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Abstract

An in-situ electrochemical cell has been used for analysis in the transmission electron
microscope (TEM) together with ex-situ time-of-flight, secondary-ion mass spectrometry
(TOF-SIMS) depth profiling to detail the structural and compositional changes associated
with Na/Na" charging/discharging of 50 and 100 nm thin films of Sb. TOF-SIMS on a
partially sodiated 100 nm Sb film gives a Na signal that progressively decreases towards
the current collector, indicating that sodiation does not proceed uniformly. This lack of
uniformity will lead to local volumetric expansion gradients that would in turn serve as a
major source of intrinsic stress in the microstructure. Two mechanisms could lead to the
resulting relaxation of both the intrinsic and the extrinsic (film-collector mismatch)
stresses. In-situ TEM shows time-dependent buckling and separation of the sodiated films
from their inactive support, i.e., the TiN-coated Ge nanowire. Failure does not occur
directly at the interface, but rather at a short distance away within the Sb phase. TOF-
SIMS highlights time-dependent segregation of Na within the structure, both to the film-
current collector interface and to the film surface where a solid electrolyte interphase
(SEJ) exists. Since earlier theoretical work indicated that a progressive increase of the Na
content in Sb would result in major elastic softening of the material, it is proposed that

this segregation will lower the strain energy in the film and reduce its flow stress.



1. Introduction

The ever-growing energy-storage requirements for transport electrification and the large-
scale smart grid have stimulated intensive research into high-efficiency energy storage
technologies.! Among the various rechargeable battery systems, Li-ion batteries (LIBs) are the
most developed and are widely used for portable electronics.”® However, for large-scale
applications such as in electric vehicles (EVs), there are increasing concerns about the
geographically isolated distribution and the high commodity prices of lithium resources. Sodium
is a promising alternative charge carrier, with a desirable redox potential (only 0.3V higher than
lithium) and an almost unlimited supply from desalination of sea water.”’ For this reason,
sodium-ion batteries (SIBs), which are also known as Na-ion batteries (NaBs or NIBs), have
received tremendous scientific and engineering attention in recent years.*"*

A major effort for SIB research is to develop suitable anode materials. The radius of the
Na ion is larger than that of Li (0.097 nm vs 0.068 nm).” For example, Na does not easily
intercalate into graphite: it gives a very small capacity of 30-35 mAh g'.'> Recently, a much
larger storage capacity of ~300 mAh g™ was achieved for sodium in carbonaceous materials that
had a dilated inter-graphene spacing.'®'® Of the possible alloying anode materials amorphous Ge
has been shown to be amenable to sodiation giving a Na to Ge ratio of slightly above 1:1
(~360 mAh/g). "' Crystalline Ge nanowires do not appear to accommodate Na.” Tin and
related materials have been intensively studied for SIB applications, with a maximum theoretical
capacity of 847 mAh g'1 (Na;5Sny4 intermetallic). For Sn electrodes it is essential to control the
nanostructure to accommodate the larger volume expansion during sodiation (~400% vs. 260%

during lithiation).”**



Antimony is another highly promising electrode material, giving a theoretical capacity of
660 mAh g for both Li and Na.**” Recently, composite materials based on Sb have produced

28-31 :
3! monodisperse Sb

promising SIB anodes; examples include Sb/carbon nanocomposites,
nanocrystals, *° Sb hollow Nanospheres,’”> electrospun Sb/C Fibers,”> Sb,Ss/graphene
composites.** Bulk Sb, ?"** Sb,S; *° and other Sb-based alloys *"** have also been explored. The
expansion of Sb to the fully sodiated hexagonal (P63/mmc) Na3Sb phase (AV/V pistine) 15 293%,
so major changes in the stress state of the material during charging/discharging are anticipated.
Work on the cycling of pure Sb films has shown a very rapid capacity decay during cycling,
indicating that there is a highly active failure mechanism.” Although ex-situ experiments and
theoretical modeling work have been carried out to study the sodiation mechanisms in the case of

Sb,*” in-situ and operando studies on the material remain limited but will be essential for

providing direct phenomenological insight into the sodiation behavior.

In-situ transmission electron microscopy (TEM) is an essential tool for obtaining insight
into a range of phase transformation behaviors, including site-specific lithiation and sodiation
events. *'™ 1t is especially useful for studying alloying reactions (e.g., those involving Sn, Sb
and Ge), where sodiation proceeds through a range of nucleation and growth events that may be

tracked both chemically and crystallographically. In-situ TEM has been employed to examine
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the decomposition of electrolytes on electrode surfaces, and both phase changes and the

failure of various electrode materials, including Si,*” ** Sn,** Sn0,,”>' N-doped graphene,*

carbon nanofibers >* and LiFePO,.>* Some intriguing findings, such as the orientation-dependent
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mobility of a reaction front, self-limitation of reactions caused by stress,*' anisotropic
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volume expansion, etc., may help guide the design of the next-generation high-performance

electrode materials. This is the first such study on Sb, where we couple in-situ TEM with ex-situ



TOF-SIMS to provide new insight into the sodiation phenomenology in this highly promising
material. A very basic materials microstructure was chosen for this study, namely, a thin film of

Sb that was free of secondary phase additions such as carbon or binder.

2. Results and Discussion

During in-situ TEM electrochemical cells, the charging platforms generally protrude
from the substrate providing a geometry that is electron transparent and ideal for further analysis.
This is one of the reasons why materials like Si, Ge or SnO;, nanowires are commonly employed
for such studies.*"***® To make it possible to examine polycrystalline Sb thin films, a platform
consisting of three components was developed as illustrated in Figure la, with the details of the
synthesis process being provided in the Experimental. We grew an array of single crystal (or
twinned) Ge nanowires on a Si wedge, which was subsequently coated with a layer of TiN.
Figure 1b shows the 25 nm ALD TiN conformal coating on the nanowires; this coating provides
an electrically conductive path to the current collector. The single-crystal nanowires and the TiN

1959 As expected, the final TiN-coated crystalline Ge

coating are both known to be Na inactive.
nanowire array also shows negligible charge storage capacity (Figure S1). This setup actually

provides a very general platform for investigating a variety of electrode materials in thin film

form.

The active electrode material, Sb, was deposited onto the support surface using
magnetron sputtering from a high purity elemental target. Two different Sb mass loadings (0.066
and 0.132 mg.cm™), corresponding to mean Sb film thicknesses of 50 and 100 nm, respectively,

were investigated. Since sputtering is a highly directional PVD process that results in shadowing,



there was some local variation in film thicknesses. For labeling simplicity the Sb-on-TiN-on-Ge
nanowire (NW) materials are referred to as 50nmSb/NW and 100nmSb/NW. These are

compared to blanket Sb films that were studied in parallel, being labeled 5S0nmSb and 100nmSb.

Figure S2 shows the XRD pattern of the as-synthesized 100nmSb/NW. The (111), (220)
and (311) reflections of Ge (Fd3m (227)), and the (111), (200) and (220) reflections of the Au
catalyst used for growing the GeNWs are present. For the polycrystalline Sb film, the Bragg
peaks located at 20 = 23.7°, 28.7° and 40.1° are indexed as the (003), (012), and (104) reflections
of the rhombohedral lattice (R3m (166)). Figure 1c and Figure S3 show representative scanning
electron microscopy (SEM) images of the as-synthesized 50nmSb/NWs and 100nmSb/NWs.
From the images of a single wire, it is evident that Sb wets the TiN surface quite well, forming a
uniform and continuous layer on the support surface. Figure 1d shows a high-angle annular dark-
field (HAADF) image of a single 50nmSb/NW, with the associated X-ray energy-dispersive
spectroscopy (XEDS) line scan shown in Figure le. In this case the overall thickness and the
morphology of the Sb film is uniform along the length scale of the wire. As will be shown,
however, some wires possess a varying Sb film thickness along the circumference of the wire;
the ‘bottom’ (relative to the sputter flux) being consequently thinner than the ‘top’. This
nonuniformity is distinct from the lengthwise tapered geometry of the Sb films encountered

during the in-situ sodiation process.

A nanosized half-cell was assembled onto a commercial scanning tunneling microscopy
(STM) TEM holder (Nanofactory Instruments), offering piezo-controlled nm-scale motion in
three dimensions. On one end of the STM holder, the working electrode was mounted onto an

aluminum rod using conductive epoxy. On the other end, bulk Na metal, which is the counter



electrode, was attached to a tungsten rod. All the material handling was conducted in a dry He-
filled glovebox (moisture and oxygen content less than 3 ppm). The TEM holder was sealed in
an He-filled plastic bag while being transferred and loaded into the TEM column. During the
entire loading procedure the air exposure of the sample is approximately 5 seconds. This
exposure is long enough for a thin layer of Na,O and NaOH to form on the surface of the
exposed Na metal. This reaction layer served as the ion-conducting but electrically isolating solid
electrolyte in the experiments, preventing the electrochemical cell from shorting. To perform the
in-situ sodiation/desodiation experiments a 4 V (vs. Na counter electrode) cathodic/anodic bias

was applied to the Sb.

Figure 2 captures the real-time structural changes of 50nmSb/NW at different stages
during one full sodiation-desodiation cycle. The panels show bright-field images of 50nmSb/NW
during initial sodiation, followed by desodiation. The indexed selected-area diffraction (SAD)
patterns are shown with the associated images. To minimize the electron-beam damage to the
microstructure, we acquired images with a typical time interval of 5~10 minutes. The electron
beam was always blanked, except for when the actual images were taken. For typical
magnification i.e. 35k we used for imaging, the electron dose rate is 7.74 ¢/A%s. The pristine Sb
film shows a clear interface with the supporting nanowire (Figure 2a). By comparing the
experimental SAD patterns with simulated patterns, it can be confirmed that the NW core is a
single crystal oriented near the [1 10] zone axis and that the Sb and TiN phases are
polycrystalline. In the dark-field TEM image obtained using the g = (002)¢. reflection (Figure
S4), the single crystal NW core is uniformly bright, allowing a better view of the sharp interface
between NW and the TiN. The sharp interface is essential to accurately evaluate the structure

changes of the Sb thin films.



Upon sodiation, the Sb film swells while the NW core and the TiN layer remain
unchanged. The arrow in Figure 2b points to the direction of sodiation, which starts where the
wire makes contact with the Na source at its bottom left tip. The Na source is outside the field of
view, while the diffuse sodiation front is visible in the 7 and 15 minute specimens. As may be
seen from the shape of Sb film, which is now tapered, sodiation is not uniform. Rather it
proceeds gradually along the length of the nanowire, which leaves the initially uniform Sb film
with a thickness that increases towards the Na source. The Sb film that has been sodiated for 15
minutes (Figure 2¢) remains nonuniform in thickness. However after 30 minutes of sodiation
(Figure 2d) the front has already passed the field of view, and the imaged sodiated Sb film

becomes uniform again but now with a substantially greater thickness.

While the diffraction rings of pristine Sb progressively diminish with increasing sodiation
time, there is no evidence of a new crystalline phase forming after 7 or 15 minutes of sodiation.
Since the thickness of the Sb film is indeed growing, the intermediate sodiated microstructure of
Na,Sb is presumably amorphous, agreeing with the detailed experimental analysis and modeling

27,60
results.””

As shown in Figure 2d, after 30 minutes sodiation, the SAD pattern starts to show a
new set of diffraction rings, with the inner halos being the most prominent feature. The
diffraction pattern, upon further sodiation for approximately 7 hours (kept overnight), can be
indexed as belonging to nanocrystalline hexagonal Na3;Sb (P63/mmc (194)) and Na,O. It is
probable that some amorphous Na,Sb remains in the system, due to the presence of an
amorphous halo that overlaps with the first two Na3Sb rings. This, combined with the proximity
of the TiN and Na,O reflections, creates some ambiguity in indexing the experimental pattern.
However, as it is well established that no other crystalline Na-Sb phases are known to form

27, 60

during electrochemical sodiation . To recognize the presence of amorphous Na,Sb, the



material is referred to as “terminally sodiated” rather than “fully sodiated”. This distinction
acknowledges that while little additional sodiation occurs after 7 hours, full theoretical capacity
is not be reached with the in-situ geometry. It has been proven in an earlier in-situ TEM study
that the stress induced by the lithiation reaction front is substantial enough to prevent a Si
nanowire with a diameter larger than 40nm from fully lithiating *'. A similar case may occur
here. Even after the Sb is terminally sodiated, the underlying NW structure remains intact, which
can be confirmed by the sharp interfaces in the bright field images. There is no evidence of
fracture of the underlying support, indicating that the sodiation strains are confined to the active

Sb phase.

The terminally sodiated film shown in Figure 2e is no longer smooth, showing instead
what appears to be localized bucking and variations in mass-thickness (lighter areas in the bright
field images). Moreover after being held for 7 hours, a portion of the sodiated Sb is locally
delaminated. This region is arrowed in Figure 2f. This failure occurs not directly at the Sb-TiN
interface, but within the film. The separation of the Sb film from the underlying support is due to
the differential stresses that build up during the sodiation-induced expansion. This process
appears to be time-dependent, occurring some time after the Sb has reached the terminally

sodiated state.

The desodiation results are shown in Figures 2g and 2h. After 40 minutes of desodiation,
the SAD pattern indicates that the Na;Sb phase is still present, although the relative intensity of
the Bragg rings relative to the amorphous-phase halo is markedly reduced. This observation
indicates a two-phase transformation sequence with the intermetallic transforming back into an

amorphous Sb-Na solid solution. The final desodiated film morphology shows substantial



differences from its initial state. Much of the structural damage induced during prior sodiation is

irreversible, which is reasonable since there is no obvious mechanism for ‘healing’ the Sb film.

Figures 3a and 3b present higher-magnification images of the same area in Sb/NW before
and after sodiation, in a region where the interface has not slipped. The diameter of the Ge
nanowire (bottom arrow in 3a) and the thickness of TiN coating (middle arrow in 3a) are
unchanged. By measuring the cross-sectional change of the Sb shell, a change in volume of 269%
is calculated; this value is less than the theoretical 294% for pristine Sb to hexagonal Na;Sb
transition. 2’ The difference should be due to the failure of the Sb to fully sodiate. However some
(undetected) interfacial slippage may allow the Sb shell to expand longitudinally as well as
radially during sodiation. Figure S5 shows a HAADF micrograph of 50nmSb/NW in the
terminally sodiated state along with XEDS analysis and the corresponding bright field STEM

micrograph. The results further confirm the intact structure of the Ge nanowires and of TiN.

A nanowire in the 100nmSb/NW electrode that received a significantly higher Sb loading
on one of its sides versus the other has also been examined. This particular wire was aligned
nearly perpendicular lengthwise to the sputter flux, resulting in notably thicker Sb coating on the
“top” side. This structure allowed the mechanical damage in Sb films with different thicknesses,
but at analogous sodiation/desodiation states, to be studied. Figure 4a shows an area where
mechanical damage is present in the terminally sodiated state. Although some film delamination
(the lighter regions) is present in the thinner film, damage is much more pronounced on the
thicker side. The underlying Ge nanowire is now actually bent, being concave on the side of the
thinner film. For a misfitting film on a support the strain energy is known to be linearly®' or

logarithmically®* related to the thickness of the film. Thus a thicker Sb film that has undergone



the same level of sodiation as a thinner Sb film will exert a larger compressive force on the

underlying nanowire, causing the observed bending.

The pop-up structure on the thick side of the Sb film shows a type of ruffling morphology

: - -65
that is caused by compressive stresses.*

The pop-up does not heal during desodiation, but
actually becomes more pronounced, as shown in Figures 4b — 4d. XEDS elemental mapping
analysis of the area marked in Figure 4c. The Sb map is shown in Figures 4d, with the Ge and Ti
and Na maps being shown in Figure S6. The combination of the Sb elemental map and the
HAADF image indicates that Sb is found on both sides of the pop-up. It therefore appears that

separation occurs primarily through the Sb film, rather than at the Sb-TiN interface. From the Ge

and Ti maps, it may be concluded that the Ge core and TiN coating remain intact.

A second important observation regarding pop-up is that it locally prevents the adjacent
Sb film from subsequently desodiating. This observation is confirmed by comparing the
thickness of the desodiated film on the side of the pop-up facing the counter electrode, to the
thickness on its opposite side. On the side of the counter electrode the thickness decreases from
an initial 165 nm to 125 nm. Conversely on the other side the thickness only decreases to 160 nm.
The geometry of the pop-up will reduce the effective cross-section, creating a ‘traffic jam’ that
locally lowers the net rate of Na flux. In addition, there may be complex effects associated with a
non-uniform electrical field in the damaged region that further reduces the local driving force for

desodiation.

Similar failure mechanisms could be active in Sb thin film electrodes during

charging/discharging of a conventional half-cell. However, it must be remembered that when the



electrodes that are submerged in the electrolyte, the sodiation front would proceed from all
surfaces rather than just from the contacting tip. Computer simulations indicate that long-range
strain is greater for sodiation than for lithiation of Sb *’. This was attributed to a lower diffusivity
of Na in Sb, which does not allow for as facile of stress relaxation through creep *’. The lower
diffusivity and higher strain were also proposed as an explanation for why a series of amorphous
solid solutions, rather than equilibrium intermediate phases, are observed prior to reaching the
terminal crystalline Na3Sb ?’. The inability of the Sb to relax sodiation strain through uniform
diffusional flow is consistent with the observed localized fracture, which is an alternative stress-

relief mechanism.

To further understand the changes that occur in Sb upon sodiation, 100 nm thick Sb films
on planar TiN supports (labeled 100nmSb) were cycled against metallic Na in a standard half-
cell configuration, at 0.01 - 2 V; the electrolyte was 1 M NaClOy in ethylene carbonate/diethyl
carbonate (1:1). Figure 5a shows the galvanostatic charge-discharge profile for the first few
cycles. The cycle 1 coulombic efficiency was 82%. The reversible desodiation (charge) capacity
was 623, 621 and 441 mAh/g in cycle 1, 2 and 20, respectively. The capacity versus voltage
curve at cycle 1 is distinct from the subsequent cycles. Since these electrodes possess initially
low surface areas (~1.5 cm” g), the changes in the galvanostatic profiles should not be very
strongly influenced by SEI formation. The substantial difference in cycle 1 versus cycle 2
profiles (most apparent in the dQ/dV curves) may be attributed to the changes in the electrode
microstructure going from as-synthesized to the desodiated state. Factors such as a reduced Sb

grain size may affect dissolution/nucleation kinetics, changing positions of the derivative peaks.
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From cycle 2 onwards two distinct plateaus are observed for the sodiation profile,
indicating two two-phase regions, each with a distinct chemical potential. From the derived
dQ/dV plot (inset in 5a), the first plateau is centered near 0.72 V with the second at 0.50 V. The
capacity associated with the transition from plateau 1 to plateau 2 is approximately 200 mAh/g
i.e. ~ NagoSb. These two plateaus may correspond to the phase transitions Sb + Na =>
amorphous NaoSb (~200 mAh/g), and NayoSb (amorphous) + 2 Na => Na3Sb (with an
additional 460 mAh/g). However, the time-of-flight secondary ion mass spectrometry (TOF-
SIMS) results demonstrate that sodiation does not proceed uniformly through the film thickness,
indicating that the phase distribution is more complex than can be inferred from the capacity of

the electrode.

TOF-SIMS was used to analyze the distribution of Na along the thickness of 100nmSb
that was cycled in a half-cell. Before analysis, the sample underwent a full sodiation/desodiation
cycle and then was sodiated to 0.5 V (399 mAh/g, i.e., 61% of maximum capacity). The TOF-
SIMS depth profiling of the Na, C, Sb, Ti and Fe are shown in Figure 5b. The x-axis shows the
sputtering time, which may be qualitatively correlated to distance into the film (sputter rates may
have some variation with film thickness, depending on Na content, etc.). The Sb/spacer interface
can be defined at ~4000 seconds of sputtering, as indicated by the peak in the Ti profile. Since it
was not possible to polish the supports to a perfect atomic flatness, the concentration depth
profiles are artificially blurred near the Sb-Ti and Ti-Fe interfaces. Thus the true concentration
profiles are expected to be sharper than indicated by the TOF-SIMS analysis. Based on the
profile of the C and Sb signals, the SEI layer/Sb interface occurs after sputtering for 750 s and
accounts for ~20% of the total film thickness. Another source for the lack of sharpness in the C

profile is that C may diffuse down the hole during sputtering. Adventitious C from the chamber
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would also add to this blurring. In the Sb intensity-versus-time profile, the Sb signal is detected
roughly 750 s after the Na signal. This confirms the presence of SEI, which contains C and Na,

but not Sb.

TOF-SIMS shows that the Na composition is not uniform across the thickness of the 400
mAbh/g sodiated film. Both the Na profile and the Sb profile show changes in the relative
intensity of each element as a function of sputter time. In fact there appears to be three distinct
Na (and Sb) regions in the profile. First, there is a zone with high Na content. It runs from the
termination of the SEI layer (20%) to approximately 30% of the film thickness (1200 s). Second,
there is an intermediate Na content region, which has a decreasing slope and lasts until about 63%
of the total film thickness (2500 s). Last, there is a region all the way to the TiN/Fe current
collector, where the Na content rapidly decays. A variation in the Na content with the depth into
the electrode is something that is feasible for a range of amorphous solid solutions, which should
exist in regions one and two. Sloping Na profiles are not expected if well-defined stoichiometric
intermetallics are present, as these would generate plateaus in the two-phase regions. The final
region where the Na content rapidly decays may correspond to a crystalline solid solution of Na
in Sb, where a large composition gradient is set up by the slow diffusivity of Na into the
crystalline material and/or by the transformation stresses. A similar phenomenon was recently
demonstrated for sodiation of Ge films, where the concentration profile in a polycrystalline
sample was much sharper then in its amorphous counterpart."” An analogous sodiation profile is
expected for Sb particulates, such as the ones employed in powder-based battery electrodes. A
typical active phase particulate in a SIB anode may be up to tens of microns in diameter. It is

expected that it would then sodiate in a radially non-uniform manner.
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The above finding has a significant implication for the localized state of stress in the
charging/discharging material, since the volume expansion of sodiated and lithiated alloys (e.g.,
Sb, Sn, Ge, Si) is effectively a rule of mixtures for the molar volume of the alloying host and of
Li/Na.®® " Such local composition variations will lead to very large intrinsic stresses, even if the

68, 69 This intrinsic stress will then add to the extrinsic stress that is

phases are amorphous.
generated due to the mismatch between the active material and the inactive current collector, and
will accelerate the pulverization of the electrode during cycling. °* " The in-situ TEM
observation that the in-plane separation occurs within the film, rather than directly at the Sb-TiN
interface, are consistent with a sodiation gradient (and hence a stress gradient) within the
material. No film examined in the in-situ study fully sodiated throughout its thickness, according
to both the measurements of volume expansion and the diffuse background in the SADs. Thus,

failure may occur at, or near, the transition region between the Na-rich and Na-poor material

where the intrinsic stresses are expected to be high.

The diffusional changes in the Na-Sb films measured by TOF-SIMS on 100nmSb
specimens that were sodiated to 0.01 V were examined further. Prior to analysis the sealed half-
cells cells were stored at room temperature for varying times. After being aged for 0.5 hours, 1, 3
and 7 days at room temperature, 100-nm thick Sb films on the current collector were
disassembled from the coin cells and analyzed. Prior to TOF-SIMS analysis the samples were
covered with Parafilm (first protection) and sealed in a zip bag (second protection) in a glove box
to avoid air exposure. The airtight sample was immediately transferred to the instrument for
TOF-SIMS measurement. The Na profiles are presented in Figure Sc, while the profiles of other

elements are shown in Figure S7.
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After 0.5 hours and 1 day, the distribution of Na is relatively uniform across the film
thickness. However, after 3 days Na begins to segregate to both the film-TiN interface and the
film-SEI interface. This segregation behaviour becomes more severe after 7 days of storage.
Recently, researchers have modeled the sodiation of Sn, Pb and Ge and concluded that elastic
softening occurs corresponding to a 75 % deterioration of the elastic moduli "'. Additionally,
plastic slippage of lithiated Si on Cu with similar thin film geometry has been both theoretically
and experimentally shown to be critically linked to Li segregation and a change in bonding.®
While much less is known about sodiated Sb, it anticipated that a similar time-dependent Na
segregation will lead to analogous elastic softening, resulting in both more facile plastic

deformation and a lowering of the total strain energy.

In an earlier study of sodiation versus lithiation of Sb, it was argued that since diffusion
in Na-Sb is quite slow, sodiation stresses are only slowly relieved by vacancy-assisted
mechanisms, and that this process is much slower than for lithiation stresses in the same material.
T 1t is expected that the actual sodiation process, either in a standard half-cell or in a TEM in-
situ cell, will be similar. It is already known that this process leads to amorphization of Na-Sb at
the expense of the formation of intermediate phases. It now appears that an additional
‘macroscopic’ mechanism for release of strain energy is the time-dependent buckling, while a

‘nano-scale’ mechanism for reduction of strain-energy is the time-dependent sodium segregation.

3. Conclusions

In summary in-situ TEM and ex-situ TOF SIMS analysis have been used to provide information

on time-dependent structural and compositional changes in nm-scale Sb thin films during
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sodiation. These changes presumably act to relax the major intrinsic and extrinsic sodiation-

induced stresses in the material.

Experimental Section
In-situ electrode synthesis:

To facilitate the in-situ TEM study of the electrochemical sodiation process of Sb, a nanowire
support that is inert to electrochemical sodiation was designed and synthesized. Ge nanowire
(GeNWs) arrays were prepared using a gold-catalyzed, vapor-liquid-solid (VLS) growth on a Si
wedge (Hysitron, Inc,). A 5-nm Au catalyst layer was magnetron sputtered (AJA International,
Orion) onto the top side of Si wedges at room temperature. The GeNWs array was then
synthesized using a commercial chemical vapor deposition (CVD) reactor (Tystar Inc.). A 25-nm
thick titanium nitride (TiN) film was then conformally coated onto the GeNWs-Si wedge
assembly using atomic layer deposition (ALD) (FlexAL, Oxford Instruments). The deposition
was performed at 300 °C using TiCl4 and H,/N, as precursor and plasma gas, respectively. This
procedure provides an electrical conductive surface layer that is Na inactive. Sb deposition onto
the support surface was carried out using magnetron sputtering from high-purity elemental target.
All depositions were conducted at room temperature with the substrate being continuously
rotated. Argon gas (purity of 99.999%) was used at a working pressure of 510~ mbar, with a
maximum base vacuum of 3x10™® mbar. The sputtering rate was accurately measured in-situ
using a crystal monitor at the substrate plane. The resulting structure was used as the working

electrode for the in-situ TEM open-cell experiment.
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Ex-situ electrochemical battery testing:

For ex-situ electrochemical testing and microstructural characterizations, mirror-polished (to
50 nm), 316 stainless steel, spacer disks (MTI corporation), with a diameter and thickness of
15.8 mm and 0.5 mm, respectively, were used as the substrates for Sb thin film deposition. Prior
to Sb deposition, the spacer disks were coated with a 25 nm TiN film by ALD to mimic the exact
surface condition that is used for in-situ work. The spacers were weighed after each deposition
step using a high accuracy microbalance (1 pg accuracy; MX5, Mettler Toledo) to calculate the
Sb mass loading. For ex-situ analysis, the thickness of each Sb film was fixed at 100 nm, unless
otherwise stated. The Sb electrode, along with a polyethene separator, the electrolytes, Na foil
counter electrode and electrolytes (1 M NaClO4 in ethylene carbonate/diethyl carbonate) were
assembled in an argon-filled glovebox into coin cells (CR2032-type) for future test.
Galvanostatic charge-discharge cycling was performed using a multichannel-current static

system (BT2000, Arbin Instruments, TX).

Microstructural characterization:

Scanning electron microscopy (SEM) analysis was performed on an S-4800 field emission SEM
(Hitachi, Clarksburg, MD) operated at 15 kV. X-ray diffraction (XRD) analysis was performed
on an AXS diffractometer (Discover 8, Bruker, Madison, WI) using a Cu-K, radiation (A =
1.5406 A) that was monochromatized using a single Gobel mirror. The diffractometer was
equipped with a Histar general-area two-dimensional detection system (GADDs) with a sample-
detector distance of 15 cm. Conventional bright-field, dark-field, high-angle annular-dark-field
(HAADF) imaging, selected-area diffraction (SAD) analysis, and X-ray energy dispersive

spectroscopy (XEDS) were conducted on an FEI Tecnai G2 F30 TEM (FEI, Hillsboro, OR)
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operating at 300 keV, equipped with an EDAX ECON 30 mm?2 SiLi detector with a Super Ultra-
Thin Window and Gatan Imaging Filter Tridiem (Gatan, Pleasanton, CA). CrystalDiffract™™ and
Diffraction-Ring-Profiler (Mitlin group free on-line shareware) were used to simulate electron
diffraction patterns. Depth profile analysis was performed using TOF-SIMS (ION-TOF GmbH,
Miinster), under ultrahigh vacuum (10" mbar). 2kV Cs ions with current of ~148 nA were used

for sputtering over an area of 300 x 300 pm” and a 25 kV A Bi-ion source was used for analysis

over an area of 40 x 40 pm”,
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Figure 1: (a) Illustration for the setup of the in-situ transmission electron microscopy
(TEM) open-cell experiment. (b) Bright field TEM micrograph of a single TiN coated Ge
nanowire, with the associated indexed (polycrystalline TiN and single crystal Ge) selected
area diffraction pattern being inserted. (¢) SEM micrograph of 50 nm Sb on TiN/Ge
nanowire, hereafter labeled as 50nmSb/NW. The Sb film fully wets the TiN surface. (d)
and (e) HAADF micrograph and XEDS line scan for 50nmSb/NW.
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Figure 2: In-situ TEM analysis and indexed SADs
of a single 50nmSb/NW for a complete sodiation
cycle under a beam-blank experimental condition:
(a) in the as-synthesized state; (b) after 7 minutes
of sodiation; (c) after 15 minutes of sodiation; (d)
after 30 minutes of sodiation; (e) in the terminally
sodiated state after 7 hours. (f) Another region in
30mins | the terminally sodiated state; (g) after 40 minutes
- of desodiation; (h) in the fully desodiated state.
The supporting nanowire is oriented near the [1-
10] symmetric zone axis.
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Figure 3. TEM micrographs for the same portion of nanowire before (a) and after (b)
sodiation, where the thickness change of Sb layer is shown. (c) schematic illustration of the
cross-sectional changes of the nanowire based on the data obtained in (a) and (b).



Figure 4: In-situ TEM analysis of a single 100nmSb/NW for a complete sodiation-desodiation cycle. (a)
In the terminally sodiated state, after being held for approximately 10 hours (left overnight); (b) in the
desodiated state. (c, d) The corresponding HAADF micrographs and XEDS elemental map of Sb in the
desodiated state.
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Figure 5: (a) Galvanostatic charge/discharge curves of 100 nm Sb blanket film “100nmSb” in a half-cell
configuration against Na, cycled between 0.01 and 2 V at 50mA g!, with inset showing dQ/dV vs. V. (b)
TOF-SIMS depth profiles through 100nmSb that was fully sodiated/desodiated once, and then partially
sodiated to 0.5 V (450 mAh/g, Na, ,Sb). (c) TOF-SIMS depth profiles of the Na signal across fully sodiated
100nmSb. Samples were stored at room temperature (sealed coin cells) for 0.5 hours, 1, 3 and 7 days prior
to analysis.
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Figure S1: The 2™ cycle discharge curve of Sb(50nm geo)/TiN@GeNW in comparison with the baseline
TiN@GeNW (25 nm TiN coated Ge nanowire array) in a half-cell configuration against Na, tested
between 0.01 and 2V.
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Figure S2: X-ray diffraction pattern of 100nmSb/NW.



Figure S3. (a) Low and (b) high magnification SEM micrographs of the as-synthesized
100nmSb/NWs



Figure S4. Dark field TEM micrograph of the 50nmSb/NW shown in Figure 2a,
obtained using g = (002)Ge reflection.
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Figure S5. (a) HAADF micrograph of S0nmSb/NW in the fully sodiated state. (b) XEDS
analysis of the region boxes marked in (a). (¢c) The corresponding BF-STEM micrograph
highlights the beam damage after XEDS analysis in region 1. (d) The XEDS analysis
along the arrow shown in (c). These results confirm GeNW core-TiN interlayer-Sb shell
coaxial structure after sodiation, as TiN-coated crystalline Ge nanowire support is
supposed to be Na inactive.

The energy windows shown with the XEDS spectra (see Figure S5b) indicate the
corresponding energy window that was used to generate the line profile and the elemental
map for each element. For certain elements, there is partial energy overlapping that can
not be avoided while doing the analysis. For example, the Na signal actually follows the
signal of Ge. This is caused by the energy overlapping between the Na Ka line and Ge La
line.



Figure S6: The corresponding XEDS elemental maps of Ge, Ti and Na for the 100nmSb/NW shown in
Figure 4c.
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Figure S7: TOF-SIMS depth profiles across the fully sodiated 100nmSb specimens after being stored at
ambient for 0.5 hours, 1, 3 and 7 days.



