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ABSTRACT: Intermetallic compounds such as SnSb are promising anode materials for sodium ion batteries; however, their
nanoscale sodiation mechanisms are not well understood. Here, we used a combination of in situ transmission electron
microscopy (TEM), first-principles electronic structure calculations, computational thermodynamic modeling, and phase-field
simulations to reveal the sodiation mechanisms and to quantify microstructural effects contributing to the underlying reaction
kinetics in SnSb electrodes. During in situ sodiation experiments, the nanocrystalline SnSb thin films underwent a rapid
amorphous phase transformation upon sodiation, as determined by in situ TEM and electron diffraction experiments. The Na*
diffusion coeflicients were measured with and without an external electrical bias, and the data showed that an applied potential
increased Na* diffusion by an order of magnitude compared to solid-state diffusion. Furthermore, there was a distinct decrease
in sodium diffusion upon the formation of the amorphous phase that resulted from a change in the local structure and grain
boundaries. To further understand how the Na* transport mechanism correlated with the changes observed in the SnSb thin
films, phase-field modeling was used, which considered sodium diffusion within the grain boundaries together with their
evolution and stress—strain state. These findings enhance our understanding of sodiation mechanisms within intermetallic
anode materials for sodium ion battery applications.

KEYWORDS: in situ transmission electron microscopy (TEM), sodium ion batteries, tin antimony, density functional theory,
CALPHAD, phase-field simulations

B INTRODUCTION high theoretical storage capacities: 847 mAh g~' (Sn)," 660
Rechargeable sodium ion batteries (SIBs) are under consid- mAh g~ (Sb),° and 752 mAh/g (SnSb),” assuming the
eration as an electrical energy storage solution for large-scale, formation of Na;Sb and Na;sSn, as end reaction products.
stationary grid power storage applications due to their low Complex sodiation mechanisms are inherent in these anode
cost, high energy density, and envisioned scalability."” As such, materials. For example, electrochemically prepared Na—Sn
there has been a concerted research effort to explore suitable phases have been shown to adopt a number of unreported
electrode chemistries that result in high energy density and
prolonged cycled life at low voltages.” With respect to anode Received: February 13, 2019
materials, tin (Sn), antimony (Sb), and the intermetallic SnSb Accepted: April 16, 2019
are attractive candidate electrode materials because of their Published: April 16, 2019
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structures, with extensive Sn—Sn bonding at high sodium
concentrations as determined from MGJssbauer spectroscopy
and nuclear magnetic resonance (NMR) measurements that
compared line-compounds prepared by solid state reactions
and electrochemically derived materials with similar Na—Sn
ratios." ' Analysis of the Mdssbauer quadrupole splitting
indicated that the Sn clusters are highly asymmetric due to the
possible nonuniform migration of Sn/Na within the crystal
structure. A similar variability in structural chemistry is
observed for Na—Sb compounds, which form an amorphous
Na—Sb structure for Na concentrations less than two. These
multiphase reactions result in the formation of small domains
of Na;Sb and an unidentified Na—Sb compound.®'' In the
case of intermetallic SnSb, X-ray diffraction (XRD) studies
reveal that at maximum sodiation, the electrode remains
mostly amorphous with a broad peak corresponding to Na;Sb
(confirmed by Mossbauer spectroscopy) and possibly a Na—
Sn phase. Heating the end product to 95 °C results in the
formation of crystalline Na;Sb with no other crystalline Na—Sn
phases found.® This is interesting since the reaction of pure Sn
with Na results in a number of crystalline Na,Sn phases (x =
2.35 or x 3.75).%° These studies indicate that atomic
diffusion within the Na—Sn—Sb structure is insufficient to
achieve long-range crystallization of Na;Sb and Na—Sn at
room temperature. Given that the electrochemical formation of
Na;Sb occurs at a higher potential than Na—Sn suggests that
Na® aggregates at the grain boundaries or within Na;Sb
domains, which may block diffusion pathways, spatially limit
the crystallization of Na—Sn phases, or cause epitaxial strain
that can inhibit the formation of Na—Sn domains.

To rationally design SIBs based on these anode chemistries,
it is important to fundamentally understand the sodiation
mechanisms and kinetics as they proceed at the nanoscale,
through crystalline and amorphous phases. Such studies can
strongly benefit from the use of high spatial resolution in situ
transmission electron microscopy (TEM) methods.">"? In situ
TEM has recently provided direct observations of structural
and chemical changes within electrode materials and at
electrode/electrolyte interfaces during ion intercalation,'*
alloying/dealloying,'® conversion reaction,'®'” solid electrolyte
interphase formation,"®'” or Li dendrite growth.”*">* There
have been several studies specific to SIBs, e.g., electrochemical
sodiation in nanowires*> >’ and carbon,’>*! but not for higher
energy density intermetallics or under chemical diffusion.
Here, we use a combination of in situ TEM and selected area
electron diffraction (SAED) to study the phase change and to
measure sodiation kinetics in SnSb thin films. The
experimental results obtained were compared with thermody-
namically stable structures using first-principles calculations
based on density functional theory (DFT) and computational
thermodynamic modeling (CALPHAD). Phase-field simula-
tions were used to understand the sodiation transport
mechanisms through grains and along grain boundaries in
SnSb electrode material.

B RESULTS AND DISCUSSION

Thermodynamic Modeling. The CALPHAD approach
was used to investigate the thermodynamic phase stabilities of
the Na—Sn—Sb ternary system in an effort to predict the
sodiation reaction mechanisms and eX};ected phases that
should form within the SnSb system.”” Thermodynamic
descriptions for the constituent binaries were taken from the
literature,”™** while the formation energies of two ternary
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phases, NasSnSb; and NagSnSb,, were obtained from first-
principles total energy calculations based on DFT. Perdew—
Burke—Ernzerhof (PBE) exchange-correlation as implemented
in the Vienna Ab initio Simulation Package (VASP) was used
to calculate the total energies for pure elements and ternary
phases.***” The binary and ternary compounds considered in
the present thermodynamic investigation are summarized in
Table 1. All the solid phases were modeled as stoichiometric

Table 1. List of Binary and Ternary Solid Phases
Considered in the Equilibrium Thermodynamic Phase
Diagram

system binary phases ref
Na—-Sn Na,sSny, Na;Sn, Na,Sn;, NagSn,, NaSn;, NaSn,, NaSn, 38
a-NaSn, f-NaSn
Na—Sb Na;Sb, NaSb 33
Sn—Sb Sn;Sb,, SnSb 34
NggSn— Na;SnSbs, NagSnSb,

line compounds, except SnSb, to describe the phase field in the
binary phase diagram. DFT results for the two ternary phases
are presented in Table 2 and are in excellent agreement with

Table 2. DFT-Calculated Lattice Parameters of Na;SnSb,
and NagSnSb, Compared with Experiments”

formation
space energy
phase group exp DFT (kJ/mol)  ref
NagSnSb; P12,/  a=18.5940 a = 18.6565 —334.544 39
C1
(14)
b =9.181 b =9.270
c=12.493 c=12.399
a =90° a=90°
f=983°  f=98394°
7 =90° y =90°
NagSnSb, Fd3mS a=14816  a=148816  —515200 40
(227)
a = /} = a = ﬂ =
y =90° 7 =90°

“Reference states for formation energies of both ternary compounds
are selected element reference, i.e., pure elements. Lattice parameters
are given in A

experimental lattice parameters (within 1%). We incorporated
the DFT-derived thermodynamic descriptions of the two
ternary phases to the extrapolated binary thermodynamic
descriptions.

From the complete thermodynamic modeling of Na—Sn—
Sb, an isothermal section of Na—Sb—Sn at 25 °C was
calculated, as shown in Figure la. Although both ternary
phases have negative formation energies with respect to the
pure elements, they do not appear in the calculated phase
equilibria. As shown in Figure 1b, the formation enthalpies of
both ternary phases lie slightly above the convex hull of Na/
SnSb, and Na/SnSbs, and the difference is 3.824 (NaySnSb,)
and 5.530 (NagSnSb,) kJ/mol-atom, respectively. Hence, it
can be postulated that Na;SnSb; and NagSnSb, may participate
in the sodiation reaction as metastable phases. However,
NagSnSb; has a lower energy barrier compared to NagSnSb,
and it is closer to SnSb in the Gibbs triangle. Thus, from a
thermodynamic point-of-view, if NasSnSb; forms during the
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Figure 1. CALPHAD modeling of thermodynamically stable Na—Sn—Sb phases. Computed (a) isothermal section at 298.15 K (25 °C) and (b)
formation enthalpies of Na-SnSb; and Na-SnSb; isopleths, from the evaluated thermodynamic description of Na—Sn—Sb with NaySnSb; and

NagSnSb,,.

SnSb/Carbon
Thin/Eilm

Figure 2. In situ TEM experiments. (a) Schematic of the in situ TEM platform used to monitor sodiation reaction mechanisms and kinetics in SnSb
thin films. Inset (b) bright-field TEM image of RF magnetron sputtered SnSb thin film deposited onto an amorphous carbon TEM grid, with (c) a
corresponding SAED ring pattern, indexed as pure SnSb. Bright-field TEM images comparing the sodiation of SnSb thin films under (d) chemical
sodiation (no bias) and (e) electrochemical sodiation (—2 V vs Na/Na") conditions. Reaction front indicated highlighted by red dashed lines.

sodiation, it is expected to dominate the phase stabilities in
equilibrium with adjacent binary constituents unless there is an
excess amount of Na to allow the formation of NagSnSb,.

In Situ Transmission Electron Microscopy. In situ TEM
sodiation experiments were performed using a commercial in
situ TEM-STM electrical biasing holder (Nanofactory Instru-
ments AB) in an FEI Titan scanning (S)/TEM operated at 300
kV. For the in situ sodiation experiments, electrochemical half-
cells were constructed using an approach previously developed
for in situ lithiation experiments of nanoparticles on
amorphous carbon thin films.' A sodium metal counter
electrode was fabricated by mounting a small amount of
sodium metal onto an electropolished tungsten needle in an
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argon-filled glovebox. The sodium coated tungsten probe was
brought into contact with the SnSb thin film using a piezo-
driven biasing probe. The SnSb was deposited on amorphous
carbon supported copper mesh TEM half-grids using radio
frequency (RF) magnetron sputtering (Figure 2a) as described
elsewhere.*’ The initial SnSb microstructure consisted of
nanocrystalline grains, as shown in Figure 2b. The correspond-
ing indexed SAED ring pattern in Figure 2c shows that the
deposited thin film is composed of SnSb R3m phase (ICDD,
PDF#00-033-0118). The structural and chemical evolution
within the SnSb thin films during sodiation was captured via
real-time TEM imaging and SAED. Due to unavoidable
atmospheric exposure when transferring the in situ TEM
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Figure 3. Phase identification. Bright-field TEM images and corresponding SAED patterns from site-specific regions in reacted SnSb thin films
subjected to (a-d) chemical sodiation and (e-h) electrochemical sodiation. Red overlays in SAED patterns in (b-d) and (fh) represent d-spacings

for SnSb thin film prior to sodiation.

holder from the Ar-glovebox to the TEM, the sodium coated
tungsten probe was passivated with Na,O and/or NaOH,
which effectively acted as a solid electrolyte. Two types of in
situ TEM experiments were performed to distinguish the
different phase transformations during sodiation: (1) solid-
state chemical reaction and (2) electrochemical sodiation.

The time-lapsed bright-field TEM images used to distinguish
between chemical vs electrochemical sodiation of the SnSb
thin films are presented in Figures 2d and 2e, respectively.
During chemical sodiation, e.g., no electrical bias applied, when
the Na-coated tungsten probe contacted the SnSb, a reaction
zone immediately formed. This zone is distinguishable from
the unreacted, nanocrystalline SnSb film (Figure 2b) and the
reaction front, marked by dashed lines, formed during the first
few seconds after contact and spreads radially outward from
the localized point of contact (refer to Movie S1 in the
Supporting Information). The observed morphological
changes in the wake of the reaction front is a clear indication
that chemical sodiation in the SnSb thin film occurs. As the
reaction proceeds, the source material is locally depleted of
Na' ions, and it becomes more difficult to transport Na ions
through the Na,O/NaOH solid electrolyte, which serves to
delay sodiation.

Faster sodiation is observed during electrochemical
sodiation, e.g., under an applied bias, which is attributed to
faster ion transport through the Na,O/NaOH surface layer as a
function of bias. The in situ electrochemical sodiation
experiments were performed by applying —2 V vs Na/Na*
from the source material to the SnSb thin film, which drives
Na* transport. As shown in Figure 2e, a reaction front (marked
by a dashed line) develops in a similar manner as during
chemical sodiation; however, it occurs at a much faster rate.
This is evident when comparing the TEM images/frames
acquired at the same time intervals represented by the TEM
images in the same column of Figures 2d-e. Electrochemical
sodiation proceeds radially from the local point source of

sodiation. The in situ observations (presented as Movie S2 in
the Supporting Information) also reveal that the source
material becomes locally depleted of Na, thereby causing a
decrease in the rate at which Na* is transported through the
Na,O/NaOH solid electrolyte (similar to that observed during
chemical sodiation). When the Na-loaded tungsten probe
coated with Na,0/NaOH is further brought into contact, we
observe how Na® is transported through the sodiated SnSb.
Visual comparison between the in situ chemical sodiation and
electrochemical sodiation experiments shows that both
reactions result in reaction zones that emanate radially from
the point of contact, leading to grain restructuring and
amorphous phase transformation, as evidenced by the electron
diffraction data (discussed below). This restructuring agrees
with the mechanisms proposed by Darwiche et al., where the
first discharge is facile due to the decrease in grain sizes
providing for an innately lower electrochemical potential.**
Phase Identification Using Selected Area Electron
Diffraction. Selected area electron diffraction was used for
phase identification during the chemical reaction experiments.
Previous research has shown that structural phase transitions
develop during sodiation of -SnSb nanowires which results in
an amorphous Na,Sn, structure with crystalline Na;Sb and
Na,sSn, phases.”” The SAED results for our work are
presented in Figure 3, which shows bright-field TEM images
marked with the positions that indicate where SAED patterns
were acquired. Each SAED pattern includes an overlay that
corresponds to the as-deposited SnSb structure. The chemical
sodiation results presented in Figures 3a-d show that sodiation
of SnSb results in amorphization as indicated by the diftuse
rings present in the SAED pattern (Figure 3b). Diffraction
patterns were also acquired from regions close to the
amorphous zone, and as indicated in subsequent SAED
patterns, most of the diffraction spots corresponded to
unreacted SnSb; however, an extra reflection with a d-spacing
of 0.46 nm (Figure 3c) was identified, which is consistent with
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Na;Sb (dyg9), Na;Sn; (dyg;) (also referred to as Na_ Sn,), or

Na;Sn, (d,y0). Similarly, from Figure 3d, several possible
binary compounds are consistent with the reflection having a
measured d-spacing of 0.42 nm: Na;Sb (d,q;), Na,Sn; (doy,)
(also referred to as Nag_,Sn,), or Na;sSn, (d;;). The SAED
patterns were acquired hundreds of nanometers away from the
amorphous region, which suggests that Na* diffuses through
the amorphous reaction zone. Similarly, SAED patterns were
acquired from the electrochemically sodiated SnSb as
presented in Figure 3e-h. All of the SAED patterns were
acquired from within the sodiated region and exhibit the
characteristic diffuse rings of an amorphous structure. The
isolated diffraction spots in Figure 3f-h all correspond to
unreacted SnSb. The phase identification results presented for
both chemical and electrochemical sodiation reveal that
sodiation in SnSb during in situ TEM result in a non-
equilibrium amorphous phase transformation. These findings
are different from that expected based on the equilibrium
computational thermodynamic modeling results presented in
Figure 1.

Sodiation Kinetic Measurements. The in situ TEM
imaging experiments provide a unique opportunity to
quantitatively analyze Na' transport by performing frame-by-
frame, quantitative TEM image analysis to track changes in the
size of the reaction zone as a function of the sodiation time.
The distance from the Na* source contact point (the initiation
site) to the reaction front boundary was approximated by
fitting the area behind the reaction front with a cylindrical
marker as a function of the elapsed time (¢) of the reaction.
The transformed area ({x)*) was calculated and divided in half
to represent the sodiation reaction zone. It should be noted
that the Na* source becomes depleted during the course of the
experiment and eventually loses contact with the SnSb, which
inhibits further Na® transport through the solid electrolyte
layer. We also note that in the case of the chemical sodiation
experiment, there were multiple, closely spaced initiation sites;
thus, a single site encompassing the multiple sites was used for
the data extraction.

Plotting (x)* vs t (s) reveals significant differences between
the electrochemical and chemical experiments, as shown in
Figure 4, as well as a transition of the diffusion rate that occurs
shortly after the onset of sodiation in both experiments. Fitting
a linear curve to the data allows an estimated Na® diffusion
coefficient (D) to be extracted at different stages of the
reactions. The electrochemical experiment proceeds faster than
the chemical experiment with D generally an order of
magnitude greater, which is expected since the applied bias
provides increased energy to drive the reaction. Nonetheless,
these approximations appear to be in the proper range or are
higher than comparative diffusivity values with respect to
corollary tests with lithium and sodium.***> After approx-
imately 7 s, the reaction front transformation rate during the
electrochemical experiment abruptly slows, where the
diffusivity changes from an initial value of 8.1 X 107 cm™
s7' to 7.9 X 107" cm*s™'. Progression during the chemical
experiment was similar; after 24 s, the diffusivity changes from
5.6 X 107" cm®s™" to 2.9 X 107" cm*s™". This difference in
behavior during the course of the reaction experiments may be
attributed to concomitant changes in microstructure during
sodiation such as changes in grain size, grain boundary
structure, and the crystalline to amorphous phase trans-
formation.
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Figure 4. Sodium diffusion coefficient measurements. Plot of sodiated
area ({x)*) vs time (t) from in situ TEM data (Figure 2) used to
extract sodium diffusion coefficients (D) in SnSb during chemical
(blue triangles) and electrochemical (black/white squares) biasing
experiments.

The role of microstructural changes on Na' transport was
further investigated by examining variables known to affect
sodium diffusion, e.g, bulk diffusion within grains, grain
boundary diffusion, and crystalline-to-amorphous/amorphous-
to-crystalline phase transformations. The application of false
color to a TEM image can be used to enhance the visualization
of specific features and can be correlated with a representative
schematic, as shown in Figure 5a. Acquired at the end of the
electrochemical biasing experiment, the image shows the
boundary between the amorphous and crystalline regions and
grain boundaries (lighter blue) which are distinct evolving
microstructural features that contribute to Na* diffusion. These
changes correspond with an extremely fast sodiation process,
designated as Stage 1, which is illustrated in the schematic
shown in Figure Sa. The nanocrystalline SnSb grains are
observed to transform within the reaction zone, from being
essentially amorphous at the sodiation contact point to
assuming larger grain sizes with well-defined grain boundaries
at the reaction front boundary with the unaffected nano-
crystalline SnSb. One might expect this grain restructuring to
slow the overall ionic transport. Yet, the rate of Na* diffusivity
continues to accelerate during Stage 1 indicating that the
observed transitional structural changes likely enhance
diffusion through the amorphous phase and grain boundaries.
A variety of studies in similar battery materials provides further
substantiation of these claims.**™*® Amorphization initiates
within grains following restructuring, as a facilitation of the
alloying reactions, without hampering the observed diffusivity
(Figure Sb). This makes sense upon considering the easier
penetration of Na into the smaller reconstructed grains, which
have minimized bulk activation energies relative to their size,
again, as an impact of lessened diffusion length. Amorphous
materials are reported to have improved ionic transport
attributed to a lack of long-range order (an associated form
of free space), fluidity aspects of short-range pseudodefects
with mechanistic similarities to vacancy and interstitial
diffusion, meta-stability acting as reaction precursor, and
local variances in energy barriers.”” Overall, these factors
generally allow for equivalent or faster ionic transport in
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Figure S. Microstructural evolution during sodiation in SnSb thin film anodes. a) TEM image showing various microstructural processes that
account for Na* diffusion. Image is false colored to enhance visualization of grain boundaries. Annotations highlight different components of high
diffusivity stage in the developed theory. b) Stage 1: (A-C) Schematics of potential diffusive mechanisms responsible for fast diffusion - grain
boundary diffusion, grain restructuring, and amorphization, respectively. c) Stage 2: (A-B) Schematics for slow diffusion - boundary saturation with

fracturing and crystallization of sodiated phases, respectively.
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Figure 6. Phase-field simulation results. a) Chemical sodiation and b) electrochemical sodiation of SnSb electrodes. First upper panel depicts grain
evolution in time (red color represents grains, yellow-green color represents grain boundaries), middle panel shows development of Na
concentration in time along grain boundaries and grains; two lower panels show development of stress as a result of Na diffusion. Note: two
different scales for stress depiction are chosen only for illustrative purposes to better visualize stress development in all directions.

amorphous phases compared to their crystalline counterparts
in both traditional materials and battery materials.’’~>* More
importantly, an applied electrical bias can supply abundant
energy to overcome both grain boundary and bulk activation
energies.

The examination of Stage 2 during the electrochemical
reaction experiment elucidates the possible explanation for the
measured shift in diffusion (Figure Sb). At a certain point in
the highly reactive process of Stage 1, the grain boundaries
begin to experience diminished ionic motion. This could be
due to reaching a concentration saturation level or the
formation of crystalline phases or volume strain effects. Indeed,
as this saturation of the grain boundaries reaches maximal
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levels, the tendency for volumetric fracture becomes more
probable; this is an undesirable outcome that can destroy
conductive pathways on the bulk scale. Alongside this
boundary expansion and fracturing, amorphous phases
transition to a crystallized form that should yield less ionic
flow.>* Ongoing crystallization might also result in diffusion
barriers developing at the grain boundaries, potentially in the
form of pure metal nanodomains.”** These barriers can inhibit
the overall flow of the reactive Na', in effect global diffusivity,
as the barriers require more energy to overcome, and result in
the slower diffusion of sodium. This model may explain the
apparent decrease in sodium diffusion within ZnO electrodes
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reported by Xu et al. which also showed a fast diffusion
followed by a second and third much slower process.®

Phase-Field Modeling of Sodiation in SnSb Thin
Films. Phase-field modeling was used to further explore Na*
transport through the SnSb thin films. It can be a challenge to
experimentally link the real microstructural features observed
within the nanocrystalline film electrodes with modeling and
simulation results since the orientation, shape, and properties
of each grain must be determined using grain orientation
mapping over a large field-of-view. Furthermore, during RF
magnetron sputtering of the SnSb thin films on the amorphous
carbon film supported Cu TEM grid, defects and internal
stresses can be generated that can change the initial stress state
in the thin film prior to sodiation. For the current phase-field
modeling, a grain structure is assumed to consist of an ideal set
of randomly oriented grains with isotropic grain boundaries.
Phase-field based numerical simulations were performed using
the software package MOOSE. The procedure to solve
differential equations used in the present modeling and
simulation work is thoroughly described elsewhere.”*~>® Figure
6 shows the MOOSE-generated 2D polycrystalline micro-
structure of a SnSb electrode film employing the phase-field
approach. The modeling domain used is 1 X 1 ym, and the Na
source is positioned at the bottom allowing for 3D diffusion in
any direction. There are three kinds of representations shown
in Figure 6; the upper panel shows the grain boundary
evolution with time, where the solid red color represents grains
and yellow-green color signifies grain boundaries. The middle
panel depicts the diffusion of Na along the grain boundaries.
The lower panel shows the development of von Mises stress as
a result of the progression of sodiation, and the single picture
on the left shows the initial crystallographic orientation of each
grain.

The initial grain structure was generated based upon the
Voronoi tessellation approach, where the grain sizes remain in
the range between 100 and 200 nm (as experimentally
observed); correspondingly, the crystallographic orientation of
each grain was randomly assigned by taking into account the
number of grains. Grain growth was simulated based upon the
isotropic grain boundary energy and grain boundary mobility
assumptions. In addition, the grain boundary mobility is
modeled as a function of the Na concentration. The migration
front is much faster initially (two columns on left in Figure 6a)
following sodium diffusion when compared to the later stage
(last column in the second row), which is consistent with the
experimental observation of the self-limiting sodiation process
(Stage 1) (Figure 5). Furthermore, as sodiation progresses the
formation of an amorphous phase at the bottom could be
observed, where sodium diffuses not only within the grain
boundaries but also within the amorphous structure.

To gain further insights into the sodiation induced grain
restructuring process and amorphous phase transformation, we
have also analyzed the stress state that is generated during the
sodiation of the SnSb film. These results are shown in the
lower panel of Figure 6. First, the stress is developed within the
grain boundaries during the initial stage of sodiation, followed
by an increase within the grains as amorphous phase is formed.
As observed, a tensile stress develops in the sodiated regions;
this tension originates from the sodiation-induced swelling of
grain boundaries. As sodiation proceeds at the grain
boundaries, the newly sodiated material tends to move in the
outward direction, where the sodiation-induced volume
expansion can be better accommodated with lower stresses

grocess
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generated large areas. Correspondingly, the areas with a small
grain size and a significant tensile stress are more proned to
volumetric fracturing compared to the large grains.

B CONCLUSIONS

The sodiation mechanisms and kinetics in SnSb thin films have
been studied through a combination of in situ TEM,
CALPHAD modeling, and phase-field simulations in order to
reveal the nanoscale origins of phase transformations
associated with solid state chemical and electrochemical
transformations. During sodiation, we find that the SnSb
initially undergoes an amorphous phase transformation, which
differs from the thermodynamic pathways that have been
calculated using CALPHAD. By analyzing the sodiation
reaction kinetics using quantitative image analysis, an initial
fast sodium diffusion rate was found. However, the diffusivity
decreases as sodium ions are transported through the
amorphous phase, which limits the rate capability for this
material system. These results are important as they provide
microstructural insight into the ionic transport behavior of
SnSb anodes that could support applications in rechargeable
sodium ion batteries.

B EXPERIMENTAL METHODS

Thin Film Synthesis. SnSb thin films were deposited onto a
continuous carbon film supported on a 400 mesh copper TEM grid
(Electron Microscopy Sciences CF-400-Cu) using DC magnetron
sputtering from a SnSb target in pure Ar (99.99%, Air Liquide) at 20
mTorr pressure and 10 W DC power. Chamber pressure was 5 X 107~
Torr or better. The target was prepared by ball-milling pure Sb
(99.5%, Sigma-Aldrich) and Sn (99.9%, Alfa Aesar) powders with
yittria-stabilized zirconia balls, pressing the recovered powder into a
2"’ diameter disk, followed by annealing at 200 °C in flowing Ar for
40 h. Sputtered film thickness was estimated to be approximately 40
nm using a quartz microbalance installed inside the chamber. X-ray
diffraction (XRD) was performed on the magnetron sputtering target
and thicker films to ensure the formation of stoichiometric SnSb upon
deposition, as documented in previous work.”

In Situ Microscopy. A specialized scanning tunneling microscopy
(STM) in situ TEM holder (Nanofactory Instruments) equipped with
a piezo-driven probe/biasing nanomanipulator was used for the in situ
TEM experiments. All holder preparations were conducted inside a
positive pressure glovebox (Coy Laboratory Products) filled with
ultrahigh purity argon (Ar) gas. TEM half-grids with the sputtered
SnSb thin films specimens were loaded into the TEM holder. Sodium
was then sourced onto an electropolished tungsten (W) probe tip by
scratching a freshly exposed surface of bulk sodium metal. The probe
was loaded into the piezo-motion side of the holder. The holder was
then quickly transported to the FEI Titan S S/TEM (operating at 300
kV) for the in situ microscopy experiments. The brief exposure time
during transport from the glovebox to the TEM column results in the
formation of a sodium oxide/hydroxide layer on the surface of the
sodium metal on the W tip which acts as a solid electrolyte and
facilitates sodium ion transport during electrical biasing at —2 V vs
Na/Na".
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