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Rechargeable magnesium batteries (RMBs) are regarded as potential next-generation energy storage
technologies, thanks to their high theoretical specific capacity and abundance of magnesium resources.
However, magnesium anodes tend to form passivating surface films, which hinder the reversible
transport of Mg?* ions and narrow the selection of suitable electrolytes. Herein, the Bi—-Sn alloy loaded
with SnO, (Bi-Sn@Sn0,) is synthesized to be the anode for RMBs and improve diffusion kinetics of Mg2*
ions. The Bi-Sn@SnO, anode delivers a reversible capacity of 314 mA h g~ at 50 mA g™*. In addition,
the Bi-Sn@SnO, anode exhibits high rate performance (297 mA h gt at 500 mA g~%) and long cycle life

(148 mA h g7t at 1 A g~* after 300 cycles) due to the in situ formation of nanoporous Bi and nanosized
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1 Introduction

The demand for battery storage systems in terms of low cost,
high safety and high energy density is increasing with the
development of intermittent energy storage, electric vehicles
and portable devices. Lithium-ion batteries are facing a cost rise
due to the limited Li and Co resources and safety issues, espe-
cially in large-scale applications.'® Recently, as an alternative to
lithium-ion batteries, RMBs have attracted much attention
owing to their high volumetric capacity (3833 mA h ecm™?), low
cost and fewer dendrite problems.”"> However, the poor
compatibility between the conventional electrolyte components
(magnesium salts and solvents) and the Mg metal anode still
hinders the development of the RMBs. The reduction products
of conventional electrolytes on the Mg surface cannot conduct
Mg>" ions, hence blocking the electrochemical reaction.’'?
Some electrolytes have been applied to avoid Mg anode-elec-
trolyte passivation reactions, which involve halide-ion-
containing electrolytes with high corrosiveness and poor
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with the chloride-free Mg(TFSI),/G2 electrolyte.

anodic stability’**® and borohydride-based electrolytes®*->*> with
a complex preparation process.

Since the alloy electrode potential is around 0.1-0.5 V higher
than that of Mg metal, using alloy-type anodes may result in
better compatibility with simple salt electrolytes, which is
considered to be another feasible strategy to bypass the
passivation problem.* Currently, Bi and Bi-based alloys are very
attractive as anodes for RMBs because of the relatively high
capacity (385 mA h g~* and 3783 mA h cm ) based on the
alloying reaction 3Mg>" + 2Bi + 6e~ = Mg;Bi, and fast Mg**
kinetics.***° The electrochemical activity of electrodeposited Bi
anodes with the Mg(TFSI),/AN electrolytes was first demon-
strated in a three-electrode cell in 2012.*” Meng et al.*® con-
structed a Mg;Bi,//S battery prototype with high specific
capacity and long-cycle life (400 mA h g~ * at a rate of C/2 after 30
cycles) in Mg(TFSI),/DME electrolytes. Notably, the magnesia-
tion and demagnesiation of Bi anodes will lead to the detach-
ment of Bi fragment from the Bi electrodes and capacity loss
due to the 100% volume change.” Wang et al.** prepared Bi
nanoparticles encapsulated in nitrogen-doped carbon (Bi@NC)
through the carbonisation of Bi,0,CO;@PDA. The specific
capacity of Bi@NC was observed to be 289.4 mA h g~" in
Mg(PFTB), electrolyte at 200 mA g ', with a capacity retention
of 74.7% after 300 cycles. Structural control (such as Bi nano-
crystals,® mesoporous Bi** and Bi nanotubes®) and alloying
(Bi-Sn,***¢ Bi-Sb,*” Bi-Pb,* Bi-Sb-Sn,* efc.) strategies are used
to mitigate the huge volume change, improve the cycling
stability and increase the specific capacity. In addition, Bi-based

This journal is © The Royal Society of Chemistry 2024
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alloys have been employed in the fabrication of magnesium
anode interfacial protection layers based on their rapid Mg>*
ion diffusion kinetics. Chai et al.* employed the electrodepo-
sition method to prepare a Mg-Sn-Bi ternary alloy interphase
layer on Mg foil (Mg-Sn-Bi@Mg). The Mg-Sn-Bi@Mg anode
facilitates the rapid deposition and stripping of Mg?*, exhibit-
ing a low overpotential of 39.4 mV and a cycle life exceeding
2000 hours.

Sn alloying with Mg (2Mg>" + Sn + 4~ — Mg,Sn) leads to
a high theoretical capacity of 903 mA h ¢~ and a low plateau of
0.2 V (vs. Mg>*/Mg).** Earlier studies have demonstrated sluggish
Mg>" ion kinetics in bulk Sn. Additionally, the Sn anode experi-
ences a 214% volume change in cycling, resulting in poor elec-
trochemical performance.** Parent et al.** pointed out that the
particle size of the Sn anode should be <40 nm for excellent
reversible Mg-storage and they prepared SnSb/graphene compos-
ites to form nano-Sn in situ which can deliver a reversible capacity
of ~470 mA h g™ " (calculated by using the pure-Sn nanodomains).
However, due to the low reactivity of Sb, the mass of the electrode
increases and the energy density of the battery decreases.
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In the present work, we propose a facile thermo-reduction
(deoxygenation) method to prepare a Bi-Sn alloy loaded with
SnO, (Bi-Sn@Sn0,) anode, which is suitable for large-scale
production. The SnO, particles can limit the growth of Bi-Sn
alloy particles and can reduce the decomposition of the elec-
trolyte according to the ex situ XPS analysis. Additionally,
defects in Bi-Sn@SnO, can cause lattice distortion and internal
stresses to form amorphous Mg-Bi. The obtained Bi-Sn@SnO,
anode delivers a high reversible capacity of 148 mA h g~ * after
300 cycles at a current density of 1 A g '. The exceptional
performance is attributed to nanoporous Bi and nanosized Sn
formed in situ in the presence of defects during cycling, effec-
tively alleviating volume change and enhancing alloy anode
reactivity.

2 Results and discussion

2.1 Microstructures and components

The synthesis process of the Bi-Sn@SnO, (BSS-600) alloy
material is briefly exhibited in Fig. 1a. Firstly, Bi,Sn,0; (BSO)
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Fig. 1 (a) Schematic diagram of the preparation process of BSS-600. (b) Crystal structure of BSO. (c) XRD patterns of BSO, BSS-400, BSS-500
and BSS-600. (d) XPS full spectrum of BSO and BSS-600 and high-resolution (e) Bi 4f, (f) Sn 3d, and (g) O 1s XPS spectra.
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was obtained by the hydrothermal reaction of Bi(NO3);-5H,0
and Na,SnO;-3H,0 under alkaline conditions. The obtained
BSO emphasizes the interpenetration of SnOg octahedral sub-
lattices and Bi,O tetrahedral sublattices (Fig. 1b). Secondly, BSO
is annealed under an Ar and H, atmosphere for 3 h. XRD
patterns of the as-prepared samples are shown in Fig. 1c, and
the strong diffraction peaks presented at 28.8°, 33.4°, 47.9° and
56.9° can be assigned to the y-Bi,Sn,0, phase. The broadened
peaks of BSO can be attributed to the nanosized particles. To
compare the diffraction peaks of the larger BSO particles with
those of pristine BSO, the latter was held at 800 °C for 3 hours
under an Ar gas flow. The size of the obtained BSO is increased
to about 200 nm without a phase transition, proving that BSO
has high thermal stability. Simultaneously, the corresponding
characteristic peaks of BSO in the XRD pattern become sharper,
which demonstrates that the wide peaks of pristine BSO are
related to the particle size (Fig. S1}). After annealing in an Ar/H,
atmosphere at 400 °C and 500 °C, the peak belonging to BSO
disappeared and an obvious Bi phase can be observed with
major peaks at 27.3°, 38.1° and 39.7°. As the reaction temper-
ature increases, the intensity of the peaks corresponding to the
Sn phase (30.6° and 32.0°) increases gradually. The broad
characteristic peaks of BSS-400 and BSS-500 at 26.6° and 33.9°
corresponding to SnO, can be related to the low crystallinity of
SnO, mixed phases (0 < x < 3.5). When the temperature further
increased to 600 °C, the obtained product is composed of the Bi
phase, Sn phase and SnO, phase owing to more complete
thermal reduction. It can be concluded that the thermal
reduction reaction of BSO can be summarized as follows:

Bi,Sn,0; + H, — Bi + H,O + SnO,, (0 < x < 3.5) (1)

SnO, + H, — Sn + H,0, (0 < x < 3.5) 2)

X-ray photoelectron spectroscopy (XPS) is utilised for the
analysis of the chemical status of the BSO and BSS-600 samples.
Fig. 1d presents the overall elemental spectrum, which reveals
signals from the Bi, Sn, O and C elements. In comparison to
BSO, the Sn and O peaks of BSS-600 remain consistent, while
the Bi peaks are observed to be weaker. This phenomenon can
be attributed to the partial coverage of Bi by SnO, in the BSS-600
sample, which has resulted in a reduction in the peak intensity
of Bi. The peak signals observed at 158.9 eV and 164.3 eV are
attributed to the Bi 4f;,, and Bi 4f;/, states of Bi,O3, respectively
(Fig. 1e). The peaks at 486.4 eV and 494.7 eV correspond to the
binding energies of Sn 3ds/, and Sn 3d;/, states of SnO, (Fig. 1f).
The XPS signals of pure Bi (156.2 €V) and Sn (484.4 eV) are
demonstrated in the BSS-600 sample in comparison to the BSO
sample. However, the binding energy of Bi and Sn is lower than
their equilibrium binding energy (157.0 eV for Bi and 485.0 eV
for Sn). This observation demonstrates an increase in the elec-
tron density of Bi and Sn, which can be attributed to the
generation of defects during the thermal reduction process
(deoxygenation process). Oxygen species were also detected by O
1s XPS, as shown in Fig. 1g. Two typical XPS peaks at ~530.2 and
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531.5 eV can be attributed to lattice oxygen and adsorbed
oxygen species, respectively.*®

According to the SEM image, the BSO particles aggregate to
form a porous bulk material (Fig. 2a). The transmission electron
microscopy (TEM) image of BSO is illustrated in Fig. S2.f The
BSO bulk is formed by the connection of the nanoparticles,
which are approximately 40 nm in size. The morphology of the
obtained particles at different annealing temperatures was
characterized. At 400 °C and 500 °C, the thermal reduction
products of BSO show a mixture of bulks and alloy particles due
to the limited reduction reaction (Fig. 2b and c). As the reaction
temperature increased to 600 °C, microspheres (2-5 um) with
irregular particles on the surface were obtained (BSS-600),
which are believed to be bismuth-tin alloy spheres loaded
with SnO, on the surface. When the annealing time is halved to
1.5 hours, the alloy exhibits a relatively elevated SnO, content
and a diminished Sn concentration, accompanied by the
emergence of micropores on the surface of the alloy particles
(Fig. S31). This observation indicates that deoxygenation of BSO
may result in the preferential formation of Bi and that incom-
plete thermal reduction of SnO, may restrict the flow of molten
Bi-metal and form micropores on the alloy surface. No SnO, was
detected in the obtained products when the annealing
temperature of BSO was increased to 650 °C, based on the SEM
image and XRD analysis (Fig. S41). Meanwhile, the size of the
alloy particles increased to around 50 um, suggesting that SnO,
could limit the growth of the alloy particles during the cooling
process of preparation. The aforementioned investigation of
process time and temperature also indicates that annealing at
600 °C for 3 hours is an appropriate method.

The N, adsorption and desorption curves of BSO, BSS-400
and BSS-500 are typical IV isotherms, as shown in Fig. 2e.
BSO is a porous block stacked by particles with a high Bru-
nauer-Emmett-Teller (BET) surface area of 52.0 m”> g~ " (Fig. 2f
and Table S11). The N, adsorption-desorption isotherm of BSS-
600 shows no obvious H3 hysteresis loop and the specific
surface area is measured to be 3.3 m”? g~ '. Both the larger pore
size and BET surface of BSS-400 and BSS-500 indicate the
incomplete reaction of BSO after the thermal reduction treat-
ment. The high-angle annular dark field (HAADF) image and
the corresponding elemental mapping images (Fig. 2h) indicate
the Bi-Sn core and the uniform distribution of Sn and O on its
surface. The HRTEM image of BSS-600 shows lattice spacings
measured for the particles on the alloy surface to be approxi-
mately 0.335 nm and 0.176 nm in Fig. 2g, corresponding to the
(110) and (211) lattice planes of SnO,. The interplanar spacings
of 0.227 nm and 0.206 nm for the core can be indexed to the
(110) and (220) lattice planes of Bi and Sn. The above results
additionally demonstrate the structure of the Bi-Sn alloy loaded
with SnO, particles.

The results of SEM and elemental mapping of the pristine
BSS-600 electrode are shown in Fig. 3a. In the BSS-600 alloy
material, Bi-dominated regions can be distinguished from Sn-
dominated regions according to the elemental mapping. Since
the melting point of Bi is 271.4 °C, slightly higher than that of
Sn (231.9 °C), the Bi phase nucleates and grows during the
annealing process and separates from the Sn phase. After the

This journal is © The Royal Society of Chemistry 2024
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(a—d) SEM images of BSO, BSS-400, BSS-500 and BSS-600; (e and f) N, adsorption—desorption isotherms and BET surface areas. (f)

HRTEM-image of BSS-600. (g and h) HADDF-STEM image of BSS-600 and the corresponding elemental color mapping for Bi, Sn, and O.

first three cycles, the BSS-600 electrode forms in situ porous Bi
and Sn as in the SEM image and elemental mappings of the
activated BSS-600 electrode (Fig. 3b), which can be associated
with the irreversible volume expansion in Mg** embedding and
subsequent Mg>* stripping, as well as the presence of defects.
The formation of the porous alloy enhances the electrode's
specific surface area, which is more conducive to electro-
chemical reactions. The huge changes in the morphology of the
BSS-600 electrodes reflect the presence of large internal stresses
during Mg>" ion intercalation/extraction. Following 20 cycles,
the porous alloy undergoes further nanosizing to form a nano-
porous alloy, which has been proven to be advantageous in
increasing the contact surface area between the anode and
electrolyte and shortening the diffusion path of Mg”* ions. This
process can facilitate the improvement of electrode perfor-
mance and accommodate internal stresses, ensuring a stable

This journal is © The Royal Society of Chemistry 2024

cycling capacity. The elemental mappings display a more
pronounced Bi signal and a partially overlapping Sn signal,
which indicates the combination of nanoporous Bi and nano-
Sn. The lattice spacings of the nanoporous alloy are measured
to be approximately 0.328 nm and 0.376 nm (Fig. 3d), which
correspond to the (012) and (101) lattice planes of Bi. The
interplanar spacing of 0.326 nm can be indexed to the (012)
lattice plane and the major peak at 27.3° of Bi. It is worth noting
that a few defects were identified in larger grains, which can be
associated with the formation of vacancies during the deoxy-
genation process. The continuous nanoporous alloy can be
believed to be nanoporous Bi. Significant variations in particle
size, from ~5 pum in pristine BSS-600 to ~50 nm in the cycled
BSS-600 can be attributed to phase separation, defects and the
volume change in Mg>" embedding/stripping. The SEM images
and corresponding elemental mappings (Fig. 3 and S5%)

J. Mater. Chem. A, 2024, 12, 26890-26901 | 26893
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Fig. 3 SEM images and elemental mappings of the (a) pristine BSS-600 electrode and (b) activated BSS-600 electrode. (c) TEM image and
elemental mappings, and (d) HRTEM image of the BSS-600 electrode after the 20" charge. (e) Schematic illustration of morphological evolution

of the BSS-600 electrode during cycles.

indicate that nanosized Sn rather than nanoporous Sn is ob-
tained. The structural differences between Bi and Sn can be
attributed to the magnitude of the volume change that occurs
during the embedding and stripping of Mg". In comparison to
the 100% volume change during Bi magnesiation, the 214%
volume change during Sn magnesiation can be excessive for the
formation of a continuous nanoporous alloy structure.

2.2 Electrochemical performance and kinetic analyses

The cycling performance of as-prepared samples was tested at
a current density of 50 mA g~ ". The two initial cycles demon-
strated obvious irreversible capacity in the first-cycle reactions
for the BSO, BSS-400, and BSS-500 samples. For the BSO
(Bi,Sn,0-) sample, a capacity of up to 958 mA h g " in the initial
discharge decayed rapidly in the subsequent discharges as
shown in Fig. 4a. Additionally, the 0.8-0.2 eV plateau observed
in the initial discharge curve disappeared in the subsequent
discharge (Fig. S67). It can be assumed that the irreversible
capacity loss and low stability observed in the BSO sample
without thermal reduction (deoxygenation) are related to the
formation of MgO (one of the components of the passivation
film), which impedes the reversible insertion/extraction of Mg>*

26894 | J Mater. Chem. A, 2024, 12, 26890-26901

ions. For the BSS-400 and BSS-500 samples, the initial capacity
of the BSS-400 and BSS-500 electrodes was 185 and
216 mA h g, respectively, which subsequently decreased to
125 and 180 mA h g~ during the 2™ discharge (Fig. 4a). The
corresponding charge/discharge curves for the two initial cycles
are shown in Fig. 4b. The sloping platform from 0.6-0.1 V is
observed at the first cycle, which can be related to the irre-
versible reaction of SnO, (one of the phase components of BSS-
400 and BSS-500 samples based on the XRD analysis above, 0 <x
< 3.5) and lead to irreversible capacity loss. For the BSS-600
sample, the capacity decay behavior is not observed. In the
initial discharge of the BSS-600 electrode, the voltage drops to
~20 mV and then increases again (Fig. 4b). The characteristic
potential drop during the initial discharge is also observed in
other alloy anodes***” for RMBs, which is related to the
adsorption and aggregation of Mg”* ions on the surface of alloy
particles. To further investigate the first cycle, GITT curves of
the as-prepared samples (Fig. S71) were obtained at 20 mA g~ .
The GITT curves show the sloping discharge plateau at 0.8-0.2 V
in BSO, BSS-400 and BSS-500 samples, which might be related
to SnO, + Mg>" — Mg,Sn0,. The demagnesiation of Mg,SnO,
occurs during charging at 20 mA g~ * (Fig. S71), notat 50 mA g~
(Fig. 4b), which suggests that the reaction has kinetics

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Cycling performance of the as-prepared samples at 50 mA g~*. (b) The first two discharge/charge curves of BSS-400, BSS-500 and
BSS-600 corresponding to (a). (c) Discharge/charge profiles of the BSS-600 electrode after different cycles. (d) Rate performance and (e)
corresponding discharge/charge curves of the BSS-600 electrode at different current densities. (f) CV curves of the BSS-600 electrode and (g)
cycling performance of the BSS-600 electrode at 500 mA g~tand 1 A g~ (h) The comparison of rate performance in this work with the reported

data in the literature.

limitations. The GITT curve of the BSS-600 electrode exhibits
two voltage plateaus related to the magnesiation reactions of Bi
and Sn without the plateau reaction of SnO, with Mg>" ions,
indicating that SnO, can be considered an inactive material.
The cycle performance of BSS-400 is stable from the second
cycle, with a capacity retention rate of 74.4% after 100 cycles. In
contrast, BSS-500 and BSS-600 exhibit a significant increase in
specific capacities during the first 10 cycles. This observation is
in accordance with the structural alterations of electrode
particles during the cycling process (Fig. 3), which can be
attributed to the process whereby the alloy particles undergo
cracking and further nanosizing to form the nanoporous Bi and
nano-Sn. After 100 cycles, the capacity of BSS-600 and BSS-500
can reach 314 mA h g ' and 240 mA h g, respectively. As
shown in Fig. 4b, the discharge/charge curves of the second
cycle of the prepared samples exhibit a distinct plateau during
the discharge process. The voltage platform at ~0.24 V

This journal is © The Royal Society of Chemistry 2024

corresponds to the magnesiation of Bi to form Mg;Bi, (Bi +
1.5Mg>* +3e~ — 0.5Mg;Bi,) and the voltage platform at ~0.17 V
corresponds to the magnesiation of Sn to form Mg,Sn (Sn +
2Mg>" + 4~ — Mg,Sn) according to the related literature.?**%*°
The discharge/charge platforms of BSS-600 show a minimum
voltage polarization of 0.065 V. Therefore, the following elec-
trochemical tests focus on the BSS-600 alloy.

The discharge/charge profiles of the BSS-600 electrode after
different cycles are shown in Fig. 4c. The capacity based on the
magnesiation of Sn at ~0.17 V increases, while the capacity
based on the magnesiation of Bi at ~0.24 V decreases with
increasing cycles according to the discharge plateaus. The
decrease in magnesiation capacity provided by Bi can be related
to the electronic disconnection of Bi fragment resulting from
particle pulverization. Additionally, magnesiation capacity cor-
responding to the contribution of Mg,Sn increases, which can
be attributed to the in situ formation of nanosized Sn to improve

J. Mater. Chem. A, 2024, 12, 26890-26901 | 26895
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the electrochemical reactivity. Fig. 4d and e show the rate
performance of the BSS-600 electrode at various current densi-
ties from 50 to 1000 mA g~ " and the corresponding discharge/
charge profiles. The BSS-600 electrode exhibits an initial
discharge capacity of 289 mA h g~ " at 50 mA g, which grad-
ually increases to 315 mA h g~ ' in subsequent cycles. This
increase is mainly attributed to the enhanced reactivity and
specific surface area of the active material resulting from the
cracking of the alloy particles. The BSS-600 electrode exhibits
excellent rate capacity, with specific capacities of 297 mAh g™*
at 500 mA h g ' and 290 mA h ¢ ' at 1 A g '. The specific
capacity of BSS-600 can reach 320 mA h g~ ' when the current
density returns to 50 mA g™, suggesting its excellent current
adaptability. The first three CV curves of BSS-600 are shown in
Fig. 4f. It shows that two pairs of redox peaks have been formed
in the second cycle. The redox potentials at ~0.16/0.40 V vs.
Mg>* /Mg are associated with the magnesiation of Bi and
demagnesiation of Mg;Bi,. The redox potentials at ~0.12/0.29 V
vs. Mg*>*/Mg are associated with the magnesiation of Sn and
demagnesiation of Mg,Sn. The peak intensity increases as the
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Fig. 5 (a) The CV curves of the BSS-600 electrodes at different scan ra
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cycling progresses, which demonstrates that the reaction reac-
tivity of Bi and Sn increases during cycling. Furthermore, the
cycling performance of the BSS-600 electrodes was evaluated at
500 mA g " and 1000 mA g . Prior to testing, an activation
process consisting of three formation cycles at 50 mA g~ " was
conducted. The specific capacity of the activated BSS-600 elec-
trode is 260 mA h g ' and the specific capacity remains
148 mA h g ' after 300 cycles at a current density of
1000 mA g~ '. At 500 mA g~ ', the BSS-600 electrode exhibits
a capacity of 170 mA h g™ ' after 300 cycles, representing
a retention rate of 63.4% in comparison to the initial cycle
capacity (268 mA h g ") following activation. The discharge
capacity decreases from 416 mA h g~ ' to 322 mA h g~ ' during
the first two cycles of activation, which can be attributed to the
presence of partially unreduced SnO, (0 < x < 3.5) in the test
sample, as evidenced by the reaction plateau of 0.6-0.1 V in the
first discharge curve (Fig. S87). Fig. 4h shows a comparison of
the rate performance of BSS-600 with the reported data in the
literature.?>3%*:475952 Xy et al.*” reported the synthesis of mes-
oporous Bi through the etching of BiOI nanosheets grown on
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carbon cloth (BiOI-CC, obtained by a hydrothermal reaction)
with Na(BH);. Inspired by the reduction of Bi-based
compounds, the Bi-Sn@SnO, alloy materials presented in this
study were obtained through the thermal reduction of Bi,Sn,0-,
a process that combines Bi and Sn alloys and results in the
formation of defects in the binary alloy. Nanoporous Bi and
nano-Sn were obtained by Bi-Sn phase separation, defects and
Mg>" insertion/extraction, which contributes to the achieve-
ment of high rate performance (297 mA h g at 500 mA g )
and cycle stability (148 mA h g™ " at 1 A g~ " after 300 cycles). The
BSS-600 electrode demonstrates excellent transport properties
for Mg>* ions among these reported anode materials.

To evaluate the order of magnitude of the apparent diffusion
coefficients of Mg*" (Dyg), cyclic voltammetry (CV) at various
scan rates was conducted.>®** As the scan rate increases, the
peak current (I,) grows stronger as shown in Fig. 5a. The peaks
corresponding to the redox reactions between Bi and Mg>" ions
were chosen to show the linear relationship between the I, and
the square root of the scanning rate (Fig. 5b). The Dy values
related to Bi according to the Randles-Sevcik equation (ESIT),
are 2.51 x 10 " and 1.38 x 10" cm?® s ' (n = ~1.689, ob-
tained based on the 20™ discharge profile in Fig. 4b and cor-
responding to the plateau reaction Bi + 1.5Mg>* + 3e~ —

View Article Online
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0.5Mg;Bi, at ~0.24 eV) in the Mg>" insertion and extraction
processes, respectively. Electrochemical impedance spectros-
copy (EIS) of the BSS-600 electrode was conducted to further
evaluate the Dy EIS of the pristine and activated BSS-600
electrodes is also performed to measure the apparent diffu-
sion coefficient of Mg®" in the electrode. From Fig. 5c, the
internal resistance (R;) of Mg//BSS-600 cells decreases from
12.96 to 6.54 Q after activation. These impedance spectra
comprise a semicircle in the high-frequency region, corre-
sponding to the charge-transfer resistance (R.) at the electrode/
electrolyte interface, and an inclined line in the low-frequency
region. The R is regarded as a crucial factor in determining
the rate performance of electrodes. Activated BSS-600 has
a much lower R, value (22.15 Q) compared to pristine BSS-600
(5989 Q), which might be due to the breakdown of alloy parti-
cles and the improved electronic conductivity. At a low
frequency, the inclined line was related to the Warburg
impedance associated with the diffusion of Mg®" ions in the
electrode materials. Dy;g2+ values calculated from EIS are 1.17 x
10 *°vs. 5.88 x 10 ' em? s~ * for activated and pristine BSS-600
electrodes, respectively (Table S21). A GITT study was carried
out to better understand the mechanism of Mg insertion and
de-insertion in activated BSS-600 anodes. The approach allows
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and b) and the 14™ cycle (c and d).

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. A, 2024, 12, 26890-26901 | 26897


https://doi.org/10.1039/d4ta04998e

Published on 03 September 2024. Downloaded on 7/17/2025 8:28:51 AM.

Journal of Materials Chemistry A

the electrode to reach its equilibrium potential while also
providing insights into kinetics phenomena. The thermody-
namic potential is stable at ~0.27 V for the magnesiation of Bi
and at ~0.2 V for the magnesiation of Sn (see the inset of
Fig. 5d). It is noted that the OCV potential is reached after fast
relaxation, especially the magnesiation of Bi, showing high ion
kinetics during the alloying reaction.

2.3 Compositional changes and surface chemistry

The electrochemical reactions of the BSS-600 electrode in
different discharge/charge stages of the 4™ cycle are investi-
gated by ex situ XRD (Fig. 6a and b). Referring to PDF cards Bi
#85-1331 and Sn #86-2265, the diffraction peaks of the Bi and Sn
phases in the pristine BSS-600 electrode have shifted to a lower
angle by ~0.1°, which can be attributed to the presence of
oxygen vacancies in the pristine BSS-600 electrode according to
eqn (1) and (2). When being discharged to the end of the first
plateau, the diffraction peaks of hexagonal Mg;Bi, appear and
the peaks corresponding to the Bi phase weaken. It can be
concluded that the voltage plateau at 0.24 V is associated with
the alloying of Mg with Bi to form Mg;Bi,. After completely
discharging to 0.005 V, the diffraction peaks of the cubic Mg,Sn
phase are recognized. However, the peaks belonging to the Sn
phase strengthen, which could be associated with the exposed
Sn phase in the inner part of the BSS-600 particles as the
particles crack. Specifically, the peak intensity of the Sn phase at
32.0°, corresponding to its (101) plane, unexpectedly increases
and even exceeds its strongest peak at 30.6° corresponding to its
(200) plane, which is not observed in other Bi-Sn alloy
anodes®*** and can be attributed to the Sn-SnO, interface
favouring the growth of the (101) plane of Sn. To further verify
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electrode at various states of the 14™ cycle are shown in
Fig. 6c and d. When discharged to 0.18 V, the intensity of the Sn
phase diffraction peak increases and that of the Bi phase
decreases, which suggests that the magnesiation of Bi could
cause the separation of Sn from the Bi-Sn alloy to generate fresh
Sn. However, only a weak peak at 25.1° belonging to the Mg;Bi,
phase is observed, which is inconsistent with the electro-
chemical profile and the high capacity contribution at 0.24 V. It
can be believed that the amorphous Mg-Bi phase is generated.
The defects in Bi-Sn@SnO, can cause lattice distortion and
internal stresses to form amorphous Mg-Bi. In addition, Mg**
insertion to Bi with large internal strain during the atomic
rearrangement process can hinder the formation of crystalline
Mg;Bi,. The sharp peak at 25.1° belonging to crystalline Mg;Bi,
is significantly observed after the 20™ discharge to 0.18 V
(Fig. S91), indicating a gradual reduction of defects and release
of stresses with increasing cycling. The formation of nano-
porous Bi and nano-Sn is accompanied by the magnesiation
reaction of Bi to form Mg;Bi,. With discharge from 0.18 V to
0.005 V, the peaks corresponding to the Bi phase and Sn phase
diminish. It is worth noting that the peak of the Bi phase at
22.5° is close to the peak of the Mg,Sn phase at 22.7°, whereas
these two peaks merge at 22.6° and strengthen at full magne-
siation (D2). These results indicate the magnesiation of Sn to
form mainly Mg,Sn (0 < x =< 2). In subsequent charge in stage
C1, the peaks corresponding to the Bi phase and the Sn phase
strengthen and the peak intensities return to stage D1, showing
the demagnesiation of Mg,Sn and partial Mg-Bi alloy. With
continuous charge to 1 V, the intensity of peaks belonging to the
Bi phase increases, suggesting Mg dealloying from the Mg-Bi
alloy. The dips in the relative peak signal of Sn may be caused by
the considerably higher Bi content in the electrode surface

the discharge/charge process, the XRD patterns of the BSS-600 layer, which is induced by phase separation during
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Fig. 7 The ex situ XPS spectra at (a) Bi 4f and (b) Sn 3ds,» regions at different discharge/charge stages in the 4™ cycle.
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demagnesiation of the Mg-Bi alloy. Therefore, the peak inten-
sity of Sn is reduced in a certain range of the detection area. The
XRD pattern of the BSS-600 electrode in stage C2 (Fig. 6c¢)
exhibits a weaker peak for amorphous Mg-Bi and a stronger
peak for Bi in comparison to that of stage CO, indicating an
irreversible decrease in amorphous Mg-Bi and fast Mg”>* ion
transport in Mg;Bi, with the formation of nanoporous Bi during
cycling, as evidenced by Mg diffusion calculations for amor-
phous Mg-Bi and crystalline Mg;Bi,.*

Ex situ XPS was used to investigate the formation and
composition of the surface film on the BSS-600 anode resulting
from interfacial reactions with the electrolyte during the
formation process in the 4™ cycle. Fig. 7 summarizes the results
of curve fitting conducted on the Bi 4f peaks at 168-155 eV and
the broad Sn 3ds/, peaks at 492-482 eV to determine the relative
concentrations of various Bi and Sn species. The surface of the
pristine anode contains Sn and Bi metals, which are attributed
to the partial amounts of Bi and Sn that were not covered by
SnO, on the BSS-600 anode surface. The binding energies of Bi
and Sn are 156.2 and 484.4 eV, lower than their corresponding
equilibrium binding energies of 157.0 and 485.0 eV, respec-
tively. The peaks of Bi and Sn have exhibited a shift to the
equilibrium binding energy position at various discharge/
charge states in the 4™ cycle, in comparison to the pristine
anode. This phenomenon could be related to the occurrence of
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defects in the pristine particles, which are produced by a suit-
able degree of deoxygenation and are associated with small
amounts of SnO,. During the discharge/charge process, the
defects gradually disappear and a porous alloy is formed as
a result of the phase transition and atomic rearrangement
associated with Mg”* insertion/extraction. This observation is in
accordance with the ex situ XRD analysis of the BSS-600 elec-
trode above. However, the relatively high surface content of
Bi, 03, with the binding energy always at 158.9 eV, is likely due
to surface contamination of the BSS-600 anode with air. The
presence of SnCl, and BiCl; at 487.2 and 159.7 V in Fig. 7 is due
to the Cl-transfer in the APC electrolyte to Bi and Sn as sug-
gested in the previous reports.*>*® In particular, the proportions
of SnCl, and BiCl; gradually dominated with the end of
charging, indicating the occurrence of anode-electrolyte inter-
face reactions. In addition, the Sn content of the BSS-600 elec-
trode surface tends to decrease with the charging process,
especially in stage C2 where the relative content is extremely
low. As the source of SnCl,, Sn is reduced by the formation of
SnCl,, which also explains the reduced XRD peak signal when
charged to 1 V. The results indicate that the reaction Sn — e +
Cl” — SnCl, occurs during the charging process. Meanwhile,
the presence of inactive SnO, particles may reduce the reaction
at the anode-electrolyte interface. Although SnCl, is soluble in
THF, its formation and dissolution can affect the changes in the
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Fig. 8 Full-cell discharge/charge curves for the (a) MogSg and (b) VoOs—PAN cathode system at 50 mA g~ (c) Comparison of cycling
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with a BSS-600 anode of the rechargeable magnesium batteries.
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anode surface structure and electrochemical performance. The
relatively low SnO, content is noted in stage C2, which appears
to be SnO, being buried by surface SnCl,. The Mg 1s spectrum
(Fig. S10t) of pristine appears upon discharge, which is in
agreement with the signal of Mg;Bi, in the Bi 4f spectrum and
Mg,Sn in the Sn 3ds), spectrum. At full demagnesiation, the Mg
signal decreases but does not disappear entirely and the signals
from Mg;Bi, and Mg,Sn are not detected, which may be due to
the presence of MgO and MgCO;. Above all, the initial several
cycles are thought to be required for the BSS-600 electrode to
activate the material from the surface to bulk and produce
a stable solid electrolyte interface at the anode surface.

2.4 Compatibility with conventional electrolytes

Full cells were assembled with a pre-magnesiated (Mg) BSS-600
anode and cathode (MoeSg and V,05-PAN) coupling the
chloride-free Mg(TFSI), electrolytes. For comparison, we also
assembled full cells with 0.4 M APC electrolytes, which are
known to be corrosive and have a low-voltage window. For the
MoeS; cathode, the discharge/charge curves of the two full cells
at 50 mA g~ are displayed in Fig. 8a. Despite a decrease in the
discharge potential of approximately 0.4 V in the full cells, the
cathode-limited cells can still deliver a capacity of 65 mAh g™*
when using the Mg(TFSI),/G2 electrolytes. The first five
discharge/charge profiles of BSS-600(Mg)//Mg(TFSI),//M0¢Sg in
the potential range of 0-1.8 V at a current density of 50 mA g~
are presented in Fig. S11.f The overpotential of the full cell
gradually reduces, which indicates that the BSS-600 electrode
has good compatibility with the Mg(TFSI),/G2 electrolyte.
Fig. 8b illustrates the discharge/charge curves of the V,05-PAN
full cells. The BSS-600(Mg)//Mg(TFSI),//V,0s-PAN full cell has
a lower discharge potential than the Mg//APC//V,05-PAN full
cell, which proves that the BSS-600 anode engages in a revers-
ible alloying reaction with Mg>" ions, not simple Mg adsorption
or deposition. According to Fig. 8c, it is shown that the BSS-
600(Mg)//Mg(TFSI),//V,05-PAN full cell delivers a capacity of
63 mA h g " at 50 mA g while the Mg//Mg(TFSI),//V,05-PAN
full cell shows negligible capacity. In the Mg(TFSI),/G2 elec-
trolyte, the BSS-600 anode can store Mg”* ions through phase
transition reactions, as schematically illustrated in Fig. 8d,
while the Mg metal anode cannot transport Mg>" ions due to the
formation of a passivation layer on the Mg surface. These
results suggest that using alloy anodes is a practical solution for
the passivation issue between magnesium metal anodes and
conventional electrolytes.

3 Conclusions

In summary, the design of the Bi-Sn@SnO, alloy anode involves
alloying and structure control. The Bi-Sn@SnO, alloy was
fabricated by annealing the Bi,Sn,0O; precursor at 600 °C for 3 h
(BSS-600). The obtained BSS-600 anode can deliver a reversible
capacity of 148 mA h g~ at a current density of 1000 mA g~ * for
300 cycles and exhibit superior rate performance, which could
be attributed to the in situ formation of nanoporous Bi and
nanosized Sn resulting from Bi-Sn phase separation, defects
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and Mg”* insertion/extraction. The nanostructured Bi and Sn
could mitigate volume change and deliver high reversible
magnesium storage capacity. SnO, on the Bi-Sn alloy surface
can limit the growth of alloy particles and diminish the
decomposition of electrolytes. More importantly, the BSS-600
anodes display good compatibility with the Cl-free simple salt
Mg(TFSI),/G2 electrolytes.
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