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Abstract

Based on the same rocking-chair principle as rechargeable Li-ion batteries, Na-ion batteries are
promising solutions for energy storage benefiting from low-cost materials comprised of abundant
elements. However, despite the mechanistic similarities, Na-ion batteries require a different set
of active materials than Li-ion batteries. Bismuth molybdate (Bi,Mo0Og) is a promising NIB
anode material operating through a combined conversion/alloying mechanism. We report an
operando x-ray diffraction (XRD) investigation of Bi,MoQg¢-based anodes over 34 (de)sodiation
cycles revealing both basic operating mechanisms and potential pathways for capacity
degradation. Irreversible conversion of Bi;MoQOg to Bi nanoparticles occurs through the first
sodiation, allowing Bi to reversibly alloy with Na forming the cubic Na;Bi phase. Preliminary
electrochemical evaluation in half-cells versus Na metal demonstrated specific capacities for
Bi,MoOj to be close to 300 mAh g~ ' during the initial 10 cycles, followed by a rapid capacity
decay. Operando XRD characterisation revealed that the increased irreversibility of the sodiation
reactions and the formation of hexagonal Na3Bi are the main causes of the capacity loss. This is
initiated by an increase in crystallite sizes of the Bi particles accompanied by structural changes
in the electronically insulating Na—-Mo—O matrix leading to poor conductivity in the electrode.
The poor electronic conductivity of the matrix deactivates the Na,Bi particles and prevents the
formation of the solid electrolyte interface layer as shown by post-mortem scanning electron
microscopy studies.

Supplementary material for this article is available online

Keywords: Na-ion batteries, SEI, PDF, Conversion-alloy anode materials, Post-mortem SEM,
Operando XRD
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1. Introduction
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Li-ion batteries (LIBs) dominate the rechargeable battery
market due to their high energy and power densities. How-
ever, Na-ion batteries (NIBs) have recently emerged as a
promising alternative to LIBs due to the high abundance and
low cost of Na [1, 2]. While there are many similarities

© 2022 The Author(s). Published by IOP Publishing Ltd
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between LIBs and NIBs, some well-established LIB materials
perform poorly for NIBs. Graphite as an anode material is a
key example. The challenges associated with the use of gra-
phite in NIBs led to a search for alternatives, where materials
utilizing conversion and/or alloying reactions show promis-
ing performance [3]. Among those, Bi is a promising alloying
anode material with a high theoretical capacity (385 mAh
g~ ") and low operating potential (~0.5 V) versus Na/Na™.
Unfortunately, like most alloying electrode materials, Bi
suffers from poor cycling stability. Several strategies have
been tested to stabilise the cycling behaviour of Bi. One of the
most promising is the preparation of Bi-based materials that
combine conversion and alloying in their cycling mechan-
isms. Bi-metallates, with a general formula of Bi,TM,0,
(TM = transition metal), are examples of these. Their oper-
ating mechanism consists of an irreversible conversion reac-
tion during the first sodiation followed by reversible alloying
of sodium ions with Bi formed in the initial conversion. The
conversion reaction also appears to create a protective matrix
around the Bi. The cycling stability of BiVO, and
Bi,(M0QO,); is better than that of pure Bi [4, 5]. These
materials show stable capacities of around 350 mAh g~ ' for
100 cycles and 79% retained capacity after 1000 cycles [4].
Other Bi-metallates such as BiFeOs; [6] and Bi,MoOg [7]
demonstrate capacities between 500 and 600 mAh g~ ' during
the first cycles, but stable long term cycling has not been
achieved.

Operando x-ray absorption spectroscopy (XAS) and
x-ray diffraction (XRD) investigations of the first 1.5 cycles
of Bi-metallate NIB anodes suggest that the cycling mech-
anism involves the conversion of Bi,TM,0, into small clus-
ters of Bi metal and an amorphous Na-TM-O matrix during
the first sodiation. The Bi then alloys reversibly with Na from
pure Bi to NazBi, while the Na-TM-O has low electro-
chemical activity [4].

Similar results are observed for Bi-metallate anodes in
LIBs [8, 9], and the Bi to NazBi cycling is also seen in NIBs
with Bi metal [5, 10] and Bi,S3 [11] anodes. The examples
above, like most operando battery studies [12—15], only cover
the first 1-2 cycles, however, significant structural changes
that are crucial for long-term electrochemical performance
can occur at later stages. In this work, we have performed an
operando XRD evaluation of Bi,MoQOg over 34 cycles, to
obtain structural insight into both the cycling mechanisms and
capacity degradation. This approach allows us to correlate
cycling stability and capacity degradation with structural
changes.

The solid electrolyte interface (SEI) on the anode surface
in NIBs is believed to be crucial for cycling stability, and its
instability contributes to capacity degradation. Ideally, it
should be electrically insulating, have good ionic conductivity
and be mechanically, electrochemically and thermally stable
[16]. SEIs are complex and contain several different species
that are highly dependent on the electrolyte, electrodes, bin-
ders and additives. The exact compositions remain uncertain,
but Na,O, Na,CO; and NaF are often detected [17, 18].
Previous studies showed that the SEI formation in NIBs are

different from LIBs [19], where higher solubility of SEI
components in NIB electrolytes is a big challenge [20].

By studying a large number of cycles operando, we
confirm that the main cycling mechanism of Bi,MoOg is
similar to the mechanism proposed in literature [4], but fur-
thermore, initiate a discussion on what impacts the different
phase changes have on capacity degradation. We also explore
the formation and dissolution of the SEI layer on the
Bi,MoOQg surface as an alternative contributor to the capacity
decay. By post-mortem scanning electron microscopy (SEM)
studies, we observe the formation and dissolution of the SEI
layer at different stages of cycling. The work provides a new
perspective on the cycling mechanism of Bi,MoOg and, more
generally, of conversion/alloying materials for Na-ion
batteries.

2. Experimental

2.1. Materials

Bi(NO3)3:5H,0 (98%), ethylene glycol (99.8%), N-methyl-2-
pyrrolidone (NMP) (99.5%), ethylene carbonate (EC) (99%),
diethyl carbonate (DEC) (99%), fluoroethylene carbonate (FEC)
(99%), sodium metal and sodium carboxymethylcellulose (CMC)
were purchased from Sigma Aldrich and Na,MoO,4-2H,0 (99%)
from Merck. We also bought Ethanol (99.7%) from VWR, Super
P from Timical, Kynar polyvinylidene fluoride (PVDF) from
Arkema, double-sided dendritic Cu foil (99.9%, 10 um thick)
from Schlenk and NaPFg from Fluorochem. The home laboratory
production facility provided distilled H,O (Resistivity > 1
MQcm). Na, FEC, DEC, EC and NaPF, were stored in an
Ar-filled glovebox (M-Braun, H,O and O, levels below 0.1 ppm)
while ethylene glycol and NMP had protective caps. We used all
the chemicals as purchased without any further purification or
treatments, except when stated otherwise in the following
sections.

2.2. Synthesis of Bi-MoQOg

The synthesis is a modified procedure of a method previously
reported in literature by Xin et al [7]. To synthesise Bi,MoOg¢
we dissolved 1.26 g (5.2 mmol) Na,M0O,-2H,0 and 5.06 g
(10.4 mmol) Bi(NO3)3-:5H,O in two separate beakers each
with 15 ml of ethylene glycol under stirring for half an hour.
Consecutively, the two solutions were mixed in a third con-
tainer and 60 ml of ethanol was added dropwise followed by
continuous stirring for an additional 1.5h. Then we trans-
ferred the solution to a Teflon-lined stainless steel autoclave
with an inner volume of 180 ml. The autoclave was heated in
an oven at 160 °C for 24 h and then naturally cooled down to
room temperature. Finally, we obtained the Bi,MoOg
microspheres by filtering, washing three times with ethanol
and drying at 60 °C in air. In the course of this work, we
carried out several other solvothermal Bi,MoOg syntheses
with different temperatures and heating times. The results of
those syntheses and discussion of the structure, morphology
and electrochemical performance of the products can be
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found in section S1.1, S1.2 and figures S6-S12 (available
online at stacks.iop.org/NANO/33/185402/mmedia) in the
supporting information (SI).

2.3. Material characterisation

X-ray diffraction (XRD) and pair distribution function (PDF)
measurements on the pristine Bi,MoQOg in a 0.7 mm bor-
osilicate glass capillary were performed at beamline ID15A of
the European Synchrotron (ESRF) in Grenoble. We used a
Dectris Pilatus 3X 2M CdTe detector and monochromatic
radiation with a wavelength of 0.1425 A [21]. The 2D dif-
fraction data were integrated with PyFai [22] and converted to
PDFs with PDFgetX3 [23] after subtraction of a background
measurement on an empty 0.7 mm borosilicate glass capil-
lary. For pattern fitting of the XRD and PDF data, we used
Topas v6 [24], while Vesta [25, 26] was utilized for visua-
lization of the structure. We further investigated the morph-
ology of the Bi,MoOg particles with a high-resolution Hitachi
SUS8230 cold-field emission scanning electron microscope
(SEM), generating images using secondary electrons. We
used an acceleration voltage of 5 kV, magnifications from 500
to 250,000 and a working distance of 8—10 mm. Carbon tape
on the SEM holders ensured good conductivity and held the
powder in place during the measurements.

2.4. Electrode preparation

For electrode preparation, we mixed 80 wt% active material
(Bi;M0Og) with 10 wt% Super P and 10 wt% PVDF binder in
NMP in a Thinky ® mixer (ARE 250). The slurry was cast on
a 10 pm thick double-sided dendritic Cu foil using a motor-
ised K control coater (RK) with a stainless steel doctor blade
with the thickness set to 300 pm. After casting, we dried the
electrodes (cut to 15 mm diameter, ~2 mg cm 2 active
material) overnight under ambient conditions in a fume hood
followed by drying in a Buchi oven at 80 °C under dynamic
vacuum for 4 h and then transferred to an Ar-filled glovebox
(MBRAUN, H,O and O, levels below 0.1 ppm).

2.5. Electrochemical analysis

The electrochemical performance of the electrodes was tested
in Na-ion half-cells, using Na metal as a counter electrode.
We assembled coin cells using CR2032 stainless steel hous-
ings (304, Pi-Kem) with glass microfiber separators (17 mm,
Whatman), soaked with 80 pl of electrolyte during cell
assembly. The electrolyte was prepared in the glovebox with
1 M NaPFg in a 1:1 (volume ratio) mixture of EC and DEC
with 5% FEC as additive. We prepared Na metal electrodes
by removing the oxide layer from Na blocks (Sigma-Aldrich)
with a scalpel, rolling them to form thin sheets (roughly
0.5 mm thick) and punching the discs with a diameter of 14
mm. An automatic coin cell crimper (Hohsen) pressed and
sealed the cells. Galvanostatic cycling (GC) was performed
using a battery tester (CT-4008T-5V10mA-164, Neware)
with a voltage range of 0.01-2.00 V versus Na/Na™, specific
current of 100 mA g~ ' and 12 h rest before cycling. For
cyclic voltammetry (CV), we employed an MPG2 battery

cycler (BioLogic) with a voltage range of 0.01-2.00 V versus

Na/Na* and a sweep rate of 0.1 m Vs~ '

2.6. Electrode preparation for operando cell assembly and
characterisation

For the operando XRD experiments, we used a laboratory
manufactured cell similar to the one presented by Drozhzhin
et al [27], with glassy carbon windows. The electrodes had
CMC as a binder and distilled H,O as solvent. We added the
slurry dropwise directly on the glassy carbon window (glued
to the cathode half of the operando cell) with a glass pipette.
The subsequent preparation steps were identical to the
methodology described in section 2.3. The preparation pro-
cedure of the electrodes for the operando cells did not permit
accurate determination of the active materials’ mass. There-
fore, the absolute, rather than specific, currents and capacities
are presented for these measurements. We assembled the
operando cells with Na metal as counter electrodes, glass
fiber separator, 80 ul of 1 M NaPFg in EC:DEC (1:1) with 5%
FEC as the electrolyte, and the studied electrode. GC mea-
surements were performed with a current of 250 A between
0.01 and 2.00 V using an SP150 battery cycler (BioLogic).
We performed operando XRD measurements by continuous
still scans (10 min scan !, Q = 1.26-3.65 A~') with a D8
Advance diffractometer (Bruker, Mo source, X\ = 0.7093)
using a Dectris Eiger 2R detector in 1D mode.

2.7. Preparation of post-mortem samples for SEM

The electrodes and cells for post mortem SEM analysis were
prepared as described in sections 2.3 and 2.4. The batteries
cycled with a specific current of 100 mA g~ in the range of
0.01-2.00 V versus Na/ Na™, except when stated otherwise in
section 3.4 and figure 5. We stopped the measurement at
certain stages of cycling as specified in section 3.4. To ensure
that the ongoing electrochemical reactions at the given vol-
tages were completed, we kept the voltage at the endpoint
constant until the measured current was below 0.02 mA.

After disassembling the batteries with a coin cell dis-
assembling tool (Hoshen) inside the glovebox, we carefully
extracted the electrodes and cleaned them with 0.5 ml DEC.
The drying process was carried out in the small glovebox
antechamber under a dynamic vacuum. To minimize the air
exposure, we mounted the electrodes to the sample holder
inside the glovebox and transferred them into a glass con-
tainer covered with parafilm and a latex glove to the SEM.
The samples were exposed to air for less than 3 s during the
transfer from the glass container to the SEM, which we expect
to have minimal impact on their morphology.

3. Result and discussions

3.1. Structural and morphological characterisation

We characterised the as-synthesised Bi,MoOg sample by using
XRD, PDF and SEM. Pattern fitting of the XRD and PDF
measurements (figures 1(a) and (b)) confirmed that the sample
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Figure 1. Pattern fitting of (a) XRD data and (b) PDF pattern of Bi;,MoOg [28]. (c) visualization of the structure including coordination
polyhedra where purple, grey and red spheres represent Bi, Mo and O atoms, respectively.

is phase-pure and composed of orthorhombic Bi,MoOg
(spacegroup: Pca2; COD ID: 1530868). The structure consists
of layers of distorted Mo-O6 octahedra connected by corner-
sharing (figure 1(c). Bi atoms bond to six oxygen atoms and
are organised in a double layer between the Mo layers. Table
S1 (SI) provides more structural details. The SEM images of
Bi,MoO¢ showed agglomerates of spherical particles with
sizes between roughly 1-3 pm (figures 2(a) and (b). A more
detailed analysis of the particles revealed the substructure
comprised of nanoplatelets with an approximate thickness of
20 nm ordered in a ‘house-of-cards’ morphology (figures 2(c)
and (d)). The 2D character of the nanoplatelets probably
reflects the layered nature of the Bi,MoOg structure
(figure 1(c). Besides, the sample contained ~100 nm thick
spikes growing out of the particles (figure 2(d). While the
particle size, distribution of spikes and the size of the nano-
platelets varies through the sample, the thickness of the
nanoplatelets is almost identical between the particles even
when the microstructure differs (figure S1).

3.2. Electrochemical characterisation (sodiation and
desodiation)

To investigate the electrochemical performance of Bi,MoOg
we extracted selected sodiation-desodiation  curves
(figure 3(a)) and the corresponding dQ/dV plot (figure 3(b))
from a representative GC measurement. During the Ist
sodiation, the material reached a specific capacity of 650 mAh
g*1 (calculated from the mass of Bi;MoOg) while during the
2nd sodiation only a capacity of 350 mAh g~ ' was measured.
This capacity loss is attributed to the irreversible in situ
conversion of Bi;MoOg into Bi metal and a Mo-containing
matrix as well as the formation of SEI layers. For cycles 2, 5
and 10, we observe 2 distinct plateaus (figure 3(a)) in the (de)
sodiation curves and 2 peaks in the dQ/dV plot (figure 3(b))

corresponding to the following alloying reactions:

Na + Bi = NaBi, (1)
2Na + NaBi = Na;Bi. )

Reaction (1) corresponds to the dQ/dV peak at around
0.6 V during sodiation and 0.8 V during desodiation. Reac-
tion (2) occurs around 0.4 V (sodiation) and 0.6 V (deso-
diation). This part of the reaction mechanism is similar to that
of other Bi-metallates [4]. The theoretical capacity of reaction
(1) and (2) combined is 264 mAh g_l. This is significantly
less than the observed specific capacity during the first 3
cycles, which is above 300 mAh g~'. However, between
cycles 3 and 10, the specific capacity is in the range of
245-285 mAh g*1 (both sodiation and desodiation), indicat-
ing that the observed capacity is almost exclusively derived
from reactions (1) and (2). The origin of the extra capacity
observed during the first 3 cycles is still uncertain, but redox
reactions in the Mo-containing matrix may be involved. We
evaluated the contribution of the conductive carbon additive,
Super P, to the total capacity of the anode (section S2 and
figure S13). It was approximately 15 mAh g~ '.

After 10 (de)sodiation cycles, the capacity of the
Bi,MoOg-based electrodes exhibit a substantial decay
(figure 3(c). To elucidate the electrochemical changes
occurring during this decay we extracted the (de)sodiation
curves for cycles 9-14 (figure 3(d). Inspection of those graphs
clearly shows the complete disappearance of the plateaus
corresponding to reaction (1), followed by a reduction of the
second plateau corresponding to reaction (2).

Further tests were conducted on ball-milled Bi,MoQOgq
to study the effect on cycling stability. As reported in sections
S3.1, S3.2 and figures S14-S16, the materials did not
perform better than the as-synthesised Bi,MoOgs. We, there-
fore, proceeded with operando studies on the as-synthesised
material only.
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Figure 2. SEM images of the Bi2MoOG6 particles generated by secondary electrons at different magnifications: (a) x500, (b) x5000,
(c) x10,000 and (d) x50,000.
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Figure 3. (a) (de)sodiation curves and (b) corresponding dQ/dV plot of selected cycles, (c) specific capacity over the first 100 cycles, (d) (de)
sodiation curves of cycle 9—14 highlighting the region with rapid capacity decay. All graphs are derived from galvanostatic cycling (GC)
measurements performed with a specific current of 100 mA g~' with a voltage range of 0.01-2.00 V versus Na/Na*.
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Figure 4. Operando XRD over 34 cycles of Bi;MoQg in Na half-cell obtained from GC measurements between 0.01-2.00 V versus Na/Na™

and a current of 250 pA.

3.3. Cycling mechanism and capacity fade (operando XRD)

To further investigate the cycling mechanism of Bi,MoOg
and understand the origin of capacity fading we performed
operando XRD measurements over 34 cycles with GC
(figure 4). The data in figure 4, and the extended contour plot
in figure S4, unambiguously confirmed the main cycling
reactions suggested in section 3.2: Bi;MoOg converts into Bi
(COD: 2310889) at the start of the first sodiation. The Bi then
reversibly alloys with Na to form NaBi (ICSD: 58816) and
Na;Bi. The Na3Bi phase formed in the initial formation is the
cubic phase of NazBi (c-NazBi) with the spacegroup Fm-3m
and not the hexagonal phase (h-NazBi) (COD: 1010291),
which forms from microcrystalline Bi metal [5] (figure S5).
Detailed information about the structures is reported in Table
S1 (SD).

We also observe that the Bi peaks that appear during the
first sodiation are significantly broader than those of the
Bi;MoOg that disappear. Along with the observation of
c-Na3Bi, this indicates that the Bi metal formed during the
initial sodiation of Bi,M0Qg is nanocrystalline. The operando
data also provides insight into the chemical mechanism of
degradation. During the first cycle, we observed that Bi, and
the corresponding sodiated phases, are nanocrystalline. Dur-
ing the first 5 (de)sodiation cycles the peaks corresponding to
Bi, NaBi and Na3Bi gradually become sharper indicating an
increase in the crystallite sizes. Around cycle 8, the diffraction
peaks corresponding to metallic Bi gradually disappear. This
corresponds to the start of the capacity decay. The exact point
where the capacity decay starts may vary slightly between
different cells; in the operando cell, the capacity decay begins
a few cycles earlier than for the conventional coin cell
described in section 3.2. The disappearance of the Bi XRD
peaks together with the disappearance of the Bi—NaBi plateau
in the (de)sodiation curves confirms that reaction (1)

gradually becomes irreversible and Bi is no longer formed
during desodiation after cycle 8. Over the next few cycles,
similar irreversibility occurs for reaction (2) as more and more
NaBi converts into NazBi during sodiation but is not recov-
ered during desodiation. That process is accompanied by the
formation of the h-Na3Bi phase in addition to c-Na3Bi. The
appearance of h-Na3;Bi could be explained by the increased
crystallite size of active domains, as Sottmann et al showed
for Bi metal [5]. The same study also showed that the h-Na;Bi
has poor cycling stability compared to the cubic phase, due to
a structural mismatch with NaBi. Our results suggest that for
Bi,MoOg the reversibility of cycling to/from c-Na;Bi is also
greatly reduced in later cycles, as the corresponding diffrac-
tion peaks vary only slightly in intensity and do not disappear
during desodiation. Therefore, we believe that the mechanism
of capacity decay is primarily driven by the Mo-containing
matrix formed during the initial sodiation, rather than by the
formation of large h-Na;Bi crystallites.

The operando XRD data provided full insight into the
crystalline phases formed throughout the cycle life of our
battery, however, it does not reveal information regarding the
amorphous phases. There is no sign of Mo-containing phases
in the observed diffractograms, confirming its amorphous
nature after the first sodation. During the crystal growth of the
Bi particles, it is likely that structural changes happen to the
Na-Mo-O matrix. A set of Na-Mo—O compounds was pre-
viously screened by ‘The Materials Project’ [29], showing
that all of them are electronic insulators. Therefore, it is
reasonable to assume that structural transformations that take
place during cycling result in a thicker matrix of Na-Mo-O
around Bi, NaBi and NazBi sub-particles, inhibiting the
desodiation process. We will, in future studies, investigate
this aspect with techniques like PDF and extended x-ray
absorption fine structure (EXAFS) that are sensitive to
amorphous phases.
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Figure 5. Post-mortem SEM images captured with a secondary electron detector at different sodiation states during the first cycle. (a) sodiated
to 1.00 V, (b) soditated to 0.50 V, (c) sodiated to 0.35 V, (d) fully sodiated to 0.01 V, (e) desodiated to 0.50 V and (f) desodiated to 0.90 V

versus Na/Na™,

3.4. Post-mortem SEM

Dissolution of the SEI is a common problem for NIB anode
materials [20]. To study the SEI formation, we performed
post-mortem SEM on electrodes extracted at different states
of charge (figure 5). During the 1st sodiation, the SEI layer
starts to form already above 1 V versus Na/Na*, visible as
dark spots in figure 5(a). However, the SEI only covers a few
areas of the electrode surface at this stage of cycling. At 0.50
and 0.35 V, the particles are completely covered, as they have
a smooth surface showing no characteristic signs of the
nanoplatelets from the pristine material (figures 5(b) and (c)).
This confirms that the formation of the SEI layer mostly
occurs between 1.00 and 0.50 V during the 1st sodiation.
During the 1st desodiation, the SEI layer is still intact at
0.50V, but it is not present above 0.90 V as the nanoplatelets
are again observed (figure 5(d)). This means that the SEI layer

forms and dissolves in the same voltage range as the alloying
reactions between Na and Bi occur. Hence, we are unable to
avoid the formation and dissolution of the SEI layer with our
current electrolyte composition. To determine the role of the
SEI on cycling stability, we extracted desodiated (2.00 V) and
sodiated (0.01 V) samples at different stages of cycling. There
is clearly an SEI forming on the surface of the particles in
the samples imaged after the 1st, 2nd and 10th sodiation
(figures S2(a), (b) and (c), respectively). After the Ist sodia-
tion, the particles are quite uniformly coated as the main
particle shapes are still visible, as opposed to the 2nd sodia-
tion where the SEI covers whole agglomerates. After the 10th
sodiation, the particle shapes become more visible again as
the SEI layer becomes thinner and covers less of the surface.
There are also certain areas where particles without a visible
SEI layer are present. After the 20th sodiation (figure S2d, SI)
the SEI layer is almost completely gone.
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When studying the desodiated samples from the
corresponding cycles (figure S3, SI) it is evident that the SEI
layer disappears during the desodiation process. This indi-
cates that the SEI layer is formed in every sodiation and
dissolved in every desodiation during at least the first 10
cycles. This reaction consumes Na ions and may explain why
the sodiation capacity is higher than the desodiation capacity
during the first 10 cycles (figure 3(c)). When the SEI layer
struggles to reform after 10 cycles it is reasonable to assume
that this process is linked to the capacity decay observed
between cycles 10 and 20. One theory we considered is that
the repeated formation and dissolution of the SEI consumes
vital components in the electrolyte during the first 10 cycles.
When these components are depleted, the SEI no longer
forms possibly leading to the structural changes observed in
the operando XRD and the capacity decay. However, elec-
trochemical measurements performed on Bi,MoQOg samples
(section S4, figure S17, SI) with different amounts of elec-
trolyte indicates that the rapid loss of electrochemical per-
formance does not depend on the amount of the electrolyte
used. Even in a cell where we replaced both the electrolyte
and the Na counter electrode after 10 cycles, the decay in
capacity continued in the same fashion. The capacity decay
does not, therefore, originate from the consumption of critical
electrolyte components. The structural changes discussed in
section 3.3 thus appear to be the main cause of both the
capacity degradation and the changes in SEI formation.

A common degradation mechanism for alloying materials
is particle fracturing and pulverization caused by large
volume changes during cycling [30-33]. From the SEM
images in this study (figure 5, S2 and S3), we do not observe
any signs of cracking. We believe this is due to the protective
effect of the Na-TM-O matrix, which mitigates the strain
caused by the volume changes.

During the SEM study, we also observed an increasing
amount of charging effects, with cycle number, leading to
dark stripes in the images (figure S3(d)), which indicates poor
electronic conductivity. This is also supported by electro-
chemical impedance spectroscopy measurements performed
on the cells after the 1st and 20th desodiation, where the last
cell showed much higher impedance (section S5, figure S18).
This poor conductivity is most likely the leading cause of the
capacity decay and can explain why the SEI layer no longer
forms during the 20th sodiation. The question of exactly
which structural changes in the material lead to this poor
conductivity needs to be addressed in future studies.

4. Conclusions and perspectives

Bi,MoQg is a potentially promising anode material for NIBs
but requires further studies with appropriate nanostructuring
and carbon additives to enhance the electronic conductivity.
We have yet to find the perfect approach to ensure a long
cycle life. However, by using operando XRD over a large
number of cycles and post-mortem SEM, we have elucidated
the cycling and degradation mechanism in this material and
possibly a general trend in Bi-metallates as anode materials

for Na-ion batteries. The reversible cycling between Bi and
c-Na;Bi through NaBi is the main cycling mechanism for the
10 first cycles, where the capacity is stable and close to 300
mAh g~ Following this, a rapid capacity decay occurs as the
Bi—NaBi and NaBi—Na;Bi reactions become more irreversible
followed by the formation of h-Na;Bi. At the same stage of
cycling the SEI layer stops forming during sodiation. We
postulate that the sudden onset of capacity loss is driven by
structural changes, crystallite growth in the Na,Bi particles
and growth of a thick, insulating Na—-Mo—O matrix, with the
disappearance of the SEI being a symptom of these rather
than the cause of capacity loss.

Future studies on the structure and -electrochemical
properties of the amorphous Na—-Mo-O will further improve
our understanding of the cycling and degradation mechanisms
of Bi,MoQg, and help to find an approach that could improve
the cycling stability of this and similar materials.
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