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Controlling electro-chemo-mechanical effects remains a key challenge in advancing the development of solid-
state batteries (SSBs) with layered Ni-rich cathode and sulfide solid electrolyte. While surface coatings sup-
press parasitic side reactions, mechanical failure can still be severe, and there is a relative lack of effective
strategies to counteract it. To improve the integrity of the cathode, herein we propose a capacity balancing
approach with Li4TisO;2 (LTO) as a model anode in thiophosphate-based SSBs. By leveraging the tip-shaped
lithiation tail of LTO with a low negative-to-positive balancing (LB), this strategy enables a reduced upper
cut-off potential of the LiNip g5C00.10Mng 0502 (NCM85) cathode used, thereby mitigating mechanical stress/
strain induced by the H2-H3 phase transition. As polarization increases during cycling, the potential is gradually
increased, compensating for the loss of capacity without external voltage adjustment. Three-electrode mea-
surements validate the proposed mechanism across several C-rates and corroborate this self-regulating process.
Unlike high negative-to-positive balancing (HB), the LB configuration achieves improved structural integrity,
reduced charge-transfer resistance, and prolonged cycle life, retaining 80 % capacity after about 1300 cycles at
1C (compared to 400 cycles in HB cells). Overall, this work offers a simple, yet effective strategy for extending
the longevity of cathodes for the development of high-performance SSBs.

1. Introduction counterparts, offers high energy density and renders them attractive

candidates for coupling with sulfide SEs in SSBs [6-8].

Solid-state batteries (SSBs) have been established as a next-
generation electrochemical energy storage technology, promising
higher energy densities and safety compared to conventional lithium-ion
batteries (LIBs) [1,2]. Replacing the flammable liquid electrolyte in LIBs
with a superionic solid electrolyte (SE) eliminates the risk of leakage and
combustion while also making the use of lithium metal anodes for
further energy density improvements feasible. Among the different
classes of SEs, sulfides (thiophosphates) stand out due to their superior
room-temperature ionic conductivity (up to 1072 S ecm 1) and favorable
mechanical softness, ultimately enabling close contact with the other
(active/inactive) electrode components [3-5]. In parallel, the develop-
ment of layered Ni-rich oxide cathode active materials (CAMs), such as
polycrystalline LiNig g5Cog.10Mng 0502 (NCM85) or even single crystal
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In general, the combination of Ni-rich cathodes and sulfide SEs is a
promising route toward realizing high-performance (practical) SSBs.
However, this configuration presents substantial challenges, particularly
at the interface between CAM and SE [9-11]. Electrochemical side re-
actions can lead to the formation of resistive interphases and micro-
structural degradation of the CAM particles. To address this, protective
coatings, such as LiNbOs3, have been widely employed for passivating the
cathode surface and suppress the decomposition of SE [6,12-14]. While
coating strategies have generally proven effective in improving (electro)
chemical stability, particularly in terms of increasing initial capacity and
reversibility, mechanical degradation, including intergranular particle
cracking and/or contact loss, remains a major obstacle to the longevity
of SSBs [14-17].
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To mitigate adverse mechanical effects, the optimization of compo-
nents within the cathode, for example, using glassy SEs and/or tailored
polymer binders, has been intensively investigated [18-21]. It should be
noted that, in the preparation of scalable cathodes, binder-containing
electrodes are usually produced either by slurry casting (wet process-
ing) or by dry processing [18,22,23]. Compared with (rigid) pelletized
electrodes, slurry-cast tapes not only improve mechanical cohesion
within the electrode, but also help accommodate volume variations of
the CAM, thereby increasing stability and enhancing cyclability.

Despite these advances, it is the CAM itself that plays a decisive role
in determining the performance and energy density of SSBs. Conse-
quently, a fundamental trade-off exists between maximizing the specific
capacity of Ni-rich cathodes and ensuring long-term stability, which is
regulated by their proper use. While operation at a high upper cut-off
potential (UP) enables better utilization of the lithium inventory, it
inevitably exacerbates structural degradation arising from intrinsic
phase transitions. Lowering the UP mitigates mechanical stress/strain
and improves interfacial stability, but this benefit is accompanied by a
sacrifice in capacity. In addition, prolonged operation leads to electro-
chemical degradation, as interphases continuously grow and micro-
structural damage occurs, eventually resulting in cell polarization and
capacity fading.

To overcome this, in the present work, we propose an adaptive
compensation strategy through the rational design of capacity
balancing. Using polycrystalline NCM85 coated with amorphous LiNbO3
(LiNbO3-NCMB8S5) and processed into slurry-cast electrodes, we paired
the cathode (working electrode, WE) with carbon-coated LigTisO12
(LTO) as a model anode (counter electrode, CE). Under low balancing
(LB) conditions with a negative-to-positive (n/p) capacity ratio of 1.1,
the tip-shaped lithiation tail of LTO is used to lower the initial upper cut-
off potential (IUP) of the WE, thereby mitigating the H2-H3-induced
volume change and associated mechanical degradation of the Ni-rich
cathode. Over the course of cycling, electro-chemo-mechanical degra-
dation gradually leads to polarization, which ultimately increases the UP
to the desired UP (DUP) and helps compensate for the loss of capacity
without requiring active control of the voltage window. This LB design
greatly improves cycling stability by increasing the mechanical integrity
of the cathode.

Taken together, our findings establish capacity balancing as a
powerful strategy to reconcile high energy output and long-term cycling
stability in sulfide-based SSBs with a Ni-rich cathode. In particular, the
LB approach offers new design/mechanistic perspectives under realistic
manufacturing conditions.

2. Results and discussion

To improve the (electro)chemical stability at the interface between
CAM and SE, LiNbO3 was applied to the surface of the NCM85 particles
using a sol-gel process [13]. Powder X-ray diffraction (XRD) patterns of
both pristine NCM85 and LiNbO3-NCMS8S5 are presented in Figure S1. As
can be seen, the reflections before and after coating matched, indicating
a well-preserved layered structure (R—3m space group) without new
peaks due to the low content (1 wt. %) and amorphous nature of LiNbOs.
Scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (SEM-EDS) revealed that LiNbO3 forms a continuous shell
around the secondary particles (see Figure S2a-g) without noticeable
inhomogeneities. The average size of the LiNbO3-NCM85 particles was
about 4 pm, and they had a nearly spherical shape. The as-made LiN-
b0O3-NCM85 and argyrodite LigPSsCl (LPSCl) were then used as main
components for the assembly and testing of SSBs.

2.1. Cathode microstructure and ionic/electronic partial conductivities
As a well-recognized approach for improving the mechanical sta-

bility of electrodes, a binder-containing cathode was produced by wet
processing for electrochemical testing. To investigate the effects of the
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added polymer binder and the slurry casting process on the cathode in
terms of effective ionic/electronic partial conductivities and micro-
structure, a pelletized cathode was also produced and measured in
parallel. Ball milling was used to produce the cathode composite by dry
mixing LiNbO3-NCM85 CAM, LPSCI SE, and Super C65 carbon additive,
as shown in Fig. 1a. The composite obtained can be compacted directly
and used as a cathode in SSBs, which is often implemented in laboratory-
scale research. To produce the slurry-cast cathode, a polyisobutylene
(PIB) binder and o-xylene as nonpolar solvent were added to the
aforementioned composite (see Fig. 1e), after which the mixture was
coated onto Al foil. Further details can be found in the Experimental
section.

A cathode with a smooth surface was achieved using 1 wt. % binder
(see Fig. 1f). In the pristine state (without compaction), the morphology
of the CAM and SE particles and their distribution were first examined
through top-view SEM-EDS imaging. As is evident from Fig. 1b,
agglomerated SE particles were closely surrounded by the CAM. To
evaluate the microstructure after densification, both the pelletized and
slurry-cast cathodes were subject to compaction at 435 MPa. As shown
in Fig. 1c and d, the slurry-cast cathode was much denser than its
pelletized counterpart, due to better elimination of macroscopic pores/
voids. Interestingly, most of the pores/voids in the pelletized cathode
were concentrated in areas where the CAM tends to agglomerate,
creating relatively large gaps between the rigid CAM "clusters" and the
deformable SE particles. In contrast, the improved dispersion of particles
achieved by slurry casting ensures a more uniform embedding of the
CAM. Specifically, the insulating PIB binder, which appears to be evenly
distributed across the cathode, formed an adhesive film that holds the
composite together and reduces porosity. After compaction, the "island-
like" SE domains observed in the pelletized cathode were clearly smaller
and better distributed, resulting in improved ionic percolation through
the slurry-cast cathode.

To quantify how the microstructural differences affect the charge-
transport properties, ion- and electron-blocking cell configurations
were used, as shown in Figure S3a and b. To mimic the conditions of the
actual SSBs, the same assembling/operating pressures and temperature
were used for AC polarization measurements. The effective ionic/elec-
tronic partial conductivities were eventually extracted by fitting
impedance data using specific transmission line models (see Figure S3c-
f). As shown in Fig. 1g and Table S1, the pelletized cathode exhibited an
ionic conductivity (ojopn) that was about 2.6 times higher than that of the
slurry-cast cathode (0.37 versus 0.14 mS cm ™ 1). A similar observation
was made for the electronic conductivity (c¢]), but to a much greater
extent (1.3e10 ! versus 4.8e10 2 mS cm™1). It should be noted that, in
addition to the volume ratio of CAM to SE and the carbon content, the
nature/properties of the selected binder also strongly determine the
percolation paths for ion and electron transport. Regardless, the binder
impairs charge transport, at least to some degree, especially when it is
finely distributed in the cathode. Nevertheless, the slurry-cast cathode
preserved relatively high ionic and electronic partial conductivities
while offering greater mechanical stability than the pelletized counter-
part, which is required for stable SSB operation.

2.2. Capacity balancing and cell cyclability

As mentioned above, LTO was employed as a model anode in the
present work. To determine the specific capacity that can be achieved
with the individual electrodes, SSBs were assembled with indium-
lithium alloy (In/InLi) as CE (0.62 V vs. Li*/Li). The In/InLi|LPSCI|
LTO and In/InLi|LPSCI|LiNbO3-NCMS8S5 cells were cycled between 0.38
and 1.38 V vs. In/InLi (equivalent to approx. 1.0-2.0 V vs. Li*/Li) and
between 2.28 and 3.68 V vs. In/InLi (equivalent to approx. 2.9-4.3 V vs.
Li*/Li), respectively. Cells of configuration LTO|LPSCI|[NCM85 were
also operated within a 1.4 V window, namely from 1.35 to 2.75 V vs.
LisTi5O12/Li;TisO12. All electrochemical measurements were performed
at 45 °C and under a constant external pressure of 81 MPa. As shown in
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Fig. 1. Microstructure and transport properties of slurry-cast and pelletized cathodes. Schematic representation (a) of the dry mixing of cathode composite by ball
milling and (e) of the subsequent slurry preparation with PIB binder and o-xylene as solvent. Top-view SEM images in conjunction with EDS mapping of nickel and
sulfur for the slurry-cast cathode (b) before and (c) after compaction at 435 MPa, as well as (d) for the pelletized cathode. (f) Photograph of the slurry-cast cathode.
(g) Effective ionic and electronic partial conductivities from three independent cells determined by AC polarization at 81 MPa and 45 °C.

Figure S4a, the In/InLi-based cells underwent two formation cycles at
0.1C, followed by two cycles at 0.2C. The LiNbO3-NCM85 cathode
exhibited an initial Coulomb efficiency of 90.4 %, indicating good
interfacial stability due to the presence of a protective LiNbO3 coating.
LTO, known for its high mechanical robustness and compatibility with
sulfide SEs, is widely used in SSB systems as a zero-strain anode. As
shown in Figure S5, the material employed retained about 97 % of its
initial capacity after 200 cycles at 0.2C (~131 mAh gifo), suggesting
negligible capacity fading from LTO. From the fourth-cycle lithiation/
delithiation profiles in Figure S4b and c, it can be seen that both LiNbOs-
NCMS85 and LTO exhibit high reversibility (Coulomb efficiency).

When LTO is used as an anode (CE) in the electrochemical testing of
SSBs, a relatively high n/p capacity ratio is typically sought to maintain
the plateau at 1.55 V vs. Li*/Li as a reliable reference potential. Notably,
the discharge profile showed a gradual potential drop upon approaching
the cut-off potential during lithiation (see Figure S4c), where LTO
transitions from a two-phase coexistence region to the rock-salt
Li;TisO12 phase. As can be seen, this tip-shaped lithiation tail contrib-
utes significant capacity at low potentials. Therefore, using the fourth-
cycle specific capacities, gq, = 202 mAh g1 for LiNbO3-NCM85 and
qdis = 132 mAh g_1 for LTO, we focused on two capacity balancing
conditions, namely high balancing (HB, n/p = 1.5) and low balancing
(LB, n/p = 1.1), as shown in Fig. 2a. The core difference lies in the way
the LTO lithiation profile is used. In HB cells, the LTO anode operates
entirely within the voltage plateau region, whereas in LB cells, due to the
constrained voltage window, the potential of the LTO anode falls below
the plateau toward the end of the charging process. This leads to a lower
upper cut-off potential (UP, ~4.2 V vs. Li*/Li) for the LINbO3-NCM85
cathode in the LB cells. As a result, the LB design deliberately reduces the
initial upper cut-off potential (IUP) at the expense of some capacity to
mitigate the H2-H3 phase transition that typically occurs above 4.2 V vs.
Lit/Li in Ni-rich cathodes (thereby indirectly affecting mechanical
integrity). For practical implementation, the capacity balancing was
controlled by tailoring the mass of the LTO composite (see Experimental
section).

The first-cycle voltage profiles of the HB and LB cells at 0.2C in
Fig. 2b confirm the expected differences in achievable specific charge/
discharge capacities with 227,198 mAh gnémgs and 210/185 mAh

gﬁéMgs, respectively. With the same charge capacity as in the LB case,
the cut-off voltage of the HB cell would be about 2.65 V vs. LisTisO12/
Li;Tis012 (corresponding to ~4.2 V vs. Li*/Li), which is consistent with
the reduction in IUP in the LB cells.

Differential capacity (dq/dV) curves of the initial cycle (see
Figure S6a) show clear H1-M-H2-H3 phase transitions for both config-
urations. However, the H2-H3 peak is significantly weaker in the LB
cells. Since this high-voltage transition causes large volume changes and
irreversible structural damage to Ni-rich cathodes, the LB condition
apparently helps reduce the formation of mechanical stresses and thus
improves stability.

As shown in Fig. 2¢ and d, the HB and LB cells exhibit distinct dif-
ferences in capacity retention at 0.2C. Considering the cell-to-cell vari-
ations frequently observed in the testing of SSBs and the need for
repeated measurements and statistical averaging for an objective eval-
uation of the proposed strategies, the long-term cycle data presented
here represent the average of two independent cells [24]. The HB
configuration started with a higher initial specific discharge capacity of
qdis = 199 mAh gﬁ(l;Mgs, but retained only ~85 % (169 mAh gﬁéMgs) after
120 cycles. In contrast, despite a lower starting value of gqis = 185 mAh
gﬁ(l;Mgs, the LB configuration achieved a higher capacity retention of
~94 %, corresponding to 173 mAh giémgs, demonstrating the beneficial
effect of the capacity balancing strategy. Regardless, both exhibited
average Coulomb efficiencies of ¢ = 99.6 % (HB) and 99.8 % (LB),
confirming the high reversibility. The superior capacity retention of the
LB cells is based on two synergistic effects: (i) improved structural
integrity of the cathode due to a lower IUP and (ii) gradual increase in
UP during cycling, which adaptively compensates for
polarization-related capacity fading.

Evidence of the latter can be found in the 2D and 3D contour plots of
the differential capacity for the charging process in Fig. 2e and f and
Figure S7a and b, respectively. Focusing on the evolution of the H2-H3
transition (~2.65 V vs. Li4Ti5O012/Li;TisO12), the peak intensity in the
HB cells clearly decreased with cycling, indicating a loss of reversible
capacity in this potential range, likely due to structural degradation of
the CAM. By contrast, in the LB case, the peak intensity increased,
pointing toward a gradual rise in UP that counteracts the capacity decay
caused by degradation. After 120 cycles (see Figure S6b), the peaks
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Fig. 2. Capacity balancing and electrochemical performance. (a) Fourth-cycle lithiation profile of LTO in an In/InLi|LPSCI|LTO cell at 0.2C (0.38-1.38 V vs. In/InLi).
Based on Eq. 1 (see Experimental section), two n/p ratios were selected, referring to high balancing (HB, 1.5) and low balancing (LB, 1.1), as indicated by the blue
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during charging. The characteristic phase transition ranges are specified.

representing the H1-M and M-H2 transitions overlapped well in terms of
intensity and position for the HB and LB cells, while in the case of the
H2-H3 peak, the intensity of the LB cells was still somewhat lower than
that of the HB cells. Overall, these results confirm the effectiveness of the
LB strategy in achieving stable performance of SSBs with Ni-rich cathode
and sulfide SE. In the following section, the improvement in mechanical
integrity is discussed in some more detail.

2.3. Cathode breathing

To find out how capacity balancing affects the mechanical stability,
operando pressure measurements were conducted on the HB and LB
cells, aiming at tracking the cathode breathing during battery operation.
Given that LTO was used as CE, any pressure changes are primarily due
to the mechanical response of the cathode. The respective cells were

again cycled under an external pressure of 81 MPa, and a force sensor
was used to monitor the pressure evolution in situ.

After 12 h rest at open circuit voltage (OCV), the cells reached
thermodynamic equilibrium, and the corresponding pressure baseline
was established for calibration of the signals recorded at 0.1C in the
following five cycles. For layered Ni-rich oxide cathodes, it is well
known that the lattice parameter a decreases upon delithiation (charge),
while ¢ initially increases and then drops sharply in the H2-H3 region
[25-27]. This anisotropic behavior eventually results in a volume
contraction that is responsible for the pressure evolution observed for
the HB and LB cells (see Fig. 3a and b). As can be seen, both configu-
rations exhibit reversible, negative net pressure changes. Interestingly,
the overall pressure evolution was almost identical for the different cells
over the first two cycles. This similarity could be due to initial micro-
structural changes within the cathode, which appear to mask the
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and lower panels, respectively. Red dotted lines indicate the extent of pressure change during cycling. (c) Unit-cell volume of LiNbO3-NCMB8S5 in the pristine state and

after first charging at 0.2C. The volume contraction is indicated by dotted lines.

intrinsic volume variations of the CAM, at least to some extent.

To quantify the structural evolution of NCM85, ex situ XRD mea-
surements combined with Rietveld refinement analysis were performed
on harvested cathodes from the HB and LB cells after the first charge
cycle and compared to their pristine state (see Figure S8). As shown in
Fig. 3c and Table S2, the crystallographic volume shrinkage in the LB
cells is 4.3 %, much smaller than the 5.1 % shrinkage in the HB cells.
This result confirms both the successful realization of a lower UP under
LB conditions and the effective suppression of lattice contraction, even
during the initial formation cycles. As cycling progressed, the mechan-
ical breathing behavior became more pronounced. From the third to
fifth cycle, the LB cells exhibited a smaller negative net pressure change
compared to the HB cells. This response supports the conclusion that a
low n/p ratio helps improve stability, particularly within the cathode.
Moreover, it correlates well with the superior capacity retention
observed for the LB cells during long-term cycling, emphasizing the
critical role of mitigating mechanical stresses through targeted capacity
balancing.

2.4. Rate performance and post-mortem characterization

To evaluate the effects of capacity balancing on the electrochemical
performance and microstructural evolution of the cathode during long-
term cycling, rate capability and post-mortem analyses were performed.
Specifically, the HB and LB cells were subject to sequential C-rate testing
from 0.1C/0.2C to 5C for two rounds (see Fig. 4a). The corresponding
specific discharge capacities are summarized in Table S3. For all C-rates,
the HB cells delivered higher capacities than the LB counterpart. This is
due to the lower IUP in the LB configuration, which resulted in a slightly
lower specific discharge capacity from the very beginning at 0.1C (199
versus 204 mAh gﬁ%M85). The difference in capacity was most pro-
nounced between 0.5C and 2C, suggesting that the LB strategy with
larger Ohmic polarization effectively reduces the UP across various C-
rates. Nevertheless, the LB cells exhibited good rate performance. For
instance, the specific discharge capacities at 1C, 2C, and 5C were found
to be 164/147, 141/125, and 96/85 mAh gﬁ(l;Mgs for HB/LB, respec-
tively. As shown in Fig. 4f, both exhibit nearly identical normalized
capacities, irrespective of the C-rate. This result shows that, despite the

different n/p ratios, the use of LTO as an anode ensures consistent
performance within the same cell system.

After testing the rate capability, the HB and LB cells were subject to a
further 200 cycles at 0.2C (see Fig. 4b). After 90 cycles, the specific

discharge capacities were similar, with gg4is = 191 and 189 mAh gﬁ%M%

for HB and LB, respectively. After 290 cycles, the LB cells achieved a
capacity retention of ~83 %, which is higher than the ~75 % observed
for the HB cells, confirming the importance of capacity balancing for
long-term stability.

To determine whether there are any changes in interfacial kinetics
across the cells after long-term cycling, electrochemical impedance
spectroscopy (EIS) and distribution of relaxation times (DRT) analysis
were performed at the end of discharge to ensure similar states of charge
(SOCs) for the LiNbO3-NCMS85 cathode and the LTO anode (avoiding
UP-induced deviations). As can be seen from the Nyquist plots (fre-
quency domain) in Fig. 4c, both the HB and LB cells showed poorly
resolved semicircles and a distinct Warburg diffusion tail at low fre-
quencies. By converting the impedance data from frequency to time
domain for DRT analysis (see Fig. 4d), six distinct peaks (P1-P6) were
identified and divided into three characteristic regimes, namely, (i)
high-frequency region (z < 107> s; attributed to SE grain boundaries and
particle contact), (ii) intermediate-frequency region 10 %s<r< 1072
s; attributed to as-formed interphases [Rin], including cathode electro-
lyte interphase [CEI] and solid electrolyte interphase (SEI) at the anode),
and (iii) medium-to-low frequency region (10725 < 7 < 1 5; attributed to
charge-transfer processes [R.¢]) [28,29]. It is important to note that the
inductive and diffusive parts in the impedance data were discarded
during pre-processing. Considering the overall cell configuration, the
resistance contribution in the Rj,; regime is largely due to the cathode,
while the R regime encompasses contributions from both cathode and
anode [6,28,29]. Given the electrochemical stability of LTO against
sulfide SEs and the fact that the HB and LB cells were analyzed at a
similar SOC, the differences observed in the R.; regime can be attributed
primarily to the cathode side.

The interface-related resistance was quantitatively evaluated by
fitting the individual peaks in the DRT patterns. Without assigning them
to specific physical processes, the peak areas within the defined char-
acteristic regimes (i.e., Ry, and R.) were examined instead for



R. Zhang et al.

Energy Storage Materials 87 (2026) 105045

a b
240 030 240
"3 L200 2
i CR: 83.0% m§
o -~ .
_ L 160
% ‘ % 189 mAh Giloyes z
. «
~ e “@ Capacity retention (CR):74.5% | 120 &
S o HB @ 5C 'Eaéc o HB e
801 o LB o LB - 80
0 20 40 60 80 90 120 150 180 210 240 270 300
Cycle number Cycle number ¢
C
350 d 25 . Charge transfer 0.1C
h "‘E 20 — ; (R.) ps :
300 — . G 15 4 \me(;gh)ase p3 0.2C
250 — . 9 10 3 N o1 0.5C
e . o | & 54 0.8C
S 200 = § ; !
c o o 0] 1.0C
: A [ ] ° IIII IIII IIII IIII IIII IIII TTT
N 150 — e . 107 10° 10° 10* 10° 10° 10" 10° 1.5C
E 100 o e t/s 2.0C
T _ °
i HB 1 - [ 3.0C
50 — 2R 4.0C
0 | LB iR | soc
T l T l T I T I TTTT | TTTT I TTTT l TTTT l TTTT I TTTT l
0 40 80 120160 0 10 20 30 40 50 60 0 20 40 60 80100
Re (2)/ Qcm’ Q cm? Normalized q,, / %
Pristine LB HB
-
3
Q2
=
9 E
OF
o~
S|
Q2
2
(]
(&)

Fig. 4. Electrochemical performance of LTO|LPSCI|LiNbO3-NCM85 HB and LB cells and post-mortem characterization. (a) Rate capability tested in two rounds from
0.1C/0.2C to 5C (1.35-2.75 V vs. LigTisO12/Li;TisO12) and (b) subsequent long-term cycling at 0.2C. (c) Nyquist plots of the electrochemical impedance measured
from 1 MHz to 100 mHz at the end of discharge after long-term cycling. The LB data is offset along the imaginary axis for clarity. (d) Corresponding DRT patterns
with segmented kinetic time constants in the time domain for the as-formed interphases (Rin, with 7 = 107> to 1072 s) and charge-transfer processes (R, with 7 =
10~2to 1 s) regimes. The inductive and diffusive parts at high and low frequencies were discarded. (e) Comparison of Rin and Re. (f) Normalized discharge capacities
from rate-performance testing. (g—1) Cross-sectional SEM images collected from the cathode in the pristine state and after long-term cycling (discharged state). CS-

View 1 and CS-View 2 refer to mechanically exposed and polished/FIB-cut areas.

determining cumulative resistance contributions, as presented in Fig. 4e
and Tables S4 and S5. The results indicate that, due to the LiNbOs
coating being present on the NCM85 particles, the R, values are rela-
tively low and comparable between the cells (19.3/14.1 Q cm?). How-
ever, there is a significant difference in the R it is more than three
times larger for the HB cells (46.8 versus 15.2 Q cmz). We attribute this
difference to microstructural degradation, such as particle fracture and/
or void formation, which strongly impedes charge transfer. From the
data, it appears that the LB cells are capable of retaining better structural
integrity, thus effectively mitigating the growth of charge-transfer
resistance during battery operation. This means the preserved micro-
structure enables more stable electrochemical behavior and contributes
to the superior cycling performance observed under LB conditions.

To corroborate the above results, cross-sectional SEM analysis was
performed (see Fig. 4g-1). Specifically, two types of imaging techniques

The dotted red circles/ellipses and arrows indicate the mechanical degradation.

were used, namely, (i) mechanical fracturing to expose the bulk cathode
(CS-View 1) and (ii) focused-ion beam (FIB) cutting or Ar-ion polishing
to reveal the internal structure of the CAM particles (CS-View 2). In their
pristine state (see Fig. 4g and h), the LiNbO3-NCMS85 particles were
structurally intact (i.e., showing no obvious cracking) and tightly
embedded in the cathode matrix. Only a few voids in the interior were
observed, which originate from the synthesis process [30]. After cycling,
a clear difference between the HB and LB cathodes was noticeable. In the
LB cells (see Fig. 4i and j), the structural integrity of the secondary
particles remained largely intact. Although some fractured particles
were observed, the grains (primary particles) remained well connected,
and no signs of pulverization and/or interfacial delamination were
found. Note that intimate CAM|SE contact facilitates lithium and elec-
tron transport, which is consistent with the lower R discussed previ-
ously. In the HB cells (see Fig. 4k and 1), on the other hand, severe



R. Zhang et al.

mechanical degradation was apparent. As expected, larger volume
changes and local stress concentrations lead to mechanical failure,
which ultimately results in a strongly deteriorated microstructure. The
low-magnification SEM images in Figure S9 confirm this observation.

To further evaluate the longevity and performance limitations of the
sulfide-based SSBs, long-term cycling tests were performed at 1C, as
shown in Fig. 5. For this purpose, both the HB and LB cells with similar
areal loadings of 8-9 mgycmss cm ™2 were first subject to a short C-rate
sequence at 0.1, 0.2, 0.5, 1, and 2C, followed by continuous cycling at
1C. The resulting specific discharge capacities for the HB (203, 195, 178,
160, and 134 mAh gﬁ(l;Mss) and LB cells (201, 189, 167, 148, and 124
mAh gﬁ(l;Mgs) were consistent with the above results (see Fig. 4a and
Table S3), confirming the reproducibility of the electrochemical
behavior. During the subsequent cycling at 1C, the HB and LB cells
initially delivered specific discharge capacities of gqis = 161 and 149
mAh gﬁéMss, respectively. However, with prolonged cycling, a notice-
able difference in stability became apparent. The HB cells maintained 80
% of their initial capacity after 414 cycles and delivered 111 mAh
gﬁ(l;Mgs after 718 cycles, corresponding to a capacity retention of ~69 %.
In contrast, the LB cells achieved around 80 % capacity retention over
1318 cycles, which corresponds to a 3.2-fold increase in cycle life, and
still retained 111 mAh gytwmss after 1575 cycles (equivalent to 75 %
retention). This improvement is solely attributable to the LB strategy.
Notably, both cells exhibited high Coulomb efficiencies throughout
cycling, averaging 99.9 % for HB and 100 % for LB.

In summary, the LB condition leads to increased cathode stability,
which is associated with improved capacity retention. The lower [UP
mitigates (early-stage) lattice contraction and stress-induced cracking of
the LiNbO3-NCM85 secondary particles. Over the course of cycling,
polarization—due to electro-chemo-mechanical effects—leads to an in-
crease in UP, which in turn provides additional capacity to compensate
for losses caused by adverse side reactions and degradation. The grad-
ually increasing volume changes apparently create more spatial and
temporal tolerance for the adaptation of the electrode components to
each other, thereby increasing the effectiveness of the LB strategy in
terms of enhancing electrochemical and mechanical robustness in SSB
systems.

2.5. Mechanistic considerations

To verify the functionality of the tip-shaped lithiation tail of LTO
under LB conditions and for various C-rates, a three-electrode (3E)
analysis is essential. The strategy is based on exploiting the region near
the end of lithiation to enable a lower IUP instead of the DUP. However,
this subtle deviation from the voltage plateau cannot be captured in
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conventional two-electrode (2E) cell setups. Instead, 3E measurements
are required to deconvolute the contributions of individual electrodes to
the voltage profile and determine whether the proposed mechanism
actually occurs. We have therefore developed an advanced 3E setup for
SSBs using prelithiated LTO as the RE, which provides a stable and well-
defined reference potential of 1.55 V vs. Li*/Li. Details on the cell design
are provided in the Experimental section and in previous work [29].

As shown in Figure S10, a rate capability test from 0.2C to 5C was
conducted on the 3E LB cells using a protocol similar to that of the 2E
cells (see Fig. 4a). In fact, their electrochemical performance showed
strong consistency with the 2E counterpart across all C-rates, as sum-
marized in Table S6, confirming the accuracy and robustness of the
measurement setup. The deconvoluted potential profiles of the LiNbO3-
NCMS85 WE and LTO CE are presented in Fig. 6a. As highlighted by the
green dotted circles, the LTO potential did indeed show a distinct tip-
shaped behavior toward the end of charging, even after several cycles
at different C-rates. This confirms that the lithiation tail persists and
remains active in the compensation mechanism. In parallel, by exam-
ining the end-of-charge potential of the LiNbO3-NCM85 WE (see red
dotted circles), a gradual increase in UP throughout cycling was
observed, from 4.1919 V vs. Li*/Li in the initial cycle to 4.1931 V in the
second cycle, and up to 4.2237 V after returning back to 0.2C in the 24th
cycle. This trend strongly supports our hypothesis that polarization
causes a gradual increase in UP, enabling capacity compensation during
SSB operation. Of note, with respect to the corresponding lower cut-off
potential of the LTO CE, the cell voltage calculated from the WE/CE
remained essentially unaltered (relative to the pre-defined window of
1.35 to 2.75 V vs. LigTis012/Li;TisO12). A summary of the cut-off po-
tentials of WE and CE, together with the resulting cell voltage at the end
of charge and discharge during rate performance testing of the LB cells,
is provided in Table S7. Individual potential profiles for selected C-rates
are presented in Fig. 6b—e. As is evident, the tip-shaped lithiation tail of
LTO was consistently observed across all C-rates, further validating the
robustness of the proposed LB strategy and making the approach highly
relevant for practical SSB applications.

In general, the performance of Ni-rich cathodes paired with sulfide
SEs strongly depends on the mechanical stability given that detrimental
side reactions are effectively suppressed by interface engineering.
Therefore, the key to balancing between capacity and stability lies in
regulating the mechanical behavior of the electrode active materials,
particularly the CAM. The excellent long-term performance achieved
here is based on an adaptive compensation process that is maintained
throughout cycling. To provide a better understanding of this mecha-
nism under different capacity balancing conditions, Fig. 7 shows sche-
matic representations summarizing the principles underlying it.
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Fig. 5. Long-term cycling performance of LTO|LPSCI|LiNbO3-NCM85 HB and LB cells at 1C (1.35-2.75 V vs. Li4Tis012/Li; TisO12).

from 0.1C to 2C was performed.

At the beginning, a C-rate test
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Under HB conditions, the LTO CE was found to operate entirely
within the 1.55 V plateau, enabling the NCM85 WE to reach the DUP of
4.3V vs. Li"/Li in each cycle [31]. However, electro-chemo-mechanical
degradation inevitably occurs, causing increasing polarization, which
ultimately leads to capacity fading and poor stability. In the HB case, the
system clearly lacks flexibility, as the IUP and DUP are the same,
meaning that it cannot respond to changes in polarization unless the
voltage window is adjusted manually. Consequently, there is no intrinsic
mechanism that can compensate for capacity decay.

Under LB conditions, the cathode initially terminates the delithiation

at a lower upper cut-off potential of ~4.2 V vs. Li*/Li. This is due to the
tip-shaped lithiation tail of LTO, with the CE deviating from the 1.55 V
plateau as the cell approaches the charge cut-off. Overall, the LB
configuration offers two distinct advantages: (i) it somewhat lowers the
(initial) degree of cathode delithiation, thereby mitigating mechanical
degradation by alleviating the H2-H3 phase transition and also reducing
side reactions at the CAM|SE interface, and (ii) it creates a discrepancy
between IUP and DUP, resulting in a kind of capacity reservoir/buffer
that is gradually exploited to compensate for polarization-related ca-
pacity losses and thus extends longevity. The decoupling of IUP and DUP
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distinguishes LB from HB, where such compensation is not possible.
During cycling, the cathode's UP increases gradually and eventually
approaches the DUP, as indicated by the compensation line (from O to F)
in Fig. 7. The latter not only ensures dynamic capacity recovery, but also
prevents severe volume changes. Apparently, this self-regulated voltage
evolution gives the cathode sufficient time to adapt structurally and
electrochemically, which in turn positively affects stability and cycla-
bility. However, it does not completely prevent mechanical degradation,
as the effect eventually reaches its limits when the LTO potential returns
to the plateau region. Nevertheless, the LB strategy offers an effective
means of delaying the onset of instability.

3. Conclusions

In this work, which aimed to develop high-performance SSBs with
Ni-rich cathode and thiophosphate SE, we propose a capacity balancing
strategy using LTO as anode for achieving an optimal compromise be-
tween capacity (energy density) and stability. Under low balancing
conditions, the effective initial upper cut-off potential of the cathode
was found to be lower than the targeted one, resulting in a partially
suppressed H2-H3 phase transition, thereby reducing the net volume
change of the active material during (de)lithiation and mitigating the
mechanical stresses that normally lead to particle fracture and/or
interfacial delamination. Over the course of electrochemical cycling, the
polarization caused by electro-chemo-mechanical degradation gradu-
ally increased the cut-off potential, as also confirmed by 3E measure-
ments, ultimately enabling adaptive compensation for capacity loss.
This mechanism significantly extended the longevity without requiring
active control of the voltage window. In fact, the low balancing cells had
a cycle life (80 % capacity retention) at 1C rate more than three times
longer than that of the high balancing cells.

Taken together, this study demonstrates that capacity balancing is a
simple, yet powerful approach to improving the stability of Ni-rich
cathodes in sulfide SSBs. LTO served not only as a model electrode,
but can also be considered a conceptual bridge for the development/use
of newly developed alloy-type (energy-dense) anodes that are compat-
ible with adaptive compensation schemes.

4. Experimental section

All preparation steps, including those for the materials, composites,
electrodes, and cell assembly, were performed in Ar environments,
involving among others sealed ball-milling jars and gloveboxes with p
(H20)/p < 0.1 ppm and p(O3)/p < 0.1 ppm.

4.1. LiNbOg coating

Prior to coating, polycrystalline NCM85 (dso ~ 4 um, BASF SE) was
heated at 750 °C for 3 h under an Oy atmosphere to remove surface
impurities. The procedure for LiNbO3 sol-gel-type coating followed our
previous work [13]. To achieve a nominal coating content of 1 wt. %,
410 pL lithium (1.0 M) and 820 L niobium ethoxide solutions (0.5 M)
were added to 5.94 g of NCM85, along with 1 mL of absolute ethanol.
The resulting mixture was ultrasonicated for 15 min and subsequently
dried under vacuum. The obtained powder was then calcined at 350 °C
for 2 h under an O atmosphere, yielding LiNbO3-NCM85.

4.2. Preparation of cathode and anode composites

LigPSsCl (LPSCI, NEI Corp.) and Super C65 (TIMCAL Ltd.) were used
as SE and conductive carbon additive, respectively. The weight ratios of
the components were 69.3:29.7:1.0 for LiNbO3-NCM85:LPSCl:Super
C65 (cathode composite) and 30:65:5 for LTO:LPSCl:Super C65 (anode
composite). For 1 g of composite, 10 ZrO, balls (10 mm in diameter)
were added, and the mixture was ball-milled at 140 rpm for 30 min using
an 80 mL jar.
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4.3. Preparation of slurry-cast cathodes

The as-prepared composite was used to fabricate slurry-cast cathode
tapes. Anhydrous o-xylene (97 %, Sigma-Aldrich) and polyisobutylene
(Oppanol N150, BASF SE) served as solvent and polymer binder,
respectively. The cathode composite was first pre-wetted and subse-
quently mixed with 1 wt. % binder. The weight ratio of the components
was 68.6:29.4:1.0:1.0 for LiNbO3-NCM85:LPSCl:Super C65:0Oppanol
N150. After thorough mixing, the slurry was cast onto Al foil, followed
by drying. Circular electrodes with a diameter of 9 mm were punched
out for electrochemical measurements. Further details of the procedure
can be found elsewhere [19,22].

4.4. Capacity balancing

In this work, the balancing between the LiNbO3-NCMS85 cathode and
the LTO anode was realized by adjusting the mass of the LTO composite.
Specifically, the capacities achieved in the fourth cycle at 0.2C rate
(after cell formation) were used as initial values in the calculations,
namely, a specific charge (delithiation) capacity of 202 mAh g~! for
LiNbO3-NCM85 and a specific discharge (lithiation) capacity of 132
mAh g~! for LTO, as shown in Figure S4. The balancing factor B was
defined, and the mass of LiNbO3-NCM85 (mcap, in grams) was used to
determine the corresponding LTO mass (mypo) via the following
equation:

202 mAh g!

5 1
132 mAh g! 1)

Myro = B-Mcam-
The required mass of LTO composite was then calculated based on
the ratio of components mentioned above.

4.5. SSB assembly

In-house designed setups for two-electrode (2E) and three-electrode
(3E) cells were used for SSB testing. Each cell consisted of a PEEK ring
(10 mm in diameter; for 3E, two symmetrical holes were drilled) and
two stainless steel current collectors. For 2E cells, 100 mg of SE was first
pre-pressed at 63 MPa to form the separator layer. The punched cathode
tape, with CAM loadings of 8-9 mg cm ™2, was placed on one side of the
separator layer, while a certain amount of LTO composite (based on the
balancing strategy) was added to the opposite side. The cells were then
pressed at 435 MPa for 3 min. For cells with an In/InLi counter electrode
(CE), the working electrode (WE), either the cathode tape or the LTO
composite, was placed onto the separator layer, followed by pressing at
435 MPa for 3 min. Indium (9 mm in diameter, 100 um thick, Changsha
Santech Materials Co., Ltd.) and lithium foil discs (6 mm in diameter, 50
um thick, Albemarle Germany GmbH) were stacked in sequence on the
opposite side. For 3E cells, the preparation of the reference electrode
(RE) and the assembly procedure followed previous work [29]. The LTO
composite was used as LTO-RE, with a stainless steel wire (0.127 mm in
diameter, Thermo Fisher Scientific) serving as current collector. The
LTO-RE was embedded in the center of a thickened separator layer (160
mg). The subsequent assembly of WE and CE followed the same pro-
cedure as that for the 2E cells.

4.6. Galvanostatic cycling

The SSB cells were cycled using a MACCOR battery cycler. When
LiNbO3-NCMS8S5 served as cathode (WE), the potential was set between
2.9 and 4.3 V vs. Li*/Li. Depending on the choice of CE, the cell voltage
was adjusted accordingly: with LTO (1.55 V vs. Li*/Li), the window was
set to 1.35-2.75 V vs. LigTi5012/Li;TisO12, and with In/InLi (0.62 V vs.
Li*/Li), it was set to 2.28-3.68 V vs. In/InLi. When LTO was used as WE,
the potential range was approx. 1.0-2.0 V vs. Li*/Li, corresponding to
0.38-1.38 V vs. In/InLi. The current was defined based on the specific C-
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rate, with 1C = 190 mA gﬁéMgs for LiNbO3-NCMS85 and 1C = 175 mA
gifo for LTO. 3E cells were sealed in a pouch bag and cycled at 45 °C and
under an external pressure of 81 MPa based on the voltage between WE
and CE.

4.7. Powder X-ray diffraction (XRD)

CAM (pristine NCM85 or LiNbO3-NCM85) was loaded into 0.3 mm
borosilicate capillaries (Hilgenberg), while 0.5 mm capillaries were used
for the cathode composite. Diffraction data was collected in Debye-
Scherrer geometry using a STOE Stadi-P diffractometer equipped with a
Mo anode (1 = 0.7093 10\) and a DECTRIS MYTHEN 1 K strip detector.
LaBg standard reference material was used to evaluate the instrumental
peak broadening. GSAS-II software was used for Rietveld refinement
[32]. For determining the crystallographic parameters of NCM85, the
scale factor, zero shift, and size/strain broadening parameters were
refined. A fixed background function using a 13-term Chebyshev poly-
nomial was applied. The lattice parameters, oxygen z-coordinate, and
atomic displacement parameters for each site were refined. Atoms
occupying the same site were constrained to have the same atomic pa-
rameters, and site occupancy factors were constrained such that each
site remained fully occupied.

4.8. Scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM-EDS)

Morphological and elemental analyses were performed using a Leo
1530 microscope (Zeiss) equipped with a field-emission gun. For
elemental mapping via EDS, an Oxford X-Max" detector (Oxford In-
struments) was used.

4.9. Cross-sectional imaging

The pristine cathode tape was polished by Ar-ion milling using an
IB19510CP cross-section polisher (JEOL). Cycled samples were
sectioned using a dual-beam focused ion beam (FIB) system (FEI Strata
400) with Ga' ion source operated at 30 kV. To minimize potential
impact from air exposure during characterization, the samples were
mounted onto a stage within an Ar-filled glovebox and immediately
transferred to the FIB chamber using a sealed packaging bag.
Throughout this process, the samples were exposed to air for less than 20
.

4.10. Electrochemical impedance spectroscopy coupled with distribution
of relaxation times analysis (EIS-DRT)

Potentiostatic EIS (PEIS) measurements were performed using a Bio-
Logic SP-300 multichannel potentiostat. The cells were rested for 1 h at
the end of either charge or discharge prior to the impedance measure-
ments. Spectra were recorded over a frequency range from 1 MHz to 100
mHz, with a perturbation amplitude of 10 mV. DRT analysis was per-
formed by processing the complex impedance data after subtracting the
inductive (high-frequency) and capacitive (low-frequency) contribu-
tions. A Gaussian radial basis function (RBF)-based discretization
method was applied, using a shape factor of 0.5 and a regularization
parameter of 4 = 10~* for all spectra. Multiple Gaussian functions were
used to fit the peaks in the DRT patterns, enabling quantitative analysis
of interfacial kinetics within the relaxation time constant between 107>
and 1 s [29].

4.11. Operando pressure measurements

A force sensor (KM26 10 kN, ME-MeRsysteme GmbH) was mounted
on top of a sealed cell and clamped in a rigid frame, applying an initial
load of 6.35 kN (equivalent to 81 MPa). The dynamic force, due to
volume changes of the LiNbO3-NCM85 cathode during cycling, was
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recorded continuously. An initial 12 h resting period at 45 °C allowed for
mechanical relaxation, and the stabilized force value served as baseline
for the subsequent galvanostatic measurements. The cells were cycled
for five cycles at 0.1C rate within the voltage window defined for the
LiNbO3-NCM85 cathode and LTO anode using a Bio-Logic VMP-3
multichannel potentiostat.
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