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Abstract: In this investigation, a novel Li-stuffed garnet type solid electrolyte with enhanced 

properties was fabricated. For this purpose, different concentrations of Dy ranging from 0.1 to o.8 

atoms per formula unit (pfu) were doped into the Li7La3Zr2O12 to stabilize the cubic structure and, 

therefore, tailor the ionic conductivity. Furthermore, fundamental studies were performed through 

X-ray diffraction and Rietveld refinement to develop crystal structure of the Dy doped LLZO and 

determine the site preference of Dy. On another attempt in this study, Density Functional (DFT) 

total energy computations were applied to investigate the convergence of Dy at different Wyckoff 

sites energetically and to further validate the results of experiments. Additionally, 
7
Li and 

6
Li solid-

state MAS NMR was performed to reveal the chemical coordination of Li at different sites. The 

results of this thesis project indicated that Dy ions probably substitute for Zr site and Li ions prefer 

tetrahedral (24d) and octahedral (48g) atomic sites. Additionally, our novel solid electrolyte 

demonstrated the highest ionic conductivity (2.03Ĭ10
-3

 S.cm
-1

) reported for LLZOs. 
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¥zet: Bu araĸtērmada geliĸtirilmiĸ ºzelliklere sahip Li barēndēran garnet tipi yeni bir katē elektrolit 

¿retildi. Bu amala, k¿bik yapēyē stabilize etmek ve dolayēsēyla iyonik iletkenliĵi ayarlamak iin 

Li 7La3Zr2O12 form¿l birimi (pfu) baĸēna 0.1 ila 0.8 atom arasēnda deĵiĸen farklē Dy 

konsantrasyonlarēyla katkēlandērēlmēĸtēr. Dahasē, Dy katkēlē LLZO'nun kristal yapēsēnē geliĸtirmek 

ve Dy'nin yer tercihini belirlemek iin X-ēĸēnē kērēnēmē ve Rietveld iyileĸtirmesi kullanēlarak temel 

alēĸmalar yapēldē. ¥te yandan bu alēĸmada Dy'nin farklē Wyckoff bºlgelerinde enerjisel olarak 

yakēnsamasēnē araĸtērmak ve deney sonularēnē daha ileri d¿zeyde doĵrulamak iin yoĵunluk 

fonksiyonel teorisi ile (DFT) toplam enerji uyarlamalarē uygulandē. Ek olarak, farklē konumlardan 

Liônin kimyasal evresini gºstermek iin 
7
Li and 

6
Li katē hal MAS NMR kullanēldē. Bu tez 

alēĸmasēnēn sonularē ile Dyônin muhtemel olarak Zr ile yer deĵiĸtirdiĵi ve Li iyonlarēnēn 

tetrahedral (24d) ve oktahedral (48g) bºlgelerine yerleĸtiĵi belirtildi. Ek olarak, yeni katē 

elektrolitimiz LLZO'lar ĸimdiye kadar rapor edilen en y¿ksek iyonik iletkenliĵi (2.03 Ĭ 10
-3

 S.cm
-

1
) sahip olduĵunu gºsterdi. 
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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 novel energy storage 

devices, safety has been the priority of researchers and companies in their projects. When for 

the first time high energy lithium-ion batteries were fabricated, they were thought to be 

harmless to consumers until explosions occurred [1, 2]. This failure in such useful batteries 

changed the trend of the development of these energy storage devices. Hence, a new 

generation of Li-ion batteries emerged known as all solid lithium ion batteries [3]. 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 energy densities [4], 

safety [5], and better cyclic performances [6]. The emergence of these batteries has somehow 

been able to solve the problems arising from the liquid nature of the electrolyte of 

conventional lithium-ion batteries. Like all other batteries, all solid state Li-ion batteries are 

composed of two electrodes and an electrolyte in between. However, in this case, the nature 

of the electrolyte between the two electrodes is solid. The task of an electrolyte in a Li-ion 

battery is to transport (conduct) Li ions from the cathode to the anode or vice versa in which 

the electrolyte plays an important role in this scenario. The term óôIonic Conductivityôô is the 

keyword that none of the battery researchers can avoid in their research. A solid electrolyte 

with a higher ionic conductivity is the first prerequisite for having a better all solid state Li-

ion battery. Therefore, the choice of proper material to produce a solid electrolyte is the key to 

develop a Li-ion battery with superior properties and higher safety. Recent advances in this 

field have introduced many different applicable materials to this area such as Li garnet-type 

Li 7La3Zr2O12 (LLZO) [7]. The LLZO was first introduced by Murugan et al [8] as an 

excellent candidate for a solid electrolyte due to its better Li ion transport properties [9], 

better interfacial stability with the electrode [10], higher mechanical property [11, 12] and 

excellent performance at higher temperatures [13]. In the following sections, we will have a 

review of recent advances in this area along with familiarizing the reader with the structure 

and effect of different dopants on properties of LLZOs.  

 

1.2.  Structure of LLZO garnet  

The general structure of garnet is given as A3B3C2O12; where A, B, and C refer to divalent 

and trivalent and tetravalent cations, respectively (shown in Figure 1) [14]. This structure is 

composed of a framework in which A cations are located in 8 foldïcoordinated sites, B 

cations in 6 foldïcoordinated sites and C cations are located in 4 foldïcoordinated sites. This 

configuration is composed of the tetrahedral 24dïA sites linked by an octahedral 16aïB 

having a common face with each of the two neighbore 24dïA sites. A faceïsharing site, 

three tetrahedral A and six bridging octahedral sites account for 9 sites per formula unit 

which lowers the activation energy for the movement of Li +
 ions if they are disordered 

with partial occupancies of both sites [15, 16].  
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In the case of LLZO structure, there are two distinct known polymorphs, Tetragonal, and 

Cubic [17]. The tetragonal structure is composed of a framework having two kinds of 8ïfold 

LaO8 coordination (8b and 16e) and 6ïfold ZrO6 coordination (16c). Aditionally, Li
+
 ions

 
are 

allowed to take tetrahedral 8a, octahedral 16f, and 32g sites [18]. On the other hand, a cubic 

phase comes into two polymorphs; namely centric SG Ia σd (No.230) and acentric SG Iτ3d 

(No.220). The SG Ia σd (No.230) has a structure with La ions coordinated with eight oxygen 

atoms located at 24c Wyckoff position and with Zr ions coordinated with six oxygen atoms 

located at 16a Wyckoff position [19]. Moreover, SG Iτ3d (No.220) has a structure with La 

ions coordinated with eight oxygen atoms located at 24d Wyckoff position and with Zr ions 

coordinated with six oxygen atoms located at 16c Wyckoff [20]. Li
+
 ions can prefer various 

sites in both structures. For instance, 96h, 24d and 48g Wyckoff positions are possible sites 

for Li
+
 ions to occupy in SG Ia σd (No.220) [21] and 12a, 12b and 48e Wyckoff positions can 

be occupied by Li
+
 in SG Iτ3d (No.220). Table 1 and 2 demonstrate all the possible Wyckoff 

positions, coordinates, and site symmetry of both SG Ia σd (No.220) and SG Iτ3d (No.220), 

respectively. Additionally, Figure 2a&b demonstrate polyhedral model of both #230 and 

#220 structures. 

 

 

 

 

Figure 1. Polyhedral model of general A3B3C2O12 garnet crystal structure. 
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Figure 2. Polyhedral models of a) #230 and b) #220 space groups in garnet type LLZO crystal structure. 

 

Table 1. Crystallographic information of S.G #230 [22]. 

Multiplicity  Wyckoff  

letter 

Site 

symmetry 

Coordinates 

(0,0,0) + (1/2,1/2,1/2) +  

96 H 1 (x,y,z) (-x+1/2,-y,z+1/2) (-x,y+1/2,-z+1/2) (x+1/2,-y+1/2,-z) 

(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,z,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,-z+1/4) (-y+3/4,-x+3/4,-z+3/4) (y+1/4,-x+1/4,z+3/4) (-y+1/4,x+3/4,z+1/4) 

(x+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) 

(z+3/4,y+1/4,-x+1/4) (z+1/4,-y+1/4,x+3/4) (-z+1/4,y+3/4,x+1/4) (-z+3/4,-y+3/4,-x+3/4) 

(-x,-y,-z) (x+1/2,y,-z+1/2) (x,-y+1/2,z+1/2) (-x+1/2,y+1/2,z) 

(-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,-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,z+3/4) (y+1/4,x+1/4,z+1/4) (-y+3/4,x+3/4,-z+1/4) (y+3/4,-x+1/4,-z+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,z+3/4,-y+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 (1/8,y,-y+1/4) (3/8,-y,-y+3/4) (7/8,y+1/2,y+1/4) (5/8,-y+1/2,y+3/4) 

(-y+1/4,1/8,y) (-y+3/4,3/8,-y)  (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) 

(7/8,-y,y+3/4) (5/8,y,y+1/4) (1/8,-y+1/2,-y+3/4) (3/8,y+1/2,-y+1/4) 

(y+3/4,7/8,-y)  (y+1/4,5/8,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+1/2,-y+1/4,3/8) 
 

 

48 F 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) (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) (3/4,-x,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) (-x+1/2,-x,x+1/2) (-x,x+1/2,-x+1/2) (x+1/2,-x+1/2,-x) 

(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,x,-x+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+1/4) (-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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24 D -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) (3/4,5/8,0) (3/4,3/8,1/2) 

(1/8,1/2,1/4) (7/8,0,1/4) (0,1/4,7/8) (1/2,1/4,1/8) 
 

 

24 C 2.2 2 (1/8,0,1/4) (3/8,0,3/4) (1/4,1/8,0) (3/4,3/8,0) 

(0,1/4,1/8) (0,3/4,3/8) (7/8,0,3/4) (5/8,0,1/4) 

(3/4,7/8,0) (1/4,5/8,0) (0,3/4,7/8) (0,1/4,5/8) 
 

 

16 B .32 (1/8,1/8,1/8) (3/8,7/8,5/8) (7/8,5/8,3/8) (5/8,3/8,7/8) 

(7/8,7/8,7/8) (5/8,1/8,3/8) (1/8,3/8,5/8) (3/8,5/8,1/8) 
 

 

16 A .-3. (0,0,0) (1/2,0,1/2) (0,1/2,1/2) (1/2,1/2,0) 

(3/4,1/4,1/4) (3/4,3/4,3/4) (1/4,1/4,3/4) (1/4,3/4,1/4) 
 

 

 

Table 2. Crystallographic information of S.G #220 [22]. 

Multiplicity  Wyckoff  

letter 

Site 

symmetry 

Coordinates 

(0,0,0) + (1/2,1/2,1/2) +  

48 E 1 (x,y,z) (-x+1/2,-y,z+1/2) (-x,y+1/2,-z+1/2) (x+1/2,-y+1/2,-z) 

(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,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+1/4,z+1/4) (-y+1/4,-x+3/4,z+3/4) (y+3/4,-x+1/4,-z+3/4) (-y+3/4,x+3/4,-z+1/4) 

(x+1/4,z+1/4,y+1/4) (-x+3/4,z+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,x) (-x+1/2,-x,x+1/2) (-x,x+1/2,-x+1/2) (x+1/2,-x+1/2,-x) 

(x+1/4,x+1/4,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.. (7/8,0,1/4) (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) 
   

 

 

1.3.Defect chemistry  in LLZO s 

Generally, point defects are categorized into two types i) intrinsic and ii) extrinsic in 

which a brief explanation of each is given in the following sections. 

 

1.3.1. Intrinsic  

1.3.1.1. Vacancies 

Vacancy point defect is couple of cation and anion vacancy sites in a perfect crystal 

which is called Schottky defect (shown in Figure 3). The LLZO can have different cation and 

anion pairs of vacancies [16, 23]. Followings are the possible Schottky defect reactions for 

each pair: 

 

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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ɆɆ
/
,Á/      (1.3) 

 

Where 6ᴂ
,É
 ȟ 6ᴂᴂᴂᴂ
:Ò
 ȟ6ᴂᴂᴂ
,Á
 ÁÎÄ 6

ɆɆ
/

 are Li
+
, Zr

4+
, La

3+
 and O

-2
 vacancies in their crystal 

structures, respectively. 

 

 

Figure 3. Rpresentation of a pair of Schottky defect. 

 

1.3.1.2. Interstitial  

Another intrinsic defect is called Frenkel defect in which an atom leaves its position in 

the structure and occupies an interstitial site as demonstrated in Figure 4 [16, 24]. The 

Frenkel defect reactions for ZrO2 and La2O3 are written as below: 

 

,É
Ø
,É

6
Ø
É
     
,É/
ᵶ
 
 ,É
Ɇ
É
  6ᴂ

,É
           (1.4) 

:Ò
Ø
:Ò

6
Ø
É
     
:Ò/
ᵶ
 
 :Ò
ɆɆɆɆ
É
  6ᴂᴂᴂᴂ

:Ò
           (1.5) 
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,Á
Ø
,Á
 6
Ø
É
    
,Á/
ᵶ
 
   ,Á
ɆɆɆ
É
   6ᴂᴂᴂ

,Á
       (1.6) 

 

Where ,É
Ɇ
 É 
ȟ :Ò
ɆɆɆɆ
É
 ȟ6ᴂᴂᴂᴂ
:Ò
 ȟ,Á
ɆɆɆ
É
 ÁÎÄ  6ᴂᴂᴂ

,Á
 are Li

+
 cation residing at the interstitial 

site, Li
+
 vacancy, Zr

4+
 cation residing at the interstitial site, Zr

4+
 vacancy, La

3+
 cation residing 

at the interstitial site and La
3+

 vacancy, respectively. 

 

 

Figure 4. Representation of a pair of Frenkel defect 

 

1.3.2. Extrinsic  

1.3.2.1. Substitutional impurity  

This is the most important type of defect in which the ionic conductivity of Li
+
 is 

strongly dependant on it [16, 23, 25, 26]. Therefore, to further understand the Li
+
 ion 

conduction in LLZO, we should dig into the possibilities of the formation of different 

vacancies. Hence, we will start doping La
3+

, Zr
4+

, and Li
+
 sites with dopants having various 

valence charge (- ) with their corresponding Krºger - Vink reactions shown as below: 

 

σ- /
 
ς    
,Á/
ᵶ
 
    σ-

Ɇ
,Á
  6ᴂᴂᴂ

,Á
φ/
Ø
Ï
      (1.7) 

-
 
ς/
 
σ    
:Ò/
ᵶ
 
    ς-ᴂ

:Ò
  6

ɆɆ
:Ò

σ/
Ø
Ï
      (1.8) 
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,Á/
ᵶ
 
   ς-ᴂᴂ

,Á
  ς6

ɆɆ
/
/
Ø
Ï
      (1.9) 

-
 
ς/    

:Ò/
ᵶ
 
   ς-ᴂᴂᴂ

:Ò
  σ6

ɆɆ
/
/
Ø
Ï
      (1.10) 

 

where -
Ɇ
,Á

 , 6ᴂᴂᴂ
,Á

, -ᴂ
:Ò
ȟ-ᴂᴂ
,Á
ȟ-ᴂᴂᴂ
:Ò
ȟ6
ɆɆ
/

and /
Ø
Ï
 represent a M

4+
 ion residing at La

3+
 site with a 

charge of -1, a vacancy at a La
3+

 site with a charge of +3, an M
3+

 ion residing at Zr
4+

 site with 

a charge of +1, an M
+
 ion residing at La

3+
 site with a charge of +2, an M

+
 ion residing at Zr

4+
 

site with a charge of +3, an oxygen vacancy at the O 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 play a vital role in increasing the ionic conductivity 

of LLZO by providing hopping sites for Li
+
 ions. Comparison of different polymorphs of 

LLZO (cubic and tetragonal), has revealed that the cubic phase has two times higher ionic 

conductivity than the tetragonal polymorph [27-30]. The reason arises from the fact that a 

minimum of 0.4ï0.5 atoms per formula unit Li
+
 vacancy is required to obtain cubic phase [18, 

25]. Hence, the phase transformation from tetragonal to cubic will only be possible by the 

incorporation of dopants to Li aMxLabZrcO12 with M being aliovalent cation and x being the 

concentration of the same which finally helps create vacancies in the structure. It is also 

possible to transform tetragonal to cubic phase without incorporating Al
3+

 or any other 

dopants. However, it demands careful tailoring of stoichiometry, higher temperatures, and 

does not increase ionic conductivity significantly [30-32]. Many factors impact the Li
+
 ion 

conductivity of cubic LLZO such as (a) charge carriers [23, 33, 34], (b) vacancy concentration 

[28], (c) coordination of Li
+
 ions [35-37], (d) dimensions of LiïO bonds [38], and (e) 

microstructure [27, 36, 39]. A brief explanation of some of the dopants are mentioned in the 

following sections. 

 

1.4.1. Effect of Al
3+

 

In seek of dopant elements for stabilizing cubic phase, researchers found Al
3+

, a dopant 

with low price and abundant availability, which demonstrated a good candidacy for raising 

the ionic conductivity of LLZO.  

Generally, the incorporation of Al
3+

 has the following impacts on the LLZOs: 

1. Stabilization and transformation of the tetragonal phase into cubic [37]. 

2. Blocking interstitial channels for Li
+
 diffusion [40]. 
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3. Generating lithium vacancies for facilitating Li
+
 movement [31]. 

4. Development of a LiïAlïO based amorphous phase which assists the grain boundaries 

diffusion of Li ions [41, 42]. 

Following defect reaction demonstrates the effect of Al
3+

 doping on Li vacancy formation: 

 

!Ì/    
,,:/
ᵶ
 
    ς!Ì

ɆɆ
,É
  τ6ᴂ

,É
σ/
Ø
Ï
      (1.11) 

 

Where !Ì
ɆɆ
,É
 ȟ6ᴂ
,É
 ÁÎÄ  /

Ø
Ï
  are Al

3+
 ions sitting in a Li

+
 position, Li

+
 vacancy generated due to 

the charge imbalance and neutral oxygen, respectively. 

It is clear from reaction (1.11) that two Al
3+

 can produce four Li
+
 vacancies. However, 

this is valid for low concentrations of Al
3+

. Figure 5 demonstrates the polyhedral model of 

Al
3+

 doped LLZO. In this structure, Al
3+

 ions occupy 24d sites creating Li vacancies due to 

the charge imbalance.  

The stable cubic phase of LLZO was first reported by the unintentional diffusion of 

Al
3+

 into LLZO [31, 41, 43-45]. In exploring the cause for this phenomenon, researchers 

investigated the mechanism in which the cubic phase is stabilized at room temperature by 

incorporation of Al
3+

. 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 that Al
3+

 occupies Li
+
 position and this may act as the stabilizing agent for 

the cubic phase in LLZO. This group suggested that Al
3+

 substitution with Li
+
 generates Li

+
 

vacancies which then can lead to cubic phase stability. However, they did not mention the 

mechanism in which that Li
+
 vacancy can lead to the achieving of the cubic phase [31]. 

 

Figure 5. Polyhedral model of Al doped LLZO crystal structure. 

Furthermore, Xia et al studied the impact of the crucible impurities on the Li ion 

transport properties of samples specifically sintered in alumina crucibles. The ionic 

conductivity reached by their group was relatively low (4.48Ĭ10
-4

 S.cm
-1

) and this was 
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reported to be due to the extra Al
3+

 ions contamination from alumina crucibles, hence, leading 

to Li
+
 loss during high-temperature sintering [44]. Another unintentional cubic LLZO was 

reported by Shimonishi et al in which they stated diffusion of Al
3+

 from alumina crucible into 

LLZO [46].  

Further investigations revealed that adequate vacancies generated by Al
3+

 substitution, 

destroy well organized and ordered sublattice of Li
+
, and such a disorder, combined with the 

lattice relaxation favours the cubic phase. Additionally, the resultant vacancies open up the 

blocked Li
+
 pathways for further enhancement of Li ion transport [45]. In another study, with 

the aid of neutron diffraction measurements, it was found that at lower temperature such as 4 

K Li ion disorder exists which increases at room temperature and this increases the mobility 

of the Li
+
 ions. These results approved the presence of Al

3+
 ions at 24d site [47, 48]. 

However, Duvel et al conducted an experiment using powder X-ray diffraction (PXRD) and 

Al
3+

 magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy and 

demonstrated that there are three different sites that Al
3+

 can occupy, namely; La
3+

, and Zr
4+

 

[45]. Additionally, the presence of Al
3+

 at grain boundry has also been reported [49]. 

The tailoring of Al
3+ 

concentration may lead to a pure cubic phase with a minor amount of 

impurity phases. It has been reported that optimum Al
3+

 concentration for the formation of the 

pure cubic phase with minor tetragonal impurities lies in the range of 0.19 to 0.4 pfu [27]. 

Additionally, when Al
3+

 concentration exceeds this value, the LaAlO3 impurity phase starts to 

form. Overall, exceeding the optimum level of Al
3+

 concentration in LLZO will increase the 

risk of formation of impurity phases such as  La2Zr2O7, LaAlO3, ɔ-LiAlO 2, and 

La2Li 0.5Al0.5O4 [7]. Additionally, it has been reported that Al
3+

 doping increases 

Li48g+96h/Li24d ratio as demonstrated [32, 44, 45].  

The PXRD patterns of Al
3+

 doped LLZO are demonstrated in Figure 6 [13]. It is 

obvious that increasing Al
3+

 content improves the crystallinity of the cubic phase and 

annihilates the tetragonal one.  
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Figure 6. Impact of Al
3+ 

content on crystallinity and purity of the cubic phase [13]. 

 

1.4.2. Effect of Ta
5+

and Nb
5+

 

The problems arising from the creation of obstacles by Al
3+

 ions on Li
+
 pathways have 

directed researchers to employ pentavalent doping strategy targeting Zr
4+

 site to introduce Li
+
 

vacancies [50]. To solve this problem, pentavalent cations such as Tantalum (Ta
5+

) and 

Niobium (Nb
5+

) have been introduced and have been shown to have a promising impact on 

improving ionic conductivity and stability of electrolyte in contact with electrodes. The 

general formula of this type of garnet has been proposed to be Li7-xLa3MxZr2-xO12 with M 

being pentavalent cations of Ta
5+ 

and Nb
5+ 

[33, 51-61]. In this structure, La ions are 

coordinated in an 8ïfold oxygen environment (24d), Ta/Nb/Zr ions are coordinated in an 6ï

fold oxygen environment (16a) and Li  atoms reside at tetrahedral (24d) and octahedral sites 

(96h) [59]. The combination of Li
+
 ions at tetrahedral and octahedral sites generate a network. 

In this three dimensionally connected network of Li ions, tetrahedral sites (24d) are connected 

to four other octahedral sites by sharing edges. Log®at et al. showed that Li
+
 resides at all the 

octahedral sites and additionally at one-third of the tetrahedral sites [59]. Therefore, 

[La3MxZr2-xO12]
5-

 framework must accommodate five lithium cations using some combination 

of the three tetrahedral, six octahedral, and three trigonal prismatic sites  [51] as illustrated in 

Figure 7. 
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Figure 7. Polyhedral model of Ta
5+

/Nb
5+

 doped LLZO crystal structure. 

 

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

a space group of Ia σd [55, 61]. Based on the general formula, Li7-yLa3Zr2-yMyO12, y needs to 

be as low as 0.2 to obtain a cubic phase [25]. Despite Al
3+

, which replaces Li
+
 in LLZO 

crystal structure, Ta
5+

 and Nb
5+

 substitute for Zr
4+

 at octahedrally coordinated 16a position in 

which produces less Li
+
 vacancies (twice less in compared to Al

3+
 doping) [25, 51, 62]. When 

Zr
4+ 

is replaced by Ta
5+

, Coulombic repulsion between Li
+
ïLi

+
 ions is decreased by 

generation of Li
+
 vacancies. Therefore, the Ta

5+
ïdoped LLZO demonstrates enhanced 

conductivity than undoped LLZO [63]. 

Hence, the general defect reactions of Ta
5+

 and Nb
5+

 doped LLZO are written as 

below: 

 

4Á/    
,,:/
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Ɇ
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Where 4Á
Ɇ
:Ò
 ȟ.Â

Ɇ
:Ò
 ȟ6ᴂ
,É
 ÁÎÄ  /

Ø
Ï
  are Ta

5+
 sitting on a Zr

4+
 position, Nb

5+
 sitting on a 

Zr
4+

 position, Li
+
 vacancy generated due to the charge imbalance and neutral oxygen, 

respectively. As it was mentioned earlier, Ta
5+

 cations act as the gate opener for Li
+
 ions. In 

this regard, Shin et al. showed that doping Al -LLZO with Ta
5+

 causes the Li ions to change 

their site from 24d to 96h site opening up the pathways of Li
+
 ions to diffuse [28].  
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Figure 8 and Figure 9 represents the effect of different amounts of Ta
5+

 and Nb
5+

 

dopant on the crystallization of the LLZO cubic phase, respectively [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. 

 

     

Figure 8. XRD patterns of LLZO doped with different amounts Nb
5+

 [55]. 

 

 

Figure 9. XRD patterns of LLZO doped with different amounts Ta
5+

 [59]. 
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1.4.3. Effect of Ge
4+

 

Ge
4+

 stands in the fourth group of the periodic table of the element which has four valence 

electrons on its outer shell. In the LLZO structure, Ge
4+

 can substitute for Li
+
 or La

3+
 sites 

which might be favorable for the ionic conduction. As it was observed in other doped LLZOs, 

the cubic phase is desirable since it can enhance the ionic conductivity (7.63Ĭ10
ī4

 S.cm
-1
 at 

298 K) dramatically [64]. Here also, the cubic phase can be obtained by incorporation of 1 

wt% of Ge
4+

. However, cubic and tetragonal polymorphs coexist when the concentration of 

the dopant ions exceeds this value [65]. 
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where :Ò
Ɇ
,Á

 , 6ᴂᴂᴂ
,Á

and /
Ø
Ï
 represent a Zr

4+
 occupying a La

3+
 site with an overall charge of -1, a 

La
3+ 

vacancy an overall charge of +3, and a neutral oxygen atom, respectively. 

The structure of Ge
4+

 doped LLZO is made of LaO8 and ZrO6 polyhedrals by sharing 

edges, which is illustrated in Figure 10. In this Figure, the greens show LaO8 dodecahedra 

substituted partially by Ge
4+

 and the blues show the ZrO6 octahedra. Huang et al. reported that 

if Ge
4+

 ion resides at the La
3+

 site, the polyhedron is disconnected. Four oxygen ions are 

connected to the neighboring LaO8 dodecahedral, while four oxygen atoms surround the Ge
4+

 

ions. Since the ionic radious of Ge
4+

 ions is smaller than that of La
3+

 ions, substitution of Ge 

would cause distortion and contraction of lattice [65]. In their phase analysis (Figure 11), 

they showed that at lower doping contents (0.25wt% to 1wt %), the structure was found to be 

cubic phase. However, at higher Ge contents, 2 wt %, an impurity phase started to appear.  

 

Figure 10. Polyhedral model of Ge doped LLZO crystal structure. 
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Figure 11. XRD patterns of LLZO doped with different amounts of Ge
4+

 [65]. 

 

In another work conducted by Peng et al, synthesis of garnet-related structure of 

Li 5+xLa3GexNb2-xO12 by direct use of metallic Ge was investigated and their Li ion transport 

properties and stability against Li -metal were investigated. The XRD results of 

Li 5+xLa3GexNb2-xO12 (x = 0.25-1) samples approved the presence of the cubic phase. In their 

research, Ge
4+

 substituted for Nb
5+

 and the total conductivity of Li5.75La3Ge0.75Nb1.25O12 was 

observed to be 1.2Ĭ10
-4

 S.cm
-1

 [66]. 

 

1.4.4. Effect of Ga
3+

 

Further interest in employing different supervalent dopants has led researchers to examine 

the effect of Ga
3+

 on LLZOs. In this regard, many researchers have tested different 

concentrations and, therefore, the impact of Ga
3+

 on the structure and ionic conductivity of 

LLZO [67-82]. 

Based on their research, Ga
3+

 has been found to be successful in converting the tetragonal 

phase into cubic [70]. Same as all other dopants, Ga
3+

 itself can induce vacancies followed by 

disorder in the structure of LLZO. To further understand the mechanism in which Ga
3+

 

produces defects, its defect reaction is proposed. The defect reaction of Ga
3+

 doped LLZO is 

written as below: 
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Where 'Á
ɆɆ
,É
 ȟ6ᴂ
,É
 ÁÎÄ  /

Ø
Ï
  are Ga

3+
 ions sitting in Li

+
 position, Li

+
 vacancy generated due to 

the charge imbalance and neutral oxygen, respectively.  

According to (1.16), by incorporation of one Ga
3+

 into the structure of  LLZO, two Li 

vacancies are generated. The Ga
3+ 

doped LLZO has shown to have higher ionic conductivity 

in comparison to other doped LLZOs. The cause for such an enhancement in ionic 

conductivity by Ga
3+

 Addition is still not fully understood. However, Rettenwander et al. in 

their second study [79] using 
71

Ga MAS NMR spectra showed that Ga
3+

 occupies both 24d  

and 96h sites which creates new paths for Li
+
 ions to move easier. This research group could 

not observe this behavior in their earlier study [78] and this invisibility at the lower magnetic 

field was attributed to the large second-order quadrupolar broadening which influences 
71

Ga 

NMR spectra and makes it difficult to distinguish peaks. Further studies revealed that Ga
3+

 

doped LLZO has an acentric cubic SG Iτ 3d (no. 220) which is an unusaul symmetry in 

comparison with other Li -stuffed garnet groups that demonstrate centric cubic SG Iaσd 

(no.230) [81].  

Further investigations by Rettenwander et al. revealed the detailed crystal structure of 

cubic Ga
3+

 doped LLZO with a space group of Iaσd (no.230) and Iτ 3d (no.220) (shown in 

Figure 12 a,b,c, and d). In Figure 12a, the blue and green geometries belong to La
3+

 and Zr
4+

 

sites at dedocadral and octahedral positions. Additionally, 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 at (b). Figure 12c demonstrates the crystal structure of cubic 

LLZO with space group SG Iτ 3d (no. 220) leads to different site preferences. In this 

structure, La
3+

 occupies dodecahedra (blue 24d), Zr
4+

 occupies octahedra (green 16c) sites, 

respectively. Li
+
 ions reside at three different positions; namely two 4ïfold sites at 12a and 

12b postions shown red and orange colors and 6ïfold sites positioned at 48g shown in yellow. 

The diffusion pathway concerned with Li is demonstrated at (d) [80]. Rettenwander et al.also 

reported that Li
+
 conductivity of GaïLLZO is two times higher than AlïLLZO [8, 27, 69]. 
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Figure 12. representation a) Centric cubic structure with space group of Iaσd (no.230). b) Centric cubic structure 

with space group of Iτ 3d (no.220). c) Li ion pathway of Iaσd (no.230). d) Li ion pathway of Iτ 3d (no.230) [80].  

 

Increasing in Ga
3+

 concentration does not vary the lattice parameters and and also it does not 

induce any change to the site preference of cations dramatically. The only change is 

associated with the site occupancy of Li which is encouraged to occupy 24d sites. Figure 13 

demonstrates the effect of Ga content on the XRD patterns of LLZO. It is obvious that 

increasing Ga content improves the crystallinity of this phase [82]. 

 

Figure 13. XRD patterns of Ga
3+

 doped LLZO with different amounts of Ga
3+

 [82]. 
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1.4.5. Effect of Sb
5+

 

The Sb
5+

 is a pentavalent element and has proved to have the same behaviour as Nb
5+

 and 

Ta
5+

 when doped to LLZO. The Figure 14 demonstrates the crystal structure of Sb
5+

 doped 

LLZO.  

 

Figure 14. Polyhedral model of Sb doped LLZO crystal structure. 

 

In this regard, Ramakumar et al. successfully synthesized the Sb
5+

-substituted Li-

garnets Li7-xLa3Zr2-xSbxO12 (x = 0.2, 0.4, 0.6, 0.8 and 1.0) using a conventional solid-state 

method [21]. Based on the literature, Sb
5+ 

partially substitutes for Zr
4+

 and stabilizes the cubic 

phase at room temperature [21, 83, 84]. During the incorporation of Sb
5+

 into LLZO, an 

increase in ionic conductivity (7.7Ĭ10
-4

 S.cm
-1

) has been observed. This increase in ionic 

conductivity is attributed to an increase in Li
+
 ions occupying tetrahedral sites and a decrease 

in Li
+
 ions occupying octahedral sites [21]. Another work conducted by Cao et al., using 

codoping of Sb
5+

 and Ba
2+

, resulted in an improvement in grain boundary conductivity 

through the formation of a thin film on grain boundary while the bulk conductivity increased 

due to the increased occupancy of the Li2 site [84].  

The following is the defect reaction of Sb
5+

 doped LLZO: 
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Where 3Â
Ɇ
:Ò
  ȟ6ᴂ
,É
 ÁÎÄ  /

Ø
Ï
  are Sb

5+
 sitting on a Zr

4+
 position, Li

+
 vacancy generated 

due to the charge imbalance and neutral oxygen, respectively. 

Yang et al investigated co-doping of Al
3+

 and Sb
5+

 into LLZO claiming that co-substitution of 

Sb
5+

 for Zr
4+

 and Al
3+

 for Li
+
 facilitates the sintering of modified LLZO and enhances the 


