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Tetradymite-type Sb,Tes is synthesised via a solid-state method, and its electrochemical phase evolution in
Li, Na and K half-cells is experimentally investigated. Ex-situ X-ray diffraction data is analysed with the
Rietveld method, revealing the occurrence of conversion reactions for all systems. Direct evidence of al-
loying and intercalation reactions is observed in the case of the Li system, while alloying is inferred for the K
and Na systems. For the first time, Li intercalated Sb,Tes is synthesised and a preliminary investigation of its
magnetic properties is undertaken. Li intercalation does not significantly influence the magnetic phase
transition temperature and does not appear to induce superconductivity. In addition, a preliminary study of
the performance of Sb,Tes as an electrode material for rechargeable Li, Na and K-half cells is undertaken.
High initial capacities of 588, 521 and 906 mAh/g for Li, Na and K cells respectively are observed. However,
capacity fade is rapid in all cases, with second discharge capacities dropping to 396, 173 and 98 mAh/g. This
poor cyclability is generally associated with the large volume changes and irreversibilities associated with
the conversion and alloying reactions. The capacities continue to decrease during extended cycling, with
tenth cycle discharge capacities of 195, 26 and 24 mAh/g for Li, Na and K half cells respectively.
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1. Introduction this work is a semi-conductor, with an electrical resistivity of

2x107! ohm cm [12].

Tetradymite-type Sb,Tes; has long been the subject of intense
research interest, primarily due to its unusual properties, such as
superconductivity [1] and thermoelectric sensitivity [2]. Recently,
research interest has been further spurred by the emergence of
Sb,Tes as a topological insulator [3] and as a potential phase-change
memory device material [4]. The tetradymite-type crystal structure,
which has the space group R3m, consists of a unit cell comprised of 5
monoatomic lamellae with the sequence: Ch-M-Ch-M-Ch, in which
Ch denotes a chalcogenide and M a metal. These quintuple layered
units are separated by Van der Waals gaps and are stacked along the
c crystallographic axis [5]. Due to the relatively weak nature of the
inter-layer Van der Waals interactions, tetradymite type materials
have exhibited the capacity to host intercalating alkali metal ions
[6-8] and to permit facile alkali ion diffusion [9-11]. Tetradymite-
type materials typically exhibit moderate electrical conductivity, as a
consequence of their metallic constituents. For instance, at room
temperature the undoped, polycrystalline form of Sb,Te; studied in
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The electrical conductivity and capability of tetradymites to host
intercalants have motivated several studies investigating their po-
tential as alkali ion battery electrode materials [8-11,13-15]. A
common finding from these studies was a high first discharge ca-
pacity, attributable to the ability of tetradymites to accommodate 12
alkali metal ions per formula M,Chs unit [8-11,15]. Conversion and
alloying reactions were observed, with the general formulae shown
in Egs. 1 and 2 respectively.

M,Chs + 6X — 3X,Ch + 2 M (1)
2M + 6X — 2MX; )

In which M denotes a group V metal, Ch denotes a chalcogen and
X denotes an alkali metal. A second common finding was poor cycle
life, attributable to volume changes associated with the above re-
actions, although this was improved by nano-engineering or
blending techniques [8-11].

The subject of intercalation of alkali ions within tetradymites is
of significant interest, as intriguing effects on the electronic prop-
erties have been reported. For the case of Bi,Ses the intercalation of
0.12 Cu atoms per formula unit resulted in the emergence of
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Fig. 1. Rietveld refinement of the Sb,Te; structural model with PXRD data of
as-received Sb,Te; powder before and after electrode casting.

Table 1
Rietveld refined model parameters of as-received Sb,Te; powder and processed
electrode.

Sample Sb,Tes a (A) Sb,Tes ¢ (A) Zero offset wR
Powder 4.266 (5) 30.45 (1) 0.0220 6.92%
Electrode 4263 (4) 3045 (1) -0.0024 5.52%

superconductivity, with a critical temperature T. of 3.8 K [16]. Ad-
ditionally, the electrochemical intercalation of Li in Bi,Seq3Te; 7 re-
sulted in an improved thermoelectric figure of merit [13]. For the
case of SbyTes, no published studies have examined the effect of
intercalation on electronic properties. However electron doping,
accomplished by changing the partial pressure of Te during synth-
esis, resulted in enhanced superconductivity, with a T. of 8.6K at
ambient pressure, compared to 3 K at 4 GPa for the unmodified form
[1,17]. Additionally, the doping of various metals on the lattice sites
of Sb,Te; have been found to modify the electronic [18-20] and
magnetic properties [21-24]. Specifically, doping of Mn and V in-
duced ferromagnetism [21,23]| whereas doping of Fe and Co induced
paramagnetism [22,24]. Furthermore, several studies have reported
electronic property modification of non-tetradymite type layered
metal chalcogenide materials by alkali metal ion intercala-
tion [25-27].

However, conflicting conclusions have been reported regarding
electrochemical intercalation within tetradymite-type materials. For
the case of Sb,Te; versus Na, Yang et al. [8] reported that an initial
downward sloping region of the discharge profile corresponded to
an intercalation reaction. Conversely, Nam et al. [9] proposed that
the reaction mechanism of this system did not include intercalation.
Furthermore, two investigations into the Bi,Tes versus Li system
[10,15] did not identify intercalation as a stage of the reaction me-
chanism. However, in our previous work on Bi,Tes versus Li, the use
of ex-situ powder X-ray diffraction (PXRD) produced strong evidence
of intercalation within this system [28]. A similar finding was re-
ported by Chen et al., who concluded that intercalation occurred in
the Bi,SegsTe,; versus Li system, also based on ex-situ PXRD data
[13]. Contrarily, Ibrahim et al. concluded that intercalation did not
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occur in the Sb,Tes versus Li system, based on interpretation of the
discharge profiles rather than PXRD [11]. These conflicting conclu-
sions may be explicable by methodological differences. Specifically,
all studies in which ex-situ PXRD of the electrodes was performed at
shallow discharge states concluded that intercalation occurred with
these systems as electrodes in Li ion batteries. Whereas those in-
vestigations that relied solely on interpretation of discharge curves
reached mixed conclusions regarding intercalation. As the collection
of ex-situ PXRD data is more conclusive on the crystal structures
present, we speculate that these conclusions may be more reliable.

Based on the above analysis, a need to resolve the conflicting
claims regarding electrochemical intercalation in the Sb,Tes versus
Na system [8,9] and more rigorously investigate the Li system was
identified. In this study Sb,Te; was synthesised by a solid-state
method and was used to construct lithium, sodium and potassium
ion battery electrodes. The cycle life and discharge profiles were
measured, and differential capacity plots were calculated. The re-
action mechanism was then determined using ex-situ powder X-ray
diffraction (PXRD) in conjunction with electrochemical measure-
ments. Additionally, the electrochemical performance and phase
evolution of the Sb,Te; versus K system was not previously studied,
so this knowledge gap was investigated using a similar method. This
study also investigates the magnetic properties of the resultant
intercalated materials.

2. Material and methods

Sb,Te; was synthesised via a high temperature solid state
method using highly pure Sb (Shot, 6 mm, 99.999% Alfa Aesar) and
Te (Powder 99.999% Alfa Aesar). Elements were precisely weighed
(approximately 4.5g each) and loaded inside the glove box and
sealed in argon-purged evacuated silica ampoules. The ampoules
were heated to 993K at a rate of 5K/min and held at this tem-
perature for 96 h. The furnace was then switched off and the samples
were allowed to cool to room temperature (RT).

Slurries were prepared by combining ground active material with
carbon black powder and polyvinylidene fluoride in a 8: 1: 1 ratio.
Sufficient n-methyl-2-pyrrolidone solvent was added to make a
thick slurry, and the mixture was stirred in an argon glovebox for
24 h. Following this, the slurry was cast onto a copper foil, using a
doctor blade. The resultant electrode sheets were used to construct
lithium, sodium and potassium metal half-cells, following standard
literature methods [29]. The stainless steel CR2032 coin cell cases,
wave springs and spacers were all purchased from MTIL. 1 M LiPFg
dissolved in an equivolumetric mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) and was used as the electrolyte for
lithium metal half cells. 1 M NaPFg and 0.8 M KPFg in EC/DMC were
used as electrolytes for sodium and potassium metal half cells re-
spectively. After construction, each battery was rested for 24 h then
discharged galvanostatically, or in some cases cycled, at a current
density of 15 mA/g using a Neware battery cycler. In the case of ex-
situ experiments, the batteries were discharged to a targeted state
after which they were immediately transferred to an argon filled
glovebox and disassembled. The electrodes were removed and wa-
shed with dimethyl carbonate in order to remove any electrolyte
solution and salts adhered to the surface and left for 24-48 h to
allow any residual DMC to evaporate.

Powder X-ray diffraction (PXRD) was used to investigate the
structural evolution of the Sb,Tes electrodes. Diffraction patterns
were collected using either the Australian Synchrotron or laboratory
X-ray diffractometers. For the case of synchrotron experiments, the
electrode material was scraped off the current collector, ground
using a mortar and pestle, and loaded into a 0.5 mm quartz capillary.
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Fig. 2. Selected discharge-charge curves for Sb,Te; versus Li(a) Na(b) and K(c) half cells.

The capillary was sealed with wax before removal from the glo-
vebox. Measurements were performed at the powder diffraction
beamline at the Australian Synchrotron, by mounting the capillaries
in transmission geometry, utilising a beam size of 3.00 x 1.15 mm
and a Mythen microstrip detector [30]. A nominal beam energy of
19 keV was selected and verified by collecting a diffraction pattern
from a LaBs 660b standard and refining the wavelength via the
Rietveld method. This resulted in A =0.652548(1) A, corresponding
to a beam energy of 19.0004(5) keV. For the case of laboratory PXRD
experiments, several samples were packed in capillaries and PXRD
was performed using either a Stoe Stadi P, or Panalytical Empyrean
diffractometer, utilising Mo or Ag Ko radiation respectively. For
the majority of samples, the electrode material was scraped off
the current collector and transferred to an air-tight sample holder.
The sample was not ground, and the sample holder was sealed
before removal from the argon filled glovebox. Laboratory PXRD was
then performed using a Panalytical MPD diffractometer, utilising
Cu Ko radiation. The Rietveld method was used to refine structural
models with the PXRD data, using the General Structural Analysis
System-II (GSAS-II) software package [31].

DC magnetic susceptibility data was collected from powder
samples using a Quantum Design EverCool-Il 9T PPMS with the

vibrating sample magnetometry option. Temperature dependent
magnetic susceptibility data was collected under zero field cooled
(ZFC) and field cooled (FC) conditions upon heating from 3 to 300K,
with an applied field of 1000 Oe.

3. Results and discussion
3.1. Structural evolution during electrode processing

Rietveld refinements of the Sb,Tes structural model using PXRD
data collected from an Sb,Te; electrode disc (after processing) and
from the as-prepared powder were performed, shown in Fig. 1. The
electrode PXRD pattern exhibited peak broadening relative to the
powder, however it should be noted that these patterns were col-
lected on different diffractometers. Specifically, the powder was
analysed using the Cu source, and the electrode was ground and
measured with the Ag source (in a capillary). The broad background
feature in the powder sample is attributable to the Kapton foil used
to protect the air sensitive sample and is observed in all data col-
lected with Cu source radiation. Lattice parameters and instrument
parameters were refined for each sample, and the atomic parameters
were left fixed at their initial values. At this stage of the refinement,
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Fig. 3. Differential capacity versus voltage plot for Sb,Tes versus Li(a), Na(b) and K(c)
half cells. Droplines indicate the voltages at which features occur.

a mismatch in peak intensities was observed, suggesting a preferred
orientation, possibly due to plate-like particle shapes. Consequently
the March-Dollase term was refined along the 001 axis, resulting in a
close match between measured and calculated peak intensities. A
slight mismatch in peak shape was observed for the peak at d =3.1 A
in the powder sample, indicating a minor degree of anisotropic peak
broadening. However, attempts to model this via the refinement of
uniaxial and generalised strain terms did not produce a significant
improvement in visual or statistical fit. Consequently, these para-
meters were not included in the refinement. We speculate this
minor effect may be attributable to the development of a platelet-
like morphology. Very minor shifts in certain peak positions were
observed, however the a and c lattice parameters exhibited no sta-
tistically significant changes, as shown in Table 1. The similarity of
these lattice parameters indicated that minimal structural changes
occurred during processing. In order to maintain consistency, the
same approach was applied for all refinements based on powdered
samples in this work. That is, only the lattice parameters, preferred
orientation and instrument parameters were refined.

3.2. Electrochemical performance

Charge-discharge curves and capacity versus cycle number plots
for the Li, Na and K half cells are presented in Fig. 2. Large first
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discharge capacities of 588, 520, 906 mAh/g were exhibited by the Li,
Na and K systems respectively. These values were greater than the
theoretical capacity of 514 mAh/g, based on the transfer of 12 alkali
ions, which is indicative of electrolyte-electrode reactions. All sys-
tems displayed rapid capacity fades, with 10th cycle capacity de-
creases of 67%, 95% and 97% for the Li, Na and K systems respectively.
These characteristics were broadly consistent with previous reports
on the electrochemical performance of Sb,Te; and other tetra-
dymite-type layered metal chalcogenides [8-11].

The operating voltage of all systems was primarily within the
0-1.5V window, which suggested a possible application as alkali ion
battery anode materials. In order to briefly investigate the com-
mercial viability of this prospect, the performance and price of
Sb,Te; was compared to graphite, which is a well-established anode
material for lithium ion batteries. Based on prices from Sigma
Aldrich for research quantities of these materials, the cost of Sb,Tes
exceeded that of battery grade graphite by a factor of 170 [32,33]. In
terms of performance, 100th cycle discharge capacities of 250, 200
and 210 mAh/g have been reported for Li, Na and K ion batteries
respectively, using graphite or expanded graphite anodes [34-36].
These significantly exceeded the 50th cycle discharge capacities for
Sb,Te; reported in this work, which were 110, 21 and 14 mAh/g for
Li, Na and K half cells respectively. These comparisons indicate that
unmodified Sb,Tes is not an economically competitive alternative for
existing alkali-ion battery anode materials. It has been reported that
the performance of Sb,Tes in Li and Na ion batteries has been sig-
nificantly enhanced by nano-engineering [8,9,11]. We speculate that
this approach may also improve the performance of Sb,Tes3 in K ion
batteries, and this investigation is suggested for future work.

For the Li system, two clear plateau-like features were observed
in the first (and several subsequent) discharge profiles, suggesting
that different reactions dominated during these stages of the dis-
charge process. In order to further investigate the electrochemical
characteristics, differential capacity plots were formulated, and are
presented Fig. 3. For all systems, a trough at ~0.1V was observed,
corresponding to a sharp drop in potential as full discharge capacity
was reached. This was more pronounced in the Na and K systems.
The Li system exhibited two distinct features in the form of troughs,
corresponding to the end of each plateau region. The Na system
likewise exhibited three clear troughs, suggesting that distinct re-
actions also occurred in this system. In the K system a feature at
~1.5V was observed, however it was small in magnitude. Inspection
of the 10th discharge cycle profile revealed that the Li system pre-
served the lower potential feature (which shifted in potential) while
the other systems did not.

3.3. SbyTes versus Li ex-situ experiments

Sb,Te; versus Li half cells were discharged to the states depicted
in Fig. 4, and the electrodes were subsequently extracted and ana-
lysed with ex-situ PXRD. Compositions are also shown in Fig. 4 and it
should be noted that although uncertainties were calculated by
Rietveld analyses, error bars are not visible as they are smaller than
the data point markers. Rietveld refinements based on structural
models with the resultant PXRD data from each sample are shown in
Fig. 5, and detailed plots of each refinement are presented in
Fig. SI1-6. A table with comprehensive model parameters is also
provided in the supplementary information (Table SI1).

The 5% sample exhibited no additional reflections relative to the
parent structural model, however Rietveld analysis revealed expansion
of the a and c lattice parameters, as shown in Table 2. This result
suggested that the initial downward sloped region of the discharge
curve corresponded to the intercalation reaction shown in Eq. 3.

xLi + szTe3 - LibezTe3 (3)
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Fig. 4. Discharge profiles and weight fractions of Sb,Tes versus Li ex-situ experiments.

This result contrasts to those published by Nam et al., who did
not report the occurrence of intercalation in their experiments on
Sb,Te; versus Li half cells [ 11]. We attribute this difference to our use
of Rietveld analysis, which enabled the detection of more subtle
aspects of the structural evolution. It should be noted that this was
the only Li-discharged sample analysed with the air-sensitive holder
rather than a capillary, so it exhibited more pronounced preferred
orientation effects.

The 10% discharged sample exhibited several small additional
reflections compared to the pristine electrode, for instance at d-
spacings of 5.1 and 2.7 A. These reflections were found to be con-
sistent with the formation of Li,Te. This indicated that following the
intercalation reaction proposed above, there was a reaction forming
Li;Te. The reflections attributable to Sb,Te; were slightly shifted,
with Rietveld analysis indicating slight expansion of the a and ¢
lattice parameters.

In the 30% sample the Li,Te reflections increased in intensity and
a further shift in some Sb,Te; peaks was observed. Rietveld analysis
showed an increase in the a lattice parameter, but no statistically
significant change in the c lattice parameter. The 50% sample ex-
hibited further expansion of the Sb,Tes-type a and c lattice para-
meters and increased intensity of the Li,Te reflections. Taken
together, the results of the 10%, 30% and 50% samples suggest that
the first pseudo-plateau region corresponded to the simultaneous
occurrence of the intercalation reaction shown in Eq. 3, and the
conversion reaction shown in Eq. 4.

LixSb,Te; + (6-x)Li — 3Li,Te + 2Sb (4)

The 70% and 100% samples both showed complete disappearance
of the parent peaks, and the presence of a set of reflections slightly
offset from those attributed to Li,Te in the 50% sample. Refinement
of the Li,Te and LisSb structural models resulted in an excellent fit.
The 70% and 100% samples were extracted at an intermediate and

the end-point of the second plateau-like region of the discharge
profile respectively, suggesting that this region corresponded to the
alloying reaction shown in Eq. 5.

2Sb + 6Li — 2LisSb (5)

It should be noted that the reflections from the Li,Te and LisSb
phases overlapped, as both phases adopt the same space group and
have a similar lattice parameter. Consequently, multiple separate
Rietveld analyses were performed, to compare the residuals of fits
using only the Li;Te structural model, or only the LisSb structural
model, or both structural models. It was found that although the
lattice parameter was only 0.42 A smaller for Li,Te than for LisSb, a
significantly better fit was accomplished by utilising both structural
models.

Additionally, the capacity of the 70% sample was 425 mAh/g,
which substantially exceeded the theoretical capacity of 256 mAh/g
implied by the conversion reaction shown in Eq. 4. This observed
capacity, the diffraction data, and the presence of two plateau-like
regions in the discharge profile, are consistent with the occurrence
of the above alloying reaction. A similar conclusion was reported by
Nam et al. [11]. The discharge capacity of 556 mAh/g observed in
the 100% sample slightly exceeds the theoretical capacity of
514 mAh/g, based on the consumption of 12 Li ions per functional
unit. The excess capacity is likely due to electrode-electrolyte
interactions.

In order to investigate the effect of Li intercalation on the mag-
netic properties of Sb,Te;, magnetometry was performed on the
parent material and the 5% discharged sample. Temperature-
dependent magnetic susceptibility measurements were collected
over a range of 3 - 300 K using Field Cooled Warming and Zero Field
Cooled Warming protocols, with an applied magnetic field of
1000 Oe. The room temperature susceptibility of the parent material
was -4.2x1077 emu | (g Oe), which was similar though slightly



C. Gillard, PP. Jana, M. Avdeev et al.

Sb,Te, Parent

Journal of Alloys and Compounds 871 (2021) 159378

W_LM,IHHH LULL ] H\H L \ I\ L L

5% Dlscharged

Py

|] TN H\H Ll L L L

10% Dlscharged J
>

A s A A

Intensity (arb)

MUHIHHHHIHHH H\H | r |l

30% Dlscharged

| NSRRI HIHH - L1

50% Discharged

iy T H LIl | r L1

1 Dw

100% Dlscharged

: o AN N \\/\ -
A O i : i : i :
1 2 3 4 5 6
d-spacing (A)
—— Observed — Calculated Background Error
Sb,Te, Li,Te Li;Sb

Fig. 5. Rietveld refinements of structural models with PXRD data from Sb,Tes versus Li ex-situ experiments.

Table 2
Lattice parameters and weighted residuals from Rietveld analyses of PXRD data from
Sb,Tes versus Li ex-situ experiments.

Sample SboTes a (A)  SboTes c (A) Li;Tea(A) LisSba(A) wR
Electrode  4.258 (4) 3045 (1) 5.92%
5% 4266 (2) 30490 (2) 8.46%
10% 42672 (4) 30493 (2) 65169 (7) 7.26%
30% 4271 (2) 30496 (8)  6.514 (6) 10.22%
50% 4298 (2) 30.66 (2) 6553 (2) 435%
70% 6559 (1)  6.604(4)  783%
100% 6537 (1)  6584(2)  9.59%

lower than the typical value of -3.8 x 10”7 emu / (g Oe) reported by
Dyck et al. [23]. The parent sample exhibited diamagnetism, which
was consistent with reports from the literature [37-42]. It should be
noted that although an upward trend at lower temperatures is ap-
parent in Fig. 6, the vertical axis has been magnified in order to
highlight the bifurcation between the ZFC and FC curves.

The bifurcation temperatures for the parent and 5% discharged
samples were similar, as shown in Fig. 6, suggesting no significant
change in magnetic phase transition point. No steep drop in sus-
ceptibility was exhibited in the 5% discharged dataset, indicating
that superconductivity was not induced. For the 5% sample, the FC
profile exhibited a sharp increase in susceptibility with decreasing
temperature below the bifurcation point. This suggests that Li in-
tercalation induced paramagnetism, which is consistent with in-
vestigations into Sb,Te; doped with Fe and Co [22,24]. However
resistivity versus temperature experiments are required to confirm
this, and these are recommended for future works.

3.4. ShyTes versus K ex-situ experiments

Sb,Te; versus K ex-situ PXRD experiments were performed at the
discharge states shown in Fig. 7, with the resultant XRD data shown
in Fig. 8. A table with comprehensive model parameters is provided
in the supplementary information (Table SI2), along with detailed
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Fig. 7. Discharge profiles and weight fractions for Sb,Te; versus K ex-situ experiments.

plots of each refinement (Figs. SI7-11). The 4%, 8%, 18% and 70% relative to the 18% sample. The c lattice parameter showed no sig-
samples exhibited no additional reflections compared to the parent. nificant change, suggesting that no, or minimal, intercalation oc-
The a lattice parameter expanded very slightly with discharge, with curred for this system. In order to investigate the possibility that
the exception of the 70% sample, which showed a small contraction intercalation occurred without significant lattice expansion, Fourier
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Fig. 8. Rietveld refinements of structural models with PXRD data from Sb,Te; versus K ex-situ experiments.

Table 3
Lattice parameters and weighted residuals from Rietveld analyses of PXRD data from
Sb,Tes versus K ex-situ experiments.

Sample Sb,Tes a (A) Sb,Tes ¢ (A) KoTe a (A) WR
Electrode 4.258 (4) 3045 (1) 5.92%
a% 4266 (1) 30447 (2) 10.68%
8% 4.265 (1) 30.453 (2) 12.78%
18% 42687 (3) 30455 (1) 7.64%
70% 4263 (4) 30.436 (5) 439%
100% 8.289 (1) 8.68%

difference maps were constructed (SI12 - 15). The interlayer gap
showed no significant unaccounted electron density, which was
consistent with an absence of intercalation (or at least long-range
ordered intercalation was insignificant). Interestingly, this con-
trasted with our previous work on the Bi,Te; versus K system, in

which a significant degree of intercalation was observed [28]. This
trend is intriguing, given the larger Van der Waals gap of Sb,Tes [28],
raising the possibility that ionizability of host materials may be the
more significant determinant of intercalation potential in tetra-
dymites. An investigation into whether this trend applies to other
tetradymite materials is recommended for future investigations.

The 100% sample exhibited complete disappearance of the parent
reflections, and the formation of a new set of reflections that were
well matched by the K,Te structural model. This indicated the oc-
currence of the conversion reaction shown in Eq. 6.

Sb,Te; + 6K — 3 K,Te + 2Sb (6)

The capacity of this sample was 668 mAh/g, which substantially
exceeded the theoretical capacity of 256 mAh/g implied by the
conversion reaction shown in Eq. 6. Based on this capacity, and
the observation of an alloying reaction in our previous work on the
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Fig. 9. Discharge profiles and weight fractions for Sb,Te; versus Na ex-situ experiments.

Bi,Tes versus K system [28], we speculate that an analogous alloying
reaction occurred in this system, as shown in Eq. 7.

2Sb + 6K — 2 K3Sb (7)

No reflections consistent with KsSb were apparent, and conse-
quently we speculate that a nanosized or nearly amorphous form of
this species was generated. The remaining excess capacity observed
for the 100% discharged sample is likely attributable to reactions
between the electrode and electrolyte. (Table 3).

3.5. SbyTesz versus Na ex-situ experiments

Sb,Tes versus Na ex-situ PXRD experiments were executed at
the states shown in Fig. 9, producing the diffractograms shown in
Fig. 10. A table with comprehensive model parameters is provided
in the supplementary information (Table SI3), along with detailed
plots of each refinement (Figs. SI16-21). The 1.5%, 3% and 8% dis-
charged samples showed no additional reflections relative to the
parent, and refinement of the Sb,Tes structural model revealed no
statistically significant change in the c lattice parameter. A small
increase in the a lattice parameter was observed in the 1.5% sample,
however the 3% and 8% samples showed no change relative to the
parent.

The 30% sample exhibited the persistence of the Sb,Tes reflec-
tions, and the appearance of a new set of reflections, consistent
with the formation of Sb. It should be noted that the Sb reflections
were broad, suggesting that a nanosized or nearly amorphous form
of this species was generated. Refinement of the Sb,Tes structural
model showed no statistically significant change in the a and ¢
lattice parameters, relative to the parent. The lack of expansion of
the lattice parameters suggested that intercalation did not occur in
this system. This was further supported by the formulation of
Fourier difference maps for the 1.5 - 30% samples (SI22 - 25) which
did not exhibit a concentration of unaccounted electron density
within the Van der Waals gap. This is contrary to the mechanism
proposed by the investigation of Yang et al., in which XRD data was

not presented [8]. Our result agrees with that of Nam et al., in
which ex-situ XRD data was collected [9]. This is also consistent
with our previous work on the Bi,Te; versus Na system, in which
intercalation was not observed [28]. The 60% sample exhibited the
complete disappearance of the parent reflections, and the appear-
ance of reflections that were well matched by the Sb and Na,Te
structural models. This was indicative of the conversion reaction
shown in Eq. 8. As was the case for the 30% sample, the reflections
attributable to Sb were broad.

Sb,Te; + 6Na — 3Na,Te + 2Sb (8)

In the 100% sample, the peaks attributable to Sb had disappeared,
and only the set of reflections consistent with Na,Te remained.
Based on the disappearance of Sb, and the large capacity of the cell,
we speculate that the alloying reaction shown in Eq. 9 occurred.

Sb + 3Na — NasSb (9)

This hypothesis is further supported by the observation of the
same alloying reaction in a similar system. Specifically, an in-situ
PXRD study of a Na versus Pnma-type Sb,Ses half-cell reported the
occurrence of a conversion reaction analogous to Eq. 8, followed by
the alloying reaction shown in Eq. 9 at a deeper discharge state. The
alloying reaction was evidenced by the appearance of distinct peaks
corresponding to NasSb [43] (Table 4).

4. Conclusions

The performance of Sb,Tes as an electrode material for Li, Na and
K half cells was measured. High initial discharge capacities of 588,
520 and 906 mAh/g were exhibited by the Li, Na and K systems
respectively. However, cyclability was poor, with 10th cycle capacity
fades of 67%, 95% and 97% for the Li, Na and K systems respectively.
The phase evolution of each system was investigated using ex-situ
PXRD in conjunction with the observed discharge profiles. For the
case of Li, the reaction mechanism involved a sequence of inter-
calation, conversion and alloying reactions. However, for the case of
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Fig. 10. Rietveld refinements of structural models with PXRD data from Sb,Tes versus Na ex-situ experiments.

Table 4

Lattice parameters and weighted residuals from Rietveld analyses of PXRD data from Sb,Te; versus Na ex-situ experiments.
Sample Sb,Tes a (A) Sb,Tes ¢ (A) Sb a (A) Sb ¢ (A) Na,Te a (A) wR
Electrode 4.258 (4) 30.45 (1) 5.92%
1.5% 4272 (4) 30.45 (2) 10.07%
3% 4.259 (1) 30.449 (3) 9.47%
8% 4.262 (2) 30.444 (4) 9.99%
30% 4257 (4) 30.440 (4) 4162 (5) 11.431 (4) 7.95%
60% 430 (2) 11.20 (5) 7.346 (2) 8.247%
100% 7.4149 (1) 10.95%

Na and K, no evidence of intercalation was observed. Several samples
exhibited nanosized or near-amorphous species, so future work are
proposed to gain insight to these species and the compositional
homogeneity of the samples. Techniques such as electron energy
loss spectroscopy or total scattering may be suitable for these

10

investigations. The present work constitutes the first reported
electrochemical evidence of LiySb,Tes, and a preliminary investiga-
tion into the magnetic properties of this material was performed.
The bifurcation temperatures of the parent and Li-intercalated ma-
terials were similar, suggesting no significant change in magnetic
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phase transition temperature. The susceptibility versus temperature
profiles were suggestive of paramagnetism however resistivity ex-
periments are required to confirm this. Such experiments are re-
commended for future works.
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