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HIGHLIGHTS GRAPHICAL ABSTRACT

e Structures of Li»O-B,03-P,0s glassy
electrolytes are reproduced by MD
simulations.

e Composition dependence of mechanical TR e
properties is shown by experiments and Fracture Diffusion
MD.

e Fracture energy can be dissipated
through stress-driven conversion of BO4
to BOs.

e Hopping of lithium ions between su-
perstructural rings facilitates ionic
conduction.

ABSTRACT

Glass materials are potential candidates as solid electrolytes for batteries, but the atomistic origins of the variations in their properties and functionalities with
composition are not well understood. Here, based on combined experimental and simulation techniques, we investigate the structural origin of the variation in
fracture toughness and ionic conductivity of lithium borophosphate glass electrolytes with varying compositions. We focus on these properties since they are
critically important for mechanical stability and electrochemical performances of glassy electrolytes. To this end, we have performed molecular dynamics simulations
combined with X-ray total scattering experiments to provide the atomic picture of the disordered structure of borophosphate glass. The mechanical properties have
been characterized through single-edge precracked beam measurements and axial tensile simulations. We find that the deformation and fracture behaviors of the
electrolytes are governed by bond switching events of boron, which dissipate the strain energy during fracture. The migration of lithium ions in the electrolyte
network is facilitated by hopping between superstructural rings, which reflects the important role of medium-range order structure in determining the lithium-ion
diffusion. These findings have important implications for the design of future glassy electrolytes.
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1. Introduction

The development of safe and efficient batteries is one of the key
technologies for electrification of transportation and storage of wind and
solar energy [1-4]. Among the various batteries designed to store en-
ergy, lithium-ion batteries (LIBs) have proven to be an efficient energy
storage system in terms of energy and power density, reliability, and
cyclability [5-7]. While lithium-ion batteries have revolutionized the
portable electronics industry [6,8], large-scale energy storage calls for
improvements in battery performance, energy density, and cost [9,10].
Meanwhile, owing to concerns about the safety issue as well as limited
energy density of lithium batteries [11], research on LIBs is moving
toward all-solid-state lithium batteries, which involve solid electrolytes.

Solid electrolytes feature numerous advantages, such as enhanced
safety, increased energy density, solid device integration, and packaging
[12], but also a number of challenges that need to be overcome,
including the ability of lithium to penetrate the solid material, the sta-
bility of interfaces, and the maintenance of physical contact [13]. In
particular, the mechanical properties of the solid electrolytes need to be
improved to suppress the generation of lithium dendrites and the
sensitivity of the interface to stress during electrochemical cycling.
Deformation, crack formation, and crack propagation [14] are key me-
chanical challenges for solid-state electrolytes in complex electro-
chemical environments. The resistance to crack propagation is defined
by the fracture toughness (Kic), which is indeed a controlling factor for
evaluating fracture performance of solid-state battery components [15].

Many of the most promising solid electrolyte materials are partially
or completely amorphous [15,16]. The disordered nature of glassy solid
electrolytes implies a lack of periodicity in structure and symmetric
long-range migration paths [15], but glasses’ out-of-equilibrium nature
also enables a continuous tuning of the composition and thus properties
as well as formability [16]. However, although the mechanical proper-
ties of solid electrolytes directly affect real world performance of the
battery, they are rarely characterized and poorly understood. Indeed,
there are only very few measurements of mechanics of glassy electrolyte
materials, although some studies have been done on the crack behavior
of electrode materials in lithium batteries [17] and the viscoplastic
mechanical behavior of glassy sulfide electrolytes [18]. Due to the lack
of crystalline defects that can provide toughening in crystalline elec-
trolytes, the mechanical properties of amorphous electrolytes are
particularly important to be understood. The lack of a unified theory for
ionic conduction in amorphous electrolytes is another challenge [19,
20].

The purpose of this paper is to investigate the mechanical properties
and ionic conductivity of a family of glassy electrolytes to provide a first
step toward establishing general structure-property relations, which will
help future electrolyte design. We here focus on lithium borophosphate
(LiBP) glasses because they are relatively chemically stable in air,
enabling well-controlled experimental characterization. First, Raman
and X-ray total scattering were performed to characterize the structure
of the glassy electrolytes, both on the short- and medium-range order
length scales. Then, molecular dynamics (MD) simulations were carried
out to extract further structural details and enable comparison with the
experiments. The mechanical properties and fracture behaviors of the
electrolytes were assessed by indentation, single-edge precracked beam
(SEPB) method and MD simulations combined with bond switching
analysis. Furthermore, the topological features in the atomic structure
were analyzed through persistent homology and ring statistics analyses.
Clear structure correlations with both fracture toughness and ionic
conduction could then be identified.

2. Experimental and computational details
2.1. Sample preparation

Glassy electrolytes with molar composition of xLi;O-(100-x)
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(0.5B503-0.5P,05) (with x = 38, 40, 42.5, and 45, labeled as 38LiBP,
40LiBP, 42.5LiBP, and 45LiBP, respectively) were synthesized by the
melt-quenching method. These compositions were chosen since their
ionic conductivity data have been reported in literature [21], enabling
us to compare these data with those from the present MD simulations.
Moreover, these compositions exhibit good glass-forming ability [21],
meaning that no detectable crystals are present in the samples. This
ensures obtaining the pure-glassy electrolytes for the present study.

Lithium carbonate (Li;CO3, >98.5%, Merck KGaA), boric acid
(H3BO3, >99.5%, Honeywell International), and ammonium dihy-
drogen phosphate (NH4H3PO4, >99.5%, Merck KGaA) were used as raw
materials for preparing the glasses. Each well-mixed batch was melted in
an Al;Og crucible at 900-1000 °C depending on composition for ~1.5 h
and then quenched onto a brass plate. The samples were annealed at
their glass transition temperature (Tg) for 30 min (the measured T,
values are listed in Table S1). Subsequent X-ray diffraction (Empyrean
XRD, PANalytical) analysis confirmed the non-crystalline nature of the
samples (see Fig. S1 in Supporting Information), while optical spec-
troscopy (Cary 50 Bio, Varian) quantified the transparency of the sam-
ples (see Fig. S2 in Supporting Information). All annealed glasses were
cut to the desired shape and optically polished in ethanol in six steps
using SiC grinding paper (grits 220 to 4000).

2.2. Raman spectroscopy

A micro-Raman spectrometer (Renishaw inVia) equipped with a 532
nm diode pumped solid state laser was used to acquire the Raman
spectra of the annealed glasses in a spectral range from 170 to 1800
em™ L. All spectra were subjected to uniform background correction and
area normalization.

2.3. X-ray total scattering

All scattering data were collected at the I15-1 beamline [22] at the
Diamond Light Source (A = 0.161669 A, E = 76.69 keV). The annealed
glass samples were crushed using an agate mortar and loaded into 1 mm
Kapton tubes, held in place by quartz wool and finally sealed using super
glue. Data of both an empty capillary and the samples were acquired in
the region of Q~0.7 to 25 A‘l, with data collected for 20 min each. The
empty container measurement was subtracted, and Compton and ab-
sorption corrections were followingly applied using the GudrunX soft-
ware before transforming the structure factor to the pair distribution
function (in this case the differential correlation function, D(r)) [23].
The GudrunX software employs the HHS functions as described in
Ref. [24] as well as a revised Lorch function for the conversion from
reciprocal to real space. We refer to the GudrunX manual for a detailed
introduction to this procedure [25].

2.4. Elastic properties, hardness, and crack resistance

Bulk specimens of each annealed glass were first cut into the
appropriate dimensions (18 x 18 x 4 mm?) for the ultrasonic echog-
raphy and indentation measurements. The top and bottom surfaces (18
x 18 mm?) of each glass were polished to obtain co-planar surfaces and
good surface quality. Polishing was done in two steps, first using SiC
grinding paper in ethanol with decreasing abrasive particle size (up to
4000 grit), and then using a water-free 1 pm diamond suspension.

The elastic properties of the glassy electrolytes were measured on
these samples by means of ultrasonic echography. Specifically, the ve-
locities of the longitudinal V;, and transversal waves V;, generated by 10
MHz piezoelectric transducers were measured. By using the following
equations, Young’s modulus (E) and Poisson’s ratio (v) were calculated,

3V2 — 412

" 2
() -
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Here, the density (p) of glasses was measured by means of Archimedes’
method in pure ethanol (>99.99%) at room temperature (293.2 K).

We also performed mechanical characterization using micro-
indentation (Nanovea CB500 hardness tester) to determine Vickers
hardness (Hy) and crack initiation resistance (CR). Measurements were
performed at room temperature (293.2 K) with a relative humidity of
~30%. To determine Hy, the glasses were indented by using a load of
0.5 N (P). The loading duration was 15 s, and dwell time was set to 10 s.
At least 20 imprints were produced for each glass specimen. H, was
calculated as,

1.8544pP
==

v 3
where d is an average of two diagonal lengths of the indents. To deter-
mine CR, i.e., the Vickers indentation load at which 50% crack proba-
bility is recorded [26], we performed a sequence of indentation tests by
using a stepwise increasing load (from 0.3 to 9.8 N). The loading
duration was 15 s, and dwell time was set to 10 s. At least 30 indents
were produced for each glass specimen and load. The crack initiation
probability is defined as the number cracks formed from the corners of a
Vickers indent divided by the total number of corners.

2.5. Fracture toughness

To determine fracture toughness (K.), we followed the experimental
procedure given in ASTM standard for ceramics [27] and glasses [28,
29]. That is, K of the glassy electrolytes was measured by means of the
single-edge precracked beam (SEPB) method adopted for small dimen-
sion specimens (1.5 x 2.0 x 10 mm3) [30]. Firstly, a line of Vickers
indents with a load of 9.81 N for a dwell time of 5 s were introduced on
the broadest side (B = 1.5 mm) of a polished sample beam. Then, the
indented specimen was positioned in a bridge-compression fixture to
produce a precrack using a cross-head speed of 0.05 mm min~". In the
compression fixture, the specimen experiences tensile stress in the lower
part (indented part) and compressive stress in the upper part. This
allowed the controlled formation of a precrack with the size of about
half-length of W to be produced. Afterwards, we used a three-point
bending fixture to fracture the precracked specimen with a cross-head
speed of 0.9 mm min~! (to avoid the humidity effects, see Ref. [28]
for details). The span (S) of 8.0 mm was designed in the adapted
three-point bending according to the standard [27]. Finally, K. was
calculated from the peak load (Ppay) [27,28,31],

P,
KC — max Y* 4
= Bw 4
.38 a2
where Y =W mf (@) %)

Here, Y* is the shape factor and a is the precrack-width ratio (a/W) and f
(@) = [1.99 — (o — 0®)(2.15-3.930 + 2.70®)] /(1 + 201). Five valid tests for
each glass composition were performed to obtain an average Kj. value.

2.6. MD simulation of glass formation

MD simulations of the LiBP glassy electrolytes with same composi-
tions as those used in the experiments were performed using a GPU-
accelerated [32] version of LAMMPS. A recently developed parametri-
zation of the classical Buckingham potential from Ref. [33] was used to
reproduce the structure and mechanical properties of the samples.
Long-range Coulombic interactions were calculated using the
particle-particle-particle-grid (PPPM) method with an accuracy of 107°.

Glass structures of the electrolytes were simulated by a melt-
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quenching procedure. Specifically, Li;O, B2Os, and P20s units (over
9000 atoms in total) with different compositions were randomly placed
in an orthorhombic box. The systems were firstly melted at 3000 K in the
NVT ensemble for 200 ps to ensure the loss of any memory of the initial
structure. Then, the systems were quenched in the NPT ensemble under
zero pressure with a cooling rate of 1 K/ps, which helps to relieve local
stresses and thus enables more accurate mechanical property simula-
tions. Subsequentially these structures were relaxed in the NVT and NPT
ensembles at 300 K for 100 ps, respectively, to generate an improved
glass structure with a more accurate glass density [34]. Although the
simulated density values are slightly lower than the experimental ones
as shown in Table S1, this systematic difference in density has a
consistent effect on the ionic conductivity estimates for all four com-
positions. A timestep of 1 fs was used, and Nosé-Hoover thermostat and
barostat [35,36] were applied to control the temperature and pressure,
respectively, when applicable.

The mean-square displacement (MSD) of Li atoms was calculated to
estimate the self-diffusion coefficient D from the trajectories:

N
MSD () =23 [1(0) ~ r0)f ©
b L

where N is the total number of Li atom, and ri(t) is the position vector of
the ith Li atom at time t. The MSD of Li was calculated in the NVT
ensemble at 700-800 K at an interval of 50 K to estimate the diffusion
activation energy E, by fitting an Arrhenius function to the data:

D =Dgyexp (—E,/ksT) 8)
where kg is the Boltzmann constant, T is the temperature, and D cor-
responds to the self-diffusion coefficient at infinite temperature. The

calculated D values were converted to ionic conductivity (¢) at the
corresponding temperature by means of the Nernst-Einstein equation:

D (C)]

2.7. MD simulation of elastic properties

With the assumption of isotropic structure, elastic constants were
obtained by elongating the glass samples progressively in the tensile
directions xx, yy and zz and in the shear directions xy, xz and zy with
strain steps of ¢ = 0.0001 = 0.01%. After each elongation step, the
structure was relaxed at 300 K for 1 ps and then simulated for another 1
ps while averaging the measured stresses in the given directions
(sampled at each time step). Both procedures were conducted in the NVT
ensemble. After recording the stress-strain curves, a linear regression
was performed to obtain the elastic constants of the system. Assuming
that the material system is isotropic, C11 and C44 were evaluated as the
average of C11, Cop and Cs3 and as Ca4, Css and Cge, respectively [37].
Based on the isotropic assumption, C;2 was then calculated as

Ci,=C —2Cy 10

Finally, the Young’s modulus (E) and Poisson’s ratio (v) were
calculated by the following relations
(Cui — Ci)(Ciy +2C12)

E= 11)
Cy+Cn

Ci

= (12)
Cy+Cp

2.8. MD simulation of fracture toughness

We then used an approach developed by Brochard [38] to calculate
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K. of the simulated LiBP glassy electrolytes. In brief, simulated struc-
tures were replicated to 1 x 2 x 2 supercells, and cationic atoms were
removed in an ellipse with a width of 1/3 of the longest side of the
simulation box and a height of 1/5 of the width. To maintain charge
neutrality, oxygens were then removed iteratively from the ellipse to
match the original composition before the oxygen charge was redefined
for the new composition. Such precracked samples were subjected to
energy minimization followed by 1 ns of relaxation at zero pressure in
the NPT ensemble at 300 K. The fracture experiments were initiated by
equilibrating the structure for 100 ps in the NVT ensemble at 300 K and
then gradually deforming the simulated box normal to the crack front
(z-direction) using strain steps of ¢ = 0.01 = 1%. Between each step, the
structure was first minimized, then equilibrated for 5 ps, and then
averaged in the strain direction by sampling the stresses at each time
step for another 5 ps in the NVT ensemble. This sequence was repeated
until a strain of 110% was reached. All the probed structures fractured
completely before reaching the maximum strain. Stress-strain curves
were obtained, and the critical energy release rate (G.) was calculated by
the equation:

L,
_ L}Ly z,max
A ).,

G. o.dL, 13)

where L designates the simulation box length, AA, is the crack surface
area obtained upon full fracture, and o, is the recorded stress in the 2-
direction. Kj. values of all structures were finally calculated as,

| G.E
Ky = -2 (14)

2.9. Bond switching analysis during fracture

Deformation involves the rearrangement of atoms, which in turn
occurs due to the breakage and recombination of chemical bonds during
the fracture process. Consequently, the changes in atomic coordination
numbers (CNs) during fracture, so-called bond switching events [39],
were computed, as such events can lead to stress dissipation. We first
calculated the partial pair distribution functions, where the cutoffs be-
tween M (where M represents Li, B, and P) and O were selected to be the
distance at the minima after the first peak in the pair distribution
function. The atoms of M and O were considered to be bonded if they
were within the cutoff. The cutoffs selected in this study were 2.4 A for
Li-O pairs, 1.8 A for B-O pairs, and 1.7 A for P-O pairs, respectively. The
bond switching analysis was then performed by comparing the CNs of
each individual atom and the identity of the neighboring atom with its
initial non-strained structure. If the CNs decreased or increased, then
these atoms were marked as Decreased CN or Increased CN, respec-
tively. If the neighboring atoms remain unchanged, then these atoms are
labeled as Unchanged CN. Otherwise, the remaining atoms were coun-
ted as Swapped CN, indicating that the CN remained unchanged but
with at least one differing neighboring atom compared to the initial
state.

2.10. Rings statistic and persistent homology analysis

We used both standard ring size analysis as well as persistent ho-
mology to resolve the topological feature of rings embedded in atomic
configurations produced in the MD simulations. Based on chemically
bonded structures, the standard ring size analysis can identify the local
ring structure where the diffusing Li atoms may be located. To this end,
the structural ring size distribution was computed by the RINGS package
[40], wherein a borophosphate ring is defined as the shortest
closed-path  within the borophosphate network excluding
network-modifying Li species and terminating O atoms [41].

In the persistent homology method, the atomic positions obtained
from the MD simulation are replaced by balls of a given radii according
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to their atomic type [42]. The size of the balls then increases (referred to
as the increase of “time”). As the radii increase, two balls intersect to
form an edge and some edges combine to form a closed ring, a so-called
“loop”, which is referred to as the “birth” time of a loop. When a ring is
filled with growing balls, it is referred to as the “death” of a loop. The
information obtained from loops is the one-dimensional persistence
homology. The birth and death times of loops are used to make a scatter
plot, the so-called persistence diagram (PD), which compiles the topo-
logical characteristics of the system. We performed the persistent ho-
mology analyses using the procedure described in Ref. [43] by using the
libraries Diode [44] and Dionysus 2 [45]. We followed the approach in
ref. [42] to obtain the atomic radii of r; = 0.69 A, rg=0.20 [D\, ro=1.21
A and rp = 0.26 A. We then used the accumulated persistence function
(APF) [43] to quantitatively compare the one-dimension PDs as,

APF (1)= > (d;— b)) (15)

im<t

where b; and d; are the birth and death times of point i (representing a
structural feature) in the PD, respectively, and m; = (b; + dy)/2 is the
mean age of point i.

3. Results and discussion
3.1. Glass structure and topology

Detailed structural information on the LiBP glassy electrolytes has
been obtained through both experiments and MD simulations. Fig. 1A
shows the area-normalized Raman spectra of the four glass composi-
tions. Table S2 summarizes the band deconvolution assignment of these
spectra. Distinct changes could be identified from the Raman spectra,
namely the increase of fractions of (P207)4' and (B-O-P)" groups (band
6) and the decrease of fraction of various phosphate groups with BO4
units (band 3) and (POs)," chains (band 4) with the increase of lithium
content. While keeping the relative content of B,O3 and P205 constant (n
(B203)/n(P,05) = 1), the introduction of lithium as a network modifier
resulted in a less densified glass network structure and more (POs)."
chains become depolymerized, leading to an increase in the fraction of
(P207)4' groups.

Based on the MD simulations with over 9000 atoms and periodic
boundary conditions, we have reproduced the structure of LiBP glassy
electrolytes, with the atomic snapshot of 38LiBP shown as an example in
Fig. 1B. Fig. 1C presents the composition dependence of density as
determined from experiments and MD simulations, showing a
decreasing trend with increasing lithium content and a relatively small
absolute differences that arises due to the higher cooling rate used in the
simulations relative to the experimental melt-quenching. As such,
although the densities are systematically underestimated, the trend of
density with composition is well captured.

X-ray total scattering experiments were performed to measure the
pair distribution function of all studied LiBP glassy electrolytes, as
presented in Figs. S3 and S4. S(q) and D(r) are compared with the results
calculated from MD simulations. An example of a direct comparison
between experimental and simulated S(q) and D(r) is presented in
Fig. 1D. Here, as well as in Fig. S3, the lack of long-range order in the
LiBP glassy electrolytes is observed from the diffusive scattering of the S
(q) in both experiments and simulations. At the bottom of Fig. 1D, we
compare the differential correlation function D(r) obtained experimen-
tally with the results from MD simulations (38LiBP), exhibiting an
overall very good agreement with R, value of 5.1% (metric proposed by
Wright [46] to quantify the agreement between the simulated and
experimental pair distribution function). This highlights the ability of
the MD potential to capture the structural features of the LiBP glasses.
Fig. 1E shows the partial radial distribution functions (RDF) of different
pairs as calculated from the trajectory of MD simulation. The varying
lithium content does not have a significant impact on the bond lengths of
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Fig. 1. (A) Raman spectra of as-prepared LiBP glassy electrolytes. The spectra were subjected to background correction and area normalization. (B) Atomic snapshot
of MD-simulated 38LiBP glassy electrolytes (9720 atoms). Lithium, boron, phosphorus, and oxygen are represented by green, blue, purple, and red balls, respectively.
(C) Comparison of densities of LiBP glassy electrolytes obtained from experiments and simulations. (D) Comparison between experimental (blue) and simulated (red)
S(g) and D(r) of 38LiBP glassy electrolyte. (E) Partial radial distribution function of LiBP glassy electrolytes calculated by MD simulations. (F) Bond angle distribution
of O-B-O in the simulated LiBP glassy electrolytes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Li-O, P-O and O-O, whereas we observe a decrease in the B-O bond
length with higher Li content, reflecting the partial transformation of the
boron coordination state from BO4 into BOs units. This is also captured
by the decreased CN of boron from MD simulations (see Fig. S5) and the
shift of the O-B-O bond angle at ~120° as shown in Fig. 1F. Previously,
the same shift from BO4 to BO3 with composition has been observed in
NMR data of sodium borophosphate glasses [47].

3.2. Mechanical properties

Internal stresses during electrochemical cycling may lead to defor-
mation of the solid electrolyte, hence compromising the physical contact
tightness between the electrolyte and the electrode. Table S1 summa-
rizes the composition dependence of the elastic properties of the LiBP
glassy electrolytes. As the lithium content increases, the Young’s
modulus (E) decreases as shown by both experiments and MD simula-
tions, i.e., the LiBP glass becomes softer. This trend is consistent with the
decrease of the measured Vickers hardness (H,). Another important
aspect to enhance electrolyte lifetime is to limit the formation of cracks
in the solid-state electrolytes as they hinder the transport of ions. To this
end, the crack resistance (CR) is a good measure. Fig. 2A shows the load
dependence of crack initiation probability of the four LiBP glassy elec-
trolytes. Crack resistance is calculated by counting the number of
indentation cracking corners. We note how challenging it is to distin-
guish the variation in CR with compositions especially at low loads.
However, we can observe from Fig. 2A that generally the LiBP glasses
appear to crack at relatively low loads, with CR around 1 N, which is
lower than of most other oxide glass families [48,49]. This reflects that
the LiBP glasses are very prone to cracking when subjected to high local

stresses.

Once cracks appear in the solid-state electrolytes, their continued
propagation will greatly hamper the performance and even leads to the
failure of the solid-state battery. Such resistance of solid materials to
crack propagation can be quantified by the fracture toughness, Kic,
which is emerging as a determining factor for charting the performance
of solid-state batteries [15]. In this work, we measured the fracture
toughness of LiBP glassy electrolytes by means of the self-consistent
SEPB method. Fig. S6 shows the bridge compression fixture, which
was used to introduce a precrack in the sample before undergoing full
fracture. Fig. 2B presents the load-displacement curves of precracked
LiBP glassy electrolytes specimens during fracture. The three-point
bending fixture used to fracture the samples is depicted in the
top-right corner of Fig. 2B. We observe unstable fracture at Py,x, which
is required to calculate K. based on the peak load, as it limits the stress
corrosion [28]. Fig. 2C displays one post-fractured specimen of 38LiBP,
with the measured precrack lengths (a) at 25%, 50%, and 75% of the
broadness (B) that were applied to calculate Kj. (see section 2.5 for
details).

To enable interpretation of the experiments and to explore the
structural changes during fracture, we also calculated the Kj. values of
these four different compositions of glassy electrolytes using MD simu-
lations. The simulated fracture process is illustrated in Fig. 2D, with the
region around the crack tip showing continuous bond stretching (Fig. 2D
and 30% strain). This method provides stress-strain curves (Fig. 2F),
which may be exploited to calculate the Kj.. In the process of loading,
the stress-strain curve decreases rapidly after the elastic region, i.e., LiBP
glassy electrolytes show a brittle mechanical response, and the ductile
region is hardly present even at the nanoscale. The calculated K. values
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from SEPB tests and MD simulations are plotted in Fig. 2F, showing a
qualitative agreement. That is, in both experiments and simulations, Kj.
decrease with increasing lithium content. In detail, the K. values from
SEPB tests decreases from 0.76 to 0.56 MPa m®> when the lithium
content increases from 38 to 45 mol%. The low fracture toughness
suggests that the LiBP glassy electrolyte becomes less capable to resist
crack propagation with increasing lithium content. Interestingly, the
pronounced decrease in fracture toughness is observed although the
change in composition is relatively small, and as such, in the following,
we use MD simulations to identify the key structural changes during
fracture to understand this behavior.

3.3. Bond switching during fracture

During the fracture process, energy can be dissipated by changes in
chemical bonds, so-called bond switching events [39]. Bond switching
events of boron have been analyzed as shown in Fig. 3. We disregard
bond switching in phosphorus atoms from this analysis since no bond
switching events related to phosphorus atoms occur during fracture
(Fig. S7). Figs. 3 A, B, and 3C show the bond switching activities of boron
atoms, which exhibit decreased, increased, and swapped CN events
during the fracture process, respectively. Fig. 3D shows an atomic
snapshot of the bond switching event of boron atoms under a strain of
0.1. Compared with the non-strained configurations (top three circles of
Fig. 3D), the CN of the center atom boron features several possibilities
apart from no change at all, i.e.: (i) the B CN may decrease from 4 to 3

(decreased CN), (ii) the B CN may increase from 3 to 4 (increased CN),
and (iii) the B CN may be constant, yet with change of the identity of
oxygens in its surrounding (swapped CN). The bond switching process of
boron mainly relies on the CN shift from BO3 to BO4 in this process,
accompanied by the swapping of atoms in the BO3 and BO4 units. Fig. 3A
shows that the events of decreased CN increase sharply from the
beginning of tensile process. Yet, after reaching the maximum value, the
occurrence of the bond switching events decreases and levels off after
the onset of fracture. Figs. 3B-C shows that the frequency of increased
and swapped CN events continue to increase throughout the fracture
process. After fracture, we observe some increase in the increased CN
events, which can be attributed to glass relaxation, i.e., the release of
stress after brittle fracture can induce some compression, leading to
more increased CN and swapped CN events. This trend also agrees with
the results reported in refs. [30,50]. We also observe that the fraction of
atoms that exhibit bond switching events decreases as the lithium con-
tent in the LiBP glassy electrolytes increases. The drop in the fraction of
atoms capable of undergoing bond switching events (and, hence, that
can release stress) is the main structural origin of the decreasing fracture
toughness. Based on the structural analysis of the LiBP glassy electro-
lytes in Figs. 1 and S8, it is noted that the CN of boron is decreasing as
more lithium is incorporated in the structure, resulting in fewer possi-
bilities to dissipate fracture energy by decreasing the CN. This may be
observed from the fraction of atoms that decrease CN constitute a larger
value than events associated with increased and swapped CN.
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3.4. Ionic conductivity

Another key performance parameter of solid-state electrolytes is the
ionic conductivity, which can be easily calculated from the dynamic
properties of MD simulations. Hence, the mean square displacement
(MSD) has been calculated to analyze the diffusion of lithium ions in the
simulated glasses. The results for lithium diffusion under different
temperatures are shown in Fig. S9. As exemplified in Fig. 4A, no sig-
nificant diffusion of boron and phosphorus atoms has been observed. By
probing the MSD at different temperatures, we find the correlation be-
tween the lithium diffusion coefficient and temperature to show an
Arrhenius behavior (Fig. 4B). The results show a decrease of the acti-
vation energy of the LiBP electrolytes with an increase in the lithium
content, as also previously reported experimentally [21]. The diffusion
coefficient values at 300 K shown in the bottom left corner of Fig. 4B are
obtained by extrapolating the high-temperature data. Further, the ionic
conductivity of Li has been calculated using the Nernst-Einstein equa-
tion (Eq. (9)). As shown in Fig. S10, the increase in the calculated ionic
conductivity with lithium content also coincides with that observed in
experimental data reported in literature [21].

While ionic conduction in crystalline materials is generally well
understood, a unified theory of conduction in the amorphous state has
not yet been fully developed [19]. The diffusion path characteristics in
the disordered structures are much more complex than those in crystals
due to the presence of many inequivalent paths [51,52]. Although it is
suggested that elemental hopping theory can still be used [15], the
complex topology in the glassy electrolytes makes the extraction of
lithium conduction paths much more difficult. Accordingly, we here
analyze the medium-range order (MRO) structure of the LiBP glassy
electrolyte using two approaches, i.e., persistent homology and ring
statistical analysis to gain further insight into the structure origin of

ionic conductivity [40,42,43,53]. Note that we use the same atomic
configuration data (generated by MD simulations) as input for both
methods. Essentially, these are two different methods used to obtain the
network topology, where the ring statistical analysis considers only the
topology composed by the bonded atoms, while the persistent homology
method considers all the atoms in the structure (see Methods section),
thereby obtaining the overall topological structure information. The
results obtained by the two methods validate each other and provide
interpretation of the conduction mechanism of lithium ions.

The PD shown in Fig. 4C can be used to distinguish between a range
of structural features according to their loop size. Four characteristic
regions can be characterized by using the invariance property with
respect to the initial radius [42], i.e., the region C contains short-range
order information from loops composed of O-P-O, whereas Cp, Co, and
Bo are characterized as MRO. By increasing the radii of the balls, the
primary large loops form (marked as Cp in Fig. 4C) and each loop on Cp
becomes thicker and begins to create new loops through edge contacts.
These newly generated loops appear on the Ct, Co, and Bo regions. A
more detailed and rigorous mathematical definition and process for
generating persistence diagrams can be found in the relevant refs. [42,
43,54]. The PDs of LiBP glassy electrolytes are quantitatively compared
by following refs. [43,55], namely by calculating the APF for loops (as
introduced in the method section). This method compiles the informa-
tion of the PD in a simple and directly comparable manner. As shown in
Fig. 4D, the APF of PDs for loops decreases with the increase of lithium
content, implying that the fraction of large loops in LiBP glasses in-
creases with lithium content.

We have also used ring statistics to analyze the topology of the LiBP
glassy electrolytes. This approach considers only the chemically bonded
atoms in the structure. Fig. 4E shows the ring size distributions in the
LiBP glassy electrolytes, which is consistent with the persistent
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homology analysis. A reduction in the number of small rings and rise in
the number of larger rings with increasing Li content is observed, which
implies more free volume providing space for lithium diffusion. Overall,
we therefore propose that variations in ring distribution associated with
changing the composition of LiBP glassy electrolytes are related to the
dynamic diffusion properties of lithium, as revealed by changes in the
ionic conductivity. This is because we find through the MD simulations
that the diffusion of lithium ions associated with small ring is more
hindered, causing a tendency to jump from the small to the larger ring,
as identified in Fig. 4F. The increase of the sizes of rings (loops) in the
structure provides more sites for lithium to migrate and the self-
diffusion coefficient of lithium increases, which is macroscopically
demonstrated by the increased ionic conductivity of the glassy
electrolytes.

3.5. Implications for solid-state electrolyte design

Although considerable progress has been made in the development
of solid electrolytes for the application of solid-state batteries in energy
storage, extensive research and development work is still needed to
enable practical implementation [56]. Mechanical stability issues in
particular are difficult to be overcome in the case of solid-state batteries,
as complex stress changes are applied to the solid-state electrolytes [57].
Through this study, we have demonstrated the structural dependence of
fracture toughness and ionic conductivity and have concluded that the
rational design of solid-state electrolytes requires the disordered struc-
ture to be tuned across different length scales. First, our findings point to
the important role of MRO structures on ionic conductivity. Character-
izing and quantifying the MRO structure of disordered materials is
challenging, but recent advances based on topological data analysis [43]
and force-enhanced atomic refinement [58] could be applied to different

glassy electrolyte families to further understand the relationship be-
tween ionic conductivity and the shapes and sizes of superstructural
rings. To validate such simulation results, development of advanced
experimental techniques for characterizing the ion transport mechanism
in operando will be needed. Second, we have found that the fracture
propensity is governed by bond switching events, as also previously
observed in other glass families [30,39]. As observed herein, this sug-
gests that elements such as boron should be incorporated in their highest
coordination environment to facilitate energy dissipation. Additional
work is needed to understand the relation between atomic-scale struc-
tural changes and macroscopic failure, in turn calling for in operando
stress/strain measurements on materials with varying propensity for
coordination number changes.

4. Conclusions

In this work, we investigate the atomistic origin of the variation in
mechanical properties and ionic conductivity of lithium borophosphate
glassy electrolytes. The fracture toughness of the glassy electrolytes has
been measured by the SEPB method and thereby we have discovered
that K. decreases with increasing lithium content. Since the decrease in
modulus is consistent with the variation of fracture toughness with
composition, softer materials should have lower ability to resist crack
formation and propagation. The fracture of glassy electrolytes can
dissipate energy through bond switching events, involving both
decreasing and increasing coordination number, and swapping oxygen
atoms around boron atoms. We find the decreasing coordination number
of boron from four to three to be the main events, which implies that the
fracture toughness of LiBP electrolytes is strongly associated with the
presence of BO4 in the glass. The migration of lithium-ions in the glassy
electrolytes depends on the jumps between rings, with larger rings
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having more free volume to facilitate lithium-ion migration.
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