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Abstract 

Solid state batteries, particularly for lithium ion based architecture have been the focus of 

development for over 20 years and are receiving even more attention today.  Utilizing impedance 

spectroscopy (IS) measurements we investigate the response of conductivity versus incremental 

pressure increase by a piston-cylinder-type high pressure cell up to 1 GPa for some lithium 

conducting ceramics:  LATP (Li1.3Al0.3Ti1.7(PO4)3), LLTO (Li5La3Ta2O12), LLT (Li0.33La0.55TiO3), 

LAGP (Li1.5Al0.5Ge1.5P3O12) and LLZO (Li7La3Zr2O12) for non-annealed and annealed samples. 

Isothermal, incremental pressure increase of powders allows for an in situ observation of the 

transition state conditions of poorly consolidated ceramic powders and the effects on grain boundary 

conditions prior to sintering.  Specific conductance (𝜎𝑏) increased by several orders of magnitude in 

some samples, approaching 10-3 S∙cm-1, yet decreased in other samples.  The affect of grain 

boundaries and affects of bulk capacitance as the sample dimensions are altered due to pressure, are 

attributed to some of this behavior and will be discussed.  The understanding of some of these 

fundamental processes may be valuable in facilitating these and similar ceramics for use in 

commercial solid state battery systems. 

 

1.  Introduction  

 Lithium ion batteries have been in widespread production and use in personal electronics 

since the early 1990s.  Since then advances have occurred incrementally, with improved 

performance, higher energy density, and smaller battery size.  Batteries that once were quite large 

are now very condensed, while maintaining the same power and energy storage as much larger cells.  

This is desirable for lightweight portable electronics, but with the side effect of improved 

performance these much smaller batteries are doing the same amount of work as their larger fore- 

runners and heat evolution is an unavoidable consequence.  Battery ignition, fires, and explosions of 
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lithium cells has resulted in many changes in policy, regulations, and law, notably that free lithium 

batteries are not permitted in carry on bags with most airlines. 

Other considerations are the affects of pressure and the affects on battery degradation under 

load which would be important with the development of commercial solid state battery systems. 

Several solutions have resulted from this problem such as increased interest in the areas of 

inflammable electrolytes, better battery design, and solid state lithium batteries among others.  It is 

widely stated in publications over the last several years that solid state batteries (SSB) are one 

solution for problems lithium ion batteries (LIB) such as dendrite formation, over heating, etc.  

Generally speaking, solid state batteries are as  not widely available, and only recently emerging on 

the commercial market most notably with electric vehicles. 

Here, we look at five commercially available lithium containing ceramics as candidates for 

the solid electrolyte for SSB1-2.  As a solid state electrolyte, ceramics are better suited for higher 

temperatures3,4 which  can simultaneously address the issue of safety as well as performance. 

Investigated in this work are garnets LLTO (Li5La3Ta2O12)
5-8 and  LLZO (Li7La3Zr2O12)

9, 

LATP (NASICON10 structure), LAGP(Li1.5Al0.5Ge1.5P3O12), and perovskite LLT (Li0.33La0.55TiO3)
11.  

In an effort to reconcile grain boundary conditions and resulting affects on ion conductivity (σb), 

each powder was analyzed by impedance spectroscopy in situ to observe changes in grain boundary 

conditions.  The grain boundary phase12 may be detected separately8,12, or inclusively13, but it was 

not found  that in situ studies of grain boundaries have been characterized in this way.  We should 

first define the grain boundary as not only the area of grain-grain contact, but also the adjacent 

regions and voids where grains are in very close proximity without touching.  This definition of 

grain boundaries has been inferred previously in other publications 14-15.  For simplicity this 

interpretation is used here as these grain boundaries are variable and expected to change (along with 

sample thickness) under increased pressures. 

Identified in 196816, LATP  belongs to space group R3C17-18.  Considered a super-ionic 

conductor19 and air  stable20, the crystal structure most similar to NASICON ( Na1+xZr2SixP3−xO12, 0 

< x < 3 )21  which has been studied intensively since the 1980s for use in sodium or lithium sulfur 

batteries18,22.  LATP has also been described as rhombehedral23.  Ion migration pathways in LATP 

have been modeled for both sodium24 and  lithium25,14 so much is already known about the bulk 

ceramic and single crystal form.  LAGP also has a NASICON-like structure26, sometimes referred to 

as LISICON25 and is less studied than LATP.  LATP and LAGP are thus promising due to the super 

ionic conduction and resistance to lithium metal2,20.  Conversely LATP Lithium reactions have also 
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been reported5, 20, 27 leaving the door open to additional characterization.  The presence of trivalent 

metal ions in the structure can improve bulk ion conductance (σb) 
28-31 but this is not expected to be 

the case here. 

 LLZO as received has a garnet structure.  When calcined at 1150°C or by other methods32-33 

LLZO recrystalizes to a cubic phase (c-LLZO) 20, 34-35.  The cubic phase is considered a super ion 

conductor7, but is less stable than the garnet phase and was not investigated here.  Doping of LLZO 

with aluminum is possible and has been shown to improve conduction29, 36, but was avoided here 

with the use of quartz sample boats for heating.  

First  mentioned in literature in 199337, LLTO is considered an exceptional ion conductor5 

that is temperature independent38.  Because of high grain boundary impedance (ZGB), some say that 

LLTO is a better insulator than it is an ion conductor39.  Contrarily, Sakamaki et al report that partial 

grain boundaries have higher current flow, and the high grain boundary resistance can be 

overcome40. 

Perovskite LLT has been well characterized as a bulk material11 and having high σb, but also 

dominated by grain boundary resistance even under pressure41-45.  This reasoning is supported by 

Inaguma et al  whom describe elimination of the grain boundary resulting in improved conductance 

for LLT46.  On the other hand, LLT is also reported as reactive with lithium metal46.   

If  lithium metal could be used for anode material, the energy densities of 3860 mAhg−1 and 

oxidation potential of  -3.04V vs. SHE would be a significant step in LIB development, but this has  

so far been a poor candidate due to high reactivity, and dendrite formation47.  This includes solid 

state electrolytes48 and the solid electrolyte interphase (SEI) formed when using lithium metal 

anodes.   

We hypothesize that by characterizing lithium ion conducting ceramics in situ that we can 

learn more about the grain boundary interactions and perhaps lay the groundwork for future 

modeling of these and similar systems.  By using commercially available materials, we expect there 

to be more reproducibility and consistency than experimental or synthesized powders which would 

add more variables to the study.  While used as received, powders were also annealed to relieve 

internal stressors, and cracks, for a more uniform and optimized powder free from such physical 

defects as much as possible for additional tests for comparison, while heating below temperatures 

that would effect recrystallization or sintering.  

 

2.  Materials and methods  



4 
 

2.1 Materials 

Ceramics were used as received from Toshima Ltd. (Japan).  For sample testing, a KBr pellet 

press (international crystal laboratories) with vacuum capability was used without modification.  

Non-porous alumina tubing and E52100 alloy steel were purchased from McMaster Carr.  

Impedance spectroscopy was taken with a Solartron 1296 interface and a Solartron 1260 gain phase 

analyzer.  Impedance data was analyzed using Zview®, and any images were processed in ImageJ 

1.50i.  Helios Nanolab 600, Fe-SEM (Zeiss Ultra 55 LE, and LV-Fe-SEM (Zeiss Supra 55 VP) were 

used for SEM imaging, and XRD were conducted on Rigaku XRD.  Thermogravimetric (TGA) was 

performed on TA instrument “Discovery” series TGA in platinum pans.  Redundant calculations 

were performed in Microsoft Excel 2007.  Battery cycling was performed with a Maccor 4300M in 

tandem with a Parstat (Princeton technologies) 4000+.  Any glovebox work was conducted inside an 

MBraun glovebox with typical O2 levels below 5ppm. 

2.2 Methods 

Annealing of powders was done in a tube furnace in alumina boats (except LLZO to avoid Al 

doping), under argon at specific temperatures for each ceramic. Annealing time was not less than 4 

hours for any sample.  Reduction of LATP occurred, resulting in the characteristic blue color which 

was reversible upon subsequent heating in air.  The function of annealing reduces average particle 

size, as explained by Jackman et al49:   

 

      𝐺𝑆𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =  14.4 𝛾𝐸(𝛥𝛼𝑚𝑎𝑥)2(ΔT)2       (1) 

 

γf  is fracture surface energy, and Δαmax is the difference in maximum and minimum principal axis of 

a unit cell, or grain.  Annealing was used in an attempt to procure more pristine grains, and perhaps 

narrower grain size distribution.  

Each sample was subjected to pressure in custom test cell for in situ impedance testing. It 

was convenient to use a pellet press, originally made for FTIR salt pellets, with a removable alumina 

tube cut to size was used as an insulator inside the sample holder.  Positioning the sample holder and 

steel shaft reduced incident of alumina tube breakage, but likewise under such pressures cracking of 

the alumina tube did not compromise the sample, as powders are not fluid and pelletize when 

subjected to pressure.  The polished anvil, part of the pellet press, served as one electrode surface, 

which was in contact with the metal pellet press, and The hardened steel shaft served as the other 
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electrode.  The sample holder was set on a blank electronic”bread board” which does not compress, 

to insulate from the hydraulic press surface.   

  About 0.2 grams of powder is introduced into the tube.  The steel shaft is inserted into the 

tube, and O-rings were used on both shaft and tube to facilitate vacuum.  The hydraulic press was 

used to apply pressure such that the pressure gauge registered, and was referred to here as 0.00GPa 

pressure. 

The sample powder was tested under a range of pressure from 0.00 to 1.00 GPa, at 

incremental steps.  The pressure forces closer fitting of grains, streamlining the ion migration50 by 

closing the grain-grain voids, and forcing more grain-grain surface contact.  Alternatively, this 

conductance may improve simply by increasing the sample density21 

 

2.3 Impedance Spectroscopy (IS) 

 Bulk resistance is derived using equation 2, and the ion conductance by equation 3.  It is 

important to indicate that ion conductivity is an intrinsic quantity characterizing the entire (bulk) 

sample.  For this particular work the sample thickness, and volume, change with pressure.  Bulk 

resistance (Rb) is described by equation (2) and bulk conductance (σ or σb) by equation (3): 

 

       𝜔𝑅𝑏𝐶𝑏 = 1   and  𝑅𝑏 = 
1𝜔𝐶𝑏    (2) 

     σ =  lRbA , and ∂σ = ∂l∂RbA   (3) 

    

In equation 2, ω = angular frequency and 𝐶𝑏= bulk capacitance.  Equation 3 has two parts, the 

convention for conductance at constant conditions, and the change in conductance roughly 

calculated dependent on a change of sample thickness (∂l), and resistance, ∂Rb.  A is electrode 

surface area in contact with sample, and l is sample thickness. 

Determination of sample thickness in situ was determined by the difference of the height of 

the hydraulic press from the top of the sample holder after settling at each pressure increment, and 

the height of an empty cell with some pressure applied.  A feeler gauges and micrometer were used 

exhaustively in determination of sample thickness.   

Impedance spectra were typically taken from 10MHz to 0.075 Hz for each sample, at 

pressure increments from 0 to 1.00GPA pressure (0.75 GPa was used in some samples, higher 

pressures were not always sustainable). 
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Electric modulus is useful for materials characterization15, 51-55.  Likewise tan δ, and permittivity 

ε* ( 𝜀∗ = 𝜀´ − 𝑗 𝜀´´, 𝑗 = √−1) may also be used in this case to characterize the changes in grain 

boundary conditions and were useful in determining the correct equivalent circuit.  Bulk changes in 

the ceramic powder grains were not observed nor expected below 1 GPa.   

 In part due to scaling, Nyquist plots can be inconvenient to discern phases (figure 2) as the 

semi circles, or time constants may differ in size by orders of magnitude.  Imaginary modulus (M”)  

was used as it can discern  the grain boundary phase15 as a local maxima (Figure 3), defined by 

equation 4.  

    M"max = e02C0      (4)  

    Also   M"(ω) =  𝜺´´𝜺´𝟐+𝜺´´𝟐                 (5) 

 

In  eq. 4 and 5, e0 = 8,854pF/m - permittivity in vacuum , C0= capacitance, and ε´/ ε´´ are real and 

imaginary permittivity (ε´is also known as dielectric constant, and ε´´ as dielectric loss).  Due to the 

three dimensional nature of the materials, it was necessary to construct an equivalent circuit using 

parameters beyond this work, such as loss tangent, admittance, permittivity and so on with an exact 

match for this system found using the model in figure 4, with grain and grain boundaries labeled, the 

electrical contacts (E1 is the polished anvil/ceramic interface, and E2 is the non-polished steel 

shaft/ceramic interface) were also detectable using IS. 

  It is described by Behera et al55 that a shift of M´´max to higher or lower frequency domain is 

a change in dielectric relaxation in agreement with Liu et al56 (illustrated by example in figure 3, 

LAGP (as received) pressed from 0.00-0.75GPa)   who also describe merging of peaks at higher 

temperatures due to the conduction process.  Moreover, as we are attempting to characterize a 

material that relies on ion hopping for conductance, the usual methods are sometimes inadequate.  

Interestingly, the work of Ngai and León57 strongly supports using electric modulus to characterize 

the conductance of ions through a disordered solid, and seem to strongly support our findings in this 

study.  Bulk ion hopping defined by Barsoukov and MacDonald as the inverse of the frequency at M"max  is the conductivity relaxation time, 𝜏𝜎.  The relationship57 can be described by equation 6, 

permittivity (dielectric) is defined in equation 7. 

 

                                
𝜏𝑖𝑜𝑛𝜏𝜎 =   𝑐𝑞2𝑟26𝑘𝐵𝑇𝜀0𝜀∞  (6)  
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  𝜀∗ = 𝑀∗−1 =  𝜀´ − 𝑗𝜀´´                   (7) 

 

(𝜀∞= constant, and is the dielectric permittivity of the material, q is charge (1), 𝑘𝐵 is the Boltzmann 

constant (8.854 * 10-12 F/m), c is concentration, T is temperature , and 𝜀0 all of which are constant) 

so 𝜏𝑖𝑜𝑛 ∝ 𝑟2, and 𝜏𝜎 is determined by impedence spectra)  Thus a shift in M"max  indicated a shift in 𝜏𝑖𝑜𝑛 when r, the mean hopping distance of the ions , is the variable.  Similar behavior is seen here, 

but at isothermal conditions.  These frequency dependent changes indicate changes in relaxation 

times, and activation energies. Arrhenius plots may be calculated by equations 8 and 9  

    

 𝜏𝑝𝑒𝑎𝑘 = 𝜏0 𝐸𝑥𝑝 ( 𝐸𝑎 𝐾𝐵𝑇⁄ ) (8) 

 𝜏𝑝𝑒𝑎𝑘 =  1 2𝜋𝑓𝑝𝑒𝑎𝑘⁄  (9) 

Where τpeak and fpeak are values at the local maxima on an  F v. M” plot.  A frequency shift of M” 

maxima will yield Arrhenius-like data plots using τ value.  The decreasing size of the time constants 

in a Nyquist plot such as in figure 7 emulate the changes when subjected to increases in temperature 

(see supplemental information). 

However literature to this point does not discern between 𝜏𝑖𝑜𝑛 and 𝜏𝜎.  The difference can be 

explained by changes in mean proximity of the grains or the reduced inter-grain hopping distance, 

which in turn would increase both ion hopping frequency and ratio of complete hops from one site to 

another resulting from this reduction in activation energy while other conditions remain constant. 

2.4 X-ray diffraction studies 

 Initially samples were examined for crystal structure which matched well to the product 

diffractograms provided from the manufacturer (Figure 3a).  Subsequent diffractograms were taken 

for treated heat and/or pressure treated samples for comparison, to ensure crystal changes were not 

occurring for samples of interest.  With the exception of twice annealed LATP and LLT, no crystal 

changes were observed.  These are discussed further in the supplemental information.   

 

2.5 Annealing  

Annealing temperatures were determined by literature, and by experimentation.  The aim was to 

relieve surface stress and optimize the ceramics.  Annealing was conducted in an argon tube furnace, 

and in air for comparison.  Some samples were reversibly reduced in argon indicated by a change in 
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color, which was reversible by subsequent annealing in air.  LATP when twice annealed in this 

fashion showed great improvement in conductivity.  However, small crystal changes were observed, 

and were not investigated in this work.  This is referred to hereafter as twice annealed LATP.  

Subsequent annealing in air resulted in LATP returning to a normal white color. 

 

3.  Results 

3.1 IS pressure studies 

In General, conductance increased for LAGP, LATP, and LLZO samples with increased 

pressure. We think that the intra-grain structure of the pressed sample collapses at some threshold 

pressure from mechanical failure, changing the system and thus the conductivity values.  Unlike the 

other ceramics, LLTO samples decreased in conductance probably by affects described elsewhere40 

and LLT did not have a reproducible response.   

 Using IS, grain boundary impedance (ZGB) is typically much larger by several orders of 

magnitude than the bulk impedance of the ceramic crystal (ZB).  In these results the signal for bulk 

impedance (grains) are overwhelmed by the grain boundary impedance signal.  In the high frequency 

range, the boundary is short circuited and capacitively conducting and negligible in magnitude, 

while the  lower frequency 2nd semicircle is in the time domain, and more closely resembles direct 

current in natures, mostly grain-to-grain conduction that varies  with grain proximity42. 

  As the pressure increases within the confined space grains are forced closer, and 

rearrangement for stability until some upper mechanical limit is reached resulting in fracture and 

collapse of grain arrangement.  Samples respond differently, many reaching a threshold where 

conductance abruptly increases, while others decrease. 

 This mechanical breakage resulting in smaller grains, and changing surface area (SA) the 

distance between grains (l) is dynamic in this pressurized system.  For disordered systems which 

consist mostly of capacitive grain boundaries characterized by Sakamaki et al40, it is reasonable to 

modify the equation for capacitance to reflect changing conditions in this system (equation 6). 

 

    𝑑𝐶 = 𝑒0 𝜕𝐴𝜕𝑙   𝑜𝑟   𝑑𝐶 =  𝑒0 (𝜕𝐴𝜕𝑙 ) 𝑃   (6) 

 

C =capacitance, A surface area, l (grain boundary) length and P pressure. 
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The brick layer model is conceptually sound even in simple form, but has been updated41-45  

in literature to account for grain size, geometry, percent of grain contact and so on, leaving the door 

open to perhaps model such systems better in the future.   

With a grain boundary conductance that is much lower than the bulk as it is here, admittance 

equations may characterize a system in part (equation 11) when σb>>σgb or 12 where σgb>>σg .  Ψt is 

total admittance, x is volume fraction, g is grain, gb grain boundary, for systems with known 

volumes of grain and grain boundaries.  Pore space was measured using the Archimedes method, 

and it could possibly be used, in part, to determine the aforementioned volumes. 

Sample pellets formed at maximum pressure (0.75 GPa typically) had a measured porosity 

between 18-30%, without the use of  binders.  While not elastic, some relaxation of pelletized 

ceramics was expected and observed when released from the sample holder, therefore voids and pore 

space are larger in a formed pellet than when subjected to pressure.  

While it is easy to make the assumption that the grains get closer together and more compact, 

and that conduction may improve, the underlying mechanisms are quite complex and interesting.  

Application of  pressure up to 1.0 GPa is not alone sufficient to cause a crystallographic change in 

the samples, so we can say that the changes in electrical measurements are a result of mechanical 

forces. 

Twice annealed LATP conductance increased abruptly between 0.45 and 0.60 GPa (figure 

7F).  it is speculated that the inter-grain structure in the sample cylinder collapses above 0.45 GPa 

causing a settling of the LATP powder thus increasing surface contacts and reducing grain boundary 

regions.  Example spectra LAGP as received M” vs. log F indicates a lateral peak shift, indicating a 

frequency dependency and change in relaxation time.  Magnitude of peaks indicates change in 

capacitance (eq. 2)  LLTO versus LLTO annealed shows a decrease in σ is observed for annealed 

samples.  LLZO and LAGP likewise showed improved conductance under pressure, and with 

annealing.  Additional ε´ and M´´vs. F trends are discussed in the supplementary information 

section. 

 

3.2   Scanning electron microscopy (SEM) 

 Micrographs were taken at each experimental step when possible.  Upon annealing, grains 

appear better defined.  Calculations of average diameter indicate smaller average sizes for pressed, 

annealed, and annealed then pressed powders which were expected, likely due to mechanical stress 

and exploitation of surface cracks and imperfections by the heating process and/or pressure.   
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Consequently this changes the overall grain size distribution, therefore a resulting change in grain 

and grain boundary surface areas.  Most notably for LATP, an abrupt change in grain boundary 

impedance was noted probably due to collapse in intra-grain structure which occurred at about 

0.45GPa.   

 SEM images of samples illustrate what would be expected, that the grains are closer together 

with consolidation of grain boundaries which range are quite large, with voids for unconsolidated  

samples to closely packed grains for samples subjected to pressure to form pellets.  Moreover some 

physical changes can be observed for the grains themselves  for LAGP, LLZO and LATP.  Visually 

the consistency of the ceramic powders differs from each treatment. 

  

   2.6 TGA Analysis  

Powders as received were pressed into pellets to 0.75GPa prior to TGA analysis.  All 

powders showed loss of weight due to increase of temperature, possibly due to retained water60-62 , 

trapped gases25, decomposition 63, or removal of synthesis residuals 62 .  This alone could change the 

outcome for powders that were annealed then pressed compared to powders that were pressed, and 

then annealed because these contaminants could be reintroduced when pelletizing annealed powder. 

 Samples were ramped 10°C / min to annealing temperatures, held isothermally 60 minutes 

under nitrogen  then cooled to 50°C (figure 9).  At this step the flowing gas was switched (nitrogen, 

argon, or air)  and held isothermally for 48 hours to observe weight changes summarized in Table 2. 

Improvement in conductance by gas replacement in the pores has been speculated elsewhere, and 

should not be ruled out.  Breathing quality airA was used in place of oxygen.  Samples were allowed 

to stand 48 hours after cooling to observe weight change.  The decrease in weight suggests possible 

consolidation of grains and decreased pore space of pellets, as well as an indication of pore space 

availability in each pressed ceramic pellet.   

 

Discussion 

In all ceramic systems described, grain boundary impedance dominates each system.  This 

results in a rather low ionic conductivity overall for a disordered powder system.  This is mitigated 

somewhat by the process of compressing the powders into a pellet, and by annealing the powders. 

Other possible methods would be ball milling which would be a consideration when using 

commercially available powders if a more uniform system is not available for purchase.   

Without sintering, changes were observed at the grain boundary regions utilizing a novel 

application of IS such as modulus which has been in use but not a great deal over the years  Modulus 
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allows the observation of the grain boundary capacitance shift due to relaxation processes at the 

grain boundary64 in ways that are not possible with other methods.  Nyquist plots while valuable, 

tend to dominate battery research where impedance measurements are concerned.  Here, we 

associate electrochemical measurements with physical changes in the system which strongly 

suggests a connection between grain boundary conditions, pressure, and impedance based values. 

Changes in electric modulus indicate capacitance changes pertaining to available surface 

areas, and proximity which could correlate to hopping frequency and relaxation times of ions during 

the hopping process.  Likewise, this focuses more on the grain boundary as the bulk ceramics have 

been well studied in literature, neglecting somewhat the underlying mechanisms present in 

disordered solids.  Changes in permittivity under pressure are indicative of polarization suggests a 

qualitative change in how easily a sample becomes polarized, which essentially a charge transfer 

through a material.  This supports the observed changes in ion conductivity, as positive ions are 

transferred through as sample; this is countered by movement of negative charge.  Our results do not 

indicate specific frequency dependence for permittivity, rather a general trend. 

Here we have characterized and compared the changes in conductivity and other electrical 

properties of five commercially available lithium conducting ceramics, the interactions at the grain 

boundaries, and attempting to resolve these changes under different pressurized conditions without 

effecting a structural change in the bulk.  A better understanding of the mechanisms involved is a 

step forward in realizing the production of solid state batteries, their practical and reliable use.  
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Figures

Figure 1

The steel shaft is inserted into the tube, and O-rings were used on both shaft and tube to facilitate
vacuum



Figure 2

In part due to scaling, Nyquist plots can be inconvenient to discern phases as the semi circles



Figure 3

LAGP (as received) pressed from 0.00-0.75GPa)

Figure 4

equivalent circuit model

Figure 5

comparison of ceramic powers used



Figure 6

simpli�ed brick and mortar model

Figure 7

from left to right for samples as received (exept conductance plot): Nyquist plot, sample counductance
under pressure, electric modulus changes under pressure, and permittivity changes under pressure for



each labeled ceramic.

Figure 8

SEM for each ceramic tested from left to right: as received, pressed, annealed (not pressed), and annealed
and pressed.



Figure 9

select TGA values for ceramic pellets
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