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Some say: “When life gives you lemons, make lemonade.”

[ say: “When life gives you lemons, open them up and stick them in an X-ray machine.”
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this thesis.
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peacefully collaborate to solve the climate crisis, end hunger and create a good planet for
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could use that momentum to collectively reduce CO2z emissions and transition from fossil
fuels into renewable energy. This optimism was greatly reduced due to the war in Ukraine
and very recently (October 2023) the escalation of the conflict between Israel and
Palestine. If we can’t agree that we should stop killing each other, how can we agree on
anything else?

[ am very grateful that I live in peace in Norway, where I have the possibility to choose my
own career path and study natural sciences simply because it is interesting. I would thank
my four initial supervisors Helmer Fjellvag, Anja O. Sjastad, David S. Wragg and Ponniah
Vajeeston for writing and getting the Nanoname project granted (NFR project number:
287480) so that I had the financial support to conduct this PhD work. Together with one
year of funding from the Department of Chemistry for teaching duties, and six weeks of
Covid related extension, this has enabled me to do what I love for more than four years.

[ would especially like to thank my main supervisor Helmer, your passion and interest for
detailed and complicated chemical problems is truly inspiring. You have helped to
increase the quality of scientific discussions in my PhD work greatly. Anja, thank you for
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finalising my thesis. David, you have taught me almost everything I know about XRD and
PDF and I am grateful for all our beamtime experiments together. Vajeeston, [ am grateful
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like to thank Carmen Cavallo as my fifth supervisor. You came in like a whirlwind in the
beginning of the project and Kkick-started my PhD work. Your driving force and
supervision in the lab was essential for my progress the first two years. I would also like
to thank the Norwegian industry for understanding that batteries are awesome, thus
creating many job opportunities within the field, even though that led to three of my
supervisors partially or fully left UiO in the middle of the project.

There are also many other current and previous employees at NAFUMA that have been
important for my scientific and personal progress during my PhD work. Alexey Y.
Koposov, I truly appreciate our almost daily discussions regarding my research work and
other battery related topics. You have also been a great contributor to the beamtime
experiments and the articles attached to this thesis. Jonas Sottmann, thank you first of all
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Marco Di Michel and Gavin B. M. Vaughan from ID15. I would also like to thank Anuj Pokle
for performing the TEM measurements presented in this thesis, and Salah Bra Amedi for
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Therefore, | am very grateful for being a part of a research group with so many nice and
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Abstract

Fundamental insight into the behaviour of electrode materials during (de)sodiation is
important for the development of Na-ion batteries (NIBs). In order to design and conduct
reliable mechanistic studies of the active materials it is important to understand the
influence of other factors: electrolyte, binder, electrode thickness, preparation
procedures and measurement protocols. When performing operando measurements,
combining electrochemistry and structural characterisation, the complexity increases.
Obtaining reliable electrochemistry in operando cells, avoiding beam damage and finding
an acceptable compromise between electrochemical performance and quality of
structural data are some of the main issues. This thesis include some initial results and
reflections regarding these challenges, before presenting in-depth mechanistic studies on
Bi metallates as anode materials for NIBs.

The main part of this thesis reveals new insight into the cycling and degradation
mechanisms during (de)sodiation of Bi metallates, which follow a combined conversion-
alloying mechanism. We have performed electrochemical characterisation on four
different Bi metallates: BiFeOs, BizMo00Os, BisTiz012 and BizAl6O12. The measurements
showed some clear similarities between the materials where an irreversible conversion
reaction occur during the 1st sodiation, forming Bi particles embedded in a Na-M-0
matrix (M = Al, Ti, Fe, Mo). Bi further reversibly alloys with Na through a two-step alloying
reaction: Bi = NaBi < NasBi. The materials showed promising rate capabilities as the
performance was almost unchanged when increasing the current density from 0.1to 1 A
g 1, and operando X-ray diffraction (XRD) of BiFeOs confirmed that the main cycling
mechanism was the same at these two current densities. One downside is that all the
tested Bi metallates showed poor cycling stability, where most of the capacity was lost
after 20 cycles. This finding triggered an interest in unravelling the degradation
mechanisms of these materials in addition to the general cycling mechanism.

Biz2Mo00Os and BiFeOs were selected for detailed mechanistic cycling studies through ex situ
and operando X-ray scattering and absorption characterisation. An operando
measurement combining X-ray total scattering and X-ray absorption spectroscopy (XAS)
revealed significant new insight into the cycling mechanism of BizMoOs for the first 1.5
(de)sodiation cycles. XRD documented the well-known irreversible conversion reaction
forming Bi nanoparticles that subsequently reversibly alloy with Na* to NaBi and cubic
NasBi (c-Na3Bi). Pair distribution function (PDF) analysis supported these results, but also
showed that the closest Bi-Bi bonds in Bi metal are broken long after the longer Bi-Bi
interactions disappear during sodiation. PDF indicated that the local structure in Bi metal
changed towards the end of desodiation as a result of oxidation of metallic Bi. This was
further proved by X-ray absorption near edge spectroscopy (XANES), which showed a
positive oxidation state for Bi at the end of desodiation, and extended X-ray absorption
fine structure (EXAFS) showing clear Bi-O bonds.

Operando XRD monitoring more than 20 (de)sodiation cycles combined with ex situ XAS
measurements showed that the crystallite sizes of the alloying particles increased as a
function of cycle number together with a decrease in the number of the Bi-0 bonds in the
desodiated state. These results enabled us to understand that the Bi—O bonds are at the
interface between the Bi-metal particles and the Na-Mo-0 matrix. When the alloying
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particles grow during cycling, probably due to coalescence, the surface-to-volume ratio
decreases, thus explaining the disappearance of the Bi—O bonds. This deactivation of the
oxidation of Bi metal was also observed for BiFeOs and is considered as the first region of
capacity degradation in Bi metallates. The second region is the deactivation of the Bi
NaBi reaction and the third a partial deactivation of the NaBi = NasBi reaction. This
capacity degradation led to only partial cycling between NaBi < NasBi after 20 cycles in
the tested Bi metallates, where a significant amount of inactive NasBi showed that the
system is locked in the sodiated state.

One surprising difference between BiFeOs and BizMoOs was that BiFeOs formed
hexagonal NasBi (h-NasBi) in addition to c-NasBi, already during the first two cycles.
BizMo0Os, on the other hand, formed only c-Na3Bi until cycle ~10 where the increased size
of the alloying particles led to formation of small amounts of h-Na3Bi. We have not fully
rationalised the different behaviour between the two materials, but it could indicate that
the alloying particles formed in BiFeOs are slightly larger compared to those formed in
BizMo0Os. There also seemed to be a transformation from c-Na3Bi into h-Na3Bi during
sodiation, as c-Nas3Bi formed first, which could indicate a Na-deficiency in the c-Na3Bi
phase.

The Na-M-0 (M = Al, Ti, Fe, Mo, other transition metals) matrix surrounding the alloying
particles are considered a determining factor for the cycling stability, but it is challenging
to study. In theory, a stable matrix that can prevent coalescence of the alloying particles
could lead to good cycling stability. However, through operando and ex situ XAS for
Bi2Mo00Os and BiFeOs we showed that the matrixes undergo significant changes during
cycling. In the Na-Mo-0 matrix, Mo®* does not change oxidation state, but changes
coordination from octahedral in the sodiated state to tetrahedral in the desodiated state.
For BiFeOs both the oxidation state and coordination changes slightly for Fe3+, adapting
similar features as Fe304. By reducing the upper cut-off voltage from 2.00 to 0.70 V during
galvanostatic cycling we improved the cycling stability for the materials significantly,
probably because of reduced changes in the matrixes.
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Norsk sammendrag

Grunnleggende forstdelse av de kjemiske endringene i elektrodematerialer under
(de)natriering er et viktig bidrag for utviklingen av Na-ionebatterier (NIBer). For a oppna
dette er viktig a farst forstd hvordan andre faktorer enn det aktive materialet pavirker
elektrokjemien. Elektrolytt, bindemiddel, elektrodetykkelse og prosedyrer for
elektrodepreparering er noen av parameterne som kan pavirke resultatene fra
elektrokjemiske malinger. 1 operando malinger, som kombinerer elektrokjemi og
strukturell karakterisering, er det enda flere faktorer som fgrer til gkt kompleksitet. Det
a oppna palitelig elektrokjemi i operando celler, unnga at prgven blir skadet av
rgntgenstralene og finne et akseptabelt kompromiss mellom elektrokjemisk ytelse og god
kvalitet pa de strukturelle malingene er noen av hovedproblemene. Denne avhandlingen
inneholder resultater og refleksjoner rundt disse aspektene fgr den presenterer
dybdestudier rundt (de)natrieringsmekanismene til Bi-metallater som anodematerialer
for NIBer.

Hoveddelen av denne avhandlingen bidrar til ny innsikt om syklings- og
degraderingsmekanismene til Bi-metallater som anodematerialer i NIBer. Vi har testet de
elektrokjemiske egenskapene til fire forskjellige Bi-metallater som alle fglger en
reaksjonsmekanisme som kombinerer konvertering og legering: BiFeOs, BizMoOs,
Bi4Ti3012 and Bi2Als012. Malingene viser klare likheter mellom de fire materialene der de
fgrst gjennomgar en irreversibel konverteringsreaksjon under fgrste natriering der det
dannes nanopartikler av Bi omringet av en Na-M-0 matriks (M = Al, Ti, Fe, Mo). Videre
gjennomgar Bi en legeringsreaksjon gjennom to steg: Bi < NaBi < NasBi. Bi-metallatene
viste gode egenskaper ndr vi gkte strgmtettheten fra 0.1 A g-1 til 1 A g1, og operando
rgntgendiffraksjon (XRD) viste at BiFeOs hadde samme syklingsmekanisme med de to
strgmtetthetene. En ulempe med disse materialene er at de hadde darlig syklingsstabilitet
hvor mesteparten av kapasiteten hadde forsvunnet etter 20 sykluser. Derimot, skapte
dette en perfekt mulighet for a studere degraderingsmekanismene som fgrte til den raske
nedgangen i kapasitet, i tillegg til den generelle syklingsmekanismen.

Vi valgte BizMoOs og BiFeOs for detaljerte mekanistiske studier gjennom ex situ og
operando rgntgenspredning og -absorpsjon karakterisering. En operando maling som
kombinerte XRD, pardistribusjonsfunksjon (PDF) analyse og
rgntgenabsorbsjonsspektroskopi (XAS) ga ny innsikt i syklingsmekanismen til Bi2MoOe
under de fgrste 1.5 (de)natrieringssyklusene. XRD viste den forventede
syklingsmekanismen med irreversibel konvertering og legering av Bi som dannet NaBi og
kubisk Nas3Bi (c-NasBi). PDF stgttet disse resultatene, men viste ogsa at de korteste Bi-Bi
bindingene i Bi-metall ble brutt betydelig senere enn de andre Bi-Bi bindingene under
natriering. Dataene indikerte ogsa at den lokale strukturen i Bi-metall endret seg mot
slutten av denatriering som et resultat av oksidasjon av Bi. Dette ble videre bevist av XAS
som viste et positivt oksidasjonstall for Bi og Bi-O bindinger ved slutten av
denatrieringen.

Operando XRD over mer enn 20 (de)natrieringssykluser av BizMoOs kombinert med ex
situ XAS viste at krystallittstgrrelsen til legeringspartiklene gkte som en funksjon av
syklusnummer sammen med reduksjon av antall Bi-O bindinger i denatriert tilstand. Fra
disse resultatene tolket vi at Bi-O bindingene var pa grenseflaten mellom Bi-
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metallpartiklene og Na-Mo-0 matriksen. Nar legeringspartiklene vokser under
gjentagende (de)natriering minker forholdet mellom overflate og volum, og derfor
forsvinner ogsa Bi-0 bindingene. Denne prosessen ble ogsa observert for BiFeOs og ble
ansett som det fgrste stadiet av kapasitetsdegraderingen. Det andre stadiet er
deaktiveringen av Bi < NaBi reaksjonen og det tredje er en delvis deaktivering av Na <
NasBi. Denne degraderingen fgrer til en veldig begrenset kapasitet som kommer fra en
ufullstendig reaksjon mellom NaBi < NasBi, hvor systemet er delvis l1ast i natriert tilstand.
En overraskende forskjell mellom BiFeOs og Bi2MoOs var at BiFeO3 dannet heksagonal
NasBi (h-NasBi) i tillegg til c-NasBi allerede under fgrste natriering. Vi klarer ikke a
forklare dette resultatet fullt ut, men det kan bety at legeringspartiklene som ble dannet i
BiFeOs er litt stgrre enn de som ble dannet i BizMoOs. Det ser ogsa ut til  veere en glidende
overgang fra c-NasBi til h-NasBi under natriering som kan tyde pa et underskudd av Na* i
c-NasBi.

Na-M-0 matriksen som omringer legeringspartiklene er ansett som en viktig faktor for
syklingsstabiliteten, men den er utfordrende a studere. I teorien, burde en stabil matriks
som kan hindre koalesens av legeringspartiklene fgre til god syklingsstabilitet. For
BizMoOs og BiFeOs viste vi at dette ikke er tilfellet da operando og ex situ XAS viste at
matriksene endrer seg betydelig under (de)natriering. | Na-Mo-0 matriksen endret ikke
Mo®* oksidasjonstall, men koordinasjonen rundt Mo®* endrer seg fra forvrengt oktaedrisk
i natriert tilstand til tetraedrisk i denatriert tilstand. I BiFeOs endret bade
oksidasjonstallet og koordinasjonen til Fe3+ seg litt. Ved a redusere den gvre grensen i
spenningsvinduet fra 2.00 til 0.70 V under galvanostatisk sykling klarte vi & forbedre
syklingstabiliteten betraktelig, trolig pa grunn av mindre strukturelle endringer i
matriksene.
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1. Introduction

1.1 Motivation

One of the top priorities for human kind is to achieve the United Nations (UN) sustainable
development goals [2]. The goals targeting affordable and clean energy for the world’s
population (goal 7) and mitigating climate change (goal 13) are related to a massive
increase in the use of renewable energy sources and electrification of transport vehicles
[2-4]. This, together with the ever-increasing production and usage of smaller electrical
devices (cell phones, laptops, remote controls, etc.), leads to a large demand for
rechargeable batteries and other energy storage solutions. Li-ion batteries (LIBs) are
currently the leading battery technology, but questions regarding abundance, ethics and
price of critical elements have led to a wide search for alternative rechargeable battery
technologies [5]. Other ion batteries (Na, K, Mg, Ca and Al) [6-9], redox flow [10, 11],
metal-air [12, 13], and metal-S batteries [14] are therefore hot research topics.

With the pressing need for energy storage in different applications, several of these
battery chemistries will be commercially realised in the future. LIBs will probably still
dominate the market for applications where energy density is critical, but the other
battery technologies could be promising alternatives for applications where cost, safety
and availability of elements are more important. Na, Mg, K, Ca and Al are suggested as
alternative metal-ion batteries, and their abundance in the earth’s crust is more than three
orders of magnitude higher than Li (Figure 1.1, Table 1.1). All of them, except Al, are also
much more abundant in seawater, especially Na as it is almost five orders of magnitude
more abundant than Li (Table 1.1). The abundance of Ni and Co, which are used in most
commercial LIBs, are also low and the main reservoirs are geographically limited [5]. In
addition there are ethical challenges regarding the extraction of these elements, especially
for Co mining in Congo, which is linked to corruption and child labour [15]. The low
availability of Ni, Co and Li could become problematic in the future, with the massive
growth in the battery market. Therefore, the lower cost and better accessibilities of
materials for the other battery chemistries can become a determining factor.

Mg2+, Ca2+ and Al3* are multivalent and can transfer more than one electron per ion, which
in theory could lead to comparable or higher energy densities than LIBs. However, the
high charge densities of the ions make them challenging to insert and extract reversibly
from the active electrode materials, thus limiting the experimental capacity. Na-ion
batteries (NIBs) and K-ion batteries (KIBs) have monovalent charge carriers, like LIBs.
Hence, it is easier to transfer the knowledge obtained from research on LIBs to NIBs and
KIBs compared to other battery systems. The higher mass of Na and K compared to Li,
implies that NIBs and KIBs in general have lower energy densities than LIBs. However,
because of the high abundance and availability of Na and K, there will likely be a place for
these technologies in the future, especially in applications where energy density is less
critical. For example, within stationary storage for stabilising the electricity grid or off
grid solutions.



Figure 1.1: Representation of the periodic table where the relative sizes of the elemental symbols
represents their abundance in the earth’s crust. Reprinted with permission from [16]. Copyright
2011 American Chemical Society.

Table 1.1: Abundance of selected elements in the earth's crust and in seawater.

Element Abundance in earth’s crust Abundance in seawater
(mg kg1) [17] (mg L-1) [18]

Li 20 0.18

Na 2.36x104 1.08x104
K 2.09x104 3.99x102
Mg 2.33x104 1.29x103
Ca 4,15x10% 4.12x102
Al 8.23x104 2x10-3

Fe 5.63x104 2x10-3
Mn 9.50x102 2x10-4

Ni 84 5.6x10-3
Co 25 2x10->

Bi 8.5x10-3 2x10->

NIBs, which are the focus of this thesis, are more promising than KIBs because of the lower
mass and smaller ionic radii of Na* compared to K*, leading to higher gravimetric and
volumetric energy density. They are on the verge of entering the battery marked as a big
contender, and several large battery manufacturers are heavily investing in the
commercialisation of NIBs [19, 20]. The search for new active anode materials is an



important step in this development. Hard carbons are currently the state-of-the art, but
shows limited specific capacities up to around 300 mAh g-1[21, 22].

In order to increase the capacity of the anode there have been several studies on active
materials that follow alloying or conversion reactions rather than the conventional
intercalation mechanism. These materials can accommodate several Na* ions per formula
unit and can therefore, exhibit significantly higher capacities [23]. For example, red P can
obtain specific capacities above 2000 mAh g-1 by alloying with Na to form NasP [24], and
NiP3 as a conversion material shows capacities above 1000 mAh g-1 [25]. However,
materials following these mechanisms undergo large structural changes and volume
expansion during sodiation that in general lead to poor cycling stability. In addition,
conversion materials tend to have a high working potential (~1 V vs Na/Na*) and large
voltage hysteresis limiting the useful energy density.

Combined conversion-alloying materials (CAMs) are a group of anode materials that have
the potential to combine high capacity and good cycling stability (Paper 1). This is because
they form nanosized alloying particles inside a stabilising matrix during the first sodiation
[26, 27]. The matrix surrounding the alloying particles should mitigate problems linked
to volume expansion and lead to improved cycling stability. For example, Sb203 and Sb2Ss
have shown stable capacities at 800-900 mAh g-1, thus surpassing the performance of Sb
metal [28, 29]. In addition, the network of electronically conductive alloying particles
dispersed in the ionically conductive matrix makes these materials promising for fast
cycling [30-32].

There are many possible CAMs, and in general they are little studied and not well
understood, compared to other types of anode materials for NIBs (Paper 1-2). Reliable
studies of the cycling mechanisms of battery materials are challenging, as they are
dependent on operando measurements in specialised cells that allows for structural
characterisation while maintaining proper electrochemical performance. Several types of
operando measurements rely on large-scale facilities (synchrotron and neutron sources),
which limits the possibilities for measurements (Paper 2). Mechanistic studies of CAMs
during cycling is particularly challenging due to the complexity of phase transformations
(conversion, alloying and occasionally intercalation) and phase separation (alloying
particles inside the matrix). In addition, the formed phases are often nanocrystalline or
amorphous, thus limiting the information that can be extracted from X-ray diffraction
(XRD), which is the most commonly used operando technique. Therefore, other
techniques like X-ray absorption spectroscopy (XAS), which could be further divided into
X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine
structure (EXAFS), and pair distribution function (PDF) analysis are needed for fully
understanding these materials (Paper 2).

Bi metallates are a group of CAMs that have shown some promise as anode materials for
NIBs. Bi2(M004)3 and BiVO4 reached stable capacities of ~350 mAh g-1 for 100 cycles with
an applied current density of 0.15 A g1 [33], which is significantly better than a
corresponding study on Bi metal [34]. The high atomic mass of Bi (208.98 g mol-1) makes
the specific capacity of Bi metallates limited, compared to other CAMs. This combined
with the limited abundance of Bi (Table 1.1) it is unlikely that Bi metallates will find their
way into commercial NIBs, but fundamental understanding of their cycling mechanism
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could be transferable to more promising CAMs. Therefore, detailed mechanistic studies of
this group of materials will have value for the battery community. The high X-ray
scattering of Bi provides strong signals in the X-ray measurements, which make them
slightly easier study than other CAMs.

There are only a few good operando studies on Bi metallates as anode materials for NIBs
[33, 35] and LIBs [36-38] that provides reliable information regarding their cycling
mechanisms. A combined operando XRD/XANES study on Bi2(Mo04)3 and BiVO4 showed
that the general cycling mechanism was an irreversible conversion reaction forming Bi
nanoparticles embedded in a Na-M-0 matrix (M = Al, Ti, V, Fe, Mo, other transition
metals) [33]. The Bi particles further reversibly alloys with Na in two steps forming NaBi
and cubic NasBi (c-NasBi). The formation of c-Nas3Bi, instead of the thermodynamically
stable hexagonal Na3Bi (h-Na3Bi), can be explained by the nanosized NaxBi alloys [34].
The XRD data did not show any diffraction peaks of the amorphous Na-M-0 matrixes, but
the XANES data for Mo showed that Mo®* was slightly reduced during sodiation.
Therefore, it was suggested that the matrix consisted of NazMoO4 that upon sodiation
transformed into NasMoO4 [33].

An operando XAS study (including XANES and EXAFS) on BiFeO3s showed the same general
cycling mechanism as for BiVO4 and Bi2(Mo00a4)s3, but also indicated that Bi was further
oxidised to a positive average oxidation state during desodiation [35]. In addition, some
redox activity of Fe was observed, and by linear combination fitting it was estimated that
~15% had been reduced to metallic Fe, while the rest was suggested to be in some sort of
Fe-0O phase. BiVO4 for LIBs have been thoroughly investigated by operando total
scattering computed tomography (TSCT), which provided spatially resolved XRD and PDF
data throughout the whole electrode [36]. The high quality averaged PDF from this study
revealed a small reversible shift in the closest V-0 bond from the Na-V-0 matrix that had
not been previously observed [36], indicating some structural changes in the matrix. It
has been suggested that BizMoOs forms a matrix of Mo and Na20/Li20 in the
sodiated/lithiated state and MoOs and Biz203 in the desodiated/delithiated state [39-43].
However, there are limited proof of these suggestions and the amorphous and dynamic
nature of the matrix makes it difficult to accurately describe.

Bi metallates show in general limited cycling stability as anode materials for NIBs, but
complex nanostructuring and carbon additives can in some cases stabilise the capacity
[31, 33, 35, 39, 44-46]. Despite the obvious challenges with the cycling stability, none of
these studies describe degradation mechanisms in depth. The stability of the matrix
during electrochemical cycling and its interactions with the alloying particles are likely
crucial aspects of the capacity degradation. Our understanding of these materials are
limited and systematic studies are needed to more accurately design Bi metallates (and
other CAMs) with both high capacity and good cycling stability.



1.2 Objectives

The main objective in this thesis is to obtain fundamental understanding of the cycling
and degradation mechanisms of Bi metallates as anode materials for NIBs. There are
several aspects that are not well documented in literature, which we aim to adress:

- Determine the limiting chemical parameters for the electrochemical performance
of Bi metallates as anode materials in NIBs, with focus on capacity degradation.

- Evaluate whether the (de)sodiation mechanism of Bi metallates always follow the
two step alloying reaction of Bi < NaBi < NasBi, both at high and low (de)sodiation
rates. This include:

o Nucleation and growth of c-Na3Bi vs h-Na3Bi.
o Effect of particle size of the constituent Bi-based phases.
- Investigate possible conversion back to the pristine material.

- Obtain atomistic insight into the Na-M-0 matrix, and understand its changes
during cycling and its impact on the cycling stability.

- Investigate the role of electrode preparation, choice of electrolyte, coin cell
assembly and testing procedures for the electrochemical performance.

To reach these objectives we selected the following work strategy:

- Review literature on state-of-the-art Bi metallates and other CAM systems, as well
as on potential operando techniques suited for NIB materials that could reveal
critical information on cycling and degradation mechanisms.

- Screen different Bi metallates by utilising different synthesis procedures to
investigate similarities and differences, with regards to Bi/M ratio, different M and
particle morphology.

- Select two systems for detailed mechanistic studies and apply operando XRD /PDF
and XAS at different (de)sodiation rates combined with ex situ measurements.

1.3 How the papers and results in this thesis address the objectives

The two review articles, three research papers and additional results attached at the end
of this dissertation contain important aspects that together provide a larger unity with
new insights into the (de)sodiation mechanisms of Bi metallates. Each of these parts
address the objectives of this PhD work in different ways.

Paper 1 (mini review) introduces the concept of CAMs as anode materials for NIBs and
includes a detailed literature study that is complementary to Section 2.2. It highlights their
promising high-rate capabilities and the possibility of finding a good compromise
between cycling stability and high capacity. The paper presents and discuss challenges of
studying the cycling mechanisms of CAMs and their promise for fast charging applications
due to the formation of a bi-continuous network of alloying particles embedded in a Na-X
matrix (X =0, S, Se, Te, P, oxometallates). The paper introduces the discussion regarding
the effect of the matrix on the electrochemical performance of CAMs, which is continued
in Section 5.2.



Paper 2 (review) summarises most of the recent work on operando X-ray characterisation
for Na-ion battery materials. Given the complex cycling mechanisms of Bi metallates, it
was important to search in literature for techniques that could be used to provide new
insight into these systems. There were a limited amount of studies on CAMs in general
and very few on Bi metallates, showing that deep understanding of these materials is
missing. However, the wide range of operando X-ray studies of other materials provided
an overview of relevant techniques. Based on this study and the availability of the
techniques we chose XRD, PDF and XAS as the main characterisation methods for the
experimental work in this thesis (Paper 3-5). Paper 2 also discuss several topics that are
revisited in this thesis: Na-ion storage mechanisms (Section 2.1.4), ex situ vs operando
characterisation (Section 3.3), scattering from Na metal and beam damage (Section 4.1.2).

Paper 3 is the first of two dedicated in-depth studies of the cycling and degradation
mechanism of BizMoOs. The second study is presented in Paper 5 (see below). Paper 3
describes a full cycle life study of BizMoOs with operando XRD providing insight into the
general cycling and degradation mechanisms. It indicated that particle growth of the
NaxBi alloys is the main reason for the capacity decay between cycle 10 and 20, where the
system locks itself in the sodiated state. The paper also explores the formation and
dissolution of the SEI layer through ex situ SEM and discusses its effect on the capacity
decay. Additionally, several attempts to improve the cycling stability by changing
synthesis parameters and ball milling were performed.

In Paper 4 studies of BiFeOs at high and low current densities with operando XRD were
conducted in order to investigate potential differences in the cycling mechanisms at
different rates. This study also focuses on the degradation mechanisms through operando
XRD over the course of 27 (de)sodiation cycles and compare the results to those obtained
for BizMoOe in Paper 3. Ex situ XAS at different stages of cycling was used to support the
results obtained from XRD and to provide additional information of the local coordination
and oxidation state of Bi in the alloying particles and Fe in the Na-Fe-0 matrix. Finally,
changes in the cycling stability when reducing the voltage range of the galvanostatic
cycling (GC) are explored.

Paper 5 presents a complex operando study combining XRD/PDF and XAS (both XANES
and EXAFS) over the course of 1.5 (de)sodiation cycles to further investigate the cycling
mechanism of BizMoOs. This measurement provided detailed insight into the
(de)sodiation mechanisms of BizMoOs including information of the alloying particles, the
matrix and their interactions during cycling. The results were validated by ex situ
measurements of samples extracted at different potentials. In addition, ex situ
measurements of samples from later stages of cycling (cycle 5-20) further elucidated the
degradation mechanisms, including growth of the alloying particles.

In addition to the papers, this thesis includes results from electrochemical studies of
BiFeOs, BizMoOs, Bi2Als012 and Bi2Ti207 at low and high current densities, to obtain a
broader overview of the performance of Bi metallates in general. We also present results
from testing of different electrolytes, binders and solvents to evaluate their effect on the
cycling performance. In order to decide whether the factors had a significant impact or
not, we evaluated the general uncertainties in the measurements.



2. Na-ion batteries

2.1 Electrochemical principles and battery properties

In this chapter, we briefly describe some basic concepts that are relevant for the work in
this thesis and focus more on the practical aspects of the theory. It also includes an
overview of different types of battery components for NIBs. The general working
mechanisms and more detailed theory of different battery types are presented elsewhere
together with a comprehensive review of battery materials [47].

2.1.1 Faraday’s law and theoretical capacity

One of the most commonly studied characteristics for battery materials is the specific
capacity, usually reported as gravimetric capacity (mAh g-1). It is also possible to report
volumetric capacity (mAh cm=3) or areal capacity (mAh cm-2). When screening for
possible new active materials for battery electrodes it is good to estimate the theoretical
capacity (Qr) and later compare it to the measured experimental capacity. The theoretical
capacity is calculated by Faraday’s 1stlaw of electrolysis (Equation 1).

nF Equation 1

Qr = M

Here Qr is the theoretical capacity, n is the number of electrons transferred per formula

unit of active material, M is the molar mass of the active material and F is the Faraday
constant (96485 C mol-1 =26 801 mAh g1).

This seems like an easy and unambiguous way of calculating the theoretical capacity of
battery materials, but it can be misleading in some cases. One potential problem is
selecting the mass of the active material in the charged or discharged state. In LIBs, it is
most common to calculate the theoretical capacity based on the discharged state
assuming a full cell configuration. Meaning that anode materials use the mass of the
delithiated phase while cathodes use the mass of the lithiated phase. For example, LiFePO4
(M =157.76 g mol-1) will have a theoretical capacity of 170 mAh g-1, assuming a transfer
of all the Li ions, and graphite (M = 12.01 g mol-1), assuming a transfer of 1 Li per 6 C
atoms, will have Qr =372 mAh g-1.

This convention works well for most materials, but becomes problematic when assessing
metallic Li as the active anode material. Theoretical capacity of completely “delithiated”
Li would be infinite. Therefore, it is more common to report the capacity for “lithiated” Li,
which is 3860 mAh g-1. This becomes misleading when comparing to the theoretical
capacity of Si, which is 4200 mAh g-1, when using the mass of delithiated Si and assuming
alloying with 4.4 Li* per Si atom. A more proper comparison would in this case be to use
the mass of Li4+4Si in the calculation, resulting in a theoretical capacity of 2010 mAh g-1.

Another challenge with theoretical capacity occurs for materials with unknown cycling
mechanisms. In these cases, it is extra important to describe the assumptions made in the
calculations. For example, the theoretical capacity of LiCoOz could be reported as either
274 mAh g-1 (if all Li is extracted) or 137 mAh g1 (if only half of the Li is extracted), where
the latter is much closer to the experimental reversible capacity. An example that is more
relevant for this thesis is Bi2MoOe for NIBs, where it is uncertain to what degree Mo
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participates in the redox reactions (if it forms Mo metal, Naz2Mo004, NasMoO4 or something
else) and uncertain if Bi transforms back to Bi20s3, Biz2MoOs or Bi during desodiation. In
this case, it is possible to present many different theoretical capacities, which could be
confusing and misleading if the assumptions are not properly reported.

When comparing experimental and theoretical capacity, it is important to remember that
reactions other than (de)sodiation of the active material occur in the cell and contributes
to the capacity. Formation of SEI, (de)sodiation of the conductive additive, and
decomposition of electrolyte are some examples of side reactions that could influence the
measured capacity. When calculating the specific capacity based solely on the mass of the
active material, it can often exceed the theoretical capacity due to the side reactions that
are not accounted for. The determination of the mass of the active material could also
include significant uncertainties, which influences the measured result. These factors are
important to be aware of when reporting specific capacities to avoid misleading
conclusions.

2.1.2 Cell voltage and energy density

The chemical potential between the cathode and the anode is often referred to as the cell
voltage. The theoretical open circuit voltage (Voc) of a battery can be calculated from the
Gibbs free energy of the redox reactions according to (Equation 2):

AG Equation 2
nF

Here G is the Gibbs free energy (J/mol), n is the number of transferred electrons and F is
the Faraday constant (96485 C mol-1).

Voc = —

The voltage multiplied with capacity gives the energy of the battery, which is the property
that determines the amount of work it can perform. Hence both the difference in working
potential between the electrodes and their specific capacities are important and not just
each of them separately. When testing electrode materials that are meant to be promising
for practical applications it is, therefore, important to have a high working voltage (>3 V
vs Na/Na*) for the cathode and low working voltage for the anode (<1 V vs Na/Na*).
Reactions between 1-3 V are difficult to utilise in practical applications because the
voltage of the full cell would be so low that the specific capacity would have to be very
high to obtain a competitive energy density.

Calculating the energy density is mostly relevant when evaluating full cells, and in this
case, it is also important to describe the assumptions for the calculations. The energy
densities could be very different if they are calculated based on the mass of the active
materials, the mass of the electrodes, the mass of the battery cell or the mass of the whole
battery pack. In this thesis, we report only electrochemical measurements on anode
materials in half cells and, therefore, it is not sensible to report the energy densities as it
will depend on which cathode it would be coupled with.



2.1.3 Electrochemical processes

There are several processes occurring in a battery apart from the (de)sodiation reactions
of the active materials that affects the electrochemical measurements. Solid electrolyte
interface (SEI) and cathode electrolyte interface (CEI) are layers that form from
decomposition of the electrolyte on the surface of the anode and cathode, respectively
[48, 49]. Ideally the formation of these should be avoided or they should work as stable
passivation layers after the first cycle. The formation, composition and stability of SEI and
CEI depends on the electrolyte, additives, active materials and cycling procedures. In
general these layers are difficult to study and understand even though they seem to be
crucial for the performance and cycling stability of the batteries. Especially for NIBs the
SEI is not much studied, but in general it is seemingly more difficult to form a stable SEI
layer because of the higher solubility of Na salts in the most common electrolyte solvents
[50]. The highly reactive environment inside batteries could also lead to corrosion of the
cell casings or current collectors [51].

All chemical reactions have activation barriers or kinetic limitations that needs to be
overcome for the reaction to occur. This is expressed by overpotential in batteries and is
the origin of voltage hysteresis in cycling curves, which should be as small as possible to
have the highest possible energy efficiency. There are many components and processes
that occur simultaneously during (de)sodiation that affects the overpotential in batteries.
It is, therefore, difficult to assess the exact role of each process.

Examples of overpotentials are ohmic (internal resistance), activation (charge transfer)
and concentration (diffusion) overpotentials [52]. The overpotentials increase when
increasing the current density of the measurements, but this increase is not necessarily
identical for different reactions. This could lead to changes in the cycling mechanisms of
battery materials as more kinetically favoured phase transformations could occur instead
of the thermodynamically predicted pathways. Changes in cycling mechanism during
cycling at higher rates has been shown for common battery materials as graphite [53],
and LiFePOs [54-56]. In the case of graphite the overpotential for the intercalation
reaction becomes too large at high current densities so that Li plating occurs instead of
intercalation between the graphene layers [53].

2.1.4 Na-ion storage mechanisms

There are four main storage mechanisms for Na* ions in NIBs: insertion, intercalation,
conversion and alloying (Paper 2). Intercalation could be defined as a type of insertion
and the terms are sometimes used interchangeably. To avoid confusion, we here define
the insertion mechanism as the process where Na* ions are inserted into channels in a 3D-
network structure (Figure 2.1a), while intercalation is restricted to layered compounds
(Figure 2.1b). Intercalation/insertion does not drastically change the atomic structure of
the materials, apart from some expansions and small shifts in the layers or the network.
These materials can accommodate few Na* ions in the structure (usually <1 per formula
unit) and, therefore, have limited capacity, but the moderate structural changes could lead
to good cycling stability.

Materials that follow alloying (Figure 2.1c) or conversion reactions (Figure 2.1d) can
accommodate several Na* ions per formula unit and could, therefore, have significantly
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higher capacities (Paper 2). The conversion reaction occurs as the cation (usually a
multivalent metal) in the pristine material is reduced into its metallic state while Na* ions
take its place and bind to the anion. The average working voltage of conversion reactions
are generally quite high compared to other anode materials, but too low to be interesting
as cathodes. They often struggle with a large voltage hysteresis, making them inefficient
as battery materials.

In alloying reactions, the alloying element obtains a negative oxidation state as it alloys
with several Na*ions. The reaction potentials are reasonably low (~0.5 V), which together
with the high capacity make them promising as anode materials for batteries requiring
high energy density. The large structural changes that both conversion and alloying type
materials undergo during cycling, make the cycling stability of these materials
challenging. The volume expansion, which often leads to particle cracking, is considered
as the most detrimental process [57-59].

Combined conversion-alloying materials (CAMs) are a group of anode materials that
could provide a good compromise between cycling stability and high capacity. Their
cycling mechanism can in most cases be described as an irreversible conversion reaction
where metal particles, which further reversibly alloy with Na*, are formed inside a
stabilising matrix (Figure 2.1e). More details regarding CAMs are described in Paper 1.
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Figure 2.1: Graphical illustration of the main types of cycling mechanisms for active materials in NIB
electrodes including general reaction equations. a) Insertion, b) intercalation, c) alloying, d)
conversion and e) combined conversion-alloying. M represents a metallic element, which for the
intercalation/insertion and conversion reactions often is a transition metal. For alloying and
conversion-alloying reactions M mainly represents elements from group 14-15 in the periodic
table. X represents electronegative elements (halides and chalcogenides) or polyanions (P04-3,
S$0472,V04-3, M0042, CN-, etc.). Vesta was used for creating the structural models [60, 61].
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2.2 Review of Na-ion battery materials

There has been an increasing interest in Na-ion battery research the last years that has
led to the discovery of many candidates for active materials. The main research focus has
been on cathode materials that, similar to LIB-cathodes, mostly follow an intercalation or
insertion type of mechanism. For anode materials there are several examples of
intercalation, insertion, alloying, conversion and combination of these reaction
mechanisms. This chapter shortly reviews some of the main groups of active materials for
NIBs and include some examples of the performance of selected materials. It is not meant
as a comprehensive review as that is found elsewhere [62-64], and more details of the
cycling mechanisms revealed by operando X-ray techniques are presented in Paper 2. The
chapter also briefly describes common binders, carbon additives and electrolytes, and
presents their influence on the cycling performance of NIBs.

2.2.1 Cathode materials

Layered transition metal oxides (NaMO2z, where M is one or more 3d transition metals) is
seemingly the most studied group of active materials for cathodes in NIBs [65](Paper 2).
They usually arrange in crystal structures where MOs octahedra form layers with Na ions
intercalated in between. Naming and classification of layered battery materials generally
follow the system introduced by Delmas et al. [66]. This system uses O (octahedron), P
(trigonal prism) or T (tetrahedron) to represent the polyhedron surrounding the Na ion
followed by a number indicating the stacking sequence.

The most common phases for pristine layered cathode materials are the 03 phase with
stacking order ABCABC of the oxygen layers [67-77] and P2 with stacking order ABBA
[78-94]. Both of these materials are in the hexagonal crystal system where O3 has the
space group of R3m and P2 has P63/mmc. The 03 phase often transforms into a P3 phase
(R3m or R3m) during charging [67, 72, 76, 77], while the P2 phase often transforms into
an 02 phase (P63mc) [62, 83].

The phases with these notations are widely accepted and unambiguously used in the
scientific community, but there seems to be some different methodology for naming
distorted versions of these phases (Table 2.1). Monoclinic distortions of 03 (C2/m) and
P3 phases (C2/m) are most often denoted O’3 and P’3, with the apostrophe between the
letter and the number [67, 72, 95-97]. If the starting material is a hexagonal O3 phase and
transforms into a second hexagonal O3 phase (same space group, but different lattice
parameters) in the same cycling campaign it is often denoted 03’ (with the apostrophe
behind the number) [68, 76, 98]. If a third hexagonal phase is observed it can be denoted
03” [67]. There are also examples of a similar notation for the distorted phases using 0’3
for the first, 0”3 for the second and 0”3 for the third [96, 97].

Distorted P2 phases are often reported in the orthorhombic crystal system (not
monoclinic) and P’2 is generally used to denote the orthorhombic distortion with space
group Cmcm [79, 92, 95]. However, monoclinic distorted P2 (C2/c) has also been reported
and denoted P’2 [84], and there are examples of P2’ being used for the orthorhombic
distortion [80, 85, 89]. These different naming schemes lead to confusion regarding the
placement of the apostrophe(s), and how to denote the different distortions.
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Table 2.1: Overview of reported crystal systems, space groups, stacking order and descriptions of
layered NaMO: oxides named after Delmas’ notation.

Type of  Crystal system Space Stacking order, References
phase group description
03 Hexagonal/trigonal R3m ABCABC [67-77]
0’3 Monoclinic C2/m Monoclinic distortion of [67,72,
03 95-97]
0”3 Monoclinic [96,97]
03 Monoclinic [96,97]
0”3 Monoclinic [96,97]
03’ Hexagonal “Another O3 type” [76] [68, 76, 98]
03’ Monoclinic [77,99]
03” Hexagonal [67]
02 Hexagonal P63mc ABAC [83]
01 Hexagonal/trigonal P31m ABAB [69, 95, 100,
101]
P3 Hexagonal/trigonal R3m ABBCCA [67,76]
P3 Hexagonal/trigonal R3m ABBCCA [72,76,77]
P3 Monoclinic C2/m [101]
P’3 Monoclinic C2/m [76, 95, 98]
P”3 Monoclinic [96,97]
P’’3 Monoclinic [97]
pP3’ Monoclinic [77,99]
P3” Hexagonal [77]
P2 Hexagonal P63/mmc ABBA [78-94]
p2 Orthorhombic Pnma [102]
P2 Orthorhombic Cmcm [79, 92, 95]
P’2 Monoclinic C2/c [84]
P2’ Orthorhombic Cmcm [80, 85, 89]
P1 Monoclinic C2/m Single layered (AAA) [100]
OP4 Hexagonal P6m2 ABBACAACBCCB [82, 84]
Z Intergrowth between [92,103]
P2, 02 and OP4
T1/T2 [93]
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Other reported phases are 01 with ABAB stacking (hexagonal, P31m) [69, 95, 100, 101],
P1 with AAA stacking (monoclinic, C2/m) [100] and the mixed OP4 phase with
ABBACAACBCCB stacking (hexagonal, P6m2) [82, 84]. In addition, a so-called “Z” phase
has been reported in several articles [92, 103]. Sometimes it is only described as an
unknown phase while other times it has been described as an intergrowth between the
P2 and 02 phases where OP4 is an ordered intermediate in the Z-phase region, as
illustrated in Figure 2.2 [103].

Crystal Structures

Figure 2.2: Illustration of the layered P2, OP4 and 02 phases. Typical phase transformation upon
desodiation. Reproduced from [103] with permission from the Royal Society of Chemistry.

Layered oxides of V, Cr, Fe, Mn, Co and Ni have been widely studied as cathode materials
for NIBs [65, 104, 105](Paper 2). Of these materials, Fe, Mn, Co and Ni seem to be the most
promising, but each of the oxides using only one of the transition elements have some
severe drawbacks. P2-NaxMnO:z shows high initial capacities around 180 mAh g-1 with an
average working potential vs Na/Na* at ~3 V, but struggles with cycling stability [84]. 03-
NaNiO2 shows significantly lower specific capacity of ~120 mAh g-1 and limited cycling
stability, but has an average voltage higher than 3 V [96, 97]. 03-NaxCoO2 shows quite
stable capacities around 140 mAh g-1 for a least 30 cycles, with an average voltage of 2.96
V [106], but due to the high cost and ethical concerns regarding Co it is not considered a
viable option in commercial NIBs. 03-NaFeO: has a very stable redox potential around 3.3
V and shows an initial specific capacity of ~100 mAh g-1 that gradually decrease to 75
mAh g1 after 30 cycles [107].

By combining two or more transition metals in the same layered oxide, the properties can
be tuned to reach the desired compromise between energy density, cycling stability and
cost [105]. 03-NaFe1,2C01/202 is a good example as it shows higher capacity and better
cycling stability than both 03-NaFeO:z and 03-NaCoOz, reaching 160-140 mAh g-! over
the first 50 cycles and an average potential of 3.14 V vs Na/Na* [106]. Another promising
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material is 03-NaNi1/2Mn1,202 showing stable capacities around 140 mAh g-! with an
average voltage of ~3 V and excellent rate capabilities [108]. The properties can vary a lot
between oxides synthesised in the O3 type or the Na-deficient P2 type. For example, 03
type NaxFe1/2Mn1,202 (x = 1) delivers reversible capacities of 100-110 mAh g-! while the
P2 type (x =2/3) delivers up to 190 mAh g-1 [109].

Another promising group of cathode materials for NIBs is polyanionic frameworks, which
includes phosphates, fluorophosphates and sulphates. They are often composed of XO4 (X
= P, S) tetrahedra or trigonal X03, and MOs octahedra [110, 111]. Fluorine might also
substitute the oxyanions (phosphates and sulphates) to increase the voltage of the
materials. NaFePO4, Naz2Fe2(S04)3 and Na super ionic conductor (NASICON) materials (e.g.
Na3V2(P04)3) are some of the most promising cathode materials in this group. NaFePO4
with maricite structure has shown an initial specific capacity of 142 mAh g1 and a
capacity retention of 95% after 200 cycles [112]. This is significantly better than the
olivine structured NaFePOs which only obtained a capacity of 125 mAh g-1 and slightly
worse cycling stability [113]. The NaFePO4 materials have an average voltage of ~3 V.

NazFe2(S04)3 is one of the more promising sulphates for NIBs. In a composite with
graphene oxide it showed capacities around 100 mAh g-1, stable for hundreds of cycles
and an average voltage of ~3.8 V [114]. A typical NASICON-type structure, Na3V2(P04)s3,
consists of VOs octahedra and PO4 tetrahedra sharing corners. The structure has several
channels for fast intercalation of Na* [63]. Na3V2(PO4)3 shows a specific capacity slightly
above 100 mAh g-1 and a stable voltage plateau at 3.4 V. It also shows good cycle life and
excellent rate capabilities where it can maintain a capacity above 100 mAh g-! even at the
high current density of 2 A g-1[115]. Substitution of V with other metals (e.g. Al, Fe, Mn or
Co) [116-119] or introducing F- into the structure [120, 121] could improve and tune the
performance of NASICONs. Prussian blue analogues (PBAs), with general formula
NaxMa[MB(CN)e]yxzH20 (Ma, B = transition metals, x = 4y — 2, y < 1), are also promising
cathode materials for Na-ion batteries showing capacities up to 170 mAh g-1 and average
voltages at ~3 V [122]. The PBA structure can be described as face-centred cubic with Ma
as packing spheres, Mg(CN)s filling the octahedral voids and Na intercalating into (and out
of) the tetrahedral voids through large 3D channels.

2.2.2 Anode materials

For anode materials, Na titanates are a group of polyanionic frameworks that show very
good cycling stability, but lower specific capacity compared to other anodes. Naz2TisO13
nanorods have shown capacities of ~170 mAh g-1 at 0.1 A g'1 and ~110 mAh g1 after
2800 cycles at 1 A g-1 with an average voltage of ~0.5 V [123].

Carbon materials are the most commonly used anode materials for NIBs and can roughly
be divided into graphite, hard and soft carbons [124]. Graphite shows very poor
performance in NIBs compared to LIBs when using conventional carbonate-based
electrolytes. However, by using diglyme-based electrolytes it is possible to obtain a
reasonable amount of intercalation of solvated Na ions, with an average potential slightly
above 0.5 V vs Na/Na*. Studies have shown stable capacities of ~150 mAh g-! with a
current density of 0.1 A g-1and capacities above 100 mAh g-1 for 2500 cycles at 0.5 A g1
[125, 126]. Hard carbons have lower working potentials (0.1-0.2 V vs Na/Na*) and higher
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capacities up to ~300 mAh g-1, compared to graphite [21, 22]. Soft carbons have also
shown capacities at ~300 mAh g-1, with average voltages of ~0.5 V [127, 128]. Both hard
and soft carbons are amorphous and are produced from various types of organic matter.
Their natural abundance, sustainability and low cost are advantageous for these carbon
materials [63].

Materials following alloying type reactions have the highest theoretical capacities (up to
2596 mAh g1 for red P to NasP) among the active materials for NIBs, as several Na* can
alloy with one alloying atom [129]. However, they are known to have poor cycling stability
due to large volume expansions leading to cracks and particle degradation. The alloying
materials are mostly found in group 14 and 15 in the periodic table and include Si, P, Sn,
Sb, Bi, Ge and combinations of these. Si is a very promising alloying material for LIBs, but
does not show the same performance in NIBs. With nanostructuring, Si has shown stable
experimental capacities slightly above 400 mAh g-1 with a current density of 50 mA g-1in
NIBs [130]. Despite the higher mass of Sn and Sb they actually provide higher and more
stable specific capacities than Si, reaching more than 600 mAh g-1 over atleast 100 cycles
[131, 132]. Even heavy Bi-based anodes show similar performance as Si with capacities
close to 400 mAh g1 for 2000 cycles at a current density of 0.4 A g1 [133]. Red
phosphorus can obtain experimental capacities above 2000 mAh g-1 during initial cycles,
and with the correct morphology, it can reach stable cycling at 2.6 A g-1 with capacities
close to 1000 mAh g-1for >600 cycles [24]. These alloying anodes obtain average voltages
between 0.2-0.6 V [129].

A conversion reaction includes drastic structural changes often leading to limited
reversibility and cycle life for anode materials. In return, the capacity is often far greater
than that of intercalation compounds, but usually lower than for alloying materials [134].
NiP3is a conversion material that shows stable specific capacities above 1000 mAh g-1 for
approximately 15 cycles before the capacity rapidly declines [25]. MoS:2 (in different types
of carbon composites) is one of the most studied conversion materials for NIBs and shows
stable capacities between 400-600 mAh g1 for at least 100 cycles [135]. A possibly more
promising sulphide is VS2 showing specific capacities of ~700 mAh g-1 for 100 cycles
when measured with a specific current of 0.1 A g-1 [136]. Amorphous Fe203/graphene
composite has achieved reasonably stable capacities around 400 mAh g-1 for at least 50
cycles [137]. The average voltages of the conversion anodes are quite high ~1 Vvs Na/Na*,
making them challenging to use in full cells with regards to energy density [40].

Combined conversion-alloying materials (CAMs) can provide a good compromise
between high capacity and good cycling stability [26](Paper 1). Sb-based oxides,
sulphides and selenides, in different kinds of carbon composites, have shown good
performance through reversible conversion and alloying reactions. A Sb203/C composite
reached very high initial capacities above 1200 mAh g-1 and maintained 900 mAh g-1 after
100 cycles at 50 mA g1 [28]. Sb2Ss (in graphene foam) also showed better performance
than the pure Sb metal with stable capacities around 800 mAh g-! for more than 300
cycles [29]. Sb2Se3/rGO shows stable capacities around 650 mAh g-1 for more than 50
cycles ata current density of 0.1 A g-1 [138]. However, the conversion reaction has limited
reversibility and the high voltages of 1-3 V vs Na/Na* make the conversion reaction
difficult to utilise in a real battery. Therefore, several materials are developed with an
irreversible initial conversion reaction that forms a stabilising amorphous matrix around
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the alloying particles (Paper 1). This methodology has been successfully shown for
Bi2(Mo04)3 and BiVO4, where they obtained stable capacities around 350 mAh g-1 at 0.15
A g1 for 100 cycles, and capacities above 200 mAh g-1 after 1000 cycles at 0.3 A g-1[33].
Since it is mainly the alloying reaction that is active, the average working potentials for
these materials are ~0.5 V vs Na/Na*.

2.2.3 Conductive additives and binders

Battery electrodes need good electronic conductivity. Therefore, conductive additives are
usually mixed together with the active material in the electrodes. In most cases, the
additive is a type of carbon, where carbon black (e.g. Super P), reduced graphene oxide
(rGO) and carbon nanotubes (CNT) are among the most common examples [139, 140].
They might either be added during the synthesis of the active material, thus making a
composite and/or added during the mixing of the electrode slurry. There are several
examples of active materials that have gained improved performance as composites,
especially for alloying and conversion materials [23, 140]. For example, an Sb2S3/rGO
composite showed stable capacities at ~650 mAh g-1 for 100 cycles while the capacity of
pure Sb2S3 dropped to ~250 mAh g-1 after 10 cycles [141]. Even though it is very common
to use different carbon additives in the slurry preparation there seems to be no systematic
reviews discussing their effect on the cycling performance of active materials for NIBs.

In order to ensure good adhesion between the electrode components and to the current
collector a binder is added to the slurry. Polyvinylidene fluoride (PVDF), carboxymethyl
cellulose (CMC), polyacrylic acid (PAA), Na alginate and polytetrafluoroethylene (PTFE)
are among the most common binders [142]. These have different solubility in different
solvents, thus to a large degree dictate which solvent to use in the slurry mixing. For
example, CMC is soluble in H20 while PVDF depend on the more toxic and volatile N-
methyl-2-pyrrolidone (NMP) as a solvent. Several studies have shown that binders could
have a huge influence on the cycling performance of certain materials and determine
whether a material is almost dead or work fantastically [143-147]. However, because of
the large spread in studies, it is difficult to find common trends regarding which binders
in general work best for certain types of materials [142].

2.2.4 Electrolytes

The most common electrolytes used in NIB research are mimicked from the LIB
electrolytes. NaPFs and NaClOs salts dissolved in carbonate solvents like ethylene
carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate
(DEC) or mixtures of these are the most common electrolytes in NIBs [142]. It has been
shown that the electrolyte could have a huge impact of the performance and cycling
stability of electrode materials [148, 149]. However, determining which electrolytes in
general work best for NIBs has proven to be difficult [142]. Therefore, it seems to be
necessary to screen different electrolytes when testing a new material in order to
optimise its performance.

Several electrolyte additives have shown to improve the performance of NIBs, where
fluoroethylene carbonate (FEC) is the most common. FEC has been shown to generally
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lead to lower coulombic efficiency (CE) for the first cycle, but also increase the cycling
stability drastically, probably because of the formation of a thicker and stronger SEI layer
[142].

lonic liquids are possible alternatives to the conventional carbonate-based electrolytes,
which could lead to improved performance and safety [150]. They often consist of
bis(fluorosulfonic)amide (N(SO2F2)-, FSA-) as the anionic species in combination with
different cations like N-methyl-N-propylpyrrolidinium (C3Cipyrr*), 1-ethyl3-
methylimidazolium (C2Ciim*) and trimethylhexylammonium (TMHA*) [150].

Solid state electrolytes for NIBs are popular research topics, due to the potential for
designing batteries with higher energy densities and increased safety [151, 152]. The
main groups of solid state electrolytes are inorganic ceramics, organic polymers and
hybrid electrolytes. Among the inorganic solid state electrolytes, NASICON is considered
to be one of the most promising groups. A common example of a NASICON electrolyte is
NasZr2Si2012, which has shown an ionic conductivity of 6.7x10~% S cm~! at room
temperature [153]. By doping NasZr:Si2012 with Mg and Ni the room temperature
conductivity have been shown to exceed 2x10-3 S cm~1 [154].

P2 type layered oxides have also been investigated as solid state electrolytes where
NazZn2TeOs and NazMg2TeOes have shown conductivities of 10-4-10-3 S cm~1, which could
be further increased by Ga-doping [155-157]. Sulfide-based electrolytes, such as NaszPS4
[158] and NasSbS4 [159] also show promise as solid state electrolytes with conductivities
of ~10-4-10-3 S cm~1. Organic polymers are more flexible and less brittle than inorganic
ceramics, which could be beneficial as electrolyte in NIBs [151]. Gel polymer electrolytes
consist of liquid electrolyte incorporated inside a polymer matrix, and are on the
borderline between solid and liquid electrolytes. They could reach conductivities of
~6x1073 S cm~1 [160, 161], which is significantly higher than most solvent free polymer
electrolytes showing conductivities between 10-2-10-¢ S cm-! [151]. In hybrid
electrolytes, it is possible to combine the advantages of inorganic and organic solid state
electrolytes to reach high performance and stability [162, 163].

The choice of electrolyte, binder, solvent, additives and mixing procedures could have a
large impact of the measured performance of the active material. It is therefore difficult
to directly compare materials that have been tested in different ways and are at different
levels of optimisation.
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3. Methods and experimental details

3.1 Electrochemical characterisation

The work leading to this thesis included a significant amount of electrochemical
characterisation, where cyclic voltammetry (CV) and galvanostatic cycling (GC) were the
main techniques. This chapter provides a brief description of these techniques and some
perspectives regarding cycling at different rates.

3.1.1 Cyclic voltammetry (CV)

CV measurements are performed by applying a constant change in voltage, defined as the
sweep rate, while measuring the resulting current response [164]. This methodology
allows for determination of which potentials must be reached to initiate an
electrochemical reaction and provides information of the reaction kinetics. Broad CV
peaks are often indicative of slow reaction kinetics as the change in potential occurs faster
than the reaction, while sharp peaks indicate fast kinetics. The broadness of the peaks will
also vary with the applied sweep rate, and extra information regarding the kinetics and
reversibility of the reactions can be obtained by observing changes in the peaks as a
function of cycling rate.

3.1.2 Galvanostatic cycling (GC)

GC is the most straightforward technique to measure the performance of battery
materials. It is performed by applying a constant current while measuring the change in
voltage. The measured capacity of the material is obtained by multiplying the applied
current with the time of sodiation or desodiation. The electrochemical reactions occurring
in the cell during cycling are represented by voltage plateaus in the (de)sodiation curves,
and by studying these it is possible to determine the capacity contributions from different
reactions.

Another way of representing the results from GC measurements is by plotting the first
derivative of the (de)sodiation curves, thus creating dQ/dV graphs. These graphs presents
the amount of transferred electrical charge (Q) per voltage step, thus transforming the
plateaus in the (de)sodiation curves to peaks in the dQ/dV plot, similar to those obtained
from CV measurements. The dQ/dV plots differ from the cyclic voltammograms since the
GC measurements are conducted by applying a constant current, while CV measurements
utilise a constant change in voltage [165]. This generally results in broader peaks from
the CV measurements compared to dQ/dV. If the GC and CV measurements would be
performed infinitely slow, the cyclic voltammogram should look identical to the dQ/dV
plot. dQ/dV data that are directly calculated from the (de)sodiation curves are often very
noisy, and might need to be smoothed or rebinned in order to provide meaningful graphs.

3.1.3 Cycling at different rates
Many battery materials struggle with handling high cycling rates and often experience
irreversible damage when being cycled to fast. One common example is graphite, which
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is prone to Li plating and dendrite growth when cycled at too high currents [53].
Thermodynamically, Li* should intercalate into graphite, but at high current densities, the
overpotential for the intercalation reaction increase more than that for Li plating, thus
favouring the latter reaction. This is an example that the cycling mechanisms of battery
materials can change drastically when changing the applied current because of the
competition between thermodynamics and Kkinetics. Batteries used in real-life
applications often experience irregular cycling on a daily basis with different current
densities. Therefore, it is important to test different current densities for new materials
and assess changes in the cycling mechanism in order to predict possible degradation
mechanisms at elevated cycling rates.

3.2 Structural and morphological characterisation

In this thesis, X-ray diffraction (XRD) and X-ray absorption (XAS) were the main
characterisation techniques for obtaining structural information of the studied materials.
XRD provided information of the atomic arrangements while XAS provided element
specific information regarding oxidation state and local structure. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) were used to study the
morphology and particle sizes of the samples.

3.2.1 X-ray diffraction (XRD) and pair distribution function (PDF)

XRD is one of the most commonly used characterisation techniques as it can quickly
identify the crystalline phases in a material. The measurements are performed by
irradiating the sample with a monochromatic X-ray beam and measuring the scattered
signal at a range of angles. The obtained diffraction pattern contains peaks at specific
angles where the beam is exiting the material with constructive interference. These angles
can be calculated by Bragg’s law (Equation 3).

2dsinf = nA Equation 3

Here d is the distance between the defined atomic planes, 6 is the angle between the
atomic planes and the diffracted X-rays, A is the wavelength of the X-rays and n is a positive
integer.

When measuring the same samples with different X-ray wavelengths the 26 values of the
peaks change. However, by converting the 260 values into the scattering vector Q (Equation
4), it becomes independent of the wavelength and the Q values will always be the same
for the same material.

4 20 .
Q= 7 Sin(T) Equation 4

Experimental diffractograms of Bi metal, mixed with 20 wt% carbon black (Super P), and
pure Super P are shown in Figure 3.1. The crystalline Bi metal shows clear diffraction
peaks, where the peak positions correspond to the distances between the atomic planes
in the crystal structure. The peaks’ positions and intensities can be used to determine the
crystal structure of the material. For amorphous Super P there are only broad bumps in
the diffraction pattern as the material lacks long-range order.
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Figure 3.1: Experimental XRD patterns of a) Bi metal mixed with 20 wt% amorphous carbon (Super
P) and b) pure Super P. The data are previously unpublished.

The crystallite size of the measured material can be estimated by assessing the broadness
of the diffraction peaks. Broader peaks indicate smaller crystallite sizes and sharper peaks
larger crystallite sizes. One way of quantitatively estimating the crystallite size is the
Scherrer equation (Equation 5).

D= KA
~ Bcos6
D is the estimated diameter of the crystallites, K is the shape factor that is usually taken

as 0.89 for spherical particles, A is the wavelength and f is the full width at half maximum
of the peak measured at angle 6.

Equation 5

XRD is a great technique for determining the structure of crystalline materials. However,
itis not so useful when the studied material lack long-range order, like amorphous carbon
(Super P). PDF can simplified be explained as a Fourier transform of an XRD pattern
measured over a wide Q range, which takes into account the total scattering of the
material, including both Bragg-scattering and diffuse scattering [166]. PDF provides
sensible structural information for both crystalline and amorphous samples.

PDF data from real experiments is usually presented as the reduced pair distribution
function G(r). The real atomic pair distribution function, g(r), is not possible to obtain
from scattering data due to the phase problem [167]. To calculate G(r) we first estimate
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the structure function, S(Q), by normalising the diffraction pattern by the scattering
intensities (Equation 6).

1(Q)
(b)?

Here (b) is the compositional average of the scattering amplitudes of the atoms, and /(Q)
is the scattering intensity function (i.e. the scattering/diffraction pattern). Then we
calculate the reduced scattering function, F(Q), by correcting S(Q) for the decline in
scattering power at higher Q values (Equation 7).

F(Q) =Q[S(Q) —1] Equation 7
Finally we perform a Fourier transform of F(Q) to obtain G(r) (Equation 8).

Equation 6

S(Q) =

Qmax
6 == [ F@sinen) do Equation 8
Qmin
The obtained G(r) represents the atomic distances in the measured sample, as exemplified
by the experimental PDFs of Bi metal and amorphous carbon, Super P (Figure 3.2). These
data show that it is possible to extract information from the local structure of both
crystalline and amorphous materials. However, it is important to avoid overinterpreting
the data, as not all observed peaks from experimental PDF are real, especially at low r
(peaks marked with * in Figure 3.2). The peak resolution in PDF is limited by the Q range
and experimental PDFs will usually contain overlapping peaks corresponding to several
atomic distances. This is the case for the peak denoted Csi as it contains significant
contribution from the Bi-Bi distances of 4.75 A in addition to those at 4.55 A (Figure 3.2a).

An X-ray measurement always contains some background signals from air and the sample
holder. In the case of Bi and other heavy elements, it is sometimes necessary to dilute the
sample with a low scattering material (in this case Super P) in order to have sufficient X-
ray transmission through the sample, leading to extra background. It is important to
subtract as much as possible of the contribution from these background signals, in order
to obtain a clean PDF of the measured material. However, it is near impossible to remove
all background contributions, and you might run into the risk of subtracting too much,
which could affect the signal of the material of interest. The problems with background
subtraction combined with instrumental limitations and data processing lead to
“artificial” noise peaks and limited peak resolution, which is important to be aware of
during data analysis.
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Figure 3.2: Experimental PDFs of a) Bi metal mixed with 20 wt% amorphous carbon (Super P) and
b) pure Super P. The three closest Bi—Bi bonds in Bi metal are marked in the figure as Ag;, Bgi and Cgi.
The three closest C-C bonds in a six-ring extracted from the crystal structure of graphite are marked
in the figure as Ac, Bc and Cc.. The written values of the atomic distances are the theoretical values
extracted from the crystal structures, and does not necessarily match perfectly with the
experimental peak positions. Unidentified peaks that probably are a result of non-ideal data or data
processing and not real atomic distances are marked with *. The data are previously unpublished.

PDF can provide a simple estimate of the average crystallite sizes in the materials, as the
PDF signal decays at higher r as a function of domain (crystallite) size. This is illustrated
by the PDFs of Bi (Figure 3.3a) and Super P (Figure 3.3b) plotted up to 200 A. The signal
of the amorphous Super P approaches 0 at ~20 A as the material has no long-range order
at higher r, while the signals of the crystalline Bi decays at a much higher r value. For most
real powdered samples this decay is due to imperfect order over very long range, thus
being related to the crystallite size. However, even for perfectly crystalline materials the
PDF signal will approach 0 at high r values (>200 A) because of instrumental limitations.
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Figure 3.3: Experimental PDFs of a) Bi metal mixed with 20 wt% amorphous carbon (Super P) and
b) pure Super P, plotted up to r = 200 A. The data are previously unpublished.

3.2.2 X-ray absorption spectroscopy (XAS)

XAS can provide information regarding the local structure and oxidation state of specific
elements in a material [168]. It is based on irradiating the sample with X-rays scanned
over a range of energies and measure the absorption. Binding energies of core electrons
in atoms ranges from 0.1 keV to 100 keV, and it is typically the excitations of these
electrons that are studied in XAS. The X-ray absorbance abruptly increases when the X-
rays reach the sufficient energy to excite inner electrons in the sample, which gives rise
to the absorption edge. By studying the edge positions and comparing with literature, we
can determine which species we have in the sample. The X-ray absorption through a
sample is given by Equation 9.

ut =In <; ) Equation 9
1

Here u is the absorption coefficient, t is the thickness of the sample, Io is the intensity of
the incoming X-ray beam and I: is the intensity of the transmitted X-ray beam.

By measuring an absorption edge with a small step size in energy, it is possible to obtain
detailed information of the local structure and oxidation state of the element. This type of
study can be divided into X-ray absorption near edge spectroscopy (XANES) and extended
X-ray absorption fine structure (EXAFS). XANES focus on a short energy range close to
(and including) the absorption edge, while EXAFS focus on the region at ~50 to >600 eV
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above the absorption edge (Figure 3.4). In order to properly compare the XAS data
between samples with different absorption coefficients and thicknesses it is common to
normalise the data to the edge step so that the pre-edge line approaches 0 and the post-
edge line approach 1 (Figure 3.4).

XANES provide information regarding the oxidation state of the measured element as the
edge position changes slightly as a function of oxidation state. There are several different
ways of determining the edge position. The procedure used in this thesis was to use the
curve of the first derivative of the XAS data and extract the peak position of the peak
corresponding to the absorption edge. Other features in the XANES region, like the pre-
edge, provide information about the element’s site symmetry and electronic structure
(Figure 3.4b).
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Figure 3.4: Experimental XAS data collect in transmission mode of a crystalline NazMoO4 reference
diluted in 20 wt% amorphous carbon (Super P) to allow sufficient X-ray transmission. a) Measured
absorption through the sample presented as the absorption coefficient (u) multiplied with the
thickness of the sample (t) as a function of energy, including the edge step, pre- and post-edge lines
used for normalisation. b) Normalised XAS graph indicating the XANES and EXAFS regions, the pre-
edge and the edge position. The data are previously unpublished.

The EXAFS region provides information of the short range order around the absorbing
element in terms of type, number and distribution of neighbouring atoms. The
information comes from photoelectrons excited from the central atom that interacts with
the neighbouring atoms and scatters back. These photoelectron interactions lead to
constructive or destructive interference, and thereby creating the oscillatory part in the
EXAFS region. An EXAFS spectrum in k space is analysed as the normalised absorption
coefficient (), which is calculated from Equation 10.
)
=~
Where u is the measured absorption, po is the fitted background curve and Ay is an

estimation of the edge step. The photoelectron wave vector k is related to the photon
energy E (Equation 11).

X Equation 10

2m.(E — E,)
hZ

Equation 11

25



Here me is the electron rest mass (9.11x10-31 kg), Eo is the binding energy of the
photoelectron and h is the Planck constant.

Because of the rapid dampening of the oscillatory signals in EXAFS, it is common to
multiply y with k, k2 or k3 in order to enhance the features at high k. The work presented
in in this thesis generally used k? (Figure 3.5a). By performing a Fourier transform (FT)
of the k-weighted y(k) into y(R) it is possible to obtain a graph where the peaks are related
to the atomic distances in the local environment around the central atom (Figure 3.5b).
The R values for these peaks are not directly the real atomic distances (r), as obtained
from PDF, but are typically shifted with 0.2-0.5 A. This is why we use capital R and not r
when discussing the FT EXAFS data in this thesis. By fitting the FT EXAFS curves it is
possible to estimate the real r values.

Similarly to PDF there are some peaks that does not directly correlate to atomic distances
(marked with * in Figure 3.5b). Some of them are due to limited data quality or data
processing, but there are also several signals from non-single-scattering events, which
complicates the analysis. This, together with the rapid dampening of the signal at higher
R, makes it challenging to extract reliable data from outside the first coordination shell.
Especially for samples containing several elements that lead to overlapping bond
distances, like NazMoOs4 (Figure 3.5b).
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Figure 3.5: Experimental EXAFS data of NazMo04 mixed with 20 wt% amorphous carbon (Super P).
a) x(k) multiplied with kZ to enhance features at high k values. The red curve marks the window used
for the Fourier transform (FT) into R space. b) FT EXAFS showing peaks related to the atomic
distances in NazMo0O4, with Mo as the central atom. Capital R denote the values from the FT EXAFS,
while r denote the theoretical bond lengths extracted from the crystal structure. * marks the peaks
that does not correspond to atomic distances. The data are previously unpublished.

3.2.3 Scanning electron microscopy (SEM)

SEM provides images that can be used to study micro- and nanostructures in a material.
An electron beam is scanned over the sample and the images are usually constructed by
detecting the backscattered electrons (BSEs) or secondary electrons (SEs) that are ejected
from the sample. BSEs are emitted from the sample due to elastic scattering of the
incoming electrons when interacting with the atoms in the material. They have
significantly higher energy than SEs, thus providing information from deeper in the
sample. SEs are valence electrons emitted from inelastic collisions with the incoming
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electron beam. They usually have an energy of <50 eV and are only detectable from the
surface. Therefore, SEs are used to study the topography of the surface. SEs generated
deeper than ~10 nm in the sample get absorbed, due to the limited energy, before they
reach the detector.

3.2.4 Transmission electron microscopy (TEM)

A transmission electron microscope (TEM) can be operated with either a parallel beam
irradiating an area of the sample or a focused beam that is scanned over the sample aiming
at one point at a time, thus called scanning transmission electron microscopy (STEM)
[169]. The STEM technique is similar to SEM, but mainly detects the transmitted signals
induced by the electron beam. TEM can be used either to obtain a direct image of the
sample, by displaying the image plane on the viewing screen or to study the diffraction of
the sample in the back focal plane (Figure 3.6). The diffraction pattern provides
information regarding the crystal structure, similar to XRD, while the direct image
provides details of the particle morphology. With a well-prepared sample (thin and
crystalline) and a good enough instrument, it is possible to obtain atomic resolution of the
images.

c——— Sample

Objective lens

Back focal plane,

— f— objective aperture

J ‘ \ Image plane,
_/ \F SAD aperture

Figure 3.6: A simplified diagram of the electron beam transmitted through the sample in TEM with
a parallel beam, marking the objective lens, the back focal plane with the objective aperture where
a diffraction pattern is formed and the image plane with the selected area diffraction (SAD)
aperture.

3.3 Operando X-ray characterisation

In order to fully understand the chemical processes occurring inside a battery during
cycling it is essential to utilise operando characterisation (Paper 2). In an operando
measurement, the studied battery should operate as close as possible to the real life use.
However, with most techniques it is not possible to place an unmodified commercial
battery cell into an X-ray beam and obtain detailed information of the atomic structure
and morphology of the active materials in the electrodes. Therefore, modifications to the
experiments are always made to obtain an acceptable compromise between realistic
battery performance and data quality of the structural measurements.

In most cases, specialised operando cells with X-ray transparent windows are needed, and
several designs have been developed and used (Paper 2). These cells might struggle to
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obtain the same reliable performance as coin cells, and the background signals from the
cell components reduce the quality of the X-ray signals. In addition, it is important with a
decent time resolution of the X-ray measurements in order to determine when and how
the chemical reactions progress in the battery during cycling. Reasonably powerful
synchrotron radiation is often necessary for acquiring data of high quality with acceptable
time resolution. However, it is important to not use too powerful X-ray radiation as that
can induce beam damage and alternate the chemistry in the cell.

Despite these challenges, operando measurements are in general superior to ex situ
experiments, where the material is extracted from the cell. When performing ex situ
measurements, there is a risk that the sample reacts during sample preparation and no
longer represents the real system (Paper 2). This can lead to misleading or wrong
conclusions. It is also time consuming to prepare a sufficient amount of ex situ samples to
obtain satisfactory insight into the cycling mechanism, as several samples per
(de)sodiation cycle is needed. Another advantage of operando characterisation is that the
same sample is studied through the whole measurement. Therefore, all measurement
points are directly comparable to each other with regards to intensity of the measured
signal, after correcting for possible changes in intensities of the incoming beam. When
comparing different ex situ samples, it is difficult to trust small changes in intensities as
the samples may have different packing densities and may have been extracted from
different regions of the electrodes, which could affect the results.

However, ex situ samples generally lead to stronger X-ray signals with fewer background
components and it is easier to interpret and trust the data, given that the sample has not
reacted. Therefore, it is favourable to include ex situ measurements to support the
observations in the operando data. The combination of ex situ and operando
measurements is especially important for techniques like PDF and EXAFS where it could
be difficult to separate the signal of your active material from other contributions.

3.4 Experimental details

Most of the experimental details for this thesis are presented in Papers 3-5. This chapter
presents additional details for results that are included in this thesis and are
complementary to what was presented in the papers. The procedures for preparation of
electrode sheets and cell assembly are described in general terms. For detailed overview
of all the samples and procedures, see the data archive for the Nanoname project at
dataverse.no [170].

3.4.1 Chemicals

Bi2Ale012xxH20 (99.9%), Bi203 (99.8%), NaClO4 (98%), titanium(IV)butoxide (97%), Na-
metal blocks, citric acid (99.5%), carboxymethylcellulose sodium salt (CMC, Sigma-
Aldrich), dimethyl carbonate (DMC, 99%), N-methyl-2-pyrrolidone (NMP, 99.5%),
ethylene carbonate (EC, 99%), diethyl carbonate (DEC, 99%), propylene carbonate (PC,
99.7%), fluoroethylene carbonate (FEC, 99%) were purchased from Sigma Aldrich. Super
P was bought from Timical, Kynar polyvinylidene fluoride (PVDF) from Arkema,
NazFe[Fe(CN)s]x2H20 (Fennac) from Altris, BiVO4 (99.9%) from Alfa Aesar, HNO3 (69%)
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from VWR, double-sided dendritic Cu foil (99.9%, 10 um thick) from Schlenk and NaPFe
from Fluorochem. Distilled H20 (Resistivity >1 MQ cm~1) was produced in the home lab
facility at UiO.

Na, DMC, DEC, EC, PC, FEC, NaClO4, NaPFs and Fennac were stored in an Ar-filled glovebox
(M-Braun). The H20 and Oz levels in the glovebox were usually <0.1 ppm, but occasionally
the levels were unintentionally elevated due to maintenance or user errors. This was
probably the case during preparation of Electrolyte 2 and could explain its poor
performance (Section 4.1.1). NMP was stored in a chemical cabinet with a protective cap.
All chemicals were used as purchased without any further purification or treatments,
unless specified in the following sections.

3.4.2 Synthesis

The synthesis procedures of BizMo0Os and BiFeOs are presented in Paper 3 and Paper 4,
respectively. Commercial BiVO4 was mixed with Super P in a 7:3 ratio and ball milled for
2 hin a Pulverisette P7 premium line ball mill. Bi4sTi3012 was synthesised by mixing 4.35
g (12.8 mmol) titanium(IV)butoxide with 150 g citric acid and heating the mixture in a
beaker on a hotplate set to 300 °C with a magnetic stirrer until the citric acid melted. Then
2.98 g (8.5 mmol) of Bi203 were dissolved in 20 mL of concentrated HNOs, which was
added to the solution dropwise. Following this, the solution was transferred to a shallow
ceramic container. The solution was kept under stirring and heating at 200 °C until the
mixture became a very viscous liquid. Then it was transferred to a heating cabinet set to
180 °C and dried overnight in the ceramic container, which was covered by Al foil with
small holes. The sample was then calcined at 400 °C for 12 hours the following day.

3.4.3 Electrode preparation and cell assembly

Slurries of Bi metallates were prepared by mixing 80 wt% of active material with 10 wt%
binder and 10 wt% Super P together with 1-3 mL of solvent. The total dry mass of the
slurries was in the range of 0.1-1.0 g. Two different binder-solvent systems were used:
PVDF-NMP and CMC-H20. The slurries were mixed in a Thinky mixer (ARE 250) with a
procedure consisting of a mixing step of 3-5 min at a speed of 2000 rpm followed by a
defoaming step of 1.5-2.0 min at 750 rpm. This mixing procedure was repeated if
necessary to obtain a homogenous slurry.

The slurries were coated onto dendritic Cu foil with a coating height of 50-1000 pum and
was further dried overnight in air. 15 mm discs were cut from the electrode sheets the
following day before drying in a Biichi oven at 60-80 °C in dynamic vacuum for 3-6 h.
After cooling to room temperature, the electrodes were transferred to the glovebox for
coin cell assembly. Electrode preparation of Fennac-based cathodes was performed in a
similar manner, except for an active material:carbon:binder ratio of 85:15:10, coating on
carbon-coated Al foil and drying in Biichi oven at 140 °C overnight.

The electrolytes used in this thesis were prepared and stored inside the glovebox. All
electrolytes were prepared by mixing NaPFe¢ or NaClO4 into 1:1 mixtures of EC:DMC,
EC:DEC or simply in PC. The EC had to be heated on a hotplate at 50 °C to melt before
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mixing with DMC or DEC. 5 vol% of FEC was added to each electrolyte and all electrolytes
had a salt concentration of 1 M.

Coin cells (CR2032, stainless steel, 304, Pi-Kem) and operando cells were assembled in
either half-cell configuration with metallic Na as the counter electrode or in full cells with
Fennac as cathode. The Na electrodes were prepared by cutting Na chunks into smaller
pieces, which were rolled flat and stamped into 14 mm discs. The discs were then brushed
on each side with a toothbrush (medium, First Price) to ensure a fresh surface. The half
cells were assembled with the Na electrode in the anode casing, followed by separator
(Whatman GE, 16-18 mm in diameter), wetted with 80 pl of electrolyte and the Bi-
metallate electrode. In coin cells a spacer, a spring wafer and the cathode casing was
added before it was closed and sealed using an automatic coin cell crimper (Hohsen). Full
cells were assembled in the same way, except that the Bi-metallate electrode was placed
in the anode casing and the Fennac electrode was placed in the cathode casing. We used
two different operando cells in this study named “piston cell” (Figure 3.7a) [171] and
“Swagelok cell” (Figure 3.7b) [172]. The piston cell had glassy carbon windows attached
with silver paste and the Swagelok cell used Kapton windows glued with epoxy.

Figure 3.7: Images of operando cells used in this thesis. a) Piston cell and b) Swagelok cell.

3.4.4 Characterisation

Galvanostatic cycling (GC) measurements were performed with several different battery
cyclers: MPG2 (Biologic), SP150 (Biologic), CT-4008T-5V10mA-164 (Neware, named
Newarel), MIHW-200-160CH (Neware, named Neware2) and Battsmall (Astrol). The
measurements were performed with a voltage range of 0.01-2.00 V, except when stated
otherwise in the text, and current densities of 0.1 or 1 A g-1. Some measurements included
an initial 12 h rest to let the open circuit voltage (OCV) stabilise before cycling.

Operando XRD measurements of Bi-based electrodes were performed at the ID15A
beamline at the European Synchrotron Radiation Facility (ESRF). The wavelength of the
beam was 0.1425 A, the beam size was 125x150 pum and we used a Pilatus CdTe 2M
detector from DECTRIS. The piston cell used for this measurement was assembled in the
home lab at UiO 1 week before the first measurements and transferred to the ESRF in
Grenoble in a sealed coffee bag. The cell did not work during an initial electrochemical
test, probably due to leakage of electrolyte. Therefore, we opened the cell inside a
glovebox in Grenoble added more electrolyte and transferred it back to the beamline
before the measurements. In the first operando measurement the beam was focused on a
single point of the cell, leading to beam damage that inhibited the electrochemistry in that
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point. The following measurement was performed by mapping a larger area with grid
scans of 32x40 steps (1280 pixels) with increments of 0.1 mm horizontally and 0.05 mm
vertically. Each grid scan took ~8 min and scanned a total rectangular area of 3.2x2 mm.

The combined operando XRD/XAS measurements presented in this thesis were
performed at beamline BM31, which is a part of the Swiss-Norwegian Beamlines (SNBL)
at ESRF. We used a Dexela detector and monochromatic radiation with a wavelength of
0.3396 A for the XRD measurements. The visualisation of the 2D diffraction data was done
in Fiewer. The XAS measurements of the Bi L3 edge and Mo K edge were performed in
transmission mode with ion chamber detectors in the energy range of 13.3-13.6 keV for
the Bi edge and 19.9-20.2 keV for the Mo edge. A step size of 0.3 eV was used together
with a 200 ms exposure resulting in a scan time of 3 min and 20 s per edge.

Electrodes used for preparation of ex situ samples for TEM measurements were cycled at
0.1 A g1 between 0.01-2.00 V until the desired stage of cycling before disassembly with
a coin cell disassembling tool (Hoshen) inside the glovebox. The electrodes were carefully
extracted from the disassembled batteries, cleaned with 0.5 mL DEC per electrode and
dried for 1 h inside the glovebox. Following this, the electrode material was scraped from
the Cu foil, ground carefully in a mortar and sprinkled onto a Cu grid with holey carbon.
The samples were exposed to air for <5 min during transfer to the TEM. Pristine BizMoOe
powder was directly sprinkled onto the Cu grid before measurement. The TEM
experiments were conducted at The Norwegian Centre for Transmission Electron
Microscopy (NORTEM) with the Titan Themis microscope (FEI Company) in STEM mode.
The images were collected with an acceleration voltage of 300 kV and a dark field detector
(DF4).
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4. Results

4.1 Benchmarking and experimental challenges

From the experimental work leading up to this dissertation, there were many interesting
results that did not fit into the papers. Among these are benchmarking studies that were
important for designing the final experiments. The most relevant of these results are
presented in this chapter, which contains a discussion regarding how different
parameters affect the electrochemical performance and experimental challenges that had
to be solved or avoided. The experimental challenges include electrochemistry in
operando cells, strong scattering effects from Na counter electrode and beam damage.
Most of the results presented here are previously unpublished and contribute to a better
understanding of the experimental choices and results presented in Paper 3-5 and later
in this thesis.

4.1.1 Parameters affecting electrochemical performance

Throughout the work leading up to this thesis, a large amount of coin cells were
assembled and tested, providing useful information of which factors had a significant
impact on the electrochemical performance of the Bi metallates. Before assessing the
effect of changing certain parameters, it is important to have an estimate of the natural
spread in the measurements due to human error and non-controllable parameters. One
of the known uncertainties comes from weighing of the electrodes as the scale has an
intrinsic uncertainty of +0.1 mg, which in practice could be even higher when weighing
inside the glovebox. In order to determine the standard deviation of our measurements,
we analysed the performance of 120 coin cells that should have been identical (Figure 4.1
and Table 4.1).
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Figure 4.1: Specific capacities from the 1st (filled symbols) and 2rd sodiation (empty symbols)
obtained from GC measurements of 120 coin cells that were supposed to be identical, visualising the
uncertainties in the measurements. The BizMoOs-based electrodes in the batteries were extracted
from four electrode sheets that were prepared using the same procedures.

The 120 coin cells were selected from four electrode sheets, with BizMoQOs as active
material from two batches synthesised with the same procedure. Sheet 1 and 2 contained
BizMoOs from the first synthesis batch and Sheet 3 and 4 from the second batch. The
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procedures for electrode preparation, coin cell assembly and electrochemical
measurements were the same for all the selected coin cells. Cells with an initial OCV lower
than 2 V was removed from the selection as outliers, since the low initial OCV indicated
an error in the cell assembly. For simplicity, only the specific capacities of the 1st and 2nd
sodiation were evaluated. The average values for the specific capacities and the standard
deviation were calculated for each of the electrode sheets and for all the coin cells in total
(Table 4.1).

Table 4.1: Average specific capacities for the 1st and 2nd sodiation of batteries with BizMoOs
electrodes that were supposed to be identical, with calculated sample standard deviation (STDEV.S)

and percentages (STDEV.S/average). Numbers are provided for each of the four electrode sheets and
for all the batteries in total.

Electrode Nameinlab Sodiation Average Standard deviation Percent

sheet journal no. (mAh g-1) (mAh g-1) (%)
Sheet 1 AB_T_080 1st 611 62 10
2nd 343 40 12
Sheet 2 AB_T_094 1st 658 35 5
2nd 387 19 5
Sheet 3 AB_T_102 1st 659 21 3
2nd 395 13 3
Sheet 4 AB_T_108 1st 646 10 1
2nd 383 7 2
Average of all coin cells st 645 42 7
2nd 377 32 9

There were some small variations between the different electrode sheets, but in total the
uncertainties were slightly below 10%. This means that a changing parameter needs to
induce a reproducible difference larger than 10% in the specific capacity to count as a
significant effect. One interesting observation is that the standard deviation for the
assembled batteries seems to decrease with time, showing that increased experience in
electrode preparation and cell assembly could lead to more reliable experiments (Figure
4.1).

During the experiments, we noticed a significant difference between two batches of the
same type of electrolyte (1 M NaPFs in PC +5% FEC). One of the batches showed worse
performance (named Electrolyte 2) than the other batch, which behaved normally
(Electrolyte 1). Electrolyte 2 had probably reacted with moisture. It showed similar
performance as Electrolyte 1 in coin cells cycled at 0.1 A g-1 with only slightly lower
capacity (Figure 4.2a, b and d). However, the overpotentials for the redox reactions
(visible in the (de)sodiation curves) were significantly higher for Electrolyte 2. At
increased current densities (1 A g-1) the overpotentials became so large that the capacity
was massively reduced (Figure 4.2a, cand e). This shows the importance of always testing
the electrolyte properly after preparation to ensure it leads the targeted performance.
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Figure 4.2: GC measurements of BizM00Os with two different batches of electrolyte: Electrolyte 1
(good) and Electrolyte 2 (bad). a) Specific capacity per cycle plot from measurements of the two
electrolytes at 0.1 and 1 A g-1, filled symbols correspond to sodiation and empty symbols correspond
to desodiation. b), c), d) and e) selected (de)sodiation curves from the measurements. Details are
provided in the legends.

In an attempt to improve the electrochemical performance of the Bi metallates, we
changed several parameters and evaluated their effect. These parameters include type of
electrolyte, amount of electrolyte, type of binder, thickness of electrode, synthesis
conditions for BizMoOs, cycling rate, resting step and voltage range (Table 4.2).

Different electrolyte compositions have shown a significant effect on the performance of
certain battery materials [142]. In order to determine whether or not replacing the
electrolyte could improve the performance of Bi metallates, we tested 6 different
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electrolytes with our reference system: BiVO4:C anodes based on commercial BiVO4 that
was ball milled with Super P. Two different salts, NaClO4 and NaPFe, and 3 different
combinations of solvents, EC:DMC, EC:DEC and PC, were tested. All electrolytes had a salt
concentration of 1 M and 5 vol% of FEC as an additive.

The statistics in this dataset is limited (2-5 coin cells per electrolyte system), which would
mean that the difference in performance should be significantly larger than our estimated
uncertainty of ~10% to be trustworthy. There were some small differences in
performance between the different electrolytes, but also between batteries tested with
the same electrolytes. One representative measurement from each electrode are shown
in Figure 4.3 and the differences are too small to be deemed significant. The set of
electrolytes tested here are similar in nature, as they are all based on carbonated solvents,
while other electrolytes (e.g. ionic liquids or glyme based) could potentially show a
significant difference.
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Figure 4.3: Capacity per cycle plot from testing of different electrolytes with BiV04:C anodes cycled
in half cells vs Na metal with a voltage range of 0.01-2.00 V and a current density of 0.1 A g-1.

Changing the cycling conditions of the coin cells had a significant impact on the materials’
behaviour. The well-known effect of loss in performance including increased
overpotential when increasing the current density is present also for Bi metallates, even
though the effect is smaller than for most materials (Figure 4.4a and Section 4.2.3). A
larger effect was observed when changing the cut-off voltage and thereby removing
certain reactions from the cycling scheme (Paper 4 and Paper 5). Removing the NaBi =
Nas3Bi reaction by increasing the lower cut-off voltage to 0.50 V increased the cycling
stability slightly, but limited the capacity to such a degree the overall performance was
worse than at normal cycling conditions (Figure 4.4a, d and e).
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On the other hand, reducing the upper cut-off voltage to 0.70 V, thus avoiding the Bi <
NaBi reaction and isolating the NaBi < NasBi reaction, led to a drastic improvement of the
cycling stability. The reduced cut-off voltage limited the reversible capacity to ~200 mAh
g1, but the increased cycling stability lead to improved overall performance after 20
cycles compared to normal cycling between 0.01-2.00 V (Figure 4.4a and b). At 1 A g-1the
isolated NaBi = NasBi reaction (cycling between 0.01-0.80 V) maintained the capacity
even better than the measurement at 0.1 A g-1 (Figure 4.4a and c). The same effect was
observed for BiFeOs (Paper 4), and it is natural to think that this could be a common
feature for Bi-based materials in general.
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Figure 4.4: a) Capacity per cycle plots and b-e) (de)sodiation curves derived from GC measurements
of BizMoOs at different cycling conditions (specified in the legends). Retrieved from Paper 5.
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The difference in performance between measurements at 0.1 and 1 A g-1 for BizMoOs was
minimal. However, when increasing the current density even more, to 5 A g-1, the specific
capacities of the material were much lower (~100 mAh g1 at 2rd sodiation) as the upper
limit of what the battery could handle was reached. The effect of resting the coin cells for
12 h, in order to let the OCV stabilise, before starting the GC measurements had no
significant effect on the measured specific capacity: the difference between the average of
the capacities of the two data sets were less than 1%.

Using CMC as binder and H:20 as solvent instead of PVDF and NMP in the electrode
fabrication could possibly have a significant effect on the electrochemical performance.
The batteries with CMC/H20 in the active electrodes showed on average 18% higher
specific capacity for the 2n sodiation compared to electrodes with PVDF/NMP. However,
this is based on comparison of only two batteries per binder system and a larger dataset
with better statistics would be needed to prove this.

Increasing the thickness of the electrode could in principle reduce the measured specific
capacity significantly, as it will be more difficult to utilise all the active material in thicker
electrodes. In this study, we have tested electrodes that have been coated with wet
thicknesses between 50-1000 pm (resulting in active mass loading per electrode of
0.6-13.3 mg). Within this range of thicknesses and active masses, there were no clear
significant changes in performance, meaning that Bi metallates (at least BizMo0Os) is not
very sensitive to scaling up the electrode thickness. The thickest electrodes showed some
indications of reduced performance, particularly at higher rates, but the statistics are not
sufficient to draw any clear conclusions. If we would continue to increase the thickness of
the electrodes to the extreme, we would of course reach a point where the performance
would decrease.

When comparing the specific capacities measured from the electrodes with the lowest
mass loadings, it was possible to find differences larger than the 10% limit we set earlier.
However, the intrinsic uncertainty of at least +0.1 mg for weighing the electrodes have a
much larger impact on the uncertainty of the specific capacity obtained from thinner
electrodes: for an electrode with 0.6 mg of active material the weighing uncertainty in
itselfis 17%. Therefore, the specific capacities for the thinnest electrodes are not accurate.

Varying the amount of electrolyte between 80-120 pL did not have any significant effect
on the performance (Paper 3), but going to very low amounts is expected to induce some
problems for the electrochemistry. Varying the time (15 min to 24 h) and temperature
(160-200 °C) for the solvothermal synthesis of Bi2M00Os, did have some impact on both
the crystal structure and electrochemistry (Paper 3). However, it did not show any drastic
change in the overall performance. In summary, it was only the reduction of the upper
cut-off voltage and isolation of the NaBi < NasBi that provided a significant improvement
of the performance of the Bi metallates.
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Table 4.2: List over changing parameters throughout the study and comments regarding their effect
on the electrochemical performance of Bi metallates.

Parameter Conclusion

Different electrolytes No significant effect (except for bad batch).
Binder (CMC/H20 vs PVDF/NMP) Possible effect, but limited data.

12 h rest for coin cell before No significant effect.

measurement

Wet thickness of electrode Possible effect, but limited data.

Amount of electrolyte No significant effect (Paper 3).

Synthesis conditions (time and Small change, but not significant for overall
temperature) for BizMoOs performance (Paper 3).

Cycling rate No significant effect on capacity from 0.1to 1 A g1,

but increase in overpotential. Significantly reduced
capacityat5 A gL

Different cut-off voltages Cycling between 0.01-0.70 V provides significantly
better cycling stability.

4.1.2 Lessons learned from operando X-ray characterisation and TEM

There are several experimental challenges that could occur during operando X-ray
measurements: obtaining reliable electrochemistry in operando cells, strong X-ray
scattering from the Na-metal counter electrode and beam damage (Paper 2). This section
presents our experiences with these challenges from the experimental work leading to
this thesis, in addition to observed beam damage during TEM measurements.

In the present PhD work, two different operando cells were employed: piston cell [171]
and Swagelok cell [172] (Figure 3.7 in Section 3.4.4). The piston cell has conductive glassy
carbon windows that are glued to the cell parts with silver paste to ensure electronic
conductivity. It was difficult to create a good seal with the silver paste and there were
several cases of cells visibly leaking electrolyte. However, for the materials tested in this
thesis most of the cells showed sensible electrochemistry, regardless of leaking
electrolyte, indicating that this was not a major problem.

The largest problem encountered with the piston cells was that we did not obtain reliable
electrochemistry for cathode materials, as the cells usually did not manage to reach a
voltage higher than ~3 V during the first charge. Despite several experiments assessing
the electrochemical contribution from air exposure, stack pressure, silver paste and
glassy carbon, we were not able to find the root of this problem and solve it. Therefore, all
presented data from piston cells are from measurements in half cells cycled to a maximum
voltage of 2.00 V vs Na/Na*.

Swagelok cells with Kapton windows (glued with epoxy) worked fine for cathode
materials and was significantly less prone to electrolyte leakage. These cells were used in
several successful operando XRD and XAS measurements for some time, for example the
measurements presented in Figure 4.5. However, after extensive use, the flexibility of the
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Kapton windows led to a lack of pressure in the cell followed by inactivity in the region of
the cell covered by the X-ray windows. This meant that the electrochemistry in ~70% of
the cell worked fine, while the area that was measured with X-rays was inactive. Hence,
no changes in the diffraction pattern was observed. Because of these issues with the
Swagelok cells, we mostly used the piston cells and focused on half-cell measurements of
anode materials.

Another challenge that was encountered during operando measurements was strong
scattering effects from the Na-metal counter electrode, which created problems for both
XRD and XAS data. When Na metal was cut from a block and flattened by rolling just once
the resulting electrode consisted of large crystalline domains. These domains resulted in
strong Bragg spots in the 2D XRD data, instead of rings that are typical for powders. In the
worst cases, the X-ray scattering from the Na electrode was so strong that it acted as a
secondary X-ray source, meaning that some of the Bragg spots from Na created their own
set of diffraction rings centred around themselves (Figure 4.5a).

This effect did not only disturb the diffraction data, but also had an impact on the
absorption measurements. Operando XAS measurements of the Bi L3 edge during
(de)sodiation of BizM00Os showed clear peaks in the XANES spectra that shifted in energy
between each scan (Figure 4.5b). These shifting peaks made it impossible to extract
reliable data from the EXAFS region of the spectra, and made the XANES data challenging
to analyse. One way to avoid these problems is to use a full-cell configuration with a
powder-based cathode, thus removing the Na-metal electrode (Figure 4.5c). Another
strategy is to flatten and fold the Na metal many times (>10) to make it more
polycrystalline, thus removing the strongest Bragg spots. This last procedure was chosen
for the operando measurements presented in Paper 3-5.
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Figure 4.5: Data from combined operando XRD/XAS measurements, illustrating the problem with
strong X-ray scattering from the Na counter electrode. a) 2D image of a diffraction pattern showing
strong Bragg reflexes from Na, where the strongest reflex acts as a secondary source creating extra
diffraction rings centred on itself. b) Operando XANES of the Bi L3 edge measured on a BizMoOe-
based electrode in half cell configuration vs Na metal, showing irregular peaks above and below the
absorption edge that are moving during the measurement. c) Operando XANES on the Bi L3 edge on
BizMoOes-based electrode in full cell configuration vs Fennac as cathode.

An issue of beam damage was encountered at the ID15A beamline at ESRF, where the X-
ray beam altered the electrochemistry in an operando XRD/PDF measurement on Bi
metal. The beamline had recently gone through an upgrade leading to a very intense beam
with a flux of ~1014 photons/s/mmZ2. In the initial operando experiment, the sample was
kept stationary and the measurement was performed in a single point of the operando
cell. Even though the data showed sensible chemical changes during the first sodiation,
the observed phase transformations quickly deviated from the electrochemistry (Figure
4.6a-b). This indicated that the electrochemistry of the measured area did not behave
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properly, even though the rest of the cell worked fine according to the (de)sodiation
curves (Figure 4.6b).

This observation, led us to moving the cell in a grid scan of 32x40 steps (1280 pixels) with
increments of 0.1 mm horizontally and 0.05 mm vertically. With this strategy, each
measured point did not receive too much beam exposure and we could collect data from
almost the whole part of the cell that was covered with glassy carbon windows. This
measurement tactic worked successfully, and by averaging the XRD data from all the
pixels, we obtained a sensible operando XRD data set that followed the electrochemistry
(Figure 4.6c—d). The electrochemistry in the cell became noisy towards the end of the
measurement, due to the failed initial tests and possibly leakage of electrolyte.

This measurement provided XRD data in all the pixels of the scanned area, allowing us to
locate the alloying particles and observe how they changed during cycling. By selecting
the main peak of h-NasBi as a region of interest in the XRD patterns and plotting the
intensity of this peak from all the pixels of the grid scans, we obtained maps of the whole
scanned area showing the distribution of h-Na3Bi in the electrode (Figure 4.6e-f). In the
first full grid scan (scan no. 2) there were some h-NasBi present as a result of the initial
electrochemical cycling tests (Figure 4.6¢), but at full sodiation (scan no. 15) the alloying
particles contained significantly more h-NasBi (Figure 4.6f). These maps also showed
areas with almost no intensity in the XRD signals, proving that the distribution of the
active material in the electrode was not homogeneous.

The results from the measurements at ID15A showed that beam damage could be a big
problem when using a very intense X-ray beam. The exact reason why the
electrochemistry failed in the measured area when aiming at one single point was not
confirmed, but damage to the electrolyte in the irradiated area is one possible explanation
[173]. In the operando measurements performed at BM31, we did not notice any problems
with beam damage, even when the beam was aimed at one single point of the cell. The
explanation for this is that BM31 has a much less intense beam (flux of ~1010
photons/s/mm?), thus limiting the possibilities for beam damage.

42



Intensity (a.u.)

500 10
o 9
$ 400 8
¥o} 7 =
§ 300 6 <
5 E
§ 200 4 i
n 3
100 2
1
0
Potential vs Na/Na* (V)
Intensity (a.u.)
B High [
@
Q
: -
>
c
f ol
(W]
O
n
Low t
3.0 12
QA" Potential vs Na/Na* (V)
Intensity (a.u.)
- High
€
E-
C
i)
."(% =
o
[oX
N
Low
Intensity (a.u.)
- High
IS
E-
C
9
:‘(%‘ =
o
[oN
N -
Low

o
o
y position (mm)

1.5
1.0
-0.5
0.5

Figure 4.6: Operando XRD on a Bi-based electrode measured at (a-b) one point in the cell vs (c-d)
average of grid scans. Full grid scans showing the intensities of the main h-NasBi peak in each pixel
at e) scan no. 2 and f) scan no. 15.

Another example of beam damage, this time from an electron beam, was observed during
TEM measurements. The idea behind the TEM experiments was to accurately measure the
size of the NaxBi particles embedded in a Na-Mo-0 matrix as a result of (de)sodiation of
BizMoOs. However, the beam damage and air sensitivity of the cycled samples made these
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results less trustworthy than the estimations from XRD/PDF. The TEM results were,
therefore, omitted from the papers.

The clearest example of electron-beam damage was observed during imaging of pristine
BizMo0Os powder. When studying the nanoplatelets of BizM00Os, we observed formation of
Bi particles from the platelets after only a few seconds, as a result of the reducing electron
beam. These particles coalesce into larger particles during exposure of only a few minutes
(Figure 4.7). This showed that even for the pristine material it was difficult to obtain
reliable TEM images at high magnification.

80 mm &0 mm

Figure 4.7: TEM images illustrating beam damage induced by the electron beam at 300 kV in STEM
mode on a pristine BizM0o0Os sample. Images with a field of view of 50 nm: a) first image captured
after zooming in and focusing on the area of interest and b) image captured after exposure of 2.5
min. ¢) and d) images at lower magnification showing the beam damage after 4 min exposure of the
area marked with the red boxes.

Fully sodiated samples should be less prone to reduction from the electron beam since Bi
is already reduced. However, due to the air sensitivity of the NasBi phases and limited
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possibilities for inert transfer of the samples to the TEM we did not attempt to measure
these sodiated samples. Instead, we measured desodiated samples containing Bi metal
inside the Na-Mo-0 matrix. Like for pristine Bi2Mo0Os, the Bi particles in these samples
quickly coalesced at high magnification due to the electron beam. This made it impossible
to accurately determine the size of the Bi particles as they were estimated to be
significantly smaller than 10 nm during the first cycles, based on XRD/PDF data. The only
clear result we obtained from these TEM experiments (apart from beam induced changes)
was that we actually formed nanosized alloying particles inside a matrix, which has been
previously shown for similar materials [36].

4.2 Cycling and degradation mechanisms of Bi metallates

This chapter summarises the results from Paper 3-5 and discuss them briefly in context
of literature and additional results from electrochemical measurements of Bi metallates.
First, we present the main findings for the BizMoO¢ and BiFeO3s system, before comparing
them with other tested Bi metallates. More thorough discussions regarding central topics
of this thesis are provided in Chapter 5.

4.2.1 (De)sodiation mechanisms of BizM0oOs (Paper 3 and 5)

BizMoOs has been previously investigated as an anode material for NIBs as a composite
with N- and S-doped graphene (NSG) [39]. The study showed a specific capacity of ~900
mAh g-1in the first sodiation, which quickly dropped to ~300 mAh g-! after 10 cycles and
maintained ~250 mAh g1 after 50 cycles. These are higher capacities than what we
obtained for BizMoOs, where the initial sodiation capacity of ~650 mAh g-1 was reduced
to <100 mAh g1 after 20 cycles (Paper 3). It is difficult to know if this difference in
performance was due to the composite fabrication with doped graphene, different cycling
conditions, different electrode preparation procedures, different electrolytes or a
combination of these. Nevertheless, it is clear that the cycling stability is an unsolved issue
for this material.

The study on Bi2Mo0Os/NSG did not provide any insight into the cycling and degradation
mechanism of the material, apart from hypotheses based on the (de)sodiation curves [39].
Therefore, most of our initial expectations for the cycling mechanism of BizMoOs were
based on previous operando XRD/XAS studies on Bi2(Mo004)3 [33]. The structural formula
of Bi2(Mo04)3 is a bit misleading as it indicates that the structure consist of tetrahedral
Mo042- anions, while in reality the polyhedra around Mo is much more complicated. The
structure consist of 3 different Mo sites where each of them are linked to 6 oxygen, all
with different bond lengths, and the polyhedra could be described as distorted octahedra
similar to those in BizMo0Os. As an example, the Mo-0 distances for one of the sites in
Bi2(Mo04)3 are 1.72,1.73, 1.86, 1.89, 2.13 and 2.62 A. Therefore, it might have been better
to use the more general formula of BizMo03012. However, to be consistent with the cited
literature, we will continue using Biz(Mo04)3 to describe this structure in this thesis.

Operando XRD on BizMoOs showed that the main cycling mechanism was as expected,
where an irreversible conversion reaction occurred during the first sodiation forming Bi
nanoparticles embedded in a Na-—Mo-0 matrix (Paper 3). The Bi particles further goes
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through a two-step reversible alloying reaction: Bi < NaBi < c-NasBi (Figure 4.8). The
Na-Mo-0 matrix was invisible in the XRD patterns due to its amorphous nature and the
weak X-ray scattering of Na, Mo and O compared to Bi. Screening for possible Na-Mo-0
phases in “The Materials Project” showed that they were electronic insulators [174],
indicating that the matrix formed in Bi2MoOs is likely an insulator as well.

In order to study the cycling mechanism in more detail we performed a combined
operando PDF/XAS measurement over the course of 1.5 (de)sodiation cycles on Bi2Mo0Os¢
(Paper 5). The XAS data from the Mo K edge showed that Mo®* did not change oxidation
state and did not contribute to the capacity throughout the whole cycling regime.
However, the local structure around Mo®* changes from close to octahedral coordination
in the sodiated state (possibly similar to NasMoOs) to tetrahedral coordination in the
desodiated state (similar to NazMoO4). This transformation occurs at ~0.7 V during
desodiation, which could explain why the cycling stability increased drastically when
cycling with 0.7 V as the upper cut-off voltage, since the matrix is more stable below this
voltage. These changes in the matrix are different from what was shown for Bi2(Mo004)3,
where there was a small change in oxidation state of Mo and no observed change in
coordination [33]. This topic will be discussed in more detail in Section 5.2. XANES data
of the Bi L3 edge from the operando measurement showed that the oxidation state of Bi
changed as expected from +3 in BizMo0Os to a clearly negative oxidation state during
sodiation. Due the lack of reliable Bi3- references, we cannot confirm that the oxidation
state reach exactly -3, but it is likely very close.

Bi
08V oy P @) Na O
% S ©°

Bi ” NaBi

-

Bi,MoOj

c-Na;Bi

Figure 4.8: Graphical illustration of the cycling mechanism where BizMoOs irreversibly converts into
Bi, which further reversibly alloys to NaBi and c-NasBi, in a Na-Mo-0 matrix with tetrahedrally
coordinated Mo¢%+, which further reversibly shifts into distorted octahedral coordination. Adapted
from Paper 5.

During desodiation, the edge position of Bi surpassed that of the Bi-metal reference
showing that Bi obtains a positive oxidation state at the end of desodiation, likely between
+1 and +2. This was surprising, as the XRD data did not show any diffraction peaks other
than Bi metal and that a positive oxidation state of Bi had not been observed for
Bi2(Mo004)3 and BiVOs after the first cycle [33]. The FT EXAFS at full desodiation showed
the presence of the expected double peak corresponding to Bi metal between 2-3.3 A, but
also a clear peak corresponding to Bi-O bonds between 1-2 A (Paper 5). Bi-0 bonds at
the interface between Bi-metal nanoparticles and the Na-Mo-0O matrix is a likely
explanation for this observation.
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These Bi-0 bonds were not directly visible in operando PDF, but an indication of their
formation was discovered when studying the intensities of the peaks at ~3 A and ~3.5 A.
The closest Bi-Bi bonds in Bi metal are theoretically 3.07 A in length and the second
shortest Bi-Bi distances are 3.53 A. In Bi203, the five closest Bi-Bi distances are in the
range of 3.46-3.72 A. The PDF data showed a decrease in the peak at ~3 A and an increase
in the peak at ~3.5 A towards the end of desodiation, indicating formation of Bi-O-Bi
bonds at the expense of Bi-Bi bonds. Another observation from operando PDF was that
the closest Bi-Bi bonds were broken significantly later than the other bonds in Bi metal
during sodiation (Paper 5).

The operando XRD study over the course of 34 (de)sodiation cycles indicated a gradual
growth in size of the alloying particles with increasing cycle number, as the diffraction
peaks became sharper (Paper 3). This could explain why h-Na3Bi formed after ~10 cycles,
as it has been shown to form in larger Bi particles [34]. This growth and its effect on the
Na-Mo-0 matrix was further studied with ex situ XRD/PDF and XAS (Paper 5). Fitting of
XRD and PDF data from ex situ measurements on desodiated BizMoQO¢ samples estimated
that the average crystallite size of Bi was 2-3 nm after the 1st cycle and increased to 7-10
nm after the 20t cycle. When studying the XAS data from the corresponding samples it
was also clear that the oxidation state of Bi decreased together with the intensity of the
Bi-O peak in FT EXAFS as the crystallite sizes of Bi increased. This makes sense as the
interface area between the Bi particles and the Na-Mo-0 matrix decreases when the Bi
particles grow, thus leading to fewer Bi-0 bonds.

To strengthen our hypothesis, we estimated the surface-to-volume ratios for Bi particles
of different sizes. For simplicity, we assumed cubic particles with primitive packing and
an atomic diameter for Bi of 3.1 A. This showed that a ~2 nm Bi particle would have a
surface-to-volume ratio of ~2/3 (Figure 4.9). By assuming that all the surface atoms bind
to oxygen and obtain an oxidation state of +3, the average oxidation state of this Bi particle
as a whole would be +2. This corresponds well with the estimated crystallite sizes from
XRD/PDF and oxidation state from XANES after the 1st desodiation of BizMoOs (Paper 5).
With the same assumptions a 5 nm large Bi particle should have an average oxidation
state of +1 and a 10 nm large particle should have +0.5 (Figure 4.9). This is also reasonable
compared to the observed results from Paper 5.

This growth of the NaxBi particles would necessarily lead to a thicker Na-Mo-0 matrix
with longer distances between the alloying particles (Figure 4.10). Given the presumed,
electronically insulating nature of the matrix it would hinder electron transport, which
could be the main factor for capacity degradation. The operando XRD measurement over
34 cycles provided some insight into this capacity degradation (Paper 3). The data
showed that the diffraction peaks of Bi and partially NaBi disappeared during the capacity
decay, indicating that the system locks itself in a partially sodiated state. These
degradation reactions will be discussed more in detail in Section 5.1.

A post-mortem SEM study at different stages of cycling showed that a thick SEI layer forms
on the surface of the BizMoOe¢ particles during sodiation and dissolves again during
desodiation, somewhere below 0.9 V (Paper 3). This process likely consumes a significant
amount of electrolyte, but applying extra electrolyte did not improve the cycling stability.
Therefore, the consumption of electrolyte was not the main degradation factor. The
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formation and dissolution of the SEI seemingly stopped between cycle 10 and 20, but it
was disregarded as a symptom rather than a cause for the capacity degradation.

1.0 ‘“‘3\;““ T T T T T y T y T y
_ \ VA ——1atomsurfacel o0g2nm .
. \ A —— 2 atom surface
0.8 | \ \ A Bi2* —— 3 atom surface i
g _
506
o
=2 |
o)
®
04
=}
w T
[
1
02F 1
- — +
| |
[ | | | T
| | |
00 1. | " | " | 1 1 1 1 1
0 5 10 15 20 25 30

Diameter (nm)

Figure 4.9: Estimation of surface-to-volume ratios of Bi particles assuming cubic particles with
primitive packing and an atomic diameter of 3.1 A. The black curve assumes that only the outermost
atoms contributes to the surface bonding, the red assumes a width of two atoms in the surface and
the green assumes three atoms. The blue, orange and pink lines and arrows indicate what the
diameter of the Bi particles should be for the average oxidation state of Bi to be +2, +1 and +0.5,
respectively, assuming that all the surface atoms are Bi3*. The cubes on the right side exemplifies
two cubes used in the calculation, which was extracted from the crystal structure of Bi by
visualisation in Vesta. The data are previously unpublished.
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Figure 4.10: Graphical illustration of the growth of the Bi particles in the Na-Mo-0 matrix with
increasing cycle number. Adapted from Paper 5.
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4.2.2 High-rate cycling and capacity degradation of BiFeOs (Paper 4)

The electrochemical performance of BiFeOs (with ~12 wt% of Bi203 as impurity) was
similar to what has been shown in literature [31, 35], as it showed a specific capacity of
~600 mAh g1 in the first sodiation that dropped to ~200 mAh g-1t after 20 cycles (Paper
4). BiFeO3 maintains its performance well during cycling at a high current density (1 A
g1), and to explore potential differences in the cycling mechanism we performed
operando XRD over the course of 2 cycles at 1 A g-! (Figure 4.11) and 0.1 A gt (Figure
4.12). This showed that the cycling mechanism at the two different cycling rates were the
same, and that BiFeOs could be fully sodiated to NasBi evenat 1 A g-1.
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Figure 4.11: Table of content (TOC) graphic from Paper 4 showing operando XRD of BiFeOs3, cycled
at1 A g-1 with a voltage range of 0.01-2.00 V, and an illustration of the crystal structure of BiFeO3 in
the middle.

A surprising result from these operando measurements was that BiFeOs formed both c-
Na3Bi and h-NasBi already during the first sodiation (Figure 4.11 and Figure 4.12),
contrary to Bi2MoOe that only formed c-Na3Bi (Paper 3 and 5). This could indicate that the
alloying particles formed in BiFeOs are slightly larger than those formed in BizMo0Og, as h-
NasBi tend to form in larger NaBi particles [34]. Surface Rietveld refinements helped the
tracking of phase transformations during cycling, and revealed that c-Na3Bi formed prior
to h-NasBi (Figure 4.12c). This raised a discussion regarding possible Na deficiency in the
c-NasBi structure, where it was speculated that when the full stoichiometry of NasBi is
obtained the phase transforms into h-NasBi.
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Figure 4.12: Contour plot derived from operando XRD measurement of BiFeO3 over the course of 2
(de)sodiation cycles, b) corresponding (de)sodiation curves measured at 0.1 A g! between
0.01-2.00 V. c) Phase fractions in wt% retrieved from surface Rietveld refinement of the diffraction
data plotted in a), showing the evolution of the Bi-containing phases as a function of time. The grey
areas in c) highlight the regions where only the two different phases of NasBi are present. Adapted
from Paper 4.

Surface Rietveld refinements of an operando XRD measurement of BiFeOs at 0.2 A g-1 over
the course of 27 (de)sodiation cycles provided insight into the capacity degradation
(Paper 4). The results from the refinements combined with ex situ XAS data of the Bi L3
edge and detailed study of the (de)sodiation curves made it possible to extract three
distinct regions of capacity degradation for BiFeOs. In region 1, the capacity from the
oxidation of Bi metal leading to Bi—-O bonds at the interface between the Bi particles and
the Na-Fe-0 matrix disappears. Region 2 shows the emerging irreversibility of the Bi =
NaBi reaction, while Region 3 corresponds to a partial deactivation of the NaBi < NasBi
reaction. This means that NasBi was only partially able to dealloy to NaBi and NaBi was
not able to form Bi during desodiation. Hence, a significant amount of inactive Na3Bi is
present in the system. These results indicated that the oxidation of Bi metal and the Bi =
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NaBi reaction were more damaging for the cycling stability than the NaBi NasBi
reaction. This initiated the electrochemical tests with a reduced upper cut-off voltage of
0.7 V, thus isolating the cycling of the NaBi < NasBi reaction, which showed significantly
better cycling stability (Figure 4.13). However, it is difficult to know if it is the isolation of
the NaBi < NasBi reaction, reduction of structural changes in the matrix or a combination
that is the main reason for the improved cycling stability. This will be discussed further in
Section 5.1 and 5.2.
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Figure 4.13: GC measurements of BiFeOs with a reduced upper cut-off voltage leading to increased
cycling stability. Selected (de)sodiation curves obtained from measurements at a) 0.1 A g-1 with a
voltage range of 0.01-0.70 Vand b) 1 A g-1 between 0.01-0.75 V. c) Capacity per cycle plot extracted
from the measurements in a) and b). Retrieved from Paper 4.

Paper 4 also provides some insights into the Na-Fe-0 matrix. Through ex situ XANES
measurements, it was shown that Fe in the Na-Fe-0 matrix is redox active and slightly
changes oxidation state and coordination during cycling. The oxidation state of Fe was
initially +3 and was slightly reduced during sodiation, but the edge position did not
surpass that of the Fe304 reference, indicating that the average oxidation state was never
below +2.67. The observed pre-edge feature indicated that Fe partially transitions from
octahedral coordination in BiFeOs to tetrahedral coordination in the Na-Fe—0 matrix.

4.2.3 Electrochemical performance of different Bi metallates

Several other Bi metallates were evaluated and compared throughout this study. In
addition to BizM0Os and BiFeOs, we here present results from BisTi3012 and Bi2AleO12.
Bi4Ti3012 was synthesised as described in Section 3.4.2, while Bi2Al6012 was purchased
commercially (Table 4.3).
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Table 4.3: Overview of Bi metallates presented in this thesis. Including phase fractions obtained
from Rietveld refinements for those samples that contained a significant amount of impurities.

Compound Commercial/synthesised Phase fractions
BizMo00e Synthesised
BiFeOs3 Synthesised 12 wt% Bi203 impurity
BisTi3012 Synthesised 67 wt% BisaTi3012, 27 wt%

Bi2Ti207, 8 wt% Bi203

Bi2Al6012 Commercial

GC measurements of the Bi metallates showed some common characteristics, where all of
them undergo an initial irreversible conversion reaction, forming Bi particles embedded
in a Na-M-0 matrix (Figure 4.14 and Figure 4.15). In the following cycles, they show
plateaus in the (de)sodiation curves corresponding to the Bi < NaBi (~0.6 V during
sodiation and ~0.8 V during desodiation) and NaBi = NasBi reactions (~0.4 V during
sodiation and ~0.6 V during desodiation) in the GC measurements at 0.1 A g-1 (Figure
4.144a, c, e and g). There is also some capacity contribution above 1 V related to the further
oxidation of Bi that, based on the results of BiFeOs3 (Paper 4) and BizMoOes (Paper 5), is
due to Bi-O bonds at the interface between Bi particles and the Na-M-0 matrix. Cycling
at the higher rate of 1 A g-1 showed that all the samples handle fast cycling reasonably
well, maybe except for Bi2Al¢O12, with only minor losses in capacity (Figure 4.14b, d, f and
h). However, there is a significant increase in the overpotential of the reactions because
of the increased current density.

The most prominent challenge for these materials is the cycling stability as the majority
of the capacity is lost after 20 cycles (Figure 4.15). For example the specific capacities of
BiFeO3 and BizMoOs, which performed the best of the tested materials, decay from ~450
mAh g-1in the second cycle to ~150 mAh g-1in the 20t cycle (Figure 4.15a). During faster
cycling (1 A g-1) the capacity decay followed the same trend. The degradation mechanisms
leading to this capacity decay will be discussed further in Section 5.1.
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Figure 4.14: (De)sodiation curves obtained from galvanostatic cycling between 0.01-2.00 V with
current densities of 0.1 A g1 (left) and 1 A g-! (right) for different Bi metallates (specified in the
legends). The data are previously unpublished.

In order to understand how much of the capacity that originates from reactions other than
Bi = NasBi we calculated the specific capacity based on the mass of Bi in each of the
electrodes rather than the mass of the Bi metallates (Figure 4.15c and d). When comparing
these capacities to the theoretical capacity of Bi it is clear that all the samples, maybe
except for Bi2Al6O12, have contributions from other reactions. Some of the capacity comes
from electrochemical activity of Super P and formation of SEI (Paper 3), but the majority
of the extra capacity is due to the reaction above 1 V where Bi-0 bonds are formed (Paper
4 and 5).
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5. Summarising discussion

Here we discuss central topics in more detail and in a wider perspective with regards to
existing literature on Bi metallates and other CAMs. These topics include: capacity
degradation in Bi metallates, changes in Na-M-0 matrixes, formation of c-NasBi vs h-
Nas3Bi and differences between Bi metallates in NIBs vs LIBs.

5.1 3-step capacity degradation

All the tested Bi metallates in the previous chapter showed a similar capacity decay during
the first 20 cycles. For BiFeOs and BizMoOs we revealed that the degradation can be
divided into 3-steps (Paper 4), which could be valid for the other Bi metallates as well:

1. Deactivation of the oxidation reaction of Bi metal that formed Bi-O bonds at the
interface between Bi and Na-M-0 matrix

2. Irreversibility of the Bi = NaBi reaction

3. Partial irreversibility of the NaBi < NasBi reaction

These three steps are clearly visible from (de)sodiation curves, capacity per cycle plots,
ex situ XAS measurements and changes in phase fractions from surface Rietveld
refinements of operando XRD data for both materials (Figure 5.1). Since the cycling
stability of BiFeOs is slightly better than for BizMoOs, these degradation steps occur at
higher cycle numbers for BiFeOs. The first indication for step 1 was the disappearance of
the electrochemical signals above 1 V during desodiation and above 0.7 V during sodiation
(Figure 5.1c). This was further supported by the XANES data for desodiated samples from
cycle 1-10 showing a reduction in the oxidation state of Bi (Figure 5.1e) and the
disappearance of the Bi-0 peak in the corresponding FT EXAFS data (Figure 5.1f). Step 2
and step 3 were more directly observed from the operando XRD data where the Bragg
reflections of Bi disappeared from the diffractograms and the intensities of the NaBi peaks
were greatly reduced (Figure 5.1a-b), together with the corresponding plateaus in the
(de)sodiation curves (Figure 5.1d). After region 3, the system was mainly locked in the
sodiated state with large amounts of inactive Na3Bi, while a small part of the NaBi = NaszBi
reaction remained and contributed to the limited capacity.

The underlying reason for this capacity degradation is likely the coalescence of the
alloying particles during cycling, as described in Section 4.2.1. Since step 1 and step 2 of
the capacity degradation occurred first it is natural to think that these are the most
detrimental. When avoiding these reactions in the electrochemical cycling by decreasing
the upper cut-off voltage to 0.7 V the cycling stability increased significantly. This could
mean that the coalescence of the NaxBi particles mainly occurs above 0.7 V as a part of the
reactions related to step 1 or step 2. This aspect will be discussed further in Section 5.2
where the effect of the matrix surrounding the alloying particles will be included.
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Figure 5.1: Maximum normalised phase fractions for Bi and NaBi vs cycle number extracted from
surface Rietveld refinements of operando XRD of a) BiFeOs for the first 27 (de)sodiation cycles
(Paper 4) and corresponding results for b) BizMoOs (Paper 3). GC measurement of BiFeOs was
performed at 0.2 A g-1, while for BizMoOs the specific current was 0.1 A g-1. Both measurements had
a voltage range of 0.01-2.00 V. c) and d) (de)sodiation curves of BiFeOs plotted as potential vs
Na/Na* against the calculated number of Na* ions transferred per formula unit obtained from the
operando measurements shown in a), highlighting the capacity decay in c) cycle 1-6 and d) cycle
8-20. e) XANES spectra of the Bi L3 edge for desodiated BiFeOs at different stages of cycling
compared to pristine BiFeOs and Bi metal as references, f) corresponding FT EXAFS spectra. Adapted
from Paper 4.
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In both BiFeOs and BizMoOs, the rate of degradation for step no. 3 seems to be a bit higher
than for step no. 2: the maximum peak intensity of the NaBi phase is reduced faster when
its decay begins compared to the peak intensities of Bi. There are some uncertainties in
the results from the surface Rietveld refinements, because of limited data quality and time
resolution in the operando XRD measurements. However, the normalised desodiation
capacity per cycle graphs also indicate that there is a sudden change in decay rate between
step 2 and 3. Itis not certain why step 2 and step 3 would decay at different rates, but this
could be an interesting topic for future studies. Maybe the change in rate is coincidental
and the explanation is simply that the alloying particles continue to grow with cycle
number leading to a more rapid capacity decay at later stages of cycling.

The other Bi metallates (Bi4Tiz012 and Bi2Als012) that were electrochemically tested in
this work were not studied to the same detail. However, their (de)sodiation curves from
the figures in Section 4.2.3 show similar features as BiFeO3s and BizMoOs. This indicates
that they do follow a similar 3-step capacity degradation.

5.2 The effect of the Na-—M-0 matrix

The matrixes formed in CAMs and their interactions with the alloying particles are
considered to be determining factors for the electrochemical performance of the
materials (Paper 1). However, they are difficult to study and are not well understood.
From operando and ex situ XAS studies of Bi metallates it is evident that the structure and
behaviour of the matrix vary for different types of non-alloying metals (M), and when
varying the ratio between Bi and M.

In Bi2MoOs (2:1 ratio of Bi:Mo), the matrix contains Mo®* that does not change oxidation
state during cycling, but the coordination changes from tetrahedral to octahedral
according to the change observed for the pre edge in the XANES spectra of the Mo K edge
(Figure 5.2a). On the other hand, Bi2(Mo004)3 (2:3 ratio of Bi:Mo) show a slight change in
oxidation state of Mo, as the edge position shifts, but no clear change in coordination
(Figure 5.2c) [33]. The measurements of these two compounds are performed with
different electrode compositions and preparation procedures, which make direct
comparison difficult. However, these results indicate that varying the composition
between Bi and Mo does have an influence on the matrix during cycling.

For BiFeOs, the electrode composition and preparation procedures are the same as for
BizMoOs. The differences observed here are, therefore, directly related to the active
materials. In BiFeOs, Fe seems to change both oxidation state and local coordination as a
result of cycling (Figure 5.2b). The change in average oxidation state is small as the edge
position does not go below that of Fe30a4. In the study performed by Surendran et al., Fe
showed a bigger change in the XANES edge position and hence oxidation state, meaning
that Fe in BiFeOs could be more reduced during sodiation than what we observed (Figure
5.2d) [35]. This difference is likely due to a combination of smaller particles (~50 nm),
thinner electrodes (wet thickness = 130 um) and lower cycling rates (C/20) that were
used in their study [35], as all of these parameters would lower the overpotentials for the
reactions allowing more redox on Fe before the cut-off voltage is reached.
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Some of the Fe in the Na-Fe—-0 matrix seems to change coordination from octahedral in
BiFeOs to tetrahedral during sodiation, similar to the coordination observed for spinel
type Fe30s4, as evidenced from the pre-edge feature in the XANES spectra (Figure 5.2b).
Additional magnetic measurement with physical property measurement system (PPMS)
of sodiated BiFeO3 samples showed ferromagnetic behaviour, indicating the presence of
Fe304. However, the amount of ferromagnetic iron in the samples was estimated to be
<5% showing that most of the matrix contained other Fe-containing phases, being para-
or antiferromagnetic. There are a lot of possible Na-Fe-O phases that have been
experimentally observed with various Na:Fe ratios, oxidation states and coordinations for
Fe-cations (e.g. NasFeOs, NasFeO4, NaFeO2, NasFeO3 and NaFe203) [174]. In addition, it
could be possible to form Naz0, Fe metal, Fe203 and Fe304. This plethora of possible
structures for iron may explain why the matrix is amorphous and goes through gradual
changes in both oxidation state and coordination, while it also makes it difficult to
accurately describe the chemical phase(s) in the matrix.
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Figure 5.2: Ex situ XANES measurements on a) Mo K edge in pristine and sodiated BizMoOs (Paper 5)
and b) Fe K edge in pristine and sodiated BiFeOs (Paper 4). c) Mo K edge for pristine and sodiated
state of Biz(M004)s3. Adapted with permission from [33]. Copyright 2017 American Chemical Society.
d) Operando XANES data of BiFeOs. Adapted with permission from [35]. Copyright 2022 American
Chemical Society.
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There are a few studies of CAMs as anode materials for NIBs providing some insight into
the composition and structure of the matrix (Table 5.1 and Paper S1-S2). However, very
few of the studies track the structural changes in the matrix during cycling and discuss
how it influences the cycling stability. In addition, the various particle sizes, carbon
composites, electrode fabrication procedures and measurement protocols obfuscate the
effect of the matrix. Therefore, it is difficult to make a systematic analysis of chemical and
structural parameters that influence the overall conversion-alloying process, and thereby
determine the optimal characteristics of the matrix. Still it is clear that certain features
are beneficial. A matrix that is stable, in the sense that it can prevent coalescence of the
alloying particles, will likely lead to good cycling stability for Bi metallates and other
CAMs. The matrix will obviously not be completely rigid as it will change due to the
volume expansion of the alloying particles. However, the structural and chemical changes
should be as small as possible and include a minimal amount of bond breaking to prevent
the alloying particles to move and coalesce inside the matrix. It is also important to
investigate within which voltage windows the matrix is stable and what type of alloying
reactions it can accommodate.

One clear indication that a stable matrix provides good cycling stability is the GC
measurement of BizMoOs with an upper cut-off voltage of 0.7 V, which improved the
cycling stability drastically (Paper 5): operando XAS measurement of the Mo K edge
indicated that there was no significant change in the matrix during desodiation below 0.7
V. The reason for the stability of the matrix below 0.7 V is likely because the Bi < NaBi
reaction is avoided, thereby reducing the volume expansion of the alloying particles and
the following strain on the matrix. Section 5.1 clearly showed that oxidation of Bi metal
and the Bi = NaBi were the first reactions to become inactive during capacity degradation
when cycling to 2.0 V. However, we do not believe the reactions in themselves were the
main problem, but the changes they induce in the matrixes. Therefore, finding a matrix
that could handle both steps of the alloying reactions, not just NaBi < Nas3Bi, could lead to
a great improvement of Bi metallates.

For BiFeOs, the cycling stability also improved significantly with 0.7 V as upper cut-off
voltage. Unfortunately, we do not have XAS data of the Fe K edge at intermediate states of
sodiation. Therefore, we do not know at which voltages the Na-Fe-0 matrix undergoes
the main structural changes. The operando XAS study of BiFeOs performed by Surendran
et al. managed to better track the changes of Fe, showing that a significant amount of the
changes in the matrix occurred below 0.7 V (Figure 5.2d) [33]. The changes might not be
exactly the same for BiFeOs in our study, but it is likely that there are some structural
changes occurring in the matrix below 0.7 V. Nevertheless, the limited cut-off voltage
probably reduced the amount of structural changes in the matrix because of less strain
from the alloying reactions, thus increasing the cycling stability.

A study on Sb2Ses showed the coalescence of Sb particles during desodiation using in situ
TEM, indicating that coalescence of particles is also a problem for CAMs based on other
alloying elements than Bi [175]. The same study showed that reducing the upper cut off
voltage from 2.5 to 1.5 V, thus avoiding the transformation from NazSe to Se, improved
the cycling stability in a similar fashion as our Bi metallates [175]. This indicates that
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finding a voltage window where the matrix is stable and can mitigate coalescence of
alloying particles are not just beneficial for Bi metallates, but also for CAMs in general.

Table 5.1: Overview of studies on CAMs for NIBs that provide some insight into the chemical
composition and structure of the matrix. The table contains chemical formula of the material,
characterisation techniques used to study the matrix and proposed chemical phases in the matrix.
The names of the carbon composites are simplified and grouped into carbon nanotubes (CNT),
reduced graphene oxide (rGO), graphene, N-doped graphene (NG) or other carbon composites (C).

Material Techniques Proposed matrix Ref.
Sn02/CNT In situ TEM Naz0 [176]
Sn02 In situ TEM Naz0 [177]
SnO/CNT Ex situ TEM Naz0 [178]
SnS/CNT Ex situ XRD Na2Ss, HNa$, NazS2 [179]
SnS2/rGO Ex situ TEM NazS [180]
SnaP3 Ex situ TEM, XRD, XAS NaxP [181]
Sn4P3/rGO Ex situ TEM, XRD P = NasP [182]
Sb203/rGO Operando Xl;(]lz,squasi in situ Naz0 (183]
Sb2S3/C In situ TEM, DFT, MD NazS [184]
SbzSes In situ TEM Se = NazSe [175]
SbzSes In situ TEM NazSe [185]
Sb2Ses/rGO Operando XRD, ex situ TEM NazSe [138]
SbV04/rGO Operando K st T NasVOs [186]
Sb2Mo0s Ex situ XRD, XPS, TEM Na2MoOs4 [30]
FeShOs Operando XRD, ex situ XPS, Fe + Naz0 [187]
DFT
MnSb2S4/rGO Ex situ XRD NaxMns —>M1\r11:;zs Mg
Bi2S3 Operando XRD /XAS Naz2S4 = NazS [172]
Bi2S/NG In situ XRD Naz$ [189]
Biz2Ses/C Ex situ XRD, XPS NazSe [190]
Bi2Ses/graphene Ex situ XRD, TEM NazSe [191]
BiVO4/C Operando XRD/XAS, DFT Na3V04< NasVOas [33]
Bi2(Mo004)3/C Operando XRD/XAS, DFT NazMo04+ <= NasMoO4 [33]
BiFeOs3 Ex situ XRD Fe + Naz0 [31]
BiFeOs3 Operando XAS Fe(H'IH);ONde +Fe-0 [35]

60



Sottmann et al. managed to obtain good cycling stability without reducing the upper cut-
off voltage for Bi2(M004)3 and BiVOs, through heavy ball milling (24 h) with large amounts
of carbon (30 wt%) [33]. Here it is likely that the particle size of the pristine materials
obtained from ball milling (crystallite size of ~60 nm, estimated from XRD) was so small
that the coalescence of Bi did not cause any significant problems. Therefore, the stability
of the matrix was not crucial in this case. The same study showed that BiVOs and
Bi2(Mo00s4)3 that went through less ball milling (20 min) had larger particles (crystallite
size of ~600 nm) and showed comparable cycling stability to BizMoOs and BiFeOs, thus
likely being limited by the changes in the matrixes accompanied by coalescence of the
alloying particles [33].

The strategy of nanosizing the particles of the active material and creating carbon
composites is a common way of creating high-performing CAMs [26, 58, 192, 193].
However, if CAMs should approach commercialisation it would be important to limit the
processing steps and the amount of carbon additives in order to reduce the cost and
increase the specific capacity of electrodes. Therefore, it would be valuable to develop
CAMs that can obtain good cycling stability without the need for complex nanostructuring
and carbon additives. With a stable matrix that prevents coalescence of alloying particles
this should be possible, even for materials with primary particle sizes in the micrometre
range.

Many Na-M-0 materials have poor electronic conductivity [174], but this should not
cause any major problems if the pathways for the electrons are shorter than ~10 nm, as
quantum-mechanical tunnelling can occur between the metallic alloying particles [194].
For all the tested Bi metallates, this condition should be satisfied if there is an even
distribution of sufficiently small NaxBi particles in a Na-M-0 matrix. When considering
Bi2(Mo04)3, which is one of the Bi metallates with the lowest Bi loading, and assuming a
formation of metallic Bi particles inside a Na2M004 matrix, the Bi particles will account
for 30% of the volume. With this volume fraction, the distances between the alloying
particles should be significantly smaller than 10 nm, assuming an even distribution of
particles with sizes in the range of 2-10 nm (estimated sizes of Bi particles formed in
BizMo0Os, Section 4.2.1).

It is difficult to find studies that directly assess the conductivities of materials with metal
particles inside oxide matrixes, especially for amorphous materials, and how that is
related to the electrochemical performance. However, it has been shown that poorly
conductive, amorphous FePOs thin films up ~50 nm are able to achieve decent
electrochemical performance in LIBs [195-197]. The performance decreased with
increasing thickness, whereas films thicker than 100 nm showed very poor performance.
Based on these results it is likely that the electronic conductivity of the matrix in most
CAMs will start to affect the electrochemical performance when the distance between the
alloying particles will be >10 nm, and will become detrimental at distances >50 nm.
Nevertheless, having a matrix with good electronic conductivity could be beneficial as the
performance of the active material would be less sensitive to the thickness of the matrix.

A more important property of the matrix is the Na* conductivity. Given the amorphous
nature of most matrixes in CAMs it is difficult to theoretically predict their ionic
conductivity, since most of the theory is based on crystalline systems [152, 198].
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However, it is sensible to think that the amorphous matrixes formed in CAMs contain
enough Na-ions and vacancies to generally be good ionic conductors. If the matrix would
have poor ionic conductivity, we would not expect the good cycling behaviour at higher
rates that is generally observed in CAMs [30-32].

5.3 Formation of c-NasBi and h-Na3Bi.

Even though the sodiated Bi phases are much better understood than the Na-M-0
matrixes there are still new things to discover. Most of the prior knowledge of these
phases comes from the work of Sottmann et al. where they showed that nanocrystalline
Bi particles formed c-Na3Bi, and microcrystalline Bi particles formed h-NasBi upon
sodiation [34, 199]. They further showed that Bi2(Mo00O4)3 and BiVO4 as CAMs for NIBs
formed c-NasBi, because of the nanocrystalline nature of the alloying particles inside the
Na-M-0 matrix [33]. These results are consistent with what we observed for Bi2MoOs
(Paper 3 and 5), but not completely for BiFeOs as it formed some h-NasBi (Paper 4).

The studies of Sottmann et al. also provided an explanation for why the c-Na3Bi (ordered
FCC structure) phase formed in these systems rather than the thermodynamically stable
h-Na3Bi (NasAs structure) [34]. Certain relationships in the crystal structures of NaBi
(CuAu structure) and c-NasBi are likely to make the transformation between these two
phases smoother, because it requires less structural rearrangement and bond breaking
compared to the NaBi = h-NasBi reaction. In nanocrystalline NaBi particles, this smoother
transformation into c-NasBi is the most favourable one, while thermodynamics control
the transformation of larger particles leading to h-NasBi. Another possible explanation
could be limited volume and pressure due to containment by the matrix. The crystal
structure of c-Na3Bi has a smaller volume (113 A3 per formula unit) compared to h-Na3Bi
(124 A3 per formula unit), meaning that in a confined space, or under increased pressure,
it could be favourable to form c-NasBi. Since most Bi metallates lead to nanocrystalline
NaxBi particles, they tend to form c-NasBi.

The formation of c-Na3Bi and h-Na3Bi occur at different voltages. h-Na3Bi, as the most
thermodynamically stable phase, forms at higher potentials (0.51 V) than c-NasBi (0.38
V) during sodiation (Figure 5.3) [34]. Several other factors could also influence the
formation potentials as determined from the dQ/dV graphs, however the comparative
study of Sottmann et al. showed that there is a clear difference in the voltages for
formation of these two phases [34]. For BiVO4 and Biz(Mo00O4)s, the peak potentials in
dQ/dV for formation of c-NasBi were in the range of 0.39-0.44 V, showing that the exact
potential values may vary [33].
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Figure 5.3: dQ/dV plots of a) microcrystalline Bi/C from 20 min ball milling, which forms h-Nas3Bi,
and b) nanocrystalline Bi/C from 24 h ball milling, which forms c-NasBi. Reused with permission
from [34]. Copyright 2016 American Chemical Society.

From the GC measurements of Biz2MoOe and BiFeOs, it is possible to observe the formation
of c-NasBi vs h-NasBi by studying the dQ/dV data. The formation potentials during
sodiation vary slightly between the different cycles, but there is a clear separation of the
peaks corresponding to formation of c-NasBi (0.38-0.45 V) and h-NasBi (0.45-0.51V,
Figure 5.4). Operando XRD of BizMo0Os showed that diffraction peaks of h-NasBi were
visible after ~10 cycles (Paper 3). This corresponds well with the dQ/dV peak for
formation of h-NasBi (~0.48 V), which appeared after ~8 cycles and gradually replaced
the peak for formation of c-NasBi (~0.43 V, Figure 5.4a).

Operando XRD data showed that BiFeOs formed h-Nas3Bi, in combination with c-Nas3Bji,
already during the 1st sodiation (Paper 4). In the dQ/dV graphs, there is a visible bump in
the h-NasBi region in cycle 3, which increases in intensity the following cycles (Figure
5.4b). One possible reason for why the peak is not visible for the first two cycles is that
the disordered nature of the chemical structures at this stage leads to overlapping peaks
and less defined signals. A support to this hypothesis are the shifts in the peaks for both
Biz2Mo00Os and BiFeOs as the systems become more ordered during the first cycles (Figure
5.4).
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Figure 5.4: dQ/dV plots derived from sodiation curves of GC measurements with a current density
of 25 mA g1 and a voltage range of 0.01-2.00 V of a) Biz-M0Os and b) BiFeOs. The fields between the
vertical lines indicate the areas where we expect to observe peaks for the formation of c-NasBi (red)
and h-Nas3Bi (blue) from NaBi. The data are previously unpublished.

One interesting observation is that the peak positions for formation of c-NasBi are very
similar during the second sodiation for the two systems (0.41 V for BizMoOs and 0.42 V
for BiFeOs). In the following cycles, the peaks shift toward higher voltages for Bi2MoOs
and lower for BiFeOs, reaching 0.43 V (BizMo0Os) and 0.40 V (BiFeOs) in cycle 10. This
could indicate that formation of c-NasBi is more thermodynamically favourable in
BizMoOs than in BiFeOs after the second cycle, which partly explains the earlier formation
of h-NasBi in BiFeOs. This difference in formation potential of the c-NasBi phases in BiFeOs
and BizMoOs could be an effect of different electrode preparation procedures (electrode
thickness, binder and solvent), particle size and morphology. However, it could also be an
effect of the different matrixes where the more gradual changes in the Na-Fe-0 matrix
might not confine the alloying particles as strictly as the Na-Mo-0 matrix and, therefore,
the stability of the high-pressure c-NasBi phase is lower in BiFeOs.
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The operando XRD results of BiFeOs for the two first (de)sodiation cycles showed that c-
NasBi formed before h-NasBi (Figure 4.12), indicating that c-Na3Bi transformed into h-
NasBi towards the end of sodiation. In Paper 4, we suggested that this could be due to a
small sodium deficiency in the c-NasBi phase during formation and that c-NasBi
transformed into h-Na3Bi when the full stoichiometry was obtained. Another explanation
could be that Na* at the end of sodiation enters the Na-Fe-0 matrix, and not the alloying
particles, thus reducing Fe. As discussed in Section 5.3, it is possible that the oxidation
state of Fe and the structure of the matrix changes at low potentials. These changes could
possibly allow the c-NasBi structure to rearrange and transform into h-NasBi, however,
the reasons are not obvious.

The exact reason for the formation of h-Na3Bi in BiFeOs already during the 1st sodiation is
not clear. It could possibly be as simple as that BiFeOs forms larger NaBi particles than
Bi2Mo00Os, during the initial sodiation, hence favouring the thermodynamically stable
phase upon alloying. Another explanation could be that the Bi2O3 impurities (~12 wt%)
in the BiFeOs3 sample is the main cause for formation of h-Na3sBi. However, the estimated
amount of h-Na3Bi formed in BiFeOs from the surface Rietveld refinements in Figure 4.12,
is significantly larger than what the Bi203 impurities can account for. Therefore, at least
some of the h-NasBi originates from BiFeOs.

5.4 Bimetallates in LIBs vs NIBs

This thesis’ main focus is on Bi metallates for NIBs, but the results are also relevant for
LIBs. Overviews of the electrochemical studies performed on Bi metallates for LIBs and
NIBs are provided in Table 5.2 and Table 5.3, respectively. The limited amount of studies
along with a wide spread in experimental procedures and results make it very difficult to
draw any clear conclusions regarding the relative performance of the different Bi
metallates within each of the two battery systems. One difference that can be claimed with
some statistical support is that BisNb301s in general show lower capacities than the rest
of the Bi metallates tested for LIBs (Table 5.2).

One thing that is clear from the tables, is that the electrochemical performance of Bi
metallates are in general better for LIBs (Table 5.2) than for NIBs (Table 5.3). Two good
examples are BiVO4/C and Bi2(Mo04)3/C composites, that were prepared by ball milling
for 20 min, as these have been studied with the same procedures for both LIBs and NIBs.
In LIBs, BiVO4 showed a reversible specific capacity (15t desodiation capacity) of ~570
mAh g-1[37] and Biz(MoO4)3 reached ~850 mAh g-1 [38], when cycled between 0.01-2.00
V and a current density of 0.15 A g-1. The corresponding studies in NIBs showed that
BiVO4 obtained a reversible specific capacity of ~350 mAh g-1, while Bi2(Mo04)3 showed
~330 mAh g-1[33]. Bi2MoOs also show higher reversible capacities in LIBs reaching ~900
mAh g1 in several studies [40, 43, 200, 201], compared to ~440 mAh g1 in NIBs as
observed in this thesis. This indicates that some redox reactions are utilised in Bi
metallates in LIBs that are not present during cycling in NIBs.
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Table 5.2: Overview of studies evaluating the electrochemical performance of Bi metallates as anode
materials for LIBs. The table shows the name of the compound, approximated specific desodiation
capacities from the 1stand 50t cycles, cycling conditions (current density/C-rate and voltage range)
and references. Abbreviations for the carbon-based additives in the composites: ECP-N = N-doped
Ketjen black, PANI = polyaniline, rGO = reduced graphene oxide, CNT = carbon nanotubes and C =
other carbon additives.

Specific desodiation

Material capacities (mAh g-1) Cycling conditions Ref.
Istcycle 50t cycle
570 430 0.15A g% 0.01-2.00V
BiV04/C-20min [37]
700 480 0.15Ag10.01-250V
BiV04/C-20min 850 600 015Ag1,001-2.50V  [36]
BiVO4 1180 780 1.1Ag10.01-350V [202]
BisV2011 250 90 €/10,1.0-33V [203]
BizMn4010/ECP-N 820 580 016 Ag1,0.05-3.00V [204]
Bi2Mn4010/C 600 570
03Ag1001-3.00V  [205]
Bi2Mn4010 510 220
BizMn4010 850 750 0.2C,0.01-3.00V [206]
BizMn4O10 600 400 0.16 Ag-,0.05-3.00V  [207]
BiFeO3 750 370 056 Ag1,05-3.0V  [208]
BiFeO3 750 650 01Ag?0.001-25V  [209]
BisNb3O1s/CNT 490 300 0.1Ag1001-3.00V  [210]
BisNb3015/C 330 280 01Ag?0-3V [211]
BisNb3O1s 370 300 0.1Ag 0-3V [212]
BiNbO4 160 130 0.1Ag11-3V [213]
980 810 0.15Ag%0.01-2.50V
Bi2(M004)3/C-20min [38]
850 350 0.15Ag10.01-2.00V
BizM00s/rGO 900 730 01Ag?001-3.00V  [40]
BizM00s/rGO 450 200 0.1C,0.2-3.0V [41]
BizM00s/C 900 500 01Ag1001-3.00V  [201]
Bi2Mo0Os/PANI 760 700
01Ag?001-3.00V  [43]
BizMo0Oe 760 450
Bi2MoOe 900 840 0.05A g1 0.01-3.00V [200]
BizMoOs 1100 500 05Ag1,0-3V [42]
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Table 5.3: Overview of studies evaluating the electrochemical performance of Bi metallates as anode
materials for NIBs. The table shows the name of the compound, approximated specific desodiation
capacities from the 1stand 50t cycles, cycling conditions (current density/C-rate and voltage range)
and references. Abbreviations for the carbon-based additives in the composites: NSG = N- and S-
doped graphene, rGO = reduced graphene oxide and C = other carbon additives.

Specific desodiation

Material capacities (mAh g-1) Cycling conditions Ref.
Istcycle 50t cycle

BiV0O4/C-24h 370 350
0.15Ag1,0.01-2.00V  [33]

BiVO4/C-20min 350 200

BiVO4/rGO-5 560 520
0.1Ag1,001-3.00V  [45]

Black-BiV04/rG0-400 400 300
BiVO4 630 430 0.1Ag1,0.01-2.00V  [44]
BiFeOs/graphene 600 580 0.05Ag10.01-3.00V [214]

BiFeOs/pectin 190 120
0.5Ag10.05-2.50V  [46]

BiFeOs 100 60
BiFeOs 500 200 0.1Ag10.01-3.00V [31]
BiFeOs 550 220 C/20,0.05-3.00V  [35]
BiFe0s 440 130 0.1Ag1001-200V S
work

Bi2(Mo004)3/C-24h 350 330
0.15Ag1,0.01-2.00V  [33]

Biz(M004)3/C-20min 330 220
BizMoOs/NSG 600 250 02Ag1,001-3.00V  [39]
BizMo0s 440 70 0.1Ag1001-200V S
work
BisTi3012 340 90 01Ag1001-200y DS
work
. ~ This

Bi2Al¢012 230 30 0.1Ag10.01-2.00V

work

The alloying reactions, A < ABi < AsBi (A = Li, Na), should contribute to an equal amount
of specific capacity in the two battery systems. Therefore, the extra capacity obtained for
LIBs must come from other reactions. One possibility is increased oxidation of Bi metal
after dealloying, which was shown to occur for BiFeOs and BizMoOs in this thesis. This
phenomenon was not directly discussed in any of the studies of Bi metallates for LIBs, and
the operando XANES studies of BiVO4 and Bi2(Mo004)3 indicated that the final desodiated
state was metallic Bi with oxidation state 0 [37, 38]. Therefore, it is more likely that redox
activity of the matrix accounts for most of the extra capacity obtained in LIB.

The standard reduction potential of Li* is ~0.3 V lower than for Na*, meaning that there
is more room for redox reactions at lower potentials in LIBs (compared to NIBs) before
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running into the trouble of metal plating. This opens up for the possibility of increased
redox activity of the metal (M) in the Na-M-0 matrix in LIBs. Operando XANES on
Bi2(Mo04)3 showed that Mo was more reduced in LIBs [38] compared to NIBs [33]. The
difference in the observed redox activity between LIBs and NIBs was not as large as
expected based on the specific capacities from coin cell measurements. This is probably
because of issues with the electrochemistry during the operando experiment: the
measured delithiation capacity of the operando experiment was ~550 mAh g-1, compared
to ~850 mAh g-1 when cycled in a coin cell [38]. Therefore, the change in oxidation state
of Mo is in general expected to be significantly larger than what was shown by the XANES
data in the operando experiment of Biz(Mo00O4)3 for LIBs [38]. It could be possible that Mo®6*
is reduced all the way to Mo metal in some of the coin cell measurements of Bi2(Mo004)3
and BizMoOes in LIBs, as is suggested in several studies [38, 39, 41-43, 200], but that still
remains to be confirmed. Most of the redox activity of Mo is suggested to occur at
potentials <0.3 V vs Li/Li*, which together with the higher reduction potential of Na*
explain why Mo®* is not reduced to a large degree in NIBs.

The cycling stability of Bi metallates might be better in LIBs compared to NIBs, but it is
difficult to draw any clear conclusions from the limited amount of literature. In Section
5.2, we discussed the hypothesis that a stable matrix, which could mitigate coalescence of
alloying particles, would be beneficial for the cycling stability. If we continue this train of
thought when assessing LIBs it is likely that the cycling stability could be significantly
better because the volume expansion of the alloying reactions would be much smaller
(~115 % for Bi < LisBi vs ~218% for Bi < c-NasBi), leading to less strain on the matrix.
On the other hand, the increased redox activity of the Na-M-0 matrix could lead to a less
stable matrix as it will be accompanied by structural changes and bond breaking.
However, limiting the voltage range to avoid redox activity of the Na-—M-0 matrix should
mitigate this potential problem.

Another interesting difference is the structure and stability of the LixBi and NaxBi phases.
LiBi and NaBi have the same tetragonal crystal structure, apart from the larger unit cell
parameters of NaBi, and they have both been observed during cycling of Bi metallates [33,
36-38]. However, there are results suggesting that a transformation directly between Bi
< LisBi, thus skipping the LiBi intermediate, could occur during the first cycle for BiVOa
[36, 210, 211]. From the data presented in this thesis, there are no signs of such direct
transformation from Bi to Na3Bi occurring for Bi metallates in NIBs. The apparent absence
of LiBi in the first cycle could be related to limited time resolution and data quality making
it difficult to observe LiBi in the highly disordered system. However, this could also be a
potential difference between LIBs and NIBs, which could be explained by the fact that the
stability of the ABi phase compared to A3Bi (A = Li, Na, K, Rb, Cs) increases with the size
of the alkali metal [174].

The most thermodynamically stable Li3Bi phase has a cubic crystal structure with the
same structure type as c-NasBi. There are theoretical calculations showing that h-Li3Bi
has an formation energy of 0.01 eV above the hull [174], but it has so far not been
observed experimentally. The difference in size between Bi and the alkali ions could offer
an explanation for the relative stability between the cubic and hexagonal polymorphs of
A3Bi. The cubic polymorphs are thermodynamically stable for LizBi and Cs3Bi, where the
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size difference between cation and anion are the largest, while the other A3Bi phases with
more equally sized ions are most stable in a hexagonal crystal structure [174].

As discussed previously it is predicted that the transformation from the tetragonal
LiBi/NaBi structure to the cubic Li3Bi/NasBi structure is smoother compared to formation
of the hexagonal phases. In addition, the confined space for the alloying particles inside
the Na-M-0 matrix formed in Bi metallates could also favour the formation of the cubic
phases. Hence there are some factors that could lead to formation of c-NasBi, while
thermodynamics favour the formation of h-NasBi. For Lj, all these factors dictates that c-
Li3Bi should form, which could explain why h-Li3Bi has not observed experimentally. In
the Li system it has been experimentally shown that it is possible to synthesise Li2Bi in a
hexagonal crystal structure (P-62c) [215]. Naz2Bi structures have also been predicted to
be stable, but only at high pressures, and it has not yet been observed experimentally
[216]. The structure of Li2Bi is very different from both LiBi and c-Li3Bi and would include
large structural rearrangements to form during electrochemical cycling. Therefore, it is
not likely that Li2Bi would be formed during electrochemical lithiation of Bi and the
transformation directly between LiBi and c-Li3Bi is observed instead.
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6. Concluding remarks and outlook

The work in this thesis provided new insight into the cycling and degradation mechanisms
of Bi metallates by utilising a combination of extensive ex situ measurements combined
with state-of-the-art operando X-ray characterisation: diffraction, PDF and XAS.
Electrochemical evaluation of four different Bi metallates (BiFeOs, Biz2M00Os, Bi4Ti3012 and
Bi2Al6012), showed that they have similar cycling mechanisms and performance. All the
tested Bi metallates maintained their performance well when subjected to a high current
density of 1 A g1, indicating good rate capabilities. By the combination of operando XRD
and ex situ XAS, the general cycling mechanism of Bi metallates (exemplified by Bi2MoOe
and BiFeO3) was confirmed: an irreversible conversion reaction during the first sodiation
forms Bi nanoparticles embedded in a Na-M-0 matrix, where Bi further reversibly alloys
with Na forming Na3Bi via NaBi as an intermediate phase. Operando XRD at 0.1 and 1 A
g1 of BiFeOs showed that the cycling mechanism was the same at the two different
current densities.

It was discovered that Bi obtains a positive oxidation state during desodiation. This is
interpreted as a result of Bi-O bonds forming at the interphase between the Bi particles
and the Na-M-0 matrix on oxidation. This reaction explains some of the discrepancies
between the theoretical and experimental capacity for these materials. Other factors
contributing to the calculated specific capacities include: sodiation of the carbon additive,
SEI formation, weighing uncertainties and for some Bi metallates (for example BiFeOs3)
redox activity of the matrix. All these reactions complicate the analysis of electrochemical
measurements.

To obtain acceptable control over the tested systems and mitigate misinterpretations of
the data, we conducted a series of reference measurements. This included measuring 120
coin cells that were supposed to be identical, where the measured specific capacities of
the 1st and 2nd sodiation showed a standard deviation of slightly less than 10%. Further
we evaluated how different parameters affected the electrochemical performance,
including: electrolyte, binder, electrode thickness, preparation procedures and
measurement protocols. The only clear significant difference in cycling behaviour was
observed when the upper cut-off voltage was decreased to 0.7 V as this strongly improved
the cycling stability. These results does not show that the other parameters are irrelevant
for electrochemical performance, but within the limited selection of variables in this
study, no clear correlation was found. Testing a broader range of electrolytes and binder
systems in a more systematic way, than what was presented in this thesis, will probably
discover significant differences.

In order to be able to systematically and quantitatively compare the performance of
different Bi metallates (and other battery materials) it is important to know the effect of
parameters other than the active material. The electrochemical studies of Bi metallates in
literature use different carbon additives, electrolytes, electrode preparation procedures
and measurement protocols, making it difficult to systematically compare the studies.
Implementing standard testing procedures might be difficult to achieve, but would help
immensely when assessing the effect of changing the chemical composition of the Bi
metallates. A more realistic target is to ensure that publications must include several
electrochemical measurements of the same system with an assessment of the
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uncertainties in the reported specific capacities. In addition, it is important to provide
accurate experimental details regarding the procedures and assumptions that affect the
reported results.

There are clear indications that creating composites between Bi metallates (and other
CAMs) and carbon additives (e.q. rGO, CNT) could improve the electrochemistry of the
materials drastically. The seemingly improved performance could be explained by
increased electronic conductivity of the material due to the carbon composite and the
ability of better handling volume expansions of the active material. However, in most
studies it is unclear exactly what is due to the composite fabrication and what is due to
other factors in the electrochemical characterisation. It is also likely that the composites
have to be synthesised in specific ways for the carbon additive to have its desired effect,
probably including nanosized particles of the Bi metallates in close contact with the
additive throughout the sample. In other words, it is many ways of synthesising poorly
performing composites, but since failed attempts are seldom reported one might get the
impression that the carbon additives consistently improve all type of materials.
Nevertheless, it is likely that properly synthesised composite materials could have
significantly better electrochemical performance than the pure Bi metallates.
Understanding how to synthesise these composites properly and understanding how they
change the cycling mechanisms and improve the performance of the materials may be of
great value.

Operando measurements add an extra layer of complexity and challenges as it combines
electrochemical and structural measurements. This thesis discuss some of the challenges
regarding the effect of beam damage, strong scattering effects from Na-metal counter
electrodes and varying electrochemistry in operando cells. Scanning the X-ray beam over
a larger area of the sample proved successful for reducing the effect of beam damage and
preparing the Na electrode by folding the Na metal several times reduced the scattering
problem of the counter electrode. The various designs of operando cells might lead to
differences in electrochemistry that deviates from coin cell data, as experienced in the
work leading to this thesis. It is therefore important with proper electrochemical tests of
the cells before conducting the operando measurements.

The operando XRD studies of BiFeO3 and BizMoOe revealed a difference between the two
systems in the fully sodiated state where BiFeOs formed a combination of h-NasBi and c-
Nas3Bi, while BizMoOs formed only c-Na3Bi. There were also differences in the activities of
the matrixes, where the Na-Fe—0 matrix showed some redox on Fe3+, while the Na-Mo-0
matrix did not show any change in oxidation state for Mo®*. However, Mo®* changed
coordination from distorted octahedral in sodiated samples to tetrahedral in desodiated
samples. Operando XAS indicated that this change of coordination occurred at ~0.7 V
during desodiation. Hence, the matrix could be stable and prevent coalescence of the
alloying particles when cycled below this voltage, which could explain why BizMo0Oe
showed significantly better cycling stability with an upper cut-off voltage of 0.7 V instead
of 2.0 V.

By performing operando XRD over the course of >20 cycles we highlighted important
aspects of the degradation mechanisms of BizM00Os and BiFeOs, which could be valid for
Bi metallates in general. These results, together with ex situ XAS measurements of the Bi
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L3 edge, showed that both materials undergo a 3-step capacity degradation where each
step corresponds to the deactivation of one chemical reaction. The first step was the
deactivation of the formation of B-0 bonds at the interface between the Bi particles and
the Na-M-0 matrix. The second step was the deactivation of the Bi = NaBi reaction, while
the third step was an increased irreversibility in the NaBi < NasBi reaction. The system
was partially locked in the sodiated state as operando and ex situ XRD indicated a
significant amount of inactive NasBi. The measurements also showed a clear increase in
average crystallite size of the alloying particles as a function of cycle number, probably
caused by coalescence, thus increasing transport distances of the charge carriers and the
impedance in the material. This is considered as the main driver for capacity degradation.

We have obtained a lot of new knowledge regarding the cycling and degradation
mechanisms of Bi metallates, by performing operando XRD over >20 cycles, operando XRD
at high rate and a combined operando PDF/XAS measurement. However, there is still
much more to learn about these complex systems. The conclusions concerning the
capacity degradation are mainly based on ex situ measurements. With operando PDF /XAS
at later stages of cycling, we could ensure that these results were not affected by
measurements of reacted samples and draw more detailed conclusions with greater
confidence.

One aspect that should be investigated further is the differences in cycling mechanisms of
BizMo0Os and BiFeOs with an upper cut-off voltage of 0.7 V, compared to 2.0 V, to
understand why the cycling stability is significantly better with the lower cut-off voltage.
Particularly an operando XAS measurement of the Mo K edge, to observe possible changes
in the Na-Mo-0 matrix below 0.7 V, would directly prove if our hypothesis stating that
the matrix does not change structure within this voltage range is correct. Combining this
with XRD studies revealing potential crystallite growth of the alloying particles for the
first 20 cycles with 0.7 V as upper cut-off voltage would also prove if the matrix is able to
prevent the coalescence of the alloying particles. Hence, it would show if it is this
coalescence that is the determining factor for the cycling stability. Other techniques that
could bring us further down the path towards full understanding of the cycling
mechanism of Bi metallates are total scattering computed tomography (TSCT) techniques
including small angle X-ray scattering computed tomography (SAXS-CT) in operando
mode. These measurements will enable us to obtain new information regarding changes
in particle sizes and inhomogeneities throughout the whole electrode with chemical
phase information at both nano and micro scale.

The structure and properties of the matrixes formed in Bi metallates are still not well
understood. In order to obtain further understanding it may be sensible to systematically
synthesise and study the properties of amorphous and crystalline Na-M-0 and M-0
phases that are suggested to form upon reduction of the Bi metallates. Furthermore,
developing alternative synthesis routes for forming Bi particles embedded in a Na-M-0
matrix could potentially solve the problem of the low initial Coulombic efficiency, in
addition to increasing our understanding of these systems.

As was shown in this thesis, it is possible to create nanoparticles of NaxBi embedded inside
a Na-M-0 matrix with different compositions and sizes by the means of electrochemical
(de)sodiation. By varying the cycling rate and voltage windows, we believe that it is
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possible to accurately control the sizes of the alloying particles. This would likely also be
the case for other CAMs, meaning that electrochemical sodiation (or lithiation) of CAMs
could be used as a general synthesis method for creating metallic or semiconducting
nanoparticles embedded inside a matrix, hopefully also with a capability to accurately
control and tune compositions, particle sizes and properties of the materials. This could
potentially be of interest to other fields than battery research, for example, catalysis and
electronics.

There are certain similarities and differences between the cycling mechanisms of Bi
metallates in LIBs vs NIBs. The main conversion and alloying reactions are similar for Bi
metallates in the two battery systems, but the measured specific capacity is in general
significantly higher for LIBs. This is explained by the increased redox activity of the
matrix, probably due to the more negative reduction potential of Li* compared to Na*.
Both the cubic and hexagonal versions of NasBi could form from Bi metallates in NIBs,
while for LIBs only the cubic polymorph (c-Li3Bi) is formed. The reason why c-NasBi forms
instead of the thermodynamically stable h-Na3Bi is likely because of a smoother phase
transformation between NaBi and c-Na3Bi requiring less structural rearrangements and
bond breaking. For Li, both thermodynamics and the structural relations between LiBi
and the Li3Bi polymorphs predict a formation of c-LisBi, which explains why h-Li3Bi has
still not been observed experimentally. It could be interesting to continue studying the
conditions for forming the various AxBi phases, especially with regards to formation of c-
NasBi vs h-Na3Bi. As shown previously, c-Na3Bi forms from nanosized NaBi particles while
h-NasBi forms from microsized particles [34], but the exact crossover point is not known.
Therefore, it would be interesting to study sodiation of Bi particles of several different
sizes in the range of 1-100 nm to determine when each of the polymorphs form and if
they can coexist in the same particle. In that way it could be possible to predict and control
the formation of c-NasBi vs h-NasBi.

In order to identify and understand more of the subtle, yet important differences between
LIBs and NIBs, with regards to performance and cycling mechanisms of Bi metallates and
other CAMs, it is important to perform proper comparative studies with similar
experimental procedures. The operando XANES and XRD measurements performed by
Ruud et al. [37, 38] and Sottmann et al. [33] on BiVO4 and Biz(Mo004)3 are good examples
of studies that can be used to extract some differences between LIBs and NIBs. We need
more of these type of operando studies for different materials and proper control of both
the electrochemistry and the structural measurements.

Bi metallates will most likely not find their way into commercial NIBs or LIBs as anode
materials, because of their limited electrochemical performance and the limited
abundance of Bi. However, the used methods, ideas and obtained knowledge from this
PhD work could be transferred to promising CAMs with better electrochemical
performance. Hopefully, this could finally lead to high-performing and abundant CAMs
that will be used in commercial NIBs in the future.
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Over the past decade, Na-ion batteries (NIBs) have gained a substantial interest within the
research community and relevant industry. NIBs are now emerging as a cost-effective and
sustainable alternative to modern Li-ion batteries (LIBs). Similar to the parent LIB
technology, NIB requires a new set of materials, which can boost battery capacity
without sacrificing cycling stability, rate capabilities, and other performance targets. In
NIB chemistry, anodes have received less attention compared to cathode chemistry,
leaving hard carbon as a primary anode material, although its intercalation/adsorption
mechanism limits the allowed number of Na-ions. Promising alternative groups of anodes
are materials that undergo the combined conversion and alloying reactions
(i.e., conversion-alloying anodes), due to the beneficial high theoretical capacity and
good cycling stability. The conversion reaction in conversion-alloying anodes can be
either reversible or irreversible, each possessing its advantages. However, the complexity
of their operating mechanism(s) severely impedes their development. The present mini-
review provides a survey of the recent developments of conversion-alloying-type anode
materials for Na-ion batteries discussed in the context of their operation mechanism(s).
Considering the chemical complexity of the conversion-alloying materials, the suggestions
and guidance on characterization are provided along with theoretical considerations.

Keywords: sodium-ion batteries, conversion-alloying anodes, operando x-ray methods, (de)sodiation mechanism,
in situ TEM, specific capacity, Na-ion batteries

INTRODUCTION

Na-ion batteries (NIBs) represent a cost-effective and sustainable alternative to Li-ion batteries
(LIBs), promising for application in large-scale stationary energy storage systems (Vaalma et al,,
2018; Hasa et al.,, 2021). While operating under the same rocking-chair principle as LIBs, the
conventional anode materials used for LIBs, graphite and Si, are not suited for the use in NIBs
(Moriwake et al., 2017; Zhang et al., 2017). Studies of hard carbon materials (most common anode
material) are still in progress, but additional research efforts are focused on the other anode materials
that follow different operating mechanisms, such as alloying and conversion (Wu et al., 2018; Usiskin
et al,, 2021; Zheng et al., 2021).

Conversion-based anode materials (Figure 1A) are mainly composed of transition metal oxides,
sulfides, selenides, and phosphides, while elements from groups 14 and 15 (Si, Ge, Sn, P Sb, Bi, or binary
alloys of these, e.g., BiSb, efc.) represent the most common alloying-based anode materials (Figure 1B)
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(Zhang H. et al., 2018). Both the alloying- and the conversion-based
materials exhibit high theoretical capacities ranging between 300-
2000mAh g' (Wang L. et al, 2019). However, as the chemical
bonding structure and morphology constantly are altered during the
(de)sodiation process (Figures 1A,B), both the conversion- and
alloying-type anodes suffer from large volume expansion/
contraction (Yao et al., 2017; Chen et al,, 2019). This often leads
to poor cycling stability (Tan et al,, 2019; Wang L. et al,, 2019; Fang
et al., 2021; Villevieille, 2022). Moreover, before the (de)sodiation
process reaches the final state, the varying intermediate alloy
compositions are formed as crystalline (Figure 1C), of which
metastability is determined within the energy of 70 meV/atom
above the convex hull (ground state) (Sun et al, 2016). In
addition, the mechanical stress by extensive volume variation
limits the electronic contact and causes the electrode
pulverization in the pure conversion and alloying process.
Consequently, their thermodynamic change, which is caused by
the kinetic factor after cycling, increases the free energy barrier and
results in performance loss (Hudak et al., 2014; Huang et al., 2020).

Conversion-alloying materials (CAMs) offer a new strategy
paving the diversity of available compounds for an innovative

anode material (Wang L. et al., 2019; Fang et al., 2021). CAMs can
potentially deliver high specific capacities without the structural
degradation mentioned above. Additionally, CAMs can also offer
a reduction of the average working potential compared to pure
conversion anodes and therefore increase the energy density in a
full cell. CAMs combine the conversion and alloying mechanisms
(Figure 1, Eq. 1).

(x+y)Na" + (x+y)e +MX >M+ Na, X + yNa*
+ye - =Na,M + Na.X (1)

The conversion reaction in these materials can be either
reversible or irreversible. A reversible conversion reaction
provides significantly higher capacities but suffers from the
same problems as pure conversion reactions. Therefore, most
studies on CAMs are with an irreversible conversion reaction and
these will be the focus of this review. The initial irreversible
conversion reaction results in the formation of electrochemically
active nanoparticles dispersed within a matrix comprised of Na, X
X = 0O, S, Se, Te, P, oxometallates). The formed active
nanoparticles or clusters then participate in the reaction with
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Na-ions through a reversible alloying mechanism. The formed
matrix is capable of conducting Na-ions, and together with the
active nanoparticles, which have high electronic conductivity,
they secure a bi-continuous network beneficial for the electron-
and Na*-transport that translates into enhanced performance at
high cycling rates (Kim et al., 2016; Durai et al., 2017; Lu et al,
2019). The beneficial role of entropy stabilization can be expected
in enhancing the cycling performance of the anode during the
redox phenomena (Wang Q. et al., 2019; Ghigna et al., 2020). The
Na,X matrix can accommodate the volumetric changes occurring
during cycling and provide a physical separation between formed
nanoparticles/clusters essentially prohibiting agglomeration/
electrochemical sintering of active components as well as
particle pulverization. A good compromise between high
capacity and cycling stability makes CAMs promising for
implementation in next-generation NIBs.

CONVERSION-ALLOYING MATERIALS

CAMs must include an element that should be capable of alloying
with Na-ions in its pure form. Therefore, CAMs for NIBs are
based on elements from groups 14 or 15 (e.g., Ge, Sn, Sb, or Bi).
CAMs require one or more elements that can participate in the
conversion reaction, resulting in two classes: binary or ternary.
Binary materials, primarily represented by Ge-, Sn-, Sb-, and Bi-
based oxides, chalcogenides, and phosphides are the most
investigated CAMs (Gu et al., 2013; Sottmann et al., 2016b; Li
et al, 2019; Li C. C. et al., 2020; Wu et al., 2020; Shi et al., 2021).
The oxides generally adopt a non-layered structure, while the
chalcogenides tend to form layered structures due to the
increased polarization of the electron cloud of the anions (Tan
et al,, 2019). In addition to the conversion and alloying reaction,
the layered CAMs also include intercalation in the reaction
mechanism. The performance of binary CAMs have been
extensively reviewed elsewhere (Zhang H. et al, 2018; Fang
et al., 2021).

Compared to binary CAMs, ternary materials are significantly
less studied, however, several examples based on Bi- and Sb-based
oxometallates of transition metals (BiFeOs, Bi,(M0QO,)s, BiVO,,
Sb,MoOQOg, SbVO,, Bi;MoOg) were reported (Durai et al., 2017;
Sottmann et al., 2017; Lu et al., 2019; Pan et al., 2019; Brennhagen
et al,, 2022; Surendran et al., 2022). The choice of the second
cation (Fe, Mo, V, etc.) is driven by the ability of the element to
form a stable matrix without affecting gravimetric capacity. The
large number of transition metals introduces the possibility to
produce a variety of ternary CAMs.

The work reported by Sottmann et al., illustrates the benefits of
CAMs by comparing three Bi-based anodes: Bi-metal, BiVO, and
Bi,(M0QO,); (Sottmann et al., 2016a; Sottmann et al., 2017). Bi-
metal had a high initial capacity (~500 mAh g'), rapidly
decaying after 100 cycles to ~300mAh g'. BiVO, and
Bi;,(Mo00O,); showed stable capacities of ~350 mAh gf1 during
the first 100 cycles. Sb,MoOg exhibited stable capacities of ~
600 mAh g™' for 100 cycles when cycled at 200 mA g~', and
450 mAh g ' for 450 cycles at 2 A g~". It also showed great rate
capabilities maintaining the capacity of ~ 400 mAh g~' cycled at

Conversion-Alloying Anode Materials in NIBs

5Ag ', without any signs of significant degradation (Lu et al,,
2019). However, recent studies on Sb,MoOg have not been able to
reproduce such incredible performances (Yang et al., 2019; Wu
and Wang, 2020). Such discrepancies make the comparison
between active materials difficult, not only because of the
complexity of batteries in general, but also because of the
number of choices for selecting other components of the
electrodes. This can undermine materials’ development
because the materials themselves may have variations in
chemical composition and different morphological features,
surface chemistry, (nano)particle’s sizes, and surface coatings
that can substantially alter the electrochemical performance.
The testing procedures of the materials (potential window,
current density, temperature, etc.) are also different between
studies, complicating the comparison of “equal” materials
even more.

Nanostructuring techniques can generally improve the
performance of CAMs, often applied in combination with
carbon-based additives/coatings (Sottmann et al, 2016b;
Sottmann et al,, 2017; Wen et al, 2019; Dai et al., 2020),
which is driven by the electrical conductivity. Many CAMs in
their pristine state do not have high electronic conductivity, nor
has the matrix formed through the conversion process. Creating
nanosized CAMs mitigates the consequences of the volume
change during the (de)sodiation processes and enhances their
activity towards the conversion and alloying reaction (Poizot
et al, 2000; Xu et al,, 2016; Fang et al., 2019). This leads to a
considerable reduction of the diffusion distance of Na-ions in the
solid phase, which is beneficial for cycling stability and rate
capability (Fang et al., 2021).

THE (DE)SODIATION MECHANISM

The rational design of CAMs is practically impossible without
understanding the operating mechanism of CAMs. However,
CAMs typically undergo a set of complex structural and
chemical transformations during cycling (Fang et al, 2021).
That often involves transformation through or into
amorphous phases, which complicates the characterization of
the materials. The “standard set” of electrochemical
characterization techniques can aid in the overall
understanding of the conversion-alloying mechanism, but
other characterization techniques are also required. Due to
complexity of the operating mechanism (i.e., formation of new
phases, amorphization, efc.), post mortem and ex situ
characterization techniques do not reveal the full scope of the
reaction mechanisms. Additionally, air sensitivity and general
instability of the materials after sodiation or metastable
intermediates also represent a significant issue with ex situ
characterization (Gao et al, 2018). Techniques such as
operando X-ray diffraction (XRD), operando X-ray absorption
spectroscopy (XAS), and in situ transmission electron
microscopy (TEM) have emerged as suitable characterization
techniques providing information complementary to the post
mortem techniques. Worth mentioning that data-driven
guidance is also considered as powerful tool to acquire in-
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depth understanding of reaction processes and metastable
intermediates (Bai et al., 2018). Mechanistic insights into the
conversion-alloying reaction can be obtained by monitoring
changes in both crystalline and amorphous phases, oxidation
states of active elements, and local structure during (de)sodiation
combined with structural modeling (Shadike et al., 2018; Cui
et al., 2021a; Brennhagen et al., 2021).

For example, by applying operando XRD and in situ TEM it
has been shown that layered Sn-chalcogenides (SnS, and SnSe,)
generally undergo through an intercalation step in addition to the
conversion and alloying reactions (Eqs 2-4, respectively) (Shi
etal., 2019; Liu et al,, 2020; Zhang et al., 2020). In situ TEM have
also been used to study other binary CAMs, and examples include
Sb,Ses, Sb,S3, Sb,Tes/C Bi,Tes, SnO,, and Sb,Se;/rGO (Gu et al.,
2013; Ou et al,, 2017; Yang et al., 2017; Yao et al., 2017; Wu et al,,
2020; Cui et al., 2021b).

SnX, + xNa* — Na,SnX, (2)
Na,SnX, + (4 — x)Na® - Sn+2Na, X 3)
Sn+3.75Na*=Nas; ;551 (4)

Upon sodiation of SnX,, (X =S, Se), the intercalation of Na-ions
1) occur in the voltage range of ~ 2.5-1.1 V vs. Na/Na", followed
by the conversion reaction 2) in the range 1.1-0.6 V vs. Na/Na",
and the 1st cycle is finalized by the alloying reaction 3) in the
0.6-0.1V region vs. Na/Na'. Often, in situ TEM can be
complementary to operando XRD, and vice versa (Ou et al., 2017).
Operando XRD (due to its availability) is the most common
characterization technique for assessment of the operation
mechanism of CAMs (Brennhagen et al, 2021). Operando
XRD has been used to elucidate the conversion and alloying
reactions for binary CAM anodes (e.g., SnS,, Bi,S;, Sb,S; Sb,O3@
Sb, Sb,05/rGO, Sb,S;@FeS,, and Sb,Se;/rGO) (Sottmann et al.,
2016b; Ou et al., 2017; Li et al., 2018; Ma et al., 2018; Shi et al,,
2019; Cao et al., 2020). In many cases, (ternary CAMs) the matrix
formed through the conversion is amorphous (Durai et al., 2017;
Lu et al,, 2019; Pan et al., 2019; Brennhagen et al., 2022), which
calls for other characterization techniques to obtain an
understanding of the operation mechanism. Pair distribution
function (PDF) analysis is among such techniques allowing
elucidating amorphous phases formed during (de)sodiation.
However, to the best of our knowledge, no operando PDF has
been performed on CAMs, while bulk Sb and Sn metal (a pure
alloying anode) has been studied using operando PDF, showing
that these relatively simple alloying reactions also contains
amorphous intermediates (Allan et al., 2016; Stratford et al,
2017). This also means that we have more to learn from the
alloying reactions in CAMs, even though the cycling mechanisms
might seem quite clear when only using operando XRD.
Another useful operando technique, which is used to monitor
specific elements in CAMs is operando XAS, where X-ray energies
are scanned across the absorption edges of the target elements.
This technique has been utilized to gain information on changes
in oxidation states and local structures during cycling for Bi,Os,
Bi,Ss3, BiVO,, Bi;(M0Oy);, SnO,, and BiFeO; (Kim et al., 2016;
Sottmann et al., 2016b; Sottmann et al., 2017; Dixon et al., 2019;
Surendran et al, 2022). In the case of Bi,S;, a measurement
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combining operando XRD and XAS was used to reveal important
aspects of the cycling mechanism (Figure 2) (Sottmann et al.,
2016b). During the first sodiation, the irreversible conversion
reaction forms amorphous Bi (wide and diffuse peak, Figure 2A)
which further goes through a two-step alloying reaction into
crystalline NaBi and Na;Bi. A sharper peak for the Bi phase was
observed after the first desodiation, indicating higher degree of
crystallinity. The changes in the oxidation states of Bi are also
linked to the edge shift in the XANES data (Figure 2B), showing
that the oxidation state varies from Bi** in Bi,S; to Bi* in NasBi.
The study further shows that the Na,S matrix is not stable because
it cycles between Na,S, and Na,S (Figure 2C). The conversion
reaction is partially reversible because some Bi,S; is retrieved at
the end of the desodiation (Figure 2C), which is beneficial for
specific capacity, but not practical for cycling stability (the second
cycle demonstrates diminished formation of Bi,S;). Similar
instabilities in the matrixes of some ternary CAMs, such as
Bi,MoOg and BiFeO;, were observed (Brennhagen et al., 2022;
Surendran et al., 2022). However, detailed studies on the behavior
of the matrixes linked to the electrochemical performance are
difficult to perform due to the complexity of the cycling
mechanisms and species formed. As a result, such studies are
limited and not always conclusive. This illustrates the importance
of analysis of the matrix materials when working and
designing CAMs.

DISCUSSION

There are clear indications that CAMs have significantly better
cycling stability than the pure conversion or alloying materials,
while still possessing higher capacities than intercalation
materials. Variety of chemical compositions makes it
possible to meet the desired compromise of high capacity,
good cycling stability, cost, and environmental friendliness.
There is a large playground for evaluation of alloying elements
with transitions metals to produce ternary CAMs. Until
present, only a few examples have been explored and there
are more to discover in the future. Although the main general
cycling mechanism is relatively well understood, the details of
the mechanisms have only recently begun to unravel. The
stability of the matrix is crucial to maintaining cycling stability
and therefore deserves more research efforts. Meanwhile, the
non-equilibrium phase of the nanoparticles formed through
conversion is also relevant for materials design because co-
existing phases (matrix) often exhibit and maintain extreme
non-stoichiometry (Yao et al., 2017). There have been high-
throughput search reports, along with the accelerated
discovery efforts of promising anodes. However, due to the
complicated electrochemical reaction with co-existing
metastable phases in CAMs, the most high-throughput
investigations of anodes have focused yet on single-phase
mode within the limited length scale (Ong et al., 2011;
Kirklin et al., 2013; Zhang X. et al., 2018; Zhang et al,,
2019). This complexity makes CAMs challenging to study
and develop. While CAM anodes emerge, it is critical to
understand and classify the metastability of intermediate
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compounds for elements in the active anode’s (de)sodiation
reactions to provide data-driven guidance.

One of the biggest challenges with CAMs in full cells is the
irreversible capacity loss during the first sodiation due to the
irreversible conversion reaction. This demands that the cathode
or electrolyte should supply more reaction Na-ions for the first
discharge and could lead to a significant amount of dead mass for
the subsequent cycles. This problem could be solved by
presodiation. Even though this complicates the battery
production, it could be viable due to the high capacity, good
cycling stability, and rate performance that CAMs could
potentially deliver. In addition, the design and optimization of
the active element/matrix combination can also assist in
mitigation of this complex challenge.

Estimation of the theoretical capacity of CAMs represents a
challenge and requires a detailed understanding of the cycling
mechanism, which involves multiple chemical and
electrochemical transformations. Calculation of the theoretical
capacity for CAMs is done by either assuming a fully reversible
conversion and alloying reactions or assuming that only the
alloying reaction contributes to the capacity. However, for
several materials described above partially reversible
conversion reactions and/or some electrochemical reactions in
the matrix are commonly encountered, which complicate the

estimation of theoretical capacities. Such uncertainty, before
determination of the operating mechanism makes it difficult to
assess which reactions should be included in the calculated
theoretical capacities. The 1-st cycle irreversible capacity (from
the irreversible conversion reaction) combined with the SEI
formation increases the gap between theoretical and measured
specific capacity. It can still be useful to compare the theoretical
capacity of certain stages of the reactions to the specific capacities
of the corresponding plateaus in the (de)sodiation curves to
improve the understanding of the reaction mechanisms.
Considering the abovementioned complication, it is very
important to provide all the necessary details of the study and do
comparative studies to get a clearer picture of the actual performance
of the material as was emphasized in a few recent publications (Li
J. et al, 2020; Stephan, 2021; Sun, 2021). The experimental
uncertainties add to the complexity of the problem for assessment
of the specific vs. theoretical capacities of CAMs. That includes proper
consideration of other components of the electrodes, potentially
uneven distribution of active material on the electrode sheet,
proper statistics of the results, and accurate measurement of the
mass of the active material. The latter can deliver an error of > 10%
to the calculated specific capacity when performed at the laboratory
scale (Brennhagen et al., 2022). In addition, specific current densities
rather than C-rates should be preferably reported when working with
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these materials, as a determination of the C-rate requires an accurate
estimation of the theoretical capacity.

In conclusion, CAMs, while yet underexplored and poorly
understood deliver a large potential for the future of NIBs,
however, their challenges and operating mechanisms have to
be properly examined. That requires not only synthetic efforts,
but also careful consideration of the electrochemical
characterization techniques as well as development and
selection of the operando tools.
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Progress in the field of Na-based batteries strongly relies on the
development of new advanced materials. However, one of the
main challenges of implementing new electrode materials is
the understanding of their mechanisms (sodiation/desodiation)
during electrochemical cycling. Operando studies provide
extremely valuable insights into structural and chemical
changes within different battery components during battery
operation. The present review offers a critical summary of the
operando X-ray based characterization techniques used to

1. Introduction

Electrification of the energy sector represents a major challenge
for society. Novel and powerful rechargeable batteries are an
essential part of the solution. Li-ion batteries (LIBs) now
dominate the market for transportation and portable elec-
tronics due to their high energy and power density."?
However, rapid growth of the LIB market may lead to shortage
of some elements (including Li) currently utilized in LIBs,
creating a need for complementary technologies. Non-aqueous
Na-ion batteries (NIBs) are currently one of the most promising
alternatives to LIBs representing a cheaper alternative, benefit-
ing from the abundance of sodium in seawater and the earth’s
crust and its availability, which is not affected by geopolitical
conflicts.”!

NIBs are inferior to LIBs in energy density, however, they
are potential competitors to LIBs for large-scale stationary
storage™ and applications where the lower cost of NIB's
components becomes a significant factor. NIBs share the
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examine the structural and chemical transformations of the
active materials in Na-ion, Na-air and Na-sulfur batteries during
(de)sodiation. These methods provide structural and electronic
information through diffraction, scattering, absorption and
imaging or through a combination of these X-ray-based
techniques. Challenges associated with cell design and data
processing are also addressed herein. In addition, the present
review provides a perspective on the future opportunities for
these powerful techniques.

“rocking chair” principle of LIBs and benefited from the massive
body of research on the latter. The larger size of Na* compared
to Li* results in differences between the two chemistries: for
example, graphite, which is the most common commercial
anode in LIBs, does not work in the same way for NIBs.>® Other
materials are better suited for NIBs than for LIBs, such as Sn,”
CusPS,® Sb,0, (better cycling stability)® and NaNi,,Mn;,,0,
(faster kinetics)."” For both chemistries, the electrodes have
three main working principles: intercalation/insertion, conver-
sion and alloying.""'? Cathodes usually have intercalation or
insertion mechanisms, while anode materials utilize all three
working principles (either separate or combined). This review is
focused on the use of X-ray based operando methods (already
used extensively for LIBs and to some degree for NIBs"*') for
studying the chemical transformations of active materials
during cycling of NIBs. Our review is not intended as an
overview of materials for NIBs, as this can be found in several
recent reviews.!>18l

During the last decade, operando and in situ experiments
became powerful tools for understanding the electrochemistry
and associated structural changes of NIB materials during
sodiation and desodiation.

In situ means “in the original place” and refers to measure-
ments of materials in their working environment. In synthetic
chemistry and catalysis, it is used to describe structural
measurements conducted during chemical reactions, but for
battery materials, insitu is used to describe any experiment
where the material remains inside the battery cell (or another
environment used for electrochemistry). This has led to some
confusion in the literature, especially among those with long
experience of in situ studies in other fields. The opposite term,
ex situ ("off-site” or "away” from the site), indicates that the
characterization has been performed on a material removed
from a battery "7

Operando is best translated to “in operation” and refers to
measurements performed under operating/working conditions
with activity data collected simultaneously. This implies that
measurements are conducted while the studied system is
operated under conditions similar to a real application. For
batteries, an operando experiment would involve logging
electrochemical cycling data while simultaneously performing
structural measurements with subsequent analysis linking the
results together, as illustrated in Figure 1."*'"'® This requires
that the cycling continues during structural data collection,
regardless of the C rate at which the battery is cycled. If the
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In situ Operando

Figure 1. Scheme of in situ vs. operando experiments. Operando requires that the cycling be continuously performed and not stopped during the structural
characterization.
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cycling is stopped while structural data are collected it
becomes an in situ measurement. Based on more than 100
articles examined during the preparation of this review (Fig-
ure S1), we observed that the use of the term operando has
gradually surpassed that of in situ and other related terms for
studies on batteries during cycling. We therefore use the term
operando to describe all the studies in this review.

Generally, ex situ measurements can be performed using
standard instruments and, therefore, are substantially more
accessible than the alternatives mentioned above. However, in
order to create a comprehensive set of ex situ data describing
chemical transformations during cycling, many batteries must
be fabricated and stopped at different stages of cycling.
Furthermore, several problems can occur before the sample
can be measured ex situ. First, an active material can
immediately relax from its active state as soon as cycling stops.
Second, careless disassembly of cells can lead to short circuits,
contamination or damage to the material of interest. Third, ex
situ measurements performed under ambient conditions,
compromise the chemical integrity of the studied samples
(e.g., NaBi and Na;Bi formed through sodiation of Bi-based
anodes rapidly decompose in air''®). Finally, since only a few
stages in the electrochemical process can reasonably be
measured ex situ, it is easy to miss short-lived intermediates or
unexpected non-linear behaviour of the chemical or structural
transformations. The use of inert transfer chambers to preserve
the sample while it is moved to the measurement instrument
can further complicate ex situ measurements.

In situ and operando measurements do not require the
removal of the studied materials from the battery, but they
deliver their own disadvantages. Both types typically require
the use of specially designed cells and equipment (see
Section 5 of the present review).”>? Such set-ups often have
limited comparability to conventional cells and require slow
charge and discharge to obtain high quality structural data.””
In addition, if high-energy radiation sources are used for data
acquisition, heating and damage caused by the beam may
affect the structure of the active material.”””

Frequently, the active materials in NIBs undergo a complex
series of transformations including formation of intermediate
phases, which influence their overall stability and cyclability. It
is exceptionally difficult to detect these intermediate states
with conventional in situ and ex situ characterization methods
due to relaxation from the active state. Operando methods
open up the possibility of following the path of structural
changes for active material while cycling, allowing detection of
the intermediates and therefore determine the mechanism of
functionality.

Operando studies using X-rays have been utilized from the
early stages of battery research. Chianelli et al. reported what
could be described as the first operando study of a battery
material in 1978. The use of continuous X-ray diffraction to
study of LiTiS,-based cathode during cycling, with the structural
data being correlated to the electrochemistry in the analysis, is
described by the authors as “dynamic X-ray diffraction”.”® It is
noteworthy that this work was carried out only two years after
Whittingham demonstrated a working rechargeable LIB with
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TiS, as the cathode,”” and 24 years before the term operando
was popularised in the catalysis community.”®>" As of today, a
large ensemble of techniques used for operando character-
ization of batteries including diffraction/scattering, spectro-
scopy, imaging and combinations of these techniques. While
several alternative techniques for operando studies, such as
transmission electron microscopy (TEM), atomic force micro-
scopy (AFM), nuclear magnetic resonance (NMR) and Raman
spectroscopy, have become recently available, X-ray-based
techniques are still the most popular choice in the battery
research.

This review provides a summary of operando X-ray charac-
terization techniques used for assessment of sodiation/desodia-
tion mechanisms in NIBs. It is organized in three separate
sections summarizing the most common operando X-ray
techniques (diffraction/scattering, absorption/spectroscopy and
imaging/combined techniques); and two more sections describ-
ing the design of operando cells and relevant data processing.
It should be noted that some articles utilize several comple-
mentary techniques in the analysis of (de)sodiation mecha-
nisms. Such results are grouped in this review according to the
main operando technique used in the cited work.

2. X-Ray Diffraction and Scattering

X-ray diffraction (XRD) is the most common and accessible
technique for operando studies of batteries and battery
materials. The basics of XRD is covered in several textbooks®***!
and, therefore, omitted from this review.

X-ray total scattering, or pair distribution function (PDF)
analysis is less common than XRD and uses both diffuse elastic
scattering (short-range order) and inelastic scattering (due to
movement of atoms) in addition to the Bragg peaks. This
methodology allows to obtain not only information about the
long-range crystal structure (as with XRD), but also information
about the local structure. PDF is a powerful technique for
studying amorphous battery materials.**

Small-angle X-ray scattering (SAXS) utilizes the smallest
angles in the X-ray scattering pattern (values of momentum
transfer, g, < ~1 A™"). This provides information about size and
shape of particles in a sample in the nm size range. SAXS is
mainly used for characterizing porous materials or nano-
structures with sizes in the range of 1-100 nm. The config-
uration of the SAXS instruments often allows the additional
positioning of a regular XRD detector (often referred to as
WAXS - wide-angle scattering in the SAXS community) and
thus SAXS is often combined with XRD.

The active materials in NIBs operate according to three
main classes of mechanisms: intercalation/insertion, conversion,
and alloying. NIB cathode materials mainly operate through
intercalation/insertion while a wide selection of anode materi-
als utilize all three mechanism (separately or combined). The
vast majority of materials used in NIBs are crystalline which
makes XRD the most useful technique for operando character-
ization. These materials undergo a variety of phase transitions
during (de)sodiation that are easy to observe through XRD.

© 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Some electrode materials, however, are amorphous or become
amorphous during cycling (usually materials with alloying or
conversion mechanisms). In these cases, techniques that do not
rely on long range order such as SAXS, PDF and XAS can help
to understand the operation mechanisms of amorphous
materials.

A summary of the most recent operando studies using X-ray
scattering and diffraction techniques used for Na-ion and Na-
metal batteries is shown in Table 1.

2.1. Layered Intercalation Materials

Operando XRD is a perfect technique for studying intercalation
compounds. During cycling, the materials usually stay crystal-
line and undergo minor structural changes (volumetric changes
and phase transitions), which are readily followed by XRD.
Operando methods have therefore been deployed by several
authors to detect the intermediate phases forming during
(de)sodiation. Layered transition metal oxide (TMO) cathode
materials are popular in NIBs due to their low Na™ diffusion
barriers. They have the general formula of Na,MO,, where M is
one or more transition metals (with a few exceptions) and
through tuning of the lattice structure and chemical composi-
tion excellent Na-host materials can be obtained.'*® Layered
cathode materials frequently form structures based on edge
shared MOg octahedra organized in layers that can intercalate
Na-ions in either prismatic or octahedral sites. The transition
metal ions are reduced and oxidized during sodiation and
desodiation. Delmas et al.™® proposed a widely used classifica-
tion system for the Na,MO, materials based on the geometry of
the Na sites (P for prismatic or O for octahedral) and the
number of distinct MO, layers that form the stacking sequence.
These materials can exhibit quite complex behaviour during
cycling, because it is possible to change the stacking pattern
with small shifts to adjacent MO, layers. This behaviour is
strongly dependent on the chemical composition. The com-
plexity and diversity of mechanisms found for this group of
materials is difficult to predict from their compositions, or to
infer from electrochemical data, and operando XRD has been
crucial in revealing how their functionality is linked to their
structure.

These layered materials can be divided into two subgroups
based on the as synthesised structure: those with a pristine O3
phase and those with a pristine P2 phase. Fully sodiated
materials (x=1 in Na,MO,) usually crystallise as O3-type phases,
while sodium deficient materials (often x=2/3) generally form
P2-type phases."”™"*" During desodiation the 03 and P2
structures often transition to the related P3 and O2 structures,
respectively; a series of operando studies, summarized below,
revealed and confirmed these mechanisms. General crystal
structures with O3, P3, P2 and 02 stacking sequences are
shown in Figure 2."*?

Xie et al. demonstrated an 03-P3-O3 transition by oper-
ando XRD during cycling of NaNi,;Fe;sMn;;0, up to 4.0V
(Figure 3a).””' Cycling to higher voltages (4.3V) leads to
different behaviour: above 4V, the P3 phase transforms
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further into a monoclinic distorted O3’ phase, Figure 3b.
During discharge from 4.3V, the 03’ phase transforms into a
monoclinic distorted P3’ phase before reverting to the initial,
hexagonal O3 phase. Similar behaviour has been reported by
Ding et al. for Na[NiysFe,,5Mny1510,.7" However, this material
transitions from O3 to P3 via an intermediate O’3 (monoclinic)
phase. Above 4.0V, the P3 phase transitions into a second
hexagonal O3 phase (denoted 03"). This process is reversible
and only the initial O3 phase was detected at end of
discharge, as shown in Figure 3c-f. However, the full phase
transition to 03" lead to capacity degradation over time, and
for long term stability it was beneficial to lower the cut-off
voltage to 4.0 V. These two examples of materials with similar
compositions show that these mechanisms cannot be gener-
alized, as they are so sensitive to the combination of cations
in the NaMO, structure. Several materials, including
NaFeg,5Mng2sNigsTig2:0,% NaMn, sFe,;0, (x=0.77)""" and
NaNi,/;Sb,,;0,°" have also been reported to form O1 phases
at high voltages, often in combination with P3. The complex-
ity of the observed transformations particularly emphasizes
the necessity of operando studies as the only method that can
clearly reveal the important intermediate phases forming
during (de)sodiation processes. The knowledge of the inter-
mediates and when they are formed allows to explain the
stability and cyclability of studied material and thus, provide
further guidelines for material’'s improvements. There are
several good examples where the results from operando XRD
has been used to improve the cyclability of a material by
implementing small changes. For example by controlling the
potential window or coating the materials.”%7*"!

Operando XRD also revealed that P2 materials can follow

several different structural routes during cycling. Some
maintain their structure during cycling (solid solution
behaviour),72#'8287  others reversibly transition into 02

phases,©#81% 3 third group stop at disordered intermediate

phases termed “Z-“or “OP4".%®77#%1 Jung et al. showed an
example of the P2-02-P2 transition for Na,,Fe,,Mn,,Co,,0,,
where the plateaus and slopes in the voltage plots clearly
correspond to phase changes and lattice parameter variations
respectively in the XRD data (Figure 4).1'*

Sommerville etal. studied the Z phase in detail and
described it as an intergrowth of P- and O-type layers.”” The
OP4 phase is an ordered case of the Z-phase with a 50:50
intergrowth in which the P- and O-type layers alternate, as
shown in Figure5a. This study demonstrated that
Na,;[Ni,sMn, ,Fe, 510, transitions from the P2 phase through
the Z phase and reaches the OP4 phase at around 4.3V, as
shown in Figure 5b-e. Nag gsLio22RUg 7605 and
Na,NiysMn,,0,®¥ display similar behaviour, with the P2 phase
reversibly transforming to the Z phase. These operando studies
not only established the nature of the Z phase, but also
explained its effect on the stability of the material during
cycling: when transitioning through the Z phase the material
undergoes less abrupt volumetric changes and thus the
capacity retention is improved.
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Table 1. Overview of scientific articles focused on operando X-ray diffraction and scattering.”’
Active Material Type of Material Technique(s)®  Cell type X-ray Svs.H Tvs.R Cycling rate Acquisition Ref.
window time per scan
Sb Alloying XRD Coin cell Be H 50 mAg~’ [35]
Bi Alloying XRD Coin cell Kapton H T 50 mAg~' [19]
a-P/C Alloying WAXS, SAXS Swagelok Kapton S T c/10 60 s [36]
Bi,Sb,, Bi,Sbg Alloying XRD Coin cell Be H 25mAg™’ [37]
Tisb, Alloying XRD C/30 138]
Si Alloying XRD [39]
P Alloying XRD/PDF- Special/ S C/2 7 min [40]
cT Tomography per slice
Bi Alloying XRD, TXM Coin cell Kapton S 10s [41]
Bi Alloying XRD, XAS Swagelok Kapton S T 50 mAg™' 2 min [42]
Sb Alloying PDF AMPIX S C/20 180s [43]
Hard carbon Carbon PDF Capillary S T c/10 4.5 min [44]
Hard carbon Carbon XRD Special Be H R C/25 1h [45]
Graphite Carbon XRD Special Al H 30mAg™’ [46]
Graphite Carbon XRD Special Al H C/4-C/22 [47]
C (LCMH) Carbon XRD Special Kapton H R 100 mAg™' 2.5 min [48]
Graphite Carbon XRD Coin cell Kapton S 20mAg™’ 1 min [49]
CuSO, Conversion XRD [50]
CusPS, Conversion XRD Swagelok Be H R C/20 1h [8]
(Nig5C0q5)sSs@NC Conversion XRD Coin cell Kapton H 100 mAg™' [51]
Pb;Nb,O,; Conversion XRD H [52]
NiS; 3 Conversion XRD Be [53]
Ni,S, Conversion XRD, TXM- Coin cell Kapton S [54]
XANES
Co;0, Conversion XRD, SAXS, Coin cell Kapton S T 0.1C 5s [55]
XAS
CoSe, Conversion XRD Special Be H R 100 mAg™' 10 min [56]
NiSe, Conversion XRD Special Be H R [57]
MoP Conversion XRD Coin cell Be S [58]
CugsTiOPO,, Fe,sTIOPO, Conversion XRD Special Be H R 169 mAg™’ [59]
NiP, Conversion XRD Swagelok Be H C/3 [60]
FeSbO, Conversion/alloying ~ XRD Special Al H R 30mAg’ [61]
SnS, Conversion/alloying ~ XRD Special S C/3 [62]
Sb,0,/rGO Conversion/alloying ~ XRD H C/5 [9]
Sb,Se; Conversion/alloying ~ XRD-XAS Special Be H R 100 mAg ™' 10 min [63]
Bi,S; Conversion/alloying ~ XRD Swagelok Kapton HS T c/10 H: 20 min [64]
S: 1 min
FeSb, Conversion/alloying ~ XRD Swagelok Be H C/6 [65]
FeSb, Conversion/alloying ~ XRD Coin cell Kapton H R C/50—C/200— 4h [66]
C/40—C/120—
C/30
Na,sNi;;sMn,,50,,F, Layered XRD El-Cell Kapton H C/10-C/20 [67]
NagesLio22RU0 750, Layered XRD Al H [68]
Nags;MnggFey25C0q150, + Na,COg Layered XRD Special Be H R C/20 1h [69]
Na[NiggoFey2sMny 1510, Layered XRD Special Al H c/10 [70]
Na,MnO, Layered XRD Special H R C/20 30 min [711
LigsNap4Co0, Layered XRD Swagelok Kapton H R 20 pVs™ [72]
Lio,NaMn,0, Layered XRD [73]
NaMny 33Feq 33Nig 330, Layered XRD [74]
Na,;sMnggFey; Tig,0, Layered XRD Swagelok Be S T 26-526 mAg~'  40s [75]
Na, sLigsIrO5 Layered XRD Swagelok Be H C/20 [76]
Na,;[Ni;sMn,;5]10, Layered XRD Special Be H R 5mAg™’ [77]
Na,5[Ni;sMn; ,Fe, 510,
Na,sNi;sMn,sCu;,0Mg; 150, Layered XRD Swagelok Al H c/10 [78]
Nay;MnygMg,,0, Layered XRD Coin cell Kapton S T 15mAg™ 3.5 min [79]
Na,sNi;;sMn,;;0, Layered XRD S C/2 [80]
Nag 6;Mng65Nip2C0 1505, Nags;MnggsNig,Mgo:50,  Layered XRD Coin cell H 30mAg™’ [81]
Nays;Mn,sFeys0, (MgO coated) Layered XRD 02mVs™' [82]
Na,Niy3Mn,,0, Layered XRD Coin cell H R 15mAg™ 20 min [83]
Na(TM)O, Layered XRD Swagelok Be H C/50, C/10 1h [84]
Na; ,Niy,Mng,Ru, 40, Layered XRD Swagelok H C/12 [85]
Nags;MngeFeg2sAl 150, Layered XRD Special Be H R c/13 1h [86]
NagLio,Mnos0, Layered XRD H,S R T H: C/30 H:2h [87]
S:C/5 S:5 min
NaFe,sMng;5Nig 25 Tig 2505 Layered XRD Al H 04C [88]
Nal(LigosNig3sMng sCug ;Mg 510, Layered XRD Swagelok Al H c/10 [89]
Nag oCayosNiysFe;,sMn, 30, Layered XRD S c/10 [90]
Na;Ni,SbOg Layered XRD Swagelok Al H C/20 [91]
MoO, Layered XRD Capillary S T 2.4-3.4 min [92]
Na,;Ni, 5.Fe,Ti 30, Layered XRD Coin cell Be H 15mAg™ 3.2 min [93]
NaNi,;Sb,;0, Layered XRD Be H C/5 15 min [94]
Na,3Ni;sMn,;3Cuy,,0, Layered XRD Be H C/40 [95]
NaNiO, Layered XRD, TXM- Coin cell Kapton S T /10 3s [96]
XANES
NaNigsCugosMng,Tio 0, Layered XRD Special Al H [97]
NaNiMn, s, Ti,0, (0 <x <0.5) Layered XRD Swagelok Al H C/20 30 min [98]
NaNi, sFe; sMn, 0, Layered XRD Coin cell Kapton S T [99]
NbS, Layered XRD Special Be H R 100 mAg™' 12.5 min [100]
NaFe,,Co,,,0, Layered XRD 6 mAg™' 35 min [101]
NaFe, ;5Ni, 5Ti; 50, Layered XRD Special Be H R 0.1 mvVs™' 63 min [102]
Na, 5sVs0,6*0.6H,0 Layered XRD Special Al H R 10mAg™ [103]
Na,;Fe,4Mn,4Co,,0, Layered XRD Capillary S 40-80 mAg™' 257 s [104]
Na,Mn, sFe,;;0, Layered XRD, XANES Special Be H C/80 1h [105]
NaysCug,Fep30MNg 450, Layered XRD Special Al H c/10 [106]
Nag6;MnysMg,,0, Layered XRD Coin cell S T 12 and 44s [107]
100 mAg™'
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Table 1. continued
Active Material Type of Material Technique(s)®  Cell type X-ray Svs.H Tvs.R Cycling rate Acquisition Ref.
window time per scan
Nag6,IMNgsFeq 5105, Nag g, [Mng¢sNig 1sFeg 510, Layered XRD Special H R 13mAg™’ 30s [108]
Nag gsFeo56Mng 440, Layered XRD Special Graphite H R 0.08 C and 18 min [109]
0.17C
NaNiO, Layered XRD Special Be H C/70 20 min [110]
Na, VO, Layered XRD Special Be H C/100 1h [111]
NaCrO, Layered XRD Special S c/2 [112]
Nag44C00:Mn 0, Layered and XRD Swagelok Al H [113]
Network
0,4+ Co0/CoP Na-02 XRD S 200 mAg™’ [114]
0, Na-02 XRD Special Kapton S T 0.075 mAcm 2 10s [115]
0, Na-O, XRD Special Polyamide H R 0.2 mAcm? [116]
S Na-S XRD Coin cell Kapton S T [117]
Na;MnTi(PO,);/C@rGO Network XRD Be H 50 mAg’ 120s [118]
Na; . ,Mn,V, (PO,); (0<x<1, Ax=0.2) Network XRD Be, H,S C/8,C/5 [119]
Sapphire
Na,Co,(PO,),P,0, Network XRD Special H [120]
Na,MnV(PO,); Network XRD Swagelok Be H 1Na*/10h 55 min [121]
NaTiOPO, Network XRD Special Be H C/50 11 min [122]
Na;(VO)Fe(PO,),F Network XRD, XANES Swagelok Be S c/10 [123]
Na;V,0,(PO,),F Network XRD Special Sapphire S T C/5 10s [124]
Na,Fe,(50,);@C@GO Network XRD Coin cell S T 50 mAg~’ [125]
Na,Co,(Se0s); Network XRD Special H R 5mAg”’ 30 min [126]
TiO, Network SAXS Coin cell Polyimide S T C/12and 1C 0.6 s*30 [127]
Na,MnV(PO,); Network XRD Special Sapphire S T C/4 [128]
NaFePO, Network XRD Special Be H S R T C/60 and H: 30 min [129]
C/20,1C S:23 min
Na;(VOPO,),F Network XRD Special HS T C/10,C/6 [130]
Na,V;Al(P,0,),(PO,) Network XRD Swagelok Be H C/20 1h [131]
Na,V,(PO,),FO, Network XRD Special H R C/40 2h [132]
Na,VCr(PO,); Network XRD Coin cell Kapton S T /10 14-15 min [133]
Na, gsFe;(PO,); Network XRD Swagelok Be H C/10 and [134]
C/20
Gd,TiOs Network XRD Coin cell Kapton S T 4mAg’ 6.38 min [135]
Na[FeTi]O, Network XRD Swagelok Be H /10 37 min [136]
Na3V;,0,,(PO,),F3 5, Network XRD Coin cell Kapton S T C/2 4 min [137]
NaFePO, Network XRD Special Be H R 24mAg™’ 9 min [138]
Na,FePO, Network XRD Swagelok Be S T 1Na*/23h 2sscan”’ [139]
Li,TisO,, Network XRD Special Mylar S 15 min [140]
Na,V,(PO,);, Bi (full cell) Network, XRD [141]
Alloying
Na,Mn,,,5n,Fe(CN), PBAX XRD Swagelok Be H C/20 [142]
Na,MnFe(CN), PBAX XRD H 60 mAhg™' [143]
Na, 5,NilFe(CN)elos: PBA™ XRD H 20 mAhg™ [144]
NaFeFe(CN), PBA XRD Coin cell Kapton S T 10mAg™ [145]
Na, 5,Mn[Fe(CN)glog5-2H,0 PBAX XRD, XANES Swagelok Kapton S T c/10 7 min [146]
Fe[Fe(CN)gl,.,, FeCo(CN), PBA XRD Coin cell Kapton S T 0.05-0.2 mA 4.36 min [147]
[al S: synchrotron, H: home laboratory, T: transmission (Debye-Scherrer) geometry, R: reflection (Bragg-Brentano) geometry. [b] XRD: X-ray diffraction;
WAXS: wide-angle X-ray scattering; SAXS: small-angle X-ray scattering; PDF: pair distribution function; CT: computed tomography; TXM: transmission X-ray microscopy; XAS: X-ray
absorption spectroscopy; XANES: X-ray absorption near-edge spectroscopy. [c] PBA = Prussian blue analogues.

2.2. Insertion Network Materials

The most common three dimensional (3D) structured sodium
insertion materials are polyanionic compounds (including Na
superionic conductor, NASICON), titanates (TiO,, Li,Ti;O,, and
Gd,TiO;) and Prussian blue analogues (PBAs).

Polyanionic frameworks include phosphates, fluorophos-
phates and sulphates and are typically composed of XO,
tetrahedra or trigonal XO; (X=P, S), and MO, octahedra (where
M is 3d transition metal). NASICON-type materials (such as
Na,V,(PO,);), NaFePO, and Na,Fe,(SO,); are among the most
promising cathode materials in this group. NaFePO, with the
maricite structure has shown a capacity of 142 mAhg™ and a
capacity retention of 95% after 200 cycles.™ This is signifi-
cantly better than olivine structured NaFePO,, which has a
capacity of 125 mAhg™' and slightly worse cycling stability.">”
The olivine NaFePO, materials, have an average voltage around
3.0 V.'* Na,Fe,(S0,); is among the most promising sulfates for
NIBs. In a composite with graphene oxide, Na,Fe,(SO,);
demonstrates a capacity of approximately 100 mAhg™', stability
for several hundred cycles, and an average voltage around
3.8 V.[125]

Batteries & Supercaps 2021, 4, 1039-1063 www.batteries-supercaps.org

Several groups showed that olivine NaFePO, exhibits a
different behaviour than the well-studied olivine analogue of
LiFePO,. Instead of one well-defined, two-phase transition (as
for LiFePQ,), Na,FePO, undergoes phase transitions with several
intermediate phases revealed by operando XRD, and with more
contribution from solid solution regions.**'33 Fyrthermore,
such studies allowed the determination of different sodiation
and desodiation mechanisms for the material.”*® In comparison
to orthophosphates, the pyrophosphates exhibit higher redox
potentials for active elements, however, mass of the active
material also increases with such substitution lowering the
specific capacity.™ In the case of Co-based compounds:
Na,Co,(PO,),P,0,,"*” a series of redox reactions occur between
43 and 4.7V. This increased chemical complexity of the
material results in several phase transitions during cycling, as
demonstrated by operando XRD.

The NASICON-type compounds represent an interesting
sub-group of phosphate materials. For the typical NASICON-
type material, Na;V,(PO,);, the structure consists of corner
shared VO4 octahedra and PO, tetrahedra. This gives a structure
with several 3D channels for fast intercalation of Na*.'® This
compound shows a capacity slightly above 100 mAhg™" and a

1045 © 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 2. Layered O3, P3, 02 and P2 crystal structures with their respective stacking sequences. The blue and yellow spheres represent the transition metal
and Na™" ions in the O-type frameworks, respectively. Adapted from Ref. [152] with permission. Copyright (2014) American Chemical Society.

stable voltage plateau at 3.4V. It has good cycle life and
excellent rate capabilities where a capacity above 100 mAhg™
can be maintained even at 2 Ag~"."*" Unfortunately, vanadium
compounds are toxic. Hence, replacing this with more benign
elements is an important research target. To reflect that,
Zakharkin et al. studied a series of Na;, ,MnV,_ (PO,); (x=0, 0.2,
0.4, 0.6, 0.8 and 1) with operando XRD.['"*'*® They showed that
increased amount of Mn in the structure leads to small capacity
improvements and more solid solution type behaviour. Pure
vanadate materials clearly show a two-phase mechanism (Fig-
ure 6)."" The phase transitions in Na,MnV(PO,); are highly
dependent on the cut-off voltage. The transition from the
monoclinic to the rhombohedral phase is reversible when
charged to 3.8V, but becomes irreversible when charged to
4.0 V.'"* A similar study by Chen et al."™®" supports this finding.
Several operando XRD studies on fluorinated NASICON-type
materials with general formula Na;V,0,,(PO,),F;,, (0<x<1)
were also reported.'?#130132137 Thase materials demonstrate
higher redox potentials than the non-fluorinated materials and
good reversibility even when charged up to high voltages
(4.3 V).

Prussian blue analogues (PBAs) have the general formula
A MM (CN)s-nH,0, where A is a guest ion such as Na™, K, Ca**,

Batteries & Supercaps 2021, 4, 1039-1063 www.batteries-supercaps.org
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Mg>" or a molecule of H,0, M and M’ are transition metals and
the ambidentate CN" ligands bridge the two metals M and M’
in a corner-sharing octahedral configuration."*® This class of
materials has great potential as cathode materials for NIBs, due
to the large voids into which Na* can be inserted. PBAs also
deliver good reversibility during (de)sodiation and, therefore,
excellent cycling stability. However, their cubic crystal structure
can be easily distorted by varying the level of water and CN™
vacancies. An operando XRD study on cubic and monoclinic
Na,MnFe(CN); by Tang etal. showed that the monoclinic
version goes through several phase changes (monoclinic -
cubic - tetragonal), which makes it unstable under cycling.™*”
The cubic phase, in contrast, maintains its structure during
cycling, giving superior cycling stability. Several studies of other
PBA modifications confirmed that the cubic phase has superior
cycling stability relative to the distorted versions."*#'*® How-
ever, a study of rhombohedral Na, ;,Ni[Fe(CN)¢],s; showed that
the material goes through a highly reversible two-phase
reaction from rhombohedral at low voltages to cubic at high
voltages, which also gives great cycling stability."*” Na,FeFe
(CN)¢ and Na,FeCo(CN)s were also studied with operando XRD
showing only minor structural changes during cycling."*'*"}

© 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 3. Operando XRD patterns collected from the first cycle of Na, sNi,;sFe, sMn,;;0, electrode: a) between 2.0 and 4.0 V and b) between 2.0 and 4.3 V.
Adapted from Ref. [99] with permission. Copyright (2016) Wiley-VCH. c) Operando XRD patterns collected during the first cycle of Na,_NigesFeq2sMng 50, in
Na half-cell within the voltage range of 2.0-4.2 V. Corresponding phases and charge-discharge curves are given on the right side. d, e) Rietveld refinement
patterns of powder XRD data for O3-NNFM cathode charged to 4.0 V and 4.2 V. f) Crystal structure evolution of O3-NNFM during desodiation. Adapted from

Ref. [70] with permission. Copyright (2020) Elsevier.

Unlike the insertion materials discussed above, titanates are
used as anodes rather than cathodes in NIBs. They are of
interest due to their exceptional cycling stability. Santoro et al.
performed an operando SAXS study on TiO, nanoparticles,
showing that the particle size is preserved during cycling while
the mean distance between the secondary nanoparticles
changes."™ This is a rate-dependent phenomenon; at a low
rate (C/12) the nanoparticles homogeneously drift apart, while
at a higher rate (1C) nanoparticle aggregation is the dominant
factor. Operando XRD was also utilized to demonstrate that
titanate anodes such as Gd,TiOs"* Na,[FeTi]O,"* and
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Li,Tis0,,™ display very small structural and volumetric
changes upon (de)sodiation, leading to good cycling stability.

2.3. Carbon Materials

In the vast plethora of anode materials for NIBs, hard carbons
are popular due to their low cost, high capacity and cycling
stability.”” However, the amorphous nature of hard carbons
limits the information that could be obtained by operando XRD.
In such materials sodiation and desodiation result only in a

© 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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slight shift of the main broad diffraction peak, due to expansion
and contraction."**¥ SAXS is a powerful tool for the study of
hard carbons, able to detect the total porosity, (i.e., the surface
(open) porosity, as well as the bulk (closed) porosity). However,
the use of operando SAXS is far from routine forcharacterization
of battery materials, probably due to the scarcity of lab-scale
SAXS instruments."*® Therefore, complementary techniques are
needed to study these materials in detail.

Stevens and Dahn™*' were the first to attempt operando
XRD and SAXS on carbon materials to study the intercalation of
alkali metal ions. The historical model of sodium insertion into
micropores was proposed after they conducted operando SAXS
on sugar-derived hard carbons and observed a clear change in
intensity of the SAXS signal. Alvin et al. revealed the mecha-
nism of Na* cycling in hard carbon using a range of techniques
including XRD, SAXS and Raman spectroscopy.’®"

PDF analysis of total scattering data is a powerful technique
for studying hard carbon materials since it allows the study of
amorphous compounds. Mathiesen et al.*” successfully used
operando PDF to study hard carbon (de)sodiation mechanisms.
They observed changes to the interatomic distances both
interplane and intraplane depending on the state of charge.
They also showed an increasing level of disorder in the
structure during cycling.

Although it is the most common anode for LIBs, graphite is
a bad host material for Na'-ions with low preference for
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intercalation. Graphite anodes for NIBs have nevertheless been
studied with operando XRD. In this case, the use of diethylene
glycol dimethyl ether (DEG-DME), and other “glymes”, as
electrolytes enabled intercalation of solvated Na*-ions into
graphite. Kim et al. reported one of the first studies, where they
used a 1 M NaPF, in DEG-DME as electrolyte. Operando XRD
revealed the structural evolution of the graphite during the
solvated Na*t intercalation.”” Further detailed operando XRD
studies of the staging mechanism of solvated Na* into graphite
were conducted, demonstrating sodium content of up to

Nacls.[46,47]
A few other studies reported operando X-ray-based
techniques"®*'® for studying (de)sodiation mechanisms in

carbon materials in NIBs. However, these are not discussed in
this review, as the operando data were complementary to other
techniques and were not a key part of the findings.

2.4. Conversion and Alloying Materials

Most conversion and alloying materials undergo a complex set
of structural and chemical transformations during cycling.
These are not always visible in conventional ex situ character-
ization. Operando XRD revealed the mechanisms of cycling for
several conversion and alloying NIB anode materials and for
some materials that combine these working mechanisms. Some

© 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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conversion and alloying materials are poorly suited for conven-
tional XRD due to their amorphous nature or formation of
amorphous phases during cycling. In these cases, PDF measure-
ments can offer some hope for structural analysis.

Alloying anode materials for NIBs are generally composed
of elements from the p-block of the periodic table (Sb, Sn, Bi, Si
and P) or alloys composed of these elements (BiSb, TiSb,). The
sodiation of these materials often proceeds through formation
of multiple crystalline phases, which can be tracked using
operando XRD. For instance, several operando XRD studies
performed on Bi alloying anodes confirmed the reversibility of
Bi transitions to NaBi and Na;Bi upon sodiation."”*"'*" The
structure of Na;Bi formed during cycling depends on the
starting crystallite size of Bi. Nanosized Bi transforms into cubic
Na;Bi upon sodiation, while sodiation of larger Bi particles
results in the formation of hexagonal Na;Bi.*? The structure of
the Na;Bi phase affects the cycling stability, in which the cubic
form is superior to the hexagonal form. A similar Na alloying
mechanism was also proposed for BiSb-alloys based on
operando XRD.”” However, elemental Sb has different cycling
behaviour than Bi. Initially, Gao et al. demonstrated that Sb
alloys with Cu from the current collector as well as Na, forming
Na;Cu,Sb, B There is no evidence of a crystalline NaSb phase,
but a detailed PDF study combined with ex situ NMR,
conducted by Allan etal, demonstrated the formation of
several amorphous phases upon cycling.®® As shown in
Figure 7 a-c, there are three different amorphous phases
(Na, ;Sb, Na,,Sb and Na,,Sb) in addition to the two crystalline
phases (Sb and Na;Sb). The study also showed the formation of
amorphous Na,,Sb during sodiation only, while desodiation
follows a different pathway.

A notable difference between sodiation and desodiation
pathways were also observed for phosphorus alloying anodes,
using operando SAXS/WAXS and PDF-CT (PDF =pair distribu-
tion function, CT=computed tomography).***” These studies
demonstrated that sodiation of P-based electrodes follows the
thermodynamic path via NaP to Na;P, while during desodiation,
the material takes a different pathway through the metastable
Na,¢,P and Na,;P phases (desodiated forms of NasP) and
directly back to amorphous P without forming NaP. The
operando PDF study also demonstrated an enormous change in
the crystallite size of phosphorous during cycling, which
changes from 10 nm when P is fully sodiated to around 1 nm
when fully desodiated.”” This study clearly illustrates the
importance of operando studies for elucidation of (de)sodiation
pathways that are not typically visible through conventional ex
situ characterization.

Si is a very promising alloying material for LIBs but does not
perform well in NIBs. Through nanostructuring of Si it is
currently possible to obtain stable capacities slightly above
400 mAh g~ which is significantly less than for other alloying
materials such as Sn and Sb (typical capacities around
600 mAhg™' over at least 100 cycles)."**'* An operando XRD
study on nanocrystalline Si in NIBs showed a transformation
into an amorphous phase upon sodiation.”” However, the
sodiation mechanism in Si remains to be evaluated.
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Conversion NIB anodes are of particular interest due to their
high specific capacities. The materials undergo a reaction
where the elements in the electrode material separate, and Na
binds to the most electronegative element. The general
reaction is given by Eq. (1)

Na" + e +MX — M + NaX m

where M is a transition metal (Fe, Ni, Co, Cu) and X is an
electronegative non-metal (F, O, S, N, P, Se). Understanding the
conversion process is extremely important for the rational
design of future materials in this class. Thus, operando methods
are particularly suitable for the task. To illustrate that, Ou et al.
studied CoSe, and NiSe, with operando XRD. NiSe, showed a
conversion reaction forming amorphous Ni-nanoparticles em-
bedded in Na,Se, with Na,NiSe, as an intermediate.*” This
reaction mechanism was confirmed through operando XRD and
ex situ TEM. CoSe, showed similar behaviour by going through
a two-step conversion reaction to CoSe and Co-metal with the
formation of Na,Se in both steps. The first step forming CoSe is
quite reversible, while the full conversion to Co is difficult to
reverse.”® Hollow spheres of NiS; 4;,** microcrystals of NisS,"”"
(NigsC045)sSg nanoparticles embedded in nitrogen-doped po-
rous carbon shells®" powders of NiP;®” and nanorods of
MoP®® showed similar behaviour; the clusters of the transition
metals are formed together with Na,S or NasP. Many
conversion materials also show signs of amorphous phases
forming during cycling, which could be further studied with
techniques other than XRD. For example, Xu etal. studied
Co;0, with operando XRD, SAXS and XANES (X-ray absorption
near edge spectroscopy), showing transformation of Co;0, into
an amorphous phase during the conversion reaction.”™ More
complex conversion materials such as Cu;PS,® CuSO,"”
Pb;Nb,0,5,%? Fe,sTiIOPO, and Cu,sTiOPO,*¥ were also studied
with operando XRD and generally show the same behaviour.

The replacement of the transition metals in oxides and
chalcogenides with more electronegative p-block elements (Sn,
Sb and Bi) provides materials that combine conversion and
alloying mechanisms. SnS,,*® Bi,S;,® Sb,0,/rGO,”” and Sb,Se,/
rGO® were studied by operando XRD confirming combined
conversion and alloying as a sodiation mechanism. Such
mechanism consists of initial conversion of the starting material
into a stable matrix of sodium oxide, sulfide, or selenide with
embedded (nano)particles of Sn, Bi or Sb. In subsequent cycles,
the embedded particles are reversibly sodiated through
alloying process. The conversion part of the reaction is only
reversible at relatively high voltages (around 2 V for both Bi,S;
and Sb,Se;/rGO), meaning that it would be difficult to utilize
this extra capacity in a full cell. Reversal of the initial conversion
also negatively affects the cycling stability. The combined
mechanism can also be achieved in alloys of transition metals
with a p-block metal or similar mixed oxides. Examples are
FeSb,* and FeSb0," where Fe forms an electrochemically
inactive amorphous phase during sodiation that helps to
improve the cycling stability of the material driven by Sb -
Na;Sb alloying reaction.
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Figure 7. a) Charge-discharge curves and b) corresponding PDF graphs obtained from operando PDF measurements of Sb electrode during the operando PDF
measurements. c) (de)sodiation mechanisms of Sb derived from the operando PDF measurements from the first desodiation and the second sodiation with a
cycling rate of C/20. Adapted from Ref. [43] with permission. Copyright (2016) American Chemical Society.

2.5. Sulfur, Air, and Na Metal Batteries

Most operando studies on Na-based batteries in the literature
are focused on NIBs. However, there are a few studies on Na-
air, Na-S and Na-metal batteries. An operando XRD study
performed by Pinedo etal. showed a different reaction
mechanism for Na-air battery when cycling with dry O,
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compared to wet O,. NaO, was the sole discharge product
under dry conditions, while in wet conditions Na,O,-2H,0 and
NaOH are formed."'® One of the major challenges in assessing
the performance of Na-O, batteries is to understand the
parasitic reactions that occur during cycling. Therefore, it is
important to characterize and quantify the materials formed
during cell operation and correlate these processes to the
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charge accumulated during discharge/charge. In response to
this challenge, Liu etal. performed operando XRD with an
internal Si standard to quantify the formation of crystalline
NaO, in a Na-air battery during the first discharge."'™ The most
recent operando study on Na-air batteries performed by Wang
et al., elucidated the presence of Na,0,, NaOH and Na,CO; in
the first cycle for a battery containing a CoO/CoP catalyst."™”
To the best of our knowledge, only one operando XRD study
has been performed on Na-S batteries, illustrating sodiation
progress through the following phase transitions: Sg—Na,S,—
Na,S,—Na,S (x=8, 6, and 5). On desodiation, most of the Sq
phase is recovered, but over many cycles, nonconductive Na,S
accumulates leading to irreversible capacity loss.""”

3. X-Ray Absorption and Spectroscopy

X-ray absorption spectroscopy (XAS) is frequently used in
operando studies of specific elements in battery materials.
Electrons at the different energy levels of the atom are excited
at characteristic photon energies measured in terms of intensity
changes at the so called absorption edges. The X-ray energies
are scanned across the “edge” of the target element. Usually,
operando XAS experiments just concentrate on a single
absorption edge, although with the optimized setup multiple
edges can be probed reasonably fast.!"*®

The XAS spectrum can be split into regions before, close to
and after the adsorption edge. XANES uses a small region close
to (and including) one of the main absorption edges in the
XAS-spectrum. From the energy and fine structure of the
absorption edge, information about the oxidation state of the
elements as it varies during cycling can be extracted.
Information about element’s site symmetry and electronic
structure can also be extracted from the XANES region (which
includes the so-called “pre-edge” region just below the
absorption edge). Extended X-ray absorption fine structure
(EXAFS) uses the energy range from approximately 50 eV to
>600 eV above the absorption edge. EXAFS provides informa-
tion about short-range order around the absorbing atom in the
material: type, number, and distribution of neighbouring

atoms. In general, EXAFS analysis requires data with much
better quality compared to XANES. A challenge with EXAFS
analysis is the complexity of an average of a number of local
structures that may change during the course of the cycling
reactions. The active elements in NIB electrodes change their
oxidation state and/or undergo chemical transformations
during cycling. XAS can track these changes in crystalline or
amorphous materials providing information on the local
environment of a specific element. XAS becomes an especially
strong tool when combined with other operando techniques.
Several synchrotron beamlines are capable of preforming such
experiments, revealing the structural and electrochemical
mechanisms that occur during cycling. Examples of operando
XAS studies on NIB materials are summarized in Table 2.

An early operando XAS study of battery materials was
reported by Pivko et al. in 2012.""® They compared two stable
modifications of the A;V,(PO,); framework (A=Li, Na) by
monitoring the vanadium oxidation states with V K-edge
XANES and changes in the local environment of vanadium in
Na;V,(PO,); during the first charge and discharge with V K-edge
EXAFS. They showed that the average valence state of
vanadium changes reversibly from V*°* to V*#* during cycling.
In addition, a reversible structural deformation was observed,
demonstrating the stability of NasV,(PO,); for high-energy-
density batteries.

Sodium-vanadium fluorophosphate compounds
Na,V,(PO,),F;,0, (with y ranging from 0 to 2) are among the
most promising polyanionic compounds for the use in NIBs."””!
These materials were extensively studied by a number of
methods including operando XAS. Broux et al.'”? used operando
XANES combined with solid-state NMR to confirm the dispro-
portionation of V** into V3™ and V**, which occurs upon the
extraction of one Na* ion from NasV,(PO,),F;. The K edge
XANES unambiguously confirmed that this phenomenon does
not occur at the end of charging, but happens immediately
after the extraction of one Na* ion, i.e. after reaching the
composition Na,V'"VV(PO,),F; (shown Figure 8a-b and 8c)."””
The same research group also reported the substitution of V**
with Fe** in Na;V,(PO,),F, accompanied by subsequent oper-
ando studies"®' Operando XANES combined with EXAFS,

Table 2. Overview of scientific articles on operando X-ray absorption and spectroscopy techniques.”
Active Material Type of Material Technique(s)™ Cell type X-ray window Svs. H Tvs.F Cycling rate Acquisition Ref.
time per scan
CuSO, Conversion XANES, EXAFS [50]
SnO, Conversion XANES, EXAFS Special Glassy carbon S F C/30 and [167]
C/40
Co;0, Conversion XANES, EXAFS Coin cell Kapton S T 0.2C 4 min [55]
Bi,O4 Conversion XANES [168]
Na,CoO, (thin film) Conversion XPS Special H 2h [169]
Bi,S; Conversion/alloying XANES, EXAFS Swagelok Kapton S,H T c/10 2-7 min [64]
FeSb, Conversion/alloying XANES, EXAFS Swagelok Be S T C/2 and C/5 [170]
BiVO,, Bi,(MoOQ,); Conversion/alloying XANES Swagelok Kapton S T c/10 2 min [171]
NaNi, sFe,; sMn, 50, Layered XANES Coin cell Kapton S T [99]
Nag gsLig17Nig21Mng 6,0, Layered XANES, EXAFS Pouch cell Aluminized Mylar S T [166]
Na,Mn, sFe,;0, Layered XANES Coin cell Polyimide S C/50 30 min [105]
Na,;V,(PO,),F; Network XANES Special Kapton S F Cc/10 4 min [172]
Na,V,(PO,); Network XANES, EXAFS Pouch cell Triplex S T C/15 29 min [173]
Na;(VO)Fe(PO,),F; Network XANES S T c/10 6 min [123]
NaFePO, Network XANES Coin cell Kapton S T [174]
Na, 5,Mn[Fe(CN)glyg5-zH,0 PBAX XANES Swagelok Kapton S T c/10 3 min [146]
[a] S: synchrotron, H: home laboratory, T: transmission (Debye-Scherrer) geometry, F: fluorescence geometry. [b] XANES: X-ray absorption near-edge, EXAFS: extended X-ray absorption
fine spectroscopy, XPS: X-ray photoelectron spectroscopy. [c] PBA: Prussian blue analogue.
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Mossbauer and solid-state NMR revealed that V** is completely
oxidized to V*" during the reversible single Na™ extraction (in
the voltage window from 2.5-43V vs. Na*/Na). Moreover,
operando synchrotron XRD revealed that Na*-vacancy ordering
during desodiation does not occur. This is the opposite of the
behaviour previously reported for Na,V,(PO,).F; and
Na;(VO),(PO,),F.'*¥

Layered oxides, extensively discussed in Section 2, have
also been studied by operando XAS. Karan et al. investigated
the Na™ cycling mechanism in P2-type NaggsLig:7Nig21Mnge,0,
based on the similarity between LiMO, and NaMO,"*® Using a
custom-made electrochemical cell for operando XAS to study
the Ni and Mn edges, they demonstrated that Ni reversibly
changes it's oxidation states from Ni* to Ni** and Ni*" while
Mn** is electrochemically inactive. For materials where primary
transition metal is partially substituted, operando XAS is the
technique of choice allowing to assess the electrochemical
functionality of each metal. For instance, the addition of Fe
could rebalance the stoichiometry of Ni and Mn elements,

'
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Figure 8. a) Voltage as a function of the time (spectrum number) obtained
from operando XAS measurement during the first galvanostatic desodiation
of Na;V,(PO,),F; at C/10. b) Evolution of the vanadium K edge during
desodiation obtained from operando XANES. The inset is focused on the pre-
edge region c) Left: voltage (black line) as a function of the spectrum
number (same as a)) with the associated first derivative (blue line). Right: 2D
projection of the corresponding operando vanadium K edge XANES spectra
emphasizing discontinuities at voltage jumps. Reprinted (adapted) from

Ref. [172] with permission. Copyright (2017) American Chemical Society.
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resulting in a special class of layered TMO materials."”*"”” By
employing operando XANES combined with operando Moss-
bauer spectroscopy, Mortemard de Boisse et al. demonstrated
that the Fe**/Fe*" couple is active at high voltages while the
Mn**/Mn* couple is electrochemically active at low voltages
and high sodium contents: x> 0.67 in Na,Mn, ;Fe,,;0,""!

Operando quasi-simultaneous XRD combined with XAS
provide insight to the redox activity of PBA materials in NIBs.
Sottmann et al'® studied the (de)sodiation mechanism in
Na; ;,Mn[Fe(CN)¢lyss:zH,O with z=3.0 (monoclinic) or 2.2
(cubic). The monoclinic and cubic versions show similar redox
behaviour for the Fe**/Fe’" couple, but the cubic structure
better utilizes the redox reactions of the Mn?*/Mn®* couple
and, therefore, shows superior cycling stability. However,
during cycling Mn in the active material is lost as NaMnCl; due
to reaction with the NaClO, electrolyte, which causes capacity
degradation. Moreover, the capacity loss is pushed by the
coordinated water in [Fe(CN),] vacancies and higher zeolitic
water content in the pristine material.

Sb K-edge XAS and synchrotron Mdssbauer spectroscopy
(SMS) were combined for the first time to clarify the roles of
iron and antimony in the electrochemical reaction mechanism
of an FeSb, NIB anode."’” The study observed the formation of
amorphous Na;Sb and Fe nanoparticles containing a small
fraction of Sb (< 10%) in their lattice. After the first discharge,
the amorphous/nanoconfined Sb is the active material leading
to an alloy-type mechanism rather than a conversion reaction.
Both operando and ex situ XAS were used to confirm the
incomplete conversion and alloying reaction that SnO, under-
goes during sodiation, due to the formation of a dense NaO,
layer."s” Lee et al. identified the mechanism of the conversion
reaction of CuSO, in a NIB using operando XANES and EXAFS.
They discovered that during the initial charging/discharging,
the oxidation states varies between Cu>* and metallic Cu°’. The
simultaneous dissociation of the Cu—O bond and formation of
the metallic Cu—Cu bond during initial discharging was
confirmed from the Fourier transform of the EXAFS spectra.’”

Cobalt oxide was studied with operando EXAFS by Xu
et al.” supported by complementary operando X-ray based
characterizations. They confirmed the conversion of Co;0, to
Co and Na,O upon sodiation. Compared with the lithiation
process, the cobalt oxide undergoes smaller changes in pore
structure, oxidation state, crystal structure and local structure
during sodiation, which is attributed to the intrinsic low
sodiation activity of Co;0,.

Operando X-ray photoelectron spectroscopy (XPS) is not
widely deployed due to the complexity of the cell design
required. To the best of our knowledge, the first operando XPS
study on oxide-based NIBs electrodes was conducted by Guhl
et al." A novel cell setup was used to study the sodiation
mechanism during charging of a Na,CoO,/NASICON/Na battery
half-cell NIB. The operando study validates the results obtained

through ex situ analysis, which suggested the oxidation of Co®*
o} C04+.[169]
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4, X-Ray Microscopy (TXM and STXM) and
Tomography (XRT and CT)

X-ray microscopy can be used to image samples by detecting
reflected or transmitted X-rays. Full-field transmission X-ray
microscopy (TXM) or scanning transmission X-ray microscopy
(STXM) are two main techniques in X-ray microscopy. To assess
chemical information about the sample TXM uses XAS or SAXS
data while STXM uses energy dispersive X-ray spectroscopy
(EDX), Auger spectroscopy and other methods commonly used
for scanning electron microscopy (SEM). TXM and STXM allow
imaging of thicker samples than is possible with electrons, with
lower radiation damage however with sacrifice of resolution
(maximum of around 10 nm)."”® Higher resolution (around
5nm) can be achieved in coherent STXM by using
ptychography.'7%-182

Tomographic reconstruction methods can be used on
imaging data to create 3D models of battery components and
particles. They can be applied to X-ray radiography,®!
microscopy?”’ or space resolved diffraction/scattering®'®! and
microfocus XAS data."® Examples of imaging techniques used
for operando studies of battery materials are shown in Table 3.

Xie etal. analysed the phase transformation of
NaNi, sFe,sMn,;;0, during Na-ion intercalation through oper-
ando TXM combined with XRD.”® A non-equilibrium solid-
solution reaction occurs during desodiation, while during
sodiation, the XRD patterns suggest that the phase trans-
formation of Na,;Ni,;Fe;sMn,;0, follows a reversible O3-P3-
03 sequence during cycling. Finally, ex situ XANES shows that
only the Ni**/Ni** redox couple is electrochemically active
between 2.0 and 4.0 V, while Ni**/Ni** and Fe**/Fe** are active
between 4.0 and 4.3 V. By combining these techniques, they
monitored both the structural and the morphological changes
of the particles, creating chemical maps of a region in the
sample showing the phase changes.

The same techniques were used to reveal the electro-
chemical behaviour of NaNiO, (Figure 9).* Two phase transi-
tions (NaNiO, — Na,NiO, — Na,;,NiO,) were detected during the
cycling process and phase sensitive imaging showed that the
changes spread from the outer shell to the core of the particles
during both sodiation and desodiation (Figure 9 f and g).

The same group further explored the use of a TXM
microscope, combining it with XANES analysis, to elucidate the

Na* cycling mechanism of FeS through mapping of the
chemical phase transformation.®” Similar to NaNiO,, sodiation
spreads gradually from the surface into the core of the
particles, in a partially irreversible process.

While the surface-to-core sodiation patterns commonly
observed in operando TXM-XANES studies could be predicted,
experiments also show that the formation of core-shell
structures during sodiation do not indicate the same mecha-
nism for all materials. For instance, in CuO,"® the sodiation
happens only in the surface layers and the core becomes
inactive (immobilized) to the sodiation. In Ni,S,,* the sodiation
first occurs in the outer regions of the particles and gradually
proceeds into the core. However, the sodiation of the core
leads to volume expansion and particle cracking ultimately
increasing the surface area. This process opens desodiation
pathways through the cracked particles. The analysis reveals
another reason for the high irreversible capacity of this
material: while four Na-ions are inserted during sodiation, only
1.95 Na* can be extracted during the first desodiation.

Operando imaging techniques are extremely useful for
analysis of transformations in alloying anodes. Wang et al.”!
used operando full-field TXM tomography to image Sn particles
in an alloying NIB anode in 3D during cycling. Larger particles
were observed to expand and crack during sodiation, leading
to poor cycling life, while particles smaller than 0.5 um are less
prone to cracking and can be cycled for longer (Figure 10).

Lim etal®" combined TXM with XRD to analyse a Bi
electrode during sodiation. A core-shell pattern (similar to that
of the materials described above) is observed, accompanied by
a sudden volume change, which leads to cracking. The particles
do not shrink significantly on desodiation, leaving behind a
porous microstructure.

Sottmann et al.*” were the first to use operando XRD/PDF
computed tomography (XRD/PDF-CT) to study specific NIB
components, separating the contributions of the different
components (e.g. electrodes, current collectors, electrolyte,
and binders). This provided PDF data of very high-quality for
mechanistic studies on the anode (see Section 2.4 above) and
allowed mapping of the structural variations in the crystalline
Na;P using Rietveld analysis.

Table 3. An overview of scientific articles on operando X-ray imaging and combined X-ray techniques used on sodium ion batteries.”
Active Material Type of Material Techniques® Cell type X-ray Svs.H T Cycling rate Acquisition time Ref.
window
Sn Alloying XRT, TXM Coin cell Kapton S T 5mAg™’ 10s [7]
Bi Alloying TXM-XRD Coin cell Kapton S T 60 s [41]
P Alloying XRD/PDF-CT Special/Tomography S T C/2 7 min per slice [40]
FeS Conversion TXM-XANES Coin cell Kapton S T 10s [187]
Ni;S, Conversion TXM-XANES Coin cell Kapton S T c/10 15s [54]
CuO Conversion TXM-XANES Coin cell S T 10s [188]
NaNi, sFe;sMn, 50, Layered TXM-XANES Coin cell Kapton S T 20s [99]
NaNiO, Layered TXM-XANES Coin cell Kapton S T c/10 20s [96]
[a] S: synchrotron, H: home laboratory, T: transmission (Debye-Scherrer) geometry, F: fluorescence geometry. [b] XRT: X-ray tomography, TXM: full-field transmission X-ray
microscopy, XRD: X-ray diffraction, PDF-CT: pair distribution function-computed tomography, XANES: X-ray absorption near-edge spectroscopy.
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process. Scale bar: 10 um. Reprinted from Ref. [96] with permission. Copyright (2017) Elsevier.

5. Experimental Setup, Operando Cells

Operando measurements on batteries require specially de-
signed electrochemical cells and setups that are adapted to the
inherent constraints of the instrument used for measurements
(within the present review: X-ray diffraction/scattering, absorp-
tion and imaging).”>?? These X-ray transparent electrochemical
cells should ideally mimic the configuration of real batteries in
terms of pressure on the stack of battery components, volume
of electrolyte with respect to electrode material and thickness
of the working electrode. Thus, many of the reported cells are
modifications of standard electrochemical cells used in the
research laboratory (coin, pouch and Swagelok cells). For
meaningful operando characterization, the cell should repro-
duce a typical electrochemical operation of a common electro-
chemical test cell. Air and moisture sensitive battery compo-
nents need to be hermetically sealed in inert atmosphere and
shielded from air. The container and window materials should
further be chemically inert with respect to the other battery
components. The operando cell should also be designed for
easy assembly/disassembly. The cell design for the operando X-
ray diffraction/scattering, absorption and imaging mainly varies
in the orientation of the stack of battery components with
respect to the X-ray beam, the type of X-ray transparent
window/container materials that can be used and the dimen-
sions of the electrodes.
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X-ray diffraction/scattering and XAS measurements are
commonly performed perpendicular to the plane of the
electrode layers; this geometry only allows one to observe
changes in the working electrode if signals from other cell
components can be removed, masked or ignored. The stack of
battery components is typically pressed together by parts
containing X-ray transparent windows.?"®? The cell designs
can be separated into disposable (coin or pouch cell)"%
and reusable (Swagelok-type)."®'%7% For some of these cells
automated sample changers are available, which permits more
efficient use of experimental time.'®"*"% For the disposable
cells, Kapton (polyimide) film or Parafilm can be used as X-ray
windows, Figure 11a.'*""? However, depending on the film
thickness, their flexibility can reduce the homogeneity of
pressure across electrode layer, with corresponding variations
in chemistry."”"'*¥ These issues can be avoided in the reusable
Swagelok-type cells, where besides Kapton'®*'* and aluminum
foils"*® also, more costly but rigid and electrically conducting
window materials such as glassy carbon®® or beryllium (Be)"*”
can be used, as shown in Figure 11b and 11c. It should be
noted that Be and its compounds are highly toxic, and must be
handled with extreme care. Another disadvantage of Be
windows is their Bragg peaks, which could overlap with those
of active material. Aluminum foil (often placed between the Be
window and positive electrode materials to prevent oxidation
of Be)"™ also introduces diffraction peaks. Glassy carbon is

© 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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amorphous, resulting in a broad background contribution (no
Bragg peaks) and is non-hazardous. Be is less absorbing than
glassy carbon.

For XAS, particularly in the energy range of transition metal
K-edges, Be and Kapton are the preferred window materials
due to their higher transmission. In some cases, holes are
punched through the current collectors, counter electrode and
separator. The volume of electrolyte can also be reduced, to
further improve beam transmission.”®™ With these optimiza-

Batteries & Supercaps 2021, 4, 1039-1063 www.batteries-supercaps.org

tions, XAS spectra of most transition metals and alloying
elements can be obtained in transmission geometry. For the
lighter elements and/or small concentrations, however,
fluorescence mode (reflection geometry) is preferable.

Higher energies are typically used for diffraction/scattering
experiments, compared to XAS, (at the synchrotron or with e.g.
Mo radiation on laboratory diffractometers)'® so transmission
through the cell (Debye-Scherrer geometry) is usually not a
problem. It is then possible to collect scattering data from both
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electrodes in a full-cell simultaneously. Some cells use a
reflection configuration (Bragg-Brentano geometry), which is
commonly available in laboratory X-ray diffractometers with Cu
radiation. In such experiments, a surface layer with an angle-
and composition-dependent depth is sampled instead of the
entire depth of the working electrode as in transmission
geometry. The available cell designs include a reusable
Swagelok-type cell with a Be window,*®" a reusable cell with
glassy carbon windows,”™ a reusable cell with a graphite
dome as the window,"® a disposable coin cell with a Kapton
window™ and a pouch cell with an Al/Ti metal foil window."*?
The similarities between the cell designs for X-ray diffraction/
scattering and absorption make parallel XRD and XAS experi-
ments possible on some beamlines. This enables deep insights
into electrochemical processes by both structural and chemical
characterization of the electrode material(s) quasi-simultane-
ously (at the same voltage or state of charge) in the same
ce||'[189,204]

X-ray imaging is performed in full-field or scanning modes.
Each cell design was modified to minimize adsorption of hard
X-rays, allowing an unobstructed view of the region of interest
(e.g., a few electrode particles, a slice of the electrode or the
entire stack of battery components).”** For three-dimensional
(3D) imaging rotation of the object (ideally at least 180°) is
required. The rotation axis is typically chosen perpendicular to
the stack of components and the X-ray beam is oriented in the
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plane of the electrode layer(s). Operando cells for 3D imaging
typically, therefore, have a cylindrical shape. The container
walls are made of thin, mechanically stable, electrochemically
inert, electrically insulating, X-ray transparent and texture-free
materials, e.g., Kapton, quartz glass, PEEK (polyether ether
ketone) and PTFE (polytetrafluoroethylene). The diameter of
the cell has to be sufficiently small to reduce absorption of the
X-rays in the selected energy range by electrode materials and
electrolyte. Smaller versions can be built from quartz glass
capillaries (~1 mm in diameter). The electrodes are attached to
metal wires glued into the capillary with epoxy, which also
hermetically seals the cell. Planar cells, e.g. pouch cells,**” and
cylindrical cells with alignment rods (Figure 11d-e),** can be
used for tomographic imaging with less than 180° rotation.
However, the missing angular wedge may cause artefacts,
some of which can be removed with sophisticated reconstruc-
tion algorithms.?*®

6. Methods for Analysis of Operando Data and
New Experimental Methodologies

Fitting the large volumes of data produced by modern

operando experiments is a significant task. Modern computing
and software make this process significantly easier, and several
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methods developed recently are extremely applicable for
operando NIB studies. At the time of writing, only a few of these
methods have been applied to NIBs. Therefore, this section will
cast its net wider in terms of chemistries studied than the bulk
of the review.

Batch fitting methods have been used since the early days
of insitu and operando studies, for example, fitting of Bragg
peak intensities to obtain crystallisation kinetics during zeolite
structure transformations.”® In a batch (or sequential) pattern
fitting process, the initial structural model is refined against the
starting dataset and the refined model is taken as the starting
point for refinement against the next dataset in the series. In
this way, the model “evolves” through the process as it is
refined against each dataset. This method was applied to
diffraction, scattering and spectroscopic data series.”'*?'" Some
Rietveld and PDF refinement software packages, e.qg.,
Fullprof?'>?"! and PDFGUI®" include specific tools for batch
refinement, or function with software designed by others to
facilitate it.”'¥ Batch refinement was used by Gaubicher et al. in
an early operando study on NIBs."*¥ Batch processing is also
part of the popular ATHENA®'™ suite for XAS data processing,
used in the first operando XAS study of NIBs.?'®

The surface/parametric approach to pattern fitting devel-
oped by Stinton and Evans®” has been applied in several
operando studies of NIB materials.*>?%?'¢22% |n this method, the
entire series of diffraction patterns or spectra are treated
simultaneously. Parameters like the instrumental peak shape
and diffractometer zero point can be refined globally against
all the data, while parameters that can vary during the
experiment are refined separately for each diffraction pattern/
spectrum. The approach is especially useful for operando
diffraction computed tomography studies,”®"” which produce
massive volumes of data, as the number of refined parameters
can be significantly reduced compared to batch methods. An
example is the XRD-CT mapping presented by Sottmann et al.
on a working phosphorus NIB anode.”® Linking less interest-
ing, well understood parameters to equations which describe
their physical behaviour can further improve the stability and
precision of parametric fits.*?? An intriguing extension of this
approach is the direct least-squares reconstruction (DLSR)
method for XRD-CT recently described by Vamvakeros et al.?**
Here, the reconstruction and Rietveld refinement are carried
out simultaneously using a parametric approach in which the
groups of measured diffraction patterns merged to reconstruct
each voxel, are refined simultaneously against a single physical
model for the relevant voxel. DLSR allows reconstruction of
larger objects without blurring at the periphery of the tomo-
grams caused by parallax artefacts. This has obvious benefits
for electrochemistry, as the use of larger, more realistic cells
reduces inaccuracies in e.g. calculated capacity from electrode
mass, as larger masses are easier to measure accurately, not to
mention being easier to handle.

The use of structures from density functional theory (DFT)
calculations (energy minimisations both of known structures
from databases and invented structures produced, e.g. by
replacement of certain atom types in a known structure) has
already proved important in interpreting operando data from
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NIBs 1#243171,206218224-2261 \\ja expect such methods to find new
applications as operando experiments develop further and
come into wider use. The development of databases of
computed properties like Materials Project”?” and machine
learning approaches to prediction of materials with desirable
properties will also accelerate this process.

Principle component analysis (PCA) is a statistical multi-
variate curve resolution (MCR) method that has been used for
several decades to analyse spectroscopic data®® and has more
recently been applied to diffraction®**% and PDF.*" PCA takes
a dataset with many variables and extracts a small number of
new variables that express the bulk of the variance*? In
operando battery cycling studies, where we expect to see
variations in the structure and composition of the active
components during the experiment, PCA can extract the signals
responsible for most of the variance in the data series without
any prior knowledge of the chemistry. These principal
components should represent the signals of the active
components that change during the experiment.

PCA is a very powerful tool for rapidly determining the key
sources variance in a series of many spectra/patterns. An
interesting recent example is the use of in situ XRD/PDF/fiber
optic reflectance spectroscopy in an attempt to determine the
lost recipe of the ancient pigment Mayan blue.”®® PCA has also
been used for automatic extraction of kinetic data from in situ
experiments combining Raman spectroscopy and XRD,”** and
for efficient analysis of a large series of in situ single crystal
datasets collected during the adsorption of CO, on zeolite-Y.”*”!
The team behind many of these developments has produced a
software package, RootProf,?® for PCA analysis of diffraction
and spectroscopy data.

In multivariate curve resolution with alternating least
squares (MCR-ALS),""722¥ 28 3 set of factors describing the data,
obtained from an MCR method like PCA, singular-value
decomposition® or cluster analysis®® is fitted to the data
using a constrained least squares refinement.”*"! The power of
this approach lies in the possibility of inserting constraints
obtained from other measurements on the same sample,
allowing the combination of data from a range of sources and
techniques. Application of this method to large operando
battery XAS datasets suggests it may prove very useful in the
future.722¥ 28 Recently, Rekhinta et al used MCR-ALS to extract
and study the variable components of a PDF data series
collected during the decomposition of magnesium hydroxycar-
bonate. They revealed, with no prior information, the existence
of an amorphous intermediate phase in the process that was
not evident from other examinations of the experimental PDFs.
Although PCA and MCR-ALS are yet to be applied to operando
battery PDF data, we believe that they will prove very useful in
future for extracting signals from weakly scattering but highly
variable amorphous components that appear during cycling.

Modulation excitation is another technique that makes a
virtue of the huge number of data points obtained from an
operando experiment. In this case, there is an experimental
element as well as statistical analysis. A series of structural data
(spectra, diffraction patterns, etc.) are collected from a sample
while a modulated external stimulus is applied. This could be
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anything from a switchable electric field to a changing series of
reactive gases.”*” The variations in the structural data are then
plotted against the frequency of modulation of the stimulus.
When the series of data is processed correctly against the
modulation frequency, signals which do not vary with the
external stimulus collapse to zero intensity, leaving only the
signals from parts of the sample that vary along with it. This
can significantly simplify the data by wiping out the contribu-
tion of spectator species that might otherwise have a strong
contribution to the spectra/patterns. The approach was first
applied to spectroscopy by Urakawa and co-workers®® and
subsequently developed for diffraction data,®*¥ but has not
thus far been applied to a large range of systems. The potential
for processing operando data on battery cycling with this
method is obvious, as a modulated stimulus is already an
integral part of the experiment. Chernyshov etal. recently
compared the use of PCA and modulation excitation analysis
for synchrotron diffraction data on gas loading of the porous
framework gamma Mg(BH,), "

The potential of machine learning (ML) and artificial
intelligence (Al) methods for spotting trends in massive data-
sets, which might be ignored by careless humans, is immense
but is currently untapped in the field of operando NIB studies.
An indication of the possibilities comes from the use of
machine learning to carry out an extensive statistical analysis of
tomographic data on the detachment of NMC particles in an
LIB cathode from their conductive carbon support.?*

7. Main Challenges and Future Perspective

In the ongoing search for alternatives to LIBs, NIBs (and
potentially Na-air and Na-S batteries) offer promise for several
applications. However, NIBs still lack the performance required
to be truly competitive with LIBs. Therefore, the search for
more efficient, stable, cheap, and environmentally friendly
materials continues. The rational design of NIB materials
requires a deep understanding of their behaviour in electro-
chemical systems that are as close as possible to real
applications. Operando X-ray methodologies deliver valuable
information about the structural, atomistic, and morphological
changes while the battery is actually in its working state. In
some cases, data can be obtained with spatial resolution.
Although X-ray methods have limitations (limited resolution,
beam damage, lack of surface sensitivity) several of which are
accentuated when they are used for operando characterization,
the methods described above are suitable for a wide range of
both crystalline and amorphous materials. In particular, beam
damage remains a bottleneck in the insitu and operando
characterizations, not only for NIBs but also for all kind of
battery systems. 247, 2481

Crystalline TMO cathodes, in particular, are perfect samples
for both XRD and XAS methods. Furthermore, PDF has proved
to be an extremely powerful technique for analysis of
conversion and alloying anode materials, which often become
amorphous during cycling. One practical problem specific to
operando XRD/PDF measurements on NIB half-cells with Na
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metal counter electrodes is the very strong scattering from the
Na foil. This signal can have very strong preferred orientation
effects (often giving single crystal-like diffraction spots), which
move during the experiment due to expansion and contraction
of the active material(s). This problem is most commonly
addressed by masking out the areas of the diffraction pattern
where the Na peaks are observed, however, this can lead to the
loss of valuable sample information. We expect that in the near
future operando XRD/PDF CT methods will increase in popular-
ity as they provide an extraordinary amount of information for
understanding NIB performance. These methods also directly
target the components of interest, removing the contributions
from electrolyte, current collectors, sodium metal half-cell
electrodes etc. MCR methods like PCA and modulation
enhanced diffraction/spectroscopy also offer the promise of
extracting signals for the active materials while excluding the
Na metal signal. An obvious experimental solution to problems
with Na metal counter electrodes, is, of course, to use full cells
for operando studies. This, however, adds another significant
and variant contribution to the data.

A broad range of operando X-ray methods can now be
applied both at synchrotrons and in home laboratories, and
many electrochemical cell designs are available. These offer
tremendous scope for new operando investigations of working
and degradation mechanisms in NIBs. Analysis of the some-
times extremely large datasets generated during these meas-
urements (e.g. XRD-CT) will continue to become easier as
advanced analysis tools develop and gain wider acceptance. A
significant gap in the sensitivity of operando battery methods
remains the detection of thin layers and coatings, both those
formed during cycling and those applied to battery compo-
nents to improve their properties. We expect that ongoing
improvements in X-ray brilliance and focussing of smaller
beams at synchrotron sources, along with new sample cell
developments will address this in the next few years.

While X-ray based methods are well established for
operando characterization of battery materials, the operando
application of other, complementary methods will allow even
more complete characterisation of these complex systems. In
the near future we expect to see the use of techniques
combining X-ray methods with TEM, AFM and Raman for
operando NIB studies. In combination, this suite of operando
methods will provide very complete descriptions of NIBs.

Further optimization and development of the new materials
and chemistries will require understanding not only of bulk
processes, but also of the interfaces between various materials
and components. Thus, we expect the rise of surface operando
techniques such as Raman and Fourier transform infrared (FTIR)
spectroscopies as well as X-ray surface methods in the near
future. Operando HAXPES™* (hard X-ray photoelectron spectro-
scopy) has already been used for LIBs and synchrotron-based
SOXPES (soft X-ray photoelectron spectroscopy)®” has been
applied in the study of SEI (solid-electrolyte interface) formation
in NIBs, but only in situ.

Operando methods deliver chemical and structural informa-
tion of such high value that a growing number of researchers
consider them worthwhile, despite the complexity of the
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experimental setups and data processing. Considering the
importance of battery science, we predict further expansion of
their use, providing the basis for further materials and
technology development.
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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

(Some figures may appear in colour only in the online journal)

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



Nanotechnology 33 (2022) 185402

A Brennhagen et al

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)
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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
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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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1. Structural and morphological characterization

Figure 2 reports the correct label for panels (c) and (d), which
were inverted in the primary submission. ‘Bi,MoQOg’ in the
caption instead of Bi;MoQg.

Figure 3 reports the correct label: ‘Sodiation and Deso-
diation’, which were wrong in the primary submission
(sodation and desodation).

1.1. Post-mortem SEM

‘During the 1st desodiation, the SEI layer is still intact at 0.50 V
(figure 5(e)).” Figure 5(e) was missing in the primary submission.

* Authors to whom any correspondence should be addressed.

0957-4484/22/359501+03$33.00 Printed in the UK

‘but it is not present above 0.90 V as the nanoplatelets are
again observed (figure 5(f))’. Figure 5(f) was missing in the
primary submission.

In the caption of figure 5: (‘b) sodiated’. It was written
soditated with an extra t.

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) sodiated to 0.50 V,
(c) sodiated to 0.35V, (d) fully sodiated to 0.01 V, (e) des-
odiated to 0.50V and (f) desodiated to 0.90V versus
Na/Na*.

© 2022 I0P Publishing Ltd
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Figure 2. SEM images of the Bi;MoOQg particles generated by secondary electrons at different magnifications: (a) <500, (b) x5 000,
(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 cycles 9-14 highlighting the region with ra}l)id 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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Table S1: Structural information of the phases used for XRD analysis

Phase Space group z Unit cell Atomic sites
p’grameters Atom | Wyckoff | x y z Source
A)
Bi2MoOs | Pca21 (29) 4 a=5.4896 Bil 0.519 | 0.4231 | 0.983 COD:
b =16.22658 | Bi2 0.483 | 0.0786 | 0.989 1530868
c=5.5131 Mol 0.001 | 0.2479 | 0
01 0.049 | 0.1428 | 0.091
02 0.259 | 0.9956 | 0.271
03 0.242 | 0.5048 | 0.272
04 0.698 | 0.2297 | 0.251
05 0.207 | 0.2624 | 0.36
06 0.572 | 0.3602 | 0.575
Bi R-3m (166) 6 a=4.546 Bil 29 0 0 0.23389 | COD:
c=11.862 2310889
NaBi P4/mmm (123) | 1 a=23.46 Bil la 0 0 0 ICSD:
c=48 Nal 1d 1/2 1/2 1/2 58816
h-NasBi P6s/mmc (194) | 2 a=1>5.448 Bil 2c 1/3 2/3 1/4 COD:
¢ =9.655 Nal 2b 0 0 1/4 1010291
Na2 4f 1/3 2/3 0.583
c-NasBi Fm-3m (225) 4 a=7.66526 Bil 4a 0 0 0 [1]
Nal 4b 1/2 1/2 1/2
Na2 8c 1/4 1/4 1/4
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Figure S1: SEM images of the pristine Bi,MoOQs: a) nanoplatelets, b) an example of spike-type particle, c) low-resolution
images demonstrating particles with slightly different morphology and d) particles with a high concentration of spikes and
less developed nanoplatelets.

Figure S2: Post-mortem SEM top-view images of Bi-MoOg-based electrodes sodiated to 0.01 V vs Na/Na* at different stages
of cycling. After a) 15 sodiation, b) 2" sodiation, c) 10t" sodiation and d) 20t sodiation.



Figure S3: Post-mortem SEM top-view images of Bi.MoOg-based electrodes desodiated to 2.00 V vs Na/Na* at different
stages of cycling. After a) 15t desodiation, b) 2" desodiation, c) 10t desodiation and d) 20t desodiation.
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Figure S4: The complete operando XRD contour plot of Bi-MoOg-based electrode cycled for 34 cycles against Na metal.
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Figure S5: The complete operando XRD contour plot of Bi-metal-based electrode cycled for 6 cycles against Na metal. The
procedure is identical to the one described in section 2.6 in the main article.

Section S1.1: Alternative solvothermal syntheses of Bi.MoOs (structural and morphological
characterisation)

As a part of this study, in an attempt to improve the electrochemical performance, we performed six solvothermal
syntheses in addition to the main synthesis described in the article. The procedure was similar to what we described
in section 2.1 in the main article, except for the temperatures and reaction times. Four syntheses were performed
at 160 °C and retrieved from the oven after 15 min, 30 min, 1 h and 6 h. We also synthesised two compounds at
200 °C with reaction times of 6 h and 24 h.

From the XRD patterns shown in Figure S6, we observe that the syntheses performed at 160 °C with a reaction
time of 15 or 30 min mostly contained Bi»O (and possibly Biz 2M00gO7.5) while the others (1 h and 6 h) mainly led
to the formation of Bi.MoQOg. However, the sample synthesised at 160 °C for the duration of 1 h have XRD peaks
that are slightly shifted, and possibly another BizMoOg phase has formed compared to the syntheses carried out
for longer times. It should also be noted that the XRD peaks corresponding to BioMoQs, Bi,O3 and Biz 2M0sO7.5
overlap, making it difficult to accurately determine the ratio between these phases in the final materials.

The SEM images captured at different magnifications demonstrated that the different synthesis parameters do not
have much effect on the morphology of the samples as shown in Figures S7-S10. All the samples consist of
agglomerates formed by primary particles with sizes roughly between 1 and 3 um. The morphology of the particles
varies between quite smooth surfaces formed by small nanoplatelets (Figure S9) to particles with a rough surface
formed consisting of larger platelets (Figure S10). This was observed for all synthesised materials.

We prepared electrodes from all the synthesised materials and performed electrochemical evaluation in the same
way as described in sections 2.3 and 2.4 of the main article, except for the electrolyte used. For the materials
synthesised at 160 °C we used 1 M NaPF¢ in EC:DMC, for the material synthesised at 200 °C for 6 h we used 1
M NaPFs in PC and for 200 °C at 24 h we used 1 M NaClO4 in EC:DMC. All electrolytes had in addition 5% FEC.
Throughout the work of this study, we have not noticed any significant difference in the electrochemical
performance when different electrolytes were used. Even though the materials have different phases, they show
very similar behaviour as anode materials. The sodiation-desodiation curves and the dQ/dV plots (Figure S11)
show that all the materials have the two characteristic plateaus/peaks corresponding to the Bi-NaBi and NaBi-
NasBi reactions. The Bi-NaBi reaction gradually disappears, but for the material synthesised for 6 h or more, it is
maintained slightly longer than for the others. This explains why these materials show higher capacity around
cycle 5-15 (as shown in Figure S12) before they experience the rapid capacity decay.
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Figure S6: XRD patterns of pristine materials from solvothermal synthesis at different temperatures and times. (a) 160 °C for
15 min, (b) 160 °C for 30 min, (c) 160 °C for 1 h, (d) 160 °C for 6 h, 200 °C for 6 h, 200 °C for 24 h.



Figure S7: low resolution SEM images demonstrating an overview of the Bi,MoQg particles prepared under different
conditions. (a) 160 °C for 15 min, (b) 160 °C for 30 min, (c) 160 °C for 1 h, (d) 160 °C for 6 h, (e) 200 °C for 6 h, (f) 200 °C for 24
h.



Figure S8: SEM images demonstrating sizes and shapes of selected Bi,MoOg particles prepared under different conditions.
(a) 160 °C for 15 min, (b) 160 °C for 30 min, (c) 160 °C for 1 h, (d) 160 °C for 6 h, (e) 200 °C for 6 h, (f) 200 °C for 24 h.



Figure S9: High resolution SEM images illustrating the details at the surface of the Bi,MoOg particles consisting of small
nanoplatelets. (a) 160 °C for 15 min, (b) 160 °C for 30 min, (c) 160 °C for 1 h, (d) 160 °C for 6 h, (e) 200 °C for 6 h, (f) 200 °C

for 24 h.



Figure S10: High resolution SEM images illustrating details at the surface of the Bi,MoOg particles consisting of larger
platelets. (a) 160 °C for 15 min, (b) 160 °C for 30 min, (c) 160 °C for 1 h, (d) 160 °C for 6 h, (e) 200 °C for 6 h, (f) 200 °C for 24
h.



Section S1.2: Alternative solvothermal syntheses of Bi.MoOg (electrochemical characterisation)

Specific capacity (mAh g™') dQ/dV (mAh V'g™)
0 100 200 300 400 500 600 700 -2500 0 2500 5000
2.0 — — ——— — :
15 1
1.0 160 °C, 15 min T
05 i
0.0 20
1 15
i 1.0
1 05
2.0 0.0
15
=10
+‘U
Z05
(]
3 ]
® 0.0 2.0
>
E ]
= 1.5
2 ]
& 1.0
0.5
0.0
2.0
15
200°C,24h T 1.0
+ 0.5
" 1 L 1 1 1 L 1 L 1 L D'O
0 100 200 300 400 500 600 700 -2500 0 2500 5000
Specific capacity (mAh g™) dQ/dV (mAh Vg™

Potential vs Na/Na* (V)

Figure S11: Sodiation-desodiation curves (left) and dQ/dV plot (right) extracted from GC measurements performed against

Na-metal with a voltage range of 0.01-2.00 V vs Na/Na* and a specific current of 100 mA g~ on Bi-Mo-O compounds

obtained by solvothermal syntheses. The variable synthesis parameters are shown in the figure.
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Figure S12: Capacity per cycle plot corresponding to the measurement in Figure S11. The variable synthesis parameters are
shown in the figure legend.



Section S2: Super P capacity contribution and uncertainties

Super P, which we use as a conductive additive in our electrodes, does also contribute some to the capacity. To
measure this capacity, we prepared electrodes with 80% Super P and 20% PVDF and performed GC measurements
on 3 coin cells following the same procedure as for Bi,MoOs (Section 2.5). The active mass of the electrodes was
between 1 and 1.2 mg. As we can see from Figure S13, Super P has a very stable specific capacity around 150
mAh g for at least 50 cycles. This means that we can subtract approximately 15 mAh g* from the obtained
specific capacities of the other batteries (since we used 10% Super P in the electrodes) to obtain the true capacity
contribution of our active material. We also observe that the specific capacity varies a bit between the batteries
even though they are constructed to be identical. This means that we have some uncertainties in our specific
capacities, and in the case of this dataset, it seems to be around 15%. The most likely explanation for this is that
we use a scale in the glovebox to measure the weight of the electrodes, which has an intrinsic uncertainty of 0.1
mg. In practice, this uncertainty might be a bit larger since the scale seems to have some fluctuations while being
inside the glovebox. When we work with active masses of only a few mg, this uncertainty will have some influence
on the results. After testing many cells, we rarely see deviations larger than 10% and this is good enough for us in
this stage of research.
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Figure S13: Sodiation capacity per cycle of Super P as active material in Na-half cell measured in 3 independent cells.



Section $3.1: Ball milling of pristine Bi-MoOs, synthesised at 160 °C for 24 h

In an attempt to improve the electrochemical performance of the Bi,MoQOg material through nanosizing, we tried
ball milling at different speeds and durations. We performed the ball milling with a Pulverisette 7 premium line
planetary micro mill (Fritsch) with 3 mm stainless steel balls and a container made of stainless steel. The samples
and the balls were introduced to and sealed in the container inside an Argon filled glovebox (MBRAUN, H,0 and
O levels were less than 0.1 ppm). We prepared three different samples. One with ball milling for 30 min at 300
rpm, one for 20 min at 700 rpm and one sample ball milled twice for 20 min at 700 rpm. The two last samples are
from the same batch. We ball-milled first for 20 min at 700 rpm, then brought the container back inside the
glovebox and extracted some of the powder. Following this, we closed the container with the rest of the powder
and continued the ball milling for another 20 min. The sample thus produced is referred to in the figures below as
“2-20 min at 700 rpm”.

From the XRD patterns (Figure S14), we observed that the sample ball milled for 30 min at 300 rpm have much
broader diffraction peaks than the pristine Bi-MoOs. The peak positions for ball-milled Bi,MoQs are the same as
for the pristine material indicating the identity of the phase. However, the material that we ball milled for 20 min
and twice for 20 min at 700 rpm have formed some metallic Bi in addition to small particles of BinMo0Os, according
to the XRD analysis.

We performed the electrode preparation and GC measurements for ball-milled materials in the same way as
described in sections 2.3 and 2.4 of the main article except for the electrolyte where we used 1 M NaClO4 in
EC:DMC and 5% FEC. The (de)sodiation curves and the dQ/dV plots as well as the capacity per cycle plot (Figure
S15) demonstrate that the ball-milled materials behave worse than the pristine material.
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Figure S14: XRD patterns of (a) pristine Bi,MoOg synthesised at 160 °C for 24 h, (b) ball milled for 30 min at 300 rpm, (c) ball
milled for 2-20 min at 700 rpm.



Section S3.2: Electrochemical evaluation of ball-milled Bi,MoOs materials
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Figure S15: Sodiation-desodiation curves (left) and dQ/dV plots (right) of pristine and ball-milled Bi,MoQOgs from GC
measurements performed against Na-metal with a voltage range of 0.01-2.00 V vs Na/Na* and a specific current of 100 mA
g~L. The conditions for ball milling are shown as figure legends.
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Figure S16: Capacity per cycle for pristine BizMoOs (black), ball milled for 30 min at 300 rpm (red), ball milled for 20 min at
700 rpm (green) and 2-20 min at 700 rpom (blue).



Section S4: Effect of amount of electrolyte

To determine the cause of the capacity decay we studied a similar Bi-MoOs material (synthesised at 200 C for 6
h), in terms of the consummation of electrolyte.

We prepared cells containing 80 pL (the standard amount used in this work) and 120 pL of electrolyte.
Furthermore, we fabricated one more cell containing 80 uL of electrolyte, but after 10 cycles we extracted the
electrode and placed it in a new cell with fresh electrolyte (80 L) and fresh Na counter electrode. The electrolyte
used was 1 M NaPFg in EC:DMC and 5% FEC and the cells were cycled with 100 mA g between 0.01 and 2.00
V vs Na/Na* and a 12 h rest before the start of cycling. The cells did not show any significant difference in
electrochemical performance and all of the cells experienced a rapid capacity decay between cycles 10 and 20
(Figure S17).
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Figure S17: Specific sodiation capacity of BiMoOgs vs Na counter electrode with different amounts of electrolyte.



Section S5: Impedance spectroscopy

To characterise the changes in conductivity during cycling we performed electrochemical impedance spectroscopy
(EIS) on the studied cells after the 1t sodiation and the 20" sodiation (Figure S18). The EIS spectra were collected
by using an MPG2 (Biologic) with frequencies ranging from 20 kHz and 100 mHz with an amplitude of 10 mV.
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Figure S18: Nyquist plot of Bi-MoOg-based electrodes after 1%t sodiation and 20t desodiation to 0.01 V vs Na/Na*. The
studied samples correspond to the post-mortem SEM images in Figure S2a and S2d, respectively.
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ABSTRACT

Development of new anode materials for Na-ion batteries strongly depends on detailed
understanding of their cycling mechanism. Due to instrumental limitations, the majority
of mechanistic studies focus on operando materials’ characterisation at low cycling
rates. In this work, we evaluate and compare the (de)sodiation mechanisms of BiFeOs3
in Na-ion batteries at different current densities using operando X-ray diffraction (XRD)
and ex situ X-ray absorption spectroscopy (XAS). BiFeOs is a conversion-alloying
anode material with high initial sodiation capacity of ~600 mAh g%, when cycled at 0.1
A g'. It does not change its performance and cycling mechanism, except for minor
losses in capacity, when the current density is increased to 1 A g1. In addition,
operando XRD characterisation carried out over multiple cycles shows that the Bi =
NaBi (de)alloying reaction and the oxidation of Bi at the interface with Na-Fe-O matrix
are detrimental for cycling stability. The isolated NaBi = NasBi reaction is less

damaging for the cycling stability of the material.
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Introduction

Na-ion batteries (NIBs) have been long viewed as promising alternatives to modern Li-ion
batteries (LIBs), due to the high abundance and low cost of Na that can make up for the slightly
lower energy densities [1-3]. The application of NIBs is particularly promising in stationary
energy storage, where high power is necessary and energy density is less crucial [4]. However,
further optimisation of NIBs for high power applications requires development of suitable anode
materials, which performance will not suffer at elevated cycling rates. High rate capabilities
and ability to achieve a good compromise between high capacity and cycling stability make
conversion-alloying materials (CAMs) a promising group of compounds [5-7]. However, their
complex cycling and degradation mechanisms, often involving formation of amorphous
phases, make them challenging to develop further. In order to determine the (de)sodiation
mechanisms of these materials it is essential to use operando methods, where the structural
characterisation is performed during electrochemical cycling. This methodology is superior to
ex situ characterisation due to potential structural relaxation of active materials and risk of side
reactions with the environment when the materials are extracted from coin cells during
preparation of ex situ samples [8-10].

The general cycling mechanism of CAMs at low cycling rates (<150 mA g!) has been revealed
through several studies on LIBs and NIBs with operando techniques including X-ray diffraction
(XRD), X-ray absorption spectroscopy (XAS) and total scattering computed tomography
(TSCT) coupled with ex situ and in situ transmission electron microscopy (TEM) [11-19]. These
studies have confirmed a conversion reaction during the first sodiation/lithiation, which leads
to a phase separation with formation of nanosized particles of the alloying element (Si, Ge, Sn,
Sb, Bi) distributed in a NaxX (X = O, S Se, Te, P, oxometallates) matrix [6]. During the following
cycles the particles of the alloying element are the main contributors to the capacity. However,
there are reports of partially reversible conversion reactions in the binary CAMs [11, 18] and
electrochemical activity in the transition metal in the matrix of ternary CAMs adding to the
capacity [13, 20, 21].

Bi metallates are a group of ternary CAMs, which exhibit high capacities as anode materials in
NIBs. BiFeOs, Bix(M004)s, BiVOs and BixMoOs have previously been explored with primary
focus on cycling stability [14, 20, 22, 23]. In line with the general cycling mechanism of CAMSs,
Bi metallates undergo an irreversible conversion reaction during the first sodiation to produce
Bi nanoparticles embedded in a Na-TM-O (TM = transition metal) matrix. The Bi particles then
reversibly transform into NasBi (via NaBi as an intermediate phase) during sodiation [20, 22].
There are two known polymorphs of NasBi, hexagonal (h-NaszBi) and cubic (c-NasBi). The h-
NasBi phase is thermodynamically stable and has been observed to form from microcrystalline
NaBi particles, while c-NasBi forms in nanocrystalline NaBi particles (for example those formed
in Bi metallates) [20, 24]. The buildup of h-NasBi during prolonged cycling of Bi-metallates has
been linked to particle growth and capacity degradation [22]. Despite significant efforts, we still
lack a generalised understanding of the evolution of NasBi particles and the Na-TM-0O matrix
during cycling [14, 20, 21].

BiFeOs is perhaps the most straightforward chemical system among Bi metallates. It has
shown reversible (de)sodiation capacities up to 600 mAh g, but its cycling stability is limited
and the operating mechanism is still disputed [14, 25]. Surendran et al. performed operando
XAS on BiFeOzand proposed the formation of metallic Fe in addition to Na,O and an Fe-based
oxide during the initial conversion reaction [14]. The same study also showed the presence of
Bi-O bonds after the first desodiation, indicating a partial oxidation of Bi metal as was
determined by Fourier transformed (FT) extended X-ray absorption fine structure (EXAFS)
[14].



The majority of operando studies of CAMs has been performed at low current densities and,
to the best of our knowledge, there are no operando studies addressing the cycling
mechanisms of these materials at high cycling rates. This lack of insight is due to the
challenges associated with conducting operando measurements at high rates: performing
reliable electrochemistry in an operando cell with an electrode thick enough to obtain sufficient
intensity of X-ray signals. Another limiting factor is the availability of X-ray sources, as
synchrotron radiation is needed to obtain high quality data with high time resolution. In this
article, we conducted operando XRD measurements, with current densities of 0.1 Ag* and 1
A g%, to elucidate and compare the electrochemical cycling mechanism of BiFeOs at low and
high rates. We also deployed operando XRD over 27 (de)sodiation cycles combined with ex
situ XAS to gain further understanding of the interplay between the NaxBi alloying particles and
the Na-Fe-O matrix and their influence on the cycling stability of BiFeOs.

Results and Discussion

Materials and electrochemical characterisation

Synthesis of phase pure BiFeOs is recognised as challenging owing to competing ternary
phases [25]. After optimisation of the reaction conditions, we managed to synthesise BiFeOs
with small amounts of Bi-O3 (~12 wt% according to Rietveld refinement) by means of a sol-gel
synthesis route (Figure S1, Section S1, Sl). The Bi.O3 impurities were successfully removed
by leaching with nitric acid (Figure S2, Sl), but the resulting product showed poor
electrochemical performance (Figure S3, Sl). Therefore, the unleached product was used for
further work.

The electrochemical performance of BiFeOs; was evaluated at different cycling rates with both
galvanostatic cycling (GC) and cyclic voltammetry (CV) (Figure S4, Section S2, Sl). The initial
sodiation capacity of BiFeOs, obtained from GC measurements, was ~600 mAh gt at 0.1 A
gt, comparable to that of literature reports [14, 25]. In addition, fast cycling was undertaken at
1 A gtwhere BiFeO3z maintained reasonable performance. The cycling stability, even at 0.1 A
g, is nevertheless challenging and the capacity drops from ~450 mAh g™ to ~130 mAh g
after 25 cycles.

Elucidation of cycling mechanism at low and high rates

Due to experimental limitations, operando studies are typically performed under slow cycling
conditions, often quite different from the cycling protocols that electrode materials are
subjected to in normal use. Operando characterisation at high cycling rates is rare, despite the
fact that understanding of the material’s behaviour under such conditions is critical for the
development of batteries with high power [26, 27]. Several CAMs have shown promising
electrochemical performance at high rates [25, 28, 29], but their cycling mechanisms at these
high current densities have not been studied with operando structural methods. To address
this problem, we performed operando XRD on BiFeOs-based electrodes using synchrotron
radiation at BM31 at the European Synchrotron Radiation Facility (ESRF) during
electrochemical cycling at 1 A g™ in half cell configuration using Na foil as a counter electrode
(Figure la-c). Surprisingly, BiFeOs is fully sodiated to NasBi in the first sodiation despite the
high current density, confirming that BiFeOs can maintain the same cycling mechanism and
capacity at 1 A g™* as at lower cycling rates [14, 25]. Overall, the cycling mechanism was found
to be similar to that proposed previously for BiFeOsz and confirmed by operando and post-
mortem studies in other Bi metallates [14, 20, 22, 25]. The minor, but significant difference for
BiFeO3s; compared to other Bi metallates is the formation of both h-NazBi and c-NaszBi phases



during the first sodiation, regardless of the current density. This is different from what was
shown for BiVO4, Bi2(M00O4)s and Bi-MoOs as they formed only c-NasBi during the first cycles
[20, 22]. The formation of h-NasBi has been shown to form in microsized NaBi particles, while
c-NasBi forms from nanosized NaBi particles [24]. Therefore, the presence of h-NasBi phase
after the first sodiation is rather unusual, as the presence of h-NasBi has been linked to long-
term deactivation of the Bi metallates [22, 24]. Furthermore, this suggests that the Bi particles
formed after sodiation are slightly larger than what has been observed for other materials with
similar chemistry. This indicates that the size and mobility of the alloying particles could be
tuned by customising the surrounding matrix.

To look for possible variations in the cycling mechanism at different rates, another operando
measurement was performed with a current density of 0.1 A g* (Figure 1d-f). As expected, the
measurements at 0.1 and 1 A g~* showed the same general cycling mechanism. However, one
significant difference was observed: At 1 A g the diffraction peaks for the Na-Bi phases are
less defined than for the 0.1 A g™! measurement. The challenges with performing a high-rate
operando XRD measurement forced us to find an acceptable compromise between counting
statistics and time resolution, while maintaining the electrochemical performance, which results
in less defined diffraction peaks. However, an alternative explanation arises from the lack of
time required for the crystallisation of the observed phases at high cycling rates, and, therefore,
the corresponding peaks do not reach their maximum intensity and sharpness. The limited
intensity of the diffraction peaks observed at the 1 A g™ measurement made the h-NasBi phase
difficult to deconvolute from c-NasBi and was therefore not included in the surface Rietveld
refinement.

In addition to the rate comparison, the measurement conducted at 0.1 A g™ provided more
detailed insight into the cycling mechanism. Because of the sharper and more intense
diffraction peaks it was easy to distinguish all the different NasBi phases and determine the
exact moment of their formation. Phase fractions obtained from surface Rietveld refinement
show that the c-NasBi phase forms before h-NasBi (Figure 1f). This is likely because the
nucleation of NasBi within the NaBi particles results in the c-NasBi phase, a transformation
shown to be more kinetically favourable than that from NaBi to the thermodynamically stable
h-NasBi [24]. The formation of h-NasBi starts later and proceeds at the cost of c-NasBi
indicating a transformation from the cubic to the hexagonal phase, possibly when the NasBi
crystallites grow to a certain size. Another explanation is that a significant Na deficiency may
stabilise in the c-NasBi structure and that h-NasBi forms as full sodiation is achieved: Towards
the end of sodiation there is a significant timeslot after the disappearance of NaBi where only
the two NasBi phases are present, while the electrochemistry is still active (grey areas in Figure
1f). This transformation cannot be treated as a relaxation process as it is electrochemically
driven: Ex situ XRD measurements of a sodiated sample conducted two weeks after cell
disassembly confirmed the presence of c-NazBi and h-NasBi phases in approximately 7:2 ratio
(Figure Sb5).

Another notable observation is that the time that the NaBi phase is present is significantly
shorter during desodiation than sodiation. This could be explained by the formation and
dissolution of the SEI layer for each cycle as shown for Bi-MoOs in our previous study [22].
The formation of SEI during sodiation consumes Na ions and, therefore, contributes to the
capacity. This formation prolongs the duration of the sodiation, while the dissolution process
during desodiation does not contribute significantly to the capacity. Another possibility is that
the reaction paths during desodiation is slightly different than for sodiation, which has
previously been shown for the alloying reactions between Na and P [30].
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Figure 1: a) Contour plot derived from high-rate operando XRD measurement of 2 (de)sodiation cycles of
BiFeOs, measured with synchrotron radiation at BM31 at ESRF, b) corresponding (de)sodiation curves
measured at 1 A g-1. ¢) Phase fractions in wt% retrieved from surface Rietveld refinement of the diffraction
patterns plotted in a), showing the evolution of the Bi-containing phases as a function of scan number. The
h-NasBi phase is omitted from the surface Rietveld refinement due to limited data quality at the high data
collection rate. d)-f) Corresponding graphs for operando XRD measurement from the home lab with a
current density of 0.1 A g-1. The grey areas in f) highlights the regions where only c-NasBi and h-NasBi is
present.



Oxidation of Bi and the nature of the Na-Fe-O matrix

Most of the works on CAMs have been primarily focused on the electrochemically active
materials, while the chemistry of matrix and its interaction with the active component is still
poorly understood. The XRD data described above combined with ex situ XAS measurements
provided information of the local structure in the matrix material, the nature of its chemical
interaction with the alloying particles and how they influence each other.

In the desodiated state between ~10-13 h (>1 V) the only detectable XRD peak from the
working electrode is the peak corresponding to Bi metal (Figure 1d-f). However, a significant
capacity (~200 mAh g™?) is observed when assessing the contribution above 1 V during the
first desodiation (Figure S4c), which suggests that additional chemical transformations other
than (de)sodiation of NayBi particles take place at this voltage window. The ex situ XAS
measurements of the Bi L3 edge, confirmed that the oxidation state of Bi in the fully desodiated
sample is higher than 0 (Figure S6). The FT EXAFS analysis also shows a clear peak
corresponding to Bi-O bonds, together with Bi-Bi bonds similar to that observed for the Bi-
metal reference (Figure S6b and d). Thus, the capacity contribution above 1 V vs Na/Na+ is
attributed to the oxidation of Bi, which was also shown by Surendran et al. through operando
XAS measurements [14]. This oxidation of Bi can be explained by Bi-O bonds at the interface
between the Bi particles and the Na-Fe-O matrix. The contribution from the Bi-O bonds will
be significant as long as the Bi particles are relatively small (<10 nm) so that the surface-to-
volume ratio is large. In the region where Bi has a positive oxidation state the main diffraction
peak of Bi seems to shift slightly towards higher Q values during desodiation, and back again
during sodiation (Figure 1d). At this point, we are not able to explain this phenomenon.

There are no signs of the Na-Fe-O matrix in the operando XRD measurements, as all the
peaks in the XRD pattern can be assigned to the alloying particles (NaxBi phases) and the Na
metal used as a counter electrode. The operando XAS study of Surendran et al. showed that
Fe was redox active and contributed some to the capacity during electrochemical cycling of
BiFeOs; [14]. However, there are no clear plateaus in the (de)sodiation curves in our
measurements that should correspond to the reduction/oxidation of Fe. Given the amorphous
nature of the Fe-containing phase(s), it would likely exhibit a very gradual redox reaction that
is difficult to observe in the (de)sodiation processes dominated by electrochemistry of Bi. Our
ex situ X-ray absorption near edge spectroscopy (XANES) measurements on cycled samples
showed a shift in the edge position of Fe proving that it is electrochemically active (Figure S7),
even though it is to a smaller extent than what Surendran et al. showed in their operando
measurement [14]. The apparent differences between Surendran’s and our results could
originate from different morphology of the particles and/or inherent differences between ex situ
vs operando measurements. The XANES data also indicate a significant change in local
coordination around the Fe atoms, where a pre-edge peak appears during the first sodiation
(Figure S7a). This pre-edge feature is characteristic for tetrahedral coordination of Fe, similar
to that in FesO4, as opposed to the octahedrally coordinated Fe in BiFeOs that shows no
significant pre-edge feature (Figure S7a). Apart from this small change in oxidation state and
coordination of Fe, it is difficult to assess the Fe-containing phase(s). However, these results
still suggest a dynamic nature of the Na-Fe-O matrix, which might be responsible for the
degradation of the material.

Material degradation

To further understand the degradation processes in BiFeOs, we performed operando XRD for
27 cycles between 0.01-2.00 V in half cell configuration using Na foil as a counter electrode
(Figure S8). Since BiFeOs3; has the same cycling mechanism at different current densities, a



current density of 0.2 A g was selected to obtain a good compromise between total
measurement time, time resolution and data quality. Detailed analysis of the operando XRD
data was combined with ex situ XAS measurements of the Bi L3 edge (Figure 2 and Figure
S9, Sl). Based on the behaviour of BiFeOs, the degradation mechanism could be divided into
3 well defined regions, where each region is characterised by one specific redox reaction that
determines the capacity decay.

Region 1 corresponds to the first 6 cycles and is assigned based on the disappearance of the
oxidation of Bi (region 1 in Figure 2a and b). The XAS data from samples extracted after the
1st and 5" desodiation supports the statement that the capacity decay in this region is due to
disappearance of Bi-O bonds at the interface between the Bi particles and the Na-Fe-O matrix
(Figure 2c and d). All desodiated samples show characteristic signals for Bi-Bi bonds between
2-3.4 Ain the FT EXAFS graphs, indicating the presence of Bi metal (Figure 2d). At the same
time, the position of the Bi XANES edge after 1% desodiation is between the position of Bi metal
(Bi°) and BiFeOs (Bi**), meaning that Bi in this sample has a positive average oxidation state
roughly between 1-2 (Figure 2c¢). Furthermore, there are clear signals in the FT EXAFS graphs
of Bi-O bonds after the 1% desodiation between R values 1-2 A, which mostly disappear after
the 5" desodiation likely due to coalescence of Bi leading to larger particles inside the
Na-Fe-O matrix. The analysis of the diffraction patterns in the fully desodiated state reveals
that the diffraction peaks corresponding to the NaBi alloys become more pronounced as
cycling progresses, confirming increase of crystallite size (Figure S8, Sl). This provides a
rationale for the disappearance of the oxidation reaction as bigger particles will have a smaller
surface-to-volume ratio and, therefore, fewer Bi-O bonds.

Between cycles 6-15 (region 2) the diffraction peaks of Bi gradually disappear together with
the (de)sodiation plateaus corresponding to the Bi = NaBi reaction (Figure 2a and b). The
same was observed for BizMoOg between cycles 4-9 (Figure S10, SlI) [22]. From cycle 15-26
for BiFeOs (Figure 2a and b) and cycle 9-13 for Bi.MoOs (Figure S10, Sl) the intensities of the
NaBi peaks are also greatly reduced indicating that the NaBi = NaszBi alloying reaction
becomes partially irreversible and that the system locks itself in the sodiated state (region 3).
Following this, the capacity stabilises at ~20 % of its initial desodiation capacity and the main
capacity contribution comes from some redox activity between NaBi and NasBi.
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Figure 2: a) Maximum normalised phase fractions for Bi and NaBi vs cycle number extracted from surface
Rietveld refinement on operando XRD of BiFeOs for the first 27 (de)sodiation cycles performed with a
specific current of 0.2 A g-* and a voltage range of 0.01-2.00 V. b) Selected (de)sodiation curves plotted as
potential vs Na/Na* against the calculated number of Na* ions transferred per formula unit obtained from
the operando measurements shown in a) highlighting the capacity decay between cycle 2-20. c) XANES
spectra of the Bi L3 edge for desodiated BiFeOs at different stages of cycling compared to pristine BiFeOs
and Bi metal as references. d) Corresponding FT EXAFS spectra showing the changes in Bi-O bonds.
Regions 1-3, described above, separate the capacity degradation according to the key
chemical processes determining the capacity fading, with the main trigger being growth of the
alloying particles inside the Na-Fe-O matrix. This increase of the particle size is most likely
driven by the electrochemical sintering of the NayBi particles. In the pursuit of the origin of the
capacity degradation, we reduced the upper cut-off voltage to 0.7 V to cycle the material only
between NaBi and NasBi using a current density of 0.1 A g (Figure 3a and c). This new cut-
off voltage limited the reversible capacity to a maximum of ~230 mAh g, but increased the
cycling stability significantly as the capacity was only reduced to ~140 mAh g™ after 100
cycles. The performance at high-rate (1 A g™*) was also well maintained (Figure 3b and c). This
performance is still not sufficient to be of commercial interest, however, it demonstrates that
the electrochemical isolation of the NaBi = NasBi reaction leads to stable cycling.
Galvanostatic cycling up to 0.90 V vs Na/Na* was also performed, but showed similar capacity
fading as during cycling to 2.00 V vs Na/Na* (Figure S11). This showed that the Bi = NaBi
reaction and the oxidation of Bi are the main contributors to the capacity degradation.
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Figure 3: Selected (de)sodiation curves of BiFeOs cycled at a) 0.1 A g-! with a voltage range of 0.01-0.70 V
and b) 1 A g1 with a voltage range of 0.01-0.75 V. c) specific (de)sodiation capacity per cycle derived from
the measurements in a) and b).

The exact reason why the capacity from the Bi = NaBi reaction and the surface oxidation of Bi
decays so quickly is difficult to know with certainty, but it is likely that the large structural
changes occurring during cycling are involved. The large volume expansion of ~250% for the
Bi = h-NasBi reaction could lead to particle cracking, which is potentially the main reason for
the poor cycling stability of pure Bi metal [24, 31]. The Na-Fe-O matrix surrounding the Bi
nanoparticles formed during the conversion reaction should mitigate some of these problems,
but the growth of the alloying particles and the structural changes of the matrix including redox
activity on Fe still leads to limited cycling stability. It may be that the matrix and the alloying
particles are stable when cycling between NaBi and NasBi, but that the transition between Bi
and NaBi leads to significant movements in the matrix allowing the alloying particles to
agglomerate and induce capacity degradation. A more detailed understanding of the structural
changes in the matrix and the growth of the Bi particles, especially above 0.7 V, could provide
the knowledge needed to stabilise the full two-step (de)alloying reaction to reach an acceptable
specific capacity. Finding a material that forms a stable matrix, which can keep the Bi particles
in place while still allowing the alloying reactions to occur will probably be the recipe for a CAM
anode with good cycling stability.

Conclusion

Using operando XRD, both at high rates and over 27 (de)sodiation cycles, we have revealed
some new insights into the cycling mechanism of BiFeOs. The results reveal that the general
cycling mechanism is the same at 1 and 0.1 A g*. The first sodiation shows an irreversible
conversion reaction forming Bi nanoparticles embedded in a Na-Fe-O matrix. During the
following cycles, the main contributor to the capacity is the two-staged alloying mechanisms
going from Bi to NaBi and NasBi. We observe both the hexagonal and cubic versions of NazBi,
where c-NazBi forms before h-NasBi during sodiation. There is also a significant capacity
contribution above 1 V during desodiation, attributed to the oxidation of the Bi nanopatrticles,
resulting in Bi-O bonds on the interface towards the Na-Fe-O matrix. This contribution
gradually disappears during the first 6 cycles. The following capacity decay is explained by the



increasing irreversibility of the alloying reactions where the equilibrium is shifted towards the
sodiated phases. Especially for the Bi = NaBi reaction, which disappears completely. When
reducing the upper cut-off voltage to isolate the NaBi < NasBi reaction the cycling stability was
significantly improved and the high-rate performance was maintained, showing that this
reaction in itself is stable. There is still not much knowledge of the Na-Fe-O matrix, but ex situ
XAS showed that Fe is electrochemically active and contributes a bit to the capacity. More
detailed structural studies are needed to fully understand the nature of the Na-Fe-O matrix
and the movement and growth of the Bi particles. This will hopefully enable us to design CAMs
with good cycling stability combined with the already established benefits of high capacity and
good rate capabilities.

Experimental

Synthesis

BiFeOs; was synthesised by a sol-gel method based on the study of Ma et al. [32], where
1.2x1072 mol (5.822 g) Bi(NO3z)x5H.0 (98%, Sigma-Aldrich) and 1.0x1072 mol (4.040 g)
Fe(NO3)3sx9H-.0 (= 98%, Sigma-Aldrich) were mixed with 8-10 mL of ethylene glycol (99.8%,
Sigma-Aldrich) under magnetic stirring at 100 rpm and 60 °C for 1 h. Subsequently the
temperature was increased to 100 °C to allow a slow evaporation of the solvent via
autocombustion. The resulting dry gel was then transferred to an Al,O3 crucible and calcined
in air at 350 °C for 3 h in a muffle oven (Carbolite Furnaces CWF 1200) and cooled down to
room temperature. The product was then crushed to powder in an agate mortar, pressed to a
pellet and treated at 650 °C for 8 h. To decrease the patrticle size, 2 g of the obtained product
was ball milled with 85 g of 3 mm stainless steel balls in a Pulverisette 7 Premium Line (Fritsch)
for 20 min at 250 rpm in Argon atmosphere.

Materials characterisation

The XRD samples were prepared by mixing the obtained product with isopropanol (= 99.7%,
VWR) and dispersing it on a flat glass plate mounted on the sample holder. All XRD patterns
of uncycled samples were collected using a D8 Discover diffractometer (Bruker, Cu-source, A
= 1.5406 A) with a point detector and fluorescence correction in the 26 range 10-100 ° (Q =
0.71-6.25 A™). One scan lasted ~3 h. The morphology of the BiFeOs particles was
investigated with a high-resolution Hitachi SU8230 cold-field emission SEM operated with an
acceleration voltage of 5 kV. The images were generated by secondary electrons, with a
working distance of 8.8 mm and magnifications ranging from 1000-25 000. The powder was
spread out on a carbon tape, attached to the sample holder, to fix the powder and ensure good
conductivity.

Electrode preparation

The battery electrodes were made by combining the active material (BiFeOs), binder
(carboxymethylcellulose sodium salt, CMC, Sigma-Aldrich), conductive agent (Carbon black,
Super P, Timcal) and solvent (distilled H>O) in an 8:1:1 ratio into a slurry in a Thinky mixer
(ARE 250). The mixing procedure consisted of 5 min mixing at a speed of 2000 rpm followed
by a defoaming step for 1.5 min at 750 rpm. After the mixing procedure, which was repeated
if necessary, the slurry was coated onto dendritic Cu foil (Schlenk, 10 pm thick) with a coating
height of 300 pm. The resulting electrode sheets were dried in air overnight, cut into 15 mm
discs the following day and were further dried in a Blichi oven at 60 °C under dynamic vacuum



for 3 h. Afterwards the electrodes were placed into a glovebox (MBraun Labmaster, H,O and
02 < 0.1 ppm) for coin cell assembly.

Electrochemical characterisation

Electrochemical characterisation was performed in half-cells with metallic Na as the counter
electrode. Na chunks (Sigma-Aldrich) were cut into smaller pieces, rolled flat and then stamped
into 14 mm discs. The discs were then brushed on each side with a toothbrush (medium, First
Price) to ensure a fresh surface. Each Na disc was placed in a coin cell (CR2032, stainless
steel, 304, Pi-Kem) together with separator (Whatman GE, 16 mm), wetted with 80 pl of
electrolyte, and the working electrode before the battery was closed using an automatic coin
cell crimper (Hohsen). The electrolyte was mixed inside the glovebox and consisted of 1 M
NaPFs (Fluorochem) in propylene carbonate (PC, 99.7%, Sigma-Aldrich) with 5%
fluoroethylene carbonate (FEC, 99%, Sigma-Aldrich) as additive.

Galvanostatic cycling (GC) of the batteries was carried out with a Neware battery tester (CT-
4008T-5V10mA-164) at 25 °C with a lower cut-off voltage of 0.01 V and current densities of
0.1 and 1 A g *with respect to the mass of BiFeOs. The active mass loading of the electrodes
was between 1-2 mg cm=. The upper cut-off voltage was 2 V for most of the measurements,
but it was reduced to 0.7 V for one measurement at 0.1 A gt andto 0.75 at 1 A g in order to
isolate the NaBi <= NasBi reaction. The higher upper cut-off voltage for the 1 A g measurement
was chosen to account for the increased overpotential at higher current densities. Cyclic
voltammetry (CV) measurements were performed with an MPG2 battery cycler (BioLogic)
using a voltage window of 0.01-2.00 V and sweep rates of 0.1 and 1 mV s,

Operando XRD

Laboratory manufactured operando cells similar to the one presented by Drozhzhin et al. with
glassy carbon windows were used for the operando XRD measurements [33]. The electrode
for the operando measurement over the course of 2 (de)sodiation cycles at 0.1 A g* was made
by drop casting the slurry directly onto one of the cell halves to optimise the XRD signals. The
measurement over 27 cycles used normal electrodes on Cu foil to ensure good electrochemical
performance. Apart from this the assembly was performed as similar as possible to the normal
coin cells. The GC measurements of these two operando measurements were performed
using an SP150 battery cycler (BioLogic) with a voltage range of 0.01-2.00 V and current
densities of 0.1 A g (2 cycles) and 0.2 A g* (27 cycles). The XRD measurements were
performed simultaneously with continuous still scans (10 min scan, Q = 1.26-3.65 A™) using
a Dectris Eiger2 R 500K detector on a Bruker D8 Advance diffractometer (Mo source, Akt =
0.7093 A, M2 = 0.7136 A, focussing mirror primary optic).

The high rate operando XRD measurement with a current density of 1 A gt and voltage range
of 0.01-2.00 V was also performed over the course of 2 cycles. This measurement was
performed with synchrotron radiation at BM31, which is a part of the Swiss-Norwegian Beam
Lines (SNBL), at ESRF with a wavelength of 0.24486 A and a Pilatus CdTe 2M detector from
DECTRIS. Each scan had an exposure time of 20 s with 15 repetitions that was averaged,
giving a total measurement time of 5 min per data point. The electrode used for this
measurement was coated with a wet thickness of 500 um on Cu foil.

Ex situ XAS

Electrodes for ex situ XAS were prepared in the same way as for normal coin cells. The
batteries were cycled at 0.1 A g™* between 0.01-2.00 V until the desired stage of cycling
(specified in main text) where they then went through a constant voltage step where the cut-
off voltage was held until the current was below 20 pA. The coin cells were then transferred to



the glovebox and disassembled with a coin cell disassembling tool (Hoshen). The electrodes
were carefully extracted from the disassembled coin cells, cleaned with ~0.5 mL DEC per
electrode and dried for 1 h inside the glovebox. Following this, the electrode material was
scraped from the Cu foil, ground carefully in a mortar and filled in 1 mm borosilicate glass
capillaries that were sealed with UV glue (Bondic). The XAS measurements on the Bi L3 edge
were performed in transmission mode with ion chamber detectors in the energy range of
13.32-14.10 keV, 0.7 eV step size and 200 ms exposure giving a measurement time of 3 min
and 44 s per scan. Each sample was measured with 2 repetitions, which were averaged in
Athena [34]. The Fe K edge was measured in fluorescence mode with an energy range of
7.05-7.26 keV, 0.3 eV step size and 200 ms exposure leading to a total measurement time of
2 min and 20 s.

Software and data treatment

To visualise the crystal structure of BiFeOs; we utilised Vesta [35, 36]. J-edit and Topas v6 [37]
were used for Rietveld refinements, while EC-lab and software from Neware were used to
process electrochemistry data. Python 3 and Origin 2020 were utilised for further processing
and plotting of the data, including python scripts provided by the BM31 staff. The Athena
software was used for processing and analysing the XAS data [34].

SUPPORTING INFORMATION

XRD and SEM data of pristine BiFeOs; (de)sodiation curves and cycling voltammograms at
different cycling conditions; ex situ XRD and XAS data from cycled BiFeO3; samples; contour
plot from operando XRD of BiFeO; over 27 cycles with corresponding dQ/dV curves; results
from surface Rietveld refinement of operando XRD of BixM0QOs

ASSOCIATED CONTENT

All the background data for this publication including procedures and scripts for data treatment
are available at dataverse.no [38]. Additional data and analysis from the BiFeOs; system are
also available [39].
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Section S1: Structural and morphological characterisation

BiFeOs; takes a distorted perovskite structure described in space group R3c using a hexagonal
unit cell (Figure S1b, Table S1). Due to the inert lone pair of the 6s orbitals of Bi** the FeOs
and the BiOi2 polyhedra are significantly distorted compared to the ideal perovskite structure.
The secondary particles of the synthesised BiFeOs; had a wide distribution in particle sizes
between 1-500 um in diameter, as shown by scanning electron microscopy (SEM), and they
consisted of primary particles with sizes ranging from 100-500 nm (Figure S1c and d). To
improve the electrochemical performance of the material, the sample was ball milled for 20
min at 250 rpm to pulverise the largest secondary particles without drastically changing the
nanostructures of the material. The SEM images of the ball milled sample showed that the
largest secondary particles after ball milling were <20 um in diameter, while the primary
particles were of the same size as the pristine sample (Figure Sle and f). The XRD pattern of
the ball-milled sample was similar to the pristine sample (Figure Sla). The only significant
difference was some peak broadening, which is probably due to strain from the ball milling.

Table S1: Structural information of the phases used for XRD analysis

Phase Space Z Unit cell Atomic sites
group p;rameters Atom | Wyckoff | x y z Source
(A)
BiFeOs3 R3c:H (161) | 4 a=5.57893 Bil 6a 0 0 0 ICSD:
c =13.86953 | Fel 6a 0 0 0.2206 192511
Ol 18b 0.444 0.018 0.9525
Bi203 P2i/c (14) 4 a=5.8486 Bil 4e 0.5240 | 0.1831 | 0.3613 COD:
b=8.1661 Bi2 4e 0.0409 | 0.0425 | 0.7762 9012546
c =7.5097 o1 4e 0.7800 | 0.3000 | 0.7100
02 4e 0.2420 | 0.0440 | 0.1340
03 4e 0.2710 | 0.0240 | 0.5130
Bi R-3m (166) 6 a=4.546 Bil 29 0 0 0.23389 | COD:
c=11.862 2310889
NaBi P4/mmm 1 a=3.46 Bil la 0 0 0 ICSD:
(123) c=4.8 Nal 1d 1/2 1/2 1/2 58816
h-NasBi P63/mmc 2 a=5.448 Bil 2c 1/3 2/3 1/4 COD:
(194) c =9.655 Nal 2b 0 0 1/4 1010291
Na2 Af 1/3 2/3 0.583
c-NasBi Fm-3m (225) | 4 a=7.66526 | Bil 4a 0 0 0 [1]
Nal 4b 1/2 1/2 1/2
Na2 8c 1/4 1/4 1/4
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Figure S1: a) XRD with Rietveld refinement of pristine BiFeOs and the sample after ball milling for 20 min at
250 rpm. b) Visualisation of the crystal structure of BiFeOs (space group: R3c). SEM images of c) pristine
BiFeOs particles with magnification of 100 x, d) pristine BiFeOs at 25 000 X, e) ball milled BiFeOs at 100 x, f)
ball milled BiFeOs at 25 000 x. All SEM images are generated by secondary electrons.
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Figure S2: XRD pattern fitted with Rietveld refinement of pure BiFeOzs obtained by sol-gel synthesis
followed by leaching with an aqueous solution of 10% HNOs.
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Figure S3: Galvanostatic cycling of leached BiFeOs. a) (De)sodiation curves plotted as voltage vs specific
capacity and b) specific capacity per cycle plot.

Section S2: Electrochemical characterisation

To evaluate the electrochemical performance of ball milled BiFeOs in NIBs, we conducted
several cyclic voltammetry (CV) and galvanostatic cycling (GC) measurements in half cells vs
Na/Na*. CV measurements with a sweep rate of 0.1 mV s showed two distinct peaks during
sodiation at ~0.6 and ~0.3 V (Figure S4a). The peak at ~0.6 V is larger during the first
sodiation than in the following cycles, and it has a clear shoulder on the right side starting
around 1 V. This peak (and shoulder) should correspond to the conversion reaction from
BiFeOs to Bi and the first step of the alloying reaction forming NaBi (reaction (1)). In addition,
some solid electrolyte interface (SEI) formation likely occurs in this region. The second peak
is characteristic of the second alloying step where NaBi transforms into NasBi (reaction (2)).



Na + Bi = NaBi D
2Na + NaBi = NasBi 2)

During desodiation, the peaks corresponding to the dealloying reaction of NasBi to NaBi is
present at ~0.7 V and the peak at ~0.8 V corresponds to the formation of Bi (Figure S4a). In
addition to these two peaks, there is a bump between 1.00 and 1.25 V that is related to the
further oxidation of Bi [2]. At the higher sweep rate of 1 mV s, the peaks are broader and
shifted towards lower voltages during sodiation and higher voltages for desodiation compared
to the measurement at 0.1 mV s (Figure S4b). This is most pronounced during the first
sodiation where the curve peaks around 0.1 V (shifted with 0.5 V), indicating that the initial
conversion reaction has limited kinetics. The peaks corresponding to the alloying reactions
during the following cycles are not shifted as much (roughly 0.1 V), indicating a lower
overpotential and better kinetics.

To further evaluate the electrochemical performance of BiFeOs; at different rates, GC
measurements at 0.1 and 1 A g~ were performed (Figure S4c and d). The initial sodiation
capacity of BiFeOs; was ~600 mAh g™t at 0.1 A g~*. The measured capacity is higher than the
theoretical capacity of the conversion and alloying to NasBi and a Na-Fe-O matrix with Fe3*,
which is 514 mAh g™. Some of this deviation between theoretical and experimental capacity
could be explained by redox activity of Fe, which is known to happen for BiFeOs [2]. The rest
of the deviation probably comes from SEI formation, sodiation of the conductive carbon and
uncertainty from weighing of the electrodes. The contribution from the conductive carbon is
estimated to be ~15 mAh g~ and the uncertainty of the weighing is ~10% for the electrodes
used in this study [3]. The most pronounced difference at the different cycling rates is the
conversion reaction during the first sodiation where the reaction starts at ~1.0 V in the 0.1 A
g~! measurement compared to ~0.5 V at 1 A g%. This is consistent with the CV measurements
(Figure S4a and b), which also showed a significant difference in the first sodiation. Apart from
this, the measurements at the two current densities are very similar, showing that the material
can handle high current densities without compromising on performance. The cycling stability
of BiFeOs is challenging as the capacity drops from ~450 mAh g™ at the second cycle to
approximately ~130 mAh g™ after 25 cycles (Figure S4e). Following this, the capacity is
reasonably stable up to at least 100 cycles, where the capacity ends up at ~120 mAh g™t and
~70 mAh g*for 0.1 Ag™and 1 A g%, respectively (Figure S4f). We have ~12 wt% Bi,O3 in
our sample, which is known to be electrochemically active in NIBs and show similar
performance as BiFeO; [4-6]. The Bi»Os impurities introduces some uncertainties to the
specific capacities presented in this paper, but should not alter the key findings.
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Figure S4: Electrochemical characterisation of ball milled BiFeOs. a) and b) cyclic voltammograms obtained
from CV measurements with a voltage range of 0.01-2.00 V and sweep rates of 0.1 mV s™' and 1 mV s™,
respectively. c) and d) (de)sodiation curves of selected cycles derived from GC measurements with current
densities of 0.1 A g™ and 1 A g™, respectively. e) and f) capacity per cycle plot comparing the cycling
behaviour at the different current rates, derived from the GC measurements.



Section S3: Other supporting figures and tables
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Figure S5: Ex situ XRD measured on a sealed capillary with BiFeOs extracted after the 15t sodiation. The
sample was extracted from 5 coin cells, cycled at 0.1 A g-! to 0.01 V, to obtain enough powder. Rietveld
refinement with corresponding phase fractions in wt% provided in the legend.
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Figure S6: XAS measurements of the Bi L3 edge. a) XANES and b) FT EXAFS spectra of BiFeOs, Bi2Oz and
Bi-foil. c) XANES spectra of BiFeOsz samples after 15t sodiation and desodiation compared to Bi»Os and Bi-
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Figure S7: XANES spectra of the Fe K edge. a) Pristine BiFeOz and BiFeOs after 15t sodiation compared to
Fe-oxide references and b) cycled BiFeOs samples at different stages of cycling.
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Figure S8: Operando XRD visualised as a contour plot (left) with corresponding (de)sodiation curves
(right) derived from a measurement of BiFeOz over the course of 27 cycles with current density of 0.2 A
g~! and voltage range of 0.01-2.00 V.
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Figure S9: dQ/dV plot derived from (de)sodiation curves presented in Figure 2b in the main article.
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Figure S10: Maximum normalised phase fractions for Bi and NaBi vs cycle number extracted from surface
Rietveld refinement on operando XRD measurement performed with a specific current of 0.1 Ag~and a
voltage range of 0.01-2.00 V from our previous study on Bi2MoOs [3].
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Figure S11: a) (De)sodiation curves and b) capacity per cycle plot from GC measurement on BiFeOs
cycled between 0.01-0.90 V with a current density of 0.1 A g™*.
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