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SUMMARY
Transformations at unstable interfaces between solid-state electrolytes (SSEs) and the lithium
metal electrode can lead to high impedance and capacity decay during cycling of solid-state
batteries (SSBs), but the links between structural/chemical/mechanical evolution of interfaces and
electrochemical behavior are not well understood. Here, we use in-situ micro X-ray computed
tomography (CT) to reveal the evolution of mechanical damage within a Li1.4Al0.4Ge1.6(PO4)3
(LAGP) SSE caused by the growth of a lithiated interphase between lithium and LAGP during
electrochemical cycling. The growth of an interphase with expanded volume drives mechanical
fracture in this material, and the extent of fracture within the ceramic during cycling is found to be
the primary factor causing the increase in impedance, as opposed to the resistance of the interphase
itself. Cracks are observed to initiate near the edge of the lithium/LAGP interface, which agrees
with finite element analysis simulations that predict stress concentrations at these locations. This
work provides quantitative links between chemo-mechanical degradation and interphase growth,
and it is thus an important step towards controlling interfaces in a wide variety of solid electrolyte
materials for improved longevity in batteries.

viii

CHAPTER 1: Introduction
1.1: The Need for Solid-State Batteries
Solid-state batteries (SSBs) have the potential for increased energy density and improved
safety compared to conventional Li-ion batteries. SSBs containing a lithium metal anode could
bypass the longstanding challenges of using lithium metal in liquid-based batteries, where growth
of dendrites can cause inefficient cycling and dangerous short-circuiting 1-3. These dendrites have
motivated manufacturers to use graphitic anodes with lithium intercalated into the structure, but
the energy density of these batteries compared to lithium metal is a mere ~372 mAh g-1 compared
to a value as high as ~3,860 mAh g-1 4. The solid-state electrolyte (SSE) membrane within SSBs
may potentially mitigate this issue if filamentary lithium growth can be prevented 5-7. Eliminating
the presence of liquid in batteries also carries practical advantages, as the packaged assembly is
unlikely to leak in the case of mechanical cell damage. Such batteries would be ideal for the
electrification of ground transportation and even aviation, which requires high energy density with
maximized safety and stability. To radically improve battery performance, unlocking the potential
of lithium metal is required, which SSBs can potentially due once they are better understood.
Ceramic SSEs are widely thought to be the most promising type of material due to their high ionic
conductivities, where oxide and sulfide materials have garnered the most research interest in recent
years.

1.2: Interfacial Challenges between Li-Metal and Solid-State Electrolytes
Several key challenges impede the commercialization of SSBs. One problem has been the
relatively low ionic conductivities, but recent efforts into novel material synthesis have resulted in
1

a myriad of new electrolytes that mitigate this issue

8-15

. Therefore, the greater challenge is in

implementing these highly conductive electrolytes into SSBs when paired with a cathode and
lithium metal anode. The understanding of and control over physio-chemical phenomena at the
interfaces between SSEs and electrode materials remain critical issues 16,17. In particular, electrochemo-mechanical degradation driven by interfacial reactions or lithium metal filament
penetration have plagued a variety of different SSB chemistries

18-22

. Growth of new phases

between SSEs and electrode materials can result in high impedance or mechanical degradation that
severely limits SSB performance, galvanizing research efforts to understand the problem in greater
detail 18,23-27.
For many ceramic oxide and sulfide electrolytes, lithium metal filaments have been found
to grow through the SSE when cycled at current densities greater than critical values, resulting in
short-circuiting of cells

19-22

. This has been studied extensively in the material Li7La3Zr2O12

(LLZO), where lithium metal has been observed to grow preferentially along grain boundaries at
current densities significantly less than the ~1 mA cm-2 deemed necessary for practical
applications, despite having the sufficiently stiff mechanical properties theorized for lithium metal
filament suppression 5,20,28,29. However, a different degradation mechanism has been observed for
certain NASICON-type SSEs. NASICON materials are advantageous for SSB applications due to
their relatively high ionic conductivity

30-32

, as well as their good chemical stability against

moisture, air, and some cathodes 26,33,34. A key challenge with NASICONs and many other SSEs
is their instability in contact with lithium metal 35,36, and the growth of an ‘interphase’ region due
to the direct (electro)chemical reaction between the SSE and lithium metal can drive premature
chemo-mechanical degradation of the SSB 18,37.

2

This has recently been investigated for the NASICON material Li1+xAlxGe2-x(PO4)3
(LAGP), where the growth of an interphase layer is thought to cause mechanical fracture 18,36. This
reaction occurs through the reduction of LAGP at the lithium/SSE interface, where LAGP
intercalates lithium into the structure and undergoes morphological changes as it changes phase.
Through in-situ transmission electron microscopy (TEM) and other experiments, our recent work
showed that the reaction between LAGP and lithium involves amorphization and volume
expansion, and the morphology of the reacted interphase was found to be highly dependent on
current density 18. This volume expansion was assumed to generate stresses that caused mechanical
fracture, but little is known regarding the direct links between interphase formation and chemomechanical degradation of SSBs throughout electrochemical cycling. This knowledge is important
for enabling the protection and passivation of the wide variety of different SSEs with unstable
interfaces for use in SSBs with lithium metal anodes.

1.3: X-Ray CT for Understanding Solid-State Electrolyte Degradation
Scanning electron microscopy (SEM) is a common technique to observe changes in battery
materials, but this method is typically limited to ex-situ imaging, where experiments are stopped
and samples are removed from the cell to visualize results. Particularly when using lithium metal,
this is problematic, as reactions between experimentation and imaging can convolute the results.
To remedy these limits, X-ray computed tomography (CT) is a way to nondestructively image
internal components of batteries. The additional benefit is the ability to image morphological
changes in-situ, allowing for more fundamental understanding of battery material evolution.
X-ray computed tomography at the micro- and nanoscale has previously been used to probe
morphological evolution of battery electrode materials primarily in liquid-electrolyte-based
3

lithium batteries 38-44. X-ray CT produces two-dimensional projection images of objects at multiple
angles of incidence, which can then be used to construct a three-dimensional rendering of portions
of electrodes or of full battery cells. Several previous studies have quantified chemo-mechanical
degradation and fracture processes in battery electrode materials and have linked these processes
to electrochemical behavior

43,44

, and others have used CT to observe morphological changes in

SSBs 45,46. However, the potential of in-situ X-ray CT for probing chemo-mechanical degradation
processes in SSBs has not been fully realized.
1.4 Visualizing Chemomechanical Degradation of LAGP
Here, in-situ X-ray micro CT was used to visualize fracture processes and interphase
growth in LAGP solid electrolytes during cycling of symmetric solid-state cells, which enables us
to directly correlate electrochemical behavior to mechanical degradation. Three-dimensional (3D)
CT datasets were collected at different times during electrochemical cycling, and they reveal how
the continuous growth of an interphase at the lithium/LAGP interface causes initiation and
propagation of cracks within the bulk of the SSE. Finite element modeling shows that stress
concentrations arise at the edge of the reacted interphase, which correlates with the experimentallyidentified fracture initiation points. Additionally, the observed web-like crack network within the
SSE was driven by the spatial variation of the different predicted stress components. Fracture of
the SSE was found to be directly responsible for impedance increases during cycling, contrasting
with the general view that interphase layers themselves are the principal source of increased
impedance. This work directly demonstrates that interfacial chemical instabilities can have
significant effects on the mechanical degradation of solid electrolytes, and the in-situ insight into
degradation processes herein sets the stage for engineering improved solid-state batteries.

4

Chapter 2: Methods
2.1 Material Synthesis
LAGP was synthesized with a sol-gel process 18,47. 0.2 M citric acid and 0.8 M Ge(OC2H5)4
were mixed in water on a hot plate for 20 h at a temperature of 80 °C. Stoichiometric amounts of
LiNO3, Al(NO3)39H2O, and NH4H2PO4 were added to the solution and stirred for 30 min.
Ethylene glycol was then added in the same molar ratio as the citric acid, and the temperature was
ramped to 120 °C and held for an additional 30 min. The solution was gradually dried by ramping
the temperature to 150 °C for 30 min and 170 °C for 60 min. This resulted in a dry powder that
was then heat treated in a furnace at 500 °C for 4 h and then at 800 °C for 5 h. This powder was
thoroughly ground using a mortar and pestle and then ~0.2 g of the material was pressed uniaxially
at ~65 MPa into pellets approximately 9.5 mm in diameter and 1 mm thick. These pellets were
sintered in a furnace in air for 11 hours at 900 °C, resulting in a diameter decrease to ~8.6 mm
while maintaining the 1 mm thickness. The resulting faces of the LAGP pellet were somewhat
smooth, and were not polished further. The LAGP synthesized in-house is a single-phase material
with a rhombohedral crystal lattice (Figure 1a) and a typical ionic conductivity between 0.1 and
0.3 mS cm-1 18 (Figure 1b).

5

a)

b)

Figure 1: a) XRD of pristine LAGP showing intensity peaks characteristic of the rhombohedral
crystal structure. b) Nyquist plot from a symmetric Au/LAGP/Au cell.

2.2 Cell Fabrication
In an Ar-filled glove box, 0.75 mm thick lithium metal foil was punched into ¼-in diameter
disks and pressed onto both sides of an LAGP pellet. There were two different assemblies used in
this project, with the construction visualized in Figure 2 below. The assembly in Figure 2a
demonstrates the lithium/LAGP/lithium stack being loaded into a commercial 2032 stainless steel
coin cell, where a steel spacer and conductive foam on one side allow the crimping pressure to be
distributed evenly through the brittle ceramic SSE. The assembly in Figure 2b is similar, but three
individual lithium foil disks were instead used on both sides of the LAGP. The thicker lithium
allowed the top and bottom surfaces of the SSE to be clearly resolved during CT imaging. Without
this extra lithium thickness, the faces of the LAGP could not be cleanly resolved from the steel
coin cell casing.

6

b)

a)

Figure 2: a) Cell Construction A, using conductive foam and steel spacer to distribute stack
pressure. b) Cell Construction B, using 3 pieces of lithium foil on each side of the LAGP.

Construction A was used for the electrochemical experiment detailed in Figure 3, and
Construction B was used for the electrochemical experiments detailed in Figures 4 - 6. For both
types of cell assemblies, the stack was crimped at approximately 500 psi. Keeping the
lithium/LAGP/lithium stack inside of these crimped coin cells allowed for the lithium metal to
avoid oxidation throughout each experiment.
2.3 Electrochemical Tests
A Bio-Logic SP200 potentiostat was used to apply either a constant current (galvanostatic
control) or constant voltage (potentiostatic control) during all cycles. Each cycle consisted of one
hour operating at a positive current, and one hour operating at a negative current. Four total
electrochemical tests were conducted for the results described herein. One test used Cell
Construction A, and the other three tests used Cell Construction B. Each of these four tests is
described below, where two were in-situ, and two were ex-situ. All fabricated cells were allowed
to sit for at least 24 h under open circuit conditions before electrochemical testing to allow the
epoxy used for mounting to fully cure. To monitor ionic impedance evolution in each test, EIS was

7

conducted before and after each CT scan with a frequency sweep from 3 MHz to 2 Hz and a sine
wave amplitude of 5 mV.
The electrochemical results displayed in Figure 3 were from the in-situ test utilizing Cell
Construction A. Galvanostatic cycling was conducted beginning at 0.10 mA cm-2 and ramping to
0.28 mA cm-2. At this point, the cell began to degrade, so potentiostatic control was introduced.
The last few cycles operated from 1.5 V up to 4.0 V. The total duration of electrochemical testing
was 52 h.

Figure 3: Galvanostatic cycling current densities and resulting overpotentials shown from 0 h to
32 h. Potentiostatic cycling voltages and resultant currents shown from 32 h to 52 h.

Figure 4 shows electrochemical data from an ex-situ test utilizing Cell Construction B. The
purpose of this test was to visualize the reacted interphase growth before and after cycling at a low
current density. Before cycling began, the cell was allowed to sit at open circuit voltage for 99 h.
The cycling itself involved 45 h of cycling at a constant current of 0.10 mA/cm-2. After cycling
concluded, the cell was allowed to sit at open circuit voltage for an additional 22 h. The

8

corresponding CT scans were conducted immediately after construction, and then once again after
the entire 166 h experiment.

Figure 4: Galvanostatic cycling overpotentials shown for 45 h of cycling
at 0.10 mA cm-2.

Figure 5 shows electrochemical data from an in-situ test utilizing Cell Construction B. This
test used a similar current ramp from before, starting at 0.10 mA cm-2 and increasing up to 0.30
mA cm-2. Then, potentiostatic control was applied for the last 3 cycles, increasing from 2.0 V to
4.0 V. The total time of electrochemical testing was 35 h.

9

Figure 5: Galvanostatic cycling current densities and resulting overpotentials shown
from 0 h to 23 h. Potentiostatic cycling voltages and resultant currents shown from 23 h
to 35 h.

Figure 6 shows electrochemical data from another ex-situ test utilizing Cell Construction
B. The purpose of this test was to visualize the reacted interphase growth after cycling using crosssectional SEM, and to prove that interphase growth itself was not significantly impacting the
impedance. Before cycling began, the cell was allowed to sit at open circuit voltage for 24 h, then
a current ramp from 0.10 mA cm-2 up to 0.20 mA cm-2 for a total of 12 h was introduced before
the cell was opened.

10

Figure 6: Galvanostatic cycling current densities and resulting overpotentials shown for the 12 h
current ramp for the ex-situ cross-sectional SEM experiment.

2.4 X-ray Imaging
Imaging was carried out using a Zeiss Metrotom 800 CT instrument. A schematic of the CT setup
and representative results are provided later in the Results & Discussion section in Figure 12. A
voltage and current of 130 kV and 49 µA were used. Each projection image was acquired over 500
ms and then averaged with another image from the same angular position for a total of 1000 ms
per projection. For the experiments described by Figures 3 and 4, each tomographic scan consisted
of 1760 total 2D images collected over a rotational sweep of 360°. For the experiment detailed
Figure 5, the scan was optimized to collect 660 total images over the 360° rotation to ensure at
least full Nyquist sampling 48. The methods used are similar to those recommended in previous
work by P. Pietsch et al. 49.
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2.5 CT Data Processing
The tomographic data were reconstructed using a filtered back projection algorithm with a
Shepp-Logan filter. The raw 3D volumes generated by each scan were analyzed in VGSTUDIO
MAX 3.1, a visualization and analysis software for CT data created by Volume Graphics Inc.
Proper segmentation of the pellet surface geometry required high local contrast; as such, the region
surrounding the LAGP pellet was isolated from the primary volume with the specification of a
region of interest (ROI) around the pellet volume. To ensure that the same region was used for
each scan of the SSB, a template was created large enough to accommodate the lithium and the
LAGP pellet. The isolated volume containing the LAGP pellet and lithium was exported into
image stacks in the XY, YZ, and XZ planes with each image representing one voxel of thickness
in the direction normal to each respective image plane. An example 3D volume and subsequent 1voxel thick slices are shown below in Figure 7.

a)

b)

c)

Figure 7: a) 3D rendering of an LAGP pellet. b) 2D slice of the XY plane. c) 2D slice of the XZ
plane.
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2.6 Data Analysis
The data collected from the in-situ experiments was used to construct 3D crack networks
as seen later in Figure 13 in the Results & Discussion Section. The MATLAB “imadjust” function
was used to optimize contrast of the 2D slices to differentiate between the cracked and uncracked
regions. Then, the open-source ImageJ/Fiji software was used to segment each pixel in the images
into categories of uncracked, cracked, or background via the trainable weka segmentation tool.
This was achieved by training a “class” in the software, a process that involves manually labeling
different regions. After the classes were applied to segment the images, the images were filtered
of noise to produce the binary crack images within the LAGP volume. This process is shown below
in Figure 8. This process was repeated for each 3D volume, where the stacks of 2D images were
dropped in for batch processing.
a)

b)

c)

d)

e)

Figure 8: a) Raw XY slice data directly from 3D volume. b) Slice after contrast enhancement in
Matlab. c) Result of trainable weka segmentation tool in Fiji. d) Result of filtering noise out in
Matlab. e) Binarized image of crack network only.

The damaged area in Figure 20 presented later in the Results & Discussion was quantified
by measuring the width of cracked regions that traverse Li+ ion flow pathways (i.e., along the axis
of the cylindrical pellet) and dividing by the total contact area between LAGP and lithium. A
13

sample of 11 cross-sectional image slices from each tomogram were segmented into areas that
were cracked or uncracked. This 11-slice representative sample was employed to estimate the
damaged area throughout the entire pellet. A sample image showing the transverse cracks and area
representation is shown below in Figure 9. This damaged area is an important indication of the
mechanical degradation that the SSE pellet has undergone.

b)

a)

Figure 9: Damaged area calculation procedure. a) Locations of the 11 cross-sectional slices from
which the damaged area was calculated for each tomogram. b) Diagram showing how the
damaged area was computed for each slice.

2.7 FEA Simulations
All FEA work was done by Arman Afshar and Dr. Claudio V. Di Leo from the Georgia
Tech Daniel Guggenheim School of Aerospace Engineering. The finite element modeling and
simulations were done in ABAQUS, and is their contribution to this project. The following
information (and FEA discussion in the Results & Discussion section) are concisely provided as
context for the other findings in this work.

14

A fully-coupled deformation-diffusion theory was used to predict the stresses generated
within the LAGP material due to interphase formation and volumetric expansion. The growing
interphase region was allowed to deform elastic-plastically, and this theory was implemented in
the finite element package ABAQUS through the use of custom user elements. The experimental
domain was modeled in two-dimensions as half of an axisymmetric disk with roller boundary
conditions (Figure 10a). The mesh used was refined at the top interface where the reaction occurs
to provide more accurate stress resolution in these zones, and the entire mesh consisted of
approximately 100,000 elements (Figure 10b). The reacted region was prescribed a-priori using a
spatially varying diffusivity with the reacted region having a diffusivity much larger than the bulk
of the LAGP. The lithium was simulated to react with the LAGP via a constant flux over 80% of
the top surface area, which mimics the real lithium/SSE contact.
a)

b)

Figure 10: FEA modeling. a) Prescribed flux and boundary conditions on 2D axisymmetric disk.
b) Mesh of disk, with smaller elements close to reaction region.
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The simulation was then evolved in time allowing for the prescribed reacted region to
expand, flow plastically, and for the resulting stresses to generate. Evolution in time during these
simulations has no physical meaning and serves only to evolve the simulation domain from a
pristine configuration to one in which there is an expanded interphase region. The thickness of the
region itself is a measure of physical time, and this thickness evolution is shown below in Figure
11. The resultant stresses after the interphase reaches a prescribed thickness that matches with exsitu cross sectional SEM are simulated and presented in the Results & Discussion section.

The mechanical properties are assumed to be the same as those of a similar material
Li1.3Al0.3Ti1.7(PO4)3 (LATP) 50. FEA methods are based off of past studies done on the lithiation
and corresponding morphological evolution of electrode materials for batteries 51-59.

Figure 11: Reaction progression, showing the interphase thickening over time. The reaction
coordinate is a measurement of the extent to which a particular region has been lithiated.
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Chapter 3: Results & Discussion
3.1 Visualizing Electrochemically Driven Crack Initiation and Propagation in LAGP
In these experiments, symmetric lithium/LAGP/lithium coin cells were constructed and
electrochemically cycled within a lab-scale CT instrument as described previously in the Methods
section. Figure 12a shows a schematic of the X-ray CT experimental setup, in which the coin cell
was rotated 360° while projection images were collected. The Methods section contains detailed
experimental information related to electrochemical tests, CT experiments, and tomographic
reconstruction. In the configuration used here, CT imaging enables the differentiation of the solid
electrolyte pellet from the lithium electrodes and the steel casing of the cell due to local contrast
differences. Figure 12b shows a 3D rendering of a pristine 8.6 mm diameter LAGP pellet within a
symmetric lithium/LAGP/lithium cell before cycling, and Figure 12c shows the same pellet after
electrochemical cycling for 35 hours (cycling data is shown in Figure 3). The pellet was damagefree before cycling, while there is clear evidence of fracture after cycling. A voxel dimension of
18.9 m was achieved in these experiments; this resolution is lower than nano-CT and synchrotron
measurements

49

, but micro CT enables imaging of the full cell, which is critical for mapping

global mechanical degradation of the entire SSE.
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a)

b)

c)

Figure 12: a) In-situ X-ray micro CT experimental setup for imaging a SSE within a symmetric
lithium/LAGP/lithium coin cell. b) A 3D-rendered volume of a pristine LAGP pellet (8.6 mm
diameter) within a symmetric cell before electrochemical cycling. c) A 3D-rendered volume of
an LAGP pellet within the same cell after electrochemical cycling. The 2D slice extracted from
this image shows that a crack network has grown in the material.

To understand the evolution of the SSE morphology during battery cycling, in-situ
experiments were performed. Figure 13a shows the electrochemical data from a symmetric cell
over the course of a 52 h experiment (same as data from Figure 3). The cell was first cycled
galvanostatically with current densities that were periodically increased from 0.10 mA cm-2 to 0.28
mA cm-2. After 32 h, the overpotential started to increase rapidly, prompting a switch to
potentiostatic control to avoid operating at excessive cell voltages. The cell was then cycled at
progressively larger voltages from 1.5 V to 4.0 V in 4-hour increments until testing concluded.
After each set of two cycles (4 h of total cycling), the electrochemical test was paused and a CT
scan was conducted to render a 3D image of the LAGP. Figure 13b shows one-voxel-thick
horizontal slices extracted from the center of the SSE pellet at different times during the
experiment. Fracture is observed in the form of dark lines within the high-contrast LAGP. The
18

cracks are visible in these CT slices since X-ray scattering is highly dependent on density, and the
absence of material within the cracks leads to lower density. The temporal evolution of the crack
network is shown in Figure 13c; these images of the crack network were generated by filtering all
2D slices of the pellet through a trainable binary segmentation algorithm, then re-stacking them
into a 3D volume (details in Methods). It is important to note that Figure 13b only shows one
horizontal slice from the cracked SSE, whereas Figure 13c shows the crack network through the
entire thickness of the pellet. Several pre-existing pores exist in Figure 13(i), which are
consistently visible throughout the experiment. Fracture was first visible after 24 h of galvanostatic
cycling (Figure 13c(ii)). Figure 13c(ii) reveals two separate cracks extending radially from the
interior of the pellet to the perimeter. These cracks were observed to extend through the thickness
of the LAGP pellet, parallel to the direction of Li+ transport. Additional radial cracks initiated near
the edge of the pellet as cycling progressed, and each of these cracks lengthened and thickened
with further cycling (Figure 13c(iii-v)). Circumferential cracks also formed, branching out from
these radial cracks closer to the center of the LAGP pellet to create the interwoven web pattern
shown in Figure 13c(iii-v). In the data in Figure 13b and c, the area close to the edge of the pellet
underwent significantly less damage than the pellet interior. This is because the lithium metal
electrodes only contacted 75% of the surface area and did not contact the outer edge of the LAGP.
This suggests that the interfacial interaction between the lithium and LAGP is correlated with crack
formation.

19

a)

b)

c)

Figure 13: Electrochemical data and mechanical degradation of LAGP within a
lithium/LAGP/lithium cell during cycling. a) Electrochemical measurement in which
galvanostatic cycling at increasing current densities was performed (details in Methods). X-Ray
CT scans were conducted every 4 h of electrochemical cycling, where each new color
corresponds to a change in cycling parameters. b) 2D slices from the center of the LAGP pellet
extracted from the 3D tomogram (i) before electrochemical cycling and after cycling for (ii) 24
h, (iii) 32 h, (iv) 44 h, and (v) 52 h. The dark lines represent cracks within the LAGP pellet,
forming a web-like pattern. c) 3D crack networks shown throughout the entire LAGP pellet at
the same time increments as in (b). The increase in crack volume between these measurements
(mm3) is shown above the blue arrows between the images, and the amount of charge transferred
between measurements (mAh) is shown below the green arrows between images.
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The segmented data in Figure 13c also enabled quantification of the total crack volume and
the quantity of cracks within the LAGP pellet during cycling. The increase in crack volume
between scans is notated in Figure 13c in mm3, and Figure 14 and Table 1 contain complete crack
volume and quantity data from the experiment. The greatest number of new cracks was observed
between 28 and 32 h of cycling (the scan in Figure 13c(iii)), while the crack volume increased
continuously after this even though fewer additional cracks formed. Thus, the crack volume
increased early in the experiment largely due to the formation of new cracks, while the continued
increase of crack volume later in the experiment was due both to the formation of new cracks and
to the widening and lengthening of already-existing cracks.

Figure 14: Graph of the number of cracks and total crack volume as a function of charge
transferred for the data in Figure 13. There is a significant jump in both crack volume and
number of cracks after ~3.3 mAh of charge is passed.
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Table 1: Table summarizing the electrochemical and mechanical degradation of the LAGP
pellet shown in Fig. 2 in the main text over 52 h of electrochemical cycling. Column 1 shows
the total amount of cycling time, corresponding to Fig. 2a. Column 2 shows the 2D image slices
for all scans without the initial ~24 h of scans that do not show changes in morphology. Column
3 shows the 3D-rendered crack networks. Column 4 shows the change in crack volume between
scans. Column 5 shows the charge transferred between scans. Column 6 shows the change in
impedance between scans, as measured with EIS. Column 7 shows the number of new cracks
detected in each scan.
Δ Crack
Volume
(mm3)

Charge
Transferred
(mAh)

Δ
Impedance
()

Δ
Number
of Cracks

0

0

0

0

0

24

0.089

2.179

-1,200

2

28

0.24

0.5447

1,500

2

32

1.667

0.5447

22,700

42

36

0.6158

0.1540

31,000

11

40

0.8545

0.1241

35,000

7

44

0.7812

0.1205

75,000

8

48

1.773

0.1131

150,000

10

52

1.214

0.6640

140,000

5

Total
Cycle
Time (h)

Mid Slice

3D Cracks
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EIS throughout this in-situ experiment revealed the increase in impedance seen in Table 1,
and is shown below in Figure 15. Further insight into the link between mechanical and
electrochemical degradation is provided in Section 3.3.
a)

b)

Figure 15: a) Nyquist plot of impedance profiles of lithium/LAGP/lithium cell corresponding to
each CT scan. b) Zoomed-in plot of Figure 15a showing EIS curves for early, uncracked scans.

3.2 Resolving the Reacted LAGP/Lithium Interphase
Additional experiments were carried out to investigate the interphase that forms due to the
(electro)chemical reaction between lithium and the LAGP. Prior work has shown that the
morphology of this interphase is highly dependent on the applied current density, with uniform
reacted layers that form at low currents (<~0.1 mA cm-2) and non-uniform penetration of the
interphase into the bulk of the SSE at higher currents (>~0.2 mA cm-2) 18. The electrochemical
growth of this interphase is likely the preferred reaction process in contrast to direct lithium plating
under the experimental conditions employed here, but it is difficult to deconvolute the two possible
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processes. The in-situ electrochemical cycling produces an interphase, but the thickness is too
small to identify it with the resolution of the current experiments. To detect the formation of an
interphase layer, a symmetric cell was constructed and cycled it at lower currents (0.1 mA cm-2,
Figure 4) to allow for the growth of a thicker, uniform interphase. Higher current results in
interphase growth that is thinner at interface, but a complex, non-uniform 3D morphology inside
the LAGP pellet. Understanding this 3D morphological growth is a subject of interest in future
work that will be addressed in the Conclusions section.
CT scans were conducted before and after this ex-situ experiment. Figure 16 shows crosssectional images of a portion of the same slice within this pellet before and after electrochemical
testing. The SSE was fractured after this process, and it is clear from the image that the top and
bottom surfaces of the LAGP pellet were transformed. After cycling, the surface regions exhibited
a darker contrast due to the intermediate density of the reacted interphase, which was expected
since the reacted interphase forms via a conversion-like reaction and incorporation of a significant
amount of lithium 18,37. In addition, cracks can be seen in the “After” image, as the growth of this
interphase likely drove fracture in the bulk SSE material.
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Figure 16: Extracted 2D cross-sectional slices of an LAGP pellet before (top) and after (bottom)
undergoing chemical reaction and cycling at low current densities. The formation of a darker
region at the lithium/LAGP interface after electrochemical treatment signifies the growth of a
reacted interphase region.

The gray interphase region visible in the image of the cycled sample creates a more gradual
contrast gradient, and the interphase was measured to be between ~60 and ~100 μm thick (Figure
17) throughout this contact area. Figure 17 also shows that the interphase is relatively uniform
across the entirety of both the top and bottom surface of the LAGP, and that significant mechanical
damage has accompanied the growth of the interphase.

~ 60 μm

~ 100 μm

~ 80 μm

~ 60 μm

~ 60 μm

Figure 17: Post-cycled slice of LAGP showing the interphase and it’s thickness at different
locations. The interphase measures between 3 and 5 pixels thick (60 to 100 μm), demonstrating
significant growth that is detectable using this micro-CT methodology.
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The plot in Figure 18 shows the normalized image intensity across the interphase region
averaged over multiple areas of the pellet. This result occurs because X-rays attenuate more when
passing through material of higher density, meaning that the pristine LAGP will attenuate more
than the interphase, and the interphase will attenuate more than metallic lithium.

Figure 18: Averaged image intensity across the lithium/LAGP interface over a wide area of the
pellets in Figure 16 after reaction shows that the reacted interphase results in a shallower
gradient; this indicates that the interphase is detected across much of the pellet.

These results show that these X-ray micro CT measurements are capable of tracking the
formation of the reacted interphase in this material. As briefly mentioned, the interphase formed
as a uniform layer in this ex-situ experiment, but this was not the case for the in-situ experiments
in Figures 3 and 5 in which the cell was subjected to larger current densities. In these cases, a thick
uniform interphase layer was not visible, and the interphase likely grew into the pellet in a nonuniform fashion (as has previously been shown with SEM imaging) 18. In either case, however, the
growth of the expanded interphase likely induces stress and fracture in the SSE.
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3.3 Linking Mechanical and Electrochemical Degradation
To understand how crack propagation and impedance are related, a separate in-situ
experiment was conducted, with electrochemistry shown in Figure 5. Electrochemical impedance
spectroscopy (EIS) showed that the overall cell impedance increased significantly (175-fold)
during cycling (Figure 19).
a)

b)

Figure 19: a) Nyquist plot of impedance profiles of lithium/LAGP/lithium cell corresponding to
each CT scan. b) Zoomed-in plot of Figure 19a showing EIS curves for early, uncracked scans.

Figure 19 shows the impedance of this cell as a function of the total charge transferred
during the experiment, which does not track directly with time since current or cell voltage was
changed throughout. To directly compare mechanical and electrochemical degradation, Figure 20
contains a metric representing the extent of fracture (“damaged area”) within the SSE as a function
of total charge transferred. These values are compared to the impedance pulled from each CT scan,
in which specific data is shown in Figure 19 above.
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Figure 20: The impedance of a lithium/LAGP/lithium cell as a function of the total amount of
charge transferred. The damaged area, measured as the fractional area with visible cracks in the
cross-sectional X-ray images, increases concurrently with the cell impedance, showing the direct
correlation between mechanical and electrochemical degradation.

The damaged area was evaluated by examining multiple cross-sections of the SSE pellet
from a given CT scan and determining the fraction of the total width of each cross section that was
traversed by visible cracks (see Methods and Figure 9 for details). Thus, the “damaged area” metric
is an estimate of the fraction of the SSE area that features cracks that would inhibit Li-ion transport.
As shown in Figure 20, the cell impedance rose only slightly during the early part of this
experiment, during which no visible cracks formed. When fracture was first detected in the SSE
after ~2.2 mAh of charge transferred, the impedance increased noticeably from 2.81 k cm2 to
6.80 k cm2. As the crack network continued to grow, as measured by the damaged area in Figure
20, the impedance significantly increased. At the conclusion of the experiment, the impedance had
risen to ~256 k cm2 and the damaged area was measured to be 72.4%. The pellet was likely even
more fractured than this metric indicates, since cracks smaller than the resolution limit could exist
that were not detected, and cracks close to the lithium/LAGP interface were also difficult to image.
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The strong correlation between the damaged area and cell impedance shown in Figure 20
indicates that electrochemical failure of these cells was due to mechanical fracture, which impedes
Li+-ion transport. Ion transport could be influenced both by the increasing quantity of cracks as
well as by the increasing volume of and loss of contact at voided fracture regions. Moreover, the
lack of a significant increase in impedance prior to crack initiation in Figure 20 indicates that the
interphase does not hinder ionic and/or electronic transport, as the interphase is likely a mixed ionelectron conductor.
To confirm the conclusion that the increase in impedance was due to mechanical
degradation and not the formation of the interphase itself, an ex-situ electrochemical experiment
was carried out (details in Methods and Figure 6).

A current ramp was applied to the

lithium/LAGP/lithium symmetric cell, and cycling was stopped after just 12 hours of the
electrochemical experiment (Figure 21a). Cycling was stopped before fracture occurs,
guaranteeing that mechanical degradation has not yet had an impact on the performance. The
impedance was measured via EIS before and after cycling, and the cell was opened after so that
cross-sectional SEM could be done on the sample. The impedance change is detailed in Figure 21b
below, showing that no discernible increase can be seen, despite the formation of the interphase
that is shown in Figure 21c. The interphase that forms before fracture with these electrochemical
conditions is ~25 μm thick, and it was expected to grow in a non-uniform fashion during the
fracture process 18. Therefore, it is confirmed that in this material, it is not the transport properties
of the interphase that drive electrochemical degradation; instead, it is the chemo-mechanical
expansion process that governs fracture and global cell degradation.
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a)

b)

c)

Figure 21: Ex-situ galvanostatically cycled symmetric cell stopped before fracture leads to
interphase development without an increase in impedance. (a) Galvanostatic data of current ramp
preceded by ~24 h of holding at open circuit. (b) EIS showing no increase in impedance between
cell construction and the end of cycling. (c) SEM showing the growth of a 20-25 μm thick, mostly
uniform interphase.
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3.4 Origin of Fracture in SSEs
Further analysis of crack patterns and stress evolution within the SSE was undertaken to
pinpoint the origin of fracture. In the in-situ experiment discussed in Figure 5, fracture was first
detected after 22 hours of cycling. Similar to the prior experiment in Fig. 2, fracture progressed
throughout cycling, and the final CT scan revealed a crack network spread throughout the SSE
pellet. Figure 22(i) and (ii) show different cross-sectional slices of this LAGP pellet after cycling;
these slices are oriented as shown by the dashed lines in the top-down image of the pellet in Figure
22(iii). The cross sections show that large cracks exist near the surface at the right side of the pellet
and extend in various directions. The segmented image in Figure 22 is a result of binarization in
ImageJ/Fiji identical to that of the crack networks described in the Methods section.

Figure 22: Cross-sectional image slices with different orientations from the cell with
electrochemistry described by Figure 5 after cycling. The first visible cracks formed at the upper
right side of each image at the locations marked with “O.” The images in (i) and (ii) are mapped
onto the top-down schematic of the full pellet (the white circle) in (iii) with dashed colored lines.
The gray shading in (iii) corresponds to the lithium contact area, and the points of fracture
initiation seen in (i) and (ii) are again marked with “O.” The cracks initiated at the edge of the
lithium/LAGP contact area.
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The progression of fracture over the course of cycling at these two locations is shown in
Figure 23, and it is evident from this analysis that these large cracks initiated at the top surface of
the pellet after ~22 h of cycling. Once the initial cracks form, each subsequent CT tomogram shows
the progression of fracture stemming from that same region. This location at the top surface of the
pellet corresponds to the edge of the lithium contact region, as shown by the artificial gray shading
on the outlined pellet in Figure 22(iii).

Figure 23: Image slices showing fracture initiation and progression with cycling from the same
locations in the pellet as shown in Figure 22. (a) Slices in the YZ plane. (b) Slices in the XZ
plane.

This mapping of lithium was possible because the lithium electrodes were directly visible
in the X-ray images (Figure 24). It is therefore clear that the cracks initiated near the edge of the
lithium/LAGP contact area, and that some of the thickest visible cracks extended from this region.
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Figure 24: Images showing 2D slices of the lithium electrode from the experiment shown in
Figure 5. Shows the lithium electrode on the bottom surface as well as the top surface of the
LAGP. The lithium area is between 75% and 80% of the LAGP area (not shown).

3.5 Stress Development and FEA Results
To quantify the links between interphase formation and fracture during cycling, finite
element analysis (FEA) was used to simulate the evolution of stresses due to the dynamic
formation of the interphase region. These FEA simulations were done in ABAQUS by Arman
Afshar and Dr. Claudio Di Leo. In these simulations, the maximum volume expansion of the
reacted interphase was 130%, as measured from the chemically-reacted interphase from postmortem SEM (Figure 25). As can be seen, the volumetric expansion is the same between the
simulation and past experiments, indicating that the stress development was likely similar.
However, it is important to note that these simulations assume a uniform interphase growth,
whereas in reality this interphase likely grows in a non-uniform way. This ex-situ cross-sectional
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SEM was a product of our previous work in which the reacted interphase between LAGP and
lithium was characterized 18.

a)

b)

b)
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25: a) Cross-sectional SEM image of an LAGP pellet after being in contact with lithium
Cr
for
os >100 h. The lithium foil has been removed, and the darker region at the top of the pellet is
the
s- reacted interphase region. The image shows the edge of the reacted interphase region, which
only
se formed under the lithium contact area. b) Contours of reaction coordinate c ϵ [0,1]
visualized on the simulated, fully-expanded interphase region. The simulation features a sharp
cti
concentration gradient, as observed in (a).
on
al
SE
M
One challenge with these simulations was that the mechanical properties of LAGP and the
im
ag
reacted
LAGP interphase are unknown. As an approximation, a Young’s modulus of 115 GPa was
e
used
of for the unreacted LAGP, which is a value that has been measured for the similar NASICON
an
material
Li1.3Al0.3Ti1.7(PO4)3 50. Other materials properties (e.g., yield stress and Young’s modulus
LA
G
of
P the reacted interphase) have not been measured. A description of the boundary conditions and
pe
meshing used is provided previously in the Methods section.
lle
t
This model was used to simulate the interphase formation process and its effect on
aft
er
mechanical
stress evolution. Due to the symmetry of the experiment, the problem was modeled as
be
in
ag two-dimensional axisymmetric disc. The different stress components (radial stress σrr,
in
circumferential stress σθθ, and axial stress σzz) were tracked as the interphase evolved. As shown
co
nt Figure 26, tensile circumferential stress would cause radial cracks to form, and tensile radial
in
ac
t
34
wi
th
lit

stress would cause circumferential cracks to form. The binarized image shown below is from a 2D
slice of an LAGP pellet from the experiment detailed in Figure 3, where the different crack
directions can be explained by different components of stress. The vertical stress acts out of plane,
so it is not visualized here.

Figure 27: Segmented 2D image slice of a fractured LAGP pellet showing how radial stress (σ rr)
can cause circumferential cracks and circumferential stress (σθθ) can cause radial cracks. The
yellow shading denotes the approximate region of lithium metal contact with the LAGP.

Figure 27 shows contours of the radial stress σrr, circumferential stress σθθ, and axial
stresses σzz respectively. Only positive stress values are displayed here, as these would be
responsible for crack formation and propagation. Areas shown in black have negative stress values,
and the reacted interphase region therefore experiences compressive stress.
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a)

b)

c)

Figure 29: a) Radial stress (σrr) contours from the simulation; all regions showing compressive
(negative) σrr are shown in black. The magnified region shows radial stress concentrations near
the edge of the expanded interphase. b) Circumferential stress (σθθ) contours from the simulation
with compressive stress values shown in black. The magnified region shows circumferential stress
concentrations near the edge of the expanded interphase. c) Axial stress (σzz) contours from the
simulation with compressive stress values shown in black.

These FEA results show stress concentrations near the edge of the lithium/LAGP interface,
corresponding closely to experimental observations. The following section will discuss this, as
well as the magnitude of simulated stresses and their correlation with the mechanical damage
observed in the experiments.
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3.6 Comparing Simulated and Experimental Results
Figure 27a and b show that there are tensile stress concentrations in σrr and σθθ within the
unreacted LAGP near the edge of the reacted interphase region. The position of the peak value of
σθθ corresponds to the experimentally-observed initiation location of the radial cracks that extend
to the edge of the pellet, as shown in Figure 26. Figure 27a shows that the region underneath the
reacted interphase experiences tensile radial stress σrr, while the region near the edge of the LAGP
pellet away from the reacted interphase is under compression. This indicates that circumferential
cracks should occur only beneath the reacted interphase and not near the edge of the LAGP. The
experimental crack pattern in Figure 26 confirms this prediction, as circumferential cracks are
found only beneath the lithium contact area. In contrast, Figure 27b shows that the circumferential
stress σθθ is positive throughout much of the simulation domain, indicating that radial cracks can
grow even to the extreme edge of the pellet. This too agrees with the experimental results (Figure
26) where radial cracks in the LAGP propagate from the edge of the interphase region throughout
the pellet, including to the pellet’s perimeter.
Figure 27c shows similar results for the axial stress σzz. The axial stress is concentrated
directly beneath the entire width of the reacted interphase, indicating that horizontal cracking and
delamination can occur between the reacted interphase and the pristine LAGP. It is hypothesized
that such horizontal cracks can significantly influence impedance because they would directly
block Li+ transport. A model showing this Li-ion blocking by horizontal cracks is shown earlier in
the Methods section in Figure 9b. An idea derived from this model is that horizontal cracks might
be the most important of the three crack types, as they can directly impede Li-ion transfer. This
type of cracking has been seen both in this study in Figure 23, and also in a previous study using
ex-situ SEM 18.
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One limit to this modeling is that it is unclear what amount of interphase expansion led to
the first crack initiations. To show how these initial cracks might have formed, Figure 28 shows
the evolution of σθθ at different times during the growth of the interphase region. This specific
stress is modeled, as the first observed cracks extend radially from the edge of the interphase to
the pellet edge.

Figure 30: Simulated evolution of circumferential stress within the LAGP pellet as the
interphase grows in thickness.

The circumferential stress concentrates near the edge of the reacted interphase beginning
at early times during the reaction process, and the magnitude of tensile stress increases throughout
the LAGP as the reacted interlayer increases in thickness. This result again supports the
observation that cracks initiated at the edge of the reacted interphase, regardless of when the cracks
initiate.
Quantitative values are presented, but it is difficult to determine what magnitude results in
crack opening. Previous work has shown that the similar material LATP is expected to fracture
when experiencing stresses in excess of 150 MPa, due to microstructural flaws and grain size 50.
This is on the same order of the stresses predicted in Figure 27, indicating that the magnitudes of
predicted stress are realistic and can lead to fracture in the SSE.
38

The temporal evolution of stress and the locations of maximum stress predicted by these
simulations are in good agreement with the experimentally-observed evolution of fracture patterns.
It is important to note that the simulations are useful for providing an understanding of where
cracks could initiate and propagate. They cannot fully determine the experimental crack patterns,
as the crack formation process itself will alter the stress field, and the simulations also do not
account for crack initiation at flaws. Furthermore, the stress values shown in each figure depend
on the materials properties used (some of which were estimated), and these values should thus be
treated qualitatively. As a final note, the reacted interphase region in the experiments is likely more
non-uniform than that used in the simulations

18

, but the global stress evolution should remain

similar due to the overall expansion near the interface region. Further exploration of how these
non-uniform growths might impact stress generation and eventual fracture in SSEs will be
discussed in the next section.
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Chapter 4: Conclusions & Future Work
Together, these experiments and simulations provide important insight into how an
unstable interphase region controls stress evolution and mechanical degradation of LAGP, with
implications for the wide variety of SSE materials that have unstable interfaces and experience
interphase growth. The growth of the crack network within LAGP during cycling was observed to
strongly correlate with increases in impedance. Additionally, fracture initiated at the edges of the
lithium/LAGP contact area, and this finding was supported by simulations that predicted stress
evolution and stress concentrations during the growth of the interphase region. Based on these
results, it is clear that the interfacial reaction between lithium and LAGP drives chemo-mechanical
degradation in this material. These findings also show that the growth of the interphase itself does
not significantly hinder ionic and/or electronic transport, but it is the cracks that result from the
growth of the interphase that drive the chemo-mechanical degradation process. An important
implication of this study is that completely preventing interphase formation may not be necessary
to effectively stabilize various lithium/SSE interfaces. Instead, if the interphase still allows for Li+
transport, then control over the structure and morphology of the reacted interphase region, and
therefore stress evolution, could be sufficient to prevent mechanical fracture and thus
electrochemical degradation. To prevent large stresses from developing, however, the interphase
growth must be limited to a certain thickness through either natural or artificial means, and
engineering the interface so that the interphase morphology is non-planar may also be beneficial
for reducing stress concentrations.
This study underscores the importance of understanding the effects of interfacial
phenomena on the coupled electro-chemo-mechanical behavior of SSEs. The vast majority of
SSEs are thermodynamically unstable in contact with lithium metal 24,26, but the reaction kinetics
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and morphological/structural evolution at the interface will determine degradation pathways. It is
thus critical to gain an understanding of these phenomena, and this work shows the capabilities of
in-situ X-ray micro-CT experiments to visualize and understand morphological changes in SSEs
for batteries. Combining such knowledge with information across length scales from other
techniques, such as synchrotron X-ray CT and TEM, will be critical to understand the relationship
between interfacial instabilities, stress evolution, and filamentary growth of lithium within a
variety of SSEs for use in high-energy solid-state batteries.
To build on the foundation this work has created, several research avenues should be
explored. First, the mechanical properties of crystalline LAGP and the lithiated LAGP/lithium
interphase need to be measured, as they are necessary for accurately predicting the stress
concentrations in the materials. The most important properties are hardness, Young’s modulus,
and fracture toughness, which can be found through carefully controlled nanoindentation
experiments. Additionally, the 3D morphological evolution of the interphase within LAGP needs
to be better understood as a function of current density. While this study demonstrates the ability
of micro X-ray CT to detect the interphase development, the resolution and contrast are not high
enough to accurately map the non-uniform growths. This is possible if a synchrotron source was
used, which could allow in-situ 3D imaging of the reacted interphase with voxel sizes under ~1
μm. This method can also reveal whether these non-uniform growths initiate at the interface
between lithium/LAGP, or whether it is possible for LAGP to be reduced inside the bulk material.
Once these phenomena are better understood, this knowledge can be used to engineer the
lithium/SSE interface to prevent mechanical degradation from beginning, effectively enabling
lithium metal as the anode in SSBs.
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