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ABSTRACT 
In order to increase the industrial appeal of solid-state batteries (SSBs) based on garnet Li7La3Zr2O12 (LLZO), the possibility of 
manufacturing them using scalable production processes such as tape casting must be demonstrated. In particular, the scalable 
production of thick, high-capacity oxide-ceramic composite cathodes based on Ni-rich LiNixMnyCozO2 (NMC) remains a key 
challenge on the path to realizing ceramic SSBs with competitive energy densities. The limited thermal compatibility between 
NMC and LLZO during sintering requires the use of a sintering aid such as Li3BO3 (LBO), which, however, impairs the rheological 
stability of tape casting slurries. In this work, we have developed a new tape-casting process for thick oxide-ceramic composite 
cathodes by establishing a slurry formulation that is compatible with multiphase cathode compositions and enables the repro-
ducible fabrication of composite NMC cathode tapes with high active material loading. Two cathode configurations are investi-
gated: NMC-LLZO-LBO composite cathodes, where LLZO serves as the catholyte, and LLZO-free NMC-LBO cathodes. After 
cosintering, the residual porosity of the ceramic cathodes is infiltrated with a polymer electrolyte with and without conductive 
carbon additives to form hybrid polymer-ceramic SSBs. By systematically correlating cathode chemistry, secondary phase for-
mation, and electrochemical performance, this study demonstrates how cathode chemistry and the balance between ionic 
and electronic transport pathways influence capacity utilization and cycle stability in thick, tape-cast NMC-based composite 
cathodes. 

1 | Introduction 
Solid-state batteries (SSBs), which use a solid-state electrolyte 
(SSE) instead of a liquid one, are considered as a promising tech-
nology that can overcome many of the challenges of current Li-
ion batteries (LIBs), including energy density and safety [1, 2]. In 
particular, oxide ceramic cells based on the garnet-type SSE 
Li7La3Zr2O12 (LLZO) have received continuous attention since 
LLZO has a wide electrochemical stability window (0–6 V vs. 

Li/Li+) [3], low electronic conductivity of 10−8 S cm−1 [4], mod-
erately high lithium-ion conductivity of up to 2·10−3 S cm−1 at 
room temperature [5], and remarkable chemical stability, which 
allows its synthesis and processing under ambient conditions 
[6, 7]. In addition, the high reduction stability of Ta-substituted 
LLZO (Li6.45Al0.05La3Zr1.6Ta0.4O12, LLZO:Ta) enables the use of 
Li-metal anodes, allowing garnet-type SSBs to achieve higher 
energy density than conventional LIBs with graphite anodes 
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while offering high intrinsic safety due to the nonflammability of 
LLZO [8–11]. 

The realization of oxide-based SSBs with high capacity and com-
petitive energy density depends crucially on the design of thick 
composite cathodes with high active material loading. However, 
in ceramic solid-state systems, a fundamental complication arises 
due to the solid and rigid nature of LLZO, which cannot infiltrate 
the cathode layer to wet the cathode active material (CAM) par-
ticles and form spontaneously ionically conductive interfaces, 
as is the case in conventional LIBs with liquid electrolytes. 
Consequently, a three-dimensional composite cathode architec-
ture is required in which the CAM is combined with a solid-state 
ionic conductor (‘catholyte’), typically LLZO itself. Therefore, the 
CAM and LLZO must be sintered together at elevated tempera-
tures to establish good interfacial contact between CAM and 
catholyte particles and to ensure a three-dimensional percolation 
network of ion and electron conduction pathways across the 
entire cathode thickness [12–14]. The formation of an optimized, 
intertwined composite cathode morphology with low interfacial 
resistance is critical for high conductivity of the cathode layer and 
effective utilization of the CAM [15–17], but becomes increas-
ingly difficult with increasing layer thickness and CAM loading. 

Since LLZO (and SSEs generally) have a higher relative density 
than liquid electrolytes, high-voltage, high-capacity CAMs are 
required to achieve competitive energy density in composite 
cathode morphologies. For these reasons, Ni-rich LiNixMny 

CozO2 (NMC) are particularly attractive CAMs for SSBs [18]. 
However, integrating NMC into LLZO-based composite cathodes 
poses a fundamental challenge during cosintering. While effec-
tive densification of LLZO typically requires temperatures above 
1000°C [19, 20], NMC exhibits thermal incompatibility with 
LLZO already at temperatures above 600°C [14, 21, 22]. Under 
these conditions, diffusion-driven reactions are activated, leading 
to chemical decomposition and the formation of secondary 
phases that impair electrochemical functionality [15–17]. The 
thermal compatibility between NMC and LLZO, including the 
amount and nature of the formed side phase, as well as the reac-
tion onset temperature, depends strongly on the NMC composi-
tion. The low-capacity, Mn-rich NMC compositions such as 
LiNi1/3Mn1/3Co1/3O2 (NMC111) generally have a higher reaction 
onset temperature for secondary phase formation during cosin-
tering than high-capacity, Ni-rich compositions such as LiNi0.8 

Mn0.1Co0.1O2 (NMC811) [14, 21]. However, although NMC811 
reacts already at lower temperatures, only a small amount of 
one secondary phase forms as isolated particles. Therefore, the high-
capacity, Ni-rich NMC compositions are also suitable CAMs for 
LLZO-based composite cathodes fabricated by cosintering [14]. 
To overcome the limited thermal compatibility between NMC 
and LLZO, liquid-phase sintering strategies using additives with 
low melting points were investigated. In particular, Li3BO3 (LBO) 
was used as a sintering aid to enable the consolidation of NMC-
LLZO composite cathode at reduced temperatures of 750°C 
[23–25]. Using this approach, fully inorganic NMC-based SSBs 
were successfully fabricated by screen printing thin composite 
cathode layers onto dense LLZO substrates and then sintering 
them at low temperatures [14, 26, 27]. Although this approach 
allows sufficient densification of cathode layers, chemical inter-
actions between NMC and LLZO cannot be completely sup-
pressed [14, 28]. Compatibility studies have shown that 
cosintering NMC811 with LLZO above 600°C mainly leads to 

the formation of La2(Li,Ni)0.5O4 as a side phase with low weight 
fractions [14, 21]. As a consequence, although the resulting cells 
are electrochemically active, they exhibit limited capacity utiliza-
tion, with reported discharge capacities for Ni-rich NMC811-
LLZO composite cathodes not exceeding 120 mAhg−1 [14], which 
is well below the theoretical capacity. An alternative strategy for 
eliminating thermal incompatibility issues is to completely 
exclude LLZO from the cathode and use LBO as a catholyte. 
In the NMC-LBO configuration, LBO enables low-temperature 
sintering, serves as the Li-ion conductor, and suppresses the 
LLZO-related secondary phase formation. However, it should 
be taken into account that LBO has significantly lower (by almost 
three orders of magnitude) ionic conductivity compared to LLZO 
and is therefore generally applicable only to thin cathode layers 
[24]. Using screen-printing techniques, the NMC111-LBO com-
posite cathodes have delivered a discharge capacity of up to 140 
mAh g−1 without detectable secondary phase formation after 
cosintering [29]. It is noteworthy that the reported performance 
of LLZO-free cathodes has only been demonstrated for thin 
layers. When extended to thick cathodes with high CAM loading, 
it remains unclear whether these composite cathode configura-
tions can be implemented successfully. It can be expected that in 
an LLZO-free configuration, the low ionic conductivity of LBO 
would lead to pronounced polarization in thicker layers, while 
in the LLZO-containing cathodes, the formation of detrimental 
secondary phases can increase the interfacial resistance and most 
likely further impede the ion and electron transport across the 
electrode thickness. 

To manufacture thick ceramic NMC-based composite cathodes 
on an industrial scale, scalable fabrication techniques must be 
developed. Compared to screen printing that is mainly applicable 
for thin layers, tape casting enables the scalable production of 
free-standing ceramic layers with variable thickness and is a pro-
cess of choice for the fabrication of thick composite cathode 
layers within this work. In a tape casting process, ceramic powder 
is dispersed in a mixture of solvent, dispersant, and plasticizer to 
form a slurry that is cast into free-standing layers with precisely 
controlled thickness and 3D microstructure [30]. Tape casting 
has already been successfully applied to produce LLZO-based 
composite cathodes containing LiCoO2 (LCO) as a CAM [13, 31], 
but the fabrication of tape-cast composite ceramic cathodes with 
NMC has not been reported yet, mainly due to the challenges 
with NMC processing and sintering. In addition to lower temper-
ature stability of NMC compared to LCO during sintering with 
solid electrolytes, NMC is much more prone to protonation in 
ambient atmosphere and in protic solvents, which interferes with 
solvent-binder system required for slurry fabrication and pro-
motes gelation [30, 32, 33]. Incorporation of LBO in the slurry 
as sintering aid for the NMC-based composite cathodes, as dis-
cussed above adds another layer of complexity, as LBO is highly 
hydrophilic so that chemical stability in the slurry must be care-
fully controlled. 

In this work, we have developed a tape-casting route to produce 
oxide ceramic Ni-rich NMC-based composite cathodes for SSBs. 
We developed a slurry formulation that enables stable dispersion 
of NMC, LLZO, and LBO and allows the reproducible fabrication 
of free-standing cathode tapes with controlled thickness and high 
active material loading. Two cathode configurations were inves-
tigated: (i) NMC-LLZO-LBO composite cathodes, in which LLZO 
with high ionic conductivity acts as catholyte and LBO serves as 
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the sintering aid and (ii) LLZO-free NMC-LBO cathodes, in 
which LBO, with its significantly lower ionic conductivity, is 
the only ionic conductor and thus performs both the function 
of a sintering aid and that of a catholyte. After cosintering, 
the residual porosity of the ceramic cathode tapes was infiltrated 
with a polymer electrolyte with and without conductive carbon 
additives to form hybrid polymer-ceramic SSBs. By systematically 
comparing the structural and chemical properties of the resulting 
NMC cathode configurations with their electrochemical perfor-
mance in full cells with and without carbon, we elucidate how 
the cathode chemistry, the secondary phase formation, and the 
balance between ionic and electronic transport pathways govern 
the capacity utilization and cycling stability of tape cast Ni-rich 
NMC-based composite cathodes. 

2 | Results and Discussion 

To produce free-standing NMC-based composite cathode tapes, 
we adapted the established tape casting process that was devel-
oped in our previous work for the production of LLZO separators 
[34]. A typical tape casting process comprises four separate steps, 
namely (i) powder conditioning (pre-treatment), (ii) slurry prep-
aration, (iii) slurry casting, and (iv) shaping, pressing, and sinter-
ing (Figure 1). Each step can be optimized to achieve the desired 
morphology and functionality of the resulting components. The 
slurry for casting composite cathodes contained LLZO as the 
catholyte (similar to the tape casting procedure for LLZO sepa-
rators) but also two additional components, namely NMC as 
CAM and Li3BO3 (LBO) as sintering aid [35] (Figure S1). 
While the overall workflow was retained, significant changes 
were required during the preparation of the slurry to account 
for the differences in the chemical composition and reactivity 
of the additional components NMC and LBO. For example, 
the binder polyvinyl butyral (PVB) had to be changed due to 

its incompatibility with LBO. Li3BO3 can undergo partial disso-
ciation in aqueous and polar solutions, leading to the formation 
of borate species such as B(OH)4 

− and B2O4
2− through reactions 

similar to the hydrolysis of B2O3 [36]. These borate species read-
ily coordinate with hydroxyl-rich polymers such as PVB, promot-
ing uncontrolled cross-linking and gelation that make the slurry 
formulation uncastable, as we show in the supporting informa-
tion (Figure S2). The PVB was then replaced with carboxymethyl 
cellulose (CMC), a polysaccharide-based binder with a more 
chemically tolerant structure. Although CMC also contains 
hydroxyl groups, it exhibited significantly lower reactivity with 
borate species under the same solvent conditions, likely due to 
its linear, anionic backbone and weaker coordination affinity. 
At the same time, the concentration of the ammonium-based dis-
persant (BYK-180) in the slurry was reduced to avoid excessive 
basicity, which could otherwise promote further borate dissocia-
tion and destabilization of the slurry rheology Table 1. 

Prior to slurry preparation and tape casting, the LLZO and NMC 
powders were ball milled to reduce particle size and achieve a 
more uniform distribution suitable for tape casting. Particle size 
distribution (PSD) analysis confirms that milling significantly 
shifted the PSD of both LLZO and NMC powders toward the sub-
micron and low-micron range (Figure S3), improving the homo-
geneity and dispersion of the slurry. The LLZO powder was 
annealed in air at 750°C after ball milling to remove Li2CO3 

formed on the particle surface due to protonation, as confirmed 
previously [34]. The LBO powder was only dry-ground by hand to 
avoid any structural or compositional changes that could result 
from high-energy, solvent-based ball milling. Following this opti-
mized protocol, two different composite cathode variants were 
prepared, namely NMC-LLZO-LBO (46:46:8 wt%) and NMC-
LBO (92:8 wt%). The LBO content was set at 8 wt.% in both 
configurations to minimize the effect of LBO on electrochemical 
performance, as LBO possesses a significantly lower lithium-ion 
conductivity (~2 × 10−6 S cm−1) [24] than LLZO (1 × 10–3 S cm–1) 

FIGURE 1 | Schematic of the composite cathode fabrication process, including powder pre-treatment, slurry preparation, tape casting, and pressing/ 
sintering. 
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[37] and fluctuations in its concentration could otherwise lead to 
uncontrolled differences in ionic transport within the composite 
cathode. The composite cathode tapes were sintered at 750°C for 
45 min in a pure oxygen atmosphere to preserve Ni in the oxida-
tion state Ni3+ and suppress the formation of oxygen-deficient 
reduced phases that could impair the electrochemical perfor-
mance [22, 32]. To ensure controlled removal of organic compo-
nents and prevent tape deformation, the heating profile was 
optimized based on thermogravimetric analysis. The temperature 
was slowly increased from room temperature to 600°C at a rate of 
2°C min−1, with intermediate dwell steps of 15 min at 200°C and 
600°C. These steps allow for gradual evaporation and decompo-
sition of residual solvents and polymeric binders before the onset 
of ceramic densification and promote homogeneous mass loss 
across the entire tape thickness. This controlled burnout mini-
mizes gas pressure build-up, reduces internal stress gradients, 
and thus suppresses warping or deformation of the tapes during 
subsequent high-temperature sintering. 

After tape casting and drying, uniform green tapes were obtained 
for both composite cathode compositions (NMC-LBO and NMC-
LLZO-LBO). The green tapes exhibited excellent flexibility and 
mechanical integrity. The dried green tapes could be handled 
and punched into discs of 10 mm without cracking and showed 
uniform thickness across the entire cast area, as shown in 
Figure 2a,e. After sintering, free-standing, fully ceramic compos-
ite cathodes with a diameter of 9.4 mm were obtained. Both 
composite cathode tapes (NMC-LBO and NMC-LLZO-LBO) 
exhibited reasonable mechanical integrity and remained visibly 
flat, as can be seen in the photographs (Figure 2b,f ). Chromatic 
white light topography further confirms a uniform surface topog-
raphy at the microscale (Figure 2e,f ) and shows uniform, flat 
surfaces without significant warping or delamination. The suc-
cessful retention of tape geometry underscores the effectiveness 
of the optimized slurry formulation and controlled sintering con-
ditions. Cross-sectional scanning electron microscopy (SEM) 
images showed comparable final thicknesses of approximately 
90 μm for both tapes (Figure 2d,h). This dimensional consistency 
is particularly important to ensure uniform current distribution 
and minimize variations in cell performance during electrochem-
ical testing. 

SEM analysis of the fracture surfaces shows a densely packed 
granular microstructure for both NMC-LBO and NMC-LLZO-
LBO composite cathodes (Figure 3a,b). The backscattered elec-
tron SEM images visualize the different phases within the 
composite cathodes based on their material (Z) contrast. 
LLZO appears as very bright particles, while the NMC particles 
are light gray. Due to its low average atomic number, the LBO 
phase appears as dark gray regions surrounding the LLZO and 
NMC particles, which is confirmed by energy-dispersive X-ray 
spectroscopy (EDX) (Figure S4). The spatial distribution and 
morphology of these LBO-rich regions suggest liquid phase-
assisted densification during sintering. Moreover, they appear 
similar in both composites, confirming that LBO does not 
undergo any detectable reactions with the other components 
under the processing conditions applied. SEM/EDX does not 
detect any additional secondary phases with distinct morphol-
ogy or material contrast at the investigated magnifications. This 
suggests that all secondary phases identified by XRD are either 
present in low volume fractions or below the spatial resolution 
of SEM/EDX. 
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FIGURE 2 | Morphological comparison of as prepared (“green”) and sintered composite cathodes. NMC-LBO (top, blue frame) and NMC-LLZO-

LBO (below, red frame): (a) and (e) photographs of the green tapes; (b) and (f ) photographs of the sintered tapes at 750°C in pure oxygen; (c) and (g) 
white light topography showing flatness and thickness uniformity of sintered tapes; (d) and (h) SEM images of cross-sections of cathode tapes after 
sintering. 

FIGURE 3 | Backscattered electron SEM images of (a) fracture surfaces of the NMC-LLZO-LBO and (b) NMC-LBO composite cathodes sintered at 
750°C in a pure oxygen atmosphere; (c) XRD patterns and (d) Raman spectra of the composite cathodes shown in (a) and (b). 

X-ray diffraction (XRD) and Raman spectroscopy mapping were low weight ratio and amorphous nature after sintering. In con-
performed on the sintered samples (Figure 3c,d). The XRD pat- trast, the XRD pattern of the NMC-LLZO-LBO composite shows 
tern of the NMC-LBO composite shows only reflections associ- several additional peaks in addition to cubic LLZO and layered 
ated with the layered NMC phase. No reflections associated NMC, which can be indexed to the La2Li0.5Ni0.5O4 phase, consis-
with crystalline LBO are detected, which is probably due to its tent with previous published work [21, 38]. However, cubic 

Batteries & Supercaps, 2026 5 of 15  

 25666223, 2026, 5, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202500959 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [19/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



LLZO and NMC are still the main phases after co-sintering. 
Importantly, in both composite cathodes, the characteristic dif-
fraction features of the hexagonal layered NMC structure are pre-
served after tape casting and sintering. The layered NMC 
structure remains intact in both composites, as evidenced by 
the clear splitting of the (006)/(012) and (108)/(110) reflections, 
confirming a well-ordered hexagonal layered structure [39, 40]. A 
quantitative evaluation of the (003)/(104) intensity ratio is not 
reliable for the LLZO-containing composite due to the overlap 
of the NMC (104) reflection with a diffraction peak of LLZO. 
Therefore, the structural changes were instead evaluated based 
on the lattice parameters. Le Bail refinement of the powder 
XRD patterns reveals a slight decrease in the c/a lattice parame-
ter ratio for both NMC-LBO and NMC-LLZO-LBO (4.94) com-
pared to the ball-milled NMC (4.95) (Figure S4), indicating 
only a slight increase in cation disorder (antisite defects, Ni2+ 

occupying Li sites) after tape casting and sintering. The presence 
of LLZO in the composite cathode had no effect on the cation 
mixing. 

To further elucidate the structural evolution during thermal 
treatment, XRD and Raman spectroscopy were performed on 
the NMC-LLZO-LBO composite cathodes sintered at different 
temperatures of 200°C, 400°C, and 600°C (Figure S5). The results 
confirm that the formation of the secondary La2Li0.5Ni0.5O4 

phase only occurs at temperatures above 600°C. This phase evo-
lution is accompanied by a significant suppression and eventual 
disappearance of the Raman bands typically observed around 
250–350 cm−1 [41], suggesting that the formation of La2Li0.5 

Ni0.5O4 occurs at the expense of LLZO decomposition. 

Raman mapping spectroscopy provides further insights into the 
structure evolution after cosintering. In the NMC-LBO cathode, 
characteristic Raman bands of the layered structure are clearly 
visible in the range of 400–600 cm−1 [42], including well-resolved 
peaks corresponding to Eg(Ni), Eg(Co), A1g(Ni), and Eg(Mn) 
[42, 43]. The presence of a relatively strong A1g(Ni) mode could 
indicate a minor degree of cation mixing, which is consistent 
with Le Bail refinement. On the other hand, the Raman spectrum 
of the NMC-LLZO-LBO composite shows broad and significantly 
attenuated NMC signals. It is noteworthy that the A1g(Ni) mode 
shows a significant reduction in intensity, and the A1g(Ni)/ 
Eg(Co) intensity ratio is relatively reduced. This is indicative 
of increased cation disorder within the NMC structure, likely 
caused by the abovementioned antisite defects or Ni leaching 
from the layered structure, which disrupts the layered symmetry 
and attenuates the vibrational modes. The NMC spectral distor-
tions are also accompanied by the formation of a secondary 
phase, as evidenced by the appearance of sharp peaks around 
220, 410, and 689 cm−1, which correspond to the vibrational 
modes reported for La2Li0.5Ni0.5O4 [21, 28] and are consistent 
with the XRD results. We can therefore confirm that a La-Ni-
O secondary phase is formed at the expense of Ni leaching from 
the NMC structure, which probably reacts with LLZO during 
cosintering at 750°C. 

To evaluate the electrochemical performance of the NMC-LBO 
and NMC-LLZO-LBO cathodes, they were incorporated into 
hybrid polymer-ceramic SSBs with lithium-metal anodes. A solu-
tion of poly(ε-caprolactone) grafted cyclodextrin (GCD-PCL) 
polymer and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 
salt in THF was infiltrated into the composite cathode tapes and 
used as a connection layer between the composite cathode tape 

and the dense, pre-sintered LLZO:Ta separator. GCD-PCL was 
selected due to its low interfacial charge transfer resistance and 
stability at high voltages up to 4.3 V, ensuring compatibility with 
Ni-rich NMC during electrochemical cycling [44]. To obtain a full 
cell, a Li metal anode was attached to the other side of the dense 
LLZO:Ta separator. 

Various composite cathode configurations were tested to system-
atically evaluate the interaction between ion and electron trans-
port in the composite cathodes. The NMC-LBO cathode, which 
has low total ionic conductivity but high phase purity, is com-
pared with the NMC-LLZO-LBO variant, which should have sig-
nificantly higher ionic conductivity due to the presence of LLZO, 
but also contains a secondary phase whose effects on electro-
chemical performance have not yet been explored. In addition, 
given the inherently low electronic conductivity of the NMC811 
(10–8 S cm−2) [33], 5 wt% carbon black was added to the GCD-
PCL electrolyte to improve the electron conduction pathways 
within the composite cathode. This resulted in four cathode con-
figurations: NMC-LBO, NMC-LBO + C, NMC-LLZO-LBO, and 
NMC-LLZO-LBO + C. A schematic representation of the four 
full-cell configurations is provided in (Figure 4). 

The designed cell configurations enable the evaluation of differ-
ent transport contributions: (I) The comparison of NMC-LBO 
with NMC-LLZO-LBO shows the influence of the ionic conduc-
tivity introduced by the Li-ion conductor LLZO. (II) Comparing 
NMC-LBO with and without carbon deconvolutes the effect of 
improved electronic conductivity. (III) Comparing the two 
carbon-containing composites helps to assess whether the addi-
tion of carbon can compensate for the performance limitations 
caused by the secondary phase in the LLZO-containing cathode. 

The backscattered electron SEM images of the fractured half-cell 
(Figure 5) show a continuous polymer interlayer that confor-
mally bridges the composite cathode and the LLZO separator. 
The polymer infiltrates the porous cathode and fills the residual 
porosity, indicating good adhesion and intimate interfacial con-
tact. Similar infiltration behavior is observed in both cathode 
configurations, which is consistent with their comparable 

FIGURE 4 | Schematic illustration of the four cell configurations 
investigated in this work: (a) NMC-LBO based cell; (b) NMC-LLZO-

LBO based cell; (c) NMC-LBO + C based cell; and (d) NMC-LLZO-

LBO + C based cell. 
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FIGURE 5 | (a) Backscattered electron SEM images of fractured half cell (NMC-LLZO-LBO), showing the polymer interlayer between the composite 
cathode and the solid LLZO separator. (b) Magnified image of the boxed region, highlighting the polymer infiltrated composite cathode. 

relative densities of 79% for NMC-LBO and 81% for NMC-LLZO-
LBO, suggesting a similar degree of infiltration. 

The hybrid polymer-ceramic SSBs were characterized by galva-
nostatic charge–discharge experiments at a constant current den-
sity of 40 μA/cm2 at 60°C. When comparing the first charge– 
discharge profiles, all cells exhibit defined plateaus within the 
expected voltage range of Ni-rich NMC, indicating that the opti-
mized slurry preparation and cosintering do not impair the elec-
trochemical activity of the CAM (Figure 6). This is further 
supported by the differential capacity analysis (Figure S8), which 
shows distinct redox peaks at potentials typically associated with 
Ni-rich NMC, confirming reversible lithium extraction and inser-
tion. The NMC-LLZO-LBO cell delivered a higher initial dis-
charge capacity of 134 mAhg−1 (~63% utilization) and lower 
polarization compared to NMC-LBO (Figure 6a,b), which deliv-
ered only 46 mAhg−1 (~21% utilization), accompanied by higher 
polarization and significant voltage hysteresis, indicating higher 
total resistance of the electrode layer. With carbon addition, the 
NMC-LBO + C configuration showed the best performance 
(Figure 6c), achieving an initial areal discharge capacity of 6.1 
mAh cm−2 and a gravimetric discharge capacity of 205 mAh g−1 

corresponding to ~97% capacity utilization relative to the 
expected practical capacity of Ni-rich NMC811 (~210 mAh g−1) 
[45]. This is accompanied by reduced polarization and improved 
electrochemical reversibility, mainly due to the improved elec-
tronic conductivity provided by the carbon network. We assume 
that the carbon network improves total electronic conductivity of 
the composite cathodes so that previously isolated regions in the 
NMC-LBO cathode with an extremely high NMC loading of 
around 26 mg/cm2 become accessible. The NMC-LLZO-
LBO + C (Figure 6d) cell also showed improved performance 
compared to its carbon-free counterpart, achieving 169 mAh g−1 

(80% utilization) at slightly lower polarization. However, despite 
this improvement, its overall performance remained lower com-
pared to the NMC-LBO + C composite cathode. It is noteworthy 
that the electrochemical performance and both the areal and 
gravimetric discharge capacities of the NMC-LBO + C cell exceed 
the values typically reported for NMC-based composite cathodes 
produced by cosintering at elevated temperatures [14, 26, 29, 46], 
where capacity utilization is often limited to comparable or lower 
loadings due to interfacial degradation and transport limitations. 

This performance advantage becomes even more apparent when 
compared to pure polymer-based cell configurations. In a recent 
study [47] on conventional NMC622 electrodes, which were infil-
trated with the same GCD-PCL polymer electrolyte using a more 
elaborate technique and also cycled at 60°C, a gravimetric dis-
charge capacity of only 94 mAh g−1 at 0.05 C was reported for 
an electrode loading of 6 mg cm−2, while the cathodes with 
the highest loading (12 mg cm−2, approximately half the areal 
loading of our NMC-LBO + C cathode) achieved only ~80% of 
the theoretical discharge capacity at the same rate. These results 
confirm that the operating temperature of 60°C is not the decisive 
performance factor in our system, as it is equally required by the 
polymer electrolyte in both architectures, and demonstrate that 
the hybrid, ceramic-supported design enables significantly 
higher utilization of the active material at high surface loading 
than a purely polymer-based approach. The markedly different 
effect of carbon in the two systems suggests that electron trans-
port is the main limiting factor in the NMC-LBO cathode, while 
in LLZO-containing cathodes, the electrochemical performance 
is likely determined by more complex interfacial and chemical 
constraints. In the latter case, multiple ceramic–ceramic interfaces 
and secondary phases formed during cosintering as confirmed by 
XRD and Raman spectroscopy, likely limit the effective interaction 
between carbon and the NMC particles, reducing the benefit of 
enhanced electronic conductivity. These results suggest that while 
LLZO may facilitate the initial electrochemical activation of NMC 
in the thick composite cathode by providing ion-conducting path-
ways, its presence does not necessarily lead to higher capacity uti-
lization when interfacial resistances dominate. Instead, improved 
electronic percolation alone can effectively improve the capacity 
utilization of NMC, even when LLZO is not present in the com-
posite cathode. 

Electrochemical impedance spectroscopy (EIS) (Figure 7) corrob-
orates the trends observed during galvanostatic cycling (Figure 6). 
The impedance spectra were fitted using equivalent circuits, as 
shown in Figure 7a,b. The NMC-LLZO-LBO cathodes, both with 
and without carbon, exhibit three overlapping semicircles distrib-
uted across the high, mid, and low-frequency ranges (Figure 7a). 
The high-frequency feature (C1 ≈ 10−10 F) is consistent with con-
tributions from the bulk and grain boundaries impedance of LLZO 
[13, 48], while the mid-frequency and low-frequency semicircles 
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FIGURE 6 | Charge–discharge voltage profiles (first cycle) of the hybrid, polymer-ceramic SSBs with the four different composite cathode config-
urations at 60°C and 0.01C: (a) NMC-LBO based cell (dark blue); (b) NMC-LLZO-LBO based cell (red); (c) NMC-LBO + C based cell (light blue); and 
(d) NMC-LLZO-LBO + C based cell (orange). 

FIGURE 7 | Nyquist plots of the EIS spectra of the of the hybrid polymer-ceramic SSBs before cycling measured at 60°C and the equivalent circuits 
used for fitting: (a) NMC-LLZO-LBO and NMC-LLZO-LBO + C based cells and (b) NMC-LBO and NMC-LBO + C based cells. 

(C2 ≈ 10−4 
–10−5 F) most likely reflect interfacial processes 

involving the interfaces between the polymer and the NMC, 
the LLZO, and possible secondary phases [13]. The NMC-LBO 

cell without carbon also shows three strongly overlapping semi-
circles, but with markedly different effective capacitances. The 
high and mid-frequency semicircles have larger capacitances 
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(C1 and C2 ≈ 10−7 F), suggesting contributions from the CAM 
[31], while the low-frequency semicircle (C3 ≈ 10−5 F) is related 
to slow Li+ transport across the polymer interface [13]. The dif-
ferent capacitance ranges indicate that the NMC-LLZO-LBO 
and NMC-LBO cathodes are likely controlled by different 
rate-determining mechanisms. Due to the inherent complexity 
of hybrid polymer-ceramic composite cathodes with multiple 
interfaces, a detailed deconvolution of individual impedance 
contributions is not readily possible. Therefore, the comparison 
here is based on the total cell resistance extracted from the fit-
ting of the equivalent circuit model (Table S2). The total cell 
resistance of the NMC-LLZO-LBO cell is 654 Ω cm2, which  is  
significantly lower than that of the NMC-LBO cell (2182 Ω cm2), 
consistent with a reduced overall ionic transport limitation 
when LLZO is present as a catholyte. This also confirms that 
the NMC-LLZO-LBO cathode remains more conductive overall 
than the NMC-LBO cathode when assembled in an identical cell 
configuration, despite the secondary phases observed previ-
ously. The poor capacity utilization of the NMC-LBO cathode 
is likely related to impeded electrochemical exchange caused 
by the low ionic and electronic conductivity in the cathode. 
The addition of carbon reduces the total resistance of the 
NMC-LLZO-LBO + C composite to 541 Ω cm2, while NMC-
LBO + C exhibits the lowest total resistance of all cathode con-
figurations investigated within this work (308 Ω cm2). The total 
cell resistance is one order of magnitude lower than that of the 
NMC-LBO cathode without carbon. The reduced resistance 
in the NMC-LBO + C configuration is accompanied by a 
single depressed semicircle indicating a more homogeneous 

impedance response, possibly dominated by improved elec-
tronic percolation. The greatly reduced resistance is consistent 
with the high initial capacities and low polarization observed 
during the first cycle. The EIS results confirm that improved 
electronic conductivity can compensate for the limited ionic 
conductivity in the absence of LLZO. In contrast, the addition 
of carbon to LLZO-containing cathodes affected by secondary 
phase formation has a more limited effect on reducing interfa-
cial resistance and improving overall electrochemical 
performance. 

All composite cathode configurations examined show a signifi-
cant loss of capacity during prolonged cycling (Figure 8a). 
Among all systems, the NMC-LBO + C cathode exhibits the most 
stable early cycling behavior, retaining 95% of its initial capacity 
with a Coulombic efficiency of over 90% in the first five cycles. 
This performance exceeds the capacity retention reported for 
comparable NMC-based composite cathodes in similar hybrid 
solid-state configurations and is even better than the cycling sta-
bility of thinner cathode layers [14, 26]. Nevertheless, further 
cycling leads to a continuous capacity decline, and all systems 
suffer from severe capacity degradation to only 20 mAhg−1 

within less than ten cycles, which is comparable to the degrada-
tion rate typically reported for oxide-based composite cathodes 
[13, 31]. To gain further insights into the degradation process, 
EIS was performed again after the third cycle (Figure 8c,d). 
All cells show a significant increase in total resistance after three 
cycles. In particular, the carbon-free NMC-LBO cell exhibits a 
sharp increase in the low-frequency impedance contribution, 

FIGURE 8 | (a) Discharge capacity of the hybrid, polymer-ceramic SSBs with the four different composite cathode configurations for the first 12 
cycles at 60°C and 0.01C; (b) Coulombic efficiency for the cycles shown in (a); (c) EIS spectra of the NMC-LLZ-LBO and NMC-LLZ-LBO + C config-
urations after the third cycle, and (d) EIS spectra of the NMC-LBO and NMC-LBO + C configuration after the third cycle. 
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indicating an increase in the effective charge transfer resistance 
at the interfaces already in the first cycles. This behavior is con-
sistent with the intrinsically limited ion and electron transport in 
this cathode configuration, leading to a rapid decay in electro-
chemical activity. It is evident that the presence of LLZO in 
the NMC-LLZO-LBO cathodes mitigates such early failure. 
LLZO-containing cells exhibit a monotonic capacity decay 
accompanied by a comparable increase in impedance, dominated 
by contributions in the mid-to-low frequency range, suggesting 
that their electrochemical performance is determined by the pro-
gressive build-up of interfacial resistances that cannot be signifi-
cantly mitigated by improved electronic percolation alone. 
Similar correlations between monotonic capacity fading and 
the build-up of interfacial impedance during cycling have been 
reported for LLZO-based composite cathodes with comparable 
composition, suggesting an interface-dominated degradation 
process [14, 26]. The addition of carbon has only a limited influ-
ence on the short-term cycling stability of the NMC-LBO + C 
cathode. It is noteworthy that this cell exhibits a nonmonotonic 
capacity evolution during the initial cycles (Figure 8a), suggest-
ing that the observed capacity fluctuations are not due to purely 
progressive build-up of interfacial resistances or a continuous 
loss of electrochemical activity. Rather, the increase in cell resis-
tance after the third cycle indicates changes in the electrochemi-
cally accessible fraction of the CAM. A plausible mechanism is a 
mechanically induced loss of contact within the composite cath-
ode, in which chemo-mechanical volume changes during cycling 
locally damage interfaces or isolate parts of the NMC from the 
percolating transport network. Similar capacity decay trends 
have been observed in LCO-LLZO composite cathodes fabricated 
by tape casting, where the loss of capacity during cycling was 
mainly attributed to electro-chemo-mechanical degradation 
caused by volume changes in LCO particles during lithiation 
and delithiation [13, 31]. A comparable mechanism could also 
contribute to the performance degradation observed here, which 
can be exacerbated by additional degradation processes of Ni-rich 
NMC [49–51], including greater lattice strain, volume change, 
and potential interfacial reactivity. 

The Raman spectra of the carbon-free NMC-LBO cathodes after 
cycling (Figure S10) show that the NMC and LBO phases remain 
largely preserved. The characteristic modes of the layered NMC 
structure are still clearly distinguishable. The Ni-O vibrational 
modes Eg(Ni) and A1g(Ni) are still present and show only a slight 
peak broadening. Importantly, the A1g(Ni)/Eg intensity ratio does 
not show any significant additional decrease compared to the as-
prepared cathodes. This suggests that, in the absence of LLZO, 
the layered NMC framework remains structurally stable during 
cycling. The observed capacity fading is therefore more likely 
associated with mechanical degradation rather than chemically 
driven interfacial reactions. 

In contrast, the cycled NMC-LLZO-LBO composite shows further 
attenuation and broadening of the NMC-related Raman peaks, 
with the intensity of the Eg(Ni) mode decreasing during cycling. 
The characteristic secondary-phase peaks assigned to La2Li0.5 

Ni0.5O4 remain clearly visible, their intensity and position do 
not change, indicating the La-Li-Ni-O phase formed during sin-
tering does not evolve further during cycling. The progressive 
suppression of the vibrational modes of the layered NMC struc-
ture indicates ongoing structural degradation, likely associated 
with the local symmetry distortion at the NMC-LLZO interface. 

The stability of the La2Li0.5Ni0.5O4 phase further supports that 
this interfacial reaction product remains electrochemically 
inactive and not contributes to impedance growth during 
cycling. However, it should be noted that the electrochemical 
and mechanical instability of the polymer interlayer upon 
repeated cycling can contribute to the capacity decay. This 
has also been observed in pure-polymer-based cells. 
Conventional cathodes with a high loading of 12 mg cm−2 

(roughly half the areal loading of our highest-performing cath-
ode), which were infiltrated with the same GCD-PCL polymer, 
also exhibit a significant capacity decay within the first 10 cycles 
[47], suggesting that rapid capacity fading at high areal loading 
is not specific to the hybrid ceramic architecture but reflects a 
more general challenge common to both approaches. Therefore, 
further targeted studies are needed in the future to examine the 
cycling stability of thick NMC composite cathode in such 
hybrid-ceramic cells. 

The EIS characterization was also supported by galvanostatic 
intermittent titration technique (GITT) measurements. GITT 
measurements were conducted at 60°C with a current density 
of 40 μA·cm−2, consisting of 3 hr current steps followed by 1 hr 
relaxation intervals. EIS was performed after each titration step. 
The apparent diffusion coefficient D was calculated using 
Equation (1) [52] where t (s) is the dwell time, mb (g) is the total 
mass loading, S (cm2) is the cathode surface, MB (g mol−1) is the 
molecular weight, ΔEs the steady-state voltage change during the 
current step, and ΔEt is the total voltage change during the cur-
rent pulse. 

D = 4=t πðmb VM =MB SÞ2ðΔEs =ΔEt Þ2 (1) 

Despite the relatively long relaxation times applied during the 
GITT measurements, the voltage response in the GITT profiles 
is dominated by abrupt IR drops and only limited diffusion-
controlled relaxation (Figure 9a). This behavior indicates that 
the GITT profiles primarily reflect instantaneous polarization 
and transport effects at the electrode level rather than 
diffusion-controlled processes. Accordingly, the diffusion coeffi-
cients derived from these measurements are treated as apparent 
parameters that describe effective transport kinetics in the entire 
cathode and not the intrinsic solid-state lithium diffusion in the 
active materials. 

The amplitude of the instantaneous IR drop after current shut-
down is largest for the NMC-LBO electrode, indicating signifi-
cant electrode resistance due to the low ionic conductivity of 
LBO and the low electronic conductivity of the composite elec-
trode morphology. The incorporation of LLZO into the composite 
cathode (NMC-LLZO-LBO) moderately reduces the IR drop 
amplitudes compared to NMC-LBO, suggesting that LLZO pro-
vides higher ionic conductivity and thus lower overall resistance 
of the electrode. In LLZO-containing cathodes, the addition of 
carbon leads to a further (albeit slight) reduction in the IR-drop 
amplitude and marginally higher apparent diffusion coeffi-
cients. This observation is consistent with the EIS results and 
suggests that electrode kinetics are primarily determined by 
high interfacial resistances that cannot be significantly reduced 
by improved electronic percolation alone. In contrast, the addi-
tion of carbon to the LLZO-free NMC-LBO + C cathode  results  
in a significant reduction in the IR-drop amplitude and yields 
the highest apparent lithium diffusion coefficients over the 
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FIGURE 9 | (a) GITT voltage profiles for NMC-LBO, NMC-LBO + C, NMC-LLZO-LBO, and NMC-LLZOLBO + C at 60°C; (b) magnified GITT volt-
age profiles between 3.3 and 3.7 V for the composite cathode configurations shown in (a); (c) apparent Li+ diffusion coefficients for the four composite 
cathode configurations calculated from the GITT profiles. 

entire SOC range (Figure 9b). This strong correlation suggests 
that, in the absence of LLZO, electrode resistance is dominated 
by electronic contribution, which can be effectively improved by 
adding carbon. We therefore conclude that the incorporation of 
LLZO primarily improves ion transport, but at the same time 
introduces interfacial limitations that restrict further kinetic 
gains. In contrast, the addition of carbon reduces electronic 
resistance and improves exchange kinetics in NMC–LBO + C 
cathodes, making it the most effective strategy for improving 
NMC capacity utilization in thick composite cathodes without 
LLZO incorporation. 

Analysis of distribution of relaxation times (DRT) (Figure S9) 
confirms the trends observed in the GITT measurements. The 
main difference between the cathode systems studied is reflected 
in the evolution of the mid-frequency relaxation process P3 (104 

– 
102 Hz), which is sensitive to cathode chemistry and interfacial 
transport within the cathode [53]. In LLZO-containing cathodes 
(NMC-LLZO-LBO), the P3 process broadens with increasing 
state of charge, probably due to the continuously increasing 
interfacial resistance. Although the addition of carbon partially 
suppresses this contribution, it still remains, suggesting that 
transport in LLZO-containing cathodes is predominantly limited 
by chemically and structurally induced interfacial effects. 

3 | Conclusion 

This work demonstrates for the first time a process for 
manufacturing electrochemically active, free-standing NMC-
based composite cathodes using a scalable, industrially relevant 
tape casting process. We have succeeded in optimizing slurry 
composition to enable reproducible casting of 90 μm thick com-
posite cathodes containing NMC, LLZO and LBO without signif-
icant material degradation. Structural and spectroscopic analyses 
confirm that the hexagonal layer structure of NMC and the cubic 
LLZO phase are largely retained after processing, however, cosin-
tering of LLZO, NMC, and LBO as a sintering aid leads to the 
formation of La2Li0.5Ni0.5O4 as secondary phase even at a 
reduced temperature of only 750°C. 

The composite cathodes were electrochemically active when 
tested in hybrid, polymer-ceramic SSBs with a Li metal anode 
and a dense LLZO separator. A systematic comparison between 
LLZO-containing and LLZO-free composite cathode architec-
tures shows that the incorporation of LLZO enables improved 
electrochemical performance by providing ionic transport path-
ways in the thick composite cathodes but at the same time intro-
duces interfacial constraints due to the secondary phases formed 
during cosintering, which limit effective capacity utilization. As a 
result, both NMC-LLZO-LBO and NMC-LLZO-LBO + C 
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cathodes exhibit only moderate active material utilization. In 4 | Experimental Section 
contrast, the LLZO-free NMC-LBO cathodes remain largely inac-
tive and exhibited the lowest CAM utilization due to the absence 
of both ionically and electronically conductive pathways. 
However, by adding carbon, the NMC-LBO + C system even out-
performed the NMC-LLZO-LBO + C system, delivering the high-
est capacity of all composite cathode compositions investigated in 
this study. An initial discharge capacity of more than 200 mAh 
g−1 and 6 mAh cm−2 was achieved, corresponding to a capacity 
utilization of almost 100%. In addition, this cell showed the high-
est capacity retention after 6 cycles. The combination of galvano-
static cycling, GITT, and DRT analyses shows that the 
performance of these thick composite cathodes is determined 
by the balance between ionic and electronic conductivity. 
While LLZO addition improves ionic transport, the low elec-
tronic conductivity and the interface limitations constrain elec-
trode performance, while improved electronic percolation 
effectively enhances NMC utilization in LLZO-free architectures. 
These results underscore that the incorporation of LLZO alone is 
not sufficient to ensure high capacity utilization in thick NMC 
composite cathodes and highlight the importance of 
interface-aware cathode design for oxide-ceramic SSBs. 

Based on the results of postmortem Raman spectroscopy and 
electrochemical analysis, we suggest that electro-chemo-mechan-
ical degradation is the primary cause of capacity fading in com-
posite cathodes, both with and without LLZO; therefore, 
improving the mechanical cohesion of the electrodes under 
cycling-induced strain should be the main objective. This can 
be achieved, for example, by reducing the CAM particle size 
or by using NMC particles with concentration gradients to reduce 
intergranular cracking and minimize the cumulative stress 
caused by the CAM volume change. Another possibility is also 
to optimize the protocol for polymer infiltration, for example, 
using heating or curing techniques that ensure a conformal 
CAM/catholyte interface and better compensate for cycling-
induced volumetric stresses. 

In addition to chemo-mechanical degradation, LLZO-contain-
ing cathodes exhibit another degradation pathway related to 
reactions at the CAM/LLZO interface. For these systems, it is 
therefore expected that suppressing the formation of La2Li0.5 

Ni0.5O4 during sintering would improve electrode performance. 
To prevent the formation of secondary phases, the use of pro-
tective surface coatings on LLZO and NMC particles (e.g., 
LiNbO3 or Li3PO4), as well as fast and low-temperature sinter-
ing methods such as field-assisted sintering (FAST/SPS) should 
be investigated. 

Our study demonstrates the possibility of scalable fabrication of 
freestanding LLZO- NMC cathode layers, which show high 
areal initial specific capacities. However, the cycling stability 
of the cathode layers obtained is still insufficient and should 
be the next frontier. Previously published studies show that 
the performance of NMC-LLZO composite cathodes strongly 
depends on several factors, including the NMC composition, 
the type and concentration of dopants in the LLZO structure, 
the coating of the NMC powder, the microstructure of the cath-
odes, the ionic and electronic conductivity of the cathode layer, 
and the type of processing, including the sintering technique, 
which should be investigated to increase the cycling stability 
of ceramic cathodes. 

4.1 | Synthesis and Powder Conditioning 

The SSE powder Li6.45Al0.05La3Zr1.6Ta0.4O12 (LLZO:Ta), which 
was used for the fabrication of tape cast cathodes and dense sep-
arators described in this work, was prepared via solid-state synthe-
sis as described elsewhere. Stoichiometric amounts of LiOH·H2O 
(Applichem, 99%), La2O3 (Merck, 99%, pre-dried at 900°C for 
10 h), ZrO2(Treibacher, 99,7%), Ta2O5 (Treibacher, 99,95%) and 
Al2O3 (Inframat, 99,82%) were used. 10 wt% excess of LiOH 
was added to compensate for lithium loss during high-temperature 
treatment. The mixture was thoroughly mixed using an automatic 
grinder (RM 200, Retsch, Germany) and pressed into pellets before 
a first calcination step at 850°C for 20 h. The obtained pellets were 
crushed by a jaw crusher (BB 50, Retsch, Germany) and dry-milled 
in 250 ml tungsten carbide jars with 20 mm tungsten carbide mill-
ing balls at 200 rpm using a planetary ball mill (PM 400, Retsch, 
Germany) and subsequently sieved with a 50 μm mesh  by  using  a  
vibratory sieving machine (Analysette 3, Fritsch, Germany). The 
obtained powder was pressed into pellets and calcined a second 
time at 1000°C for 20 h. Afterwards, the pellets were crushed 
and dry-milled again. For use in tape casting, the obtained powder 
was again ball milled in ethanol with ZrO2 balls (3 mm) for 60 min 
at (700 rpm) using a planetary ball mill (Pulverisette 7, Fritsch, 
Germany). After evaporation of the solvent, the LLZO powder 
was annealed at 750°C in air for 2 h. The sintering additive 
Li3BO3 was synthesized by solid state synthesis. Stochiometric 
amounts of H3BO3 (Sigma Aldrich, >99.5%) and LiOH·H2O 
(Applichem, 99%) were homogenized in an agate mortar. The 
resulting mixture was heated in an Al2O3 crucible in air to 
650°C with a heating rate of 5 K min–1 and a dwell time of 6 h. 
To reduce the particle size of the commercial LiNi0.82Co0.11 

Mn0.07O2 (MSE Supplies), the powder was ball milled in isopropa-
nol with 1 mm ZrO2 balls at 750 rpm for 60 min using a planetary 
ball mill (Pulverisette 7, Fritsch, Germany) and then dried at 70°C 
overnight. 

4.2 | LLZO Separator Preparation 

The starting LLZO:Ta powder was uniaxially pressed into pellets of 
13 mm diameter at 120 MPa. The pellets were placed on a MgO 
plate with a bed of starting powder in a closed Al2O3 crucible 
and sintered at 1175°C for 10 h with heating and cooling rates 
of 5 K min−1. 

4.3 | Composite Cathode Fabrication 

Thin composite cathode tapes were prepared by tape casting. 
First, a polymer solution was prepared beforehand by dissolving 
(ethylcellulose, Alfa Aesar), the dispersant (BYK 180, Altana), 
and the additives (PEG 400, Sigma–Aldrich, and Solu Solv, 
Solutia Inc.) in a solvent mixture of ethanol (VWR, 99.6%) 
and butanone (VWR, 99.6%) in weight ratios of (7.9:12.7:79). 
The solution was homogenized on a roller bench for at least 
24 h. For NMC-LLZO-LBO tapes, LLZO, NMC, and LBO powders 
were mixed in a weight ratio of 46:46:8 for NMC-LBO tapes, NMC 
and LBO were mixed in weight ratios of 92:8. The respective 
powder mixtures were then added to the polymer solution at 
a powder-to-solution ratio of 1.8:1 and homogenized using a 
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planetary mixer (ARE-250, Thinky, Japan) at 1500 rpm for 2 min. 
The resulting slurries were cast onto Mylar foil using a 450 μm 
doctor blade and dried at room temperature for at least 4 h. The 
green tapes were laminated at 300 MPa and 60°C for 2 min, after 
which 10-mm discs were punched out. The discs were placed on a 
bed of starting powder on a MgO plate within an Al2O3 crucible 
and sintered in pure oxygen at 750°C for 45 min, with interme-
diate dwell times of 15 min at 200°C and 600°C. The sintering 
conditions were empirically optimized by us at the beginning 
of this study. We attempted to sinter the tapes at the lowest pos-
sible temperature (corresponding to the melting point of LBO) 
and in the shortest possible time to reduce the formation of sec-
ondary phases. 750°C is the melting temperature of LBO deter-
mined from the TGA measurements. We found that 30 min of 
sintering at this temperature is not sufficient to obtain mechani-
cally stable layers, but after 45 min, sufficiently stable cathodes 
could be achieved. 

4.4 | Material Characterization 

The particle size distribution of the starting and milled powders 
was checked via laser diffraction (LA950, Horiba Scientific, 
Japan) with a 650 and a 405 nm laser source, and data were ana-
lyzed via the Mie-theory. Phase analysis was performed by pow-
der XRD (D4 Endeavor, Bruker, Germany) with Cu-Kα radiation 
and a 1D LYNXEYE detector. Le Bail refinements were con-
ducted using Jana2006 software. Thermogravimetric and differ-
ential thermal analysis were carried out using a simultaneous 
thermal analyzer (STA 449C Jupiter, Netzsch, Germany) at a 
heating rate of 5 K·min−1 in air from room temperature to 
1000°C. Surface topography was examined via chromatic white 
light interferometry (CT350T, cyberTECHNOLOGIES GmbH, 
Germany) with P-CHR-10 000 sensor. Raman spectroscopy 
was performed using a confocal Raman microscope (InVia 
Qontor, Renishaw, UK) equipped with a 532 nm laser 
(~2.5 mW) and a 2400 l·mm−1 grating. Measurements were con-
ducted on powders, the top surface of debinded samples, and pol-
ished cross-sections. For powders, spectra from three different 
spots were averaged. Cross-sections were mapped over 
100 × 40 μm2 with a 1 μm step size and 1 s acquisition time with 
20 accumulations per point. Top-surface mappings used a 2 μm 
step size and 10 accumulations per point. All spectra were proc-
essed by cosmic-ray removal, normalization, and averaging into 
representative spectra. Microstructural analysis was performed 
by scanning electron microscopy (EVO 15, Carl Zeiss Micro-
scopy, Germany) equipped with an energy-dispersive X-ray spec-
troscopy detector (Ultim Max 100, Oxford Instruments, UK). 

4.5 | Cell Assembly and Electrochemical 
Characterization 

To assemble the SSBs, a thin Au current layer (5–15 nm) was 
deposited onto the composite cathode surface by sputter (108auto 
Coater, Cressington Scientific Instruments, UK). LLZO pellets of 
11.2 mm diameter and 400 μm thickness, prepared as described 
above, were used as separators. Prior to assembly, the pellets 
were polished with 4000-grit SiC paper to remove surface impu-
rities and ensure good interfacial contact with the Li metal ano-
des. Freshly calendared metallic lithium was punch to discs with 

a diameter of 9 mm and attached to the other side of the LLZO 
separator by pressing and heating to 300°C. The composite cath-
ode tape and the LLZO separator with a Li-metal anode were 
connected by using a polymer interlayer. The polymer solution 
was prepared inside an Ar-filled glovebox by dissolving polycap-
rolactone grafted cyclodextrin(GCD-PCL) (IMD-4) and LiTFSI 
(Sigma–Aldrich, >99.5%) in tetrahydrofuran (THF) (Sigma– 
Aldrich, >99.9%) with a weight ratio of 2:1. For the carbon-
containing configurations, 5 wt% of conductive carbon (Alfa 
Aesar, 99.99%), relative to the polymer mass was first pre-homog-
enized in THF prior to polymer dissolution to ensure uniform 
dispersion. A fixed volume of 40 μL of the polymer solution 
was drop-cast onto the cathode tape on the side not coated with 
Au, followed by lamination with the LLZO separator. The assem-
bled cells were dried under vacuum at 80°C for 12 h to remove 
residual solvent. 

Electrochemical measurements were performed in a Swagelok 
cell without external pressure. Prior to testing, the full cells were 
equilibrated at 60°C for 8 h to homogenize the temperature 
across all cells and promote good contact between the polymer 
interlayer and the ceramic components. EIS of the full cells was 
performed using a potentiostat (VMP-3, BioLogic Sciences 
Instruments Ltd, France) combined with a climate chamber (VT 
4002EMC, Vötsch Industrietechnik VT 4002EMC, Germany). 
The frequency varied from 3 MHz to 100 mHz with an electrical 
field perturbation of 10 mV. For fitting and DRT analysis, the 
Relaxis software (rhd instruments GmbH and Co. KG, 
Germany) was used. Galvanostatic cycling of the fabricated cells 
was performed between 3.0 and 4.3 V versus Li/Li+ with a con-
stant current (cc) density of 40 μA.cm−2, corresponding to a C-
rate of 0.01 C, followed by constant voltage till current dropped 
to 20 μAcm−2. The GITT experiments were performed using 3 h 
current pulses (40 μA·cm−2) followed by 1 h relaxation intervals. 
At the end of each relaxation step, electrochemical impedance 
spectra were recorded to monitor the impedance evolution with 
state of charge and to perform differential resistance analysis 
(DRT). The Li+ diffusion coefficients were calculated from the 
GITT voltage transients using the standard Weppner-Huggins 
approach. 
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