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ABSTRACT OF THE DISSERTATION

Grain Boundary Engineering in Li-ion Batteries and Ceramic Materials

Qizhang Yan

Doctor of Philosophy in Nanoengineering
University of California San Diego, 2022

Professor Jian Luo, Chair

Alloy-type anodes are promising next-generation electrodes for Li-ion batteries because of
their high specific capacity, but the severe volume expansion causes fast capacity decay. Here, two
methods were explored to improve alloy-type anodes. First, a thermodynamically driven grain
boundary engineering was proposed as a potential strategy. SnSb with Bi addition fabricated
through ball milling and annealing was selected as a model system. The Bi-doped SnSb
demonstrated improved cycling performance with < 1% porosity. Transmission electron

microscopy shows grain boundaries Bi segregation, and thermodynamic modeling further
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indicates the stabilization of a nanoscale liquid-like interfacial phase. In situ X-ray microscopy
shows the crack suppression effect for the Bi-doped sample, suggesting a potential grain boundary
sliding as a stress relief mechanism. Second, cryogenic milling was demonstrated as a novel
method to engineer alloy-type anodes. This process can suppress cold welding, exfoliate bulk
graphite into multilayer graphene, and evenly disperse them between the grains to form
nanostructured electrodes. Based on the cross-section electron microscopy and X-ray microscopy,
the dispersed graphene between the nanosized grains can effectively alleviate the volume
expansion upon lithiation. Compared to the traditional ball milling methods under room
temperature, the cryomilled SnSb-C composite anode showed improved cycling stability and rate
capability.

For ceramic processing methods, electric field assisted sintering process can have a lower
sintering temperature and faster sintering time compared to conventional sintering. For the second
part of the thesis, nonthermal electric field effects on ZnO polycrystalline specimen was
investigated. In undoped ZnO, electric field can induce defect polarization and subsequently alter
the grain boundary structure. We also demonstrated the possibility of creating and controlling
graded microstructure via electric fields. In Bi2O3-doped ZnO, electric field can drive the migration
of Bi-rich secondary liquid phase.

In summary, the first part of the dissertation introduces grain boundary engineering and
cryogenic milling as two novel approaches to improve alloy-type battery electrodes. The second
part of the dissertation investigated electric field effects on ceramic microstructure evolution. The

feasibility of tailoring ceramic microstructure with electric field was demonstrated.
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Chapter 1. Introduction

Grain Boundary and Nanostructure Engineering for Alloy-Type Anodes

Lithium-ion batteries (LIB) have become one of the main energy storage solutions for our
modern society.!> 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 density, and this drives researchers to study
alternative options. Li-alloying reactions with various metal and intermetallic compounds (such as
Si, Sn, and SnSb) have attracted recent research attention because of their high specific
capacities.>* However, the cycling stability of alloy-type anodes is typically poor due to the high
volumetric changes during lithiation and delithiation. For example, Sn can expand by more than
300% after complete lithiation.’ During the lithiation process, the expanded lithiated phase from
the particle surface generates high compressive stress on large particles.®’ 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
dissolution.® ! Electrolyte decomposition can repeatedly occur on the newly exposed electrode
surfaces, which leads to continuous solid electrolyte interphase (SEI) growth.!! Fractured
fragments of active material can also become electrically isolated, causing capacity decay.

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

12-15 5,16,17

including carbon/metal composites, nanoporous structures, novel binders/electrolyte

1820 and surface coatings®'*. For cycling stability improvements, a second metal

additives,
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 lithiates at 0.7 V. The two-step reaction can



alleviate the strain upon lithiation,?* but the micrometer-sized SnSb can still crack during cycling,
resulting in fast irreversible capacity decay.?

Kinetically controlled interfacial engineering, particularly various surface coating
methods, have been widely used to improve alloy electrode cycling stability.® Generally, coatings
can act as a barrier to stabilize the electrochemical interface. For example, Kohandehghan et al. 2°
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 nanowires. Ye et al. >” showed that atomic layer deposition of A12O3 and TiO:
on Si micropillars led to thinner SEI and enhanced structural stability. To date, most interfacial
engineering studies focus on surface modification, utilizing kinetically controlled coatings. In
contrast, grain boundary (GB) engineering has not been widely investigated. Moreover,
thermodynamically driven interfacial engineering has emerged as a new route to tailor batteries,
which has not yet been applied to alloy-type anodes.

In Chapter 2, grain boundary engineering on alloy-type anodes was explored to improve
high-volume expansion anodes. More specifically, 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
stability and rate capability, even though it is 99% dense and has a mean crystallite size 2.7 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

suppressed intergranular cracking upon cycling with Bi addition. It suggests 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.

In Chapter 3, we report cryogenic milling as a new and facile route to fabricate
nanostructured battery electrode materials. SnSb intermetallic compound with 1.2 wt% bulk
graphite were picked as the model system to test the benefits of this method. Cryogenic milling is
able to suppress cold-welding of the grains, exfoliate graphite into multi-layer graphene, and
effectively forming a carbon host structure for SnSb. Transmission electron microscopy revealed
the refined grains and the evenly distributed multi-layer graphene between the SnSb. This
electrode structure can stabilize the nanostructure upon lithiaion. The cryomilled carbon composite
electrode demonstrated a volumetric capacity of 1842 Ah/L, averaged Coulombic efficiency of
99.6%, and capacity retention of 90% over 100 cycles. The cryomilled electrode materials
showcased an improved cycling stability compared to the conventional ball milled electrodes.
Electric field effects on ceramic microstructure evolution

Sintering, where the specimen microstructure and properties are dominated by the
temperature and time, is one of the main ceramic fabrication processes for thousands of years.?
For the development of sintering technology, lower sintering temperature and shorter sintering
time are always preferred, as these can increase the production rate and decrease the energy
consumption. In recent years, factors such as external applied pressure and electric field have a
growing importance in ceramic fabrication.’*? Spark plasma sintering (SPS), or field-assisted
sintering technology (FAST) was developed back in 1960s,’®> where powder is placed in a
conducting die under applied uniaxial pressure being rapidly heated with current (Joule heating of
the die).>*>° SPS/FAST is being demonstrated as a versatile consolidation method with generally

decreased sintering time and temperature.’”*® More recently, flash sintering was developed by Raj



and colleagues in 2010 where electric field/current is applied onto the specimen to trigger rapid
densification in 5 — 10 s at low furnace temperature,* and a broad range of ceramic materials was
demonstrated to be compatible with this method. In general, the external applied electric field
enable fast kinetics and low temperature process, which makes ceramics sintering become more

energy-saving and cost-effective.

Electric field can also have many nonthermal effects onto the specimen. For flash sintering,
researchers have found electric field can induce anisotropic lattice expansion,*’ produce metastable

! and facilitate phase transformation** in selected systems. Aside from faster sintering,

phase,*
electric field can also induce microstructure evolution when applied on dense specimens. Chen
and colleagues have found the residual pores could migrate in the opposite direction of the applied
electric field in 8 mol% Y203-stabilized ZrO2 (8YSZ).**** Asymmetrical grain growth has also
been observed in various systems, such as 3YSZ,* SrTi0O3,* and ZnO #"*® after annealing under
electric field. On the atomic level, Luo and colleagues have recently discovered that the applied
electric current can change the microstructural evolution of Bi2Os3-doped ZnO through an
electrochemically induced grain boundary transition.*® Specifically, when the electric field is
applied onto the sample, electrochemical reduction can occur on the negative electrode side and
cause a grain boundary disorder-to-order transition to increase grain boundary diffusivities and
induce abnormal grain growth. These interesting electric field effects can potentially enable new
methods to tailor ceramic microstructure and grain boundaries.

In Chapter 4, we show that in Bi2O3-doped ZnO polycrystalline samples, electric field can
drive the migration of bismuth oxide liquid phase toward the negative electrode. After sufficiently

long annealing under electric field, the positive electrode side becomes Bi-free based on the low-

magnification scanning electron microscopy and nanoscale aberration-corrected electron



microscopy. Preferential Bi migration along ZnO grain boundaries due to field-induced
electrochemical potential gradient was proposed.

In Chapter 5, we demonstrate the feasibility of creating and controlling graded
microstructures through the applied electric fields. With aberration-corrected electron microscopy,
spatially resolved photoluminescence spectroscopy mapping, defects chemistry calculation, and
first-principles calculations, we found electric field can induce defects polarization in ZnO and
subsequently cause a grain boundary oxidation reaction on the anode side to increase grain
boundary mobilities. Consequently, enhanced grain growth takes place from the anode side and
forming a uniform grain size gradient across the sample. This work brings fundamental knowledge
on both GB complexion (phase-like) transitions and electric field effects on microstructure,
thereby pointing to a new direction of physical properties control via electrochemically induced

GB transformation.



Chapter 2. Thermodynamics-driven interfacial engineering of alloy-type anode materials

Introduction

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 anodes. Bi was
selected as the GB modification element with the following considerations: (1) The Sn-Sb-Bi
ternary system has limited solubility of Bi in SnSb,**? suggesting 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.’'>> 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.’!? We
added 2.8 at% (5 wt%) Bi to SnSb and confirmed the Bi segregation at SnSb GBs using cryogenic
scanning transmission electron microscopy (cryo-STEM). Notably, this method can substantially
improve the SnSb cycling stability 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

Thermodynamics driven interfacial engineering can be achieved via a facile ball milling
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 hours, and then annealed at 250 °C under Ar for 3 hours. A benchmark
SnSb specimen was processed using the same method, but without Bi, for comparison.
Supplementary Figure 2.6 b 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;*->°

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 um, as shown in Figure 2.1 a, d, and Supplementary Figure 2.7. We note that each of the
secondary particle consisted of many crystalline grains and a small fraction of pores. Figure 2.1 b,
e, and Supplementary Figure 2.9 show cryo-STEM images of SnSb and SnSb+Bi. The SnSb
sample showed an averaged grain size of 32 £ 12 nm and ~6% porosity (Supplementary Figure
2.8 b, ¢). In contrast, the sample with Bi showed an averaged grain size of 81 = 12 nm
(Supplementary Figure 2.8 f), which was more than doubled the grain size of the undoped SnSb
annealed under the same conditions. Moreover, the SnSb+Bi sample showed less porosity (only
~1%), as shown in Supplementary Figure 2.8 e. Overall, the addition of 2.8 at% Bi led to a ~2.7x
increase in grain size with a substantially reduced porosity, while the same secondary particle size
of 2 um and morphology were maintained. These differences can be explained by the presence of
a Bi-enriched liquid interfacial phase at the annealing temperature of 250 °C (Figure 2.10), which
led to liquid-phase sintering and grain growth.

Given the low melting point of the Bi-rich interfacial phase, cryogenic 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 NIST database® (Figure 2.18) 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 temperature for 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 2.1 e. The Z contrast can be correlated to atomic number in HAADF;



therefore, Figure 2.1 e indicates Bi segregation at GBs. In comparison, such bright contrast was
not observed at the SnSb GBs (Figure 2.1 b). Note that grain boundaries exhibit different contrasts
in Figure 2.1 e. This is because the five macroscopic (crystallographic) degrees of freedom of the
grain boundaries result in significant boundray-to-boundary variation in a polycrystal. In addition,
the boundaries can be at different angles with the electron beam in STEM, thereby affecting their
contrasts and apparent widths in the projected 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 profile used to produce the electrode powder.
The high-resolution bright-field (BF) image in Figure 2.2 a shows an interplanar spacing of 0.307
nm for both grains, which corresponds to the (011) planes of SnSb. Dark contrast was observed
in at the GB the BF image, indicating Bi segregation at the SnSb GB (Figure 2.2 a and 2d). Cryo-
STEM EDS was also carried out to determine the GB element composition. As shown in Figure
2.2 c, the EDS acquisition area was placed between two SnSb grains that have different zone axis.
Figure 2.2 d, e, f shows the atomic percentage mapping of Sn, Sb, and Bi, respectively. There are
decreases 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 Supplementary Figure 2.20. All three GBs showed Bi enrichments. The composition of Sn, Sb,
and Bi was extracted from the EDS elemental map as shown in Figure 2.2 g. Bulk SnSb+Bi grain
composition was measured to be 48.1 at% Sn, 49.3 at% Sb, and 2.6 at% Bi (Supplementary Figure
2.17). 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 bulk regions, while Sn and Sb decreased by ~ 5% and ~10%, respectively. The
chemical width (full width half maximum) of the Bi-rich interfacial phase measured from EDS
profile was 0.9 + 0.1 nm thick (Figure 2.2 e). The nominal composition at the center the GB was
measured to have 44.6 at% Sn, 38.9 at% Sb, and 16.5 at% Bi. However, 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 database™
(Supplementary Figure 2.10) suggest 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 (Figure 2.2 h;
Supplementary Figure 2.10 c). This bulk liquid phase vanishes at the solidus temperature Ts =
~172 °C via a ternary invariant reaction: SnSb + Liquid = (Bi, Sb)rRhombo + (Sn)sct. This bulk
liquid phase is enriched in Bi and depleted in Sb (43.8 at% Bi and 1.4 at% Sb at 7s); this is
coincident with the observed GB composition (Figure 2.2 g), thereby suggesting that at least the
GB composition is “liquid-like”. Further calculations using an interfacial thermodynamic model

taken from prior studies>* 8

suggested nanoscale, Bi-enriched, liquid-like, interfacial phase can be
stabilized below the bulk solidus temperature (with the interfacial width scaled by the computed
Ao values in the Figure 2.2 h). This model will be introduced in the Discission section and further
elaborated in the Supplementary Note. Such a liquid-like interfacial structure can presumably
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

galvanostatic cycling at a current density of 100 mA/g, as shown in Supplementary Figure 2.6 a.



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, indicating 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 97.8 + 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.*>* Building on those results, 6.2 wt% of graphite was planetary ball milled with both
SnSb and SnSb+Bi to fabricate carbon composite anodes, [SnSb]-C and [SnSb+Bi]-C. The
composite anodes were also annealed at 250 °C for 3 hours. Figure 2.3 a and Supplementary Figure
2.18 show the cycling stability of the carbon composite electrodes. The [SnSb]-C composite
delivered a capacity of 60 = 40 mAh/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 + 4 mAh/g was maintained after 200 cycles, which corresponds to around 86%
capacity retention. Figure 2.3 b and ¢ compare the charge and discharge curves of [SnSb]-C and
[SnSb+Bi]-C composite anodes. The first cycle discharge capacity for both electrodes are around
835 mAh/g, which includes the initial irreversible 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 capabilities of the [SnSb]-C and [SnSb+Bi]-C carbon composite samples are shown in Figure
2.3 d. 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
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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
mAbh/g, respectively, 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 (indicated by the blue lines in
Figure 2.3 e and f). 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, Li2Sns, and LiSn. This first cycle peak shift and convolution due
to SEI formation was also reported in previous studies of the Sn and Sb based systems.®'* 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,**® lithiation reactions lead to the
formation of (I) Li3Sb and Sn, (II) Li2Sns, (IIT) LiSn, (IV) LisSnz, and (V) Li22Sns in a sequence.
Upon de-lithiation, a series of reactions lead to the formation of (V’) LisSnz, (IV”) LiSn, (III")
Li2Sns, (II’) Sn, (I’-1) SnSb, and (I’-2) Sb. The detailed reaction formulae are shown in Figure
2.22. In Figure 2.3 f, the [SnSb]-C electrode showed a significant current decay with increasing
cycle number, indicating increased irreversible capacity upon cycling. In comparison, the redox
peak currents for the [SnSb+Bi]-C electrode in Figure 2.3 e were primarily unchanged from Cycle
1 to 5, showing improved cycling stability. When the scan rate increased from 0.1 mV/s to 0.8
mV/s (shown in Supplementary Figure 2.22), 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.®"”°
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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 2.7x larger (~81
nm vs. ~32 nm). In the 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 (TXM)

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 Stanford Synchrotron
Radiation Light Source (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 vs. Li/Li". Figures 4 a and b show the
volume renderings of a primary particle from a [SnSb+Bi]-C and a [SnSb]-C composite after
cycling, respectively. Figure 2.4 ¢ and d 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 (Supplementary Figure 2.14 d-f) and SEM
images (Supplementary Figure 2.13) of [SnSb]-C composite particles also showed major cracks,
especially for the particles > 5 um 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 protrude from particle surface due to volume
expansion (Supplementary Figure 2.13), further increasing reaction sites for the formation of
excessive SEI. For [SnSb+Bi]-C composite electrode, SEM images showed only minor bulges

from the particle surface after 20 cycles according to Figure 2.12, and no severe cracking was
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observed for particles <2 pm diameter (Supplementary Figures S7 and S9a-c). For particles > 5
pm in diameter, minor cracks still form, as shown in the cross-sectional slice in Figures 4c and
Supplementary Figure 2.12 e, f 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 differences
in cycling stability. The Coulombic efficiency of the [SnSb+Bi]-C anode reached ~99.5% after
five cycles, suggesting that only minor electrolyte decomposition occurs on the anode particles at
the initial cycles. For the [SnSb]-C anode, the Coulombic efficiency was 98.5% at the 20™ cycle.
This indicates that newly exposed anode surfaces continuously lead to electrolyte decomposition
reaction and subsequently decrease the Coulombic efficiency. The specific capacity for the [SnSb]-
C anode was 631 mAh/g after 20 cycles. From 70" to 150" 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 the fractured fragments become electrical isolated.
Previous in-situ TEM 7' and TXM studies’? have shown that electrical isolation of fractured
particles is one of the major capacity degradation mechanisms for alloy-type anodes.

Figure 2.5 shows the in operando 2D TXM of [SnSb+Bi]-C composite during the first
lithiation and de-lithiation 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 overlapping. Figure 2.5 b shows the pristine particle
morphology. The areal expansion of individual particle (average over three particles) was
calculated and is shown in Figure 2.5 a; the full set of in operando 2D TXM images are shown in
Supplementary Figures S10-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
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plateau until full lithiation and finally reached ~40% areal expansion. This corresponds to ~65%
volume expansion, assuming the particle expands uniformly in all directions. In contrast, the
particle area stayed relatively constant during delithiation with no apparent volume shrinking.
Overall, no major cracks were during this first cycle for all the imaged particles (Figure 2.5 ¢ and
d). This further verifies the effect of Bi addition on microstructure stabilization upon lithiation and
de-lithiation.

Discussion

The Bi-enriched GB configuration (Figures le and 2) can be considered as the metallic
counterpart to the well-known nanoscale intergranular films (IGFs) in ceramics initially identified
by Clarke” or the “nanolayer” in the “Dillon-Harmer complexion” series’*. Such intergranular
films can generally be understood to be liquid-like interfacial phase that possess an equilibrium

73,75

thickness, which are thermodynamically 2D phases’. Notably, such nanoscale liquid-like

interfacial phases can be also stabilized below the bulk solidus temperatures, in both ceramics
(e.g., Bi203-doped ZnO) and metallic alloys (e.g., Ni-doped W), where they are known to promote

activated sintering and Coble creep.”7%7

In interfacial thermodynamics, a liquid-like interfacial film of thickness 4 can be

thermodynamically stabilized at a GB at 7 < Ts, if the volumetric free-energy penalty to form the

undercooled liquid (AGZ{,‘;forph) can be over-compensated by the reduction in the interfacial

energies upon replacing a “dry” GB (ygb) with two crystal-liquid interfaces (2y;):>*’

AGggllbrph "h < YQb —2Yq ¢y

54-57

Following prior studies, we can define a thermodynamic parameter
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Yob — 2Val
AG(vol)

amorph

Ao

(2)

where subscript “0” denotes that we adopt the bulk liquid composition at 7s as the liquid-like film
composition in a simplification. This parameter A, represents the thermodynamic ability to
stabilize a liquid-like interfacial phase at an average general GB, and it scales the actual
(equilibrium) interfacial width (/eq.). For metallic systems, we can obtain an approximation h,, =
&ln (A/€), if the interfacial repulsion is dominated by a short-range exponentially decaying
interaction (o< e ~%).

Assuming that the Bi solubility is negligible, we can estimate }/G(OB) as:

1
v~ ) XEYS) 3 ) XEXFOE, 3)
i 6COI{43 i#j
where Co is a constant (= 4.5 x 10%) in the Miedema “macroscopic atom” model, V' is the average
atomic volume, Q¢_ j 1s the molar crystal phase regular-solution parameter (for which we adopt the
value of the SnSb phase from the NIST CALPHAD database for solder systems’). Here, the GB

(0) - 1 (0) _ lAHiatomlsatlon

energy for a pure element i is estimated as: ygp ; = 3 Vsurface, i = 3 e Thus, we can
A

obtain the following estimate for a SnSb GB (with X§, = X&, = 1/2):

2
1 1 . o 1(1
) atomisation atomisation C
Vop ® 3C0V2/3 E(AHS; T+ AH ™ )+E(_j QSn—Sbi|

(4)

where the enthalpies of atomization (AHA™SatOn ;i — Sn or Sb) can be found from the CRC

handbook.
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The crystal-liquid interfacial energy can be estimated by considering the enthalpic,

chemical, and entropic contributions based on the Miedema “macroscopic atom” model

1
Ya = 2

CoV?

1
> x¢ (m{“se + ) xkak j> - (Z XEXROL + ) XEXFOE j> + 1.9RT‘ (5)

i i*j i£j i£j

where the subscripts “C” and “L” represents crystal and liquid phases, respectively. The enthalpies
of fusion are obtained from the CRC handbook.'® The liquid phase regular-solution parameters

Qk j) can be estimated based on the Miedema model.

The volumetric free energy to form the undercooled liquid can be calculated with the molar
free energy of the bulk liquid phase and the reference free-energy state set by the chemical
potentials of the bulk phases:

AGOD = [G*(XFiim) — Zi X
amorph & VixH)

(6)

where GL(X]’:ilm) is the molar free energy of the bulk liquid phase, y; is the chemical potentials
(set by the bulk phase equilibrium), X,Eilm = {X}} represents the composition of the liquid-like

interfacial film, and Y; V; X} is the molar volume of the liquid phase. These functions and variables
can be obtained from the CALPHAD simulation of SnSb+Bi based on the NIST database for solder

systems.

Note that the specific value of A4 depends on the selection of the composition of leilm =

{XE}. We can adopt the maximum A value via searching all possible film compositions:

A= max (A(Khin)) )

all Xfl-lm
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which is computationally expensive for a ternary system. Here, it is sufficient to adopt a reference
film composition of X% (43.8Bi-1.4Sb-54.8Sn at%, i.e., the composition of the bulk liquid that will
first appear upon heating), which is the composition of the liquid in the invariant reaction “(Bi,
Sb)Rhombo + (Sn)scT = SnSb + Liquid” at Tg¢ = ~172 °C obtained from the CALPHAD simulation.

We denote it as:
Ao = A(XE) (8)

By the definition, we know: 1, < A1 and ThnT1 (Ao/A) = 1.
—lo

For Bi-statured SnSb specimens in the three-phase region (SnSb plus minor (Bi, Sb)Rhombo
and (Sn)sct phases) below the lowest bulk solidus temperature (Ts = ~172 °C), A5 = 1y,(T) is a
function of temperature. Figure 2.18 shows computed A, vs. temperature curve for a SnSb + 2.8
at.% Bi alloy (i.e., in the three-phase region) for predicting the stabilization of Bi-enriched liquid-
like interfacial phase below the bulk solidus (ternary invariant) temperature Ts. Here, the
thermodynamic variable A, represents an (upper bound) estimate of the thickness of a premelting-
like interfacial film that can be thermodynamically stabilized at an average general GB. The
computed A, scales with the actual interfacial width, and it is divergent (15 — «) at Ts =~172 °C
when a bulk liquid phase appears. A corresponding computed GB diagram is shown in Figure 2.2

h in the main article.

We calculated A vs. temperature curve for a SnSb + 2.8 at% Bi alloy (noting that 1((T) is
a constant at a fixed temperature in the three-phase region), which is shown in Supplementary
Figure 2.19. Furthermore, a computed GB diagram is shown in Figure 2.2 h, where red dashed
lines (computed A, 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
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thermodynamically stabilized at an average general GB. The calculated A, value of ~1.1 nm at
room temperature 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 (Figure 2.2 g). 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 thermodynamically
equilibrium state (also named as “complexions”’*) with composition and properties distinct from
the corresponding bulk phase. Moreover, there are compositional and structural gradients in the
through-thickness direction (Figure 2.2 g), factors that are character of GB complexions’ that

differentiates 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 stability
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 premelting’®7°) can promote GB sliding and Coble creep to release stress
during cycling. Indeed, Sn-Bi alloys are known to exhibit superplasticity at room temperature due
to GB sliding and enhanced Coble creep®'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 2.2).

During alloy type anode lithiation, mechanical stresses can induce cracks formation.®
Lithiation of alloy-type anodes usually involves multiple phase transformations, each of which has
an associated volume expansion. For SnSb, lithiation results in the formation of Li3Sb and various

Li-Sn intermetallic compounds.?* Abrupt Li concentration change generally exists at the phase
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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 strength of the material.3!*? Various
factors can affect stress evolution, including Li-ion diffusion coefficients, current densities, and
the electrode particle geometry, as indicated by both experimental studies and computational

models.”-80-81

On the other hand, it is known that low GB sliding resistance and high GB diffusion
coefficients can enable Coble creep.’!"833¢ 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 x
102! m3s™! for Bi GBs, and 3.15 x 102! m%s™! for Sn GBs).*! Similar effects can exist in the SnSb-
Bi GBs due to the formation of liquid-like interfacial phase (Figure 2.2). For lithiation of high
volumetric expansion anode, GBs are also subjected to stress; GB sliding and Coble creep have
been reported as one of the mechanisms for stress relaxation.®!®> 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 post-cycling 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.>! The
strain energy could be released via GB sliding and Coble creep to alleviate GB stress concentration.
A similar hypothesis of stress relief mechanism via GB sliding was also previously proposed for
3Ag-0.5Cu-96.5Sn alloy type anodes®® and cobalt boride modified LiNio.sCoo.1Mno.1O2 cathodes®

(but without direct evidence). For SnSb-Bi, this hypothesized mechanism is supported by
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interfacial thermodynamic modeling and a careful cryo-STEM-EDS analysis, along with the in

operando TXM characterization.

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).®’
These 2D interfacial phases are different from thin layers of 3D bulk phases in that they have a
thermodynamically determined self-limiting thickness (~ 1 nm in this case), and they can form

91-93

spontaneously. Both liquid-like and ordered®”**% GB complexions have been reported in

various ceramic and metallic materials, including solid electrolytes and battery systems.?%%
Analogous nanoscale surface phases with self-selecting thickness have also been used previously

28,96,97

to improve battery performance, and this study further suggests a new route to engineer GBs

in alloy-type anodes (potentially extendable to other volume expansion materials).
Conclusion

We investigate a thermodynamically controlled method to tailor the stability of 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
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Bi containing electrode showed improved cycling stability and rate capability compared to a pure
SnSb electrode, despite the fact that the Bi containing material 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 corresponds to an 85.9% capacity retention. Post-cycling SEM, 3D TXM, and in operando
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.

Experimental Procedures
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 conducted for 8 hours (48 cycles of 10 min each, with resting
of 5 min in between) with a Across International PQ-NO04 planetary ball mill at room temperature.
To fabricate SnSb+Bi, 5 wt% Bi (Alfa Aesar, 99.999%, 200 mesh) was added, and the rest 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 hours (96 cycles of 10 min each, with resting of 5 min in between). To

21



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 hours in a tube
furnace in an Ar atmosphere. 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 hours in a tube furnace in an Ar atmosphere. The sintered 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, A = 1.5406 A). 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.”®
Electrochemical Characterization

70 wt.% ball milled alloy powders were mixed with 15 wt% carbon fibers (Sigma-Aldrich)
and 15 wt% carboxymethyl cellulose (CMC, MTI Corp) in DI water. Such a relatively high

conductive carbon content was typically used for high-volume-change alloy type anode materials
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to accommodate the volume expansion. Future optimization of active material-binder-conductive
carbon ratio is required to increase electrode 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 hours at 2000 rpm. The slurry was coated on a copper foil (9 pm thick, MTI Corp)
with a doctor blade, dried first in air for 12 hours, and subsequently dried further at 80 °C for 12
hours in vacuum. The active material mass loading of the electrode was ~ 1.5 mg/cm?. The
electrode was not calendared after casting. Cycling tests were carried out with Li metal anode
(excess amount, ~0.6 mm thick, ~16 mm diameter) 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 assembled in an argon filled glovebox. 1 M LiPFs 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). Constant current cycling
was conducted in a potential range of 0.05 — 1.5 V vs. 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..? 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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Porosity: 5.9 % :
Grain Size: 32 £ 11 nm

.""--ﬁ.

Bi—enrichéd
Nanoscale
Liquid-Like Interfacial Phase

Figure 2.1 Scanning electron microscopy (SEM) and cryogenic scanning transmission electron
microscopy (cryo-STEM) micrographs of the SnSb and SnSb+Bi anode materials. 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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Figure 2.2 Cryo-STEM images and energy dispersive X-ray spectroscopy (EDS) elemental maps
of a SnSb+Bi grain boundary (GB) and thermodynamic modeling. (a) and (b) High-magnification
cryo-STEM BF images of SnSb+Bi GBs. (c) Cryo-STEM HAADF image of a SnSb+Bi GB and
the EDS acquisition area. EDS elemental maps for (d) tin, (¢) 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. (h) A computed GB A diagram,>*>’ where
red dashed lines (computed A, 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 Ay, — oo at Tg=~172 °C, where
a bulk liquid phase appears. See Supplementary Note and Figure 2.19 for the underlying interfacial
thermodynamic model and calculation procedure.
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Figure 2.3 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 vs. Li/Li". Here, “ A” represents charge specific capacity, “V”
represents discharge specific capacity, and “0” represents the Coulombic efficiency. (b)
[SnSb+Bi]-C and (c) [SnSb]-C composite anode for the 1%, 10™, and 150" cycle at 100 mA/g. (d)
Rate capability comparison of [SnSb]-C and [SnSb+Bi]-C composites samples. Cyclic
voltammograms of (¢) [SnSb+Bi]-C and (f) [SnSb]-C composite anodes for 5 cycles at 0.1 mV/s
between 0.05 and 1.5 V vs. Li/Li".
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[SnSb+Bi] - C b [SnSb] - C

Figure 2.4 Comparison of the changes in morphologies upon cycling for [SnSb]-C and [SnSb+Bi]-
C composite anodes. 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 vs. Li/Li".
Cross-section slices of a secondary particle from (¢) [SnSb+Bi]-C and (d) [SnSb]-C composite
anodes after 20 cycles down to 0.05 V vs. Li/Li". Cracks are indicated with white arrows.
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Figure 2.5 In situ/operando 2D TXM characterization of a [SnSb+Bi]-C composite anode. (a) The
change in areal expansion during the first cycle. TXM images of at the (a) OCV, (b) full lithiation,
and (d) delithiation states.

28



1200

1000 -

800

600 4

400

200

Specific Capacity (mAh/g)

o]

\D

¥
Y

T T
QEBDDDﬁDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
: P000aog Bpoooto
00000ggnooppoooaion o

/D —

Iy

IR JExxxxxxxxxxxzy
X IXXXxXxX
xxxxlx, RIxXXanayy
Xxxxx
Iy ¥
Tx
Tryy
xxx’lx
Xy

—4—/—v—/—o— SnSb+B

F90

80

F70

60

~a v/ o SnSb

50

0

10 20 30 4
Cycle Number

0

100

Efficiency (%)

SnSb+Bi l

Intensity (a. u.)

SnSb

10 20 30 40 50 60 70 80
20 (degrees)

Figure 2.6 (a) Cycling performance and (b) XRD comparison of SnSb+Bi and SnSb. The cells
were cycled at 100 mA/g with the voltage range of 0.05 V— 1.5 V. Here, “ A” represents electrode
charge specific capacity, “V” represents discharge specific capacity, and “0” represents the
Coulombic efficiency.
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Figure 2.7 SEM and particle diameter distribution of planetary ball milled (a) SnSb and (b)
SnSb+Bi.
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Figure 2.8 Cryo-STEM HAADF micrographs of (a) SnSb and (d) SnSb+Bi. Cross-sectional pore
area distributions and total calculated porosities of (b) SnSb and (e) SnSb+Bi. Grain diameter
distributions of (¢) SnSb and (f) SnSb+Bi.

SnSb+Bi

Figure 2.9 Cryogenic scanning transmission electron microscopy (cryo-STEM) bright field
images of (a) SnSb and (b) SnSb+Bi. Bi-enriched grain boundaries (GBs) with dark contrast in
the bright field image were observed for SnSb+Bi.
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Figure 2.10 CALPHAD calculations of Bi-Sn-Sb ternary system based on the NIST solder

systems database (https://www.metallurgy.nist.gov/phase/solder/solder.html). (a) Computed
isopleth of SnSb-Bi and (b) an enlarged portion, where our composition and annealed and battery
operation conditions are highlighted. A ternary invariant reaction, SnSb + Liquid = (Bi, Sb)Rhombo
+ (Sn)scr, takes place at 7s = ~172°C, above which a (bulk) liquid phase forms. (¢) Computed
phase fractions vs. temperature curves for the composition SnSb + 2.8 at% Bi (i.e., 48.6 Sn — 48.6

Sb — 2.8 Bi atomic %).

Figure 2.11 SEM images of planetary ball milled (a) [SnSb]-C and (b) [SnSb+Bi]-C composite

anodes.
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3 um

Figure 2.12 SEM images of a [SnSb+Bi]-C composite
representative particles of various sizes.

Figure 2.13 SEM images of a [SnSb]-C composite anode after 20 cycles showing representative
particles of various sizes.
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Figure 2.14 Transmission X-ray microscopy (TXM) images of (a-¢) [SnSb+Bi]-C and (d-f)
[SnSb]-C composite anodes after 20 cycles.

035V j
151 min

Figure 2.15 In-situ 2D TXM images of a [SnSb+Bi]-C composite anode during lithiation in the
first cycle.
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Figure 2.16 [n-situ 2D TXM images of [SnSb+Bi]-C composite anode during delithiation in the
first cycle.
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Figure 2.17 (a) SEM of a dense SnSb + 2.8 at% Bi pellet. (b) EDS spectra and elemental
quantification of a region inside a SnSb grain.
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Figure 2.18 Computed A, vs. temperature curve for a SnSb + 2.8 at% Bi alloy (i.e., in the three-
phase region of the ternary alloy, where Ay = A,(T') is only a function of temperature) for predicting
the stabilization of the Bi-enriched liquid-like interfacial phase below the bulk solidus temperature
Ts. Here, the thermodynamic variable A, represents an estimate of (of the upper limit of) the
thickness of a premelting-like interfacial film that can be thermodynamically stabilized at an
average general grain boundary (GB). The computed A, scales with the actual interfacial width,
and it is divergent (4, — o) at T¢ = ~172 °C when a bulk liquid phase appears. A corresponding
computed GB diagram is shown in Figure 2h in the main article. See Supplementary Note for
details on the definition and calculation of 4, and the relevant interfacial thermodynamic model
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Figure 2.19 Cycling stability test from two individual cells of the (a, b) SnSb and (¢, d) SnSb+Bi
carbon composite anodes. The cells were all cycled at 100 mA/g between 0.05-1.5 V vs. Li/Li".

36



G
i

Figure 2.20 Cryo-STEM images and energy dispersive X-ray spectroscopy (EDS) elemental maps
of three grain boundaries (GBs) randomly selected from the SnSb+Bi specimen.
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Figure 2.21 Computed isopleth of SnSb-Bi from 100 °C to -200 °C. There is no phase
transformation for SnSb + 2.8 at% Bi below room temperature.
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Figure 2.22 Cyclic voltammograms of (a) [SnSb]-C and (b) [SnSb+Bi]-C composite anodes at
0.1 mV/s (the 5™ cycle), 0.2 mV/s, 0.4 mV/s and 0.8 mV/s between 0.05 and 1.5 V vs. Li/Li+. The
lithiation reactions of SnSb includes (I) SnSb+ 3 Li — LizSb+Sn, (II) Sn+0.4Li -
0.2 Li,Sng, (III) 0.2 Li,Sng+ 0.6 Li — LiSn, (IV) LiSn+ 1.5Li = 0.5LisSn,, (V)
0.5 LizSn, + 1.9 Li — 0.2 Li,,Sns. Upon de-lithiation, the reaction process can be summarized
as (V') 0.2 Li»,Sng — 0.5 LigSn, + 1.9 Li, (IV’) 0.5 LigSn, — LiSn + 1.5 Li, (III’) LiSn —
0.2 Li,Sng + 0.6 Li, (II’) 0.2 Li,Sng — Sn + 0.4 Li, (I’-1) Sn + Li;Sb — SnSb + 3 Li, and (I’-2)
LizSb — Sb + 3 Li. See Figure 3 in the main text where these reactions are labeled.
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Chapter 3. Cryogenic Milling Method to Fabricate Nanostructured Anodes

Introduction

The development of rechargeable energy storage systems has played a crucial role in
advancing portable electronic devices and electric vehicles. For the past three decades, carbon-
based anodes were mainly used due to their good electronic conductivity and cycling stability.”
However, the theoretical gravimetric and volumetric capacities of graphite, 372m Ah/g and 756
Ah/L, are major limitations to attain higher energy density batteries. To further increase the cell
energy density, researchers have studied Li-alloying reactions with metal or semi-metal elements

and various intermetallic compounds. Various strategies, such as nanoporous structures,>!'®!”

100.101 and carbon composites,'?!# have been proposed to alleviate the

inactive matrix composites,
extreme volume change (> 200%) during cycling.

To fabricate carbon composite structures, mechanical alloying via ball milling is widely
used due to its simplicity. Several groups have demonstrated the successful synthesis of Sn-M-C
composites (M = metal)'>'* and Si-C composites!*>'* that showed higher specific capacity
compared to the graphite anode. However, the volumetric capacities of these composites are often
limited by the amount of carbon added. In 2005, Sony announced the “Nexelion” cell that utilized
an amorphous Sn-Co carbon composite as the anode for a portable camcorder'®. It improved the
volumetric energy density by 10% compared to LiCoO2/graphite cells®. While the composition of
the anode material was not disclosed, researchers suggested a composition of Sn:Co:C =
3:3:4(mol) fabricated through high-energy ball milling (HEBM)!'?1:106:197 Thjg corresponds to 10
wt%, or 27 vol%, of graphite added during the ball milling process. While the added carbon can

help to alleviate the volume expansion from the cycling process, it decreases the full cell

volumetric energy density. Unfortunately, due to the heat generated from the ball milling process,
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decreasing the carbon content in traditional HEBM can increase cold-welding of the metal grains,
especially for the low melting temperature metals such as Sn. This can increase both the grain size
and the secondary particle size!%, which are undesirable for battery applications®*. Therefore, a
new processing route is needed to fabricate anode particles with desired micro- and nano-
nanostructures.

In this study, we demonstrate a new route using cryogenic milling (cryomilling) to fabricate
nanostructured alloy anodes. Cryomilling is a cost-effective manufacturing method that is already

109.110 in polymer powder synthesis,'!! and in the fabrication of

widely used in the food industry,
nanostructured alloys.!'? Due to the presence of a ductile-to-brittle transition for many materials
at low temperatures, cryomilling can efficiently alleviate cold-welding and reduce the grain and
particle size''®. Previous studies have also suggested that cryomilling can promote the uniform
distribution of various types of carbon between metal grains for mechanical properties
enhancements®*!!'4!15 To demonstrate the feasibility and the benefits of cryomilling on the
fabrication of battery anode materials, the SnSb intermetallic was selected as a model system. SnSb
has attracted considerable attention due to its high theoretical capacity of 825 mAh/g. Additionally,
researchers have found the two-step lithiation reaction of SnSb can create a Li3Sb matrix structure
to buffer the volume expansion and improve the cycling stability?*>>!'®. However, cracks can often
form in micrometer-size SnSb particles during cycling, resulting in capacity decay upon cycling?>.

Here, we compare the synthesis of SnSb-C composite using three ball milling methods:
high-energy ball milling or HEBM, (lower energy) planetary ball milling, and cryomilling. SnSb-
C composite fabricated with HEBM showed severe cold-welding and an average particle size >

100 um. The composite made with the planetary ball milling demonstrated poor cycling stability.

In contrast, cryomilling led to the synthesis of high-energy density SnSb-C anode in one step.
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Aberration-corrected scanning transmission electron microscopy (AC STEM) and post-cycling
SEM revealed that the refined grain size and well-dispersed carbon nanoplatelets effectively
alleviate the volume expansion and prevent particle cracking after cycling. This work thus
demonstrates a new and potentially general method to fabricate practical nanostructured battery
electrodes that can be applied to various materials.
Experimental Section
Material Synthesis

The SnSb-C composites were prepared by various ball milling routes. 48.78 wt% Sn (Alfa
Aesar, 99.80%, 325 mesh), 50.02 wt.% Sb (Alfa Aesar, 99.5%, 200 mesh), and 1.2 wt% graphite
(MTI) were used as starting materials. For cryomilling, 1.3 g starting material was placed in a
stainless-steel jar (50 ml) with 5 stainless-steel balls (5 mm diameter) inside an Ar-filled glovebox.
After sample is pre-cooled for 15 min, the milling process was performed for 4 h @25 Hz (1500
min™) (8 cycles of 25 min each with an intermediate cooling of 5 min) using a Retsch Cryomill.
The jar is cooled with liquid nitrogen circulation during the pre-cooling and milling process. The
milling temperature was constantly monitored with an “Autofill system” from the cryomill
machine. For high-energy ball milling, 1.3 g starting material was placed in a stainless-steel jar
(65 ml) with 6 stainless-steel balls (5 mm diameter) inside an Ar-filled glovebox. The milling
process was performed for 4 h @1200 min™'(8 cycles of 25 min each with resting of 5 min) using
a SPEX-8000D Mixer/Mill at room temperature. For planetary ball milling, 5 g starting material
was placed in an yttrium stabilized zirconium oxide (YSZ) grinding jar (100 ml) with 12 YSZ
grinding balls (10 mm diameter) inside an Ar-filled glovebox. The milling process was performed
for 8 h @400 rpm (16 cycles of 25 min each with resting of 5 min) using a Across International

PQ-NO04 planetary ball mill at room temperature.
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For sample comparison, the processing parameters (ball-to-powder ratio, jar
volume/geometry, ball/jar material, milling time, and speed) of cryomilling and HEBM are similar.
Therefore, the resulting powder comparison between HEBM and cryomill can demonstrate the
benefits under cryogenic temperature.

Material Characterization.

Scanning electron microscopy (SEM) images were taken with a FEI Apreo SEM operated
at 5 kV. To characterize the crystal structure of the synthesized SnSb-C composite, X-ray powder
diffraction (XRD) was conducted using a Bruker D2 Phaser (Cu Ka radiation, A = 1.5406 A) with
scanning rate of 0.5 °/min. The grain size was calculated using the Scherrer Equation, and
instrument peak broadening equals 0.1°. Single peak calculation at 29.1° was performed. The
pattern at 41.5° and 51.4° were combination of two diffraction peaks; therefore, a large estimated
error was expected, and the calculation was not performed. N2 porosimetry was conducted with a
Micrometritics TriStar II 3020. The sample pore volume was calculated from the adsorption
branch of the isotherm using the Braet-Joyner-Halenda (BJH) model. Raman spectroscopy was
taken using a Renishaw Raman with 633 nm laser. The transmission electron microscopy sample
was fabricated with a dual-beam focused ion beam (FIB)/SEM system using a FEI Scios. The
microstructures and elemental distribution of the cryomilled composite were further studied with
aberration-corrected scanning transmission electron microscopy (AC-STEM) using a JEOL JEM-
300CF STEM microscope operated at 300 kV with double correctors and dual large angle energy
dispersive X-ray spectroscopy (EDS) detector. The STEM and EDS data processing was
performed with DigitalMicrograph (DM). For post-cycling particle morphology SEM
characterization, the electrode after electrochemical cycling was disassembled using an MTI

hydraulic crimper equipped with disassembling die inside an Ar-filled glovebox. The obtained
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electrode was rinsed with diethyl carbonate (DEC) solvent to remove residual electrolyte, and then
dried inside glovebox antechamber under vacuum for 30 min. To ensure air-free transfer into the
SEM chamber, the sample is sealed inside a QuickLoader (FEI) in the glovebox and directly load
into the SEM chamber.
Electrochemical Characterization

Each type of ball milled SnSb-C was mixed with carbon fiber (pyrolytically stripped, >98%
carbon basis, D x L = 100 nm x 20-200 um) and carboxymethyl cellulose (CMC, MTI Corp) in
water at a mass ratio of 8:1:1 using a Thinky mixer (ARE-310) for 2 h at 2000 rpm. The resulting
homogeneous slurry was casted on a copper foil (9 um thick, MTI Corp) using a doctor blade and
an automatic tape casting coater at a constant traverse speed of 10 mm/s. The casted tape was first
dried in air for 12 h then dried in a vacuum oven at 80 °C for 12 h. After drying, the electrode was
then punched into 11 mm discs and weighed individually. The average active material (SnSb-C
composite) loading was 1.50 mg/cm?. 2032-type coin cells were assembled with Li metal disc as
counter/reference electrode and Celgard 2320 polypropylene membrane as separator. The
electrolyte consists of 1 M LiPF6 in a 1:1 ethylene carbonate/diethyl carbonate solvent (LP40,
Sigma-Aldrich) with 5 vol% fluorinated ethylene carbonate (FEC, Sigma-Aldrich). Galvanostatic
cycling was conducted using a Lanhe battery cycler in the potential range of 0.05-1.5 V vs. Li"/Li
at various current rates (listed in figures). The gravimetric capacity was calculated based on the
loading of the active material (SnSb-C composite).
Results and Discussion

The cryomilling process used in this study based on having liquid nitrogen (LN2) circulate
outside the ball milling jar to continually cool the milling process (Figure 3.1 b). This process can

be viewed as a high-energy shaker mill with automatic LN2 cooling. The ball mill jar was cooled
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to -196°C before the milling process. Additionally, 5 minutes of cooling was carried out after 25
minutes of ball milling to ensure the cryogenic processing temperature. The cryomilling process
was first optimized with various milling times. Sn and Sb particles were added in 1:1 mol ratio
with 1.2 wt% graphite. The starting composition was kept the same for all ball milling process.
After 1 h of cryomilling (2x25 min milling with 5 min intermediate cooling), unmixed graphite
could still be observed in the SEM images, indicating insufficient mixing. Sn (ICSD-106072) and
Sb (ICSD-64695) phases were also seen in the product based on X-ray diffraction (XRD), further
signifying that longer processing time was required. When the milling time increased to 4 h, SnSb
particles with maximum diameters of 7 um could be observed in the SEM image (Figure 3.2 a,
Figure 3.11 a). The average particle size was estimated to be 1.84 + 1.29 um as shown in Figure
3.12 a. In addition, no graphite flakes could be found, indicating most of the graphite was
exfoliated and mixed between the grains. The diffraction patterns of the 4 h cryomilled sample
could be indexed with SnSb (ICSD-154085) in the R3m space group. The diffraction peaks
corresponding to Sn and Sb mostly disappeared after 4 h of cryomilling, with only trace Sb
diffraction remaining. The dominant SnSb diffraction peaks also became broader. This indicates
cryomilling can be used to synthesize fine-grained SnSb particles.

For comparison, HEBM and planetary ball milling were carried out with similar processing
parameters (see Experimental Section). The resulting morphology and XRD comparison of SnSb-
C composites are shown in Figure 3.1 a, c, and d. All the ball milling process resulted in the
formation of SnSb. After 4 h of HEBM (8 x 25 min milling with 5 min intermediate rest), large
particles of more than 100 pum diameters could be commonly observed (Figure 3.1 a, Figure 3.11
e), indicating severe cold-welding during the milling process. The average particle size was

estimated to be 22.12 +28.91 um as shown in Figure 3.12 c. Since planetary ball milling has lower
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energy, 8 h (16 x 25 min with 5 min intermediate rest) was required to mechanically alloy SnSb
phase. The lower mixing energy also alleviated the cold-welding effect and resulted in smaller
particle diameters (Figure 3.1 c, Figure 3.11 c). The average particle size was estimated to be 2.54
+ 1.96 um as shown in Figure 3.12 b. However, the lower milling energy also results in uneven
mixing of graphite with the metal powder. In Figure 3.6, graphite flakes could still be observed
after an 8 h planetary ball milling process. An additional benefit of the LN2 cooled shaker mill is
that 4 h of cryomilling produced < 7 um diameter particles with no obvious graphite observed.
Moreover, the cryomilled powder showed broader diffraction peaks, which indicates a finer grain
size (Table S1). Using the Williamson-Hall method, the averaged grain size of the cryomilled
powder was estimated to be 23.5 nm, which was smaller than the averaged grain sizes of the
samples from HEBM (41.7 nm) and planetary ball milling (59.2 nm). The estimated strain of the
cryomilled powder was 0.0020, which was also smaller than the strain of the HEBM sample
(0.0028), and planetary ball milling (0.0030).

The cryomilled and planetary ball milled sample porosity was characterized with nitrogen
porosimetry. The N2 adsorption-desorption curves in Figure 3.7 a and 3.7 b shows type Il isotherm,
which indicates both samples are mostly non-porous. Using the Barrett-Joyner-Halenda (BJH)
method, the cumulative pore volume of the cryomilled and planetary ball milled sample were
calculated to be 0.0044 cm?/g and 0.0058 cm?/g, respectively, which also match the observed
mostly dense particles from the SEM images for both samples. This shows that the cycling stability
is not likely affected by the sample porosity.

To characterize the underlying nanostructures of the milled powder, a focused ion beam
(FIB) was used to lift-out a lamella sample from the powder to use for cross-sectional STEM

characterization. AC STEM high-angle annular dark field (HAADF) images (Figure 3.2 ¢) showed
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mostly fiber-like fine-grained SnSb (bright region) reinforced with a carbon structure (dark
region). After zooming in, the bright-field images (Figure 3.2 d, e) showed majority of the SnSb
grains are elongated and has width around 20 nm. In addition, ~3 nm thick multilayer graphene
layers were observed between the grains. This indicated that cryomilling could exfoliate bulk
graphite powder into nanometer-thick nanoplatelets and disperse this nano-graphite
homogeneously within the SnSb grains. Based on Figure 3.2 c, the averaged carbon thickness with
the cryomilled sample was 3.62 + 2.01 nm, with the maximum measured carbon thickness being
11.04 nm (Figure 3.10). The atomic resolution HAADF image (Figure 3.2 f) further shows an
interplanar spacing of 0.217 nm, which corresponds to the (012) orientation of SnSb. The
distribution of SnSb and carbon was further confirmed with STEM EDS mapping, as shown in
Figure 3.3. Sn and Sb are relatively evenly distributed, as shown in the HAADF image in Figure
3.3 a. The carbon EDS mapping (Figure 3.3 b) confirms that the dark region in the HAADF image
corresponds to the carbon matrix structure.

Sn and Sb EDS mapping (Figure 3.3 ¢,d) confirms the colocalization of Sn and Sb, but also
shows some Sb-rich regions, in agreement with the small amount of residual Sb diffraction in
figure 3.1 d. The EDS spectrum fitting showed that there are 4.0 at% C, 51.2 at% Sn, and 44.8
at% Sb, which can be well correlated to the designed composition. The small domain size of this
material shows the feasibility of using cryomilling to fabricate high nanostructured carbon
composite alloy anodes. It should be noted that for these cryomilled SnSb-C composites, there still
exists regions with higher Sb content (Figure 3.3 d) and inhomogeneous grain sizes (Figure 3.2 b),
both of which are indications of insufficient mixing. Further fine-tuning of processing parameters

is ongoing to optimize microstructure homogeneity.
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To evaluate the potential of these materials as high energy density anodes, the
electrochemical performance of the SnSb-C composites synthesized with planetary ball milling
and cryomilling was compared using galvanostatic cycling. The particle size of HEBM SnSb-C
composite was greater than 100 pm; therefore, poor electrochemical performance was expected,
in part due to inhomogeneous slurry mixing and tape casting. Additionally, large particles are
known to easily fracture during cycling,’ and they can even penetrate the separator and cause
battery shorting. Because of this, these samples were not studied further. The 4 h cryomilled
composites showed higher coulombic efficiency (99.6% vs. 97.5%) and cycling stability, which
likely benefit from the smaller grain size, formation of SnSb phase, and evenly distributed carbon
matrix. The cryomilling and planetary ball milled samples have initial lithium capacity of 708
mAh/g and 697 mAh/g, respectively (Figure 3.4 b), which is lower than the SnSb theoretical
capacity of 825 mAh/g. The lower values are due to the higher voltage cutoff (0.05-1.5V) used to
prevent lithium plating. The cryomilled SnSb-C showed a distinct voltage plateau during cycling
(Figure 3.4 b), indicating that most of the charge storage happens through well-defined alloying
reactions. Figure 3.4 a showed that the planetary milled SnSb-C composites lost 73% of capacity
after 150 cycles with a coulombic efficiency that varied between 97.5 and 98.8%. In comparison,
the cryomilled SnSb-C composite showed 84% capacity retention after 150 cycles with averaged
coulombic efficiency of 99.6 + 0.3% (Figure 3.4 a).

The rate capabilities of the cryomilled and planetary ball milled samples are shown in
Figure 3.4 c. When the cycling current is increased to 200 mA/g, 500 mA/g, and 1 A/g, the
cryomilled sample demonstrated charge capacity of 598 mAh/g, 537 mAh/g, and 415 mAh/g,
respectively, which corresponds to 86%, 78%, and 60% of the charge capacity at 100mA/g,

respectively. In contrast, the planetary ball milled composite only showed charge capacity of 541
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mAh/g, 428 mAh/g, 266 mAh/g, respectively, which corresponds to 77%, 61%, 38% of the charge
capacity at 100 mA/g. When the current density was returned to 100 mA/g after being subjected
to currents as high as 1 A/g, the lower specific capacity values suggest possible electrode
microstructure damage after high rate cycling. To further evaluate the cryomilled SnSb-C electrode
kinetics, cyclic voltammetry (CV) was also conducted (Figure 3.4 d). The response correlates well
to the galvanostatic cycling results. The first CV cycle showed a reduction peak at 0.5V, which
can be assigned to the formation of Li3Sb phase and solid electrolyte interface (SEI) layer?*!!7,
The remaining reduction peaks from 0.4 V to 0.05 V could be labeled with the formation of Li-Sn
intermetallic including Li2Sns, LiSn and Lis4Sn’. At Cycle 2 and 3, the change in the first
reduction peak potential corresponds to the phase separation of the Sb and Sn. The redox peak
current densities are mostly unchanged for the 2™ and 3™ CV cycle, thereby indicating good
cycling stability of the cryomilled SnSb-C composite electrode.

To evaluate the effectiveness of the nanostructure on alleviating crack formation, the
morphology of the composites was evaluated using SEM for the first lithiation and after 20 cycles
(Figure 3.5). After the initial lithiation, minor cracks could be found for the large particles (>5 um)
in the planetary ball milled sample shown in Figure 3.5 e, but not in the cryo-milled sample. After
20 cycles, severe cracking and complete particle fracture were commonly found in single-particle
SEM images throughout the electrode for the planetary ball milled sample, as shown in Figure 3.5
f. Severe particle fracture exposes fresh surface which can cause excessive SEI formation with
electrolyte, which explains the observed low Coulombic efficiency and fast capacity fade for the
planetary ball milled composite.

For the cryomilled sample, surface bulges were observed on particle after initial lithiation,

indicating volume expansion from the alloying reaction. However, no obvious cracking could be
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easily spotted in the SEM images (Figure 3.5 b), which demonstrates the effectiveness of the
carbon matrix structure and the refined grain size. When the cryomilled composite was cycled for
20 cycles, the particle surface became noticeably rough (Figure 3.5 ¢) and some minor surface
cracks could be spotted for the larger particles. Nevertheless, most particles still maintain their
shapes and no complete fracture could be observed. This improved post-cycling morphology was
consistent with the improved electrochemical stability of the cryomilled SnSb-C composite.

As previous reviews have pointed out, the volumetric energy density of many alloy type
carbon composite anodes can be limited due to the large volume of low-density carbon and internal
porosity.>* The present research demonstrates that cryomilling can be utilized for facile fabrication
of high energy density anodes. The cryomilled SnSb-C composite is mostly non-porous (0.0044
cm?®/g porosity), and it has a gravimetric capacity of 669 mAh/g after 50 cycles at 100 mA/g. Using
the density of graphite (2.2 g/cm®) and fully lithiated SnSb (2.78 g/cm?), the composite
demonstrates a volumetric capacity qz of 1842 Ah/L, which shows significant improvement
compared to a graphite anode (756 Ah/L). For energy storage applications in portable electronics
and electric vehicles, it is more important to compare the improvements on full cell energy
density.>!'® Active material porosity, average voltage, irreversible capacity, and coulombic
efficiency all have significant impacts on cell energy density and performance.

By adopting the cell-based model proposed by Obrovac et al.,’ the stack energy can be
calculated by the assumption that the anode electrode contains 70 vol% SnSb-C, and the anode
irreversible capacity matches that of the cathode. LiCoO:2 was selected as the baseline cathode that

has a reversible volumetric capacity gz of 530 Ah/L, and an average voltage Vapg of 3.9V. The

N/P ratio (capacity ratio of the negative and positive electrode) was set to be 1.1. The cryomilled
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SnSb-C composite has an average voltage V;,,, of 0.75V. Using these data and assumptions, the

stack energy Ur can be calculated to be 855 Wh/L based on the following equation:?

2qft?t _
Ug = Ix ] (Va-;g - Vavg)’

ag/N
th+to+2te+2tt 1+—’3(—)
qar\P

where the cathode current collector thickness t;}. and anode current collector thickness tz,
were set to 15 um, the separator thickness t; was set to 20 um, and the cathode electrode thickness
t* was set to 55 um. Based on this full cell model, an 18% increase in the stack level volumetric
energy density can be obtained with the cryomilled SnSb-C composite compared to the baseline
LCO/graphite cell (726 Wh/L).? Note that the volumetric energy density of the modeled cell with
cryomilled SnSb-C anode is likely to be higher since ~250% volume expansion was assumed based
on the theoretical density differences between SnSb and fully-lithiated SnSb to prevent
overestimation. A more reliable estimation of the anode volume expansion and energy density will
be conducted in the future using in-situ transmission X-ray tomography (TXM) studies during
electrochemical cycling 2>

Based on the structural and electrochemical characterization, the major improvement in
cycling stability of the SnSb-C composite can be attributed to the nanostructures from the
cryomilling process, namely the refined grain size and the well-dispersed graphite within the SnSb.
Fecht et al. proposed an empirical description of the microstructure development during ball
milling in three stages:'!'® 1) localized deformation occurs in shear bands (the region with a high
dislocation density), 2) after a certain strain level is reached, nanometer-sized sub-grains form via
dislocation recombination, and 3) randomly oriented single-crystalline grains recrystallize from
the sub-grain structure. The competing process of dislocation generation during plastic

deformation and grain recovery by thermal effects determines the minimum grain size achievable

of the milling process.'?® At cryogenic temperature, the recovery, recrystallization, and grain
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growth can be limited. Therefore, a fine-grained structure can be achieved with shorter milling
time.!'>12! A theoretical dislocation model for milling minimum grain sizes also suggests a
decrease in grain size with lower milling temperature.'?? SnSb sample without carbon addition was
fabricated via HEBM and cryomill, as shown Figure 3.8. Using W-H analysis, the grain size of the
cryomilled SnSb was estimated to be 43 nm with a strain of 0.0023. In comparison, the grain size
of the HEBM SnSb was estimated to be 99 nm with a strain of 0.0034. These results further showed
a decrease in grain size can be achieved with lower milling temperature under the same milling
time.

In addition to allowing for the formation of nanoscale grains, cryomilling has another
advantage when it comes to dispersing nanoscale carbon. Due to its high specific surface area and
strong van der Waals interactions, both multilayered graphene and carbon nanotubes tend to stick
together and form agglomerates, making them hard to disperse in the matrix structure.!?3:124
Cryomilling has been shown to be an effective method to exfoliate graphite flakes into

nanoplatelets® and prevent agglomeration'!>!?°

in nanocomposites. Various research groups have
fabricated CNT reinforced aluminum matrix composites with good CNT dispersity and minimal
sidewall defects using cryo-milling.!'*!26127 Similarly, in this work, the initial micron-sized
graphite powder was exfoliated into nanoplatelets and evenly dispersed between the SnSb grains.
Raman spectroscopy was also utilized to study the carbon structure of the samples fabricated from
HEBM and cryomill, as shown in Figure 3.9. The 2D band of the HEBM sample has weak intensity
due to the disordered structure.'?®!? The ratio of D and G band can be used to determine the
structural defects in carbon materials.!*® In/Ig of the cryomilled sample was 0.82, which was much
lower than the ratio of the HEBM sample (1.35). This showcased cryomill can reduce defects

formation during milling process, which also correlates well with previous studies.'!'®12513!
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Various forms of carbons, including graphite, graphene, CNT, and amorphous carbons are being
widely used with high volume change anodes due to their ability to buffer volume changes using
their internal void space or by creating wrinkled structure.>* In this work, the well-dispersed
nanoplatelets may also suppress grain growth and matrix phase coarsening (Li3Sb) via grain
boundary pinning.'!>!13
Conclusions

We have developed a facile synthesis method using cryogenic milling to produce stable,
high energy density anode materials. SnSb-C composites were chosen as a model system to
demonstrate the improvements on nanostructure and cycling stability. The cryomilled SnSb-C
showed a specific capacity of 708 mAh/g and an initial Coulombic efficiency of 83%. After the
first cycle, the anode showed an average Coulombic efficiency of 99.6 + 0.3% and capacity
retention of 90% over 100 cycles. Moreover, the composite anode has a reversible volumetric
capacity of 1842 Ah/L, and an expected full cell stacking volumetric energy density is 855 Wh/L
if LiCoO2 was used as the cathode. This corresponds to an 18% increase compared to a baseline
LiCoOz/graphite cell. Based on STEM and post-cycling SEM analysis, the nanometer scale grain
size and well-dispersed carbon matrix structure appears to reduce volume expansion and particle
cracking during cycling. This work demonstrates the application of cryomilling on battery
electrode materials and shows improved cycle life compared with materials obtained using
conventional ball mill routes. Cryomilling can potentially become a general method for improving

other battery electrode materials, thereby providing a pathway for developing high-performance

energy storage systems.
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Figure 3.1 Synthesis method and SEM images of mechanical alloyed SnSb-C composite
anodes fabricated through (a) high-energy ball mill, (b) cryogenic ball mill, and (c) planetary
ball mill. (b) X-ray diffraction patterns comparing SnSb-C composite anodes synthesized
through these three different mechanical methods. All methods produce SbSn, but the degree

of crystallinity, as evidenced by the diffraction peak widths, varies dramatically between
methods.
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Figure 3.2 SEM and TEM micrographs of the cryomilled SnSb-C composite anode. (a) SEM
image of the cryomilled SnSb-C. (b) low-mag bright field and (c) high-magnification STEM
HAADF images revealing nanostructures in the cryomilled composite. (d) (e) high-
magnification STEM bright-field images showing carbon nanoplatelets between the grains. (f)
Atomic resolution STEM HAADF image of the SnSb grains.
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Figure 3.3 STEM image and EDS elemental maps of a cryomilled SnSb-C composite anode. (a)
Schematic diagram and a STEM HAADF image of a cryomilled SnSb-C composite particle and
the region where the EDS scan was performed. EDS elemental maps for (b) carbon, (c) tin, and
(d) antimony.
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Figure 3.4 Electrochemical characterization of the cryomilled and planetary ball milled SnSb-
C composite anodes. (a) Cycling stability for the cryomilled and planetary ball milled SnSb-C
composite anodes cycled at 100 mA/g between 0.05-1.5V. (b) Voltage profiles of the
cryomilled SnSb-C composite anode for the 1%, 27, 50" and 100" cycle at 100 mA/g. (c) Rate
performance comparison of cryomilled and planetary ball milled samples. (d) Cyclic
voltammetry of the cryomilled SnSb-C composite anode at 0.1mV/s between 0.05 and 1.5 V.
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Figure 3.5 Comparison of the changes in morphologies upon cycling for cryomilled and
planetary ball milled SnSb-C composite anodes. (a) The pristine cryomilled SnSb-C composite
anode. Ex-situ SEM of cryomilled SnSb-C (b) after initial lithiation and (c) after 20 cycles. (d)
The pristine planetary ball milled SnSb-C composite anode. Ex-situ SEM of planetary ball milled
SnSb-C (e) after initial lithiation and (f) after 20 cycles. Cracking is observed in the planetary
milled sample, but not in the cryo-milled material.

Figure 3.6 Unmixed graphite flakes found in the 8-hour planetary ball milled SnSb-C composite

powder.
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Figure 3.7 Absorption isotherm of (a) planetary ball milled sample and (b) cryomilled sample
obtained from nitrogen porosimetry.
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Figure 3.8 XRD comparison of the SnSb samples (without carbon addition) fabricated with high-
energy ball mill and cryomill.
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Figure 3.9 Raman spectroscopy comparison of the SnSb-C sample after cryomill and high-energy
ball mill. The baseline is graphite sample without ball milling.
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Figure 3.10 Measured carbon thickness histogram of the 4 hour cryomilled SnSb-C composite
sample. 40 locations of carbon thickness were measured within the boxed region of the STEM
HAADF image (Figure 3.2 c¢). Carbon corresponds to the dark contrast region in the HAADF
image.
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Figure 3.11 Low magnification SEM images of mechanical alloyed SnSb-C composite anodes
fabricated through (a) (b) cryogenic ball mill, (b) (c) planetary ball mill, and (e) (f) high-energy
ball mill.
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Figure 3.12 Particle size distribution of (a) cryogenic ball mill, (b) planetary ball mill, and (c)
high-energy ball mill.
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Chapter 4. Electric-Field-Assisted Bi Migration in Bi2O3-doped ZnO Polycrystalline
Specimens

Introduction

Sintering, where the specimen microstructure and properties are dominated by temperature
and time, is one of the main ceramic fabrication processes for thousands of years.?’ For the
development of sintering technology, lower sintering temperature and shorter sintering time are
always preferred, as these can increase the production rate and decrease energy consumption. In
recent years, factors such as externally applied pressure and electric field have a growing
importance in ceramic fabrication.’*? Spark plasma sintering (SPS), or field-assisted sintering
technology (FAST) was developed back in the 1960s,** where the powder is placed in a conducting
die under applied uniaxial pressure being rapidly heated with current (Joule heating of the die).>*
36 SPS/FAST is being demonstrated as a versatile consolidation method with generally decreased
sintering time and temperature.’’*® More recently, flash sintering was developed by Raj and
colleagues in 2010 where electric field/current is applied onto the specimen to trigger rapid
densification in 5 — 10 s at low furnace temperature,®® and a broad range of ceramic materials was
demonstrated to be compatible with this method. In general, the external applied electric field
enables fast kinetics and low temperature process, which makes ceramics sintering become more

energy-saving and cost-effective.

Electric field can also have many nonthermal effects on the specimen. For flash sintering,
researchers have found electric field can induce anisotropic lattice expansion,*’ produce metastable

1

phase,*! and facilitate phase transformation*? in selected systems. Aside from faster sintering,

electric field can also induce microstructure evolution when applied to dense specimens. Chen and
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colleagues have found the residual pores could migrate in the opposite direction of the applied
electric field in 8 mol% Y203-stabilized ZrO2 (8YSZ).**** Asymmetrical grain growth has also
been observed in various systems, such as 3YSZ,* SrTi03,* and ZnO 47 after annealing under
electric field. On the atomic level, Luo and colleagues have recently discovered that the applied
electric current can change the microstructural evolution of Bi2O3-doped ZnO through an
electrochemically induced grain boundary transition.* Specifically, when the electric field is
applied to the sample, electrochemical reduction can occur on the negative electrode side and cause
a grain boundary disorder-to-order transition to increase grain boundary diffusivities and induce
abnormal grain growth. These interesting electric field effects can potentially enable new methods
to tailor ceramic microstructure and grain boundaries.

Bi203-doped ZnO polycrystalline samples offer an ideal platform to investigate electric-
field-assisted and interfacial-liquid-activated microstructural evolution. ZnO grains are electronic
conducting (semiconductors), but the Bi-enriched GBs (nanoscale liquid-like interfacial phases)
are ionic conducting. '3!3 When an electric field was applied to Bi2O3-doped ZnO polycrystalline
samples, a number of interesting, far-from-equilibrium, kinetic processes can occur.*®!3* Here in
Bi203-doped ZnO polycrystalline samples, we found the Bi-rich phase could migrate towards the
negative electrode driven by the electric field. Consequently, the positive electrode side becomes
essentially Bi-free after sufficiently long annealing, free of both the Bi-rich secondary phase and
the Bi-enriched nanoscale liquid-like interfacial phase. This represents a new finding of the electric
field effects on ceramic microstructure evolution of the unique GB ionic conducting systems.

Experimental Procedures

Electric field assisted sintering experiment
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For sample fabrication, 0.5 mol% Bi203 — doped ZnO powders were made by ball milling
Zn0 (99.98% purity, 18 nm, US Nanomaterials) with bismuth acetate (=99.99% purity, Sigma
Aldrich) in isopropyl alcohol for 10 hours using a PQ-NO04 planetary ball mill (Across
International). The milled powders were dried in an oven for 12 hours at 80 °C, and subsequently
annealed for 1 hours at 500 °C. Then, the treated powders were loaded into a graphite die lined
with graphite foils and fabricated into dense pellets using a Thermal Technologies 3000 series SPS
in vacuum (10 Torr) at 780 °C for 5 min with uniaxial load of 50 MPa. The pellets were de-
carbonized by annealing in air at 700 °C for 9 hours. The resulting pellets reached >99% relative
densities, and the pellets were ground to about 4 x 3 x 1.5 mm?®. To form electrodes on the sample,
the pellets were sputtered with Pt using a Denton Discover 18 Sputter.

For the electric-field-assisted sintering experiment, an external DC current was applied
across the sample at 840 °C for 4 hours while maintaining a constant voltage of 2 V (or ~12.1
V/cm and ~17.6 mA/mm?). The sample temperature was estimated to be ~870 °C due to Joule
heating. The current and electric potentials were recorded using a Tektronix DMM 4040 digital
multimeter.

Materials Characterization

The specimen microstructure was studied using an Thermo Scientific Apreo SEM with an
Oxford Symmetry EBSD detector. The TEM lamellas were fabricated using a Thermo Scientific
Scios dual-bream FIB/SEM system. The grain boundary structure and elemental information were
studied with JEOL JEM-300CF STEM microscope operating at 300 kV.

Results and discussion
The experiment was carried out by applying a constant 12.1 V/cm electric field on the

Bi203-doped ZnO polycrystalline specimen for 4 hours. After the field-assisted sintering process,
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there is obvious abnormal grain growth in the negative electrode side as shown in the Figure 4.1 b
overview cross-sectional scanning electron microscopy (SEM) image and Figure 4.1 f negative
electrode side zoom-in SEM image. Cross-sectional electron backscatter diffraction mapping was
carried out to quantify the grain size from the positive side to the negative side as shown in Figure
5.2 a and c-e. Grains on the positive electrode side have an average grain diameter of 1.7 £ 0.7 um
(volume-weighted). In contrast, grains on the negative electrode have an average grain diameter
of 58 + 30 um (volume-weighted), which is more than 30 times that on the positive electrode side.
The cross-sectional EBSD mapping also enabled the precise quantification of the grain size
variation across the specimen as shown in Figure 4.2 d. The average grain diameter variates from
1.8 to 1.6 um for ~55% of the sample from the positive electrode side. From the negative electrode
side, the grains show a bimodal microstructure where there are normal grains with ~2 pm diameter
and there are abnormal grains with ~60 um diameter. Our prior work has found this negative
electrode side abnormal grain growth was due to the electrochemical induced grain boundary
transitions. The reduced grain boundaries go through disorder-to-order transition that increased
the grain boundary diffusivity and mobility.

Aside from the negative electrode side abnormal grain growth, it was also found that the
Bi-rich phase could migrate towards the negative electrode driven by the electric field. The pristine
sample showed homogeneous bismuth oxide distribution throughout the sample. After the field-
assisted sintering experiment, the positive electrode side became essentially Bi-free after
sufficiently long annealing under electric field as shown in Figure 4.1 a schematic diagram and
Figure 4.1 c-f SEM images. There was no bright contrast Bi-rich phase near the positive electrode
side of the specimen in Figure 4.1 c. Towards the middle section, the sample undergoes a transition

near a porosity belt from Bi-free to Bi-rich at the ZnO grain boundaries as shown in Figure 4.1 d.
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The Bi migration was further supported with low-magnification energy-dispersive X-ray
spectroscopy mapping in Figure 4.2 b and the areal fraction of the bright contrast Bi-rich phase
from SEM image in Figure 4.2 f. The EDS mapping showed 0 atomic% Bi on the positive electrode
side, while the Bi signal was detected on the half side from the negative electrode. The
quantification of the bright contrast Bi-rich phase across the specimen also show a sharp transition
from Bi-free to Bi-rich near the porosity belt region, further showed the Bi migration towards the
negative electrode driven by the electric field.

To further probe the grain boundary Bi content after the field-assisted sintering experiment,
we examined the positive and negative electrode side grain boundary structure and elemental
composition by aberration-corrected scanning transmission electron microscopy (AC STEM) and
STEM EDS mapping. The TEM sample was prepared with focused ion beam (FIB), and the
approximate FIB sample location were marked in the low-magnification SEM image in Figure 4.3
a, 3b, and 3e. The positive electrode side TEM sample was selected randomly across three ZnO
grains (Figure 4.3 b), and the negative electrode side TEM sample was prepared at a grain
boundary near an abnormal ZnO grain and normal ZnO grains (Figure 4.3 e). In the positive
electrode side SEM image Figure 4.3 b and STEM HAADF image Figure 5.3c, no bright contrast
Bi-rich phase was found between the ZnO grains. Nano-sized pores could be found at the ZnO
grains triple-junctions in Figure 5.3c, which are likely caused by the removal of the Bi-rich phase.
In contrast, no porosity could be found on the region near the negative electrode side, and the
triple-junctions were filled with bismuth oxide secondary phase on both TEM level (Figure 4.3 g)
and SEM level (Figure 4.7 ) magnification.

Upon zooming in on one of the grain boundaries near the positive electrode, the STEM

HAADF image in Figure 5.3d shows no bright contrast was observed at GBs in the HAADF
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images, indicating there is no bismuth oxide segregation at the ZnO GB. In comparison, the grain
boundary near the negative electrode between an abnormal grain and a normal grain show an
ordered bismuth oxide enriched intergranular film (Figure 4.3 g and Figure 4.3 ¢). STEM EDS
was also carried out to further determine the GB elemental composition. As shown in Figure 4a
and 4e, the EDS acquisition region was between two ZnO grains. The increased intensity for Bi
was obvious for the grain boundary near the negative electrode, while there is no Bi signal detected
for the GB near the positive electrode. The EDS line scan also indicates the Bi content increased
to ~8 at% at the GB center. STEM EDS maps of two other GBs randomly selected from the positive
and negative side are shown in Figure 4.6, which further supports the Bi-rich phase migration
driven by the electric field.

Under a constant electric field, the gradient of the electrochemical potential can induce the
migration of cations.!*> The driving force for transport in the x-direction is the electrochemical
potential gradient of the ion

dn=du+zfde
where p is the chemical potential, z is the electrical charge, and d¢ is the electrical potential
gradient. A similar field-induced cation migration in oxides was previously reported in NiTOs3,
(CoxMgix)O, and BaTiOs. For example, it was found field-induced cation electrotransport could
cause phase unmixing of NiTiO3 into NiO and TiOz since Ni*" has faster electrochemical mobility
compared to Ti*"; Ni was found enriched near the cathode side (same direction of the current),
while anode side showed TiO:2 single phase. In the case of Bi2O3 — doped ZnO, there are two
possible pathways for Bi migration: (1) lattice migration in ZnO and (2) grain boundary migration.
At the specimen temperature of ~870 °C, ~0.03 mol% of Bi203 can dissolve into the bulk ZnO

grains.!3%138 Therefore, it can be hypothesized that the electric field induced chemical potential
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gradients can drive Bi%, in bulk ZnO grains to migrate towards the negative electrode side.
However, the low lattice solubility and bulk diffusion coefficient of Bi in ZnO *713° rule out the
ZnO lattice as the major Bi migration pathway. The specimen consists of 0.5 mol% addition of
Bi203, which is well above the Bi20O3 saturation in ZnO at ~870 °C, so the majority of Bi2O3 exist
as liquid phase between the ZnO grains at the experiment temperature. It is therefore more rational
to understand the migration pathway through grain boundary transport. Previous experiments on
pressure-segregation of Bi2Os in ZnO showed rapid diffusion of Bi along the grain boundary
allowed the de-segregated sample to fully saturate the grain boundaries in 10 min at 720 °C ambient
pressure. 3713 In the present case, the electric field was found to drive the migration of Bi-
enriched interfacial liquid within ZnO solid grains.

After the bismuth oxide phase migrated, the sample positive side changes into a Bi-free
ZnO polycrystals. The Bi2O3 enriched grain boundaries in ZnO polycrystals are oxygen ion-
conducting, while the undoped ZnO polycrystal is electron-conducting. Therefore, the positive
side of the Bi2O3-doped ZnO region is oxidized, causing O2 release and the generation of the
porosity belt. On the other hand, the negative side are oxygen reduced and cause a grain boundary
disorder-to-order transition, as shown in Figure 4.4 e. This ordered grain boundary can greatly
increase the grain boundary mobilities and forming the abnormally large grains, which is in
accordance with the previous study. **
Conclusion

This work shows that electric field can drive the migration of bismuth oxide liquid phase
toward the negative electrode in Bi2O3-doped ZnO. The positive electrode side becomes Bi-free
after sufficiently long annealing under electric field, and the observation was supported with low-

magnification SEM/optical images and nanoscale AC-STEM characterization. This represents a
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new finding of the electric field effects on ceramic microstructure evolution of the unique grain
boundary ionic conducting systems. Electric field induced secondary phase migration can exist in
other systems and alter microstructure evolution. This study suggests potential technological

opportunities for novel ceramic grain boundary tailoring with electric field.
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Figure 4.1 Microstructure of a Bi2O3-doped ZnO polycrystalline specimen annealed under an
applied electric field (2 V over the specimen: ~12.1 V/cm and ~17.6 mA/mm?). (a) A schematic
illustration of the specimen showing the migration of the Bi-rich phase towards the cathode
side, the formation of porosity belt, and abnormal grain growth at the cathode side. (b) Cross-
sectional SEM image, showing the microstructure from anode to cathode side. (c¢) The region
near the anode side consisted of 98% dense ZnO grains with no (bright contrast) Bi-rich
secondary phase. (d) A porosity belt was observed away from the positive electrode. Bi-rich
phase was observed to the right of the porosity belt (towards the negative electrode), indicating
the migration of Bi-rich phase driven by the electric field. (e) The middle region was fully
dense with a Bi-rich secondary phase. (f) Abnormal grain growth was observed near the
cathode in the reduced region.
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Figure 4.2 (a) EBSD maps (b) Bi EDS mapping of the Bi2O3-doped ZnO specimen
annealed under an applied electric field. The grain diameter distribution at regions near (c)
anode side and (e) cathode side. (d) Measured grain size distribution across the entire
specimen. Measured areal fraction distribution across the specimen of (f) the Bi-rich
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condary phase and (g) porosity.
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Figure 4.3 (a) Low-magnification SEM image showing the approximate FIB sample location
near (b) the anode side and (e) the cathode side. Low-magnification STEM HAADF image of
the grains near (c) the anode side and (f) the cathode side. Grain boundary high-magnification
STEM HAADF image at (d) the anode side and (g) the cathode side. Near the anode side, no
Bi-rich phase was observed, and some pores were found at ZnO triple-grain junctions
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Figure 4.4 AC STEM energy-dispersive X-ray spectroscopy (EDS) mapping of the representative
anode side and cathode side grain boundaries. STEM HAADF images and EDS mappings of (a)
(b) (c) a Bi-free GB near the anode side and (e) (f) (g) a Bi-rich GB near the cathode side. Line
profile across the GB on (d) anode side and (h) cathode side showing the changes in the atomic

percentages of Bi with respect to the bulk composition.
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Figure 4.5 (a) A schematic illustration of the proposed Bi diffusion mechanism at a triple-junction
of ZnO grains. The red lines indicate the Bi-rich GBs and the red triangle indicates the Bi-rich
secondary phase at triple junction. At GB, the Bi-rich interfacial liquid moves, driven by the
chemical potential gradient. (b) A schematic illustration of the Bi2O3-doped ZnO polycrystalline
specimen annealed under an applied electric field. After the Bi migrated, the anode side changes
to a ZnO electronic conductor while the cathode side is an ionic conductor (via interfacial liquid).
The porosity belt observed at the electronic conductor — ionic conductor junction corresponds to
the oxidation reaction that produces Ox.
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Figure 4.6 AC STEM energy-dispersive X-ray spectroscopy (EDS) mapping of the two additional
representative anode side and cathode side grain boundaries. STEM HAADF images and EDS
mappings of (a) (b) (¢) a Bi-free GB near the anode side and (e) (f) (g) a Bi-rich GB near the
cathode side.
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Figure 4.7 TEM images of a representative Bi-doped ZnO anode side grain boundary (right side
of the porosity belt in Figure 4.1 a). The images show a disordered GB.
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Chapter 5. Ceramic Microstructure Control with Electric Field

Introduction

Electric fields and currents are crucial for innovative sintering technologies and energy
storage applications.?’ In general, field-assisted ceramic sintering methods showed decreased
temperature and sintering time compared to conventional processes. °32 Field-assisted sintering
technology (FAST), or spark plasma sintering (SPS) was demonstrated as a versatile method to
sinter high-temperature ceramics.>*>° The rapid heating and sintering time are enabled with the
current passing through the conductive die with uniaxial pressure. For flash sintering, the ultrafast
densification (in seconds) at reduced sintering temperature is enabled by directly passing a current
through the sample. More recently, an ultra-fast high-temperature sintering method was reported
to densify ceramics in ~10 seconds with Joule-heating carbon strips.** For novel sintering

processes, the externally applied electric fields can generate nonthermal effects that affect

45,47,48 43,44

materials properties, such as microstructure changes , porosity migration*>**, and facilitate
phase transformation.*? In energy storage applications, electric field also plays important role in
solid electrolytes used in solid oxide fuel cells and solid-state batteries, where extreme fields can
cause expedited degradation and device failure.*’

On the atomic level, it was discovered that an applied electric field can change the
microstructural evolution through an electrochemically induced GB transition.*® In Bi203-ZnO,
cathode side reduction was found to cause a GB disorder-to-order transition, and subsequently
induces abnormal grain growth. Previous studies on grain boundaries proposed that GBs can be
viewed as two-dimensional interfacial phases (complexions) that can have transitions to affect

various materials properties.”*37:140-142 It can be hypothesized that this electrochemically induced

GB transition can exist in other systems and influence microstructural evolutions. Therefore,
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understanding electric field effects on microstructure and material properties will not only improve
existing field-assisted sintering processes, but also provide potential possibilities to tailor
microstructure and other physical properties.

In this study, we use ZnO as a model system to demonstrate the feasibility of tailoring
ceramic microstructure with electrical fields induced GB transformation. After sintering under a
constant electric field, a gradual increase of grain size was observed from cathode to anode side,
and the grain size gradient can be controlled with the electric field and sintering time. With
spatially resolved photoluminescence spectroscopy mapping and defects chemistry calculation, we
found electric field can induce defects polarization in ZnO and subsequently alter the GB structure.
Based on the scanning transmission electron microscopy and ab initio molecular dynamics, the
anode side GBs cores were enriched with zinc vacancies, and these Vza-rich GBs were calculated
to have higher GB diffusivities. This work brings fundamental knowledge on both GB complexion
(phase-like) transitions and electric field effects on microstructure, thereby pointing to a new
direction of physical properties control via electrochemically induced GB transformation.
Method

ZnO powders (99.98% purity, 18 nm, US Nanomaterials) was first sintered into dense
pellet with spark plasma sintering (SPS) at 840 °C for 5 min under a uniaxial pressure of 50 MPa
in vacuum (10 Torr) using a graphite die. The pellet was then annealing in air at 700 °C for 9
hours for residual carbon removal, and reach >99% relative densities. The pellets were ground to
around 4 x 3 x 1.5 mm?® and Pt was sputtered onto the two sides to form electrodes.

For the sintering experiment with electric field, an external DC current was applied across the

sample while maintaining a constant voltage. The furnace temperature and sintering time are all
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labeled with the corresponding sample. Tektronix DMM 4040 digital multimeters were used to
record the current and electric potential readings.

The pellet cross-section microstructure was characterized with a scanning electron
microscope (Apreo SEM, FEI) equipped with an Oxford Symmetry EBSD detector. The TEM
lamellas were fabricated using a Thermo Scientific Scios dual-beam focused ion beam/SEM
system. The atomic-level grain boundary structure was studied with a aberration-corrected electron
microscope JEOL JEM-300CF operating at 300 kV.

To study the defects polarization of the sintered ZnO, spatially resolved photoluminescence
spectroscopy was conducted on the sample cross-section on a Leica SP5 confocal microscope. The
wavelength range was from 400 to 700 nm.

Creating and controlling graded microstructure

Using undoped ZnO as a model system, we successfully demonstrated the feasibility of
creating and controlling graded microstructures via an applied electric field. An example of a
graded microstructure created via annealing a ZnO polycrystalline specimen under an applied
electric is shown in Figure 5.1. In this case, a constant voltage of 3.84 V was applied onto a dense
polycrystal ZnO specimen under a furnace temperature of 600 °C for 4 h. Figure 5.1a shows the
cross-section morphology of the specimen after the field-assisted sintering process. The ZnO grain
sizes were found to gradually increase from the negative electrode to the positive electrode.
Electron backscatter diffraction mapping was carried out to quantify the grain size variation across
the specimen. The averaged grain diameters on the anode side were 7.4 £+ 3.8 um, which is about
5 times larger than the cathode side grain size of 1.0 = 0.5 um. Figure 5.1e further shows the

continuous grain size variation from the cathode to the anode side. These large grain variations
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across a 1.2 mm thick specimen cannot cause by the temperature gradient, since the sharp
temperature transition is inconceivable for a homogeneous material.

The graded microstructure can also be controlled by changing the applied electric field as
shown in Figure 5.1c and 5.1d. A smaller grain size variation was observed at a lower applied
electric field of 20.2 V/cm at the same furnace temperature of 600 °C. The anode side grain size
decreased to 3.5 £ 1.72 pm. Due to the large contribution from Joule heating, the specimen
temperature also decreased from ~1380 °C to ~1214 °C (estimated based on black body radiation).
Figure 5.1d further illustrates an example of (true non-thermal) effect of changing electric field on
altering the graded microstructures, where the specimen temperatures were kept similar by
carefully tuning the furnace temperature to compensate for the decreased specimen temperature.
At a similar sample temperature of ~1400 °C and a lower applied electric field of ~24.3 V/cm, the
anode side averaged grain diameter decreased to 4.0 + 1.9 um. These cases together showcase that
the graded microstructure can be controlled via changing the applied electric field.

To further study the grain growth kinetics, the microstructure evolution of ZnO annealed
under a constant electric field of 20.2 V/cm (total 2.8V) for the different duration was studied.
Grain growth can be expressed using the equation:

ar —dp = kt (D
where dt and do are the grain size at time t and t = 0, respectively, n is the grain growth exponent,
and k is a constant. For undoped ZnO, n = 3 was consistently observed in the previous grain growth

studies!#144

, which indicates the growth occurs by volume diffusion. The constant k scales with
the grain boundary mobility. The pristine dense ZnO specimen fabricated with spark plasma

sintering showed a slightly larger grain sizes at the center of the specimen (1.3 + 0.6 um) compared

to the surface regions (0.8 + 0.3 um). Increasing the annealing time under the same electric field
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gradually increased grain sizes from the anode side, with little changes in grain sizes at the cathode
side, as shown in Figure 5.2d. For the sample sintered for 32 hours under 20.2 V/cm electric field
(Figure 5.2a), the anode side grain diameter increased to 4.8 = 2.3 um, which is much larger
compared to the cathode side grain diameter (1.9 + 0.9 pm). Using the anode and cathode side
grain diameter at different sintering time in Figure 5.2e, the k constants that scales with grain
boundary mobility can be calculated as shown in Figure 5.2f. The k constant on the anode side
was fitted to be 3.8, which is more than 30 times greater than the cathode side k constant (0.11).
This result indicates that the anode side grain boundary mobility was greatly enhanced during the
sintering process with electric field.
Electric Field Induced Defects Polarization

To have a fundamental understanding on the mechanism for this anode side enhanced grain
growth under electric field, the defect chemistry of ZnO need to be considered. In this study, we

adopted the defect chemistry proposed by Tuller!'4%146

, Where zinc interstitial was proposed as the
predominant donor defect. Therefore, in our calculation we assume the Frenkel reaction (Zny,, <
Zn} + V5 predominates over the Schottky reaction (Nil & V5 + V5,). Also, since the bulk
oxygen tracer diffusivity is more than 2 orders of magnitude lower than the Zn tracer

diffusivity'4”-148

, we further assumed oxygen as rigid sublattice, and only consider the migration
of zinc cations for simplification.

During the field-assisted sintering experiment, ZnO is placed between two ion-blocking Pt
electrodes, so there is no net ionic current at steady-state. The applied electric field drives Zn ion

from anode to cathode and form a chemical potential gradient of Zn. The corresponding flux Ji can

be calculated as the product of mobility and driving forces

o; dn; o; (du; d¢

fi*ﬁa*ﬁ(a“’:a) (2)
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where o is electrical conductivity, z is the charge of the mobile specie, F is faraday constant, 7 is
the electrochemical potential, u is the chemical potential, and ¢ is the electric potential. Under
room temperature in air, the two most abundant charged specie are electron and doubly charged
zinc interstitial, and the charge neutrality is satisfied with n = 2[Zn;’]. At steady-state, there is no
ion flux due to the blocking electrodes. Therefore the boundary conditions of the sample with

thickness 1 is Ji(0,t) = Ji(L,t) = 0, which gives

dp; d¢

dx F dx 3
or

Ay; = —2FA¢ (4)

The zinc chemical potential change can represent a local Po2 change across the sample
assume thermodynamic equilibrium is achieved. Subsequently, we can sketch the electric potential
and the corresponding major carrier chemical potential. If we further assume the sample middle
point Po2 is 0.2 atm (remain unchanged as in air), the chemical potential from the defect

concentration change can be calculated from the equation

c!
Au; = RTIn (C—l> (5)

i
where R is the gas constant, T is specimen temperature, and ci is the defect concentration. For a
total 3.8 V applied across the sample, the estimated defect concentration is shown in Figure 5.3f
based on the quantitative Brouwer Diagram calculated from Tuller’s defect chemistry model. Near
the middle of the sample, the charge balance is being maintained between electrons and doubly
ionized zinc interstitials. On the cathode side, the singly ionized zinc interstitials become dominate
over the doubly charged ones when the local Po2 is smaller than 1x102° atm. Toward the anode

side when the local Po2 is greater than 1x10° atm, the singly charged zinc vacancy and hole become
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dominate. Such transition from n-type electron conductor to p-type hole conductor upon the
application of electric field was also discovered in previous studies.*>!4%-15!

To probe the defect concentration across the sample, we used spatially resolved
photoluminescence spectroscopy to quantify zinc vacancies across the ZnO sample annealed under
a voltage of 3.8 V (£ =26.9 V/cm) for 4 h as shown in Figure 5.3a. For ZnO, zinc vacancies give
rise to the green luminescence centered around 2.35 eV (530 nm).!*!>* The photoluminescence
intensity mapping at the 530 nm wavelength clearly showed the increased intensity near the anode
side indicating a higher zinc vacancies concentration towards the anode electrode. The trend can
also be visualized via the heat map (Figure 5.3c), the extracted photoluminescence spectra (Figure
5.3d), and the spectra peak intensities (Figure 5.3e). The peak intensity of the green emission near
the anode side is more than two times higher than the peak intensity near the cathode side (Figure
5.3d). The observed anode side zinc vacancies enrichment also matches the defects concentration
estimation based on Tullers’ defects chemistry model, which further verifies that electric field can
induce defects polarization in ZnO.

Grain Boundary Oxidation Transition

To elucidate the atomic-level mechanism of the electric field induced anode side grain
boundary mobility enhancement, the grain boundaries structures were examined with aberration-
corrected scanning transmission electron microscopy (AC-STEM), in conjunction with energy
dispersive X-ray spectroscopy (EDS). Three different GBs were characterized from both cathode
and anode side of the ZnO specimen after sintering under an applied electric field of 3.8 V for 4
hours. Clean and stoichiometric GBs were observed for all three GBs on the cathode side as shown
in the HAADF images from Figure 5.4b to 5.4d. No dark or bright contrast was observed near the

GB region. In comparison, all three anode side GBs showed dark contrast as shown in Figure 5.4h
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to 4j, which suggests Zn-depleted and O-rich GBs. AC-STEM EDS mapping was conducted to
confirm the atomic composition of GBs. Figure 5.4i and 4m EDS atomic percentage mapping of
anode side GBs further shows the grain boundary region is zinc poor and oxygen rich, which the
cathode side GB appears to be stoichiometric (Figure 5.4h to 5.4j). The line profile was extracted
across the GB showing the changes in oxygen atomic% as shown in Figure 5.4g and 5.4n. For the
anode side GB, the O composition increased by ~11% at the grain boundary region compared to
bulk region. In contrast, for the cathode side GB, there was no obvious change in oxygen and zinc
composition across the GB. Combined with the photoluminescence results, it can be inferred that
the electric field induced defects polarization can cause a preferential Zn vacancy segregation at
the anode side grain boundaries.
Conclusion

In summary, we use ZnO as a model system to demonstrate the feasibility of tailoring
ceramic microstructure with electrical fields induced GB transformation. After sintering under a
constant electric field, a gradual increase of grain size was observed from cathode to anode side,
and the grain size gradient can be controlled with the electric field and sintering time. Spatially
resolved photoluminescence spectroscopy shows zinc vacancies enrichment near the anode side.
Grain boundary STEM and EDS mapping further shows that the electric field induced defects
polarization can cause a preferential Zn vacancy segregation at the anode side grain boundaries.
This work brings fundamental knowledge on both GB complexion (phase-like) transitions and
electric field effects on microstructure, thereby pointing to a new direction of physical properties

control via electrochemically induced GB transformation.
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Figure 5.1. Creating and controlling graded microstructures with applied electric fields. (a) cross-
section SEM image and (b) EBSD mapping of a ZnO specimen annealed under 26.9 V/cm electric
field at a sample temperature of 1380 °C, where a gradient in the grain size was observed. The
graded microstructures can be altered by (c) changing electric field to 20.2 V/cm at a fixed furnace
temperature of 600 oC, where the specimen temperatures were different due to the Joule heating)
or (d) carefully selecting the conditions to keep similar specimen with 24.2 V/cm electric fields
(to show true field effects). The detailed grain size distribution across the sample with (e) fixed
furnace temperature, and (h) similar sample temperature. The error bar in the plot shows the
standard deviation of the grain size in the corresponding section. (f) A schematic illustration of the
experimental setup. (g) Image of a dense pristine ZnO specimen with the two surfaces sputtered
with Pt as electrodes.
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Figure 5.2. Kinetics study of the microstructural evolution of ZnO annealed under a electric field.
EBSD maps of the ZnO specimen annealed for (a) 32 h, (b) 4 h, and (c) 1 h under a constant
applied voltage of 2.8 V (E = 20.2 V/cm). (b) Grain size distribution of the ZnO specimens
annealed for different durations under the same applied field. The error bar shows the standard
deviation of the grain diameter of the corresponding section. (¢) The averaged grain diameter of
the anode side, center and the cathode side of the specimen sintered under the same field for
different time periods. (f) Fitting of grain growth kinetics at the anode vs. cathode side, showing a
> 30 x greater k at the anode side.
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Figure 5.3. Photoluminescence spectroscopy of the ZnO annealed with a constant field, showing
the enrichment of Zn vacancies in the anode region. (a) Photoluminescence intensity mapping at
the 550 nm wavelength of the ZnO annealed under a voltage of 2.8 V (E = 20.2 V/cm) for 32 h.
(c) heat map of the 20 integrated spectra across the sample (red: high intensity, blue: low intensity).
(d) the photoluminescence spectra at anode, x=0.4 (out of 1 from anode side), and cathode side.

(e) (e) the peak intensity of photoluminescence spectra across the sample.
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Figure 5.4. Aberration-corrected scanning transmission electron microscopy (AC STEM) high-
angle annular dark-field (HAADF) images of representative cathode side and anode side grain
boundaries (GBs). (a) An EBSD map showing the approximate location of the focused ion beam
(FIB) sample site. Cathode (-) side GB (a) STEM HAADF image and (b) Zn and (¢) O maps (in
at%), showing stoichiometric GB. Anode (+) side GB (d) STEM HAADF image and (e) Zn and
(f) O maps, showing oxygen-rich GB. (e), (g) Line profiles across (e) cathode side GB, and (i)
anode side GB, showing the changes in the oxygen and zinc atomic percentages.
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