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HIGHLIGHTS GRAPHICAL ABSTRACT

o Simultaneous acquisition of SAXS and
XAS spectra under operando conditions.

o SAXS-XANES approach first time
applied in the field of energy storage
materials.

e Jointly monitor electronic and nano
structural changes under operando
conditions.

o Identify state of charge and quantify
morphological changes. ‘%

e Improved reversibility of Sr-doped vs. -

EREON
non-doped Fe;O3 during first cycle. EN R
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ARTICLE INFO ABSTRACT
Keywords: X-ray absorption and small-angle x-ray scattering spectra were simultaneously acquired under operando condi-
Conversion reaction tions in a joined technique approach, for the first time applied in the field of energy storage materials. This

Small-angle x-ray scattering
X-ray absorption spectroscopy
Operando characterization
Fe,03

approach allows one to closely follow the electronic and local structure evolution, as well as monitor and
quantify the morphological and nanostructural changes occurring during electrochemical cycling. Here we
demonstrate its potential on the example of doped and non-doped Fe,O3 anode material vs. Li. Our results reveal
that upon discharge Fe®' is gradually reduced to the metallic state and segregated as nanoparticles. For the
relithiation reaction, upon subsequent charge, we observe improved reversibility for the Sr-doped compared to
non-doped and Ca-doped Fe;O3. We highlight that this combined technique approach is a reliable, facile and
powerful tool to investigate electrode materials under realistic cycling condition. It provides an unbiased and
holistic picture of the morphological and structural changes occurring during operation, which allows for
adequate material tailoring.
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1. Introduction

Operando measurements for characterising battery materials have
become very popular, since they allow monitoring of diverse electrode
material properties under realistic conditions, providing a reliable and
holistic picture of the internal mechanisms and processes occurring
during the electrochemical reaction [1]. In this regard, x-ray absorption
spectroscopy (XAS) is a particularly informative and hence attractive
technique. It probes element-specific the electronic and next-neighbour
structure, thus providing insights on the evolution of oxidation state and
local structural transformations. XAS is especially useful for battery
materials that undergo strong nanostructuring upon electrochemical
reaction, which impedes the use of x-ray diffraction (XRD) for their
analysis [2]. Furthermore, it has been shown that operando XAS can be
applied to explore the multistep reaction mechanism and reveal reaction
intermediates [3,4]. Moreover, XAS analysis can be coupled with im-
aging technique to gain qualitative information on the electrode
morphology under operando conditions [5,6].

Considerably less well-known, in the field of battery materials, is the
small-angle x-ray Scattering (SAXS) technique. In this technique the
signal intensity arises from scattering length density fluctuations in the
beampath, which permits the probing of morphology and structure in
the mesoscopic length scale, typically 1-100 nm [7,8]. Compared to
conventionally used microscopy (SEM, TEM) SAXS offers several
intrinsic advantages for morphological and structural examination of
electrode materials. Firstly, it allows probing of large sampling size
which reduces the bias. Secondly it offers the possibility to carry out
bulk sensitive quantitative analysis and thirdly it avoids the problem of
sample beam-damage. The possibility to extract quantitative structural
parameters such as average particle size and their packing density is an
unique asset of this technique. Moreover, SAXS can be comparatively
easy applied under in situ or operando conditions, leading to increased
precision, reliability and traceability of the experimental findings. Last
but not least, carrying out continuous operando measurement in a sealed
electrochemical cell circumvents problems of sample relaxation,
contamination or short circuiting, which are inherent to ex situ or post
mortem studies [1,9].

In previous battery-related studies the SAXS technique has been
primarily applied to investigate polymer-electrolyte or porous carbon-
based electrode materials [10-16]. Recently however, several studies
have demonstrated its versatility to monitor changes of morphology and
microstructure in conversion and alloy-type electrode materials
[17-21]. Such post-lithium ion electrode materials are of great interest
to the battery research community, since they hold the promise to
overcome the intrinsically low capacity of conventional insertion type
electrode materials. The large capacity of conversion and alloy-type
electrode materials is based on the complete reduction of the redox
centre to its metallic state. This reduction is accompanied by an
exhaustive structural rearrangement, inflicting substantial volume
changes (often >100%) and phase segregation [22]. These effects seri-
ously challenge the reversibility of the electrochemical reaction, as the
loss of electrode integrity and continuous formation of solid electrolyte
interface (SEI) on freshly exposed electrode surface lead to rapid ca-
pacity decay and low coulombic efficiency. The low reversibility of alloy
and conversion electrode reactions are seen as the main drawback for
their penetration into the commercial market. Therefore, monitoring
and constraining the morphological changes upon lithiation is of major
importance to pave the way for their application as greatly desired high
energy density electrodes for rechargeable lithium ion batteries.

Iron-oxide based electrode materials are particularly appealing for
large scale electrochemical energy storage due to the electrode mate-
rial’s abundance, environmental benignancy, low-cost and high safety
when employed as electrode material [23]. Moreover, Fe;O3 haematite
can take up to six Li per formula unit in a conversion reaction, resulting
in a very high theoretical capacity of 1007 mA h g~! [24]. Larcher et al.
showed that the lithiation reaction path and its reversibility strongly
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depend on the morphology of the Fe,Og starting material [25]. Inspired
by that study much follow-up work was dedicated to the synthesis of
Feo03 with diverse nanostructures to constrain and buffer the morpho-
logical changes in order to extend cycle life, see Lin et al. and references
there within [26]. Remarkable reversible capacity of up to 877 mA h/g,
rate capability up to 20 C and cycling stability of over 1000 cycles have
been reported for sophistically tailored Fe;O3; nanosheets [27]. As an
alternative approach, doping has been reported to increase intrinsically
low conductivity of Fe;O3 and preserve microstructure by preventing
fatal fracturing of nanoscaled electrode [28]. In this regard, enhanced
electrochemical performance due to improved charge transfer ability
was reported for Mn-doped Fe;O3 [29]. Likewise, improved long-term
cycling stability of Fep,O3 thanks to stress relief from metal dopant
buffer for Zn and Co doping was shown [30,31].

Microstructural changes, such as phase segregation, electrode frac-
turing, nanoparticle growth and agglomeration occurring in conversion
type electrode materials upon lithiation are often detrimental for their
electrochemical cycling stability. To address this challenge we present
here for the first time the application of a combined simultaneous SAXS-
XAS technique to the field of battery materials to qualitatively monitor
and quantitatively analyse the morphological changes under operando
conditions.

2. Experimental
2.1. Sample and electrode preparation

The Sr and Ca-doped Fe,O3 materials were synthesised via high en-
ergy ball-milling of Fe;O3 powder with their dopants’ respective car-
bonates. The carbonates were weighed so that the Sr or Ca content
corresponded to 12 wt%, powders were inserted into Zr vials and milled
in a planetary ball mill for 24 h. The resulting materials were then
thoroughly washed using acetic acid to remove any remaining carbon-
ates. The resulting powders were subsequently characterised to ensure
phase purity and successful carbonate removal. For the electrodes,
active material and carbon black were weighed out at a ratio of 7.5/1.5.
These were then further ball-milled under ethanol for 1 h and subse-
quently dried under vacuum overnight. A PVdF/NMP solution was then
added to the mixture so that the PVdF content corresponded to 10 wt%.
The slurry was stirred thoroughly before casting onto Cu foil and drying
under vacuum. Electrode processing was aimed at optimising spectro-
scopic results not their electrochemical performance. Specially designed
pouch cells were assembled, incorporating Cu-foil windows instead of a
full-laminated pouch so as to minimise the background scattering
contribution, see scheme in S.I.

2.2. Material characterization

X-ray diffraction patterns were characterised on X-ray diffractometer
(XRD, Rigaku, MiniFlex 600) using Cu-Ka radiation. Elemental analysis
and mapping were carried out by scanning electron microscopy (SEM,
HITACHLI, S-3400 N) at 10 kV with energy dispersive X-ray spectroscopy
(EDX, Oxford instruments, X-Max).

2.3. Joined operando SAXS - XAS

Specifically designed pouch cells were cycled for two complete
electrochemical cycles while being subject to synchrotron radiation in
transmission mode for simultaneous acquisition of SAXS and XAS
spectra. The experimental details for this joined setup at BM26A Dutch-
Belgian Beamline at the European Synchrotron Radiation Facility
(ESRF) have been previously described elsewhere [32]. The energy was
tuned via a double-crystal monochromator operating in fixed-exit mode
equipped with a Si (111) crystal pair. Energy calibration was performed
by measuring XAS of iron metal foil. The beamsize was about 1 x 0.5
mm and the acquisition time for SAXS images was 30 s using a 2D Pilatus
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Dectris detector. A photodiode was used to acquire absorption spectra,
and the acquisition took =~ 15 min per spectra. The 2D SAXS images were
integrated, normalized to electronic units and fitted using XRTools and
an in-house software [33]. Likewise, XANES spectra were extracted,
normalized, aligned, and cleaned using Athena software from Demeter
package [34].

3. Results
3.1. Material characterization

The x-ray diffraction pattern of the active electrode material of pure
and doped FeyOs are illustrated in Fig. 1. The three diffraction patterns
coincide greatly and all main features can be attributed to the well-
documented haematite structure (ICSD 15840) with R3c space group
[35]. Besides confirming mutual crystal structure, XRD reveals the
absence of phase segregation and impurities within the range of sensi-
tivity. The peak broadening was analysed using the Scherrer equation
revealing similar crystal domain sizes in the range of 32-36 nm for the
three materials. This is expected since crystal domain size is largely
defined by mechano-synthesis and heat treatment parameters which are
identical for all three samples. Interestingly, the peak positions for
doped samples are shifted to higher angles compared to pure Fe;Os, see
inset Fig. 1. The shift to higher angles indicates a lattice contraction as a
result of the creation of oxygen vacancies to maintain electronic
neutrality upon substitution of Fe>* by Me" dopant [31,36]. This along
with absence of minority phases, proves the effective incorporation of
the dopant into the crystal lattice. The shift is slightly more pronounced
for Sr-doped than for Ca-doped FeyOs, which could be linked to slight
deviation in doping level, vide infra.

SEM-EDX mapping of casted Sr and Ca-doped electrodes reveal ho-
mogeneous distribution of the dopants, see S.I. The doping level was
quantified to be ~ 7 and 10 at.% for Ca and Sr, respectively, resulting in
the approximate chemical formula of Meg oFe; 05,9, whereas Me = Sr or
Ca.

3.2. Operando SAXS-XAS analysis

The operando SAXS-XAS electrochemical cycling curves of all three
samples follow characteristic signature of micrometer-sized haematite
lithiation, see S.I. Upon discharge only a negligible small amount of
lithium is reacting at elevated potential of 1.3 V corresponding to
monophasic insertion of lithium in a solid solution [23]. This is ensued

T

|+ Fe,0,1dsD15840

| Sr-doped
4| —— Ca-doped
—— Pure

Normalized Intensity [arb. u]

20

Fig. 1. XRD pattern of pure Ca-doped and Sr-doped Fe,O3. Inset shows zoom of
xrd feature corresponding to (104) plane.
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by an extensive plateau centred around 0.8 V which represents the
biphasic conversion of Fe;O3 to metallic Fe and Li-oxide. Subsequently a
sloping curve is observed until the lower voltage cut-off is reached.
Among the three samples, Sr-doped Fe;Os has the smallest initial
discharge capacity expressed by a shortened conversion plateau and a
much steeper decay of the subsequent sloping curve. This suggests that
the Sr-doping restrains the conversion of Fe;0O3 compared to Ca-doped
and non doped Fe;Os. As the initial discharge reaction comprises
major SEI formation and other irreversible reactions, only a part of the
inserted charge is recovered upon subsequent delithiation (charge) [23,
30].

Operando Fe K-edge XANES spectra at selected states of charge;
pristine, end of first discharge (EOD1), end of first charge (EOC1), end of
second discharge (EOD2), as well as ex situ end of 10t charge (EOC10)
are shown in Fig. 2 for Fe,O3 pure (left), Ca-doped (centre) and Sr doped
(right), respectively. The absorption Fe K-edge which is susceptible to
the oxidation state and coordination of the absorber, reveals similar
shape and position for all three pristine materials, well matching the
Fe,03 reference spectra (pink dotted line). Furthermore, Extended X-ray
Absorption Fine Structure (EXAFS) spectra confirms that all three pris-
tine materials have very similar local structure, resembling closely that
of reference haematite see Fig. S5 (top) in S.I.

Upon first discharge (lithiation) the XANES edge shape changes
drastically for pure and Ca-doped FepOs. The white line intensity is
strongly reduced and the edge position is shifted to lower energy values,
which is in accordance with the reduction of Fe*3 to metallic Fe. The
predominance of metallic iron at the end first discharge (EOD1) is
confirmed by the similarity of the EOD1 spectra to that of Fe metal foil
reference (orange dotted line). The small differences between EOD1 and
metal reference spectra stem from bulk vs. nanoparticle (NP) confine-
ment of the Fe absorber. EXAFS Fourier transform confirms the effective
transformation from oxide to metallic nanoparticle for Ca-doped and
pure Fe;Ogs, see Fig. S5 (bottom) in S.I. For the Sr-doped Fe2O3 a less
pronounced change of the absorption edge is observed upon initial
discharge. Analogous to pure and Ca-doped Fe;Os, its edge is shifted to
lower energy values. However, the shape and position of Sr-doped EOD1
spectra does not resemble that of iron metal but lies between FeO(+II)
(grey dotted line) and Fe (0) metal reference. Due to the instability of
iron in the monovalent state, no XANES reference pattern are available
for fingerprinting this intermediate. Nevertheless, when compared with
literature, best agreement of the Sr-doped Fe;O3 at EOD1 is found with a
spectra of Fe;O3 reacted with 4 Li [25]. This implies that Sr-doped Fe,O3
is not reduced to metallic state at the end of first discharge, but remains
in an average intermediate oxidation state of ~ +I. This incomplete
reaction is also reflected by a lower discharge capacity of Sr-doped
compared to Ca-doped and non doped Fe;Os3 see S.1.

Upon inversion of the electrochemical reaction, charge (delithiation)
only small changes of the shape and position of the absorption edge
occurs for pure and Ca-doped Fe,O3, resembling still strongly that of Fe
metal reference. This implies that only a small part of the previously
formed metallic Fe NP are re-oxidised back to Fe;Os. On the contrary,
for the Sr-doped material an increase in peak intensity along with a shift
of the edge position to higher values is observed upon charge (EOC1).
The edge position of Sr-doped Fe,O3 coincides well with that of FeO
fingerprint, implying an overall oxidation number of ~+2. Although the
initial state is not recovered, it is salient that Fe K-edge of EOC1 of Sr-
doped resembles much more that of pristine state than for pure and
Ca-doped FeyOs3 spectra. This hints an increased reversibility of the
electrochemical reaction of the former. Nevertheless, at the end of sec-
ond discharge (lithiation), all three Fe;O3 samples reveal similar edge
shapes and positions resembling strongly that of metallic Fe. This sug-
gests that the peculiarity of Sr-doped material observed during first
discharge (EOD1) is not maintained during the subsequent cycles. This is
furthermore confirmed by ex situ XANES spectra after 10 complete cy-
cles (EOC10) revealing similar edge shape for all three samples, closely
coinciding with that of metal iron reference.
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Fig. 2. XANES spectra at selected points during electrochemical cycling; pristine, end of first discharge (EOD1), end of first charge (EOC1), end of second discharge
EOD?2, as well as ex situ end of 10th charge (EOC10) for pure (left), Ca-doped (center), and Sr-doped (right) Fe;O3, respectively. Dotted lines are fingerprint spectra of
Fe503, Fe30,4, FeO and Fe metal foil references.

To follow the morphological changes of the Fe;O3 electrodes upon
electrochemical cycling, small angle x-ray scattering spectra were ac-
quired simultaneous along with x-ray absorption spectra under operando
conditions. The scattering curves at distinct points of the electro-
chemical cycling, are depicted in Fig. 3 for pure (left), Ca-doped and Sr-
doped Fey0s, respectively. The background spectra (dotted orange line)
which contains combined scattering contribution of the air gap and all
cell components except the active material FeoO3 proves that main

scattering contribution originates from active electrode material.

10

Analogous to the XANES spectra, the SAXS spectra of all three
electrodes at pristine state are very similar. This confirms comparable
morphology and microstructure of the active material before electro-
chemical reaction. The absence of a plateau in the low q region indicates
the presence of large mesoscaled entities which are so large (micrometer
size) that the experimentally observed q range depicts only the tail of
their scattering contribution. Upon first discharge the scattering in-
tensity is reduced in the low q region (Porod) along with the formation

of a hump in the region of 1-3 nm ™. The observed decrease in scattering

0,1

Intensity [electr. u.]

0,01

Fe,O, pure

—— pristine |

——EOD1
— EOC1
——EOD2
----- EOC10

background

Fe,O, Ca-doped

Fe,O, Sr-doped

P R AR | M R A )

1
q [nm”]

1
q [nm™]

L e R A | T

1
q [nm™]

Fig. 3. SAXS spectra at selected states of charge;
pristine, end of first discharge (EOD1), end of first
charge (EOC1), end of second discharge EOD2 as well
as ex situ end of 10th discharge for pure, Ca-doped,
and Sr-doped Fe,O3 right, centre and left, respec-
tively. Dotted orange line background spectra con-
tains combined scattering contribution of air gap and
all cell components except Fe;O3 active anode mate-
rial. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web
version of this article.)
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intensity in the Porod region can be attributed to changes of this
mesoscale structure, in line with the fracturing of the bulk electrode.

The formation of a broad hump in the high q region (2-3 nm™})
points towards the formation of nanoparticles. It is noteworthy that
these changes are far less pronounced for Sr-doped than for the other
two FepO3 samples, suggesting a greater degree of morphological pres-
ervation in the former. Moreover, these changes are partially reversible
upon charge (relithiation) for Sr-doped Fe;Os, contrary to pure and Ca-
doped FeyOs3. For the later, a slight increase of hump intensity is
observed upon charge. This is well in line with the observation of
enhanced reversibility for Sr-doped Fe;Os; from XANES analysis see
Fig. 2. Nevertheless, after the second discharge (EOD2) a similar small-
angle scattering spectra were obtained for all three samples, suggesting
that the preservation of morphology is not maintained during second
discharge. The ex situ sample after 10 complete cycles reveals a further
increase in hump intensity along with a shift to lower q values, which
indicates a continuous growth in average size of the scattering objects. It
is noted that this continuous growth is less pronounced for Ca-doped
sample than for the other two, for reasons not certain at this point.
The contribution of thin surface layer (e.g. SEI) to the total scattering
signal can be considered as negligible due its small volume fraction
compared to total electrode thickness.

For enhanced comparability and traceability of the evolution of
electronic structure and morphology during the first 1,5 electrochemical
cycles vs. lithium, the complete operando data set of simultaneously
acquired XANES and SAXS spectra are plotted as contour plots for pure
and Sr-doped Fey0s3, see Figs. 4 and 5. The plot of Ca-doped is very
similar to that of pure Fe;O3 and is presented in the S.I.

The XANES plots reveal a gradual shift to lower energy values fol-
lowed by a rapid fading of the white line intensity upon initial discharge.
At the same time the emerging of a hump in the high q range can be
observed in the SAXS spectra. While this evolution is largely irreversible
in the case of pure FeyO3 (see Fig. 4) it is salient that for Sr-doped Fe,O3
(see Fig. 5) both the electronic structure and the morphological changes
are much more reversible during 1% charge. Although the pristine state
of Sr-doped Fe;03 is not recovered after one complete cycle (#38), it is
evident that the K-edge intensity is strongly increased and the intensity
of the hump in the q range 1-3 nm ™" is decreased, compared to the end
of initial discharge (#23). To illustrate the diverging evolution of SAXS
signal of pure and Sr-doped Fe,O3 upon first electrochemical cycle a 3D
plot comparing both data set is presented in Fig. S7 in S.L.

# spectra

7100

7120 7140

Energy [eV]

7160

7180
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3.3. SAXS fitting

In order to analyse the morphological changes quantitatively, oper-
ando SAXS spectra at distinct points of electrochemical cycling were
fitted to obtain characteristic parameters of the microstructure, see S.I.
for SAXS fits and further details. The evolution of the particle radius
(top), packing density (center), and Porod scattering intensity (bottom)
are presented in Fig. 6.

The top graph illustrates that the average size of the mono-dispersed
spherical scattering objects gradually increases for pure and Ca-doped
FesO3 upon electrochemical cycling. This reflects the formation
metallic iron nanoparticles as evinced by XAS. For Sr-doped Fe;Os
however, the particle size growth is less intense during the first
discharge and is even reduced after one complete cycle, reflecting the
enhanced reversibility of Fe NP formation. At the completion of the
second electrochemical cycle the particle size for Sr-doped sample in-
creases strongly and reaches comparable value as for other two samples
suggesting similar nanoparticles presence. The fact that particle size of
ex situ spectra (EOC10) is higher than that of EOD2 for all three samples
points towards a continuous growth or agglomeration of metallic iron
nanoparticles upon subsequent cycling. The packing density (or frac-
tion) parameter 1, which can range from 0 to 0.74, reflects the structure
factor contribution originating from particle scattering interference. At
pristine state 1 is close to zero, indicating that scattering particles are so
far from each other that no scattering interference occurs. Analogous to
the trend of the particle size evolution, 1 is strongly increasing for Ca-
doped and pure FeyOs upon first discharge, whereas for Sr-doped
FeoO3 the packing density increases less strongly. The observed rise in
packing density 1 is in good agreement with the formation of iron
nanoparticle, which result in a surge of particle interaction. Upon sub-
sequent charge, 1 is effectively reduced for the Sr-doped Fey03, while it
remains constant at an elevated level for the other two samples. The
second discharge shows an increase of particle interference for all
samples, with the Sr-doped sample attaining a similar level as the other
two samples. Last but not least, the evolution of the scattering intensity
in the Porod region is illustrated in Fig. 6 (bottom). This parameter
indirectly reflects the changes in the mesoscopic morphology of the
electrodes. While for pure and Ca-doped Fe2O3 a sharp drop upon initial
discharge followed by a plateauing is observed, a less severe reduction is
found for Sr-doped sample which is followed by a slight increase at
EOC1. This illustrates that the mesoscale structural changes for Ca-
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Fig. 4. Evolution of simultaneously acquired operando Fe K-edge XANES (left) and SAXS (right) during first 1,5 electrochemical cycles of pure Fe;O3 vs. Li.
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Fig. 5. Evolution of simultaneously acquired operando Fe K-edge XANES (left) and SAXS (right) during first 1,5 electrochemical cycles of Sr-doped Fe;O3 vs. Li.
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Fig. 6. Fitting parameters of particle size (top), packing density (center), and
Porod scattering intensity (bottom) of SAXS spectra at distinct points of charge;
pristine, end of first discharge (EOD1), end of first charge (EOC1), end of second
discharge (EOD2), as well as ex situ end of 10th discharge for pure (blue), Ca-
doped (red), and Sr-doped (green) Fe,Os, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

doped and pure Fe;O3 upon initial lithiation are further-reaching and
less reversible than for Sr-doped Fe,O3. However, analogous to particle
size and packing density, similar values are found for the Porod
parameter beyond EOC1. This suggests that the mesostructures of all
three Fe;O3 samples are converging after completion of the first elec-
trochemical cycle.

4. Discussion

The combined simultaneous operando XANES-SAXS measurement
provides a comprehensive picture of morphological, electronic and local
structural transformations upon lithiation of Fe;O3. The operando con-
ditions assure a high reliability, and consistency, as well as a low sample
bias of the findings. Element specific XANES reveals that upon initial

discharge, iron is effectively reduced to metallic Fe nanoparticles,
accompanied by strong changes of the electrode morphology on the
meso- and nanostructural scale, evidenced by SAXS. Upon delithiation
this reaction is only partially reversed. Interestingly, the degree of
reversibility differs strongly for the three examined samples within the
first electrochemical cycle. A comparison of the lithiation/delithiation
reaction of the three samples Sr-doped, Ca-doped and pure Fe;O3 elec-
trode reveals that the Sr-doped Fe;O3 shows improved reversibility in
terms of electronic and morphological structure compared to the other
two electrodes. These findings suggest that Sr-doping has a beneficial
effect on the reversibility of the conversion reaction by effectively sup-
pressing changes of mesoscopic and nanoscopic structure. A tentative
explanation could be an increased capability of Sr-doped Fe;O3 to store
lithium via intercalation mechanism rather than conversion mechanism,
which imposes less severe structural transformation. However, the
electrochemical signature of Sr-doped Fe,O3 does not indicate a more
pronounced solid-solution behaviour. A more likely scenario is the sta-
bilising effect of Sr-doping on the Fe,Os structure, impeding its complete
decomposition upon lithiation. This is in line with the observed reduced
capacity of the first discharge of Sr-doped Feo0s3. In this way it preserves
the electrode material from profound structural changes which facili-
tates the delithiation reaction. This is a well-known strategy for
enhancing reversibility in alloy-type electrodes [37]. Another beneficial
aspect of Sr-doping could be its potential role as an electrochemically
inactive mitigator, preventing nanoparticle aggregation and acting as a
structural anchor point, hence promoting the re-oxidation reaction,
analogous to titanium in the conversion reaction of TiSnSb vs. Li [38].
The fact that the enhanced reversibility of Sr-doped Fe,Os is lost after
the first cycle, underlines the need for further optimisation and material
tailoring studies. As previously stressed, controlling the particle size and
preserving electrode morphology and integrity is of crucial importance
for the cyclability of conversion electrode materials such as haematite.
The here for the first time applied combined simultaneous SAXS-XAS
technique provides valuable, qualitative and quantitative insights on
the structural and morphological changes under real cycling conditions,
thus pinpointing possible ways to mitigate and alleviate their detri-
mental effects. In this regard, the here presented confinement of
microstructure and morphology via Sr-doping is an interesting mean to
improve the low reversibility of Fe;Os, albeit at the cost of slightly
reduced total capacity. While in this study the simultaneous operando
SAXS-XAS was demonstrated on the example of a metal oxide anode, it is
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expected that the technique can be applied to a wide range of conversion
and alloy type electrode materials and for different battery chemistries.

5. Conclusion

In this study, we present a combined operando SAXS-XAS technique,
for the first time applied in the field of battery electrode materials. This
approach enabled us to follow simultaneously the electronic, morpho-
logical, local and mesostructural changes under operando conditions on
the example of the conversion reaction of FexO3’s lithiation. While SAXS
enabled us to closely monitor and quantify the structural changes,
XANES allowed their precise attribution to the state of charge of the
redox-active electrode material. The exhaustive data set reveals, that the
lithiation reaction is accompanied by the formation of iron nano-
particles, inflicting strong morphological changes. By comparing Fe-
samples of different dopants, we show that the degree of reversibility
of the conversion reaction is increased for Sr-doped compared to pure
and Ca-doped FeyO3 thanks to restraining of the microstructure and the
degree of discharge. The comprehensive insights obtained by this joined
technique provide a holistic picture of the structural changes of the
conversion electrode material under realistic conditions. Combined
SAXS-XAS is therefore a useful tool for deeper understanding of alloy
and conversion type electrode materials of different battery chemistries,
paving the way for adequate material tailoring solutions.
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