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ABSTRACT

The pressure applied during the fabrication of LiFePO,-composite solid electrolyte bilayers via Cold Sintering Process (CSP) is
known to influence their electrochemical performance and structural integrity. In a previous work, the authors have reported
that bilayers sintered at high pressure (720 MPa) achieve high densification, but exhibit rapid capacity fading and poorer cycling
stability compared to those processed at lower pressures (300 MPa). This study employs the galvanostatic intermittent titration
technique (GITT), operando X-ray diffraction (XRD), and ex situ X-ray photoelectron spectroscopy (XPS) to elucidate the
underlying mechanisms hindering the performance in high-pressure bilayers. GITT reveals larger and progressively increasing
overpotentials and internal resistances, as well as irregular ion diffusion in high-pressure bilayers, suggesting altered lithiation
kinetics. Operando XRD identifies irreversible phase transformations alongside accumulation of inactive FePO, species, with
XPS confirming the presence of oxidized iron (Fe**) in the discharged cathodes sintered at high pressure. Notably, lattice
distortions in the b and c axes—key lithium diffusion pathways in the olivine structure—are more pronounced at 720 MPa,
indicating pressure-induced crystalline deformation modifies the energy barrier for lithium ion migration. Conversely, bilayers
sintered at 300 MPa maintain stable structural and kinetic behavior, enabling reversible cycling and superior performance.
These findings underscore the delicate balance required in CSP pressure to optimize densification of multi-component
structures without compromising electrode functionality, guiding the design of robust solid-state bilayers and multilayers for
next-generation battery technologies.

1 | Introduction

The growing demand for greener and higher-performance en-
ergy storage systems has accelerated the development of all-
solid-state batteries (ASSBs) as alternatives to conventional
lithium-ion batteries containing liquid electrolytes, aiming for

higher energy densities and safer operating conditions [1-3].
The concept of ASSBs involves the substitution of the organic
liquid electrolyte by a chemically inert solid electrolyte -
including polymer membranes, inorganic ceramics, or hybrid
composites—that eliminates safety hazards associated with
flammable organic solvents. Additionally, it is sought to achieve
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an enhanced thermal stability, potentially higher energy density,
and improved mechanical strength, which also opens up the pos-
sibility of using metals such as Li and Na or Si as electrodes to
benefit from their theoretical high specific capacity (3860, 1166 and
3579 mAhg™, respectively) [4]. Polymer electrolytes offer
mechanical flexibility, low interfacial resistance, and require simple
manufacturing processes, whereas ceramic electrolytes typically
exhibit superior ionic conductivity, thermal and chemical stability
and mechanical strength, but require energy-intensive production
routes [5-7]. With proper study and optimization, composite solid
electrolytes, which integrate both polymeric and inorganic phases,
can be designed to combine the properties of each component
while mitigating their individual limitations [8]. Depending on the
dominant phase and microstructure, composite solid electrolytes
are generally classified either as Ceramic-in-Polymer (CIP) or
Polymer-in-Ceramic (PIC) systems, each offering distinct ad-
vantages for tailoring the electrochemical properties to specific cell
requirements [9, 10]. While CIP composites have been extensively
explored, PIC architectures remain comparatively less studied,
despite their potential to deliver high ionic conductivity, robust
mechanical strength, and to suppress dendritic effects [11, 12].

One of the main reasons for the slow development of PICs is the
ongoing challenge of fabricating dense, defect-free solid elec-
trolytes and establishing low-resistance electrode-electrolyte
interfaces. High-temperature solid-state sintering processes
(>900°C) often cause the formation of secondary phases in
inorganic materials, which can be detrimental to the perform-
ance, and always the decomposition of the polymer phase due
to the high temperatures, limiting PIC electrolytes’ implemen-
tation. Consequently, CSP has emerged as a transformative low-
temperature (< 300°C) densification technique that employs
mid-to-high pressures and a transient liquid phase to consoli-
date metals, ceramics and polymeric composite materials due to
the low temperature required [13-15]. Pioneering work by
Randall and coworkers demonstrated the efficacy of CSP in
producing dense solid electrolytes and functional composite
architectures with good ionic conductivity and mechanical
properties, under the working frame of the pressure solution
creep theory [16, 17]. By enabling the co-processing of multi-
layered battery components while preserving their intrinsic
electrochemical properties and reducing energy consumption,
CSP offers a promising approach toward scalable manufactur-
ing of next-generation ASSBs [18, 19].

In a previous study, we demonstrated that bilayered structures
consisting of a composite solid electrolyte (CSE, 90wt.%
Li; 3AlysTi;, ,(PO4); and 10 wt.% polyethylene oxide—lithium
bis(trifluoromethanesulfonyl)imide (PEO,-LiTFSI) composi-
tion) and a LiFePO, (LFP) cathode processed via CSP, show a
strong dependence of the electrochemical performance on the
sintering pressure [19]. Bilayers sintered at 720 MPa exhibited
rapid capacity fading and poorer cycling stability compared
with those sintered at 300 MPa, which maintained a constant
specific capacity above 90 mAh g™*; rp at 1C for multiple cycles.
Operando EIS highlighted differences in cell kinetic limitations
associated with sintering pressure. This suggested irreversible
changes that affect the cathode structure, although the exact
nature of the observed phenomena remained to be clarified.

To achieve the cold sintering of entire ASSBs with optimal prop-
erties, it is essential to understand the phenomena affecting each
component of the battery under the processing conditions. While

LATP-based CSEs have been extensively studied, the sensitivity of
the cathode to processing variables, especially pressure, remains
unknown. This work focuses on investigating the structural and
chemical evolution of the LFP cathode under different sintering
pressures in bilayer assemblies with LATP-based CSE, aiming to
shed light on the origins of capacity degradation and support the
design of improved manufacturing protocols.

2 | Experimental Section
2.1 | Materials Preparation

The Li; 3AlysTi; 7(PO4)s-based CSE bilayers, with commercial
LiFePO, (Gelon Lib Group Co.) cathode active material, remain
the same as those employed in the groups' previous work re-
porting its preparation through a CSP and the EIS characteri-
zation of the two-component structures [19] Briefly, the high
sintering pressure (720 MPa) and the low sintering pressure
(300 MPa) bilayers presented an ionic conductivity of 0.17 and
0.5mS cm™, respectively. A thickness of 800 um and surface
area of 46.5mm? with a cathode mass loading of 3 mgcm ™
(electrode thickness of 10 and 16 um in 300 and 720 MPa,
respectively). More details about the solid-state synthesis and
processing and characterization of the NASICON ceramics, and
the CSP setup and conditions are deeply described in the
Supplementary Information and in previous works [20, 21].

2.2 | Cells Assembly

In this work, two-electrode 3/8" Swagelok-type PFA cells are em-
ployed for the galvanostatic cycling and are assembled inside an Ar-
filled glovebox (O, and H,O levels below 0.1 ppm). Li metal
(0.25mm, MSE PRO) is used as the counter and reference elec-
trode, and a glass microfiber (Whatman GF/A, 0.26 mm thick) is
used as a separator to avoid the Ti**/Ti** reaction between the
LATP and Li metal due to direct contact. To ensure Li* diffusion
from the Li metal to the ceramics, 5uL of 1M LiPF4 in EC:.DMC
(1:1vol., Sigma Aldrich) is employed, as the main goal of this work
is to study the phenomena on the cathode side of the cell. None-
theless, the small 2.5% open porosity of the CSEs (previously re-
ported) and the low amount of liquid electrolyte employed allow
the ceramic to act as the main electrolyte. 300 and 720 MPa bilayers
employed for the surface characterization after cycling were pre-
viously discharged to the LiFePO, state and disassembled inside the
glovebox without any rinsing procedure, and then transferred to the
X-ray photoelectron spectroscopy (XPS) in an air-tight transfer box.
For the operando XRD upon galvanostatic cycling, a self-designed
operando cell developed by Bresser et al. was employed, and the
half-cells were assembled as standard cells inside the glovebox [22].
The cell is made of stainless steel covered internally with a Mylar
foil for electrical insulation and presents an aluminum window
with a central hole where the cathode side is placed, through which
the XRD is performed, acting as an electrical contact with the
aluminum current collector of the cathode.

2.3 | Electrochemical and Microstructural
Characterization

For the estimation of the kinetic parameters, such as the
lithium-ion diffusion coefficient (Dy;*, cm? s™!), the ohmic
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drop, and for the comparison between series of bilayers, GITT is
employed. With this technique, the voltage response of the
material during a complete charge and discharge is studied by
applying short galvanostatic pulses of 300s (CC), followed by
open-circuit relaxation periods of 1800 s (see Figure S1). With
Equation (1), it is possible to calculate the diffusion coefficient
of the cathode upon the cycling, being v the CC pulse time
(300s), m the cathode active material mass (g), V,, the molar
volume of the cathode (cm® mol™), MW the molecular weight
(g mol™), S the electrode surface area (cm?), AE; and AE, the
potential change in the constant current step and in the
steady state (V vs. Li*/Li), respectively, and L the electrode
thickness (cm).

. 2 2 2
D+ = 4. (m_VV"] AL LT L @
Tt \MW-S AE; Dp+

To carry on the GITT analysis, a Biologic BCS 905 battery cycler
is employed, whereas for galvanostatic cycling prior to XPS
surface analysis, a Maccor 4000 battery tester is used. All elec-
trochemical measurements are done inside a climatic chamber
to control the temperature at 20 +1°C. The potential range
selected for the cycling of the cells is 2.7-4.2V versus Li*/Li,
and a theoretical specific capacity of 170 mAh g™' pp for the
LiFePO, is considered (1C=170mAg™"). The XPS is con-
ducted with a monochromatic Al Ka (hv=1487¢eV) X-ray
source, a Phoibos 150 XPS spectrometer and a microchannel
plate and Delay Line Detector. The high-resolution scans are
acquired using an X-ray source with a power of 200 W (12 kV), a
pass energy of 30eV, and energy steps of 0.1eV in fixed ana-
lyzer transmission mode. The deconvolution of the spectra is
performed using the CasaXPS software, with a nonlinear
Shirley-type background and 70% Gaussian and 30% Lorentzian
profile functions [23]. All the samples are calibrated with
respect to adventitious carbons at 285 eV [24]. A focused 5 keV
Ar sputtering ion beam (20min, sputtering rate of 0.8nm
min~) is used to gain depth resolution of the cathode material
to acquire more representative information about the oxidation
states. Operando XRD (Bruker D8 ADVANCE diffractometer,
Cu Ka radiation, 10°-80°, 20 range) upon de-/lithiation is
investigated in a 20 range from 20° to 38° with a step size of
0.0297° and an overall time of about 2h per scan in order to
obtain enough resolution, using the above-mentioned two-
electrode operando cell. The operando XRD cell is galvanosta-
tically cycled using a single-channel potentiostat/galvanostat
(SP-200, BioLogic), at a scan rate of 0.05C between 2.7 and
4.2V versus Li*/Li. The Le Bail fittings of the crystalline
structures from LiFePO, [Pmna (62), ICSD #53684] and FePO,
[Pnma (62), ICSD #92199] from the operando analysis are
performed using the JANA2006 program package [25-27]. The
X-ray diffractograms of the as-prepared bilayers for the micro-
strain investigations are refined with the FullProf software.

3 | Results

In a previous investigation, electrode-solid electrolyte bilayer
structures integrating the CSE (90wt.% LATP and 10wt.%
PEO,-LiTFSI) and the LiFePO, cathode were successfully pro-
duced via CSP at 150°C and a sintering pressure of 720 MPa.
This pressure was previously reported to achieve high

densification and acceptable ionic properties in the NASICON
ceramics. However, these bilayers exhibited rapid capacity
fading and reduced cycling stability [19]. Conversely, when the
CSP pressure was reduced to 300 MPa, significant improve-
ments in the ionic conductivity and cycling performance
were observed while maintaining structural integrity and den-
sification. The limitations in the high-pressure bilayers
(720 MPa) were initially attributed to kinetic constraints in the
cathode material, as a consequence of potential particle defor-
mation and crystalline distortion in the LiFePO,. Operando EIS
revealed that during a single galvanostatic cycle, the charge
transfer resistance (R.) doubled and the behavior of the
resistance associated to the de-/lithiation mechanism (Rag)
indicated inefficient energy storage, suggesting irreversible
processes. Despite these observations, the physical origin of
these limitations remains unclear.

In the present work, the GITT is first employed to investigate
the lithiation processes under galvanostatic conditions, to fur-
ther elucidate these pressure-driven kinetic limitations. First
introduced by Weppner and Huggins in 1977, GITT determines
kinetic parameters of electrode materials [28]. This method
applies brief constant-current (CC) pulses to the electro-
chemical cell, each followed by open-circuit relaxation periods.
By analyzing the potential response during and after each pulse,
Equation (1) estimates ionic diffusion coefficients and charge-
transfer kinetics in the cell, minimizing nonlinear effects while
distinguishing resistive from diffusional contributions. Through
quantitative analysis of ionic diffusion coefficients and cell
potential variations (overpotential, Ohmic drops, ...), this tech-
nique provides essential insights into the intrinsic kinetic
characteristics influencing the electrode material behavior.

Firstly, both 300 and 720 MPa bilayers are assembled in half-
cells versus Li metal. GITT is performed over a complete charge
and discharge cycle at 0.1 C, as shown in Figure 1a,c. After this,
the cells are cycled at the same C-rate for 10 consecutive
galvanostatic cycles. This cycle count is chosen because
previous work showed it is enough to reveal differences in cy-
cling behavior for 720 MPa bilayers (Figure 1e,f) [19]. Although
capacity fading is less pronounced, likely due to the low
cycling rate, differences in the specific capacity emerged
(155 mAh g™' pp for 300 MPa and 140 mAh g™ pp for 720 MPa).
Notably, voltage profiles during these 10 cycles revealed sig-
nificant differences: the 720 MPa bilayer exhibited increasing
overpotential during charge (Figure S2), consistent with prior
report. This suggests an increase in the internal resistance,
likely associated with charge transfer limitations. Immediately
after cycling, a second GITT measurement is performed
(Figure 1b,d). Despite the technique's long resting periods at
quasi-open circuit voltage (QOCV), the 720 MPa bilayer's volt-
age profile is still far from the expected 3.45V versus Li*/Li
plateau for LFP. Furthermore, the overpotential (ncc —Nqocv)
analysis (insets of Figure 1) shows no differences between the
first and the second GITT measurements for the 300 MPa
bilayer (approximately 50 mV of overpotential in the plateau
region). However, the 720 MPa bilayer shows not only a higher
initial overpotential than the 300 MPa bilayer (90 mV vs.
50 mV), but also an increase to 150 mV after the 10 intermediate
GITT cycles. This evolution during the GITT is plotted in
Figure 2a,c, highlighting the divergence between the low and
high pressure bilayers. While the 300 MPa bilayer maintains
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Insets of the GITT plots show the detail of the overpotential at a random time during the plateau region of the cycling.

4 of 12

Battery Energy, 2026

85U8017 SUOWIWIOD BA1Te81D) 3|qeol (dde ay) Aq pausenob ae sapile VO ‘85N JO Sa|n. 10y AkedTauljuQ AB|1/M UO (SUONIPUCD-pUe-SWe)LI0o A8 IM Aleld 1 jpuluo//sdny) SUORIpUOD pue swe | 8y} 88s *[9202/0/r2] Uo Areiqiauliuo As(im '9160jouyos L Ind Iinsu| unssiey Aq 00TOZ Z91d/2Z00T 0T/I0p/W0d A8 1M Alelq 1 puljuo//Sdny wouy papeojumod ‘Z ‘9202 ‘969189.2



0.8
300 MPa @ Before
O After

> .
> 0.6 o
E Charge d;
-E Discharge (e}
2 0.4' %

o

: -
D Q

3 0.2]

!
@G

oereiiit

0 30 60 90
C) Specific capacity / mAh g\,

120 150 180

0.8
720 MPa 8 Before
er

= 0.6
—
— (@)
-‘g Charge %
[ Discharge 8
2 0.4 T —— Q
o
o
—
(<)
>
o

60 90
Specific capacity / mAh g;

120 150 180

(=3
~—

300 MPa Q@ Before
O After
Charge
> 0.2 Discharge
— —
B —
o
(o]
[t
©
- 0.1
D
o Pcen = [4 - 4.5] kQ-cm .
e
0+ T

0 : . : .
0 30 60 90 120 150 180

d) Specific capacity / mAh g},

0.3
720 MPa Q@ Before
O After
O Charge
S 0.2 % Discharge
L —
~ O B —————
Q. o)
o 0
= o)
© Q after —
Q. Peell =
x e
- 0.1+
phefore = 10 kQ-cm

0 30 60 90 120 150 180

Specific capacity / mAh g\,

FIGURE 2 | (a, b) Overpotential and I-R drop versus specific capacity of the 300 MPa and (c, d) the 720 MPa bilayers extracted from the
galvanostatic intermittent titration technique (GITT) analysis. Insets of these plots show the overall resistivity of the cells. In black and red colors are
represented the charge and discharge procedure, and in solid and empty symbols the data from the initial and final GITT, respectively.

nearly identical overpotential profiles before and after the cy-
cling, the 720 MPa sample displays a continuous overpotential
growth within cycles during initial and post-cycling GITT
measurements, indicating a progressive deterioration of the
electrochemical response.

Consistent with these findings, the IR drop profile (Figure 2b,d)
tracks the evolution of the cell's internal resistance during cy-
cling. I-R drop is intentionally presented in V, as it represents
the real ohmic voltage drop experienced by the cells under
operation. To enable a direct comparison between bilayers with
slightly different cathode thicknesses, the resistance values ex-
tracted from the IR drop are additionally expressed in the plots
as an effective resistivity of the full bilayer, accounting for the

electrode area and total stack thickness. This representation
removes geometric effects and allows the resistive behavior of
the two pressure conditions to be compared on an equivalent
basis. This potential drop arises from the multiple resistive
contributions: the composite solid electrolyte (Rparp), the
charge transfer (R.) and lithiation mechanism (Rag). In
the previous work, operando EIS studies during galvanostatic
cycling revealed that Ryarp remained constant, while R, and
Rass dominated performance, especially in the high-pressure
bilayers, in which abnormal cycling behavior indicated kineti-
cally induced degradation at 720 MPa. In agreement with these
findings, the effective resistivity derived from the IR drop in the
present GITT study increases twofold time resistivity during
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intermediate cycling in the 720 MPa bilayers (from 10 to
~22kQ cm), whereas it remains stable in the 300 MPa samples.
Importantly, the evolution of the ohmic contribution upon
cycling—rather than its absolute value—is the critical feature,
as its marked increase occurs exclusively in the high-pressure
bilayers and signals pressure-induced modifications in the
cathode material, while the CSE remains stable.

This rise, coupled with the overpotential in high-pressure bi-
layers, suggests hindered electronic and Li* transport pathways.
Furthermore, an apparent Li* diffusion coefficient (Dy;*), as
derived from the GITT analysis, is studied here in order to
complement the observations of the de-/lithiation kinetics, due

a)
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to the observed change in the slope of the EIS spectra in the
low-frequency region in the previous report. It is worth noting
that, for olivine LFP undergoing a two-phase reaction, the dif-
fusion coefficient extracted from GITT should be interpreted as
an apparent kinetic parameter rather than pure solid-state dif-
fusivity, as it may also include phase-boundary motion or
mosaic transformation effects. The analysis via GITT before and
after the intermediate cycling (Figure 3) shows that for the
300 MPa bilayers the diffusion phenomenon tends to be stable
during the plateau region of the LFP (consistent with previously
reported values of diffusion coefficient for standard LFP cath-
odes, 107'*-10"®*cm?s™") [29-31] and gradually increases as
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FIGURE 3 | (a, b) Apparent Li* diffusion coefficient versus specific capacity of the 300 MPa and (c, d) the 720 MPa bilayers calculated from the
galvanostatic intermittent titration technique (GITT) analysis. In black and red colors are represented the charge and discharge procedure from the

initial and final GITT, respectively.
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the de-/lithiation mechanism is completed. This electrochemical
behavior aligns with expected slow kinetics of the two-phase
LiFePO, insertion-extraction mechanism [32]. In contrast, the
profile of the apparent Dy;* of the 720 MPa bilayer is observed to
be less stable, exhibiting pronounced drops during de-/lithiation,
which indicates an evolving and deteriorating kinetic response
rather than a well-defined two-phase transformation.

To provide more details about the oxidation state reversibility of
the LFP cathode material during the cycling, ex situ XPS was
performed on one fresh (before) and cycled (after) 300 and
720 MPa bilayers, with an intermediate cycling of 20 cycles at
0.1 C. Figure S3 shows the voltage profiles and specific capacity
evolution of both types of bilayers, performing similarly to
previous tests: the 300 MPa bilayer achieved a constant specific
capacity of 160 mAh g_lLFp with an reversible voltage profile,
while the 720 MPa presented an initial specific capacity of
150 mAh g_lLFP that faded on approximately 10 mAh g_lLFP,
matching with an increasing overpotential during these 20
cycles. Regarding the XPS analysis, Figure S4 show the C 1s
spectra of the cathode side for the two types of bilayers, before
and after cycling, employed to calibrate all the spectra with the
adventitious carbons (C-C/C-H at 285¢eV) [33]. In the case of
the P 2p spectra (Figure S5), all analyzed samples present the
same two peaks at ~133.2eV and ~134.1eV corresponding to
the (PO,);—and the P 2p orbital splitting, meaning that the
phosphate from the (Li)FePO, remains stable in all bilayers.
Figure 4a,b displays the fitting of the Fe 2p photoelectron
spectra, following the approximation of Gupta and Sen

a)
300 MPa - before

c)
300 MPa - after

Photoelectron yield / a.u.

multiplet structure and the commonly employed peak splitting
in iron species [34-36]. Notice that only the Fe 2ps,, orbital is
fitted for clarity. In both 300 and 720 MPa bilayers, their initial
spectra indicate the presence of Fe®*, corresponding to the
common oxidation state of the iron in fresh LFP. After the 20
cycles at 0.1 C, the Fe 2p spectrum (Figure 4c) shows that the
discharged 300 MPa bilayer remains unchanged. This con-
firmed a completely reversible phase transformation between
LiFePO, and FePO, during the cycling. However, the 720 MPa
bilayer spectrum (Figure 4d) required different conditions to
those of the other Fe 2p spectra for the peaks to be fitted, due to
subtle differences in the shape of the signal, involving the need
of inclusion of the Fe** peaks (see Figure S6 for a comparison
between the spectra with and without Fe** signal). This indi-
cates the occurrence of irreversible processes during the LFP/FP
transformation upon cycling, as the presence of Fe** traces in
the spectra of the theoretically LiFePO, phase suggests that a
small amount of the FePO, phase remains present in the
cathode after complete discharge.

In order to unveil the phenomena responsible for the observed
deterioration of the electrochemical properties in the high-
pressure bilayers, operando XRD is performed on both types of
bilayers. Samples are cycled in a half-cell configuration with the
operando self-designed cell at a cycling rate of 0.05 C and with
approximately 2h per XRD scan to acquire sufficient X-ray
signal from the cathode material during the de-/lithiation pro-
cess. These, plus the well-known electrochemical stability of
LiFePO, under such conditions, allow following the evolution

b)
720 MPa - before

Fe 2p

Fe 2p,,
Fe 2p,,

d)
720 MPa - after

Fe 2p;,

Binding energy / eV

FIGURE 4 |

T 1 1
730 725 720 715 710 705 700 730 725 720 715 710 705 700

Binding energy / eV

(a, b) XPS spectra fitting of the Fe 2ps,, species present on the fresh 300 and 720 MPa bilayers and (c, d) on the discharged 300 and

720 MPa bilayers after 20 cycles at 0.1 C and 20°C. XPS, X-ray photoelectron spectroscopy.
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of the phase transformation. At this rate and during the initial
cycles investigated here, the voltage plateau remains stable
around 3.4V versus Li*/Li, as expected for a well-behaved two-
phase reaction, without evidence of strong polarization or
kinetic perturbations. Consequently, the number of operando
XRD patterns per cycle can be reduced in favor of improved
signal-to-noise ratio, enabling reliable discrimination between
the LiFePO, and FePO, phases. This is further supported by the
monotonic and progressive evolution of the diffraction patterns
from one scan to the next, indicating a continuous phase
transformation rather than abrupt or transient structural
changes. Figure 5 summarizes all the XRD patterns during one
charge and discharge for both 300 and 720 MPa, between 28°
and 38° 26 degrees. In this range, the main reflexions from
LiFePO, ([020, 301, 311] and [121]) are highlighted in red, and
those from FePO, ([211, 020, 311] and [121]) are highlighted in
blue. One of the most evident differences between the two series
is the specific capacity achieved, ~160mAhg " zp for the
charge and discharge in 300 MPa, and ~130 mAh g_lLFp for the
charge of the 720 MPa, which had a capacity loss down to
~93mAh g™’ pp for the discharge (in the figure presented as
cycling time for the sake of clarity). If the relative intensity of
the peaks among the cycling is compared between the two
series of samples, it can be seen that in the 720 MPa bilayers
there is still a considerable amount of LiFePO, (red) present in
the fully charged stated (reflections [020] and [311]), in which
all the active material should be FePO,. Despite this remaining
unreacted phase being present in both bilayers, the intensity of
these peaks in the high-pressure ones is relatively higher. This
can be understood as an evidence of irreversible phase transi-
tion in the cathode—leading to less efficiency—which is in line
with the lower values of initial specific capacity obtained in all
cases, with respect to the theoretical 170 mAh g_lLFp of the
LiFePO,. As a result, it is understood that not all the cathode
active material present is available for the energy storage
mechanism. Furthermore, when tracking the [020] and [311]
reflections from the FePO, phase upon cycling, it is observed

that these peaks appear only in the 720 MPa bilayer once the
charged state is reached, but do not eventually disappear when
the cell is discharged to its initial state. This is also in agreement
with the XPS results, reinforcing the idea of the presence of
Fe®* in the discharged state. This can be directly related to the
observed progressive capacity fading of the material upon cy-
cling, which can be even intensified if the cycling rate of the cell
is increased, as more inactive FePO, phase is rapidly accumu-
lated. Liu, Q. et al. already reported this phenomenon to occur
in commercial 18650 LiFePO,-based lithium-ion batteries and
interpreted it as loss of active lithium and capacity fading
coincided with the progressive appearance of an inactive FePO,
phase in the XRD data. Nonetheless, this process can be ex-
acerbated in the cathode material of the present bilayers as the
LFP electrodes are subjected to much higher sintering pressures
than those subjected to classic calendering for the use in typical
liquid electrolyte-based cells [37].

To further investigate the effect of pressure on the particles of
the cathode active material, the lattice parameters of both types
of bilayers are analyzed upon cycling and presented in Figure 6
as a function of the corresponding XRD pattern. Note that the
parameters corresponding to LFP and FP are presented only
when the corresponding reflections are evident in the pattern.
The reference values of each lattice parameter for LFP and FP
are also shown in these plots, extracted from the XRD model
patterns. It can be seen at a glance that all the lattice parameters
in both types of bilayers are slightly displaced from the refer-
ence values in the same way, indicating the possibility of
crystalline distortion due to high CSP pressures, as suggested in
previous work, though in the case of the 720 MPa bilayer, this
displacement is far more evident. Further abnormal behavior
is identified on both LFP and FP in the b and c lattice
parameters—and thus in the cell volume—occurring in
the high-pressure bilayer: once the FePO, phase appears in the
cathode, the lattice parameters shrink until a certain point
coinciding with the end of the charging step, and then pro-
gressively increase to the initial values. While operando XRD

a) 300 MPa b) 720 MPa
— LiFePO, R _ N PR
FePO, Sz B 5883 858
40 Soe o T=== 30 —
— 4
35
1| 25 L\
|
30 )
20 .
£ 251 A E]
= AR 1 | &
(]
E 20 — 15 By E
= —— LA a
N, P N N
15 A 1 4L
I, W 10 | Afn =
10 y
— SRl |
51 »
A -
0 T T T T II T . - T . II
4 3 28 4 3 28 30 32 34 36 38
VIV vs. Li*/Li 26 / degree VIV vs. Li*/Li 20 / degree

FIGURE 5 |

(a) Operando XRD patterns of the 300 MPa and (b) 720 MPa bilayers upon cycling at 0.05C. Main reflections and patterns of

LiFePO, (red) and FePO, (blue) are displayed in red and blue, respectively. 26 (Cu Ka) window is displayed between 28° and 38° for the sake of

comparison. XRD, X-ray diffraction.
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FIGURE 6 | (a, d) Lattice parameters and cell volume of the 300 MPa and (e-h) 720 MPa bilayers calculated from the operando XRD patterns.

LiFePO, and FePO, phases are displayed in red and blue, respectively. Horizontal dashed lines highlight the value of the lattice parameter from the
reference patterns (LiFePO,, ICSD #53684 and FePO,, ICSD #92199) [25, 26]. XRD, X-ray diffraction.

inherently probes a representative structural response within
each acquisition window, the anomalous shrinkage-recovery of
the b and c lattice parameters is evident in the 720 MPa bilayers
and absent in the 300 MPa bilayers, indicating a pressure-
induced origin. The olivine LiFePO, structure exhibits an
anisotropic response due to the arrangement of its FeOs and
PO, polyhedra, resulting in crystallographic directions with
different mechanical compliance. Under CSP pressures
approaching the GPa range, part of the applied pressure can be
transferred directly into the crystallites, promoting anisotropic
unit-cell compression and subtle internal distortions. This
phenomenon is typically observed—with bigger lattice param-
eters changes—to materials presenting solid-solution phase
transitions, such as the layered oxides LiNi,_,_,Mn,Co,0, and
Li[Ni,CoyAl;_,_,]O, [38, 39]. On the contrary, olivine LiFePO,
is known to undergo a two-phase transition under standard
operating conditions (low to mid C-rates, no dopants and
common temperatures), in which the two phases coexist during
dis-/charge, independent from the model employed to describe
the phase transition (core-shell, Laffont's, mosaic, domino-
cascade...) [40-43]. However, it has also been reported that
under severe conditions, such as high dis-/charge rates (5-10 C)
or high temperatures (above 200°C), the de-/lithiation might
follow a solid solution-like mechanism through metastable
structures (Li,FePO,, 0 <x< 1) [44, 45]. In the present case, it
might be assumed that the 720 MPa bilayers undergo a solid-
solution phase transformations due to the notable variation of
the lattice parameters. Nonetheless, when the XRD patterns are
observed in detail it is only observed the reflections corre-
sponding to LiFePO, and FePO,, without any intermediate
species. Under altered two-phase transformation kinetics,
transient non-equilibrium structural states may in principle
occur; however, within the present experimental resolution, no
additional phases or abrupt structural changes are observed.

Thus, the fluctuation of the lattice parameters and the shift with
respect to the reference patterns can only be attributed to al-
tered de/lithiation kinetics due to the high sintering pressure.
These observations indicate that above a certain pressure limit,
the material might start to behave as if it was under stressful
operating conditions—just like very high dis-/charge rates,
leading to a poor electrochemical response.

Furthermore, it is worth mentioning that the abnormal behavior
of the b- and c- crystallographic axes upon cycling coincides with
these being the main Li* diffusion pathways in the olivine struc-
ture. According to atomistic investigations, [010] is the primary
migration channel for Li*, though the [001] direction can also
contribute to this diffusion, particularly at temperatures above
100°C, with a possible two-dimensional pathway [46-49]. Hence,
the variation of these lattice parameters in the high-pressure bi-
layers is related to a deformation of the crystal, especially in the
aforementioned directions. As a consequence of this modification,
the main lithium diffusion pathways are affected, increasing the
energy barrier for the charge transport, leading to the deteriorated
electrochemical behavior in the case of the high-pressure bilayers.
The effect of pressure on the Li* migration energy barrier was also
studied by Dong, H., et. al., with a systematic in situ synchrotron
XRD and DFT study, with pressures analyzed up to the GPa range
[50]. The authors concluded that this energy barrier increases with
the pressure along [010] and [001], although maintaining a one-
dimensional ionic diffusion pathway. To examine this hypothesis
in more detail, Rietveld refinement is performed on the XRD
patterns of the 300 and 720 MPa bilayers immediately after CSP to
gain insights into the LiFePO, microstructure of the as-prepared
samples (Figure S7). The average apparent size, representing the
effective coherent crystallite domain size contributing to diffrac-
tion, decreases significantly from 125.11nm at 300 MPa to
76.89 nm at 720 MPa, reflecting pressure-induced deformation of
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the crystalline domains. Meanwhile, the average maximum strain
shows an increase (from 16.18% to 17.98%, respectively), indicating
higher microstrain levels associated with the high-pressure CSP.
Hence, the constraint in the lithium transport in the cathode
crystal structure can be linked to the high sintering pressure,
which is eventually manifested by the increase of the internal
resistance (through the IR drop) and the increasing overpotential
upon cycling in the 720 MPa bilayers, leading to poor electro-
chemical performance compared to the 300 MPa ones due to the
irreversible behavior upon cycling. Therefore, the observed kinetic
limitations due to the high-pressure CSP reported in a previous
work through the operando EIS analysis can be attributed to the
cathode's particle and crystal deformations, as confirmed in this
work through a detailed microstructural characterization.

4 | Conclusion

The present study demonstrates that the pressure applied dur-
ing the fabrication of LiFePO,/composite solid electrolyte bi-
layers via Cold Sintering Process critically influences their
structural properties, and in turn, its electrochemical behavior.
Previous work has shown that bilayers sintered at high pressure
(720 MPa) achieve high densification but also exhibit a notable
electrochemical performance deterioration, including a lower
specific capacity and a rapid capacity fading, compared to bi-
layers processed at lower pressures (300 MPa). This degradation
is attributed to kinetic limitations in lithium transport within
the cathode, based on previous operando electrochemical
impedance spectroscopy results, showing increased internal
resistance and hindered charge transfer at high pressure. This
study provides a leap forward by using GITT and operando XRD
to gain deeper insight into these phenomena. GITT results
indicate larger and progressively increasing overpotentials and
internal resistances, as well as uneven lithium diffusion coef-
ficients in the high-pressure bilayers, signaling altered lithiation
kinetics. Complementary operando XRD and ex situ XPS
analyses reveal irreversible phase transformations characterized
by accumulation of inactive FePO, species, correlating with
constant capacity fading and incomplete phase reversibility.
Notably, more pronounced distortions in the b and c lattice
parameters—key lithium diffusion pathways in the olivine
structure—are observed in the high-pressure samples, suggest-
ing that pressure-induced crystal deformation raises the energy
barrier for lithium migration. In contrast, bilayers sintered at
300 MPa maintain a stable structural and kinetic behavior, en-
abling more reversible cycling and superior performance. These
findings underscore the delicate balance required when select-
ing the CSP pressure to achieve densification without compro-
mising cathode integrity and lithium transport, ultimately
affecting the reliability of the solid-state bilayers.
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Figure S1: GITT scheme of the voltage profile during the CC short
pulse phase and the subsequent open-circuit relaxation period.
Figure S2: (a) Cycling performance of the 300, 500 and 720 MPa bi-
layers at C/10 after the initial cycle. (b-c) The discharge (dark color) and
charge (light color) capacity of 300 MPa (black) and 720 MPa (red) bi-
layers at C/5 and 1C, respectively. (d) Third (solid line) and last (dashed
line) charge and discharge curves of the 300 and 720 MPa bilayers at
C/5 and 1C. All the cycling tests are conducted in the range of 2.7-4.2V
vs Li*/Li at 25°C. (Reproduced with permission from Ferrer-
Nicomedes, S. et al. Energy Environ. Mater. 2025, 8, €12886). Figure S3:
(a) Voltage profile and (b) specific capacity as a function of the cycle
number before XPS analysis. Data in blue and red correspond to the 300
and 720 MPa bilayers, respectively. Figure S4: XPS spectra in the C 1s
region of (a, c) the 300 MPa bilayer and (b, d) the 720 MPa bilayer.
Figure S5: XPS spectra in the P 2p region of a), ¢) the 300 MPa bilayer
and b), d) the 720 MPa bilayer. Figure S6. XPS spectra in the Fe 2p
region for the 720 MPa bilayer, comparing the signal fitted (a) with and
(b) without Fe** traces. Figure S7: Rietveld refinement of the bilayer
XRD patterns of (a) the 300 MPa and (b) the 720 MPa samples
after CSP.
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