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One often proposed route to improved energy density for
lithium-ion batteries is to use alloy anodes, such as silicon, able
to store large amounts of lithium. Mechanical instability caused
by the large expansion and contraction associated with
(de)lithiation, and hence bad cyclability, has, however, so far
hindered progress. As proof-of-concept of a remedy, we here
present BiSbSe;;Te;s, a medium high-entropy alloy with
improved cycling stability for conversion-alloying (de)lithiation

Introduction

The transition from fossil fuel driven to electrified mobility has
accelerated the need for energy storage devices with higher
energy density. Lithium-ion batteries (LIBs), in particular, have
attained popularity due to their high energy density and stable
cycling, with numerous cathode chemistries both researched
and employed.™ Comparatively, much fewer anodes have been
put forth, and the commonly employed graphite anode, at
372 mAhg™" theoretical capacity, in practice limits the cell
energy density and furthermore also exhibits issues associated
with lithium plating at low voltages and sub-ambient
temperatures.”
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reactions. We attain five to twenty times more stable cycles
than previously reported for comparable metal-Se and -Te-
based anodes, with a very good reversible capacity
(464 mAhg™") for up to 110 cycles- and this without using any
carbonaceous materials to create a composite. Altogether, this
highlights how alloy engineering and increased entropy
materials can stabilize conversion-alloying electrodes.

Out of the anode materials that have been investigated,
such as metal oxides,” sulfides,” selenides,” and tellurides,”
and alloy anodes; the latter based on Si (by far the most
common),”’ Sn, Sb, Ge, or Bi, all have large theoretical
capacities, but suffer from large volume expansion (>300%)
during lithiation, leading to pulverization and unstable solid
electrolyte interphases (SEls).®"'" Nano-engineering, such as
yolk-shell structures or nanowires, can alleviate pulverization,
but they require complex synthesis routes, making them
difficult and/or expensive for upscaling."” The use of binary/
ternary alloys employs solid solution strengthening to improve
the structural stability during (de)lithiation."*'¥ Recently, metal
chalcogenides with high specific capacities have been reported
upon,”® which store lithium ions through a conversion reaction,
due to weak M—C (M: metal; C: Se, and/or Te) bonds, followed
by an alloying reaction depending on available active material
(M: Sn, Sb, Ge, etc.). Most of the low entropy metallic Se/Te
alloys are synthesized as a composite material with carbon,
such as Bi,Se,-C, Bi,Te;-C, Sb,Se;-C, Sb,Te;-C, and BiSbTe;-C, in
order to enhance the electrical conductivity and reduce self-
pulverization, adding additional steps to the synthesis
routes.”* Amongst the chalcogenide elements, Te is the
rarest element, but a by-product from other expensive ore, such
as gold and copper, and the production has increased with the
advancement of the refining processes.””

We here make use of the fact that combining multiple
lithium alloying elements and conversion chalcogenides can be
an efficient way forward, especially when combined with the
notion of solid solution strengthening eliminating the afore-
mentioned additional composite-creating step.”™ Indeed, re-
cently, high-entropy materials, such as high-entropy oxides,
have been explored as anodes where entropic stabilization has
been coupled to enhanced cycling performance.”"

Here, proof-of-concept of enhanced cycling stability during
(de)lithiation  through increased entropy is made via
BiSbSe, sTe, s (BSST), a medium high-entropy alloy (MHEA). An
MHEA is defined as an alloy consisting of three to four principal

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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elements, a step on the way to an HEA, being composed of five
or more principal elements.”? BSST is an MHEA that previously
has been used in thermoelectric applications,”® but here its
composition combines the large capacities available from the Li
alloying elements Bi and Sb with the high electronic con-
ductivity available from the Li conversion chalcogenide ele-
ments Se and Te.”** Furthermore, we chose Sb,Te; to build a
case for the (de)lithiation performance of a low entropy metal
chalcogenide vs. medium entropy BSST anode. While the other
anodes, such as Bi,Se;, Bi,Te;, and Sb,Se; are of interest,
however, it is well documented that they all suffer pulverization
merely after a few cycles.">™”

Experimental

Synthesis

Powders consisting of Bi (45 um, 99.5%) and Sb (45 um, 99.5%)
were purchased from GoodFellow Cambridge Ltd. (Huntingdon,
England), Se (45 um, 99.999%) from Thermo Fisher Scientific (MI,
USA), and Te (75 pm, 99.99%) from US Research Nanomaterials Inc.
(US-nano, Houston, TX, USA). For the MHEA, stoichiometric amounts
of Bi, Sb, Se, and Te were milled using 45 ml zirconia jar and
zirconia balls (5 mm @) with a ball to powder ratio of 20:1. The ball
milling was performed under argon atmosphere for 10 h with
10 min of milling and 30 min cooling steps at 600 rpm using a
high-energy planetary ball-miller (Pulverisette 7 Premium line,
Fritsch, Germany). For comparison, low entropy Sb,Te; (ST) was also
synthesized using stoichiometric amounts of Sb and Te with the
same ball milling procedure. The powders were handled in an
argon-filled glove box to avoid any oxidation of the metallic
powders.

Characterization

Synchrotron X-ray diffraction (SXRD) patterns were collected on the
NOTOS beamline (ALBA synchrotron, Cerdanyola del Vallés, Spain)
using the position sensitive detector MYTHEN and 1 =1.1272 A. The
as-prepared BSST powder was embedded in a 0.5 mm @ borosili-
cate glass capillary and spun during XRD data collection. X-ray
diffraction of as-prepared ST powder was measured using Bruker
D8 Discover (Bruker, MA, US). The as-prepared powder morphology
and compositional analysis were characterized using scanning
electron microscopy (SEM, JEOL JSM-7800F Prime, Japan) equipped
with energy-dispersive X-ray spectroscopy (EDX) with an accelerat-
ing voltage and working distance of 15 kV and 10 mm, respectively.
The cross-section of electrode coated on copper current collector
was characterized using SEM equipped with focused-ion beam (FIB,
Versa3D, FEl, Hillsboro, Oregon, USA) using accelerating voltage of
30 kV, and two different currents of 15nA and 1nA for rough
milling and polishing, respectively. Differential scanning calorimetry
(DSC) and thermal gravimetric analysis (TGA) were carried out at
5°C/min from room-temperature up to 800°C in argon atmosphere
using simultaneous thermal analyser (SDT 650, TA Instruments,
USA). The melting point temperature analysis was performed using
TRIOS software provided by TA instruments.

Operando SXRD was carried out at the NOTOS beamline (ALBA)
using a MYTHEN detector and 2 =1.1272 A. The experiments were
conducted on 2032 coin cells with a 5 mm @ drilled hole covered
by a 75 um thick Kapton window (KIT Campus Transfer) and a setup
enabling alternate sequential measurement of four cells in the
same run. Self-standing positive electrodes consisting of BSST,
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Super P carbon and polytetrafluoroethylene (PTFE) (70:25:5) of
4 mm @ and ca. 4 mg in weight were used to accommodate higher
loadings of active materials sampled by the X-ray beam. A copper
foil (8 um, 99.9 %, GoodFellow Cambridge Ltd., England) was placed
above the window on the positive electrode side to ensure good
electric contact. Thin Cu foil was indispensable to allow sufficient X-
ray transmission (40% transmission at 11 keV for 8 um Cu). Lithium
disks of 16 mm @ and 0.45 mm thick from MTI Corporation
(Richmond, CA, USA) were used as counter electrodes. One glass
fibre filter disk (420 um thickness, Whatman, GE Healthcare) was
used as separator, and 1 M LiPF, dissolved in ethylene carbonate
(EC) and diethylene carbonate (DEC) (50:50 volume) with 10 wt.%
fluoroethylene carbonate (FEC) was used as electrolyte’. Cells were
cycled between 0.01 to 3.0V vs. Li*/Li° using a Biologic VSP
potentiostat in galvanostatic mode with potential limitation (GCPL)
at a C/10 rate (54 mAg ™). Rietveld refinements and Fourier analysis
were carried out with the FullProf suite.”™

Battery performance tests

The electrodes were prepared by mixing BSST active material
(70 wt.%) with Super P carbon (20 wt.%), sodium carboxymethyl
cellulose (CMC, 5wt.%), and styrene butadiene rubber (SBR,
5 wt.%) in deionized water. The slurry was subsequently cast onto
copper foil (17 um, Schlenk Metallfolien GmbH & Co. KG, Germany)
and dried at 80°C in a vacuum oven for 12 h. Electrodes (13 mm @)
were cut out and further dried in vacuum at 80°C for 12 hours. The
mass loading of active material in the electrode was kept between
1.5-2.0 mgcm™2 and coating thickness of ca. 16 um (Figure S1a-b).
A similar procedure was carried out to prepare the ST electrodes
(Figure S1c-d). Coin cells (CR2030) were assembled in an argon
filled glove box using lithium metal (0.2mm thickness, 12 mm @,
purity >99.8%, Honjo Metals) as negative electrode, glass fibre
separators (420 um thickness, Whatman GF/C, GE Healthcare), and
electrolytes of 1 M LiPFy dissolved in EC and ethyl methylene
carbonate (EMC) (30:70, by wt.%) with 10wt.% FEC (E-lyte
Innovations GmbH, Minster, Germany) and 1 M LiPF; dissolved in
EC and dimethyl carbonate (DMC) (50:50, by vol%) (Solvionic,
Toulouse, France). Galvanostatic discharge/charge cycling (GC) tests
were performed between 0.01 to 3V vs. Li*/Li° at C/5 (107 mAg™")
and C/20 (26 mAg™") rates at room temperature (22°C) using a
battery test system (Scribner 585, NC, USA). Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were carried
out, within same voltage range as the GC, at 0.1 mVs™' and in the
frequency range of 1-100 MHz, respectively, using a VSP multi-
channel potentiostat-galvanostat (Bio-Logic Science Instruments,
Seyssinet-Pariset, France). EIS was performed on the as-assembled
coin cells and at the end of each cycle using a C/5 (107 mAg™)
rate.

Results and Discussion

We start by refining the structure of the as-prepared BSST,
followed by characterizing its morphology and thermal stability.
The electrochemical performance is then evaluated in lithium
half-cells, along with the effect of using electrolytes with and
without FEC as an additive on the stability of the SEIl. The

'Please note that the operando studies used a different binder (due to self-
standing electrode), a different coin cell dimension, and a different electro-
lyte. However, this does not affect the comparisons made or the conclusions
drawn.

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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structural evolution during (de)lithiation is studied using
operando X-ray diffraction for two cycles, and finally we conduct
post mortem of our electrodes.

The as-prepared BSST MHEA powder has a rhombohedral

(a) . crystal structLoJre (space group R3m), with a:4.2961(2) A and

. c=29.811(1) A, and a cell volume of 456.74(2) A* (Figure 1a,

o Table S1). The powders showed uniform elemental distribution

;f:! l :f::smder and were stable up to ca. 450°C and fully melts at ca. 630°C,

= suggesting a single-phase material (Figure 1b-c).”® The as-

é prepared ST powders match well with the rhombohedral

= structure (JCPDS # 71-0393) with a uniform distribution of

L DOE LT LT I wwnm elements (Figure S3). The particle size of BSST and ST ranges
i from 0.5 to 20 um (Figure S4).

10 20 30 40 50 The CV of the BSST anode in a half-cell configuration shows

20 (it zzra three peaks during the first lithiation and de-lithiation in the

first cycle (Figure 2a). The first cathodic peak at 1.27 V vs. Li*/Li°
is due to conversion reactions, forming both Li,Se and Li,Te,
and is followed by two peaks at 0.75 and 0.62V vs. Li*/Li°
corresponding to both the alloying reactions with Sb to form
Li;Sb and Bi to form Li;Bi, respectively, and the formation of the
SEls. The anodic peaks correspond to reversible de-alloying at
0.97 V vs. Li*/Li° (LisBi) and 1.07 V vs. Li*/Li° (Li;Sb), followed by
the re-conversion reactions of Li,Se and Li,Te at 1.87 V vs. Li*/

(b)

Li°"82527 |n the subsequent cycles, the cathodic conversion and

(c) alloying peaks shift to slightly higher potentials: 1.4 V vs. Li*/Li°
g and 0.68-0.86 V vs. Li*/Li°, respectively, while the anodic de-
9 alloying and re-conversion peaks are fixed, suggesting good
E reversibility. Some irreversibility of the conversion reaction can,
z however, be observed as reduced intensities. Furthermore,
E additional peaks, from the second cycle and onwards, appear at
z <! 1.74V (cathodic) and 2.06V (anodic), which are due to
v intercalation in the layered crystal structure of BSST, albeit
75 visible in the 1% cycle of differential capacity plot (Figure S5b

0 260 460 660 800

Temperature (°C) and S6b), as reported on previously for both Se- and Te-based

alloys with hexagonal crystal structures.?%*”
Figi;ue 1.('£h;e ‘:als»prepar.ed BSSTt elfetcrt:odezl(ac)i R(;etve!d refinementcc;f SXtRD The GC shows a stable capacity of ca. 464 mAhg” and a
patterns (aetalls on assignment O € excluaead region corresponaing to . .. . . .
PTFE binder available in Figure S2), (b) SEM micrograph with elemental EDX coulombic efﬂaency (CE) of >99% (Flgure 2b) with contribu-
mapping, and (c) TGA and DSC traces. tions from a plateau at 1.5 V to 1.37 V vs. Li*/Li° and a two-step
plateau 0.96 V to 0.70 V vs. Li*/Li°, corresponding to conversion

and alloying reactions, respectively."'®***! The conversion reac-

30
(“1) 1 (t:) tion is reduced in the subsequent cycles, due to irreversible loss
< ] & 25
E A S of capacity, which agrees well with the CV (Figure 2a), while the
14 = 20
£ il g — B two-step alloying plateau stays the same over 100 cycles,
= 15
Bl ] 5 = suggesting excellent reversibility. This is corroborated by the
£, -l = Gyele 100 differential capacity plots (Figure S5b), where the conversion
57l | 05 . . . .
O 4l —Cycle3 peaks at the cathodic and anodic side reduce while the alloying
% o5 fo 15 20 25 30 o “zo b o sdn " olo 7o peaks increase after 50 cycles. Looking at the first few cycles
Voltage (V vs. Li"/Li%) Capacity (mAh gi,) th 0 H
(c) o () and then up to the 100" cycle we have a 92.2% capacity
B i LA N retention (Figure 2c), which is 50-70% higher than previously
T e pl B £ reported for alloys containing two or three of the Bi, Sb, Se, and
< 00 =] ] . " .. .
ém «! wE E o Te elements without carbon compositing and similar to their
z Discharge capacity 86 o & & . . .
g e “g §  composites.""***" However, at higher rates (C/5), the capacity
© U Coulembic Efficiency o & 8
© ] wg o 8 starts to fade after ca. 80 cycles (Figure S6a) as compared to
e T i e Tt 115 cycles at slower rates (C/20) (Figure S5a), which can be
CydleNo Cycle No. related to depletion of the FEC additive.”? The cycling stability
Figure 2. BSST anode half-cell tests: (a) CV (0.1 mVs™"), (b) GC discharge- of BSST at C/5 is still better than ST for which the capacity fade
charge profiles (C/20), (c) GC (C/20), and (d) rate capability. starts after the 20™ cycle (Figure S7). However, the FEC electro-
Batteries & Supercaps 2024, €202300585 (3 of 6) © 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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lyte additive here used with ST leads to slower capacity decay
as compared to previous reports."® By post mortem analysis of
the separator from BSST coin cell was found to be completely
dry after 200 cycles, which can be linked to electrolyte
consumption to (re—)develop a stable SEIl, often quoted to be
larger for conversion-alloying anodes.®>** Yet the electrode
displayed no cracks after 80 and 200 cycles (Figure S8a—d)
despite that expansion can be observed (Figure S8b,d). Further-
more, no transfer of electrode material to the separator was
noted, suggesting good electrode-current collector adhesion
(Figure S8a,c inset). On the other hand, ST electrode showed
higher cracks and particle expansion after 80 cycles (Figure S9).
The use of an electrolyte without FEC in BSST electrode showed
significant capacity fading already after 40 cycles (Figure S10),
thus confirming that FEC is crucial for stable SEI formation.®®
The change from DMC to EMC as co-solvent to EC is not
considered to play a major role for capacity or SEI formation.
Previous works have shown that the use of FEC additive to
either EC/DMC or EC/EMC co-solvents participates in the
formation of a stable solid electrolyte interphase (SEl), which is
crucial in protecting the alloy anode, suppressing dendrite
formation, and enhancing ionic conductivity and the cycle
life.”>¥ Finally, the rate capability test showed agreeable
performance, as compared to e.g. metal-Se or -Te carbon
composite based anodes, which is due to its better structural
stability and also agreeable CE (Figure 2d).

EIS was applied both to observe the interfacial/charge
transfer resistance and to quantify the effect of FEC for stable
SEl formation (Figure 3). For the former, the charge transfer
resistance was reduced from 222 Q (fresh cell) to 23 Q (after the
1% cycle) and then further down to 18 Q (after the 20™ cycle).
The cycled EIS showed two semi-circles arising from SEl
resistance and charge transfer resistance. The resistance in both
cases showed a gradual reduction up to the 15" cycle and then
stayed constant until the 20™ cycle. This order of magnitude
reduction from fresh to 20 cycles in resistance can be related to
the formation of a stable SEl, which can further enhance the
charge transfer kinetics.””*

The operando SXRD (Figure 4a—c) reveals a significant
decrease in crystallite size alongside an apparent succession of
peak displacements (indicated by arrows) and structural trans-
formations occurring during the first and second discharge and
charge cycles. In the early stages of the first discharge, a
noticeable shift in the main peaks of the BSST (R3m) phase
towards lower angles is evident (Indicated by black arrows in

600 T T T T T 40 v T ™ T ) T
(a) R R ‘(b) + Cycle1 .
.
500 W— -1 = Cycle2 2
i1 1 30{ = Cycle8 ™
400 1 * Cycle 15 LI
=N 1 = Cycle 20 .
300 R .
1 .
| I
200 | % .
. ocv | o . ".
100 Fitted - ATy
)
0 r T T T T ] e
0 100 200 300 400 500 600 0 0 = 10 2‘0 3'0 40
Z' (Ohm) Z (0hm)

Figure 3. EIS of the BSST MHEA anode.
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Figure 4. (a) Characteristic voltage vs. time profile for a BSST//Li cell and
corresponding operando SXRD patterns, coloured lines mark selected
patterns represented in (b) and arrows show peak evolution tendencies, (c)
zoomed-in 3D image, and (d) XRD patterns at the end of first discharge and
charge of ex situ data. Purple asterisk at 20 =13.3° and green asterisk at
31.3° mark excluded regions corresponding to PTFE binder and the Cu
current collector, respectively.

Figure 4a). According to Rietveld refinements (Figure S11a-b
and Table S1), this shift aligns with approximately a 3% lattice
volume expansion, indicating an isostructural lithiation of the
BSST (R3m) structure. As conversion and alloying reactions
progress, a significant decline in the peak intensity of the BSST
phase is observed, particularly prominent during the latter half
of the discharge. Moreover, the phases formed upon cycling
display broad peaks with low intensities, indicating small crystal
domain sizes. To overcome the challenging phase identification
from the operando data, complementary ex situ data was
collected, and their corresponding SXRD displayed in Figure 4d
shows the sample corresponding to the end of first discharge
with peaks at 17.8° 20.5°, 29.3°, and 34.5° that are compatible
with the peaks that emerge upon discharge in the operando
data (Figure 4b). The Rietveld refinement of the phase formed
at the discharge’s final stage, as depicted in Figure S12a, shows
a satisfactory agreement with a single cubic (Fm3m) phase. This
phase is isostructural to the lithiated binary compounds Li;Bi,
Li;Sb, Li,Se and Li,Te and its refined lattice parameter is in close
agreement with the average lattice parameter of the combina-
tion of all four binary lithium compounds (a=6.4174(7) A vs a=
6.453 A) (Figure S13-14 and Table S1). The SXRD data does not
suggest any evidence of phase segregation, indicating the
maintenance of a medium high-entropy property within the
alloy during the first discharge. Resulting in the formation of a
single lithiated MHEA (Li,BiSbSe, sTe, s) cubic phase.

Upon charge, a shift in the main peaks of the lithiated cubic
phase (Fm3m) is observed (white arrows in Figure 4a), followed
by the appearance of new peaks at 20.8° and 30.0°, especially
evident in the ex situ data depicted in Figure 4d. The shift
towards higher Bragg angles of the cubic phase, especially
evident after the second charge plateau (1.8 V vs. Li*/Li°), can

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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be associated to the delithiation of the cubic phase. As the
dealloying and re-conversion reactions take place sequentially
during charge, the initial shift towards higher Bragg angles is
consistent with a decrease in the contribution of “Li;(Bi,Sb)” in
the lithiated MHEA. The appearance of new peaks at 20.8° and
30.0° during charging is compatible with the formation of a
hexagonal phase with space group P3,21, exhibiting refined
lattice parameters (a=4.285(2) A and c=6.554(4) A) and a cell
volume of 104.2(2) A%. These lattice parameters do not corre-
spond to those of the pure compounds Bi, Sb, Se, Te (Figure $15
and Table S1), and no additional phase corresponding to single
elements or binary alloys have been identified during cycling,
suggesting the formation of the new phase compatible with a
conservation of MHEA upon charge. The change in poly-
morphism between the initial material (R3m), isostructural to Bi
and Sb, and the phase recovered at the end of charge (P3,21),
isostructural to Se and Te, may be consequent to the stepwise
nucleation and growth of the phases formed during the
conversion and alloying reactions that take place upon electro-
chemical cycling. At the end of the second charge, the P3,21
phase is recovered alongside a remaining fraction of the
partially lithiated cubic phase with a refined lattice parameter
a=6.211(2) (Figure S12b, Table S1). Remarkably, the second
and possibly the subsequent cycles, involve the conversion of a
unlithiated BSST MHEA with hexagonal (P3,21) phase to a cubic
lithiated (Fm-3 m) phase upon discharge and returning to the
hexagonal (P3,21) phase upon charge. Both phases, cubic and
hexagonal, permit a certain degree of solid solution in the early
stages of each discharge and charge cycle. Furthermore, no
additional phases have been identified, suggesting the poten-
tial conservation of MHEA throughout cycling.

Operando SXRD analysis aligns well with the proposed
mechanism derived from CV and GC data. However, it reveals
that the sequential conversion and alloying reactions do not
generate individual identifiable phases in SR-XRD. Instead, they
form single phases with lattice parameters compatible with
both lithiated and unlithiated MHEA compounds. The new
phases formed during cycling display broad peaks with low
intensities, indicating small crystal domain sizes, further
complicating the phase identification, and the possibility of
amorphous phases formed and not reflected in the diffracto-
grams cannot be dismissed. Hence, the XRD analysis-derived
mechanism might not encompass sub-nanometric or non-
crystalline phases potentially occurring during cycling, neces-
sitating further investigation.

Conclusions

The stable specific capacity, good rate capability and coulombic
efficiency indicate reduced pulverization arising from solid
solution strengthening and entropy stabilisation of the BSST
MHEA anode, as compared to previously reported low entropy
alloys of similar compositions.''®"*#*% Fyrthermore, we
achieve a volumetric capacity of 3224 mAhcm™ after 100 cycles,
almost five times that of graphite and silicon anodes, by virtue
of the much higher density (6.95gcm™) of BSST.** The
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entropic conservation mechanism during (de)lithiation has
been elucidated with the formation of a cubic phase during
discharge, followed by formation of a hexagonal phase on
charge, which is reversible during the second cycle. Further-
more, we also elucidated the details of the intercalation of
lithium ions into BSST, which is scarcely reported in the
literature.”**” Qverall the impact of solid solution strengthening
through entropy to solve/reduce the pulverization associated
with large expansion and contraction during (de)lithiation in
conversion-alloying type anodes is show-cased. Furthermore,
the need for additional composite creating steps is avoided
reducing the cost and time for upscaling. MHEAs is a move
towards using true HEAs, possibly further enhancing the cycling
stability.

Supporting Information

Galvanostatic charging of BSST anode at C/5, SEM images of
electrode surfaces before and after cycling, additional operando
XRD analysis data, and particle characterization and galvano-
static charging of Sb,Te,.
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