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Abstract 
Understanding the mechanical behavior of solid-state electrolytes is pivotal for the development of 
all-solid-state batteries. Using large-scale molecular dynamics simulations, here we show that 
Li1.3Al0.3Ti1.7(PO4)3 (LATP) glass-ceramics, a promising solid-state electrolyte, feature an enhanced 
bond switching at the complexed glass-crystal interface, thereby facilitating their high fracture energy. 
Specifically, we study the mechanical behavior of LATP during tensile simulations, focusing on the 
crack propagation. We find that the fracture behavior is strongly influenced by the size of the 
nanograins and their positions relative to the pre-crack, and the complexed interface is found to be 
susceptible to concentrated shear deformation. The fracture energy of LATP glass-ceramics is 
enhanced for larger grains, since these have higher contact area with the glass phase and thus a larger 
complexed interface. Based on structural analyses during the tensile process, we demonstrate the 
occurrence of enhanced bond switching events at complex interfaces. These events dissipate the strain 
energy associated with the fracture process. Particularly in cases where cracks tend to propagate along 
the interfaces, this enhancement significantly improves the fracture energy of LATP glass-ceramic 
electrolytes. 
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1. Introduction 
The performance of lithium-ion batteries (LIBs) has improved since their discovery and they are now 
widely used in portable energy storage devices, electric vehicles, etc.1–3 Conventional LIBs use an 
organic liquid electrolyte, which suffers a risk of combustion and leakage and thus challenges the 
safety of the battery. The energy and power density of conventional LIBs are also relatively low, 
making it difficult to meet the future demand for safe, yet high-performance batteries.4–6 All solid-
state batteries (ASSBs) with solid-state electrolytes (SSEs) are considered as one of the most 
promising next-generation energy storage devices,7 due to their high safety5,8, thermal stability and 
chemical resistance. In addition, SSEs with high ionic conductivity can ensure improved power 
density and charge/discharge rates,9 as well as higher energy density and longer cycle life compared 
to liquid electrolytes.10 SSEs are classified according to their structure and composition, with 
inorganic solid electrolytes (e.g., oxides, phosphates, etc.) having high ionic conductivity and 
chemical stability, but suffer from lower mechanical flexibility and processing difficulties. Organic 
solid electrolytes (e.g., polymers) have high mechanical strength and flexibility, but relatively low 
ionic conductivity.5 

A promising SSE material is Li1+xAlxTi2-x(PO4)3 (LATP) glass-ceramic (i.e., a composite 
multiphase material containing crystals embedded in a glassy matrix) due to its excellent room-
temperature ionic conductivity (10-4 to 10-3 S cm-1)11,12 and chemical and thermal stability.11 However, 
ASSBs assembled with oxide SSEs such as LATP are subject to mechanical deformation and stress 
concentration during cycling (due to volume changes in the electrodes), which can result in cracking 
and thus decline in battery performance.13 Consequently, the mechanical properties of SSEs, 
including stiffness, crack initiation resistance, and fracture toughness, need to be understood and 
improved to design high-performance ASSBs.6,13 In particular, this is needed to significantly enhance 
the stability, safety, and cycling capability of batteries, but these mechanical properties remain 
relatively poorly studied so far.14–17 Beyond the bulk mechanics, the mechanical performance of 
interfacial layers play an important role in ASSBs. The most studied interface so far is the solid 
electrolyte interphase (SEI) layer, as the mechanical integrity of this layer determines the longevity 
and efficiency of the battery.18 Crack formation and propagation within the SEI directly impact 
lithium consumption, electrolyte drying, heightened impedance, and dendrite growth.18 These factors 
ultimately result in diminished capacity and premature failure of the battery.18 In addition to the SEI, 
the presence of nano-sized interphases, such as those between grains in ceramics,19 which are termed 
complexions as they are thermodynamically stable state and physically distinct from the abutting bulk 
phases,20,21 also need to be considered. Such stable interfaces in glass-ceramic electrolytes can be also 
termed complexions in the case of the amorphous phases complexing with grains.21 However, the 
mechanical behavior of these interfaces in such LATP glass-ceramics is not well understood. 

The bulk LATP glass-ceramics prepared throughout heat-treatment of the precursor bulk LATP 
glass exhibit higher ionic conductivity (~ 1 × 10-4 S cm-1, much higher than the value of 6 × 10-5 S 
cm-1 for LATP ceramic and 10-10-10-8 S cm-1 for LATP glass22) compared to those prepared through 
other methods, such as sol-gel, and solid state methods.11,23 For example, synthesis of LATP ceramics 
through conventional powder-sintered routes can result in a limited number of pores, which is 
detrimental to the overall conductivity of ASSBs.24 By using the melt-quenching technique to make 
the precursor glass, these voids can be eliminated and the material can be easily shaped into the 
desired form. Subsequently, the crystalline morphology of the glass-ceramic products can be 
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controlled based on the heat-treatment protocol.23 For example, the ionic conductivity of LATP glass-
ceramics can be improved in this way23,25–27 but there are few comprehensive studies on their 
mechanical properties. This hinders our understanding of the fracture behavior of LATP electrolytes.  

In this study, we use large-scale molecular dynamics (MD) simulations to gain an in-depth 
understanding of the mechanical properties of LATP glass-ceramics at the atomic scale. Simulations 
are needed since experimental mapping of the atomic structure of disordered materials under an 
applied stress remains to be highly challenging, if not impossible. We here study the composition of 
Li1+xAlxTi2-x(PO4)3 for x=0.3, as it has the highest ionic conductivity among different LATP 
derivatives.24 To enable fracture simulations, we are using a classical force field that has been 
developed recently for Li1.3Al0.3Ti1.7(PO4)3.21 This specifically parameterized force field has been 
found to more accurately represent Li1.3Al0.3Ti1.7(PO4)3 at high temperature (which is important for 
the melt-quenching process to form glass phases) as compared to the ready-to-use ReaxFF force 
field28. We prepare the LATP glass-ceramics using the cut-and-combine method29,30 and then perform 
systematic tensile simulations on various LATP microstructures, including crystal volume fraction, 
length to diameter (L/D) ratio, etc.. Finally, we correlate the fracture behavior with analyses of bond 
switching events,31 which originate from bond breaking and re-formation during the tensile strain 
process.32,33 We demonstrate that LATP exhibits high fracture energy due to enhanced bond switching 
events at the complexed interface between crystalline and glass phases in the LATP glass-ceramic 
electrolytes. 
 
2. Results and Discussion 
Structure of glasses, crystals, and glass-ceramics. To model the glass-ceramic structure, we start 
with the crystal LiTi2(PO4)3 (LTP), as shown in Figure 1a. Based on the modification of the LTP 
structure, the crystalline phase of LATP glass-ceramics can be obtained by partial substitution of Ti 
by Al in the LTP crystalline phase11,12,34. The modeled crystalline phase of Li1.3Al0.3Ti1.7(PO4)3 has 
been confirmed as the phase also obtained through crystallization from the experimental LATP glass, 
as outlined in the Methods section for experimental details. In the following, we therefore investigate 
the electrolyte with composition of Li1.3Al0.3Ti1.7(PO4)3. To this end, we first transferred the initial 
trigonal LTP to an orthogonal cell. Then, we partially replaced Ti4+ in LTP with Al3+ with charge 
neutrality maintained by introducing an excess amount of Li+ at the thermodynamically more stable 
M2 site.28,35 The glassy state of the LATP was produced through conventional melt-quenching using 
MD simulation; the detailed procedure can be found in the Methods section.  

The density of LATP crystal and LATP glass obtained from MD simulation are 2.84 and 2.64 
g.cm-3, respectively, which are in good agreement with experimental values of 2.84 and 2.69 g.cm-3, 
respectively, as measured by Archimedes method.36,37 The structural details of the LATP glassy state 
are also in excellent agreement with ab initio molecular dynamics (AIMD) simulations results as 
presented in Figure S1 and Figure S2. A snapshot of a simulated LATP glass sample, showing the 
location of the different atoms, is presented in Figure 1b, differing from the crystalline LATP 
structure which only contains Al-O octahedra, whereas the glass structure contains both four- and 
five-fold coordinated Al. As shown in Figure S3a, we also observe some six-fold coordinated Al in 
the glass. The structure snapshots are shown in Figure 1c (partial enlargement of Figure 1b). The 
coordination number (CN) of Ti in the LATP glass is mainly 6, and less than 30% five-fold 
coordinated Ti (Figure S3b). For these simulations, we use a box dimension of 34.08 Å × 486.93 Å 
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× 333.41 Å with a composition of Li1.3Al0.3Ti1.7(PO4)3 for both crystal and glass phases, and the glass-
ceramic electrolytes are then prepared by the cut-and-combine method,29 that is, by cutting the crystal 
(as inclusion) and glass (as matrix) to a complementary structure, and combining them afterward. A 
subsequence annealing process is done to heal the fresh contact surface.  

 

 
Figure 1. Structure information of simulated LATP electrolytes. (a) Atomic structure of the redefined 
orthogonal cell of LiTi2(PO4)3 crystal. (b) Atomic snapshot of the simulated LATP glass, highlighting the 
presence of both (c) 6-fold (top panel) and 4-fold (bottom panel) coordinated Al units. (d) Atomic snapshots 
of LATP glass-ceramics with induced pre-cracks. (Left) d1 LATP-GC15 sample with fixed L/D ratio equal to 
5/1 of nanograins. (Middle) d2 is an example of LATP-GC15 with nanograins of L/D equal to 2/1. (Right) d3 
shows LATP-GC3 and the angle between the nanograins and pre-crack (white ellipse) is 60º. 

 
The two-dimensional (2D) slab model of LATP glass-ceramics is then constructed as exemplified in 
Figure 1d, with the white ellipse representing the pre-crack that is introduced for the fracture 
simulation (as described below). The factors considered for investigating the mechanical properties 
of LATP electrolytes include the inserted size of grains, the L/D ratio of the grain, and the angle 
between the grain and the pre-crack. Atomic snapshots for some of these structures are presented in 
Figure 1d. The crystal volume content in the glass-ceramic is highlighted in the samples’ IDs, e.g., 
LATP-G represents the glass sample, LATP-C represents the crystalline sample (i.e., the bulk LATP 
samples that is fully crystalline), and LATP-GC15 represents that the LATP crystal in the LATP glass-
ceramic accounts for 15 vol%. The detailed information of the investigated samples is provided in 
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Table S1. 
We first analyze the cation coordination environments in the glass, crystal, and glass-ceramic 

phases of LATP based on the radial distribution functions (RDFs) at 300 K. The left hand-side panels 
of Figure 2 present the RDFs for Al-O and Ti-O, which those of the other pairs are presented in 
Figure S4. A smaller Al-O pair distance is observed in the glass-matrix sample (i.e., in LATP glass 
and glass-ceramic) compared to that in crystalline LATP, whereas the same decrease is not found for 
the Ti-O pair upon vitrification. This can be attributed to the decrease of Al CN as observed in the 
n(r) in Figure 2 (right panel), i.e., these integrated RDFs provide the local coordination information. 
The Ti-O pair features a similar coordination environment in glass and crystal phases, with a 
dominance of 6-fold coordination. In LATP glasses and glass-ceramics, an average CN of 5 for Al-O 
is observed. The bond angle distributions in the insets of Figure 2 show that the O-Al-O and O-Ti-O 
angles are centered at approximately 90º, with an additional peak below 180º ascribed to the diagonal 
angles of the Al-O and Ti-O octahedra. 
 

 
Figure 2. Radial distribution functions g(r) and integrations n(r) of Al-O (upper panels) and Ti-O pairs (lower 
panels) for LATP glass, glass-ceramics, and crystal at 300 K. Insets: angular distribution functions of O-Al-O 
and O-Ti-O. 
 
Fracture behavior. As described above, we introduce an elliptical pre-crack into the constructed 
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atomic structure of the LATP glass-ceramics and investigate the mechanical behavior during tensile 
simulations. Details of the fracture simulations are described in the Methods section. Although the 
failure behavior of LATP electrolytes in solid-state batteries is influenced by several factors, such as 
the mechanical evolution of SEI, stress/strain generated in the cell, and the volume change of 
electrode etc.,6,14,15,38 the intrinsic mechanical properties of LATP are fundamental to understanding 
crack formation, propagation, and fracture behavior in solid electrolytes. Typically, elastic modulus 
and fracture toughness are considered among the most important indicators of battery performance.6  
 
The top panel of Figure 3a shows the stress-strain curves during uniaxial tensile processes for 
different sizes of nanograins in the LATP glass-ceramics, where the orientation of the crystals in the 
LATP-C sample is consistent with the orientation of the nanograins in the glass-ceramic. We find that 
the LATP crystal’s mechanical properties are influenced by its orientation. For instance, as depicted 
in Figure S5, a 90-degree rotation leads to a reduction in the crystal’s modulus (slope of stress-strain 
curve before strain equal 0.01) and a decrease in fracture energy (area of stress-strain curve). In the 
following, we have selected the orientation characterized by a higher modulus (the orientation as 
presented in Figure 1a). Based on the stress-strain curves, the Young’s modulus, as reflected by the 
slope in this region, is found to increase with the increase in the crystal content (larger nanograins) in 
the glass-ceramics. The simulated modulus of the LATP crystal for this crystal orientation is 139.1 
GPa (bottom panel of Figure 3a), which is comparable to that from experiments and first principle 
calculations (107-150 GPa).39,40 Overall, the LATP samples exhibit brittle fracture, with rapid 
complete fracture after crack propagation begins, but the glass-ceramics with larger nanograins 
possess better resistance to crack propagation, i.e., higher fracture energy, as shown in the bottom 
panel of Figure 3a. It is important to note that, although LATP glass-ceramics exhibit improved 
Young’s modulus compared to the precursor glass, they still fall short of the Young’s modulus of the 
crystals. This limitation arises from the relatively low crystallinity of the constructed glass-ceramics, 
with a maximum volume fraction of 25% crystals. To provide clarity, we developed a crystalline 
LATP model, denoted as LATP-GC85 (with crystal content of 85 vol%), utilizing the LATP crystalline 
phase as a matrix. The Young’s modulus and stress-strain curves of this LATP glass-ceramic 
electrolyte, achieved by increasing the crystal content, closely align with those exhibited by the LATP 
crystal (Figure S6). On the other hand, we note that the glass-ceramics show improved fracture 
energy compared to both the pure glass and crystal phases. 
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Figure 3. Fracture behavior of LATP electrolytes. (a) Strain-stress curves during the uniaxial tensile process 
(top) and resulting values of fracture energy Gc and Young’s modulus E (bottom) for the different samples. The 
orientation of crystal inserted in the LATP glass-ceramics is set to be the same as that in the LATP-C sample. 
(b) Distribution of shear strain in LATP glass-ceramics at strain of 0.15. The atoms are color coded by current 
shear strain values compared to that in the non-strained configuration. (c) Atomic snapshots of microcrack and 
cleavage fracture for LATP-GC3 (top) and LATP-GC15 (bottom) electrolytes at strain of 0.15. (d) 
Coordination number (CN) changes for Al-O and Ti-O in LATP electrolytes during tensile process. The left 
and center panels show results for LATP glass and glass-ceramics, while the right panel shows results for the 
LATP crystal. (e) Fraction of bond switching events for Al-O as a function of the tensile strain, including 
decreased CN (De), increased CN (In), swapped CN (Sw), and unchanged CN (Un). 

 
As shown in Figure 3b, the shear deformation is concentrated at the interface between the 

nanograins and the glass matrix (i.e., so-called complexion layer), and thus not only in the vicinity of 
the crack. By tracing the structural changes during the fracture process, it is evident that interfacial 
bonds are broken and microcracks appear. In addition, the propagating cracks do not bypass all 
crystals and the nanograins extend the crack path at the cleavage surface, i.e., cleavage fracture, as 
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shown in Figure 3c. Next, we consider the tensile simulations for different nanograin shapes (length-
to-diameter L/D ratios) and angles relative to the pre-crack in the glass-ceramics. The atomic 
snapshots and stress-strain curves for these glass-ceramics are shown in Figure S7a-c and Figure 
S7d-e, respectively. Glass-ceramics with the same crystal volume fraction but varying L/D ratio of 
nanograins exhibit different fracture behaviors. That is, for a larger L/D ratio, a larger stress is needed 
to induce crack propagation (Figure S7d). This is because the crack is prone to propagate along the 
interface as shown in Figure S7a and increased L/D ratio results in a larger contact area, i.e., 
complexed interface. However, the cracks tend to propagate through the nanograins in the glass-
ceramics with elongated grains (i.e., when L/D ratio increases from 2/1 and 3/1 to 4/1 and 5/1) as 
presented in Figure S7c. This also allows for higher stress resistance before fracture occurs compared 
to scenarios where the crack bypasses the nanograins. The location of the nanograins in the structure 
also affects the crack propagation paths, as shown in Figure S7e. That is, the larger the angle between 
the nanograins and the pre-crack (i.e., the closer the crack tip and the complexed interface are to a 
straight line), the easier it is for the crack to propagate along the interface until fracture. 
 We next analyze the breakage and reformation of bonds during the tensile processes. Figure 3d 
shows the change in the total CNs of Al and Ti during the tensile process. The results for P-O pairs 
are not shown, since no changes in the P CN occurs. In the glass and glass-ceramics, the CNs of Al-
O and Ti-O decrease with strain, reaching a minimum at the point of fracture initiation (strain ~ 0.1) 
as bond breakage dominates for strain values from 0 to 0.1 (see left and center panels in Figure 3d). 
The LATP-G sample is fully fractured at strain ~0.15 and the CN changes afterwards due to the 
relaxation of the fractured structure. In contrast, during the process of rapid crack propagation and 
fracture, the CNs increase as new fracture surface formation is accompanied by bond reformation 
until the system is completely fractured at a strain above ~0.15. We thus observe changes in the CNs 
of Al-O and Ti-O for both glass and glass-ceramic systems, but for the LATP crystals, only the Al CN 
is found to drop to a minimum at the onset of fracture, whereas the Ti CN is relatively constant with 
strain (see right panel in Figure 3d).  

The bond switching activities cannot be determined from the average CN evolutions, so we also 
calculate the coordination environment of each atom relative to that in their non-strained state,31,32 
including decreasing CN (De), increasing CN (In), swapped CN (Sw), and unchanged CN (Un) as 
shown schematically in Figure S8. The fraction of these bond switching events as a function of strain 
for Al-O are presented in Figure 3e. Collectively, more bond switching events occur for larger 
nanograins in LATP, with LATP-GC25 exhibiting the most bond switching activities. Bond swapping 
events in glass and glass-ceramics continue to increase throughout the tensile process. This is not 
observed in LATP crystals, and the In-events are also almost absent in LATP crystals, i.e., De-events 
dominate. The bond switching events for Ti-O show similar trends as those for Al-O (Figure S9). 
The increased crystal content in the glass-ceramics leads to the increasing of bond switching events, 
and the same is reflected in the decreasing fraction of Un events. That is, although we find relatively 
few bond switching activities in the crystalline phase for LATP-C from Figure 3e, the partially 
crystalline glass-ceramics (LATP-GC3, LATP-GC15, and LATP-GC25) exhibit higher bond 
switching activity (and higher fracture energy, Figure 3a) with increasing crystalline phase content. 
 
Enhanced bond switching activities in complexion layer. To further analyze the trends in bond 
switching described above, we study the complexed interface of LATP-GC15 with a thickness of 1 
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nm. As reported in the literature, the width of a complex interface can be quantitatively characterized 
by the two-dimensional Fourier transform of the simulated system, which is approximately 1.45 nm.21 
In this work, we quantify the bond-switching events in the interface by varying the width of the 
complex interface. As shown in Figure S10, the Un events that increase at a width of 1 nm are defined 
as the interface. Further increasing the width (within a reasonable range, i.e., not extending 
excessively into the glass matrix) does not significantly affect the bond-switching events counted at 
the interface h. The fraction of unchanged bond activities (Un events) occurring at the interface is 
found to be lower than that of the glass, crystal, and glass-ceramic systems (Figure 4a). Namely, 
bond switching is enhanced at the interface. As the size of the nanograins in glass-ceramics increases, 
there is a larger contact area between nanograins and glass matrix, creating a larger complexed 
interface, as illustrated in Figure S11. This is evident from the enhanced bond switching events for 
glass-ceramics with larger grains (Figure 3e). As bond switching events can dissipate strain energy 
during fracture process,32,33 the enhanced bond switching events at the complexed interface noticeably 
improves the fracture energy of the LATP glass-ceramics (Figure 3a) as compared to LATP glasses 
where cracks have a propensity to propagate along the interfaces (Figure 3b). 
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Figure 4. Bond switching activities at the complexion interface of LATP glass-ceramic electrolytes. (a) 
Fraction of unchanged CN events as function of tensile strain. (b) Atomic snapshot of complexion in LATP-
GC15 glass-ceramic. (c) Normalized partial radial distribution functions of Li-Li (left), Al-Al (center), and Ti-
Ti (right) pairs in LATP electrolytes. 
 
The structure network of the defined complexion layer is obviously distinct from the glass and 
crystalline phases as shown in Figure 4b, which is an extracted partially-complexed interface of 
LATP-GC15. We further consider the structural distinctions between the complexed interface, the 
glass phase, the crystalline phase, and the glass-ceramic phase based on the Li-Li, Al-Al, and Ti-Ti 
RDFs in Figure 4c. We find that the cation distances in the complexed interface layer exhibit 
similarities to those in the glass phase, and the broadened distribution of cations enables a looser and 
more flexible structural network. This likely increases the propensity for bond switching events in the 
complexion layer relative to that in the crystalline phases with ordered crystal structure. 
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3. Conclusions 
LATP is one of the most promising solid-state electrolyte systems, and despite its many advantages 
such as high room temperature ionic conductivity and chemical stability, its intrinsic mechanical 
properties need to be understood before scale-up. Here, we investigated the fracture behavior at the 
atomic level using large-scale MD simulations. The results show that large grains in LATP provide 
higher fracture energy, and that the appearance of microcracks and the crack propagation occur at the 
interface due to the concentration of shear strain at the crystal-glass phase interface. Consequently, 
the shape of the grains and the angle of the grain position relative to the pre-crack are important 
factors affecting the fracture energy. During the fracture process of LATP glass-ceramics, the breaking 
and reforming of Al-O and Ti-O bonds in the glass phase are the main energy dissipating processes, 
while the more stable Ti-O bonds in the crystal phase has no bond switching behavior throughout the 
tensile process. The overall bonding activity shows a decrease in the Al-O coordination number. 
Finally, we find the increased fracture energy can be attributed to the enhanced bond switching events 
at the interface, as the bond switching events provide the ability of dissipating fracture energy. 
 
4. Methods 
Experimental synthesis of LATP samples. Glassy electrolyte with molar composition of 
Li1.3Al0.3Ti1.7(PO4)3 was synthesized by the melt-quenching method. Lithium carbonate (Li2CO3, 
≥98.5%, Merck KGaA), aluminum oxide (Al2O3, ≥99.5%, Merck KgaA), titanium dioxide (TiO2, 
≥99.5%, Merck KgaA), and ammonium dihydrogen phosphate (NH4H2PO4, ≥99.5%, Merck KgaA) 
were used as raw materials for preparing the glasses. Raw materials were melted in an Al2O3 crucible 
at ~1450 ℃ for ~2 h and then quenched onto a brass plate. The samples were annealed at their glass 
transition temperature (Tg), determined by differential scanning calorimetry (DSC, STA 449 F3 
Jupiter, Netzsch), for 30 min. Samples were also heat-treated at 950 ℃ for 1 h to obtain glass-ceramics. 
Subsequent powder X-ray diffraction (Empyrean XRD, PANalytical) analysis confirmed the non-
crystalline nature of the LATP glass and the crystalline diffraction peaks of the LATP glass-ceramic 
(Figure S12). 
 
Molecular dynamics simulations. Molecular dynamics (MD) simulations were performed using the 
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software package.41 Atomic 
structure was visualized by Ovito.42 We used a combination of long-range Coulomb interactions and 
short-range Buckingham terms to express the interatomic interactions (Eq.1), 21 

𝑈𝑈𝑖𝑖𝑖𝑖 = 1
4𝜋𝜋𝜖𝜖0

𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗
𝑟𝑟𝑖𝑖𝑖𝑖

+ 𝐴𝐴𝑖𝑖𝑖𝑖exp �− 𝑟𝑟𝑖𝑖𝑖𝑖
𝜌𝜌𝑖𝑖𝑖𝑖
� − 𝐶𝐶𝑖𝑖𝑖𝑖

𝑟𝑟𝑖𝑖𝑖𝑖
6 . (1) 

Specifically, a core-shell model implemented in LAMMPS was used to capture the polarization of 
oxygen anions, that is, a core particle and a satellite shell particle form an oxygen anion and interact 
by harmonic spring, 

𝑈𝑈cs = 𝑘𝑘 ⋅ 𝑟𝑟cs2 . (2) 
The Coulombic interactions were treated by the particle-particle particle-mesh (pppm) solver43 and 
periodic boundary conditions were applied in all directions. We used a cutoff of 9 Å for short-range 
interactions and 0.2 fs as timestep for all simulations to capture the dynamics of core-shell model. 
This interaction potential was developed to reproduce the LATP crystalline and amorphous structures, 
and it shows a more accurate representation of LATP at high temperature, which is needed for melt-
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quenching process to produce LATP glass as described below. The detailed parameters for the 
interaction potential can be found in the Ref.21  
 
Glass and glass-ceramic sample preparation. A random structure with stoichiometry of 
Li1.3Al0.3Ti1.7(PO4)3 was produced by randomly placing Li2O, Al2O, TiO2, and P2O5 units into a box. 
This structure was melted at 2300 K for 20 ps in NVT ensemble and then gradually quenched to 300 
K with a cooling rate of 2 K/ps in the NPT ensemble. We note that the melted state at 2300 K was 
confirmed by the mean-squared displacement data shown in Figure S13c. The final structure was 
obtained by equilibration at 300 K for 20 ps in NPT and then 20 ps in NVT ensembles. The crystalline 
LATP was obtained by partial substitution of Ti by Al in the LTP crystal, and then it was equilibrated 
at 300 K for 100 ps. We followed the cut-combine method as described in the Ref29 to produce LATP 
glass-ceramics. Specifically, by considering the size, length to diameter ratio, and angle of crystal 
grain to the pre-crack, as illustrated in Figure 1d, we first defined an elliptical crystal region within 
the large LATP crystalline slab (generated by replicating the unit cell), and deleted the residual atoms. 
Subsequently, we identified the corresponding elliptical region within a larger melt-quenched LATP 
glass sample and removed the atoms in that region. The LATP glass-ceramics were constructed by 
combining the remaining glass matrix with the elliptical crystalline portion. We then annealed the 
structure near the glass transition temperature (Tg) as shown in Figure S13b at 1000 K, resulting in a 
final configuration with a dimension of ~ 34.08 Å × 486.93 Å × 333.41 Å. We also compared the Tg 
with the experimentally measured one to ensure that the Tg of simulated LATP glass is within a 
reasonable range (Figure S13a). Different annealing temperatures in the range of 500-1000 K were 
examined and found to have a negligible impact on the stress-strain curve (Figure S14). Furthermore, 
we found that this low temperature will not heal the interface between the crystal and glass matrix. 
 
Ab initio molecular dynamics simulations. To further validate the accuracy of the LATP structure 
obtained using classical MD simulations, we also carried out ab initio MD simulations (AIMD) to 
prepare the LATP glass. To this end, we used the Quickstep module44 of the CP2K package45 with the 
hybrid Gaussian46 and plane wave method (GPW) to simulate the melt-quench process of LATP. To 
ensure computational efficiency, the basis functions were mapped onto a multi-grid system with the 
default grid number of 4 with a plane-wave cutoff for the electronic density to be 600 Ry, and a 
relative cutoff of 40 Ry. The initial structure of LATP crystal was constructed by partial substitution 
of Ti by Al in the LTP crystal. The system was first equilibrated in the NVT ensemble at 300 K for 3.5 
ps. The density of the LATP crystal was adapted to the experiment value37 of 2.69 g cm-3 of the glass. 
The structure was then melted at 4000 K for another 3.5 ps to ensure the loss of the memory of the 
initial configuration. Subsequently, the system was quenched to the glass state by gradually 
equilibrated in the NVT ensemble at a series of decreasing temperatures with an interval of 400 K for 
1 ps (i.e., 3600, 3200, …, and 400 K). The structure analysis of the final glass was based on the 
trajectory under the equilibration of 300 K for 1.0 ps. The timestep of the simulation was 1.0 fs. The 
temperature was regulated employing the Nosé–Hoover thermostat.47 The exchange-correlation 
energy was computed utilizing the Perdew-Burke-Ernzerhof (PBE) approximation,48 while dispersion 
interactions were addressed by incorporating the empirical dispersion correction (D3) developed by 
Grimme.49 The pseudopotential GTH-PBE, in conjunction with the corresponding basis sets DZVP-
MOLOPT-SR-GTH, was utilized to characterize the behavior of valence electrons.50 
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Structural analysis. The partial radial distribution functions gij(r) defines the probability of finding 
a particle j at distance r + Δr given that there is a particle i,  

𝑔𝑔𝑖𝑖𝑖𝑖(𝑟𝑟) = 𝑛𝑛𝑖𝑖𝑖𝑖(𝑟𝑟)
4𝜋𝜋𝑟𝑟2d𝑟𝑟𝜌𝜌𝑗𝑗

, (3) 

where nij is the number of j-type atoms found in a spherical shell of radius r and thickness Δr, with 
the centra i-type atom. ρj is the number density of j-type atoms. The coordination n(r) is obtained by 
intergrating gij(r) between r1 and r2 as, 

n (𝑟𝑟) = ∫  𝑟𝑟2𝑟𝑟1 4𝜋𝜋𝑟𝑟2𝜌𝜌𝑗𝑗𝑔𝑔𝑖𝑖𝑖𝑖(𝑟𝑟)d𝑟𝑟. (4) 

The local coordination numbers are measured from n(r) at the cut-off of 2.25 Å (the first minimum 
of gAl-O(r) and gTi-O(r)) for Al-O and Ti-O pairs. 
 
Fracture simulations. The fracture behavior of LATP electrolytes is analyzed by applying tensile 
loading. We followed the method developed by Brochard et al.51 In detail, an ellipse shape pre-crack 
(a = 60.2 Å, b = 13.5 Å) was introduced by removing the atoms in the center of the simulated structure. 
Then the system was equilibrated in NPT ensemble at 300 K and subsequently applied a uniaxial 
tensile loading until full fracture; this was achieved by elongating the structure along the y direction 
with a fixed strain rate of 5 × 109 s-1 for all fracture simulation. Through a comparative analysis of 
fracture simulations conducted at three distinct strain rates of 1, 5, and 10 × 109 s-1, we observe a 
distinct alteration in the stress-strain profiles. An increase in strain rate corresponds to an increase in 
the cumulative area encompassed by the stress-strain curves as depicted in Figures S15a and S15b 
for LATP-GC3 and LATP-GC15 samples, respectively. However, importantly, the trend remains the 
same for all three strain rates and also considering the computational costs, we opted for a strain rate 
of 5 × 10-9 s-1 for the fracture simulations.  

Based on the recorded strain-stress curve, Young’s modulus E was calculated from its slope in 
the low strain region (strain below 0.01). The fracture energy Gc was calculated by integrating the 
stress-strain curve.52 

𝐺𝐺c = 𝐿𝐿𝑥𝑥𝐿𝐿𝑦𝑦𝐿𝐿𝑧𝑧
Δ𝐴𝐴 ∫  𝜀𝜀𝑦𝑦𝑦𝑦f

0 𝜎𝜎𝑦𝑦𝑦𝑦d𝜀𝜀𝑦𝑦𝑦𝑦, (5) 

where L is the length of the simulation box, ΔA is the crack surface area generated by fracture, and εf 
corresponds to the fully fractured strain. 
 
Bond switching analysis. The rearrangement of atoms during fracture process results in the breaking 
and re-forming of bonds. We counted these so-called bond switching events31 of atomic coordination 
number (CN) changes during fracture simulations. To this end, we first calculated the partial RDFs, 
as shown in Figure 2 and Figure S1. The atoms i and j are considered bonded within the distance 
based on the first minimum of gij(r), which is 2.25 Å for the Al-O and Ti-O in our study. By analyzing 
the CN and nearest-neighboring atom ID and comparing to the non-strained structure, the bond 
switching evens can be classified into decreased and increased CN if the coordination is changed, 
while we count it as swapped if the CN is the same as in the initial structure. The unchanged CN is 
the faction of the atoms that do not exhibit bond switching events. Due to the higher lithium mobility, 
we did not count the bond switching events of Li-O. 
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