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Introduction

Electrochemical

energy storage systems,

Modifications of the charge—discharge behaviour
of Fe>(MoOy,);z in all-solid-state lithium-ion
batteriesT

Yuta Kimura, ©*2 Shintaro Kobayashi, ©® Shogo Kawaguchi, ©° Koji Ohara, & °°
Yasuhiro Suzuki, © ¢ Takashi Nakamura, © ¢ Yasutoshi Iriyama@d
and Koji Amezawa © 2

The solidification of lithium-ion batteries (LIBs) by replacing liquid electrolytes with solid electrolytes
enables the development of a new class of LIBs, namely all-solid-state lithium-ion batteries (ASSLIBs),
with improved safety and energy density. Such battery solidification can greatly influence the properties
of battery components, as exemplified by a recent report suggesting that the (dis)charge behaviour of
Fex(MoOy)s (FMO), a promising two-phase electrode material, differs on solid electrolytes compared to
liquid electrolytes. However, its underlying mechanism remains unclear. Here we examined the (de)
lithiation behaviour of FMO thin films on solid electrolytes using operando synchrotron X-ray diffraction
(XRD) to gain insights into the influence of the solidification on the (dis)charge mechanism of electrode
materials. The XRD results revealed that FMO on solid electrolytes exhibits a monotonic peak shift over
a wide capacity range, accompanied by a temporary peak broadening. This suggests that FMO possesses
an expanded solid-solution reaction region and a narrower two-phase reaction region in solidified
batteries compared to liquid-based LIBs. The altered (dis)charge behavior was suggested to be
thermodynamically driven, as it remained largely unchanged with varying rates and under open circuit
conditions. Qualitative analysis considering stress-induced variations in Gibbs free energy curves
demonstrated that external stress, potentially caused by the constraint of chemo-mechanical expansion,
can thermodynamically narrow the two-phase region when the chemical expansion coefficients of the
two phases of FMO differ. These findings highlight the significant impact of the battery solidification on
electrode material properties, emphasizing the importance of considering these unique issues in the
design of ASSLIBs.

further increasing due to their growing use in larger-scale, high-
current applications such as electric vehicles and smart grids.**

represented by Although these applications require further enhancements in

lithium-ion batteries (LIBs), are employed as power sources for
a wide range of portable electronic devices, including smart-
phones and laptops, and have become an indispensable tech-
nology in our daily lives."* Recently, the demand for LIBs is

“Institute of Multidisciplinary Research for Advanced Materials, Tohoku University,
2-1-1, Katahira, Aoba-Ku, Sendai, 980-8577, Japan. E-mail: yuta.kimura.b2@
tohoku.ac.jp

*Japan Synchrotron Radiation Research Institute, 1-1-1, Koto, Sayo-cho Sayo-gun,
Hyogo, 679-5198, Japan

‘Faculty of Materials for Energy, Shimane University, 1060, Nishikawatsu-cho, Matsue,
Shimane, 690-0823, Japan

‘Graduate School of Engineering, Nagoya University, Furo, Chikusa, Nagoya, Aichi
464-8603, Japan

“Institute of Materials and Systems for Sustainability, Nagoya University, Furo,
Chikusa, Nagoya, Aichi 464-8603, Japan

T Electronic  supplementary  information
https://doi.org/10.1039/d4ra03058c

(ESI) available. See DOI:

© 2024 The Author(s). Published by the Royal Society of Chemistry

the capacity, power output, cycle life, and safety of LIBs, it is
pointed out that the energy density of LIBs is approaching its
physicochemical limit.* Furthermore, the use of organic liquid
electrolytes poses intrinsic safety risks for current LIBs,
including leakage, thermal runaway, and explosion hazards.®

To address these issues, the solidification of LIBs by
replacing liquid electrolytes with solid electrolytes has attracted
significant attention.”” The use of inflammable solid electro-
Iytes eliminates the aforementioned risks associated with liquid
electrolytes, greatly improving battery safety. Moreover, solid
electrolytes potentially allow the use of Li metal anodes, which
would substantially increase the energy density.' Therefore,
fully solidified LIBs, namely, all-solid-state lithium-ion batteries
(ASSLIBs), are regarded as a next-generation electrochemical
energy storage technology and have been the subject of exten-
sive research and development efforts in recent years."**
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Through these ASSLIB studies, unique phenomena arising
from the solidification of LIBs have been reported. Both theo-
retical™'* and experimental**® studies reported that the space
charge layers, which cause the local inhomogeneous distribu-
tion of ions and electrons, forms at the interfaces between the
solid battery components.'” Such an imbalance in charge carrier
concentrations at the interface can lead to increased interfacial
resistance, potentially degrading battery performance.'®*
Furthermore, in ASSLIBs, the strain induced in electrode
materials by lithiation/delithiation, i.e., the chemo-mechanical
strain,® is rigidly constrained at the solid-solid interfaces,
resulting in significant stress in the battery components.”***
Such large stress not only causes mechanical degradation in
ASSLIBs, but also has been reported to greatly influence
various properties of battery components, including electrical
conductivity,***” electrode potential,>*®* reaction mecha-
nisms,**** and phase equilibria.**** As described above, battery
components in ASSLIBs are subjected to environments that
differ from those in liquid-based LIBs; consequently, their
material properties may deviate from those in their liquid-based
counterparts.

One example of this is the modulation of the (dis)charge
behaviour of Fe,(M00,); (FMO) on solid electrolytes. FMO is an
anti-NASICON-type polyanion compound that can reversibly
intercalate lithium and sodium ions, making it a promising
electrode material for lithium-ion and sodium-ion batteries.***°
Particularly, thin-film FMO with shorter ion diffusion distances
exhibits superior rate capability and cyclability,***>** and is re-
ported to demonstrate stable (dis)charge cycling in ASSLIBs.***
In liquid electrolytes, the lithiation/delithiation reaction of
FMO proceeds via a typical two-phase reaction between FMO
and Li,FMO, as confirmed by electrochemical measure-
ments*** and synchrotron X-ray diffraction (XRD) measure-
ments.*” Consequently, its (dis)charge curve exhibits a distinct
potential plateau in liquid electrolytes.®® On the other hand,
a recent study has reported that when FMO is deposited as
a thin film on a solid electrolyte, its (dis)charge behaviour
differs from that previously reported in liquid electrolytes.
Specifically, the potential plateau during the (dis)charge
becomes less pronounced, exhibiting a gradual potential vari-
ation instead.** This implies that the lithiation/delithiation
mechanism of FMO can be modulated on a solid electrolyte.
If the use of solid electrolytes causes the modulations of the
lithiation/delithiation behaviour of the electrode materials,
investigating the underlying mechanisms is important for the
proper design of ASSLIBs. Therefore, in this work, we examined
the lithiation/delithiation behaviour of FMO thin films depos-
ited on solid electrolytes using operando synchrotron XRD,
aiming to gain insights into the influence of the solidification of
LIBs on the (dis)charge mechanisms of electrode materials.

Experimental
Configuration and fabrication of ASSLIB cells

Fig. 1a depicts the configuration of the ASSLIB cell employed in
this work. Two FMO thin films, each with an area of approxi-
mately 16 x 6 mm” and a thickness of around 100 nm, were
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Fig. 1 (a) Schematic of the ASSLIB cell and (b) picture of the sample
holder employed in this work.

deposited on a Liy,AlLTi, (PO,); (LATP) (Ohara Inc. Japan)
substrate with a thickness of about 150 pm. On the opposite
side of the substrate, two LiCoO, (LCO) thin films with nearly
identical areas and thicknesses to the FMO films were depos-
ited. LATP has a reduction threshold of the electrochemical
window of approximately 2.2 V vs. Li*/Li,* precluding the use of
Li metal as a counter electrode. On the other hand, our previous
work has demonstrated that employing a LCO thin film as
a counter electrode enables the construction of ASSLIBs with
relatively high cyclability.*® Therefore, in this study, we utilized
the LCO thin films as the counter electrode, following our
established approach. Furthermore, a Pt thin film with a thick-
ness of approximately 30 nm was deposited on top of the FMO
films for current collection, while Pt and Au thin films with
a total thickness of around 100 nm were deposited on the LCO
films for the same purpose. The deposition conditions for the
FMO and LCO thin films were consistent with our previous
report.” The thickness of these films was measured using
a stylus surface profilometer (Dektak 6M, Veeco Instruments
Inc., USA). The cross-sectional SEM image and X-ray absorption
near edge structure (XANES) spectra of the FMO thin film are
included in ESI 1.7 Prior to the XRD measurements, one of the
FMO thin films was electrochemically lithiated to half of its
theoretical capacity (3.3 pAh cm ?)*®* by charging it as the
negative electrode, with the LCO thin film on the opposite side
of the substrate serving as the positive electrode. At this
capacity, FMO is known to exhibit a stable electrode potential of
approximately 3 V vs. Li'/Li. Thus, we employed this half-
lithiated FMO thin film as a reference electrode in the XRD
measurements. For the XRD measurements, a three-electrode
cell was configured with another FMO thin film as the nega-
tive electrode, the remaining LCO thin film as the positive
electrode, and the half-lithiated FMO thin film as the reference
electrode. The FMO thin film was (dis)charged (Fe,(MO,); + 2Li"
+2e” S LiyFe,(MO,);) with the cut-off voltages of —0.45 and
0.35 V vs. the reference FMO electrode, and at (dis)charging
current densities ranging from 0.51 to 51 pA cm 2,
sponding to C-rates of approximately 0.15C to 15C.

corre-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Operando synchrotron XRD measurements of FMO thin films

Operando synchrotron XRD measurements of the FMO thin film
during (dis)charging were performed at the BL02B2 beamline of
SPring-8 in Japan. To prevent exposure of the FMO and LCO
thin films to moisture in the air during (dis)charging, the
sample was placed in a sample holder equipped with a poly-
imide dome, as shown in Fig. 1b, and 100% He was flowed
inside the dome. X-rays with an energy of 15.5 keV and a beam
size of 1 mm x 20 pum were incident on the FMO thin film from
outside the dome at an incident angle of 0.5°. The XRD profiles
of the FMO thin film during (dis)charging were then collected
using a high-resolution one-dimensional solid-state detector
(MYTHEN).** The exposure time was set to 60 seconds for
measurements at (dis)charging rates of 0.4C and below, 30
seconds for measurements at 1C and 2C (dis)charging rates,
and 10 seconds for measurements at higher rates.

Results and discussion

XRD patterns of the pristine FMO thin film and that after
lithiation

Fig. 2 shows the XRD patterns of the pristine FMO thin film and
that after lithiation (XRD pattern after completing all
measurements is shown in ESI 27). The XRD patterns exhibited
peaks corresponding to the FMO thin film, as well as those of
the LATP substrate and Pt current collector. The peaks of the
FMO thin film agreed with the P2,/a monoclinic FMO,* and
exhibited polycrystalline nature. On the other hand, the 400
peaks were more prominent compared to that of the powder
XRD pattern of FMO, indicating a localized g-axis orientation of
the FMO thin film on the LATP substrate, in agreement with
a previous report.”® After lithiation, while no changes were
observed in the peaks of the LATP substrate and Pt current
collector, the positions of the FMO peaks, particularly the 200,
400, 114, 314, and 402 peaks, noticeably shifted to lower Q
values, consistent with those in the literature for the lithiation
of FMO in liquid electrolytes.’” In the following analysis, we
focused on the main peak (114, 314, and 402 peak) of FMO,
which exhibited the most significant changes during lithiation,
to track the lithiation/delithiation reaction of the FMO thin film
on the solid electrolyte.

T T T T
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T
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— Pristine i ! LATP
S % <Pt 1

~+114,314,402

Intensity / a. u.

08 10 12 14 16 18 20 22 24 26 28

Fig. 2 XRD patterns of the pristine FMO thin film and that after
lithiation.
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Lithiation/delithiation behaviour of the FMO thin film under
constant current (dis)charging

Fig. 3a presents the voltage curve of the FMO thin film during
lithiation with the charging current density of 1.0 pA cm >
(~0.3C). The horizontal axis corresponds to the voltage against
the reference FMO electrode, while the vertical axis denotes the
areal capacity of the FMO thin film. The charge capacity of
approximately 3.2 pAh cm 2 agreed well with the theoretical
capacity of FMO, suggesting that the FMO thin film was almost
fully lithiated during charging. As shown in this figure, the
voltage of the FMO thin film gradually changed with lithiation,
and no distinct potential plateaus were confirmed, in contrast to
the lithiation in liquid electrolytes.*”** Fig. 3b shows the evolu-
tion of the main peak of the FMO thin film during lithiation.
Throughout the lithiation process, essentially a single FMO main
peak was observed. The position of the FMO main peak gradually
shifted towards lower Q values during lithiation, finally reaching
the peak position of Li,FMO. Fig. 3c and d show the voltage curve
and peak evolution of the FMO thin film during delithiation with
the same (dis)charging rate, respectively. The evolutions of the
voltage and main peak of the FMO thin film during delithiation
were generally symmetric to those during lithiation. During
delithiation, the voltage gradually increased, and the main peak
shifted progressively to higher Q values, eventually returning to
nearly the same position as before lithiation. As described above,
the FMO on a solid electrolyte did not exhibit the reported peak
variation characteristic of a two-phase reaction, ie., a gradual
decrease/increase in FMO peak intensity at a fixed position and
a corresponding increase/decrease in Li,FMO peak intensity at
another fixed position, during lithiation/delithiation (see also ESI
3+).37% The lithiation/delithiation behaviour of the FMO thin film
on the solid electrolyte was thus confirmed to differ from that in
liquid electrolytes. The observed monotonous shift of a FMO
peak upon lithiation/delithiation suggests that the lithiation/
delithiation of FMO on a solid electrolyte proceeded via a solid-
solution reaction rather than a two-phase reaction. On the
other hand, focusing on the peak shape in the middle stage of
lithiation (~1.0-2.6 pAh ecm?), a small shoulder appeared on the
left side of the main peak, temporarily broadening the peak
width. Subsequently, the intensity of the right side of the peak
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decreased, rendering the peak sharper again. Similar to the case
of lithiation, the transient peak shape variation was also observed
during delithiation within the same capacity range. Such peak
shape variations may be an indication of the two-phase reaction
within the narrow capacity range in the middle stages of
lithiation/delithiation. To summarize, our results indicate that
the lithiation/delithiation behaviour of the FMO thin film on
a solid electrolyte was markedly different from that in a liquid
electrolyte. Considering the observed variations in the FMO main
peak, it can be inferred that the lithiation/delithiation reaction of
FMO on a solid electrolyte has a larger solid-solution reaction
region and a more limited two-phase reaction region in the
intermediate Li composition range, compared to that in a liquid
electrolyte. These results suggest that the (dis)charge mechanism
of FMO was modified due to some factors upon the battery
solidification. Then, the next question is what factor altered the
lithiation/delithiation behaviour of FMO on the solid electrolyte.
The potential factors that influence the (dis)charge behaviour can
be broadly classified into two groups, namely, thermodynamic
factors and kinetic ones. If a kinetic factor is responsible for the
observed variation in the lithiation/delithiation behaviour of
FMO on the solid electrolyte, the lithiation/delithiation behav-
iour will differ depending on (dis)charge currents. Therefore, we
next examined the (dis)charge rate dependence of the lithiation/
delithiation behaviour of the FMO thin film to assess the impact
of kinetic factors.

(Dis)charge rate dependence of lithiation/delithiation
behaviour of the FMO thin film

Fig. 4a and b present the evolution of the FMO main peak
during lithiation/delithiation and the voltage curve of the thin
film, respectively, at various (dis)charge rates ranging from
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0.15C to 15C (the (dis)charge curves with the voltage referenced
against the LCO thin film are shown in ESI 4t). Due to an
equipment malfunction during the measurement, the latter
half of the charging data and the first half of the discharging
data were lost for the voltage curve at 0.15C. While the FMO thin
film showed a degraded (dis)charge capacity of 74-78% of the
theoretical capacity at a rate of 15C, it exhibited a (dis)charge
capacity close to the theoretical value at lower rates. Regardless
of the (dis)charge rate, the peak position changed mono-
tonically with lithiation/delithiation in a broad capacity range,
and the transient broadening of the peak widths was observed
in the middle stage of lithiation/delithiation. As shown in these
figures, despite varying the (dis)charge current by two orders of
magnitude, the peak evolution behavior during lithiation/
delithiation appeared to be nearly independent of the (dis)
charge current. To quantitatively track the variations of the
position and width of the FMO main peak during lithiation/
delithiation at each rate, we fitted the main peak with
a Gaussian function and estimated its peak position and full
width at half maximum (FWHM). Fig. 4c and d illustrate the
changes in the position and FWHM of the FMO thin film during
lithiation and delithiation, respectively, at various (dis)charge
rates. At all (dis)charging rates, the peak position monotonically
decreased and increased during lithiation and delithiation,
respectively, with a temporary increase in FWHM in the inter-
mediate capacity range. The differences in the peak position
and FWHM between various (dis)charge rates were insignifi-
cant. Additionally, no systematic changes in the variation of the
peak characteristics were observed with respect to the (dis)
charge rate. These results suggest that the lithiation/
delithiation behaviour of FMO on a solid electrolyte is not
rate-dependent, and thus is not governed by kinetic factors. To
further investigate the influence of kinetic factors, we examined
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the evolution of the FMO peak during the open-circuit period
following high-rate lithiation. As depicted in Fig. 5a, the FMO
thin film was lithiated at 15C to approximately 1.2 pAh cm ™2,
a capacity at which distinct peak separation was observed with
the FMO in the liquid electrolyte,**® and then held under open-
circuit conditions. If the lithiation/delithiation behaviour of
FMO on a solid electrolyte is altered by a kinetic factor during
lithiation, FMO should gradually transform to a thermodynam-
ically equilibrated state, i.e., a two-phase coexistence of FMO
and Li,FMO, during open-circuit holding. Accordingly, the
single main peak of FMO should gradually split into two peaks
corresponding to the Li-rich and Li-poor phases. As illustrated
in Fig. 5b, however, the FMO peak did not exhibit significant
changes during the open-circuit period. Fig. 5c presents corre-
sponding evolutions of the peak position and FWHM of the
FMO peak. Although a slight shift in peak position towards
higher Q values and a minor decrease in FWHM were observed
within around 10 minutes of the open-circuit period, these
changes were inconsistent with those expected when FMO
approaches a two-phase state. From these results, it is strongly
suggested that the observed changes in the lithiation/
delithiation behaviour of FMO on the solid electrolyte are not
caused by kinetic factors.

Discussion on the thermodynamic alteration mechanism of
the lithiation/delithiation behaviour of FMO on a solid
electrolyte

If the influence of kinetic factors is negligible, the changes in the
lithiation/delithiation behaviour of FMO on the solid electrolyte
can be attributed to thermodynamic factors. A primary
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Fig. 5 (a) Voltage variation of the FMO thin film during 15C lithiation
and successive open-circuit holding. Evolution of (b) the main peak of
the FMO thin film and (c) its peak position and FWHM during the open-
circuit holding after the 15C lithiation.
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thermodynamic factor potentially influencing the lithiation/
delithiation behaviour of FMO on a solid electrolyte is the
stress arising from the constraint of the volume change of the
FMO thin film by the solid electrolyte substrate during lithiation/
delithiation. FMO is known to exhibit a large lattice constant
change of up to several percent upon lithiation/delithiation.”
Assuming an elastic modulus of approximately 100 GPa for FMO
for simplicity, the constraint of this lattice deformation is roughly
estimated to generate a stress ranging from several hundred MPa
to a few GPa within the FMO thin film. Such large stresses may
alter the lithiation/delithiation mechanism of FMO. Indeed,
stress is reported to alter the Li chemical potential of each phase
in the two-phase cathode material LiFePO,.** Furthermore, it has
been reported that interfacial strain between the substrate and
thin film can modify the lithiation mechanism of Fe;O, thin
films, a conversion-type anode material.** In the following,
therefore, we discussed whether stress can thermodynamically
alter the lithiation/delithiation behaviour of FMO. More specifi-
cally, we discussed if stress can thermodynamically expand the
solid solution region and contract the two-phase region of FMO
as suggested by our XRD measurements. Furthermore, we dis-
cussed what properties of FMO rendered its lithiation/
delithiation mechanism stress-dependent.

As schematically illustrated in Fig. 6a, the two-phase region
of FMO corresponds to the Li compositional range where the Li
chemical potentials (u;) of the Li-rich and Li-poor phases are
balanced, resulting in a potential plateau in the open-circuit
voltage curve. Thermodynamically, this region corresponds to
the Li compositional range between the points of tangency of
the common tangent line with the Gibbs free energy curves of
each phase as illustrated in Fig. 6b. Therefore, we here exam-
ined how stress altered the Gibbs free energy curve of each
phase in FMO and the common tangent line. Due to the lack of
necessary parameters to quantitatively describe the Gibbs free
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Fig. 6 (a) Schematic of open circuit voltage of FMO as a function of its

Li content. (b)Schematic of the Gibbs free energy curves of Li-poor
and Li-rich phases of FMO. Schematic of the variation of the Gibbs free
energy curve of each phase based on the eqgn (5) under the assumption
of (c)equal and (d) different «“"®™ for each phase.
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energy curve of each phase and the elastic constants of FMO, we
focused on a qualitative discussion of the influence of stress on
the lithiation/delithiation behaviour, based on the general
thermodynamic formula of the Gibbs free energy curves. The
energy change of both Li-poor and Li-rich phases of FMO under
strain can be expressed using the Helmholtz free energy,

1 . .
f(T7 stolaly X) :f(T7 07 x) + zCvijkl(Siejlastlceillastlc

1 ] .
=f(T,0,x) + ECijk] (S}j"t“] — sfjhem) (el — egrem)

1)
where fiT,e? x) and f{T,0,x) represent the Helmholtz free
energy per unit volume of each phase under strain and without
strain, respectively. The third term denotes the elastic strain
energy, where Cjjiq is the elastic constant and eijdasm is an
element of the elastic strain tensor, €721, g%l g the total

strain tensor of each phase, which is composed of the elastic
strain tensor and the chemo-mechanical strain tensor, e"*™;

total __

€ 8elastic + 8chem (2)

Using this equation, the Helmholtz free energy under stress
can also be expressed as shown in the second line of eqn (1). By
performing a Legendre transformation of this equation with
respect to strain, the Gibbs free energy per unit volume of each
phase under stress can be obtained as follows:

g(T7 G, x) = g(T7 va) - %Sijklaijakl - Uijeicjhem (3)
where g(T,o,x)and g(T,0,x) represent the Gibbs free energy of
each phase under stress and without stress, respectively. The
second and third terms on the right-hand side denote the
contribution of stress, where Sjjy is the elastic compliance and
o is the stress tensor. Assuming Vegard's law, the chemo-
mechanical strain of each phase is expressed as follows:

chem
g = o (x — xo)(i = 1,2,3) (4)
i

where «;; denotes the chemical expansion coefficient, which
represents the slope of the lattice constant of each direction (i =
1, 2, 3 corresponds to a, b, c-axis, respectively) with respect to
the Li content in FMO (x in Li,Fe(MO,);s). X, and af} are the
reference Li content and the reference lattice constant of each
axis, respectively. According to Yue et al., the lattice constants of
FMO along the a, b, and ¢ axes exhibit anisotropic changes upon
lithiation, with maximum variations of approximately —0.7, 2.0,
and —0.3%, respectively.®” For simplicity, we neglect the chemo-
mechanical strain along the g-axis, because our FMO thin film
exhibited a localized g-axis orientation and are less likely to be
constrained in this direction. Furthermore, we neglect the
chemo-mechanical strain along the c-axis since it is much
smaller compared to that along the b-axis. Therefore, we
consider only the chemo-mechanical strain along the b-axis (i =
2). Using eqn (4) and under aforementioned assumptions, the
Gibbs free energy can be expressed as follows:
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1 o
g(T, G,x) = g(T, O,X) — iSﬁiiO’iiz — 0 2%) (X - XQ) (5)
ay

To estimate the variation of the Gibbs free energy curve
under stress based on this equation, we first make a simplifying
assumption that qchem along the b-axis, ashem ig equal for each
phase. In this case, the Gibbs free energy curve of each phase
varies under compressive stress (o5, < 0) as shown in Fig. 6c.
Here, the reference Li content was set to x = 0.5. Moreover, we
assumed that the elastic compliance of each FMO phase was
equal and independent of the Li content for simplicity. Under
these assumptions, the second term in eqn (5) decreases the
Gibbs free energy curve of each phase by a constant value. In
addition to this, the third term modifies the free energy curves
by adding a linear term to each curve. The common tangent
lines of the free energy curves under stress and without stress
are represented by the black solid and grey dashed lines in
Fig. 6¢, respectively. As shown in this figure, although the free
energy curves of both phases and the common tangent line were
varied under stress, the positions of the contact points between
the curves and the common tangent line, i.e., the upper and
lower limits of the two-phase coexistence region, remain
unchanged in the case of equal a“"*™ for each phase. This result
is natural, as equal «™™ for both phases simply leads to the
addition of an identical linear term to the curves of both phases.
From these discussions, we can conclude that if «“™™ is equal
for both phases, the stress will not thermodynamically change
the two-phase region, regardless of its magnitude. Next, we
consider the case where the «“*™ differs for each phase, which
is more likely to be a case of FMO. It is reported that the change
in the lattice constant in the b-axis during lithiation is smaller
for the Li-poor phase compared to the Li-rich phase,*” indi-
cating that the «“™™ along the b-axis is smaller for the Li-poor
phase than the Li-rich phase. This is also indirectly supported
by our XRD measurements of the FMO thin film. As shown in
Fig. 4b and c, our results suggest that regions with lower Li
content exhibit smaller changes in peak position, i.e., smaller
lattice constant variations, during lithiation/delithiation
compared to regions with higher Li content. The variations of
the Gibbs free energy curves in this case are illustrated in
Fig. 6d, where we assumed that the «“"™ of the Li-poor phase is
considerably smaller than that of the Li-rich phase. The
common tangent lines under stress and without stress under
these conditions are represented by the solid black and grey
dashed lines, respectively. In this case, the two-phase region
becomes narrower under stress, because the different "™ for
both phases leads to the addition of a different linear term to
each phase. These discussions qualitatively reveal that for the
stress to thermodynamically affect the two-phase region of
electrode materials including FMO, the a“™™ of each phase
must differ. Moreover, the magnitude of the stress-induced
variation of the two-phase region is dependent on the differ-
ence in the «™*™ between the phases, rather than the absolute
values of a®"*™ for each phase, with larger differences resulting
in more pronounced variation in the two-phase region. Based
on the above discussions, it is suggested that the lithiation/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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delithiation mechanism of FMO on a solid electrolyte could be
varied due to the stress generated by the substrate constraints
because the a*"*™ of the Li-rich and Li-poor phases of FMO were
different. As shown in the above discussion, when applying two-
phase electrode materials including FMO to ASSLIBs, it is
important to consider not only the difference in lattice
constants between the phases, which determines the magni-
tude of the chemo-mechanical stress, but also the disparity in
a™®™ a5 it governs the influence of stress on the (dis)charge
mechanism.

Conclusions

We examined the lithiation/delithiation behavior of FMO thin
films deposited on solid electrolytes using operando synchro-
tron XRD to gain insights into the influence of the battery
solidification on the (dis)charge mechanism of electrode
materials. During (dis)charge, the main XRD peak of FMO on
the solid electrolyte exhibited a monotonic shift over a wide
capacity range, accompanied by a temporary increase in peak
width in the middle stage of (dis)charge, which was markedly
different from the peak evolution associated with the typical
two-phase reaction of FMO in liquid electrolytes. These results
suggest that FMO on solid electrolytes exhibits an expanded
solid-solution reaction region and a limited two-phase reaction
region compared to FMO in liquid electrolytes. The above-
described lithiation/delithiation behavior remained largely
unchanged with varying (dis)charge rates, as well as under
open-circuit holding after fast lithiation, suggesting that the
altered (dis)charge mechanism of FMO on solid electrolytes is
governed by thermodynamic factors rather than kinetic ones.
Considering the stress-induced variations in the Gibbs free
energy curves of each phase, it was qualitatively demonstrated
that the external stress, which is potentially caused by the
constraint of chemo-mechanical expansion of FMO by a solid
electrolyte, can narrow the two-phase reaction region. More-
over, it was shown that for the stress to thermodynamically alter
the two-phase region, the a*"*™ of each phase of the two-phase
material must differ. As described above, when the electrode
materials are exposed to large stresses due to LIB solidification,
their properties can significantly deviate from that in liquid
electrolytes. Therefore, when designing ASSLIBS, it is important
to consider the unique issues associated with the LIB solidifi-
cation, including stresses, to ensure that the electrode materials
can sufficiently exhibit their intrinsic performance.
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