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LiNiO, represents the Co-free endmember of the layered Ni-rich oxide family and offers the highest practical
capacity (energy density) among this class of cathode active materials (CAMs). However, its implementation in
thiophosphate-based solid-state batteries is hampered by structural instability and interfacial degradation,
particularly at high states of charge. Tungsten incorporation has been identified as a promising strategy to
overcome these limitations; proven benefits include reduced particle fracture and improved capacity retention.
In the present work, we systematically investigate a wetness impregnation approach applied at the precursor
stage to achieve uniform tungsten distribution throughout the bulk and along the grain boundaries. Differential
capacity analysis, electron microscopy, electrochemical impedance spectroscopy combined with distribution of
relaxation times analysis, X-ray photoelectron spectroscopy, and in situ gas analysis collectively show that
electro-chemo-mechanical degradation is mitigated during cycling. Taken together, these findings establish
tungsten incorporation via precursor impregnation as an effective and scalable route to stabilizing Ni-rich
cathodes, with direct implications for the development of high-performance, Co-free CAMs for solid-state bat-
tery applications.

1. Introduction Among layered cathodes, LiNiOy (LNO) represents the Co-free end-

member of the Ni-rich family and is highly attractive from cost and

Solid-state batteries (SSBs) using inorganic solid electrolytes (SEs)
are widely regarded as a promising alternative to conventional lithium-
ion batteries (LIBs) for application in electric vehicles (EVs) [1,2]. Apart
from enhanced safety and the potential for higher energy densities, the
cell design of SSBs can be simplified and optimized for high-throughput
production [3-5]. Thiophosphate-based SEs, such as argyrodite LigPSsCl
(LPSCl), are among the most promising candidates for SSB systems due
to their high ionic conductivity at room temperature and favorable
mechanical compliance, which enables intimate solid-solid contact in
composite electrodes [6,7]. However, their limited electrochemical
stability and high reactivity toward layered oxide cathode active ma-
terials (CAMs) remain major challenges [8-10].

* Corresponding authors.

sustainability perspectives. Stoichiometric LNO offers a high theoretical
specific capacity of 275 mAh/g and an average operating potential of
about 3.8 V vs. Li*/Li, making it a prime candidate for high-energy-
density batteries [11-13]. In practice, LNO suffers both from major
first-cycle capacity loss and from pronounced capacity fading during
cycling, which is commonly attributed to kinetic limitations and
intrinsic structural instabilities [13-15]. This kind of degradation is
linked to the formation of a resistive rocksalt (NiO)-type layer at the
surface (grain boundaries) and the presence of antisite defects, most
notably Ni%* occupying lithium sites (Nif;), which hinders ion diffusion
[14,16-18]. Furthermore, LNO cathodes undergo a detrimental H2-H3
phase transition during deep (de)lithiation, accompanied by large
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anisotropic volume changes [19-21]. The resulting mechanical stresses
promote microcrack formation and the progressive deterioration of
structural integrity, leading to contact loss and interfacial delamination
[22-25]. LNO is also intrinsically prone to cation disordering due to the
similar ionic radii of Li* (r = 0.76 A) and Ni%* (r = 0.69 A), leading to
partial intermixing even under near-stoichiometric synthesis conditions
[16,20,26,27]. While moderate lithium excess can suppress point-defect
formation, it often generates residual lithium-containing species that
increase interfacial resistance [13,28,29]. Consequently, mitigating
adverse phase transitions and stabilizing the particle structur-
e/morphology are key requirements for unlocking the full potential of
LNO.

High-valence elemental doping has emerged as an effective strategy
to address these challenges [30-33]. In particular, tungsten doping has
been reported to effectively improve structural integrity and cycling
stability [34-37]. While some reports suggest that tungsten occupies

a
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transition-metal sites in the lattice due to its comparable ionic radius
(W®*, r=0.60 A) to Ni®* (r = 0.56 A), it is often found as an ionically
conductive Li-W-0O secondary phase or segregated at grain boundaries
[35-42]. Such intergranular enrichment hinders migration along/across
the grain boundaries and suppresses primary-particle coarsening,
thereby  reducing microcrack  formation and  alleviating
electro-chemo-mechanical degradation [30,32,42,43].

Herein, we report an incipient wetness impregnation strategy
applied to Ni(OH); and NiO precursor CAMs (pCAMs) using a tungsten-
containing solution, followed by calcination in the presence of a lithium
source to obtain tungsten-modified LNO, referred to as W-LNO—Ni
(OH)2-5% and W-LNO—NiO-5%, respectively, in the following. By
combining detailed microstructural characterization with chemical,
electrochemical, and gas analyses, the effects of tungsten impregnation
on particle morphology, structural stability, and cycling performance
are systematically elucidated. The cyclability of the materials is

b
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Fig. 1. (a) Rietveld refinement of PXRD data collected from pristine LNO. (b) Rietveld refinement of SXRD data collected from W-LNO—Ni(OH)»-5%. Top-view SEM
images at different magnifications of (c) pristine LNO calcined at 700 °C, (d) W-LNO—Ni(OH)»>-5% calcined at 700 °C, and (e) W-LNO—Ni(OH)>-5% calcined at

800 °C.
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evaluated in two distinct cell environments, namely conventional LIBs
and thiophosphate-based SSBs, to assess the universality of the stabili-
zation effect. Post-mortem investigations provide further insights into the
electro-chemo-mechanical behavior.

2. Results and discussion

For the incipient wetness impregnation, a WClg solution was applied
to the pCAM, namely Ni(OH); or its dehydrated form (NiO) after heating
at 400 °C. In this process, 1.0 wt.% WClg was used [relative to 2 g of Ni
(OH)21, which corresponds to 0.5 wt.% elemental tungsten or 0.6 wt.%
WO3. Notably, this initial concentration accounts for ~1.0 wt.% relative
to the final LNO. Using a minimal solvent volume leverages capillary
forces to ensure proper surface wetting and even distribution of tungsten
species [11,31,44-48]. After drying, LiOH-H,O was added in a 5%
excess relative to Ni, and the mixture was heated under controlled
conditions to obtain tungsten-modified LNO. Unless otherwise specified,
W-LNO—NIi(OH),-5% refers hereinafter to the material synthesized
using 1.0 wt.% WClg and calcined at 800 °C. Of note, 3% lithium excess
was also tested for samples made from NiO as pCAM (see below).
Because Li-W-O species, such as Li;WOy, typically begin forming
above 600 °C and reach maximum crystallinity above 700 °C, a calci-
nation temperature of 800 °C was selected, aiming at a well-developed
microstructure [39,49]. In contrast, pristine LNO was synthesized at
700 °C, as higher calcination temperatures are known to promote
lithium loss and primary-particle coarsening, thereby negatively
affecting performance [13,50,51].

The crystal structure of both pristine LNO and W-LNO—Ni(OH)2-5%
was probed using powder X-ray diffraction (PXRD), synchrotron X-ray
diffraction (SXRD), and Rietveld analysis. As shown in Fig. 1a and b,
both CAMs exhibit a rhombohedral a-NaFeO, structure with space
group R—3m, suggesting that the layered framework is preserved upon
modification with tungsten. No distinct impurity reflections were
observed, indicating that any possible secondary phases are below the
instrumental detection limit, which is consistent with previous reports
on related tungsten-modified (Ni-rich) cathodes [18,49,52].

The structural ordering in LNO is governed by the ionic radii of Li*
and Ni?*/Ni®". Because Li* and Ni" are similar in size, partial cation
exchange between the lithium and transition-metal sites is thermody-
namically favored, resulting in the intrinsic formation of off-
stoichiometric Li; ,Nij,,O2 [18,53,54]. Here, a 5% excess of lithium
was used in the synthesis, which is generally expected to suppress the
formation of Nij; point defects by providing a lithium-rich environment
and compensating for lithium loss (volatilization) at elevated tempera-
tures [20,55,56]. Indeed, for pristine LNO, a Li*/Ni?* mixing of ~1.5%
was determined, as indicated in Table S1, matching observations by
Kurzhals et al. for similar synthesis conditions [20]. Upon introducing
W6+, it increased significantly to ~6.7% in W-LNO—Ni(OH),-5%. This
is attributed to the fact that high-valence tungsten induces partial
reduction of Ni®* to Ni2" to maintain charge neutrality, thus promoting
nickel migration into the lithium sites and increasing the unit-cell vol-
ume [36]. Interestingly, despite the higher degree of cation disorder,
W-LNO—NIi(OH),-5% exhibited a higher I(003)/1(104) ratio (1.35) than
the pristine LNO (1.26). For the latter material, a higher ratio typically
indicates superior layering (ordering). However, in tungsten-modified
systems, the increased Ni>" fraction and the potential formation of
local rocksalt-like environments can alter the intensity of the 104
reflection, making this ratio less directly comparable to the pristine
material [57].

The scanning electron microscopy (SEM) images in Fig. 1c—e reveal
that W-LNO—Ni(OH)2-5% calcined at 700 or 800 °C shows fine primary
particles, similar to those of the pristine LNO synthesized at 700 °C. This
stabilization is consistent with the segregation of high-valence dopants
at the grain boundaries. The enrichment exerts a kinetic pinning effect
that delays the coarsening of primary particles, even at elevated tem-
peratures [36,37]. The subtle morphological differences observed
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between W-LNO—Ni(OH)2-5% calcined at 700 and 800 °C likely relate
to the segregation of Li-W-0O and/or W-O species. At 800 °C, full
crystallization of these phases creates a more continuous and structur-
ally defined intergranular layer, resulting in a more uniform surface
morphology [39].

The results from energy-dispersive X-ray (EDX) spectroscopy map-
ping in Figure S1la and b confirm the presence of tungsten in both W-
LNO—Ni(OH)2>-5% samples. The W K, signals spatially coincide with
the Ni- and O-containing regions, suggesting that tungsten has been
successfully incorporated into the LNO particles.

High-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF STEM) combined with EDX spectroscopy was used to
elucidate the spatial distribution of tungsten and its correlation with the
local microstructure of W-LNO—Ni(OH);-5%. As shown in Fig. 2a, the
elemental mapping indicated a depletion of nickel at the grain bound-
aries and enrichment of tungsten. However, due to the low dopant
concentration, it is difficult to locate tungsten-rich clusters. Normally,
WO enriches locally in the formation of Li-W-O species near inter-
granular regions, a characteristic feature of high-valence dopant
chemistry that explains the limited solubility in the layered structure
[58].

Chemical identification was further pursued using electron energy-
loss spectroscopy (EELS). The spectrum in Fig. 2b shows a minor peak
at 595.5 eV, which can be assigned to the W Ny-edge, while character-
istic peaks for oxygen (529.3 eV) and the Ni Ly/Lz-edges (854.8/872.2
eV) are clearly resolved. Notably, the major absorptions for tungsten (M4
and Ms) are situated in an extended energy loss range that exceeds the
instrumental detection limit due to poor signal-to-noise ratio. Therefore,
a definitive conclusion regarding the exact oxidation state of tungsten
cannot be drawn solely from the EELS data. This is further corroborated
by the EDX spectrum in Figure S2a, which shows the W M-edge; the W
L-edges are nevertheless obscured by the high-intensity Ni K-edge
signals.

High-resolution STEM (HR-STEM) imaging revealed a distinct
structural gradient (Fig. 2¢), transitioning from a well-ordered layered
phase toward a rocksalt-type phase. In this sample, the strongly
increased Li*/Ni?" mixing induced by tungsten incorporation appar-
ently promotes this kind of phase transition. This observation is
consistent with the role of W in local charge compensation, which can
favor cation disorder and destabilize the layering, especially in near-
surface regions [36,41]. We note that the aforementioned structural
transition was further evidenced in a second region, as shown in
Figure S2b. Within the ordered domains, the interplanar spacing be-
tween the nickel columns was measured to be 4.7 A. This value is in
excellent agreement with the theoretically expected interlayer distance
for the (003) planes of rhombohedral LNO, confirming the integrity of
the R—3m framework [14,17]. The corresponding fast Fourier transform
(FFT) patterns in Fig. 2d and e corroborate the coexistence of layered
and rocksalt-type phases.

To further elucidate the atomic arrangement within the rocksalt
domains, HR-STEM (HAADF) was combined with annular bright-field
(ABF) imaging in Figure S2c and d. Comparison of the HAADF and
ABF images showed that the bright spots in the ABF data correspond to
the nickel columns and the gray features to oxygen (highlighted by red
arrows), thus confirming the presence of oxygen atoms between the
nickel columns and providing a more complete picture of the local NiO-
type reconstruction. In addition, STEM-EDX analysis of a grain-
boundary region is presented in Figure S2e. As in the previous obser-
vations, a decrease in nickel intensity was found at the grain boundary
relative to the oxygen signal, which remained uniform. While tungsten is
difficult to localize, the oxygen mapping results suggest that Li-W-0
and/or W-O species likely form at these interfaces. The associated EDX
spectrum is similar to that shown in Figure S2a, exhibiting a clear W M-
edge while the L-edges are overlapped by the Ni K-edge signals.
Although a definitive local enrichment is difficult to visualize by TEM
alone, the observed inhibition of primary particle growth at elevated
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Fig. 2. (a) HAADF image of W-LNO—Ni(OH)»-5% and corresponding results from elemental mapping. (b) EELS spectrum taken from a grain-boundary region, as
indicated in the inset. (¢) HR-STEM (HAADF) image showing the transition from layered to rocksalt-type phase and (d, e) corresponding FFT patterns.

temperatures is a clear indication of the segregation of tungsten species
(e.g. as Li;WOy,) at the grain boundaries, where they contribute to the
stabilization of the microstructure.

The electrochemical performance was first evaluated in LIBs (cath-
odes with 94% CAM and ~9 mgcay/cm? areal loading) using coin cells
with a lithium-metal counter electrode (25 °C, 3.0-4.3 V vs. Li*/Li).
However, prior to comprehensive electrochemical characterization, a
systematic screening of synthesis parameters was performed in SSBs to
identify the optimal calcination temperature and tungsten content for
the modified samples. First, pristine LNO was calcined at 700 and 800 °C
and evaluated over 100 cycles at 0.2C, as shown in Figure $3. The CAM
synthesized at 800 °C delivered a significantly lower initial specific
discharge capacity of 146 mAh/g at 0.1C (122 mAh/g after 100 cycles)
compared to its 700 °C counterpart, achieving 191 mAh/g in the first
cycle and retaining 153 mAh/g, likely due to increased cation mixing
and/or particle coarsening at the higher calcination temperature.
Interestingly, the tungsten-modified CAMs showed an opposite trend
(Figure S4a and b). Among these, W-LNO—Ni(OH)»-5% (800 °C)
achieved the highest initial specific discharge capacity of 209 mAh/g,
markedly outperforming the samples heated at 750 and 700 °C, which
only delivered 175 and 163 mAh/g, respectively. This superior perfor-
mance persisted after 20 cycles, suggesting that the formation of
favorable (surface) tungsten species requires calcination temperatures
exceeding 750 °C.

To determine the optimal tungsten content, the Ni(OH), pCAM was

impregnated with 1.0, 1.5, and 2.0 wt.% WClg, and the resulting ma-
terials, after calcination at 800 °C, were electrochemically tested both in
LIBs and SSBs (Figure S5a and b). In LIBs, W-LNO—Ni(OH)>-5% (1.0
wt.%) was found to deliver an initial specific discharge capacity of 229
mAh/g at 0.05C, with a capacity retention of 73% (relative to the first
cycle after battery formation) after 100 cycles at 0.5C (equivalent to 147
mAh/g). While W-LNO—Ni(OH)2-5% (1.5 wt.%) achieved a higher
specific discharge capacity of 242 mAh/g in the first cycle, it exhibited
more pronounced fading, also delivering 147 mAh/g after 100 cycles,
corresponding to a capacity retention of 70%. W-LNO—Ni(OH)2-5%
(2.0 wt.%) delivered the lowest initial specific discharge capacity of 223
mAh/g and retained only 134 mAh/g (70% capacity retention). In
comparison, pristine LNO started at 235 mAh/g, but suffered a signifi-
cant decline in performance and dropped to 133 mAh/g after 100 cycles,
corresponding to a capacity retention of only 63%.

In the SSB configuration, W-LNO—Ni(OH)2>-5% (1.0 wt.%) exhibited
the best overall performance, delivering an initial specific discharge
capacity of 209 mAh/g at 0.1C and achieving the highest capacity of 175
mAh/g after 100 cycles at 0.2C. Increased tungsten contents led to
relatively fast capacity decay, with W-LNO—Ni(OH)>-5% (1.5 wt.%)
and W-LNO—Ni(OH)2-5% (2.0 wt.%) both starting at about 203 mAh/g
and fading to 158 and 99 mAh/g, respectively. Interestingly, both W-
LNO—Ni(OH)2-5% (1.0 wt.%) and W-LNO—Ni(OH)2-5% (1.5 wt.%)
showed a characteristic increase in capacity during the first 40 cycles,
rendering capacity retention values less representative. Based on these
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results, a tungsten content of 1.0 wt.% and a calcination temperature of
800 °C were selected for further investigations, whereas 700 °C was used
for the pristine LNO.

To elucidate the influence of pCAM type and lithium stoichiometry,
W-LNO—NIi(OH),-5%, W-LNO—NiO-5%, and W-LNO—NiO-3% were
compared. Of note, the number (percentage) in the labels refers to the
excess lithium used in the synthesis, with W-LNO—NiO denoting CAM
prepared by impregnating the NiO precursor prior to lithiation, whereas
W-LNO—NIi(OH); originates from impregnation of the Ni(OH), precur-
sor. The first-cycle charge/discharge profiles of LIB coin cells in Fig. 3a
indicate that tungsten modification has no significant effect on capacity.
W-LNO—NiO-5% exhibited the highest initial specific discharge ca-
pacity of 236 mAh/g at 0.05C and a first-cycle Coulomb efficiency (CE)
of 90%. W-LNO—Ni(OH)2-5% and W-LNO—NiO-3% achieved capac-
ities of 229 and 231 mAh/g, respectively, corresponding to CEs of 87
and 89%. The pristine LNO delivered an initial specific discharge ca-
pacity of 233 mAh/g, with a CE of 90%.

The differential capacity (dg/dV) curves for the second cycle in
Fig. 3b reveal the characteristic H1-M, M-H2, and H2-H3 phase transi-
tions of LNO. Notably, the redox peaks of pristine LNO were slightly
shifted to higher potentials compared to the tungsten-modified samples,
indicating higher overpotential and slower reaction kinetics, even at an
early stage of cycling. The long-term cycling data in Fig. 3c highlight the
stabilization effect of tungsten. W-LNO—NiO-5% demonstrated the
most stable performance at 0.5C, retaining 164 mAh/g after 100 cycles
(79% capacity retention). Both W-LNO—Ni(OH);-5% and W-
LNO—NiO-3% showed moderate fading, retaining 145 and 140 mAh/g,
respectively, corresponding to capacity retentions of 72 and 70%. As
expected, pristine LNO exhibited the most pronounced degradation,
retaining only 99 mAh/g after 100 cycles, corresponding to a capacity
retention of 52%. The superior stability of W-LNO—NiO-5% may be
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attributed to its specific precursor morphology. The increased surface
roughness and porosity of NiO likely facilitate more effective tungsten
incorporation during calcination, thereby improving structural stability.

The evolution of the dg/dV profiles with cycling in Fig. 3d-f further
supports these findings. For pristine LNO, the phase-transition peaks
were significantly broadened and shifted to higher potentials by cycle
10, reflecting structural/morphological changes and increasing internal
resistance. In contrast, the tungsten-modified CAMs retained well-
defined redox features after 30 cycles. This suggests that the incorpo-
ration of tungsten helps suppress the irreversibility of the H2-H3 phase
transition and mitigate the electro-chemo-mechanical degradation
typically associated with layered Ni-rich cathodes.

Electrochemical measurements in the SSB configuration were con-
ducted on pellet-stack cells with LPSCI as the SE. Testing was performed
at an operating temperature of 45 °C and under an external pressure of
81 MPa within a voltage window of 2.3-3.7 V vs. In/InLi (equivalent to
about 2.9-4.3 V vs. Li*/Li). The areal loading was slightly higher than in
the LIB case (10-11 mgcam/cm?). Fig. 4 compares the cycling perfor-
mance of pristine LNO, W-LNO—Ni(OH)3-5%, W-LNO—NiO-5%, and
W-LNO—NiO-3%. In the initial cycle at 0.1C, W-LNO—Ni(OH)2>-5%
delivered the highest specific discharge capacity of 209 mAh/g, with a
CE of 87% (Fig. 4a). Both W-LNO—NiO-5% and W-LNO—NiO-3%
achieved lower capacities of 200 and 188 mAh/g, respectively, corre-
sponding to first-cycle CEs of 84 and 83%, while the pristine LNO
delivered 191 mAh/g and exhibited the lowest CE of 81%. It should be
noted that the CE stabilized quickly beyond 99.5% for all samples tested
in this work, even in the SSB cells.

The differential capacity curves for the second cycle in Fig. 4b reveal
fundamental differences in the phase-transition characteristics. Pristine
LNO exhibited a sharp peak for the critical H2-H3 transition in the high-
voltage range (> 3.5 V vs. In/InLi). This transition is typically associated
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Fig. 4. (a) First-cycle voltage profiles of SSB cells using pristine LNO, W-LNO—Ni(OH),-5%, W-LNO—NiO-5%, or W-LNO—NiO-3% at 45 °C. (b) Second-cycle
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with a sudden lattice collapse and distinct anisotropic volume changes,
which accelerate chemo-mechanical degradation (particle fracture,
interfacial delamination etc.) in the solid-state environment [59,60]. In
contrast, the tungsten-modified samples showed a significantly broad-
ened and attenuated H2-H3 peak, reflecting rather a “solid-solution--
like” transition. This is presumably due to the increase in Ni?*
concentration in the lithium layer induced by tungsten, serving as a kind
of structural pillar that helps mitigate the c-axis contraction associated
with the H2-H3 transition, thereby reducing anisotropic volume changes
and mechanical stresses during deep delithiation. A monotonic, detri-
mental effect of cation mixing on lithium transport is only expected
above ~8%, where vacancy depletion and Li-slab compression become
dominant [26,36,61].

The long-term cycling data in Fig. 4c corroborate these trends,
although the performance hierarchy differs from that of the LIB cells.
Following the C-rate test, W-LNO—Ni(OH)2-5% continued to perform
best, retaining 176 mAh/g after 100 cycles at 0.2C. W-LNO—NiO-5%
showed a similar trend up to about 40 cycles, followed by more pro-
nounced fading during prolonged cycling, ending at 153 mAh/g, while
W-LNO—NiO-3% exhibited the lowest capacity right after rate capa-
bility testing but converged toward a comparable value of 168 mAh/g in
the 100th cycle. The pristine LNO revealed a linear decay to 153 mAh/g.
Interestingly, W-LNO—Ni(OH)2-5% outperformed W-LNO—NiO-5% in
the SSB cells, which may be explained by the differences in precursor
morphology. Analogous to the behavior reported for layered Li-rich
oxides, where carbonate-derived materials with higher internal
porosity benefit from improved electrolyte infiltration and lithium
diffusivity, while hydroxide-derived counterparts with more compact
particle packing show superior interfacial stability, a similar picture
emerges here [62]. The more porous NiO-derived pCAM may facilitate
tungsten incorporation and electrolyte accessibility, promoting rate
performance in liquid-electrolyte cells, whereas the Ni(OH)s-derived
pCAM likely favors a more uniform surface enrichment of tungsten,
forming a protective, “coating-like” layer that is beneficial for the sen-
sitive CAM|SE interface in thiophosphate-based SSBs.

A notable feature of the tungsten-modified samples is the gradual
increase in capacity between cycle 10 and 40. Fig. 4d shows the evo-
lution of the H2-H3 transition for pristine LNO and W-LNO—Ni
(OH)2-5%. As mentioned earlier, pristine LNO showed a sharp peak in
the second cycle. At cycle 90, this peak clearly lost intensity and
broadened, indicating a loss of capacity in the high-voltage range
following prolonged SSB operation. W-LNO—Ni(OH),-5% retained an
attenuated peak, even after long-term cycling, suggesting more
controlled and better reversible phase transitions. This demonstrates
that the tungsten-modified CAM is capable of somewhat mitigating
lattice strain in highly delithiated states, thereby minimizing volume
variations and the loss of electrochemically active material. The dg/dV
profiles in Fig. 4e and f further highlight the different degradation
pathways. For pristine LNO, the H2-H3 peak progressively diminished in
intensity and shifted to higher potentials from cycle 1 to 90, reflecting
increasing polarization and impaired kinetics. By contrast, W-LNO—Ni
(OH)2-5% showed a significant attenuation of the H2-H3 peak between
cycle 1 and cycle 10, followed by stabilization at higher cycle numbers.
We observe that the attenuation in the early cycles is at least partially
attributable to an increased overpotential induced by the tungsten-
containing surface layer, which shifts and broadens the corresponding
feature in the dq/dV profile. The CAM|SE interfacial contact stabilizes
over the course of the first few cycles, as described in the section on
potentiostatic electrochemical impedance spectroscopy (PEIS). The
slightly increased H2-H3-associated charge in cycle 30, compared to
cycle 10, is consistent with the observed increase in capacity. This
atypical behavior suggests that tungsten-induced microstructural and
interfacial stabilization enables partial recovery of reversible lithium
storage after C-rate testing.

To better contextualize the electrochemical performance achieved in
this work, Table S2 presents a comparison with Ni-rich cathodes that
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have been reported in the context of sulfide-based SSBs, including un-
coated and coated variants of NCA (LiNi,Co,Al,02) and NCM (LiNi,.
CoyMn,05). Specifically, the initial specific discharge capacity, the first-
cycle CE, and the capacity retention after 100 cycles at 0.2C are
compared. As is evident, W-LNO—Ni(OH)2-5% performs well in this
dataset, delivering one of the highest capacities. However, direct
quantitative comparisons between different studies are inherently of
limited value, as the cyclability in SSBs depends on a number of
experimental parameters beyond the CAM itself, such as operating
temperature, loading, applied stack pressure, anode material, and the SE
used. These factors influence charge transport, interfacial stability, and
usable capacity and must be carefully taken into account when inter-
preting performance comparisons across different studies.

To further investigate this phenomenon, SSB cells incorporating
polymeric binders were evaluated (Fig. 5). For this purpose, composite
cathodes containing either polytetrafluoroethylene (PFTE, 0.5 wt.%) or
polyisobutylene (PIB, 1.0 wt.%) were produced by dry and wet pro-
cessing, respectively, and compared with the binder-free powder
configuration. In all cases, the areal loading was 10-11 mgCAM/crnz. The
PIB-containing cells achieved a superior initial specific discharge ca-
pacity of 223 mAh/g (~2.2 mAh/cm?) at 0.1C and retained 182 mAh/g
(~1.8 mAh/cm?) after 100 cycles at 0.2C, corresponding to a capacity
retention of 92% (relative to the first cycle after rate-capability testing).
The PTFE-containing cells achieved 215 mAh/g (~2.4 mAh/cm?) but
suffered from a more pronounced fading during cycling, retaining only
161 mAh/g (~1.8 mAh/cm?, 82% capacity retention). Both systems
delivered stable capacities immediately after C-rate testing, indicating
that the presence of a binder ensures improved mechanical integrity and
better contact between the particles. The suppression of capacity creep
provides mechanistic evidence that this phenomenon is not an intrinsic
electrochemical activation of the CAM itself, but rather a consequence of
changing interactions between particles in binder-free cells upon
cycling. The addition of a binder apparently creates a more robust
cathode structure, even before cycling, thus suppressing this kind of
“activation” and ensuring consistent long-term performance.

To further elucidate the origin of the enhanced electrochemical
performance and the peculiar capacity evolution of the tungsten-
modified samples, PEIS analysis was performed (Fig. 6). Impedance
spectra were recorded after charging the cells to 3.7 V vs. In/InLi, fol-
lowed by a 1 h relaxation period under open-circuit voltage (OCV)
conditions. This protocol ensures a well-defined (delithiated) state while
minimizing the transient contributions of the In/InLi anode in the mid-
to low-frequency range, as suggested in the literature [63,64]. The
Nyquist plots for SSB cells using pristine LNO, W-LNO—Ni(OH)»-5%, or
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Fig. 6. (a) Nyquist plots of the electrochemical impedance of SSB cells (at the end of charge) using pristine LNO, W-LNO—Ni(OH);-5%, or W-LNO—NiO-5% after
100 cycles at 0.2C and 45 °C, including ECM fitting. (b) Corresponding Rp,k and R, and (c) DRT patterns. (d) DRT patterns of W-LNO—Ni(OH)»-5% for cycles 10

and 30 at the end of charge.

W-LNO—NiO-5% after 100 cycles at 0.2C in Fig. 6a show that both
tungsten-modified CAMs exhibited a significantly lower impedance than
pristine LNO. For quantitative analysis, the Nyquist plots were fitted
using an equivalent circuit model (ECM). Details can be found in
Figure S6 and are summarized in Table S3. As can be seen from Fig. 6b,
all samples had a comparable bulk resistance (Rpy) with an average
value of 21.1 Q, while the interfacial resistance (Rj,s) showed major
differences. In principle, R, includes contributions from the resistance
of the as-formed cathode-electrolyte interphase (CEI) and from
charge-transfer processes at both the cathode and anode interfaces [65,
66]. Although it is challenging to distinguish individual electrochemical
processes from overlapping semicircles solely through ECM fitting in the
frequency domain, the Rj,¢ value can still provide direct insight into the
positive effect of tungsten modification. Specifically, W-LNO—Ni
(OH)2-5% showed the lowest Rjy (12.1 Q), whereas W-LNO—NiO-5%
exhibited a value of 29.5 Q. In contrast, pristine LNO revealed a drastic
increase in Rjy¢ to 52.7 Q, indicating a significant deterioration in re-
action kinetics and interfacial integrity. This result confirms that the
introduction of tungsten effectively limits the increase in interfacial
resistance during SSB operation.

To better understand the individual contributions, distribution of
relaxation times (DRT) analysis was performed. As shown in Fig. 6¢, the
peaks in the DRT patterns reflect characteristic electrochemical pro-
cesses. The time constants of interfacial kinetic processes can be divided
into two main regions: (i) an intermediate-frequency range with 107> s
<71<1072 s, attributed to the as-formed interphase, and (ii) a medium-
to-low-frequency range with 1072s < 7 < 1 s, associated with charge-
transfer processes [66,67]. A comparison of the cathodes after 100

cycles (Fig. 6¢) indicates that the primary cause of interfacial kinetic
hindrance lies in the charge-transfer processes in region (ii), with the
pristine LNO being most severely affected. Among the
tungsten-modified samples, W-LNO—Ni(OH)»-5% exhibits more favor-
able kinetics than W-LNO—NiO-5%, in good agreement with the
ECM-based analysis presented above.

The evolution of DRT peaks for W-LNO—Ni(OH)2-5% during cycling
further provides a possible explanation for the observed increase in
capacity in the initial cycles. Fig. 6d shows a distinct peak in region (i)
after 10 cycles, followed by a marked decline by the 30th cycle. This
trend is closely linked to the creep behavior discussed above, suggesting
progressive interfacial stabilization. We assume that this is due to the
fact that the tungsten-containing secondary phases gradually reach a
structural equilibrium under the applied external pressure and electro-
chemical stress. Such a process likely optimizes the lithium and electron
transport pathways and improves contact between the CAM and SE
particles.

A cross-sectional analysis was then performed using SEM to assess
the structural integrity of the cathodes after 100 cycles at 0.2C, as shown
in Fig. 7. For pristine LNO (Fig. 7a), severe mechanical degradation was
evident. Intergranular cracks were clearly distributed throughout the
entire secondary particles and extended from the surface deep into their
interior. These cracks appeared across multiple length scales, indicating
chemo-mechanical fatigue caused by anisotropic lattice strain during
(de)lithiation. Such structural disintegration increases the interfacial
area for parasitic side reactions with the SE, eventually leading to
electrochemical isolation of CAM fragments [68-70]. In contrast,
W-LNO—NIi(OH)2-5% (Fig. 7b) exhibited significantly improved
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3

Fig. 7. Cross-sectional SEM images of the composite cathodes after 100 cycles at 0.2C and 45 °C in SSB cells. (a) Pristine LNO and (b) W-LNO—Ni(OH)»-5%.

structural integrity. The secondary particles remained relatively dense,
with only a few visible microcracks. Specifically, the mitigation of
H2-H3 transition due to tungsten incorporation reduces internal me-
chanical stresses, thus preserving the intra- and interparticle connec-
tivity as well as the morphological integrity of the cathode.

To further investigate the fracture kinetics, acoustic emission (AE)
measurements were performed during cycling of the CAMs in LIB coin
cells. AE testing detects transient elastic waves generated by individual
structural failure events, such as crack initiation and propagation,
providing real-time insight into the mechanical degradation [71-73].
Figure S7a and b shows voltage profiles alongside the hit rate and cu-
mulative hits. Pristine LNO exhibited intense acoustic activity, particu-
larly in the first three cycles at potentials above ~4.0 V vs. Li*/Li, which
correlates with the H2-H3 transition. Overall, this result suggests me-
chanical cracking during the initial cycles. In contrast, W-LNO—Ni
(OH)2-5% showed significantly fewer acoustic signals throughout the
entire cycling period. This reduction in acoustic activity confirms that
tungsten modification effectively suppresses chemo-mechanical degra-
dation by stabilizing the crystal lattice and inhibiting crack formation, in
agreement with the SEM observations.

X-ray photoelectron spectroscopy (XPS) measurements were also
conducted on the cathodes before cycling and after 30 cycles at 0.2C and
45 °Cin SSB cells. Fig. 8 shows both normalized P 2p and S 2p core-level
spectra and results from quantitative analysis. The complete dataset,
including various other core-level regions, is provided in Figure S8. In
the P 2p region, the spectrum of the non-cycled W-LNO—Ni(OH)2-5%
was dominated by the PS5~ doublet at ~132.0/133.1 eV, characteristic
of the argyrodite structure, with only a minor contribution from
oxygenated phosphorus (PO,) species at ~134.5/135.5 eV, as shown in
Fig. 8a [3,74]. After 30 cycles, the two samples exhibited markedly
different spectra, indicating that different interfacial degradation
mechanisms occur. For W-LNO—Ni(OH)>-5%, the P 2p spectrum was
dominated by phosphorus polysulfide intermediates (P2S,) at
~133.5/134.4 eV, which represent the primary (oxidative) decompo-
sition product, while the PS;~ fraction was strongly diminished.
Importantly, this electrochemical degradation pathway does not require
the involvement of lattice oxygen from the CAM. In contrast, pristine
LNO showed a comparatively lower relative fraction of P,S,, while the
PO, contribution was slightly increased. Since the CAM itself is the only
available oxygen source in the cathode, the PO, contribution is a
fingerprint of oxygen-driven CAM|SE interfacial degradation, facilitated
by the absence of a protective surface layer. Therefore, the formation of
oxygenated phosphorus species can be directly attributed to adverse side
reactions between CAM and SE [3,9,75]. The S 2p region provides
complementary and quantitatively decisive evidence. In the pristine
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state, the spectrum of W-LNO—Ni(OH),-5% was governed by the PS3~
doublet at ~161.7/162.9 eV, with only small peaks attributable to P5S,
species at ~163.5/164.7 eV and negligible contributions from oxygen-
ated sulfur (SO,) [10,76]. After 30 cycles, sulfate (SO%’, ~169.1/170.3
eV) and sulfite (SO%_, ~167.2/168.4 eV) species formed in both cath-
odes, which is consistent with the anodic SE decomposition triggered by
reactive oxygen released from the CAM at high degrees of delithiation
[65].

To account for differences in interphase thickness between the
samples, the SOx, PO,, and P5S, contributions were normalized to the Cl
2p signal. The latter was chosen since Cl~, to the best of our knowledge,
does not participate in any electrochemical redox reactions [74]. The
validity of this approach is supported by the Cl 2p spectra shown in
Figure S8. After 30 cycles, the Cl 2p peaks retained their characteristic
binding energies and line shapes for both pristine LNO and W-LNO—Ni
(OH)2-5%, with no signs of the formation of chlorine-containing
degradation products. Overall, this normalization is essential because,
otherwise, the P 2p spectra might give the impression that there is
greater degradation in W-LNO—Ni(OH)2-5% due to the relative sup-
pression of the PS3~ signal. Regardless, this procedure eliminates the
interference caused by signal attenuation due to the growing interphase
and allows for a semi-quantitative comparison of the extent of SE
oxidation. The resulting ratios are illustrated in Fig. 8b. W-LNO—Ni
(OH)2-5% exhibited an SOx/Cl ratio of 0.53, compared to 1.19 for
pristine LNO, demonstrating the more vigorous oxygen-driven SE
degradation in the case of pristine LNO. The PO,/Cl ratio of 0.08 for
pristine LNO, compared to 0.06 for W-LNO—Ni(OH)2-5%, further cor-
roborates the mitigation of the oxygen-driven reaction pathway for the
tungsten-modified sample. Additionally, the P5S,/Cl ratio (considering
the S 2p spectra) was also significantly higher for pristine LNO (1.10)
than for W-LNO—Ni(OH)2-5% (0.51), confirming more pronounced SE
decomposition at the pristine LNO|LPSCI interface. It is expected that
the higher fraction of oxidized sulfur species will result in a more
resistive CEL This is consistent with the higher interfacial resistance
observed in SSB cells using pristine LNO (Fig. 6b).

The Ni 2p spectra after 30 cycles in Figure S8 show the characteristic
(multiplet) signatures of Ni* and Ni>*. For W-LNO—Ni(OH)»-5%, the
W 4f region revealed a single doublet with the W 4f;,» component
located at ~35.5 eV across all cycling states, consistent with W®*, as
expected for tungsten in an oxygen-coordination environment [77]. No
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contributions due to partially reduced tungsten (~33.0 eV) were
observed, confirming that the surface species remain chemically and
electrochemically stable throughout cycling and do not undergo changes
in oxidation state upon contact with the SE.

Finally, differential electrochemical mass spectrometry (DEMS) was
used to investigate the outgassing behavior of pristine LNO, W-LNO—Ni
(OH)2-5%, and W-LNO—NiO-5% during electrochemical cycling. Gas
evolution is a critical degradation pathway in Ni-rich cathodes, partic-
ularly at potentials, where extensive delithiation destabilizes the layered
structure, triggering lattice oxygen release and parasitic side reactions
[78-80]. In SSB systems, intimate contact between CAM and SE further
facilitates interfacial degradation [81]. The measurements were con-
ducted using a customized, low-stack-pressure DEMS configuration
(without applying external pressure). Consequently, reduced interfacial
contact resulted in lower reversible capacities and first-cycle CEs (pris-
tine LNO: 72%, W-LNO—Ni(OH)2-5%: 65%, W-LNO—NiO-5%: 71%)
than in the pellet-stack cells described above, as shown in Figure S9.
Regardless, the DEMS cells were cycled at a rate of 0.05C and at 45 °C to
ensure sufficient delithiation, achieving first-cycle specific charge ca-
pacities exceeding 210 mAh/g [> 75% state of charge (SOC)].

The evolution of Hy (m/z = 2), O (m/z = 32), CO, (m/z = 44), and
SO, (m/z = 64) was monitored in Fig. 9a and b, with both pristine LNO
and W-LNO—Ni(OH)»-5% limited to a comparable SOC of 77% to
enable direct comparison. Hydrogen release was observed primarily at
the onset of the first charge cycle for all samples, with 2.5-3.0 pmol/
gcam- This can be attributed to the reduction of trace water [76,81].

Carbon dioxide evolution originates predominantly from the elec-
trochemical oxidation of residual carbonate species on the free surface
of CAMs, formed during synthesis and air exposure [79,82]. For pristine
LNO and W-LNO—Ni(OH)2-5% (Figure S10a), the CO5 evolution star-
ted at about 3.2 V vs. In/InLi (~3.8 V vs. Li*/Li), followed by a second
evolution peak near 3.6 V. The total CO, amounts reached about 3.5
pmol/gcam for pristine LNO and 2.0 pmol/gcam for W-LNO—Ni
(OH)2-5% (Figure S$10a). In contrast, W-LNO—NiO-5% (Figure S10b)
and W-LNO—NIi(OH)2-5% (Fig. 9b) exhibited a single CO, peak with
total amounts of only ~0.35 pmol/gcam and ~4.0 pmol/gcan, respec-
tively. It is important to note though that the W-LNO—Ni(OH)»-5% data
shown in Figure S10a and Fig. 9b are from different batches. Since
residual surface carbonate content depends on exposure to air during
handling and processing, batch-to-batch variations in CO5 evolution,
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especially in the low-voltage range, are to be expected and do not reflect
intrinsic differences in material properties. The two-step CO; evolution
in the other samples suggests that carbonates exist in distinct chemical
environments, at the particle surface and likely also partially confined
within grain boundaries, where the release is initiated by particle frac-
ture at high SOC. However, follow-up reactions of released (reactive)
lattice oxygen with the carbon additive cannot be fully ruled out. The
substantially lower COy evolution observed for W-LNO—NiO-5%
highlights the advantage of the NiO-based precursor route, where
additional thermal treatment and an altered surface morphology facili-
tate the removal of residual lithium during synthesis.

Oxygen evolution usually serves as a direct indicator of lattice oxy-
gen loss during deep delithiation of Ni-rich cathodes [12,76]. Pristine
LNO showed a single peak at about 3.5 V, coinciding with the onset of
structural instability. W-LNO—Ni(OH)2-5% (Figure S10a) revealed two
peaks at 3.2 and 3.6 V, with the latter reaching its maximum in the
discharge cycle, as can be seen in Figure S11. The higher cumulative
oxygen evolution for W-LNO—Ni(OH)>-5% (~6.0 pmol/gcam,
Figure S10a), compared to pristine LNO (~1.0 pmol/gcam) and
W-LNO—NiO-5% (~3.3 pmol/gcam), is likely due to differences in SOC
(83% vs. 77/78%), reflecting improved electrochemical accessibility. A
difference in SOC by ~6% can lead to a disproportionate, nonlinear
increase in oxygen evolution [12].

Sulfur dioxide evolution, observed exclusively for W-LNO—Ni
(OH)2-5% (Figure S10a), is due to the decomposition of SE driven by
lattice oxygen loss at high SOC. This is confirmed by the slightly delayed
onset of SO, evolution relative to that of Oy (Figure S11), meaning that
the release of lattice oxygen is a key trigger for the subsequent SE
degradation [81,83]. When W-LNO—Ni(OH)>-5% is cycled with a
charge-capacity limitation (77% SOC, Fig. 9b), it exhibits a significantly
lower oxygen evolution of ~2.3 pmol/gcam, and no SO, release is
detected. This finding supports the assumption that O release increases
strongly beyond ~77% SOC and drives the subsequent SO, evolution.
Since oxygen evolution was not the lowest for W-LNO—Ni(OH)-5%, it
is clear that tungsten modification does not prevent the release of oxy-
gen from the lattice during cycling. It is worth noting that the gas
mixture used for calibration did not contain SO5, which is why only ion
currents are reported without quantitative conversion.

Correlating gas evolution with SOC (Figure S12a-c) revealed that,
for pristine LNO, O, release occurs at ~65%. In contrast, W-LNO—Ni
(OH)2-5% (cycled to 83% SOC) exhibited a simultaneous onset of CO,
and O, evolution at ~47%. Since the cumulative amount of evolved O,
was low and the release occurred too early for lattice oxygen loss, it is
suggested that oxidative carbonate decomposition is driving it. How-
ever, the second signal at ~80% (during discharge) is believed to be
directly related to the oxidation of lattice oxygen. The close temporal
correlation between the release of O, and COs in the tungsten-modified
samples further supports the hypothesis that the destabilization of lat-
tice oxygen, accompanied by particle fracture, triggers further decom-
position of the carbonate species. Regardless, the data clearly show that
O, is released first, leading to the subsequent decomposition of LPSCI,
which may produce SOs.

3. Conclusions

In this work, an incipient wetness impregnation strategy was suc-
cessfully developed to introduce tungsten into LiNiOy using either Ni
(OH); or NiO as the precursor cathode active material. This approach
enables the controlled incorporation and distribution of tungsten species
within the cathode microstructure. Despite the low concentration,
which complicates the definitive localization of tungsten, the experi-
mental data suggest a synergistic stabilization mechanism. While XRD
confirms partial incorporation into the layered framework, resulting in
improved structural robustness and modulated cation mixing, both SEM
and STEM primarily indicate surface segregation. This intergranular
enrichment likely facilitates the formation of Li-W-O secondary
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phases, providing a kinetic pinning effect that suppresses primary par-
ticle coarsening. Electrochemical testing in both liquid- and solid-
electrolyte battery environments demonstrates significantly improved
cycling stability and reversibility for the tungsten-modified materials
compared to pristine LiNiO,. Notably, tungsten incorporation mitigates
the adverse H2-H3 phase transition, which ultimately leads to a more
gradual “solid-solution-like” behavior, thereby reducing the accumula-
tion of lattice strain during battery operation. EIS-DRT analysis also
reveals that the tungsten-containing interface promotes fast charge-
transfer kinetics. Furthermore, the combination of cross-sectional
SEM, XPS, and DEMS provides conclusive evidence of reduced
degradation.

Overall, tungsten modification effectively mitigates mechanical
cracking and oxygen release, thus minimizing adverse side reactions
with the solid electrolyte—a factor that is crucial for the stability of
thiophosphate-based solid-state batteries. Taken together, the results
highlight that tungsten incorporation at the precursor stage is a powerful
and scalable strategy for stabilizing Ni-rich cathode active materials. By
leveraging synergistic bulk and surface effects, this approach ensures
superior structural integrity, which ultimately paves the way for the
development of high-performance and potentially sustainable solid-
state batteries.

4. Experimental section
4.1. Preparation of pristine LNO

Ni(OH); pCAM (4 um) was provided by BASF SE. LiOH-H,0O was
added to the pCAM, considering Li:Ni molar ratios of 1.05 and 1.01 for
SSBs and LIBs, respectively. The solids were mixed using a laboratory
blender (Kinematica AG) and then transferred to a ceramic crucible. The
calcination conditions were 4 h at 400 °C and 6 h at 700 or 800 °C, with
a heating rate of 3 °C/min, in an Oy atmosphere (4 L/h). Subsequently,
sieving to 32 ym was performed inside an Ar glovebox.

4.2. Incipient wetness impregnation

To synthesize the W-LNO—Ni(OH)»-5% and W-LNO—NiO-3% or
-5% CAM:s, an ethanolic solution of WClg (0.126 mol/L) was gradually
added to either Ni(OH); or NiO, in a ratio of 1:5 of solution to pCAM (i.
e., 0.4 mL for 2 g of Ni(OH); [equivalent to 1.6 g of NiO]). Of note, NiO
was produced from the pCAM by heating at 400 °C for 5 h in an Oy
atmosphere (4 L/h). Both impregnated materials were left to dry in an Ar
glovebox and then heated to 400 °C for 5 h in an O, atmosphere (4 L/h).
Next, LiOH-H,0 was added, considering Li:Ni molar ratios of 1.05 and
1.03. As described above, the solids were mixed using a laboratory
blender (Kinematica AG), followed by transfer to a ceramic crucible. The
calcination conditions were 4 h at 400 °C and 6 h at 700, 750, or 800 °C,
with a heating rate of 3 °C/min, in an Oy atmosphere (4 L/h). Subse-
quently, sieving to 32 um was again performed in an Ar glovebox.

4.3. Electrochemical testing

For SSBs, the cold-pressed cathode composites were prepared by
blending 69.3 wt.% CAM, 29.7 wt.% LigPSsCl (NEI Corp.), and 1.0 wt.%
Super C65 (TIMCAL Ltd.) under inert conditions via ball milling
(FRITSCH planetary mill) at 140 rpm for 30 min. For anode preparation,
indium foil (9 mm diameter, 100 um thick; Changsha Santech Materials
Co., Ltd.) and lithium foil (6 mm diameter, 50 um thick; Albemarle
Germany GmbH) were used. A customized cell setup with a PEEK ring of
10 mm inner diameter and two stainless steel dies as current collectors
was used. 100 mg of LigPSsCl was placed in the PEEK ring and com-
pressed at 62 MPa to form the separator layer. Then, about 12 mg of
cathode composite was spread on one side of the separator and com-
pressed at 435 MPa for 3 min. Finally, the In/InLi anode was attached on
the other side, with the indium foil facing the separator. The assembled
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cells were sealed in pouch bags under an Ar atmosphere. The electro-
chemical performance was tested at different C-rates, with 1C = 190
mA/gcam, and at 45 °C and 81 MPa using a MACCOR battery cycler. The
potential range was set to 2.3-3.7 V vs. In/InLi (approx. 2.9-4.3 V vs.
Li*/Li).

For the preparation of dry-processed cathode sheets, W-LNO—Ni
(OH)2-5%, LigPSsCl, and Super C65 were used in a weight ratio of
70:29:1. The composite was produced by ball milling at 140 rpm for 30
min. For this purpose, a 70 mL zirconia jar containing 10 zirconia balls
of 10 mm diameter was used, with the total mass of the composite being
about 1 g. Subsequently, it was transferred to a preheated mortar at 80
°C, and 0.5 wt.% polytetrafluorethylene (PTFE, dso = 675 pm; Good-
fellow GmbH) was added. The mixture was manually ground for 20 min
until PTFE fibrillation occurred and a single flake was formed. This flake
was then placed on a glass plate and rolled out using a glass cylinder
until the desired thickness (~120 um) was achieved. The cathode sheet
was compacted at 3 N/mm in a dry room with a dew point below —50 °C
using a roll press (Sumet Messtechnik). Finally, 9 mm-diameter discs
were punched out. The areal loading was about 11 mgCAM/cmz.

For the preparation of wet-processed cathode sheets, an o-xylene
slurry containing 68.6:29.4:1.0:1.0 by weight of W-LNO—Ni(OH)2-5%,
LigPSsCl, Super C65, and OPPANOL N 150 polyisobutylene binder
(BASF SE) was cast onto 0.03 mm-thick aluminum foil in a dry room
with a dew point below —50 °C, followed by vacuum-drying overnight at
room temperature. The areal loading was about 10 mgcam/cm?.

For LIBs, an N-methyl-pyrrolidone (NMP)-containing slurry was
prepared by combining CAM with Super C65 and a polyvinylidene
difluoride binder (PVDF, Solef 5130; Solvay) in a weight ratio of 94:3:3.
The mixture was cast onto 0.03 mm-thick aluminum foil using a
stainless-steel doctor blade with a slit thickness of 140 um on an Erichsen
Coatmaster 510 machine. Subsequently, the cathode was dried over-
night under vacuum at 120 °C, calendared at 14 N/mm (Sumet Mes-
stechnik), and cut into circular 13 mm-diameter electrodes. The areal
loading was about 9 mgCAM/cmz. Coin cells (2032) were assembled
using the as-prepared electrodes, a glass fiber GF-D separator, LP57
electrolyte (1 M LiPFg in 3:7 by weight of ethylene carbonate and ethyl
methyl carbonate), and a lithium-metal anode in an Ar glovebox. They
were crimped at 1 t. The electrochemical performance was tested at 0.5C
after five formation cycles at different C-rates (0.05C for two cycles and
0.1C for three cycles), with 1C = 200 mA/gcam, and at 25 °C. The po-
tential range was set to 3.0-4.3 V vs. Li*/Li.

4.4. Powder X-ray diffraction

PXRD patterns were collected from the samples on a STADI P (STOE)
diffractometer with monochromatic Mo-K,; radiation (4 = 0.7093 A, 50
kV, 40 mA) using a Mythen 1 K detector (DECTRIS AG). The data ac-
quired were analyzed via GSAS-IL First, Le Bail fitting was performed,
followed by background correction applying Chebyshev polynomials.
Lattice parameters, zero-shift, and crystallite size (Gaussian and Lor-
entzian contributions) were refined. In the Rietveld analysis, the Le Bail
parameters were fixed first. Debye-Scherrer factors were refined with an
absorption correction applied. All parameters were refined in parallel
until convergence was achieved.

4.5. Synchrotron XRD

SXRD measurements were performed with a photon energy of 75 keV
(1 = 0.165 [o\) using beamline ID31 at ESRF (European Synchrotron
Radiation Facility) in Grenoble, France. High-resolution diffraction
patterns were acquired using a Pilatus CdTe 2M detector (1678 x 1475
pixels with 172 x 172 um? each, sample-to-detector distance of about
1.5 m).
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4.6. Scanning electron microscopy

SEM images were obtained on a LEO-1530 microscope (Carl Zeiss
AG) equipped with a field-emission source. Energy-dispersive X-ray
(EDX) spectroscopy mapping was performed at an acceleration voltage
of 20 kV. Samples for cross-sectional analysis were prepared by focused
ion beam (FIB) SEM using a Helios 5 CX DualBeam (Thermo Fisher
Scientific).

4.7. Scanning transmission electron microscopy

STEM measurements were performed at an accelerating voltage of
300 kV using a probe-corrected Titan Themis Z (Thermo Fisher Scien-
tific) microscope equipped with a SuperX EDX detector. Specimens were
prepared by FIB SEM. STEM investigations were performed using high-
angle annular dark-field (HAADF) and annular bright-field (ABF) de-
tectors at a camera length of 91 mm and a semi-collection angle of 30
mrad. Electron energy loss spectroscopy (EELS) was performed at a
dispersion of 0.3 eV/channel and 1 eV energy resolution.

4.8. Acoustic emission analysis

AE signals were recorded using a differential wideband sensor
(125-1000 kHz; MISTRAS Group) placed at the bottom of coin cells. The
experimental setup included an inline preamplifier and a data-
acquisition system (USB AE Node; MISTRAS Group). The pre-amplifier
gain, analog filter, and sampling rate were set at 40 dB, 20-1000 kHz,
and 5 MSPS, respectively. The sensor coupling was verified via the
pencil lead break test. At least two samples were tested to ensure data
reliability. Removal of background noise using the AEwin software
(MISTRAS Group) involved excluding hits of fewer than 2 counts and
those with peak frequencies below 100 kHz and/or amplitudes below 27
dB.

4.9. Electrochemical impedance spectroscopy

EIS was performed at 45 °C using an SP-300 potentiostat (BioLogic)
over a frequency range of 100 mHz to 1 MHz (10 mV perturbation
amplitude). Distribution of relaxation times (DRT) analysis was con-
ducted by evaluating the complex impedance data using a discretization
method based on radial Gaussian basis functions. The shape factor and
regularization parameter were set at 0.5 and 1.0-10™%,

4.10. X-ray photoelectron spectroscopy

Prior to XPS analysis, the solid electrolyte separator was extracted
from the pellet stacks. The samples were fixed on a holder using
conductive copper tape. To further improve electronic contact, the
sample surface was connected to the holder via conductive metal pins.
The holder was then transferred to the spectrometer. Both sample
preparation and transfer were carried out under inert atmosphere.
Measurements were performed on a K-alpha spectrometer (Thermo
Fisher Scientific) using a monochromatic, micro-focused Al-K, X-ray
source (hv = 1486.6 eV) with 400 pm spot size and pass energy of 50 eV.
The Thermo Avantage software (version 6.8.1) was used for data
acquisition and processing. Samples were measured with and without
charge compensation (electron flood gun with low energy electrons of 8
eV) to identify localized charging effects. Because no shifts in binding
energies were observed, only spectra without charge compensation were
considered. To ensure reproducibility, three spots were measured on
each sample. The spectra were referenced to the hydrocarbon C 1s signal
at 285 eV and normalized to the maximum peak height of 1. Shirley-type
background and Voigt profiles with 70% Gaussian and 30% Lorentzian
contributions were used for peak fitting. The active carbon (sp2) peak
was fitted asymmetrically with a tail mix of 75% and a tail exponent of
0.1. For quantification, the analyzer transmission function and Scofield
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sensitivity factors were applied.

4.11. Differential electrochemical mass spectrometry

For in situ gas analysis, the SSB cells were prepared similar to the
electrochemical testing, except that only indium foil was used as anode.
The cells were assembled in a 10 mm-diameter PEEK ring by sequen-
tially pressing the individual components into a pellet, then transferring
it into a customized DEMS setup. Galvanostatic cycling was performed
at a rate of 0.05C and at 45 °C in a potential window of 2.3-3.7 V vs. In/
InLi (without charge-capacity limitation) using a VSP-300 potentiostat
(Biologic). To ensure thermal equilibrium and a stable baseline, all cells
were held at open-circuit voltage for 6 h prior to cycling. The helium
carrier-gas flow (2.5 mL/min, 6.0 purity) was regulated by a mass flow
controller (F-201CV-020-RAD-33-Z; Bronkhorst). Gas evolution was
examined using a quadrupole mass spectrometer (OmniStar GSD 320 O;
Pfeiffer Vacuum GmbH).
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