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Abstract

While garnet Li ion conductors are attracting considerable interest as potential

solid state electrolytes for Li ion batteries, a key challenge is to improve the

conductivity, which is associated with the Li content in the structure, and to

overcome the challenges of sintering dense electrolyte membranes. In this

work  we  show  that  Zn  doping  on  the  16a  octahedral  Nb  site  leads  to

substantially improved sintering in both Li5La3Nb2O12 and Li6La3ZrNbO12. As a

result of the enhanced sintering, and the associated increase in Li content, the

conductivities  in  both  garnet  systems  were  significantly  enhanced  on  Zn

doping, up to 2.1 x 10-4 Scm-1 at 25 oC for Li6.6La3ZrNb0.8Zn0.2O12. This doping

strategy therefore represents a promising approach to improve the relative

density  and,  hence,  ionic  conductivity  of  garnet  solid  state  electrolyte

materials for possible solid-state battery applications. 

Introduction



State-of-the-art  lithium  ion  batteries  (LIBs)  dominate  the  energy  storage

market due to their high energy density and long cycle life compared to other

energy  storage  systems1.  However,  commercial  LIBs  often  use  liquid

electrolytes (such LiPF6 in EC/DEC organic solvent), which have a variety of

safety, thermal and toxicity concerns, some of which are uniquely problematic

in the emerging electric vehicle market2, 3. It is thought these concerns can be

addressed by use of an all-solid-state battery (ASSB), where the flammable

electrolyte  is  replaced  with  an  inorganic  solid-state  electrolyte  (SSE).

Additionally, ASSBs would also allow higher energy density cells by enabling

use  of  high-performance  cathode  materials  and  anodic  lithium  metal.

Therefore  SSEs  have  attracted  considerable  attention  in  the  field  of  next

generation LIBs4,  5. Over the last few decades, various potential SSEs have

been investigated, including LISICON6-8, NASICON9, 10, perovskites11, garnet12,

Thio-LISICON13,  argyrodite14 and  anti-perovskites15.  However,  of  all  the

systems  reported,  the  lithium  garnet  systems  are  among  the  few  which

encompass both good electrochemical stability and high room temperature Li+

ion conductivity.  Hence the garnet solid-state electrolytes are envisaged as

promising candidates for all-solid-state batteries. 

The ideal garnet has a general formula A3B2C3O12 where A, B and C are 8, 6

and 4 oxygen coordinated metal ions. The garnet has a cubic structure (Ia

——

3d), which contains a framework of corner-linked tetrahedra and octahedra



with the larger A ions located in cavities12, 16. In 2003, the first report of high Li+

ion conductivity was made by Thangadurai et al. for La3M2Li5O12 (M = Nb, Ta).

Later  studies  into  the  conductivity  mechanism  revealed  lithium  ions  were

located in the tetrahedral site (24d), as well as distorted interstitial octahedral

sites  (48g and 96h)17.  Further  work  determined that,  in  addition  to  lithium

content, lithium ion distribution is key in understanding, and optimizing, the Li+

ion  conductivity  of  the  garnet  SSEs18.  Subsequent  work  has  employed  a

variety of aliovalent doping strategies to improve the conductiviry to >10 -4 S

cm-1, including substitution at the A site (Ca, Ba), B site (Zr, Hf, Sn) and C site

(Al, Ga)19-26. 

The  maximum  lithium  content  was  demonstrated  to  be  7  as  shown  for

Li7La3Zr(Hf,  Sn)2O12 garnets,  although in these system the lithium ions are

ordered in three fully occupied sites (tetrahedral 8a and octahedral 16f and

32g  sites),  leading  to  tetragonal  systems with  lower  conductivity27-29.  High

temperature  X-ray  diffraction  study shows  a  reversible  tetragonal  to  cubic

phase transition in Li7La3Zr2O12 at 750 oC30. This cubic phase with much higher

conductivity  can be obtained at  lower  temperature  by the  incorporation  of

lithium vacancies, either through Li loss during high temperature synthesis or

reaction  with  alumina  crucibles  resulting  in  Al  incorporation.  In  addition,

proton/lithium exchange in tetragonal  garnet has also been shown to  form

cubic symmetry, whereby moisture reacts to form a LiOH surface layer, which

subsequently reacts with CO2 to form a Li2CO3 insulating layer31, 32. The quest



to  utilise  these  electrolytes  in  practical  ASSBs  has  meant  that  interfacial

issues,  like high electrolyte -  cathode/anode interfacial  resistance,  dendrite

propagation through the solid state electrolyte, have attracted more attention

in recent years33-35. The interfacial resistance can be negated somewhat via a

surface coating that subsequently forms a Li metal alloy. This also prevents

dendrite growth by acting as a buffer layer36,  37.  Polymer – garnet ceramic

composites have also been shown to address the interfacial problems while

also eliminating high temperature sintering38, 39. 

However, a major challenge still remains; the densification of the electrolyte

membrane, which is essential for high Li+ ion conductivity and the mechanical

stability  of  the  garnet  SSE.  Typical  sintering  conditions  of  garnet  pellets

consist of very high temperature (~1200 oC) and long sintering time (12 – 24

h).  This  high  temperature  process  results  in  lithium  loss  and  so  excess

(typically  >20% mol  excess)  Li  is  needed,  in  addition  to  the  pellet  being

covered with mother powder from the same pellet to limit lithium evaporation40,

41. Even these strategies commonly lead to too much Li loss and hence the

formation of impurity phases. Consequently, significant interest has developed

to  find  alternate  strategies  to  improve  the  densification  process.  Ceramic

sintering techniques with additional driving force for sintering, such as hot-

pressing and spark  plasma sintering42,  43,  have shown decreased sintering

temperature  and  can  shorten  the  sintering  time  to  1  h.  However,  these

techniques are costly and difficult to scale-up for production. In addition, more



practical approaches have considered use of sintering aids as a densification

strategy,  such  as  Al2O3,  Ga2O3,  Li3BO4,  Li4SiO4
44,  45.  The  issue  of  these

sintering  aids  is  the  reaction  with  garnet,  consequently  leading  to  the

generation  of  a  non-stoichiometric  garnet  and  potentially  other  impurity

phases. 

There  has  been  prior  work  on  Zn2+ incorporation  Li7La3Zr2O12,  where

substitution on the 24d tetrahedral Li+ site was reported46. Attempts to dope Zn

on the 96d octahedral site to give a Li excess material of formula Li7+2xLa3Zr2-

xZnxO12 was also investigated, but impurities were observed for all  samples

and no conclusive confirmation of Zn incorporation on the Zr site47. This can

be explained by the inability to accommodate more than 7 Li ions in these

garnet systems. However, no attempts have been made to dope Zn on the

16a octahedral site in garnets with Li contents lower than 7. In this work, Zn2+

dopant was therefore used to substitute onto the 16a octahedral Nb5+ ions for

the first time in Li5+xLa3Nb2-xZrxO12 and the corresponding effects on relative

density, electrical and electrochemical properties were studied. These studies

show the first successful Zn incorporation onto this site, and these Zn doped

garnets  show a  dramatic  increase  in  density  at  shorter  sintering  time,  in

addition to the associated enhanced Li+ ion conductivity due to the resultant

increase in Li content. 

Experimental

Synthesis



Li2CO3 (99.9%,  Alfa  Aesar),  ZrO2 (99.9%,  Sigma  Aldrich),  La2O3 (99.9%,

Sigma Aldrich), Nb2O5 (99%, Sigma Aldrich) and ZnO (99%, Sigma Aldrich)

were used as starting materials. Li2CO3  was dried at 180 oC while ZnO, ZrO2

and Nb2O5 were dried at 900 oC before use. Li5+3xLa3Nb2-xZnxO12  : x = 0, 0.1,

0.2, 0.3, 0.4, 0.6 and Li6+3xLa3ZrNb1-xZnxO12 : x = 0, 0.2 samples were prepared

via  the  solid  state  route  by intimate  grinding  of  stoichiometric  amounts  of

reagents. The powders were then initially heated to 650 oC for 12 hours at 5

oC min-1. To compensate for Li loss during the heat treatment/sintering, 10-

15%  excess  Li2CO3 were  a  then  added  to  the  powders,  which  were

subsequently  ball  milled  (ZrO2 containers  and  balls)  with  hexane  for  30

minutes  (FRITSCH Pulverisette  7 classic  line planetary ball  mill).  The fine

powders  were  uniaxially  pressed  into  pellets,  placed  onto  ZrO2 pellets  to

prevent  Al  contamination and reheated at 1000-1050  oC for 12 hours at 5

oCmin-1 to yield the final product. 

Characterisation of Materials

X-ray diffraction data were collected using a Bruker D8 X-ray diffractometer

(XRD) (CuKα radiation) with a linear position sensitive detector. Patterns were

recorded over 2θ range 15o to 80o with a 0.02o step size. Structural refinement

was carried out using the GSAS suite of Rietveld refinement software.

Scanning  electron  microscopy  (SEM,  Philips/FEI  XL  30S  FEG)  was

employed to examine the microstructure. Before being coated with carbon,

bulk  samples  were  polished and thermally etched at  90% of  the sintering



temperature for 1 h. Powder samples were fixed on conductive carbon tapes.

An accelerating voltage of 5 kV and an effective spot size of 3 mm was used.

The  distribution  of  elements  was  probed  with  an  energy dispersive  X-ray

spectroscopy (EDX) detector.

Pellets for impedance measurements were sintered at 1000-1100°C for 4

hours at a heating rate of 5 oCmin-1 in dry N2. The pellet was placed on, and

covered with, mother powders to suppress Li2O loss and prevent any reaction

with the Al2O3 crucible. Au paste was painted on both sides of the pellet and

heated at 850 oC for 1 hour. Impedance data were recorded in air with a HP

4192 analyser with 100 mV A.C. applied voltage over the frequency range 1 to

107 Hz.

Electrochemical Characterisation

 Li  metal  and  stainless  steel  (SS)  were  chosen  as  working  and  counter

electrodes  respectively.  A  Li//Li6.6La3ZrNb0.8Zn0.2O12(LLZNZ)//SS  cell  was

assembled with a split cell in an Argon filled glove box. The electrochemical

stability  window  was  tested using  a  Biologic  SP150  potentiostat  by  CV

technique over the range -0.4 to 6 V with a 1 mVs-1 scan rate. 

Results and discussion

Phase formation 

Li5La3Nb2O12 is indexed using a cubic Ia

——

3 d cell as previously reported for

cubic garnet electrolytes. Given the lower charge of Zn (2+) versus Nb (5+),



for charge balance the incorporation of an extra 3 Li+ are required, giving a

general  formula Li5+3xLa3Nb2-xZnxO12.  Thus, Zn doping leads to a significant

increase in the Li content of the sample (3 extra Li+ ions introduced per 1 Zn2+

incorporation in place of Nb5+).  As shown in figure 1, the XRD patterns for

Li5+3xLa3Nb2-xZnxO12 show single phase samples for x = 0 - 0.2 compositions,

with a linear increase in cell parameters as a function of composition until x =

~ 0.3 (figure 2), implying the formation of a solid solution across this range

and  corresponding  to  Vegard’s  law.  The  observed  cell  expansion  is  in

agreement with replacing Nb5+ ions with larger Zn2+ ions (ionic radius of 0.64

and 0.74 for Nb5+ and Zn2+ respectively in a 6-oxygen coordinated octahedral

site).  Above  x  =  0.3,  LiNbO3,  ZnNb2O6,  La2O3 impurity  phases  became

increasingly apparent. Hence x = 0.3 is thought to be the Zn limit for these

systems,  which  is  supported  by the  lack  of  any significant  change  in  cell

parameters for compositions between x = 0.4 and 0.6. 

As optimum garnet Li conductivities are typically found in compositions with

Li content between ~ 6.4 - 6.6, Zn doping in the Li6La3ZrNbO12 system was

subsequently investigated to see if sintering and Li ion conductivity could be

improved.  As  shown  in  figure  3,  a  single  cubic  phase  was  observed  for

Li6.6La3ZrNb0.8Zn0.2O12 (LLZNZ).  Structure  refinement  of  these  phases  were

carried out using XRD data to confirm the replacement of Zn2+ on Nb5+ site. As

XRD is insensitive to lithium in the presence of heavy elements, the atomic

coordinates, occupancies and Uisos of lithium atoms were constrained as the



same. Given that Zr4+ and Nb5+ are isoelectronic, a constraint between Nb1

and Zr1 was set with the occupancies in the ratio (1:1) in accordance to the

chemical  composition for  Li6La3ZrNbO12.  The Uiso parameters of  all  atoms

were initially set to a typical value of 0.01 Å. The scale factor, background (6

terms of shifted Chebyshev function) and lattice parameters were refined at

the beginning, followed by peak profile parameters and 2θ zero error which

were refined and fixed at the converged value. Finally, the atomic coordinates

of O1, Uisos of La1, Nb1(Zr1) were refined together in the last step. The refined

parameters for Li6La3ZrNbO12 are summarised in table 1.

Similar refinement strategy was applied to Li6.6La3ZrNb0.8Zn0.2O12.  Zn1 was

added as the same atomic position of Zr1/Nb1 with a total occupancy for Zn1

and Nb1 of 0.5. This refinement gave occupancies of 0.40(1) for Nb1 and

0.10(1) for Zn1 which is consistent with the expected composition. The final

refined parameters for Li6.6La3ZrNb0.8Zn0.2O12 are shown in table 2.

The relative densities of both the Zn doped Li5La3Nb2O12 and Li6La3ZrNbO12

pellets  (Table  1)  show  dramatic  improvement  compared  with  undoped

samples:  the  relative  densities  of  Li5.6La3Nb1.8Zn0.2O12 and

Li6.6La3ZrNb0.8Zn0.2O12 increased to 87% and 90% compared to Li5La3Nb2O12

and  Li6La3ZrNbO12 (61%  and  59%)  under  the  same  synthesis/sintering

conditions. This is consistent with prior studies in other fields (e.g. perovskite

proton conductors),  where  Zn doping has been shown to  be  an excellent

sintering aid48, 49. The following part of the paper focuses on LLZNZ sample as



it showed highest ionic conductivity (see later).

The surface microstructure of a LLZNZ pellet was characterised by SEM, as

shown in figure 4. A dense garnet pellet with a few small pores was observed,

confirming  Zn  ions  are  a  good  densification  dopant  for  garnet  solid  state

electrolyte materials. The grain size distribution for LLZNZ is in the range ~ 2

–  10  μm with  no  detection  of  impurities  at  the  grain  boundary.  The  EDX

mapping shows a homogeneous distribution of La, Zr, Nb, Zn and O through

the sample consistent with its incorporation into the structure in agreement

with the Rietveld refinement data. 

Conductivity Results

Typical impedance data for Li6.6La3ZrNb0.8Zn0.2O12  are shown in figure 5. In

the Z* complex plot (5a), a high frequency arc which passes the origin point

and a low frequency spike were observed. A resistor R1 in parallel  with a

constant phase element CPE1 were used to fit the semicircle while another

CPE2 which is in series with R1/CPE1 accounted for the sharp spike. 

The  corresponding  spectroscopic  C’  plot  (5b)  shows  a  high  frequency

plateau with a capacitance of 8.7 pFcm-1 which is a typical value for the bulk

response with an associated permittivity of 10 – 20 (assuming A/l = 10)50. At

lower frequencies, a plateau with a capacitance of 1.3 μFcm -1 was observed;

this high capacitance is a good indication of double layer effect at the sample

– electrode interface with Li+ ion conduction in this case. 

Plots  of  log Y’ as a function of  log f  (5c) show a frequency independent



plateau at intermediate frequency, which corresponds to the bulk conductivity.

A dispersion at high frequency related to the Jonscher’s power law and a

curvature  at  low  frequency  representing  the  blockage  of  Li  ions  at  the

electrode – sample interface are detected51. 

 From  the  Arrhenius  plot  (figure  6),  the  conductivities  of  Zn  doped

Li5La3Nb2O12 show  an  improvement  compared  to  undoped  Li5La3Nb2O12.

Similar enhanced conductivities are observed for Zn doping in Li6La3ZrNbO12.

As shown in figure 7, the conductivity of LLZNZ reached 2.1 x 10 -4 Scm-1 at 25

oC with an associated activation energy of 0.39(1) eV. Such conductivity is ~

two orders more than Li6La3ZrNbO12 (without Zn doping) that was prepared

and sintered under the same conditions 

Electrochemical Properties

The electrochemical  stability and durability  of  LLZNZ was tested using  a

SS/LLZNZ//Li cell by CV in the voltage range -0.4 to 6 V. Two redox peaks

around 0 V were detected,  this  represents lithium stripping and plating as

shown in previous studies. No additional redox peaks were observed in the

whole  range  supporting  that  LLZNZ  has  a  wide  electrochemical  stability

window. 

Conclusion

 In conclusion, Zn doped Li5La3Nb2O12 and Li6La3ZrNbO12 were successfully

synthesised through a conventional solid-state method. The relative density

increased on Zn doping for both systems, up to 90% for the LLZNZ sample,



indicating that Zn is  a good densification dopant  for  garnet  materials.  The

conductivities  in  both  systems were  enhanced  on  Zn  doping,  with  that  of

LLZNZ increasing to 2.1 x 10-4 Scm-1 at 25 oC which is ~ two orders more than

that  of  Li6La3ZrNbO12 under  the  same  conditions.  Therefore,  this  method

represents a new way to both control the Li content and improve the relative

density, and hence ionic conductivity of garnet solid state electrolyte materials

for possible solid-state battery applications. 
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Captions of figures and tables

Figure 1. XRD patterns of Li5+3xLa3Nb2-xZnxO12: x = 0, 0.1 0.2, 0.3, 0.4 Triangle,

diamond, circular and rectangle labels represent for ZnNb2O6, LiNbO3, La2O3

and unknown peaks respectively.

Figure 2. Variation of lattice parameter a and volume V for Li5+3xLa3Nb2-xZnxO12

with composition x.

Figure 3. (a) XRD patterns for Li6La3ZrNbO12 and Li6.6La3ZrNb0.8Zn0.2O12. (b)

Observed,  calculated  and  difference  profiles  from  Rietveld  refinement  for

Li6La3ZrNbO12. (c) Observed, calculated and difference profiles from Rietveld

refinement for Li6.6La3ZrNb0.8Zn0.2O12.

Figure 4. EDX elemental mappings of Li6.6La3ZrNb0.8Zn0.2O12.

Figure 5. Impedance data of Li6.6La3ZrNb0.8Zn0.2O12.  (a) Complex Z* plot (b)

Spectroscopic plot of C’ (c) Spectroscopic plot of Y’

Figure  6.  Arrhenius  conductivity  plots  for  Zn-doped  Li5La3Nb2O12.  Unit  of

activation energy is set as eV.

Figure  7.  Arrhenius  conductivity  plots  for  Zn-doped  Li6La3ZrNbO12.  Unit  of



activation energy is set as eV.

Figure  8.  CV of  Li6.6La3ZrNb0.8Zn0.2O12 with  stainless-steel  and  Li  metal  as

working and counter electrodes, at a scanning rate of 1 mVs-1. 

Table 1 Refined structural parameters for Li6La3ZrNbO12 using XRD data.

Table 2 Refined structural  parameters for  Li6.6La3ZrNb0.8Zn0.2O12 using XRD

data.

Table 3. Relative densities for Zn-doped Li5La3Nb2O12 or Li6La3ZrNbO12 pellets.
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Table 1
Ato
m

x y z Mult
.

Occupanc
y

uiso100
(Å2)

La1 0.125 0 0.25 24 1 1.0(1)
Nb1 0        0 0 16 0.5 0.9(2)
Zr1 00 0 0 16 0.5 0.9
O1 0.2858(6) 0.1022(8) 0.1980(7) 96 1 2.3(4)
Li1 0.25 0.875 0 24 0.836 0.1

Li2 0.125       0.6798 0.5702 48 0.110 0.1
Li3 0.095 0.6818 0.5778 96 0.152 0.1

a = 12.8885(2)Å, V = 2140.98(8) Å3

2 = 2.538, Rwp = 9.28%, Rp = 7.45% 



Table 2
Ato
m

x y z Mult
.

Occupanc
y

uiso100
(Å2)

La1 0.125        0 0.25 24 1 2.1(1)
Zr1 0 0 0 16 0.5 0.1
Nb1 0        0 0 16 0.40(1) 0.1
Zn1 0 0 0 16 0.10(1) 0.1
O1 0.2849(5) 0.1028(7) 0.1966(6) 96 1 4.4(4)
Li1 0.25 0.875 0 24 0.836 0.1

Li2 0.125       0.6798 0.5702 48 0.110 0.1
Li3 0.095 0.6818 0.5778 96 0.152 0.1

a = 12.9081(1)Å, V = 2150.71(5) Å3

2 = 3.755, Rwp = 9.81%, Rp = 8.06% 



Table 3
Composition Condition Relative Density

Li5La3Nb2O12 1100/4h 61.0%
Li5.6La3Nb1.8Zn0.2O12 1100/4h 87.1%
Li6.2La3Nb1.6Zn0.4O12 1100/4h 87.2%

Li6La3ZrNbO12 1100/6h 59.0%
Li6.6La3Nb0.8Zn0.2ZrO12 1100/6h 90.3%

 


