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ABSTRACT: The sodium electrochemistry of evaporatively
deposited tin, germanium, and alloys of the two elements is
reported. Limiting the sodium stripping voltage window to
0.75 V versus Na/Na+ improves the stability of the tin and tin-
rich compositions on repeated sodiation/desodiation cycles,
whereas the germanium and germanium-rich alloys were stable
up to 1.5 V. The stability of the electrodes could be correlated
to the surface mobility of the alloy species during deposition
suggesting that tin must be effectively immobilized in order to
be successfully utilized as a stable electrode. While the stability
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of the alloys is greatly increased by the presence of germanium, the specific Coulombic capacity of the alloy decreases with
increasing germanium content due to the lower Coulombic capacity of germanium. Additionally, the presence of germanium in
the alloy suppresses the formation of intermediate phases present in the electrochemical sodiation of tin. Four-point probe
resistivity measurements of the different compositions show that electrical resistivity increases with germanium content. Pure
germanium is the most resistive yet exhibited the best electrochemical performance at high current densities which indicates that
electrical resistivity is not rate limiting for any of the tested compositions.
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B INTRODUCTION

Sodium Dbatteries have the potential for significant cost
advantages over lithium batteries and are attractive for
stationary applications where cost is a limiting factor. The
Na—S and Na—NiCl, batteries offer such an advantage, but
they utilize liquid electrodes, require ceramic electrolytes, and
operate at temperatures on the order of 300 °C."”> Their high
operating temperature makes them less attractive for
intermittent or on-demand applications. Recent identification
of new intercalation materials for Na-ion battery cathodes has
refreshed the effort to develop Na chemistries that operate at
room temperature.”~'> Many sodium intercalation compounds
behave similarly to their lithium analogues;s’u”14 however, Na
ions will typically not intercalate into graphite although other
carbon allotropes show a small reversible capacity.">~"” This
has led to a presently ongoing search for safe, abundant, and
robust materials for Na-ion battery anodes.

Group IV elements have been well studied as anode materials
for lithium-ion batteries.'® > In their recent study Chevrier
and Ceder calculated the voltages at which the heavier group IV
elements alloy with sodium.'® Experimental data are available
for germanium,33’34 tin,>>7>* and lead.*® Sodium alloys with Sn
up to a thermodynamic limit of Na,;sSn, provide a theoretical
capacity of 847 mAh g~', making it an attractive candidate.
However, the capacity is not well retained on cycling, with
particle aggregation and electrode/electrolyte instability being
cited as causes of degradation.**~** While limiting the potential
range of cycling improves the sta’bility,42 operating anode
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potentials in functioning batteries are rarely well-defined.
Additionally, active/inactive matrices,*** composites,%’47 and
alloys have been investigated as methods for stabilizing tin
electrodes.***’

The technology of alloying elements to change material
properties is nearly as old as civilization itself. The Bronze Age
is named after one of the first metallurgical discoveries, the
alloying of copper and tin, resulting in a much harder metal. By
alloying tin with other elements, physical, chemical, and
electrochemical properties can be significantly altered, and by
appropriate selection of Sn-alloying element(s), anode
materials can be improved. This principle has been
demonstrated in the literature with the addition of copper to
tin electrodes for sodium-ion batteries. Sn—Cu compounds will
have a melting point that is significantly higher than that of
pure tin, and as a result, the Sn—Cu alloys are more resistant to
agglomeration and electrochemical sintering. As expected, Sn—
Cu electrodes with 10 at% copper show significant improve-
ments in stability; however, the specific capacity is decreased by
the additional weight of the inactive Cu in the electrode.*®

Alloying tin with other sodium-active elements is a potential
method for improving the electrode stability without sacrificing
capacity. Other group IV elements such as Ge have limited
solubility in tin at room temperature,”® but metastable
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amorphous alloys of tin and germanium have been synthesized
for study as semiconductor materials. Vacuum evaporative
deposition and sputtering allowed the growth of single-phase,
amorphous tin—germanium alloys over a much wider composi-
tional range than allowed by traditional processing techni-
ques.’"** Furthermore, such alloys exhibit tetrahedral short-
range order as well as random arrangement of their constituent
elements. Group IV alloys such as Si—Ge'® and Sn—Ge> >3
have been investigated as lithium-ion battery anodes, and Sn—
Ge—Sb ternary allogrs have recently been investigated for
sodium-ion batteries;*® however, the electrochemical properties
of alloy systems are still not well understood.

Here we grow well-defined thin films of Sn—Ge alloys of
various compositions by vacuum deposition and test them as
sodium-ion battery anodes. Additionally, we use glancing angle
deposition (GLAD) for microstructural and porosity control
and as a method for measuring the mobility of adatoms during
deposition. GLAD is a physical vapor deposition technique in
which adatoms impinge on the substrate at a glancing angle (in
our case, we use 70° from surface normal). GLAD will produce
nanostructured films if the surface diffusion of adatoms is
limited.*” In the early stages of deposition, stochastic variations
in the deposition rate tend to roughen the surface. That
roughness is amplified by self-shadowing and leads to the
growth of porous films.>® In these films, morphology is
controlled by the deposition angle and ranges from dense at
angles close to normal, to porous, reticulated, and then
nanocolumnar as the deposition angle is increased.” If surface
diffusion is possible, however, the shadowed regions of the
substrate are accessible to the adatoms through diffusional
processes, and dense films result independent of deposition
angle. Adatom surface diffusion is related to substrate
temperature with growth of nonequilibrium structures possible
if the substrate temperature is held below apgroximately 1/3 of
the melting point of the deposited material.* If the substrate is
held at temperatures above this value (as is the case for a room-
temperature substrate when depositing tin metal) surface
diffusion dominates, and the morphology is controlled by the
surface energies of the materials—dense films form if the
deposited material wets the substrate, and micron-scale islands
form if the deposited material is nonwetting. The ability of the
tin—germanium alloys deposited in this study to support
nanostructured growth varied with composition, and the
electrochemical stability of the alloys was well correlated to
their ability to form nanostructures during deposition. Addi-
tional details, examples, and applications of GLAD can be
found elsewhere. '8¢

B EXPERIMENTAL SECTION

Material Synthesis. Tin—germanium alloy electrodes were
vacuum deposited by coevaporation of tin (Alfa Aesar 99.999%) and
germanium (Kurt J. Lesker 99.999%) using electron beam evaporators.
The composition of the Sn—Ge alloys was controlled by varying the
ratio of the fluxes from the individual evaporators. The deposition rate
for each element was independently measured and balanced to grow a
film of the desired composition. The base pressure of the chamber was
<1 x 1077 Torr but increased to ~5 X 1077 Torr during deposition.
Material for electrochemical testing and SEM imaging was deposited
on 15.6 mm diameter stainless steel substrates (Pred Materials) at an
incident angle of 0° or 70° from the surface normal, while material for
resistivity measurements was deposited on glass slide covers (Fisher
Scientific). The substrates were cleaned by sonication in ethanol prior
to deposition. The deposition rate of each evaporator was calibrated
using a quartz crystal microbalance (QCM) (Inficon SQM-160 with
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cool-drawer sensor feed-through), and the ratio of deposition rates was
used to calculate film composition. The total mass density of each
electrode used in this study was 50 ug cm™>

Material Characterization. SEM images of the electrodes were
obtained with a Hitachi SS500 equipped with a Bruker X-ray detector
for EDX measurements. XRD was performed on a Philips X-PERT
theta—theta diffractometer. Resistivity measurements were made with
a Lucas four-point probe employing a Keithley 220 programmable
current source. The composition was measured by XPS using a
commercial X-ray photoelectron spectrometer (Kratos Axis Ultra),
utilizing a monochromatic Al-Ka X-ray source (hv = 1486.5 eV). An
automated charge neutralizer was employed for analysis. Casa XPS
analysis software was used to determine the stoichiometry of samples
from corrected peak areas, employing Kratos sensitivity factors for
each element of interest.

Electrochemical Testing. As-deposited films were assembled into
2032 coin cells in an argon-filled glovebox (MBraun Unilab) with
oxygen and water levels held below S ppm. Sodium metal (Sigma-
Aldrich, ACS Reagent) was used as the counter/pseudoreference
electrode and 1 M NaPF, (Alfa Aesar, 99+%) in a 1:1 mixture of
fluorinated ethylene carbonate (Solvay Chemicals) and diethyl
carbonate (Sigma-Aldrich, battery grade) as the electrolyte. Celgard
2400 polypropylene membrane was used as the separator. Cells were
galvanically cycled using an Arbin BT2043 multichannel battery tester.
Cells were cycled between S mV and either 0.75 or 1.5 V versus the
Na/Na® redox couple. The galvanostatic intermittent titration
technique (GITT) was also performed using the BT2043. Cells
underwent a conditioning cycle at C/10 prior to GITT testing which
consisted of 30 min current pulses at a rate of C/20 followed by 30
min of rest in order for the cells to relax back toward an equilibrium
state.

B RESULTS AND DISCUSSION

Films with nominal compositions Ge, Gey,sSny,s, GeysSngs,
Ge»5Sny75, and Sn were analyzed by XPS in order to verify the
final composition of the films. All compositions were deposited
at 0° in order to grow dense films. Quantitative analysis of the
Ge 2p, , feature at 1248 eV and the Sn 3d;/, feature at 485 eV
was used to determine the film compositions. These features
are shown in Figure 1. Quantitative analysis of the features
provided film compositions very close to the nominal values
calculated from QCM measured fluxes. The measured values
for the intermediate compositions were Geg,oSng,),
Geg4sSngss, and Ge,4Sng74. For simplicity, we continue to
label the films by their nominal compositions. Both the tin and
germanium show measurable oxidation, with a germanium
oxide peak at 1251 eV and a tin oxide peak at 487 eV. XPS,
however, is a surface-sensitive technique, and no precautions
were taken to prevent surface oxidation on the samples. We can
conclude that the oxide layer is thin based on the strong
contribution from elements in their metallic states.

SEM images of Sn—Ge films deposited at 0° as well as 70°
are shown in Figure 2. While there is a marked difference in
morphology between the films deposited at different angles for
pure germanium, the two pure tin films look identical. This is
due to the difference in surface mobility between the two
species. The substrate is radiatively heated by the evaporators,
and tin is much more mobile than germanium at the substrate
temperature of ~50 °C during deposition. The substrate
temperature is high enough for tin adatoms to migrate into any
shadowed regions by surface diffusion when the tin is deposited
at a glancing angle. The absolute substrate temperature is
roughly 64% of tin’s absolute melting point; in comparison, the
absolute substrate temperature is only 26% of the absolute
melting point of Ge. The deposited alloys are metastable phases
not represented on the phase diagram and thus do not have a
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Figure 1. XPS on Sn—Ge alloy electrodes. The Ge 2p,,, and Sn 3d;,
features are shown. Quantitative analysis was used to determine the
elemental composition of each film.

well-defined melting point. The liquid species, however, are
completely miscible, and if we use substrate temperature as a
fraction of the liquidus as a predictor of stability, we get values
of 29%, 31%, and 36% for Ge,sSny,;, GeysSnys, and
Geg,sSng ;s respectively. This analysis agrees with the SEM
images of films deposited at 70° (Figure 2) where Ge and
Ge(75Sn,s are nanostructured, while Gej,sSn, ;5 and pure Sn
are dense. Ge,sSny 5 appears to be a transition case where there
is significant porosity in the film, but it is not nanostructured to
the degree of the higher germanium content films. The
nanostructured films (Ge and Gey;sSng,s) had column
diameters of ~10 nm; GeysSngs had a characteristic length
scale of ~200 nm; and the tin-rich films (Gey,5Sny-5 and Sn)
formed domains of 500—800 nm in size. This is consistent with

the surface atoms being increasingly mobile as the mole fraction
of tin is increased. We therefore expect the films with the
highest tin content to be the least stable on cycling. The
morphology of the films deposited at 0° also changes with
composition. Tin does not wet the stainless steel substrates
used in this study and formed isolated islands rather than a
conformal film during deposition. The film roughness and
prevalence of such islands increased with the film’s tin content.
On the basis of the SEM images, 0° films were used for all
electrochemical testing in order to give films with more similar
morphology across the entire compositional range

Figure 3 shows X-ray diffraction patterns for thin films of
each composition. The only visible features in the Ge and
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Figure 3. XRD patterns of as-deposited Sn—Ge films of each
composition.

Gey75Sng,s films at 43.6° and 44.5° are due to the stainless steel
substrate. The high melting point of germanium leads to the
deposition of completely amorphous films, and high concen-
trations of germanium decrease the mobility of tin. Crystalline
peaks for f-tin are observed for GeysSnys, Geg,sSngys, and
pure Sn. This is consistent with the findings of Maruyama and
Akagi, who found that crystalline -tin formed for compositions
with more than 38 at% tin.®> The intensity of the Sn (1 0 1)
peak at 32° decreases, while the Sn (2 0 0) peak at 30°
broadens and shifts to lower angles with increasing germanium
content. This indicates that the tin lattice is increasingly
strained as the germanium content of the film is increased. A

Geg 755N 55 70°

J\

Gey5Sng 5 70°

Low surface diffusion

Moderate surface diffusion

High surface diffusion

Figure 2. SEM images of Sn—Ge alloy films. Films of each composition are shown deposited at both 0° and 70° from the surface normal. Surface
diffusion is qualitatively assessed based on the ability of the 70° films to form nanostructures during deposition.
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detailed view of the tin (1 0 1) and (2 0 0) features is shown in
Figure S1 in the Supporting Information. A diffuse, low
intensity feature near 26° is present in the GeysSnys and
Geg,5Sny 75 films. This feature is likely due to the presence of a
diamond cubic alloy phase where tin substitutes into the
germanium lattice. Such phases have been previously reported,
with the lattice constants increasing with tin content. The
diffuse nature and low intensity of the peak indicate that the
phase is poorly crystallized.**®® This is consistent with the
limited adatom surface mobility at this composition. At higher
germanium compositions, the mobility of adatoms is decreased
so that the deposited films are completely amorphous and this
feature is absent. At lower germanium content, the mass
fraction of this phase is decreased, thus decreasing the peak
intensity.

Thin films of each alloy, deposited at 0° in order to have a
more consistent morphology for all samples, were cycled as a
constant current C/2 between S mV and either 0.75 or 1.5 V in
order to investigate the cycling stability of each composition.
The cycling results are shown in Figure 4. When cycled up to
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Figure 4. Stability of Sn—Ge alloy films cycled at C/2 between a lower
cutoff voltage of S mV and an upper cutoff voltage of either (a) 1.5V
or (b) 0.75 V.

1.5 V, the capacity of both the tin and the Gey,5Sng;s
electrodes degraded rapidly. The tin electrode only survived
for four cycles before the capacity dropped significantly, while
the Gey,sSngy,s survived for ~20 cycles before it began to
degrade appreciably. At germanium compositions of 50 at% and
higher, however, the capacity remained stable for the full 100
cycles. The stability of the films and the ability of that material
to form nonequilibrium structures during deposition follow the
same trend; this suggests that the observed electrode
degradation is related to the mobility of the electrode material.
By increasing the liquidus of the alloy, the mobility of the

constituent atoms is decreased, and the stability of the electrode
is increased.

If the upper cutoff voltage is reduced from 1.5 to 0.75 V, all
compositions remain stable for the duration of the 100 cycle
test with the exception of pure tin. While the tin electrode is
not perfectly stable, its stability is greatly increased. For the 0.75
V case, the tin electrode retains 83% of its initial capacity after
100 cycles, whereas only 5% is retained when the cutoff voltage
is 1.5 V. The decrease in upper cutoff voltage also reduced the
reversible capacity of all electrode compositions. This indicates
that some sodium remains alloyed with the electrode at the
upper cutoff voltage; i.e, the sodium is incompletely stripped
from the electrode.

Voltage profiles for the first and second cycles for all of the
compositions are shown in Figure S. Figure Sa shows cycling
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Figure 5. Voltage profiles for the first and second sodiation cycles of
tin—germanium alloys at C/2 and with an upper cutoff voltage of (a)
1.5 V and (b) 0.75 V.

between S mV and 1.5 V, and cycling to the reduced upper
cutoff voltage of 0.75 V is shown in Figure Sb. Regardless of the
cutoff voltage, the tin electrode shows voltage plateaus for
sodium stripping at 660, 530, 270, 210, and 150 mV. The
plateaus at 660, 530, 270, and 150 mV have been indexed by
Ellis et al. to the following reactions, respectively

3Sn + Na < NaSn, (660 mV) (1)
1/3NaSn; + 2/3Na < a-NaSn (530 mV) (2)
4a-NaSn + SNa < NagSn, (270 mV) (3)
NagSn, + 6Na < Na;Sn, (150 mV) (4)

Recent work by Baggetto et al. indicates that the reaction
mechanism between sodium and tin is more complicated than
the model proposed by Ellis et al. with many metastable phases
offering alternate reaction pathways.>® They observed that the
desodiation features corresponding to reaction 3 at 270 mV and
reaction 4 at 150 mV could be partially or fully replaced by a
single desodiation plateau at 200 mV. They postulated that this
sodium stripping plateau was the result of the direct conversion
of fully sodiated Na;sSn, to a metastable phase with a
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stoichiometry close to Na;,Sn. This reaction is likely
responsible for the 210 mV feature present in Figure S.

Baggetto et al. also reported high voltage desodiation features
at 1.4 and 1.9 V.*® These features were kinetically limited, and
the absence of the 1.4 V feature in tin electrodes cycled to 1.5V
is likely due to the higher rates used in this study.

The sodiation of germanium is a much simpler process with
only a single sodium insertion plateau at 140 mV and a single
extraction plateau at 590 mV. As germanium is added to the tin,
the redox potential of the phase transformations are changed,
and the formation of certain phases is suppressed. Ge,sSn;-s
exhibits four sodium stripping plateaus at 750, 540, 260, and
160 mV; Ge,sSn 5 exhibits three plateaus at 580, 270, and 170
mV; and Ge,;5Sn,,s exhibits two plateaus at 600 and 210 mV.
The voltage for each phase transformation for each
composition is shown in Figure 6. When 25 at% germanium
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Figure 6. Voltage of sodium extraction plateaus plotted as a function
of electrode composition.

is added to tin, the potential for reaction 1 shifts from 660 to
745 mV, and the reaction is completely suppressed in GeysSn g
and alloys with higher germanium content. Both tin and
germanium form 1:1 alloys with sodium; however, germamum
does not form any intermediate phase between Ge and NaGe,*®
explaining the disappearance of a plateau for reaction 1 in
germanium-rich alloys, while the plateau for reaction 2 merely
shifts from 530 mV for tin, to 550 mV for Ge,sSny s, to 590
mV for GeysSnys, and to 610 mV for Ge,;sSng,s. Reaction 3
does not exhibit significant changes in potential with
composition, remaining near 270 mV for all tested
compositions; only the magnitude of the plateau changes.
The magnitude, however, drops faster than would be expected
from the percentage of tin in the alloy. For Gey,sSn,-s, the
capacity of this plateau dropped from 278 mAh/g, for pure tin,
to 174 mAh/g, a reduction of 37%, whereas the tin content has
only been reduced by 25%. For GeysSn, the magnitude has
been reduced to 50 mAh/g, a reduction of 82%. The feature
completely disappears in the Gey;sSn, electrode. The feature
for reaction 4 also increases in voltage from 150 mV for pure
tin to 160 mV for Gey,5Sn;-s, 170 mV for Ge,Snys, and 210
mV for Gey,sSny,s and is absent for pure germanium films.
Galvanostatic intermittent titration technique measurements
were performed on tin, germanium, and alloy electrodes, and
the resulting quasi-equilibrium potential profiles are shown in
Figure 7. The sodiation overpotentials are larger than the
desodiation overpotentials for all of the compositions.
Previously reported GITT measurements on both pure tin
and pure germanium electrodes showed this same asymme-
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Figure 7. Potential profiles from GITT measurements performed on
tin, germanium, and alloy electrodes. GITT measurements were
performed after a C/10 conditioning cycle.

try.***® Looking at changes in overpotential with composition,

the magnitude of the desodiation overpotentials decreases with
increasing tin content up to Gey,sSny,s before increasing for
pure tin. Overpotentials can arise from either reaction kinetics
or concentration polarization. However, the overpotential
minimum occurring at an intermediate composition suggests
that the reduction in overpotentials is due to reductions in
concentration polarization as increased compositional disorder
leads to faster sodium transport. The voltage of the
galvanostatic desodiation plateaus increases monotonically
with germanium content, whereas the desodiation over-
potentials pass through a minimum at intermediate composi-
tions. This leads to the conclusion that changes in the sodium
stripping voltage with composition are due to changes in
electrode thermodynamics rather than just arising from changes
in the electrode kinetics.

C-rate tests were performed on electrodes of each
composition. After a conditioning cycle at C/10, each electrode
was tested for 10 cycles each at 1C, 2C, 5C, and 10C. The
capacity of each composition on the 10th cycle at each C-rate
was normalized to the C/10 capacity for that composition, and
the normalized capacity as a function of C-rate for each
composition is shown in Figure 8. The complete series of C-
rate tests is shown in Figure S2 in the Supporting Information,
and voltage profiles for each composition at each rate are
shown in Figure S3 (Supporting Information). For germanium,
the capacity remains nearly constant for rates up to 2C. Above
this rate, the capacity drops quickly, with only 50% of the C/10
capacity retained at 10C. The loss in capacity accelerates with
increasing C-rate. Gey;5Sng,5 shows a similar trend; however,
the normalized capacity is significantly lower at each C-rate.

Tin shows a different trend as the C-rate is increased. While
there is a loss in capacity when the rate is increased from C/10
to 1C, the largest decrease in capacity is between 1C and 2C,
and the rate of capacity loss decreases as the C-rate is increased

dx.doi.org/10.1021/am503365k | ACS Appl. Mater. Interfaces 2014, 6, 15860—15867
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Figure 8. Normalized capacity as a function of C-rate for each
composition of the Sn—Ge alloy.

beyond that point. The large drop in capacity between 1C and
2C is partially due to the highest voltage sodium stripping
feature being pushed outside the voltage window of the test
(see Figure S3 in the Supporting Information). Geg,sSngys
follows the same trend as pure tin, but with an improved
normalized capacity at each C-rate.

The stable phase of tin, at room temperature, is metallic 3-
tin. However, a semimetal, diamond-cubic phase, a-tin, is stable
below 13.2 °C. The stable phase of germanium is diamond-
cubic, and the amorphous alloys of the two elements were
found to have the diamond-cubic short -range order even
though they lacked long-range order.”” The same study found
that adding tin to germanium narrows the bandgap of the
material, thus increasing the electrical conductivity at room
temperature. This trend is reflected in the resistivity measure-
ments shown in Figure 9. The resistivity of the alloy decreases
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Figure 9. Electrical resistivity measurements for tin— germamum alloys
as well as literature values for amorphous germanrum, © a-tin,® and S-
tin.

with increasing tin content, from a value of 84 ohm-cm for pure
germanium to 9 X 107° Q-cm for Geg,sSny,s. We were unable
to measure the resistivity of the pure tin film, as tin does not
wet the glass substrates that we were using. Instead, the tin
formed individual, isolated domains on the surface. As such, the
measurements returned the resistivity of the substrate rather
than the film. However, the resistivity of tin, as reported 1n the
literature i is 1 X 107° Q-cm for the tetragonal f-tin phase and
2.0 X 107* Q-cm for the diamond-cubic a-tin phase.®

Because the sodiation reaction is electron mediated, materials
with low resistivity are desirable. While pure tin has the lowest
resistivity, it is also the least stable composition in this study.
The electrodes with high germanium content were much more
stable than tin and additionally performed better at high c-rates.

This indicates that for all of the compositions studied electrical
resistivity was not a limiting factor.

B CONCLUSIONS

Tin is a promising sodium-ion battery material, but suffers from
poor cycling stability. Tin—germanium alloys deposited by
evaporative deposition show improved cycling stability when
compared to pure tin. XRD shows that the germanium-rich
compositions were completely amorphous, while the tin-rich
compositions showed diffraction peaks for crystalline tin and a
tin—germanium alloy phase. The ability of a given composition
to form nanostructured GLAD films was used as a measure of
surface mobility. The addition of germanium to tin raises the
liquidus of the melt and reduces the surface mobility of atoms
at room temperature. The extent to which the tin atoms were
immobilized was well correlated to the cycling stability of the
films. This suggests that immobilizing tin is required for it to
stably cycle in sodium-ion batteries. Limiting the cycling upper
cutoff voltage to 0.75 V also increased the stability of the
materials.
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