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Abstract

Solid-state batteries (SSBs) are a promising next-generation energy-storage solution to
complement or replace current battery technologies in the wave of automotive
electrification. Especially SSBs using sulfide solid electrolytes (SEs) hold great potential;
however, (electro)chemical instability when in contact with layered oxide cathode active
materials (CAMs) remains an obstacle to further implementation. SE degradation
occurring during cycling adversely affects the ion/electron transport and may possibly
cause mechanical failure. In the present work, a protective surface coating composed of
LizHfO3 and HfO2 nanoparticles (NPs) was produced on the secondary particles of a high-
capacity LiNio.s5C00.1Mno.0s02 CAM to mitigate side reactions and enable robust interfacial
charge transfer. HfO2 NPs dispersed in solution served both as coating material and as
precursor to react with residual lithium during post-deposition annealing. The
Li2HfO3/HfO2-coated NCM85 showed much improved cycling performance over bare
CAM in all-inorganic SSB cells with LisPSsCl SE and LisTisO12 anode. Thorough
characterization using a series of techniques helped to elucidate the role that the coating
plays in stabilizing interfaces and preserving structural integrity of the cathode.

Introduction

While extensive investigation and commercialization of lithium-ion batteries have made
the electrification of automobiles possible, the intrinsic flammability of (ordinary) organic,
liquid electrolytes and dendrite formation associated with the lithium-metal anode pose
safety concerns and challenges to fast charging.®> Therefore, considerable attention is
directed towards solid-state batteries (SSBs), particularly those using layered Ni-rich
oxide cathode active materials (CAMs), e.g. LiNixCoyMn,O2 (NCM or NMC) or
LiNixCoyAl,O2 (NCA) (with x + y + z =1 and x 2 0.8),° and superionic thiophosphate solid
electrolytes (SEs) such as LiePSsX (with X = Cl, Br, 1),” LisPS4,2 Li7P3S11° or
Lio.54Si1.74P1.44S11.7Clo.3*° to name a few. The latter materials exhibit a high ionic
conductivity at room temperature and are mechanically soft, allowing for facile processing
by cold pressing.

Despite the individual advantages of Ni-rich NCM CAMs and sulfide SEs, their practical
combination in SSBs is faced with many challenges. The stability of NCM decreases with
increasing Ni content, while residual lithium species and cation intermixing (Ni?* on lithium
site) impair ion transport.'! Apart from that, the charge cutoff voltage of NCM cells
surpasses the electrochemical stability window of sulfide SEs.'?'4 As a result, the
NCM|SE interface suffers from degradation, resulting in impedance buildup. In addition,
oxygen released from the CAM (near) surface at high states of charge exacerbates the
degradation. It further causes the formation of redox-inactive NiO-like rock salt phases,
which accelerates the capacity fading.'>1’ Notably, recent reports revealed that the
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performance decay of NCM/sulfide SE battery systems is also due in part to mechanical
failure. This includes particle fracture and contact loss caused by “breathing” of the NCM
particles during cycling and interfacial side reactions.819

A viable approach for solving the aforementioned issues is fabricating a protective coating
on the NCM particles, with the objective to prevent physical contact between the bare
CAM and the sulfide SE. In recent years, various coating materials have been reported,
including binary oxides (e.g. ZrO2,2%?1 HfO2,2223 Al203,%* Li20-Zr02252%) and lithium-based
ternary oxides (e.g. LiNbO3,2728 LiAlO2,2° LiZrOsz,?830 LisTisO12%Y). It should be noted
though that the coating process inevitably induces the formation of some impurities,
especially carbonates, on the CAM surface.?%27:30.32 |n this regard, Jung et al. showed
that Li2COs is detrimental to the lithium transport.3® Furthermore, electrochemical
oxidation of carbonates leads to the evolution of oxygen (in addition to CO2) that can
undergo unwanted follow-up reactions with other components in the electrode.®*3 The
limited stability of sulfide SEs, in general, may have a negative effect on the integrity of
the coating structure/morphology (loosening/delamination of the surface layer etc.).
Regardless, producing a conformal coating while preventing major carbonate formation
is challenging. Nevertheless, the emerging solution-based nanoparticle (NP) coating
technology has been shown to overcome non-uniformity problems, but it does not solve
the carbonate formation issue (as demonstrated for ZrO2 NPs as coating material).?°

As a continuation to previous work,?%23 here the original coating strategy was modified to
address specifically the latter aspect. To produce well-defined coatings on the CAM
primary/secondary particles, the NPs should be ideally monodisperse and present in a
non-agglomerated state, i.e. completely dispersed in a solvent, which is challenging to
achieve by most methods. HfO2 was selected as coating material and precursor due to
not only the possibility to readily prepare NP dispersions of good quality, but also because
of its high stability when in contact with Ni-rich CAMs (irrespective of the degree of
lithiation or, in other words, state of charge).3637 After applying the coating to the particles,
the CAM, LiNio.s5C00.1Mno.0s02 (NCM85), was subject to annealing to initiate the reaction
between HfO2 and residual lithium. This procedure was meant to decrease the amount of
surface carbonates and improve the ionic conductivity of the coating, even though the
formed lithium-based ternary oxide is less stable than the parent material. The
Li2HfO3/HfO2-coated NCM85 (cathodes with high active material content and high areal
loading) was eventually tested in bulk-type SSB cells with LisPSsCl (LPSCI) SE and
LiaTisO12 (LTO) anode and found to show improved cyclability over uncoated CAM.

Results and Discussion

A schematic of the two-step coating approach employed in the present work is shown in
Fig. 1a. In short, non-agglomerated HfO2 NPs (prepared by solvothermal synthesis)
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dispersed in solution were combined with the pristine NCM85 (referred to as Bare-NCM85)
for surface coating,?%23 followed by annealing at 700 °C under oxygen. The second step
led to partial formation of Li2HfO3 by solid-state reaction with the residual lithium present
on the CAM surface, thereby generating a kind of hybrid coating composed of HfO2 and
Li2HfO3 (referred to as LHO-NCM85).

Powder X-ray diffraction (XRD) and subsequent Rietveld refinement analysis (see Fig.
1b and Fig. S1, Supporting Information) were used to probe the crystal structure before
and after coating. The XRD pattern of LHO-NCM85 was found to be very similar to that
of Bare-NCM85, suggesting that the layering is well preserved (R—-3m space group; see
structural model in Fig. 1¢). From the refined structural parameters given in Tab. S$1, it
can be seen that LHO-NCM85 exhibits slightly larger a and c lattice parameters than
Bare-NCMB85, resulting in an increase in cell volume by about 0.05 A3. However, the
degree of cation intermixing (Nij; defects) remained virtually unaltered, with 3.2% for
Bare-NCM85 and 3.5% for LHO-NCMB85, indicating that lattice lithium consumption during
post-deposition annealing can be largely neglected.
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Figure 1. (a) Schematic of the coating procedure. (b) Powder XRD pattern and
corresponding Rietveld refinement profile for LHO-NCM85. (c) Structural model of the
NCM85.

The morphology of the Bare- and LHO-NCM85 CAMs was studied by means of scanning

electron microscopy (SEM). The micrometer-sized secondary particles were more or less

spherical in shape and consisted of sub-500 nm primary particles, see Fig. 2a-d. The

surface of the individual primary particles and the grain boundaries in Bare-NCM85 were
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clean and well defined. In contrast, LHO-NCM85 had rougher surfaces and fuzzy grain
boundaries, with traces of NPs clearly covering the material and filling the gaps between
the primary particles. In addition to SEM imaging, energy dispersive X-ray spectroscopy
(EDS) mapping was used to characterize the coated CAM (see Fig. 2e-i), revealing an
even distribution of Hf, Ni, Co, and Mn on the secondary particle level. From this data, it
can be concluded that the surface of the NCM85 was uniformly coated considering the
resolution limit of the technique.

Attenuated total reflection-infrared (ATR-IR) spectroscopy data collected from the Bare-
and LHO-NCM85 samples (see Fig. 2j) displayed carbonate vibrational bands at 870,
1430, and 1490 cm™'.3238 The bands observed for LHO-NCM85 were much weaker in
intensity than that of Bare-NCM85. This difference implies a possible decomposition of
Li2COs and/or chemical reaction with the HfO2 NPs on the CAM surface. X-ray
photoelectron spectroscopy (XPS) data for the Hf 4f core-level region (see Fig. 2k)
revealed a total of two doublets after fitting. The doublet at higher binding energy (Hf 4f72
at 18.1 eV) can be assigned to Hf** in HfO2,3%4% while that at lower binding energy (Hf
4f72 at 15.6 eV) arises from the change in chemical environment due to lithium
incorporation. A similar observation was made for Al203 coatings on NCM; new peaks
appeared upon conversion to the respective lithium-based ternary oxide.?>#! Overall, XPS
analysis indicated that the coating is a mixture of HfO2 and Li-Hf-O species.
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Figure 2. SEM images at different magnifications of (a, b) Bare-NCM85 and (c, d) LHO-
NCM85. (e) Low-magnification SEM image of LHO-NCM85 and corresponding EDS
mapping results for (f) Hf, (g) Ni, (h) Co, and (i) Mn. (j) ATR-IR data collected from the
Bare-NCM85 and LHO-NCM85. Dashed lines denote the carbonate vibrational bands. (k)
Hf 4f spectrum of LHO-NCM85.

High-angle annular dark-field scanning transmission electron microscopy (HAADF STEM)
measurements were conducted on a focused ion beam (FIB)-prepared LHO-NCM85
specimen to gain more insights into the coating structure and composition. The low-
magnification image in Fig. 3a demonstrates that the secondary particles were coated
well with a shell-like layer. EDS mapping (see Fig. 3b) further confirmed the presence of
a conformal coating of thickness ~12 nm. The data also indicate that hafnium
interdiffusion into the subsurface volume or even the NCM85 bulk can be ruled out (unlike
for sol-gel or atomic layer deposition (ALD)-derived zirconia coatings, for
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example).?1223042 This result agrees with the cation intermixing from Rietveld refinement
analysis, suggesting minor changes to the nickel on lithium site occupancy factor after
post-deposition annealing. The high-resolution TEM (HR TEM) image in Fig. 3c, taken
from a selected region of the coating, displays lattice fringes, indicating the
nanocrystalline nature of the HfO2 and Li-Hf-O species. The corresponding fast Fourier
transform (FFT) pattern shown in Fig. 3d can be indexed to the monoclinic phase of HfO2
(P21/c space group, JCPDS card no. 34-0104) and monoclinic Li2HfOs (C2/m space group,
mp-756597).43 The electron energy loss (EEL) spectrum in Fig. 3e corroborates the
presence of lithium in the coating (see Li K-edge peak at ~60 eV; note that the peaks in
the energy loss range between 30 and 50 eV are characteristic of Hf) and therefore
formation of a Li2HfO3/HfO2 hybrid shell on the CAM surface.44-46

Taking into account the above results, quantitative XPS analysis (comparison of peak
areas) revealed a ratio of Hf atoms in HfO2 vs. Li2HfOs ratio of 1.02. (see Tab. S2).
Furthermore, inductively coupled plasma-optical emission spectroscopy (ICP-OES, see
Tab. S3) showed a Hf content of 0.84 wt. %, which translates into a total coating content
of 1.06 wt. % with 0.50 wt. % HfO2 and 0.56 wt. % Li2HfOs. Because the intensity of the
carbonate vibrational bands was strongly diminished for LHO-NCM85 and the degree of
cation intermixing barely changed upon surface modification, it appears that Li2COs3
served as the maijor lithium source in the formation of Li2HfO3. Some more discussion on
this (involving results from acid titration experiments) is provided in the Supporting
Information.
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Figure 3. (a) Low-magnification HAADF STEM image of LHO-NCM85. (b) HAADF STEM
image of the region denoted by the yellow box in (a) and corresponding EDS mapping of
Hf, Ni, Mn, Co, and O. (c) HR TEM image of the surface coating denoted by the red box

in (b), (d) corresponding FFT pattern, and (e) EEL spectrum.

To assess the effectiveness of the CAM coating, the cycling performance of LHO-NCM85
was examined in SSB full cells with a cathode loading of about 11 mgncmss/cm?
(corresponding to ~3 mAh/cm? for gt = 274 mAh/g) and compared to that of the uncoated
reference material (Bare-NCM85). Argyrodite LPSCI was used as SE in the cathode and
anode, and Super C65 carbon black served as conductive additive. The sandwich-type
cell structure comprised three layers, namely CAM/LPSCI/C65|LPSCI|LTO/LPSCI/C65.
The electrochemical testing was carried out at 45 °C and 81 MPa in the voltage range
1.35-2.75 V vs. LiaTisO12/Li7TisO12.

Fig. 4a shows voltage profiles of the initial cycle at 0.1C rate, revealing significant
improvements in specific discharge capacity, with qdis = 187 vs. 162 mAh/g, and Coulomb
efficiency, with 82.4 vs. 78.6%, for cells using the LHO-NCM85. This is clearly due to the
presence of the protective coating (modification/stabilization of the CAM|SE interface),
which helps to mitigate adverse side reactions and therefore positively affects the charge
transfer. The corresponding differential capacity (dg/dV) curves in Fig. 4b display the
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phase transitions (from H1-M over M-H2 to H2-H3, with H: hexagonal and M: monoclinic)
that the CAM undergoes during lithium extraction. These transitions are typical of Ni-rich
NCM cathodes.*” Notably, compared to LHO-NCM85, the H1-M peak of Bare-NCM85
appeared at a higher voltage (by 10 mV, see inset of Fig. 4b) because of sluggish kinetics.
This result suggests that coating the secondary particles with an inert material is an
effective means to reduce polarization, even at low C-rate.

Figs. 4c and d and S2 compare the rate performance of the cells using bare and coated
NCM85. Specifically, the C-rate was gradually increased from 0.1 to 1.0C. The LHO-
NCM85 CAM delivered specific discharge capacities of 187, 155, 112, and 71 mAh/g at
0.1, 0.2, 0.5, and 1.0C, respectively, i.e. about 83, 60, and 38% of the capacity achieved
at 0.1C was retained at the higher C-rates (see Fig. 4e). By contrast, in the case of Bare-
NCMB85, the specific discharge capacities were lower by about 25 mAh/g, independent of
the C-rate. For example, only 28% (46 mAh/g) of the capacity was retained at 1.0C
relative to that at 0.1C (162 mAh/g). This behavior can be explained by growing
overpotential with increasing C-rate (see Fig. 4c), which was less pronounced in the LHO-
NCM85-based cells due to the coating helping to stabilize the CAM|SE interface (see also
Fig. S3a-c with related discussion).

Fig. 4f shows the long-term cyclability of both CAMs at a rate of 0.2C. Bare-NCM85
revealed accelerated capacity fading after around 50 cycles. This is due to (interfacial)
impedance buildup during cycling resulting from the SE decomposition and mechanical
degradation caused by particle fracture and void formation.'®48 Note that especially the
latter exacerbates the deterioration of electronic/ionic percolation through the composite
cathode.'® As a result, the capacity retention after 200 cycles was only 45.4%. Unlike
Bare-NCM85, the LHO-NCM85-based cells showed a much more stable performance,
with 81.4% of the initial capacity retained after the same number of cycles. The average
Coulomb efficiency also improved from about 99.5% for Bare-NCM85 to 99.7% for LHO-
NCM85.
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Figure 4. Cyclability of the Bare- and LHO-NCM85 CAMs in pellet-stack SSB full cells at
45 °C. (a) First-cycle voltage profiles and (b) differential capacity curves at 0.1C. (c)
Voltage profiles at different C-rates and (d) corresponding specific discharge capacities.
(e) Capacity retention with respect to 0.1C cycling (set to 100%). (f) Long-term cycling
performance at 0.2C.

The differential capacity plots of selected cycles in Fig. 5a and b (from the long-term
cycling tests shown in Fig. 4f) provide more information about the structural evolution of
the NCM85 during cell operation. Characteristic peaks referring to the aforementioned
phase transitions were evident for both CAMs in the beginning of cycling. As can be seen
from the data, the polarization was much lower for LHO-NCM85 after 200 cycles. In
particular, the H1-M peak was shifted to higher voltages by about 60 mV in the case of
Bare-NCM85, compared to less than 10 mV for LHO-NCMB85 (from the 10™" cycle onward).
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This suggests that the protective coating is somewhat capable of suppressing adverse
side reactions in the later cycles, eventually leading to improvements in CAM|SE interface
stability.*® The decrease in H1-M peak intensity/area for Bare-NCM85 is indicative of
severe loss of lithium inventory.®® The reason for this is likely a combination of
electrochemical and mechanical degradation, including intergranular cracking of the
NCM85 secondary particles and contact loss between CAM and SE. The coating,
apparently, cannot only mitigate degradation at the CAM|SE interface but also ensure
structural integrity of the cathode, which is ultimately reflected in enhanced cyclability.

To corroborate the relationship between microstructural evolution and electrochemical
performance, the structure/morphology of the Bare- and LHO-NCM85 particles before
and after cycling was probed using SEM (see top view and cross-sectional images in Fig.
5c-j). In pristine state, the CAM secondary particles, indicated by yellow arrows in the
respective images, were well embedded in the SE matrix at the micrometer level. After
200 cycles, particle fracture was clearly visible for the Bare-NCM85 cathode (see red
circles in Fig. 5g), while the LHO-NCM85 particles appeared to be largely intact (see Fig.
5h). However, some SE cracking and void formation was evident in both cathodes.
Furthermore, subtle differences in the cross-sectional SEM images collected from the
Bare- and LHO-NCM85 cathodes after cycling (see Fig. 5i and j) seem to indicate
different levels of interphase formation, yet this needs further study. We note that a recent
work demonstrated that mechanical degradation is exacerbated by interfacial SE
decomposition.?3°" In addition, mobile sulfur species may diffuse into the intergranular
cracks, thus further increasing degradation.2352.53
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and (b) LHO-NCMS85. (c-j) Top view and cross-sectional SEM images of the Bare-NCM85
and LHO-NCMB85 cathodes in pristine state and after 200 cycles at 0.2C.

To confirm the apparent differences in (decomposition) interphase formation among the
Bare-NCM85 and LHO-NCM85 CAMs, XPS measurements were conducted on the
cycled cathodes, with emphasis placed on the S 2p and P 2p core-level regions. The
experimental data are shown in Fig. S4a. Pristine LPSCI (reference) revealed three
doublets at binding energies of 160.1/161.3 eV, 161.5/162.7 eV, and 163.6/164.8 eV in
the S 2p spectrum, which can be assigned to free S?~ and/or Li2S, PS43~, and polysulfides
(oxidized sulfur), respectively.?354% |n the P 2p region, the main doublet was located at
132.1 eV (P 2pss2 peak). For the cycled Bare- and LHO-NCM85 cathodes, the intensity of
the doublet at 163.6 eV (S 2psr2) was strongly increased. In addition, new doublets
appeared at higher binding energies (>167.1 eV), originating from side reactions between
the CAM and SE particles and leading to the formation of oxygenated sulfur species. In
general, weaker signals were observed for LHO-NCM85, due to the presence of a
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protective surface shell and the low amount of remaining residual lithium (see also Fig.
S4b for relative amounts from quantitative XPS analysis). This corroborates the above
results and provides clear evidence that the Li2HfOs/HfO2 coating can mitigate but not
prevent interfacial degradation, despite good surface coverage. A similar trend was
evident from the P 2p data. A new doublet appeared at 133.9 eV (P 2p3/2) that can be
assigned primarily to insulating (meta)phosphates.

Finally, electrochemical impedance spectroscopy (EIS) measurements were conducted
at 45 °C on the cells after 200 cycles at the end of discharge with the objective to
quantitatively determine the different contributions to the resistance. Respective Nyquist
plots of the electrochemical impedance are shown in Fig. 6a. The equivalent circuit, Reui-
(Ree/CPE)-(Rcamise/CPE)-CPE, used in the fitting of the EIS data is presented in the inset
of Fig. 6a. Both bulk (Rsuk) and grain-boundary resistance (Rcg) in the high-frequency
range were found to be similar for the Bare- and LHO-NCM85 (see Fig. 6b and fitting
results in Tab. S4). However, as expected, a significant difference in cathode interfacial
resistance (Rcamise) in the medium-to-low frequency range was apparent, with ~50 Q cm?
for LHO-NCM85 and ~850 Q cm? for Bare-NCM85. This strong impedance rise can only
be explained by major differences in the chemomechanics and degradation at interfaces
within the cathode.

(a) s00 (b) 900——
After 200 Cycles CPE CPE | ER...

IS
o
o
|
;0
o

(m

I

a

o

|

I 0

Resistance / Q cm’

[+
o

(=

\ L
\\!

(o]
N 5004
E200 i ‘
- . Obs Fit
100 —— LHO-NCM85 i P
.= © — Bare-NCM85 o e [
e
0 200 400 600 800 1000 LHO-NCM85 Bare-NCM85

Re(Z)/ Q cm’

Figure 6. EIS measurements conducted on the pellet-stack SSB full cells with Bare-
NCM85 and LHO-NCMB85 after 200 cycles at 0.2C. (a) Nyquist plots of the
electrochemical impedance and corresponding curve fits, with the equivalent circuit
shown in the inset. (b) Comparison of the different resistances.

Conclusions

Using a facile nanoparticle-based coating strategy, this work successfully fabricated a
LizHfO3/HfO2 (LHO) protective coating on the secondary particles of a Ni-rich NCM
(NCM85) cathode active material by consumption of residual lithium species during post-
deposition annealing. TEM investigations indicated that the hybrid coating is relatively
uniform (high surface coverage) and dense and has a thickness of ~12 nm. In sulfide-
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based solid-state battery cells, the LHO-coated NCM85 cathode showed superior
electrochemical performance in terms of capacity, reversibility, rate capability, and
longevity/stability compared to the uncoated counterpart. This improvement results from
some stabilization of the interfaces within the cathode, mainly between the cathode active
material and the solid electrolyte, and therefore mitigated electro-chemo-mechanical
degradation during cycling, as confirmed by various characterization methods such as
SEM, XPS, and EIS.

We believe that this work paves the way towards development of lithium-based protective
coatings on layered Ni-rich oxide cathode active materials, which are inherently
susceptible to formation of lithium surface impurities, and may foster the exploration of
novel ionically conductive coatings. In this regard, it should be noted that lithium-
containing materials are challenging to prepare as nanoscale (high-quality) coatings.

Experimental Section
Synthesis and Surface Coating

The preparation of HfO2 NPs and the CAM coating followed previously published
procedures.?%23 In short, hafnium(IV) chloride (= 99%, Sigma-Aldrich) was combined with
anhydrous benzyl alcohol (=2 99%, VWR), followed by solvothermal reaction in an
autoclave at 250 °C for 3 d. The product formed was washed and then transferred into
chloroform (= 99%, VWR) for surface functionalization with both oleic acid (= 99%, Alfa
Aesar) and oleylamine (= 99%, Alfa Aesar). The resulting (quasi-transparent) dispersion
of concentration ~20 mg(HfOz2)/mL(CHsCIl) was used for coating the CAM secondary
particles. Prior to coating, the NCM85 (BASF SE) was heated in oxygen at 750 °C for 3
h in order to reduce the amount of residual lithium species. A certain volume of the HfO2
NP dispersion (plus some extra chloroform) was dropwise added to the CAM powder,
targeting a coating content of 1 wt. %. Next, the suspension was sonicated for 15 min,
followed by heating at 60 °C in an oil bath under magnetic stirring until complete
evaporation of the solvent. Finally, the remaining black powder was treated in a vacuum
overnight and then heated in oxygen at 700 °C for 2 h. After natural cooling, the LHO-
coated NCM85 was transferred into an argon glovebox for further use.

Electrode Preparation

LPSCI (NEI Corp.) and Super C65 (TIMCAL Ltd.) were used as SE and carbon additive,
respectively. Ball miling was employed to produce the cathode composite, with the
CAM:SE:Super C65 ratio being 69.3:29.7:1.0 by weight. After filling the powder mixture
into a 70 mL zirconia jar containing 10 zirconia balls of diameter 10 mm under argon
atmosphere (glovebox conditions with H20 < 0.1 ppm and O2 < 0.1 ppm), it was milled at
140 rpm for 30 min using a FRITSCH planetary mill. For the anode composite preparation,
carbon-coated LTO (NEI Corp.), SE, and Super C65 (30:60:10 by weight) were mixed
14



under the same conditions as described above for the cathode.
Cell Assembly

A customized cell setup with a PEEK ring of inner diameter 10 mm and two stainless steel
dies as current collectors was used in the electrochemical testing of pellet-stack SSBs.
100 mg of SE was packed into the PEEK ring and then compressed at 62 MPa to produce
the separator layer. Next, 65 and 12 mg of anode and cathode composite, respectively,
was spread onto both sides of the separator. Finally, about 435 MPa was applied for 3
min to ensure proper contact between the different components in the electrode. The
assembled cells were finally sealed into pouch bags to prevent exposure to the external
atmosphere and (harmful) gas release into the environment.

Electrochemical Testing

The electrochemical performance was tested at different C-rates (1.0C = 190 mA/g) and
at 45 °C and 81 MPa using a MACCOR battery cycler. The voltage range was set to 1.35-
2.75 V vs. LisTisO12/Li7TisO12, which corresponds to about 2.9-4.3 V vs. Li*/Li. A BioLogic
SP-300 potentiostat was used for EIS measurements in the frequency range from 7 MHz
to 100 mHz with a voltage amplitude of 7 mV (after a resting period of 1 h at the end of
discharge to reach equilibrium).

Physicochemical Characterization

For SEM imaging, a Leo 1530 microscope (Zeiss) equipped with a field emission source
was used, and the accelerating voltage was set to 10 kV. EDS was measured using an
Oxford X-MaxN detector (Oxford Instruments) at 20 kV.

TEM measurements were performed at an accelerating voltage of 300 kV using a double-
corrected Themis-Z microscope (Thermo Fisher Scientific) equipped with a HAADF
STEM detector, a Super-X EDS detector, and a Gatan Continuum 970 High-Resolution
image filter. The beam current used for STEM EDS mapping was about 200 pA. For TEM
lamella preparation, a dual beam focused Ga-ion beam in an FEI Strata 400 at 30 kV was
used. The surfaces were protected with carbon coatings by means of ion beam-induced
deposition. The samples were subsequently thinned and further cleaned at 5 and 2 kV.

ICP-OES was conducted on samples using an iCAP 7600 DUO (Thermo Fisher Scientific).
To this end, CAM powder was digested in a mixture of HClI and H2SO4 at 250 °C for 12 h.
HfCI20 (Alfa Aesar) dissolved into 5% HCI was used as standard for Hf calibration.

ATR-IR was measured from 1800 to 600 cm™" using an ALPHA FT-IR spectrometer
(Bruker).

For XRD measurements, samples were packed into 0.5 mm borosilicate capillaries
(Hilgenberg), and data were acquired in Debye-Scherrer geometry using a STOE Stadi-
P diffractometer equipped with a Mo anode and a DECTRIS MYTHEN 1K strip detector.

The instrumental contribution to peak broadening was determined by measuring a NIST
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Si 640f standard reference material as line broadening reference. Rietveld refinement
was performed using GSAS-11.56 For refinement of NCM structural models against the
diffraction data, the scale factor, zero shift, and size/strain broadening parameters were
allowed to vary. A fixed background was fitted to the data using a Chebyshev polynomial
function with 13 terms. In the structural model, the cell 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 parameters, and site occupancy
factors were constrained such that each site remained fully occupied.

XPS measurements were performed on a SPECS system with a PHOIBOS 150 energy
analyzer using monochromatic Al-Ka radiation. Takeoff angle and pass energies for detail
and survey scans were set to 45° and 30/90 eV, respectively. The C 1s peak of
adventitious carbon at 284.8 eV was used for binding energy calibration. Curve fits were
done with the CasaXPS software using mixed Gaussian-Lorentzian peak functions and
Shirley-type backgrounds. The peak area ratio and spin-orbit splitting were set to 4:3 and
1.71 eV for the Hf 4f features, while a 2:1 ratio and splitting of 0.84 and 1.18 eV were
used to describe the P 2p and S 2p peak doublets, respectively.%’
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