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Abstract

As it has been recently shown in the literature, SnSb exhibits better performance



in Na-ion than in Li-ion batteries in spite of its even larger volume expansion. Where
is this special behaviour coming from?

In this work, the reversible sodiation-desodiation reaction of SnSb was investigated
by simultaneous operando Sn and Sb K-edge X-ray absorption spectroscopy along with
operando 19Sn Mossbauer spectroscopy. Chemometric tools such as Principal Com-
ponent Analysis and Multivariate Curve Resolution - Alternating Least Squares were
used to analyse the whole data sets to gain information on the nature and sequence
of formation of different species during electrochemical cycling vs. Na. The obtained
results indicate that the sodiation reaction is a two-step process clearly distinct from
the reaction of SnSb vs. Li. Firstly Sb is sodiated to form NasSb and an intermediate
phase of nanosized metallic Sn, which we were able to identify as a-Sn, commonly
unstable at ambient conditions. During the second step, this tin phase is fully sodiated
to form Naj5Sn4, as rarely observed for pure Sn-based electrodes. Finally, EXAFS
analysis proves that the amorphous SnSb phase formed after one complete cycle is
clearly distinct from the pristine material.

These new insights on the mechanism of SnSb vs. Na provide a basis for under-
standing the exceptional electrochemical performance, which is superior not only to
SnSb vs. Li but also to Sn vs. Na. The key to the enhanced cycle life and capacity re-
tention lies in the gradual formation of amorphous, nano-confined intermediate phases
and correlated elastic softening of highly sodiated tin and antimony phases which have
enhanced ability to absorb and mitigate the strong volume changes occurring upon

sodiation and desodiation.
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1 Introduction

Although SnSb-based alloy-type materials were already proposed as candidates for lithium-
ion battery negative electrodes more than 20 years ago,' their application as an alternative
high-capacity anode material for sodium-based batteries (NIB) has only shifted in the focus
of research in the last five years. While severe volume changes upon sodiation poses a serious
degradation threat, recent studies have shown encouraging results that these obstacles can
be mitigated and reversible capacities in the range of 350-525mAh g=* for 100-200 cycles
with decent coulombic efficiency are attainable.?® Moreover we have recently shown that a
SnSb electrode without any sophisticated preparation can reach a capacity of 700 mAh g+
at low rate (11mA g~') and a stable capacity of 500-550 mAh g~' at high rate (111 mAg™!)
over many cycles.” In their very recent study Qin et al. demonstrate that via embedding
SnSb nanocrystalls in a graphene scaffold the capacity can be stabilized over thousands of
cycles.® Such outstanding electrochemical performance make SnSb one of the most promising
negative electrode materials for NIB. The remarkable cycle life of SnSb vs. Na, which exceeds
by far the one observed vs. Li for the same electrode, comes as a surprise considering the
huge volume expansion (226%) expected for the reaction of SnSb with ~4.9 Na. The fact
that Sn metal cycles poorly vs. Na but within SnSb alloy the sodiation of tin contributes
strongly to the reversible capacity is another curiosity.

The exceptional electrochemical performance of SnSb vs. Na has spurred several studies
investigating the electrochemical sodiation process. Xiao et al. were the first to suggest
that the sodiation of SnSb occurs via a two-step reaction process.” In a recent study we
have shown that the electrochemical mechanism of SnSb vs. Na is not the simple combi-
nation of those of Sn and Sb metals vs. Na, and that it is clearly distinct from the SnSb
lithiation mechanism.” Baggetto et al. studied the reaction mechanism via an ez situ XRD
and Mossbauer analysis. However, due to amorphization upon reaction and the extended
use of only ex situ characterizations, the obtained information content is somewhat lim-

ited and remains partially ambiguous.!? In particular, the authors claimed the simultaneous



formation of sodiated Sn and Sb species, providing a rather questionable interpretation of
their Mdossbauer spectra and justification of the unexpected presence of unusual quadrupole
splitting and isomer shift values by the occurrence of nanosizing and large disorder in the ob-
tained phases. Allan et al. carried out NMR and PDF analysis to elucidate the intermediate
species but focusing solely on the sodiation of Sb and not on SnSb.!! Consequently, in spite
of the above mentioned studies, the scientific community still lacks a thorough understanding
of the processes occurring upon sodiation of SnSh.

In order to elucidate the excellent performance of SnSb in NIB, superior to those mea-

" we carried out an in-depth analysis of the reversible

sured in LIB under similar conditions,
sodiation reaction of SnSb via operando X-ray diffraction (XRD), XAS, and Mdssbauer spec-
troscopy. For data analysis and extraction of reliable information, a chemometric approach
including Principal Component Analysis (PCA) and Multivariate Curve Resolution - Al-
ternating Least Squares (MCR-~ALS) was used. In previous studies, it was shown that the
application of PCA and MCR-~ALS on operando X-ray absorption spectroscopy (XAS) data
sets is a smart and elegant way to analyze large data sets and extract key information which
are rather difficult to access otherwise.'>'7 Very recently we demonstrated that it can also
be applied to operando Mossbauer data sets.'® This chemometric approach allows the iden-

tification of the main contributing components as well as the analysis of their local structure

and their order of appearance and disappearance during the electrochemical reaction.

2 Experimental

2.1 Material synthesis and electrode formulation

Electrode materials were prepared via ball milling as previously reported.” Self-supported
electrodes were made from an aqueous slurry containing SnSb active material, carbon black

ground carbon fibres VGCF-S and PTFE binder in the ratio 70:6:6:18 with a loading variable

2

from ~2 to 15mgcm™. High-loading electrodes were necessary for the operando XAS



analysis, in order to obtain a sufficiently high signal-to-noise ratio in the measured spectra.
The mixture was thoroughly mixed in a planetary ball-mill for 1A, tape casted on a thin
aluminum foil (thickness ~ 7 pum), dried at room temperature and subsequently at 100°C

under vacuum.

2.2 Operando X-ray Absorption Spectroscopy

XAS measurements at the Sn and Sb K-edge were performed in the transmission mode
at the SAMBA beamline of Synchrotron SOLEIL in Gif-sur-Yvette (France). A Si(220)
double crystal monochromator with an energy resolution of 1eV at 30 keV was used. The
intensity of the monochromatic X-ray beam was measured by three consecutive ionization

19 was placed between the first and the sec-

detectors. The operando electrochemical cel
ond ionization chambers. The homogeneity of the sample was checked before running the
electrochemical test. The latter was carried on continuously for the first cycle and a half
(discharge/charge/discharge) with a cycling rate of C/3, whereas 1C corresponds to the
reaction of 1 mol of Na with 1 mol of SnSb.

In the XANES (X-ray absorption near-edge structure) region of Sn and Sb K-edges
(29200 and 30491 eV, respectively), equidistant energy steps of E = 1 eV were used. For all
measured spectra, the exact energy calibration was established with simultaneous absorption
measurements on a SnSb reference pellet placed between the second and the third ionization
chamber. The first inflection point of the XAS pattern of Sb (30491 V') was used for the
energy calibration. The absolute energy reproducibility of the measured spectra was £0.1eV.

EXAFS (Extended X-ray Absorption Fine Structure) spectra were collected up to k =
15 A1, The spectra of the pure reference compounds (Sb, NagSh, Sn) were extracted and
fitted using the IFEFFIT software package.?’ Fourier transform of EXAFS oscillations with
different k weights was carried out in k-range from 3.0 to 12.0 A~!. Fitting was performed

in R-range from 1.6 to 4.6 A using k? and k* weights. EXAFS amplitudes and phase-shifts

were calculated by FEFF starting from the calculated lattice parameters of SnSb, NazSb,



Naj55n4, a-Sn and Sb metal (vide infra). Interatomic distances (R) and the Debye-Waller

factors (o) were calculated for all paths included in the fits.

2.3 119Sn Méssbauer spectroscopy

Transmission 'Sn Mossbauer spectroscopy measurements were carried out with a source of
H9mGh in a matrix of CaSnO5. During the measurement, the source was always kept at room
temperature. The velocity scale was calibrated with the magnetically split sextet spectrum
of a high-purity a-Fe foil as the reference absorber, using a '*?Co:Rh source. '**Sn isomer
shifts are given relative to the CaSnO3 source. The Mossbauer spectrometer was operated
with a triangular velocity wave. A LiF scintillation detector was used for the detection of
the y-rays. The measured spectra (or the derived MCR-ALS components, vide infra) were
fitted to appropriate combinations of Lorentzian profiles by least-squares methods. In this
way, spectral parameters such as quadrupole splitting (A), isomer shift (J), linewidth (I")
and relative resonance areas of the different spectral components were determined. These
data are reported in Tab. 3. Simultaneously to Mossbauer acquisition, X-ray diffraction
patterns were collected in joint setup previously reported. 21?2

Operando measurements were performed at room temperature using the same in situ cell
used for the operando XAS measurements. 1

Ez situ measurements at variable temperature were performed in a close-cycle helium
flow cryostat (Janis SH-850). For the ex situ measurements of cycled electrodes, the cells
were discharged at C/6 rate, and then transferred to the glove box before disassembly.
The electrodes were mounted in air-tight sealed sample holders to avoid any contamination
from ambient atmosphere before and during the collection of Mossbauer spectra. Debye
temperatures O p were calculated from the temperature dependence of the Mossbauer spectra
measured between ambient temperature (300 K') and 12 K following the procedure which has

been described in detail elsewhere.?3



2.4 Chemometric data analysis

The operando EXAFS and Mdssbauer spectra were first globally analyzed using a statistical
tool named Principal Component Analysis (PCA) using the computer program Matlab.?!
PCA is a chemometric factor analysis tool, and is generally used to discover the minimal
particular structures in multivariate spectral data sets. More precisely, it is used here to de-
termine the number of independent components contributing to the whole series of collected
spectra during electrochemical cycling. The number of principal components determined in
this way was used as the basis for Multivariate Curve Resolution-Alternating Least Squares
(MCR-ALS) analysis.?>?® This algorithm allows the stepwise reconstruction of the spectral
components which are necessary for interpreting the whole multiset of operando spectra.
The MCR-ALS analysis for EXAFS data was performed on normalized absorption spectra
with the following constraints: (i) non-negativity of the concentration of the components,
(ii) unimodality for one of the components, reflecting the irreversible transformation of the
pristine material and (iii) closure (sum of the components concentrations always equal to
100%). The reconstructed spectral components were then fitted using the IFEFFIT software
package in the same way as for the reference compounds.

For Mossbauer spectra only unimodality and non-negativity conditions were applied but
no closure constraint was applied to allow for an additional degree of freedom. The re-
constructed components were fitted to appropriate combinations of Lorentzian profiles by

least-squares methods, as described in Sec. 2.3.

3 Results

3.1 Operando XAS

The electrochemical signature of the SnSb alloy during the first three processes (sodia-

tion/desodiation/sodiation) is shown in Fig. 1 along with markers indicating the acquisition



of XAS spectra. A characteristic feature of the electrochemical cycling curve is the presence
of two plateaus suggesting a two-step process reaction. Similar to conversion-type materials,
the first discharge is taking place at lower potentials than subsequent.?” This can be linked
to restructuring and nanosizing of the electrode material, in line with previous reports. '°
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Figure 1: (a) Electrochemical signature of subsequent sodiation/desodiation and sodiation
at C/3 rate of SnSb during operando XAS acquisition. (b) Typical electrochemical cycling
curve of SnSb vs. Na and its derivative (inset) at C/2.

The operando Sn and Sb K-edges EXAFS spectra collected during the first three processes
are shown in Fig. 2 (left) and (right), respectively. Even though the absorption edges shift
noticeably during the different electrochemical processes, their features are rather broad and
badly defined, and their shape varies only very little. This result is somehow expected,
since the very high energy of the absorption K-edges of Sb and Sn is connected to a very
short lifetime of the core-hole, resulting in a low energy resolution of the absorption edge.
Consequently, the XANES part of the spectra carry very little information and could not be
used to identify the different species formed during the process.

When comparing the evolution of EXAFS spectra shown in Fig. 2, it is striking that the
main changes of Sn and Sb do not occur simultaneously. During first discharge Sb spectra
change strongly up to spectra #15 and then remain almost unaltered during remainder
of discharge. Sn spectra on the other hand reveal only a shift of the EXAFS oscillation

to higher k£ values up to spectra #15 but then the amplitude of the EXAFS oscillation



strongly decreases upon continuous sodiation. These differences suggest a complex multi-

step electrochemical process.
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Figure 2: Operando Sn (left) and Sb (right) K-edge EXAFS spectra collected upon sodia-
tion/desodiation and further sodiation process of a SnSb electrode. Dotted line marks the
end of first discharge (#53), dashed line marks the end of first complete cycle (#79).

The oscillations of the EXAFS part are rather intense and visible up to k = 12 A" for
both Sn and Sb K-edge spectra, and can thus be used successfully to describe the average
coordination around the Sn and Sb centres, respectively. The two sets of operando EXAFS
data were analysed separately using PCA in order to avoid an over-interpretation of the
experimental data, and to extract the maximum amount of useful information independently
for Sn and Sh. The variance plots obtained is shown in Fig. 3 and indicates that over 94%
of the variance of the EXAFS spectra can be described by using three principal components
for Sb, whereas four components were included in the case of Sn to achieve over 98% of
variance. The residual part stems from the experimental noise.

Even though the so-obtained principal components are only orthogonal mathematical
functions and not real EXAFS spectra, their determination reveals the number of indepen-
dent spectral components that can be used to fit the whole set of experimental data. Several
methodologies are then available to reconstruct the corresponding real EXAFS components
as well as their evolution. In this case, the MCR-ALS analysis was used?>?® producing pure

component EXAFS spectra (see S.I) along with their evolution throughout electrochemical
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Figure 3: Variance plots obtained by PCA analysis for Sb (x) and Sn (o). The dashed
lines indicates the 99% threshold below which the origin is considered as experimental noise.
Three and four components have to be taken into consideration for reconstructing the full
data set of Sb and Sn, respectively.

cycling, see Fig. 4.

These components correspond perfectly to specific spectra measured along the operando
measurements, in line with their observed evolution: component 1 produced from the analysis
of the Sb spectra, for instance, is practically identical to the Sb K-edge EXAFS spectrum
of pristine SnSb. On the other hand, component 2 is identical to spectrum obtained at the
end of the first discharge, i.e., to full sodiation, whereas component 3 resembles perfectly the
spectrum obtained at the end of the charge process, corresponding to the fully desodiated
electrode. A similar attribution can be made also for the first three components identified
for the Sn K-edge spectra. Component 4, necessary only in the case of Sn, represents the
formation of an intermediate Sn species which reaches its maximum at the end of the first
plateau of the electrochemical curve (see dotted line, Fig. 4). From previous studies this
suggests its attribution to a form of amorphous metallic Sn.”?

The reconstructed pure components were fitted in the traditional way, starting from the
known structures. The results of the EXAFS fit for Sn and Sb K-edge, see S.I., are reported
in Tab. 1 and 2, respectively. Optimum fit for component 1 of Sn was achieved using 3 Sn-
Sn(Sb) shells corresponding to the published structure of SnSb. For the second component
the optimum fit was obtained using 3 Sn-Na shells, similar to the structure published for

Naj5Sny, whereas fits with other sodiated tin phases (e.g. NagSny) did not lead to satisfactory
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Figure 4: Evolution of the concentrations of the MCR-ALS spectral components for Sb (top)
and Sn (bottom) K-edges during subsequent sodiation, desodiation and sodiation.

results. For the third component best fit was achieved using a single shell of Sn-Sn(Sb) which
corresponds to an amorphous form of SnSb (or Sn) with lower coordination and quite short
bond distances. Fitting of the 4th component is somewhat similar involving solely one Sn-Sn
shell corresponding to an amorphous Sn with bond distance at 2.94 A, somehow in between
those reported for o and (-Sn, and a coordination number of 4, identical to that of a-
tin. It is interesting to notice that tetragonal S-tin, also known as white tin, is the stable
polymorph of tin at ambient conditions, and is characterised by a coordination number of
6, corresponding to a distorted octahedron with two different bond distances (4 neighbours
at 3.02 A and 2 neighbours at 3.18 A). The a-Sn allotrope, on the other hand, is known as
grey tin, has a highly symmetric diamond-like structure with a perfect four-fold coordination
shell at 2.81 A, and is usually stable only below 13.2°C.2%29

Component 1 of the Sb K-edge spectra, representing pristine SnSb is fitted in the identical
way as the Sn K-edge spectrum, starting from the crystal structure of the pure compound.

The fitting of component 2 can be performed using the first two Sb-Na shells of hexagonal

11



NagSb. It is noteworthy that unlike our previous study in which we were able to identify
both cubic and hexagonal NagSb,3? such a distinction is impossible in this study since we
only see the first shell of next neighbours. Such limited range in R-space renders the two
polymorphs indistinguishable from an EXAFS viewpoint, hence we observe an average of the
two phases. Finally, component 3 can be fitted by using simply the first coordination shells
of Sb metal, with a significant decrease of the average Sb-Sb distance and half the number
of nearest neighbours of Sb metal. The presence of a tri-coordinated Sb-Sb shell with a
Sb-Sb interatomic distance lower than in Sb metal reminds of the long known structure of
amorphous “explosive” antimony, synthesized by Krebs et al. via electrolysis of antimony
chloride.3! The proposed structural model for this phase is based on a disordered network of
antimony, where all antimony atoms are bonded to three other ones with a Sb-Sb distance
sensibly lower than in Sb metal. A large range of coordination angles results in the total
disappearance of the spectral contributions beyond the first nearest neighbour shell, and an
absence of long-range order. It is important to notice that such interpretation is in complete
agreement with the totally flat X-ray diffraction pattern observed at the end of the charge

process, previously published.”

Table 1: EXAFS fitting parameters of MCR-ALS components of Sn K-edge

’Component‘ Shell ‘ N ‘ Rineo[A] ‘ Ryi [A] ‘ o? [A]? ‘ S ‘

M-Sn/Sb | 6 3.113 2.974(9) | 0.016(1) | 0.85(9)

1 M-Sn/Sb | 6 4.379 4.15(4) | 0.020(5) | 0.85(9)

M-Sn/Sb | 6 4.426 4.33(3) | 0.017(1) | 0.85(9)

MNa | 3 3.221 3.16(1) | 0.009(1) | 0.85"

2 M-Na | 6 3.432 3.39(2) | 0.028(7) | 0.85"

M-Na | 3 3.529 3.75(8) | 0.032(9) | 0.85"

3 M-Sn/Sb | 3.5 3.113 2.866(3) | 0.0065(2) | 0.85"

4 M-Sn/Sb | 4 | 3.022%/ 2.810° 2.936(3) | 0.0058(2) | 0.85"
B [-Sn
a a-Sn

* values without error have been fixed during the fit
™ all goodness of fit values are lower than 0.02 (R values)

Now, it is important to notice that, from these analyses, no intermediate Na-Sb species

12



could be evidenced. This result is somehow in contradiction not only with the work of
Baggetto et al.,3* who suggested the formation of an amorphous form of NaSb as an inter-
mediate phase during the discharge, but also with more recent results that we obtained by
operando Pair Distribution Function (PDF) and ez situ **Na Solid State Nuclear Magnetic
Resonance analysis in the case of pure Sb.!! In that work, two different electrochemically
formed intermediates were identified: (i) amorphous Nas_,Sb (with x ~ 0.4 to 0.5), having
a local structure similar to crystalline NagSb but with a significant number of sodium vacan-
cies and a limited correlation length, and (ii) amorphous Na; ;Sb, with a highly amorphous
structure featuring some Sb-Sb bonding. Even though the first of these two phases seems
to form during the first sodiation, the second one is expected to appear only during the
following desodiation. It is important to notice that such phases, even though mostly amor-
phous, can be identified by PDF in the direct space using the series of peaks from 2 to about
10A. Contrary to PDF, in the EXAFS spectra measured during the operando processes,
only the first coordination shell is visible due to the amorphous nature of the samples, with
the notable exception of pristine SnSb where also the second coordination shell is visible.
This limit of EXAFS compared to PDF is inherent to the nature of the probe: scattered
electrons and X-rays in EXAFS and PDF, respectively, which have different diffusion path
lengths in the materials. Therefore, even though EXAFS is more sensitive to the nature
of the neighbouring atoms, and Sb atoms can thus be distinguished from the Na ones in
the fits, the analysis remains restricted to the neighbours corresponding to only the first
peak of the PDF signal, and is probably not sufficient to differentiate among many possible
amorphous phases characterised by similar nearest-neighbours distances, which is the case of
the intermediates proposed by Allan et al.'' A parallel study on the sodiation/desodiation
of Sb performed in the same way proves exactly the same inability of spotting intermediate
species, confirming that EXAFS is not the appropriate probe to identify such phases. (ref
submitted to journal)

The Sn and Sb K-edge EXAFS spectra of the initial phases are very similar in shape,

13



Table 2: EXAFS fitting parameters of MCR-ALS components of Sb
K-edge

| Component | Shell | N
M-Sn/Sb | 6 ( 0.80(6)
1 M-Sn/Sb | 6 . ( 0.80(6)
M-Sn/Sb | 6 | 4.426 | 4.30(3) | 0.016( 0.80(6)

3 (

2 (

6

3

2 M-Na 0.80"
M-Na
3 M-Sn/Sb

0.80"
3.113 | 2.850(5) | 0.0063(3) | 0.80

)
)
) )
M-Na 3.003 | 3.04(3) | 0.010(4) | 0.80°
)
)

* values without error have been fixed during the fit
™ all goodness of fit values are lower than 0.02 (R values)

see S.I.. The small differences observed can be ascribed to slightly different S3 amplitude
reduction factors observed experimentally for the two metals which originate from the ball
milling induced disorder. Since Sn or Sb neighbours are indistinguishable from an EXAFS
point of view on both Sn and Sb K-edge spectra, similar spectra indicate the presence of
virtually identical neighbours around two metal centres. This is reflected by EXAFS fitting
results, showing very similar bond distances and o2, see Tab. 1 and 2. In the same way Sb
and Sn K-edge spectra of the 3rd component (EOC) of amorphous SnSb are very similar
(see S.I.), whereas here the difference in intensity leads to slightly different coordination

2 are obtained while fitting.

numbers. However, practically the same bond distance and o
The similarity of the Sb and Sn K-edge of the EOC phase is in line with the reformation of
the SnSb alloy. We would like to point out that the phase obtained at the EOC is different

from the amorphous tin metal intermediate, which is formed during the first plateau and

reaches its maximum concentration at the plateau limit, see dotted line in Fig. 4.

3.2 '9Sn Méssbauer spectroscopy

Evolution of the operando ''?Sn Mossbauer spectra during the first discharge along with
corresponding electrochemical curve are shown in Fig. 5. In the pristine state, the Mossbauer

plot reveals a dominant feature at 2.4-2.8 mm s~! which loses its intensity upon discharge.

14



Starting from spectra 5 a new signal centered at about 2 mm s~! arises and disappears around
spectra #11 again. The spectra #13 and #14 were lost due to instrumental problems. After
recovery of the signal, only a very weak spectral feature is visible in spectrum #15, which

continues to decrease upon further sodiation.
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Figure 5: Left: Evolution of the "9Méssbauer spectra collected during the first discharge of
SnSh vs Na. Please note that spectra #13 & 14 were lost due to technical issues. Right: Cor-
responding electrochemical discharge curve, marked points indicate acquisition of Mossbauer
spectra.

In order to avoid over- and misinterpretation of the data set a PCA + MCR-ALS approach
was pursued. Three orthogonal independent components were identified via PCA (see S.1.)
and reconstructed into real spectral components using MCR-ALS. To follow the evolution of
these components upon sodiation, MCR-~-ALS was applied using only two components, while
the third one was considered as inherent, representing the flat spectrum at EOD state. The
evolution of their relative intensities upon one complete discharge is shown in Fig. 6. The
concentration profile depicts that before discharge there is one single component (named
MCR#1) which decreases upon sodiation while a second component (called MCR#2) rises
and reaches its maximum around spectrum #8 before starting to slowly fade away. In the
final four spectra only small residue of MCR#1 is present.

The reconstructed pure Mossbauer components were fitted in a traditional way, see S.I..
The obtained parameters are presented Tab. 3. MCR#1 can be fitted using two subspectra:

a dominant spectral component which can be unambiguously attributed to SnSb, while a
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Figure 6: Evolution of concentrations of the MCR-ALS spectral components of the
Mossbauer signal during a discharge(sodiation) of SnSb.

second minor contribution is identified as nanosized SnO, stemming from surface oxidation of
Sn, with a share of 5%, obtained via weighing absorption area ratio with Lamb-Mossbauer
factor.

In the case of MCR#2, a single spectral contribution with an isomer shift of 1.93 mm s=1
is observed. Such an isomer shift cannot be attributed to any known sodiated tin Na,Sn
species. In fact, all sodiated phases have isomer shifts above 2.17 mm s~!, which corresponds
to the sodiated tin phase with the highest Na content, i.e., Na;5Sny,* see S.1. for Méssbauer
spectra of reference samples. On the other hand, such a low isomer shift value does not
correspond to that of the thermodynamically expected 5-Sn phase, but rather resembles to
that of the grey a-Sn allotrope (vide supra, Sec. 3.1). The formation of an amorphous Sn
phase similar to a-Sn during the first discharge plateau is supported by the operando XAS
data presented above (cf. Sec. 3.1), which also indicate the formation of an intermediate
with structural parameters (bond distance and coordination number) similar to those of
a-Sn that undergoes sodiation mainly during the second discharge plateau. The formation
of thermodynamically unexpected phases is not uncommon in electrochemical processes and
has been previously reported for several other conversion and alloy reactions. 393536

Towards the end of the discharge the signal-to-noise ratio becomes very small, see Fig. 5,

testifying the formation of new tin-containing species with small Lamb-Mossbauer factors.
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Table 3: 19Sn Mossbauer parameters of the components derived from the MCR-
ALS analysis of the operando spectra and of the ex situ samples measured at
variable temperature

| Component | A [mms™'] | 6" [mms™'] | T [mm s '] [ Area [%] | ©p K] |

MCR#1 0 2.69(2) 1.14(5) 87(2) -
0.5(1) 0.09(8) 0.80(5) 13(2) -
MCR#2 0 1.93(3) 0.93(7) 100 -
EOD @12K ™7  0.76(1) 2.22(2) 1.22(2) 83(1) 130
0 2.78(1) 1.22(2) 17(1) 150
EOD @300K 0.80(2) 2.12(4) 1.14(2) 75(3) 130
0 2.68(4) 1.14(2) 25(3) 150
3Na @12K ™ 0 2.79(2) 1.05(2) 44(2) 155
0 1.98(2) 1.04(2) 56(2) 150
3Na @300 K 0 2.68(3) 1.02(4) 45(2) 155
0 1.93(5) 1.02(4) 55(2) 150

* Isomer shift values are given relative to CaSnOs at RT

* Errors in the determination of the Debye temperatures are currently of ~ 10 K.

“* Nota bene: In order to compare the values of the low temperature measurement with
those acquired at RT, the second order Doppler shift arising from the difference in temper-
ature between source and absorber has to be taken into account, which leads to a difference
of the IS values of ~0.1 mm s~1.33

This result is not surprising, since an elastic softening of the alloys upon increasing sodiation
is expected for tin as well as for antimony. 1137 In order to increase the Lamb-Méssbauer factor
of the obtained phases, an ex situ variable temperature Mossbauer spectroscopy study was
carried out on two selected electrodes, which were put in test batteries and stopped after
the reaction of 3mol of Na per mol of Sn, and at the end of the first discharge, respectively.
The spectra of these two samples measured at room temperature and at 12 K are shown in
Fig. 7, while the hyperfine parameters obtained from their fitting are shown in Tab. 3.
The spectrum of the electrode stopped at the end of the first discharge indicates the

presence of a dominant spectral contribution centred at ~ 2.2 mm s~*

, corresponding to the
formation of a majority of Na;5Sny,** together with some residual unreacted SnSb. The
low Debye temperature ©p derived from the temperature dependence of the intensity of the

Naj59n4 spectral component underlines the loss of rigidity upon sodiation and explains why

the intensity of the signal decreases strongly along the sodiation reaction.
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Figure 7: Er situ "'°Sn Méssbauer spectra measured at 12 K (top) and at ambient tempera-
ture (bottom) of two SnSb electrodes recovered at the end of the first discharge (EOD, left)
and after the reaction of 3mol of Na per mol of SnSb (3Na, right), and fit results

The spectrum of the electrode stopped after the reaction of 3 mol Na, i.e. at about
3/4 of the first plateau, contains (at least) two spectral components with quite similar in-
tensity: the first one corresponds to the spectrum of pristine SnSb, whereas the second
component is characterised by an isomer shift of 1.98(2) mm s~! at 12 K, corresponding to
about 1.9mm s~! at ambient temperature. Such a spectrum corresponds well to the presence
of both pristine SnSb and the amorphous Sn phase similar to a-Sn detected in the operando
spectra. The presence of minor amounts of sodiated tin phases cannot be excluded, since a
minor signal of such species could be hidden in between these two major contributions. It
is interesting to notice that the relative amounts of the two spectral components vary very
little between ambient conditions and 12 K, indicating that the two phases are characterised

by similar Debye temperatures Op.

18



3.3 Discussion

With these combined spectral information in mind, it is now possible to follow the evolution
of the different phases during the sodiation/desodiation/sodiation processes shown in Fig.
4. The electrochemical reaction mechanism during sodiation (discharge) can be written as a
two-step process, as resumed in Eq. 1 and 2, being well in line with the hypothesis of Xiao
et al.,” but in partial contradiction with other works, which suggested the direct formation
of sodiated tin phases without the formation of tin intermediates. ' These authors, however,
proposed a sodiation mechanism based mainly on ez situ '9Sn Mossbauer spectra measured
solely at room temperature and on relaxed samples. Unfortunately, these spectra could not
be fitted in an unequivocal way and thus provided only an incomplete sketch of the whole
mechanism.

During the first part of the reaction, Sb is sodiated to form almost pure NazSb, along
with amorphous metallic tin resembling to a-Sn. It is important to note that, during the
first discharge, XAS also indicates the temporary formation of amorphous SnSb. This is in
partial analogy to the reaction of SnSb vs. Li reported in the literature in which LizSb and
$-Sn are formed.3® Contrary to the lithiation, however, the tin and antimony species formed
in the electrochemical reaction vs. Na are mostly amorphous. The subsequent reaction
step involves the sodiation of Sn leading to the formation of Na;5Sny. This mechanism is
very distinct from sodiation process of Sn metal and from the lithiation mechanism of SnSb,
for which several intermediate steps involving successive crystalline phase transitions have
been reported.34+3%40 The fact that the nano-confined, amorphous metallic tin phase shows
high electrochemical reversibility in this system is in accordance with our previous study in
which we highlighted these prerequisites.*! It is noteworthy that the sodiation reaction of
SnSb is often incomplete due to a voltage drop caused by overpotentials arising from kinetic
limitations or ohmic resistances which reduces the reversible capacity obtained.

Upon desodiation (charge) the processes and potentials are inverted. After one complete

cycle an amorphous “SnSb”-like species is dominating, see Eq: 3, which is distinct from
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the pristine starting material. This result reminds of the phenomena of nanostructuring of
electrode materials observed for alloy and conversion type materials in lithium batteries,

such as, for instance, the ternary intermetallic TiSnSb.*?

SnSb + 3Nq LLgholtegeplatear, 4 NasSh (1)

4o Sn + 15Na Low 'Uoltageplateau\ Na15Sn4 (2)

4SnSb + 2TNa L1Eeduction, y Ny Sb+ NaysSny Su2elertvde, joon Sb” + 27Na  (3)

4 Conclusion

The sodiation mechanism of SnSb was thoroughly investigated under operando conditions
using Sn and Sb K-edges XAS and ''9Sn Mossbauer spectroscopy. The collected XAS and
Moéssbauer spectra were analyzed using a chemometric approach including PCA and MCR-
ALS. Our findings confirm that SnSb undergoes a two-step alloying reaction upon sodiation
in which firstly Sb is sodiated, ensuing the sodiation of Sn. We successfully identified sodi-
ated species of NagSb and Na;55n4 as well as an amorphous Sn metal intermediate phase
resembling metallic a-Sn, as confirmed by in situ and ez situ 1*Sn Mossbauer spectroscopy.
Nevertheless, no intermediate Na-Sb nor Na-Sn species could be identified. The concentra-
tion profile of the identified species were monitored throughout the electrochemical reaction,
and it was possible to link the prominent features of the electrochemical signature to spe-
cific reaction steps. Furthermore, EXAFS fingerprints prove that SnSb formed after one
complete cycle is distinct from pristine SnSh. Our findings show that sodiation process of
SnSh is distinct from alloying of individual elements Sn and Sb, but also from the lithiation

process of SnSb. The chemometric approach pursued in this study clearly illustrates that
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the formation of sodiated phases occurs in a gradual and decoupled way by firstly sodiating
Sb and subsequently Sn. This induces a stepwise and steady increase in volume change
which is less harmful to the electrode integrity than an abrupt formation of highly sodiated
compounds, as observed in the case of lithiation. Moreover the strong amorphization upon
sodiation, which is much more pronounced than for lithiation of SnSb, together with the
elastic softening of tin and antimony alloys through sodiation provide a cushion for the vol-
ume expansion. Therefore we have strong evidence to believe that the combination of these

unique cycling characteristics are the key to the enhanced capacity retention and cycle life.
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