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ABSTRACT

We used two different techniques of atomic layer deposition (ALD) to prepare AlO,-coated LiNij ;Co,;Mn, 0, (NCM811) materials
as cathodes for Li-ion batteries. The first approach was to use a fluidized bed reactor in order to coat the NMC811 powder before
electrode film preparation and calendering with the goal of obtaining a dense coating on each particle of this powder. The second
approach was to coat the electrode after film preparation and calendering by spatial ALD, with the possibility to prepare gradients
of the coating material. We present an in-depth structural characterization of the prepared electrodes and their electrochemical

performance, and we reveal the advantages and disadvantages of both approaches.

1 | Introduction

Due to the high demand for mobile energy storage and its esti-
mated growth in the upcoming years, the research on lithium-
ion energy storage systems has accelerated substantially. The
requirements for lithium-ion batteries regarding energy density,
longevity, safety, and fast charging/discharging capabilities are
higher than ever and will continue to increase with growing
demand [1-5]. High-nickel cathode active materials (CAM)
of the layered oxide structure type with the general formula
LiNi,Co,Mn,0,, where x + y + z=1 and x > 0.8, commonly
known as NCM811 for x=0.8 and y=z=0.1, are one of the
most anticipated cathode materials for applications with high
energy demand, such as electric vehicles [6-9]. While the energy
density of those high nickel NCMs improves with rising nickel
content (Ni90 > Ni80 > Ni50 > Ni33), the material suffers from
faster degradation than its low nickel content analogs (e.g.,
NCM523, NCM111). The main cause for the faster degradation
is the lower intrinsic stability of the layered oxide crystal phase
[10-12]. In contrast to lower nickel NCMs, a H2-H3 phase

transition occurs at voltages close to 4.3V versus Li/Li* for
the high nickel NCMs. The stress caused to the crystal by
continuous H2-H3 transitions promotes the structural change
from the electrochemically active layered phase into less active
spinel-type and ultimately into the inactive rock-salt configura-
tion. The structural changes start at the surface of the particles
and are promoted by the release of highly reactive singlet oxygen
from the crystal lattice, which subsequently leads to parasitic
side reactions at the cathode-electrolyte interface [12-14]. Not
only acidic products of such side reactions but also transition
metal ions extracted from the NCM surface dissolve into the
electrolyte. There, they migrate to the surface of the anode
electrode and negatively impact the solid electrolyte interphase
(SEI). The changes in the SEI lead to impedance growth, con-
sumption of active lithium ions, and safety risks [14-16]. On
the cathode side, analog to the SEI on the anode side, the CEI
(cathode-electrolyte interphase) is formed. Although the CEI
hassimilarities to the SEI in regard to composition, the structure
of the CEI is rather thin and offers limited protection against
electrolyte exposure [17].
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To mitigate the oxygen release, decomposition of the electrolyte,
and the dissolution of transition metals, various kinds of coatings
are commonly applied to the surface of the NCM particles to act as
artificial CEL. In this regard, the barrier layer must fulfill specific
requirements. To effectively reduce the parasitic side reactions
without limiting the overall performance of the electrode, the
artificial CEIshould be thin, conformal, nonreactive with the elec-
trolyte as well as the NCM surface, and express high permeability
for lithium ions.

Atomic layer deposition (ALD) has shown great potential to
achieve the formation of such barrier layers with the desired prop-
erties, and a variety of materials, such as Al,0;, TiO,, or ZrO,, were
investigated [18-21]. While there is a selection of publications
focusing on coating and substrate materials, limited attention was
devoted to the different techniques for the application of ALD
coatings. Two variants can be highlighted based on their potential
for upscaling and industrial application. Fluidized bed reactor
ALD (FBR-ALD) applies the coating on the NCM powder before
processing to an electrode film [22-24]. In contrast, coating of the
accessible surface of the final-processed composite cathode film is
at the focus of spatial ALD (S-ALD) [25].

In this paper, we compare and evaluate both ALD techniques
based on their technical applicability as well as their effects
on the physicochemical and electrochemical properties of the
manufactured cathode electrodes using various analytical and
electrochemical methods. For the first time, GD-OES has been
employed to determine the coating material distribution through-
out the electrode. Due to its high sensitivity and applicability for
depth profiling, it has proven to be a useful tool for investigating
the content and distribution of elements in porous electrodes [26].

2 | Materials and Methods
2.1 | FBR-ALD on NCM Powder

As-synthesized, washed polycrystalline NCM811 was kindly
provided by an established CAM supplier as an intermediary
stage material. For commercial use, a protective particle coating
is commonly applied for NCM811-type CAMs. In our case, the
NCM was washed after synthesis to remove residual surface
contaminants, but was not further processed (no surface coating).

The company Powall performed the deposition of the aluminum
oxide coating on the NCM powder in a FBR. The schematic of the
reactor and the process is shown in Figure 1. 150 g of NCM powder
was filled in the reactor and heated to 150°C. A constant flow
of 150°C preheated nitrogen carrier gas was applied to fluidize
the sample. The first half cycle of the deposition was initiated by
applying a 300s pulse of evaporated trimethylaluminum (TMA)
precursor at 150°C to the gas flow. In the reactor, TMA molecules
are chemisorbed to the NCM particles until their surface was
saturated, and the excess precursor was purged with nitrogen
for 300s. In the second half cycle, a 100s pulse of 150°C water
vapor was used to substitute the organic methyl groups of the
TMA with oxygen, thus forming an aluminum oxide layer. The
reactor was again purged with nitrogen for 300s to dispose of
reaction byproducts and residual water molecules. The ALD full
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FIGURE1 | Schematicrepresentation ofa fluidized bed ALD reactor.

cycle was repeated 5, 10, or 15 times to achieve level 1 (Ivl 1
FBR-ALD), level 2 (Ivl 2 FBR-ALD), and level 3 (Ivl 3 FBR-ALD)
of the coating, respectively.

2.2 | Electrode Preparation

All materials were stored and handled in an argon-filled glovebox
(MBraun, UNILAB, H,0 < 0.1ppm, O, < 0.1 ppm). The mixing
and casting of the slurry, as well as the pre-drying, were carried
out in a laboratory atmosphere (T=ca. 21°C, relative humidity =
ca. 45%). All used components, except the coated NCMs, were
purchased from commercial suppliers. The electrodes were fabri-
cated by mixing 1.38 wt.% PVDF binder, 1.50wt.% carbon black,
0.08 wt.% single-walled carbon nanotubes, and 97.04 wt.% of the
bare or FBR-ALD-coated NCM in NMP (N-methyl-2-pyrrolidone)
in a 90ml container in a Thinky-type mixer. The solid content
of the slurry was adjusted to 60 + 1% by starting with a higher
solid content (allowing better mixing of the components) and then
adding solvent as needed before casting a homogenous wet film
with a 200 um gap doctor blade (BYK Instruments) on aluminum
foil (20 um thickness). The wet electrode was pre-dried on a hot
plate at 100°C until the NMP was evaporated, followed by final
drying under vacuum at 80°C for 12h. The loading after drying
was 15.0 + 0.5mg/cm? for all electrodes, which translates into an
area capacity of 3.0 + 0.1 mAh/cm” at a C/10 rate at 25°C. The
dried electrodes were calendered with a lab calender (Ingecal) to
a density of 2.9 + 0.1 g/cm’.

2.3 | Spatial ALD on Cathode Electrodes

The company SALD performed the aluminum oxide coating on
calendered electrodes on DINA4-size electrode sheets. The chem-
ical process for the application of the coating on the electrode was
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FIGURE 2 | Schematic representation of a spatial ALD reactor.

similar to the process conducted by Powall for the NCM powder
coating. The process also consists of two half-cycles with the
precursors TMA and water, respectively. However, the application
method differed considerably, as can be seen in Figure 2. The
reactor, which can be used for coating thin, porous substrates, sep-
arates the two half-cycles spatially (S-ALD) instead of chronolog-
ically (FBR-ALD). The substrate, here the calendered electrode,
moves under the reactor heads that provide the different phases
of the full cycle in a series of compartments. The purging and
pulse time is hereby determined by the speed of the substrate
under the reactor. The speed was set to 120 mm per second. The
reactor temperature was adjusted to 105°C in accordance with the
physical properties of the components of the electrode composite,
especially the deformation temperature of the PVDF binder. The
ALD full cycle was repeated 5, 10, and 15 times for level 1 (lvl
1S-ALD), level 2 (Ivl 2S-ALD), and level 3 (Ivl 3S-ALD) of the
coating, respectively.

2.4 | Surface Analysis and Imaging by XPS, TEM/
EELS, and SEM

The elemental composition of the surfaces of the commercially
available and intermediary stage NCMs was analyzed with a
photoelectron spectrometer of the type “K-Alpha” by Thermo VG
Scientific. Monochromatized A1 K, (1486.6 eV) radiation was used
for the measurements.

The transmission electron microscope (TEM) imaging was per-
formed with a Zeiss Crossbeam 550 JEOL ARM 200F with probe
corrector. The additional electron energy loss spectroscopy
(EELS) and energy dispersive spectroscopy (EDS) were meas-
ured with a Gatan Quantum ER EELS and a JEOL Dual EDX
system, respectively. The samples were prepared by sputtering
with platinum and creating a cross-section with a focused ion
beam (FIB).

The scanning electron microscope (SEM) images were recor-
ded with a JEOL JSM-7900F. An ion polisher, Hitachi

IM400plus, was used to prepare the cross sections for the
SEM investigation.

2.5 | Electronic Resistivity

A HIOKI RM2610 electrode resistance measurement system with
an RM2611 measuring head was used to evaluate the influence
of the various applied coatings on the electronic conductivity of
the composite layers. The resistivity of the aluminum current
collector was 2.7 - 10™° Q-cm and its thickness was 20um. For
the measurement, the auto range setting was used, which varied
depending on the properties of the sample: 1MQ (10uA) for
cathodes with conductive additive, and 10 MQ (1 pA) for cathodes
without conductive additive. 15mm diameter discs were placed
under the 46-probe head for the measurement before they were
used to build coin-type half-cells.

2.6 | BET Surface Analysis

The accessible surface for both the NCM powder as well as the
electrode composite layer for selected samples was determined
via 5-point BET physisorption measurements with krypton gas
as adsorbate. The relative pressure for those measurements was
between 0.12 and 0.22 p/p,. The measurements were performed
with a QuadraSorb Station 3 by Quantachrome. Before perform-
ing the physisorption measurement, the samples were dried at
80°C for 2h under vacuum.

2.7 | Elemental Distribution via Inductively
Coupled Plasma Optical Emission
Spectroscopy (ICP-OES)

0.1g of the sample was digested under pressure in a microwave
Mars 6 by CEM in 10ml of a mixture of 75mol.% hydrochloric
acid and 25mol.% nitric acid (aqua regia) at 170°C. The solution

Batteries & Supercaps, 2026

3 0of 13

85UB017 SUOLULLIOD 3AIIID 3(cedl|dde Buy Ag pausenob a1 3o e YO ‘Bsn J0 S3|nJ 04 ARIq1T 3UIUO /8|1 UO (SUORIPUOD-PLE-SWLBHW0D" A3 1M ARIq 1 JUO//SARY) SUORIPUOD PUe SWiB | 8y} 885 *[9202/90/52] Uo Ariq1T 8ulluO AB|IM ‘#9E0L T1ea/200T OT/I0p/wod A3 1M Aseigijeul|uo-adone-A1is IWeyo//sdny ol papeo|umoq ‘9 ‘920 ‘€2299952



was then filtered, transferred quantitively, and measured with an
ICP-Blue spectrometer by Spectro.

2.8 | Depth Profiling via Glow Discharge Optical
Emission Spectroscopy (GD-OES)

A GDA750 spectrometer by Spectruma with an air-sealed cham-
ber was used to perform the GD-OES measurements with argon
5.0 as discharge gas. For all measurements, radio frequency (rf)
power and pulsed GD were applied with an analyzing spot size
of 2.4mm diameter. Sample preparation was done by fixing the
15mm diameter cathode disc onto a metal plate. Calibration of
GD-OES was performed by producing and measuring various
NCM cathodes, consisting of different ratios of nickel, manganese,
cobalt, and aluminum. All calibration samples were reference-
characterized by ICP-OES. Recorded emission lines are Ni
(341nm), Mn (403nm), Co (345nm), and Al (396 nm).

2.9 | Electrochemical Investigations and Analysis of
Volume Change

Cathode electrodes were die-cut into different formats depending
on the cell type for the electrochemical procedure. The weight and
thickness of the prepared electrodes were measured in a normal
laboratory atmosphere using an outside micrometer (Mitutoyo,
S293, precision: 0.1um) and a precision scale (Sartorius, preci-
sion: 0.01 mg), and final-dried over night at 80°C under vacuum.
The cells were assembled using a 21um thick, double-sided
ceramic-coated polyethylene separator in a glovebox or adry room
(dewpoint: ca. —50°C), injected with carbonate-based electrolyte
consisting of 1.2M LiPF, in EC : EMC : DMC (3.0 : 3.5 : 3.5 by
vol.) with 1.5wt.% VC, then sealed and cycled with a Basytec
CTS potentiostat.

For the initial validation of the specific capacity and discharge rate
performance, CR2032 coin-type half-cells were prepared from
die-cut 15mm diameter cathode discs (working electrode), 19
mm diameter separator, and 16 mm diameter lithium metal chips
(counter and reference electrode), filled with 150 pl electrolyte
and tested in the voltage range from 3.0 to 4.3V versus Li/Li".
The discharge capacities were determined at a C-rate of C/10.
Subsequently, higher C-rates were tested up to 10C in discharge
direction. For the half-cells, the charging current was limited
to 1.0 mA/cm? (ca. C/3 constant current (CC) followed by a
constant voltage (CV) step terminating after 2h or when reaching
10% of CC) to prevent lithium from growing dendrites, which
could penetrate the separator, causing measurement errors due
to short-circuits.

For a long-time cycling, pouch-type full-cells were prepared. The
cathode electrodes were die-cut into pieces with a coated area
of 10cm® (2.5x 4 cm). Artificial graphite was used as a reference
anode (2.7 x 4.2cm) with an area capacity of 3.30 mAh/cm?® to
match N/P = 1.1. One-layered cell stacks were manufactured
using the Z-fold method. Ultrasonic welding was used to attach
a nickel-coated copper tab to the anode and an aluminum tab to
the cathode sheet. The cell stacks were then sealed ina 5x 12cm
pouch bag with one side open for electrolyte filling. After vacuum
drying overnight at 80°C, the manufactured pouch cells were

filled with 750 pl electrolyte and vacuum-massaged 3 times before
final evacuation and sealing under vacuum.

For electrochemical testing, the cells were kept under pressure
between two plastic plates. The formation of the pouch cells was
carried out at room temperature with a procedure consisting of 2
times C/10, 2 times C/5, and 3 times C/3 full cycles in the voltage
range from 2.8 to 4.2 V. Each charge process consisted of a CC step
followed by a CV step terminating after 2h or when reaching 10%
of the CC current.

After formation, the cells were charged to a state-of-charge (SOC)
of 50%, and electrochemical impedance spectroscopy (EIS) was
performed. A GAMRY Reference 600 potentiostat was used to
conduct a 10-point potentiostatic EIS in the range from 1 MHz
to 50 mHz with an excitation voltage of 10 mV in AC mode.
Subsequently, the cells were taken out of the pressure jigs, and
the volume of the cells was determined according to Archimedes’
principle with a scale set for density determination (Kern, YDB-03
for ABT 320 4M). The cells were weighed in air and submerged
in an ethanol bath, and the volume of the cell was calculated.
The pouch cells were then cycled with charge and discharge
rates of 1C/1C with a C/3 full checkup cycle every 50™ cycle at
a constant temperature of 45°C. Every 100" cycle, the cells were
charged to a SOC of 50% and cooled to room temperature before
performing EIS measurement and cell volume determination.
Afterwards, cycling at 45°C was resumed after the cells were
acclimated again. After 500 full cycles, the procedure was finished.
The best-performing cells from the control sample (noncoated
NCM811) as well as ALD-coated NCM811 were deep-discharged
to 0.0V. The cells were opened in an argon glovebox to extract
cathode electrode samples for postmortem analysis. 15 mm diam-
eter discs were punched from the cycled cathodes and tested in
CR2032 coin-type half-cells in the same manner as the pristine
material for revalidation.

To evaluate reproducibility and eliminate manufacturing-related
errors, 3 cells were tested for pouch-type format and 5 for coin-
type format for each material. All shown data comprise data sets
from at least 2 pouch-type cells and 3 coin-type cells after omitting
data from defective cells.

3 | Results

3.1 | Analysis of NCM Surface via XPS, TEM/EELS,
EDS

To verify that no coating was present on the intermediary NCM,
XPS measurements were performed on the washed NCM and its
commercially available analog prior to starting the experiments,
as shown in Figure S1. After processing the noncoated NCM
powder and electrodes via FBR- or S-ALD, TEM images of cross
sections from the final electrodes prepared by FIB were recor-
ded to confirm that the aluminum oxide coating was deposited
homogeneously and conformally on the surfaces. To properly
distinguish between the coating and the bulk NCM, as well as
verify the correct configuration of the deposited aluminum oxide,
EELS of oxygen was performed, and the chemical phases of the
different species, as represented in Figure S2, were mapped using
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FIGURE 3 | (a-f) TEM-annular dark field (ADF) imaging of the
FIB-cross section of coated NCM-particles from vl 1-3 FBR-ALD as well
as lvl 1-3S-ALD electrodes and (g-1) chemical phase mapping of the
respective ADF section calculated by MMLS fitting of the EELS data.

multi linear least square (MMLS) fittings. Figure 3 shows that
the bulk NCM and the applied aluminum oxide coatings are
clearly distinguishable by comparing the chemical states of the
different oxygen species. All investigated coatings appear smooth
and conformal in the area probed via TEM/EELS. Thus, we
assume that island-growth of alumina particles was avoided in the
ALD processes. Estimates of the thickness of the coatings were
derived by analysis of the extension of the mapped oxygen species
assigned to aluminum oxide in the EELS mappings. The thickness
of the coatings increases in a linear fashion with increasing
ALD cycles, as depicted in Figure S3. The thickness ranges from
2.7nm for Ivl 1, 3.2nm for Ivl 2, and 3.9nm for Ivl 3 FBR-
ALD. The S-ALD coatings show a lower growth rate starting at
1.7nm for vl 1, 2.1nm for vl 2, and 3.2nm for 1vl 3. However,
the estimations using this method are highly susceptible to errors
due to the nature of the sample preparation. During FIB cutting,
the orientation of the lamella determines the angle of the cut
relative to the coating. If the cut is not precisely orthogonal to the
surface of the particle, the coating will appear thicker than it is.
Furthermore, the surface topography of the NCM particles and
the outflow of material during ablation have a negative impact on
the thickness measurements. Therefore, it is likely that the real
coating thickness is somewhat thinner (at the lower end of the
depicted error bars) and in close proximity to the calculated value
shown in Figure S3.

TEM-EDS spectra from the space between particles of the FIB-cut
cathode lamellas were recorded. The ratio of most elements
depends on the position from which the recording was taken.
Therefore, a small variation in the ratio of the elements such
as carbon, oxygen, fluorine, and the residual signals from the
NCM elements like nickel, manganese, cobalt, and oxygen is
unavoidable. In addition, it can be expected to find carbon and

oxygen on the surface of the NCM from formed hydroxides and
carbonates. The signal for gallium can be attributed to the sample
preparation via FIB using a gallium ion beam, leaving residual
traces of the element at the surface of the sample. The most
reliable element to quantify the amount of aluminum deposited
is the fluorine in the PVDF binder. Therefore, the measured
contents of the elements are standardized to the fluorine signal,
as shown in Figure 4. For NCM powder coated via FBR-ALD (par-
ticle coating), none of the metal oxide coating should be present
in the pores formed between NCM particles in the electrode.
This is proven by the measurements shown in Figure 4a-c. In
contrast, traces of coating material (aluminum) were found in
the pores for the S-ALD samples. This underlines that the ALD
precursor infiltrated the porous composite layer of the cathode
electrode to cover all accessible surfaces of NCM, binder, and
conductive additives with a coating layer. In Figure 4d—f a clear
correlation between the intensity of the aluminum signal (amount
of aluminum oxide deposited in cathode pores) and the number
of ALD cycles is visible. For the S-ALD samples, the ratio of the
aluminum compared to the standardized fluorine signalis 0.13 for
vl 1, 0.48 for Ivl 2, and 0.99 for 1vl 3.

3.2 | Study of Electronic Bulk Resistivity of
Cathode Composite

The influence of the applied coatings on the electrical properties
of the electrodes was investigated by measuring the bulk resistiv-
ity of those electrodes. Figure 5a shows the mean resistivity of
five electrodes for each ALD technique and coating level, with
their respective error bars measured with the HIOKI device. It is
noticeable that the electronic resistivities for all variations range
from 1.62 Q cm (Ivl 3S-ALD) to 2.52Q cm (Ivl 3 FBR-ALD), and
most of the error bars have a significant overlap. Therefore, a clear
distinction between the ALD technique used and the coating level
applied is not possible.

However, the electronic resistivity of the electrodes is mainly
determined by the conductive additive (1.5% carbon black and
0.08% SWCNT). For better comparability, the proportion of
conductive additives was the same in all investigated electrodes.
To properly analyze the influence of the ALD coatings on the
electronic bulk resistivity of the cathode composite, another
set of electrodes was prepared, this time omitting the carbon
conductive additive. In such electrodes, consisting only of active
material and binder, the transfer of electrons can occur solely
through the NCM particles, including their internal and exter-
nal grain boundaries and interparticle interfaces. As a result,
the value for the composite bulk resistivity increased by three
orders of magnitude. There is also a clear trend in the resistivity
growth proportional to the thickness of the coating, as shown
in Figure 5. The linear correlation holds true for both ALD
methods. The reference electrode shows the lowest resistivity of
0.3 kQ-cm. For the FBR-ALD samples the resistivities are 1.46,
2.68,and 4.65kQ-cm for1vl 1,1vl 2, and 1vl 3, respectively. For the
S-ALD samples, resistivities of 2.36 kQ-cm (lvl 1), 3.33 kQ-cm
(Ivl 2), and 4.23 kQ-cm (Ivl 3) were measured. The range for the
S-ALD is narrower compared to the FBR-ALD samples, and the
error bars are more pronounced. This is most probably due to a
more inhomogeneous distribution of the coating material for the
S-ALD samples.
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FIGURE 5 | Composite volume resistivity for cathode composites
prepared (a) with and (b) without conductive additive for reference, lvl
1-3 FBR-ALD, and Ivl 1-3S-ALD samples.

3.3 | Investigation of NCM Powder and Cathode
Composite Surface Area

Based on Kr-BET measurements, the specific surface area of
the reference NCM powder and reference electrode was deter-
mined to be 0.64 and 1.75m’ g_l, respectively. However, the
electrode consists of both the composite layer (NCM + conductive
additive + binder) and the substrate foil. For this reason, the aver-
age mass and surface area of the substrate foil were determined
and subtracted from the measured value, leading to a total surface
area of 2.49m’ g”' for the composite layer, which is almost four
times the area of the NCM powder as shown in Figure 6. The
increased surface area of the composite layer compared to the
NCM powder, can be attributed to the surface contributed by the
binder and conductive additives. In the ALD process, a thin and
uniform coating layer is deposited on all surfaces freely accessible
to the precursor molecules (TMA and water). As the NCM powder
is fluidized in the FBR-ALD reactor, the coating material can, in
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FIGURE 6 | Accessible surface areas of the reference powder and
reference electrode determined by Kr-BET, as well as reference composite
layer calculated by subtracting mass and surface area of the substrate foil
from the reference electrode.

theory, deposit equally on the entire outer surface of the particles.
In contrast, when S-ALD is applied, all accessible surfaces inside
the cathode composite are covered, which includes the binder, the
conductive additives, the NCM, and the substrate.

3.4 | Analysis of Deposition Rate and Local
Distribution of Aluminum Oxide Coating via ICP-
and GD-OES

To determine the deposition rate of the aluminum oxide in the
FBR-ALD process, ICP-OES measurements of the reference mate-
rial and Ivl 1-3 FBR-ALD powders were performed. Figure S5
shows no aluminum in the reference material and a linear growth
of aluminum content as a function of the number of full ALD
cycles performed. The content of deposited aluminum ranges from
0.13wt.% forIvl1 FBR-ALD to 0.23 and 0.31 wt.% for Ivl 2 and 1v1 3,
respectively.

For calibrating the results measured by GD-OES shown in
Figure 7a, based on the ICP-OES results, the mean value for
the aluminum content was calculated for the 1vl 3 FBR-ALD
sample measured by GD-OES, since the aluminum content for
this sample is the highest, and the measurement is therefore
less susceptible to errors. For the calculation of the mean value,
the first 5um of the sample were disregarded because at the
beginning of the measurement, material is sputtered only from
the top of the electrode, where aluminum is covering the whole
surface, and the bulk is only sputtered after the aluminum layer
is removed. After reaching the bulk material, the aluminum
content equilibrates until about 5um before reaching the current
collector foil. Within those last 5um, the aluminum foil will
be sputtered partially as well, resulting in a steep rise in alumi-
num content. This region was also disregarded for the calcula-
tion of the mean value. Compared to the aluminum content of
0.31wt.% determined by ICP-OES, the mean value for the GD-
OES measurement is significantly lower at 0.23 wt.%.

To compensate for the differences in aluminum content measured
by ICP-and GD-OES and to accommodate the almost fourfold sur-
face area of the cathode composite (S-ALD) versus NCM powder
(FBR-ALD) samples, the surface density of deposited aluminum
was calculated using Equation (1a), where the first term gives
the aluminum ion content per surface area and the second term

(a) vl 1 FBR-ALD IVl 15-ALD 1
0 VI 2 FBR-ALD IVl 2 S-ALD “
. vl 3 FBR-ALD VI 35-ALD f
= 08 ‘
o
2
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o 06
s ‘
I W
€ o4 W W o, /
: MW o
< .
02 M\WW
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“WMW*MW}M“ PR oAt ». My
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FIGURE 7 | (a) Aluminum content measured by GD-OES for vl
1-3 FBR- and Ivl 1-3S-ALD (b) left axis: surface density of deposited
aluminum; right axis: thickness of the coatings calculated from the
aluminum area density and the stoichiometric composition and density
of AL,O;.

adds the offset between ICP-OES and GD-OES measurements.
The thickness of the coating was then calculated by multiplying
the surface density of aluminum ions, which is shown in Figure 7b
(left axis), by the stoichiometric composition and density of alumi-
num oxide as shown in Equation (1b). The calculated values for
the coating thickness are shown in Figure 7b (right axis). For the
vl 1-3 FBR-ALD samples, coating thicknesses of 0.6, 1.4, and 2.3
nm were calculated. For the S-ALD samples, coating thicknesses
of 0.7, 1.3, and 1.9nm were calculated for Ivl 1-3, respectively, as
shown in Figure S2.

General assumption for the calculation for Equation (1a), the area
density of aluminum, and Equation (1b), the coating thickness,
depending on the aluminum area density, stoichiometric compo-
sition, and density of Al,O;.

c c —-¢
pag = | SGD 4 CICP.FBR3 = CGD, FBR3 (1a)
Sm Srn(Powder)
ey |
hao, = pall—————|10 (1b)

OALO;

pa1 = surface density of deposited aluminum ions in %

cgp = content of aluminum ions in wt.% by GD-OES

cicp, peR3 = aluminum ion content for Ivl 3 FBR-ALD in wt.% =
0.31wt.% (determined by ICP-OES)
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¢ep, rer3 = aluminum ion content for Ivl 3 FBR-ALD in wt.% =
0.24wt.% (determined by GD-OES)

2

2
Sm = specific surface area in m?(Sm(Powder) = 0.64"1?;

Sm(Composite) = 2 49’”?2)
ha,0, = layer thickness of Al,0; -coating in nm
Vo, = stoichiometric factor of oxide ions in Al,0; =3
mg, = atomic mass of oxide ions=15.999 u
va1 = stoichiometric factor of aluminum ions in Al,O; =2

my; = atomic mass of aluminum ions =26.981 u
— ; — g
1,0, = density of A,O;=3.95 g

Since the values for the calculated thicknesses are significantly
lower than those derived from the TEM images shown in
Figure 3, we speculate that the deposited aluminum oxide might
exist, at least in part, in an amorphous state, leading to a discrep-
ancy in density versus the crystalline aluminum oxide. As the
density of amorphous aluminum oxide is lower, the calculated
coating thickness would increase and result in a better agreement
with the TEM results.

Furthermore, content gradients, and therefore variation in coat-
ing thickness, along the depth profile of the electrode were
observed for the S-ALD coated electrodes. During the develop-
ment of the S-ALD procedure, more pronounced gradients from
the surface toward the substrate were observed for faster deposi-
tion rates, as shown in Figure S6. By adjusting the process speed,
the homogeneity of the coating was significantly improved.

3.5 | Initial Validation of ALD-Coated Samples in
Coin Type Half-Cells

The initial electrochemical validation of the cathode electrodes
was carried out in coin-type half-cells versus lithium metal ano-
des. To evaluate the influence of the ALD coating on the NCM
performance, the specific capacity was analyzed after subtracting
the mass of the coating material from the NCM. For the FBR-ALD
samples, the maximum contribution of the coating is 0.6 wt.% for
the 1vl 3 sample (0.2wt.% for 1vl 1, 0.4wt.% for Ivl 2), whereas
for the Ivl 3S-ALD sample, the coating contribution is up to
1.6 wt.% (0.4 wt.% for Ivl 1, 1.0 wt.% for Ivl 2). The discharge C-rate
capabilities are shown in Figure 8.

By introducing a coating, the usable capacity decreases propor-
tionally to the thickness of the coating for both FBR- and S-ALD
samples for all C-rates. Between the range of 4C-8C, however,
this effect is more pronounced for the S-ALD samples. The reason
is most likely the previously discussed complete coverage of all
accessible surfaces for the S-ALD samples. Those include the
surfaces of the conductive additives, which might impede some
electron pathways. At the end of the rate test, the retained C/3
capacity even increases compared to the initial value measured at
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FIGURE 8 | C-rate test in coin-type half-cells for cathodes (a) vl 1-3
FBR-ALD versus reference and (b) vl 1-3S-ALD versus reference.

the beginning of the test, as shown in Table 1. The systematically
lower usable capacity for the coated electrodes can be attributed to
the higher electric resistivity at the surface of the active material,
as discussed in Section 3.2. The increase in electronic resistivity
leads to an overpotential during charge and discharge propor-
tional to the thickness of the coating a shown in Figure 9.

3.6 | Analysis of Electrochemical Performance,
Resistance Growth and Gassing Behavior of ALD-
Coated NCM in Pouch Type Full-Cells

The cycling data for pouch-type full-cells prepared from refer-
ence, FBR-ALD, and S-ALD cathodes are shown in Figure 10. The
corresponding values for the beginning of life (BOL) and end of
life (EOL) capacities at C/3 rate from the check-up cycles and
the calculated capacity retentions are given in Table 2. The same
correlation between increasing coating thickness and decreasing
initial capacity is observed, as indicated by the performance
validation in coin-type half-cells in Figure 8. The degradation
behavior during cycling is also influenced by the coating thick-
ness. However, differences between cathodes prepared using
the FBR-ALD and S-ALD methods are visible. The degradation
behavior of 1vl 2-3 FBR-ALD is similar to the uncoated refer-
ence. After stable performance up to cycle 100, the capacity loss
accelerates; however, no sudden death is observed. Over 500
cycles, the samples Ivl 2 FBR-ALD (75.4% retention) and 1vl 3
FBR-ALD (70.3% retention) underperform the reference NCM
(77.2% retention). In contrast, the Ivl 1 FBR-ALD and 1vl 1S-ALD
samples show a rather linear capacity degradation. Compared to
the reference, the capacity loss over 500 cycles is similar at 79.9%
(Ivl 1S-ALD) or lower at 83.4% (Ivl 1 FBR-ALD). However, the 1vl
2S-ALD and vl 3S-ALD samples show a significantly more stable
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TABLE1 | C/3discharge capacities measured in coin-type half-cells.

Initial capacity (C/3), Retained capacity (C/3), Capacity increase,
mAh/g(CAM) mAh/g(CAM) %
Reference 197.0+ 04 198.27 £ 0.43 0.6
Ivl 1 FBR-ALD 193.9 + 0.9 198.72 +0.99 2.5
vl 2 FBR-ALD 189.3 + 0.4 197.36 +0.73 4.2
Ivl 3 FBR-ALD 179.2 + 3.7 186.10 + 0.62 3.8
vl 1S-ALD 183.5+29 188.17 + 3.45 2.6
Ivl 2S-ALD 185.5+0.9 194.76 + 0.70 5.0
vl 3S-ALD 178.7 + 0.3 186.95 + 1.86 4.6
(a)aa (b) a3s ] ‘ 200 @
1 i 430 i |
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FIGURE 9 | Capacity-potential profile for one half-cell of reference,
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and discharge profiles, (b) the beginning of the discharging profiles, and = IVI1S-ALD
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cycling behavior with minimal linear loss. The capacity retention
in cycle 500 is as high as 88.2% (Ivl 2S-ALD) and 89.5% (Ivl 3
S-ALD), considering the highest mean capacity for each sample as
areference point, except for Ivl 3S-ALD, where the initial capacity
is the highest value from a single cell because the mean value
is compromised by underperforming cells in the first 100 cycles
(all potential-capacity profiles in Figure S7). We attribute the
strong degradation behavior of the FBR-ALD samples to uncoated
surfaces formed possibly due to abrasion by high shear mixing
during the slurry preparation or by cracking of the polycrystalline
particles in the calendaring process, as can be seen in Figure
S8. For the Ivl 1S-ALD sample, accelerated capacity loss likely
derives from an incomplete coating into the depth of the cathode
composite layer.

The Ivl 3S-ALD sample shows an irregular behavior for the first
100 cycles. Due to the high amount of coating material deposited
on the electrode surface, it is likely that some narrow entrances of
the micro- and mesopores are blocked. This not only potentially
increases tortuosity but also impedes electrolytes from infiltrating
the pores during the wetting process. The result is an uneven elec-
trolyte distribution. Although electronically well-connected, a
certain share of NCM particles will remain inactive. After the first

cycle /-

FIGURE 10 | Cycling stability test in pouch-type full-cells for (a) Ivl
1-3FBR-ALD versusreference and (b) Ivl 1-3S-ALD versus reference. The
asterisk marks a gap in the recorded data caused by a downtime of the
measurement system.

100 cycles with capacity values slowly rising and stabilizing from
(cycle 100, 1C), cells are taken out of the pressure jigs for gas
volume determination. Before resuming the cycling experiments,
the cells were massaged under pressure to homogenize electrolyte
infiltration into cathode pores. The success of the approach is
characterized by a sudden increase in the available capacity to
174.0 + 0.4 mAh/gcaw (cycle 102, 1C) and stabilization at this
level. The data shows that vl 1 FBR ALD and lvl 2S-ALD are the
most promising candidates with respect to capacity utilization as
well as capacity retention after 500 cycles.

To determine the reasons behind the different paces of degrada-
tion, differential capacity profiles (dQ/dV) as shown in Figure 11
were plotted for the most promising samples (for all samples in
Figure S9). The reference NCM shows a drastic decline in peak
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TABLE 2 |
pouch-type full cells.

C/3 discharge capacities and gravimetric energy densities as well as state of health and energy retention after 500 cycles measured in

Initial Retained State of Initial Retained
capacity capacity health (after energy density energy density Energy
(C/3) (C/3) 500 cycles) (C/3) (C/3) retention
mAh/gcamy  mAh/gcanm % Wh/Kgcam) Wh/Kgcam) %
Reference 196.2 + 0.9 151.6 £ 0.5 77.3 725.2+3.3 5419+ 1.8 74.7
Ivl 1 FBR-ALD 1954 +0.9 163.0+1.2 83.4 722.0 £ 3.3 589.4+4.3 81.6
vl 2 FBR-ALD 190.9 + 1.5 143.9 +£ 6.5 75.4 705.5+ 5.5 508.1 + 23.0 72.0
Ivl 3 FBR-ALD 183.8 +0.1 1293+ 1.6 70.3 680.3 + 0.4 4457 £ 5.5 65.5
vl 1S-ALD 195.9 +£0.3 156.6 + 5.0 79.9 7244 +1.1 563.0 +17.0 77.7
vl 2S-ALD 191.3 +£2.6 168.7 +£ 2.0 88.2 707.9 £ 9.6 619.6 + 7.3 87.5
vl 3S-ALD 185.2 (1 cell) 165.7 + 1.1 89.5 683.4 609.7 89.2
1 120
0] reference ] et Bt n v
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FIGURE11 | Differential capacity profiles taken from 1C charge and

1C discharge cycles for reference NCM versus 1vl 1 FBR-ALD and lvl 2
S-ALD (best-performing candidates for each ALD method).

intensity for all phase transitions as well as a large shift of the
potential attributed to the H2-H3 phase transition in discharge
direction from 4.06V toward 3.86V after 500 cycles. For the lvl
1 FBR-ALD cathode, the shift of the H2-H3 peak is strongly
suppressed. However, the decline in peak intensity is still present.
In addition to a successful prevention of the peak shift, the decline
in peak intensity is also quite effectively mitigated for the lvl 2
S-ALD sample. The improved reversibility of the redox reactions
in S-ALD > FBR-ALD > reference NCM underlines the positive
effect of the applied coating layer as well as the superior quality of
S-ALD versus FBR-ALD.

The correlation between coating thickness and degradation
behavior for reference and coated NCM samples was further

charge transfer resistance

20 -
, d
olgi £ ]
&

N N N
& & o &
& nd nd "
& « & &
< Ny v &
N < N

9

&
3
3

s 9
G
s 3§

FIGURE 12 | Ry values calculated from the fit with the equivalent
circuit shown in Figure S10 for the reference, FBR-ALD- and S-ALD
full-cells after the formation, and after every subsequent 100™ cycle.

investigated by EIS measurements (Nyquist plots and equivalent
circuits in Figure S10). The most conspicuous change was in the
Rcrvalues, which are visualized in Figure 12. The mean Rqr values
after the formation, after 500 cycles, and the calculated increase
in percentage are given in Table 3. A strong growth of Rcp (+12
643%)is observed for the reference NCM due to missing protection
against side reactions at the particle surface. However, NCM sam-
ples coated via the FBR-ALD method also show an increase in
Rcr. Interestingly, this phenomenon is most pronounced for the
thick Ivl 3 FBR-ALD coating (+3040%) and decreases for thinner
coatings (+1702% for vl 2 FBR-ALD; +439% for 1vl 2 FBR-ALD).
In addition, the initial Rcr grows in the direction: reference < 1vl
1 < 1vl 2 <1vl 3, showing that particle surfaces covered by different
coating thicknesses exhibit a coating-thickness-dependent initial
impedance. In agreement with this finding, it is rational to assume
that lithium ions preferably travel through surfaces of the lowest
Rcr. Consequently, they will move through fresh, noncoated sur-
face sites formed in FBR-ALD samples during processing. The
thicker the coating, the higher the throughput and stress at non-
coated surfaces, resulting in accelerated degradation. We see this
as a rational explanation for the steep rise of Rqr in Ivl 2 and Ivl 3
FBR-ALD samples. The incomplete in-depth coating of the cath-
ode composite for lvl 1S-ALD results in a similar effect on Rerp
(+1137%). The findings agree with the accelerated capacity deg-
radation of all FBR-ALD and Ivl 1 S-ALD samples. In contrast, Rqp
is significantly more stable for fully coated lvl 2 (+121%) and 1vl
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TABLE 3 | Rcrmean values for the reference, FBR-ALD- and S-ALD full-cells after the formation and after 500 cycles.

Initial Rcr, R after 500 cycles, Ry increase,
Q- cm? Q- cm’ %
Reference 0.86 +£0.24 109.4 £ 7.5 12643
Ivl1 FBR-ALD 0.94 +£0.41 50+1.5 439
vl 2 FBR-ALD 1.19 £0.28 214 +49 1702
Ivl 3 FBR-ALD 1.78 £ 0.14 559+3.2 3040
lvl 1S-ALD 1.08 £0.43 13.3+0.3 1137
vl 2S-ALD 1.86 +£0.31 41+0.7 121
vl 3S-ALD 3.86 £0.95 5.0+0.3 30
;g 1 [ afterformation [ ]after 300 cycles D = Reference = IvI1FBR-ALD = IvI2S-ALD
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FIGURE 13 | Volume change of the pouch-type full-cells after for- \,9 SO EY Y EE &S S $$
mation and during cycling. The cells contain cathodes made from < C-Rate

reference NCM, and FBR-ALD-coated NCM as well as S-ALD-coated
NCM cathodes.

3S-ALD (+30%) samples, which translates into slow capacity loss.
For Ivl 3S-ALD, the increase is formally lower, although the Rcr
is higher than the value for Ivl 2S-ALD. This can be explained by
the significantly higher initial Rc, due to previously discussed
anomalies with the initial performance of vl 3S-ALD samples.

Apart from the expansion of the active materials, the formation
of gaseous decomposition products is a main contributor to the
increase in cell volume during cycling. Since active materials,
electrode parameters, and SOC for the investigated cells are
constant throughout our study, the material expansion can be
neglected. As can be seen from Figure 13, the volume of cells
made from reference NCM increased by 0.53 cm® over 500 cycles.
This is a significantly higher gas evolution compared to cells from
FBR-ALD coated NCMs (0.27 to 0.30cm®) or S-ALD modified
NCM cathodes (0.25 to 0.28cm®). The reduced volume change
shows that applying a coating to the surface of NCM particles
or cathodes via ALD successfully mitigates gas-forming side
reactions. The slightly higher gas evolution for FBR-ALD samples
might be attributed to direct contact between the NCM surface
and electrolyte caused by defective coatings on cracked particles,
as previously discussed.

For the reference material as well as lvl 1 FBR-ALD and 1vl
2S-ALD (superior samples), the electrodes from the full-cell
cycling test were recovered at EOL for postmortem (PM) analysis.
Figure 14 shows the retested rate performance of these EOL

FIGURE 14 | C-rate test in coin-type half-cells for reference, Ivl
1- FBR-ALD, lvl 2S-ALD at BOL as well as EOL, each after recovering
from tested pouch-type full-cells. The test conditions are the same as for
the initial validation in coin-type half-cells.

cathodes in coin-type half-cells. The measurement reveals a
capacity loss correlating to the full-cell degradation observed
previously. The reference_PM cathode still offers an extractable
capacity of 101.1 mAh/gaw at a C-rate of C/3, whereas 123.0
mAh/gcay and 140.5 mAh/gcayy are measured for vl 1 FBR-
ALD_PM and vl 2S-ALD_PM, respectively. This is equal to 21.7%
(FBR-ALD) and 38.9% (S-ALD) increased capacity retention.

The discharge C-rate performance of EOL cathodes is signifi-
cantly worse compared to BOL, with a stronger decline already
visible at low rates from C/10 to 4C. This behavior is most pro-
nounced for the reference cathode with alow capacity retention of
33.3 mAh/gcam at 3C. The FBR-ALD and S-ALD cathodes have
capacity retentions of 71.8 and 88.19 mAh/gcay at 3C, respec-
tively. This correlates to a 32.9% retention for the reference_PM,
58.4% for Ivl 1 FBR-ALD_PM, and 62.7% for 1lvl 2S-ALD_PM.
Since capacity lost in full-cells was not recoverable by the fresh
source of lithium applied in half-cells, we must conclude that
degradation of the full-cells was mainly driven by cathode failure.

4 | Conclusion

In this work, the effect of aluminum oxide coatings on NCM par-
ticles or cathode electrode films and its impact on the performance
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of the resulting battery cell was investigated under considera-
tion of the ALD technique used and variation of the coating
thickness. The NCM powders and resulting electrodes were char-
acterized in terms of physical properties as well as electrochemi-
cal performance.

FBR-ALD-technique was used to apply aluminum oxide coatings
directly on the NCM particles before processing the NCM into
electrodes. In contrast, the spatial (S-)ALD technique was used to
apply coatings on previously produced electrode films.

Both techniques yielded uniform coatings in adjustable thick-
nesses of the desired aluminum oxide on the surface of the
respective substrate, i.e., for FBR-ALD, the NCM powder before
processing, and for S-ALD on the surface of the prepared elec-
trode, with electrical properties dependent on the coating thick-
ness as confirmed by TEM/EELS, EDS, and electrical resistivity
measurements, as well as ICP- and GD-OES measurements to
control deposition rate and depth profiling.

The electrochemical results are mostly in accordance with expect-
ations based on the physical and electrical properties of the
produced electrodes. For both techniques, the main influence
on the performance of the resulting cells is the thickness of the
coating and if there is a coating at all, as confirmed by C-rate test
in coin-type half-cells and cycling and gassing behavior in pouch-
type full-cells. However, clear differences in the performance
dependent on the ALD technique used were observable, especially
for the cycling stability, change in redox behavior shown in dQ/dV
plots, and impedance growth determined by EIS measurements.

The differences in performance are most likely due to stress
induced during processing of the FBR-ALD coated NCM particles,
which might have damaged the coating but could not be visual-
ized by imaging techniques due to the limited sampling size.
Another factor is that the S-ALD technique applies the coating
to all composite surfaces after processing to an electrode, thereby
preventing damaging of the coating during processing.

On the other hand, applying the coating with SALD is more
complex than with FBR-ALD since other parameters, such as
porosity and pore size in the electrode, have an impact on the
coating behavior, which can partly be compensated by adjusting
coating parameters. With S-ALD, there is a limit to the thickness
of the coating before blocking pores and impeding electrolyte
distribution, and therefore decreasing performance. All coated
samples show a suppression of pouch cell volume increase due to
gassing during cycling.

In conclusion, it can be said that both techniques have their merits
depending on the application. In our case, however, the S-ALD
approach yielded higher performance enhancement.
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