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Thermodynamics-driven interfacial engineering
of alloy-type anode materials

Qizhang Yan,1 Shu-Ting Ko,2 Andrew Dawson,3 David Agyeman-Budu,5 Grace Whang,4 Yumin Zhao,1

Mingde Qin,1 Bruce S. Dunn,4 Johanna Nelson Weker,5 Sarah H. Tolbert,3,4 and Jian Luo1,2,6,*
SUMMARY

Alloy-type anodes can enable high specific capacity for Li-ion batte-
ries, but the large volume change during cycling often causes fast-
capacity fading. Here, we report a thermodynamically driven grain
boundary engineering method to improve alloy-type anodes via
the spontaneous formation of 2D interfacial phases (complexions).
Notably, the 2.8 at% Bi-doped SnSb achieves improved cycling sta-
bility and rate capability, even though it is 99% dense and has a
mean crystallite size 2.73 larger than the undoped SnSb reference
sample. Cryogenic transmission electron microscopy reveals Bi
segregation at grain boundaries. Thermodynamic modeling further
suggests the stabilization of a nanoscale liquid-like interfacial
phase. Synchrotron transmission X-ray microscopy shows the sup-
pressed intergranular cracking upon cycling with Bi addition. It sug-
gests that the liquid-like interfacial phase serves as a stress relief
mechanism for the high volumetric expansion anode via improved
grain boundary sliding and Coble creep, akin to room-temperature
superplasticity observed in Sn-Bi.
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INTRODUCTION

Lithium-ion batteries (LIB) have become one of the main energy storage solutions for

our modern society.1,2 However, the current generation batteries cannot satisfy the

fast-growing demand for energy density. The theoretical capacity of graphite, 372

mAh/g or 756 Ah/L, is one of the limitations to achieving high battery–energy den-

sity, and this drives researchers to study alternative options. Li-alloying reactions

with various metal and intermetallic compounds (such as Si, Sn, and SnSb) have at-

tracted recent research attention because of their high specific capacities.3,4 How-

ever, the cycling stability of alloy-type anodes is typically poor due to the high volu-

metric changes during lithiation and delithiation. For example, Sn can expand by

more than 300% after complete lithiation.5 During the lithiation process, the

expanded lithiated phase from the particle surface generates high compressive

stress on large particles.6,7 For micron-sized Sn particles, the surface hoop tension

can cause crack nucleation and propagation. During the delithiation process, void

channels were also found to form within the particle through percolation dissolu-

tion.8–10 Electrolyte decomposition can repeatedly occur on the newly exposed

electrode surfaces, which leads to continuous solid electrolyte interphase (SEI)

growth.11 Fractured fragments of active material can also become electrically iso-

lated, causing capacity decay.

To overcome these challenges, various strategies have been proposed in past

studies, including carbon/metal composites,12–15 nanoporous structures,5,16,17
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novel binders/electrolyte additives,18–20 and surface coatings21–23. For cycling sta-

bility improvements, a second metal species can be introduced. For example,

SnSb lithiates via a two-step reaction: Sb first reacts with Li+ at �0.8 V to form a

Li3Sb matrix; then Sn starts to lithiate at 0.7 V. The two-step reaction can alleviate

the strain upon lithiation,24 but the micrometer-sized SnSb can still crack during

cycling, resulting in fast, irreversible capacity decay.25

Kinetically controlled interfacial engineering, particularly various surface coating

methods, have been widely used to improve alloy electrode cycling stability.3

Generally, coatings can act as a barrier to stabilize the electrochemical interface.

For example, Kohandehghan et al.26 discovered 3-nm Sn coating on Si nanowires

made by physical vapor deposition can improve cycling stability. The compressive

stress from the lithiated Sn coating can confine the radial expansion of the Si nano-

wires. Ye et al.27 showed that atomic layer deposition of Al2O3 and TiO2 on Si micro-

pillars led to thinner SEI and enhanced structural stability. To date, most interfacial

engineering studies focus on surface modification and utilize kinetically controlled

coatings. In contrast, grain boundary (GB) engineering has not been widely investi-

gated. Moreover, thermodynamically driven interfacial engineering has emerged as

a new route to tailor batteries,28 which has not yet been applied to alloy-type

anodes.

Here, we use the GB segregation of Bi and the associated spontaneous formation of

a liquid-like interfacial phase to improve the performance SnSb Li-ion battery an-

odes. Bi is selected as the GB modification element with the following consider-

ations: (1) The Sn-Sb-Bi ternary system has limited solubility of Bi in SnSb,29,30 sug-

gesting GB segregation of Bi. (2) Sn-Bi alloys have been reported to show

superplasticity, with stable elongation up to �1950% under tensile stress at room

temperature.31,32 We hypothesize that Bi-segregated SnSb GBs can stabilize the

grain structure upon cycling as well as enabling stress release through GB sliding

and Coble creep in a mechanism akin to the room-temperature superplasticity

observed in Sn-Bi.31,32 We add 2.8 at% (5 wt%) Bi to SnSb and confirm the Bi segre-

gation at SnSb GBs using cryogenic scanning transmission electron microscopy

(cryo-STEM). Notably, this method can substantially improve the SnSb cycling stabil-

ity and rate capability, even though the addition of Bi leads to dense micrometer-

sized secondary particles with only 1% porosity, thereby pointing to a new direction

of thermodynamics-driven interfacial engineering.
RESULTS

Synthesis and characterization

Thermodynamics-driven interfacial engineering can be achieved via a facile ball mill-

ing and annealing method. Samples with 48.6 at% Sn, 48.6 at% Sb, and 2.8 at% of Bi

were first planetary ball milled for 8 h, and then annealed at 250�C under Ar for 3 h. A

benchmark SnSb specimen was processed using the same method, but without Bi,

for comparison. Figure S1B shows the XRD patterns of the SnSb and SnSb+Bi alloy

anodes. The diffraction peaks could be indexed with SnSb (ICSD-154085) in the R3m

space group for both samples. Since only 2.8 at% of Bi was added, diffraction peaks

from Bi could not be observed in the SnSb+Bi specimen. The solid solubility limit of

Bi in SnSb is < 2 at% at room temperature;29,30 thus, the extra Bi should be located at

GBs and triple-grain junctions.

The averaged as-synthesized (secondary) particle sizes of SnSb and SnSb+Bi were

both about 3 mm, as shown in Figures 1A, 1D, and S2. We note that each of the
2 Cell Reports Physical Science 3, 100694, January 19, 2022



Figure 1. Scanning electron microscopy and cryogenic scanning transmission electron microscopy micrographs of the SnSb and SnSb+Bi anode

materials

(A–F) SEM images of (A) SnSb and (D) SnSb+Bi particles shows similar secondary particle diameters. High-angle annular dark-field (HAADF) cryo-STEM

images of (B) SnSb and (E) SnSb+Bi, where the bright contrast at grain boundaries (GBs) in the latter indicates the formation of a Bi-rich interfacial phase.

(F) High-magnification HAADF cryo-STEM image showing bright contrast at GBs indicating Bi segregation in the SnSb+Bi specimen. STEM specimens

were imaged at cryogenic temperatures, which is essential to prevent beam damage (melting) of the specimens. (C) A schematic diagram of the

SnSb+Bi grain structure.
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secondary particle consisted of many crystalline grains and a small fraction of pores.

Figures 1B, 1E, and S4 show cryo-STEM images of SnSb and SnSb+Bi. The SnSb

sample showed an averaged grain size of 32 G 12 nm and �6% porosity (Figures

S3B and S3C). In contrast, the sample with Bi showed an averaged grain size of

81 G 12 nm (Figure S3F), which was more than doubled the grain size of the un-

doped SnSb annealed under the same conditions. Moreover, the SnSb+Bi sample

showed less porosity (only �1%), as shown in Figure S3E. Overall, the addition of

2.8 at% Bi led to an �2.7 3 increase in grain size with a substantially reduced

porosity, while the same secondary particle size of 2 mm andmorphology were main-

tained. These differences can be explained by the presence of a Bi-enriched liquid

interfacial phase at the annealing temperature of 250�C (Figure S5), which led to

liquid-phase sintering and grain growth.

Given the low melting point of the Bi-rich interfacial phase, cryo-STEM was used to

prevent/reduce damage of specimens by electron beam at high magnifications. The

specimens were kept at approximately � 170�C during cryo-STEM imaging. We

note that the calculated phase diagram based on National Institute of Standards

and Technology (NIST) database33 (Figure S16) suggests no phase transformation

for SnSb + 2.8 at. % Bi below room temperature. Moreover, we believe that the

Bi-enriched liquid-like interfacial structure can be quenched to the cryogenic tem-

perature for scanning transmission electron microscopy (STEM) characterization.

For the SnSb+Bi sample, bright contrast was observed at GBs in the high-angle

annular dark-field image (HAADF) shown in Figure 1E. The Z contrast can be
Cell Reports Physical Science 3, 100694, January 19, 2022 3



Figure 2. Cryo-STEM energy dispersive X-ray spectroscopy elemental maps of a SnSb+Bi grain boundary and thermodynamic modeling

(A and B) High-magnification cryo-STEM BF images of SnSb+Bi GBs.

(C–F) (C) Cryo-STEM HAADF image of a SnSb+Bi GB and the EDS acquisition area. EDS elemental maps for (D) tin, (E) antimony, and (F) bismuth (in

atomic percentages).

(G) Line profile across the GB showing the changes in the atomic percentages of Sn, Sb, and Bi with respect to the bulk composition. This GB structure

can be considered as a nanoscale, Bi-enriched, liquid-like, interfacial phase. The error bar represents standard deviation over three measurements.

(H) A computed GB l diagram,34–37 where red dashed lines (computed l0 values) are plotted in the bulk isopleth of SnSb + x at% Bi to represent the

(upper bound of) estimated thickness of a liquid-like interfacial phase that can be thermodynamically stabilized at an average general GB. Note that

l0 / N at TS = �172�C, where a bulk liquid phase appears.

See Note S1 for the underlying interfacial thermodynamic model and calculation procedure.
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correlated to atomic number in HAADF; therefore, Figure 1E indicates Bi segrega-

tion at GBs. In comparison, such bright contrast was not observed at the SnSb

GBs (Figure 1B). Note that grain boundaries exhibit different contrasts in Figure 1E.

This is because the five macroscopic (crystallographic) degrees of freedom of the

grain boundaries result in significant boundray-to-boundary variation in a poly-

crystal. In addition, the boundaries can be at different angles with the electron

beam in STEM, thereby affecting their contrasts and apparent widths in the pro-

jected images.

To quantitatively evaluate the GB segregation at 250�C, a dense SnSb pellet with 2.8

at% of Bi was fabricated. This dense pellet allows the sample to have larger grain

sizes, which are needed for quantitative GB elemental characterization in an edge-

on geometry in STEM, while maintaining the same heat treatment temperature pro-

file used to produce the electrode powder. The high-resolution bright-field (BF)

image in Figure 2A shows an interplanar spacing of 0.307 nm for both grains, which

corresponds to the ð011Þ planes of SnSb. Dark contrast was observed at GBs in the

BF images, indicating Bi segregation at the SnSb GB (Figures 2A and 2B). Cryo-

STEM energy dispersive X-ray spectroscopy (EDS) was also carried out to determine

the GB element composition. As shown in Figure 2C, the EDS acquisition area was

placed between two SnSb grains that have different zone axis. Figures 2D–2F

show the atomic percentage mapping of Sn, Sb, and Bi, respectively. There are de-

creases in intensities for Sn and Sb at the GB and obvious increased contrast for Bi at

GB. Cryo-STEM EDS maps of three other GBs randomly selected from the dense

SnSb+Bi pellet are shown in Figure S15. All three GBs showed Bi enrichments.

The composition of Sn, Sb, and Bi was extracted from the EDS elemental map as

shown in Figure 2G. Bulk SnSb+Bi grain composition was measured to be 48.1 at

% Sn, 49.3 at% Sb, and 2.6 at% Bi (Figure S12). The composition of the bulk grain

was then set as the reference, and atomic composition change was plotted against

the distance from the GB. Bi composition increased by�15% at the GB compared to
4 Cell Reports Physical Science 3, 100694, January 19, 2022
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bulk regions, while Sn and Sb decreased by�5% and�10%, respectively. The chem-

ical width (full width half maximum) of the Bi-rich interfacial phase measured from

EDS profile was 0.9G 0.1 nm thick (Figure 2G). The nominal composition at the cen-

ter of the GB was measured to have 44.6 at% Sn, 38.9 at% Sb, and 16.5 at% Bi. How-

ever, this measured elemental composition has some contributions from the bulk

grains due to the beam smearing effects and slight deviation from the exact edge-

on condition. Thus, the GB core is likely more enriched with Bi (and more depleted

with Sb).

Calculation of phase diagram (CALPHAD) simulations based on a NIST database33

(Figure S5) suggests the formation of a small fraction of (< 3 at%) a Bi-enriched liquid

phase in the SbSn+Bi materials at the annealing temperature of 250�C (Figures 2H

and S5C). This bulk liquid phase vanishes at the solidus temperature TS = �172�C
via a ternary invariant reaction: SnSb + Liquid / (Bi, Sb)Rhombo + (Sn)BCT. This bulk

liquid phase is enriched in Bi and depleted in Sb (43.8 at% Bi and 1.4 at% Sb at

TS); this is coincident with the observed GB composition (Figure 2G), thereby sug-

gesting that at least the GB composition is ‘‘liquid-like.’’ Further calculations using

an interfacial thermodynamic model taken from prior studies34–38 suggested that

the nanoscale, Bi-enriched, liquid-like, interfacial phase can be stabilized below

the bulk solidus temperature (with the interfacial width scaled by the computed l0

values in the Figure 2H). This model will be introduced in the Discussion section

and further elaborated in Note S1. Such a liquid-like interfacial structure can presum-

ably promote GB sliding and Coble creep to mitigate cracking during cycling, as we

will discuss later.

Electrochemical performance

Annealed SnSb and SnSb+Bi powder after ball milling was first examined using gal-

vanostatic cycling at a current density of 100 mA/g, as shown in Figure S1A. The

SnSb electrode showed severe capacity decay and only retained 26% capacity after

40 cycles. The Coulombic efficiency also quickly decays to 94% after 20 cycles, indi-

cating poor cycling stability and sustained irreversible reactions. After 2.8 at% Bi was

added to the SnSb, the capacity retention increased to 84% after 40 cycles with an

averaged Coulombic efficiency of 97.8G 0.2%. This demonstrates that the addition

of small amounts of Bi to SnSb can significantly improve electrode cycling

performance.

The cycling performance of the SnSb+Bi anodes can be further improved. Recent

research on alloy-type anodes has shown that a carbon composite structure can

enhance cycling stability.39,40 Building on those results, 6.2 wt% of graphite was

planetary ball milled with both SnSb and SnSb+Bi to fabricate carbon composite an-

odes, [SnSb]-C and [SnSb+Bi]-C. The composite anodes were also annealed at

250�C for 3 h. Figures 3A and S14 show the cycling stability of the carbon composite

electrodes. The [SnSb]-C composite delivered a capacity of 60G 40mAh/g after 200

cycles, retaining only around 9% of its initial charge capacity. In contrast, the

[SnSb+Bi]-C composite demonstrated improved cycling stability. A capacity of

570 G 4 mAh/g was maintained after 200 cycles, which corresponds to around

86% capacity retention. Figures 3B and 3C compare the charge and discharge

curves of [SnSb]-C and [SnSb+Bi]-C composite anodes. The first cycle discharge ca-

pacity for both electrodes are around 835 mAh/g, which includes the initial irrevers-

ible capacity from the formation of the SEI layer. Severe capacity decay and voltage

hysteresis was observed for the SnSb carbon composite anode. In comparison, the

[SnSb+Bi]-C sample showed almost no capacity decay after 150 cycles. The rate ca-

pabilities of the [SnSb]-C and [SnSb+Bi]-C carbon composite samples are shown in
Cell Reports Physical Science 3, 100694, January 19, 2022 5



Figure 3. Electrochemical characterization of the [SnSb]-C and [SnSb+Bi]-C composite anodes

(A) Cycling stability comparison for the [SnSb]-C and [SnSb+Bi]-C composite anodes cycled at 100 mA/g between 0.05-1.5 V versus Li/Li+. Here, the up-

pointing triangles represents charge specific capacity, the down-pointing triangles represents discharge specific capacity, and the hollow squares

represents the Coulombic efficiency.

(B and C) (C) [SnSb+Bi]-C and (C) [SnSb]-C composite anode for the 1st, 10th, and 150th cycle at 100 mA/g.

(D–F) (D) Rate capability comparison of [SnSb]-C and [SnSb+Bi]-C composites samples. Cyclic voltammograms of (E) [SnSb+Bi]-C and (F) [SnSb]-C

composite anodes for 5 cycles at 0.1 mV/s between 0.05 and 1.5 V versus Li/Li+.
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Figure 3D. At a higher current density of 200 mA/g, 500 mA/g, and 1 A/g, the

[SnSb+Bi]-C sample demonstrated charge capacities of 585 mAh/g, 520 mAh/g,

and 410 mAh/g, respectively, which corresponds to 89%, 79%, and 62% retention

of the 100 mA/g capacity, respectively. In contrast, the [SnSb]-C sample showed

decreased charge capacities of 558 mAh/g, 473 mAh/g, and 270 mAh/g, respec-

tively, which corresponds to 85%, 72%, and 41% retention of the 100 mA/g capacity.

To further study the reaction kinetics of the two electrodes, cyclic voltammetry (CV)

profiles were compared for 5 cycles at a sweep rate of 0.1 mV/s (Figures 3E and

3F). During the first CV cycle, a strong reduction peak at �0.5 V was observed

for both electrodes. This peak is attributed to the formation of the SEI layer, as

well as the lithiation reactions of SnSb to form Li3Sb, Li2Sn5, and LiSn. This first cy-

cle peak shift and convolution due to SEI formation was also reported in previous

studies of the Sn- and Sb-based systems.41–44 The redox reactions of SnSb can be

identified from Cycle 2 to Cycle 5, which are labeled as I–V in the CV plot. Based

on the phase diagram and recent studies,3,45–48 lithiation reactions lead to the for-

mation of (I) Li3Sb and Sn, (II) Li2Sn5, (III) LiSn, (IV) Li5Sn2, and (V) Li22Sn5 in a

sequence. Upon delithiation, a series of reactions lead to the formation of (V’)

Li5Sn2, (IV’) LiSn, (III’) Li2Sn5, (II’) Sn, (I’-1) SnSb, and (I’-2) Sb. The detailed reaction

formulae are shown in Figure S17. In Figure 3F, the [SnSb]-C electrode showed a

significant current decay with increasing cycle number, indicating increased irre-

versible capacity upon cycling. In comparison, the redox peak currents for the

[SnSb+Bi]-C electrode in Figure 3E were primarily unchanged from Cycle 1 to 5,
6 Cell Reports Physical Science 3, 100694, January 19, 2022



Figure 4. 3D X-ray tomographic reconstruction of the [SnSb]-C and [SnSb+Bi]-C composite

anodes after 20 cycles

(A–D) 3D X-ray tomographic reconstructions of a single secondary particle from (A) [SnSb+Bi]-C

and (B) [SnSb]-C composite anodes after 20 cycles down to 0.05 V versus Li/Li+. Cross-section slices

of a secondary particle from (C) [SnSb+Bi]-C and (D) [SnSb]-C composite anodes after 20 cycles

down to 0.05 V versus Li/Li+. Cracks are indicated with white arrows. Post-cycling SEM and TXM

images at different locations can be found in Figures S7–S9.
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showing improved cycling stability. When the scan rate increased from 0.1 mV/s

to 0.8 mV/s (shown in Figure S17), the peak shape of the [SnSb+Bi]-C electrode

was preserved. At 0.8 mV/s, the peak separation of the redox couple I–I’ for

the [SnSb+Bi]-C electrode was 0.66 V, which was noticeable smaller than the

[SnSb]-C electrode (0.78 V). This suggests a faster reaction kinetics after Bi

addition.49,50

Overall, SnSb+Bi anodes showed significantly enhanced cycling stability and rate

capability, in comparison to the pure SnSb. The carbon composite version of

[SnSb+Bi]-C achieved superior performance with �86% capacity retention after

200 cycles at 100 mA/g. This is a notable (and somewhat surprising) result, given

that Bi doped SnSb is denser (with only 1% porosity inside the particle) than the

pure SnSb and its mean primary grain size is 2.7 3 larger (�81 nm versus

�32 nm). In conventional theory, a higher porosity and a smaller crystallite size are

preferred for alleviating the volume change during cycling for alloy-type anode.

Transmission X-ray microscopy characterization

To understand the role of Bi in improving cycling stability, 3D ex situ transmission

X-ray microscopy (TXM) and 2D in situ/operando TXM were performed at the Stan-

ford Synchrotron Radiation Lightsource (SSRL) beamline 6-2. Alloy particles were

imaged after 20 cycles at a current density of 100 mA/g, cycled between 0.05-

1.5 V versus Li/Li+. Figures 4A and 4B show the volume renderings of a primary par-

ticle from an [SnSb+Bi]-C and an [SnSb]-C composite after cycling, respectively. Fig-

ures 4C and 4D show the corresponding cross-sectional slices. Both surface radial

cracks and internal cracks (indicated with arrows) were observed for the [SnSb]-C

composite particles after 20 cycles. 2D TXM images (Figures S9D–S9F) and SEM
Cell Reports Physical Science 3, 100694, January 19, 2022 7
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images (Figures S6 and S8) of [SnSb]-C composite particles also showed major

cracks, especially for the particles >5 mm in diameter. This indicates that the Li ion

diffusion and phase transformation induced stresses surpass the yield stress of the

material. Moreover, images from the cycled [SnSb]-C electrodes showed large

bumps protruding from the particle surface due to volume expansion (Figure S8),

further increasing reaction sites for the formation of excessive SEI. For the

[SnSb+Bi]-C composite electrode, SEM images showed only minor bulges from

the particle surface after 20 cycles, according to Figure S7, and no severe cracking

was observed for particles < 2 mmdiameter (Figures S7, S9A, S9B, and S9C). For par-

ticles >5 mm in diameter, minor cracks still form, as shown in the cross-sectional slice

in Figures 4C, S7E, and S7F post-cycling SEM images. Nevertheless, most particle

shapes were maintained, and no severe fracture was observed.

The morphology difference of these cycled powders can also help to explain the dif-

ferences in cycling stability. The Coulombic efficiency of the [SnSb+Bi]-C anode

reached �99.5% after five cycles, suggesting that only minor electrolyte decompo-

sition occurs on the anode particles at the initial cycles. For the [SnSb]-C anode, the

Coulombic efficiency was 98.5% at the 20th cycle. This indicates that newly exposed

anode surfaces continuously lead to electrolyte decomposition reaction and subse-

quently decrease the Coulombic efficiency. The specific capacity for the [SnSb]-C

anode was 631mAh/g after 20 cycles. From 70th to 150th cycles, the specific capacity

rapidly decayed from 622 mAh/g to 355 mAh/g, which indicates that the cracking

observed in TXM eventually causes the particle to pulverize and that the fractured

fragments become electrically isolated. Previous in situ TEM51 and TXM studies52

have shown that electrical isolation of fractured particles is one of the major capacity

degradation mechanisms for alloy-type anodes.

Figure 5 shows the in operando 2D TXM of [SnSb+Bi]-C composite during the first

lithiation and delithiation cycle. Li metal pouch cells were assembled with a

[SnSb+Bi]-C composite electrode as the cathode. Low active material and high

conductive carbon mass loading electrodes were used to prevent particle overlap-

ping. Figure 5B shows the pristine particle morphology. The areal expansion of

individual particle (average over three particles) was calculated and is shown in

Figure 5A; the full set of in operando 2D TXM images are shown in Figures S10

and S11. For the SnSb initial lithiation reaction to form Li3Sb and Sn at 0.8 V, the

particle showed �25% areal expansion. The expansion rate decreased after the first

plateau until full lithiation and finally reached �40% areal expansion. This corre-

sponds to �65% volume expansion, assuming the particle expands uniformly in

all directions. In contrast, the particle area stayed relatively constant during delithia-

tion with no apparent volume shrinking. Overall, no major cracks were observed dur-

ing this first cycle for all the imaged particles (Figures 5C and 5D). This further verifies

the effect of Bi addition on microstructure stabilization upon lithiation and

delithiation.
DISCUSSION

The Bi-enriched GB configuration (Figures 1E and 2) can be considered as the

metallic counterpart to the well-known nanoscale intergranular films (IGFs) in ce-

ramics initially identified by Clarke53 or the ‘‘nanolayer’’ in the ‘‘Dillon-Harmer

complexion’’ series54. Such intergranular films can generally be understood to be

liquid-like interfacial phases that possess an equilibrium thickness,53,55 which are

thermodynamically 2D phases54. Notably, such nanoscale liquid-like interfacial

phases can also be stabilized below the bulk solidus temperatures, in both ceramics
8 Cell Reports Physical Science 3, 100694, January 19, 2022



Figure 5. In situ 2D TXM characterization of a [SnSb+Bi]-C composite anode

(A–D) (A) The change in areal expansion during the first cycle. The data show the average areal

expansion over three particles. The error bars represent standard deviations. TXM images of the

[SnSb+Bi]-C composite anode at the (B) OCV, (C) full lithiation, and (D) delithiation states.
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(e.g., Bi2O3-doped ZnO) and metallic alloys (e.g., Ni-doped W), where they are

known to promote activated sintering and Coble creep.37,56,57

In interfacial thermodynamics, a liquid-like interfacial film of thickness h can be thermo-

dynamically stabilized at aGB at T< TS, if the volumetric free-energy penalty to form the

undercooled liquid (DGvol
amorph) can be over-compensated by the reduction in the interfa-

cial energies upon replacinga ‘‘dry’’GB (g0
gb) with twocrystal-liquid interfaces (2gcl):

34–37

DGvol:
amorph $ h<g

0
gb � 2gcl (1)

Following prior studies,34–37 we can define a thermodynamic parameter

l0h
g0
gb � 2gcl

DGðvolÞ
amorph

; (2)

where subscript ‘‘0’’ denotes that we adopt the bulk liquid composition at TS as the

liquid-like film composition in a simplification. This parameter l0 represents the ther-

modynamic ability to stabilize a liquid-like interfacial phase at an average general

GB, and it scales the actual (equilibrium) interfacial width (heq.). Following the

detailed procedure in Note S1, we calculated l0 versus temperature curve for a

SnSb + 2.8 at% Bi alloy (noting that l0ðTÞ is a constant at a fixed temperature in

the three-phase region), which is shown in Figure S13. Furthermore, a computed

GB diagram is shown in Figure 2H, where red dashed lines (computed l0 values)

are plotted in the bulk isopleth of SnSb + x at% Bi to represent the (upper bound

of) estimated thickness of a liquid-like interfacial film that can be thermodynamically

stabilized at an average general GB. The calculated l0 value of�1.1 nm at room tem-

perature suggests a liquid-like character of the Bi-enriched GB structure, which also

has a Bi-enriched and Sb-depleted composition akin to the bulk liquid phase
Cell Reports Physical Science 3, 100694, January 19, 2022 9
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(Figure 2G). Such a Bi-enriched, nanoscale, liquid-like interfacial phase can promote

GB sliding and Coble creep to mitigate cracking during electrochemical cycling.

In a broader context, this nanoscale, liquid-like, interfacial phase represents one of

segregation-based 2D interfacial phases that can form spontaneously as a thermo-

dynamically equilibrium state (also named as ‘‘complexions’’54) with composition

and properties distinct from the corresponding bulk phase. Moreover, there are

compositional and structural gradients in the through-thickness direction (Fig-

ure 2G), factors that are characteristic of GB complexions54 that differentiate these

2D interfacial phases from thin precipitation layers of a 3D bulk phase.

In the current case, this Bi-enriched interfacial phase can help to improve cycling sta-

bility via two possible mechanisms. First, Bi segregation at GBs may stabilize the

grain structure within the secondary particles during cycling. Second, its liquid-like

character (analogous to segregation-induced interfacial premelting58,59) can pro-

mote GB sliding and Coble creep to release stress during cycling. Indeed, Sn-Bi al-

loys are known to exhibit superplasticity at room temperature due to GB sliding and

enhanced Coble creep31,32. We hypothesize that a similar mechanism can prevail in

SnSb-Bi alloys, which is supported by the interfacial thermodynamic modeling and

cryo-STEM-EDS analysis (Figure 2).

During alloy type anode lithiation, mechanical stresses can induce crack formation.60

Lithiation of alloy-type anodes usually involves multiple phase transformations, each

ofwhichhasanassociatedvolumeexpansion. For SnSb, lithiation results in the formation

of Li3Sb and various Li-Sn intermetallic compounds.24 Abrupt Li concentration change

generally exists at the phase boundary. With the volume expansion from the particle

shell, the particle core region can experience compressive hoop stress, and the lithiated

surface forms tensile hoop stress. Surface fractures occur when the accumulated stress

exceeds the yield strengthof thematerial.61,62Various factors can affect stress evolution,

including Li-ion diffusion coefficients, current densities, and electrode particle geome-

try, as indicated by both experimental studies and computational models.7,60,61

On the other hand, it is known that low GB sliding resistance and high GB diffusion

coefficients can enable Coble creep.31,63,64 For the Sn-Bi alloys, for example, Bi GB

sliding is facile even at room temperature due to the high GB diffusion coefficient

(estimated to be 6.23 3 10�21 m3s�1 for Bi GBs, and 3.15 3 10�21 m3s�1 for Sn

GBs).31 Similar effects can exist in the SnSb-Bi GBs due to the formation of the

liquid-like interfacial phase (Figure 2). For lithiation of high volumetric expansion

anode, GBs are also subjected to stress; GB sliding and Coble creep have been re-

ported as one of the mechanisms for stress relaxation.61,65 In the current work, the

dense SnSb+Bi anode can achieve better cycling stability with less porosity and a

larger mean grain size in comparison with the more porous SnSb anode with smaller

grains. The cycled SnSb+Bi anode also showed less severe surface bulges and cracks

after cycling based on postcycling SEM and TXM characterization. This observation

suggests the Bi segregation at GBs can stabilize microstructure upon cycling. Here,

we further hypothesize that the Bi-enriched, nanoscale, interfacial phase at the SnSb

GBs can also assist GB sliding and Coble creep, akin to Sn-Bi.31 The strain energy

could be released via GB sliding and Coble creep to alleviate GB stress concentra-

tion. A similar hypothesis of stress relief mechanism via GB sliding was also previ-

ously proposed for 3Ag-0.5Cu-96.5Sn-alloy-type anodes65 and cobalt boride modi-

fied LiNi0.8Co0.1Mn0.1O2 cathodes
66 (but without direct evidence). For SnSb-Bi, this

hypothesizedmechanism is supported by interfacial thermodynamicmodeling and a

careful cryo-STEM-EDS analysis, along with the in operando TXM characterization.
10 Cell Reports Physical Science 3, 100694, January 19, 2022
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While bulk Bi is known to lithiate at 0.8 V, there is also a possibility that the Bi-

enriched interfacial phase can be lithiated. Yet, the formation of any crystalline

Bi-Li intermetallic compound would likely increase the interfacial energy so that

it may be suppressed (in comparison with the lower energy liquid-like interfacial

phase). Further detailed GB characterization after cycling is needed to clarify this

issue.

In a broader context, this study supports an emerging approach of thermodynamics-

driven interfacial engineering via spontaneous formation of 2D interfacial phases

(complexions).67–70 These 2D interfacial phases are different from thin layers of 3D

bulk phases in that they have a thermodynamically determined self-limiting thick-

ness (�1 nm in this case), and they can form spontaneously. Both liquid-like71–73

and ordered59,67,74 GB complexions have been reported in various ceramic and

metallic materials, including solid electrolytes and battery systems.28,69 Analogous

nanoscale surface phases with self-selecting thickness have also been used previ-

ously to improve battery performance,28,75,76 and this study further suggests a

new route to engineer GBs in alloy-type anodes (potentially extendable to other vol-

ume expansion materials).

Here, we investigate a thermodynamically controlled method to tailor the stability

of the alloy-type anode. The spontaneous formation of a 2D liquid-like interfacial

phase induced by Bi segregation was used to modify the GBs in an SnSb anode as

an exemplar. This was achieved via a facile ball milling and annealing method.

Both cryogenic STEM HAADF imaging and EDX elemental mapping revealed Bi

enrichment at SnSb GBs. Our modeling showed that a nanoscale, Bi-enriched,

liquid-like, interfacial phase can be thermodynamically stabilized at general GBs.

The Bi-containing electrode showed improved cycling stability and rate capability

compared to a pure SnSb electrode, despite the fact that the Bi-containing mate-

rial is both denser (�99% dense particles) and shows larger primary grain sizes

within comparable secondary particles. A specific capacity of 565.5 mAh/g was

maintained for SnSb+Bi carbon composite electrode after 200 cycles, which corre-

sponds to an 85.9% capacity retention. Postcycling SEM, 3D TXM, and in oper-

ando 2D TXM all demonstrate that the Bi GB modification significantly suppressed

intergranular cracking upon lithiation and delithiation. In addition to stabilizing

GBs, the nanometer-thick, Bi-enriched, interfacial phase may facilitate GB sliding

and Coble creep to alleviate stress and avoid fracture upon cycling. This work

thus suggests thermodynamically driven interfacial engineering of GBs as a new

approach to improve the performance of battery electrode materials, particularly

volume expansion anodes.
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Sample preparation

The alloy anodes were prepared using planetary ball milling. To fabricate alloyed

particles of SnSb (without carbon), Sn (Alfa Aesar, 99.80%, 325 mesh) and Sb (Alfa

Aesar, 99.5%, 200 mesh) in 1:1 mol ratio (total 4.809 g) were placed into a 100 mL

yttrium stabilized zirconium oxide (YSZ) grinding jar with seven 10-mm and 50

3-mm YSZ grinding balls inside an Ar filled glovebox. The milling process was con-

ducted for 8 h (48 cycles of 10 min each, with resting of 5 min in between) with an

Across International PQ-N04 planetary ball mill at room temperature. To fabricate

SnSb+Bi, 5 wt% Bi (Alfa Aesar, 99.999%, 200 mesh) was added, and the rest of

the recipe is identical. To make [SnSb]-C and [SnSb+Bi]-C carbon composites (in a

second step), 6.2 wt% graphite was added into the alloyed particles made via the

above steps and subsequently milled for another 16 h (96 cycles of 10 min each,

with resting of 5 min in between). To achieve a thermodynamic equilibrium, the

milled powder was placed in a covered alumina crucible and isothermally annealed

at 250�C (ramped with 5�C/min heating rate) for 3 h in a tube furnace in an Ar atmo-

sphere. For the dense SnSb pellet with 2.8 at% of Bi, the ball milled powders (Sn and

Bi in 1:1 mol ration with 5 wt% Bi) were uniaxially pressed in a stainless-steel die and

placed in a covered alumina crucible and isothermally annealed at 250�C (ramped

with 5�C/min heating rate) for 12 h in a tube furnace in an Ar atmosphere. The sin-

tered pellet was polished before characterization.

Materials characterization

The alloy anodes were characterized by X-ray diffraction (XRD) with a Bruker D2

Phaser (Cu Ka radiation, l = 1.5406 angstroms). To fabricate transmission electron

microscopy (TEM) sample, a dual-beam focused ion beam FIB/SEM system (FEI

Scios) was used to lift-out lamella. The powder grain structure was characterized

with cryogenic TEM using a JEOL JEM-2800 microscope operated at 200 kV.

SnSb+Bi alloy particles can be melted under room temperature with electron

beam exposure. Thus, a liquid N2 cooling holder (Gatan 626) was used to cool the

TEM samples to around �170�C to minimize beam damage. Transmission X-ray

Microscopy (TXM) was conducted at the Stanford Synchrotron Radiation Lightsource

(SSRL) on beamline 6-2C. 8.95 KeV X-rays were utilized to characterize the particle

morphology. The alloy particles were placed in a quartz tube and sealed with epoxy

in an Ar filled glovebox. The tomography data were taken over an angular range of

180�. X-ray images were processed using TXM-Wizard.77

Electrochemical characterization

70 wt.% ball milled alloy powders were mixed with 15 wt% carbon fibers (Sigma-Al-

drich) and 15 wt% carboxymethyl cellulose (CMC, MTI Corp) in DI water. Such a rela-

tively high conductive carbon content was typically used for high-volume-change

alloy-type anode materials to accommodate the volume expansion. Future optimi-

zation of active material-binder-conductive carbon ratio is required to increase elec-

trode active material content. For in situ TXM experiment, an electrode with low

active material loading (25 wt% active, 56 wt% carbon fiber, and 19 wt% CMC)

were used to prevent particles overlapping. The slurry was mixed using a Thinky

mixer (ARE-310) for 2 h at 2000 rpm. The slurry was coated on a copper foil (9 mm

thick, MTI Corp) with a doctor blade, dried first in air for 12 h, and subsequently dried

further at 80�C for 12 h in vacuum. The active material mass loading of the electrode

was �1.5 mg/cm2. The electrode was not calendared after casting. Cycling tests

were carried out with Li metal anode (excess amount,�0.6 mm thick,�16 mm diam-

eter) and Celgard 2320 separator using 2032 coin cell. Two 0.5 mm thick spacer and

one spring was used during coin cell assembly, and the total mass for the assembled

coin cell is around 13 g. For in situ TXM characterization, Li metal pouch cells were
12 Cell Reports Physical Science 3, 100694, January 19, 2022
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assembled in an argon filled glovebox. 1 M LiPF6 in a 1:1 ethylene carbonate/diethyl

carbonate solvent (LP40, Sigma-Aldrich) with 5 vol% fluorinated ethylene carbonates

(FEC, Sigma-Aldrich) was used as the electrolyte (excess amount was used). Con-

stant current cycling was conducted in a potential range of 0.05 – 1.5 V versus Li/

Li+ under �20�C room temperature. The specific capacities were calculated based

on the 70 wt.% active material to be around 660 mAh/g at 100 mA/g current density.

Assuming �250% volume expansion, the volumetric capacity of SnSb+Bi carbon

composite anode can be calculated to be around 1790 Ah/L. The gravimetric stack

energy was estimated using the model reported by Obrovac et al.3 By using the

LiCoO2 (LCO) as baseline cathode with 530 Ah/L volumetric capacity, 1.1 N/P

ratio, SnSb+Bi carbon composite anode average voltage of 0.75V, the stack

energy can be calculated to be around 850 Wh/L. This corresponds to at least

17% increase compared to LCO/graphite cell (calculated to be 726 Wh/L using

the same model).
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