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Progress and Potential

Ceramic electrolytes are a

promising replacement for the

liquid electrolytes that are

commonly used in Li-ion batteries.

The implementation of solid

electrolytes can potentially lead to

both higher energy density and

improved safety. However, their

inherently low fracture toughness

is a major limitation. In this work, a

method to fabricate high-

toughness ceramic solid

electrolytes is proposed and

demonstrated. These
SUMMARY

Ceramic solid electrolytes are important emerging materials with the
potential to enable the safe use of Li-metal anodes. However, they suf-
fer from inherently low fracture toughness, which significantly limits
battery performance and reliability.While small electrolyte dimensions
are generally needed for faster ion transport, these length scales also
restrict the approaches that can be used to engineer higher fracture
resistance. Inspired by the toughening that reduced graphene oxide
provides to polymers and engineering ceramics, this study explores
the use of rGO to enhance the toughness of an oxide-based lithium-
ion conductor. Materials with a greater than 2-fold enhancement in
the averageKIC are demonstrated. To our knowledge, this is the tough-
est ceramic solid electrolyte yet reported. Based on these results, an
analytical framework is developed to provide guidelines for the design
of ultra-tough solid electrolytes using 2D materials.
nanocomposite materials use low

volume fractions of reduced

graphene oxide, and show over

two-fold increase in the fracture

toughness in LATP with negligible

change in ionic and electrical

conductivities. An overall

framework is also presented to

assess the relevant toughening

length scales and to provide

guidelines for designing

toughened solid electrolytes

using nanomaterials.
INTRODUCTION

Solid-state lithium batteries (SSLBs) provide key improvements to traditional

lithium (Li)-ion batteries based on liquid electrolytes.1 They can potentially increase

energy density through the safe use of Li-metal anodes.2–4 Solid-state electrolytes

(SSEs) are the enabling material for the successful development of SSLBs.5,6

However, ceramic solid electrolytes still suffer from challenges related to their me-

chanical properties. In particular, the low fracture toughness (KIC) of these materials

(�1 MPa.m0.5) is a major limitation.2,3,7 Limited attempts to increase the fracture

toughness of these electrolytes have not been successful, as high ionic conductivity

together with increased KIC was not achieved.8,9 Nanoscale reinforcements such as

nanoparticles, carbon nanotubes, and graphene-related platelets have been used

to increase the toughness of structural ceramics, with multiple studies showing

that low volume fractions (1–5 vol %) of reduced graphene oxide (rGO) are partic-

ularly successful.10–14 These strategies have not been explored in solid electrolytes.

Thus, rGO was selected to reinforce ceramic electrolytes in the current work. This

was incorporated in Li1+ xAlxTi2�xðPO4Þ3 (LATP), which is an easy-to-fabricate, low-

cost NaSICON-type inorganic electrolyte with high stability in air and/or water.15

Spark plasma sintering (SPS) is widely used to fabricate ceramic nanocomposites,

largely because high heating rates make it possible to obtain dense material

with very small grain sizes.11–14 Prior research shows that SPS can produce LATP

with high ionic conductivity (�10�3 S cm�1),16,17 and this method was extended

to produce LATP/rGO nanocomposites. The microstructure, fracture toughness

and conductivity of these nanocomposites is reported here. Fracture of SSEs in

Li-ion batteries is then discussed, along with their potential for limiting the propa-

gation of Li-metal dendrites.
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Table 1. Effect of Temperature on the LATP Microstructure

Processing Measurements Temperature (�C)

800 850 950

Average grain size (mm) 1.8 G 0.1 2.1 G 0.1 2.5 G 0.1

Relative density (%) 81.12 G 0.05 87.75 G 0.05 91.38 G 0.05
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RESULTS AND DISCUSSION

LATP Nanocomposite Structural and Mechanical Investigation

Research on ceramic nanocomposites is notoriously challenging, with numerous

studies that show poor mechanical properties due to inhomogeneous microstruc-

tures.18 For this reason, SPS was employed to demonstrate the feasibility of creating

nanocomposite electrolytes. This method allows full-density processing quickly,

avoiding degradation of the rGO reinforcements. SPS also makes it possible to

maintain nanostructured composite materials, in contrast to conventional sintering

methods, whereby much higher temperatures lead to substantial grain growth.

Three different processing temperatures were evaluated for LATP (as illustrated

in Table 1). The sintering conditions were based on prior SPS studies for this mate-

rial.16,17 Scanning electron microscopy (SEM) shows that higher temperature and/or

longer sintering times promote densification but also enhance grain growth. The ef-

fect of temperature is evident in Table 1 and Figure 1. It is clear that fully dense ma-

terial is not achieved at 800�C. However, higher relative density (91.4%) was

observed at 950�C, along with substantial grain growth (2.5 mm). With these condi-

tions, the relative density for LATP with 1 and 5 vol % rGO was similar (91.0% and

90.7%, respectively). Retained porosity is expected to degrade the performance

of the material (both electrochemically and mechanically).19–21 The impact of grain

size on electrochemical properties is unclear. The rGO platelet thickness and lateral

dimensions are 60–120 nm and 5–10 mm.

Structural characterization of the LATP was conducted using X-ray diffraction (XRD).

The main peaks in all patterns were indexed to the Li1:3Al0:3Ti1:7ðPO4Þ3 crystal struc-
ture (Joint Commission on Powder Diffraction Standards card 35-0754), as shown in

Figure 2A. Evidence of a small amount of AlPO4 was detected in all the sintered ma-

terials. With the addition of GO, some peaks are enhanced. For the 5 vol % compos-

ite the additional peak at �31.3� (not present in the starting powder) may be due to

Li2C2.
19,22 Further structural characterization of the composites was conducted using

Raman spectroscopy (Figure 2B). The characteristic D and G bands for graphitic

structures were observed, as well as the peak that corresponds to PO3�
4 .23 The G

band is a fundamental frequency of graphitic structures. The weak presence of the

two-dimensional (2D) band for the case of LATP with 5% rGO indicates successful

thermal reduction of GO to rGO.11,12

Standard methods (described in Experimental Procedures) were employed to mea-

sure the fracture toughness of themonolithic material (LATP) and the composites. To

determine the fracture toughness of monolithic LATP, we first evaluated the elastic

modulus (102.5 GPa) and hardness (8.0 GPa) with nanoindentation. These values are

consistent with other reported values for LATP produced with SPS.7,16,17 The elastic

modulus of the composite nanocomposite decreased with the addition of rGO. For

the nanocomposites, the measured elastic modulus values are 97.7 and 81.6 GPa

with 1% and 5%, rGO respectively. The measured toughness for both the monolithic

and composite materials are reported in Figure 3. It is important to note that inden-

tationmethods are not capable of providing accurate quantitative information about
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Figure 1. Sintered LATP Ceramic Electrolyte Microscope Images

(A) SEM images of fracture surfaces of LATP ceramic electrolytes densified under different SPS

conditions. The uneven grain growth and porosity observed indicate that sintering at 800�C is

insufficient to achieve fully dense material.

(B) Grain growth accompanied by some porosity removal occurs after annealing at 950�C.
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the toughness in nanocomposites,24,25 and thus the values reported here were ob-

tained with traditional large-scale measurements. The mean toughness value, Kavg
Ic ,

for LATP is 1.1 MPa.m0.5, the value for the 1 vol % composite increases to

2.4 MPa.m0.5, and the value for the 5 vol % composite increases substantially to

3.7 MPa.m0.5. The increased fracture toughness in the composites is believed

to be primarily caused by crack deflection followed by bridging and pull-out of

the rGO platelets, as shown in Figure 4A. The properties of the platelet/matrix inter-

face are known to be critically important here. Crack deflection generally requires a

sufficiently weak interface, and energy dissipation due to debonding and frictional

sliding along this interface, leads to increased toughness.11,12

To confirm the occurrence of bridging in the rGO-reinforced LATP, we used SEM to

examine indentation cracks (Figure 4B). Crack deflection (Figure 4C), rGO bridging

(Figures 4D and 4E), and pull-out (Figures 4F and 4G) are all evident. These qualita-

tive observations, along with the measured increase in toughness, indicate that

LATP can be reinforced successfully with low rGO volume fractions.

LATP Nanocomposite Electrochemical Performance

In addition to demonstrating improved mechanical behavior in the LATP/rGO

composites, it is also necessary to determine whether these materials meet the con-

ductivity requirements of a functional electrolyte. These properties, reported in Fig-

ure 5A, show that the ionic conductivity is on the order of 10�5 S.cm�1 for both the

LATP and LATP/1 vol % rGO composite. These values are similar to other reported

values for SPS’d LATP with similar thicknesses.16,17 The electronic conductivities of

�0.5 3 10�8 S.cm�1 are also similar others reported. This demonstrates that a low

volume percentage of rGO (1 vol %) increases the fracture toughness without signif-

icantly altering the ionic and electronic conductivities of the solid electrolyte. For

higher volume percentages (i.e., LATP/5 vol % rGO), the increase in the electronic

conductivity is probably due to the creation of a percolating conductive carbon

network across the material. While this composite cannot be used as an electrolyte,

it is likely that much lower electrical conductivity with these higher reinforcement vol-

ume fractions can be achieved with additional modifications (e.g., by coating the

rGO with a thin film insulator).

To further increase the ionic conductivity, we annealed specimens at 950�C for 10 h

in forming gas (5% hydrogen and 95% nitrogen). A modest annealing temperature

value was chosen to minimize the impact of grain growth on the mechanical
214 Matter 3, 212–229, July 1, 2020
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Figure 2. Structural Characterization of LATP/rGO Nanocomposites

(A) XRD of the prepared Li1.3Al0.3Ti1.7(PO4)3 for as-received powder (black), SPS’d monolithic LATP

materials (red), LATP with the addition of 1 vol % rGO (blue), and LATP with the addition of 5 vol %

rGO (green). Some of the peaks are suppressed when graphene oxide is added. Reference lines for

LATP are also shown (dark blue).

(B) Raman spectra of the GO powder (black), SPS’d monolithic LATP materials (red), LATP with the

addition of 1 vol % rGO (blue), and LATP with the addition of 5 vol % rGO (green). The presence of

the 2D band in the LATP 5 vol % composite indicates successful reduction of the GO to rGO after

SPS sintering.
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properties. As seen in Figure 5A, this led to some increase in ionic conductivity.

Although ionic conductivity mechanisms are still not widely understood, there are

several reports of grain-boundary conductivity being well below bulk conductiv-

ity.26,27 Based on this, one possible explanation for the higher conductivity is that

oxidation at higher temperatures or for longer times may increase the grain size.

In general, further improvements in the conductivities of the LATP/rGO composites

are desirable. Other work with ceramic solid electrolytes demonstrates that process
Matter 3, 212–229, July 1, 2020 215



Figure 3. Fracture Toughness Enhancements

Fracture toughness of monolithic and rGO-reinforced LATP, obtained by Vickers indentation and

single-edge-notched beam tests, respectively. Kavg
IC is the average fracture toughness for each type

of material.
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optimization studies can be used to obtain additional improvements in the ionic con-

ductivity values, and similar results are likely to be possible with the LATP/rGO

nanocomposites.28,29

To evaluate the electrochemical cycling behavior of the composite electrolyte, we

performed experiments using symmetric coin cells (Figure 5B). In general, oxide

solid electrolytes are not thermodynamically stable against Li metal.30–32 The mech-

anisms associated with the corresponding decomposition and passivation of these

materials are currently not well understood. One key problem for Ti-based systems

is the reduction of Ti4+ to Ti3+ in the presence of metallic Li.30–32 Other work indi-

cates that better performance can be achieved when LATP surfaces are stabilized

with surface coatings, such as Li2PO2N
26,33 or poly(ethylene oxide) (PEO).34 Based

on this, a thin PEO layer was employed to demonstrate the feasibility of this

approach with the LATP nanocomposites. Results obtained with the oxidized

LATP composite at a current density of 0.01 mA cm�2 are shown in Figure 5C. After

several cycles the results indicate that the overpotential does not increase, and the

impedance spectra in Figure 5D confirm that the interfacial resistance of the LATP

composite does not increase during cycling.
Analysis of Nanocomposite Fracture

The measurements in Figure 3 demonstrate that low volume fractions of rGO lead to

significant toughening. However, it is important to look beyond KIc values to address

relevant phenomena at the length scales that are relevant in solid electrolytes. In

particular, describing nanocomposite fracture with KIc is incomplete because of

large-scale bridging (LSB).35 These effects are expected to lead to the type of R-

curve behavior that is shown schematically in Figure 6. The fracture resistance for

the matrix, Ro, corresponds to the Ko
Ic value, via

Ro =
Ko
Ic
2

E 0
E

; (Equation 1)

where the plane strain modulus, E
0
E = EE=ð1 � v2EÞ, is a function of the elastic

modulus, EE, and the Poisson ratio, vE.
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Figure 4. Fracture Toughness Enhancements via Crack Deflection and rGO Pull-Out

(A) Simplified schematic of crack bridging and pull-out. SEM images of: (B) the indentation spot, (C)

crack deflection near indent, (D and E) crack bridging by an rGO platelet, and (F and G) evidence of

rGO platelet pull-out. The dashed double arrow indicates the direction of the mechanical pressure

applied during SPS sintering.
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Crack extension occurs whenG>R, whereG is the strain energy-release rate. In gen-

eral G is determined by the specimen geometry (including the crack length, c). For

basic mode I loading (uniaxial tension),G increases with c and with the applied load.

For a single-phase ceramic (i.e., the LATP matrix) this leads to unstable crack
Matter 3, 212–229, July 1, 2020 217



Figure 5. Electrochemical Performance of LATP/rGO Nanocomposites

(A) Ionic and electronic conductivity of monolithic and composite materials.

(B) Schematic of the symmetric cell with Li-metal electrodes and PEO passivation layers.

(C) Voltage profile of the oxidized LATP composite for cycling at 0.01 mA cm�2.

(D) Electrochemical impedance spectra confirm that the impedance does not increase.
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extension (i.e., G>R is satisfied for all c>co). This case is shown as the dotted line

beyond the Go = Ro value in Figure 6B.

The rGO reinforcements lead to additional toughening above the Ro value. In

Figure 6B this increase in R extends across most of the electrolyte thickness.

This depiction is based on recent measurements with similar rGO reinforcements

in a different ceramic matrix (SPS-processed Al2O3), which show that steady-state

bridging-zone sizes are on the order of 100 mm.11 Similar behavior in the LATP

nanocomposites was verified with SEM observations which show an average of

�28 and �8 bridging platelets per 100 mm of crack length in the 5 vol % and
218 Matter 3, 212–229, July 1, 2020
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Figure 6. Analysis of Nanocomposite Fracture

(A) Schematic of a nanocomposite solid electrolyte with initial crack length (co) and crack

extension (cs).

(B) Schematic of rising fracture resistance (i.e., R curve) and strain energy release rate, G, for

external mode I loading.
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1 vol % nanocomposites, respectively. Estimates for the number of vertically

aligned, randomly distributed platelets in the cross-section of a rectangular vol-

ume are 32 and 6 platelets along a 100-mm crack for 5 vol % and 1 vol % loadings

(based on rGO dimensions of 100-nm thickness and a radius of 10 mm).36 The sim-

ilarity between these values and the SEM observations demonstrates that the

rGO platelets in the LATP nanocomposites are well dispersed and aligned. Based

on these findings, the bridging zone in these materials is expected to evolve dur-

ing crack extension over at least tens of micrometers. Further investigations of

bridging-zone dynamics in nanocomposites are possible, but this requires novel

micromechanical testing methods and detailed analysis that are beyond the

scope of the current study.37–39

The standard fracture specimens for the results shown in Figure 3 are 3 mm thick,

with crack lengths that are larger than the expected R curve. This means that for

these large specimens the fracture resistance is independent of the crack length

(i.e., Rbr
ss = Ro + DRbr

ss ), such that the KIc values reported in Figure 3 can be prop-

erly interpreted as a general property of the material. In contrast to this, solid

electrolytes that are employed in batteries are expected to have thicknesses

that are less than 1 mm. In these cases, the expected bridging-zone sizes in

the rGO nanocomposites (discussed above) will lead to a rising R value that varies

significantly over the expected crack length, c. This variation is potentially rele-

vant for the �700-mm-thick specimens employed for the electrochemical mea-

surements in Figure 5, and it is more likely to be a significant factor in the thinner

solid electrolytes that are desirable for practical solid-state batteries. The two

strain energy-release rate curves in Figure 6B here illustrate the implications of

this behavior. Crack extension is first possible at Go, where the nanocomposite

R curve shown corresponds to�
dR

dc

�
co

>

�
dGo

dc

�
co

: (Equation 2)
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Figure 7. R-Curve Steepness for Preventing Li Metal Penetration in Nanocomposites

(A and B) Simplified schematics of flaws when uniform load syy is applied in the electrolyte and of a

Li filament in a solid electrolyte matrix. The red arrows depict the applied pressure from the Li

metal.

(C) Map based on Equation 18 showing the R-curve ‘‘steepness’’ required to prevent Li-metal

penetration. At a given value of the plating overpotential, hP, the corresponding value of co on the

right axis is the limiting flaw size to initiate matrix cracking. The red area (b < 1) shows the regime
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Figure 7. Continued

where lithium-metal penetration continues to propagate across the electrolyte. The green area

(b > 1) corresponds to steeper R curves that will prevent Li metal penetration at this value of hP. The

vertical lines for 1% rGO and 5% rGO are lower bound estimates where the measured values of KIc

are assumed to occur linearly over DcR = 100 mm. Steeper R curves for these materials are possible

(and perhaps likely in our materials), and this will shift these boundaries to the right (as shown by the

white arrows).
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This condition indicates that crack growth is initially stable, in contrast to the con-

stant Ro case described above (matrix only) where the reverse inequality holds.

When Equation 2 is valid, crack extension will only occur when the load increases

further. The second energy-release rate curve, GS(c), corresponds to the highest

load where stable crack growth occurs, such that crack extension from co to cs re-

quires an increased load to move from Go to Gs.

The situation depicted in Figure 6B illustrates that the expected R curves in rGO-re-

inforced electrolytes should lead to several important effects. First, the full increase

in fracture resistance due to the rGO (i.e., the measured KIc increase in Figure 3) may

not be realized (e.g., because the onset of unstable crack growth occurs at Rs in Fig-

ure 6B, rather than at Rbr
ss ). However, this reduction is likely to be modest (e.g., the

difference between Rbr
ss and Rs in Figure 6B). A more important effect is that stable

crack extension will occur over length scales that are a significant fraction of the elec-

trolyte thickness.
Fracture Toughness Improvements

A variety of stress states are likely to occur in solid electrolytes, based on different

battery architectures, material properties, and external mechanical constraints.

With the relatively low KIc in LATP and other ceramic electrolytes, cracking during

handling and cell assembly is one relevant concern. Stresses that can occur during

electrochemical cycling introduce additional complexity. These are considered

further with the configuration depicted in Figure 5A, with electrode layers that are

separated by a thin electrolyte (i.e., similar to a standard coin cell). Tensile stress

in the y direction can occur when the Li partial molar volumes are different in the

two electrodes, such that moving Li across the cell leads to a net volume change

in the stack. For example, if the volume change in the anode exceeds that in the cath-

ode, tensile stress in the electrolyte will occur during discharge. In this state fracture

is a possible concern at both of the electrode interfaces and inside the electrolyte.

Our present focus is on the bulk properties of the electrolyte, and thus we assume

that the interfaces remain strongly bonded at all times. For the simple configuration

in Figure 7A, the stress sSyy will be limited by the softest layer. In metals (e.g., current

collectors, Li anodes), the lowest yield stress sets an upper bound, which is quite

small with pure Li anodes (<1 MPa). These stresses should not cause electrolyte frac-

ture. Larger stresses can occur with stiffer anodes (e.g., Si or C), but here the yield

stress of the current collector can limit the total stress. This suggests an approximate

upper bound of�1 GPa, which roughly corresponds to the yield stress of lithiated Si

and some stiff current collectors (e.g., nanocrystalline Ti).

For simplicity, a plane strain analysis is used to consider fracture from the flaws de-

picted in Figure 7A. With tension acting only in the y direction, the mode I stress in-

tensity factor for a sharp internal crack oriented along the x direction is given by the

following standard expression:40

KI = j sI

ffiffiffi
c

p
; (Equation 3)
Matter 3, 212–229, July 1, 2020 221
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where sI = sSyy is the stress applied to the solid electrolyte, c is the crack dimension,

and j is a geometric constant with a value of �1 for this configuration, when c= b �
1. If the R-curve rise in Figure 6B occurs over lengths that are much smaller than c

(i.e., such that R is effectively a constant), then the fracture stress is given by

sf =
KIc

j
ffiffiffiffi
cf

p ; (Equation 4)

where cf is the strength-limiting flaw size. This standard result is applicable to the un-

reinforced matrix material. For the nanocomposites, Equation 4 is only valid if cf is

sufficiently large—on the order of hundreds of micrometers or more for the relatively

large bridging zones with rGO reinforcements. For these cases the increased KIc

values in Figure 3 indicate that the nanocomposite LATP will increase sf by more

than a factor of 2 relative to the matrix (assuming that cf is the same for both cases).

With Li-metal anodes the limiting stress (sSyy � 1 MPa) is too small to induce fracture

in thematrix or the composite (i.e., this would require cf� 1 mm. For the upper bound

stiff electrode/current collector case (sSyy � 1 GPa), Equation 4 gives strength-

limiting flaw widths (2cf) of 2.4, 11.4, and 27.2 for the LATP matrix, the 1 vol %

rGO, and the 5 vol % rGO composites, respectively. These values are within the

range of likely defect populations in thin solid electrolytes, which suggests that

volume changes during cycling could lead to fracture if the electrodes and current

collectors are relatively stiff. The large decrease in cf over this range of sSyy values

also provides a simple demonstration of the impact that the compliance of the sur-

rounding layers can have on the expected stress and fracture of a ceramic electrolyte

during cycling.

For the LATP matrix, Equation 4 provides an appropriate description. However,

for the nanocomposite electrolyte studied here, the R-curve considerations

introduced in Figure 6B are expected to be relevant. This is certainly the case

for the aforementioned small cf values obtained with the sSyy upper bound. In

general, the strength-limiting flaw sizes in solid electrolytes will be smaller

than the expected solid electrolyte thicknesses of �100 mm, such that crack

extension will occur over distances where significant R-curve effects are

expected in the rGO-reinforced composites. For these flaw sizes LSB effects in

the nanocomposites will lead to stable crack growth (e.g., from co to cs in Fig-

ure 6B). In contrast, unstable crack growth (i.e., brittle fracture) will occur for

the matrix material (under the same loading conditions). This comparison is

shown schematically in Figure 6B. The damage-tolerant behavior with the com-

posite can then lead to a ductile response after the onset of matrix cracking.

This should resemble failure mechanisms that occur in large fiber ceramic matrix

composites.

For uniaxial tensile stress in the x direction, it is convenient to consider the flaw at

the electrolyte/anode interface. For the matrix-only case, fracture here can again

be described with Equation 4,which leads to only a slight difference in the value

of sf for a given cf (compared with crack extension from the internal flaw). Based

on the expected electrolyte thicknesses, LSB effects will invariably impact crack

extension in the y direction for the rGO-reinforced nanocomposites. One impor-

tant implication is that stable crack growth along the curve can potentially allow

the propagation of multiple cracks, in contrast to the formation of one cata-

strophic through-thickness crack that will occur with the conventional brittle frac-

ture that is expected in the single-phase LATP material. This damage-tolerant

response in the nanocomposites can provide additional benefits beyond just

the increase in the measured KIc values in Figure 3.
222 Matter 3, 212–229, July 1, 2020
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Lithium-Metal Penetration

Recent studies have also proposed that Li-filled flaws can create relatively high stress

inside of the solid electrolyte, as shown in Figure 7B.41–44 A flaw that is initially empty

should fill with Li during plating. Using a completely filled flaw with no stress as a

logical initial state, current focusing at the tip will then lead to a rapid stress buildup

inside of the flaw. In the limit where Li atoms are immobile, the Li can reach a limiting

hydrostatic stress, bsmax
P . This is defined as the value that exactly counteracts the local

overpotential, hP, such that DGLi = 0 = FhP � VLi
m bsP, which leads to

bsmax
P =

F hP

V Li
m

; (Equation 5)

where F is Faraday’s constant and V Li
m is the molar volume of Li. For this limiting case

where there is no relaxation of the internal stress, the Li flux into the flaw ceases when

the stress in the flaw reaches, bsmax
P . This static state should occur relatively quickly.

Note that away from the flaw, there is still a Li ion flux between the planar Li-metal

interfaces (i.e., a steady-state flux under galvanostatic conditions).

The stress in Equation 5 provides a convenient limiting case for describing the con-

ditions where internal mechanical forces lead to the extension of a Li-filled flaw. The

quantity F /V Li
m is 7.4 MPa mV�1,45 which clearly shows that relatively small overpo-

tentials can lead to large internal compressive stress. Based on standard linear

elastic fracture mechanics, this type of internal force in the Li corresponds to a

mode I stress intensity factor at the tip of a narrow, straight flaw that is given by

KI = 2

ffiffiffiffiffi
c

p

r Z c

0

sflaw
xx ðyÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 � y2

p dy; (Equation 6)

where sflawxx ðyÞ is the normal force acting on the flaw faces. Fracture of the solid elec-

trolyte should occur when this value exceeds the fracture toughness (i.e., KI > KIc). To

better understand this behavior, it is convenient to note that with a constant value of

sflawxx = bsmax
P , Equation 6 is identical to the result obtained for standard mode I brittle

fracture with a fixed external load equal to bsmax
P (i.e., Equation 3 with j � 1). Howev-

er, it is important to note that the internal stress acting here (sflawxx ) is different from

the external loading configuration. In both cases, the driving force for crack exten-

sion can be described with the energy-release rate. This quantity is given here by

G = �
�
dUE

dc
+

dUF

dc

�
; (Equation 7)

where UE is the stored elastic strain energy in the solid electrolyte. The second term,

dUF=dc, describes the energy-release rate in the Li-filled filament. The general crite-

rion for Li penetration is then

GR R; (Equation 8)

where R is the fracture resistance of the solid electrolyte. With stiff ceramic electro-

lytes, it is likely thatG is dominated by the first term in Equation 7. For mode I loading

this gives the same result for both the externally and internally loaded

configurations:

GE =
dUE

dc
=

K2
I

E0
E

: (Equation 9)

Although these expressions are identical for the two cases, with the internal force

applied by the Li metal it is expected that

dGE

dc
< 0: (Equation 10)
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The opposite occurs when the load is applied externally (e.g., the increase inGwith c

that is shown in Figure 6B). With this decrease in the driving force (GE) as c increases,

stable crack extension will occur. As noted in Figure 6B, unstable crack growth cor-

responds to brittle fracture with a crack that extends across the electrolyte almost

instantaneously. However, for configurations where the stability criterion in Equa-

tion 10 is met, additional crack extension only occurs when the load is increased.

The Li-metal penetration case is somewhat different. For the basic treatment pre-

sented here, it is assumed that stable crack extension first opens space at the tip,

such that KIc values are an appropriate measure of the fracture resistance. Immedi-

ately following this incremental increase in c, the internal pressure forces Li into this

space. This crack extension process will decrease the internal pressure and lead to

the decrease in GE that is shown in Equation 10. This will continue if the net flux of

Li into the flaw increases the internal pressure back to the level required for stress-

driven crack extension (i.e., by counteracting the stress drop associated with the in-

crease in c). With this in mind, the general extension of a Li-filled filament should

correspond to a Li flux that coincides with the following steady-state condition:

dGE

dc
=

dR

dc
: (Equation 11)

This condition means that the filament extension criterion (GE = R) is maintained as c

increases. For example, if this is applied to the constant R case, the Li flux into the

growing flaw must maintain a constant energy-release rate. The relationship be-

tween dGE/dc and the net flux of Li into the flaw is complex, and detailed modeling

can be used to assess specific mechanisms. The simplified case where the stress in

the flaw is constant can be used to provide some basic insight.

It is first convenient to assess the behavior of a brittle elastic material with a constant

fracture resistance, Ro (i.e., a monolithic ceramic electrolyte such as LATP). Here, the

basic fracture requirement is

GE =
dUE

dc
=

pc

E 0
E

bs2
c = Ro: (Equation 12)

For this case, Equation 11 becomes

dGE

dc
=

p

E 0
E

bsc

�bsc + 2c
dbsc

dc

�
= 0: (Equation 13)

Solving Equations 12 and 13 for an initial condition, sðcoÞ = so, then gives

bsc = bso

ffiffiffiffiffi
co
c

r
=

ffiffiffiffiffiffiffiffiffiffiffiffi
E

0
E R

o

p c

s
: (Equation 14)

This result indicates that bsc, the internal stress required to propagate the Li-filled

flaw, will decrease as c increases. The basic model outlined above leads to two sig-

nificant predictions:

� Based on the stability condition in Equation 10, Li-filled flaws will move through

the electrolyte at an observable rate dictated by Equation 11 (in contrast to un-

stable crack propagation, which generally occurs too quickly to be directly

observed).

� If the plating potential is fixed, a Li filament that begins to penetrate through

the electrolyte will continue to propagate.

The first statement is fully consistent with in situ microscopy, which shows that

Li-filled flaws can be observed as they move through the electrolyte.41–44 The
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second statement is based on Equation 14, where it is seen that the stress required

for crack extension, bsc, decreases with increasing crack length. This indicates that to

halt the propagation of this crack during plating, the driving force for stress build up

(i.e., the plating potential hP) must be decreased.

For the nanocomposite electrolytes, a rising R curve can prevent the continuing

Li-filament propagation that is described above. A simple model can be obtained

for a constantly increasing R value, r=dR=dc (this quantity is an estimate of the

initial increase above Ro that is depicted in Figure 6B). Inserting this into Equation 14

gives

bsc

�bsc + 2c
dbsc

dc

�
=
E

0
Er

p
: (Equation 15)

If one again considers the limiting case where sflawyy along the flaw is constant,

Equation 15 can be solved (with constant r and the initial condition, sðcoÞ = so),

to give �bsc

so

�2

= b + ð1 � b Þ co
c
; (Equation 16)

where b = ðE 0
E rÞ=ðp s2oÞ. For constant Ro (i.e., b = 0), this result reduces to Equa-

tion 14 as expected. A rising R curve corresponds to b > 0. Based on Equation 16,

b > 1 leads to

dbsc

dc
>1: (Equation 17)

When this condition holds, it means that the continuing filament extension into

the electrolyte that is implied by Equation 15 will not occur (i.e., because the

stress needed to propagate the filament, bsc, increases). For the LATP nanocompo-

sites, b can be estimated from measured quantities. The value of so is viewed as

the threshold for initial matrix cracking, which can be evaluated with Equation 4 to

give

b =
E

0
E r

p s2
o

� j2

p

�
DKIc

Ko
Ic

�2 co
DcR

: (Equation 18)

Here, r � DR=DcR is a rough linear approximation of the R curve that can be inter-

preted with the increase in fracture toughness, DKIc, over a bridging zone of size DcR.

A map showing the implications of Equation 18 is shown in Figure 7C. The solid

boundary here corresponds to b = 1. At a fixed hP (the local overpotential), co is

the lower bound on the limiting size of a Li-filled flaw that satisfies the fracture criteria

for the matrix (defined by Equations 4 and 5, with cf = co, KIc = Ko
Ic, and sf = bsmax

P ).

When a limiting flaw of size co is subjected to an overpotential that initiates matrix

cracking, the flaw is expected to propagate through the electrolyte if b < 1 (at fixed

hP). Li-metal penetration will be blocked if b > 1. This assessment reflects the expec-

tation that a steeper R curve is needed to halt Li-metal penetration after it begins.

The lower bound estimates for the 1% and 5% nanocomposites are based on mate-

rial where the measured toughness increase in Figure 3 is spread over 100 mm, which

is the lower bound of values measured in rGO-reinforced ceramics.11 A bridging

zone that evolves over shorter lengths is also feasible, and thus the range shown

here provides rough lower estimates. This simplified model predicts that a steeper

R curve due to higher toughness or shorter DcR can substantially increase the range

of conditions where Li penetration will be blocked. Overall, this framework provides
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important guidelines for the design and development of future nanocomposite solid

electrolytes that are expected to have thicknesses on the order of 100 mm or less.

Conclusions

Fracture toughness is a crucial parameter that is expected to have a major impact on

battery cell performance with SSEs. Increasing the toughness of single-phase

ceramic solid electrolytes is likely to be limited to relatively modest improvements

at best, and thus nanocomposites can enable more substantial toughening. This is

demonstrated in the work reported here, where reinforcing a ceramic solid electro-

lyte with small amounts of rGO produced significant increases in fracture toughness,

with minimal changes in the ionic conductivity. The more than two-fold increase in

the toughness of LATP results in the highest KIc yet reported for an inorganic solid

electrolyte, and an analysis of the chemo-mechanical behavior of these materials

leads to guidelines for designing toughened electrolytes that can resist Li-metal

penetration. This work also provides impetus for exploring other nanoscale rein-

forcements that can improve the performance of ceramic solid electrolytes.

EXPERIMENTAL PROCEDURES

Resource availability

All data are available upon reasonable request.

Lead Contact

B.W. Sheldon serves as lead contact and is familiar with the Cell Press editorial

policies.

Materials Availability

In this study, no new unique reagents were generated.

Material Processing and Structural Characterization

LATP composite specimens were prepared by SPS. This method utilizes the combi-

nation of uniaxial force and pulsed direct electrical current in a controlled atmo-

sphere to perform rapid consolidation of powders. The use of direct electrical cur-

rent allows very high heating rates (1,000�C min�1), roughly an order of

magnitude greater than that in conventional sintering techniques. This results in

fine-grained microstructure and high densities.11–14 The LATP source material was

nanopowder (NEI, Somerset, NJ, USA). For the composites, this was combined

with GO and dispersed in ethanol by sonication (1 h). The GO powder was prepared

using the modified Hummers’ method, which entails chemical exfoliation of

graphite.46 In brief, graphene flakes were chemically exfoliated in a mixture of

P2O5 and K2S2O8 in concentrated H2SO4 at 80�C for 4.5 h. The resulting product

was washed with deionized water repeatedly until neutral pH was achieved. The so-

lution was then dried andmixed in a solution of KMnO4, H2O2, and H2SO4 to achieve

complete exfoliation and functionalization of the graphene layers into GO. Finally,

the GO powder was centrifuged, freeze-dried, and dispersed in ethanol (1 h). The

mixture was stirred for 30 min and dried on a hotplate. The mixed dry powders of

LATP and graphene oxide were crushed in an agate mortar to eliminate any agglom-

erates, and SPS’d (Thermal Technologies, Santa Rosa, CA, USA) at 950�C, with a

dwell time of 5 min and 75 MPa of pressure in an Ar atmosphere, resulting in

LATP with 1 vol % or 5 vol % rGO. All the SPSed pellets were mechanically ground

to remove any extraneous surface layers from the SPS process.

The density of the LATP and the LATP/rGO materials was measured using the Archi-

medes principle, with deionized water as the immersion medium. The rule of
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mixtures was used to calculate the theoretical density of the nanocomposite with

1 vol % (2.91 mg m�3) and 5 vol % (2.88 mg m�3) of rGO, respectively, using

the following densities of the pure phases: LATP (2.92 mg m�3)16,17 and rGO

(2.2 mg m�3). Regarding the latter, there are no reports on accurate density mea-

surement of rGO, and therefore, the bulk density of graphite is used to estimate

the theoretical density of the nanocomposite. Fracture surfaces of the LATP and

LATP nanocomposites were observed by a scanning electron microscope (LEO

1530VP, Carl Zeiss, Germany) operated at 10 kV accelerating voltage. The intercept

method was used to determine the average grain size based on SEM images ob-

tained at 20 different locations of the material. For the density measurements, rect-

angular specimens of 1 mm width, 1 mm thickness, and 20 mm length were cut from

the center of the SPSed pellets. No significant variation in the grain size was

observed across the thickness or diameter of these specimens. Based on SEM

observations, the rGO reinforcements align normally to the SPS pressing direction.

Structural characterization was conducted using XRD (D8 High-resolution X-ray

Diffractometer, Bruker, Billerica, MA, USA) at a scan rate of 4 min�1 and Raman spec-

troscopy (Alpha 300M+,WITec, Germany) with 532 nm irradiation. The Raman scans

were obtained with an integration time of 50 ms per spectrum.

Fracture Toughness Characterization

Two different methods were employed to measure the fracture toughness of the

monolithic LATP and the composites (LATP with 1 vol % or 5 vol % rGO). Vickers

indentation with a load of 2 N was used for monolithic LATP. The elastic modulus,

E, and, hardness, H, were measured using nanoindentation (Bruker) at 20 different

locations of the material’s polished surface (1 mm finish) using a load of 1.5 mN.47

The elastic modulus was determined by using the Oliver-Pharr method,48 while

the hardness was as per the ASTM C1327 standard.49 The length of the cracks was

measured by SEM. However, nanoindentation only provides accurate values for sin-

gle-phase materials.24,25 Therefore, for the composites, toughness was measured

according to the ASTM C1421 standard,50 where a single-edge-notched beam is

used. These specimens weremachined (5 mmwidth, 5mm thickness, 20mm length),

and a sharp notch was introduced using a Knoop indenter and a load of 5 N. The

initial crack depth and width were measured accurately using an optical microscope

after the failure of each specimen. Fracture tests were conducted in three-point

bending using displacement control in a universal testing machine (Instron 5800,

Norwood, MA, USA).

Electrochemical Measurements

For electrochemical measurements, a 100-nm gold film (blocking electrode) was

deposited on both sides of the solid electrolyte using e-beam deposition (Kurt J.

Lesker, Lab 18, Jefferson Hills, PA, USA). Coin cells (2032 type) with spacers and

springs were prepared in an argon-filled glovebox. Additional PEO-coated electro-

lyte for cycling experiments was prepared by dissolving PEO (MW: 700,000 g mol�1)

and tetraglyme (MW: 222.28 g mol�1) with LiTFSI in ethanol/deionized water (1:1).

This was applied on both sides of the solid electrolyte, and symmetric cells were

then assembled with 600-mm-thick Li metal for both electrodes. Cycling was per-

formed by applying constant currents of 0.01 mA cm�2 for 8-h cycles. This corre-

sponds to plating and stripping of 0.4 mm of Li after each cycle.

For ionic conductivity measurements, AC impedance spectra were obtained under

open-circuit conditions at room temperature using a potentiostat (VMP-3, Biologic

Science Instruments, Grenoble, France). The frequency ranged from 0.01 Hz

to 1 MHz, and the applied voltage amplitude was 40 mV. The diameter of the
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impedance semicircle corresponds to the grain and grain-boundary resistance of the

LATP electrolyte. The Li-ion conductivities of the LATP electrolyte were obtained us-

ing the following relation:51

sðU:cmÞ�1 = t
�
RbA; (Equation 19)

where s is the ionic conductivity, Rb is the bulk resistance, t is the thickness of the

electrolyte, and A is the area of the deposited gold blocking electrodes. The elec-

tronic conductivity was measured under DC polarization at 100 mV. At a constant

voltage, the current first decreases and then reaches a steady-state value, which is

attributed to electronic leakage.51
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