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LiNbO3 Coatings on NCM622: Structure and Performance
Insights

Johannes Haust, Yiran Guo, Jürgen Belz, Shamail Ahmed, Narges Adeli, Franziska Hüppe,
Linus C. Erhard, Valeriu Mereacre, Jochen Rohrer, Anna-Lena Hansen, Helmut Ehrenberg,
Karsten Albe, Joachim R. Binder, and Kerstin Volz*

For enhancing the electrochemical performance of solid-state batteries (SSBs),
protective coatings are applied on the cathode active material (CAM) to
mitigate the degradation of the cathode/electrolyte interface. A comprehensive
understanding of the structural properties of these coatings is crucial for further
optimization. This study investigates the effect of LiNbO3-related coatings
on LiNi0.6Co0.2Mn0.2O2 (NCM622) CAM, focusing on the relationship between
coating structure and electrochemical performance in battery cells. Therefore,
three samples calcinated at 550, 350 and, 80 °C temperature are analyzed with
scanning transmission electron microscopy (STEM), energy dispersive X-ray
spectroscopy (EDS), and scanning precession electron diffraction (SPED)
in combination with a pair distribution function (PDF) analysis. The results
reveal that only an amorphous LiNbO3 coating with a calcination temperature
of 350 °C significantly improves the electrochemical performance of the
CAM. In contrast, at higher calcination temperatures the coating crystallizes,
while at lower calcination temperatures the coating becomes a mixed niobium
oxide phase, both of which correlate with reduced battery performance.
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1. Introduction

With the ever-increasing demand for en-
ergy storage, battery research is focus-
ing on a wide range of options to fur-
ther improve lithium-ion batteries. In
particular, the incorporation of solid elec-
trolytes (SE) has attracted considerable at-
tention. Such solid-state batteries (SSBs)
are expected to be superior in terms of
increased energy and power density as
well as safety.[1–3] To achieve higher en-
ergy densities research focuses on the
usage of lithium transition metal ox-
ides like LiNi1–x–yCoxMnyO2 (NCM) as
cathode active material (CAM) in com-
bination with thiophosphate-based SE,
which have a high ionic conductivity of
≈10−3 S cm−1.[4–6]

One key challenge in enhancing
the performance of these batteries is
minimizing degradation at the cath-
ode/electrolyte interface.[7–9] Due to

oxidation of the SE during charging, the formation of a highly re-
sistive layer has been commonly observed. Additionally, the CAM
loses contact with the SE and can therefore not participate in the
electrochemical processes anymore.[7] Ultimately the combina-
tion of these two mechanisms leads to a steady decrease of the
capacity over the lifetime of the SSB.
To circumvent these challenges, a protective coating layer can

be applied on the surface of the NCM particles.[10–13] Materials
used for such a protective coating should be chemically stable
against the electrolyte as well as the CAM. Furthermore, they
should be electron-insulating and highly Li-ion conductive.[12]

Hence, despite the great relevance of these coatings their ex-
act nature as processed often remains unclear due to their chal-
lenging structural characterization.[12,14] The usage of macro-
scopic techniques like X-ray diffraction for structural and chemi-
cal analysis is often difficult due to low amount of these nanome-
ter thick coatings. In contrast, scanning transmission electron
microscopy (STEM) in combination with energy dispersive X-
ray spectroscopy (EDS) and electron energy loss spectroscopy
(EELS), with a small probe diameter in the (sub-) Angstrom-
range, is well suited for spectroscopic and structural analysis of
these coatings.
In this work, we investigate the structure of the well-

established coating material LiNbO3, which is already also used
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for liquid electrolyte batteries.[15] Ionic Conductors like LiNbO3
are expected to enhance charge transfer at the cathode–electrolyte
interface, thereby improving electrochemical performance—
particularly under high C-rate conditions. In addition, ceramic-
based solid electrolyte coatings act as a physical barrier between
the cathode and the electrolyte, effectively suppressing undesir-
able side reactions.[16]

LiNbO3 is a promising material due to its high ion conductiv-
ity of 10−5–10−6S cm−1 in its amorphous phase.[12,14,15,17] The ion
conductivity of the latter is several orders of magnitude higher
than that of crystalline LiNbO3, which highlights the importance
of microscopic structural investigations.[18–20]

In the past, the crystallinity of the coating has been indirectly
controlled through the synthesis temperature since the reported
crystallization temperature for LiNbO3 is in the range of 400–
500 °C depending on the exact synthesis conditions.[18,21–23]

While bulk and thin-film chemistries may appear identical in
certain cases, it cannot be assumed that interfacial chemistry and
the effects of drastically reduced dimensionality follow the same
trends observed in bulk materials. A general example of such
deviations is the reported reduction in melting points of gold
nanoparticles, as reported by Widemann et al.[24]

Given the nanoscale thickness of the coating, conventional X-
ray diffraction often lacks the sensitivity required to resolve its
structural characteristics. This limitation underscores the impor-
tance of STEM-based techniques, which can provide high-quality
diffraction, analytical data, as well as imaging data from even
nanometer scales.
For direct determination of the structure of the coating an ad-

vanced STEM technique, scanning precession electron diffrac-
tion (SPED), is utilized.[25–27] This technique is based on a pre-
cessed nanometer-sized probe with a small semi-convergence
angle that is scanned across the sample to achieve high-quality
pseudo-kinematic diffraction data for every scan point, resulting
in the acquisition of a 4D data set. From this electron diffrac-
tion (ED) data so-called (reduced) pair distribution functions
(rPDFs) are calculated to get insights into the structure of the
sample.[28–33] These experimental rPDFs are compared with the-
oretical models to obtain the atomic arrangements in the amor-
phous structure of the coating.
To understand the influence of the structure of the coating on

the electrochemical performance of the batteries, three coated
NCM622 (60% Ni, 20% Co, and 20% Mn) samples calcinated at
550, 350, and 80 °Cwere compared, respectively. The samples are
further referred to as S550, S350, and S80, corresponding to their
respective calcination temperatures.

2. Results and Discussion

To determine the impact of the calcination temperature on the
electrochemical properties, specific capacity measurements were
conducted during the cycling of different battery cells. These uti-
lized uncoated NCM622 as well as NCM622 coated at different
calcination temperatures as CAM. In Figure 1 the results of these
experiments are shown. The four battery cells exhibit distinct dif-
ferences during the measurement. At the beginning of the cy-
cling, the battery cell with the uncoated CAM demonstrates the
highest specific capacity, which then decreases continuously with
each cycle. For S80, the battery cell with the coated CAM calci-

Figure 1. Specific capacity evolution cycled battery cells with uncoated
NCM (black) and the coated samples S550 (red), S350 (purple), and
S80 (blue).

nated at the lowest temperature, the specific capacity drops al-
most to zero after around 5 cycles. S350 and S550 show an initial
increase in specific capacity over the first 60 to 70 cycles, followed
by a steady decline. This decline is less pronounced for S350,
which also maintains a higher overall specific capacity compared
to the other cells. After around 200 cycles this cell exhibits there-
fore a higher specific capacity than the cell with the uncoated
CAM. These results suggest that a calcination temperature of
≈350 °C for the coated NCM enhances the electrochemical per-
formance, making it the optimal temperature for improving the
performance of the coated CAM in battery cells.
To understand why only a calcination temperature of 350 °C

leads to an improvement in the electrochemical performance,
while the two other calcination temperatures lead to a coating,
which results in a deterioration of the cell properties, the struc-
ture of all three coatings is investigated by TEM. For these investi-
gations, NCM particles with thicker coatings were used to more
effectively distinguish between the diffraction signals from the
particle and the coating. A combination of protective deposition
layers, including carbon, platinum, and tungsten, is applied to
the particle surfaces during TEM sample preparation to ensure
that the coating remains intact during the preparation process.
Initial insights into the morphological differences among

these three samples are provided by the STEM EDS measure-
ments shown in Figure 2.
For S550 and S350, the coating forms a homogeneous film

around the NCM particle as depicted in Figure 2a,b. To highlight
the homogeneity of the coating, Figure S1 (Supporting Infor-
mation) presents scanning electron microscopy (SEM) backscat-
tered electron images of various focused ion beam (FIB) cross-
sections of the coated NCM particles. Assuming a surface area
of 0.26 m2g−1 for NCM and a theoretical density of crystalline
LiNbO3 of 4.64 g cm

−3, the average thickness of the coating layer
for the 6 wt.% LiNbO3-coated NCM622 particles can be estimated
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Figure 2. Electron microscopy data for the samples a) S550, b) S350, and c) S80, respectively. (Top row) STEM high-angle annular dark field (HAADF)
images for each sample with EDS maps as insets. (Bottom row) Virtual annular dark field (VADF) images (angular range, 12–24 mrad) from SPED 4D-
datasets for the respective sample. Next to the images of the respective samples, averaged diffraction patterns from the SPED 4D-datasets for the NCM
particle (green), coating (magenta), and protective layer depositions (Pt/W) (yellow) are shown. The diffraction patterns show the crystalline structure
of the LiNbO3 coating in the case of S550 and the amorphous structure of the coating for S350 and S80, respectively.

at ≈50 nm.[34] This estimation is consistent with the values ob-
served in the STEM-HAADF images shown in Figure 2a,b. In the
case of S80, the coating covers only selective areas of the particle
surface, exemplarily shown in Figure 2c. This observation under-
scores the need for a higher calcination temperature to achieve
more uniform coverage of the NCM particles.
In addition to the morphological analysis, the niobium-to-

oxygen ratio in the coating areas can be estimated through the
STEM EDS measurements.
For all three samples, the Nb, O ratio is consistent with the

expected stoichiometry of LiNbO3, ≈1, 3. However, the Nb/O ra-
tio derived from STEM-EDSmeasurements is significantly influ-
enced by the signal quality of both elemental peaks. In this spe-
cific measurement geometry, both Nb and O signals suffer from
a generally low signal-to-noise ratio. This is primarily due to sub-
stantial X-ray absorption in the EDS window for low-energy pho-
tons, compounded by peak overlaps involving Nb, W, and Pt—
elements commonly present due to standard FIB lamella prepa-
ration, where W or Pt is used as protective deposition layers.
Additionally, the EDS spectra do not show an increased

amount of C in the samples calcinated at lower temperature.
The negligible carbon peaks depicted in Figure S5 (Supporting
Information) are within the typical regime of preparation and
measurement-induced spurious carbon contamination.
This result does not yet account for the differences in elec-

trochemical performance observed among the samples. Two key
questions remain unresolved, First, what accounts for the differ-
ing electrochemical properties of S350 and S550, despite both
having a homogeneous coating around the NCM particles? Sec-
ond, why does the inhomogeneous coating on S80, characterized
by incomplete coverage, lead to a complete failure of the corre-
sponding battery cell?
To answer these two questions, SPED 4D datasets are recorded

to investigate the structure of the coating. Through this, local-
ized structural information of the sample is obtained. In addition,
SPED, with its electron beam size of only a few nanometers, is
ideally suited for the structural investigation of such thin coat-
ings.
Virtual annular dark field images (VADF) derived from these

datasets, shown in Figure 2, provide an overview of the scanned

area. Using an angular collection range of 12–24 mrad for these
VADF images, the coating appears as a bright layer on top of
the NCM particle. This contrast difference allows the identifi-
cation of the different layers and subsequently the averaging
of the diffraction patterns over the respective regions. These
position-averaged electron diffraction patterns (PAED) are also
shown in Figure 2 encircled with different colors to clarify their
origin.
For S550, the PAED for the coating (magenta) in Figure 2a

shows a spot-like diffraction pattern, indicating a polycrystalline
structure of the coating. The comparison of this PAED image
with the one for the NCM particle, also depicted in Figure 2a
(green), reveals that the coating has a different crystalline struc-
ture than the NCM particle. In the case of S350 and S80, the
PEAD images for the coatings shown in Figure 2b,c reveal broad
diffuse rings, pointing to an amorphous structure of the coating
at lower calcination temperatures.
These findings demonstrate that LiNbO3, when applied as

a thin film coating on NCM, exhibits a crystallization temper-
ature between 350 and 550 °C, which is consistent with pre-
viously reported values for bulk LiNbO3.

[21,23,35] This helps ad-
dress the first question regarding the differences in electro-
chemical performance mentioned earlier. Amorphous LiNbO3 is
known for having a higher ionic conductivity than its crystalline
counterpart.[18–21] Thus, this could explain why S350, with its
amorphous coating, exhibits better electrochemical performance
compared to S550, which features a crystalline coating, despite
both samples having a homogeneous coating around the NCM
particles.
What remains to be explained is the poor electrochemical per-

formance of a battery cell with a coated CAM calcined at 80 °C.
If its amorphous coating exhibited similar electrochemical prop-
erties to the amorphous coating obtained at the 350 °C calci-
nation temperature, even an inhomogeneous coating—covering
only parts of the NCM particle—should still improve the electro-
chemical performance of the respective battery cell compared to
one with an uncoated CAM.[36] In contrast, the nearly complete
failure of the battery cell with the coated CAM calcined at 80 °C
suggests a significant difference in the nature of the two amor-
phous coatings calcined at 350 and 80 °C.
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Figure 3. rPDFs (purple and blue) calculated from the amorphous diffraction of the coating in the SPED 4D- datasets shown in Figure 2, for S350 a)
and S80 b), respectively. Fitting a weighted mean (dashed black) from simulated rPDFs c) for LiNbO3 and different niobium oxides to the experimental
data gives an estimation for the coating about being a more LiNbO3- or Niobium oxide-rich phase.

To address this, further investigation of the amorphous struc-
tures of the coatings of S350 and S80 is required. This can be
achieved by deriving the rPDFs for the coating layers, based
on the amorphous diffraction patterns shown in Figure 2b,c.
The rPDF is obtained by Fourier transforming the background-
corrected radial-averaged diffraction. It resembles a histogram
with peaks corresponding to frequently occurring atomic dis-
tances, known as correlation distances within the sample.[29,30]

These plots can therefore be utilized to analyze the structure-
property relationships of various coatings.
Figure 3a,b shows these experimental rPDFs for the coating

of S350 and S80 in purple and blue, respectively, alongside the
simulated rPDFs (black dashed curves, discussed below). In the
case of S350, the experimental rPDF (Figure 3a) has three promi-
nent peaks at 0.20, 0.32, and 0.37 nm correlation distance. These
peaks are labeled as peak I, peak II, and peak III, as illustrated in
Figure 3. For S80, the experimental rPDF, depicted in Figure 3b,
also shows these three peaks, but with two notable differences
in the characteristics of peak II and peak III. First, peak II shifts
to a lower correlation distance of 0.29 nm for S80. Additionally,
in contrast to S350, peak II is more pronounced than peak III
for S80, indicating a higher coordination number and with that
a higher ratio of atom pairs with this correlation distance. These
differences in the rPDFs for the coating in the two samples point
to a different amorphous structure of the coating depending on
the calcination temperature.
One possible explanation for this, as suggested in X-ray diffrac-

tion studies of LiNbO3 thin films synthesized from aqueous Nb-
polyoxometalates by Nyman et al., is that, depending on the syn-
thesis conditions, the coating may not consist of pure LiNbO3
but rather be a mixture of LiNbO3 and various niobium oxide
phases.[37] To explore this, the experimental results are compared
with simulated amorphous model structures for LiNbO3, as well
as the known stable niobiumoxidesNb2O5, NbO2, andNbO.

[38,39]

Figure 3c shows the rPDFs for these four model structures.
The partial rPDFs for the O─O, the Nb─O, and the Nb–Nb corre-
lations are shown in Figure S1 (Supporting Information). These
partial rPDFs explain the positions of peak I–III. For all four com-
pounds, peak I is associated with the Nb─O bonding distance of
0.20 nm, while peak III corresponds to the second-order Nb─Nb

correlation distance at 0.37 nm. Peak II represents the O─O or
Nb─Nb correlation distances, observed at 0.29 and 0.32 nm, re-
spectively. As shown in Figure S1 (Supporting Information) both
of these peaks aremore pronounced in niobiumoxides compared
to LiNbO3. This suggests that the shift of peak II from 0.32 nm in
the rPDF of S350 to 0.29 nm in the rPDF of S80 reflects a change
in the nature of the coating; in S350 its structure is more influ-
enced by LiNbO3, while in S80, it is predominantly governed by
niobium oxides.
This is supported by fitting a weighted mean of the rPDFs for

these four model systems to the experimental data for S350 and
S80, to estimate the ratios of the different phases in the coating.
The fits with the minimal squared difference to the respective ex-
perimental data are shown as black dashed curves in Figure 3a,b.
The fit for S350 primarily consists of rPDFs of LiNbO3, whereas
for S80, the fit shifts toward a higher proportion of niobium ox-
ides. It again indicates a greater presence of niobium oxides in
the coating of the sample calcined at the lower temperature.
Our approach of capturing a nanometer-resolved 4D dataset

and extracting relevant diffraction data from specific regions
within the sample offers the advantage of spatially resolving
structural variations. This enables us to examine the diffraction at
the interface between the coating and the NCM particle, thereby
elucidating the influence of the particle surface on the synthesis
and structural characteristics of the coating.
While the amorphous structure of the coating depends on

the calcination temperature for the main bulk regions several
nanometers away from the coating/NCM interface, this does not
appear to be the case for the structure of the coating directly
at the coating/NCM interface. Figure 4 presents the rPDFs for
the coating in S350 and S80, calculated from the diffraction at
the coating/NCM interface (see inset). The similarity between
the two curves suggests that the coating structure close to the
interface is comparable for both calcination temperatures. This
is further supported by the comparison of the pair distribution
functions (PDFs) of the coatings from samples S350 and S80,
as well as by comparing the PDFs of the coating and the inter-
face regions within each sample, as shown in Figure S3 (Sup-
porting Information). One possible explanation for this similar-
ity is that the interface structure is predominantly governed by
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Figure 4. The rPDF calculated from the amorphous diffraction of the
LiNbO3 coating in S350 (purple) and S80 (blue) of scan points close to
the coating/NCM interface, as depicted in the insets.

the interaction between the coating and NCM. This is supported
by comparing the position at peak I in the rPDFs of the coating,
shown in Figure 3a,b, with the position of peak I in the rPDFs for
the interfaces, depicted in Figure 4. While the position of peak
I is at 0.20 nm in the case of the coating it shifts in the rPDFs
for the interfaces to 0.21 nm. As discussed above the rPDF of
the coating peak I is associated with the Nb─O bond length in
LiNbO3 and niobium oxides. The slightly larger value observed
at the interface is consistent with values reported for the Nb─O
bond length in Li3NbO4-like compounds.[40–42] The similarity in
the interface structure, despite the distinct characteristics of the
coatings calcined at 350 and 80 °C, emphasizes the key role of
the NCM surface in the formation of the coating. This changes
after several nm of coating. When the surface of the NCM is not
anymore active the rest of the coating forms probably due to the
starting materials at low calcination temperatures a mixture of
niobium oxides or even niobium hydroxides. This layer, exhibit-
ing a low or negligible ionic conductivity, leads to an inadequate
contact between the active material and the electrolyte, thereby
compromising the electrochemical performance of the respective
battery cell. At higher temperatures the oxides/hydroxides react
with each other resulting in an amorphous LiNbO3 compound
with better electrochemical properties leading to a superior elec-
trochemical performance in the respective battery cell with the
coated CAM calcined at 350 °C temperatures.

3. Conclusion

By combining SPED with an rPDF analysis and theoretical mod-
eling, we identify a direct link between the structure of different
coatings onNCMand the electrochemical performancewhen uti-
lizing the respective coated CAM in a battery cell. The structure of
the thin film coatings is for the first few nm dominated by the in-
fluence of the NCM surface. After that, it is dependent on the cal-
cination temperature in the synthesis process. Only a calcination

temperature of ≈350 °C leads to an improvement in the electro-
chemical performance of the NCM utilized as CAM in a battery
cell compared to uncoated NCM. At a calcination temperature of
550 °C, the coating forms a homogeneous conformal film on the
NCM surface having a crystalline structure. This seems to nega-
tively affect the conductivity of the coating.While the overall mor-
phology remains similar, the structure becomes amorphous for
the coating calcined at 350 °C, which, due to the higher ionic con-
ductivity of amorphous LiNbO3, explains the enhanced electro-
chemical performance. A lower calcination temperature of 80 °C
results in a different amorphous structure, likely caused by a tran-
sition from a LiNbO3-rich phase coating to a mixture dominated
by niobium oxides/hydroxides, most likely due to the calcination
temperature being insufficient to fully react the coating precur-
sors, which in turn significantly degrades the ionic conductivity.
Consequently, the battery cell with the CAM coated at 80 °C ex-
hibits the poorest electrochemical performance.

4. Experimental Section
Electron Microscopy—Sample Preparation: TEM lamellae are prepared

using JEOL JIB-4601F focused ion beam (FIB) and Helios 5 Hydra CX
plasma-FIB systems. Prior to FIB processing, the samples were sputter-
coated with a thin carbon layer approximately a few tens of nanome-
ters thick, followed by a platinum coating of ≈150–200 nm using the
EM ACE600 Sputter-Coater from Leica. Subsequently, the sample surfaces
were coated with a tungsten layer, with a thickness of 3–4 μm, applied
using either Ga-ion or Xe-ion beams depending on the specific FIB in-
strument employed. The coated particles were then mounted onto a TEM
grid using micromanipulator needles and initially milled to a thickness of
≈300–250 nm using 30 kV Ga-ion or Xe-ion beams. Final polishing was
performed using 5 kV ion beams, reducing the sample thickness to below
100 nm.

Electron Microscopy—STEM EDS: The STEM EDS measurements
were performed at an aberration-corrected JEOL JEM-2200 (Scan-
ning)Transmission ElectronMicroscope operating at 200 kV and equipped
with a Bruker XFlash 5060 EDS detector. For data evaluation and visualiza-
tion, the Bruker Esprit 1.9 software was used.

Electron Microscopy—SPED: SPED measurements were performed at
a JEOL JEM-3010 operating at 300 kV. Scanning and precessing the elec-
tron beamwith an angle of 0.6°was done by aNanoMEGAS P2010 system.
The images during the scan are acquired as a data stream with a sensitive
and fast TVIPS X416F-ES 4K camera and are afterward converted and pro-
cessed using Python code, where the individual diffraction patterns are
assigned by their timestamps to a position in the 2D scan grid. Extracting
the PDF from the electron diffraction data was done following an adapted
method from Tran et al.[28,31,32]

Theoretical Modeling: The amorphous structure models were gener-
ated by melt-quench simulations using a machine-learning interatomic
potential based on the nonlinear atomic cluster expansion.[43–45] For
the melt-quench simulations, the same protocol was used as in,[46] but
with component-adjusted maximum temperatures. The protocol started
from crystalline configurations and randomize these at high temperatures
(LiNbO3, NbO2 and Nb2O5, 2500 K, NbO, 3500 K) under an NVT ensem-
ble for 10 ps. Then it immediately lowered the temperature by 500 K and
equilibrated the structures under an NPT ensemble at zero external pres-
sure for 100 ps. Finally, it quenched the structures to room temperature
at a quenching rate of 1012 K s−1. Molecular dynamics simulations were
performed using LAMMPS.[47] A time step of 1 fs, a temperature damping
parameter of 100 fs, and a pressure damping parameter of 1000 fs were
used The PDFs for the models were calculated using scripts provided in
previous work[48] based on the ovito python package.[49]

The database for the potential was based on crystalline struc-
tures extracted from the Materials Project database,[42] and was then
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systematically extended by active learning. Lithium oxidates, niobium ox-
ides, and lithium niobates were included with different stoichiometries.
From these crystalline phases, active learning was started within molec-
ular dynamics simulations using the following protocol, it was started
by equilibrating at 200 K for 10 ps, followed by annealing to 2000 K for
200 ps and cooling to 200 K for another 200 ps. This entire process was
performed under NPT conditions. Uncertainty reporting was used based
on the D-optimality criterion as implemented for ACE[50] with an extrap-
olation grade of 5 for adding structures to the database, and 25 for stop-
ping the simulation. In later iterations, the maximum temperature was in-
creased to 3500 K and amaximum volume of 40 Å3 per atom as a stopping
criterion was added. In these later iterations also structures with carbon
were added to the database, for example in the form of lithium and nio-
bium carbides with different chemical ratios and lithium carbonate. For
the density functional theory single point evaluations, GPAW was used[51]

with the PBE exchange correlation functional,[52] a plane wave energy cut-
off of 800 eV, a k-point density of 3.5 Å−1 and a stopping criterion of the
electronic self-consistency cycle of 0.001 eV Å−1.

Synthesis: For the coating solution 0.93 g niobium(V) ethoxide and
0.17 g lithium ethoxide were dissolved in 60 and 120 mL absolute ethanol,
respectively. The solutions were combined, followed by the addition of
180 mL of hydrogen peroxide (30%) and 0.3 mL nitric acid (HNO3, 65%)
to obtain a clear solution.

To coat NCM622 (Single Crystal (MSE Supplies)) with ≈6% LiNbO3 (or
0.5% LiNbO3) 3 g ofNMC622(SC) and 30mL absolute ethanol were added
into a round bottom flask. The obtained solution was stirred for ≈3 min
and 155 mL (or 13 mL) of the coating solution was added dropwise under
continuous stirring. The mixture was stirred until no more gas elimination
was observed (24 h). The suspension was then decanted and the powder
was washed with ethanol, centrifuged, dried at 80 °C, and calcined in air,
first at 250 °C for 2 h and at target temperatures (350 and 550 °C) for 5 h
with heating and cooling rate of 4 Kmin−1. The coatedmaterial was stored
in a glovebox.

Electrochemistry: The electrochemistry for the materials coated with
0.5% LiNbO3 was done as previously reported.

[53] For the preparation of
electrodes, the slurry consisted of 80 wt.% active material, 10 wt.% Super-
C carbon black and 10 wt.% PVDF with NMP (1-Methyl-2-pyrrolidinone)
as solvent was used. For the cell assembly, 2032 coin cells were used. The
electrolyte was 1.0 m LiPF6 solution in 1, 1 v/v ethylene carbonate, diethyl
carbonate (EC, DEC) and a lithium metal foil (diameter 12 mm, thickness
25 μm) was used as anode. Celgard 2325 (Celgard, Sélestat, France) was
used as separator. Cycling performance was performed at a charge rate of
C/2 and discharge rate of 1 C. Cycling was performed at a temperature of
22 °C and a voltage window of 3.0–4.3V vs Li+/Li was applied.
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