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Here we provide the first report on several compositions of ternary Sn—Ge—Sb thin film alloys for application as sodium ion battery (aka NIB, NaB or SIB)
anodes, employing Sn50Ge50, Sh50Ge50, and pure Sn, Ge, Sh as baselines. Sn33Ge33Sh33, Sn50Ge255h25, Sn60Ge205h20, and Sn50Ge50 all demonstrate
promising electrochemical behavior, with Sn50Ge255b25 being the best overall. This alloy has an initial reversible specific capacity of 833 mAhg ™"

(at 85 mAg ") and 662 mAhg " after 50 charge—discharge cycles. Sn50Ge255h25 also shows excellent rate capability, displaying a stable capacity of

381 mAhg " at a current density of 8500 mAg ' (~10C). A survey of published literature indicates that 833 mAhg " is among the highest reversible

capacities reported for a Sn-based NIB anode, while 381 mAhg " represents the optimum fast charge value. HRTEM shows that Sn50Ge255h25 is a

composite of 10—15 nm Sn and Sn-alloyed Ge nanocrystallites that are densely dispersed within an amorphous matrix. Comparing the microstructures of

alloys where the capacity significantly exceeds the rule of mixtures prediction to those where it does not leads us to hypothesize that this new phenomenon

originates from the Ge(Sn) that is able to sodiate beyond the 1:1 Na:Ge ratio reported for the pure element. Combined TOF-SIMS, EELS TEM, and FIB analysis

demonstrates substantial Na segregation within the film near the current collector interface that is present as early as the second discharge, followed by

cycling-induced delamination from the current collector.
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hile lithium ion batteries (LIBs) are
Wthe dominant secondary energy
storage source for portable and

electric vehicle applications, there are some
concerns about lithium's cost and contin-
ued availability. Sodium ion batteries (NIBs)
have recently attracted much scientific at-
tention as alternatives to LIBs, since sodium
is more readily available than lithium and
has a potential for significant associated
cost reduction.'® Moreover NIBs are con-
sidered as the key technology for meeting
large-scale energy storage needs,” " mainly
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due to much more “geographically demo-
cratic” availability of Na and lower cost as
compared to Li. NIBs also offer an increased
resistance to metal plating-induced shorts."®
The standard electrode potential is deter-
mined by the redox couple and by the ion
solvation interactions, with the difference
between Li and Na standard potentials in
carbonate solvents being in the range
0.2—0.25 V."" Several classes of cathode
materials have been proposed for NIBs, in-
cluding Nag 44MnO,, NaggsLi ¢.17Nig21Mnge405,
Nag;Co0,, Nas3V,(PO4),F3, NayFePO4F,
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LiFeSO4F, and Naz_ My, /2(P205), (2/3 < a < 7/8,
M = Fe, FegsMng s, Mn), olivines, and NASICONs.>'%13
NIB anodes, on the other hand, present more of a
challenge since commercial graphite has very low Na
storage capacity.'* Charge storage capacities and cycling
stabilities approaching LIB graphite have been demon-
strated for various amorphous or partially graphitic
carbons.’”2?° Anodes based on titanium oxide, such as
Na,TisO7 and anatase TiO,, have also been successfully
employed. These are highly desirable from a cost
and environmental friendliness perspective, while of-
fering capacities of ~150 mAh g~' and good cycling
stability.?’ =" These materials along with the carbons
represent perhaps the most economical anode option
for large-scale stationary applications.

As in the case of Li, other group 14 elements besides
carbon have potentially higher storage capacities for
sodium.?® According to the equilibrium phase dia-
gram, Sn can store 3.75 Na/host-atom (Naj;sSny),*
with a resulting maximum charge storage capacity of
847 mAhg ™. The experimentally measured capacity of
Sn anodes generally approach this value early in
testing, but degrades during cycling.>#*°~** For in-
stance, Yamamoto et al3® reported a NIB negative
electrode based on a Sn thin film with a discharge
(charge) capacity of 790 (729) mAhg ™" in the first cycle.
However, this electrode showed a rapid capacity decay
after 15 cycles. Ellis et al3* also observed an initial
discharge capacity of ~850 mAhg ™" for a sputtered Sn
electrode and a rapid cycling-induced capacity degra-
dation to near zero. Sn-based alloy composites have
been reported to exhibit improved cycling stability,
such as (SngsCogs)i_xCx alloy®*  (CugSns); oGy
SnSb/C nanocomposite,* CugSns,® SnoeCuq; alloy,”
and Sn—SnS—C nanocomposite.3®

Antimony has also been recently examined for its
potential as a NIB anode.>*~*?> The maximum stoichi-
ometry of Na—Sb alloys is Na3Sb,>*® giving Sb a
theoretical capacity of 660 mAhg~'. Authors have
examined Sb alloy and intermetallic electrodes, includ-
ing Cu,Sb with a capacity of 280 mAhg',** AlSb with a
capacity of 490 mAhg™",*> Mo,Sb;, with a capacity of
330 mAhg',* and Sb-MWCNT nanocomposites with
a capacity of ~500 mAhg~".*” Germanium in thin film
form or as porous nanocolumnar structures has been
demonstrated to work as a NIB anode as well.*84° Ex-
perimental capacities in the range 1:1 NaGe (369 mAhg ™)
have been reported.

While binary and several ternary (containing C) Sn-
and Sb-based alloys have been examined as potential
NIB anodes, little is known regarding Ge-containing
systems. Here we provide the first report on thin film-
based ternary Sn—Ge—Sb alloy anodes. In order to
better understand the role of each element in deter-
mining the electrochemical properties of the ternary
system and to obtain baselines for clear comparisons,
elemental Ge, Sb, and Sn and binary Sn—Ge and Sb—Ge
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alloys are also evaluated. Our results demonstrate a
highly promising reversible capacity and rate capabil-
ity in Sn60Ge20Sb20 and Sn50Ge255b25 alloys. These
findings should serve as a useful guide for designing
improved formulations of NIB electrode materials in
bulk, using methods such as powder co-mechanical
milling and rapid solidification.

RESULTS AND DISCUSSION

TEM images of the as-deposited 100 nm thick ele-
mental films are shown in Figure S3. The as-deposited
Sn, as shown in Figure S3a—c, is composed of relatively
large crystallites of various orientations. The as-
sputtered pure Ge (Figure S3d,e) is diffraction amor-
phous (i.e, amorphous, nanocrystalline, or a combina-
tion of the two), as evidenced by the washed-out
selected area diffraction (SAD) ring pattern. The as-
deposited Sb film is continuous and polycrystalline,
with the grain size being large enough to generate
single-crystal SAD patterns when the smallest field-
limiting aperture is employed (Figure S3f—h). The
crystallinity of pure Sn and Sb and the amorphous/
nanocrystalline structure of Ge are confirmed by XRD
analysis, as shown in Figure S4. These results are in
good agreement with previous studies on Sn, Ge, and
Sb ﬁlms.38'4°'48'51

Figure 1a,b show TEM micrographs and the indexed
SAD pattern of the as-synthesized Sn50Ge50 alloy,
which is a two-phase nanocomposite. Polycrystalline
Sn is detected, as the (200), (101), and (211) Sn diffrac-
tion rings are visible in the SAD pattern. Two additional
reflections belonging to Ge are also present. The
associated d-spacings for the (111) and (220) Ge rings
are expanded by ~6% with respect to elemental Ge,
indicating that there is extended substitutional solid
solubility of Sn in Ge, likely much beyond the equilib-
rium 1%. XRD analysis of the as-synthesized materials,
shown in Figure S4, confirms this shift in the Ge lattice
parameter. As is marked in the figure, the equilibrium
position of the Ge (111) reflection (the film is highly
textured) should be at 20 = 27.30°, whereas it is located
at 26 =25.70°, corresponding to a 6% shift in the lattice
parameter, which is the same as measured by TEM.
Figure 1c presents TEM analysis of the as-deposited
Sb50Ge50. The equilibrium Sb—Ge phase diagram
demonstrates negligible room-temperature solubility
and no intermediate phases. However, as evidenced by
the SAD pattern, co-sputtering of Sb and Ge results in
the formation of an amorphous alloy with the broad
rings corresponding to the first and the second nearest
neighbors. This conclusion is also confirmed by the
XRD pattern of this alloy shown in Figure S4. Figure 1d,
e show the Sn80Ge10Sb10 microstructure, which con-
sists of nanocrystalline Sn with no evidence of Ge or Sb
precipitates. TEM analysis of Sn33Ge33Sb33 is pre-
sented in Figure 1f. Analysis of Sn50Ge25S5b25 is
shown in Figures 1g—i. The Sn33Ge33Sb33 alloy
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Figure 1. TEM analysis of as-synthesized alloys (pure Sn, Sb, Ge are shown in the SI): (a, b) Sn50Ge50, bright field micrograph
and simulated SAD with the Sn-induced expansion of the Ge lattice being taken into account. (c) Sb50Ge50, (d and e)
Sn80Ge10Sh10, (f) Sn33Ge33Sb33, and (g—i) SN50Ge25Sb25. The dark field image (h) was taken using a portion of the (200)
and (101) Sn rings. (i) HRTEM micrograph showing a Sn nanocrystallite (arrowed) embedded in an amorphous matrix. The

corresponding FFT is shown in the inset.

appears amorphous, while Sn50Ge255b25 has a two-
phase structure consisting of an amorphous phase and
nanocrystalline Sn. The Sn nanocrystals may be imaged
in dark field (Figure 1h) and by HRTEM (Figure 1i). The
Sn-rich side of the ternary Sn—Ge—Sb diagram consists
of a mixture of Sn, SbSn, and Ge phases with appreci-
able mutual solubility.>?> However, we detected no
crystalline phases besides Sn. This means the rest of
the material will consist of an amorphous matrix that
may be compositionally homogeneous or segregated.

The trend of larger amounts of the amorphous
phase with greater GeSb content can be better under-
stood by analyzing the glass-forming ability of (GFA) of
all three binary alloys, i.e., GeSb, SnGe, and SnSb. From
previous studies of co-sputtered films of GeSb,>3
SnGe,”* and SnSb,* it is found that both GeSb and
SnSb films deposited over a wide range of composi-
tions possess an amorphous microstructure, while
SnGe does not exhibit an amorphous phase at any of
the studied compositions (also confirmed in our data).
Moreover, the GFAs of GeSb>® and SnSb>” alloys are
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found to be highest when both components are in
roughly equal proportion (i.e.,, ~50 at. % Sb). As such,
we would expect to have the highest fraction of
amorphous phase when both the Sn/Sb and Ge/Sb
ratios are close to 1. For the films considered in this
study the Ge/Sb ratio is always fixed at 1, while the
Sn/Sb ratio approaches 1 as the GeSb content is in-
creased relative to Sn. Specifically the condition of both
Sn/Sb and Ge/Sb ratios being equal to 1 is satisfied at
Sn33Ge33Sb33, which is found to consist completely
of amorphous phase. However, it must be noted that
this analysis is only a qualitative guide to understand-
ing the trends that we observe; to more fully under-
stand this phenomenon, it is necessary to characterize
the GFA properties of the ternary Sn—Ge—Sb via cal-
orimetric or diffraction heating experiments.

The sodiation behavior of the elemental films is
shown in Figure S5. Pure Sn was tested at 85 mAg™ ',
Ge was tested at 110 mAg ™', while Sb was tested at
120 mAg . For pure Sn the reversible capacity drops
to 38 mAhg " after only 10 cycles, far below its theoretical
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value. This agrees with previous studies on sodiation
of pure Sn, where the materials degrade very rapidly
during cycling.2®*'3435 During the first sodiation pro-
cess, there are four sloping plateaus at roughly 0.45,
0.18, 0.08, and 0.03 V, although the only equilibrium
phase that is observed to form electrochemically is
Na;sSns. Upon charging, the plateaus are at approxi-
mately 0.15, 0.28, 0.55, and 0.63 V. The plateaus
become less distinct with cycling. The reversible capa-
city of Ge is 349 mAhg ™', being close to a 1:1 ratio of
Na/Ge (369 mAhg ") and agreeing with a previous
report.*?> The voltage profile of Ge presents an initial
sharply sloping plateau during the first and subsequent
sodiation cycles from ~1 V down to 0.1-0.15 V, fol-
lowed by a flat plateau at 0.1—0.15 that remains until
complete discharge. There is a large hysteresis in the
charge/discharge behavior, with the flat desodiation
plateau being at 0.6 V during charge. The reversible
capacity of Sb is 650 mAhg™~', which is close to the
theoretical 660 mAhg "I the pure Sb films, the voltage
profiles show two sloping plateaus during sodiation,
centered around 0.75 and 0.55 V. Only two stable
intermetallics, NaSb and NasSb, are known in the
Na—Sb system.?® Intermediate phases may be possi-
ble, as the voltage profile is not sharp enough to
confirm or negate their presence. During desodiation
two plateaus are observed at around 0.78 and 0.85 V.
The voltage profiles along with the TEM analysis of the
postcycled microstructure indicate that the desodiated
Sb film is still crystalline after 10 cycles. Both elemental
Ge and elemental Sb degrade during cycling, though
not at a rate as fast as Sn. The sodiation voltage profiles
of the individual elements are generally in agreement
with previous reports.83%4849

Figure S6 shows the TEM analysis of the cycled
elemental Sn, elemental Ge, and elemental Sb electro-
des. All sodiated samples are characterized after the
first Na insertion, while desodiated samples are char-
acterized after five full cycles. Figure S6a—c show
sodiated pure Sn, d—f show desodiated Sn, g—i show
sodiated Ge, j, k show desodiated Ge, |-n show
sodiated pure Sb, and o—q show desodiated Sb. The
darkfield image in Figure S6¢ is taken using a portion of
the (022) and (013) Na;sSn, diffraction rings. The dark
field image in Figure S6f is taken from the g = (200)s,
diffraction spot. The formation of the Na,sSn, terminal
phase is confirmed by TEM characterization of the Sn
electrode discharged to 0.01 V. Desodiation leads to
the formation of crystalline Sn. This is consistent with
previous in situ observations.>>*” These findings are
confirmed by XRD analysis, as presented in Figure S7.
For the as-synthesized specimen, the (111), (110), and
(211) peaks are respectively located at 20 = 23.77°,
28.77°, and 40.13°. For the desodiated one, these are
located at 26 = 23.83°, 28.89°, and 40.39°, indicating
that the crystalline structure is restored without any
noticeable changes in the lattice parameter. TEM
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analysis indicates that the Ge electrode sodiated to
0.01 V is partially nanocrystalline, although the exact
phase could not be identified. Similar to recent reports
on Ge thin films,*®4° it seems that the sodiation process
of Ge reaches a metastable phase that is not on the
equilibrium Na—Ge phase diagram. The desodiated Ge
sample is diffraction amorphous.

Figure 2 shows the voltage versus capacity behavior
for the binary and the ternary alloys, which were tested
at 85 mAg~'. The constant current voltage profile of
Sn50Ge50, shown in Figure 2a, reveals three sloping
sodiation plateaus at approximately 0.28, 0.19, and
0.03 V. The system displays two sloping desodiation
plateaus near 0.16 and 0.6 V. The voltage profiles,
particularly for desodiation, are nearly identical for
cycles 1-10, indicating a stable microstructure. For
the second to tenth cycle, Coulombic efficiency (CE) is
nearly 100%, with a reversible capacity of 713 mAhg ™.
This is substantially more than what is expected based
on a weighted average (the alloy is Sn—38%Ge by
weight) of theoretical capacities of the elemental films
(665 mAhg™"). The voltage profiles of Sb50Ge50
are shown in Figure 2b. The reversible capacity is
551 mAhg ', which is close to a rule of mixtures
prediction (the alloy is Sb—37%Ge by weight) based
on either the experimental or the theoretical values for
Sb and Ge. The stable cycling voltage behavior of this
alloy demonstrates a single broad monotonically de-
creasing slope between 0.8 and 0.2 V upon discharge
and between 0.6 and 1.2 V upon charging. The absence
of sharply defined plateaus indicates that there are no
two-phase regions, with each phase being energeti-
cally distinct. Rather there is a continuing variation in
occupational site energies, as would be expected for a
solid solution with a continuously varying Na content
or with nanocrystals where a second phase is difficult
to nucleate due to size effects.

The constant current voltage profiles for the
Sn—Ge—Sb alloys are presented in Figures 2c—f. At
least three voltage plateaus, each with a distinct flat or
sloping profile, are observed both upon charge and
discharge in every alloy. Qualitatively, the voltage vs
capacity profiles of the ternary systems are more
similar to that of Sn—Ge than to Sb—Ge. Moreover
the position and the slope of the plateaus evolve with
alloy composition. The measured reversibly capacities
of Sn80Ge10Sb10, Sn60Ge20Sb20, Sn50Ge255b25, and
Sn33Ge335Sb33 are 728, 829, 833, and 669 mAhg™’,
respectively. This is an intriguing finding since the
values for Sn60Ge20Sb20 and Sn50Ge25Sb25 are con-
siderably above the weighted average of the elemental
capacities. For instance one can assume the known
theoretical capacity of Sn (847 mAhg™") and of Sb
(660 mAhg™") and a 1:1 Na/Ge ratio (369 mAhg ™). In
that case alloys Sn80Ge10Sb10 (Sn—6wt%Ge—10Sb),
Sn60Ge20Sb20 (Sn—13wt%Ge—22Sb), Sn50Ge25Sb25
(Sn—17wt%Ge—28Sb), and Sn33Ge335Sb33 (Sh—23wt%
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Figure 2. Constant current voltage profiles of binary and ternary alloys. All systems were tested at 85 mAg ™.

Ge—395b) should be 800, 743, 714, and 664 mAhg™",
respectively.

As the TEM micrographs in Figure 3a—c demon-
strate, the cycled microstructure of Sn50Ge50 contains
both Sn and Ge nanocrystallites. The dark field image in
Figure 3c highlights the nanocrystalline nature of the
cycled material. The Ge nanocrystals still contain solu-
tionized Sn, with the Ge diffraction rings being closer
than the equilibrium spacing (Sn would expand the Ge
lattice). From the (111) reflection, the lattice constant is
estimated as approximately 5.92 A, which is 4.77%
larger than elemental Ge (5.65 A). From measurements
of the nearest-neighbor distance in Ge—20at.%Sn
films, 2.7 A® it can be inferred that Sn strongly
expands the Ge lattice and that the amount of dis-
solved Sn in the Ge phase is at maximum 10 at.% or less.
Figure S7 shows the XRD patterns of desodiated binary
Sn—Ge and Sb—Ge and ternary Sn50Ge25Sb25 alloys.
It is confirmed that Ge contains Sn in substitutional
solid solution, with a comparable shift in the 20 values
of the (111) Ge XRD Bragg peaks. As is marked in the
figure, the equilibrium position of the Ge (111) reflec-
tion (the film is highly textured) should be at 26 =
27.30°, whereas itis located at 20 = 26.04°, corresponding
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to a 4.8% shift in the lattice parameter. The broad
background intensity in the TEM SAD indicates that
there is also substantial presence of an amorphous
phase. This is reasonable as the initially fully amor-
phous alloy is expected to decompose relatively slowly
at room temperature, especially concomitantly with
the insertion/extraction of Na ions. As Figures 3d—f
demonstrate, the desodiated Sb50Ge50 microstruc-
ture consists of a dense distribution of Ge nanocrys-
tallites embedded in an amorphous matrix. For the
case of Sb—Ge, the Ge crystallites, they have a lattice
parameter at the equilibrium value, demonstrating
negligible solutionizing of Sb. This is the key difference
between the Sn—Ge and Sb—Ge, where in the latter
case the Sb atoms are unable to remain in Ge substitu-
tional solid solution during cycling, which leads us to
conclude that that observed Ge lattice expansion in the
Sn—Ge—Sb alloy is likewise due to the effect of Sn.
Figure 4a presents the SAD pattern of a steady-state
microstructure of the desodiated Sn50Ge25Sb25 alloy
after 10 cycles. Although the sample was X-ray amor-
phous (Figure S7b), it was possible to resolve the crystal-
lites in the electron diffraction patterns. The desodiated
Sn50Ge25Sb25 is a multiphase nanocomposite. According
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Figure 3. (a—c) Stable cycled microstructures (10 cycles). Desodiated Sn50Ge50, bright field image, indexed SAD pattern, and
dark field image taken using a portion of the Sn (200) (101) and Ge (111) ring patterns. In (b) the Sn-induced expansion of the
Ge lattice parameter has been taken into account. (d—f) Desodiated Sb50Ge50. The dark field image in (d) was taken using a

portion of the Ge (111) ring.
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Figure 4. (a—c) SAD and HRTEM micrographs of desodiated Sn50Ge25Sb25 after 10 cycles. HRTEM analysis in (b) and (c)
highlights the ~5 nm diameter Sn and Ge nanocrystallites dispersed within an amorphous matrix. (d) Sodiated
Sn50Ge25Sh25. (e, f) Sodiated Sn80Ge10Sb 10, which contains coarser and more spherical Na,5Sn, particles and no evidence

of a separate Ge phase.

to the indexed SAD pattern shown in Figure 4a, nano-
crystalline Sn is present in the material, as evidenced
by the (200), (101), and (220)/(211) Sn rings. Well-
identifiable ring patterns ascribed to (111), (220), and
(311) Ge are present in the SAD as well, giving proof
of the presence of nanocrystalline Ge. However from a
comparison of the experimental SAD pattern with a
simulation, there is no evidence for crystalline Sb.

FARBOD ET AL.

Figures 4b,c display HRTEM images of this alloy in the
desodiated state after 10 cycles. The Sn and Ge nano-
crystallites are densely dispersed in an amorphous
matrix. As confirmed by EDX spectroscopy, shown in
Figure S8, the amorphous matrix is a ternary alloy
composed of Sn, Ge, and Sb elements. The amorphous
matrix may act as a mechanically buffering phase,
allowing for repeated expansion/contraction with
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reduced levels of localized fracture. While such effects
have been achieved through intelligent design by
careful chemical synthesis,® ®* here it may occur
in situ through a natural microstructural evolution.
Figure 4d shows this alloy in the sodiated state, high-
lighting the nonspherical morphology of Na;5Sny in-
termetallics. Figures 4h,i show HRTEM analysis of the
post 10 cycles sodiated Sn80Ge10Sb10. The material
contains coarser and largely spherical Na;sSn, parti-
cles, two representative crystallites being shown by
arrows. There is no evidence of a separate Ge phase
either from the HRTEM images or from the indexed
SADs of the postcycled material (not shown). How-
ever an amorphous matrix was also observed in this
specimen.

Revisiting the extraordinary results shown in
Figure 2, we may begin to understand the origin of
the excess capacity beyond the theoretical rule of
mixtures by first considering which alloys demonstrate
it and which do not. The phenomenon is observed in
Sn50Ge50 and in ternary Sn—Ge—Sb alloys of richer
Ge content. It is not observed in Sb50Ge50 or in
Sn80Ge10Sb10. It is unlikely that the extra capacity
comes from the Sn nanocrystallites since they form the
standard terminal Na;sSn, intermetallics in all the
sodiated samples. An amorphous structure per se
would not produce such a capacity enhancement
either: Sb50Ge50 and Sn80Ge10Sb10 also contain a
large volume fraction of an amorphous phase and yet
show no excess capacity beyond the rule of mixtures
prediction. We demonstrated that in Sn50Ge50 and
Sn50Ge255b25 the Ge nanocrystals contain solutio-
nized Sn throughout cycling, with the lattice parameter
of Ge being expanded far beyond the equilibrium.
Conversely, in cycled Sn80Ge10Sb10 the Ge nanocryst-
als are absent, while in cycled Sb50Ge50 the Ge crystal-
lites have a lattice parameter near the equilibrium
value.

We therefore propose that the measured remark-
able capacity enhancement in Sn50Ge50 and in the
alloy-rich ternaries is due to the ability of Ge nanocrys-
tallites alloyed with Sn to sodiate beyond the 1:1 Ge:Na
(369 mAhg ") ratio previously reported for pure Ge
electrodes. While a size dependence of phase transi-
tions is experimentally well established for numerous
other materials,®>~®® the lack of capacity enhancement
in Sb50Ge50, or in the nanocolumnar pure Ge elec-
trode employed in a previous study,*® suggests that
size alone will not drive Ge:Na far beyond 1:1. The
equilibrium Ge—Na phase diagram contains an essen-
tially pure Ge phase, a GeyNa intermetallic line com-
pound, a GeNa intermetallic line compound, and a
GeNas intermetallic line compound whose crystal
structure is not known.?® The last phase, which should
thermodynamically exist after full discharge, corre-
sponds to a capacity of 1107 mAhg . The fact that
the capacity of pure Ge never approaches this value
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may be a kinetic limitation, normally associated with
slow diffusion and/or insurmountable nucleation bar-
riers during room-temperature solid-state phase
transformations.®®

The cycling charge—discharge curves for the ternary
alloys show well-defined voltage plateaus, which are
typically attributed to energetically distinct two-phase
regions. However it is unlikely that the individual
~10 nm nanocrystallites are able to accommodate a
phase boundary per se. Thus the two-phase voltage
plateau may correspond to a crystallographic depen-
dence of the individual crystallites fully transforming to
their sodiated structure. In other words, at a given time
the particles with the favorable surface crystal faces/
directions will be fully sodiated, while the rest will be
unsodiated. A nanocrystalline Ge precipitate with Snin
substitutional solid solution may allow for facile nu-
cleation of one or several Na,Ge, phases that are
inaccessible in the pure state, even if it is not possible
to fully reach the 1:3 stoichiometry. Moreover the
surrounding amorphous matrix may provide a fast
ion diffusion path during sodiation/desodiation, mark-
edly accelerating the kinetics and thus allowing the
system to adsorb/release more sodium for a given
charge cycle. Such a dependence of the total reversible
capacity on rate kinetics is known for hydrogen storage
materials, where the same hydride but with an im-
proved catalyst will actually store more hydrogen per
sorption cycle.”%~72

The absolute value of the reversible capacity of all
the materials examined, as a function of cycle number,
is shown in Figure 5a. The capacity retention as a
fraction of the initial value is shown in Figure S9a, while
the associated Coulombic efficiencies are shown in
Figure S9b. Elemental Sn, Sb, and Ge, along with the
initially crystalline Sn80Ge10Sb10 alloy, degrade by far
the fastest. Conversely, the more alloyed systems
Sn60Ge20Sb20, Sn50Ge25Sb25, and Sn33Ge33Sb33
all cycle fairly well. Table S3 shows the Coulombic
efficiency for all alloy electrodes after the first and
50th cycles at 85 mAg ™. For the case of Sn50Ge255b25
the Coulombic efficiency remains close to 100% during
cycles 130, listed in Table S4, but begins to decrease
afterward, approaching 90% at cycle 50. Such CE values
are on par with values reported by others for Sn and Sb
elemental and alloy thin films and for Ge films.*%4852
The cycling behavior of the Sn60Ge20Sb20 and
Sn50Ge255b25 is analogous, with both alloys demon-
strating similar initial and cycle 50 capacity. Likewise,
the Sn33Ge33Sb33 alloy is stable, but has an overall
lower specific capacity.

Electrode failure may be related to several mecha-
nisms. Failure of sodiated Ge electrodes is not well
documented in the literature. However for the ele-
mental systems such as Sn and Sb a common source of
failure is the occurrence of repeated crystallization
events. This leads to an anisotropic stress at two-phase
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Figure 5. (a) Specific capacity versus cycle number for all materials. Alloys were tested at the same rates as data in Figure 2 and
Figure S5. (b, c) Rate capability of binary and ternary alloys. Electrodes in (b) received 50 charge/discharge cycles (data shown
in previous panel) prior to the sequential rate testing displayed, while electrodes in (c) were activated for only several cycles
and then immediately ramped to 850 mAg . (d) Specific capacity and Coulombic efficiency versus cycle number for

Sn50Ge25Sh25 electrode cycled at 425 mAg’1 (~0.5C).

boundaries, especially at the substrate/electrode inter-
face. Of Ge, Sn, and Sb elements, Sn is more likely to
undergo such transitions. In addition, Sn has the largest
volume expansion, with ~425% upon complete sodia-
tion to Na;sSn,.>” The related stresses would drive the
delamination of the electrode from the support for a
variety of current collector geometries.

Another contributor to loss of electrical contact is a
potential chemical segregation-induced weakening
of the electrode—current collector interface. Authors
recently reported calculations demonstrating that so-
diation of pure Sn phases leads to elastic softening
corresponding to a 75% deterioration of the elastic
moduli.”® Moreover, for the case of lithium ion battery
anodes, failure of similar “film-on-support”-type archi-
tectures (Si on Cu) has been both experimentally and
theoretically proven to be critically related to a weak-
ening of the mutual interface, in turn due to Li segre-
gation and a change in bonding.”* The results shown in
Figure 6 are the first direct experimental confirmation
of this phenomenon in regard to sodiated (rather than
lithiated) systems. Figure 6a shows a TOF-SIMS depth
profile of Na and Fe concentration through the thick-
ness of a sodiated Sn50Ge25Sb25 alloy film on a
stainless steel substrate after the second sodiation
cycle. Clear Na segregation to the film—steel current
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collector interface is observed. The HAADF image and
thickness-corrected EELS elemental line scan of Na in
Sn50Ge25Sb25 after a second sodiation again clearly
confirm these segregation phenomena (Figure 6b).
Figure 6 also shows FIB cross-section SEM images of
(c) pure Sn and (d) Sn50Ge25Sb25 alloy electrodes
after 50 cycles. Both films show some delamination
from the current collector, but with the case for pure Sn
being substantially more severe. In fact according to
the FIB image shown, almost the entire pure Sn film is
lifted off the current collector, with only the rightmost
section in the image making electrical contact.

Upon sodiation, the ternary alloys all undergo an
expansion of roughly 300—400%, depending on their
total capacity. The alloys have the following approx-
imate characteristics. Sn335b33Ge33: 103.3 g mol ™'
atoms, max reversible capacity 669 mAhg~', 2.6 Na
atom~'; Sn505b25Ge25: 108.0 g mol™' atoms, max
reversible capacity 833 mAhg~', 34 Na atom ';
Sn60Sb20Ge20: 110.1 g mol ™" atoms, max reversible
capacity 829 mAhg ™', 3.4 Na atom~'; Sn80Sb10Ge10:
1144 gmol~ " atoms, max reversible capacity 728 mAhg ',
3.1 Na atom™'. From a calculation based on the
molar volume of each alloy and the molar volume of
Na (23.78 cm® mol™") the following expansion values
are obtained: Sn335b33Ge33, 280%; Sn50Sb25Ge25,
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Figure 6. (a) TOF-SIMS depth profile of Na and Fe concentration through the thickness of sodiated Sn50Ge255b25 alloy film
on stainless steel substrate after the second sodiation. (b) HAADF image and thickness-corrected EELS elemental line scan of
Na in Sn50Ge255b25 after the second sodiation. (c and d) FIB cross-section SEM images of (c) pure Sn and (d) Sn50Ge25Sb25

alloy electrodes after 50 cycles.

380%; Sn60Sb20Ge20, 380%; Sn80Sb10Ge10, 340%.
Thus, it can be concluded that the alloys with the
highest capacity also undergo the largest expansion
upon sodiation and that the cycling lifetime does not
depend on minimizing the volume changes. This leads
us to hypothesize that the heavily alloyed systems
actually suffer less from Na-induced interfacial-
softening tendency despite the fact that Na segrega-
tion still occurs. Classic metallurgical alloy design
would rather contribute substitutional solid solution
strengthening, an increased resistance to crystalliza-
tion, and a multiphase nanocomposite microstruc-
ture that gives both strength and ductility, leading
to the observed increased resistance to interfacial
delamination.

One successful way to improve the cycling stability
of materials with exceptionally large sodiation/
lithiation expansion is to form nanocomposites with
lower-expansion materials such amorphous carbon,®”>
empty space,®’~7° Cu,*” or nanoscale films of Al and
atomic-scale films of TiO, and TiN.8°782 These either
buffer the massive volume changes (carbon, empty
space) or mechanically scaffold (Cu, Al, TiO,, TiN) the
primary active material, thus preventing its disintegra-
tion. For the case of the cyclically stable ternary
Sn—Ge—Sb alloys, the amorphous matrix may accom-
plish a similar goal, surrounding the highly Na-active
Sn-alloyed Ge and unalloyed Sn nanocrystallites and
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mechanically preventing their loss of electrical contact
with the current collector.

The electrolyte solvents used in studies of NIB
anodes are generally the same as for LIB and in our
case consisted of a mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC). The operating potential of
a NIB anode is slightly more positive than for LIB but
still well below the onset potential of electrolyte
reduction for this type of cyclic carbonate compound,
forming a so-called solid electrolyte interphase (SEI),
which is very similar for Na or Li electrolyte salts."”
Since reduction of the solvent molecules to Na,COs, Na
alkyl carbonates, and Na alkoxides consumes electrons
irreversibly, this will reduce the Coulombic efficiency.
Indeed, the first cycle CE that we found was generally
around 60—70%. Formation of an SEl layer will also
increase the charge transfer resistance and thereby
increase the overpotential®>~# and reduce the capa-
city that can be extracted at a given current density.
For materials that exhibit high expansion upon cycling,
the SEI will fracture and expose fresh material to the
electrolyte, leading to a buildup of an ever thicker
surface layer. SEl accumulation in cracks or voids can
lead to detachment of active material from the rest of
the active mass and/or delamination from a sub-
strate.”*”>®® For thin films this problem is somewhat
alleviated, as expansion is confined to the direction
perpendicular to the substrate. Indeed, we found CE

VOL.8 =

NO.5 = 4415-4429 = 2014

A N 72
A@JM\\@

WWww.acshano.org

4423



TABLE 1. Comparison of Our Best-Performing Materials with Previously Published Sn-, Sb-, and Ge-Based NIB Anodes, as
Well as Some Carbon Nanostructures, in Terms of Capacity and Rate Capability

electrodes

Sn50Ge255b25
$n60Ge205b20

$n/C nanocomposite”>

Sn—Cu nanocomposite”
Sn—SnS—C composite3®

Sn—C composite®®

nanocolumnar germanium thin films*®

Sh/C fibers*!

tin-coated viral nanoforests>®

Sn nanoparticles with Al,0 nanoglue®’
Sn-film electrode in NaFSA KFSA®
mesoporous (/Sn composite”

Sn @ wood fibers>’

$nSh/C nanocomposite*
hollow carbon nanowires'®

carbon nanofibers'®

Sh—C nanocomposite*°

Cu,Sh thin films**
AIsh thin films*®
MosSh thin films*®

Sh/MWCNT nanocomposite®”
Sn0,@MWCNT nanocomposite92

$b,0, thin films®

Snp3C00.3Co.4 nanocomposite34
porous Sb/Cu,Sb anode*
$n0,—RGO nanocomposite™*

CugSns>®
SsCui3nCpe™®
SgCliggCis™
Sh—C nanofibers®

ALD-AI,0; coated Sn nanoparticles®®

cycling capacity, mAhg~" (current density)

st

833
829

(85 mAg™")

(55 mAan )
(0.10

470 (50 mAg ™)
~250 (169 mAg™")
~430 (100 mAg ™)
~240 (100 mAg™")
~480 (74 mAg™")
~450 (100 mAg™")
~770 (50 mAg™")
~ 620 (N/A)

~330 (0.6 mAcm —?)
~300 (20 mAg™")
~350 (84 mAg™")
~570 (100 mAg™)
251 (50 mAg™")
~200 (200 mAg~")
~610 (100 mAg™")
~280 (100 ¢Acm—?)
~490 (40 teAcm —2)
~330 (0.6 mAcm ?)
~ 500 (100 mAg ™)
~500 (N/A) (0.1)
~980 (N/A) (0.10)
~400 (N/A) (0.040)
~617 (N/A) (0.10)
407 (100 mAg ™)
160 (7.9 mAcm—2)
135 (0.10)

350 (0.10)

495 (200 mAg ™)
625 (N/A)

10th

821
826
(85 mAg™")
(55 mAan )
(0.10
270 (50 mAg ™)
~420 (169 mAg™")
~425 (100 mAg ™)
~280 (100 mAg ™)
~470 (74 mAg™")
~400 (100 mAg™")
~580 (50 mAg™")
~ 680 (N/A)
~300 (0.6 mAcm—?)
~250 (20 mAg™")
~220 (84 mAg™")
~520 (100 mAg ™)
~250 (50 mAg™")
~180 (200 mAg ™)
~600 (100 mAg™")
~270 (100 zZAcm™?)
~350 (40 teAcm )
~340 (0.6 mAcm?)
~ 500 (100 mAg ™)
~450 (N/A) (0.1)
~500 (N/A) (0.10)
~200 (N/A) (0.040)

(N/A)

(

~600 (N/A) (0.10)
~500 (100 mAg™")
75 (7.9 mAcm 2

120 (0.10

330 (0.10)

~500 (200 mAg~")
650 (N/A)

50th

662
625

(85 mAg™")
(55 mAan )
(0.10
N/A
~460
~450
~200
~460
~420
~470
N/A
N/A
N/A
~250 (84 mAg™")
435 (100 mAg ™)
~240 (50 mAg™")
175 (200 mAg ™)
~600 (100 mAg ™)
~50 (100 zeAcm ~2)
~250 (40 z¢Acm )
~300 (0.6 mAcm2)
~ 450 (100 mAg ™)
~380 (N/A) (0.1C)
N/A

N/A

~550 (N/A) (0.10)
~400 (100 mAg ™)
N/A

117 (0.10)

160 (0.10)

~500 (200 mAg ™)
N/A

169 mAg ™)
100 mAg )
100 mAg ™)
74 mAg )
100 mAg ™)
50 mAg )

rate capability, mAhg " (current density)

658
675

(85 mAg™")

(550 mAcm ™)

(10

N/A

182 (847 mAg ™)
~350 (800 mAg ™)
~150 (800 mAg™)
380 (370 mAg )
~300 (1000 mAg ")
N/A

N/A

N/A

~70 (800 mAg ")
~75 (840 mAg™")
~280 (1000 mAg ")
149 (500 mAg ™)
~80 (500 mAg ")
~500 (1000 mAg ")
~230 (100 geAcm—?)
~100 (40 z¢Acm )
~300 (0.6 mAcm—?)
~ 350 (1000 mAg ")
~310 (N/A) (0.50)
N/A

N/A

~470 (N/A) (10)
~200 (500 mAg~")
N/A

N/A

465 (600 mAg ™)
N/A

N/A

381

313

(85mAg™")

(5500 mAcm™)
(100)

N/A

126 (1694 mAg ™)
N/A

N/A

170 (10000 mAg )
~100 (6000 mAg ")
N/A

N/A

N/A

~60 (1000 mAg ™)
N/A

N/A

N/A

~60 (2000 mAg )
~300 (2000 mAg ")
N/A

N/A

~110 (18 mAcm )
~ 250 (2000 mAg~")
N/A

N/A

N/A

~280 (N/A) (50)
~120 (1000 mAg ")
N/A

N/A

337 (3000 mAg ")
N/A

N/A

close to 100% for Sn50Sb25Ge25 in cycles 2—30.
However, expansion is so severe for NIB alloying
anodes (up to a factor 5.2 for pure Sn and comparable
expansion ratios were estimated based on our mea-
sured capacities) that beyond cycle 30 the CE and
reversible capacity starts to drop.

Modifications to the electrolyte have been highly
successful in extending the lifetime of some high-
expansion electrode materials. It has been shown that
Si nanowires can be cycled thousands of times without
significant degradation in electrolyte solvents that are
highly resistant to reduction such as 1,3-dioxolane,
despite 280% volume expansion.?” Alternatively, addi-
tion of fluoroethylene carbonate (FEC) to conventional
electrolyte mixtures has also been found to increase
electrode lifetime*®*'#8 and modify the SEI layer.3%°
Compared to standard carbonate mixtures, SEIl formed
from FEC is found to be very thin and contain large
amounts of a polyene compound?®? that can passivate
the electrode surface. High polymeric content would

FARBOD ET AL.

make the SEI more elastic compared to one composed
entirely of Li salts and less prone to fracture. This is
especially important for materials that expand by
extremely large amounts such as Sn and Sn-based
alloys that we studied here. We would expect that
the CE and cycling performance of our materials could
be much improved by electrolyte modification.
Binary and ternary alloy electrodes were subjected
to rate-capability tests, with the results being shown in
Figure 5b and c. Capacity retention as a fraction of the
measured capacities is plotted in Figure S9a. Samples
in Figure 5b received 50 charge/discharge cycles
(shown in Figure 5a) prior to the rate testing, while
alloys in Figure 5c were activated at 85 mAg ™' for only
several cycles and then rate tested. The degradation
incurred in cycles 1—50 explains the capacity discre-
pancy at 850 mAg ' between the two plots. Both
Sn50Ge255b25 and Sn60Ge20Sb20 show excellent
rate capability, with capacities of 381 and 313 mAhg ™'
being retained at a charge/discharge rate near 10C.

VOL.8 = NO.5 = 4415-4429 = 2014 K@}Nﬁ@i{\j

WWW.acsnano.org

4424



As shown in Figure 5d, the Sn50Ge25S5b25 electrode
revealed an initial reversible specific capacity of 653
and 491 mAhg " after 50 charge—discharge cycles at
425 mAg ', indicting excellent cycling performance of
this alloy at a relatively high cycling rate of ~0.5C.

The electrochemical impedance spectra (EIS) Nyquist
plots of the Sn50Ge25Sb25 alloy in the as-synthesized
state and after 50 cycles at 85 mAg ™' are shown in
Figure S10. As indicated in Figure S10b, cycled
Sn50Ge255b25 has a low equivalent series resistance
but that is generally on par with the elemental electro-
des. This implies that the fast rate capability of the
alloy is attributable to the facile phase transformation
kinetics, rather than to an enhanced electrical conduc-
tivity of the material per se. It is instructive to compare
the performance of the Sn—Ge—Sb electrodes with
the best systems reported in the scientific literature.
Table 1 compares our results with the state-of-the-art
in previously published research on Sn-based NIB anode
materials. It can be concluded that Sn50Ge25Sb25
and Sn60Ge20Sb20 electrodes exhibit one of the most
promising capacity—rate capability combinations, with
performance at 10C being especially desirable.

Finally it is important to point out that while physical
vapor co-deposition (co-sputtering) of alloy films re-
presents a repeatable and compositionally accurate
method for rapidly screening new materials, the micro-
structures discovered in this study are attainable
through more “bulk” methods as well. High-energy
mechanical alloying and rapid solidification are two
well-known techniques for achieving a range of none-
quilibrium microstructures that are in-practice stable
during service. Co-milling is especially effective for the
relatively soft metallic systems, such as those based on
Sn or Sb, that undergo significant cold-welding and
interdiffusion rather than pulverizing. For instance,
metastable Ge—12 atom % Sn°” and 34 atom % Ge®®
substitutional solid solutions have already been
synthesized by high-energy mechanical milling, although
the authors did not employ the resultant structures
for electrochemical purposes. Rapid solidification (melt

EXPERIMENTAL PROCEDURE

Target composition 100 nm films were (co)sputtered onto
polished stainless steel substrates (battery spacers) at room
temperature (ATC Orion 8, AJA International Inc.). Sb and Ge
deposition were carried out using radio frequency-magnetron
sputtering, while Sn deposition was performed by dc-magnetron
sputtering. Depositions were performed with continuous sub-
strate rotation in the presence of Ar gas with 5 N purity at
a sputtering pressure of 4 mTorr, with a maximum base pres-
sure of 5 x 1078 Torr. The deposition rates were adjusted for
stoichiometry, being in the range 0.04—0.39 nm s~ '. The
primary approach for confirming film thicknesses depended
on a series of ex situ deposition calibrations cross-checked
against in situ calibrations, film weight measurements, and
XPS. For a range of gun powers relevant to the deposition
conditions, a series of elemental films were deposited at varying
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spinning) has also been recently employed to produce
metastable SnTe—Se thermoelectric alloys,”® as well as
Sn—Ge lithium ion battery anodes with exceptional
charge storage capacities and cycling stability.'® Neither
co-milling nor rapid solidification methods suffer from
practical engineering concerns of limited mass loadings
or the need for planar geometries and are therefore
readily scalable to the desired battery application. In
order to limit phase segregation in larger structures, a
fourth element possessing a strong affinity for Sn, Sb, and
Ge may also be added. This was successfully achieved
through the addition of S or Se into the nonequilibrium
microstructures of Sn—Co—C nanocomposites, which
were then sufficiently stable in bulk form as to be utilized
for cyclable sodium ion battery anodes*

CONCLUSIONS

This study reports the electrochemical charge/
discharge cycling behavior of Sn—Ge—Sb, Sn—Ge, and
Sb—Ge alloy thin films for use as sodium ion battery
anodes, testing pure Sn, Ge, and Sb films as well. The
measured reversibly capacities of Sn80Ge10Sb10,
Sn60Ge20Sb20, Sn50Ge25Sb25, and Sn33Ge33Sb33
are 728, 829, 833, and 669 mAhg~'. With the exception
of Sn80Ge10Sb10, these values are considerably above the
weighted average combination of the elemental capaci-
ties, which should be 800, 743, 714, and 664 mAhg ",
respectively. Of all the compositions investigated,
Sn50Ge25Sb25 demonstrates the best overall cycling
performance, with 662 mAhg~' of capacity remaining
after 50 cycles. The alloy also offers exquisite rate cap-
ability, delivering a stable cycling capacity of 658 and
381 mAhg " at 850 and 8500 mAg ™, respectively. We
employ conventional TEM and HRTEM to investigate the
materials' cycling microstructures, the optimum system
being a composite of 10—15 nm Sn and Ge(Sn) crystals
nanodispersed in an amorphous matrix. A hypothesis put
fourth is that the capacity enhancement is due to the
unique ability of Ge nanocrystallites that are heavily alloyed
with Sn to sodiate beyond the 1:1 Ge:Na (369 mAhg ")
ratio previously reported for pure Ge electrodes.

times with thicknesses up to 1.5 um. Film thicknesses were then
analyzed using a standard profilometer approach, with the
deposition rate per given power being back-calculated. These
results were cross-checked against an in situ deposition rate
monitor held in the plane of the substrate (instead of the battery
substrate), using known tooling factors for each element. To
ensure that resputtering did not affect the final alloy film
stoichiometry or thickness (it should not since the atomic
weights of the elements are not that divergent), the weight of
the alloy film was compared to the rule of mixtures weight that
would be expected for the 100 nm film thickness employed for
all materials. High-resolution FE-SEM was employed as a sec-
ondary confirmation tool for reporting the film thicknesses. Film
compositions were further confirmed using X-ray photoelec-
tron spectroscopy (XPS) and are listed in atomic %; for example,
Sn50Ge25Sb25 is 50 atom % Sn—25 atom % Ge—25 atom %Sb.
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Na half-cells were assembled using Na metal foil as the
counter electrode and polyethylene separators (MTI Corpora-
tion, porosity of 36—44% and average 0.03 um pore size); 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 thin film deposition. Prior to deposition, the
spacers were polished down to 5 um SiC polishing paper (Allied
High Tech Products, Inc.). The substrates were then cleaned by
sonication in acetone, 2-propanol, and Milli-Q water and were
finally dried. The spacers were weighted before and after
deposition. The microbalance employed (Mettler Toledo, XP6U)
had a manufacturer quoted 0.1 ug accuracy. For each composi-
tion, 3—6 samples were electrochemically tested to obtain a
mean value of reversible capacity. Extended cycling testing was
performed on 2 or 3 specimens per composition. Table S1
shows the average weight and standard deviation for each
composition based on 6 different samples. Table S2 shows the
XPS and EDXS results of as-synthesized alloy electrodes. The
EDXS results contain approximately +10% error. In general
more quantitative validity may be attributed to the XPS results.
The raw XPS and EDXS data are shown in Figures S1 and S2.

As an electrolyte, 1 M sodium perchlorate (NaClO,, Alfa Aesar,
98—102% purity) salt in ethylene carbonate (Alfa Aesar: 99%
purity)—diethyl carbonate (Alfa Aesar: >99% purity) (1:1 by
volume) was used. The assembly process was carried out in
an argon-filled glovebox in which oxygen and moisture con-
centration levels were kept below 0.2 ppm. Galvanostatic
charge—discharge tests were performed on a BT2000 Arbin
potentiostat at a potential range of 0.01—2V versus Na/Na™ and
a constant current density. Current densities were based on the
accurately measured final weight of the films. We employ the
usual definition of a reversible capacity being the capacity at
first charge (desodiation). Electrochemical impedance spectros-
copy measurement was conducted on a Solartron 1470E multi-
channel potentiostat in a frequency range of 10 MHz to 0.01 Hz
at open-circuit potential condition with an ac perturbation of
10 mV. Na batteries were disassembled in order to do post-
cycling characterization of the microstructure. Cycled electro-
des were soaked and rinsed in acetonitrile (Fisher Scientific,
>95% purity) and kept overnight in the glovebox to remove
residual electrolyte.

As-deposited and cycled samples were characterized using
transmission electron microscopy (TEM; JEOL 2010 and JEOL
JEM 2100, both at 200 kV). Electron diffraction patterns were
simulated using the commercial software Crystal Maker and
open-source software Diffraction Ring Profiler,”® with the input
of known space group information of the relevant phases, such
as Sn (/4,/amd, 5.8197, 5.8197, 3.1749, Wyckoff position: 4a), Ge
(Fd3m, 5.6578, 5.6578, 5.6578, Wyckoff position: 8a), Sb (R3m,
4.5066, 4.5066, 4.5066, Wyckoff position: 36i), Na;sSn, (/43d,
13.16, 13.16, 13.16, Wyckoff positions Sn1:16¢, Nal:12a,
Na2:48e), and NasSb (P6s/mmc, 5.3550, 5.3550, 9.4960, Wyckoff
positions Sb1:2¢, Na1:2b, Na2:12k). The diffraction ring profiler
integrates the selected area diffraction ring pattern intensities
to accurately calculate the center point of each ring. High-
resolution TEM (HRTEM) measurements were conducted using
scanning TEM (STEM) (JEOL 2200FS, 200 kV) with a nominal
beam size of 0.5 nm. Electron energy loss spectroscopy (EELS)
analysis was also conducted using a 200 kV JEOL 2200FS
scanning TEM with a nominal beam size of 0.5 nm. High-angle
annular dark field (HAADF) images were also recorded. Digital
Micrograph (Gatan, Inc.) was employed for signal collection and
data extraction from EELS spectra. The Na spectrum was ex-
tracted by integrating over low loss edges of Na at 30—40 eV.
Typical current densities for HRTEM imaging were 13.15
pA cm~2 at 400 K and 16.72 pA cm~2 at 500 K.

Crystal structures of as-deposited thin films were character-
ized by X-ray diffraction (XRD) on a Bruker AXS diffractometer
with Cu Ko radiation (1 = 1.5406 A) (Bruker Discover 8). The
diffractometer is equipped with a HiStar general area two-
dimensional detection system with a sample—detector dis-
tance of 15 cm. Phase identification was performed employing
the XRD database on EVA software. The presented XRD patterns
were obtained by subtracting the pattern of the substrate from
the composite. To achieve this, we performed XRD on both the
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stainless steel substrate and on the deposited thin film on the
substrate, employing identical scanning conditions. The math-
ematical subtraction was performed using EVA commercial
software. Cross-sectional samples of cycled materials were
obtained using a Hitachi NB5000 dual-beam focused ion
beam/scanning electron microscope (FIB/SEM). To prepare FIB
samples, a proper area from the bulk of the sample was selected
using SEM. A thin layer of carbon and tungsten were then
deposited on top of the area. Using FIB and a microsample
manipulator, the selected volume was finally isolated, lifted out,
and placed on a Cu five-post grid.

The as-synthesized and cycled thin films were also analyzed
using EDX spectroscopy with scanning electron microscopy
on a Hitachi FESEM S-5500. XPS measurements were conducted
on an ULTRA (Kratos Analytical) spectrometer under ultrahigh
vacuum (10~° Torr), using monochromatic Al Ko radiation (hv =
1486.6 eV) operated at 210 W. The high-resolution spectra were
collected with an energy window of 20 eV. The XPS data were
analyzed using CasaXPS software. The sodiated Sn50Ge255b25
thin film electrode was depth analyzed using a time-of-flight
secondary ion mass spectrometery (TOF-SIMS) instrument (ION-
TOF GmbH). The analysis chamber was kept at a pressure of less
than 5 x 10~° mbar, and a 25 kV Bi* ion source was used for
analysis. For sputtering, 1 kV O, " ions with a current of ~34 nA
were also used with the rate of ~0.06 nm/s. The analysis and
sputtering areas were 40 um x 40 and 200 um x 200 um,
respectively.

Prior to XRD, XPS, and TOF-SIMS analysis the samples were
covered and sealed with Parafilm in a glovebox to avoid
exposure to air. Next, the airtight sample holder was transferred
to the XRD instrument for measurement of the XRD patterns.
For TEM, the samples were quickly transferred into the TEM,
reducing its air exposure to around 20 s. TEM analysis did not
reveal excessive oxide formation on the surfaces, and we were
able to perform quantitative HRTEM and analytical TEM without
interference from the oxide.
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