Enhancement inionic conductivity of DysprosiumdopedLi;LasZr,04, solid
electrolyte applied in Li-ion batteries

By

Hamed Salimkhani

Submitted to the Graduate School oEngineering and Natural Sciences in partial fulfillment
of the requirements for the degree of Master of Science

Sabanci University August 2020



Enhancement in ionic conductivity of Dysprosium doped LisLa3Zr,O;; solid
electrolyte applied in Li-ion

APPROVED BY:

Prof. Dr. Selmiye Alkan Giirsel
(Thesis Supervisor)

Asst. Prof. Dr. Alp Yiirtim
(Thesis Co-supervisor)

Prof. Dr. Mehmet Ali Giilgtin

Prof. Dr. Adem Tekin

Assoc: Prof. DF. EMTE BXdEIT = = st miessrr s s ssiesisas

Assoc. Prof. Dr. Onder Metin

DATE OF APPROVAL: 25/8/2020



E2020 by Hamed Salimkhani

ALL RIGHTS RESERVED



Enhancement in ionic conductivity BlysprosiumdopedLi,LasZr,0,,
solid electrolyte applied in Libn batteries

Hamed Salimkhani

Materials Science and Nattngineering, MSc Thesis, 2020

Supervisor: ProfDr.Se|l mi ye Al kan G¢r sel

Keywords: LLZO, DysprosiumDopant XRD, lonic conductivity, Soliestate MAS NMR

Abstract: In this investigation, a novel istuffed garnet type solid electrolyte with enhanced
properties was fabricated. For this purpose, different concentrations of Dy ranging fram(@B1 t
atoms per formula unit (pfu) were doped into thg_&3Zr,0;, to stabilize the cubic structure and,
therefore, tailor the ionic conductivity. Furthermore, fundamental studies were performed through
X-ray diffraction and Rietveld refinement to develoystal structure of the Dy doped LLZO and
determine the site preference of Dy. On another attempt in this study, Density Functional (DFT)
total energycomputatios wereapplied to investigate the convergence of Dy at different Wyckoff
sites energetically and to further validate the results of experiments. Additidhatind °Li solid-

state MAS NMR was performed teveal the chemical coordinatiai Li at different sies. The
results of this thesis project indicated that Dy ions probably substitute foezrgltLi ions prefer
tetrahedral (24d) and octahedral (48gpmic sites. Additionally, our novel solid electrolyte
demonstrated the highest ionic conductivly(3 T 1S@m?) reported for LLZOs.
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Introduction



1. Introduction
1.1 General information

The demand for cleaner and cheaper portable energy resources has never stopped during
the last decades. On the other hand, by the development of poeeyy storage
devicessafety has been the priority of researchers and companies in their projects. When for
the first time high energy lithiuson batteries were fabricated, they were thought to be
harmessto consmers until explosions occurrdd, 2]. This failure in such useful batteries
changed the trend of the development of these energy storage devices. Hence, a new
generation of Liion batteries emerged knovas all solid lithiumion batterieg3]. Like other
energy storage devices, these batteries can also find applications in portable electronic devices
and electric vehicles such as smartphones and cars due to their higher endtips dns
safety[5], and better cyclic performancfg. The emergencef these batteries has somehow
been able to solve the problemssing from the liquid nature of the electrolyte of
conventional lithiurAon batteriesLike all other batteries, all solistate Liion batteries are
composed of two electrodes and an electrolyte in between. However, in this case, the nature
of the electrtyte betweerthe two electrodes is solid. The task of an electrolyte in-#mhi
battery is to transport (conduct) Li ions frdhe cathode tdhe anode or vice versa which
the electrolyte playan important ol e i n this scenari o. The ter
keyword that none of thbatteryresearchers can avoid in their research. A solid electrolyte
with a higher ionic conductivity is the first prerequidite having a better all solidtate Lt
ion battery. Therefore, the choice of proper material to produce a solid electrolyte is the key to
develop a Liion battery with superior properties and higher safety. Recent advances in this
field have introduced many different applicable materials toates such as Li garngtpe
Li7LagZr,0;2 (LLZO) [7]. The LLZO was first introduced by Murugan et ] as an
excellentcandidate for a solid electrolyte dte its better Li ion transport properti¢g],
better interfacial stabilityvith the electroddg10], higher mechanical properfil, 12] and
excellent performance at higher temperati€g. In the followingsections, we will have a
review of recent advances in this area along with familiarizing the readeth&igtructure
and effect of different dopants on properties of LLZOs.

1.2 Structure of LLZO garnet

The general structure of garnet is giverAgB3;C,01,; whereA, B, and C refer to divalent
and trivalent and tetravalent cations, respectiyghown inFigure 1) [14]. This structure is
composed ofa framework in whichA cations are located in ®Idi coordinaéd sites B
cations in6 foldi coordinatedsitesand C cations are located4nfoldi coordinatedsites This
configuration is composed oie tetrahedd 24d A siteslinked by an octahedrdl6a B
havinga common face with eaatf the two neighbor@4d A sites. Afacéd sharing site
threetetrahedralA andsix bridging octahedral sitemccount for9 sites per formula unit
which lowers theactivation energy for thenovement ofLi* ions if they are disordered
with partial occupancies of both sitds, 16]



In the case of LLZGstructure there are twadistinct known polymorphs, Tetragonal, and
Cubic[17]. The etragonal structure is composedaoframeworkhaving twokinds of 8i fold
LaOg coordination(8b and 16e) an6i fold ZrOg coordination(16c). Aditionally, Li* ionsare
allowed totaketetrahedral 8a, octahedral 1@hd 329 site§18]. On the other hand, a cubic
phase comes into twpolymorpls; namelycentric SG laocd (N0.230) and acentri8G It3d
(No.220) The SGlaod (No.230) has a structuveth La ions coordinated with eight oxygen
atoms locatedit 24c Wyckoff position anavith Zr ions coordinated with six oxygen atoms
located at 16&Vyckoff position[19]. Moreover,SG t3d (N0.220) has a structure witka
ions coordinated with eight oxygen atoms located at\®4dkoff positionandwith Zr ions
coordinated with six oxygen atoms located at Wégckoff [20]. Li* ions can prefer various
sitesin both structures. For instanc®Gh, 24dand 48g Wyckoff positions are possible sites
for Li* ions to occupy ir5Glaod (N0.220)[21] and 12a, 12b and 48e Wyckoff positions can
be occupied by Liin SG113d (No.220) Table 1and 2demonstrate all the possible Wyckoff
positions,coordinatesand site symmetry of bot8G laod (N0.220) andSG It3d (No.220),
respectively.Additionally, Figure 2a&b demonstrate polyhedral model of both #230 and
#220 structures.

Figure 1. Polyhedral model of gneralA;B;C,0;, garnetcrystalstructure



Figure 2. Polyhedral modelsf a) #230 andb) #220 space groups in garnet type LLZ@stal structure

Table 1.Crystallographic information of S.G #2322].

Multiplicity | Wyckoff Site Coordinates
letter symmetry (0,0,0) + (1/2,1/2,1/2) +

96 H 1 (x.v,2) (-x+1/12y,2+1/2) (-x,y+1/2;z+1/2) (x+1/2;y+1/22)
(z,x,y) (z+1/2;x+1/2;y) (-z+1/2;:x,y+1/2) (-z,x+1/2;y+1/2)
(y,2,X) (-y,z+1/2;x+1/2) (y+1/2;z+1/2;x) (-y+1/2;z,x+1/2)
(y+3/4,x+1/4;2+1/4) (-y+3/4-x+3/4-2+3/4) (y+1/4:x+1/4,2+3/4) (-y+1/4,x+3/4,z+1/4)
(X+3/4,z+1/4;y+1/4) (-x+1/4,2+3/4,y+1/4) (-X+3/4;z+3/4;y+3/4) (x+1/4-2+1/4,y+3/4)
(z+3/4,y+114:x+1/4) (z+1/4;y+1/14,x+3/4) (-z+1/4,y+3/4,x+1/4) (-z+3/4;y+3/4-x+3/4)
(-X,-Y,-2) (x+1/2,y;2+1/2) (x,-y+1/2,2+1/2) (-x+1/2,y+1/2,2)
(-z%,y) (-z+1/2,x+1/2,y) (z+1/2,x;y+1/2) (z,-x+1/2,y+1/2)
(-y,-z,-x) (y,-z+1/2,x+1/2) (-y+1/2,z+1/2,x) (y+1/2,z;x+1/2)
(-y+1/4-x+3/4,2+3/4 (y+1/4,x+1/4,z+14)  (-y+3/4,x+3/4;z+1/4) (y+3/4-x+1/4;2+3/4)
(-x+1/4:z+3/4,y+3/4 (x+3/4;z+1/4;y+3/4) (x+1/4,z+1/4,y+1/4) (-x+3/4,2+3/4y+1/4)
(-z+1/4;y+3/4,x+3/4° (-z+3/4,y+3/4:x+1/4) (z+3/4;y+1/4:x+3/4) (z+1/4,y+1/4,x+1/4)

48 G -2 (L/8,y-y+1/4) (3/81y,-y+314) (7/8,y+1/2,y+1/4) (5/87y+1/2,y+3/4
(-y+1/4,1/8,y (-y+3/4,3/83y) (y+1/4,7/8,y+1/2) (y+3/4,5/8;y+1/2)
(y,-y+1/4,1/8 (-y,-y+3/4,3/8. (y+1/2,y+1/4,7/8) (-y+1/2,y+3/4,5/8
(7/18-y,y+3/4) (5/18)y,y+1/4) (1/8,y+1/2;y+3/4) (3/8,y+1/2;y+1/4)
(y+3/4,7/85y) (y+1/4,518,y) (-y+3/4,1/8;y+1/2) (-y+1/4,3/8,y+1/2
(-y,y+3/4,7/8 (y,y+1/4,5/8) (-y+1/2-y+3/4,1/8 (y+1/27y+1/4,3/8

48 F 2. (x,0,1/4) (x+1/2,0,3/4 (1/4,x0)  (3/4-x+1/2,0)
(0,1/4,x) (0,3/4;x+1/2) (3/4,x+1/4,0) (3/4-x+3/4,1/2,
(x+3/4,1/2,1/4) (-x+1/4,0,1/4 (0,1/4;x+1/4) (1/2,1/4,x+3/4)
(-x,0,3/4) (x+1/2,0,1/4) (3/4x,0) (1/4,x+1/2,0)
(0,3/4:x) (0,1/4,x+1/2) (1/4:x+3/4,0) (1/4,x+1/4,1/2)
(-x+1/4,1/2,3/4 (x+3/4,0,3/4) (0,3/4,x+3/4) (1/2,3/4;x+1/4)

32 E 3. (X,X,X) (XHLU2:,%x+12)  (XX+L2:x+1/2)  (x+1/2:x+1/2:%)
(X+3/4,x+1/4:x+1/4) (-x+3/4:x+3/4:-x+3/4) (X+1/4-x+1/4,x+3/4) (-x+1/4,x+3/4,x+1/4)
(-X,-X,~X) (x+1/2,x7x+1/2) (X,-x+1/2,x+1/2) (-x+1/2,x+1/2,x)

(-X+1/4-x+3/4,x+3/4, (x+1/4,x+1/4,x+14)  (-X+3/4,x+3/4;x+1/4) (x+3/4-x+1/4-x+3/4)



https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=x&yc=y&zc=z&orgpos=x,y,z&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/2&yc=-y&zc=zpp1/2&orgpos=-xpp1/2,-y,zpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-x&yc=ypp1/2&zc=-zpp1/2&orgpos=-x,ypp1/2,-zpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp1/2&yc=-ypp1/2&zc=-z&orgpos=xpp1/2,-ypp1/2,-z&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=z&yc=x&zc=y&orgpos=z,x,y&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=zpp1/2&yc=-xpp1/2&zc=-y&orgpos=zpp1/2,-xpp1/2,-y&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-zpp1/2&yc=-x&zc=ypp1/2&orgpos=-zpp1/2,-x,ypp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-z&yc=xpp1/2&zc=-ypp1/2&orgpos=-z,xpp1/2,-ypp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=y&yc=z&zc=x&orgpos=y,z,x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-y&yc=zpp1/2&zc=-xpp1/2&orgpos=-y,zpp1/2,-xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp1/2&yc=-zpp1/2&zc=-x&orgpos=ypp1/2,-zpp1/2,-x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp1/2&yc=-z&zc=xpp1/2&orgpos=-ypp1/2,-z,xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp3/4&yc=xpp1/4&zc=-zpp1/4&orgpos=ypp3/4,xpp1/4,-zpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp3/4&yc=-xpp3/4&zc=-zpp3/4&orgpos=-ypp3/4,-xpp3/4,-zpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp1/4&yc=-xpp1/4&zc=zpp3/4&orgpos=ypp1/4,-xpp1/4,zpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp1/4&yc=xpp3/4&zc=zpp1/4&orgpos=-ypp1/4,xpp3/4,zpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp3/4&yc=zpp1/4&zc=-ypp1/4&orgpos=xpp3/4,zpp1/4,-ypp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/4&yc=zpp3/4&zc=ypp1/4&orgpos=-xpp1/4,zpp3/4,ypp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp3/4&yc=-zpp3/4&zc=-ypp3/4&orgpos=-xpp3/4,-zpp3/4,-ypp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp1/4&yc=-zpp1/4&zc=ypp3/4&orgpos=xpp1/4,-zpp1/4,ypp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=zpp3/4&yc=ypp1/4&zc=-xpp1/4&orgpos=zpp3/4,ypp1/4,-xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=zpp1/4&yc=-ypp1/4&zc=xpp3/4&orgpos=zpp1/4,-ypp1/4,xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-zpp1/4&yc=ypp3/4&zc=xpp1/4&orgpos=-zpp1/4,ypp3/4,xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-zpp3/4&yc=-ypp3/4&zc=-xpp3/4&orgpos=-zpp3/4,-ypp3/4,-xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-x&yc=-y&zc=-z&orgpos=-x,-y,-z&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp1/2&yc=y&zc=-zpp1/2&orgpos=xpp1/2,y,-zpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=x&yc=-ypp1/2&zc=zpp1/2&orgpos=x,-ypp1/2,zpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/2&yc=ypp1/2&zc=z&orgpos=-xpp1/2,ypp1/2,z&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-z&yc=-x&zc=-y&orgpos=-z,-x,-y&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-zpp1/2&yc=xpp1/2&zc=y&orgpos=-zpp1/2,xpp1/2,y&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=zpp1/2&yc=x&zc=-ypp1/2&orgpos=zpp1/2,x,-ypp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=z&yc=-xpp1/2&zc=ypp1/2&orgpos=z,-xpp1/2,ypp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-y&yc=-z&zc=-x&orgpos=-y,-z,-x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=y&yc=-zpp1/2&zc=xpp1/2&orgpos=y,-zpp1/2,xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp1/2&yc=zpp1/2&zc=x&orgpos=-ypp1/2,zpp1/2,x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp1/2&yc=z&zc=-xpp1/2&orgpos=ypp1/2,z,-xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp1/4&yc=-xpp3/4&zc=zpp3/4&orgpos=-ypp1/4,-xpp3/4,zpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp1/4&yc=xpp1/4&zc=zpp1/4&orgpos=ypp1/4,xpp1/4,zpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp3/4&yc=xpp3/4&zc=-zpp1/4&orgpos=-ypp3/4,xpp3/4,-zpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp3/4&yc=-xpp1/4&zc=-zpp3/4&orgpos=ypp3/4,-xpp1/4,-zpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/4&yc=-zpp3/4&zc=ypp3/4&orgpos=-xpp1/4,-zpp3/4,ypp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp3/4&yc=-zpp1/4&zc=-ypp3/4&orgpos=xpp3/4,-zpp1/4,-ypp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp1/4&yc=zpp1/4&zc=ypp1/4&orgpos=xpp1/4,zpp1/4,ypp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp3/4&yc=zpp3/4&zc=-ypp1/4&orgpos=-xpp3/4,zpp3/4,-ypp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-zpp1/4&yc=-ypp3/4&zc=xpp3/4&orgpos=-zpp1/4,-ypp3/4,xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-zpp3/4&yc=ypp3/4&zc=-xpp1/4&orgpos=-zpp3/4,ypp3/4,-xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=zpp3/4&yc=-ypp1/4&zc=-xpp3/4&orgpos=zpp3/4,-ypp1/4,-xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=zpp1/4&yc=ypp1/4&zc=xpp1/4&orgpos=zpp1/4,ypp1/4,xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/8&yc=y&zc=-ypp1/4&orgpos=1/8,y,-ypp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/8&yc=-y&zc=-ypp3/4&orgpos=3/8,-y,-ypp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=7/8&yc=ypp1/2&zc=ypp1/4&orgpos=7/8,ypp1/2,ypp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=5/8&yc=-ypp1/2&zc=ypp3/4&orgpos=5/8,-ypp1/2,ypp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp1/4&yc=1/8&zc=y&orgpos=-ypp1/4,1/8,y&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp3/4&yc=3/8&zc=-y&orgpos=-ypp3/4,3/8,-y&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp1/4&yc=7/8&zc=ypp1/2&orgpos=ypp1/4,7/8,ypp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp3/4&yc=5/8&zc=-ypp1/2&orgpos=ypp3/4,5/8,-ypp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=y&yc=-ypp1/4&zc=1/8&orgpos=y,-ypp1/4,1/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-y&yc=-ypp3/4&zc=3/8&orgpos=-y,-ypp3/4,3/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp1/2&yc=ypp1/4&zc=7/8&orgpos=ypp1/2,ypp1/4,7/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp1/2&yc=ypp3/4&zc=5/8&orgpos=-ypp1/2,ypp3/4,5/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=7/8&yc=-y&zc=ypp3/4&orgpos=7/8,-y,ypp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=5/8&yc=y&zc=ypp1/4&orgpos=5/8,y,ypp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/8&yc=-ypp1/2&zc=-ypp3/4&orgpos=1/8,-ypp1/2,-ypp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/8&yc=ypp1/2&zc=-ypp1/4&orgpos=3/8,ypp1/2,-ypp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp3/4&yc=7/8&zc=-y&orgpos=ypp3/4,7/8,-y&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp1/4&yc=5/8&zc=y&orgpos=ypp1/4,5/8,y&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp3/4&yc=1/8&zc=-ypp1/2&orgpos=-ypp3/4,1/8,-ypp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp1/4&yc=3/8&zc=ypp1/2&orgpos=-ypp1/4,3/8,ypp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-y&yc=ypp3/4&zc=7/8&orgpos=-y,ypp3/4,7/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=y&yc=ypp1/4&zc=5/8&orgpos=y,ypp1/4,5/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-ypp1/2&yc=-ypp3/4&zc=1/8&orgpos=-ypp1/2,-ypp3/4,1/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=ypp1/2&yc=-ypp1/4&zc=3/8&orgpos=ypp1/2,-ypp1/4,3/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=x&yc=0&zc=1/4&orgpos=x,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/2&yc=0&zc=3/4&orgpos=-xpp1/2,0,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/4&yc=x&zc=0&orgpos=1/4,x,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=-xpp1/2&zc=0&orgpos=3/4,-xpp1/2,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=1/4&zc=x&orgpos=0,1/4,x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=3/4&zc=-xpp1/2&orgpos=0,3/4,-xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=xpp1/4&zc=0&orgpos=3/4,xpp1/4,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=-xpp3/4&zc=1/2&orgpos=3/4,-xpp3/4,1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp3/4&yc=1/2&zc=1/4&orgpos=xpp3/4,1/2,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/4&yc=0&zc=1/4&orgpos=-xpp1/4,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=1/4&zc=-xpp1/4&orgpos=0,1/4,-xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/2&yc=1/4&zc=xpp3/4&orgpos=1/2,1/4,xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-x&yc=0&zc=3/4&orgpos=-x,0,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp1/2&yc=0&zc=1/4&orgpos=xpp1/2,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=-x&zc=0&orgpos=3/4,-x,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/4&yc=xpp1/2&zc=0&orgpos=1/4,xpp1/2,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=3/4&zc=-x&orgpos=0,3/4,-x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=1/4&zc=xpp1/2&orgpos=0,1/4,xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/4&yc=-xpp3/4&zc=0&orgpos=1/4,-xpp3/4,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/4&yc=xpp1/4&zc=1/2&orgpos=1/4,xpp1/4,1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/4&yc=1/2&zc=3/4&orgpos=-xpp1/4,1/2,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp3/4&yc=0&zc=3/4&orgpos=xpp3/4,0,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=3/4&zc=xpp3/4&orgpos=0,3/4,xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/2&yc=3/4&zc=-xpp1/4&orgpos=1/2,3/4,-xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=x&yc=x&zc=x&orgpos=x,x,x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/2&yc=-x&zc=xpp1/2&orgpos=-xpp1/2,-x,xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-x&yc=xpp1/2&zc=-xpp1/2&orgpos=-x,xpp1/2,-xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp1/2&yc=-xpp1/2&zc=-x&orgpos=xpp1/2,-xpp1/2,-x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp3/4&yc=xpp1/4&zc=-xpp1/4&orgpos=xpp3/4,xpp1/4,-xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp3/4&yc=-xpp3/4&zc=-xpp3/4&orgpos=-xpp3/4,-xpp3/4,-xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp1/4&yc=-xpp1/4&zc=xpp3/4&orgpos=xpp1/4,-xpp1/4,xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/4&yc=xpp3/4&zc=xpp1/4&orgpos=-xpp1/4,xpp3/4,xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-x&yc=-x&zc=-x&orgpos=-x,-x,-x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp1/2&yc=x&zc=-xpp1/2&orgpos=xpp1/2,x,-xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=x&yc=-xpp1/2&zc=xpp1/2&orgpos=x,-xpp1/2,xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/2&yc=xpp1/2&zc=x&orgpos=-xpp1/2,xpp1/2,x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp1/4&yc=-xpp3/4&zc=xpp3/4&orgpos=-xpp1/4,-xpp3/4,xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp1/4&yc=xpp1/4&zc=xpp1/4&orgpos=xpp1/4,xpp1/4,xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=-xpp3/4&yc=xpp3/4&zc=-xpp1/4&orgpos=-xpp3/4,xpp3/4,-xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=xpp3/4&yc=-xpp1/4&zc=-xpp3/4&orgpos=xpp3/4,-xpp1/4,-xpp3/4&standard=1
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Table 2.Crystallographic information of S.G #2282].

Multiplicity Wyckoff Site Coordinates
letter symmetry (0,0,0) + (1/2,1/2,1/2) +

48 E 1 (x.v,2) (x+1127y,2+112)  (X,y+1/2:z+1/2)  (x+1/2:y+1/2:2)
(z,x,y) (z+1/2;x+1/2;y) (-z+1/2;x,y+1/2) (-z,x+1/2;y+1/2)
(y,2,X) (-y,z+1/2;x+1/2) (y+1/2;z+1/2;x) (-y+1/2:2,x+1/2)
(y+1/4,x+1/14,2+1/4 (-y+1/4-x+3/4,z+3/4 (y+3/4:X+1/4-2+3/4) (-y+3/4,x+3/4;2+1/4)
(x+1/4,z+1/4,y+1/4 (-x+3/4,2+3/4;y+1/4) (-x+1/4-z+3/4,y+3/4 (x+3/4;z+1/4;y+3/4)
(z+1/4,y+1/4,x+1/4 (z+3/4;y+1/4-x+3/4) (-z+3/4,y+3/4:x+1/4) (-z+1/4;y+3/4,x+3/4

24 D 2. (x,0,1/4) (-x+1/2,0,3/4 (1/4,x,0) (3/4:x+1/2,0)
(0,1/4,x) (0,3/4;x+1/2) (1/4,x+1/4,1/2 (1/4-x+3/4,0)
(x+1/4,1/2,1/4 (-x+3/4,0,1/4 (1/2,1/4,x+1/4 (0,1/4;x+3/4)

16 c 3. (%,%,X) (X+12:xx+112) (X x+12:x+1/2)  (x+1/2:x+1/2:X)
(X+1/4,x+1/14,x+1/4 (-x+1/4-x+3/4,x+3/4. (x+3/4 -x+1/4 -x+3/4) (-x+3/4,x+3/4;x+1/4)

12 B 4. (7/18,0,1/4 (5/8,0,3/4 (1/4,7/8,0 (3/4,5/8,0
(0,1/4,7/8 (0,3/4,5/8

12 A -4..

(3/8,0,1/4 (1/8,0,3/4 (1/4,3/8,0" (3/4,1/8,0
(0,1/4,3/8 (0,3/4,1/8

1.3Defect chemisty in LLZO s

Generally, pint defects are cafjorized irto two typesi) intrinsic andii) extrinsic in

which abrief explanation of each is giventimefollowing sections.

13.1

Vacancy point defect isouple ofcation and anion vacay sites in a perfect crystal
which is calledSchottky defec{shown inFigure 3). The LLZO can have different cation and
anion pais of vacancieqd16, 23] Followings are the possibl8chottkydefect reactios for
each parr

Intrinsic
1.3.1.1 Vacancies



https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/8&yc=0&zc=1/4&orgpos=3/8,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/8&yc=0&zc=3/4&orgpos=1/8,0,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/4&yc=3/8&zc=0&orgpos=1/4,3/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=1/8&zc=0&orgpos=3/4,1/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=1/4&zc=3/8&orgpos=0,1/4,3/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=3/4&zc=1/8&orgpos=0,3/4,1/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=5/8&zc=0&orgpos=3/4,5/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=3/8&zc=1/2&orgpos=3/4,3/8,1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/8&yc=1/2&zc=1/4&orgpos=1/8,1/2,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=7/8&yc=0&zc=1/4&orgpos=7/8,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=1/4&zc=7/8&orgpos=0,1/4,7/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/2&yc=1/4&zc=1/8&orgpos=1/2,1/4,1/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/8&yc=0&zc=1/4&orgpos=1/8,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/8&yc=0&zc=3/4&orgpos=3/8,0,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/4&yc=1/8&zc=0&orgpos=1/4,1/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=3/8&zc=0&orgpos=3/4,3/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=1/4&zc=1/8&orgpos=0,1/4,1/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=3/4&zc=3/8&orgpos=0,3/4,3/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=7/8&yc=0&zc=3/4&orgpos=7/8,0,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=5/8&yc=0&zc=1/4&orgpos=5/8,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=7/8&zc=0&orgpos=3/4,7/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/4&yc=5/8&zc=0&orgpos=1/4,5/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=3/4&zc=7/8&orgpos=0,3/4,7/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=1/4&zc=5/8&orgpos=0,1/4,5/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/8&yc=1/8&zc=1/8&orgpos=1/8,1/8,1/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/8&yc=7/8&zc=5/8&orgpos=3/8,7/8,5/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=7/8&yc=5/8&zc=3/8&orgpos=7/8,5/8,3/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=5/8&yc=3/8&zc=7/8&orgpos=5/8,3/8,7/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=7/8&yc=7/8&zc=7/8&orgpos=7/8,7/8,7/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=5/8&yc=1/8&zc=3/8&orgpos=5/8,1/8,3/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/8&yc=5/8&zc=1/8&orgpos=3/8,5/8,1/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=0&zc=0&orgpos=0,0,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/2&yc=0&zc=1/2&orgpos=1/2,0,1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=0&yc=1/2&zc=1/2&orgpos=0,1/2,1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/2&yc=1/2&zc=0&orgpos=1/2,1/2,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=1/4&zc=1/4&orgpos=3/4,1/4,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=3/4&yc=3/4&zc=3/4&orgpos=3/4,3/4,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/4&yc=1/4&zc=3/4&orgpos=1/4,1/4,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=230&xc=1/4&yc=3/4&zc=1/4&orgpos=1/4,3/4,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=x&yc=y&zc=z&orgpos=x,y,z&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-xpp1/2&yc=-y&zc=zpp1/2&orgpos=-xpp1/2,-y,zpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-x&yc=ypp1/2&zc=-zpp1/2&orgpos=-x,ypp1/2,-zpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=xpp1/2&yc=-ypp1/2&zc=-z&orgpos=xpp1/2,-ypp1/2,-z&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=z&yc=x&zc=y&orgpos=z,x,y&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=zpp1/2&yc=-xpp1/2&zc=-y&orgpos=zpp1/2,-xpp1/2,-y&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-zpp1/2&yc=-x&zc=ypp1/2&orgpos=-zpp1/2,-x,ypp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-z&yc=xpp1/2&zc=-ypp1/2&orgpos=-z,xpp1/2,-ypp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=y&yc=z&zc=x&orgpos=y,z,x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-y&yc=zpp1/2&zc=-xpp1/2&orgpos=-y,zpp1/2,-xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=ypp1/2&yc=-zpp1/2&zc=-x&orgpos=ypp1/2,-zpp1/2,-x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-ypp1/2&yc=-z&zc=xpp1/2&orgpos=-ypp1/2,-z,xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=ypp1/4&yc=xpp1/4&zc=zpp1/4&orgpos=ypp1/4,xpp1/4,zpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-ypp1/4&yc=-xpp3/4&zc=zpp3/4&orgpos=-ypp1/4,-xpp3/4,zpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=ypp3/4&yc=-xpp1/4&zc=-zpp3/4&orgpos=ypp3/4,-xpp1/4,-zpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-ypp3/4&yc=xpp3/4&zc=-zpp1/4&orgpos=-ypp3/4,xpp3/4,-zpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=xpp1/4&yc=zpp1/4&zc=ypp1/4&orgpos=xpp1/4,zpp1/4,ypp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-xpp3/4&yc=zpp3/4&zc=-ypp1/4&orgpos=-xpp3/4,zpp3/4,-ypp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-xpp1/4&yc=-zpp3/4&zc=ypp3/4&orgpos=-xpp1/4,-zpp3/4,ypp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=xpp3/4&yc=-zpp1/4&zc=-ypp3/4&orgpos=xpp3/4,-zpp1/4,-ypp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=zpp1/4&yc=ypp1/4&zc=xpp1/4&orgpos=zpp1/4,ypp1/4,xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=zpp3/4&yc=-ypp1/4&zc=-xpp3/4&orgpos=zpp3/4,-ypp1/4,-xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-zpp3/4&yc=ypp3/4&zc=-xpp1/4&orgpos=-zpp3/4,ypp3/4,-xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-zpp1/4&yc=-ypp3/4&zc=xpp3/4&orgpos=-zpp1/4,-ypp3/4,xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=x&yc=0&zc=1/4&orgpos=x,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-xpp1/2&yc=0&zc=3/4&orgpos=-xpp1/2,0,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=1/4&yc=x&zc=0&orgpos=1/4,x,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=3/4&yc=-xpp1/2&zc=0&orgpos=3/4,-xpp1/2,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=0&yc=1/4&zc=x&orgpos=0,1/4,x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=0&yc=3/4&zc=-xpp1/2&orgpos=0,3/4,-xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=1/4&yc=xpp1/4&zc=1/2&orgpos=1/4,xpp1/4,1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=1/4&yc=-xpp3/4&zc=0&orgpos=1/4,-xpp3/4,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=xpp1/4&yc=1/2&zc=1/4&orgpos=xpp1/4,1/2,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-xpp3/4&yc=0&zc=1/4&orgpos=-xpp3/4,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=1/2&yc=1/4&zc=xpp1/4&orgpos=1/2,1/4,xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=0&yc=1/4&zc=-xpp3/4&orgpos=0,1/4,-xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=x&yc=x&zc=x&orgpos=x,x,x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-xpp1/2&yc=-x&zc=xpp1/2&orgpos=-xpp1/2,-x,xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-x&yc=xpp1/2&zc=-xpp1/2&orgpos=-x,xpp1/2,-xpp1/2&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=xpp1/2&yc=-xpp1/2&zc=-x&orgpos=xpp1/2,-xpp1/2,-x&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=xpp1/4&yc=xpp1/4&zc=xpp1/4&orgpos=xpp1/4,xpp1/4,xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-xpp1/4&yc=-xpp3/4&zc=xpp3/4&orgpos=-xpp1/4,-xpp3/4,xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=xpp3/4&yc=-xpp1/4&zc=-xpp3/4&orgpos=xpp3/4,-xpp1/4,-xpp3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=-xpp3/4&yc=xpp3/4&zc=-xpp1/4&orgpos=-xpp3/4,xpp3/4,-xpp1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=7/8&yc=0&zc=1/4&orgpos=7/8,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=5/8&yc=0&zc=3/4&orgpos=5/8,0,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=1/4&yc=7/8&zc=0&orgpos=1/4,7/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=3/4&yc=5/8&zc=0&orgpos=3/4,5/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=0&yc=1/4&zc=7/8&orgpos=0,1/4,7/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=0&yc=3/4&zc=5/8&orgpos=0,3/4,5/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=3/8&yc=0&zc=1/4&orgpos=3/8,0,1/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=1/8&yc=0&zc=3/4&orgpos=1/8,0,3/4&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=1/4&yc=3/8&zc=0&orgpos=1/4,3/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=3/4&yc=1/8&zc=0&orgpos=3/4,1/8,0&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=0&yc=1/4&zc=3/8&orgpos=0,1/4,3/8&standard=1
https://www.cryst.ehu.es/cgi-bin/cryst/programs/find_comp_op?ita=220&xc=0&yc=3/4&zc=1/8&orgpos=0,3/4,1/8&standard=1
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Where6 &EG%W‘?Q\/& arelLi®, zr*", L& and O° vaancies in their crystal

structures, rgpectively.

Antion Vacancy

Cation Vacancy

Figure 3. Rpresentation of pair of Schottky defect

1.3.1.2 Interstitial

Another intrinsic defect is called Frenkel defect in which an atom lets/@ssition in
the structureand occupiesan interstitial site as demonstrated kigure 4 [16, 24] The
Frenkel defect reactions for Zsg@nd LaOs are written as below:

2.2 "k o=

 Eebeg 2 E 6~ (1.4)
86@DW L LS (15)
- FYOPE % - “E e '



A‘? a A xex
, A GE Zz , % 6 ;e (16)

Where, %ﬁ: @EH ﬁG?eﬁ,ee%AT Aeezﬁfg Li* cation residing atthe interstitial

site, Li* vacancy Zr** cationresidingat theinterstitial site, Zt* vacancy, L& cationresiding
attheinterstitial site and L vacancy, respectively.

(o J%)

Cation Vacancy

Figure 4. Represeration ofa pair of Frenkel defect

1.3.2 Extrinsic
1.3.2.1 Substitutional impurity

This is the most important type of defect in whighe ionic conductivty of Li* is
strongly dependant on {tl6, 23, 25, 26] Therefore, to furttr understandthe Li* ion
conduction in LLZO, we should dig intthe possibilities ofthe formation of different
vacandes Hence,we will start dopingLa®", Zr**, and Li" sites with dopants having various
valencecharge { ) with their corresponding r °© g\énk reactionsshownas below:

A
] E g
o I¢ z o 4 6’3929%'- (1.7)
0
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- de 2 ¢ :aeo 6. 0l i (1.8)
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E _e® e O 4+ . 3+
where- AG, A% f: %/ and/ i represent ¢~ ion residingat La™ site witha

charge of1, a vacancy at a Ehsite withacharge of +3, aM®" ion residing aZr** site with
acharge of +1, aM” ion residingat La®>" site with a charge of +2, a* ion residingat Zr**
site with a charge of +3, an oxygen vacancapan site with a charge of +3 and O occupying
an O site with a neutral charge, respectively.

1.4 Impact of various dopants on LLZO

As it was mentioned before, vacancies @aytalrole inincreasingheionic conductivity
of LLZO by providing hopping sites for Liions Comparison ofdifferent polymorphs of
LLZO (cubic and tetragonal)has revealedhat the cubic phase haswo timeshigher ionic
conductivity thanthe tetragonalpolymorph[27-30]. The reason arisdrom the fact that
minimum of0.4i 0.5 atoms per formula uriii * vacancyis requiredto obtaincubic phas¢18,
25]. Hence,the phase transformatiorrdm tetragonal to cubic Wionly be possible byhe
incorporation of dopant® LiMLapZr:O1, with M being aliovalent catiomnd x being the
concentration of the samehich finally helps create vacancies in the structlirés also
possible to transform tetragonal to cubic phasthout incorporating A" or any other
dopans. However, it demands careful tailoring of stoichiometry, higher temperaiames
does not increase ionic conductivity significanB@-32]. Many factors impact théi* ion
conductivity of cubic LLZO such gs) charge carrierf23, 33, 34] (b) vacancy concentration
[28], (O coordinationof Li* ions [35-37], (d) dimensions ofLii O bond [38], and €)
microstructurg27, 36, 39] A brief explanation of some of the dopants are mentioned in the
following sections.

1.4.1 Effect of AI®*

In seek of dopant elemerftr stabilizng cubic phase, researchers found*Ah dopant
with low price and abuadant availability, which demonstratedgood candidacfor raising
the ionic conductivity of LLZO.

Generally, the incorporation of Rlhas the following impacts on the LLZOs:

1. Stabilization and transformation of the tetragonal phase into {2ifjic
2. Blocking interstitial channels for Ldiffusion [40].
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3. Generatig lithium vacancies fofacilitating Li* movemen{31].
4. Development of &ii AlT O basedamorphougphase which assists tlgeain boundaries
diffusion of Liions[41, 42]

Following defect reactiodemonstratethe effect ofAl** doping on Li vacancy formation:

, o,

Y z ¢ #E 16 eeE ol 2

|' (1.11)

Where! #EG ee i AIQ are AP*ionssitting in a Li* position, Li" vacancy generated due to

the charge imbalance and neutral oxygen, respectively.

It is clear from reactionl(11) that two AF* can produce four [Fivacancies. However,
this is valid for low concentrations of &l Figure 5 demonstrates the polyhedral model of
Al** doped LLZO. In this structure, Alions occupy?4d sites creating Li vacancies due to
the charge imbalance.

The stable cubic phase of LLZO was first reported by the unintentibifiasion of
Al** into LLZO [31, 41, 4345]. In exploring the causéor this phenomengnresearchers
investigated the mechanism in whickethubic phase is stabilized \tom temperature by
incorporation ofAl**. For instance, Geiger et al. reported the unintentional formation of the
cubic phase due to the reaction between alumina crucible and LLZO for the first time. This
group suggested thal** occupies Li position and this may act as the stabilizing agent f
the cubic phase in LLZO. This group suggedteat AP substitution with LT generates [i
vacancies which then can lead to cubic phase stability. However, they did not nmbation
mechanism in whickhatLi* vacancy can lead to tleehievingof the cubic phasg1i].

Tetrahedral (24d)

Octahedral (96h)
(Notincluded in the image)

Figure 5. Polyhedraimodelof Al doped LLZOcrystalstructure

Furthermore Xia et al studied theimpact of the crucibleimpurities on the Li ion
transport propertiesof samples specifically sintered in alumina crucibles. The ionic
conductivity reached by their group was relatively lotv.(4 8*1Skc®’) and this was
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reported to be due theé extraAl®* ionscontaminatiorfrom alumina crucibles, hence, leading
to Li* loss during higitemperature sinterinf#4]. Another unintentional cubic LLZO was
reported by Shimonishi et al in which they stated diffusion &f fibm alumina crucible into
LLZO [46].

Further investigations revealed that adequate vacageie=rated by Al substitution,
destroy well organized and ordered sublattice &f &nd such a disorder, combineith the
lattice relaxation favourthe cubic phaseAdditionally, the resultantvacanciesopen upthe
blocked Li" pathways for further emmcement of Li ion transpof5]. In another study, with
the aid of neutron diffraction measurengit was found that at lower temperature such as
K Li ion disorder existsvhich increasest room temperaturand thisincreaseshe mobility
of the Li" ions. These results approvéde presence of Al ions at 24dsite [47, 48]
However Duvel et al conducted an experiment using powdeaydiffraction (PXRD) and
Al®* magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy and
demonstrated that there are three diffesitats thatAl** canoccupy, namelyLa®, and zf*
[45]. Additionally, the presence ofl** at grain boundry has also been repofts].

The tailoring of AlI** concentration may lead to a pure aiphasewith a minor amount of

impurity phaseslt has been reported that optiméd?* concentration fotheformation of the
pure cubic phase with minor tetragonahpurities lies inthe range 0f0.19 to 0.4pfu [27].
Additionally, whenAl** concentration exceeds this valtige LaAlO; impurity phasestarts to
form. Overall, exceedinthe optimum level ofAl®* concentration in LLZO will increase the
risk of formation of imputy phases such aslLa)Zr,O;, LaAlO; -Li&lO,, and
LasLiosAlosOs [7]. Additionally, it has been reported that Al doping increases
Li48g+96hLi24d ratio as demonstrat¢8?, 44, 45]

The PXRD patterns ofAl** doped LLZO aredemonstratedn Figure 6 [13]. It is
obvious that increasing\l®* content improves the crystallinity of the cubic phase and
annihilates th tetragonal one.
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Figure 6. Impact ofAl** content orcrystallinity and purity of the cubic pha§&3].

1.4.2 Effect of Ta®"and Nb°*

The poblems arising fronthe creation of obstacleby AI** ionson Li* pathwayshave
directedresearchert employpentavalent dopingtrategytargetingZr** site tointroduceLi*
vacancies[50]. To solve this problem, pentavalent cations such as Tantaluf) @iad
Niobium (NB") have been introduced and haweenshown tohavea promisingimpact on
improving ionic conductivity and stability of electrolyte in contact with electrodés
general formula of this type of garnet has been proposed to;hkeagWZr,«O1, with M
being pentavalent cations of *faand NB* [33, 5161]. In this structure,La ions are
coordinatedn an 8i fold oxygen environment (24dYa/Nb/Zr ionsare coordinatedh an 6i
fold oxygen environmentlgg andLi atoms reside aetrahedral (24d) and octahedral sites
(96h)[59]. The combination oki* ionsat tetrahedral and octadr@l sitesgenerate a network
In thisthree dimensionally connecteétworkof Li ions, tetrahedral sites (24d) are connected
to four other octahedral sites by sharing eddges. g ® a tshowedthatlLi® resides aall the
octahedral sitesand additionally at onethird of the tetrahedral sitef9]. Therefore,
[LasMyZr2xO12]> framework must accommodate five lithium cations using some combination
of thethreetetrahedralsix octahedraglandthreetrigonal prismatic sited51] as illustrated in
Figure 7.
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Figure 7. Polyhedraimodel of Ta®*/Nb®* doped LLZOcrystal structure

Both cations can help LLZO phase transformation occur from tetragonal to cubic with

a space group of lad [55, 61] Based on the general formulay.jliazZr,,MyO1,, y needs to

be as low as 0.2 to obtain a cubic pha§e5]. Despite A", which replaced.i” in LLZO
crystal structureTa>* andNb°* substitute foZr*" at octahedrally coordinated d@osition in
which produces leds * vacancies (twice less in compareddd* doping)[25, 51, 62] When

Zr** is replaced byTa>*, Coulombic repulsion between ‘LiLi* ions is decreasedy
generation ofLi* vacancies.Therefore the Ta*idoped LLZO demonstratesenhanced
conductivity tharundoped LLZ(O63].

Hence the general defect reactions @& and Nb°>" doped LLZO are written as

below:

4N ”:/4% 62 2 1.12
z C:OC,E”T (112
11:/ "E

. A/ z ¢ A

Vo (1.13)

) ()
c6 £ v/ i

Where4 %5 AEg aeéT AIQ are T&" sitting on a Zt* position, N* sitting on a
Zr** position, Li" vacancy generated due to the charge imbalance and neutral oxygen,
respectively. As it was mentioned earli€g’* cations act as the gate opener fotibns. In

this regard, Shin et akhowed thatloping Al-LLZO with Ta>* causes the Li ions to change
their sitefrom 24d to 96Isite opening uphe pathways ofi” ions to diffusg28].
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Figure 8 and Figure 9 represents the effect of different amountsTaf* and Nb°>*
dopant on the crystallization of the LLZO cubic phasspectivel\{{55, 59] As is seen from
the XRD patterns for both cases, increasing dopant content increases the crystallinity of the
cubic phase and, thereafter, ionic conductivity.
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Figure 8. XRD patterrs of LLZO dopedwith different amount$b®* [55].
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Figure 9. XRD patterrs of LLZO dopedwith different amount3a>* [59].
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1.4.3 Effect of Ge*

Ge** stands in the fourth group of the periodic table ofeleenent which has four valence
electrons on its outer shell. In the LLZO structure!*Gean substitute foti* or La®* sites
which might be favorable for the ionic conduction. As it was observed in other doped LLZOs,
the cubic phasesidesirable since it can enharthei oni ¢ condu ¢ tScmwliatt y (7.
298 K) dramatically{64]. Here also, the cubic phase can be obtained by incorporation of 1
wt% of Ge**. However,cubic and tetragonal polymorplesexist when theoncentration of
the dopant ions exceettss valug[65].

c oy
ok z o {S\EA 6’33293-'-@ (1.14)
, o,
N WE GG’SBE(p/-I-Q (1.15)

where: g AG*?"E -I-grepresent a Zf occupying a L& site with anoverallcharge of1, a

La®* vacancyan overallcharge of +3and a neutral oxygen atom, respectively.

Thestructure ofGe"* dopedLLZO is made of La@and ZrQ polyhedralsby sharing
edges, which is illustrated iRigure 10. In this Figure, the greens show LaQlodecahedra
substitutecpartially by Ge™* and theblues show the ZrQoctahedra. Huang et al. reported that
if G&* ion residesat theLa®" site, the polyhedron iglisconnectedFour oxygenions are
connectedo the neighboring La@ dodecahedralwhile four oxygen atoms surround tfee""
ions Since the ionic radious @e** ionsis smaller than that dfa®" ions, substitution of Ge
would cause distortion and contraction laftice [65]. In their phase analysig-igure 11),
they showedhatat lower doping content.25wt% to 1wt %), thetructure was found to be
cubic phaseHoweverat higher Ge contentg wt %, an impurity phase started to appear.

Figure 10. Polyhedral model of Ge doped LLZEystal structure.
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Figure 11. XRD patterns of LLZOdopedwith differentamounts ofGe** [65].

In another wrk conducted by Peng et al, synthesis of gameleted structure of
Lis+xLagGeNb,.xO;2 by direct ug of metalic Ge was investigated and théirion transport
properties and stability againsti-metal were investigated The XRD results of
Lis+lLasGeNb,«O12 (X = 0.251) samples approved tipeesencef the cubic phase. In their
research, G& substituted for NB and the total conductivity of kisLasGey 7sNby 2601, was
oberved t o*Skbre’[66]. 21 10

1.4.4 Effect of Ga*

Further interest in employing different supervalent dopants has led researahamioe
the effect of G&" on LLZOs. In this regard, many researchdmave tested different
concentrations andhereforethe impactof G&* on the structure and ionic conductivity of
LLZO [67-82].

Based on their research, taas been fountb be successful in converting the tetragonal
phase into cubi70]. Same as all other dopan®s’* itself can induce vacancies followeyl b
disorder in the structure of LLZO. To further understand the mechanism in \@#th
produces defects, its defect reaction is proposed. The defect reactiofi dbfed LLZO is
written as below:

s
. A o : ® )
A Z C ’KEE TG’EO'/--

| (1.16)
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Where' EZEG eeé ] AIg are G&" ions siting in Li* position, Li vacancy generated due to

the charge imbalance and neutral oxygen, respectively.

According to (.16), by incorporation of one Ginto thestructure of LLZO, two Li
vacancies are generatéthe G&" doped LLZO has shown to have higher ionic conductivity
in comparison to other doped LLZO3he causefor such an enhancement in ionic
conductivity byGa®* Addition is still not fully understood. However, Rettenwian et al. in
their second stud79] using *Ga MAS NMR spectra showed th@ge®* occupies both 24d
and 96h sitesvhich creates new paths forlions to move easiefhis research group could
not observe this behavior in their earlier st{id§] and this invisibility at the lowemagnetic
field was attributed to the large secemdler quadrupolar broadening which influenéisa
NMR spectraand makes it difficult to distingsh peaksFurther stdies revealed thaba*
dopedLLZO has an acentric cubic SG 3d (no. 220)which is an unusaul symmetig
comparison with otheLi-stuffed garnet group that demonstratecentric cubic SGlaod
(n0.230)[81].

Further investigations by Rettenwander et al. revetiledetailed crystal structure of
cubic G&* dopedLLZO with a space group dod (n0.230) andt 3d (no.220)(shown in
Figure 12 a,b,c, andd). In Figure12a, theblueand green geometries belong®™* andzr**
sites at dedocadral and octahedral positidwislitionally, Li* can be found in three different
sites such as tetrahedral 24d, octahedral 48g and tetrahedral 96h. The pathway concerned with
Li ion diffusion is represented @b). Figure 12c demonsrates he crystal structure of cubic
LLZO with space group SGt 3d (no. 220) leads to different site preferences. In this
structure, L&" occupies dodecahedra (bluedp4Zr** occupies octahedra (greencl&ites,
respectively. Li ions reside athree different positions; nametwo 4i fold sitesat 12a and
12b postionsshownred and orangeolorsand6i fold sitespositioned at 48g shown in yellow
The diffusion pathway concerned with Li is demonstrate@)ai80]. Rettenwander et allso
reported thati® conductivity ofGa LLZO is two times higher thaAli LLZO [8, 27, 69]
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a) SG: la-3d no. 230 c) SG: I-43d no. 220

b) d)

Figure 12. representation) Centric cubic structure with space groudarid (no.230). bXCentric cubic structure
with space group dft 3d (no.220) c) Li ion pathway ofacd (no.230). dLi ion pathway ofit 3d (n0.230)[80].

Increasingn G&* concentratiordoes nowary the lattice parametsandand also it does not
induce any change to the site preferencecations dramatically. The only change is
associated with the site occupancy of Li which is encouraged to o@ddmsites Figure 13
demonstrateshe effect of Ga content on the XRD patterns of LLZO. It is obvious that
increasing Ga content improves the crystdly of this phas¢82].
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Figure 13. XRD patternsof Ga®* doped LLZO with different amounts &a** [82].
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1.4.5 Effect of Sb**

TheSb" is a pentavalent element and has proved to tresame behaviour as Riband
Ta>" when doped to LLZOThe Figure 14 demonstrateshe crystal structure of Sb doped
LLZO.

Figure 14. Polyhedral model o8b doped LLZCerystal structure

In this regard, Ramakumar et al. successfully synthesize®lfesubstituted L
garnets LiyLasZr,ShOs, (x = 0.2, 0.4, 0.6, 0.8 and 1.0) using a conventional stk
method[21]. Based on the literature, Stipartially substitutes for Zf and stabilizes theubic
phase at room temperatuf2l, 83, 84] During the incorporation of S¥ into LLZO, an
increa8 i n ionic c¢ohStu’y has beert opserged.. THid idcfease in ionic
conductivity is attributed to an increase iff ldns occupying tetrahedral sites and a decrease
in Li* ions occupying octahedral sit§21]. Another work conducted by Cao et, alsing
codoping of SB" and B&", resulted in an improvement in grain boundary conductivity
through the formation of a thin film on grain boundary while the bulk conductivity increased
due totheincreased occupancy of the Li2 qigd].

The following is the defect reaction 85°* doped LLZQ

y oy

~ ® (%)
3 A Z q¢3 %O c6, £ v/ i (2.17)

Where3 % 46 aeéi AIg are SB* sitting on a Zf* position, Li" vacancy generated

due to the charge imbalance and neutral oxygen, respectively.

Yang et al investigated edoping ofAl** andSb** into LLZO claiming that cesubstitution of
Sk** for zr*" and Al** for Li* facilitates the sintering of modified LLZO and enhances the
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