simulation has been performed on $recontaining cirateS rCeQ and titanate
SrTiO; materials.S rCeQ exhibits orthorhombic crystal structure while the titanebunter-
part stabilize in cubic structure. The proton conductinthpay has been briefly investigated

in this studyp9].
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10 Chapter 1. Introduction

1.4 Li*ion conductors

Li based solid electrolytes are amongst the best studieeriaktfor solid state electrolyte due
to their high thermal stability, high energy density, lofskscharge, excellent life cycle, non
flammability and wide range of operating temperatLl®§-102. There are various class of

Li ion conducting electrolyte.

Li4SiOs and the diferent derivatives of this material has been studied widé&lyough
Li,SiOy is not a good ionic conductor 210°S/cmat 300C)[103, 104], aliovalent substitu-
tions such as ob i by P>, V> andAs>* at theS i* site enhance the conductivityj5-10§|.
Li,S i, PyO, series shows best conductivity for the composition 0.4 at 100C [105, 106].
The V®* containing system shows a very high conductivity of the oafel0-*S/cm around
400T and can be used as a potential material for high temperasiterya Li,SiO, can be
substituted by divalent ions such Zs?*, Mg?*, Co?* or Ni?*[109-111] or trivalent ions
AR, Ga*t or B* [112 113 cations . DivalentMg?" substituted system having the formula
Lis_oxMg,SiO, shows highest conductivity 8 x 102 S/cm) for compositionx = 0.4 at

200T [111] which is still nearly one order lower for application in bexies.

LISICONSs, acronym for Li superionic conductor, are anotimgportant class of Li ion
conductors that stabilize i, orthorhombic phase. These systems have been studied for
its high ionic conductivity at high temperaturds 42Zn(GeQ,)4 [114, 115 is the first mate-
rial to be named as LISICON and shows excellent conduct¥ity5 S/cnt? at 300C but
shows very low conductivity of the order of 70S/cm at room temperature. This feature
is actually suitable for high temperature battery appicatvhere the low ionic conductiv-
ity is desirable at low temperatures for low self-dischaagel high conductivity at higher
operating temperaturelq. LisPO, is another important group of LISICON that permits
chemical substitution by tetravalent cation with genehanical formulaLisz, yM'V,MV,_,O,
where MV = Ge**, S or Ti* andMY = P>, V> or As*)[117, 11§. Interestingly, all

the intermediate members show higher conductivities tharehd members. Among them
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1.4. Li* ion conductors 11

LizGeyeVo4012[117] andLizgS ih4Vos012[118 show very good room temperature ionic con-

ductivity, low self discharge and hence used as solid elbaé for battery in U.S army.

It should me mentioned that there are other classes of Li amagcting material which
stabilize in NASICON (acronym for sodium superionic conuiztype structure. These are
also refereed to as LISICON material. They form covalemhevork of by corner shareeiO,
andZrOg polyhedra, andli* hops through the interstitial sites in the framework. Amémem
LiTi,P30,, system shows highest conductivity at room temperatur&07* S/cmwhich rises
to 0.1 S/cmat 300C[119. The common problem with this titanate is their instalgits T i
reduced taT i** in contact with Li cathode. But the stability of this matéiimproves when
doped withAlR*. Li;3Alg3Ti17POr exhibits high conductivity. Th&e Hf counterpart of
the titanium phase show little lower conductivity at roormpeerature but remain stable with
Li atmosphere though expensive for large scale produdRin[121]. The Zr counterpart
LiZr,P30,, shows two orders of lower conductivity at room temperatubéctv is useful for

battery application as it leads to low self-discharge dystoragel22].

LisN is another group oLi* ion conductors which show layered conductivity. Though
this material has good conductivity in room temperature {&0cm) it has limited practical
application as battery material due to its low decompasitioltage (0.44 V){23. So at-
tempts have been made to ddpeN and make some new materials with high decomposition
voltage. LizAIN, has higher decomposition voltage (0.85 V) but again the gotidty at
low temperature is very loviR4 125. LizN hasH* impurities associated withi* vacancies
which is very important for high ionic conductidt?q. WhenLiOH is mixed toLizN andLil
in the ratio of (1:2) it shows two orders of higher ionic contivty (0.95x 103 S/cm) and the

decomposition voltage is also quite high (1.6 32F] which is useful in battery application.

LisP is anotherLi* ion conductor having a moderate conductivity {1&/cm) at room
temperature with a decomposition voltage of 2.2.28. Recently a newLi*™ super-ionic
conductorLi;(GeR.S;,, has been discovered by Kamaya et aR9 that shows highedti*
conductivity compared to all other super-ionic conducfio? ¢ 10->S/cm) at room temper-

ature, and is comparable to those of organic liquid elegeol This material consists of a
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3-D framework structure made &fS,, GeS, tetrahedra antliSg octahedra which stabilize
into P4,/nmctetragonal structure. One dimensiohal conduction is found in this material
alongc-axis through the interstitial 16and & sites. Even at low temperatures30C) this
material shows very high conductivity (10S/cm) which enables battery to operate at lower
temperatures also. This material also shows excellentaige €iciency of about 100% af-
ter 24 cycle of operation with high discharge capacity 188hg?* which makes this material

useful for solid state batteries.

Matsuo et al. recently proposed thaBH, shows goodLi* conductivity above 390
K[130. Though conductivity of this material at room temperatphase is quite low (10 —
108 S/cm), it undergoes a structural phase transition from its lawgerature orthorhombic
to high temperature hexagonal structure and the ionic aiwily increases to the order of
103S/cm This material does not show any decomposition up-to 5V Winclicates high
electro-chemical stability. Partial substitution @H,]~ ion (1 — X)LiBH4; — xLiM where
(M = ClI, Br orl) shows higher conductivity at room temperature withoutdang the high
temperature conductivit§B1]. The reason for this higher conductivity is believed to be t
higher polarizability of the doped ions which induce highewbility to Li* [132. For thel
ions lowest activation energy is 0.39 eV reported Xot 0.13. The Cl and Br counterparts

also show higher conductivity than the hasBH,[131].

Lio(NH,)(BH,4) also shows two to three orders of magnitude higher condticti2 x
104 S/cm) than the hosLiBH, at room temperature. However it melts at 368.8J. and
shows very low activation energy after melting. Howeley(NH,)(BH,4)s shows even more
conductivity at room temperature abouk20* S/cm There are also complex hydride ma-
terial based olLiNH,[134 and LiAlIHg[135 investigated. OveralLiBH, and its derivatives
can be potential material for Li based solid state battedies to its high ionic conductiv-
ity, low electronic conductivity, high electrochemicahbtility and high stability to chemical

reaction toLi* based anode.
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Molecular dynamics simulations were carried out on the acoum LiZr,P30,, by Pad-
makumar and Yashonath in 2001. A rigid framework model wasipug/here all the frame-
work [Zr,P3045] 7! ions are kept perfectly rigid and only* are allowed to move. This study
predicts the ionic conductivity and normal to superioniaghtransition of this material. The
activation energy calculated from the simulation showsdgagreement with experiment. The
ion migration pathway is predicted as the one which connddteind M2 site. The variation
of population across temperature and the population deosittours around the M1 and M2

sites predicted in the study show good qualitative agreémigh experiment 136.

Molecular dynamics simulations doizN by Catlow et al. 137, 13§ investigated the
details microscopics ofi* motion in the system. At 300 K radial distribution functioh o
ion pairs ofN — N andLi(1) — Li(1) show features of typical ordered structure but the ftadia
distribution function forLi(2) — Li(2) shows some long range disordered motion. The analysis
of Li* trajectory identifies a strongly correlated ionic motiomvzeenLi* ions. As the number
of available vacant Li site ihizN is less,Li* does not reach to a vacant site by direct jump

instead it reaches there by several successive jumps @ivedy with other ions139-141].

There are a few MD studies dn,S Q. Li,S Q, possess good ionic conductivity at its
high temperature phase which stabilize in cubitcc structure 142-144]. The pathway of
Li* migration is shown is examined at high temperature. Theslvity calculated from MD

shows a little lower value than the experiment.

Li ion conductors are among the most used solid electroiptg®rtable devices due to
their high charge density, high open circuit voltage, diitgtand thermal stability. But due
to the limited availability of Li and its high cost, now a datfeere the focus is shifting to

alternative electrolytes, more recently.
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1.5 Ag'ion conductors

Most of theAg" ion conducting materials are based on Agl. At low tempeestuAgl is a
mixture of 8 andy phases but at 146’it transforms to ther phase and shows five to six
orders of magnitude rise in conductivity to reaehS/cm)[145, 146. Low conductivity of

Ag' ions atB-Agl phase is thought of due to the hexagonal closed pacKingdale ions re-
stricting pathways ofAg". While at high temperatures;Agl in bcceases th&g" movement.

But the transition temperature 146is more than the desired operational temperature. Hence
for application purpose search of new Agl based conductars been startetift7, 148. So
attempts have been made to get#hAgl like structure at low temperature by introducing sta-
bilizer ion into Agl matrix. There have been numerous catpanionic chemical substitution

tried upon Agl material which shall be briefly discussed ia tiext section.

AgS I was the first attempted anionic substitution upon Agl whizwbves very good ionic
conductivity (001 S/cm). This material is stable ig phase at room temperature with body
centered cubic lattice structudef9 150. The |~ occupy the corners while sulfur sits at the
center of the cubic cell. There are four voids Ay surrounding each face of thieclattice
structure. But the problem with this material is that it depmses and resulting in a reduc-
tion of conductivity. Solid solution of-Agl with Ag,S O, shows stable good conductivity
(0.02 S/cm) at —20C, but at room temperature the conductivity gradually desesavith
time[15]]. There are anionic substitutions, such as by phosphatgpgving rise to good
ionic conductivity. Ag;1,PO, and Agiol 15P,O; compositions which stabilize in simple cubic

lattice with lower activation energy @&g* in the range of 0.16 and 0.8V, respectively]51].

Tungstate ion substitutioAgl — AgpWG0O, leads to compounds with higher ionic con-
ductivity. For exampleAgls WO, and Agel 18W4016 Show conductivities @47 S/cm and
0.059S/cmrespectively at room temperatutdfs 151, 157, hence has been used as battery

material.

Several cationic substitution for example by alkali metals Rb'[153 and K*[154]),

amonium ions KH*)[155, sulphonium]56 and craboniun57] ions have successfully
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1.5. Ag ion conductors 15

doped in the Agl lattice structure. Among thétbAgls shows highest conductivity

(0.27 S/cm) [158 at room temperatureRbAgls has a simple cubic structure with lattice
parameter of 1PA. lodine ions form tetrahedra which are connected througk &haring.

Ag' sits at the center of these tetrahedra arttlides through its faces to the adjacent sites.
There are available empty sites #g" to move through the structure, on an average there are

2.5 tetrahedral sites surrounding ohg'.

Doping of ammonium ions in the lattice &gl leads to higher conductivitgp9g. There
have been attempts to introduce organic radicals suleditatnmonium ions into the lat-
tice of Agl, and improvements in conductivities have been repot®&@] (CHz)sNI — Agl,
(CHz3)2(CyHs),NI — Agl or (CoHs)4N I — Agl are the typical examples of ammonium substi-
tuted conductors. There have been reports of introducirrgumgions along with alkali metal

ions[161] as well as cynide iond61] and chalcogenide ionsfig in Agl crystal structure.

Several argyrodite silver ion conductors with the geneoamiula Ag, ,M*"Sg where
(M = Ti*, Nb*, Ta* etc.) have been reported recently which show good silvecamaluc-
tivity [ 162-164]. Most of these type of compounds goes through a phase tianat lower
than room temperatures from cubic structure to a less syromsttucture like orthorombic
structure. These materials posses high valuAgf conductivity at ambient temperatures
(10°23/cm).

There are otheAg" ion conductors, such asgT e,Cl, reported to shows good 1-D ionic
conductivity. There are two reversible phase transiti@ported for this compound at tem-
perature 24® K and 3342 K. The high conducting phase,— AgsT &Cl shows ionic con-
ductivity of the order of 80x 107! S/cmat 46K [165.

There have been numerous computational studies have begdcaut on high conduct-
ing a phase of Agl conductor. The ftlision codficient, atomic density analysis,ftlision
pathway the phase transition behavior have been studie@tail.d In his study Vashista
and Rahamanleq proposed that thAg* moves through the tetrahedral sites. Shimojo

and Kobayasi carried out molecular dynamics simulationaralyzing the atomistic density
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distribution of Ag* concluded that there is a saddle point between two neighdpdetrahe-
dral positionl67. In 1983 Parrinello et al. 168 successfully studied the «— B phase
transition of Agl using NPT-MD (Constant pressure, constaimber of atoms and con-
stant temperature molecular dynamics) which showed goozbagent with experiment. The
study inspired several MD studies on phase transitioAgif Tallon investigated the phase-
diagram study of Agl under constant pressure condition vigiave qualitative agreement

with experiment] 69.

Computational studies on the Agl based electrolytes su&tgsS1, Agyls, Agl — Agy_«
Cly (0 < x < 0.25) andAg;-yCu,l (0 < x < 0.25) have been reported. The studyAgS |
concluded that the transport A" at low temperaturg phase is strongly anharmonic around
the site while in high temperaturephase, the ion jumps through the sites. Takeuch in 1988
studied the population aig" and finds good agreement with experiméiif)]. MD study on
a — Agl — Ag,_«Cly predicts correctly the dependence dfasivity across compositiofiff 1]
and also calculated the transport number and activatiomgnBiffusivity found to decrease
with composition and the measurement of transport numberetisas the activation energy
show good qualitative agreement with experiment. In thdystif Cu substituted system also
the diffusivity variation with composition and the measurememigf transport numbers have

been calculated and compared well with experinmef].

1.6 Na' ion conductors

Sodium ion conducting electrolytes find its potential apgiion as solid electrolyte and also
in various other industrial fieldsNa" conducting electrolytes find its applications as sen-
sors technology also. They have been used as sensors founereast of the amount of
CO, gas [L73 174 and other volatile organic compounds/H. Na" conducting electrolyte
can be used to measure directly the amourtiaf in aqueous solutiod[7§ or from molten
aluminafl77. Recently the interest ové&ta" onducting electrolyte increases due to its abun-

dance oveLi* in spite of lower energy density and voltage.
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1.6. Na& ion conductors 17

In sodium sulfur cells developed in 19858 179 sodium conducting ceramic tube is
placed into sulfur. The anode is metallic sodium in moltatestind the cathode is molten
S/NaS, wherex = (5 ~ 3). This battery operates at a temperature range {3860C)
and the output voltage is in the range of 1.78-2.08 V atGEIB(. Recently ZEBRA cell
(acronym of Zeolite Battery Research Africa) has been apes in improving specific en-
ergy storage where instead of sulfur, metal halides has bsed as cathodd §0-182. A
secondary electrolyte has been included to the solid stdigehfor fast transport da* ion

in cathode structure and the output voltage in this cell38 2.

B-alumina and NASICONs are among the most imporfdat conducting electrolytes
having excellent ionic conductivities. There are oth&x" conducting electrolytes as well
as but having somewhat lower conductivity than these tWiao,M,TeQ;, where M =
Ni%*, Co?*, Zr** and Mg?') is another series of neiNa* ion conductor.Na,Ni,TeQ; at
300T has the high conductivity comparablegalumina and NASICONI[83. This materi-
als stabilize in hexagon&6s/mcmstructure. It is reported that due to the lowest ionic radius
and the higher electronegativitii>* based system leads to high conduction. This material
has a layered structure alongxis where the layers are made of edge sharieG andMOg
octahedra, andla® ions move in thea-b plane. The composite electrolyte wher@lumina
is added tdNaNG; [184] has a higher conductivity thadaNG; but still lower than those of
for p-alumina and NASICON.

1.6.1 p-alumina

B-alumina is one of the most widely uséth conducting electrolyte having excellent 2-D
conductivity. g-alumina Na0O.11Al,05) stabilizes in hexagonal structure@;/mme¢ ag =

0.559nm ¢y = 2.261nm) [185 184. In this structureNa* conducts in a layer perpendicular
to c-axis. Alumina layers forms spinel structure and betweesétwo alumina layers sodium
oxide layer forms 2-DNa" conduction channel. Doping by magnesium or lithium altbes t

stacking sequence of the layers and transforms into a neawrbbedral phase which is called
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aspB”-alumina structurdf3m; a; = 0.560nm ¢, = 3.395nm) [187, 188. The stoichiomet-
ric formula of Mg doped system idNaMgAl, (0,7 and the non stoichiometric formula is
Nag,xMgxAl11 xOq7 (X < 1). This altercation of stacking sequence increases theuwivity
of Na' in g”-alumina structure (0.2-0.4/@n at 300 ¢) [189 190, is preferred for uses as

Na" electrolyte.

Molecular dynamics studies have been carried oy#’esmumina ang3”-alumina fL91-
193. These studies mainly focus on the the factors whigbch theNa" migration mecha-
nism. There are mainly two ion conducting site which areethfis Beevers-RosBR) and
anti-Beever-RossaBR. Zendejas and Thomas studied the jump time and the numbers o
sodium cation fronBRto aBRposition. This study showed that time of flight is much shorte
than the time of residence in these sites which concludesitpation mechanism as jumping
process]97. The conduction process dfa” ion in 8”-alumina is identified as interstitialcy
mechanism, in which the ion moves between lattice and ititi@igoints[194, 195. Molec-

ular dynamics study of”-alumina also support this mechanish9§.

Conductivity variation with temperature f@ralumina shows no change in activation en-
ergy [195 197 198 but Mg-stabilizeds”-alumina shows non Arrhenius behavior at lower
temperaturef99-201]. MD simulation study also found this non-linear Arrhenhehavior at
low temperaturegg02. It suggested that the distribution of magenesium iongineal block
affects the conductivity oNa" and the ordering of vacancy at lower temperature leads $o thi

non-linear behavior fg8”-alumina structurg02 203.

1.7 NASICONSs

NASICONSs is acronym for sodium super ionic conductbiaZr,Ps0;, is the prototype of
this broad and well known family of solids often abbreviatesisodium zirconium phos-
phate (NZP). NZP material was first discovered by Hagman aedkaard in 204 1968.

The crystal structure stabilizes R8c rhombohedral symmetry and shows high chemical and
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1.7. NASICONs 19

thermal stability. The covalently bonded skeleton streetf this compoundZr,P;0q5] ™t
allows hundreds of chemical substitution at all the siteepkthe oxygen site, as discussed
extensively in these papeB§]5-207]. NZP solids are famous for their various technological
importance like use as solid electrolyte, Jm@gative thermal expansive material and gas sen-
sors etc. Many of the compositions, though do not even coiNai in the structure, having
similar framework structures are also called as NZP madtdnethis thesis the studies have
been focused mainly on the ionfidision and structural changes of NZP solids. So a brief

review on the NZP materials exploring these propertieshdélieviewed.

In 1976 Hong and Goodenough et al. synthesized a series gbasition by aliova-
lent substitution of P ion by S having chemical formuldNay,,Zr,S ikP3_xO1,, where
0 < x £ 3. They exhibit excellent ionic conductivity comparablesgtalumina above 443
K, particularly forx = 2 composition08 209. This discovery prompted scientist to ex-
periment extensively on this material and to synthesize sNid>compounds having better
ionic conductivity of NASICON family. In these extensivenge of studies along with the
fast ion conduction new properties of NASICON materialsehéaeen discovered such as
low thermal expansivityg10 211], immobilizer for nuclear waste material[2 213 and gas
sensors]14-217 etc. Roy et al. showed that NZP material is capable of imidiion of
large radioactive nuclei such &%Cs °°Srand can be used as a potential material for nuclear

waste technology13.

1.7.1 Structure

Figurel.1shows the connectivity of the framework skeleton of NZPd=liThe basic frame-
work structure Pon(X0Oy)3,] ™™ consists of corner sharingO, tetrahedra andOs octahedra
forming lantern units which makes it stable and at the same fiexible also. These con-
nected lantern units makes hexagonal closed packed sesatthen looked through the
axis. The general formula of compound from NASICON familyMd_,1M2y_,3A,(XO4)3

whereM1, M2 are the two sites for the cations. M1 site ha® symmetry. There are only
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Ficure 1.1: Framework structure of NZP solids showing corner sha®s octahedra (violet)
and X Qg4 tetrahedra (black). The locations of the alkali ion siteq, (green) and M2 (blue),
are also shown.

one M1 site per unit formula and makes a co-ordination of gtk wxygen atoms. M2 site
has lower2 symmetry and generally gets filled only when the number dbiteccation ex-
ceeds one per unit formula. Although there are cased.ii&e,P;0,, andLiT i,P;0,, where
at higher temperaturds ion jumps of the M1 site and start populating M2 s&§. M2 sites
are connected to the M1 site making three dimensional patifievethe ion difusion. There

are three M2 sites per formula unit of this compound.

1.7.2 NASICON as Low thermal expansive material

Most of the materials expands upon heating thus having diyp@#hermal expansion céie
cient. But there are certain materials which show very loev@n negative thermal expansion
codticient and have drawn the attention in recent years due togb&ential applications in

various fields19. These low thermal expansive materials find its applicegtim of optical
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mirrors, fiber optics materials, packaging for optical gmgs$ etc. They are also used in ther-
mal shock resistance devices. In biomedical and electapptications field also these type

of materials are used.

ZrW,0g, AM,O; Where @ = Ti*, Zr*, Hf* orSrf*)and M = P> orV>"), So(WQ)3
and NASICONs are among the widely used material used forh@mmal expansion applica-
tions. Zr,W,Og shows an isotropic negative thermal expansiorffoacient of—9.1 x 107 /K
in the temperature range of 0-380[220, 221]. The framework structure of this material is
made of corner sharefirOg octahedra antlV O, tetrahedra and stabilizes in cubic structure.
The ZrOg octahedra shares all its six corner withQ, tetrahedra but in very unusual way
WQ, tetrahedra shares only its three oxygen out of four Wit@y. Pryde et al. proposed with
their simple model that there are unusually high phononitieofstates in low energy modes

which expected to give rise to negative thermal expansidndse materiaf22,.

ZrV,0,, ZrP,0; are the another family of materials which show Joegative thermal
expansion behaviorZrV,0; undergoes two structural phase transitions at temper8ibe
K and 375 K and after the second phase transition the matdraals very strong negative
thermal expansion cofféicient—7.1 x 107° /K over the temperature range of 400 -50@2K3,
224. ZrP,0; also undergoes a structural phase transition at 570 K anctdbis temperature
the material shows low thermal expansionftioeent 54x 107 /K over the temperature range
of 600 - 700 Kp25.

Another materialS ¢(WQ); also shows negative thermal expansionfiioent. This
material consists of corner shar8tQ octahedra anilVQ, tetrahedra and stabilizes in or-
thorhombic structur@2€q. This material shows contraction along thendc direction and
expansion along thie direction upon heating. These anisotropic expansion ofdattiee pa-
rameters leads to a volume contraction of these type of mht&he bulk thermal expansion

codficient of these materials in the temperature range of 10-480-R.2 x 107° /K[227].

NZP material with the general formuM1,_,1M2,_,3A,(X0y)3 also forms a broad family
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of low thermal expansion materials. NZP compound is capableimerous chemical sub-
stitutions at its skeleton forming cation siéeas well as in the non-skeleton cation si¥s
M1 and M2. The skeleton forming catighcan be replaced by cations off@irent oxidation
states ranging from-1 to +5, for example, monovaleta®, divalentZr?*, Ni>*, Co** or
Cu?* | trivalentAlR*, Ti¥, Fe**, Ga** or Cr¥, tetravalenff i**, Ge**, S, St or Hf%
and pentavalenib®* or Ta>*. Another skeleton forming catioX is either partially or fully
replaced byS*, Ge*, A", W°* or V°' in most of the cases. The non skeleton position
M1, M2 can also be occupied by cations offdrent oxidation state but in majority of the

compounds they are filled by ions with lower oxidation states

The reactivity and the structural properties of the NZP couma depends on the interac-
tion of the strong covalently bonded skelet@a{XO4)sn] ™ (strongest wher is tetravalent
and X is pentavalent) with the non skeleton cations held in M1 ar&idiles. The relation
between lattice parameter variation of NZP solid with vasicomposition has been studied
in detail over the years. As discussed earlier there are sty vaxieties of substitutions and
therefore all the substitutions and its relation to thectmal response can not be generalized

all together. So some important chemical substitutiong lieen analyzed separately.

In compoundVi1A,(XOy)3, the structural response to chemical substitution has &teel
ied extensively. Two dierent types of substitutions have been examined. In theofiestor
fixed non-skeleton M1 cation size, the size of the skeletdioreaA has been varied from
Ge*, Ti*, Srf* to Zr** and in the second study the size of the M1 cation is varied from

Li**, Na*, K*, Rb* andCs' for fixed A cation05, 206.

For a particular M1 alkali ion the lattice parametarandc are both found to show in-
crement with the larger size @, which is quite obvious result as the covaléaO© bond is
stronger due to its covalent nature and insertion of largéog size just expands the whole
framework structure. But due to the insertion of largeraratat M1 sites the lattice parame-
ters show an anomalous variation whareontracts ana@ parameter expands for a particular
skeleton framework. The insertion of larger cation in Ml stkpands the volume of the

M10Og octahedra which creates dilatational stress on the A@g octahedra. It should be
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mentioned that thes&Og octahedra anX O, tetrahedra posses a certain degree of rotational
freedom along its three fold and two fold rotational axispesgively. To counter this extra
stress created due to the larger cations these polyhedsdtgoeigh a coupled rotation. These

coupled rotation leads to the anomalous behavior of thiedgpiarameters.

Thermal expansion behavior of these materials also show samsotropic variation. In-
crement in temperaturdfect the weakest M1-O bond lengths leaving strorig€r and X-O
bonds nearly urféected. Increment in M1-O bond produces same qualitatieeieas of the
insertion of the larger cation. Therefore the NZP skeleesponds through the same mech-
anism of coupled rotation to counter the temperature inergmAs the lattice parameter of
this compound shows anisotropic variation, contractioa direction and expansion indi-
rection, the overall thermal expansion fogent of the compound from NZP family shows

very low or negative valuep5s, 206, 22§.

There are lots of experimental studies on the variety of amitipns of NZP family and
their thermal expansion ctiteient has been studied systematically. The analysis okthes
experiments concludes that the occupancy and nature ofati@ncsitting at the M1 sites
has a decidingféect on the thermal expansion ¢beient. In the compount1A,(X0O,)3, the
anisotropic nature of the lattice parameter expansion tigating reduces for the larger cation
size in theAOQ; octahedral hole. This is because of insertion of largepoatiready put more
pressure on the framework skeleton at room temperatureesioaimework do not expand or
contract easily on the further increment of temperature.aAssult the thermal cdiécient
as well as the anisotropy in the lattice parameter variatalces for the larger cation size
of this series which i€s(aa = —0.56x 10°°, a¢ = 0.45% 10°°, @ag = —0.22x 10°° /K)
compared to the smaller cation sid@ (@, = —5.5x107°, a; = 22.30x107°, @ay = 3.8x10°
/K)[229.

For the compoundiT i,P3015, ac shows the maximum value of BD x 10°6/K reported
in the NZP family of solids. This is explained Bs" ion migrates from the M1 position to M2
positions as temperature increases, which increase thési@p of oxygen chains around the

vacant M1 sites resulting increase in thevaluep1§.
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In another class of NZP compound where all the M1 sites aréuligtfilled and M2 sites
are fully vacant for examplBgsA;P3015 0r LNy 33A.P301, whereB = Ca?*, Sr?*, Cd** and
Ba?t andA = Ti?* andZr?* the cation filled M1 sites and vacant M1 sites sometimes be-
have diferently under the thermal increment. For example, in thecgireCdysZr,P30:»
and CaysZr,P30,, the vacant M1 sites expands during heating while for the aamg

Cay5Ti,P301, they contract during heatinggQ.

There are experimental reports also on the compoundN&& rP;O,, where M1 and M2
sites are filled with cations. Here also the value of thermafficient depends on the size of
the cation sizes in the M1 and M2 sites. It is found that thgdathe cation size filling the
cation positions lower the absolute value of the thermahagn cofficienta,, @, and the

anisotropyp31].

In the empty skeleton where M1 and M2 are both vacant, the@aojsy of expansion and
contraction depends on the bond length on AR® and O-O bond lengths. Again the-O
bond length depends on the size of theation. The average thermal expansionfiioent
@avg has range from1x 107°/K to 1x 10°/K[232.

The coupled polyhedral rotation remain the main cause fe#traordinary chemical and
thermal flexibility of the NZP solids. Thermal expansion loé tNZP material can be tailored
according to the requirement varying the compositions fieint cation sizes. Thus this
family of solids became an important family of material toused in low thermal expansion

devices and the thermal shock resistance material.

1.7.3 NASICON as solid electrolyte

In 1976 Hong 20§ reported the X-ray structure of the NASICON compound witk gen-
eral chemical formuldNay,,Zr,S ikP3 xO1, for 0 < x < 3. Compositions of this series in
1.6 < x < 2.2 range shows conductivity at 3@tomparable to those gf alumina. Compo-

sitions of this series, except for the range 1.6 — 2.2 stabilize in theR3c crystal structure.
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These compositions around= 2 shows slight monoclini€2c modifications. In his study
Hong synthesized Na excess compouNdsZr4(P0O,); andNa;Zrs(PO,)s as well which also
stabilize inR3c crystal structure but show very minimal ionic conductivityaterial withNa*

ion exchanged byi*, K* andAg" at compositionx = 0 andx = 3 have been prepared and
they all stabilizes irR3c crystal structure. In an extension of this work Goodenough fas
coworkers P09 reported the conductivity of this series at 300or various compositiorx.
The activation energy reported for tlke= 2 compositionNazZr,S bPO,, is 0.29 eV above
which is 0.1 eV higher than that of f@+ alumina. The advantage in NASICON material over
B-alumina is that it shows three dimensioha" conduction while in3- alumina theNa* ion

shows two dimensional conductivity.

Von Alpen in 1979 found a second order phase transition inxthe 2 composition
NagZr,SLPOy, in the temperature range of 410 - 45028F. The sintering temperature
of the material was 125@° The phase transition associated with a change in activatie
ergy from Q34 eV at low temperature (310 to 410 K) t®2@V at higher temperature region
(450 to 625 K). The plot of constant pressure specific hea ftolorimetric measurements
shows a1 like behavior again peaking around 440 K. The phase tramsitias reported to
be associated with a structural change from low temperatam@oclinic to high temperature

rhombohedral structure.

In their study Kohler and Schul284, 235 investigated the diusion pathway for the
NASICON series wher&r* is partially substituted byNa* ion, N8y xraZr-y SikP3xO12
(O<x<3and0<y< %). Three compositiong = 0, x = 1.4 fory = 0.2 andx = 3 for
y = 0 have been studied. In his study he predicted tifiesion pathway folNa* ion is the
path connecting Nal and Naz2 sites. The two bottleneck ottmsiecting pathway has been
identified as two triangles formed by oxygen atoms. Thesagtes share a common edge
and made a distorted tetrahedron. They studied the populdénsity function and found a
much spread-out distribution ®fa* and wider Nal-Na2 pathway for = 1.4 composition

than the end membetr = 3. The expansion of thlaQ; octahedra due to the expansion of
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thec parameter has been the reason for the opening of the battlémex = 1.4 composition

which leads to the spread out population distribution.

In 1985 Nicholas et al. studie@3€ the influence of impurities on the NASICON com-
positionsNay,xZr,S ikP3 4O, in the range B5 < x < 2.3. Use of sodium-sodium cell
test seems to be not appropriate for the measuremeNtofconductivity due to degrada-
tion of NASICONSs by sodium metal. Complex-plane analysigesped to be more powerful
technique to measure the conductivity. Zirconia-deficiterial shows higher conductivity
than the original stoichiometric compound which indicgtessence of second-phase zirco-
nia inhibits theNa" conduction. On the other hand, presence of excess sodiute exi-
hances the sodium ion conduction. Kreuer et28[]] examined the chemical durability of
x = 0, 3. He reported the degradation by molten sodium but only fimsphorus containing
systemst = 0). However only silicate = 3) containing member shows better stability
against molten sodium as well as against molten sulfur. Tdi®lgy of NASICON in contact
with water has been studied by Fuentes eR38H]. A significant decrease in ionic conduc-
tivity has been observed when dense pellets are exposedt¢n fwa more than 300 hours
due to the increment of grain boundary resistance. Thouggnts non-hydrolytic synthesis
of NASICON compoundNagZr,S bP30,, has been reported by molecular precursor-based
approach which helps to get pure NASICON mate#ay.

In 1988 Boilot et al.p4( carried out an detailed study on the lattice parameteatian,
site occupancy and the change in interatomic bond lengtltss¢he the compositiox of
the NASICON seriedNa,,4Zr,S ikP3_xO15. They reported single crystal X-ray structure of
the composition range 2 x < 2.4. Most interestingly they indicated the presence of an
intermediate mid-Na site falling in the connecting pathvadyNal-Na2 site. The general
formula for site occupancies was given Bl + mid— Na); + Na2, Os_x Zr,P3_xO15, Which
says oneNa* per unit formula will occupy either Nal or mid-Na site anehumber ofNa*
occupy the same number of Na2 sites leaving @ number of Na2 sites vacant. The circle
represents the number of vacant Na2 sites. In the formwdH ttee simultaneous occupancy

of Nal and its neighboring mid-Na site has been excluded. vahation of occupancy of
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Na sites across the compositignshows very interesting feature, far= 0 all the Nal sites
remain occupied. A increases from zero the occupancy of Na2 site keeps on Biogea
monotonically and the occupancy of Nal site decreases awhes its minimum for the
compositionx = 2 and then again increases towards= 3. The occupancy of the mid-
Na site shows just the opposite behavior as shown by Nal sdepancy which is quite
understandable from the general occupancy formula mesdi@bove where it states one

sodium per unit formula will be occupied by either Nal or mid-site.

The lattice parameter and the averag&lal-O bond distance also shows maximum
value atx = 2 and decreases for the two end membket 0 and 3, whilea is found to
increase monotonically with the compositian The expansion of and Nal — O can be
related to the opening of the bottleneck in the Nal-Na2 payhwnterestingly the variation
of ¢ parameter an®Nal-O bond lengths across the compositiorfollow the same trend as
that of the conductivity. Thus the size of the bottleneck wsight of playing an important

role in controlling the conductivity.

Study on the Zr deficient material has been reported for th8ION seriedNagZr, xSi «
P1.xPOy, in the composition range 8 x < 2 [241, 242. Highest ionic conductivity observed
for the compositionx = 1.667, 6x 10* S/cmfrom the value of 6 10> S/cmfor the compo-
sition x = 0. The variation in ionic conductivity isfiected is proposed to béfacted by the

variation of bottleneck size for fierent composition.

Yuria et al.R43 reported a series of chemical formu\sey, sMgsZr,5P301, WhereZr#*
ion is substituted by a series of trivalent ion, MI{", Ga®*, Cr3*, S&, Fe*, Yb* or Y3).
The conductivity of this series at 1@ found to increase with the larger ionic radius of the
trivalent ions. This can be related to the increase of kftiarameters with the larger ions
which essentially contributes to increment of the bottesze forNa® migration. At higher
temperature 30C¢ also the conductivity variation of this series behave simjl except in
the case ol b** andY®*, which show lower conductivity tham®* or S &*. But none of the
material of this series has higher conductivity tid&Zr,S bPO;,. Experimental study on

In3 doped serie®Nay,,Zr,_xIn,P;01, series in the range 8 x < 1.85 has been reported to
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show higher conductivities for the highgrvalue. For the composition up-to= 0.8 Na*
remain relatively localized and the increment in condutstiis due to the presence of access
Na" only and the activation energy also remain nearly constanhis range. But for the
compositionx > 0.8 a progressive delocalization Nfa" has been observed and the activation

energy decreases and reaches minimum for composittog[244, 245.

Another study wher&r* has been substituted by rare earth materidlag, M, Zr,_,P301
whereM = Yb*, Er3 andDy** shows increment in conductivity upto = 1 then de-
creases uptx = 2 but again no compound of this series shows higher condtyctivan
NasZr,S POy, [246. Substitution ofZr** by homovalenT i** in Nay,«TiyZr2-,S ikP3_xO12
in the range of & x < 2 and O< y < 2 has been reported by Shimazu et2z4. However in
this x range the conductivity decreases with the incremeiititf which can be explained due
to the smaller size of th€iOg octahedra compared to tAeOg octahedra which reduces the
bottleneck size of thBla® ion migration. Another study on the same series reportagment
in conductivity of Ti* substituted system from= 0 to Q5 then again, decreases for higher

value ofy > 0.5 for compounds with higher sodium content 3, Na, T iyZr,_SisO;,[248.

There are other studies @f* substitution by homovalent ions s, Ge*, Ti* and
Hf4. TheHf counterpart at room temperature shows nearly 50% highehumtivity (1.0 x
103 S cn?) thanNagZr,S b,PO,, having a conductivity of x10°4 S cntt [240, 249-251].

But at higher temperatulasZr,S LPO;, shows better conductivity thaNagH f,S bPOy».
Substitution of tetravaler#r** by bivalentMg?* in the seriesNay,xZr,_x2Mdy2P3012 has
been investigated in the range<x < 2. This series shows progressively higher conductivity

with compositionx [252].

RecentlyS rf* doped materiaNasS nZrSjiPs;0;, (NASN) andNasS nS P01, (NASN2)
substituting theZr atom has been reported. Insertion of Sn atom change theelgt@iram-
eters which fects the size of the bottlene@g3. NASN shows higher but NASN2 shows
lower values oft parameter compared to the parent compobielZr,S ,LP;0,,. Consecu-
tively higher ionic conductivity has been observed for NA@KEterialNagZr,S ,LP30,, while
NASN2 shows lower conductivity over a wide range of tempeex (300 - 625 K).
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There are reports on the trivalent and tetravalent ion cciiralyt NAICON type materials
also.Zr* andH f#* ion are the typical tetravalent carriers reported in the NBGN type ma-
terial MNbP;O1,[254, 255. H f# ion shows the highest ionic conductivity among tetravalent
ion conductorS &* andAI** are the typical examples of trivalent ion conductors in ti#e N
SICON type material S ¢* exhibits ionic conductivity of D6x 104 S/cmat 600T in the
compositionS C%Zr2P3012[256]. HighestAl** ion conductivity of 61 x 104 S/cmobserved
in the material Alg>(ZrogT i02)osg] 20 NbP;O;, at 600C[257].

1.7.4 Computational studies on NASICON material

Daniele Mazza 258 carried out bond valence calculation to investigate thec@onduc-
tivity of NASICON material. His study mainly focused on theuf differentNa" conduct-
ing systems of the the idealized NASICON structures, thenthmhedral NASICON series
Nay,xZr,S kP3O, for the compositions & x < 3, few miscellaneous NASICON com-
pound with rhombohedral crystal symmetry, andxhe 2 compositioNag 05Z12S b 05P0.95012
with monoclinic symmetry. The lowest bond valence sum mgy fpor the two diferent path-
way for Na* ion migration Nal-Na2 and Na2-Na2 have been compared. Eafimbd NA-
SICON structure the m(d) maxima shows higher value for Na2-Nathway and concluded
to be the more probable pathway than Nal-Na2. But for the &AM series with rhombo-
hedral structure the rotations of the polyhedra comes itap @nd shows twine maxima in
the m(d) plot for Nal-Na2 pathway while Nal-Na2 pathway showly one maxima. Thus
for this structure Nal-Na2 has been predicted as more pi®ipabhway. This study also
predicted thak = 2 composition of this seriesfiers easiest pathway for ion migration and
hence shows highest conductivity. In the monoclinic NASNCSructure the Na2 position of
the rhombohedral structures splits into twdfelient sites Na2 and Na3. This study predicts
that the Na2 site remain fully occupied in this structurecklng theNa* ion movement. And

m(d) values shows Nal-Na3-Nal pathway as the easier patinanyhe Nal-Na2-Nal.
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Padma Kumar and Yashonath carried out simulation stu2B8sp6(0 on the ionic con-
duction of the NASICON serieNa; Zr,S ikP3_xO1, for 0 < x < 3. This study reproduces the
framework structure, ionic conductivity variation withroposition any many other features
successfully. The variation of Na-O bond lengths, lattiaegmeter variation and occupancy
per site were all in agreement with the the Boilot's expentaéresult discussed earlier. This
study also suggested thefdision pathway is the one connecting Nal-Naz2 sites. Howbeer t
X = 2 composition shows comparative low free energy barrierdordiffusing from Nal to

Naz2 site.

1.8 Motivation for the present studies

The conductivity variation behavior of the NASICON serilgy  Zr,S ikP3_xO1,, with com-
positionx is still largely speculative. Kohler and SchuR34, 235 proposed that the expan-
sion ofc parameter opens up the bottleneck leading to larger thesitmation of theNa" and

a spread out of population density in the Nal-Na2 pathwagndui et al.261, 262 suggested
that thec parameter peaks arouxd= 2, which is directly related to the opening-up of the
triangular bottleneck, could be responsible for the cotidilg maximum around = 2 . An-
other proposaff40, 263 has been that an enhancement in ion-ion correlation dueteased

Na" concentration could give rise to the conductivity maximuousadx = 2.

There has been significant variance in the reported valuesrafuctivity across experi-
mental studieq[14, 240 249. Colomban et al264 showed that the conductivity variation
with temperature and activation energies of the 2 composition depends on the sintering
temperature of the material. Samples prepared at highrsigteemperatures show signatures
of monoclinic to rhombohedral transitions, both in heatazaipes and in Arrhenius plots. This
calls for detailed microscopic investigations. Evidenmedrientational disorder of plolyhe-
dra depending on sintering temperatures were also distj2&g It would be interest to
investigate if these orientational disorder, which wereemmronounced for the case 0 2

composition, is linked to the conductivity maximum. It dhaé recalled that in superionic
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systems such as LAMOX &, M0,0q) the rotation of tetrahedral moieties influences ion hops

between sites, enhancing the transport of oxygen ions £264.

Highlighted, above are some of the interesting aspectsctidbfor microscopic investi-
gations on structure and ion transport in NASICONSs, and $othe motivation behind the
present computer simulation studies detailed in the theSisapter 2 describes the major
computational techniques employed in the studies. In engpof the thesis the extent of
framework flexibility of NaZr,P3;0;, upon various alkali ion substitutions is examined over a
wide a range of temperatures, employing Monte Carlo sirnariat Chapters 4 and 5 discusses
the influence of 3P ordering on the ion transport MasZr,S bPO;, andNaZr,S iP,O,,, the

x = 2 andx = 1 compositions oNay,xZr,S kP3_4xO1, respectively.
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Chapter 2

Methodology

2.1 Introduction

Most of the scientific problems in nature cannot be solvedyginally; for example a classical

system of three particles interacting through the simpdwitmtional force can not be solved
analytically. So in the study of material science whereraatgon of large number of atoms
are to be dealt with, it is impossible to handle it analyticalather has to be solved using

suitable computationadlumerical techniques.

Computer simulation started as a tool to exploit the eleetrcomputing machines that
had been developed during and after the second world wan ddmputers were used in the
development of nuclear weapons and code breaking. In 1%58rgh non-military problem,
numerical simulation of dense liquiggas performed by Metropolis et d]jon the MANIAC
computer at Los Alamos, employing a technique now renowseadetropolis Monte Carlo
method. This method was idealized for hard sphere type ml@sdut within a few years
Monte Carlo technique were carried out for the Lennard-danteractionsf]. This method
was implemented in simulation of liquid Argon and the resulere in agreement with exper-

iments.

47
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48 Chapter 2. Methodology

For dynamic properties afiierent method by name molecular dynamics (MD) has been

used to describe the classical equations of motions.

MD was first accomplished on the phase transition study ofl Bpheres by Alder and
Wainwright [3] in 1957 where the particles move at a constant velocity betwperfectly
elastic collisions. Later Gibson et al. employed MD simigiato study radiation damage in
a Cu target in 1960 using Born-Mayer interaction potential1964 Rahmand] carried out
molecular dynamics simulation for a system of Lennard-§qeeticles. Berne5] extended
the study to di-atomic molecular liquid. These studies vieltewed by the attempts to model

liquid water, which continues to be one of the most challeggind interesting systems even

today [6-8].

MD simulations are now widely employed inftérent fields of science. In the field of
biochemistry, the technique is extensively employed irgditasign, structure of membranes
and bio-molecules. Molecular dynamics finds its utility e tstudy of structure, dynamics
and conformations of of long chain molecules such as flexiptirocarbonsg], proteins [LO]
and polymers. The exciting area of protein folding is anofiedd where MD simulation
contributed significantly to our understanding. Recentig snicrosecond simulation of few
steps of the folding of villin headpiece has been studiecciviis one of the fastest folding
proteins [L1]. This technigue has been used extensively to study phassition behavior,
correlated motion in many body systems, thin film growth feee reconstruction, study of
defects and their interactions, microscopic mechanismaafdire, defect interactions, inter-
faces etc. 12-14]. There are numerous MD studies of superionic conductorsesof which

will be discussed later in this chaptdd.

In the last three decades the field witnessed several impartathodological develop-
ments, and presently of atomistic simulation techniquesasailable in a variety of ensem-
bles, such as NVE-MD, NVT-MD, NPT-MD, NPT-MC etc. These nwdk are developed to
make direct comparisons with experimental conditions @uib the problem at hand. Some
of these advanced simulation techniques are employed isttitkes described in the thesis,

and are briefly outlined below.
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2.2. Molecular Dynamics 49

2.2 Molecular Dynamics

Molecular Dynamics (MD) involves numerical solution of ttlassical equation of motion for
every single atom in a collection of atoms representing theemal of interest. The resultis a
very detailed description of the temporal evaluation ofdiigamical quantities in the system.
Typically the positions and velocities of atoms are storeer@ period of time, which are
later analyzed for structural, dynamical and thermodyicarproperties of interest. In classi-
cal molecular dynamics the atoms are treated as point [gatignoring electronic degrees
of freedom, and are assumed to interacts with each otharghran &ective interatomic po-
tential that is characteristic of the system. Molecularaiywrcs simulation can be extended
to different ensemble such as microcanonical (NVE-MD), canopideIl-MD) and isobaric
isothermal (NPT-MD) etc. In our studies NVE and NPT-MD siatidns have been used.

2.2.1 Microcanonical molecular dynamics (NVE-MD)

In this ensemble the total energy, number of atoms and vohfrtiee cell remain conserved.
Molecular dynamics implementation in NVE ensemble is mosightforward. The force on
each atom is calculated by summing up the force on that at@rtalall other atoms in the

system through the equation,

N
Fi= Z Fij (i) (2.1)
=
J#

whererj; is the interatomic distance between a pair of atoms labe#ed j, and N is the total
number of atom in the system. The fo@@ between the pairand j is calculated as the first

derivative of interatomic potential between the two petig;(ri;),

auij aj — Q;
al'ij rij

Fj = ) (2.2)
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wherea stands for the dierent Cartesian componentdsE= X, y andz. Now the acceleration

of thei'" atom with massn can be calculated through the equation,

a' = F'/m (2.3)

The simulations are started from an initial set of positiand velocities of all particles. From
initial positions acceleration is calculated and positonl velocities are integrated to get the
value for next time step. There ardidrent schemes available for integration. Among them
simplest is the Verlet algorithmip] where the equations for position and time at the next time

stept + 6t are given by,

Lt + 6t) = 27(t) — F{t — t) + d;:f) st
Pt + 6t) — T(t — 6t)

V(t + ot) =

26t (2.4)

ot is the time step that is in the order of femto seconds'tH). But the disadvantages of
this algorithm is the velocity does not appear explicitlythe equation of motion, instead
calculated through typical first order centraffdrence method. Another disadvantage is that
it is a two step method, as the positions at timedst requires the positions at two previous

time steps.

2.2.1.1 Velocity-Verlet Algorithm

In our study Velocity Verlet algorithm has been used to irdég the equation of motion.
This set of algorithm needs less memory because only onef getsdions, velocities and
accelerations need to be stored at a time. Let the positintiy@ocities of atoms at timie
arer(t) andv(t). The accelerations of atomet), are calculated from eqr2.3. The velocity

verlet algorithm consists of four steps as follod&[17],
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2.2. Molecular Dynamics 51

1. The first step is to calculate the velocity at the mid tinep 4t + 5t/2) using,

Tt + 6/2) = Wt) + %5(t)5t (2.5)

2. The next step is to calculate the position of the atomsrag step i+ 6t) as,

F(t + 6t) = F(t) + V(t + ot/2)6t (2.6)

3. Now the acceleration at the next time stp + 6t) is calculated from the updated

positionsr(t + 6t) using2.3,

4. The final step is to calculate the velocitytat 6t with the help of the equation,

V(t + 6t) = v(t + 6t/2) + %5(t+5t)5t (2.7)

Now the positions and velocity of the atom at time 6t is available. Repeating these four

steps successively for all the atoms, the trajectory of atara generated.

2.2.1.2 \Velocity scaling

The MD algorithm explained above do not have any control ertémperature of the system.
To simulate a system in microcanonical MD (NVE-MD) at a partar temperature velocity
scaling method is employed. Suppose at a particular MD &enistantaneous temperature
is Ti, and the required temperature for the simulatiom,is According to classical statistical
mechanics there is an average energidf/2 associated with each degree of freedom that

appears as a squared term in the Hamiltonian,
N 1 N
H= > u(fy,2...M\)+= V2 2.8
;](1,2, ,N)+2;m. (2.8)

In the system of N atoms there are 3N velocity degrees of tn@mednd each one appears as

%mvi2 in the kinetic energy term of the Hamiltonidh Then the instantaneous kinetic energy
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of the system can be written as,

_3NkT 1y
K== —52;m$ (2.9)

According to the egn2.9the instantaneous and required temperatures are,

s my
IN="% SNkB
1 Sl m(ve)?
Tre = W (210)

To get the desired temperatufg, velocities of each atom should be multiplied by the scale

factor (S.F) calculated from the equation,

_Vvi(re) E
F= wm = \/T: (2.11)

In simulations typically after every 10 MD steps the tempam® deviation from th e,
6T =|T,e—Tinl, is calculated. A certain tolerance range in the deviatidemperaturé Ty, is
set (typically, 6Ty = 10%T,e). If the deviation in temperatu exceeds Ty, the velocities
of the atoms are scaled according to egrdl It must, however, be mentioned that the scaling
of velocities are performed only in the initial stage of tirawwlation, which is followed by the
‘equilibration phase’ when the system is let to evolve with any perturbation. The statistical
averages of quantities are performed in the final stage aflaiion, sometimes referred to as

the ‘production phase’, which follows the 'equilibratiohgse’.

2.2.2 Isobaric-Isothermal Molecular Dynamics (NPT-MD)

The isobaric-isothermal molecular dynamics has been pegd by time integration of Nose-
Hoover style extended Hamiltonian equations which aregihesl to generate positions and

velocities sampled from the isothermal isobaric (NPT) emtsle. To simulate in the NPT
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ensemble some additional dynamic variable are coupledet@dhnticle velocities (for ther-
mostatting) and with simulation domain dimensions (fords#atting). The equations of mo-
tions are used from the hydrostatic equations of Martyagpagith the strain energy proposed
by Parrinelo and Rahamat9]. The method permits fluctuations of both volume and shape

of the simulation cell. The equations of motions used in thise are,

. P F_)
Il =— Wgrl
4 o Trace[ ] oF
Q‘F“W%Q (M) w, QP (212)

wherer;, pi, Fi, m are the particle velocity, momenta, force and mass of thactare-
spectively. g is the cell variable momentum matrix akid, is the mass of the barostat. For
dynamics of the thermostat a fictitious particle is addedht gystem associated with the

variables. ¢ is defined as,
logs

N (2.13)

§:

p; is the momenta an@ is the mass associated with the thermosdat the dimensionality

andN; is the degrees of freedom of the system.

S A
h = m
ﬁ) vV P 1 . p|2 <_) pfﬁ)
( int — ext) N_f;a
. Pe
§=—=
Q
N pz 1
Pe= Doy * g Trace BT B3l - (Nr + e (2.14)
i=1
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The internal pressure tensBy, is defined as,

N (p)a(pi — —
Pucdes = 5| 2 P2 PL 4 (), 1)y - (@ g
i=1

a¢(r, h) W )

5 (h)aﬁ (2.15)

(¢ )aﬂ

wherea andp are the Cartesian componemntsy andz. ¢ is the interatomic potential which is
a function of the co-ordinates of the particle a#ids the first order derivative of inter-atomic
potential functiong with respect toh matrix. The volume of the simulation cell can be

obtained from determinant o(ﬁ) matrix,

V=defh] (2.16)
where
a b, c
h=|0 by ¢ (2.17)
0 0 ¢

a, bandc are the lattice parametelts, by, c,, ¢, and c, are the projection of lattice param-
eters along, y, andzdirections. In this eqn2.17, thea parameter of the cell is chosen along

x-axis andb in the x-y plane.

The conserved quantity in this case is the extended Harralion

2
i

N
H - le% ﬁnace[ﬁ’ 151+ 55 + (r, N) + Pexde 1] + (Ng + d?)KeTé (2.18)

Pext andT are the desired pressure and temperature. The first thres ilethe equatio2.18
associated with the various kinetic energy terms assatiatth the N atoms, the barostat
variables and the thermostat respectively. The final tleeed represents the potential energy

contribution from the N particle system, barostat and tleertiostat, respectively.
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2.3 NPT Monte Carlo

Monte Carlo (MC) methods are stochastic techniques meaysdfre based on the use of
random numbers and probability statistics to investigadpdlems. In classical Monte Carlo,
samples are drawn from Boltzmann probability distributi®his method is very powerful in
the study of structural phase change but does not providelyamgmical information related
to the system. In our studies we use thmportance samplinglgorithm where the config-
urations of atoms are chosen according to the desiredtgtatisnsemble. The importance
sampling method involves selections of samples those iboiérmost to the statistical aver-
age. Sampling must ensure all relevant elements of the drileaare varied. The ensemble

average of the observabfein the NPT ensemble idf] given by,

[AEY)e U dsN [ VNe£PVdY

(AnpT) = Z (2.19)
whereZ is the partition function defined as,
Zypr = f e gsN f VvNe#PVdv (2.20)
0

whereN is the total number of atoms,is the potential energy/, P andT are the volume,
constant pressure and temperature of the system respgctavés the scaled positions of
atoms €1, 2, S3, ..., SN) defined as,

S=h'r (2.21)

wherer is the Cartesian position vector of atom&,{2,r3, ....,rN). h™! is the inverse oh

matrix, which transforms the real co-ordinates into scale@rdinates (see equati@ril?).

The Metropolis scheme is implemented by generating a Mackain of states which has

the limiting probability distribution,

P oc g-Bu+PV+NlogV) (2_22)
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Suppose the initial state of configuration of the system haspbtential energy,(rN) and
volumeV,(a, b, c, a,8,y). Wherea, b, c,a,8 andvy are the initial cell edges and angles. To
simulate NPT ensemble the co-ordinate space of the atomeglaasmhe lattice parameters
space of the simulation cell need to be sampled. In the presek this has been done in two
steps first the coordinate space of the atoms has been sakegleithg the lattice parameters
fixed then in the second step the lattice parameters has bhe®iesd. It should be mentioned
that with the change in lattice parameters the co-ordiratse atoms have to be scaled again
according to the new set of lattice parameters which wilbeatically bring in the change in

total interatomic potential energy.

2.3.1 Sampling of coordinate space

To generate a new configuration of the system, an atom chosandom is displaced along

X, y andz co-ordinates randomly by,

an = o +p x (2xran(a) — 1) (2.23)

wherea = X,y or zare the Cartesian coordinates and a, represents the coordiantes before

and after the move respectivellq. p is a parameter which defines the maximum magnitude

of displacement in a single trial move.

Let the energy corresponding to new and old configuratiam,is, respectively. If the
energy diference between the two statés= (u,—U,), is negative then the new configuration
is accepted. But iU is positive then the move is accepted with a probability étpe ratio
of probabilities of these two stateR(o — n) = e, That is, the probability factdP(o — n)
calculated is compared with a random number between zerora)@nd the move is accepted
only if P(n — o) greater than the random number generated, else the meateedj Then

this method is implemented to all the atoms in the systemtirsgiafrom a randomly picked
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one, and then serially progressing to all the rest. M@ steprefers to attempts to move all

the atoms in the system. This way co-ordinates space is sdmpinetropolis algorithm.

The choice of the parameteiinfluence the convergence of the Markov chaimn i$ very
small then nearly all the moves are accepted but the configarapace are sampled very
slowly. Againp is set too large then most of the moves are rejected and maoiemphase
space became very slow. $as chosen such a way that roughly 40-50% of the trial moves
are acceptedlp]. Essentially diferentp values have been assigned for thifatent types of

atoms depending on the their mobility.

Upto this point the algorithm sampled only the coordinatecgpof the atoms but in NPT
ensemble box volume and shape too has to be sampled whichendliscussed in the next

step.

2.3.2 Sampling of volume and shape

a, b, c a,pB,y are six degrees of freedom corresponding to size and shajhe simulation
box. After a certain number of MC steps involving attemptedrdinate displacements, the
lattice parameters are changed with similar equat®®8 Then again the new energy and
volumeV, is calculated corresponding to new lattice parameterfidtsl be mentioned that
the total potential energy will be modified according to tleeuset of lattice parameters as the
h matrix of eqn.2.21gets modified according to the lattice parameters. Thenitfereince

in the quantity in this case is,

SH = (Un — U) + P(Vi — Vo) + %m (%) (2.24)

If 6H is negative then the new configuration is acceptedHlIis positive, ratio of probability

of these two state®(0 — n)qy = €™ is calculated. If the random number is less than the
factor P(o — n) then the move is accepted otherwise rejected. In this das@ parameter

for different cell edges can befiirent, and are chosen according to the acceptance ratio of
40-50%.

TH-1175_08612112



58 Chapter 2. Methodology

2.4 Periodic Boundary Condition

Suitable periodic boundary conditions (PBC) are employedli bulk simulation used to
remove the surfacdiects to simulate bulk properties of the system. Typical nematb atoms

in a bulk system is of the order &f 107 while in computer simulation the number of atoms
used is typically in the range af 2000— 10000 (of lengthv 20 - 40,&). The significance of
imposing periodic boundary conditions while dealing witicls a small system can be argued
by simple considerations. Consider a sphere of radiaisd a spherical shell of very small

width dr. The ratio of surface atoms,, s to the total number of atonis,,; can be calculated

by,

Nsurf _ 4Zr2drp _ BQ (225)
Niot 33 r

This ratio for bulk system is roughly 3% ~ 1077 while in typical simulation the ratio is
much higher 32%\ ~ 0.45. Thus a larger fraction of atoms are on the surface and.tifieece
atoms in typical simulation feel fferent atmosphere than the atoms which are deep inside the

system.

Applying periodic boundary condition this surfacéeet can be removed. In this method
original simulation cell is surrounded by replicas of thegoral simulation cell. For a or-
thogonal simulation cell (with sidelsy, Ly, L;), image co-ordinates can be created by these

equations,

X = Xsimu + nxI—x
Y = Ysimu+ r]yl—y

Z’ = Zs|mu+ nzLZ (2.26)

wheren,, ny, n, are integers, positive or negative including zero. The iengarticles interact
with the atoms in the simulation cell. Now the surface atomthe original simulation feels
similar atmosphere as the atoms at the center of the originallation cell. It is always

better to add more number of image cell to achieve more attgault but it would be then
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very expensive in terms of computational time as the requsmmputational time increases
in proportion to square of the number of particles used insiheulationfl6]. To limit the
number of interactions between atoms a cfiitdistanceR. is chosen such that the potential
energy contribution beyond this distance can be negleciidowt fecting the properties of
the simulation much. If the original cell is large enoughtstiatR, < % then a particle of the
simulation celli should interact with another particjeor one of its image but not the both of
them. This is called minimum image convention. Of courserghmay be cases wharwill
interact neithelj nor its image. For non orthogonal simulation box the reardmates should
be transformed to scaled coordinates usinghtineatrix as in eq.2.21 Scaled co-ordinates
are the coordinates in a orthogonal simulation box withsafeunit length. Then PBC can be
implemented on these scaled co-ordinates according toZz86and then transformed into

real co-ordinates with the help bfmatrix through the equation,

r=hs (2.27)

2.5 Interatomic potential

Interatomic potentials plays the most crucial role in cotepgimulation. The property ex-
tracted from computer simulation depends on the accuratlyegbotential and is vital to re-
produce the properties of the system. Interatomic potisréra typically functions of distance
between two atoms (assuming only pair wise interactiongetiglg the many body interaction
terms). Interatomic potentials contains mainly two parts attractive and another repulsive.
They can further be short ranged or long rang?édWheren < 3). Some of the widely em-
ployed short-ranged potentials are Lennard-Jones, Bayek] Vashistha Rahaman etc. The

form of the Lennard-Jones potential is,

u(ri;) = 4e [(%)12 - (%)6] (2.28)
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where]rj;| is the interatomic distance between particéad j. o is a measure of the diameter
of the particle.€ is the measure of the depth of the pair potential at the dajiuiin position of
the pair potential. This potential has been used to simudett gases such as argd0] 21].
However for certain ionic solids Lennard Jones potential been used with an additional
coloumbic term 22]. The repulsive part of the Lennard-Jones potential gd@r—ﬁ- which
describes the Pauli’s repulsive term at short distancegaltiee overlap of electron clouds.

And r% is the attractive term arises due to the interaction betwestantaneous dipoles.

Born Mayer Huggins (BMH) potentié2@3] is one of the most popular potentials for simu-

lation of ionic alkali halides, has the functional form,

u(ryy = 39 p e - S0 D (2.29)
Fij S

whereq; is the charge of the oy, Cjj, Dj; is the overlap repulsive energy, instantaneous
dipole-dipole attractive term, dipole-quadropole int¢i@n term, respectively. In this poten-
tial exponentially decaying term has been used for the sdgmipart which has a stronger
theoretical basis than th@ term of Lennard-Jones (eq2.28. BMH potential have been
used widely in the simulation of several inorganic solidd amlten salts24-26]. Simula-
tion studies on superionic solids suchgsluminaR7], LisN[28], SrChL[29], CaF, [30, 31],

LiMN,04[32], Gd,Zr,0;[33] etc. employed BMH potential.
Vashistha and Rahama] introduced a new potential function of the form,

qlqj 1 (alqu - a,Jq|2) (O’i + O'j)nij C”
= ) + A'J nij L r_6
1]

Fij 2 I’ﬁ rij

(2.30)

in their study of one of the well known superionic conductor Agl. Wheree;; is the
polarizability,o is the ionic radius and the other parameters have the samanmgess in the
previous egn.2.30 This potential has been used successfully in the studywafrakother

super ionic conductors such Ag,S e UO, also B5-37].
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2.6 Ewald Summation

While dealing with long ranged forces, such as the Coulomixfcspecial care is needed such
that the potential and forces converges. For the calculaidColoumbic contribution to the
potential energy cutf®d R. cannot be used in the usual fashion. In the presence of Cadumb
interaction original simulation cell and all its images mhbe considered. In principle for
large enough systems screening by the neighboring atomklwlguinish the &ect of the
potential, however this would occur over a range of sevefratio or hundred of nanome-
ters. But dealing with such large simulation cells becom#hiimitively expensive. So to
include the long range interactions the contribution frdhthee periodic images must be in-
cluded. Ewald summatiohff] technique has been implied for calculation contributioymnd

coloumbic interactiori[4].

The dfective potential for coloumbic interaction due to a set oinpeharges upon a

charged patrticlej;,

PN b ol /I (2.31)
' Are, L= Iri; + nl| '

wherel = (I ly, 1) and are the lattice vectors. The sum is over all the perimoigesn

and over all particleg, except forj = i whenn = 0 (that is, the self interaction is excluded).

The total Coloumbic contribution then to the potential giyesf thisN particle system is,

T N
e =5 ), o (2:32)
i=1

The sum in egn2.31is only conditionally convergent. Ewald summation tecluidpas been
used to converge the egB.32 In this technique the charge density of the equation has bee
rewritten. In eqn2.31the charge density have been represented as a seéifunttions (the

charge density of point charge igdunction).
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Now the assumption in this technique is to considerfude charge distribution of oppo-
site sign surrounding the charge partickeith chargeg; such that the total charge of the cloud
exactly cancelg;. Thus the potential due to tlefunction is now screened. This screened
potential rapidly goes to zero at large distances. The fade@ay of this fraction depends on
the functional form of the screened charge and what follow&aassian charge distribution
has been assumed for the screening charges. But the aimaktdate the contribution from
the point charges not screened charges. Hence to corrébefsecreening charge cloud, to ev-
ery particle, a compensating Gaussian charge with oppsigiteto the screening (Gaussian)

charge has been included.

Now the electrostatic potential at the point chaggdue to point chargg; will have three

parts

1. One due to the point chargg
2. Secondly the one due to the screening Gaussian chargewltucharge-g;.

3. Finally the compensating charge cloud distribution witlargeqg;.

To calculate the total potential energy contribution atgbent chargey; the contributions
from all the three above mentioned term has to be added fonethtoms in the simulation
cell and all its periodic images except for the ion itself tmid self coloumbic interaction.
But it is convenient to calculate the interaction of the cemgating charge of particlewith
chargeq; and subtract the resultant spurious interaction aftersvartie compensating charge
cloud is retained because this will make compensating ehdiggribution not only smoothly
varying but also periodic, which will be essential for numal implementation also. The
potential of the screened point charge is short range inreatnd calculated in real space.
The remaining contribution from the periodic compensatayissian charge is calculated in

the Fourier space.

Now the contribution from each term can be calculated asvidl
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2.6.1 Short-range part

The potential due to the screened point charged is shorerangature. Consider the expres-
sion for screening Gaussian charge distribution arounahiaegeq; is p(r) = —qj(%)%e“”z.
The potential at a distanaefrom the center of this Gaussian charge distribution usioig-P

son’s equation can be written as,

Ugs = —%erf(\/&r) (2.33)
where
erf(x):(%)f0 edu

is theerror function The contribution of screened point changg;, is simply at a distance

from the point charge is,

Uscr = upomt + Ugs - & - —erf(\/_r) - erfc(\/_r) (2-34)

where

erfox) =1-erf(x)

is thecomplementary error functionThe total contribution of the short-range potential for

the whole systemg Is,

(2.35)

Sl't -

; Z a:9; erfo( arij)

i#] Fij
Here the summation goes over only the atoms for which thedtdamic distance is less than

the cut-df distanceR..

The potential of a Gaussian charge cloud of total cheyge its center, can be obtained

by puttingr = 0 in the egqn2.33which is,

Uen( = 0) = 20 (%) (2.36)
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This is the correction term should be subtracted from thed tmintribution of the potential as

in the calculation of compensating charge the self inteyadtas been overestimated.

The total self correction term for the entire systegmis,

Nl

a (2.37)

le(r = 0) = %EN;ZQZ(%) (%) :Nl

2.6.2 Long-range part

The potential energy contribution from the compensatingssan charge distribution is cal-
culated in Fourier space. The properties of Poisson’s emjuats been applied to calculate
the contribution of compensating Gaussian charge digtobuThe total charge distribution

of a periodic sum of Gaussians can be written as,

N 3
pa(r) = Z Z o (%)2 el eir=(ri+n0r] (2.38)

=1 n

Fourier transforming the charge densityk) yields,
N .
pak) = ) gy ne (2.39)
=1

Poisson equation in Fourier space takes the form,

K1 (K) = 4mp1(K) (2.40)
Now putting the value ob;(k) in eqn.2.40 the potential for this charge distribution(see eqn.
2.38 in Fourier space;(k) can be obtained as,
N

an r
(k) = 15 ) cie e (2.41)

=1
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It should be noted that this expression is defined for &n#y0. This is a direct consequence
of the conditional convergence of the Ewald sum. The valuthisf expression fok = 0
is assumed to be zero. Now the potential at real sga@® can be obtained by Fourier

transformation of the potential &tspacep, (k) through these equations,

N
0= 5 D0 b

k#0 j=1

Lo 4
. Z _ﬂqje—ik.(r—rj)e—k2/4a (2.42)
Hence the total contribution of long range potential
1 1 4 _
W =5 D i) = o ) (al(Fe (2.43)
i k=0

wherep(k) = 211, gie(ik.r;)

So the total coloumbic contributian to the potential energy of the system can be obtained

by summing equation®2.35 2.37and2.43 as,

1 < G erfo( Var) r o e, (2N 2
k=5, - + 3 ol 4 (2 g (2.44)

i#] J kz0 i=1
2.7 Property Calculation

2.7.1 Thermodynamic Properties

Thermodynamic properties of the system such as, total gntngnperature, pressure of the
system can be calculated as time averages during the siamulatvariety of other quantities,
such as for example, the specific heats at constant vol@y)eand constant pressur€y),

are calculated from the fluctuations of temperature, tatatgy or enthalpyl6| as,
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ke

CVNVE) = ——— (2.45)
3N <T>2
Cv(NVT) = ” 1T2(< E2> - <E>? (2.46)
B
Cp(NPT) = » 1T2(< H? > - < H >?) (2.47)
B

whereE, P,and Vare the total energy, pressure and volume;ldnd E + PV is the enthalpy

of the system.

2.7.2 Radial Distribution function

The radial distribution function (RDF) is a useful tool tosdebe the structure of a system.
In a solid, the RDF has an infinite number of sharp peaks wheisarations and heights are
characteristic of the lattice structure. RDF provides piolity of finding a pair of atoms at
a distance apart, relative to the probability expected for a compietahdom distribution at

the same density. The mathematical expression of RDF batpeaieof atom andj is,

\%
o) = (2, D8 —ri) (2.48)
i J#
This form can be used to fimg(r) in computer simulation replacing the delta function withi
very small bins. The neighbors around each atom or molecalsated into bins of distance
dr.

Suppose there are two types of partidlesd j of numbern; andn, respectively in the
simulation cell of volumeV. The number of] type of atoms calculated sitting on théype
of atoms within the spherical shell between distanesmdr + 6r is 6n,. The volume of the
spherical cell is #r2sr. Then the radial distribution function of ion pgi, taking atoni type
as origin, will be the local density of thetype atoms found in that spherical shell, divided by

the density of thg type of atoms in the simulation box. The equation of radiatrdbution
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function in this case is 5
n;
1 47TI’22§I’ _ V X 6n2

— 2.49
n, (%) A r26rny Ny ( )

a(r) =

Factorn—l1 appears due to averaging gfr) for all thei type particle taking as origin. The
number of neighbors in each bin is averaged over the entiralation over all the-j type of

pairs.

Running co-ordination number at distanceC(r) is defined as the integration ofr)
from distance zero to distancePhysically it means the total number of neighbors of an atom

within a spherical volume af around it. Mathematical expression@©fr) is,

C(r) = j; r 4nstg(s)ds (2.50)

2.7.3 Angle distribution function

Angle distribution function is the probability distribot of angles between a triplet of atoms,
and is useful to map the angular average orientation of tireoppaonds. The equations for

angle distribution function between two bongandik is,

ORXOIDIPIC LI (2.51)

i A k#]
2.7.4 Mean Square Displacement

Mean square displacement (MSD) is a measure of the aversig@de square an atom travels
with respect to time. The mean square displacement of atamgasily be computed by its

definition,

MS D= (|ri(t) - ri(0)]*) (2.52)
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in this equatiorir;(t) — r;(0)| denotes the vector distance traveled by an atom over a pefriod
time,t. The squared magnitude of this vector is averaged (as itediday the angle brackets)

over all the particles and with respect to several time nsgi

The slope of the MSD gives the selffiision co-éficient, D. In the three dimensional

case the equation reads like,

e At + ) =P
D = lim — (2.53)

It does not depend on the time origin. From thé&wdion codficient D, using Nernst-

Einstein equation ionidc-conductivity ¢-) can be measured as,

_ ngeD
T T

(2.54)

wheren= Number density of the mobile atorkg= Boltzman Constanfl = temperature,

g is the charge carried by the mobile ion.

Again the ditusion codicient of solid at diferent temperatures are related by the equa-
tion,

D = D e % (2.55)

whereDy is the limiting difusion codficient at infinite temperature aiid is activation energy
of the atom for difusion. Now putting the value @ on the eqn2.54 we get the Arrhenius

relation,

nofDy efst
o= ——
ke T
e—Ea/kBT
T
Ea
kegT

g =0op

IN(oT) = In(oo) —

(2.56)
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whereo = "4Ds \When Inpg'T) is plotted againsg, the slope of the plot gives activation
ks

energyk,.

In our study these formulas have been used to analyze teetiwages of atoms and various

microscopic properties have been extracted.
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Chapter 3

Framework Flexibility of NASICONS:
Role of Disorder and Polyhedral
Distortions from Monte Carlo
Investigation’

3.1 Introduction

NASICONSs (acronym for Na-Superlonic CONductors) forms rgéafamily of solids hav-
ing high thermal and chemical stabilities, with potentithnological applications in nu-
clear waste immobilizatiodf-3], as refractory materials, low thermal expansion cerajjfes
15] and as solid electrolyte$6-19], gas sensor@D, 21]. The best studiedNaZr,P;0,,
that is prototypical of NASICON solids stabilizing in thearmbohedraR3c structure 22,

TPublications based on this work: (1)Supriya Roy and P. Padumaar, AIP Conf. Proc, 1349 113-114
(2011) (2)Supriya Roy and P. Padma KunidamMat. Sci, 47, 4946 (2012).
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has a three dimensional framework structureZoDs-octahedra sharing corners wiBO;-
tetrahedra. The corner sharing of the polyhedra, opposedde sharing, makes the NASI-
CON framework (often referred to as the NZP-framewskeleton) highly fluxional allowing
for wide ranges of chemical substitutior&3]. The framework flexibility of NASICONS is
responsible for their low thermal expansivity, and makesittone of the most attractive fam-
ily of materials in the search for better solid electrol\fted 22-25]. Bulk thermal expansion
of these material is influenced by the interstitial alkafiso Insertion of larger cation lowers
thermal expansions. Most of the NZP solids show anisotrdpmemal expansions withr,
negative andy, positive. This anisotropy is the main cause of the low-th@rexpansion of

these materials.

Several experimental reports are available in the liteeatun the low-anisotropic nature
of thermal expansivity of NZP skeleto2¢-29]. Alamo and coworkers have proposed a
structural model23, 30, 31], which provides a qualitative explanation of the low-anispic
changes in the lattice parameters in terms of coupled omimtof the structural polyhedra.
However certain underlying assumptions of the structuradleh such as the distortions of
the polyhedra and the extent of polyhedral rotations arecriitally evaluated against ex-
perimental results. Further it would be of interest to exaamf these polyhedral disorder are
static, frozen-in or a dynamical one. We present resultedas Monte Carlo investigation
of the structural changes in the NZP-skeleton upon sultistitof alkali ions of varying sizes.
The ability of the interatomic potential in reproducing tiess experimental results on NZP
solids, when loaded with larger alkali ions, and over a wiglege of temperatures, is criti-
cally examined comparing with available experimental itssurhe extent of validity of the
rigid polyhedra based structural model of Alamo and coww k23, 30, 31] in explaining the
anisotropic variations in lattice parameters of thesedsak investigated. The nature of the
polyhedral disorder in these systems is also examined itigheof the present simulation

results.
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Ficure 3.1: Plots of the interaction potential between selectisgetla-Na, O-O (top panel),
Na-O, Zr-O and P-O (lower panel),are given over a range of A- 5

3.2 Method

Isobaric-isothermal (NPT) ensemble Monte Carlo simutafidPT-MC) is employed in the
present study of structural changesMiZr,P;0,,. The NPT-MC method employe@®2)] al-
lows changes in the shape and size of the simulation box itraginto canonical (NVT)
ensemble Monte Carlo method such that uniform-hydrospaBssure is maintained in the
system. This method is well suited in the studies of strattwwansformations of solids. Fol-
lowing earlier computer simulation investigations Na,,Zr,S ikP3z_yO1, by Padma Kumar

and Yashonath33, 34] the present study employs inter-atomic potentials of trenf

aq;  Ajloi+o)" Gy
+ —_—

-
rij Iy re

u(ryj) = (3.1)

whereq; and o are respectively thefiective charge and ionic radius of ith iom;; is

the inter-atomic distancey; andC;; are the overlap-repulsive energy and dispersion terms
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TasLe 3.1: Interaction potential parameters between, speciesdXoxygens, wher&X =
M,Zr,PorOandM = Li*, Na*, K*, Rb" andCs".

Species(X) ox(l el) ox(A)  Axo(eV)  Cxo(eVA®)  nxo'
M 0702 (09-181) 01716 0 9
Zr 2.808 086 12126 11917 9
P 3510 031 36158 9279 9
o) ~1.404 121 03252 47999 7

Av_m = 5eVandny_y = 11 All the other parameters not listed above are kept zero.

respectively between ion pairs i and j. The ionic radii engplbbin the present study are taken
from Huheey B5]. The parameters employed are as listed in TAlleThe potential between
important pairs are plotted in figu#7. A remarkable feature of this potential function,
originally proposed by Vashishta and Rahma&86] [for Agl, is the softer overlap repulsion

( 1/r" with n < 12) compared to the more popular Born-Mayer and Lennarésléorms.
The softness further depends on the nature of the charge adrib, as expected between two
positive charge the repulsion is very strong ad b, between positive and negative charge it
is softer i=9 and the repulsion is further soft between negative chaxifesn=7. The partial
charges on ions accounts for the partial covalent naturbeofriteratomic interactions, and
were optimized along with; andC;; to reproduce the X-ray structure and ionic conductivity
of the high conducting, rhomohedral-phaseNskZr,S LPO,, at 600 K B3]. Though less
obvious, short range repulsion between oxygen ions playsaat role, along with the Zr-O
and P-O interactions, in maintaining the polyhedral streeetntact. The short range repulsion

between the sodium ions and the Na-O interactions influBr@enobility in NasZr,S bPOy».

NPT ensemble MC (NPT-MC) simulations BfZr,Ps0;, systems, where M isi*, Na", K*,
Rb" or Cs", are carried out over the temperature range of 300-900 kKt alhe atmospheric
pressure. The choice of NPT-MC over NPT-molecular dynarfhNé3T-MD) made here, is in
view of the better converge of thermodynamic averages in biGHe same computing time
[37], and the ease of implementation. The simulations ofvélr,P;0,, systems at 600 K
are started from the - rhombohedral X-ray structurdlaZr,P;0,,, with unit cell parameters
a=b=880A andc = 2283A, o = B = 9Candy =120 [22]. It may be noted that there
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are three prominent alkali ion sites in the rhombohedral N3N structure. These sites
shall be referred to as M(1), M(2) and mid-M, which correspém 6b, 18e, 36f sites of the
space grou;R§c, respectively 19]. The simulations are started with all alkali ions placed at
the 6b sites (shall be referred to as M(1) sites hencefofthg. simulation includes a total of
972 ions, equivalent to 8 3 x 1 rhomohedral unit cells, each containing 6 formula units of
MZr,P;0,,. Simulations at temperatures other than 600 K are starbeal fine final configu-
rations (coordinates of the atoms and simulation cell patars) for the closest temperature
available. Typically, 40000 MC steps were dedicated foilégration and another 40000 MC
steps for averaging. By an MC step, we mean, attempts to mbtleeaons in the system
starting from a randomly picked ion and proceeding seriaigr all the remaining one8%).
Attempts to change the shape and size of the simulation selpare performed once in ev-
ery four MC moves. The atomic configurations are written dtegraevery 8 MC steps for
detailed structural analysis. Simulation using 5 x 2 unit cells were performed to confirm

the adequacy of the system size employed here.

The Statistical error estimates for lattice parametennftioe present simulation are esti-
mated by the method of block averag8g][ The data from the MC sampling is divided into

N, blocks of sizer,. The statistical iniciency of the sampling is then calculated as,

s lim X (@)

Th—sco O'Z(a) (3.2)

where(a), = T—le:il a(7) is the average of the quantitg, over a blockc? ((a))p) rep-
resent the variance across blocks of sizando? ((a)) refers to the variance over the entire
data set. The saturation value of §aeasWhen plotted agains@:tgl/2 gives the minimum

block size beyond which data are uncorrelated. Finally thiessical errors are estimated as

Splateau vz
A= [—] x o(a) (3.3)
TpMp
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0.0 50¢10°1.0¢10" 1.5¢10" 2.0x10" 2.5¢10" 3.0x10" 3.5¢10" 4.0x10"
MC steps

Ficure 3.2: The evaluation of lattice parametersind a over with MC steps at 600 K for
different alkali ions with variable sizés*, Na*, K*, Rb" andCs’. The starting structures of
all systems are chosen as that of M&Zr,P30,, at 600 K.

3.3 Result and Discussion

Figure3.2shows the evolution of lattice parametera with MC steps for diferent alkali ion
containing NZP skeletons during equilibration at 600 K.dhde seen that for larger cation
size K*,Rb*, andCs") c increases gradually from their starting value (chosen aisahthe
NaZr,P;0,,) for a few thousand initial MC steps and reaches a plateaile fdr the smaller
cationLi* containing system the lattice parameters decreasedlin{figure. 3.2a). Value of

c, aremains nearly constant for the systdraZr,P;0,, as expected. The pattern of changes
in a is of opposite nature, though much less pronounced comparnct ofc. Beyond the
transient region of about 4000 MC steps variation is thatumftélations about the mean value

characteristic of systems in equilibrium.

The average cell parameters of thNZr,P;0,, systems, where M i&i*, Na", K*, Rb*
or Cs", at 600 K is shown as a function of the alkali ion size in fig8r8 In figure 3.4a

statistical inéficiencyS plotted forc parameter against the square root of block sizes for the
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Ficure 3.3: Variation of average lattice parameteranda over 40,000 MC steps with the
size of the alkali ion incorporated in NASICON framework 80&.

different systems. It shows thi&t containing system shows slower convergence compared to
other systems. To estimate the length of correlated &atdyich measures the number of MC
steps containing completely new information to the averageneratedsS is plotted against

the inverse of block sizey, in figure3.4b. The value 05 jaeau (IN EQN3.2) is obtained from

the intersecting point of the extrapolated fitted lineat 0 in figure3.4b. Values ofSpjateau
obtained for all the systems*, Na*, K*, Rb'or Cs" systems are approximately 459, 246,
739, 175, 236 respectively.

Then the error bars estimated employing the block averdggs3.3). The error in the
average cell angles obtained (not shown) are within 0.5%efltombohedral values, and the
difference i andb are within 0.2%, in all cases, confirming the rnombohedraisetry of
the system. A anisotropic variation in lattice parametetsgre a increase in theeparameter
and a decrease in tleeparameter with the size of the alkali ion is observed. Thisigood
agreement with previous experimental results (the exparial data shown are extracted from

figure 3.2 of reference 38]).

The dfect of the anisotropic changes in lattice parameters onisiiaition of M(1) sites
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Ficure 3.4: Plot of statistical inéciency for c parameter from MC simulation against
(a) the square root of block sizes (b) inverse of block sizmstlie MZr,P30;1, (where
Li*,Na", K*, Rb"or Cs") systems at 600K.

is examined using the radial distribution function (rdfjyeen the alkali ions calculated over
the 40000 MC steps at 600 K (shown in figi&:®).

TasLe 3.2: Select interatomic distances An for pairs M-O, Zr-O and P-O from NPT-MC
simulations at 600 K. The values in parenthesis are expeatahdata.
M o(A) M-O  Zr-O P-O Ref
Lit  0.90 222 206 152
(2.49) (2.06) (1.52) 39
Na® 113 257 207 152
(2.54) - (1.52) P2
K* 151 285 207 152
Rb* 1.66 296 208 152
Cs" 181 305 208 152
(2.89) (2.08) (1.53) 4q

The prominent, first peak in the rdfs appear at aroundZ6\ghich correspond to the
separation between the neighbouring 6b sites (M(1)-M(%)agice). The six neighbouring
M(1) sites (of a given M(1) site) are on twoftrenta-b planes,c/6 above andt/6 below

the plane containing the reference M(1) site. An M(1) site $i& of its second neighbouring
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Ficure 3.5: The radial distribution functions between the alkahs from NPT-MC simu-
lation at 600 K. The bars indicate the M(1)-M(1) distancesNa" (black) andCs" (blue)
substituted systems calculated from their respectiveyXstaucture 22, 40].

M(1) sites at a distance equal to lattice paramaten the samea-b plane, while another six
third neighbours, are arranged on taxb planesc/3 above ana/3 below them. For th&la*
system, for instance, these site&(@nd 3 neighbours) occur at close distances of R8nd
9.13A at 600 K, and fall within the broad second peak of the rdf. Hmvgefor larger alkali
ion containing systems, the distance to the in-pladfi@&ighbors decrease while the distance

to off-plane 3rd neighbors increases due to the anisotropic siganf the unit cell.

This results in the splitting of the second peak of the M-Msrfiljure3.5. The agreement
in the positions of the peaks in the M-M rdfs for the simulatedand Cs-systems to the M(1) -
M(1) distances from their respective X-ray structuiz® g0, shown by vertical lines in figure
3.5, reflects this aspect. It may be noted in passing that at highgperatures (above 600 K)
Na" and larger alkali ions remain at the M(1) sites. TIhé -ions, however, starts hoping

between the M(1) and M(2) sites above 600 K, which is expeastdZr,P;0,, exhibits fast
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- axis

> C

Ficure 3.6: The alkali ion positions from 40000 MC configurationkiéodots) folded back in
to a single unit cell for,(ali*, (b) Na*, (c)Cs" substituted systems (not to scale). The M(1)
and M(2) sites of the alkali ions are shown respectively bitligreen and yellow balls. A
single framework configuration in ball and stick represgatgwhere Zr (silver), P (mauve)
and O (red), is also shown. The scattered alkali ion postagpearing away from the M(1)
sites shown are largely the population around the M(1) sitése neighbouring unit cells.

ion conduction around 600 K3p, 41]. A demonstration of the alkali ion localization at M(1)
sites is provided in figur8.6, where the coordinates of alkali ioris;", Na*, Cs" across the
40000 MC configurations, folded back in to a single unit ceb@0 K is shown amidst the

framework structure and the M(1) and M(2) sites of the regpesystem.

The alkali ions (blue dots) evidently populate the M(1) sifieght green balls) at 600 K,
leaving vacant the M(2) sites (yellow balls). The extentrad ailkali ion distribution around
M(1) sites provides a measure of the thermal amplitudeseftkali ions which are larger
for smaller alkali ions. Information related to structupalrameters of the building polyhedra
and their connectivity are obtained from the analysis of M@ configurations generated.
Table3.2lists the bond-lengths between select atomic pairs, Zr-O, RI-O, obtained from
the respective rdfs at 600 K. Zr and P ions show sharp codidmaumbers of six and four
with oxygens respectively, as expectedZos-octahedra ané®O;- tetrahedra. Alkali ions,

however, exhibit relatively weak six coordination with @gns due to their larger thermal
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Ficure 3.7: The illustration of angles and distances employed énsthuctural analysis (see

text for details). An M(1) site (marked Na),and the later@higectivity of anM(1)Og Octahe-

dron to a lantern unit consisting of tw&rOg octahedra pillared by thrd@O, tetrahedra are
shown in (c).

amplitudes. It may be noted from Tal8e? that the Zr-O and P-O bond lengths do not change
appreciably with the size of the alkali ion incorporatedhia framework. Significant increase
in the average M-O distances are observed, as expected. gfbéenzent in Li-O distance
between simulation results and experimental déthdre due to the fact that tHa* ions are
found located 6i-centered in the Li-O octahedral hole in simulations. Thus value does
not serve a good measure of the octahedral hole in the cabe dfi-system. The value of
2.22A from simulation appears more reasonable in the light of thenon difraction results

[42]. Other interatomic distances are in good agreement wetipus X-ray studiesl[o, 40].
The interest is, thus, how th&,P;0,,]~ framework accommodates the increase in the
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M-Og octahedron without appreciable change in the covalentiemgths in the system. The

TasLe 3.3: Rotational angles of the polyhedra (in degrees) fowvtheus alkali ions substi-
tuted NASICON framework from NPT-MC simulations at 600K €lValues in parenthesis are
experimental datagl (SM) refers to values predicted by Alan3d] based on the structural

model.
M 9l $2 01 01(S M) 62 Ref
Li* 6.1 74 80 3 69 -
Na* 6.9 7.6 9.2 6 95
(8.9 (6.2) a17) (8.4) 22]
K* 104 82 139 15 171
(112) (7.1) (151) (14.0) B0
Rb 119 83 157 — 199 -
Cs 136 86 177 227
(1159) (7.25) (1480) 24 (15.41) 40]

anomalous changes in the lattice parameters were explain&timo and co-workers based
on a mechanism involving coupled rotations of the polyhef28, 30, 31]. The pressure
exerted on the two neighbouriyOg octahedra by the larger cation in the M(1) sites results
in an in-equivalent rotation of the two triangular faces lué bctahedra (parallel to theb
plane) about its 3-fold axis parallel to the c-axis. As theZand P-O bonds are practically
rigid thePQ, tetrahedra connected to the two neighboudn@s octahedra are bound to rotate
about their 2-fold axis parallel to threeb plane. By projecting distances measured along the
Zr-O and P-O bonds on to theb plane andc-axes of the rhombohedral cell, Alamo and
co-workers proposed the following exact equations commgdhe rotational angles of the

polyhedra and the lattice paramete3§,[31].

a=2x [(RZl cospl + RZ2 sin@2 + %)) ; DP] (3.4)
b = 6 x [(RPLcosfL + RP2 sin62)) + DZ] (3.5)

Where distances RZ1, RZ2, RP1, RP2, DZ, DP and the ardle®2, 61 and 62 are
illustrated in figure3.7. RZ1 and RZ2 measures the circum radii of the triangularfade¢he
ZrOg octahedra parallel to theeb-plane, formed respectively by O1 and O2 -oxygens.

The O2-oxygens are those forming the triangular basal plahthe twoZrOg around an
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TasLe 3.4: The internal measures of pertaining tof@, tetrahedra andrOg octahedra,from
NPT-MC simulation at 600 K. The values in parenthesis areutaled from respective X-ray

structure.

M RPL RF2 DP RZL RZ DZ  Ref
L+ 121 123 180 165 172 237 -
Na® 1.22 123 179 164 172 239

(1L29)  (126) (179) (168) (16) (236) [27
K+ 124 124 176 160 172 244 -
Rb 124 124 175 159 172 248 -
Cs 125 124 174 157 173 251

(1.30)  (124) (169) (166) (16)  (255) [40]

M(1) site of the alkali ions (thus forming thil(1)O¢ octahedra), and the Ol1-oxygens
forms the basal planes of two neighbourifx@g pillared by the edges of thrd&0, tetrahedra
when viewed along the-axis. RP1 and RP2 are respectively half the O1-O1 and 02-02
distances of thé>O, tetrahedra. DZ measures the height of #1®¢ octahedra along the
c-axis, andDP is the dimension of the tetrahedra measured along the Zafofdparallel to
the a-b-planegl measures the rotation angle of the triangular face fornygdIoxygens of
the octahedra with respect to the b-axis, @@ds the angle the O2-oxygens makes with the
vector,a+b, as shown in figur&.7. 61 is the tilt angle O1-O1 edge &0, makes with the
c-axis, and2 is the angle 02-02 edge BO, makes with the-b plane.

The rotational angles of the polyhedra calculated from tiesgnt NPT-MC simulation
at 600 K is listed tabl®.3. The rotational angles calculated by us from the X-ray $tmas
[22, 40] for Na and Cs-systems,as well as those reportedfosubstituted systen8[)] are
also given for comparison. It can be seen that the rotatiangles of the polyhedral and
¢2 of the octahedra, artd andg2 of the tetrahedra increase with the size of alkali ion. €hes
increased rotations of the octahedra about its three-foilsl @nd the tilt of the tetrahedra
about its two-fold axis are in agreement with the experiralegsults. Based on the structural
model, Alamo B1] has predicted the tilt angl&l,for Li, Na, K, Cs -systems by fitting to
the respective experimental lattice parameters (alsedist table3.3). A ’rigid’ polyhedral
model with parameters, RP1, RP2, DP, RZ1, RZ2 and DZ, takenit" substituted system is
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presumably employed in this analys®y[. Over all, simulation results are in better agreement

with experimental results than those predicted by the gtratmodel BO].

It may be noted that Alamo and coworkers estimates of poldigdtations are based
on ’rigid’ polyhedral model, subject only to torsional médations B0]. We have examined
the extent to which this rigid polyhedral model holds fordbesystems. For this purpose,
the detailed structural parameters of the polyhedral yavsraged over all the polyhedra and
over the 40000 MC steps,are computed (see talde

The distances RP1 and DP show changes of @.@hd 0.06A, respectively, between
the end memberki* and Cs'- substituted systems; while RP2 remain almost a constant
across the series. From Bgj, the decrease in DP contributes to about 0&1@ecrease in
the a-parameter, accounts for aboyt3 of the change observed between thé andCs"
substituted systems. The internal measures ofZit® octahedra, RZ1 and DZ changes
through 0.08A and 0.14A, respectively, while RZ2 remain nearly constant acrossénes.
The elongation of the octahedra thus contribute to about A.8f change inc-parameter
between the Li and Cs -systems, again accounts for neg8!§ df the total change observed.
The internal measures of the polyhedra computed from MCa@rgared with data extracted
from X-ray structures foNa" andCs" substituted system2, 40] (given in parenthesis in
table3.4). The agreement is within 4% in the caseR8d, tetrahedra, and within 8% fairOg
octahedra. These ftlerences are responsible for the relative larger valuespErameters
observed in simulations figu@3. Turning to the structural model as noted earlier, Al&no
estimates of rotational angles are on the higher side fgefapns, though the equati@4
provided by the structure model are exact. This owes to ttigliat the internal measures of
the polyhedra, particularly DP and DZ, are kept constamiughout series. Thus the present
simulation results as well as experimental observationaatcsupport the rigid polyhedra

model, and emphasis the need to account for the polyhedtalrtions.

It is worth examining these polyhedral deformations adittiore closely, and their con-
nection to the size of the alkali ion inserted. The largeroret exert a vertical (along the

z-axis) stress on the two neighbouridgOs octahedra resulting the expansionM{1)Og
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Distribution of rotation angles of thBO, tetrahedra and&rOg octahedra,

01, 62, pland¢2, at 600 K forNazZzrP301,. Continuous lines are averaged over all the
polyhedral units, circles are those for a single polyhegdudnitrarily chosen all averaged over
40000 MC configurations.

octahedra along the z-axis. This stress gets transferredsato the lantern units, consisting

of two octahedra pillared by three tetrahedra (figBr&c)). Since the height of th(1)Og

(along the z-axis) equals half the height of the lanternsutstexpands correspondingly. Thus

the polyhedra show an overall expansion in the z-directionl, explains the increase BZ

andRP1 (figure3.7(a) and (c)). On the other hand some of the polyhedral messur¢he

a— b plane, such aBP andRZ1 decreases, while otheRP2 andRZ2 remain constant with

the size of the alkali ion (figur8.7(b) and (c)). This behavior owes to the fact that the stress

due to the larger alkali ions is oriented along thaxis, and is consistent with the small reduc-

tion in a-parameter. Further, the increas®in owes entirely tdDZ1 (not listed in table3.4),

which is the distance from Zr to the O1-triangular face ofdbtahedra, that is away from the
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alkali ion site. (Note thaRZ1 andDZ1 are projections of Zr-O bond on to theb plane and

the c-axis respectively, and Zr-O bond lengths remain geadonstant. Thus the reduction
in RZ1 causes an increaseD¥1.) Similarly the increase iRP1 accounts for the reduction
in DP1. Thus the deformations of the polyhedra are more intrittzda an expansion along

the z-axis and a contraction on tha plane.

Colomban et al. examining the phase transitiomMiaZr,S LPO,, have proposed that
the nature of the polyhedral rotation can have a profoundenite on the thermodynamics
of these systems4B]. Shown in figure3.8, the distribution functions (un-normalized) of
the rotational angles of thRO, tetrahedragl and62, and those of th&rOg octahedragl
and¢2, of NaZrnS LPO;, at 600 K are shown. The distribution function for each of éhes
angles are computed in two ways one, averaged over all tybdgaddal units and over all MC
configurations (shown as continuous lines); two, for anteabi chosen polyhedra over all
MC configurations (shown by circles). It is noted that therdisition functions averaged over
all the polyhedral units compares well with the correspogdiistribution computed for an
arbitrarily chosen polyhedron. This demonstrates thal gatyhedron undergoes rotations
over the entire range of angles, suggesting the dynamicaftenaf polyhedral rotations in
NASICON:Ss. It shall be noted in passing that molecular dymamapproach would be better

suited for a more detailed investigation of this dynamicdypedral rotations.

Previous experimental studies have shown that the thenpahsion of NASICON frame-
work is significantly influenced by the interstitial ion asliges framework compositionglf—
50] a very useful property in the tailor making of low thermalpexsion solids. In figure
3.9the variation of lattice parameters with temperature ferdlfferent alkali ion substituted
NASICONSs is shown over the range of 300-900 K together witta @extracted from previ-
ous experimental work3B]. Note that for Li and Cs-systems data are shown over réstric
ranges. For the Li-system simulations are not performeaBDO K, as the system is known
to undergo monoclinic distortion below 443 K. The Cs-systanthe other hand is found to be
unstable,and undergoes a structural transformation ak9@ur simulations; hence omitted

from the results. No further analysis of this transformai®carried out. We are not aware of
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Ficure 3.9: The variation of ¢c and a parameters with temperatur¢halkali ion incorpo-
rated NASICONSs,from NPT-MC simulations. Lines are expemtal data extracted from the
figure 3 of reference 33. Symbols are simulation results.

any experimental observation of a transformation in@srPs0;, at 900 K; the observa-
tion,rather suggest the limit the interatomic potentials taithfully emulate the system. The
c-parameter increases with the temperature, while a smadigative change ia-parameter
is observed with temperature across the series. The gai@rdgingreement with experimen-
tal results in thec-parameter variation is excellent across the series. Thelatle values of
a-parameters from simulation show typical deviations aftald % from the corresponding
experimental values, across the series, making the agreeappears largely qualitative in

the expanded scale of figuBe9.

Following earlier experimental studies the variation gfarameter is plotted against a for
all compositionsi/ = Li*, Na", K*, Rb" and Cs") over the range of 300-900 K. The thermal
effects being small relative to the size of the alkali ion inavgted, the data divides into five
distinct clusters (shown encircled in fig8el0, each corresponding to a particular alkali ion
and contains data for the entire temperature range. Théaicall data points, irrespective of

the temperature, fall nearly to the same universal curvéroosithat the dominant mechanism
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Ficure 3.10: Variation of lattice parametetsjersusa,over the temperature range of 300-900
K for MZr,P30;,, whereM = Li*, Na*, K*, RbtandCs". The solid line is only to guide the
eye.

of anisotropic thermal expansion of these systems alsdvevawupled polyhedral rotations.
This suggests that the larger thermal ellipsoid of the alkaldue to increase in temperature

mimic an increase in the size of the ion itself.

3.4 Conclusion

Monte Carlo simulation allowing for changes in the shapesanel of the system is performed
on NASICON solidsMZr,Ps0;,incorporating diferent alkali ionsM = Li*, Na", K*, Rb*
andCs'. The c-parameter of the rhombohedral unit cell is found to inceeagh the size
of the alkali ion, while thea-parameter found decreasing in agreement with previousrexp
mental results. The alkali ions are found localized at thé)Mites (6b sites dR§c) over the
entire range of temperatures explored (300 - 900 K), excepivhich was found to populate

the Na(2) sites (18e sites c), partially, at temperatures above 600 K. The changes in the
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Zr-O and P-O bond lengths across the series is found maydioakver, significant changes

in alkali ion oxygen (M-O) distances are observed.

The extent of the coupled rotations BO, tetrahedra andrOg octahedra as well as the
distortions of these polyhedra forfiirent alkali ion containing NASICON framework are in
agreement with X-ray structure. The present simulationltesuggest that while dominant
mechanism of anisotropic variation of lattice parametarslve coupled rotations of the poly-
hedra, as proposed by Alamo and co-workers, the contribdtamm polyhedral distortions
are also significant. The distortions of the structural pelyra are estimated to contribute
about one-third of the cell parameter variations for the NASN solids examined here. The
anisotropic thermal expansion dMZr,P3;0,,-systems follows the same qualitative pattern
observed with the size of the alkali ion at a given tempeegatilihe universal behavior of the
C- versusa-parameter variation suggests that the anisotropic thHegrpansion involves the
same mechanism that allows insertion of larger alkali iothi;mn NZP-skeleton. Our results

suggest that these polyhedral rotations are dynamic irr@atu
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Chapter 4

Influence of SyP Ordering on Na*
Transport in NagZroSbPOy,'

4.1 Introduction

In their pioneering work Hong and Goodenough etlaR] demonstrated feasibility of fast ion
conduction in several frameworks; solid solutions of tharfola, Nay,Zr,S ikPz_,O1>, where

0 < x < 3, named NASICONSs (for Na-superionic conductor) were paldrly attractive
for their high and three-dimensional conductivity and siggethermal stabilityB-5]. The
NASICON framework permits variety of ion substitutionsdaserves a potential template
for tailor making of solids for varied technological applions, such as solid electrolytes,
low-thermal expansion materias{9], nuclear waste packaging matricé8[11], gas sensors

etc[12-15].

The NASICONSs consists of three dimensionally linkédDg octahedra sharing corners

with SiQ, andPO, tetrahedra, and stabilizes generally in the rhombohesipaloe grouﬂgc)

TPublication based on this work: Supriya Roy and P. Padma Kupfis. Chem. Chem. Phy45, 4965
(2013).
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98 Chapter 4. Influence of ® Ordering on Na Transport in NaZr,S LbPOy,"

structure as detailed in Chapter 3. THeay, 4 Zr,S ikP3_xO1, -series, where & x < 3, exhibit
many interesting structural and conductivity behaviouthvdiomposition. The-parameter

of the unit cell increases monotonically wity while the c-parameter attains a maximum
aroundx = 2 and decreases thereaffidd]. The Na" conductivity of the series also exhibit a
maximum near the composition= 2, which is about three orders of magnitude higher than
the end members(= 0 andx = 3)[16]. The compositions in the range6l< x < 2.2 has

been reported to undergo monoclinic distortion at low terapge & 450K).

Colomban has carried out detailed investigation of the leiggnductingx = 2 composi-
tion, and showed that the conductivity and phase transfibom=of the system is strongly
influenced by the sintering temperature of the sampl@s[The material sintered at a higher
temperature (120C) shows three phase transitions, twéwube transitions at 60 K and 520
K, and a prominent transition around 423 K. This 423 K traosiinvolves a structural phase
change from monoclinic (indexed iG2/c or B2/b respectively in referenced,[ 16]) to
rhombohedraR3c, and is associated with the increase of ionic conductivitynf normal to
superionic statell7]. However, the samples sintered at a lower temperaturésg6d 900C)

showed no signatures of phase transition across the tetaperange of 300 to 800 K.

In figure4.1high temperature rhombohedral and low temperature mamogliructure are
shown. The eighteen & positions (18e locations Gfgc) in the rhombohedral unit cell can
be visualized as distributed across six equidistédntplanes along the-axis. However, the
specific locations of silicon and phosphorous in the fram&iave been indistinguishable in
previous experiments, due to their similar sided[6, 18]. The low-temperature monoclinic
structural has often been described as a “slight monodlistortion” of its high temperature
rhombohedral structure, by previous authdidd imply the closeness of spacial distributions
of atoms in the two structures. The corner shared framewamkectivity remain very similar
in these two phase, though the silicon and phosphorous sigbdied across two fierent
crystallographic positions 4e and 8b in the monocli@iyc structure, while in the rhombo-
hedral counterpart they share same crystallographic, diees of theR3c -space group. In

the rhombohedral structure there are three Na sites Nagl(p)Mind mid-Na. Among them
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(b)

Ficure 4.1: structure of the two phasesésZr,S POy, (a) the high-temperature rhombo-

hedral phase, (b) the low-temperature monoclinic phase.pblyhedral framework afrOg

(in pink) corner sharing withgi/P)O, tetrahedra (dark) are shown along with the Na-sites,

Na(1) (light green), Na(2) (blue), mid-Na (light yellow)@&iNa(3) (orange, in (b)). Oxygens
are shown in red.

Na(1) (6b positions oR§c) and Na(2) (18e positions Géc) are the prominent ones in terms
of their occupancyf6]. In the monoclinic counterpart the conventional Na(2esiof the
rhombohedral structure are modified into twdfelient sites, labelled Na(2) and Na(3). The
new site Na(3) site of the monoclinic structure is slightigpdaced from the Na(2) containing

basal planes.

Previous experimentalp, 18, 19| as well as simulation studie&), 21] have proposed that
for the rhombohedral structure the preferi¢d" conduction channels is the one connecting
Na(1) and Na(2) site, through the mid-Na site. The Na(2sda# in the same basal planes as
those of SiP, and are three coordinated to the coplan#? Sites at a distance of 3.15 The
Na(1) sites fall between these basal planes, and are sidicated to the 3P sites above and
below it, but at a larger distance of 3.#6 Thus, the dferent oxidation states of silicon (S)
and phosphorous P will presumably influence the energetic N&* along the conduction

channel due to their fferential local coordination with Si and P. This prompts thesgnt
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molecular dynamics simulation dfa® mobility in NASICON frameworks with dferent SIP

ordering.

4.2 Method and Computational details

To begin with, a series of microcanonical molecular dynantiVE-MD) simulations are
performed at 600 K on the high-conducting rhombohedratsine ofNasZr,S LPOy, (hav-
ing different SiP orderings) with the objective of investigating the roleSyP ordering on
Na* transport in the system. These results are discussed iorsdc8.1 A second series of
MD studies in the isothermal-isobaric ensemble (NPT-M[2)@arried out over 300-800 K in
an dfort to bridge the present simulation results to availablgeeexnental observation. The

results of these NPT-MD studies discussed in secti8r2

Molecular dynamics (MD) simulations dNagZr,S LPO,, are performed employing the

previously proposed interatomic potentia0],

NoF - : S\ Nij C::
qrufh ; A,(mr:” o) _Gi (4.1)
ij

U(rij) = =
ij

ij

TasLE 4.1 Interaction potential parameters between, speciendXoxygen, whereX =

Na Zr,Si P.
Species(X) ax(lel) ox(A) Axo(eV)  Cxo(eVA®) nxo
Na 0702 113 01716 0 9
Zr 2.808 086 12126 11917 9
Si 2808 Q40 28059 11529 9
P 3510 Q31 36158 9279 9
o) ~1.404 121 03252 47999 7

Ana-Na = DeVandnyana = 11 All the other parameters not listed above are kept zero.
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4.2. Method and Computational details 101

whereq; ando are respectively thefiective charge and ionic radius df ion. rj; is the in-
teratomic distanced; andC;; are the overlap-repulsive energy and dispersion term&cesp
tively between ion pairs and j. These parameters are listed in Tahlé This interatomic
potential has successfully reproduced a variety of stratfproperties and conductivity of
Nay,xZrS ikP3_4xO1, over the entire range of compositiongOx < 3 [20, 21]. This potential
has been employed in the study of distortions and oriemtatidisorder of the polyhedra in
MZr,P;0:5(where M=LI, Na, K, Rb and Cs) and their role on the anisotropic vaoiagiof the
lattice parameters and low-thermal expansivity, over wadge of temperatures as described

in chapter 3.

4.2.1 Microcanonical Molecular Dynamics (NVE-MD)

In order to investigate thefiect of SfP ordering oriNa* transport in the system, framework

structures with dferent SiP ordering are prepared as below:

1. Each of the six basal planes perpendicular tacthgis contain two Si and one P in one

unit cell (this structure shall be referred P1-P1-P1)(sp&rd4.2).

2. Repeating units of two silicon rich planes, parallel te #-plane, sandwiching one
phosphorous rich layer (shall be referred to as PO-PO-R®&reTare two such units per

unit cell (see figure.2).

3. Three random structures have been made by distributiogrsiand phosphorous ran-
domly across the @ sites in the simulation cell (referred to as Randl, RandR an
Rand3).

The simulated system consists ot 3x 1 rhombohedraR3c unit cells ofNasZr,S LPO,
containing a total of 1080 ions. The unit cell parameters@utdinates of atoms are taken
from the single crystal X-ray data of Boilot et al. at 623 k6] 18]. Periodic boundary

conditions are employed together with Ewald summationrtegre for convergence of long
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"

P1-P1-P1 PO-PO-P3

Ficure 4.2: The two SP ordered frameworks of high-temperature rhombohedraseplod

NagZr,S bPO;2 examined in the present MD study; (left) P1-P1-P1 structune (right) PO-

PO-P3. Only one column of “lantern units” of a unit cell alothg c-axis, withSiO, (blue)

andPO; tetrahedra (pink) sharing corners wiinOg octahedra (light green) is shown. Na(1)
and Na(2) sites are shown as gray and green balls, respgctive

range Coulombic interactions. After dedicating 2 nano sdsdor equilibration, production
runs of 6 nano seconds are carried out. A time step of 2 fentonsks is employed. The
trajectory samples are stored at intervals of 200 pico skcdor further analysis. These

NVE-MD simulations are performed using an in-house-dgvetbMD code.

4.2.2 Isothermal-Isobaric Molecular Dynamics

To study the influence of @ ordering on the phase transition and activation energy of
NaZr,S bPO,,, molecular dynamics calculations in the isothermal-isimbensemble (NPT-
MD) simulations are carried out over 300-800 K. The NPT-Migiations allows for change

in shape and size of the supercell, and are best suited festigation of structural phase trans-
formations in solids. The interatomic potential mentioeedier in this chapter (eqi.1) is
employed in these NPT-MD simulations as well. The simulaiare started from the low-

temperature monoclinic X-ray structure reported by HdijgwWith lattice parameters of these
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Ficure 4.3: Two of the ordered B¢ arranégznents in the monoclinic cell, (a) labelled Ord1

and (b) Ord2, used as the starting structures for NPT-MD lsitiomns. TheZrOg -octahedra

are shown in green, and tl®iO, and POy-tetrahedra in blue and pink, respectively. The
Na(1), Na(2) and Na(3) sites are shown respectively as glak-green and orange balls.

monoclinic cell area = 155864, b = 9.0294, ¢ = 9.2054, @ = 90.0°, 8 = 1237°, y = 90.0".
One unit cell contains 4 formula units dfasZr,S LPO;,. The simulation supercell in this
case consists 0f»23x 3 unit cells containing a total of 1440 atoms. As mentionetiezadue

to the similar sizes of the S atoms the exact positions of Si and P atoms separatelymemai

unknown.

Thus the following monoclinic structures havindgtdrent SIP orderings are investigated:

1. The Si and P atoms are distributed, respectively, ove8tlamd 4e sites of th€2/c.
Labelled Ord1, the arrangement is shown in figdt&a). It shall be noted that Hong

assumed this particular order in his original wdikjpurely intuitively.
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2. The SJP atoms arranged as demonstrated in figuB). Labelled Ord2, this arrange-
ment introduces dierent local coordination of & at the prominent Na(1), Na(2) and

Na(3) sites of th&€2/c, compared to Ord1.

3. The SjiP are arranged randomly over thex3 x 3 unit cells forming the simulation

super cell (labelled RandM; not shown).

In addition to the above, a series of NPT-MD simulationststgrfrom the P1-P1-P1 rhom-
bohedral structure (described in figu¥) are carried out over 800 to 300 K.

All NPT-MD simulations are carried out at a target pressuré@®atmospheres. Simu-
lations are typically of 5 nano seconds duration (for praidu) at a time step of 2 femto
seconds. Trajectory has been written out after every 200 Mpsswhich are used for the
calculation of dynamical properties of the system. The NHIsimulations has been carried
out using the simulation package LAMMP32. A tabulated form of the potential has been
used, as the functional form describing the short-ranggaction (see egri.1) is not avail-
able in the package. For better conservation of energynteeatomic potential on a grid size
of 125x 1076 A is used.

4.3 Result and Discussion

4.3.1 Influence of SiP ordering on Na* conductivity

The gross structural features of the NASICON framework piblghedra and their connectiv-
ity, are found insensitive to thef@ierent SiP orders present. The radial distribution functions
(RDF), g(r), between select ion pairs, Zr-O, Si-O, P-O an® Jer the three frameworks
with different SIP orders shown in figuré.4 are very similar to one another, demonstrating
this. Though the starting structures involve average-8l distances for all the tetrahedra, the
system quickly relaxes, arliQ, andPO, tetrahedra assumes their respective natural dimen-

sions. The bond lengths of covalently bonded ion pairs, Z&ED and P-O, are respectively,
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Ficure 4.4: The radial distribution functions, g(r), between selen pairs, Zr-O, Si-O, P-O

and O-0O, forNagZr,S PO, frameworks with diferent SiP orders at 623 K. The intensities

of the first peaks are truncated for optimal view of the fumttt long range. The vertical bars

in brown are for the corresponding X-ray structui®,[18] in arbitrary units. The functions
are uniformly displaced along the Y-axis for clarity.

2.07, 1.61 and 1.54, and with sharp coordination numbers of 6, 4 and 4, in agreéemigh

previous X-ray studieg].

The mean squared displacements (MSDNef ions at 623 K in frameworks with dif-
ferent SIP ordering are shown in figu#e5. The MSD ofNa* ions in the ordered structure,
P1-P1-P1, are significantly higher compared to the orthared structure PO-P0O-P3 over the
same period of time, and those in the random structures teriadiate. The self ffusion
codficient of Na* ions calculated for the P1-P1-P1 structure<{D.11 x 108 nsec?; con-
ductivity, 4. = 0.366 S.cnT?), is more than an order of magnitude higher than that in the

P0O-PO-P3 structure (B 0.31 x 1071 mPsec?; conductivity,ogc = 0.01 S.cnt?). For the
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Ficure 4.5: The mean squared displacemeniNaf ions with time in the NASICON frame-
works having diferent SiP ordering from MD simulation at 623 K.

three random structures the conductivities show very amvidlues ¢4, = 0.14, 0.138 and
0.111S.cnt?). This proves unambiguously that thgRSbrder plays a very important role on

theNa* transport in the NASICON framework.

It shall be noted that several previous experimental stuldiie’e measured the activation
energies and conductivities of NASICONSs at variad¢@] 16, 19, 23]. Colomban showed
that samples heat treated at higher temperatures systathatmeasured higher conductivi-
ties [17]. The present simulation results complement their obsienvgroposing that higher
sintering temperatures not only improve their X-ray crifstiy but also alter the $P order-
ing in favour of the P1-P1-P1 structure, with an evenly thstied phosphorous arrangement

along thec-axis of the unit cell.

Microscopic details relating to the energetics, atomicsitgrprofiles, site energies and
percolation pathways dfla* ions are analyzed to understand thifeet. The radial distri-

bution functions (RDFs) between the/Biwith Na* ions in the frameworks with flierent
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Ficure 4.6: The radial distribution functions fada" ions with respect to silicon and phos-
phorous positions calculated for the framework structuvél different SiP ordering from
MD simulation at 623 K.

Si/P ordering is shown in figuré.6. These functions are calculated with respect to Si and
P ions as the origin so that their relative abundance in tetesy (2:1) are not reflected in
the intensities. The first peak of the P-Na RDF are either tawentensity or occur at a
larger distance compared to the Si-Na RDF in all three casspite the fact that & share
crystallographically equivalent positions in the struetuThus theNa* ions prefer to move
away from the phosphorous locations, suggesting the strazaulombic repulsion between

theNa" and phosphorous ions is operative in the system.

Originating dominantly from coulombic interaction thi§ext was quiet natural to expect,
though eluded previous studies. Probably, thought of lgamim significant impact on ion
transport as the framework cations are screened away byxifgen environment from the
Na" conducting channels; neither any quantification of tfieats were available nor control-

ling Si/P locations were amenable to experiments for systematsstigation.
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Ficure 4.7: The potential energy dfla” along thez-axis (green) averaged over the MD

trajectory at 623 K, for the two structures P1-P1-P1 and @®P. The averaged atomic

density profile for theNa" ions projected on theaxis is shown. The @ and Na(2) locations

along thez-axis is shown as vertical blue bars, and the Na(1) locatésasshown as black
bars.

The potential energy of individuala® ions due to its interaction with the rest of the
system, including otheNa* ions as well as the framework ions, provides the most direct

information on the barriers to ion transport. The quantég be calculated as,

] N
=5 ) () (42)

=1y,

such that the total potential energy; of the system is written as,

N
Utot = Z Ui (4.3)
i=1

whereu; is the potential energy of thi€' ion, N is the total number of ions in the system,
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andr;; the separation between a pair of ions under periodic boyratarditions. Employing
this equation the potential energy profile &" ions along thez-axis of the rhombohedral
cell, averaged over all thida* ions and over the stored trajectory (after folding it backoi

single unit cell), is calculated. Shown in figu4€7, the energies show significanti@irences

between the frameworks havingidirent SiP order.

Evidently, the high conducting P1-P1-P1 structuffeis smoother potential energy profile
with relatively low barriers to théla* ions. Consequently a smoother distributionNod*
along thez-axis that is reminiscent of high ion mobility is observedheTlow conducting
P0O-P0-P3 structure, on the other hand, exhibits larger latidos in the potential energy
profile, thus greater energy barrierdNta* transport in the framework. The PO-P0O-P3 structure
evidently results in well resolved peaks in th&" distribution suggesting localization of
sodium ions. Thus an uniform distribution of/Biions along the-axis, as in the case of the

P1-P1-P1 structure, results a smoother potential eneajifgofavourable to ion transport.

The three dimensional distribution dfa* in the rhombohedral cell is demonstrated in
figure 4.8 for the two SjP orders, by collapsing their stored positions in to a singig
cell. For the P1-P1-P1 structure a well developed perapsigtath ofNa“ ions connecting
the Na(1)-Na(2) channel is evidenced consistent with tigl kbkonductivity observed. The
P0-P0-P3 structure results in islands\Ne" population with rather poor connectivity across

them.

This phenomenon could be one of the major reasons for thdisagtt variations in mea-
surements of conductivity of NASICONs sampleffetiently heat treated[]. Further, we
note the plausibility, that the anomalous variation in tbeductivity of Nay, 4 Zr,S ikP3_xO12,
which peaks around=2, is related to a smoothening of the potential energy hafioieN a
ions due, partially to dferent SIP distributions, among other previously proposed factors
such as the opening of bottleneckg[andNa"- Na* correlations] 6, 24] a proposal calling

for further investigations.
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Ficure 4.8: Three dimensional distributions W& ions (yellow) in the rhombohedral cell for

the two framework structures withf€iérent SIP orders, P1-P1-P1 (left-panel) and P0O-P0O-P3

(right-panel), from MD simulation at 623 K. The ball-stickogel shows one configuration

of the framework cations, Zr (light grey), Si (blue) and Rdjrebridged through oxygen (not

shown). The locations of the predominas&* sites Na(1) (dark grey) and Na(2) (green) are
also shown.

Finally, some insight into thBla® distributions on basal planes perpendicular tocHais
for the frameworks with dierent SiP orders is gained by collecting ions in a thin slab of
0.3 A around a chosen heiglz, In figure4.9(a) qualitative demonstration dfa" distribution
on select basal planes of P1-P1-P1 (top-panel) and PO-RirR3ures (bottom-panel) are
shown. Figuret.9(a) shows théNa" distribution for one of the basal planes containing Na(1)
sites ¢ = nc/6, wheren can be 01, 2, ...,5). In figure4.9(b) the distribution on one of the
planes containing the Na(2) sites< (2n+1)c/12n= 0, 1, 2, ..., 5) are shown (compare with
figure4.8), along with distributions for the coplanar Si and P ionstdeast thermal amplitudes
of Na* are observed along the basal planes at Na(1) sites corisisteriigure4.8. In figure
4.9(c) Na* population on one of the basal plane containing Na(1) s&es € 0,¢/3,¢/2 or
5¢/6, in figure4.8) located between an Si-rich and a P-rich planes of the PB3P8tructure

are shown. No appreciabia’® population is observed on cross sections through Na(19 site
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NC

Ficure 4.9: The distribution ofNa* ions (black) in the rhombohedral simulation cell (of

3 x 3x 1 unit cells) on select cross sections of thaxis for the three framework structures,

P1-P1-P1 (top panel), PO-P0-P3 (middle panel), randontafimgpanel) from MD simulation

at 623 K. The in-plane Si and P distributions are shown in biug red respectively. See text
for detalils.

falling between two Si rich planes (at= ¢/6 or /3, in figure4.8), hence not shown in
figure 4.9. The in-plane distributions dla" at Na(2) sites of the PO-P0O-P3 structures are
gualitatively similar irrespective of their coplanar nieiimprs are (phosphorous figu4e(d))

or silicon (figure4.9 (e)). However, from figurd.7, the preference dia* ions in favour of
Na(2) sites on Si-rich layers, though somewHéentered, is evident. The large occupancies
at these Na(2) sites, presumably, result in the low occuypanida(l) sites located in between
the Si-rich layers owing ttla*— Na* repulsion. Figuret.q(f) shows the distribution oNa*
ions on an arbitrarily chosen basal plane containing Nafg} ®f the Randl structure. It
shows non uniform population density atfdrent Na(1) sites which is reflecting th&ezt

of random SIP neighboring to these Na(1) sites. In figdr®(g) Na* distribution at some
randomly picked Na(2) planes is shown. The population fiEdeént Na(2) sites are observed
to be influenced by their local & coordination. The Na(2) sites surrounded by three P atoms
shows very little occupancy while surrounded by lesser nB afoms shows gradually more
occupancy. Overall, thdla® distributions at Na(1) sites suggests larger thermal dog#i

along theab- plane compared to Na(2) sites, while the converse is trsgahec-direction.
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Ficure 4.10: Radial distribution functions (RDFSs) of ion pairs @r-Si-O, P-O and O-O for

different SIP ordering at 400 K and 700 K. The corresponding RDFs cakedl&bm the

monoclinic X-ray structure (with their intensities scaldown for ease of comparison) are
shown as bar-plots. The legend on the right of the top parcelismon to all the plots.

4.3.2 Hfect of SyP distribution on activation energy

Having established the significance offSordering on ion transport iNagZr,S LPO,,, the
effort was on bridging the present simulation results to aklaxperimental observations.
To this dfect, the trajectories of isothermal-isobaric ensemble MIPT-MD) simulations
starting from the dterent SiP ordered structures, described in secdh?2 are analyzed for

various structural, thermodynamics and dynamics progeerti

The RDFs of select ion pairs, Zr-O, P-O, Si-O and O-O, fdéfedent SiP-ordered struc-
tures over 300 - 800 K are calculated. The essential featittese RDFs are demonstrated
in figure 4.10with the help of one for the low (400 K) and one for high tempera (700
K). It shows no noticeable changes suggesting that the framks of all the diferent SiP
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orderedNasZr,S LPO;, remain intact across the temperature range. The unit celhpeters
of the simulation cell in all cases retained the symmetnhefrespective starting structures
across the entire temperature range examined. Thus naustablindicators of a monoclinic

to rhombohedral transition was observed for any of tifiecent SiP ordered systems.

The systematic investigation by Colombad[ showed that the thermodynamic signa-
tures, such heat capacity, as well as the activation enemiphic conductivity during the
monoclinic to rhrombohedral transition have a strong depeoé on the thermal history of the
samples. The samples sintered at high temperature {C28Bowed sharper features of the
phase transition, including a prominent peak in the heaa@fpand a significant change of
slope in the Arrhenius curve around the transition tempeeat 450 K). In sharp contrast to
this, no significant thermodynamic signatures of phase gharas observed[] for samples
heat treated at lower temperatures (900 and®6R0The activation energies for ionic con-
ductivity of the samples heat treated at 900fitted to the high and low temperature regions
of the Arrhenius plot are very close, 0.22 and 0.29 eV resgsygt[17]. However, the av-
erage energy, heat capacity,] and isothermal compressibility estimated over the rarfge o
300-800 K (not shown here) from the present MD simulatiodsndit present any convincing

signatures for a phase transformation that was expected.

Figure4.11shows the Arrhenius plot of conductivity from present MD slations start-
ing from the diferent SiP ordered framework structures detailed in sedligh2 The experi-
mental conductivity data fadasZr,S bPO,, samples sintered at 1280and 900C, extracted
from Colomban’s workl7] is presented for comparison. Interestingly, the NPT-MD -
tions starting from the monoclinic structures having oede&jP arrangements, Ord1l and
Ord2 (refer to sectiod.2.2), show sharp change of slope in the Arrhenius plot around 500
K (figure 4.11). This behaviour closely resembles the high-temperatntered samples of
NagZr,S LPO;,, examined by Colomban. The NPT-MD simulations startingftbe RandM
(having a randomly distributed /& arrangement) exhibits a nearly linear behaviour acr@ss th

entire temperature range, in striking qualitative resembé to the low-temperature sintered
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Ficure 4.11: Arrhenius plot for dferent Si-P ordering from simulation as well as the data
extracted from the Colomban’s experimental work.

samples. The NPT-MD results for the P1-P1-P1 (the best aimdurhombohedral struc-
ture having an ordered arrangement oPSi refer to sectio®.3.1) and Ord1 (monoclinic)
structures are very similar owing to the closeness in théit &rangements. The quantitative
agreement in the Arrhenius plots between simulation an@rax@nts are impressive in the
high temperatures, where the typical error bars in the condty estimated from simulation
are lower due to frequent ion hops. Over all, these resutigest that the @ ordering in
NaZr,SbPO,; is sensitive to the sintering temperatures; higher theesimg temperature
(and for longer durations as well) better the ordering. Tregrhodynamics of these systems
may marginally favour an ordered/Biarrangement, which is attainable at higher sintering

temperatures due to highefldisive mixing of silicon and phosphorous ions.

Based on his spectroscopic studies Colomban also disctissatfluence of sintering on
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Ficure 4.12: Means square displacement for oxygen atoms for higtcantemperatures for

different Si-P Ordering (a)Ord1 (b) Ord2 (c) random.

polyhedral disorder ilNagZr,S LPO;, systems 17]. It was proposed that high temperature

sintered material is found to show low static disorder at temperature and high dynam-

ical disorder above the 423 K transitions. The converse wand true for the low- tem-

perature sintered samples. In figwtd2 mean square displacement (MSD) of oxygen for
NagZr,S LPO,-frameworks having dierent SiP orders are plotted for low (400 K) and high
(700 K) temperatures. For all the three cases a slow conveegef oxygen msd is evidenced
at the higher temperature. These slow convergence of MSfigestithe large amplitude mo-
tion of oxygens, associated possibly with low-frequenbydtional modes of the polyhedra
similar to those discussed in Chapter 3 of this thesis. Il iganoted that these are not dif-
fusive modes of oxygens, for (1) the (8)-O and Zr-O bond lengths and the corresponding

coordination numbers are intact and (2) the amplitudesesf@iMSD are very small 0.5t0 0.7

A, which was further confirmed through visual examinatiohthe final structure after long
NPT-MD runs. Interestingly, the higher values of MSD copmsd to the Ord1l and Ord2

having ordered @ arrangements, in agreement with Colomban’s proposal.
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The transport mechanism that results in the change in &ctivenergy olNasZr,S LPO;,
is not clear yet. It would be interesting to investigate & tilhserved polyhedral disorder plays

any role in dictating the high temperatuda*" transport in these systems.

4.4 Conclusion

The results presented here demonstrate, for the first tiratthte SiP order inNagZr,S bPO;,
has a profound influence dwa" conductivity in the system. The /B arrangement with one
phosphorous and two silicon in each of the six basal plangsepdicular to the-axis of the
rhombohedral cell ffers low energy barriers thus promoting fka" transport in the system.
The origin of this phenomenon is traced back to the strongeloenbic repulsion between

Na" and P relative to that with Si.

This SyP arrangements also found to be controlling the activatimergy of this mate-
rial. Present MD simulations oN&Zr,S bPO,, having ordered # arrangements shows
sharp changes in activation energies around 500 K, in goalitgtive agreement with high-
temperature sintered samples examined by Colomb@n [Framework with random @
arrangement leads to a single activation energy acros&thperature range (300 -800 K),
and compares well with the low-temperature sintered sasnfi€€olomban 17]. Thus the
present simulation results suggest thdtedtent sintering temperature influence th@PSor-
dering of NagZr,S LPO;», material and thus, in turn, the conductivity behaviour. device
for dynamical orientational disorder of the polyhedra ieided, the role of which on the
high conductivity inNasZr,S LPOy, systems calls for further experimental and theoretical

investigation.

The present molecular dynamics studies recognizes a neuotwstal feature that control
fast ion transport iMNagZr,S LbPOy,. Originating out of simple coulombic interactions, it

is expected that, thisfiect will be omnipresent in all fast ion conductors havingadilent
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substitutions, though with varying tenacity. This phenaorethus bears far-reaching signif-

icance, beyond the NASICON family, in the understandingast fon transport in solids and
their tailor making.
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Chapter 5

Influence of Cationic Ordering on Fast
lon Transport in Solids: Molecular
Dynamics Investigation of NASICONS

5.1 Introduction

The Na, 4ZrSikP3; 4015, 0 < x < 3, series forms one of the most extensively investi-
gated systems, and is known to exhibit a maximum in ionic ootidity aroundx=2, for
Nay,Zr,S ikPs_xO12 (dc conductivity,ogc ~ 10°*S/cm at 573 K), while the end members
x=0 andx=3 show significantly lower conductivity (of the order @f. ~ 10-*S/cm) [1-6].
The intermediate composition with= 1, Nax,Zr,SiP,O,, is also a good ionic conductor with
og4c = 0.018S/cmat 573 K. This composition does not show any phase transatoihstabi-
lizes in rhombohedral crystal symmetry for all the tempam@atrange. It should be mentioned
that the compostions May,Zr,S ikP3_xO;, series in the the rangebl< x < 2.2 shows slight

monoclinic distortions at room temperature.

TPublication based on this work: S. Roy and P. Padma Ku§wdigl State lonicgunder review)
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122 Dynamics Investigation of NASICONs

In the previous chapter, based on our NVE-molecular dynsustiedy we proposed that
Si/P order in the NASICON framework plays an important roleNat transport in the high
conductingNagZr,S LbPOy,. The stronger Coulombic repulsion betweda® and P* ions
modify the local electrostatic potential energy barriar¥@*" along the conduction channel,
depending on the*® locations in the unit cell. Thus certair/Biarrangements result in more
than one order of magnitude conductivity over other, sugggs new structural feature that
control fast ion transport in solids. Thé&ect of this SIP ordering on the activation energy
behavior ofNagZr,S bPO;, has also been studied using constant pressure, constgrgrtem
ature molecular dynamics method. Two of the ordred strestshowed sharper changes in
the slope of Arrhenius plot similar to high temperatureesiett material reported by Colom-
ban et al.f], while the framework structure with randomly distributed® showed no change
in slope thus behaving similar to the low temperature sattenaterial. Motivated by these
results described in Chapter 4 is extended toxtkel compositiorNaZr,S iP,O,,. The in-
vestigation on the role of 8 ordering oNaZr,S iP,O,, predicts predominantly two dimen-
sionNa'* transport for certain @ ordering in the NASICON framework which is otherwise

known to be isotropic.

5.1.1 Method

Microcanonical molecular dynamics (NVE-MD) simulatioms @erformed at 623 K employ-

ing the inter atomic potentiaB[ 9]

qq;  Ajloi+o)" Gy
" + T - — (5.1)

U(rij): I’Q
ij

ij
whereg; ando; are respectively thefiective charge and ionic radiusiéfion. rj; is the inter-
atomic distancef; andC;; are the overlap-repulsive energy and dispersion termsctisply

between ion pairsand j. These parameters are listed in table 1 of chapter 4.

TH-1175_08612112



5.1. Introduction 123

o ©

(S1-S1-S1) (S0-S0-S3)

Ficure 5.1: The two SP ordered frameworks dflaxZr,S iP,O12; S1-S1-S1 structure (on
left) and S0-S0-S3 (on right). One column of ‘lantern uniting thec-axis is shown along
with all the SiOy(green) and®Oqtetrahedra (red), and fewzZxOg octahedra (violet) in a unit

cell. A few of the prominenNa* sites, Na(1) (grey) and Na(2) (yellow), are also shown.

The simulations are performed ox3x 1 rhombohedraR3c unit cells ofNaZr,S iP0x»
containing a total of 1026 ions, starting from the X-ray stane at 623 KI]. However, in
the absence of specific knowledge on the Si and P locatiorinnit cell, three structural
models (figureb.1), differing only in their SiP order in the framework, are investigated. The
eighteen §i/P)O, tetrahedra in a unit cell are located on six basal planes]lphio thea-b
plane, at a spacing @f/6 along thec-axis. The first structure, labelled S1-S1-S1 (left panel
in figure5.1), has ones IO, tetrahedron and twBO, tetrahedra on each of the basal planes.
The second structure, labeled S0-S0-S3, has repeatirgafrtivo phosphorous rich planes
sandwiching one silicon rich layer (right panel in fig&d) two such units per unit cell. One
random (SIP) structure is made by distributing/Biatoms randomly on the simulation cell.
It may be noted that the interchange of Si and P ions in thesdraaneworks correspond to
the two ordered structures, P1-P1-P1 and PO-P0O-P3, aHReompositionNagZr,S POy,

where our previous investigations discussed in chapteedigtied more than one order higher
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Na" conductivity for the former.

Periodic boundary conditions under minimum image coneerdire imposed for calcula-
tion of short range interactions, while Ewald summatiorhtegue is employed for conver-
gence of long-range Coulombic interactial@[discussed in chapter 2). Newtons equations
of motion are integrated, for all the 1026 ions, using veiederlet algorithm (discussed in
chapter 2) at a time step of 2 femto seconds. For temperatunteot 0.5 nano seconds are
dedicated through velocity scaling at the start of the satioih and 2 nanoseconds dedicated
for equilibration of the system. The production runs are Banseconds long, during which
trajectory samples are stored at intervals of 0.4 pico s#sxdor analysis of structural and

dynamical properties.

5.1.2 Result and Discussion

The radial distribution functions (RDF), g(r), betweerestion pairs, Zr-O, Si-O, P-O and O-

O for the S1-S1-S1 and S0-S0-S3 structures havifigrént SiP orders are shown in figure
5.2, along with those for the X-ray structu@] While the Zr-O and O-O distributions are
nearly identical for the three & orders, the corresponding Si-O and P-O distributions show
slight differences at long ranges, owing tdfdrent locations of Si and P in the framework.
The Zr-O, Si-O and P-O bond-lengths in the simulated systemespectively 2.07, 1.61 and
1.52Ain agreement with previous X-ray studigg[Since SIP locations are indistinguishable

in X-ray study corresponding Si-O and P-O RDFs are identarad their first peak positions
reflect average @?-O bond lengths, not their individual values. Overall, RBFs suggest
that the SIP order in the framework do not result in appreciable changéise NASICON

framework.

The mean squared displacements (MSDINaf ions at 623 K foiNaZr,S iP,O,, having
S1-S1-S1, S0-S0-S3 and randonyP$iordering are shown in figu®3. A comparison to
the high conducting=2 compositionNasZr,S LPO,,, of P1-P1-P1 and P0O-P0-P3 structures

are provided for comparison. It should be mentioned thA&® 8rdering in the P1-P1-P1
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Ficure 5.2: The radial distribution functions, g(r), between stlen pairs, Zr-O, Si-O, P-O

and O-0, foNaxZr,S iP,O1, frameworks with two dierent SIP orders from MD simulation

at 623 K. The intensities of the first peaks are truncatedgtnal view of the function at long

range. The vertical bars in brown are for the correspondingyXstructure %] in arbitrary
units. The functions are uniformly displaced along the Ysdar clarity.

and P0-PO0-P3 structures are just the interchange/Bfl&¢ations of S1-S1-S1 and S0-S0-S3
structures respectively. Selfttlision codficient ofNa* ions are conveniently calculated from

the slope of the curve using e@rb3in chapter 2.

Our previous MD simulation in chapter 4 showed that the msdlaf ions in the P1-
P1-P1 structure oNagZr,S LPO;, (Where one P and two Si are arranged on each of the six
basal planes along theaxis per unit cell) are more than an order higher than th®®®3
structure (where two Si-rich planes, followed by one P-ptdne are staked along thexis).

In the present case daZr,SiP,O,, the highesNa" diffusivity is found in the S1- S1-S1
structure, minimum for the random structure and S0-S0-+%@tstre shows mediumfiusion.
The dffusivity of Na' is six times higher in S1-S1-S1 compared to randoy® $rdering
and 32" higher from the S0-S0-S3 structure. In the cas&NeafZr.S ,LPO,, the where the
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Ficure 5.3: The mean squared displacements (MSD)NdA" ions with time for

NaxZr,SiP,O12 having diferent SIP ordering from MD simulation at 623 K. Also shown

are the corresponding MSDs for the twdfdrent SIP orders, P1-P1-P1 and PO-P0O-P3 for the

NagZr,S PO, in previous chapter 4 at 623 K. The lower panels show the M&Bslved
along thex-, y-, andz- directions for S1-S1-S1 and S0-S0-S3 structures.

variation in conductivity between the P1-P1-P1 and PO-B8tRicture is more than one order
of magnitude. But in the case Nfa,Zr,S iP,O,, the diference in conductivity in two ordered
structures are less dramatic, quantitatively. The dc cotndty of Na* ions is calculated from

the Nernst-Einstein relation from e@54in chapter 2.

The conductivity of these threeftirent SIP ordered systems are 0.07, 0.045 and 0.01
(S.cnt?) for S1-S1-S1, S0-S0-S3 and the random structure respictivhe conductivity of
Na,Zr,SiP,O1, reported by Boilot et al. ] is 0.0172S.cnt! at 573 K. So in this structure
the conductivity of random structure shows best agreeméhtexperiment unlike thex=2
compositionNaZr,S LbPO;», where the ordered strcuture P1-P1-P1 shows best agreement
with experiment. The MSDs of these three structures ok#fecomposition, along-, y- and

z- directions are shown in the lower panels of figbra
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Ficure 5.4: The three-dimensional distributions M&" in the simulation cell snapshots
superimposed over six nanoseconds long MD simulatioN@Zr,S iP,O;, at 623 K. One
MD configuration of the two framework structures, S1-S1-8p (panel) and S0-S0-S0-S3
(bottom panel), are shown in ball-and stick model (Si -gréemed; Zr grey; O not shown).

Interestingly, the MSDs calculated along thedirection (identical to thes-axis of the
rhombohedral cell), for the S0-S0-S3 structure is neang,zeuggesting predominantly two
dimensional transport dia* in the framework. This is in contrast to the case of the S1S$1-
and random structures where the MSDs along all three axe®arparable. MSDs calculated
along thex- axis (chosen along the axis of the rhombohedral celly: axis (chosen to lie
on theab-plane, 30 clock-wise to theb-axis of the rhombohedral cell) are comparable. We
shall note in passing that, the y- component of the msd isag&gdeo be lower than the-
component, by a fraction of c630°(= 3/4), as distances alorgdirection when projected on
they-axis reduce by the fraction of cos3@nd MSDs involve squares of distances traversed

by an ion.

Thus, the present MD simulations predict observation ofdweensional ion transport in
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Ficure 5.5: Variations ofx, y andz co-ordinate of (a) atNa* ion trapped between two SO

layers of SO-S0-S3 (b) anothdka*ion from the same layer (d)la" ion from the S0-S3-S0

layer of S0-S0-S3 structure. ()a*ion arbitrarily chosen from S1-S1-S1 structure, plotted
for the entire molecular dynamics simulation.

NaZr,SiP,0Oy; - system depending on the/Biorder in the framework. This result cautions
that, though perceived isotropic for ion transport, the NASN framework is not necessary

so in general.

Detailed microscopic information related to the natureooftransport ifNa,Zr,S iP,O;,

can be derived from the density and energy profiles ofNl# ions. Figure5.4 has the
statistical distribution oNa" in the simulation cell, consisting of 8 3 x 1 rhombohedral
unit cells, where coordinates of dlla* ions over the stored trajectory are collapsed into a
single frame and visualized perpendicular to thexis, along with one configuration of the
framework species. Thda" distribution for the S1-S1-S1 structure suggests well ected
percolation pathways extending in all directions, and &mny gimilar to that observed for the
P1-P1-P1 structure of theasZr,S LPO,, system examined in chapter 4. Evidently, the six

Na" migration channels originating from given a Na(1) site aeeting to six neighbouring
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Na(2) sites, can be seen. This explains the near isotrofucenaf theNa* transport observed
for the S1-S1-S1 structure.

The distribution for the S0-S0-S3 is most striking with bawd high and low populations
of Na* ions stacked along theaxis of the cells (figurg.4, lower panel). The bands with
larger width of Na" populations are appearing systematically around the twicBibasal
planes, and each extends oe¢B distance between two SO-basal planes (P-rich) below and
above it. The high density bands include two layers of Na{tEssach. The low density
bands appear between neighboring SO-planes and includaysreof Na(1) sites which are
nearly fully populated but remain largely disconnectedrnsls ofNa* in all three directions.
On the other hand, the Na(1) sites in the high density barelsval connected with Na(2)
sites on planes above and below it, forming pseudo-two-dgie@al migration channels for
Na" transport in the system. Théa" ions localized in Na(1) sites between the SO-planes,
forms almost 13" of the totalNa* ions in the system, and do not contribute appreciably to
the average dliusivity calculated from the MSD. This accounts for the sliglower value of
overallNa* diffusivity in the SO-S0-S3 structure, roughly by &%, relative to the S1-S1-S1

structure.

In figure 5.5 the variation ofx, y andz coordinates ofNa" ions from diferent bands of
S0-S0-S3 structure, taken arbitrarily from S1-S1-S1 stinecare shown in figuré.5. The
initial x, y andz co-ordinates (att0) of ions has been set as the origin for the convenience of
plotting in all the four cases. In figufe5a) theNa' ion taken from the Na(1) site appearing
between two consecutive S0-S0 layers alaraxis of SO-S0-S3 structure. In this case the
variation ofx, y andz co-ordinates throughout the entire simulation is smadles than- 2A
which indicates the ion is trapped in that Na(1) site and leasnoved out of this band for the
entire simulation the fluctuation is due to the thermal atagks of the ion around the Na(1)
site. In figure5.5b) anotherNa* ion taken from an Na(1) site from the same band shows
that the ion remain trapped in the Na(1) site up-to 2.75 reewmnds after which it shows
larger displacements (iOanng z-direction, more than the distance of th@lanes of two

consecutive SO layer). This indicates that the ion has juhapé of the band and moves in the
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Ficure 5.6: The potential energy profile and populationNdi™ ions along thec-axis for

NaxZr,SiP,O 5having diferent SiP ordering from MD simulation at 623 K. Locations of

Na(1) and Na(2) sites are shown by vertical bars. For the 88&structure the location of

P-rich (S3) basal planes are marked. Ne¢ populations are normalized to the total number
of the species in the simulation cell.

conduction layer around S3. Overall it suggests dat ion from these Na(1) sites (between
SO layers) are not always trapped but it can jump out of thesegh very rarely. In figure
5.5(c) theNa* ion has been picked from the conducting S0-S3-SO0 layer amd/ahation

of its coordinates clearly shows that the movement of theaimmg z-axis is restricted to
~ 8A which is matching with the typical width of S0-S3-S0 layeorad z-axis. But alongx
andy directions the displacements are quite higher thareddves which again supports that
the conduction is predominantly on tlxey plane in S0-S0-S3 structure. In figuses(d) the
fluctuations of aNa* ion arbitrarily taken from the S1-S1-S1 structure is sholvehows that
the variations of all the three co-ordinates are quite higjien the other three cases discussed
above. The net displacement along the thrékerint directions are quite similar in this case
unlike in the previous case of the S0-S0-S3 structure. Tdasdemonstrates that the ionic

conduction in S1-S1-S1 structure is isotropic while tha®0fS0-S3 structure is anisotropic.
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The potential energy profile ®a* ions moving in the interstitials of the framework helps
identifying the microscopic energy barriers for ion tramgpn the system. The energy profile
of thei" ion due to its interaction with all the other ions in the syste computed similarly
through the eqn.4.2in chapter 4. The energy profile with respect to theaoordinates,
averaged over the stored trajectory from MD simulation & &2is shown in figurés.6. The
potential energy profile for the S1-S1-S1 structure is nedét flat with the minima appearing
at Na(1) and Na(2) sites. The energy of Na(1) site is obsetwd lower by about 0.1 eV
relative to Na(2) site, and a barrier of about 0.15 eV can hienated from figures.6. The
width of the basins at Na(1) and Na(2) sites are in agreemihttiae corresponding breadth
of Na' distribution at these sites along tbexis (see figur®.4). The energy profile for the
S0-S0-S3 structure has large barriers alongthgis, with a twin-maxima appearing between
the P-rich (SO) basal planes, and a deep minimum at the cewireiding with Na(1) sites
encompassed by these P-rich planes. The near full occupdribgse Na(l) sites impose
large barriers (due thla" -Na* -repulsion) to the oncominia* ions, preventing long range
transport ofNa" along thec-axis. The broader basin observed around the Si-rich (S®)esl
essentially constitutes the pseudo two-dimensional coinmiu channel along thab-plane.
The appearance of a few well defined peaks inNla& density in the absence of well defined
minimam in energy, suggests that the broad-shallow natiubagin is a result of dynamical

smoothening due to significaNta™-Na* correlations.

The Na'" conduction channel in the SO-S0-S3 structure is visualizdigure 5.7, where
a cross section dila* population (in arbitrary scale) on tla-plane corresponding to one
of the two dense bands in a unit cell (refer to fightd, as well) is shown. The population
includes allNa* ions in a slab of 5.1 thickness, that covers the Na(2) sites on the Si-rich
basal plane and Na(1) sites above and below this basal plaegath ways from Na(1) to the
terminating Na(2) sites on the P-rich planes ( figbi), which do not contribute to long range
ion transport, are also visible. The well integrated neknadNa* population on thab-plane
accounts for the long- range motion d&*" in the S0-S0-S3 structure. Thus the topology of

the Na" channel in this structure can be described by, (1) N&@3%(2) Na(1)Si-P « (3)
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Ficure 5.7: Population ofNa* (in arbitrary scale) on the ab-plane from a slab of A thick-

ness around the Si-rich plane demonstrates the migratibrvpg of ions in S0-S0-S3 struc-

ture. The locations of highNa* population correspond to the Na(2) sites and the tri- jomsti
are the Na(1) sites.

Na(2)yS3, meaning, every Na(2) site on Si-rich plane is conneddd/d Na(1) sites at the

interlayer of Si and P rich planes that is connected to thi@@)\sites on Si-rich plane.

5.1.3 Conclusions

Molecular dynamics (MD) simulations M aZr,S iP,O;, having three dterent SiP orders
highlights significance of the interaction between mohileaes with the framework cations.
The nature oNa* transport inNaZr,S iP,O,, is found sensitive to the &t order presentin
the framework owing to the increases in the coloumbic répolef Na" with P°* relative to
Si**. Interstingly, the framework with Si-rich basal planesdaitched between two P-rich
planes, stacked along tlweaxis favours two dimensional conduction along the basahel

while a “uniform” distribution of SIP along thec-axis as well as the random distribution of
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Si/P results nearly isotropic transport Bf*. The topology of theNa" channel in the SO-
S0-S3 structure is, Na(®3 < (2) Na(1)Si-P3«+ Na(2yS3, where an Na(2) site on Si-rich
plane is connected to two neighboring Na(1) sites above alwhit, that is connected to three
Na(2) sites on Si-rich plane. While there are no direct expental evidence pertaining to/Bi
order in NASICON frameworks, the variance in conductivibdaactivation energies across
previous experimental reports, in the light of these mdkaodynamics studies, suggests that
the SfP order is likely to be sensitive to synthesis roots and hreatrhent of samples. The
conductivity dependence on the order of framework catiprejicted in molecular dynamics
studies, is expected to be a general phenomena, particiialiovalently substituted fast ion
conductors. Thisféect will be important in the design and fabrication of enenggterials,

and calls for more experimental and theoretidébes.
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Chapter 6

Conclusion

The phenomenon of fast ion transport in solids forms one etlinust areas of current day
research owing to its potential applications in materialsénergy storage and conversion.
As reviewed in Chapter 1 of the thesis significant progres® lieeen achieved in the field
in the last two decades and varieties of promising matrieesnly good ionic conductivities
have been realized. It is, however, very important to gaiorasicopic understanding of the
mechanism of fast ion transport and factors that influenegtienomena for the further ad-
vancement of the field. Atomistic computer simulation teghes outlined in Chapter 2 of
the thesis are, for example, among some of the most powes togain such insights on
this phenomenon. The thesis reports fresh insights ontateiand ion transport in one of
the potential family of fast ion solids, namely NASICONs sbd on these atomistic sim-
ulation techniques. Atomistic computer simulation stedeenploying previously reported
interatomic potentiall, 2] have been carried out on the three compositions of the NASIC
serieNay,ZrS kP3 xO12 (x = 0, 1 and 2). The structural response of e 0 composition
MZr,P3;0,,, varying diferent alkali ionsM = Li*,Na*, K*,Rb" andCs" are investigated
over a wide range of temperatures (300- 900 K) using isothkisubaric Monte Carlo (NPT-

MC) simulations. The insertion of the larger alkali ion Mudis increment in the-parameter
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and decrement of th@ parameter of the unit cell across the series of substriufite vari-
ation of c-parameter shows excellent agreement while forathparameter the agreement is

gualitative with previous experimert]|

Zr-O and P-O bond lengths do not show any significant changessthe series in the
entire temperature range. Significant increase irMii® octahedra at thelsite is observed,
with the size of the alkali ionyl. The gross variations in lattice parameters could be exgthi
qualitatively within the Alamo’s structural model invohg coupled polyhedral rotatior|
6]. However, the present simulation results, which are bejtentitative agreement with

experiments, do not support the “rigid polyhedra” assuarpiinvoked in Alamao’s model.

Our simulation results suggest that the distortions of tiighedra contributes about 3
of the observed change in lattice parameters. Our simulatiedy also shows that the varia-
tions of lattice parameters with temperature follow theiinpattern though less intense, as
for the insertion of larger cations. The larger thermal atagés of the alkali ion create more
pressure on the framework and thueet the lattice variations similar way as for the larger
cation size. In his experiment Colomban proposed the infi@eri the nature of the polyhe-
dral rotations on thermodynamic properties of these syskeihe present study nature of the
polyhedral rotations are found to be dynamic in nature amnithén theoretical investigations

needed in this point.

It is also noted that entire temperature range (300 - 900H€) alkali ions remain pop-
ulated at the M(1) sites [bsites ofR§c) which reflects “non-dfusive” nature of the alkali
ions in these systems, except far system at higher temperatures above 600 K, for which
some population are present at Na(2) sitee(ites ofR?_>c) also, mimics alkali ion “conduc-
tion” in the system. The conducting naturelof system is in qualitative agreement with the

experiment reported earlier by Petit et 4. [

Molecular dynamics (MD) studies on tike= 2, NagZr,S LPO,,, composition reported in
Chapter 4 highlight the significance of/Biordering on théNa" conductivity in the system.

Due to the similar sizes of silicon and phosphorous, the yKh@ave not distinguished their
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exact locations across thed&ystallographic positiong]. The MD studies carried out with
different SiP ordering in the frameworks, predicts over one order of ritaga change in
ionic conductivity, among them. These observations argreement with potential energy
profiles of Na* calculated for these structures. The high conducting freonle offers low-
barrier migration pathways fdla* and the three dimensional distribution of the ions were
more spread out in the unit cell. Evidence that b& ions prefer to move away from the
P> ions of the framework is provided; which suggest that thel@uibic interactions are
responsible for the observed conductivity variation asfosmeworks with dferent SiP or-
ders. This ffect is proposed to be one of the reasons for the large saattex experimentally

measured conductivities.

The SfP arrangements can also influence the activation energyioeltd this material.
NPT-MD simulations are carried out to study the activatiorrgy ofNasZr,S LPOy, in the
temperature range of 300 - 800 K forfidirent SIP arrangements. The framework structure
having ordered @ arrangements shows sharp changes in the slope of Arrh@oiusf con-
ductivities around 500 K. This behavior is qualitativelgndar with the high temperature sin-
tered material reported in Colomban’s experimd@t On the other hand the framework with
randomly distributed @ shows a single activation energy without any significaangfe in
the Arrhenius plot for the entire temperature range (30000 I8) and thus behaving similarly
with the low temperature sintered samples reported by ClodomiB8]. Thus present simulation
studies predicted that theftirent sintering temperature can control th#Sirdering of the
material and consecutively conductivities. The polyhddrall the SfP arrangements show
dynamical disorder at higher temperatures 500 K and theafalleis on the conductivity of

the materials needed further experimental and theoreticastigations.

Motivated by the above findings the study has been extend#teto = 1 composition
NaZr,SiP,O.,. MD simulations on the diierent SiP-ordered structures, only small changes
in the overall conductivities. However, evidence for higlanisotropic, two-dimensional
transport is evidenced for certairn/Biordered structures. This planar conductivity is a sur-

prising dtect for NASICON-type structures, which are well known to @#wee-dimensional

TH-1175_08612112



140 Chapter 6. Conclusion

ion channels. Again, the flierence in the strength of Coulombic interactiorNaf* with P>
andS* is found responsible for thefect. Thus the fect of cationic ordering of framework

ions on ion transport is verified within the NASICON family.

The most important findings in the present thesis is a nevwctstral feature (3P or-
dering) which has a significant influence on the ion transpothe NASICON family of
solids. The reason of this has been traced back to the strongembic repulsion between
P>*-NathanSi* -Na. It is expected that thisfiect will be present on the other fast ion
conductors having aliovalent substitutions, though winying tenacity. The variations of
conductivity and activation energies across th&edent SIP ordering from these molecular
dynamics studies, when compared with the similar resubts fthe Colomban’s experiment
it can be concluded thatfiierent sintering temperatures are having an profoudfetieon the
Si/P arrangement present on these systems though no directregptal evidence is avail-
able. This phenomenon thus vary significant beyond NASIC@MhIilly in understanding of
fast ion transport in solids and their tailor making. ThiEeet carries importance in design

and fabrication of energy materials and calls for more expantal and theoreticalkorts.
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