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Abstract:

Garnet-type sold electrolytes have garnered significant interest for all-solid-state battery applications due
to their high Li-ion conductivity and excellent compatibility with the metallic lithium anode. Although
their ionic conductivity optimization and conduction mechanisms have been extensively studied, the
thermal properties of garnet electrolytes remain poorly understood. The thermal conductivity, thermal
expansion coefficient, and specific heat of solid electrolytes play a crucial role in determining the overall
performance, safety, and reliability of battery devices. Understanding these properties is essential for
enhanced thermal management and improved energy efficiency of batteries. Here, we investigate the
thermal properties of Ta’*-doped garnet LigsLa;Zr; sTay 0, (LLZTO) polycrystals. The thermal
conductivity measurement reveals a low-temperature peak at around 50 K. Above this temperature, the
thermal conductivity shows a weak temperature dependence and approaches the calculated minimum
thermal conductivity. The average phonon mean free path increases as the temperature decreases,
reaching approximately 500 nm at 5 K. The linear thermal expansion coefficient obtained through the x-
ray diffraction measurements is 1.71 + 0.01 x 103 K-! at 323 K, larger than the reported value for
undoped Li;La;Zr,01,. The Griineisen parameter of LLZTO calculated using measured thermal
expansion coefficient and specific heat is 1.63 £ 0.04 at 300 K, indicating relatively strong phonon
anharmonicity. Furthermore, the thermal conductivity of aged LLZTO is increased by 70%-80% at 300 K
compared to the pristine samples, which can be attributed to the formation of Li,CO; with increased
thermal conductivity or reduced thermal boundary resistance. Our results provide useful insights into the
structure-thermal property relationships that are closely relevant to thermal management of battery
systems based on garnet solid electrolytes.

1. Introduction

In recent years, the quest for sustainable and high-performance energy storage and conversion
technologies has intensified, driven by the imperative to address global energy challenges and mitigate
environmental concerns. Among the important components of these advanced systems, solid electrolytes
have emerged as promising candidates due to their potential to overcome the limitations associated with
conventional organic electrolytes, such as flammability, leakage, and compatibility with electrodes.!-* Solid
electrolytes, characterized by their robustness, stability, and ability to operate over a wide range of
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temperatures, hold great promise for various applications, including solid-state batteries, electrochemical
supercapacitors, and high-temperature fuel cells.*®

The successful implementation of the energy storage and conversion technologies hinges not only on
their electrochemical performance but also on their thermal properties, particularly thermal conductivity
(x) and thermal expansion coefficient.”-!° The thermal properties of solid electrolytes play a crucial role in
determining the safety and reliability of energy storage and conversion devices.!! Lithium plating, which
leads to reduced capacity in lithium-ion batteries, is sensitive to temperature. Therefore, temperature control
becomes particularly important as it allows for the regulation of internal temperature distributions, thereby
enhancing the uniformity of lithium deposition and mitigating the formation of dendrites.!> Efficient
thermal management is essential for maintaining the operational stability and longevity of energy storage
and conversion devices.!3 The temperature profile of a battery depends on the thermal conductivity of its
component. In particular, the thermal conductivity of solid electrolytes is crucial for determining the overall
thermal resistance of the cell, especially if their thermal conductivity is low. Furthermore, thermal
expansion coefficient is a critical property that controls the mechanical integrity and structural stability of
solid electrolytes, especially during thermal cycling.'* Understanding the relationship between thermal
expansion coefficient and temperature variation is essential for designing durable and long-lasting energy
storage and conversion devices.

The garnet solid electrolyte with the nominal formula Li;La;Zr,0,, (LLZO) shows great promise as a
solid electrolyte for all-solid-state batteries owing to its good lithium ionic conductivity exceeding 10 S
cm! at room temperature and its stability when paired with electrode materials.!>'° In particular, Ta-doped
LLZO with composition LigsLasZr;sTagsO;, (LLZTO) shows a remarkable room-temperature ionic
conductivity of 103 S em!.2° Despite many studies on understanding and improving its ionic properties,?!-
2 thermal properties of LLZO remain elusive. Recently, Cheng et al.>* measured the specific heat (C,) and
thermal conductivity of Lig4LasZr; 4Tag 6O, from 150 to 500 K, and observed a low x of 1.4 W m™! K-! at
room temperature, which approaches the calculated minimum value. Neises et al.? studied the thermal
conductivity of Ta%*- and Al**-doped LLZO with different grain sizes from 300 to 1225 K, and observed
that thermal transport is independent of grain size. However, the low-temperature thermal transport in
LLZTO, such as the peak thermal conductivity, has not been studied so far. At elevated temperatures,
thermal conductivity decreases with increasing temperature due to enhanced phonon-phonon scattering.
Conversely, at lower temperatures, thermal conductivity declines with decreasing temperature due to
reduced phonon specific heat and weak phonon-phonon scattering compared to extrinsic scattering
processes. As a result, a peak in the lattice thermal conductivity emerges well below room temperature in
typical crystals. The measurement of this peak can offer valuable insights into the interplay between
intrinsic phonon-phonon and extrinsic phonon scattering processes by defects and boundaries.?®

Along with thermal conductivity, the thermal expansion coefficient and Griineisen parameter (y) are two
other important properties that contribute to fundamental understanding of lattice anharmonicity and are
critical for thermomechanical reliability of batteries. A prior study has reported the linear thermal expansion
coefficient (o) of LLZO and the effect of Al doping content.?’” However, the thermal expansion coefficient
of LLZTO has not been reported. Furthermore, Griineisen parameter describes how the vibrational
properties of a material change in response to changes in volume or pressure. This parameter is an important
descriptor for phonon anharmonicity in a material.?® It is noted that the Griineisen parameter of LLZTO has
not been determined experimentally.

Previous studies have found that garnet LLZO is unstable in the presence of moisture.?’3? Both
experimental and theoretical work® 34 indicate that garnet exposed to H,O and CO, forms a Li-ion
insulating LiOH/Li,COs; surface layer. As a result, the ionic conductivity of LLZO can be reduced in aged
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samples due to the increased interfacial resistance and the reduction of Li ions in bulk LLZO.3-3¢ However,
the effect of impurities on the thermal transport in garnet electrolytes is still unknown, which is crucial for
effective thermal management of aged battery cells.

Here, we study the thermal properties and lattice anharmonicity of LLZTO polycrystals. The thermal
conductivity of LLZTO is measured in a large temperature range of 5-824 K. The obtained thermal
conductivity exhibits a peak at about 50 K and a weak temperature dependence above 200 K. The average
phonon mean free path is calculated from the obtained thermal conductivity and reaches about 500 nm at
low temperatures. The linear thermal expansion coefficient (¢;) of LLZTO from 323 K to 523 K is
determined by high-temperature x-ray diffraction (XRD) measurements. Together with the reported bulk
modulus,?” the measured thermal expansion coefficient and specific heat data are used to obtain the
Griineisen parameter as 1.63 + 0.04 at 300 K, suggesting relatively large anharmonicity in LLZTO.
Furthermore, the aged LLZTO samples exhibit an enhanced thermal conductivity compared to the pristine
samples. This finding can be attributed to the formation of Li,COj; impurities.

2. Experimental
2.1 Materials synthesis

The starting material was a mixture of 50 mol% Li,CO; (Thermo Fisher Scientific, 99%), 23 mol% La,0;
(Sigma-Aldrich, 99.99%), 23 mol% ZrO, (Sigma-Aldrich, 99%) and 4 mol% Ta,Os (Thermo Fisher
Scientific, 99%), corresponding to the formula of LigsLa;Zr; sTay 501, with 20% excess of Li,COs. The
mixture was fired in air at 1123 K for 60 hours. The obtained LLZTO powders were then cold pressed into
a pellet under 300 MPa and sintered in LLZTO bed powder at 1173 K for 8 hours, designated as Sample
#1. In addition, a polycrystalline LLZTO sample was prepared by spark plasma sintering under 50 MPa in
vacuum at 1373 K for 15 min, designated as Sample #2. To study the thermal conductivity of Li,COs3, a
pellet was prepared by cold pressing followed by sintering in air at 873 K for 6 hours.

2.2 Phase and structure characterization

The purity and crystal structure of the samples were characterized by powder XRD with a Cu Ka source
(L=1.54 A). Rietveld refinement was performed to calculate the lattice parameters. The morphology of the
samples was observed by a TESCAN Vega3 SBH scanning electron microscope (SEM) equipped with
energy dispersive x-ray spectrometry (EDS). Raman measurement was performed to study the impurities
in the aged samples using the Horiba LabRam with a 532 nm Coherent Sapphire laser at room temperature.

2.3 Thermal property measurements

The density (p) of the samples were measured using the Archimedes’ method. The specific heat of the
sample from 2 to 276 K was measured with a Quantum Design Physical Property Measurement System
(PPMS). The high-temperature specific heat data were collected using a Netzsch 404 differential scanning
calorimeter (DSC) with a sapphire standard. The PPMS was employed to measure the thermal conductivity
along the direction perpendicular to the cold-pressing direction from 5 to 300 K. The high-temperature
thermal diffusivity (o) was measured by using the laser flash diffusivity method in a Netzsch Laser Flash
Apparatus (LFA) 457 instrument. The thermal conductivity in the temperature range of 300-824 K was
calculated with « = pa.C,. Thermogravimetric analysis (TGA) was used to measure weight changes of
LLZTO polycrystals from 300 to 1272 K under N, gas flow using Netzsch TG 209 F1 Libra.

3. Results and discussion
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3.1 Phase and microstructure

Fig. 1(a) illustrates the crystal structure of LLZTO. Two types of lithium sites form a network in the
frame built by octahedral Zr/Ta-O¢ and dodecahedral La-Og. The XRD pattern of LLZTO is displayed in
Fig. 1(b). The main phase can be indexed based on a previously reported cubic structure with space group
Ia3d.® No impurities have been observed. Rietveld refinement was performed to determine a lattice
constant of 12.918(3) A, comparable with the previously reported value of 12.921 A 3 To investigate the
microstructures, we performed the SEM studies on a LLZTO polycrystal prepared by cold pressing. The
average grain size is found to be about 8 um, as shown in Fig. 1(c). The grain size distribution can be found
in Fig. S1 Electronic Supplementary Information (ESI). The EDS mapping results for the sample are
illustrated in Fig. 1(d). La, Zr and Ta elements show a uniform distribution, which indicates a homogeneous
distribution of dopants in the cold-pressed sample. The EDS analysis confirms that the atomic ratio of
La:Zr:Ta is close to the designed ratio of 3.0:1.5:0.5.

(b) X LLZTO obs
Refinement
Background
Residual

Intensity (a.u.)

ICSD-894
I L L | 1

20 30 40 50 60 70
20 (degree)

Energy (keV)

Fig. 1 (a) Crystal structure of cubic LLZTO. (b) Rietveld refinement of XRD result for LLZTO powders
prepared by solid-state reaction. The reliability parameter of Ry, is 7.94%. (¢) SEM image and (d) EDS
analysis of the fracture surface of the LLZTO pellet prepared by cold pressing.

3.2 Thermal property measurements and analysis

As shown in Fig. 2(a), the specific heat of LLZTO was measured by the PPMS from 2 to 276 K and DSC
from 308 to 964 K. Both sets of measurement results exhibit a consistent and continuous trend. No first
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order phase transition is observed within the measured temperature range. This is consistent with previous
studies** 4! showing that sufficient Ta-doping in LLZO can stabilize the cubic phase at room temperature
and prevent tetragonal-to-cubic phase transition. The specific heat and other room-temperature physical
properties of LLZTO are summarized in Table 1. The specific heat at low temperatures can be fitted to the
Debye model using

12mtk 3
Co(T) =752 B(%)(%) + BT, 1)
where T is temperature, kg is the Boltzmann constant, 8 is the Debye temperature, and b is the coefficient
of electronic contribution to specific heat. The atomic density of the system (N/F) is estimated as 8.7 x 10?3
m-3 and p is the theoretical density of 5428 kg m~ determined from the XRD refinement. The fitting yields
a Debye temperature of 479 K, close to the previously reported value of 526 K for
Lig45Alg0sLasZr; ¢ Tag401,.2° The bulk sound velocity (v;) is related to the Debye temperature (6p) as

3
k 6m2N
(%) 63 = 53, @

The corresponding bulk sound velocity v, is calculated as 3627 m s°!, which agrees reasonably well with
the previously reported result of 3953 m s™! for Lig45AlgosLasZr; ¢Tag 40, calculated based on measured
mechanical properties.’’

The measured thermal conductivity of the cold-pressed LLZTO is shown in Fig. 2(b). It has been found
that thermal conductivity exhibits a peak at about 50 K. Above 200 K, the thermal conductivity shows a
weak temperature dependence. The obtained value at 300 K is 1.2 £ 0.2 W m™' K-!, which is consistent with
the reported data for Lig4LasZr, 4Tay¢0;,%* and Lig 45AlggsLasZr Tag401,.2 The slightly smaller value of
our sample can be resulted from its porosity. This finding suggests that the thermal conductivity of LLZO
is nearly independent of chemical substitution. It is noticed that the temperature dependence of thermal
conductivity for our sample is different from the measured data for Lig4l.a;Zr; 4Tag 015, which exhibits a
decrease of thermal conductivity with reduced temperature below 300 K.?* This discrepancy can be
attributed to the different growth methods used for the two samples, which may result in varying defect
concentrations and grain sizes. The decrease in thermal conductivity with decreasing temperature is
commonly observed in disordered materials exhibiting high defect concentrations, or materials with small
grain sizes.*> 43
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Fig. 2 (a) Specific heat of LLZTO measured by the PPMS and DSC. The inset shows the C,/T versus 77
at low temperatures. (b) Thermal conductivity of cold-pressed LLZTO (#1) measured by the PPMS and
LFA. The reported experimental data for Lig4LasZr, 4Tags01,%* and Lig45AlgsLasZr; 4Tag4,01,% are
included for comparison. (c) Solid thermal conductivity of the LLZTO samples prepared by cold-pressing
(#1) and spark plasma sintering (#2), respectively. The dashed line is the calculated minimum thermal
conductivity. (d) Calculated phonon mean free path of LLZTO at low temperatures.

Table 1. Room-temperature physical properties of LLZTO polycrystals

Sample K K (08 6p Vp a /4
wm!'KYH | (wm!KD) | Jg'K) | (K (km s) (10° K1)
LLZTO 1.2+0.2 1.6+0.3 0.55+0.01 [ 479+1|3.63+£0.01 | 1.59+0.01 | 1.63+0.04

To correct the porosity effect, the solid thermal conductivity (x;) can be calculated using the Maxwell-
Eucken relation as*+

_ Kpt+2Ks— P (kp—Ks) 3
Ks = ka+2K5+2(I)(Kp—K5)’ ( )
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where & is the pore thermal conductivity, and @ is the porosity, which is found to be 18% for the cold-
pressed LLZTO pellet. x; is equal to 0 as our measurements were conducted under ultra-high vacuum.
The obtained «; is presented in Fig. 2(c) together with the data for a sample prepared by spark plasma
sintering. We further evaluated the minimum thermal conductivity (x,;,,) of LLZTO using the model

developed by Cahill et al.*#®
/3 \n\2/3 2 [(O/T jsex
Kmin = (g) kg (;) 31719(%) f (e—1)2dx. 4)
0

This equation is formulated upon the Einstein model to compute the minimum lattice thermal
conductivity of highly disordered solids. In this model, thermal transport is characterized by the random
walk of energy among localized oscillators with varying frequencies, with the primary energy transfer
occurring between nearest neighbors. The calculated #;,;, for LLZTO is 1.07 W m! K-! at 300 K. The
obtained x; approaches the calculated x;,,, suggesting the phonon mean free path in LLZTO is at the
same order of atomic spacing at high temperatures.

At temperatures significantly lower than #p, thermal transport is predominantly governed by acoustic
phonons. For this low-temperature limit, we calculated the phonon mean free path (L) using the Debye
model* given by

6p/T -1
_ k313 x*e*dx
L - KS[(anvb2h3) ‘fO (ex—1)2:| ‘ (5)

The obtained phonon mean free path data from 5 K to 50 K are plotted in Fig. 2(b). The phonon mean
free path of LLZTO approaches about 500 nm at low temperatures, which is smaller than the measured
average grain size of 8§ pum. This finding suggests that phonon scattering at grain boundaries may not
significant, with the primary scattering occurring at inhomogeneities or defects within the crystal lattice,
which is consistent with a previous study.”” The phonon mean free path decreases with increasing
temperature due to the increased phonon-defect scattering and reaches a value of about 5 nm around 50 K.

3.3 High temperature XRD, thermal expansion coefficient and Griineisen parameter

To study the phonon anharmonicity of LLZTO, we performed high-temperature XRD measurements
from 323 to 523 K, as shown in Fig. 3. The sample is stable up to 523 K since no phase transition was
observed. The lattice constant @ of LLZTO is calculated using the Bragg’s law, as shown in Fig. 4(a)
together with the reported lattice constant of LigLa;ZrTaO;, and LLZO obtained by XRD analysis.?”-3° The
a value of LLZTO increases monotonically with temperature. We note that the a value for LLZTO lies
between the data reported for LigLa;ZrTaO,, and LLZO.?”-3° The temperature dependence of a can be fitted
by a second-order polynomial as!

a(T) = ap + a1 T + a,T?, (6)

where ay, a; and a;, are fitting parameters. The obtained fitting results are aq= 12.90 A, a;=15.814x10 A
K-, and a, = 3.327x107 A K.



Journal of Materials Chemistry A

%  Substrate

JJWU JMA\J\*JMINML\A
523 K
Lo

473 K
=
S
=
a
(0]
£ LJLLJL.LLM@
373 K
JV.L__.M_JWL_LMJNL‘AL—
323 K
| ICSD-894
| | | 1 1 | 1 1 I
20 30 40 50 60
20 (degree)

Fig. 3 XRD patterns of LLZTO from 323 to 523 K.
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According to the definition of the linear thermal expansion coefficient ¢, «a; EE;Z" temperature

dependence of the thermal expansion coefficient can be calculated as
O(l(T) = (a1 + ZazT)/(a() +aqT + asz). (7)

The obtained ¢; of LLZTO increases nearly linearly with temperature from 1.71 £ 0.01 x 103 K-' at 323 K
t0 2.72 £ 0.01 x 103 K-! at 523 K, as shown in Fig. 4(b). The ¢; data of LigLa;ZrTaO,, and LLZO are also
calculated with the same method using the reported lattice constants and are plotted as solid lines in Fig.
4(b). The ¢y of LLZTO near 300 K is similar to the result for LigLa;ZrTaO;, while the reported a;of LLZO
is 18% smaller. Furthermore, our LLZTO sample demonstrates a similar temperature dependence of ¢; as
LigLa;ZrTaO,, while the ¢ of LLZO has a much weaker temperature dependence. Compared to other
garnets,’> LLZTO exhibits a thermal expansion coefficient approximately twice as large. The volumetric
thermal expansion coefficient (a,) of LLZTO with a cubic crystal structure can be estimated as o, = 3¢,
which leads to a value of 4.77 = 0.03 x 10> K-'at 300 K.

One method to assess phonon anharmonicity is by calculating the Griineisen parameter using the
following equation’?

ayBs

Y =T ®)

Page 8 of 17
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where By is the adiabatic bulk moduli, and C, is the specific heat at constant volume. The ¢, of 4.77 = 0.03
%105 K-! is determined from the high-temperature XRD study. The adiabatic bulk modulus was reported
as 96.0 = 1.4 GPa for LLZ0O.?” The specific heat measured in this work is 0.55 J g'' K-! at 300 K. Using the
relationship between C, and C, and reported compressibility of LLZO,3 the C, of LLZTO is calculated
as 0.52 £ 0.01 J g'' K-'. We use the theoretical density of LLZTO, 5.428 g cm, determined from the XRD
refinement. Therefore, the calculated Griineisen parameter is 1.63 £ 0.04, which is close to the reported
Griineisen parameter of 1.56-1.65 for Nb-doped LLZO.3¢ Compared to y = 0.77 for Cu,Se*’ and y =1.2 for
Li (GeP,S,,,%® the Griineisen parameter of LLZTO indicates a relatively strong anharmonicity of phonons.
It has been found that some superionic conductors also exhibit low thermal conductivity, which is attributed
to large phonon anharmonicity.>* ¢ In order to better understand the phonon properties in LLZTO, further

research is required to investigate its phonon band structures.
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Fig. 4 (a) Lattice constant of LLZTO as a function of temperature. Shown for comparison are the
reported data of LigLa;ZrTa0,,>° and Li;La;Zr,0,?". The lines represent the fitting achieved using
Equation (6). (b) Linear thermal expansion coefficient calculated using Equation (7) and compared with
the data reported for LigLa;ZrTa0,,’° and Li;La;Zr,0,,?". The lines represent the calculated thermal
expansion coefficient by analyzing the reported lattice constants using Equations (6) and (7).

3.4 Effect of aging on thermal conductivity
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LLZTO is chemically unstable against moisture. Li ions in LLZTO can be exchanged with protons under
ambient air humidity.®' The detailed reactions are given as follows:®?

Li6_5La3Zr1.5Ta0‘5012 +Xx Hzo — Li6_5_xHxLa3Zr1.5T30‘5012 +Xx LIOH, (9)
2LiOH + COZ — LizCO3+H20. (10)

The XRD pattern of a LLZTO sample aged in air for approximately one year is depicted in Fig. 5(a),
from which it can be seen that Li,COj; is formed in the sample. Fig. 5(b) shows the Raman spectrum of the
aged LLZTO sample. All Raman peaks below 800 cm™! are associated with LLZTO, while the Raman peak
at 1090 cm! can be attributed to the presence of Li,CO3, as reported in previous studies.®® % It is noted that
the Raman peak is very sharp for Li,CO;, while the peaks are much broader for LLZTO. The peak width
in the Raman spectrum is related to the crystallinity of the material being analyzed. When a material is
crystalline, its atoms are arranged in a regular, repeating pattern, resulting in sharp and well-defined peaks
in the Raman spectrum. This is because the vibrational modes of the material are restricted to specific
frequencies dictated by the crystalline lattice structure. On the other hand, in an amorphous or disordered
material, the lack of long-range order leads to broad peaks in the Raman spectrum. Our Raman study
indicates that Li,COs has better crystallinity than LLZTO.

We further studied the microstructures of the aged sample using SEM, as shown in Fig. 5(c-d). The grain
size shows a large distribution, ranging from about 2 to 40 um. Some rough layers are formed on the surface
of some grains, indicating that the grain surface of LLZTO reacted with moisture, as reported in previous
studies.®> % Some grains show large cracks, which can be caused by the volume change due to the reaction
with moisture. Additional SEM images of cracked grains can be found in Fig. S2 (ESI). EDS analysis
reveals that the cracked grains exhibit a deficiency in Ta and Zr. As shown in Fig. 5(e), the cracked grain
has a La:Zr:Ta ratio of 3.0:0.03:0.01 while the grain without crack has a La:Zr:Ta ratio of 3.0:1.37:0.65.
The EDS mapping results of the cracked grain region can be found in Fig. S3 (ESI). It has been reported
that the reaction usually occurred at the surface of the grain, and the garnet structure was preserved.®
However, our result suggests that the reaction can also occur within grains, leading to grain fracture.

TGA analysis was performed on one aged sample under N, gas flow, as displayed in Fig. 5 (f). At least
three weight loss steps can be identified, similar to a prior study.®’ Among them, step I is due to the
evaporation of absorbed surface water at about 523 K, step II is related to the release of H" as H,O at
around 673-723 K, and step Il can be attributed to the release of CO, in the temperature range of 823-973
K. Therefore, the weight loss from step II can be used to quantify the percentage of Li*/H" exchange in the
LLZTO sample. The chemical composition of the aged sample is found to be Li, ¢sHy 4512371, sTag 505.

10
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Fig. 5 (a) XRD pattern of the LLZTO aged in air for one year showing the presence of Li,CO;. (b) Raman
spectrum of the aged sample. (c-d) SEM images of the aged sample showing the cracked grains with

rough surfaces. (¢) EDS results on selected region of the aged sample. (f) TGA analysis of the aged
sample.

The thermal conductivity data of the aged samples are shown in Fig. 6. Interestingly, compared to the
pristine samples, the aged samples exhibit enhanced thermal conductivity nearly in all measured

11
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temperature range. The room-temperature thermal conductivity of the aged samples is increased by 70-
80%. This finding seems to contradict the SEM observation. The formation of rough layers on the grain
surface and cracks within grains are expected to increase the phonon scattering within grains and at gain
boundaries, leading to a reduced thermal conductivity. Therefore, the increased thermal conductivity must
be caused by another mechanism. We note that the aged samples contain a significant amount of Li,CO;,
which can affect the thermal transport in the material. To verify this, we measured the thermal conductivity
of a cold-pressed Li,CO;, as displayed in Fig. 6. Indeed, Li,CO; exhibits a larger thermal conductivity in
the temperature range of 20-300 K. The obtained room-temperature thermal conductivity of Li,CO; is 2.5
W m! K, twice as large as that of pristine LLZTO. Therefore, the increase thermal conductivity of the
aged samples can be attributed to the presence of Li,COs;.

Another possible reason for the enhanced thermal conductivity could be the reduction in thermal
boundary resistance in the aged samples. Thermal boundary resistance arises from phonon scattering at
interfaces. When the resistance is reduced, phonon scattering is minimized, allowing phonons to propagate
more freely across the boundary and thereby increasing phonon transmission coefficient and thermal
conductivity. It has been found that Li,COj; usually forms on the surface of garnet LLZ0O.% Owing to the
high crystallinity nature of Li,CO;, the phonon transmission coefficient across boundaries could be
enhanced. A similar observation has been found in other materials by inserting an interfacial layer.%’- ¢
Therefore, we estimated the thermal boundary resistance in LLZTO samples using the model developed by
Nan et al.®” The detailed analysis can be found in the Supplementary Information. The obtained thermal
boundary resistance values are 9.2 x 104 m? K W' and 5.5 x 104 m?> K W-! at 290 K for the pristine and
aged sample #1, respectively. It can be seen that the thermal boundary resistance is significantly reduced in
the aged sample.

O #1 (Pristing) O #2 (Pristine)
- $  #1(Agedfor1year) | &  #2 (Aged for 2 year)
0 i i
0 100 200 300
T (K)

Fig. 6 Thermal conductivity of the aged LLZTO samples compared to the pristine samples. Shown for
comparison is the thermal conductivity of a cold-pressed Li,CO; sample. The thermal conductivity data of
sample #1 (pristine) and #2 (pristine) are the same as the data plotted in Fig. 2.
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4. Conclusions

We investigate the thermal properties and lattice anharmonicity of garnet solid electrolyte LLZTO. The
thermal conductivity of polycrystalline LLZTO exhibits a peak at about 50 K, and a weak temperature
dependence above 200 K. The measured room-temperature thermal conductivity is about 1.2 + 0.2 W m’!
K-!, which approaches the calculated minimum thermal conductivity. The calculated average phonon mean
free path increases with decreasing temperature and reaches about 500 nm at 5 K. The measured linear
thermal expansion coefficient is about 1.71 £ 0.01 x 10~ K-! at 323 K and increases with temperature. This
thermal expansion coefficient is larger than the reported value for undoped Li;La;Zr,01,.2” Together with
the separately measured bulk modulus,?” the specific heat and thermal expansion coefficient measured here
allow us to determine a room-temperature value of 1.63 + 0.04 for the Griineisen parameter, indicating
relatively large phonon anharmonicity in LLZTO. Furthermore, the aged samples show an enhanced
thermal conductivity as compared to the pristine samples, which can be attributed to the presence of Li,CO4
with larger thermal conductivity than LLZTO. These findings offer useful insights into the relationships
between structure and thermal properties in garnet-type solid electrolytes, which are crucial for effective
thermal management in all-solid-state batteries.
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