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OUTLOOK 
The slurry and tape composition will be further investigated and 
adapted to improve the homogeneity of the microstructure as well as 
the ionic conductivity. It is crucial to understand the impedance 
spectrum more properly. Additional experiments are planned with 
laminates and sintered pellets. The contact will be varied 
systematically. The contact quality should be evaluated by optically. 

SUMMARY 
A tape casting process including a slurry recipe, was developed. By 
the use of Li2CO3 as sintering additive, the tape densification could be 
improved. The overall ionic conductivity of the tape is about 
1∙10-6 S/cm. Lithium electrodes could be applied as well. By the use of 
DRT analysis, the impedance spectra could be understood more 
properly. The bulk conductivity as well as the grain boundary 
conductivity could be allocated to the segments of the spectra. 
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GOALS AND … CHALLENGES 
 Densification of the LLZO by sintering
 Substrate with high lithium-ion conductivity

(>10-5 S/cm)
 Homogenous microstructure
 Transfer of the manufacturing process of 

pressing and sintering to scalable methods 
(tape casting)

 High sintering temperature of LLZO
 Lithium loss during sintering at high

temperatures
 Complete densification of LLZO without pores

or phase transition due to lithium loss

MOTIVATION 
The solid state electrolyte LLZO has faced a lot of interest within research society since its discovery in 
2007 [1]. The ionic conductivity of the material as well as its sinterability can be improved strongly by 
different doping strategies and powder properties optimization.  
However, besides material optimisation it is crucial to develop scalable manufacturing techniques to 
enable the possibility to use LLZO in an industrial scale. Within the funded project 'ARTEMYS' the aim is to 
develop a tape casting and sintering process for LLZO. 

EXPERIMENTAL 

 A LLZO powder with the nominal composition Li6.16La3Al0.28Zr2O12 was manufactured by lab-scale solid
state synthesis and was milled in Isopropanol.

 The isopropanol based tape casting slurry was prepared with the LLZO powder and Li2CO3 as additive
 The green tape was casted in a pilot-plant scale.
 The tape was cut into pieces, which were sintered at 1230 °C in a powder bed on a spinel support.
 The density of the sintered tapes was measured by Archimedes method. The average tape was

measured by SEM images of the tape cross section.
 Impedance measurement was conducted using blocking Cu electrodes as well as Li electrodes. The

frequency range was 100 mHz–1 MHz.
 The Cu and Li electrodes were applied by physical vapor deposition with a thickness of ~250 nm. Li

chips were applied on top of the lithium coating without pressure or heat. After the first impedance
measurement, the stack was heated to 175 °C in argon for better contact and measured again.

RESULTS 
Impedance spectroscopy with lithium electrodes 

 Impedance spectroscopy with Li electrodes (figure 3) was measured in comparison to the
measurement with Cu electrodes (figure 2).

 After attaching the Li electrodes without pressure or heat, the spectrum consists of three semicircles
on the first sight, which is in accordance to the expectation to see one semicircle for the bulk, for the
grain boundary and the interface resistance, respectively.

 After heating the sample stack, only two semicircles are visible by eye. Since one would expect three
semicircles to appear, the question regarding the physical interpretation arises.

Figure 3: Impedance spectra of one LLZO tape ("S2"), left: Li chip was applied on the Li coating without external 
pressure; right: the contact between the Li chip and the Li coating was improved by heating the stack to 175 °C. 

 Anyhow, the best fitting quality was achieved by using 3 RC elements, assuming that the semicircles 1
+ 2 after heating equal the semi-circle 1 before heating.

 The activation energies of semi-circle 1 shifts from 0.51 eV to 0.44 eV after heating, which is
comparable to the activation energy of the bulk conductivity (Cu electrodes, figure 2)

 Activation energy of semicircle 2 after heating is the same like that of the  grain boundary as well as
the interface before heat treatment, both have the same activation energy, what makes it very difficult
to separate those processes from each other

Figure 4: Logarithmic plot of the conductivities according to the equivalent circuit, consisting of 3 RC-elements, left: 
before heating; right: after heating. 

 To get a better understanding of the impedance spectra, a DRT analysis was conducted
 The DRT analysis reveals a high complexity of the spectrum, which could be confirmed by

measurements of pressed and sintered LLZO pellets.
 The peak locations can not directly be compared between the Cu and Li-measurements. The peak

shift could result from the contact quality, which might be lower with lithium electrodes. Within the Li
measurements, τ1 and τ3 do not shift (height or location), therefor they can be attributed to the bulk
and grain boundary conductivity. The yellow area of τ4.x contains several peaks, which could be
attributed to the interface. τ2 shifts in height after heating the sample, what implies its dependence of
the contacting method. Its physical interpretation needs to be evaluated in further investigations.

Figure 5: DRT analysis (Distribution of relaxation times); left: analysis of the impedance spectra for LLZO tapes shown 
in figures 2 and 3; right: reference analysis of a LLZO pellet with Cu- as well as Li electrodes. 

RESULTS 
Characterization of sintered LLZO tape 

 The density of the sintered LLZO tape is 4.94 g/cm3 (97 %) when using Li2CO3 as sintering additive.
 The additive strongly affects the microstructure by increasing the sintering activity: A pure LLZO tape,

in comparison, has hardly developed particle-particle contacts.
 The high porosity of the pure LLZO tape could be reduced. The particles of the LLZO-Li2CO3 tape form

an almost dense structure with plenty smaller pores and few very large pores, which may have arisen
from sample preparation.

 The sintered tapes have a Li-ion conductivity of > 10-6 S/cm. Two semi-circles are visible in the Nyquist
plot. The first semi-circle correlates with the bulk conductivity (EA = 0.49 eV) and the second with the
grain boundary conductivity (EA = 0.60 eV).

 The conductivity of a pressed and sintered reference pellet of the same powder is ~10-4 S/cm.

Figure 1: Influence of Li2CO3 as sintering additive on the microstructure of LLZO tapes; left: pure LLZO tape; middle: 
LLZO-Li2CO3 tape; right: LLZO pellet as reference, which was manufactured from the same powder like the tapes. 

Figure 2: Left: impedance spectrum of a LLZO tape ("S1") with Cu electrodes; right: logarithmic plot of the 
conductivities according to the equivalent circuit consisting of 2 RC elements (Sigma 1 and Sigma 2) and one CPE 
element for the blocking electrodes. 

3,3 3,4 3,5 3,6 3,7

29,88 20,97 12,56 4,63 -2,88

1E-08

1E-07

1E-06

T / °C

 Sigma1
 Sigma2
 Sigma3

σ 
/ S

 c
m

-1

1000/T / 1/K

EA= 0,51 eV

EA= 0,59 eV

EA= 0,58 eV

3,3 3,4 3,5 3,6 3,7

29,88 20,97 12,56 4,63 -2,88

1E-08

1E-07

1E-06

T / °C

 Sigma1+2
 Sigma3

σ 
/ S

 c
m

-1

1000/T / 1/K

EA= 0,44 eV

EA= 0,57 eV

1x10-7 1x10-5 1x10-3 1x10-1

1,6M 15,9k 159,2 1,6

0,0

1,0x107

2,0x107

γ(
τ)

 / 
Ω

*c
m

τ / s

S2, Li - after heating

S2, Li electrodes

S1, Cu electrodes

frequency f / Hz

τ4.xτ3τ2τ1
τ0

1x10-8 1x10-6 1x10-4 1x10-2 1x100

15,9M 159,2k 1,6k 15,9 159,2m

0,0

1,0x107

2,0x107

3,0x107

4,0x107

5,0x107

γ(
τ)

 / 
Ω

*c
m

τ / s

LLZO pellet, Li - after heating

LLZO pellet, Li electrodes

LLZO pellet, Cu electrodes

frequency f / Hz

0 1x106 2x106 3x106 4x106

0

1x106

2x106

3x106

4x106

 S1, Cu electrodes

-Im
 (Z

) /
 Ω

·c
m

Re (Z) / Ω·cm

692 kHz (=τ0)
226 kHz (=τ1)

1 kHz (=τ3)

18 Hz (=τ4)

32 kHz (=τ2)

3,3 3,4 3,5 3,6 3,7

29,88 20,97 12,56 4,63 -2,88

1E-08

1E-07

1E-06

1E-05

T / °C

 Sigma1
 Sigma2
 Sigma1+2

σ 
/ S

 c
m

-1

1000/T / 1/K

EA= 0,49 eV

EA= 0,53 eV

EA= 0,60 eV



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends false

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts false

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth 8

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /FlateEncode

  /AutoFilterColorImages false

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth 8

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /FlateEncode

  /AutoFilterGrayImages false

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /ESP <>

    /FRA <>

    /ITA <>

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /DEU <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /NoConversion

      /DestinationProfileName ()

      /DestinationProfileSelector /NA

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [3600 3600]

  /PageSize [1108.346 1567.559]

>> setpagedevice



