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Synergic effect of Bi, Sb and Te for the increased stability of bulk
alloying anodes for sodium-ion batteries’

M. W. Orzech,”” F. Mazzali,” J. D. Mcgettrick,” C. Pleydell-Pearce,” T. M. Watson, ® W. Voice,” D.
Jarvis,b and S. Margadonna,®

Effective use of materials that undergo alloying reactions with sodium is hampered by the substantial volume
changes that occur during cycling. One of the most common approaches to improve cycling stability is
nanostructuring. However, the processes required for material’s particle downsizing are hardly transferable
to large scale production. To alleviate such problems, the ternary alloy Big ,5Sb; 75Te; has been designed and
its electrochemical performance investigated. The choice of system was driven by the large reversible
capacities displayed by both Sb and Te coupled with the highly desirable fracture resistance of Bi. Indeed,
micron-sized bulk powder of Bij,5;Sb; 75Te; showed high capacity retention (retaining 91% of the initial
capacity after 100 cycles at 200 mA g'l) and an excellent average coulombic efficiency (99.9% for 100 cycles),
both of which are superior to those observed for the bi-component counterpart Sb,Te; as bulk and
nanosized forms. This behaviour indicates that a small substitution of Sb with Bi does have profound effects
on the electrochemical performance. Even more compelling is the observation that enhanced performance
and stability are observed when the active material is in the form of micron-sized powder and not when
nanosized in a carbon composite. This behaviour is ascribed to the influence of particle size on the
(de)sodiation reaction pathways and on the thickness and composition of the SEI passivation layer. The
improved stability of the ternary alloy shows that careful optimization of multicomponent systems could lead
to remarkable performance enhancement without the necessity of size confinement, opening the way to
facile and low-cost electrode manufacturing.

carbon, have been proposed, as they approach the specific

capacity and stability displayed by graphite anodes in LIBs™ >,

Sodium-ion batteries (SIBs) are
researched as a viable and sustainable technology for medium

currently  heavily
to large scale energy storagel's. SIBs represent a low cost
alternative to lithium-ion batteries (LIBs) for a number of
reasons including: (i) the widespread availability of sodium, (ii)
the possibility of using the cheaper and lighter aluminium
current collector instead of copper, (iii) the electrochemical
properties are close to those of lithium and (iv) drop-in
solutions for their manufacturing can be easily adopted, as
their cell assembly and production is analogous to LIBs.

In recent years, much research has focussed on the
development of highly performing electrodes for SIBs. The
negative electrode is, currently, one of the most troublesome
components, since typical graphitic carbons employed in LIBs
are inactive with sodium. Some disordered carbons, i.e. hard
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However, the volumetric capacity and Coulombic efficiency of
carbon based anodes are low and, in addition, sodium is
mainly stored below ~0.1 V (vs Na/Na*). At such low voltage,
problems with sodium plating emerge, particularly at higher
charging rates. This raises a number of issues related to the
safe use of such electrodes in commercial cells.

Alloying elements from groups 14-16 have been intensively
studied as anodes for SIBs. They possess large theoretical
gravimetric capacity as they form phases with high sodium
content such as Na;sSn, (847 mAh g™), NasSb (660 mAh g™),
Na;Bi (385 mAh g™) or Na,Te (420 mAh g™) and operate at
higher and safer potential. However, their cyclic stability is
hindered by huge volume changes causing pulverisation of the
active material and loss of electrical contact with the current
collector as well as continuous reconstruction of the solid
electrolyte interphase (SEl) passivation layer. A number of
different strategies have been developed to overcome such
Very high focus was put on the design of
nanostructured alloy based anodes, usually embedded with
some kind of carbon matrix. This approach has been extremely
successful and high capacities as well as long cycle stabilities

issues.
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have been achieved. However, from the practical point of
view, the synthetic procedures involved in the preparation of
such materials are unlikely to be transferred to large scale
production due to the their cost and complicated processing .
Moreover, nanostructured materials have large specific
surface area and low tap density, which reflects in large
irreversible capacity loss during the formation of the SEI layer
and low volumetric energy density. On the other hand, bulk
materials are easy to manufacture in large scale and benefit
from lower surface area and higher tap density. Therefore,
more focus on low-cost, efficient and stable bulk electrode
materials is needed for the prompt commercialisation of SIBs.

Another strategy to accommodate huge volume changes
upon cycling, which is commonly used in conjunction with
nanostructuring, involves the design of suitable alloys, where
different constituents can serve as mutual self-support to
suppress volume changes4. A careful choice of the components
in the alloy-based anode can result in a much improved cycle
stability and capacity retention. Indeed, several binary and
ternary alloys have been reported to exhibit improved cycling
stability, such as Sn-Sb°, Sn,P;*’, Bi-Sb®%, Sb,S;°, NiSe,™,
Bio.0aSby 0655, CuSbS,"2, Sn-Ge-Sb*?, Sn-Bi-Sb* and SnsSbP5/C**.
In all cases, the performance of the alloys is enhanced as
compared to their single element counterparts. A recent
report on Sn-Bi-Sb thin alloy films (100 nm in thickness)
showed very clearly the beneficial effects of alloying small
amounts of Bi and Sn (10 at%) with Sb (80 at%), which resulted
in  single-phase microstructure®. Improvement in the
performances of the ternary alloys was explained in terms of
solid solution strengthening and a more stepwise sodiation
mechanism. Interestingly, the performance was not influenced
by the grain size in the nanoscale range.

Within this context, our aim was to design an alloy based
anode material which is stable in its bulk micronsized form to
avoid any nanostructuring step in the electrode processing. To
achieve this goal, it is necessary to make use of the beneficial
effects of multicomponent alloys, such as solid solution
strengthening, mutual buffering and gradual sodiation process.
Furthermore, the selection of components is crucial as
enhanced stability must be achieved without compromising on
gravimetric capacity. Our choice fell on a ternary alloy
comprising Sb, Te and Bi which were all already studied as
15720 ok has been widely researched and
when nanostructured shows remarkable stability and rate
capabilitylg'zl_B. On the other hand, Bi displays lower specific
capacity but exhibits extraordinary mechanical properties
upon sodiation®® and a fairly high capacity retention”%. Sb
and Bi adopt the same crystal structure and are able to form
Bi;,Sb, solid solution for 0 < x < 1. They are active against
sodium in very similar voltage potential and therefore another
element, with quite different operating voltage, is necessary to
take full advantage of the benefits of mutual buffering and
gradual sodiation. Recent studies have demonstrated that
complex Te-nanocomposites could reach outstanding cycling
stability of 90% capacity retention at the 1000"" cycle27’28. Teis
electrochemically active at a higher potential than Sb, and
therefore their combination can effectively alleviate the

single or binary alloys
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reciprocal volume changes during cycling. However, the binary
alloy Sb,Tes, which is a well-known thermoelectric and a much
studied topological insulator, has been recently studied as
anode for SIBs. Nanocrystallites (sized 5-8 nm) embedded in
carbon matrix showed interesting properties displaying a
reversible gravimetric capacity of 373 mAh g'1 over 50 cycleszg.
However, preliminary electrochemical testing, which
extended to more than 50 cycles, has shown less than
desirable cycling stability of the Sb,Te; alloy both in bulk and in
its nanosized forms. A third component therefore should be
added to improve performance. The obvious choice would be
to use Bi, considering its desirable mechanical properties,
which can improve electrode stability without hampering its
gravimetric capacity. Additionally, Bi forms stable solid state
solution with both Sb and Sb,Te;. As a recent study4 showed,
the Bi addition is most efficient if it constitute of 10% to 20% in
relation to Sb in alloy. Therefore, we produced the designed
ternary alloy Big,5Sb; 75Tes (12.5 at% of Bi to 87.5 at% of Sb)
and studied its suitability as anode material for SIBs both as
bulk material and as a carbon nanocomposite. Electrochemical
testing has shown that the performance of Big,5Sb, 75Tes is far
superior to the binary Sb,Te; alloy with the same particle size
demonstrating that a relatively small replacement of Sb with Bi
significantly improves electrode stability. Very importantly, the
direct evaluation of micron-sized powder vs carbon
nanocomposite reveals that the latter displays an inferior
capacity retention and rate capability. These results contradict
the general understanding that structural confinement is an
essential requisite for alloying electrode stability and prove
that superior performances can be achieved in bulk alloys.

To elucidate the mechanism behind this
behaviour ex situ X-ray powder diffraction (XRD), X-ray

our

intriguing

photoelectron spectroscopy (XPS) and electron microscopy
(SEM and TEM) measurements were performed. Our results
showed that the reaction pathways occurring during
(de)sodiation are dependent on the original particle size of the
alloy. Additionally, the SEl layer on the nanocomposite is
thicker and consists of more inorganic species than in micron-
sized alloy. These findings show that smart design of alloys
could be a
performance improvement of anode materials, which would

facile alternative to nanostructuring for

open the path to an inexpensive electrode processing.

Experimental

Materials synthesis

The Big,5Sb, 75Tes alloy supplied by Gervaux Ltd. was in the
form of a pellet and used as received. Micron-sized powder
(herein referred as bulk-BST) was obtained by crashing the
pellet using a Fritsch Pulverisette 23 for 5 min at 50 Hz. To
prepare the carbon composite (herein referred as nano-
BST/C), the resulting powder was further milled with carbon
black (Super P, Timcal) in 70:30 wt% ratio, respectively.
Powders were sealed in stainless steel jar under Ar
atmosphere and ball milled at 300 rpm for 12 h using high
energy planetary ball mill Pulverisette 5. The ball to powder

This journal is © The Royal Society of Chemistry 20xx
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ratio was 15:1. The obtained nanopowder was stored under Ar
to avoid oxidation. The Sb,Te; and Sb,Te;/C materials were
synthesized in the same manner.

Materials Characterisation

X-ray powder diffraction (XRD) patterns of materials and
electrodes were measured on a Bruker D8 Advance
diffractometer with a Cu Ka radiation source (A = 1.5406 A).
The XRD patterns were collected over the range of 10-80° by
keeping the step size of 0.01° at a scan rate of 7 s per step. For
the ex situ measurements electrode materials were removed
from the current collector and sealed in glass capillaries under
Ar atmosphere.

Scanning electron microscopy (SEM) imaging was
performed with a ZEISS Evo scanning electron microscope. The
accelerating voltage was 15 kV and the working distance was
~10 mm. The electrodes for SEM imaging were extracted from
half-cells after the first cycle, washed with propylene
carbonate and transferred to SEM chamber with negligible
exposure to air. High-resolution transmission electron
microscopy (HRTEM and STEM) images were obtained with a
FEI Talos, operating at 200 kV. For the ex situ imaging, a TEM
grid loaded with Bi-Sb-Te/C nanocomposite was pressed
against the electrode®. After electrochemical cycling, the TEM
grid was carefully removed and rinsed with propylene
carbonate. The grid was loaded on TEM holder in glove box
and transferred under Ar protection to microscope chamber
without any exposure to air.

The surface analyses were performed by means of X-ray
photoelectron spectroscopy (XPS, Kratos Axis Supra) using
focused monochromatic 225W Al Ka radiation (hv = 1486.6
eV). The high resolution peaks were recorded with constant
pass energy of 40 eV. The analysis area was limited by an
aperture to a 110 um diameter circle. To minimize charging
effects, the Kratos charge neutralization system was used. For
etching monatomic Ar" beam with an applied voltage of 5 keV
was employed. Photoelectron spectra were fitted with Casa
XPS software with Shirley backgrounds and 30% Gaussian, 70%
Lorentzian curves. The binding energy (BE) scale was calibrated
from the adventitious carbon using the C 1s peak at 284.8 eV.
Quantification was performed using the Kratos relative
sensitivity factor (R.S.F.) library.

Electrochemical characterisation

The micron-sized powder was mixed with Super P (Timcal
Ltd.) and sodium carboxymethyl cellulose (CMC) binder (in a
weight ratio of 70:15:15) in de-ionized water to form a
homogenous slurry. The nanocomposite material was mixed
with CMC binder only in weight ratio 90:10. Lower content of
binder is chosen to keep similar loading of active material in
both samples, thus matching whole electrode volume change
upon cycling. The slurries were then coated on Al foil, pressed
and dried in vacuum oven at 80°C overnight. All electrodes
were 12.5 mm diameter discs. Na metal was used as both
counter and reference electrode. Electrochemical
performances were evaluated with standard CR2032 coin cells.

The electrolyte used was 1 M NaPFg (99+%, Alfa Aesar)

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Morphology of bulk-BST and nano-BST/C. SEM images of Big2sSbyssTes
before (a) and after ball milling with carbon (b). Scale bars are 2 pm.

solution in a mixture of ethylene carbonate (anhydrous, 99%,
Sigma) and propylene carbonate (anhydrous, 99.7%, Sigma) in
1:1 volume ratio with 5wt% fluorinated ethylene carbonate
(99%, Sigma) additive. FEC additive is known to improve the
stability of the SEl layer, hence enhance cycle life®3*
Whatman glass-fiber separators were used. The cells were
assembled in an argon-filled glovebox with O, and H,O levels
less than 0.1 ppm and aged for 2 h before tests to ensure full
absorption of electrolyte into the electrodes. Galvanostatic
cycling was performed in a voltage range of 0.01 Vto 2 V vs
Na/Na® using a Bat-Small battery cycler (Astrol). Cyclic
voltammetry was performed in the voltage range of 0.01 - 2 V
at a scan rate of 0.1 mV s™ using Bio-Logic VMP3 potentiostat.

Results and discussion

Materials characterisation

The room temperature X-ray powder diffraction profile of
the as received ternary alloy with nominal composition
Big»5Sb1 75Tes (bulk-BST), can be readily indexed with a single
rhombohedral phase characteristic of both Sb,Te; and Bi,Te;
(space group R-3m) with refined lattice constants a = 4.2842(1)
A and c = 30.433(2) A (Fig. 2a and S1). The crystal structure
comprises stackings of three “quintuple layers” [Te(l)-Bi/Se-
Te(I1)-Bi/Se-Te(l)-building blocks with Te(l) and Te(ll) denoting

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Structural characterisation of bulk-BST and nano-BST/C. (a) X-ray diffraction pattern bulk-BST (black) and nano-BST/C (red). (b) HRTEM image of nano-BST/C
crystallites (enlarged) embedded in carbon matrix (scale bar, 10 nm). The corresponding FFT is shown in the inset (scale bar, 5 nm'l). (c) Dark field image of nano-BST/C

and corresponding EDS maps (scale bar, 30 nm).

two different coordinations of the tellurium atoms. Bi and Sb
statistically occupy the 6¢ Wyckoff position (0, 0, 0.399) with
refined fractional occupancies of 0.12(1) and 0.88(1)
respectively. The resulting stoichiometry of the ternary alloy is
Bio.241)Sb1.76(1)Tes which is well in line with its nominal
composition (Table S1).

Diffraction profiles of the original powder after ball milling
with carbon show that the rhombohedral layered structure is
preserved with no changes in lattice dimension (Fig. 2a).
However, differences are observable in the peak widths which
have now become much larger indicating smaller crystallite
size. Application of the Sherrer equation resulted in an average
crystallite size of 6.8 nm. Ball milling does not induce phase
separation or the formation of spurious phases. The presence
of carbon is directly detectable by the large amorphous
background between 26 = 15° and 35°.

The morphological characteristics of both materials, bulk
powder and carbon nanocomposite are shown in Fig. 1. From
scanning electron microscopy (SEM) images (Fig. 1la,b) the
effect of high energy mechanical milling (HEMM) on particle
size can be easily determined. In the bulk-BST powder (Fig. 1a)
the average particle size is 2 um and the shape observed is
typical for layered crystals. On the other hand, after ball
milling with carbon the nanocomposite formed more
irregularly shaped agglomerates with the average size reduced
to 80 nm. Fig. 2b shows the HRTEM image of nano-BST/C with

4| J. Name., 2012, 00, 1-3

Bi-Sb-Te crystallites sizes ranging between 5 and 15 nm
consistent with the results of the Sherrer line broadening
analysis. The d-spacing obtained from Fast Fourier transform
(FFT) pattern of the selected area corresponds to the (110)
plane of Big,5Sb; 75Te;. High angle annular dark field (HAADF)
STEM image and energy dispersive spectroscopy (EDS)
elemental mapping showed that the alloy particles are
uniformly covered by a 15 nm thick carbon layer (Fig. 2c). The
absence of carbon in bulk-BST and its presence in nano-BST/C
were further confirmed by Raman spectroscopy (Fig. S8)

Electrochemical performance

The electrochemical performance of the materials was
evaluated through galvanostatic charge/discharge cycling in
the voltage window 0.01 — 2.0 V with current density 200 mA
g'1 (Fig. 3a). The bulk-BST anode showed initial discharge
capacity of 536 mAh g'l, which is slightly higher than the
weighted average of theoretical capacities of elements (496
mAh g'l). This excess capacity is attributed to the SEI layer
formation. First charge capacity reached 450 mAh g'l giving
high overall first cycle efficiency of 84%. After 100
charge/discharge cycles the high capacity of 406 mAh g'l, i.e.
91% of initial capacity is retained. The excellent average
Coulombic efficiency of 99.9% after initial cycle suggests good
utilisation of electrode in a full cell.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Electrochemical performance of bulk-BST and nano-BST/C. (a) Galvanostatic cycling of bulk-BST and nano-BST/C with current density 200 mA g™ in a potential
window 0.01 — 2.0 V vs Na/Na" and corresponding charge-discharge curves of (b) bulk-BST and (d) nano-BST/C anodes at first (solid) and second cycle (dashed). (c) Rate

capability of anodes at different current densities (numbers in mA g™).

The ball milled material nano-BST/C showed slightly higher
first discharge capacity of 566 mAh g'1 but displayed a much
lower first cycle coulombic efficiency of 75% suggesting that, in
this case, more electrolyte was decomposed to form a stable
SEl layer. This behaviour is expected considering the larger
surface area of the nanocomposite. Furthermore, nano-BST/C
showed constant capacity fading of averaged 0.45% per cycle,
which results in only 60% capacity retention after 100 cycles.

It is relevant to mention, at this point, that the
performances of analogous electrodes consisting of micron
and nanosized Sb,Te; without Bi substitution, tested under
identical conditions, show an opposite trend. In the case of
bulk Sb,Te; complete pulverisation and exfoliation of the
anode from the current collector occurs within the first 10
cycles (Fig. S2). However, when the particles size is reduced
and a nanocomposite with C is produced via high energy ball
milling, the electrochemical response of Sb,Te;/C is much
improved reaching a reversible capacity of 490 mAh g'1 at a
current density of 200 mA g'l. However, after about 50 cycles
capacity quickly drops, revealing electrode instability and poor
cycle life. These observations point towards a scenario where a
small substitution of Bi has beneficial effects on the electrode
stability which, very importantly, is modulated by particle size.

This journal is © The Royal Society of Chemistry 20xx

Figures 3b and 3d show charge-discharge curves of the first
two cycles for both anodes. The initial discharge (charge) curve
of bulk-BST displays two flat plateaus at 1.05 V (1.57 V) and
0.51 V (0.74 V). The higher voltage plateau can be ascribed to
the reaction of Na with Te, while at the lower potential both
Sb and Bi are active. In the subsequent cycle the sodiation
plateau of Te shifts to 1.15 V and the plateau assigned to Sb
and Bi splits into two at 0.54 V and 0.39 V. Moreover, a sloping
region appears around 1.30 V. This shape is reflected in the
nano-BST/C anode curves, even though the plateaus are more
sloped and their exact potentials are harder to specify. This is
typical of many amorphous or nanocrystalline alloy anodes,
which often have voltage curves comprised of single-phase
regions with significant amounts of polarization35.

To further elucidate differences in performance between
micron and nanosized ternary alloy anodes, rate capability
measurements were conducted. The resulting
charge/discharge capacity versus cycle number plot is
presented on Fig. 3c. Average charge capacities of bulk-BST are
420, 409, 388, 365 and 331 mAh g_l, and of nano-BST/C 406,
360, 307, 240 and 124 mAh g_l, obtained at current densities
of 80, 200, 400, 800 and 2000 mA g'l, respectively. Even at as
high current density as 2000 mA g'1 80% of the bulk-BST

J. Name., 2013, 00, 1-3 | 5
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capacity is retained. This value is only 30% for the nano-BST/C.
After deep cycling at 2000 mA g_l, when the current rate is set
back to 80 mA g_l, the former electrode recovered a high
charge capacity of 410 mAh g_l, which shows the promising
structural stability of the bulk ternary alloy at high currents.
These results demonstrate the superior rate performance of
the bulk-BST anode at higher current densities. Again, this goes
against the common understanding that nanostructures, due
to shorter diffusion paths, which are beneficial for fast Na-ion
transfer and an increased number of reaction sites, offer
improved rate capabilities.

De/sodiation mechanism

To better understand the charge-discharge process of the
ternary alloy, the electrochemical behaviour of both anodes
were evaluated using cyclic voltammetry (CV) at a scan rate of
0.1 mVs™. Results are shown in Fig. 4a and 4b. Moreover, to
further elucidate the de/sodiation mechanism, ex situ XRD
measurements of both anodes were taken at the potentials t1,
t2, t3 and t4 (Fig. 4c). The charge/discharge mechanism can be
separated into two stages, i.e. activity of tellurium at higher
potentials and activity of Sb and Bi at lower potentials. On the

6 | J. Name., 2012, 00, 1-3

CV scan the first stage is represented by the peaks (i) and (iv)
indicated by arrows, while those noted (ii) and (iii) are ascribed
to reactions of Sb and Bi.

The CV profile of the first cycle of bulk-BST electrode is
quite different from those of the subsequent cycles, suggesting
an activation process during the first discharge (Fig. 4a). It
shows the presence of two peaks, one (i) around 0.93 V and
another (ii) at ~0.38 V. Additionally, a low intensity broad
feature around 0.75 — 0.55V can be identified. The former
peak can be associated to intercalation of Na* ions into the van
der Walls gaps of the rhombohedral structure, which leads to
breaking of Big,5Sb, ,5Tes structure and formation of the SEI
layer. Subsequently, the conversion reaction occurs, leading to
the formation of crystalline Na,Te. Presence of this phase was
confirmed by ex-situ XRD measurements (Fig. S3 and S4) and it
is in agreement with what has been reported in the literature
for Te-based and Sb,Te; anodes®®*?

In the second stage of discharge Sb plays dominant role, as
content of Bi is relatively small. The shape of the (ii) part of the
CV scan of the bulk-BST resembles shape of previously
reported second - rather than first - sodiation profile of Sb
anodes™*%**_ Allan et al. showed that pure antimony upon Na
insertion forms several amorphous phases, i.e. Na;Sb and

This journal is © The Royal Society of Chemistry 20xx
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Na, ;Sb, with final Na3_be37. In the presented dQ/dE plot the
broad feature around 0.7 V is ascribed to insertion of Na into
amorphous Na;Sb to form also amorphous Na;;Sb. The
following peak at 0.45 V reflects the amorphous Na;,Sb phase
formation®3%%7, Similarly, in the bulk-BST electrode, the broad
feature can be attributed to the reaction of a small amount of
partly sodiated Sb. However, the following peak is shifted to
the lower potential of 0.38 V, suggesting some different
mechanism occurring. After breaking of the starting
Big,5Sby 75Tes structure the Sb an Bi can form solid solution
where intrinsic stresses are higher than in pure metals®:. A
recent work on Sn-Bi-Sb alloys showed solid solution
modification of the Sb chemical potential and stress induced
voltage changes4. The lower than expected potential of
cathodic peak strongly suggest that Sby,Bi, solid solution is
formed and consequently sodiated to Na,Sby,Bi, (y < 3) — a
mechanism analogous to lithiation of Si-Ge aIons39’40. Both Sb
and Bi form hexagonal NazM structure upon discharge,
therefore the formation of sodiated solid solution is possible.

The oxidation peaks at 0.84 V (iii) and at 1.65 V (iv) relate
to sodium extraction from Sb/Bi and Te respectively. After the
first full cycle, the partly sodiated NaTe; phase can be clearly
observed on the ex situ XRD diffraction profiles (Fig. S3).
Additionally, small amount of Na,Te remained in the electrode,
indicating incomplete desodiation. This behaviour is similar to
previously reported by Zhang et al. for bulk Te electrode?®.

In the second and subsequent scans the higher voltage
reduction peak (i) splits into two features located at 1.34 V and
1.09 V. This phenomenon reveals a two-step sodiation
mechanism of Te in the bulk Bi-Sb-Te alloy after the first cycle.
The 1.34 V peak could be ascribed to intermediate Na,Te
phase formation, though it can’t be clearly distinguished by
means of ex situ XRD?. It is followed by further sodiation to
Na,Te at 1.09 V. In the second stage of discharge (ii) related to
Sb and Bi significant changes in the CV profile can be observed.
The broad feature is still present and shifts to slightly higher
potentials due to relaxation of some stresses, thus lower
overpotential. More importantly, new peak appears at 0.49 V,
which is similar to pure Sb behaviour and can be ascribed to
sodiation of Na; ;Sb to Na3_be37. This indicates segregation of
some Sb from the solid solution. The peak at 0.38 V is still
present and confirms existence of two antimony-based phases
in electrode, i.e. segregated Sb and Sb-Bi solid solution. In the
following cycles CV profile remains unchanged indicating good
reversibility of bulk-BST anode.

This journal is © The Royal Society of Chemistry 20xx

The CV profile of the nano-BST/C differs from that of
micron-sized material. First of all the peaks are broader and
shifted, which is caused by higher overpotential in
nanostructured electrodes, as mentioned before. The first
stage - (i) and (iv) - related to Te activity shows no significant
changes from bulk material. Additionally, the ex situ XRD
measurements at tl showed clear presence of the Na,Te
phase. However, at t4 only NaTe; was clearly detected,
indicating more facile desodiation of nano-Te, in agreement
with previous work of Zhang et al.”® To further confirm the
presence of NaTe; phase, ex situ HRTEM measurements of
nano-BST/C electrode at fully charged state were performed
(Fig. 4d). Amorphous carbon matrix with agglomerated nano-
crystallites sized 2-4 nm of NaTe; can be seen. It should be
mentioned that neither Na,Te nor crystalline Sb-Bi was
observed. Additionally, the electrode is covered with about 10-
15 nm thick SEI layer composed of crystalline NaF and various
amorphous phases.

Larger differences between the two materials can be
observed in the lower voltage part (ii) of CV profile. Due to
overpotential, the peaks are shifted, i.e. from 0.38 V in bulk-
BST to 0.30 V in nano-BST/C and from 0.49 V to 0.45 V,
respectively. Moreover, the former peak disappears after the
third cycle. This indicates instability of solid solution in the
nanostructured electrode (see ESI for a schematic description
of the de/sodiation mechanism).

It has been previously reported that antimony-based
electrodes, including Sb,Tes, form crystalline Na_q,szg'37 at full
sodiation. The ex-situ experiments performed here never
revealed the presence of this phase in any of tested anodes
(Fig. 4c and S3). It has been shown that the presence of other
elements and intrinsic stresses can deeply influence the
sodiation mechanism and hinder the crystallisation of the fully
sodiated Sb—phase4'9’41’42. Bi is active in the same potential
region as Sb (0.4-0.6 V vs Na/Na®) and forms NaBi and NasBi
phasesl7’43
phases are not distinguishable in the ex situ diffraction
profiles. It is known that the sodiated phases of Bi are

. However, again, Bragg peaks relative to these

metastable and can’t be detected by ex situ
measurements'®?%%, Although sodiation products of Sb and Bi
cannot be identified by means of ex situ XRD due to

amorphisation (Sb) or metastability (Bi), the specific capacity
observed in the galvanostatic cycling is very close to the
theoretical value, indicating full utilisation of all the three
metallic components.
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Figure 5. Surface analysis of fully charged bulk-BST electrode. Ex situ XPS plots of Te (3d), O (1s) & Sb (3d), and Bi (4f) envelopes.

It is worth to compare the reaction mechanisms of nano-
BST/C with the recently reported results on the related system
Sb,Te;-carbon nanocomposite that appears to undergo a
recombination reaction to afford Sb,Te; on desodiation®. This
drastically differs from the behaviour of the ternary alloy
where no signature of either the original phase or of Sb,Te; is
observed. It follows, that Bi plays an important role in
determining the reaction pathways and consequent electrode
performance.

Surface analysis

To further elucidate the effect of particle size on the
electrochemical performance of the anode, ex situ XPS
measurements of both electrodes, as coated and at fully
charged state, were performed (Fig. 5 and S6). X-ray
photoelectron spectroscopy is a widely used technique for the
analysis of the SEI layer of electrode materials®>*%*%_ 1t
enables the investigation of the composition of the passivation
layer and can give some insights into amorphous phases that
are undetectable by XRD.

The measurements of the as coated electrodes revealed
the presence of the Bi-Sb-Te alloy and surface metal oxides.
The nanostructured carbon composited presented a larger
proportion of surface oxides compared to bulk-BST. The
greater volume fraction of amorphous surface oxide shell leads
to a thicker and less ion conductive SEI Iayer23’48’49. This in turn
significantly hindered sodium ions diffusion, which is reflected
in the lower first cycle Coulombic efficiency and the poorer
rate capability.

The ex situ measurements of fully charged electrode were
coupled with ion beam etching which was used to remove
some of the SEl layer and acquire stronger signal from the
active material. The O 1s, Na 1s, F 1s and C 1s peaks showed
differences in composition of the SEl layer. In both electrodes
the outermost layer is mainly organic and composed of

8 | J. Name., 2012, 00, 1-3

hydrocarbons. However, ion bombardment revealed that the
passivation layer on nano-BST/C electrode possess much
higher fraction of inorganic carbonates than in the case of
bulk-BST. These results suggest that the SEI of nano-BST/C
electrode has a layered structure of an organic outer surface
and underneath inorganic electrolyte decomposition products,
such as carbonates. Whereas the passivation layer on bulk-BST
is mainly composed of more homogeneously distributed
inorganics in organic matrix.

The features in the Sb 3d, Te 3d and Bi 4f regions are more
pronounced after etching the electrode for 20min. Indeed,
some of the peaks are absent in the nano-BST/C before
treatment, which again indicates thicker SEI layer. The peak at
571.5 eV confirms presence of NaTe; in fully charged
electrodes. Additionally, in both electrodes peaks associated
with Sb and Bi metallic bonds in Bi-Sb mixture were
detected®® % In the Sb 3d envelope one more peak can be
distinguished at 527.6 eV. It is slightly shifted to lower values
from the binding energy of Sb metal and is related to reduced
s species indicating Na-Sb bonds®***’. Lack of full
desodiation of Sb is in accordance with previous reports on
antimony-based anodes®**”*?. These results confirm formation
of a Bi-Sb solid solution. Additionally, as expected, the
concentration of Te(0) is relatively higher in the nano-BST/C in
agreement with a more facile desodiation of nano-Te. A
detailed discussion of the surface analysis is available in the ESI
(Fig. S6).

Different behaviour of nanostructured and micron-sized alloy

There are a number of significant points arising from the
presented results. First of all, they indicate that the use of a
multicomponent alloy is an effective strategy to achieve
electrode strengthening against pulverization and
consequently enhanced stability. Indeed, the Big,5Sbys5Tes
ternary alloy in both its forms, as a carbon nanocomposite and

This journal is © The Royal Society of Chemistry 20xx
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as micron-sized powder, shows superior electrochemical
performance as compared to its bi-component counterparts
Sb,Te; and Bi,,Sb, (refer to Fig. S7 for a more detailed
comparison of capacity retentions). This is linked to the
mechanisms in place during the first sodiation when the
Big,5Sb, 75Tes alloy breaks in a unique structure of fine Te
particles dispersed in an amorphous Sb-Bi matrix. At higher
potentials, when Te is active, the Sb-Bi acts as a buffer to
alleviate the volume changes and prevent aggregation to some
extent. Such behaviour is reversed at lower potentials where
the Sb-Bi matrix plays the major role and Te act as a spectator
and simply moderates the continuous expansion and
contractions caused by sodiation and desodiation of the active
species. These synergic effects between the three components
have profound consequences on the overall electrochemical
properties and significantly increases the electrode stability
over cycling53.

Even more important is the observation that the effect of
Bi substitution is strongly dependant on the particle size of the
original alloy. The bulk-BST anode is far more stable and has
much higher capacity retention after 100 cycles as compared
to the nanosized composite. This phenomenon s
counterintuitive, as there is a general consensus, that
nanostructuring is generally beneficial for anode materials that
exhibit large volume changes upon cycling and, to the best of
our knowledge, there are no other reports on better
performance of micron-sized materials in comparison to
nanostructures'®>*>>.

The different structural stability is even more evident from
the SEM images taken after the first charge/discharge cycle for
both the bulk-BST and the nano-BST/C electrodes (Fig. 6). In
the former, a uniform distribution of small micro-cracks is
readily observable. Considering the very low capacity fading
(Fig. 3a) these defects don’t cause significant loss of electrical
contact between active material particles and the current
collector. On the other hand, the nano-BST/C electrode shows
a larger number of cracks which are also much coarser. The
cracks are as wide as 20 um and hundreds of microns long. It
follows that damages caused by volume changes are alleviated
much more effectively in the micron-sized alloy relative to the
nanosized composite, and hence, it displays a far superior
electrochemical performance. Such behaviour is related to the
breakage of the original ternary alloy upon the first sodiation
which takes different pathways and form different phases
depending on the original particle size.

As mentioned before, antimony and bismuth adopt the
same crystal structure at fully sodiated state and therefore
they can form stable solid solution that can reversibly
intercalate sodium ions. While it has not been possible to
confirm the presence of the Bi;,Sb, solid solution at the end of
the first desodiation through ex situ XRD measurements, its
formation has been observed in the ex situ XPS (Fig. 5)
measurements and additionally confirmed in the diffraction
profile of bulk-BST collected after 50 cycles (Fig. S5).
Incorporation of Bi atoms into the Sb lattice leads to solid
solution strengthening, which gives electrode material better
resistance to internal stresses immediately after the first

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Changes in electrodes morphology after de/sodiation. SEM images of (a)
bulk-BST and (b) nano-BST/C electrodes after one full charge/discharge cycle.

sodiation®. This appears not to occur in the case of the
nanosized powder. Recently it has been reported, that Bi with
an average crystallite size of 36 nm forms a high-pressure
cubic NazBi phase upon sodiation®® which therefore could
prevent the formation of a solid solution with Sb. The fact that
in the bulk-BST electrode solid solution is present and active in
different potential than Sb leads to relatively more gradual
sodiation, i.e. more sodiation steps, allowing relaxation of
some stresses in the material®. This buffering effect is less
pronounced in the nano material as the Sb-Bi alloy is not
stable and Sb segregation occurs. Further experiments aimed
at the detailed understanding of the reaction mechanisms as a
function of particle size are planned to confirm such scenario.
Electrochemical amorphisation can also depend on particle
size, as in the case of lithiation of Si, where it only occurs in
micron-sized material in contrast to nano-Si‘’. Analogous
differences in de/sodiation mechanism dependent on particle
size were reported for various materiaI521'4°'43, and particularly
for Sb** where very small size lead to formation of distinct
crystalline intermediate phases upon sodiation. Similar
behaviour can be expected in the nano-BST/C electrode,
where average crystallite size is 6.8 nm. The occurrence of
repeated crystallisation events causes an anisotropic stress at
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two-phase boundaries, especially at the substrate/electrode
interface, which can lead to failure of electrode.

Conclusions

The problem of large volume changes and pulverization
occurring in alloy-type anodes strongly hinders their
application despite the very attractive gravimetric capacity and
electrochemical properties. This issue is rather compelling
given that it applies to both Na- and Li-ion batteries. In this
work we have shown that it is possible to engineer suitable
systems that are highly resistant to fracture without the need
of fabricating nanostructures or using encapsulating matrixes.
Small substitutions of Sb with Bi in Sb,Te; lead to the ternary
alloy Big5Sb; 75Tes  which  electrochemical  stability is
dependent on particle size, with superior performance
observed for the bulk micrometre sized material and not when
nanosized in a carbon composite. Indeed, bulk Big,sSb; ,5Tes
showed high capacity retention (retaining 80% of capacity at
high current rate of 2000 mA g'l), enhanced cycling stability
and excellent coulombic efficiency. The averaged working
potential of Bij,5Sb, s5Tes is relatively high, which could lower
energy density when employed as anode in full cells. However,
in analogy with the commercialised lithium titanates (LTO)
chemistries that operate at 1.5 V vs Li, the higher potential
avoids issues of Na plating and consequent dendrite formation
greatly improving the safe operation of the battery.

A number of experimental techniques were employed to
gain insight into the phenomenon and the results indicate that
two orders of magnitude difference in particle size influences
the reactions mechanisms taking place during sodiation and
desodiation. In the bulk powder, the original Bij,5Sb;s5Tes
breaks during first charging to form Na,Te, Na;,Sb and Na,Bi;.
Sb, phases. at the nanoscale the Sb-Bi solid
solutions are thought to be unstable and sodiation occurs in
the three single elements instead. Furthermore, the particle
size has effects on the stability and endurance of the SEl layer
which plays a very important role in electrode materials that
undergo large volume changes3°’49’59’6°. In the case of the
Big ;5Sb; 75Tes.carbon nanocomposite, the SEl layer is thick and
mainly formed by inorganic species resulting in a lower first
cycle efficiency and poor rate capability. The high content of
inorganic species would make it more susceptible to fracture

However,

along grain boundaries, compared to flexible, mainly organic
and thinner SEIl layer observed in the bulk material.

The large scale production of SIBs is strongly dependant on
the availability of highly performing electrode materials which
can be manufactured with standard additives using procedures
that mimic those already in place for LIBs to achieve easy and
cheap drop-in production. Big ,5Sb; 75Te; satisfies most of these
requirements as electrodes can be prepared directly from the
as-made bulk alloy without any particle reduction step, which
would greatly increase the production costs. However, the
price and availability of the raw main components, especially
Te, poses some questions on its effective use in large
production. Nevertheless, all the strategies that were put in

10 | J. Name., 2012, 00, 1-3

place in this work to achieve an alloy, which is highly resistant
to mechanical fracture when in its bulk form, can drive further
research in multicomponent alloys where Te is replaced by one
or more sustainable and cost effective elements.
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